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FOREWORD

This book has a flavour of its own both, in scope and content, distinctly different from a number of already existing
textbooks on Medical Biochemistry. Author has successfully met the requirements of a student-centred and need-
based, innovative curriculum and dovetailed this in right proportion with pertinent aspects of basic, applied and
clinical concepts relevant to Health Sciences. While main concepts of chemical and molecular basis of diseases have
not been lost sight of and the emerging frontiers of recombinant DNA research and genetic engineering have been
given due importance, the student is not burdened with the details linked to and inherent in the present day avalanche
of information. A rather balanced view of facts ranging from molecular to organismal levels has been undertaken. The
first few chapters on basic concepts set the right pace in this direction for the students to follow.

Emphasis is given to the presentation and analysis of clinical cases so that the application of biochemical principles,
including the aberrations in disease, is succinctly brought out. The approach appears to be to “understand biochemistry
through health problems” or better perhaps to “understand health problems through biochemistry”. At the end of
each chapter, questions related to clinical cases which are of immense help to the student in the diagnostic analysis of
medical problems are discussed. The “how and why” of the health problems not only seeks to unravel underlying
basic mechanisms but asking questions and finding answers evoke yet another method of active learning rather than
sitting with voluminous books.

I am certain that the book would be found useful as much by the medical undergraduates, as by those in clinical practice
and those appearing for entrance examinations for higher courses.

Dr KN Sharma

Executive Director

Gokula Education Foundation (Health Sciences)
Bangalore

Formerly Dean and Principal

University College of Medical Sciences and
Guru Teg Bahadur Hospital, Delhi

VRG Release : tahir99
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PREFACE TO THE

THIRD EDITION

It gives me a feeling of immense pleasure and satisfaction to present the third edition of Textbook of Biochemistry. It had
earlier been well received by students and academics all over the country and abroad for its distinctive character. The
book is primarily designed for undergraduate medical students and it caters to MCI recommendations. I am indebted
to the large number of students and academics from whom I got useful feedback during our interactions personally
and through letters. The feedback served as the most important primer for making several modifications that are incor-
porated in this edition.

The main emphasis in the third edition has been to make the book more reader friendly by adding a number of new
figures, flowcharts and tables. Print has been enlarged and colour pattern changed to make it more soothing to eyes.
Important points have been highlighted and boxed for a quick review of the core concepts. Though the book is primarily
for undergraduate students, it serves as an authentic resource material for the postgraduate students. For that purpose,
the higher-level learning topics have been given in separate boxes. The clinical cases have been particularly appreciated
by students preparing for various competitive examinations for their utility in bridging the (artificial) gap between
clinical medicine and basic medical sciences. In view of this, as a supplement to the book a website has been created.
The case histories and related questions have been retained in the text, but the case discussions have been expanded
and shifted to the website. The website also contains glossary and a question bank containing several thought provoking
short questions, which are being further upgraded.

[ sincerely hope that this new edition proves to be useful for the undergraduate medical students. I will appreciate and
gratefully acknowledge any comments/suggestions for further improvement of the book. Suggestions and comments
from teachers and students can be e-mailed at indiacontact@elsevier.com.

Dinesh Puri

VRG Release : tahir99



PREFACE TO THE

FIRST EDITION

Unprecedented advances in knowledge and understanding in the field of medical biochemistry, as in other basic
sciences, continue to overwhelm. In view of rapidly expanding knowledge base and the accelerated information input,
it has now become essential to re-examine what facts, ideas and attitudes are required by the students in the field of
medical sciences. Educational objective of teaching of biochemistry to the students of health sciences is mainly two-
fold: to provide them with knowledge of biochemical and molecular basis of the diseases, and to enable them to use
this knowledge in the analysis of the health problems. The method of teaching followed at present in medical colleges,
which dwells at length on chemical and structural details of biomolecules and the metabolic pathways, has often been
criticized for its minimum applicability to the clinical realities. Moreover, knowledge gained by the traditional methods
is seldom retained till the clinical teaching starts in the later years of the MBBS course. The students often find it
difficult to use the biochemical principles and facts learnt earlier in the analysis of clinical cases. This book attempts
to fill this gap and provides adequate interface and is designed to help the student not only to acquire the knowledge
of fundamental concepts in biochemistry and molecular biology but to appreciate their applicability in clinical
context.

Each chapter in this book is self-contained and serves a dual teaching function: to highlight the basic concepts, and to
relate them to health problems. First few chapters cover chemistry and metabolism of major biomolecules, principles
of thermodynamic and bioenergetics, electron transport and mitochondrial membrane transporters. Concepts in
molecular biology are dealt with in five chapters which cover topics such as structure and function of gene and
regulation of gene expression. Recent developments in recombinant DNA research and genetic engineering are also
briefly discussed. The remaining chapters cover essential aspects of physiological chemistry, endocrinology and other
relevant topics from a biochemical perspective. Clinical cases have been included in most of the chapters and questions
related to these cases are discussed under “Case Discussion” at the end of the respective chapter. These cases are helpful
in understanding the correlation between biochemical events and pathophysiological state of body.

This book is useful not only for the medical undergraduates and those appearing for various entrance examinations,
but serves as a good resource in clinical practice also.

Dinesh Puri

VRG Release : tahir99



ACKNOWLEDGEMENTS

This textbook is the outcome of dedicated efforts of many individuals and it is my proud privilege to show my
gratitude to one and all. I am, in particular, indebted to Prof. KN Sharma whose constructive criticism helped in the
planning and organization of the book. My special thanks to Prof. KM Prabhu for helping me in the improvement of the
text and to Prof. AK Tripathi for preparation of sections on Immunological techniques and vaccines (in Chapter 33).
[ would also like to express gratitude to younger faculty members and residents of my department for going through the
text and giving constructive criticism. I am thankful to my wife and children who graciously overlooked my absence
at home while I spent long hours in libraries. It was a privilege and a rewarding experience to work with the publishing
team at Elsevier, a Division of Reed Elsevier India Private Limited, Ms Shabina Nasim and Ms Goldy Bhatnagar under
the able guidance of Mr Vidhu Goel.

Dinesh Puri

VRG Release : tahir99



“This page intentionally left blank"



CONTENTS

FOT@UIOTA. ...ttt ettt Vi
Preface t0 the TRITA EQTTION ..........cc.ooiiiii ettt ettt et et e et e et e et e ettt e ettt e e et e e naee e X
Preface 10 the FIrSt EATHION ...........ooiiueiiie e ittt e e et e ettt e e ettt e e e ettt e e e ettt e e e e nnnseaeeaan X
ACRTOWICAGEINENLS ......ooeieiieeeee ettt e et e ettt e e et e e e ettt e e e e ettt e e e ettt e e e e XI
1. Water, Buffers and Acid-Base ChemiStry ..........ccccceeriiiiieiiiiiiiieriniiee e eeiteeeeeirte e s sneeeeseareeeeas 1
I. Water as Principal Biological FIUid ...........cccooiiiiiiiiiiiiie e 1

II. Acids, Bases and Conjugate ACIA-Base PaiTS..........c.cccevieiiriiiiiiieiiii ettt sttt sae e enens 5

1. Acid-Base Balance: APPLIEd ASPECLS..........cieiiriiiiieiieiicieeiiete ettt ettt ettt ete et sseese s e e eseesaensesseeseenees 9
ER@ICISES ...ttt h ettt h et h et et h ettt 17

CHNICAL CASLS ...ttt ettt ettt ettt ettt ettt ettt b ettt et 18

2. Chemistry of Carbohydrates..........ccccceiivuiiiiiiiiniiiiiiiiiiicec e 19
I. Biological Significance of CarbORYAIates .............ccooueiiiiiiiiiieceee e 19

II. Classification of CarbORYAIates ............ccooviviiiiiiiiiiictit et 20

TIL. SEIUCTUTAL PTOPETTIES ......ieviiiiiieiieie ettt ettt ettt ettt et e et e st e st e e bt e st e beebeeneenseebeeseensenbeeneenee s ns 20

IV. Hexoses, Pentoses, and Related Disaccharides and Oligosaccharides............ccccocoociiiniiiiiiiiincee 23

V. DETIVEA SUGATS ...ttt ettt ettt b ettt sttt ettt et 25

VL POIYSACCRATIACS .....c.oueiiiieiiece ettt ettt et b ettt e st e e et et e e s et et et eseeneeaeeseneenis 27
EX@TCISES. ...ttt ettt ettt 33

3. Chemistry Of LIPIdS ..cc.uueiiiiiiiiiiiiiiieieeiieeeette ettt ettt e e et e e s e abee e e seabeeessensaeeesnns 35
Lo FAUEY ACIAS .eeeneee etttk ettt ekttt ekttt a et ekt e et eh e eht ettt bt ent ettt ente b 35

I1. Classification Of LIPIAS ......cveiiuiiiiiiieiiiiieiei ettt ettt et se b b seese s e 39
EX@TCISES. ...ttt ettt ettt ettt et h ettt 45

CINTCAL CASE ..ottt ettt ettt ettt e ae e st e s e se et s ens e seessense s e eseensenseessensenseeseensensenns 46

4.  Amino Acids, Peptides and Proteins ...........cccceeeeeeiieiiieiieiieee e eee e ee e e e e e e se e e e e e e e e e 47
Lo A0 ACIAS ...ttt ettt ettt ettt ettt e ek e et e e b e e st esb e b e eteens e b e aeest e b e ebeete e s e ereeneentenaens 47

TL. PODTIAES ..ottt ettt et ettt ss et e as e b e b et b e b e aeess e s b b e rsenb et e ts st e ebeete e s e b eteense b 55

I PTOTEIIIS. ..ttt ettt h ettt e h ettt h e e bt et h et sb et e et 58

IV. Chemical SYynthesis Of PIOTEINS. ...........ceiiiiiieiiitiieieti ettt ettt ettt ese et s st esseseebe b e s eseene s sessans 73
EX@TCISES. ...ttt ettt ettt ettt ettt 73

CINTCAL CASS ....vtieiieeii ettt ettt ettt ettt et ettt et e e st st e st e s e essenseeseeseensenseeseens e s e eseessensenseensensens 74

VRG Release : tahir99



@ Contents

5. Proteins with Biological ACHVILY .........eeuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieirieereeeeeeeeeeeereee e eeeeeeeesseeeeeesseesseesseeees 75
| B @7 o] 1 T3 LU SU PP PRURPP 75

I ELASTITE .ttt ettt etttk h bttt et bttt bttt 82

I, GLYCOPTOTEINS ...ttt ettt ettt et ettt b e e bt et e e e bt e et eneeebe e st e s e beebeeseenbeebeeseenaeebeeneenaenens 82

YA T s = T &4 (e U o SO SU R PR 86

V. IMMUNOGIODULIIIS. ...ttt ettt ettt et eeateeteeeabeeabeeebeenseenseenseanseenneans 92
EXICISOS. ...ttt ettt ettt b bbbt h bt e h e et ettt ettt et e enaeen 98

CHNICAL CASLS ...ttt ettt e h ettt ettt ettt et b ettt be e enea 99

O 20 4 17274 1 4 PO 101
I. PrOPerties Of ENZYINES ......ocoviiuiiieiiiiietieiieeie ettt ettt ettt ettt saeste et e aeebe st essesbeeteensessesaeeneesesneeneenes 101

II. Mechanism Of ENZYMe CatalySis .........ccueiiiriiiiiiiieieieit ettt eees 104

I, NOIMENICIATULE ..ottt ettt ettt ettt ettt et ettt et 105

IV. Quantitative ASSAY Of ENZYITIES ........c.cciiiiiiiiiiiiiitiitiiieiett ettt ettt ettt sttt ese et esseseese s eseena s s 107

VA 330V 10 Tl G0 U € (eSS 108

VI. Michaelis-Menten Kinetic Theory of ENZyme ACtION .........c.ocooiiiiiiiiiiiiiicieiee e 110

VII. Inhibition Of ENZYME ACHVITY .....c.cooiiiiiiiiiiiiiiii ettt ettt ettt sse st esseesaessesseessensenseeneenses 112

VIII. Regulation Of ENZYME ACUVILY ......oviiiiiiiitiieiei ettt ettt ese st ee e neeneenens 116

IXL ISOCIIZYITIOS ...t ettt ettt ettt ettt e sttt et e ettt et e st e e 119

X. Enzymes in Clinical DIAGNOSIS ........ccuiiiiiiiiiiieiieie ittt ettt ettt sttt ettt et e e seeeneens 119

XI. Enzymes as TherapeUtic AGEIITS .........ccuiiuiiieiiiiiiiieieett ettt ettt ettt et ettt be et ese e be st eneenbeebeeneensesseeneenes 125
EX@TCISES. ...ttt ettt e e e et ettt e ettt et bttt ettt ettt eeren 125

(0] T e | 7 TSRS 126

7. Characteristics of Cells and Membrane TranSpoOrt..........ccceiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeee e 128
Lo Cll STIUCHUTE. ..ottt ettt b ettt ettt ettt ettt es et a et ebeenen 128

I1. Biolo@iCal MEMDIANES ........coiiiiiiiiiiiii ettt ettt ettt ettt beete st e saesteeneenseeaeeneens 131

[I. Transport ACTOSS Cell MEMDBTANE. ..........coiiiiiiiiiiiiiii ettt ebe s 137
EX@TCISOS. ...ttt ettt ettt et h et h et ettt et et ee 145

CHNICAL CASC ..ttt ettt et a ettt e et ettt e h et ettt enteebe e bt ens e teeteestetenaeenren 145

8. Overview of Metabolism and Cell Bioenergetics ...........cccuieiiiiiiiiiiiiiiiiiiiiiiiieicccccceeceeeeeeeeeee e, 146
[ OVerview Of MetabOLISITL ....c..ouiiuiiiiiici ittt 146

1. Bioenergetics: PIINCIPIES . .....c.iiuiiiiiiiiiciieiieie ettt ettt ettt ettt et et esaeeteesseeseeteessesseeseennens 150
EXICISOS. ..ottt ettt ettt h et et h e h e b et et et et ettt ee 156

9. Metabolism of Carbohydrates I: Mainline Metabolic Pathways ..............ccceviiiiiiiniiiiiniinicnnnnn. 157
[. Transport Of GIUCOSe INTO CellS .........couiiiiiiiiiiiieie et 157

L. GIYCOLYSIS. . veeiienie ettt ettt ettt ettt ettt et ettt esb e b e ekt e st e sb e e te e st e s e es e estenseebeessenseeseeseentesseeaeenseseeaeennens 158

T, FEOAOT PAtWAYS ....c.eiiiiiiiiiiie ettt ettt et ettt ettt e bt e st e seeeaeeenbeenbeenbeenseenseanseenseeseenes 167

IV. Tricarboxylic ACIA CYCle .......ccoiiiiiiiiii et 170

V. GIUCONEOZEIIESIS ...ttt ettt ettt e b e st b e es et et e st et e bt eneenbeebeeneenee 179

VI Glycogen MetabOliSIm.........cciiuiiiiiiiiiiiiieie ettt ettt ettt ettt ettt be e nee 185
EX@TCISES. ...ttt ettt et e ettt bbbttt na et ettt ettt en 193

(O] T e | @7 TSP 194

10. Metabolism of Carbohydrates II: Secondary Pathways and
Regulation of Blood GIUCOSE LevVel .........ccooiiiiiiiiiiiiiiiiiiiiiiiiieiiicicceccceeceeceeeeeeeeeeee e ee e e e e e e e e e e e e e e 195

[. Pentose Phosphate Pathiway............ccoiiiiiiiiiiiiiciect ettt 195
II. UTONIC ACIA PATIWAY ....o.viiiiiiiiiciieie ettt ettt ettt ettt estesaeeteesaesseeaeeneenseeaeennens 200



Contents @

[II. Metabolism Of Other SUZATS ...........cciiiiiiiii ettt ettt ettt be e ne e 201
IV, SOTDItO] PAtRWAY .....oeiiiiiiiiiieiie ettt ettt sttt s e eneen 201
V. Regulation of BloOd GIUCOSE LeVeL...........c.ooiiiiiiiiiiiieiieii ettt en 202
EX@TCISES. ...ttt ettt ettt ettt ettt et h et a ettt h ettt eeren 203
(0] e | @7 TSP 204
11. Lipid Metabolism I: Metabolism of Fatty Acids and Compound Lipids........ccccceeeeerriiriirrnnnnnnne. 205
L B-OXIAAIOMN ... ittt e bt e te et e et e ks e se e esseesseenteenb e e b e e st e eebeenteeaaeeaeees 205
II. Other OXidative PatiWays ..........coooiiiiiiiiiiii ittt ettt ettt st et stesbesteeneenbesaeeneens 209
I1I. Ketone Body Production and MetaboliSIm ............cc.oiiiiiiiiiiiiiiiicieiec e 213
IV. De NOvO Synthesis Of FAtty ACIAS .........ceeiiiiiiiiiiiiiiiiiieieeie ettt sttt ese et sse e enseseeneenees 216
V. Chain Elongation and DesSaturase SYSTEIIIS ............ccuiruiiieieriiriieieeie ettt sttt eae e eeeene 222
VI. Metabolism of THACYIGLYCETOL...........cc.oiiiiiii et 223
VII. Adipose Tissue MetabOliSIM...........cciiiiiiiiiiiiiiiiiiciii ettt ettt ettt e et eenbeeebeenseeane s 224
VIII. Metabolism of COMPIEX LIPIAS ......oovviiiiiiiiii ittt ettt e 227
EX@TCISES. ...ttt ettt ettt ee ettt ettt et bttt ettt h ettt en 233
CLNICAL CASE ..ttt ettt et e et bt h et eh e bt esteseeebe e et et et eee et st eeren 234
12. Lipid Metabolism II: Lipoproteins, Cholesterol and Prostaglandins.............ccccccceevviiinieeeennnnn. 235
L. LIPOPTOTOITIS . ..ieitiieiiie ettt ettt ettt ettt e e eab e et e e ts e e e sse e e st e e sseeesbeeessbeeeasaeensaeesseeenseeenseeesneeenseeensnas 235
1. Fatty LIVer SYNATOINIE .......oiuiiiiiiieiieiieie ettt ettt ettt sttt et e be et est e beebeestenbesteeseesesaeeneans 249
III. Metabolism Of ChOLEStETOL.........c.oiiiiiieici ettt 250
IV, ATNEIOSCLOTOSIS ...ttt b e etk e et bttt ettt b e ent et be et et neennen 257
V. ProStaglandins. ......c.co.iiuiiiiiiiiiiiic ettt ettt 260
EX@TCIS@S. ...ttt ettt et ettt ettt et ettt ettt ettt en 265
CHINICAL CASLS ...ttt ettt ettt ettt ettt h bt ettt ettt ettt ettt eee 265
13. Amino Acid and Protein MetaboliSmi.........ccooveiiiiiiiiiiiieiiieiceceecccceeceece e 267
[ NItrogen MetabOLISIT .........o.iiiiiiiiiic ettt ettt et ebe e ebe e enee 268
I1. Catabolism of AMIiNO GroUDP NITTOZEM ........cciiiiiiiiiieiieiieie ettt ettt ettt see et saesaeeeeeneesaesaeeneens 269
II. Catabolism of Carbon Skeleton of AMinO ACIAS.........ccoooveriiiiiiiiiiiicie e 276
IV. Disorders of Amino Acid MetaboliSIm .. .......couiiiiiiiiiiiiiee e 285
V. Biosynthesis Of AIMIN0O ACIAS.......c.eiieiiiiiiiiieietee ettt ettt ettt ettt st seeseeteeeeeeneeneeaens 290
VI. Amino Acids as Precursors of Specialized Products...............cccooieieiiiiiiieiicicce e 292
EX@TCISES. ...ttt ettt ettt ettt ettt et ettt et en 299
CLNICAL CASLS ...ttt ettt ettt h ettt e h et s et ettt ettt ettt eee e 299
14. Electron Transport, Oxidative Phosphorylation and Mitochondrial
MemDbrane TraNSPOTTETS .......ccuuuuuuiereriieiiiieeiiirereeeeeetrrreieeseseeeeeeressssssesseseeesesmsssssssssssesrersssssssssssees 301
I. Electron Transport Chain (ETC) ......cooociiiiiiiiiiiiie ittt ettt ettt 301
I1. Oxidative PhOSPROTYIAtION ....c.iiviiiiiiiiiieiieii ettt sttt aeete e e sbeeaeensesseebeeneens 309
1. Mitochondrial Membrane TTANSPOTTETS .........c..ciiiiiiiiieiieie ettt ettt et et e et e eeeeeaeeenbeenbeeaeeenseeseanneeseeenees 312
IV. Enzymes Participating in Biological OXidation .............ccccoiiiiiiiiiiiiiiiiiiieece e 314
V. Mitochondrial MYOP@thies...........c.coiiiiiiiiiiiiii ettt 314
EX@TCISES. ...ttt ettt ettt ettt a ettt ettt ettt 314
(0] 3 0V e | @ OSSOSO 315
15. Integration of MetaboliSm ...........ooooiiiiiiiiiiiiiii 316
I. Hormonal Regulation of Major Metabolic Pathways .............ccocooiiiiiiiniiieieccee e 316

I1. Metabolic Interconnections and Organ SpecialiZation ..............ccoocveviiriiiiiiiii e 319



@ Contents

III. Metabolic Adaptations in Three Fasting—starvation States.............c.ccevueririeiereniieieieee e 319

IV, Diabetes MeILItUsS ......cc.couiiiiiiiiiiiiiiit ettt ettt e 322

V. Metabolism Of XeNODIOTICS ....c.viuiuiieiiieiiieii ettt 326

VI, ALCOROL MEtADOLISIII ...ttt ettt et ettt et ettt e sbeebeeneebeebeeneenes 330
25 (0 1L TSSO SUPRPR 331

(0550 T a1 I 07 T PR SRUPSUPRUPR 331

16. Porphyrins and Bile Pigments..........ccooviiiiiiiiiiiiiiiiieiiieeecceeeceeeeeceee e s ees 334
[. General Characteristics Of POTPRYTIIS ........cc.oiiiiiiiiiiiiieiiiicieiee ettt eeeas 334

I1. Biological Significance of POTPRYTINS ........ccuiiviiiiiiiiieiieii ittt eneens 335

TII. NOMENCIATUTE ...ttt ettt ettt ettt et et e et ess e b e ese e s e b e e seeseenbeeseessenseeseensensenseeneenes 335

IV, SYNtheSiS Of HAGIIL .......iiiiiiicii ittt ettt e ettt s e e ae e eseene e e 336

V. Disorders of Porphyrin Metabolism: POrPRYTIas .........ccoviriiiiriiiniiiiiictree e 339

VI Haem BreaKAOWIL ....c..ciiiiiiiiiiiiiiiec ettt sttt ene 343

VIL JAUNAICE ...ttt ettt ettt s et et e st e st e e e es et bt es e s e es e es s enteeseeneens e seeneenseseeneenean 345

25 G (0 1L PSSO PRPR 348

CINTCAL CASE ..ttt ettt ettt ettt e ekt e st e et e et e e st e sbe et e est e b e eseeseessesseeseenseseeseessessenseeneans 349

17. Oxygen Transporters: Haemoglobin and Myoglobin ...........cccoeeiiiiiiiiiiiiiiiiiiiiceicccccee 350
L HA@MOGIODITI ...ttt et b e bbbt s et b e st et bt st et b et enee 350

I1. HaemOGIODIN VATIANTS. .....c.ooiiiiiiiiiiiiii ittt ettt ettt ebeeteestesaeeteeneenaesaeeneens 358

III. HAaemOGIODIN D@TIVATIVES. ........ccuiiuiiiieiiiiiciieieett ettt ettt ettt ettt be st ese e beeseesaesseebeeneensesseeneenes 359

IV. HaemogloDINOPAtRI®S..........oiiiiiiiii ettt ettt ettt et e nte e e enaeenaeenneas 360

Vo MITOZIODIN ..ottt et b e bbbt n et 364

VL ADIQCIIIIAS ...ttt ettt ettt ettt ettt et e e a e h et h ettt 365
EX@TCISES. ...ttt ettt ettt ettt ettt ettt a ettt earen 366

CLINTCAL CASS ...ttt ettt ettt ettt ettt ekt est e st e et e e st e b e et e ese e b e saeeseenteeseeseenseeseeseeneeseeseennens 367

| BT VA 1 ¥ 1111 0 TP PTPUOTPPRPRRRO 369
[. Classification and NOMENCIATUTE. .............ccooiviiuiiiiiiiiieieiecie ettt sae s sbeebe s ebeeaeeneenes 369

II. Sources, Daily Requirements and Deficiency of VItamins.............cocoeivieiiiiiiiinieieiee e 371

III. Water-soluble VItaIminSs .. .....couiiiiiiiiiiiice ettt ettt et 371

IV. Fat-SOIUDIE VItAIMIINIS ..ottt ettt ettt ettt eb e st e st e b e st ensenseeneeneen 387
25 (0 1L TSSO SUP SRR 400

(0550 Tter:1 I 07 T PSSP SU PSPPI 400

19, MINETALS ccceiiiiiiiiiiiiice e e e e e e e e e e e e e e e e e e e e e e e e e e e aaeaaaaeeeas 402
I. Absorption, Transport and Excretion of Minerals...............ccoovovuiiiiiiiiiiiiieecec e 402

II. Mineral DefiCIENCY O EXCESS ... ..c.ecuiriiiiieiiiiiite ettt ettt ettt ettt ettt et steett et e s beettesseeaeeseestesseeteensesesteeneens 403

II. Sources and Daily Requirements of MINeTals ............ccccooriiiiiiiiiiiiiiiiiecceeee e 403

| ALY 1o o 21 U<l <3 o U PRSPPI 403

V. TTACE ELEINOIILS .....tiiiiieiiieiie ettt ettt et e et e et e esb e esbeesb e e st e st e eseeesbeeabeenbeenbeenseenseenseanseeees 407
EX@TCISES. ...ttt ettt ettt ettt ettt ettt ettt ea 417

CHNICAL CASLS ...ttt ettt ettt e h ettt e h e ettt ettt ettt eb ettt ee 417

20. Nucleic Acid Chemistry and Nucleotide Metabolism...........cccccceiiiiiiiiiinniiiiiiiis 419
I. Nucleotides: Chemistry and Biological SignifiCance ..............cccoviriiiiiiiiieiiiecceee e 419

II. PUTINE MEADOIISITI ..ottt ettt et e et e et e e st et e e st e st e teeeteeeeeeeseeenneens 422

L. Pyrimidine MetabDOLiSIM........couiiiiiiiiieii ettt ettt ene 433
EX@TCISES. ...ttt ettt ettt ettt ettt et ettt ettt ettt eanen 437

CHINIECAL CASCS ... e et e 438



21.

22,

24.

Contents @

Molecular Biology I: DNA Structure, Genetic Role and Replication........ccccccceeveeiiiiiinnnnnnnnnnn... 440
I. Structure of Deoxyribonucleic ACIA (DINA) ......coiiiiiiiieieieeiee ettt eeas 440

II. Some Physical Properties Of DINA............c.ccooiiiiiiiiiiieiet ettt ettt ettt eb et ese et es e esseneenes 444
III. DNA as Genetic Material...........c..oooiuiiiiiiiiiii oot ere e eaae e 445
IV. Architecture of the HUMAN GeNOINE ...........ccoiiiiiiiiiiicie et ennes 446
V. Some Commonly Used Terms Related to Molecular Genetics..............ccceevieririiriiriii et 447
VI REPIICATION ...ttt et et e st e esteeabeetaeeabeesbeesbeesseesseenseanseesssensseeseeensanns 449
VI MUBAEIOTIS ..ottt ettt ettt e e ettt e e e et e e e et e e e e e abs e e e eeats e e e e eaaaeeeeeaasseeeentsseeeeeasseeeeensseeeaannes 456
VIII. Repair Systems fOor MUtated DINA ...........occoiiiiiiiiiieiiiei ettt ettt s et eae s essess s s 460
IX. Defective DNA Repair and HUMAN DISEASES. ............cccueiiiuiiiieieiiiiieiiesieeieeiieiesteeteeeesteeeeeneesseseeesaesse e eseens 465
X, Genetic RECOMDBINMATION ... .....cuiiiieiiiieiie ettt e e e et e e e e e eaeeeenaeeenneean 465
Bl (el KL J USSR 466
CHINICAL CASCS.....vvveieiieeeie e ettt ettt e e e e e e e e e et e e e e e e e eaaaee s 467
Molecular Biology II: Transcription and Translation..................eeeueeeeeiiieereeeeeeeeeeeeeeeieeeeeeeeeereeene. 468
Lo TYPES OF RINAS ...ttt ettt ettt ettt s et e b et es et e et e e ae et e st e st et e s e e es e eneeteasenseneaneenea 468

| B Vo Tl 0 0 LSRRI 469
III. GeNELIC COUE.......cuviiieiieeeeee ettt et e e e et et e e et e e eateeenaeeeaeeeeaseeeaeeans 476

| AV B =V 1] =N a T AR TP 479
VA & (o1 o I - =0 €0 o =PRSS 487
Bl (el KL T USSR 489
CHINICAL CASC ...ttt e e et e e e e e e et e e e et e e et e e e e eaaeee s 490

Molecular Biology III: Regulation of Prokaryotic Gene Expression and

MOLECUIAT GEMETICS ...ttt e et e e e e eet ettt e e et et et e eete et e eeaeeeseeeaaesaeesaeeees 491
I. Constitutive and INAUCIDIE PrOt@INS . .........c.ooiiiiiiiiicii et 491

II. Operon: A Coordinated Unit of Gene EXPIeSSION .........c..ciiiiviiiiiiuieiiciiiti ettt ettt 492
1. Protein-DNA Interaction in Transcriptional Regulation .............ccociiiiiiiiiiiiiiie e 496
IV. Regulatory MechaniSm N VITUSES...........oouiriiiiiiiiiiitieieeie ettt enees 497
VA O s Tl 1ol B R 1 PSPPSR 498
35 G (ol R TSSOSO 500
CHNICAL CASE ...ttt ettt ettt et e e bt et e e bt e teeeseeesteeseaeseeeseeenbeesbeenbeanseanseaseenseennes 501
Molecular Biology IV: Eukaryotic Chromosome and Gene Expression..........cccccceeevvuunveeeeennnnn. 502
[. Replication has Multiple Sites Of OTiIN ........ccciiiiiiiiiiiiii e 502

II. Untranscribed Human DINA ...t 505
[I. Gene Distribution AIONG DINA .......c.ooiiiiiiiiiii ettt ettt ettt ettt e be s enes 506
IV, TTANSCIIPTION c..teiitii ettt ettt ettt e et e e et e et e e eabeeesseeeste e e sseeesbeeestseeessaeeasseesseessseeessaeensseeanseeensnas 508
Vo TTANSIATION L.ttt ettt ettt et ss et e st e s e b e e et ens e be s st en s enbeeseense b e eseeneenseeneeneenes 515
VI. Regulation of EuKaryotic Gene EXPIeSSION.........cccciiiieriiiiieiieiecie ettt eve e 520
35 a3 (ol R TSP 525
Recombinant DNA Technology and Genetic Engineering ..........ccccccceeviiiiiiiiiiiiiiiiiiiiiinninnnnnnnnnn. 526
I. Techniques and Enzymes Used in Manipulation of DNA.............ccccoiiiiiieiiiieieee e 527

II. DNA Amplification and CLONMING............cciiiiiiiiiiiieeie ettt eees 533
IIL. DINA LIDTATY ..ttt ettt ettt ettt ettt ettt ettt 537
IV, NUCLEOTIAR PIODES. .. .c..etiiiiiiiiiitiitiicc ettt ettt ettt e 538
V. BlOttiNg TECNIQUES .....c.eiiiiiieiieiice ettt ettt sttt beebe et e e ebeeseenseeseeneenes 539
VI. Applications of Recombinant DNA TechnoOlOZY ........c.cccooiiiiiiiiiieieiect e 541

VII. Restriction Fragment Length PolymorphiSm ............cccooiiiiiiiii e 547



@ Contents

VIII. Polymerase Chain REACtION (PCR) .......ooiiiiiiiiiiiieiti ettt 548

IX. Human Genome Project: Current Status and Future GOalS.............ccooouviiiiiiiiiiiiiicieeeee e 553
EXOTCISOS. ...ttt ettt et et e e oo e e ettt e e oottt e et e e et e e e e et e e e e et teeeetaaeeeeeae e e e eeateeeearraaeaas 554

CHINICAL CASE ... ettt e et e et e et e e et e e e e e e eaeeeeae e ereeeennes 554

26. Gastrointestinal Pathobiochemistry.........coooo i 555
[. Digestion and ADSOIPTION ........c.iiiiiiiiiiiiiiic ettt 555

1. Organ FUNCHON TESES ......eiutiiiiiiiiitieitie ittt ettt ettt ettt et e bt e be e st et e sieesiee e 560

ITT. LIVET FUNCHON TESS ....ooiiiiiiiiiiiiiiceeeetee ettt e e e e et e e e et e e e e te e e e eeaaaeeeeeaaseeeeeareeeennnns 564
EXOTCISES.....uuvveee oottt e ettt e e et e e et e e et e ettt e e et e e e et e e e et e e e e e e e e e eaeeeeeeaeeeearaaeeaas 566

(O 5T T U N 07 1T SO RROTPRRT 567

27. Free Radicals in Health and DISCASE ........c.euviivuniiiiniiiiiiiiiiiiiiieieieeeireeetieeetaeerreeeraeerseeeraneerans 569
[. Incomplete RedUCtion Of OXYGOI ........c.ceiuiieiiiiiiiiiieieit ettt ettt ete et saeseeseesesbeseeseeseesesbesseseeneas 569

II. Generation of Oxygen Free RAiCals..........cccooiiiiiiiiiiiiiiiii ettt 570

III. Damage Produced by Free RAdiCals ...........coooviiiiiiiiiiiiiieieiicieee et 572

IV. Free Radical SCAVONGET SYSTOIMS ........iiiiiiiiiiett ettt ettt ettt ettt et eete e et et e e st e eneeeneeenaeenneenneas 572

V. Free Radicals in Aetiolo@y Of DISEASE..........cuiuiriiiiiiiiieiieii ettt ese ettt eneeae 573

X OTCISOS. ..ttt ettt ettt ettt e oottt e e e ettt e e e ettt e e e e aa e e e e e atb e e e e atb e e e e ettt e e e ettaeeeetaaeeeetbaeeeeeaabeeeetrbaaeans 574

CHINICAL CASE ... e e et e et e et e et e e et e e et e e et e e ae e rae s 575

28. Energy Metabolism and NULITtiON. .....cccoiiiii e 576
I CalOTIC VALUES ... e ettt 576

II. Components Of ENergy REQUITEIMENTS. .........c.couiuiiuiiiiiiieiietieteieieit ettt ettt st ese b s seeneeees 577

[I. Recommendations for Dietary NULTIEIITS ...........ccveiiiriirieiitietieteiett ettt ettt ese et eeessese e 580

IV. Proximate Principles Of FOOU.........cc.ooiiiiiiiiiiiiii oottt anns 581

V. Nutritional Importance of Carbohydrates .............ccoociiiiiiiiiiiii e 581

VI. Nutritional IMpPOTrtance Of FAtS ...........ccoooiiiiiiiiiiiiie ettt ettt eee e e s ebe s enes 583

VII. Nutritional Importance Of PTOTEINS .........cc.ccuiiiiiiiiiiiiieieitt ettt ettt saeess s beeseessesseeneenees 584

VIIL BAlANCOA DOt .....ooiiieiiiiiieiieeeeeee e ettt et e e e e e e e e e eae e e 587

IX. Nutritional Implications Of DISEASES.............cecveriiiuiiiiiiitietieie ettt ettt e ete et e ete e s e eteetsesseeaeeaeaaeens 587
EXOTCISOS. ...ttt et et e e et e e ettt e ettt e et e e e et e e e e et e e e e ettt e e e et e e e eerreeeeeraaaeaas 590

29. Biochemical ENAOCIinOlO@Y .....cccooiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee e e e e e e e e e e e e e e e e 591
. General Characteristics Of HOTMONE SYSTEIMS ..........ccueiiuiiiiiiiieiieiieie ettt ettt eeea 591

|0 B & 0] 5 00 T0) Ul 20T el] 0] 10 ) SO PUUPPP PR PPPPPN 595

III. Mechanism Of ACtion Of HOIIIOMES ...........c..coiuiiiioie et ens 598

TV, N OUTOTTANISIIIITIOTS ...ttt e ettt ettt e e e e ettt e e e et e e e et e e e e et e e e e etae e e e eaaeeeeeaseeeeeaseeeeseaneess 607

B Gl (@ 1< TSSOSO 608

(@110 T | N 07 1Y = USRS RRR 608

S0 - Vars To) s Wod il 5 o) w1110} s L= JRuuu PR 611
[. Hypothalamus-PitUitaly SYSTEITI ........cceeiiiiiiiiiiiiiitietieie ettt ettt ettt sttt st ettt sbeeteentesbesaeeneenseseeas 611

I1. Hypothalamic HOTIMOMES .......c.cciiiiiiiiiieiiiie ittt ettt ettt ettt st ettt beeteessesbesteeneensesaeennens 612

1. Anterior Pituitary HOTIIIOMES ........oouiiiiiiieiie ittt ettt ettt ettt et e et et e e et e e s e enaeenaeeaeeenteeaseeseeeeeenes 613

IV. HOTmMONES Of POStETIOT PITUTTATY .......oviiviieiiiiiitieiieieete ettt ettt ettt ettt eae et sesseessenseseensesseseeneennes 618

V. Hormones of Thyroid GLand ............ccoeiiiiiiiiiiiiiiiee ettt 619

VI. Hormomnes Of AATENaAl COTTEX...........cviiuiiieieie ittt e e enae e 623

VII. Hormones of Adrenal MedUlla ..............cc.oooiiiiiiiiiie e 627

VIII. Gastrointestinal HOTIIOMNES ... ......coouuiiiiiie e e 629



Contents @

IX. HOTMONES Of GOMAAS .......iuiiiiiiietiieietett ettt ettt ettt b et s ettt bt e s es et e b et eseeseeseeae e eneeneenan 630
X ATIATOZOIIS ...ttt ettt ettt ettt ettt et h et e est et e ekt eat e bt ekt e st et ekt eh e et ekt ekt en e bt bt st ettt ne et nteeneen 631
XL O@STTOZOINS. ...ttt ettt ettt et et ettt ettt e e et oottt e sbt e e ettt e bt e sat e e ettt e et e st et e e nateeeaae 632
XIL PLOZESTEIOMIE. .....eiiiiiiiieiiiiiee ettt ettt e ettt e ettt e e ettt e e ettt e e eatt et e e et e e e e sabbeeeesateeeesanee 633
25 (0 1L TSSO SUPRPR 635
CLINICAL CASS ...ttt ettt e e ettt et ettt b et bt bt est et eb e e st et e et e e st et st eeeen 635

31. Calcium and Phosphate: Metabolism and Regulation............cc.uuuvieriiiiiiiiiiiiiiinniiiciiiiniicienee e 637
Lo QAICHUITY ..ttt ettt a et a e e et e st e b e e st e s e b e e et e s e b e es e e st enbeeaeene e b e ebeeneenbe b eneenes 637

TI. PROSPIIOTUS ...ttt ettt ettt ettt b e ekt est e b e e te e st e s e ebeess e s e ebeeseesseeseeseessesseeaaesseseeseeneans 643
EX@TCISOS. ...ttt et ettt et e h et bbb et et ettt eee 645
CLHNTCAL CASS ...ttt ettt ettt et ea ettt ettt e bt e bt e bt e bt e et eseeebeebeene e teebeeseetenteenrans 646

3 O § 1o PPN 647
[. Tumours: Benign and MaligNant ............cooiiiiiiiiiiii ettt tee et e e eeenbeeneeas 647

II. Distinctive Features of Malignant CellS..............cccoiiiiiiiiiiiiiic e 648
TIL. ACTIOLOZY vttt ettt e b ettt h st b e e bt s e h e e st e b e sttt n et eneenes 649
IV. Molecular Basis of ProtoONCOZeNe ACHVATION. ...........ccveiiuiriirieieiieieeteeieieeee ettt ettt eseese et ss e eseene s 653
V. Some Oncoproteins and AsSOCiated CaANCETS.............cc.ooviiiiiiiiiiiiieie ettt 655
VI TUMOUT MATKETS ...ttt ittt ettt ettt ettt et e b e ete st e beebeeseeneeebeeeeessesbeeseensesseeseeneenes 656
EX@TCISOS. ...ttt et ettt ettt h et h e ettt et et aee 658

1S T 0111110000 Uo) (o] -4 2O 659
[ HIStOTICAL MILESTOMIES ... ..oviiiiieiiit ettt ettt b e s et ebe e st e b e ebeeneenbeeneeneenes 660

II. Non-specific and Specific IMmMuUNe RESPOMSES ...........ccoeriiiuiiieiiiiieiieieie ettt eeeeneens 661
[I. Antigens and IMIMUNOZEIIS ......c..oiutiiiiiiiiiieteet ettt ettt ettt ettt es ettt se ettt eeeen e sbeeneenes 664
IV. ROl Of LYMPROGCYLES ....oviiiiiiiiiiiietiietc ettt ettt sttt 664
V. Organs of the IMIMUNE SYSTEIM ........cooiiuiiiiiiieiieieetiieti ettt ettt ettt te et esaeseeseesesseseeseesesseseseaneesens 667
VI. Cells Of the IMMUNE SYSEIM .......cuiiviiiiieiiiiiitiieiietieteeiee ettt ettt ettt ete et sseteebe st esseseeseesessesseseesens 671
VII. Molecules of IMMUNE RESPOTISE ..........oouiiiiiiiiieiieiiitt ettt ettt ettt ettt ettt ebe s et e sseeseensenseeneeneas 672
VL IMMUNOGIODUIINIS. ...ttt ettt ettt et e e b e teese e b e sbeeteeseesbesaeeseeseeneeneenes 676
IX. More about Complement CaSCAAE ...........c.eoiuiiiiiaiieiiieeiie ettt ettt et e st eseaeeaeeseeeeeeeeneens 679
X. The Recognition of and Response to NONSelf ..ot 680
XI. Cellular Cooperation in the IMMUNE RESPOMNSE ...........cocuiiiiiiiiiiiiiiiieciieeee et 681
XII. Non-specific Effector Cells are Influenced by T,, Cells and Immunoglobulins.....................ccccoooe, 684
XII. Specific Inmune Responses to SOMe INfECtiONS..........ccoeriiiiiiiiiicicieeceee e e 684
XIV. VACCITIS ...ttt ettt et h et ettt h e et b e bt eh et e bt ee et b e eh e est e bt et e estenbenteeseetenteeneens 686
XV. Immunological TEChNIQUES..........coiiiiiiii et 687
XVI. Immunologic DYSTUNCHON ....c.cuiuiiiiiiitiiiet ettt ettt 688
EX@TCISES. ...ttt ettt ettt ettt h ettt a ettt ettt en 689
CHNTCAL CASS ...ttt ettt ettt sttt ettt et est et e e bt e st et e et e est e s e ebe e st esteeeeeteentenseeseeneenesseennens 689

34. Tests for Thyroid, Adrenal and Kidney FUNCHONS..........ccceiirriiiiiiiiieeiiiiniiiiieeeeeeeeseireeeeeeeeeenen 692
[. TRYTOIA FUNCEON TESES ......etiitieiiiiieiieeei ettt ettt et b et e e eb e et e e ebe st enae b eneenee 692

II. Adrenal FUNCHON TESS .....c..eiiiiiiiiiiiiieiiiit ittt sttt sttt ettt 693
III. ReNAl FUNCHON TESTS ..ottt ettt et b e bt est et e st st e e b e eseesbeebeeseensenneeneenes 695
25 (0 1L TSSOSO USRS 697
CLNICAL CASC ..ttt ettt et e et bt e et e bt bt est ettt e st et ettt et et eeren 698

| 53 Ta = PR 699



“This page intentionally left blank"



CHAPTER

WATER, BUFFERS AND

ACID-BASE CHEMISTRY

Water is the most abundant compound in the living world. It makes up 70% or more of the body weight in living systems.
Water is required for various intra- and extracellular functions, such as transfer of chemical energy, and transport of
nutrients. It is the medium in which various enzyme-catalyzed biochemical reactions take place.
The ability of water to carry out diverse functions is due to its unique properties. These properties, followed by acids,
bases, buffers are described in this chapter. The basic concepts of acid-base chemistry are also dealt with.
After going through this chapter, the student will be able to understand:

©)
©)

o
o
©)

Electric dipolar nature of water and some of its unusual properties.
Differences between (a) an acid and a base, and (b) a strong acid/base and a weak acid/base; and interpret titra-

tion curve of a weak acid.

pH expression and the Henderson—Hasselbalch equation and the behaviour of buffers.

Three-tier defense against imminent pH alterations and causes of various types of acid-base disorders.
Compensatory mechanisms in each type of acid-base disorder, and the biochemical alterations in acid-base parameters
in arterial blood in both the compensated and the un-compensated cases.

I. Water as Principal Biological Fluid

A. lonic Properties of Water

Dissociability
Water molecule can dissociate to yield a proton (H*) and
a hydroxyl ion (OH™). The disassociation is reversible.

H,0 = H*+OH"

These two products influence properties of several
important constituents of cells. For example, H" con-
centration determines pH of the medium, which in
turn influences catalytic activities of various cellular
enzymes.

Polarity
Though water molecule appears to be neutral, it is polar
with distinct positive and negative poles, therefore it is

referred to as an electric dipole. Polar nature of water
accounts for its role as a transport medium for a variety
of other polar molecules such as plasma proteins, and
ions like K* and Na*.

B. Electric Dipolar Nature of Water

The electric dipolar nature of water molecule is due to its
structure which consists of two hydrogen atoms linked
covalently to an oxygen atom (Fig. 1.1).

Each of the hydrogen atom shares a pair of electrons
with the oxygen atom. Oxygen has a strong electron-
withdrawing tendency, and therefore, these electrons
tend to lie more towards oxygen and away from hydro-
gen. Consequently hydrogen atom acquires a localized
partial positive charge. Oxygen has two more pairs of
electrons which remain unshared. These electrons impart
partial negative charge to oxygen.
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Fig. 1.1. Dipolar nature of water molecule. The two unshared
electron pairs of the oxygen atom give it a localized partial
negative charge, and the strong electron-withdrawing tendency
of oxygen gives the two hydrogen atoms partial positive
charges.

Woater molecule forms a dipole because oxygen atom
has high electron density (hence having partial negative
charge) and hydrogen atoms are relatively electron
deficient (hence having partial positive charges).

Opposite poles of the adjacent water molecules attract
each other, i.e. positive pole of one molecule attracts neg-
ative pole of the adjacent one and vice versa. This type
of electrostatic attraction is called hydrogen bond (Fig.
1.2). As shown in Figure 1.2, arrangement of electrons
around oxygen is nearly tetrahedral. Consequently, each
water molecule can theoretically form hydrogen bonds
with as many as four neighbouring water molecules. Since
these molecules are in a stage of continuous motion, the
hydrogen bonds are continuously being broken and
reformed. At room temperature, each water molecule
forms hydrogen bonds with three or four water mole-
cules, at any given instant. In ice, however, this motion is
restricted and four hydrogen bonds are possible, result-
ing in formation of crystal lattice.

In liquid water at room temperature, each water mole-
cule engages in hydrogen bonding with three or four
other water molecules. In ice, each water molecule is
fixed in space and hydrogen bonds with the maximum
of four other molecules.

Hydrogen bonds (bond energy = 4.5 kcal/mole) are
much weaker than the covalent bond (bond energy =
110 kcal/mole). However, the hydrogen bonds are present

o~
O
H
Hydrogen bond
(0.177 nm)
/O
H \H

Fig. 1.2. Hydrogen bonding (designated by dashes) between
the hydrogen atom of the upper water molecule and the oxygen
atom of the lower water molecule.

in very large numbers and their collective strength con-
fers great internal cohesion to the liquid water. Half-life
of a hydrogen bond is very short—less than 1 X 107 sec.
Consequently, liquid water is not viscous but very fluid
in nature.

On account of its polar nature and consequent hydro-
gen bonding, water possesses the following unusual
properties.

Hydrogen bonding between adjacent water molecules
cause strong intermolecular forces of attraction. Large
amount of thermal energy is required to overcome these
cohesive forces. As a result, melting and boiling points of
water are relatively higher than other common liquids
(Table 1.1). No such intermolecular attraction is present
among molecules of non-polar liquids like benzene or
hexane resulting in lower melting and boiling points.

Water is a better solvent than other common liquids.
Most crystalline salts (e.g. sodium chloride), which are
nearly insoluble in non-polar solvents, readily dissolve
in water. Better solvent properties are because of dipolar
character of water. For example, the crystal lattice structure

Melting and boiling points of some common liquids

Water 0 100
Propanol —127 97
Benzene 6 80
Methanol —98 65
Chloroform —63 61
Acetone —95 56
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Fig. 1.3. High solubility of NaCl in water. Water hydrates
Na* and CI™ ions and pulls them away from the lattice.
(a) Structure of water, (b) Hydration of Na*, (¢) Hydration of Cl~.

of sodium chloride is held together by strong electro-
static attractions between alternating positive sodium
and negative chloride ions. When this compound is
exposed to water, the negative pole of the dipolar water
is attracted towards Na* and the positive pole is attracted
towards ClI~. Thus, water hydrates both the component
ions of the crystal and then pulls them away from the
lattice (Fig. 1.3). Consequently, the crystal lattice is rap-
idly broken, which accounts for its high solubility in
water.

Hydrogen bonds are individually weak, but they shape
several physical properties of water, such as high boil-
ing point and solvent properties.

Similarly, water tends to dissolve several other organic
compounds with polar functional groups, such as sug-
ars, alcohols, aldehydes and ketones. Solubility of these
substances is also due to tendency of water molecules to
form hydrogen bonds with the polar groups (hydroxyl,
carbonyl or alcohol) of these substances.

In addition to crystalline salts and organic compounds,
the third category of compounds with which water inter-
acts in a characteristic way are the amphipathic com-
pounds. These compounds have both hydrophobic (water
repelling) and hydrophilic (water attracting) portions
within the same molecule. An example is sodium salt of
the long chain fatty acid, also called soap; its long hydro-
carbon tail forms the hydrophobic portion and the nega-
tively charged carboxyl group forms the hydrophilic
portion (Fig. 1.4a). Soap molecules are readily dispersed
by water to form aggregates called micelles (Fig. 1.4b). In
a micelle, the hydrophilic carboxylate groups are exposed
to the aqueous exterior and the hydrophobic hydrocar-
bon chains move toward the interior. Movement of the
non-polar hydrophobic tails towards the interior of the
micelle is because the surrounding water molecules tend
to associate more with the hydrophilic carboxylate group
than with the hydrophobic portions of the molecule.
Towards the core, the hydrophobic tails tend to associate

Woater, Buffers and Acid-Base Chemistry 3

(a)
Na* Matching cation
Hydrophilic head
Hydrophobic tail

(b)

f Micelle

Water

Fig. 1.4. (a) An amphipathic soap molecule with a hydrophilic
head and hydrophobic tail, (b) Interaction of water with soap
to form a micelle.

with one another; their association is known as hydro-
phobic interactions.

Thus, the driving forces for the formation and stability
of micelles are: (a) Tendency of the surrounding water
molecules to form hydrogen bonds with each other and
with the negative carboxylate groups, and (b) hydropho-
bic interactions between the hydrocarbon tails.

Besides soap, micellar structures are also formed by
other amphipathic molecules, e.g. phospholipids, nucleic
acids and certain proteins. Micellar arrangement of these
molecules forms the core of biological membranes.

All biochemical reactions occur in the aqueous environ-
ment, so properties of biomolecules are largely deter-
mined by their interactions with water. Hydrophilic
substances (e.g. polar molecules and ions) readily dis-
solve in water but the non-polar substances have a ten-
dency to minimize contact with water.

Degree of ionization of a dissociable compound is indi-
cated by its equilibrium constant. Let us consider a
reversible reaction:

A+B=C+D

The equilibrium constant of this reaction can be
derived by making use of the law of mass action which
states that rate of a chemical reaction depends, among
other factors, on concentrations of the substrate molecules.
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Therefore, rate of the forward reaction (V,) depends on
concentration of A, B or both. Conversely, rate of the
reverse reaction (V,) depends on concentration of C, D
or both

Vi e [A] [B] (1)
Ve [C][D] (2)
(or) V=K [A] [B] 3)
V=K [C][D] (4)

where K and K, are the proportionality constants for the
forward and the reverse reactions respectively (the square
brackets indicate the molar concentrations).

Equilibrium is defined as a condition when rate of the
forward reaction (V,) equals the rate of the reverse reac-
tion (V,). Therefore, at equilibrium the following equal-
ity exists:

V.=V,
K; [Al[B] =K [C][D]

R

The ratio of the two constants, K /K, is also known as
equilibrium constant (K ) of the reaction. It indicates
relative concentrations of the reactants and the products
(i.e. the composition of the equilibrium mixture of a
reaction). It has a characteristic value for a given chemi-
cal reaction at a given temperature. It does not depend
on the starting concentrations of either the reactants or
the products. Using the above principle, the equilibrium
constant or the dissociation constant of water is
expressed as:

« IH][oH ]

“ 0 [10] ©

Dissociation of water proceeds to a limited extent only.
At 25°C, only about 1 out of 10 million water molecules
is in an ionized state. Therefore, the molar concentration
of water at equilibrium is equal to the number of grams
of water in one liter (1000gm), divided by the gram
molecular weight of water (i.e. 1000/18=55.5). The
equation (6) can, therefore, be rewritten as:

« [H][oH ]
d 55.5 (7)
55.5 K, = [H"] [OH"]

The value of K/ has been determined by electrical
conductivity measurement of water and found to be

1.8 X 107! mol/L at 25°C. Substitution of this value in
equation (7) yields

1X 1074 =[H*] [OH ] =K_

The symbol K, used to designate the product of H*
and OH~ concentrations is called the ion product of
water. Its value always remains the same, i.e. 107* M in
any aqueous solution. Thus, the concentration of H* can
be calculated if concentration of OH™ is known or vice
versa as shown below:

In a neutral solution,

[H*']=]OH |=10"M
In acidic solution, concentration of H* exceeds 10~7 M.
Therefore, a corresponding decreases in the concentra-
tion of OH™ must occur, so that product of two remains
1 X107, Conversely, in the alkaline solutions concen-
tration of OH" is high (> 1077M) and that of H* must be
correspondingly low.

The term pH is defined as negative logarithm of the
hydrogen ion concentration, expressed in moles.

pH = —log [H"] (8)

pH measurement is a convenient way of designating the
actual concentration of H*, and thus of OH™ in any aque-
ous solution. Mean pH values of body fluids are given in
Table 1.2. The pH value of a neutral solution having an
H* concentration of 1077 M is 7 as calculated below:

— 1 _ 7
pH—loglOi7 =log (1X107)
=log 1 +log 107
=0+7
pH=7

In acidic solutions, where H* concentration if greater
than 107’M, the pH values becomes less than 7.
Conversely, in the alkaline solutions pH is greater than 7
because concentration of H* is less than 1077 M.

Water molecules can dissociate reversibly into H* and
OH™. The pH value of a solution is related to the con-
centration of H™. In acidic solutions pH is <7, in basic
solutions, pH is > 7 and in neutral solutions pH =7.

Mean pH of some body fluids

Gastric juice 1.0 Blood 7.4
Urine 6.0 Bile 7.7
Human milk 6.7 Pancreatic juice 8.8
Tears 7.4



Table 1.3. The pH scale

1.0 0 1014 14
0.1 1 10713 13
0.01 2 1012 12
0.001 3 10" 11
0.0001 4 10°'° 10
0.00001 5 1077

10°¢ 6 1078

1077 7 1077 7

Any two solutions, pH values of which differ by one
unit, differ with respect to their H* concentrations by ten-
folds. Thus, a solution with pH value of 5.0 has 10 times
higher H* concentration compared to the one with a pH
of 6.0. Another expression analogous to pH, though less
commonly used, is pOH. It denotes concentration of the
hydroxyl ions and is defined as the negative logarithm of
the OH™ ion concentration, expressed in moles (pOH =
- log [OH]).

Since product of molar concentrations of H* and OH~
equals 1X 107", the expressions pH and pOH are
inversely related to each other, so that their sum always
equals 14. The pH scale is represented in Table 1.3.

pH measurement: pH of a solution is measured by indi-
cator dyes, indicator papers, or more accurately, by the
pH meter.

Indicator dyes: Chemically an indicator (designated as
HI) is a weak acid.

The indicators most commonly used are phenol red
or phenolphthalein. Action of an indicator is based on
the principle that its colour in the dissociated from (I7) is
different from its colour in the undissociated form (HI).
Which one of the two forms—dissociated or undissoci-
ated—predominates at a given instant depends on pH of
the surrounding medium. Thus, colour of the indicator
changes as pH of the surrounding medium changes.

In other words, at a given pH, colour of an indicator
depends on relative proportions of the dissociated and
the undissociated forms.

Note: A weak acid exists predominantly in an undissoci-
ated form at a pH value lower than its pK' (pK' is the
negative logarithm of the equilibrium constant: pK’' =
-log K’). When pH rises above the pK' value, the dissoci-
ated from predominates; and both the forms are present
in equal concentrations when pH equals pK'.

Indicator papers (pH papers): Principles of action of the
indicator papers is same as that of the indicator dyes.
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Potentiometer

Indicator — 41— Reference
electrode electrode
. ] .
H™ sensitive — —Test solution
glass tip

Fig. 1.5. pH meter. The reference electrode generates a sta-
ble electric potential and the indicator electrode generates a
potential based on H* concentration of the test solution.

Like the indicator dyes, the indicator papers are useful in
a specific pH range. This pH range, which occurs around
its pK’ value, brings about a visible change in colour of
the indicator.

pH meter: It is used for accurate measurement of pH. The
basic components of a pH meter are shown in Figure 1.5.

® Reference electrode: Tt consists of a metal and its salt (in
contact with a solution containing the same anion).
Mercury/murcurous chloride or Ag/AgCl are most
commonly used reference electrodes. The reference
electrode generates a stable electrical potential.

o Indicator electrode: Tt consists of a silver wire coated
with AgCl, immersed into solution of AgCl. These are
placed into a tube containing a special glass membrane
tip, which is sensitive only to hydrogen ions.

o Dotentiometer: It measures electromotive forces.

When the indicator electrode is dipped into a solution
of unknown pH, a potential difference is established across
the glass membrane tip. The magnitude of potential dif-
ference varies with the hydrogen ion concentration (a mea-
sure of pH) of the test solution. The potential difference
generates a signal (i.e. electromotive force) which is read
against the fixed potential of the reference electrode.

Presently, pH meters which use single electrode are
also available.

Il. Acids, Bases and Conjugate

Acid-Base Pairs

A. Acids

Acids are defined as substances that are ionized in dilute
aqueous solutions to liberate protons (H*). They are
commonly referred to as proton donors.

HA=H"+A" (9)
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Comparison of equilibrium constant (K;q) and
pK’ values of a strong acid and a weak acid

Strong acid Lower

Weak acid

Higher Higher

Lower Lower Higher

Acids such as hydrochloric acid (HCI), nitric acid
(HNO,) and sulphuric acid (H,SO,), which have a strong
tendency to liberate protons, are called strong acids.
They undergo near complete ionization in dilute aque-
ous solutions. Therefore, their equilibrium lies far
towards the right. At the equilibrium point, concentra-
tion of the disassociated form far exceeds that of the
undissociated form.

HCl = H* + CI- (10)
H,SO, = 2H" + S0, ? (11)

Conversely, the weak acids are only partially ionized
in water. Their equilibrium lies towards the left. At equi-
librium point, concentration of the undissociated form
exceeds that of the dissociated form. In living systems,
behaviour of weak acids is more important than that of
the strong acids. Acetic acid (CH,COOH) is an example
of weak acid; it mildly dissociates to yield an acetate
anion and a proton.

CH,COOH = CH,COO™ + H* (12)

Since degree of ionization is greater in case of strong
acids, equilibrium constant of strong acids is higher than
that of weak acids (Table 1.4).

pK’ value of an acid is defined as the negative loga-
rithm of its equilibrium constant (pK’'=-log K, ). It is
an inverse relationship. Hence, stronger acids having
larger K~ values have relatively lower pK’ values.
Conversely, weak acids have relatively low K values and
high pK’ values.

Bases are defined as are substances that accept protons
in aqueous solutions, and commonly known as proton
acceptors. For example, Cl-, SO,?, CH,COO~ accept a
proton (reactions 10-12) and therefore, are bases.
Stronger bases have greater tendency to accept pro-
tons, whereas the weaker bases have weaker tendency for
the same. For instance, equilibrium of the dissociation
of acetic acid (reaction 12) lies towards the left, which
implies that acetate ion has a strong tendency to accept
proton. It is therefore, a strong base. Cl~ and SO,? have

weaker tendency to accept protons and are therefore
weak bases.

Acids can donate protons and bases can accept protons.
The strength of an acid is expressed as its pK': it cor-
responds to the pH value at which the ionizable group
is half-protonated.

In ionization reactions (discussed above), there is a pro-
ton donor-proton acceptor pair.
This pair is known as conjugate acid-base pair.

HA=H"+A"
(Proton donor) (Proton acceptor)

Conjugate base of a weak acid is always a strong base.
For example, acetic acid is a weak acid because of its weak
dissociability, while acetate, its conjugate base, has a
strong tendency to accept a proton.

On the other hand, conjugate base of a strong acid is
a weak base (reactions 10 and 11).

Titration is a procedure that is used to quantitatively
determine the amount of acid in a given solution. In
this procedure, an acid reacts with an alkali of known
concentration till the point of neutralization (end
point).

Titration curve is drawn by plotting the pH against
the amount of alkali added. It indicates the pH changes
of the acid that occur when alkali is added in small
amounts.

Example: Titration curve of acetic acids vs sodium
hydroxide of shown in Figure 1.6:

At the start of the titration, acetic acid is present pre-
dominantly in undissociated state (HA). As the alkali
(sodium hydroxide; 0.1N) is added, it reacts with the
acid molecules to form acetate ions (A~). Thus, there
is a progressive rise in the concentration of base (i.e.
acetate) with a concomitant fall in the concentration
of the acid.

CH,COOH + NaOH — CH,COO~ +Na*+HOH
Acetate exists in the form of its sodium salt,

sodium acetate (CH,COONa), though the two have been
written separately in the above equation.

At the midpoint of titration about half of the acetic acid
loses its proton to form acetate. Thus, concentrations
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HA = Acetic acid (undissociated)
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Fig. 1.6. Titration curve of acetic acid (HA), showing predom-
inant ionic forms at various pH points. At midpoint of the titra-
tion, the concentration of acetic acid and acetate are equal,
and pH is numerically equal to pH of acetic acid. The zone of
buffering capacity is shaded.

of the acetic acid and its conjugate base (acetate) are
equal at this point.

Towards the end of the titration, most of acetic acid
loses its proton, so that the predominant ionic spe-
cies present is acetate.

It may be observed that at the start and towards the
end, the titration curve is relatively steep, indicating that
addition of alkali causes significant alteration in pH.
However, at the midpoint, the curve is relatively flat,
which indicates that small additions of alkali do not ele-
vate the pH significantly. Therefore, the flat zone repre-
sents the buffering zone because of the resistance it
offers to any imminent alteration of pH with addition of
alkali (or acid). The following important relationships
exist at the midpoint of this zone:

Acid and its conjugate base are present in equimolar
concentrations.
pK’ of the acid equals pH of the medium.

The latter relationship is obtained by using the
Henderson-Hasselbalch equation:

[Base]

H=pK + lo
PP 8 |Add]

[Ba?.e] =log1=0
[Acid]

Hence, the Henderson-Hasselbalch equation can be
rewritten as:

At the midpoint, log

pH=pK'+0 or pH=pK.
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To learn more about the Henderson-Hasselbalch equa-
tion, including derivation and significance, refer Box 1.1.

The Henderson-Hasselbalch equation relates the pH of
a solution to the concentration of an acid and its conju-
gate base. It can be used to determine which proportion
of an acid is in the protonated or deprotonated state at
a given pH.

Buffer is a system that resists any alteration in its pH when a
small amount of acid or alkali is added to it. It comprises
two major components: a weak acid (HA) and its con-
jugate base (A™). A buffer system is most effective when
(a) these two components are present in equimolar con-
centrations, and (b) pH (of the medium) equals pK’ (of
the acid-base pair).

A buffer remains effective when pH is within the range
of pK' £ 1.

Buffers resist changes in pH within about one pH
unit of the pK’ of the buffering species (pK' == 1 pH unit).

When a small amount of acid is added, it is taken up by
the base component of the buffer (A7), and any pH
change is averted.

H*+A™ - HA

Similarly, the acid component of the buffer system
(HA) is capable of reacting with any OH™ that is added.

OH +HA - A +H,0

Addition  H*
of acid
( HA Buffer A )
Weak Conjugate
acid base
Addition
OH™  ofbase H,O

Thus, buffering action is the net result of capacity of
the base component (of the acid-base pair) to neutralize
the added acid, and of the acid component to neutralize the
added base. During these reactions, the sum of the acid
and the base does not change, only their ratio may
change. For example, when H" is added, the buffer base
(A") is consumed, but an equivalent amount of acid (HA)
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is generated. Conversely, with addition of a base, the
decrease in acid component of the buffer system is bal-
anced by a corresponding increase in the base component.

Cellular metabolism predominantly generates acids.
Body buffers avert imminent pH change by these acids.
Thus, buffers are first-line of defense against acid load.
The important ones are bicarbonate buffer, phosphate buffer,
proteins, etc.

It is the principal extracellular buffer, comprising carbonic
acid (the proton donor) and bicarbonate (the proton accep-
tor). It functions in the same way as other conjugate acid-
base pairs. However, there are important differences:

The base constituent, bicarbonate (HCO;) is regu-
lated by kidneys.

The acid component (H,CO,) is regulated by pulmonary
ventilation.

Thus, bicarbonate buffer is subject to regulation by
kidneys and lungs. It is part of a three-tier defense, des-
cribed later, that also includes kidney and lungs.

The acid component of this buffer (also called respiratory
component) is generated from dissolved carbon dioxide
[CO,(d)] and water, by the reaction shown below. The
reaction is catalyzed by the enzyme carbonic anhydrase.

Carbonic anhydrase
CO, (d) + H,0 —Scamdree g 00,

The dissolved carbon dioxide in blood circulation is
in equilibrium with the gaseous carbon dioxide [CO,(g)]
in the air space of the lungs. As a result, concentration
of carbonic acid is ultimately dependent on the partial
pressure of carbon dioxide in the gas phase. Carbonic
acid can dissociate to yield bicarbonate.

H,CO, = H* + HCO;
Thus, reversible equilibria exist between the gaseous car-

bon dioxide in the lungs and the bicarbonate ions in
blood plasma, as shown below:

HCO3 +H* H,CO;

Step 1

CO,(d) +H,0
2
Step 3

CO,(g)

Action of the bicarbonate buffer involves these equilibria.
For instance, when an acid is added to blood, concentra-
tion of H* rises. The latter is taken up by HCO; resulting
in the rise of concentration of carbonic acid (Step 1).

This causes the Step 2 to go forward, and the concen-
tration of carbon dioxide (d) in the blood rises. This in

turn results in an increase in the pressure of carbon diox-
ide in the gas phase in the lungs (Step 3), and the extra
carbon dioxide is exhaled through increased rate of
breathing.

Reverse series of reactions occur when an alkali (OH")
is added. It is taken up by carbonic acid to form HCO;.

H,CO, + OH~ — H,0 + HCO;

Concentration of carbonic acid falls momentarily, but
is quickly replenished from large pool of gaseous carbon
dioxide. Rate of breathing decreases under these circum-
stances so that the carbon dioxide is retained and dis-
solved in water to form carbonic acid.

Bicarbonate buffer is highly effective: Bicarbonate buf-
fer system is an effective physiological buffer because of
its equilibration with a large reserve of gaseous carbon
dioxide in the air space of the lungs. Since pK’ of car-
bonic acid is 6.1, the bicarbonate buffer should be most
effective at or around pH of 6.1 (i.e. 6.1 £ 1) as a buffer
is most effective when pH equals pK'. However, bicar-
bonate buffer is highly effective at the physiological pH
of 7.4 also because of its equilibration with gaseous
carbon dioxide.

Carbonic anhydrase is the principle enzyme that cata-
lyzes generation of HCOj. Decreased activity of this
enzyme, therefore, results in decreased plasma bicarbon-
ate concentration. Consequently, the ratio of bicarbon-
ate to carbonic acid (normally 20) tends to fall, resulting
in a fall of pH (see Henderson-Hasselbalch equation).
A state of primary bicarbonate deficit is therefore associated
with the fall in physiological pH.

It is the major intracellular buffer. Its pK’ value of 6.86
is near the intracellular pH of 7.0. Therefore, this buffer
is very effective intracellularly. It consists of the following
components:

H,PO, as the proton donor (i.e. the acid component).

H,PO, as the proton acceptor (i.e. the base component).

The two components are related to each other as
below:

H,PO, = HPO;2 +H*

They may act as buffers because many of them have
amino acids which behave like weak acids. For example,
histidine acts as a buffer because of presence of imidaz-
ole group (Chapter 4). It has a pK’ value of 6.0 which is
close to the physiological pH. Therefore, it is very effec-
tive in living systems.
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BOX 1.1

Henderson—Hasselbalch Equation

The relationship between pH, pK’, concentrations of weak acid and conjugate base (or salt) is expressed by Handerson—
Hasselbalch equation.
[Base]

H = pK’+ log H = pK' + log o0
= ——— | or = o
PR=p [Acia] (OP7 P 9 [Acid]

Dissociation of a weak acid yields a conjugate acid-base pair
HA — H*

Weak acid

+ A

Proton Conjugate base

By definition, the dissociation constant (K') of the acid is

e
o = HIAT]
[HA]
The above equation can be written as
HA
)=k
[A7]

By taking logarithm of both sides, and multiplying by -1,
[HA]
[A7]

—log[H"]= —log K’ —log

Substituting pH for —log H™ and pK' for —log K’
[AT]
[HA]

pH=pK' + log

The equation can be used to calculate change in pH of a buffer on addition of a known quantity of acid and alkali.
For example, when a strong base (NaOH) is added, acetic acid is a converted to its conjugate base.

NaOH + HA = A" +H,0 + Na*

.
Change in the ratio of base to acid (uj occurs, causing changes in pH of the medium, as can be seen from the
equation. HA™

Another important application of the equation is to find concentrations of acid and base by measuring pH. Thus, the
equation has enormous practical application in clinical biochemistry in assessing the acid-base status, severity of acid-
base disorder and predicting limits of compensation of body buffers. These aspects are covered in detail later in this

chapter.

Most of the buffering capacity of blood is due to
haemoglobin (Hb), which is present within RBCs.
Hb is more effective than plasma proteins because of
(a) its high content of histidine, and (b) its higher con-
centration (12-16 g/dL). As a result, buffering capacity of
Hb is much higher than that of the plasma proteins.

The intracellular fluid (ICF) proteins serve as major
buffers. Since ICF volume is around 60% of the total
body fluid volume, proteins may be considered as most
abundant buffers in the body. However, the interstitial
fluid, which forms more than 70% of the extracellular
fluid (ECF) lacks proteins.

The acetate buffer is ineffective in the body since its
pK' is 4.76, which is far removed from the physiological
pH. Similarly ammonium buffer with pK’' of 9.25 is not
effective at the physiological pH.

Various body fluids have nearly fixed pH values (Table
1.2), which lie within definite range. For example, pH
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of blood is 7.4 and it remains within a range of 7.35-
7.45. Intracellular pH is taken to be around 7.0, although
its value varies among different organelles. Deviations
from normal values disrupt structural and functional
integrity of body proteins, including enzymes. Properties
of nucleic acids, cell membranes and other cellular
constituents are also adversely affected by alteration
of pH. These changes may have hazardous effects on
the body, and are often incompatible with life. Therefore,
it is important that the regulation of pH is given
utmost priority. Failure of pH regulation occurs in a
number of disorders, collectively known as acid-base
disorders.

Normal body metabolism poses a constant threat to pH
because it generates various products that can alter the
blood pH. For example, carbon dioxide is the major
acidic end product of normal metabolism that tends to
lower the pH. In addition, certain abnormal metabolic
states and disorders are also capable of causing alteration
in pH: the pH may fall (i.e. acidosis) or rise (i.e. alkalo-
sis). A three-tier defense system, comprising buffers,
lungs, and kidneys therefore, remains constantly in oper-
ation to guard against any changes in pH. Various com-
ponents may act at different times, but their overall effect
is well synchronized.

(a) Buffers serve as the first-line of defense against acid
load and, as mentioned earlier, bicarbonate buffer is
most important for being regulated by pulmonary
ventilation and renal adjustments.

(b) Pulmonary ventilation takes from a few minutes to
few hours to become operational. It has a direct
bearing on acid-base balance of the body because
carbon dioxide is an acidic substance. Since carbon
dioxide is exhaled during expiration, increase in
respiratory activity reduces the acidity of body fluids.

The pulmonary ventilation system operates by nega-
tive feedback. For instance, fall in pH of ECF stimulates
peripheral chemoreceptors and central chemoreceptors.
The reflex response to these stimulations is an increase in
the rate and depth of respiration. This removes the exces-
sive carbon dioxide, thereby leading to a compensatory
rise in pH. Thus, the decreased pH is brought back to
normal by hyperventilation. Conversely, increased pH is
compensated by hypoventilation.

(c) Renal adjustments take from several hours to few
days to become effective, but provide a long-term solu-
tion by supplementing buffer action. For instance,

< HCO3
(25 meq/L)
Systemic
HCO3 circulation
Na*f Na* | N
H o+ [V HCO3
H,CO3
H,CO3
Cco,
H,O
Cco,
+ %
HO Proximal tubular cell
Tubular

lumen

Fig. 1.7. Reclamation of bicarbonate by proximal tubular cell
(CA = carbonic anhydrase, ® = Na*— K* antiport).

the non-volatile acids (HA) produced endogenously
are initially neutralized by the bicarbonate buffer.

HCO; +HA——H,CO, + A~

(The anions of these acids (A~) pass on to Na*, which
is the predominant extracellular cation.)

Though this reaction averts immediate risk of a pH
fall, it is accompanied by another imbalance, i.e. fall of
bicarbonate ion concentration. The latter must be replen-
ished in order to preserve the buffering capacity. Renal
adjustments accomplish this by generating bicarbonate
ions (see Fig. 1.7). Under normal circumstances, kidneys
excrete about 50mmol of H* in urine and simulta-
neously generate about 50 mmol of bicarbonate ions.
However, in acidosis, kidneys can eliminate as much
as 500mmol of H* per day; in alkalosis excretion of
H* falls markedly.

Ability of kidneys to excrete variable amounts of acids
and to generate variable amounts of bicarbonate ions
depending on body requirements, makes them act as
final defense mechanism against any imminent pH
alterations.

Renal tubular cells and erythrocytes possess a specific sys-
tem, called carbonate dehydratase system, which enables
them to use carbon dioxide for generating bicarbonate.
Under normal circumstances, the erythrocyte mechanism
merely makes fine adjustments in the plasma bicarbonate



concentration in response to specific body requirement
while the kidneys play a major role in maintaining the
bicarbonate concentration.

This system is present in gastric parietal cells also.

The principle enzyme of this system is carbonic anhydrase,
which catalyzes the first reaction of the following chain:

Carbonic
anhydrase

CO, +H,0 H,CO, = H" + HCO;

Cells remove one of the final products of the chain,
i.,e. H*. Consequently, both the reactions are pulled
towards right to generate bicarbonate ions. For each H*
removed from the cell, one bicarbonate ion is generated.
Rise in intracellular concentration of H* and carbon
dioxide accelerates these reactions. A fall in plasma con-
centration of bicarbonate also enhances the reaction
sequence.

In a normal human being, at a plasma pCO, of 5.3
kPa (equivalent to CO, concentration of about 1.2
mmol/L), erythrocytes and renal tubular cells maintain
the extracellular bicarbonate concentration at about
25 mmol/L. Thus, value of the extracellular [HCO;/[CO]
ratio (both in mmol/L) is 20 : 1. Taking pK’ value of car-
bonic acid to be 6.1, it can be calculated from the
Henderson-Hasselbalch equation that this ratio repre-
sents a pH of about 7.4.

[HCO;](25 mmol/L)

H=pK +lo
P 0 & [CO,](1.2 mmol/L)

(7.4) (6.1)

In practice, the partial pressure of carbon dioxide (pCO,)
is measured and its concentration in plasma is obtained
by multiplying the pCO, with the solution constant for
carbon dioxide.

pCO, X 0.23=[CO,]
(kPa) (mmol/L)

where 0.23 is the solution constant. The equation can
be rewritten as:

[HCO; ]

H=pK' +log——————
PETPR 98 C0, x0.23

Kidneys play an important role in bicarbonate homeo-
stasis through the following mechanisms:

Reabsorption of the filtered bicarbonate, i.e. bicar-
bonate reclamation.

Generation of bicarbonate ions, termed new bicar-
bonate generation.
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Both these actions depend on the carbonate dehydra-
tase system. As indicated earlier, this system is operative
in renal tubular cells and possesses considerable reserve
capacity.

The unmodified glomerular filtrate contains bicarbonate
ions in the same concentration as plasma (i.e. 25
mmol/L). About 4000 mmol of ions are filtered by glom-
eruli each day. If all the filtered bicarbonate were lost in
urine, severe bicarbonate deficit would soon develop.
However, specific mechanisms exist in proximal tubular
cells which permit conservation (reclamation) of all the
filtered bicarbonate. The most important of these mecha-
nisms is the Na*~H* antiport system. This system oper-
ates in the renal tubular cells.

Na* — H* antiport system: Bicarbonate ions (HCO; ) and
H™ are produced by the carbonate dehydratase system, as
shown in Figure 1.7. The H* ions are transported into
the tubular lumen in exchange for Na* present in tubular
fluid. The exchange occurs through mediation of the
Na*—H" antiport. Within the tubular lumen, the H*
reacts with the filtered bicarbonate to form carbon diox-
ide and water. This reaction needs carbonic anhydrase,
located in the brush border of the proximal tubular cells.

The luminal membrane of the tubular cell allows the
carbon dioxide to diffuse into the cell. At the same time,
the bicarbonate, the other product of carbonate dehydra-
tase system, moves across the basolateral membrane of
the renal tubular cell to enter systemic circulation.
Movement of bicarbonate in this direction is favoured by
(a) increased intracellular concentration of bicarbonate,
(b) electrical potential, and (c¢) impermeability of the
luminal membrane to bicarbonate.

Through this process of reclamation the loss of the filtered
bicarbonate ions in urine is prevented. These ions are reab-
sorbed, though indirectly, in the form of carbon dioxide;
direct reabsorption is not possible since the luminal
membrane is impermeable to bicarbonate ions. Further,
this mechanism permits excretion of H* and prevents
loss of Na* in urine.

Control: The carbonate dehydratase mechanism may
be stimulated by a rise in pCO, or a fall of bicarbonate
concentration within the tubular cells.

This mechanism operates in the later pat of distal convo-
luted tubules (DCT) and the collecting ducts. In these
segments, H* secretion is associated with new bicarbon-
ate generation (Fig. 1.8). The carbonate dehydratase sys-
tem generates equimolaramounts of H* and bicarbonate.
The hydrogen ions are secreted into the tubular lumen
and combine with A~ (A~ represents a filtered anion of
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an acid, e.g. lactate, acetoacetate or sulphate). HA thus
formed is eliminated in urine.

The HCO; ions, the other product of the carbonate
dehydratase system, is absorbed into systemic circulation
together with Na*. Thus, this mechanism serves to
increase alkali reserve of the body.

Hydrogen ion excretion requires presence of suitable
buffer systems in urine. The H* secreted into the tubular
lumen causes acidification of urine. The minimum pH of

A Systemic
circulation

N +
N HCO3

i /

~
Na*ib Na+
H* H* HCO3
HA
co,
H,CO4 \
H,O
Urine Distal tubular cell
Tubular

lumen

Fig. 1.8. New bicarbonate generation by distal tubular cell
(® =Na* — H* antiport).

(a)
4 Na* 41 Na*
HCO3 +H* H*
H HPOZ?
H,CO5 ~
T H,PO,
CO,+H,0
Renal tubular cell
Urine
TubularJ

lumen

(b)

urine is about 4.5 which is equivalent to 0.03 mEq/L of
the H'. At this H* concentration, sufficiently high con-
centration gradient is built up across the luminal cell
membrane which prevents further secretion of H*.
Increase in the excretion of H* occurs only when the
secreted H* is taken up by a luminal buffer system. The
buffer takes up the secreted H*, thus preventing the build-
ing of the concentration gradient. In normal urine, the
most important buffer is phosphate buffer (Fig. 1.9a).
Ammonia, produced in renal tubular cells, also acts as
urinary buffer (Fig. 1.9b). Together, they permit excretion
of 30-40 mmol of hydrogen ions every 24 hours.

Phosphate is present in the glomerular filtrate; about
4/5th of it is in the form of HPO,?. This combines with
the secreted H* and is converted to the monovalent
anion, H,PO;:

HPO,2+ H* - H,PO,

Thus, HPO,? and H,PO, form a conjugate acid-base

(i-e. buffer) pair.
-2
pH=6.8+ logw
[H,PO, ]
where 6.8 is pK’ of this system.

As more H" is secreted, more and more of the divalent
form is converted to monovalent form until, at pH below
5.5, most of this is in monovalent form.

Ammonia, the other important urinary buffer, is pro-
duced by deamination of glutamine in renal tubular cell
(Fig. 1.9b).

Glutaminase

Glutamine ————— Glutamate + Ammonia + H*

CcI-
Na+ ﬁ Na*
HCO3 +H* H*
I NH; NH; l
H,CO;
/’ Glu NHX
+
I |
CO, + H,0 Gln NH,CI
Renal tubular cell l
Urine
Tubular J

lumen

Fig. 1.9. Buffering of H* in urine. (a) Phosphate buffer, (b) Ammonia buffer.



Glutamate Glucose

NHz+H*  H*

Glutamine

Fig. 1.10. Magnified view of a renal tubular cell showing that
the H produced in the cell during glutamine to glutamate
conversion is incorporated in glucose.

Glutaminase, present in tubular cells is responsible for
this conversion. Its activity is induced in chronic acido-
sis, thus permitting increased ammonia production,
which can take up H* in tubular lumen. Ammonia and
ammonium form a buffer pair

NH, +H" — NH}

_ [NH,]
pH=9.8 +log———
[NH7]
where 9.8 is pK’ of this system.

This buffer system allows increased hydrogen ion
excretion via ammonium ions. Ammonia can readily dif-
fuse across cell membranes, but ammonium ions cannot
do so and are, therefore, eliminated in urine. As the urine
becomes more acidic, it contains increasing amount of
ammonium ions. The ammonia-ammonium buffer pair
becomes active only after the buffering power of phosphate is
exhausted.

Ammonia buffer produces an H* intracellularly dur-
ing the conversion of glutamine to glutamate (Fig. 1.10).
This apparently negates the effect of ammonia buffering
system since an H* is generated in the cell for each H*
that is buffered in the tubular lumen. Glutamate enters
gluconeogenesis, a process requiring input of H*. The
H™ generated earlier is probably incorporated in glucose
during gluconeogenesis.

Erythrocytes are also capable of generating bicarbonate
ions, as shown in Figure 1.11.

Since erythrocytes lack aerobic pathways, they are inca-
pable of generating substantial amount of carbon dioxide.
The plasma carbon dioxide diffuses into the cell along
a concentration gradient, where it generates bicarbonate
ions through the carbonate dehydratase system. The other
product, H" is buffered by haemoglobin. As the concen-
tration of bicarbonate ions rises intracellularly, it diffuses
into the extracelllular fluid along a concentration gradient.
To maintain electroneutrality, diffusion of chloride ions
occurs in the opposite direction, i.e. chloride shift.
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Hb\h H*
+

+«—— CI7
HHb HCO3 ——»HCO3
(25 mmol/L)
Plasma ——» CO,
C02 +
(5.3 kPa) H,O H,CO5

Fig. 1.11. Erythrocyte mechanism for bicarbonate generation
(Hb = haemoglobin).

Haemoglobin is an important blood buffer which
works effectively in cooperation with the bicarbonate
system.

, [Hb]
H=pK' +1
pH =pK' +log

A number of acid-base disorders are known which are
classified on the basis of changes in the components of
bicarbonate-carbonic acid buffer. The three components
(pH, HCO; and H,CO, are related as per the Henderson-
Hasselbalch equation.

[Base]

H=pK' +1lo
PP % [Adid]

Base = bicarbonate ions; Acid = carbonic acid.
pK’ of carbonic acid =6.1.

Considering the fact that plasma H,CO, equilibrates
with the dissolved as well as the gaseous carbon dioxide,
the equation can be rewritten as:

[HCO;
pH=6.1+log————
[CO,]
[HCO; |

=6.1+log————
[pCO, X 0.23]

where pCO, is the partial pressure of CO, and 0.23 is the
constant. (Concentrations of HCO; and CO, are mea-
sured in mmol/L, and pCO, is expressed in kPa.)

From this equation, it may be observed that decreased
pH value (i.e. acidosis) can result mainly due to two rea-
sons: (a) primary decrease in bicarbonate ion (HCO;)
concentration, and (b) primary increase in pCO,. The
primary decrease of bicarbonate ions [HCO; } is called
metabolic acidosis and primary increase of pCO, is called
respiratory acidosis. Conversely, increased pH, i.e. alkalosis
may result either due to primary increase in HCO; con-
centration (metabolic alkalosis), or to primary decrease of
pCO, (i.e. respiratory alkalosis).



14 Textbook of Medical Biochemistry

Disturbances in the blood buffer system can lead to con-
ditions known as acidosis, with a pH as low as 7.1, or
alkalosis, with a pH as high as 7.6.

A disorder resulting from a primary fall in bicarbonate level
(<24 mmol/L) resulting in a decreased pH of arterial
plasma (because of decreased ratio for bicarbonate con-
centration to pCO, in the Henderson-Hasselbalch equa-
tion) is metabolic acidosis

HCO; ]!
pH L =61+ log 0% 1%
pCO, X 0.23
Some common causes of bicarbonate depletion
are given below:

Excessive production of organic acids: When an acid
metabolite (HA) enters blood, it is taken up by the
base component of the bicarbonate buffer (i.e. HCO;).
Consequently, the concentration of these ions falls, giv-
ing rise to a bicarbonate deficit, therefore metabolic
acidosis occurs. A mild tendency of acidosis produced
in this manner is almost a normal occurrence. This is
because several body reactions continually produce
non-volatile acids. Some examples include oxidation
of the -SH group of cysteine to sulphate and hydroly-
sis of phosphates. However, these reactions do not
cause any serious disorder in the body because the
acids are neutralized by bicarbonate buffer. The mild
bicarbonate deficit so produced is promptly reverted
by the renal and the pulmonary mechanisms. In
other words, the amount of acid generated is too
small to override body’s defenses. On the other hand,
certain processes release acids into the blood in very
large quantities which cannot be taken care of by
body’s defenses. As a result, severe bicarbonate
deficit leading to a fall in pH occurs (Case 1.1).

Most common processes that release acids are
lactic acidosis and ketoacidosis.

Lactic acidosis arises due to generation of excessive
lactic acid from anaerobic glycolysis, e.g. during
intense muscular exercise.

Ketoacidosis results due to excessive production of
ketone bodies (acetone, acetoacetate and (-hydroxy-
butyrate) in liver under certain abnormal metabolic
states such as starvation and uncontrolled diabetes
mellitus.

In addition to acute acidosis causing conditions
mentioned above, certain conditions lead to the devel-
opment of chronic acidosis. These are: phenylketonuria,

hyperammonaemias or maple syrup urine disease. But in
these disorders acidosis is less important than other
metabolic consequences.

Excessive loss of HCO; from the body: Duodenal fluid,
with a bicarbonate concentration about twice that of
plasma, is alkaline. Loss of this fluid may occur through
intestinal fistula. If the rate of loss exceeds that of the
renal ability to regenerate bicarbonate ions, the plasma
bicarbonate may fall enough to cause acidosis. For
the same reason, excessive loss of bicarbonate ions in
severe diarrhoea causes acidosis.

Generalized renal tubular dysfunction: It may cause loss
of a mixture of ions in urine. Renal bicarbonate recla-
mation and generation are also impaired due to dam-
aged Na*-H* antiport.

Poisoning or overdose: Production of acid metabolites
in poisoning and overdoses also lead to metabolic
acidosis. For example, in methanol poisoning, for-
mate is produced; and in ethylene glycol poisoning,
production of oxalate occurs.

Increase in chloride ion: In the acidosis-causing condi-
tions discussed so far, no change in the concentration
of chloride ion occurs. However, in some conditions,
such as renal tubular acidosis and acetazolamide
therapy, fall of plasma bicarbonate concentration is
accompanied by a simultaneous increase in chloride
ion concentration. In short, bicarbonate is substi-
tuted by chloride and a state of hyperchloraemic
acidosis results.

Overproduction of acidic metabolites, e.g. ketone bod-
ies in uncontrolled diabetes mellitus or lactic acid during
severe exercise, are the two commonest causes of meta-
bolic acidosis.

In metabolic acido-
sis, the primary bicarbonate deficit results in the fall of
bicarbonate to pCO, ratio. Thus, the compensatory
mechanisms are aimed at elevation of this ratio (a nor-
mal ratio of 20 is crucial for maintaining the blood pH at
7.4). This is accomplished by compensatory hyperventi-
lation which washes off carbon dioxide to decrease
pCO,. Consequently, the above-stated ratio is elevated.

Usually, the metabolic acidosis is because of excessive
acid (HA) production. Acceleration of the following
reaction occurs under such circumstances:

HCO; + HA = H,CO, + A

The H,CO, so produced dissociates to water and car-
bon dioxide. Though carbon dioxide increases temporar-
ily in this manner, it induces hyperventilation which



washes off the CO,. Consequently, the pCO, (and hence
[CO,]) tends to fall, which reverts the ratio of HCO; : pCO,
to normal. In this manner, hyperventilation serves as the
major compensatory process in metabolic acidosis. But
the pulmonary compensation is said to be incomplete
because (a) concentration of HCO; gets reduced because
there is no new generation of HCO; consumed earlier,
and (b) the anion of the acid metabolite (A™) is still pres-
ent in extracellular fluid.

These abnormalities must be corrected for complete
restoration of the acid-base status. The bicarbonate con-
centration is self-correcting: decreased bicarbonate
concentration causes stimulation of renal carbonate
dehydratase, which in turn enhances bicarbonate recla-
mation and bicarbonate generation. Consequently, the
depleted bicarbonate concentration slowly rises towards
normal. The anion of the acid metabolite (A~) is elimi-
nated by renal excretion. In some cases, the acid metabo-
lite (e.g. lactate) is slowly metabolized. With these
processes, the compensation is complete and acid-base
status returns to normal.

These are as follows:

Bicarbonate concentration is always low.

pCO, is usually low (compensatory change).

pH is low in uncompensated (or partially compen-
sated) cases and normal in fully compensated cases.
Concentration of chloride ions is normal in most
cases. However, raised value of this ion is seen in
renal tubular acidosis or acetazolamide therapy.

Cause of metabolic acidosis is usually appar-
ent from clinical history of the patient. Knowledge of
anion gap serves as an additional tool in delineating the
cause. Anion gap is estimated by measuring the differ-
ence between the sums of the concentrations of principal
cations (Na® and K*) and principal anions (Cl~ and
HCO;).

(INa*]+[K']) = ([CI']+[HCO;])

Average reference values of these ions are: Na*, 140; K™,
4; Cl-, 100; and HCO;3, 25 (all values are in mmol/L).
Therefore, in healthy individuals the anion gap has an
average value of 19 mmol/L.

The anion gap refers to the discrepancy between the
measured electrolytes, but in reality no such gap exists.
It merely represents unmeasured net negative charge on
plasma proteins. In short, the negatively charged amino
acid side chains on the proteins account for the apparent
discrepancy between the measured electrolytes.

In metabolic acidosis, deviations from the above-
stated normal values occur. The anion gap can increase
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or remain normal depending on the underlying cause of
metabolic acidosis.

Increased anion gap: When excessive production of
acids is the cause of metabolic acidosis, concentration
of HCO; decreases but that of Cl~ remains unaffected.
Consequently, anion gap is increased.

Normal anion gap: In renal tubular acidosis or acet-
azolamide therapy, fall of bicarbonate is accompanied by
increase in chloride ion concentration. Hence, anion gap
does not change in these conditions, which are, there-
fore, called normal anion gap acidosis or hyperchlorae-
mic acidosis.

It results from a decrease in alveolar ventilation, causing
decreased elimination of CO, by the lungs. The conse-
quent increase in pCO, is the primary event in the acid-
base disturbance.

[HCO; ]
pHl=6.1+log———3>
TpCO, X 0.23

Decreased alveolar ventilation, may result in a num-
ber of conditions (Table 1.5).

In respiratory aci-
dosis, the ratio of HCO; : pCO, is reduced, and so the role
of compensatory mechanisms is primarily to retain more
of bicarbonate ions. In contrast to metabolic acidosis,
where respiratory compensation is important, in this type
of acidosis the primary defect being in lungs, the physio-
logical response of lungs cannot be expected to play any
significant role. Renal response plays an important role in
bringing the acid-base status back to normal. Acceleration
of the carbonate dehydratase mechanism in erythrocytes is
also important for the short-term compensation.

In respiratory acidosis, the renal mecha-
nism compensates for the disturbance by generating

Causes of respiratory acidosis

Asthma Sedatives

Chronic obstructive airway disease General anaesthesia
Pulmonary diseases Neuromuscular diseases
Respiratory distress syndrome Tetanus
Severe pneumonia Neurotoxins
Thoracic diseases

Kypnoscoliosis

Flail chest
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HCOy; ions and by eliminating H* (Figs 1.7 and 1.8). The
carbonate dehydratase mechanism in renal tubular cells is
accelerated by increased pCO,. As a result, most (or all)
of the filtered HCO; is reabsorbed and more of new
HCO; is generated. The urine becomes acidic as more of
H™ is secreted. Renal response develops slowly. In cases
of chronic carbon dioxide retention renal compensation
is maximum.

The H* secreted during respiratory acidosis is exchanged
with the luminal Na*, thus preventing urinary loss of the
latter.

The biochemical
changes in acute and chronic respiratory acidosis differ
from each other (Table 1.6). This is because of the fact
that in acute cases there is insufficient time for the renal
mechanisms to generate HCO; and add them into plasma.

Slight rise in plasma [HCO7] that occurs in acute stages
is mostly derived from erythrocytes. This mild degree of
compensation is inadequate to prevent fall in pH. In
chronic respiratory acidosis, on the other hand, the renal
mechanisms are sufficiently speeded up to elevate the
levels of HCO; to such extent that pH fall is averted.

The body's defenses against alkalosis are less effective
than those against acidosis. This is because the biological
systems have little capacity to buffer the OH™ ions, and
the bicarbonate buffer is far less effective when the pH
rises above 7.4. Fortunately, alkalosis is far less common
than acidosis because the body metabolites are acidic,
not alkaline.

It is characterized by an increased serum bicarbonate
concentration as a result of either an excessive loss of
acid or abnormal retention of bicarbonate. In accord
with the Henderson-Hasselbalch equation, the primary
rise in bicarbonate results in increase in pH.

[HCOS

HT=61+log————1
P 8pCO, X 0.23

Some of the major causes of metabolic alkalosis
are:

Excessive renal generation of bicarbonate: In distal part
of the renal tubules (distal convoluted tubules),
K" and H* ions compete with each other for secretion
into the tubular lumen in exchange for Na* (Fig.
1.12). Because of this reciprocal relation, changes in
potassium-balance influence the H* balance. If the
plasma potassium level is low (i.e. hypokalaemia),
less of this ion is available intracellularly for secre-
tion. Hence, more of H" ions are secreted and the urine
becomes acidic. However, H* secretion is accompanied
by equimolar generation of HCO;. The latter passes
into ECF to raise the HCO; concentration, and there-
fore, the extracellular pH rises. This type of alkalosis
is termed hypokalaemic alkalosis.

Loop diuretics: These diuretics inhibit the pumping of
sodium in the loop of Henle and, therefore, increase
sodium load on DCT and collecting ducts. This results
in increased Na* — K* exchange at these sites resulting
in excessive K* loss and hence hypokalaemia. Thus, in
this case alkalosis is a consequence of hypokalaemia.

Systemic _

circulation HCO3

/ N\

Nat ——» Nat
K*/H* 4 HCO3
: ‘gt
K+
H,CO3
%
Tubular

lumen

Fig. 1.12. Secretion of K™ and H* in exchange for Na™ in distal
convoluted tubules.

Summary of biochemical findings in arterial blood in various types of acidosis and alkalosis

pH Low Low
[HCO;, | Low Slightly high High
pCO Low High High

Normal or slightly low High High

Slightly high or normal
High Slightly low Low
High Low Low



~
CI™ « Cl-
HCO3
Blood
H,COg3
Gastric lumen 4
H,0 +CO,
J
Parietal cell

Fig. 1.13. Mechanism of secretion of H* and ClI~ by parietal
cell into gastric lumen.

Pyloric stenosis: In this condition, excessive loss of H*
and CI~ occurs in vomitus. This necessitates increased
secretion of H into the gastric lumen by the parietal
cells. As shown in Figure 1.13 secretion of H* and Cl~
is accompanied by the generation of equivalent amount
of HCO;, by these cells. The HCO ions, thus generated,
move into the extracellular fluid resulting in elevated pH.
The narrowing at pylorus has further hazardous
consequences: (a) it prevents loss of alkaline duode-
nal contents, which could have served as a safeguard
against alkalosis, and (b) it causes volume depletion
(hypovolumia), which is a known cause of alkalosis,
as noted below.
Hypovolumia: 1t triggers a series of events that ulti-
mately result in increased secretion of aldosterone
from adrenal cortex. Since aldosterone causes K*
elimination through urine, hypokalaemia results.
Hypokalaemia in turn leads to alkalosis.
Alkali ingestion: Massive quantities of ingested alkali cause
alkalosis. Inappropriate treatment of acidotic conditions
and chronic alkali ingestion can lead to this state.

The compensatory
mechanism of metabolic alkalosis must bring down the
ratio of HCO; : pCO,. This occurs by respiratory response
which involved depression of the respiratory centre by
elevated plasma HCO; concentration. It leads to under-
breathing; and thereby tends to build up the pCO, (Case
1.2). This depresses above-mentioned ratio, which in
turn leads to decrease of the elevated pH towards nor-
mal. However, this response has limited capacity because
underbreathing leads to oxygen deficit. Moreover, the
alkaline state is not capable of sufficiently depressing the
respiratory centre.

The primary abnormality in respiratory alkalosis is the
decrease of arterial pCO, and, therefore, rise of pH.
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Fall in the arterial pCO, is due to hyperventila-
tion resulting from tissue hypoxia, high altitude, anae-
mia or bacterial sepsis. Hysterical overbreathing, assisted
breathing, or certain nervous system disorders (encepha-
litis, head injury) may also lower pCO, and hence cause
alkalosis.

Decreased ventilation in obstructive lung diseases prevents
efficient expiration of carbon dioxide to cause respira-
tory acidosis, and hyperventilation accelerates the loss
of carbon dioxide and causes respiratory alkalosis.

The compensation is aimed at lowering HCO; con-
centration, which will revert the HCO; to pCO, ratio
(thereby causing correction of pH). The compensatory
mechanism is triggered by decreased pCO, which slows
down the carbonate dehydratase mechanism in renal tubu-
lar cells and RBCs. Consequently, decrease in the HCO;
reclamation and generation occurs. The compensation
is slow to develop, like in the case of respiratory acidosis.
If a steady low pCO, is maintained, maximal compensation
develops within 36-72 hours.

The biochemical findings in arterial blood in various
types of acidosis and alkalosis are summarized in
Table 1.6.

What is role of carbonic anhydrase system and renal
mechanisms in the maintenance of blood pH?
Describe the various mechanisms by which are respon-
sible for maintenance of pH of the body fluids.
Classify the acid-base disorders. Discuss their causes and
characteristic biochemical parameters.

Mention the biochemical determinants of metabolic
and respiratory acidosis. Why is bicarbonate buffer
system especially important as a blood buffer?
Describe how excess acid (H") is excreted chiefly in
urine, highlighting role of urinary buffers.

Chloride shift

Anion gap

Phosphate buffer
Respiratory acidosis
Titration curve of weak acid
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CLINICAL CASES

CASE 1.1 A semiconscious man, bleeding profusely

A 28-year-old man was brought to the hospital emergency
in a shocked state. He was well known to the department
for frequent admissions related to ethanol abuse. He was
bleeding profusely from arms and hands, and smelt alcohol.
Apparently, he had a fall while trying to board a moving
bus. Breathing was fast and shallow (respiratory rate 48
per minute) and the pulse was fast and irregular at 120
beats per minute. Examination showed fast and shallow
pulse and there were cardiac arrhythmias. There was no
evidence of head injury or any major organ damage.

Blood sample was sent for laboratory analysis. The fol-
lowing derangements in certain acid-base parameters
were detected:

Investigations Patient’s Reference
report range

Blood pH 7.05 7.35-7.45

pCO, 3.6 kPa 4.7-6.0 kPa
(36—46 mmHg)

[HCO?] 17 mmol/L 21-28 mmol/L

Serum lactate 6.4 mmol /L 0.4-1.4 mmol /L

Serum pyruvate | 160 pmol/L 40-80 pmol /L

Q.1.

Q.2.

Q.3.
Q4.

What is the acid-base disturbance present in this
patient?

What could be the cause of acid-base derangement
observed?

What would be the differential diagnosis?

Mention the cause of cardiac arrhythmias.

CASE 1.2 A 32-year-old man with persistent vomiting

A 32-year-old man reported in hospital emergency with
complaints of persistent vomiting for one week. He had
generalized muscular cramps. On examination he appeared
dehydrated and had shallow respiration.

Blood sample was analyzed with the following results:

Investigations Patient’s report | Reference range
[HCO] 38 mmol /L 21-28 mmol/L
[H*] 28 nmol/L 36—44 nmol /L
pCO, 8.6 kPa 4.7-6.0 kPa
(36—46 mmHg)
Serum urea 64 mg/dl 15-45 mg/dl
Serum creatinine | 1.8 mg/dl 0.6—1.4 mg/dI
Na™* 148 mmol /L 135-145 mmol/L
K+ 2.9 mmol /L 3.6-5.0 mmol /L

Q.1.
Q.2.
Q.3.
Q4.
Q.5.

Identify the nature of acid-base disturbance.

What could be the cause of this acid-base disorder?
Comment on the other biochemical test results.

Give the reason for the development of muscle cramps.
Suggest the line of treatment.




CHAPTER

CHEMISTRY OF

CARBOHYDRATES

Carbohydrates are the most abundant organic molecules in nature and the major functional constituents of living cells. The
primary source of energy in animal cells, carbohydrates are synthesized in green plants from carbon dioxide, water and
solar energy. The term carbohydrate was coined by Karl Schmidt in the mid 19th century, which literally means a hydrate
of carbon: a compound with an empirical formula (CH,O) , where n is an integer of 3 or greater. Structurally carbohy-
drates have two important features:

1. more than one hydroxyl group (polyhydroxyl).
2. o carbonyl group as either an aldehyde group (—CHO-) or a ketone group (—CO-).

Presently it is known that carbohydrates may contain elements other than C, H, and O (e.g. N, S, and P). The hydroxyl
groups may be free or substituted, and the carbonyl groups may be present in the free reducing form or in non-reducing
form in glycosidic linkages. Moreover, a large number of compounds are classified as carbohydrates even though they
do not have the above empirical formula (e.g. deoxyribose, C.H, O,).

This chapter gives a brief account of general characteristics, chemistry, and functions of carbohydrates.

After going through this chapter, the student should be able to understand:

O Chemistry, properties, structures, biological significance and classification of carbohydrates; stereo-chemical and
reducing properties; isomers, anomers and epimers, the common monosaccharide derivatives and their occurrence.

O Nature and type of glycosidic linkage that occur in common disaccharides and homopolysaccharides; and occurrence
and role of these compounds.

O Structure and role of glycosaminoglycans and various types of mucopolysaccharidoses.

l. Biological Slgnlﬁcance of roles also. They are components of nucleic acids and are

covalently linked with lipids and proteins. Glycoproteins,
hybrids of carbohydrates and proteins, form blood group

Carbohydrates

Carbohydrates are widely distributed in nature, and they
perform a vast range of functions. They play a primary
role in energy metabolism. For example, glucose is the
chief fuel molecule in all tissues and organs. Brain, spi-
nal cord, peripheral nerves and erythrocytes are almost
exclusively dependent on glucose. When in surplus, car-
bohydrates are stored as glycogen or starch.

Besides meeting the major energy requirements of the
human body, carbohydrates perform other important

substances and some hormones, and provide recogni-
tion elements on cell membranes. As mucopolysaccha-
rides, carbohydrates provide the structural framework for
the tissues and organs of the human body and serve as
lubricants and support elements of connective tissue.
Glycolipids (sphingosine derivatives) are important
membrane constituents. Finally, carbohydrates form
structural basis of some intracellular messengers, and
play a role in intercellular communication.
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Table 2.1. Structure and nomenclature of monosaccharides

Number of Generic name Molecular formula

carbon atoms

Functional group

Aldehyde Ketone

3 Triose C,H,O, Glyceraldehyde Dihydroxyacetone
4 Tetrose CH.O, Erythrose Erythrulose

5 Pentose CH, O, Ribose Ribulose

6 Hexose CH,.O, Glucose Fructose

7 Heptose CH,O, Glucoheptose Sedoheptulose

Il. Classification of Carbohydrates

Carbohydrates may be classified as monosaccharides,
disaccharides, oligosaccharides and polysaccharides (the
term saccharide is derived from Greek word for sugar).

A. Monosaccharides

The monosaccharides are the simplest forms consisting of 3 to 9
carbon atoms, which serve as the building blocks of all carbo-
hydrates. They are sub-classified on the basis of (a) num-
ber of carbon atoms, e.g. trioses (C-3), tetroses (C-4),
pentoses (C-5), and hexoses (C-6), (b) type of the func-
tional group, which is aldehyde in aldoses and ketone in
ketoses (Table 2.1, Fig. 2.1).

Monosaccharides are linked by covalent linkages (i.e.
glycosidic linkages) to yield larger structures such as
disaccharides, oligosaccharides and polysaccharides.

Monosaccharides of greatest biological importance
are pentoses, which constitute a part of the nucleic acids
(ribose and deoxyribose), and the hexoses, which serve
a variety of physiological roles, discussed later.

B. Disaccharides

The disaccharides consist of two monosaccharide units linked
by a glycosidic bond. They yield two monosaccharide units
upon hydrolysis. For example, maltose, a disaccharide,
can be cleaved into two glucose molecules. Similarly, lac-
tose is hydrolyzed into galactose and glucose, and sucrose
into glucose and fructose.

C. Oligosaccharides

Three to ten monosaccharide units, linked by glycosidic link-
ages, make a molecule of oligosaccharide. For example,
maltriose consists of three glucose molecules. A clinically
important series of oligosaccharides are blood group
substances A, B and H.

(0]
Il
H —g CH,OH
|
HO—-C—H Cc=0
| |
CH,OH CH,OH
Glyceraldehyde Dihydroxyacetone

Aldose sugar Ketose sugar

Fig. 2.1. Structures of the trioses. The carbonyl groups are in colour.

D. Polysaccharides

Usually the polysaccharides, also known as glycans, contain
hundreds of covalently linked monosaccharide units. Carbohy-
drates are generally found in nature in the form of poly-
saccharides. Some examples are cellulose, starch, chitin,
mucopolysaccharides, etc.

P
Monosaccharides, the simplest carbohydrates, are clas-
sified as aldoses or ketoses depending on the presence
of aldehyde or keto group. Disaccharides contain two,
oligosaccharides contain 3—10 and polysaccharides con-

sist of more than 10 monosaccharides linked by glycosidic
bonds.

lll. Structural Properties

The structures of glucose and fructose shown in Figure 2.2
are referred to as open chain structures. The carbons are
numbered, starting with the aldehyde carbon for aldoses,
or with the terminal carbon closest to the keto carbon for
ketoses. The open chain form accounts for some of the
properties of the monosaccharides, as described below.

A. Isomerism

Different compounds that have the same molecular formula
are called isomers of one another, e.g. glucose and fructose
(C,H,,0,) are aldose-ketose isomers (Fig. 2.2). Similarly



glyceraldehyde and dihydroxyacetone (C,HO,) are
aldose-ketose isomers (Fig. 2.1).

The carbon atom to which four different substituent
groups are attached is called a chiral or asymmetric car-
bon atom. The second, third, fourth and fifth carbons of
glucose are, therefore, asymmetric (Fig. 2.2). Presence of
an asymmetric carbon imparts two important properties
to the molecule: stereoisomerism and optical activity.

The stereoisomers have same structural formula but
arrangement of the substituent groups around the asym-
metric carbon atoms is different. Number of the possible
stereoisomers is given by 2", where n is the number of
asymmetric carbon atoms. For glyceraldehyde, only two
stereoisomers are possible, whereas for glucose, which
contains four asymmetric carbon atoms (see Fig. 2.2),
the number of stereoisomers is 24 = 16.

When a plane polarized light is passed through a sugar
solution, it may undergo a rotation towards the right or
the left direction. The sugars causing the rightward rota-
tion are called dextrorotatory (+), whereas those causing

TCH,OH
H—Z(IZ—OH :
HO—3CI—H HO—3CI—H
H—4C—OH H—4CI—OH
H—S(IZ—OH H—SCI—OH
6CH,OH 6CH,OH
Glucose Fructose

Fig. 2.2. Structures of common hexoses in D-configuration
(open chain).

(a) (b)
CH,OH
(Ii:O
0 0 —C-h
Il Il |
H—C H—C H—C—
HoC— T
(IiHZOH (IiHZOH (IZHZOH
D-Glyceraldehyde L-Glyceraldehyde D-Fructose
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the rotation towards the left are called levorotatory (-).
These two forms are referred to as the optical isomers.
The optical isomers of a given sugar have identical
chemical properties.

A special type of isomerism is found in the pairs of structures
that are mirror images of each other. These mirror images are
called enantiomers; the two members of a pair are designated
as D and L sugars. They are related to each other like the
left hand and the right hand, and therefore, this phe-
nomenon, which seems to offer handedness to a mole-
cule, is called chirality (Greek: “kheir”, meaning hand).
Enantiomers of glucose and fructose are shown in Figure
2.3. Physical and chemical properties of enantiomers
of a given sugar are identical, except their optical rota-
tions: +113° for D- and -113° for L-glucose.

Glyceraldehyde serves as a means of classifying all
monosaccharides into the D- and L-series. If the penulti-
mate (next to last) carbon of a sugar has the configuration
of D-glyceraldehyde (with hydroxyl group on right-hand
side; Fig. 2.3), then it belongs to the D-series. A similar
relationship exists between L-glyceraldehyde (with hydroxyl
group on left-hand side) and the L-series of monosaccha-
rides. With a few exceptions, the sugars appearing in human
metabolism are of the D type.

The D and L terminology refers to the structure based on
the D and L forms of glyceraldehydes, not on how the
molecule rotates polarized light. The D and L isomers
are mirror images or enantiomers.

Monosaccharide molecules of 4, 5 or 6 carbons are quite
flexible, and this flexibility brings the aldehyde group (or
the keto group) in close proximity to other hydroxyl
groups on the same molecule. Reaction of aldehyde and

(c) © (0]
(I:HZOH %—H %— H
Cc=0 H—C— —C—H
HoC— —Ch HeC -
—eon HoCm —eon
—eon HoC— —eon
(ItHon (IiHZOH CIHZOH
L-Fructose D-Glucose L-Glucose

Fig. 2.3. Enantiomers (D- and L-isomers) of (a) glyceraldehyde, (b) fructose, and (c) glucose.
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ketone with the hydroxyl group may then occur to form
hemiacetal and hemiketal respectively. This results in
cyclization of the linear forms to stable ring structures.
The cyclization is a spontaneous process in solutions.

Ri— +HO—R,—»Ry— —R,
Hemiacetal
Ri—C—Ry+ —R3—»R— —R3

R,  Hemiketal

If the ring structure formed by cyclization is six-
membered (made of 5 carbons and 1 oxygen), it is called
a pyranose ring; if it is five-sided (made of four carbons
and one oxygen), it is called a furanose ring (Fig. 2.4).
Fructose, a ketohexose, is usually found in the furanose
form, called fructofuranose, whereas glucose is most
stable in the pyranose form. More than 99.7% of the
total glucose molecules in solution exist in pyranose
form, and termed glucopyranose.

Tetroses or larger monosaccharides cyclize by reaction
of the aldehyde or ketone group with a hydroxyl group
on another carbon atom to form either a 6-membered
pyranose ring or 5-membered furanose ring.

Formation of ring structure results in creation of an addi-
tional asymmetric carbon, called anomeric carbon (C-1
of an aldose, C-2 of a ketose). For an aldohexose, such

<\ /7

Furanose ring

<

Pyranose ring

CH,OH o
¢} HOCH, CH,OH
H H H
H OH
HO N\CH H /On H HO
H OH OH H

D-Glucopyranose D-Fructofuranose

Fig. 2.4. Pyranose and furanose forms of glucose and fruc-
tose. Glucopyranose is formed by reaction of aldehyde at
C-1 with hydroxyl group at C-5; and fructofuranose is formed
by reaction of ketone at C-2 with hydroxyl group at C-5.

as glucose, the number of asymmetric carbon atoms
increases to 5 and the number of possible isomers, there-
fore, increases to 2°=32. Isomerism as a result of the
anomeric carbon in glucose is illustrated in Figure 2.5,
where the glucose is shown to be in a pyranose ring form
(D-glucopyranose). It may assume either the a- or -
configuration about the anomeric carbon. Note that
these two forms differ in the arrangement of the sub-
stituents around the carbonyl carbon and are called ano-
mers. Their systematic names are o«-D-glucopyranose
and B-D-glucopyranose respectively. Together they make
up well over 99% of the total sugars present in solution,
only about 0.0025% being in the open chain form. Both
anomers are present in equilibrium with the open chain
(non-cyclic aldehyde) form.

Most monosaccharides spontaneously produce cyclic
hemiacetal or hemiketal forms, which have either o or 3
conformation at their anomeric carbon.

It is important to note that cyclic forms of aldohex-
oses, with their five asymmetric carbons have total of 32
(2°) stereoisomers; and that each of the 16 isomers that
belong to D- or L-series has two anomeric forms.

The anomers are not stable under ordinary conditions
and tend to interconvert constantly. The interconversion
of the two anomeric forms is referred to as mutarotation
(Fig. 2.5). It is caused by spontaneous opening and reclo-
sure of the ring. In case of glucopyranose, the equilib-
rium between the a- and B-anomers favours the B form
(63.6%) over the o form (36.4%). The equilibrium is

CH,OH CIZHzOH
o)
H C———O0H O
Vs N |///¢ I
HO N\OH H 7 0OH cI: CH

OH H
H OH ON | I /
C——cC

o-D-Glucopyranose |

[
(36.4%) H OH

Non-cyclic

aldehyde form

[

CH,OH
o)

H 1 OH
HO NOH B/ H
H OH

B-D-Glucopyranose
(63.6%)

Fig. 2.5. Mutarotation: interconversion of a-D-glucopyranose
and 3-D-glucopyranose.
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Fig. 2.6. Epimers of glucose: galactose (C-4 epimer) and
mannose (C-2 epimer), shown as Howarth projections.

reached within several hours in neutral «- or B-solutions,
but mutarotation is accelerated greatly in the presence of
acids.

Mutarotation is followed in a polarimeter by measur-
ing the optical rotation. The a-D-glucopyranose has a
specific rotation of +112.2° and the a-D-glucopyranose
of +18.7°. Both undergo mutarotation and over a period
of a few hours, the specific rotation changes to attain a
stable value of +52°. This change represents the intercon-
version of the two anomeric forms to yield the equilib-
rium mixture, consisting of about two-third of the a-form,
one-third of the B-form, and a very small amount of the
non-cyclic form.

o and [ forms interconvert via the open chain form
(mutarotation).

E. Diastereomers and Epimers

Figure 2.6 shows structures of three sugars, which differ
in the arrangement of substituents at one or more (but
not all) chiral carbons. They are diastereomers. Glucose
and mannose differ in the orientation of substituents
around only one of their asymmetric carbons, and are called
epimers. Epimers have different physical and chemical
properties. Just as mannose differs from glucose on the
basis of carbon 2 configuration, another epimer of glu-
cose is galactose, which differs on the basis of carbon
4 configuration. Thus mannose is termed C-2 epimer of
glucose and galactose as a C-4 epimer of glucose.

Fischer and Howarth projections: A common way of
depicting cyclic structures is shown in Figure 2.7 (these
are referred to as Fischer structures). A closer look at
them shows that some bonds are short but others are
excessively long. But this cannot be the case in nature.
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H OH
\/
C— CH,OH
[ |

H—C—OH ?
[
HO—C—H o HO—C—H
[

| o
H—C—OH H—C—OH

| |
H—C—— H—C

| |

CH,OH CH,OH

o-D-Glucopyranose o-D-Fructofuranose

Fig. 2.7. Fischer projection of a-D-glucopyranose and «-D-
fructofuranose.

Carbohydrate chemists, therefore, more often use the so
called Haworth projections, which are fairly representa-
tive of reality. Haworth representations of some mono-
saccharides, including a-D glucose, are shown in Figure
2.6. Note that those groups that are to the right in the
Fischer structures appear down in the Haworth structures
and those appearing to the left in the Fischer formulas
point up in the Haworth structures.

IV. Hexoses, Pentoses, and Related

Disaccharides and Oligosaccharides

A. Hexoses and Pentoses

Amongvarious types of monosaccharides present in human
body, hexoses are physiologically the most important.
Glucose, galactose, fructose and mannose are the most
predominant hexoses. Glucose is important because it is
a component of the storage sugars in plants (starch) and
animals (glycogen); the blood sugar often mentioned is
glucose, which is used as fuel by various tissues for their
energy needs. Red blood cells and brain utilize glucose
exclusively, although brain in prolonged starvation also
utilizes ketone bodies. Roles of hexoses in body are given
in Table 2.2.

Pentoses are integral constituents of nucleic acids.
Ribose, an aldopentose, is one of the most important
molecules in biochemistry, being present in RNA. DNA
contains deoxyribose, the corresponding deoxy sugar.

B. Disaccharides

Covalent joining of two monosaccharides units by glyco-
sidic bond forms disaccharide; the glycosidic bond links
anomeric carbon of a monosaccharide to a hydroxyl group of
the other. A number of disaccharides of biological signifi-
cance contain glucose, fructose and galactose. Maltose,
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Sources and physiological importance of some hexoses

1. D-Glucose

like lactose and maltose. Most fruits contain glucose.

2. D-Galactose Hydrolysis of the milk sugar (i.e. lactose).

3. D-Fructose
4. D-Mannose

Fruit juices, honey, sugarcane.

Hydrolysis of plant mannose and gums.

the malt sugar, is a glycoside of two glucose molecules
in an a(1 —4) linkage; lactose, present in milk includes
galactose and glucose in B(1 — 4) glycosidic bond; and
sucrose, the table sugar includes glucose and fructose in
an a1 — 2) linkage (Fig. 2.8). Cellobiose, an isomer of
maltose, which can be derived from a plant polysaccha-
ride cellulose, involves B(1 — 4) linkage.

In sucrose, both anomeric carbon atoms are involved
in the glycosidic bond. Therefore, the sucrose molecule, in
contrast to lactose, maltose, and cellobiose, does not have
a reducing end and is called a non-reducing sugar (the
reducing end is the end with a free anomeric carbon: free
implies not involved with the formation of a glycosidic
bond). Benedict's test, one of the earliest tests to detect
presence of sugar in urine, which is based on the reducing
properties of the sugar, is therefore, negative with sucrose.

Glycosidic bonds are acetal or ketal bonds, involving
the anomeric carbon (the aldehyde or keto carbon,
respectively) of one of the participating monosaccha-
rides. Once engaged in glycosidic bond formation, the
aldehyde or keto carbon loses its reducing properties.

These disaccharides, with the exception of cellobiose,
have food value for human beings, and the intestinal tract
contains specific glycosidases that can cause their hydro-
lysis into their constituent monosaccharides. a-Glucosidase
(maltase) causes the hydrolysis of maltose to glucose but
is inactive with cellobiose. Sucrase catalyzes the hydroly-
sis of sucrose to glucose and fructose, and «-galactosidase
(lactase) converts lactose to galactose and glucose.

Sucrose is dextrorotatory (+66.5°). When
it is hydrolyzed, one molecule of glucose (+52.5°) and
one molecule of fructose (—92°) is formed. As the levo-
rotatory effect of fructose is greater than the dextrorotatory
effect of glucose, the hydrolysate is levorotatory. Because
the optical rotation is inverted following hydrolysis by
sucrase, the enzyme is termed invertase and substrate
sucrose is termed invert sugar.

Hydrolysis of starch, sugarcane and disaccharides

The principal sugar used by the tissues. Carried by the blood to
these tissues.

Occurs in glycolipids and glycoproteins. Changes to glucose in
the liver and metabolized. Used in the synthesis of milk sugar in
the mammary gland.

Changes to glucose in the liver (and intestine) and metabolized.
Occurs in glycoproteins, a constituent of prosthetic group of
oligosaccharides of albumin, globulins and mucoproteins.

CH,OH CH,OH

Ko b, Ko 2h

Maltose (Glucose-0(1 — 4)- glucose)

CH,OH CH,OH

Ko i Ko X

Lactose (Galactose-B(1 — 4) glucose
CH,OH

HOCH,

Sucrose (Glucose-0(1 — 2) fructose

Fig. 2.8. Some common disaccharides.

Lactose intolerance, caused by absence of lactase,
results in an inability to digest lactose. The undigested
lactose moves through the digestive tract to colon, where
bacterial fermentation generates large quantities of CO,,
H, and organic acids. These products cause diarrhoea,
bloating and painful gastrointestinal upsets in such
patients. Lactose intolerance may be the result of a genetic
trait, in which case it is absent in infants, who must be
given a non-milk artificial formula; or more commonly
in adults, in whom lactase disappears after adolescence.

Oligosaccharides vary from disaccharides to complex
branched structures of glycosidically linked mono-
saccharide units. Considerable variation in the linkage
exists: anomeric carbon (C-1 or C-2) of a monosaccha-
ride unit may be linked to either C-1, C-2, C-3, C-4 or



C-6 of another, and moreover, this linkage may be in the
a- or B-configuration. Each of these linkages forms a dif-
ferent molecule with distinct properties. Comparatively,
the number of possible molecules formed by joining
two identical amino acids, such as glycine, together is
only one.

Such variation in linkage in oligosaccharides is the
basis for the mechanism of cell-cell recognition. The
number of variations of bonds suggests that it is much
easier to create the enormous variability required for
identifying different cells by using sugars rather than
amino acids.

Glycoprotein

Attachment of oligosaccharide to a protein yields glyco-
protein (more appropriately defined as proteins having
oligosaccharide attachments). The attachment to the
protein usually occurs at a serine or threonine residue
(O-linked), but there are also attachments to the amide
nitrogen of asparagine residues (N-linked). The remain-
der of the chain is built stepwise by sequential addition
of other monosaccharide units. Monosaccharides like
L-fucose and N-acetylglycosamines generally appear at
the ends of the chain.

Functions: Glycoproteins are involved in a variety of
functions including lubrication, many being secreted,
and another large group involved with cell adhesion and
cell recognition (for details regarding structure and func-
tion of glycoproteins see Chapter 5). The functions of the
carbohydrate chains of the glycoproteins are diverse:
they stabilize the protein against denaturation, protect it

(a) CH,OH Ccoo
o)
H H H H
—
OH N\°H H /7 oH HO NGH
H OH H

D-Glucose (Glucose to glucuronic acid
conversion by carboxylate substitution
at C-6)

o-D-Glucuronic acid
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from proteolytic degradation, enhance its solubility, or
serve as recognition signals to facilitate cell-cell interac-
tion. Moreover, the antigenic sections of a number of gly-
coproteins, including blood group substances, consist of
oligosaccharides.

V. Derived Sugars

The term derived sugars is applied to monosaccharides
whose structure cannot be represented by the general for-
mula (CH,O),, or which have some unusual features.
Some of the physiologically important derived sugars as
described here.

A. Acid Sugars

The acid derivatives of the sugars, produced by oxidation
of the aldehyde carbon or the hydroxyl carbon or both, are
called the acid sugars. For example, D-glucuronic acid is
formed by carboxylate group substitution at the sixth
carbon position (i.e. by oxidation of the hydroxyl group
at C-6; Fig. 2.9a), and D-gluconic acid at the first carbon
(i.e. by oxidation of the aldehyde group at C-1 (Fig.
2.9b). Likewise oxidation of the last carbon of galactose
gives galacturonic acid. Iduronic acid is an epimer of
glucuronic acid (Fig. 2.9c); both these acid sugars are
important constituents of glycosaminoglycans, discussed
later. When both the first and the sixth carbons of glu-
cose are oxidized to carboxyl groups, the product is
saccharic acid.

(c) H
o) o)
H H COO™ H
H /7 oH HO NGH ./ OH
OH H OH

B-L-1duronic acid
(C-5 epimer of o-D-Glucuronic acid)

CH,OH

Gluconic acid (Carboxylate
substitution of C-1)

Fig. 2.9. The acid sugars — produced by oxidation of an aldehyde group /or hydroxyl group of a monosaccharide to carboxyl group.
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(a) o o
HOCH, oH HOCH, OH
HN\H H/H H\H H// H
OH OH
Ribose 2’-Deoxyribose
(b) CH,OH
O
H /H H
HO NQH 7 oH
H

Glucosamine
(2-amino-D-glucopyranose)

Fig. 2.10. Other monosaccharide derivatives.

The deoxy sugars are the ones in which a hydroxyl group of the
sugar is replaced by hydrogen atom; for example, the deoxy-
ribose is obtained from ribose (Fig. 2.10a). Deoxyribose is
present in DNA molecules. Deoxyglucose is an impor-
tant inhibitor of glucose metabolism.

A large group of derived monosaccharides are the amino
sugars where an amino group replaces the —OH residue on
carbon 2 of the hexose (Fig. 2.10b), such as glucose, galactose
and mannose. The corresponding compounds are glucos-
amine, galactosamine and mannosamine. The amino
group is usually acetylated. N-acetylglucosamine and
N-acetylgalactosamine are components of connective
tissue proteoglycans, glycoproteins, and complex lipids.
An unusual amino sugar is N-acetylneuraminic acid
(NANA), sometimes called sialic acid, which is derived
from N-acetyl mannosamine and pyruvate. It occurs in
glycoproteins and complex lipids.

Monosaccharide derivatives include acid sugars, deoxy
sugars, reduced sugars, amino sugars, phosphoric acid
esters and glycosides.

Several antibiotics (e.g. erythromycin and carbomy-
cin) contain amino sugars. Presence of amino sugars is
related to the bacteriostatic or the bactericidal activities
of these drugs.

They are produced by attachment of a phosphate group with
hydroxyl group of sugar. The phosphorylated sugars, such

CH,OH
o
H M H
on \\CH H O—CHs
H OH

Fig. 2.11. Methyl a-D-glucose is a methyl glycoside formed by
covalent linking of ai-D-glucose with methyl alcohol (aglycone)
by glycosidic linkage.

as glucose 6-phosphate and glucose 1-phosphate, are
thermodynamically favoured to serve as the metabolic
intermediates.

Monosaccharides are reduced at their carbonyl group to
yield the corresponding polyhydroxy alcohols, which are
intermediates of some secondary metabolic pathways.
Both aldoses and ketoses can undergo reduction to form
the sugar alcohols. For example, the reduced product
of glucose (or fructose) is sorbitol. Similarly, mannose
yields mannitol and galactose yields galactitol; the
latter triggers cataractogenesis (formation of cataract) in
galactosaemias.
CH,OH
H—é—OH
HO—é—H
H—é—OH
H—é—OH

[
CH,OH

D-Sorbitol

When the hemiacetal or hemiketal group of a monosaccharide
is linked covalently with an alcohol, sterol or phenol group, the
compound so formed is called a glycoside (recall that reac-
tion of aldehyde and ketone with the hydroxyl group
forms hemiacetal and hemiketal respectively). It has two
components: a carbohydrate and a non-carbohydrate
(termed aglycone), and the linkage between the two is
called glycosidic linkage. A simple example is a methyl gly-
coside (Fig. 2.11). The term glycosidic means that there
is bond to a sugar and in this case the O-glycosidic bond
is between a sugar (a-D-glucose) and methyl alcohol
(Fig. 2.11).

Medical significance: Glycosides are found in many
drugs. Digoxin is a cardiac glycoside, which is used to treat
cardiac failure. The glycosidic bond is between a sugar



and a steroid (the latter is similar in structure to the oes-
trogens). Several other medications also have glycosidic
bonds as main features of their structures. For example,
phlorhizin, a glycoside of glucose and phloretin is used
in renal damage. It is obtained from rose bark. Digitonin,
a cardiac stimulant (obtained from leaves of foxglove)
is formed from galactose and digitogenin. Various anti-
biotics, such as streptomycin, puromycin and erythro-
mycin, have O-glycosidic bonds.

VI. Polysaccharides

Most carbohydrates occur in nature as complex, high
molecular weight polysaccharides or glycans, which
comprise several monosaccharides or monosaccharide-
derivatives, linked by glycosidic bonds. They are of two
major types: homopolysaccharides, which are made
from one particular sugar unit; and heteropolysaccha-
rides, which are made from different sugar units. In both
cases there may be linear or branched polymers and the
constituent sugar units are linked by glycosidic bonds;
the latter link the anomeric carbon of a monosaccharide
to the hydroxyl group of another.

Storage of energy: Polysaccharides such as starch and
glycogen store the chemical energy intracellularly (i.e.
storage polysaccharides). Starch is the principal storage
polysaccharide in plants. Its counterpart in the animal
cells, namely glycogen, is often referred to as animal
starch. Both glycogen and starch are stored intracellularly
in the form of cytoplasmic clusters or granules.

Structural elements: Polysaccharides are important con-
stituents of various cell components (i.e. structural poly-
saccharides). For example, hyaluronic acid is an essential
component of connective tissue, and cellulose serves as
important structural component of the cell wall. Cellu-
lose is the most abundant extracellular macromolecule.

Note: The most abundant intracellular molecules are
proteins.

Homopolysaccharides —» Cellulose, starch,
glycogen, insulin, chitin
Polysaccharides
Hyaluronic acid,
Heteropolysaccharides —» heparin, dermatan
sulphate, chondroitin
sulphate, etc.

A. Homopolysaccharides

Glycogen is the most important homopolysaccharide in
human body. Plant homopolysaccharides include starch,
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cellulose, inulin, etc. The tough exoskeletons of many
lobsters, crabs and several insects consist largely of struc-
tural homopolysaccharide, chitin, which is a linear poly-
mer of N-acetylglucosamine.

Starch

Starch is a plant homopolymer of glucose. It is a mixture of
two distinct polysaccharide forms: amylose and amylopectin.
Amylose is an unbranched polymer of glucose, linked by
a(1—-4) bonds, and occurs in helical coiled conformation.
Amylopectin, on the other hand, is a branched form;
most of the constituent glucose are joined in a(1—4)
linkages but additional a(1—6) bonds occur every 25-
30 residues, creating branch points (Fig. 2.12).

Like other branched polymers, starch has only one
reducing end and multiple non-reducing ends. (The
reducing end is the end with free C-1, i.e. the C-1 not
involved in the formation of a glycosidic bond.)

Starch hydrolysis: Most plants have two hydrolyzing
enzymes: a-amylase and B-amylase; both are specific for
a(1—4) linkages in large polymers and have no action
on maltose or maltriose. Cleavage by B-amylase is much
more common in plants and is characterized by successive
removal of maltose units beginning at a non-reducing
end (exoglycosidase), until the action of enzyme is blocked
at the a(1—6) linkage. Thus, action of B-glycosidase halts
at branch points leaving a branched homopolymer called
limit dextrin. The a-amylase cleaves internal glycoside
bonds (endoglycosidase) randomly, as discussed below.

Starch digestion in humans: Tt is effected by salivary amy-
lase and pancreatic amylase; both are a-amylases. There
is only 1% difference in their composition but the pan-
creatic amylase is more important from quantitative
viewpoint because food does not generally remain long
enough in the mouth to be thoroughly digested by

CH,OH
o)
H H H 0o(1—6) linkage
-0 OH H ‘/
H OH o
|
CH,OH CH,
o_ H H o
H H H H
-0 OH H OH H O —Main
(@] chain
H OH H OH

o(1—4) linkage

Fig. 2.12. (1 —4) and a(1—6) glycosidic linkages between
glucose residues in starch and glycogen. The a1 —4) linkages
occur in straight chain, and a(1 —6) at branch points.
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salivary amylase. The pancreatic a-amylase, on the other
hand with a pH optimum of 6.9 degrades the starch mol-
ecule extensively within duodenum where food stays
longer. It cleaves a(1—4) linkages that are located inter-
nally (endoglycosidase), but has no effect on a(1—6)
linkages.

Products formed by action of amylase are a-maltose
and maltriose. From amylopectin a-dextrins (oligosaccha-
rides made up of 5-9 glucose units with one a(1—6) bond)
and linear oligosaccharides are additionally produced.
Under physiological conditions, starch is hydrolyzed to
produce 40% maltose, 20% maltriose, 30% o-dextrin and
5% linear oligosaccharides.

In acute pancreatitis, the pancreatic amylase levels in
serum are highly elevated and this serves as a reliable
diagnostic tool.

Glycogen is the storage form of glucose in animals and
commonly referred to as animal starch. Structurally, it
resembles amylopectin but is more extensively branched:
the a(1—6) linkages occur every 10-18, units, whereas
in amylopectin they occur about every 25. Thus, it has
more reducing ends than amylopectin and its a(1—4)
linked oligomers are shorter (Fig. 2.13). Moreover, glyco-
gen may have several hundred thousand glucose residues
(its molecular weight is up to several millions), whereas
amylopectin has only 300-6000 residues.

The storage polysaccharides are homopolysaccharides
consisting of glucose residues linkaged by a(l—4)
bonds with a(1—6) bonds at branch points. The major
storage polysaccharides are glycogen (in animals),
starch (in plants) and dextran (in yeast and bacteria).
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Fig. 2.13. A diagrammatic representation of glycogen. Each
circle represents a glucose residue (*=non-reducing ends,
O-O =a(1—4) linkage, arrows indicate a(l—6) linkage
(branch point), R = remainder of the glycogen molecule).

How does storage of glucose as a polymer (glycogen),
rather than simply glucose, offer an advantage? If glucose
were stored (as glucose) rather than a polymer, it would
cause an enormous osmotic force within the cell. This
would cause water to move into the cell and the cell
would burst.

Glycogen is stored in cytoplasmic granules in the hepa-
tocytes and the muscle cells. Bulk amounts of glycogen are
stored in liver and muscles, although most other cells
may contain smaller quantities. Highest concentration of
glycogen is reached in the liver in the well-fed state
(6-8g/100g wet weight approximately). The liver glyco-
gen plays a vital role in glucose homeostasis (Chapter 9).
Skeletal muscles have much lower glucose concentration
(1-2g/100g wet weight approximately), but net amount
of glycogen stored in muscles (200-300g) is much more
than that in liver (50-100g). This is because the total
muscle mass exceeds that of liver.

The mus-
cle glycogen stores provide fuel reserves for the synthesis
of ATP during muscle contraction. On the other hand,
the liver glycogen serves to maintain the blood glucose
concentration within normal range, particularly in the
early stages of fasting.

The cytoplasmic granules that store glycogen contain
the enzymes of glycogenesis (glycogen synthesis) as well
as those of glycogenolysis (glycogen degradation). During
muscle contraction or in fasting state, the enzymes of
glycogenolysis become active; and conversely, during
well-fed state the enzymes of glycogenesis are activated
(see Chapter 15).

They are the most abundant organic compounds on
earth, being essential components of plants, comprising
20-45% of their cell wall mass. Wood is about 50% cel-
lulose, while cotton is almost pure cellulose. Wood
enables trees to attain towering heights and yet it is just a
polymer of glucose.

The basic unit of cellulose is a chain of glucose residues
linked by B(1—4) glycosidic bonds. The chains are in paral-
lel alignment and held in place by interchain hydrogen
bonds. Major variations are in the degree of polymeriza-
tion which appears to be biphasic: either being less than
500 glucose units or between 2500 and 4500 glucose
units per chain. These hydrogen bonded chains are fur-
ther stabilized by the presence of other polysaccharides,
such as hemicellulose, pectin, and lignin, which function
as cementing materials.

The nutritional value of
cellulose is summarized as: “Glucose everywhere but
not a drop to eat”. This is because it is indigestible as



humans lack the enzyme cellulase that can cleave the
B(1—4) glycosidic bonds. Cellulase is found in snails,
bacteria, fungi and insects. Ruminants can digest cellu-
lose because of the presence of bacteria (rumens) in their
stomach which hydrolyze the B(1—4) glycosidic bonds.
Even with cellulases from bacteria, cows have to chew
their cud, which means vomiting out half-digested cel-
lulose and eating it again. (Rabbits are worse as they pass
hard pellets initially and eat them to produce the soft
pellets).

Despite its nutritional value being nil the indigestible
polysaccharides, collectively called dietary fibres
(include cellulose hemicellulose, lignin and pectin) are
important in our digestive processes because they pro-
vide roughage which is believed to be important for
keeping the contents of our intestines mobile and in
lowering the possibility of developing bowel cancer
(Chapter 26).

Cellulose has certain commercial uses as well. Cellulose
derivatives are used for manufacturing emulsifiers, plas-
tics and explosives.

Composed of N-glucosamine residues linked by 3(1—4)
glycosidic bonds, chitin is a subtle variation of cellulose.
The polymers are held together by hydrogen bonding.
It is found in exoskeletons.

Celluloses and chitin are polysaccharides whose con-
stituents are (B glycosidically linked; the [-linkages
cause them to adopt rigid and extended structures.

Homopolysaccharides

Chitin Polymer of N-acetyl
D-glucosamine linked by 3(1—4)
glycosidic linkages

Inulin A fructosan, consisting of D-fructose
units, linked covalently

Agar Polymer of galactose units which are
sulphated

Dextrins Consists of a-D-glucose residues
linked by a(1 —4) and (1 —6)
glycosidic bonds

Dextran

a(1—4), a(1 —6) and a(1 —3)
linked D-glucose units, which are
interconnected in such a way so as to
form a network
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The plants and animals contain several other struc-
tural and storage homopolysaccharides, as shown in
Table 2.3.

Heteropolysaccharides (also called heteroglycans) are the poly-
mers made from more than one kind of monosaccharides or
monosaccharide derivatives. They may exist in the free-state
or conjugated (joined) with lipids, peptides or proteins.
Study of heteropolysaccharides is one of the most excit-
ing areas of new knowledge in biochemistry and has cre-
ated immense interest in recent years, much the same
way genetics did a decade earlier.

Heteropolysaccharides are involved with viral and
bacterial attachment to cells, the immune system, the
migration of normal cells, the migration of cancerous
cells, the fertilization of ova, and the changes in cells
during tissue development. These functions are discussed
in detail later in this chapter.

Glycosaminoglycans (GAGs)/mucopolysaccharides are
a group of high molecular weight, linear polysaccharides,
with repeating disaccharide units. Each disaccharide
unit comprises of an amino sugar and an acid sugar
(uronic acid).

(XY)

— (XY), — (XY), ... (XY), —

1 2

X =Amino sugar
Y = Uronic acid (mostly)

Present in exoskeleton of invertebrates such as crustaceae, insects
and spiders. Integral component of cell walls of most fungi and

many algae.

Occurs in tubers and roots of dahlias and dandelion. Used for
determination of glomerular filtration rate and to measure the
body water volume.

Occurs in sea weeds. Purified form of agar is used for laboratory
culture of bacteria.

Formed in course of hydrolytic breakdown of starch (limit dextrins
are formed first as the degradation reaches branch points).
Found in various foodstuffs obtained from starch producing
plants. Used as adhesives and binders.

Given intravenously it increases plasma volume (i.e. plasma
expander), and therefore used in case of blood loss.
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GAGs are the most important group of heteropolysaccha-
rides in humans. They were first isolated from mucin and
therefore also called mucopolysaccharides. These com-
plex sugars are major components of the extracellular
matrix of connective tissue, including bone and cartilage,
synovial fluid of joints, vitreous humor of eye and
secretions of mucus-producing cells. The GAGs found
in connective tissue may attain extremely large size,
with molecular weight of 1-80 millions.

GAGs are unbranched polysaccharides of disaccharide
repeats; each repeat unit comprising a sugar unit linked
to a glycosamine, hence called glycosaminoglycans.

Glycosamine (amino sugar): It is either glucosamine
(GluNH,) or galactosamine (GalNH,), both of which
are present in their N-acetylated forms. The amino group
may be sulphated rather than acetylated in some GAGs.
Acid sugar unit: Besides glycosamine, the other sugar
unit present in a disaccharide repeat is mostly an acid
sugar (uronic acid). Usually it is D-glucuronic acid
(GluUA), although in some cases it may be L-iduronic
acid (IdUA).

Glycosaminoglycans are unbranched polysaccharides
containing acid sugars and amino sugars that are often
sulphated.

GAGs are covalently attached to a protein (termed
core protein) to form hybrid molecules, termed proteo-
glycans; the sugar component constitutes up to 95% of
the proteoglycan molecule. Linking of polysaccharide

(a)

Core protein

chains to the core protein occurs by a core trisaccharide,
Gal-Gal-Xyl.

GAG — Core trisaccharide —
An exception is hyaluronic acid, the longest GAG,
which is not attached to a core protein.

The
proteoglycan molecules tend to aggregate, forming
complex structures: proteoglycan-monomers and
proteoglycan-aggregates.

Proteoglycan monomer comprises linear, unbranched
polysaccharide chains, covalently linked to their core
protein. The chains, each of which may be composed of
about 100 monosaccharide units, extend out from the
core protein giving an appearance of “bottle brush” (Fig.
2.14a).

Several proteoglycan monomers associate together
to form a proteoglycan aggregate. A molecule of hyal-
uronic acid is also involved in formation of these aggre-
gates by providing attachment sites for the core proteins
(Fig. 2.14b). The association between core proteins and
hyaluronic acid is not covalent but occurs through ionic
interactions in which a link protein participates. This
overall aggregate (also known as aggrecan) is a large com-
plex macromolecule consisting of a three-dimensional
array of proteoglycans bound to hyaluronic acid. This cre-
ates a stiff matrix in which collagen and other components
of the extracellular matrix are embedded.

The proteoglycan aggregates are polyanionic because of
the many negative charges of the carboxyl groups of the
uronic acids, and the sulphate groups attached to some
of the sugars. Being highly hydrophilic, these groups
attract water molecules to form a hydrated gel like matrix
that forms body’s ground substance.
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Fig. 2.14. The proteoglycan structure. (a) Bottle brush structure of a proteoglycan monomer: Linear, polysaccharide chains linked

to core protein; a magnified segment is also shown, (b) Proteoglycan aggregate showing aggregation of several monomers on

a central strand of hyaluronic acid with the help of link proteins (

= represents link protein).



Attachment of glycosaminoglycans to a protein mole-
cule forms proteoglycans. Proteoglycans are enormous
molecules consisting of central strand of hyaluronic acid
with attached core proteins that bear numerous glycos-
aminoglycans and oligosaccharides. They bind water
and minerals forming a hydrated gel which acts as a
cushion against mechanical shock.

Proteoglycans versus glycoproteins: It is important to dis-
tinguish proteoglycans from glycoprotein. Glycoproteins
(i) have short oligosaccharide chains (1-20 sugars in
length), which are (ii) highly branched, (iii) generally do
not have a repeating sequence and (iv) constitute 1-30%
of the hybrid. On the other hand, sugar chains of proteo-
glycans are longer (100 or more sugars), linear and
unbranched, with disaccharide repeats.

The peculiar structural features of GAGs that explain
their suitability to perform a number of specialized func-
tions in the body are described below.

GAGs have polyanionic character, meaning numerous
negative charges are present on a single molecule. Because
of these charges, GAGs have two important properties:

The heteropolysaccharide chains repel one another
and, therefore, tend to exist in extended conforma-
tion in solutions.

The anionic groups being strongly hydrophilic tend
to associate with water.

The special ability of the chains to bind large amounts
of water produces the gel-like matrix that forms the body’s
ground substance. Due to charge repulsion the chains
tend to “slip” past each other, in a way two magnets of the

Structure and distribution of the proteoglycans

1. Hyaluronic acid

2. Chondroitin sulphates D-Glucuronic acid,

N-Acetylgalactosamine 4-sulphate

3. Keratan sulphates
6-sulphate

4. Dermatan sulphate
4-sulphate

5. Heparin

6. Heparan sulphate

D-Glucuronic acid, N-Acetylglucosamine

D-Galactose, N-Acetylglucosamine

L-lduronic acid, N-Acetylgalactosamine

Iduronic acid, N-Sulphoglucosamine

Glucuronic acid, N-Sulphoglucosamine
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same polarity do. This produces the “slippery” consistency
of mucus secretions and synovial fluid.

GAGs form a matrix
or ground substance that stabilizes and supports the
cellular and fibrous components of tissues. The character
of connective tissue depends, to a large extent, on the rela-
tive proportions of ground substance and embedded
fibrous proteins. For example, tendon (having high ten-
sile strength) is composed primarily of fibres, whereas
cartilage is rich in ground substance.

GAGs play an important role in mediating cell-
cell interactions. They are also structural components of
the extracellular domains of several membrane proteins.
Their slippery consistency, mentioned earlier, makes
them suitable for a lubricant action in joints, tendon
sheaths, and bursae.

Large aggregates of polysaccharide chains linked to
their core proteins are non-covalently associated with
hyaluronic acid via linked proteins forms a jelly-like
matrix in which collagen fibres (and other components
of extracellular matrix) are embedded. This arrange-
ment provides both rigidity and stability to connective
tissue and also allows for a degree of flexibility and
compressibility.

The GAGs are classified in to six major types according
to their monomeric compositions, type of glycosidic
linkages, and degree and location of their sulphate units
(Table 2.4). However, all types share some important
features:

(a) Composition: They contain repeating disaccharide
units of an amino sugar (glycosamine) and uronic

None Joint and ocular fluids
GalNAc Cartilage, tendons, bone
GleNAc Cartilage, cornea

IdUA, GalNAc Skin, valves, blood vessels
GleNH,, IdUA Mast cells, liver

GlecNce Cell surfaces

GalNAc = N-acetylgalactosamine, GlcNH, = glucosamine, GIcUA = D-glucuronic acid, IdUA = L-iduronic acid.
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acid. Keratan sulphate is an exception for it contains
galactose in place of uronic acid.

Linkage: With exception of heparin and heparin sul-
phate, where the linkage between the amino sugar
and uronic acid is uniformly 1—4, in all other GAGs
it is alternating 1 —»4/1—-3.

Core protein: GAGs are usually attached to a core
protein by a core trisaccharide, Gal-Gal-Xyl. The
latter is attached to a serine or threonine residue of the
core protein by O-glycosidic linkage. Exceptions are
hyaluronic acid and keratan sulphate. In case of kera-
tan sulphate, the linkage to core protein is N-glycosidic
(discussed in Chapter 5). Hyaluronic acid is a rather
unusual GAG for it is not attached to a core protein.

(b)

The repeating disaccharide unit of
hyaluronic acid comprises D-glucuronic acid and N-
acetylglucosamine, joined by 8(1—3) linkage (Fig. 2.15).
Hyaluronic acid is different from other GAGs in lacking
sulphate groups, not being covalently attached to protein
and for not being limited to animal tissue (it is found in
bacteria also). The polysaccharide chain is longest of all the
GAGs, with molecular weight of 1 X 10°to 1 X 107 (250-
25,000 repeating disaccharide units). It is a viscous jelly-
like substance that fills the intercellular spaces of the animal
tissues. It is found in synovial fluid of joints, vitreous

COO™ CH,OH
H ¢ o
H H /H
OH H oo H/ O~
H
H OH H NHCOCH;

Glucuronic acid N-Acetylglucosamine

Hyaluronic acid

delen CH,0S03
H o) 0.
H HO /'H
o o
OH H o H ~
H
HO
H OH H NHCOCH;,

Glucuronic acid N-Acetylgalactosamine 6-sulphate

Chondroitin 6-sulphate

CH,OH

Galactose

humor of the eye, umbilical cord and loose connective
tissue. It primarily serves as a lubricant and shock absorber.
Some pathogenic bacteria secrete an enzyme hyaluroni-
dase, which cleaves the glycosidic bonds of the hyaluronic
acid. This renders the tissues more susceptible to invasion
by the bacteria. Hyaluronidase also hydrolyzes the outer
polysaccharide coat of the ovum and thereby makes the
penetration by spermatozoa possible.

These are the most
abundant GAGs in the body that comprise D-glucuronic
acid and N-acetylgalactosamine units: the latter are sul-
phated on either C-4 or C-6 (Fig. 2.15). Chondroitin sul-
phate is mostly present in the cartilage where it binds
collagen and holds fibres in a tight, strong network.
Tendons, ligaments, bones and aorta contain relatively
smaller amount of this mucopolysaccharide.

It is the most unusual of all GAGs: the
only one that does not contain an acid sugar. The repeating
disaccharide unit consists of N-acetylglucosamine and
galactose. It is linked to protein by rather unusual link-
ages (N-glycosidic), that are usually found in glycopro-
teins. It helps to keep cornea transparent.

It was originally isolated from
skin, but is also found in blood vessels and heart valves.

CH,0S03 Ccoo~
o_ H H o
H H H
OH H o OH H/y O~
H NH H OH
. oo ot
N-Sulpho-Gl _ ucuronic aci
ulpho-Glucosamine ¢
Heparan sulphate
SO3 CH,OH
| o
(¢} H o—
H H H
H OH H NHCOCH;

Iduronic acid

N-Acetylgalactosamine-4-sulphate

Dermatan sulphate

CH,0503
H o)
H
O —
OH H
H
H NHCOCH,

N-Acetylglucosamine 6-sulphate

Keratan sulphate

Fig. 2.15. Repeating disaccharide units of some glycosaminoglycans.



It helps maintain shape of these tissues. The predomi-
nant acid sugar is iduronic acid, though a variable
amount of glucuronic acid is also present. The repeating
disaccharide unit is made up of iduronic acid and
N-acetylgalactosamine 4-sulphate. The L-iduronic acid,
a C-5 epimer of D-glucuronic acid, is formed in an
unusual reaction by epimerization of the latter, after it
has been incorporated into the polymer.

The repeating disaccharide unit comprising glu-
cosamine and glucuronic acid (or iduronic acid), is
rich in sulphate groups. Almost all glucosamine residues
are bound to sulphate group. An average of 2.5 sulphate
groups per disaccharide unit is seen. The linkages between
the amino sugar and the uronic acid is uniformly 1—4 in
heparin (and heparin sulphate). (Alternating 1-4/1-3
linkages seen in other GAGs.) Unlike other GAGs (which
are extracellular compounds), heparin is an intracellular
component of mast cells that line arteries, especially in
liver, lungs, and skin. Heparin is a potent anticoagulant
that helps to prevent clotting of the circulating blood. It is
therapeutically used to prevent clotting during intrave-
nous therapy, and to inhibit clotting in various patho-
logical conditions, such as following a heart attack.

It contains the same disaccharide
units as heparin except that some of the glucosamine
units are acetylated and there are fewer sulphate groups.
It is an extracellular GAG, found in basement membrane
and is an essential component of cell surfaces.

The structures of GAGs are quite variable. Thus, hyalo-
ronic acid is a huge polysaccharide, chondroitin 4-sulphate
has sulphur on C-4 rather than C-6 of the amino sugar;
dermatan sulphate contains some glucuronic acid besides
iduronic acid, and the sulphate of the amino sugar may
be either on C-4 or on C-6; heparan sulphate contains
some iduronic acid besides glucuronic acid; and hepar-
ian contains both glucuronic acid and iduronic acid.

Mucopolysaccharidoses are a group of hereditary disor-
ders of proteoglycan metabolism that are clinically pro-
gressive and characterized by excessive intralysosomal
accumulation of GAGs in various tissues. Such accumu-
lation accounts for clinical manifestations of mucopoly-
saccharidoses such as coarse facial features, thick skin, and
corneal opacity. Defective cell function leads to mental
retardation, growth deficiency, and skeletal dysplasia.

The underlying defect in mucopoly-
saccharidoses is impaired degradation of mucopolysac-
charides by lysosomal enzymes. The lysosomal enzymes

Chemistry of Carbohydrates 33

Mucopolysaccharidoses

| Hurler’s a-L-Iduronidase DS; HS
Il Hunter’s Iduronate sulphatase DS; HS
1] Sanfilippo’s  Heparin sulphatase HS
1\ Morquio’s Galactosamine sulphatase  KS; CS
\ Scheie’s L-Iduronidase DS
\ Maroteaux-  N-Acetylgalactosamine DS
Lamy’s 4-Sulphatase
Vii SLY’s B-Glucuronidase DS; HS

CS = chondroitin sulphate, DS = dermatan sulplate, HS = heparan
sulphate, KS = keratan sulphate.

are hydrolytic in action and catalyze degradation of the
GAGs at an optimum pH of 5.0. Such low optimum pH
has a protective value since it prevents destruction of
the cellular constituents in case the enzyme leaks out
of the lysosomes. Half-life of the GAGs is relatively
short (3-10 days), with exception of keratan sulphate
(120 days). Therefore, with impaired degradation, the
cellular concentration of the GAGs rapidly builds up.

In mucopolysacchari-
doses, the tissues that produce GAGs are most affected. In
these tissues, degradation of GAGs is impaired. Lysosomal
vesicles become swollen with incompletely degraded
mucopolysaccharides. A characteristic finding of diagnos-
tic significance is excessive elimination of the GAGs in
urine. Diagnosis can be confirmed by measuring the
concentration of lysosomal hydrolases.

The mucopolysaccharidoses are autosomal and reces-
sively inherited, with an exception of Hunter’s syndrome
which is X-linked. Prenatal diagnosis of these disorders is
possible. Children who are homozygous for these disorders
are apparently normal at birth. The condition deteriorates
gradually, but in severe cases the progression is rapid and
death occurs in childhood. Unfortunately, no effective
treatment exists at present.

Several types of mucopolysaccharidoses
are recognized depending on the lysosomal hydrolase that
is deficient (Table 2.5).

Define carbohydrates and give one example from
each class/subclass. Explain why starch can be uti-
lized in humans but not cellulose?
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What are mucopolysaccharides? Name some and
explain their biological significance.

How do physical properties of glycosaminoglycans
relate to their biological roles?

Name some homopolysaccharides and explain their
biological significance.

Compare and contrast structures and functions of
cellulose, chitin, starch and glycogen.

Mutarotation

Enantiomers

Chondroitin sulphate

Invert sugar

Cardiac glycoside

Anomers

Howarth and Fisher projections
Derived sugars



CHAPTER

CHEMISTRY OF LIPIDS

Lipids, carbohydrates and proteins form bulk of the organic matter in living systems. However, unlike the other two, lipids
are not well defined chemically. In general, lipids are a heterogeneous group of water-insoluble, oily or greasy substances
that can be extracted with non-polar solvents (e.g. benzene or ether), but not with the polar solvents. Because of their insolubil-
ity in aqueous solutions, body lipids are mostly found in isolated compartments. For example, droplets of triacylglycerols
are present in adipocytes and some lipids are membrane bound. When present in blood, they form complexes with pro-
teins so that they can be transported in the aqueous plasma. In contrast to other major biomolecules, lipids do not form
polymers.

In this chapter, various types of lipids have been described, with a special emphasis on structure-function relationships.
After going through this chapter, the student should be able to understand:

O Basic chemistry, nomenclature, properties and significance of fatty acids in the body.
O Chemistry, classification, properties and functions of various types of lipids and the related medical implications.

Lipids serve as fuel molecules, highly concentrated
energy stores, signal molecules, components of cell
membranes, and carriers of fat soluble vitamins, e.g.
A, D, E and K. A layer of subcutaneous fat acts as thermal
insulator and acts as a cushion, which protects several

Table 3.1. Lipids and their major biological functions in the
human body

Lipid Biological function

Triacylglycerols  Energy storage, thermal insulation

delicate organs by absorbing mechanical shocks. Both
lipids and lipid derivatives serve as vitamins and hor-
mones (Table 3.1).

The building blocks of most lipids are fatty acids.
Some lipids such as cholesterol and terpenes lack fatty
acids. However, these lipids are potentially related to
fatty acids because they are synthesized from the cata-
bolic end product of fatty acid degradation (i.e. acetyl
CoA).

s

Lipids are a diverse group of molecules that are soluble
in organic solvents, and in contrast to other major types
of biomolecules, do not form polymers.

Waxes Keeps skin lubricated and waterproof

Phospholipids Membrane components, detergents,

surfactant, second messengers

Sphingolipids Components of membranes, especially of
nervous tissue and the myelin sheath
Sterols Precursors of biologically useful compounds, such

as bile acids, steroids, sex hormones, vitamin D,
component of membranes

I. Fatty Acids

A. General Characteristics

The fatty acid molecule consists of a long hydrocarbon chain
with a polar carboxyl group at its end (Fig. 3.1). Since the
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pK value of the carboxylate group is around 4.85
(between 4.7 and 5.0), it rapidly ionizes at the physio-
logical pH to form the carboxylate ion (COO™). The car-
boxylate ion has polar characteristics, with high affinity
for water (hydrophilic). However, the predominant por-
tion of the fatty acid molecule is the long hydrocarbon
chain in which carbon atoms are in their lowest oxida-
tion state. Being non-polar in nature, hydrocarbon chain
accounts for predominantly non-polar character of the
fatty acid molecule. This in turn accounts for the oily or
greasy nature of lipids.

Thus, a fatty acid molecule contains both polar (hydro-
philic) and non-polar (hydrophobic) regions; such mol-
ecules are called amphipathic molecules. Fatty acids are
simplest of all amphipathic substances in the body.

Naturally occurring fatty acids contain even number
of carbon atoms (most contain 14 to 24). Of these, most
abundant are the fatty acids containing 16 or 18 carbon
atoms. The fatty acids with hydrocarbon chains contain-
ing one or more double bonds are called unsaturated
fatty acids, whereas those lacking any double bonds are
referred to as saturated fatty acids.

Fatty acids are carboxylic acids, whose chain length
and degree of unsaturation varies. Most fatty acids
have even number of carbons in an unbranched chain.

o CH; (CH,),COO™ ¢ ¢

VVVVVVV
| b |

Hydrocarbon chain

Fig. 3.1. Structure of a fatty acid.

Some naturally occurring fatty acids

Fatty acids perform following functions in the
body:

Membrane lipids: They are the components of the
more complex membrane lipids.

Fuel molecules: They are components of stored fat in
the form of triacylglycerols.

Hormones: Derivatives of fatty acids serve as hor-
mones (such as prostaglandins) and intracellular
second messengers (such as IP3 and DAG).
Numerous proteins are covalently modified by fatty
acids. Palmitic acid and myristic acid, for example,
are directly attached to some proteins.

The nomenclature of fatty acids is based on the following
characteristics of the hydrocarbon chain:

Chain length
Presence of double bonds and their positions.

As shown in Table 3.2, the abbreviation 18;1 indicates
an 18-carbon fatty acid having a single double bond.
Likewise, 18;2 indicates an 18-C fatty acid with two dou-
ble bonds. A" indicates position of these bonds; for
example, A%'?indicates double bonds at C-9 and C-12,
starting from the carboxyl end.

Thus, the 18-C saturated fatty acid (Fig. 3.2a) is called
octadecanoic acid: octa (8) and deca (ten) imply chain
length (18 carbons). Its common name is stearic acid
and itisthe most abundant fatty acid in nature. Introduction
of a double bond at the C-9 position results in the for-
mation of octadeca (mono) enoic acid (common name,
oleic acid). Similarly, the 18-C fatty acid having two

Saturated
12 n-Dodecanoic acid Lauric acid 44.2 <1
14 n-Tetradecanoic acid Myristic acid 53.9 3
16 n-Hexadecanoic acid Palmitic acid 63.1 23
18 n-Octadecanoic acid Stearic acid 69.6 6
20 n-Eicosanoic acid Arachidic acid 76.5 <1
Unsaturated
18;1-A° n-Octadeca-enoic acid Oleic acid 13.4 50
18;2-A%'2 n-Octadeca-dienoic acid Linoleic acid -5 10
18;3—-A%1215 n-Octadeca-trienoic acid Linolenic acid -11 <
20;4—A581114 n-Eicosa-tetraenoic acid Arachidonic acid -49.5 <1

18;2—-A*'? implies 18-C fatty acid with 2 double bonds at C-9 and C-12, 20;4—-A%""""4 implies 20-C fatty acid with 4 double bonds at C-5, C-8, C-11,

and C-14.
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Fig. 3.2. Hydrocarbon chain. (a) Saturated, (b) Unsaturated
with a cis double bond.

double bonds, at C-9, and C-12, is called octadeca-
dienoic acid (common name linoleic acid), and that
having three double bonds, at C-9, C-12 and C-15 posi-
tions, is called octadeca-trienoic acid (common name
linolenic acid). The latter two, and all others that con-
tain more than one double bond, are known as polyun-
saturated fatty acids (PUFA).

The double bonds are in cis geometrical configuration
(Fig. 3.2b); this configuration produces a rigid bend in
the aliphatic chain. They are non-conjugated, i.e. they are
spaced at three-carbon intervals.

The carbon atom at the non-polar end of the aliphatic
chain is called the omega (») carbon. Fatty acids can also
be named by counting the carbon atoms from the o car-
bon. Thus, the octadecatrienoic acid (linolenic acid) hav-
ing double bonds at C-9, C-12 and C-15, can also be
designated as a fatty acid of w-3 series. This is because it
contains a double bond attached to C-3 when counted
from the non-polar (w) end. Similarly octadeca-dienoic
acid belongs to the w-6 series.

Fatty acids are predominantly non-polar in nature because
of the long hydrocarbon chain. This accounts for the
insolubility of lipids in water and other polar solvents,
and solubility in the non-polar solvents.

Melting point of fatty acids is dependent on two factors:

Level of unsaturation of hydrocarbon chain: The
melting point falls as the number of double bonds
increases.
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Fig. 3.3. Emulsification of fat by soap.

Chain length of fatty acid: Increase in chain length
results in elevating the melting point. Saturated fatty
acids of less than eight carbon atoms are liquid at
physiological temperature, whereas those containing
more than 10 are solids at this temperature.

In saturated fatty acids, hydrocarbons chains are in an
extended conformation (Fig. 3.2a) and so can be packed
together into a compact structure.

In unsaturated fatty acids, compact packing is pre-
vented due to presence of rigid bends in their hydrocarbon
chains; these bends are produced by the double bonds.
Consequently, the unsaturated chains are loosely packed
and are, therefore, more easily disturbed by thermal
energy. This accounts for the lower melting point of the
latter. For example, melting point of stearic acid (69.6°C)
is about fivefolds higher than that of oleic acid (13.4°C).

Fatty acids react with alkalies, such as NaOH or KOH, to
produce the corresponding salts, called soaps.

R-COOH + NaOH —> R-COONa + HOH

Fatty acid Soap

Soaps are amphipathic molecules where the ionized
carboxyl group constitutes the polar head, and the hydro-
carbon tail forms the non-polar portion. Because of their
amphipathic nature, soaps can disperse oily or greasy sub-
stances into finer droplets; the process is called emulsification.
The hydrophilic polar portion of the soap molecule
remains at the surface, forming a stable cover, whereas
the hydrocarbon tail extends into the interior to cause
the dispersion (Fig. 3.3).

Calcium or magnesium soaps of fatty acids are highly
insoluble, and hence do not emulsify oily substances.
They precipitate as white, insoluble curds.
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The double bonds of unsaturated fatty acids can be
hydrogenated in the presence of catalysts, e.g. nickel to
yield the corresponding saturated fatty acids.

Double bonds of unsaturated fatty acids are capable
of adding halogens, the result of which are dihalogen fatty
acids. This property is often used to assess the extent
of unsaturation in fats and oils via reaction with iodine
to obtain the so-called iodine number (number of gm
of iodine required to saturate 100 gm of the lipid).
The higher the iodine number, the more unsaturated
the oil.

Unsaturated fatty acids can spontaneously react with atmo-
spheric oxygen to form fatty acid peroxides, fatty acids
epoxides and fatty acid aldehydes. Fat which undergoes
this type of oxidation becomes rancid. Rancid fat is
unpleasant in taste and smell and can be toxic. Rancidity
is prevented by anti-oxidants, e.g. vitamin E. Degree of
rancidity is measured by acid number, defined as the
number of milligrams of KOH required to neutralize fatty
acids in a gram of fat.

The lipid biosynthetic capacity of the body can generate
various fatty acids needed by the body. Key exceptions to
these are the highly unsaturated fatty acids, e.g. linoleic
acid and linolenic acid, containing unsaturated sites
beyond carbon 9 (Table 3.2). Lack of endogenous syn-
thesis makes their consumption in diet-essential, and
hence they are called essential fatty acids.

It is important to note that arachidonic acid, a 20-C
unsaturated fatty acid (Table 3.2) can be synthesized
only from linoleic acid (Chapter 11). Therefore, in defi-
ciency of linoleic acid, arachidonic acid also becomes an essen-
tial fatty acid.

Essential fatty acids (PUFAs) are important for following
reasons:

Membrane components: They are components of phos-
pholipids and form biomembranes. Because the dou-
ble bonds are in cis configuration, the PUFA molecules
are sickle-shaped and so they increase fluidity of bio-
membranes. They are essential components of mito-
chondrial membranes, and therefore, their deficiency
decreases efficiency of biological oxidation.

Synthesis of eicosanoids: The eicosanoids are biologi-
cally active lipids that are derived from polyunsatu-
rated 20-carbon fatty acids, mainly arachidonic acid.
They are short lived (half-life <5 minutes), and act as
paracrine or autocrine messengers within tissue of
origin. Arachidonic acid can be processed to eicosanoids
by two alternative pathways: the cyclooxygenase pathway
which produces the prostaglandins, prostacyclin and
thromboxane; and the lipoxygenase pathway, which
produces, among other products, the leukotrienes
(see Chapter 12 for further details).

Effect on serum cholesterol: Ingestion of PUFAs increases
esterification and excretion of cholesterol, thereby
lowering serum cholesterol level. Hence, EFAs have
anti-atherogenic effect, which is augmented by their
fibrinolytic activity (Chapter 12).

Role of vision: Dietary linolenic acid produces docosa-
hexanoic acid in retinal photoreceptor membranes. It
enhances the electrical response of the photorecep-
tors to illumination.

Structural elements: PUFAs are present in high concen-
trations in the lipids associated with structural ele-
ments of tissues.

Approximately 2-3% of daily calorie
intake should be accounted by EFAs. Dietary deficiency is
characterized by scaly dermatitis, poor wound healing
and hair loss. However, the deficiency symptoms are rare
due to wide distribution of EFAs. They are most com-
monly seen in patients suffering from severe fat malab-
sorption, in patients kept on parenteral nutrition for
long, and in infants fed on low-fat milk formulas. The
symptoms are readily cured by dietary linoleic acids.

A diet that supplies as little as 1% of the calories
in from of EFAs is considered adequate. Interestingly,
the attempts to induce a deficiency syndrome by selec-
tive omission of linolenic acid from diet have been
unsuccessful, not only in humans but also in animals.
Details regarding metabolism of EFAs, are given in
Chapter 11.

Most naturally occurring fatty acids are of the straight
chain variety, though lesser amounts of branched chain
fatty acids (for example, phytanic acid) also occur in
nature.

Significant amount of this fatty acid is present in dairy
products. Defective catabolism of phytanic acid causes
Refsum'’s disease Refsum’s disease, which is character-
ized by accumulation of phytanic acid in plasma and tis-
sues (Chapter 11).
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Lipids are classified into three groups—simple lipids,
compound lipids and derived lipids (Table 3.3). Simple
lipids are esters of fatty acids with alcohol. Compound
lipids contain, besides fatty acids and alcohols, non-lipid
polar groups like phosphate, carbohydrates, etc. Substances
derived from the above groups of lipids by hydrolysis are
termed derived lipids. These include fatty acids, mono-
glycerides, diacylglycerides, quinones and steroids.

The major simple lipids are the triacylglycerols and the
waxes. They are neutral molecules, devoid of an electric
charge. Moreover, they lack any polar group. This
accounts for their hydrophobicity and water repellent
properties. They serve as major fuel reserves in the ani-
mal and the plant cells.

Triacylglycerols are the simplest and the most abundant
lipids, also referred to as fats, neutral fats or triglycerides.

Classification of lipids according to their chemical
structure

A. Simple lipids
1. Triacylglycerols
2. Waxes

B. Compound lipids
1. Phospholipids
* Phosphoglycerides
* Sphingomyelins (or sphingophospholipids)
2. Glycolipids
* Cerebrosides
* Sulphatides
* Globosides
* Gangliosides

C. Derived lipids
Fatty acids (saturated and unsaturated)
Steroids and their fatty acid esters
Quinones, ketone bodies, lipoproteins
Polyisoprenoid compounds
Note: 1. Sphingomyelins and glycolipids may be grouped together as
sphingolipids.
2. Cholesterol, cholesteryl esters and triacylglycerols are termed

nevutral lipids because they are uncharged.
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They are fatty acid esters of glycerol and are the major
storage fats in animal cells. Triacylglycerols stored in the
adipose tissue in humans can meet the energy require-
ments of body for several weeks.

A triacylglycerol molecule is an ester of three
fatty acids and a trihydroxy-alcohol, called glycerol (Fig.
3.4). The three carbon atoms of glycerol are designated
as «, B and o, or more commonly as 1, 2, 3; the B carbon
is chiral. Because about two-third of all fatty acids in the
human organism are unsaturated, triacylglycerols reflect
this usually by containing two molecules of unsaturated
and one molecule of a saturated fatty acid. Such triacylg-
lycerols are called mixed triacylglycerols. By contrast, the
simple triacylglycerol have all three hydroxyl groups of
the glycerol esterified to the same fatty acid. For example,
three stearic acids bound to glycerol makes a simple tri-
acylglycerol, called tristearin.

Oils, butter, and other food fats are complex mixtures
of simple and mixed triacylglycerols containing fatty
acids of varying chain lengths and unsaturation.

A triacylglycerol molecule lacks any free polar group
because the polar hydroxyl groups of glycerol and the
carboxyl groups of fatty acids are involved in ester link-
age. This imparts the triacylglycerols a complete non-polar
character.

The monoacylglycerols (monoglycerides) and diacyl-
glycerols (diglycerides) have only one and two fatty
acids, respectively, bound to glycerol.

Properties of a triacylglycerol depend on the
nature of the constituent fatty acids.

Melting point: Triacylglycerols containing only satu-
rated fatty acids, such as tristearin and tripalmitin,
are solids at physiologic temperature (37°C) since
melting point of the saturated fatty acids is relatively
higher (Table 3.2). Conversely, the triacylglycerol
that contain only unsaturated fatty acids, such as tri-
olein, are liquids at room temperature. The latter can
be solidified chemically by partial hydrogenation;

o
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Fig. 3.4. Basic composition of a triacylglycerol. The glycerol
backbone is coloured. The fatty acids esterified with the second
carbon (R,~COOH) and the third carbon (R,~COOH) are usually
unsaturated fatty acids, whereas (R, —COOH) is a saturated
fatty acid.
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the process causes conversion of the unsaturated fatty
acids to the saturated ones. Since shorter chain fatty
acids also have lower melting point, butter, which is
rich in such fatty acids, has a soft consistency.
Solubility: Lack of any polar group makes the triacylg-
lycerols insoluble in water. However, they are soluble
in the non-polar solvents, such as ether, benzene and
chloroform.

Specific gravity: Triacylglycerols have a lower specific
gravity than water. Therefore, when mixed with water,
they float above to form the upper layer.

Hydrolysis: Triacylglycerols undergo hydrolysis when
boiled with strong acids. Lipases, the gastrointestinal
esterases, catalyze the hydrolysis at milder physiologi-
cal conditions prevailing in the human organism.
These enzymes are quite specific, and they do not
necessarily remove all three fatty acid molecules from
a triglyceride molecule. Thus, pancreatic lipase, the
main lipid digestive enzyme, catalyzes the removal
of fatty acids from positions 1 and 3 only.

Hydrolysis of triacylglycerols by alkalis, such as NaOH
and KOH, is called saponification (i.e. “soap forma-
tion”). It yields a mixture of sodium or potassium salts
of the fatty acids (called soaps) and glycerol (Fig. 3.5).

Triacylglycerols (fats or triglycerides) consist of 3 fatty
acid chains esterified to glycerol backbone. Simple tria-
cylglycerols have three identical fatty acids and mixed
triacylglycerols have two or three different fatty acids.

Saponification number: The number of milligrams of
KOH required to saponify the free and combined fatty
acids in one gram of a given fat is called saponification
number. Fats having short chains with more carboxyl
groups will have higher saponification number when
compared to those having long chain fatty acids.

Autoxidation: When exposed to air, the triacylglycerols
containing polyunsaturated fatty acids, are attacked by
molecular oxygen at the double bonds of the hydrocar-
bon chains to yield complex products. This process is
responsible for the spoiled taste of the rancid fats.

(¢]
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HC —O—-C—R+3NaOH —»3R—C—0O" —Na" + Glycerol
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Il di
H,C —O—C—R Sodium soap

Triacylglycerol

Fig. 3.5. Saponification (alkaline hydrolysis) of a simple tri-
acylglycerol.

Triacylglycerols store chemical energy, and act as
thermal insulators and mechanical shock absorbers.

Storage of chemical energy: Large triacylglycerol stores
are present in the fat cells (adipocytes) of the adipose
tissue. Subcutaneous tissues, viscera, and the abdom-
inal cavity contain adipose tissue. Within cytoplasm of
these cells, droplets of triacylglycerols coalesce to form
a large globule which may fill most of the cell volume.
The cells not only store triacylglycerols, but also mobi-
lize them as fuel molecules that are transported to
other tissues by blood.

Triacylglycerols store huge amounts of energy: Body can
store unlimited amounts of triacylglycerols, which can sus-
tain biological functions for several weeks. In a typical 70 kg
man, the triacylglycerols constitute about 11 kg of his total
body weight, which may provide about 100,000 kcal. If this
amount of energy were stored in glycogen, at least 66 kg
glycogen would have been required, and his total body
weight would have been at least 55 kg greater. Evidently,
triacylglycerols are more concentrated source of energy. This
is accounted by their highly reduced and anhydrous nature.

The reduced nature of the hydrocarbon chains means
that carbons are present in lowest oxidation state. This
accounts for a higher energy yield (9kcal/g) upon
complete oxidation of fatty acids, in contrast with
about 4 kcal/g for carbohydrates and proteins.

The anhydrous nature means that water molecules do
not associate with triacylglycerols because of their
hydrophobic character, and so space requirement is
minimal. In contrast, the polar carbohydrates and pro-
teins are highly hydrated: 1 g of dry glycogen binds
about 2 g of water. Consequently, 1 g of nearly anhy-
drous fat stores more than six times as much energy
as 1 g of hydrated glycogen.

These facts clearly explain why 11 kg of stored anhy-
drous triacylglycerols are equivalent to about 66kg
hydrated glycogen.

Triacylglycerols are the major energy store and the major
dietary lipids in humans. Being insoluble in water, they
are stored in specialized adipose (fat) cells.

In addition to serving as important energy store
depots, the subcutaneous triacylglycerols act as ther-
mal insulators against cold atmosphere.

A layer of fat is present around several delicate organs,
which acts as a mechanical shock absorber.

Waxes are esters of long chain unsaturated fatty acids,
having 14-36 carbon atoms, with long chain alcohols



(consisting of 16-22 carbons). In vertebrates, the waxes
are secreted by skin glands. They keep the skin lubri-
cated, water proof and pliable. Birds secrete large amount
of waxes, which prevents any unwanted accumulation of
water on their feathers because of the water repellent
property of the waxes. This is especially important in fly-
ing birds whose body weight has to be kept light. Leaves
of many plants also have a protective cover of waxes.

Compound lipids differ from simple lipids in having an
additional non-lipid portion. Nearly 60% of lipids in the
brain and most of the membrane lipids belong to this
class. In contrast to the non-polar nature of the simple
lipids, the compound lipids are amphipathic molecules.
They can be subclassified into the following categories:

Phospholipids which contain an additional phos-
phate group.

Glycolipids which contain carbohydrate groups
(Table 3.2).

These are amphipathic molecules with non-polar aliphatic
(hydrocarbon) “tails” and polar (phosphoryl-X) “heads”.
They are major components of the biological mem-
branes, accounting for more than half of the total lipids
in most membranes. The polar heads of the phospholipid
tend to extend to exterior, whereas the non-polar tails
move towards the interior, where they associate with
other non-polar constituents of the membrane including
glycolipids, cholesterol and some proteins.

Phospholipids can be further subdivided into two
groups: phosphoglycerides and sphingomyelins. Glycerol
phosphate forms the backbone structure of the phos-
phoglycerides while an amino alcohol, sphingosine is
present in the sphingomyelins.

.~ Phosphoglycerides
Phospholipids
N Sphingomyelins

Compound lipids

Cerebrosides
Glycolipids — Sulphatides
iGlobosides

Gangliosides

AN

Their basic structure is very similar to that of triacylgly-
cerol (one fatty acid each is esterified to two of the car-
bon atoms of glycerol) except the third carbon that is
esterified to phosphoric acid. The structure so formed is
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Fig. 3.6. (a) The structure of phosphatidic acid, the parent
compound and biosynthetic precursor of phosphoglycerides,
(b) A polar alcohol group is attached to the phosphate group
to form a phosphoglyceride.

phosphatidic acid (diacylglycerol 3-phosphate) or phos-
phatidate molecule, as shown in Figure 3.6. Phosphatidate
occurs only sparingly in the free form, and is not a major
membrane lipid itself. However, it forms the baseline
structure from which various phosphoglycerides or glyc-
erophospholipids are derived.

The phosphoglycerides are derived from phosphatidic
acid by attachment of a polar alcohol group to the phos-
phate group (of phosphatidic acid) by a phosphodiester
bond. The common alcohol groups of phosphoglycerides
are the ethanolamine, choline, the amino acid serine,
myoinositol and glycerol (Table 3.4).

Plasmalogens and cardiolipins are less common types
of phosphoglycerides. The phosphate group in these
phosphoglycerides is negatively charged at physiologic
pH values, and also, the polar alcohol (X-OH) bound to
the phosphate is either charged or has a high hydrogen-
bonding potential. Together with phosphate, it forms the
hydrophilic head group of the molecule, and the two
fatty acids form two hydrophobic tails.

Thus, phosphoglycerides are amphipathic, the hydro-
philic and hydrophobic parts being combined in the
same molecule. In common phosphoglycerides, the fatty
acid in position 1 is usually saturated (either palmitic or
stearic acid), whereas that in position 2 is unsaturated.

Two less common phosphoglycerides are plasmalo-
gens (mainly in myocardium) and cardiolipins.

The widespread plasmalogens are distin-
guished from phosphoglycerides by the presence of an
a-B-unsaturated fatty alcohol, rather than a fatty acid
residue, in position 1. It is linked with carbon 1 of glyc-
erol by an ether bond (Fig. 3.7).

Usually ethanolamine is present in the hydrophilic head
groups of plasmalogens (ethanolamine plasmalogens).

Two molecules of phosphatidic acid esteri-
fied through their phosphate groups to a glycerol mole-
culeyield a cardiolipin molecule (Fig. 3.8). Itis a complex
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The polar alcohol groups (X-OH) in the major membrane phosphoglycerides

Ethanolamine _CHQCH;NHg

Choline —CH,CH,N(CH,)}
Serine —CH,CH(NH?})COO~
Myo-inositol H
HO OH
Ko
H OH
Glycerol —CH,CH(OH)CH,OH

Phosphatidylglycerol See Fig. 3.8

GLYCEROHWL
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Fig. 3.7. Structure of plasmalogen. R, is hydrocarbon chains
of fatty alcohol esterified to C-1 of glycerol, and R, is hydro-
carbon chain of fatty acid esterified to C-2 of glycerol.

Phosphatidylethanolamine
Phosphatidylcholine (lecithin)
Phosphatidylserine

Phosphatidylinositol

Phosphatidylglycerol
Cardiolipin (diphosphatidylglycerol)

a permeability barrier in which their hydrophilic head
groups try to surround themselves with water, whereas
hydrophobic tails avoid water, and so move towards
the interior (Chapter 7). Cardiolipins and plasmalo-
gens are relatively less common; the former is present
in abundance only in the inner mitochondrial mem-
brane, whereas plasmalogens are present in most tis-
sues, especially in muscle and nervous tissue, where
they account for up to 10% of the total phospholipids.

GLYCEROL

o 0

Phosphoglycerides, derived from phosphatidate, are
amphipathic molecules that contain two fatty acid chains
and a polar head group. In biomembranes, the polar
head group lies outside and the hydrophobic tails of

CH, CH,
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Fig. 3.8. Structure of cardiolipin (diphosphatidylglycerol); R,
R, R, and R, represent hydrocarbon chains of fatty acids.

molecule of fatty acids, three glycerol molecules and two
phosphate ions. Cardiolipin is an important component
of the inner mitochondrial membrane and some bacterial
membranes. Cardiolipin is the only glycerophospholipid that
is antigenic.

Membrane lipids: Phosphoglycerides are easily the most
abundant membrane lipids, accounting for more than
half of the total lipids (55-70%) in most membranes.
They form the well known lipid bilayer structures because
of their amphipathic nature. The bilayer structure forms

fatty acids are buried in interior.

Surfactants: Most phosphoglycerides function only as
structural components of biological membranes, but
one phosphoglyceride serves a special function as the
major constituent of lung surfactant. It is dipalmitoyl
phosphatidylcholine (dipalmitoyl lecithin), secreted by
cells in the alveolar wall. It reduces surface tension by
forming a thin bilayer film that lines the alveolar wall.

Dipalmitoyl-phosphatidylcholine is the most important
component of lung surfactant (reduces surface tension
of the thin fluid film that lines the alveolar walls).

Thus, dipalmitoyl-phosphatidylcholine helps to
maintain shape of the alveoli and to prevent their col-
lapse due to the high surface tension of the surround-
ing aqueous medium. Within the uterus, fetus is
bathed in amniotic fluid, therefore, surfactant is not
required. However, after the birth, surfactants are
needed to prevent lung collapse. Normally, the fetus
starts producing surfactants after the 30th week of



gestation, and adequate levels are reached at term.
However, in premature infants, the adequate levels
are not reached at the time of birth, which results in
respiratory distress (Case 3.1). This condition accounts
for 15-20% of neonatal deaths in western countries.
Generation of second messengers: Two intracellular sig-
nals (or second messengers), inositol triphosphate
and diacylglycerol are generated from a membrane
phospholipid, phosphatidyl inositol bisphosphate
(Chapter 29).

Anchoring certain proteins to cell membrane: The phos-
phoglycerides, being amphipathic, can interact with
non-polar as well as polar substances. Thus, they
readily interact with the polar group of proteins as
also with the cell membranes (which are predomi-
nantly non-polar). This makes possible anchoring of
the proteins to biological membranes.

Biologic detergents: Phosphoglycerides are excellent
biologic detergents; this action is especially important in
the small intestine, where lipids must be emulsified
for digestion purposes. The detergent property is also
accounted by amphipathic nature of phosphoglycerides.
Lipoprotein structure: Lipids are transported as lipo-
proteins and phosphoglycerides are essential struc-
tural components of lipoproteins (Chapter 12).

Lysophospholipids: These are the compounds formed
from phosphoglycerides by the removal of one of their
fatty acid moiety. They are produced by action of the
enzymes, phospholipases. They account for 1-2% of total
phospholipids in the living system. Some lysophospho-
lipids possess potent haemolytic action. The haemolytic
action of snake venom is because of its ability to generate
lysophospholipids (since it is rich in phospholipases).
However, toxic action of venoms cannot be solely attrib-
uted to this mechanism.

Nervous tissue, especially myelins of nerves, and the
erythrocyte membranes are rich in sphingomyelins,
which are characterized by having an 18-C amino-alcohol,
known as sphingosine (Greek word, “sphingein” means
to bind tightly). The hydroxyl groups in sphingosine are
present at carbons 1 and 3, and amino group is present
at carbon 2 (Fig. 3.9). A fatty acid gets attached at the
amino group at C-2 to form a sphingosine derivative
called ceramide (Fig. 3.10). Free forms of sphingosine
and ceramide occur in nature in negligible amounts.

Of the two hydroxyl groups in ceramide, the one at
C-3 remains unsubstituted, and the one at C-1 carries a
variable substituent (a phosphorylbase, e.g. phosphocho-
line, phosphoethanolamine). The phosphorylbase forms
the polar head group of the sphingomyelin.
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Fig. 3.9. Structure of sphingosine . (a) Sphingosine, an 18-
carbon amino alcohol, with an amino group at C-2, and hydroxyl
groups at C-1 and C-3, (b) Ceramide, formed by covalent
attachment of fatty acid to the amino group at C-2.

— OH E

» Fatty acid
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Fig. 3.10. Structure of a sphingomyelin: Ceramide + phosphoryl
base (linked to C)).

Sphingosine + Fatty acid = Ceramide
Ceramide + Phosphoryl base = Sphingomyelin

Like phosphoglycerides (and other sphingolipids, dis-
cussed below) the sphingomyelin molecule has two hydro-
phobic tails. Only one of these comes from a fatty acid; the
other one is the hydrocarbon tail of sphingosine itself.

Core structure of all sphingolipids is ceramide, a long chain
fatty acid derivative of sphingosine. Sphingomyelins are
the only sphingo-lipids that contain a phosphate group.

Recall that sphingomyelins can be grouped together
with glycolipids as sphingolipids (both contain sphin-
gosine; Table 3.3). They serve as essential membrane
components, as discussed in the next section.

The glycolipids are formed by attachment of a carbohydrate
component (mono- or oligosaccharide) to ceramide
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Fig. 3.11. Structure of a glycolipid.

(Fig. 3.11). They are commonly referred to as glyco-
sphingolipids (Greek word, glykos means “sweet”) because
of presence of sphingosine backbone. Depending on
the nature of the carbohydrate component attached, four
types of glycolipids are recognized: cerebrosides, sul-
phatides, globosides and gangliosides (Table 3.3).

These are ceramide monosaccharides: a
monosaccharide is attached to ceramide. The monosac-
charide is commonly either galactose (galactocerebro-
side) or glucose (glucocerebroside). Galactocerebroside
is the most common cerebroside found in membranes,
whereas glucocerebroside serves primarily as an interme-
diate in the synthesis and degradation of the more com-
plex glycosphingolipids.

Members of a group of glucocerebrosides (or galacto-
cerebrosides) may differ from each other in the type of
fatty acid attached to the sphingosine. The fatty acids
commonly present are the C-24 fatty acids, such as ligno-
ceric acid, nervonic acid, cerebronic acid and oxyner-
vonic acids. The cerebrosides formed by these four fatty
acids are kerasin, nervon, cerebron and oxynervon
respectively.

These are sulphuric acid esters of galactocer-
ebroside, found predominantly in nervous tissue.

They contain two or more sugars (oligosac-
charide chain) attached to ceramide.

They are similar to globosides except that
they also contain sialic acid. They are found primarily in
the ganglion cells of the central nervous system, particu-
larly at the nerve endings. The oligosaccharide chains of
gangliosides contain hexoses, hexosamines, and charac-
teristically one or more molecules of a sialic acid, a C-9
sugar, also called N-acetylneuraminic acid (NANA). It is
an acid sugar derivative that characteristically occupies
terminal positions in the oligosaccharide chain.

Gangliosides can be classified on the basis of the
number of component NANA molecules and by the
length (and sequence) of their oligosaccharide units.
GM means a ganglioside with a single (mono) NANA
residue, whereas GD, GT and GQ would indicate two,
three and four NANA residues in the molecule, respec-
tively. The number after GM—for example, GM, GM, or
GM,—indicates the sequence of sugars:

represents the sequence Gal-GalNAc-Gal-Glc-ceramide,
means GalNAc-Gal-Glc-ceramide, and

is Gal-Glc-ceramide. The structures of GM, and GM,
ganglioside, for example, are shown below:

GM,: NANA-Gal-Glc-ceramide

GM,: NANA-GalNAc-Gal-Glc ceramide

The numbers (GM,, GM,, GM,) are derived from the
relative mobility of the glycolipids on thin layer chroma-
tography—GM, are the largest and therefore, migrate
most slowly.

The complex structure of gangliosides is built up step-
wise, one sugar residue at a time, in the Golgi apparatus.
These complex sugars are degraded by a series of exo-
glycosidases in lysosomes. They are of medical interest
because several lipid storage disorders involve the accu-
mulation of NANA-containing glycosphingolipids in
cells. These disorders lead to serious impairment of
development of nervous system (Chapter 11).

Glycolipids, the sugar containing lipids, are derived
from sphingosine. The amino group of sphingosine is
acylated by a fatty acid, and its primary hydroxyl
group attaches with the sugar unit(s).

The glycolipids are essential components of biologi-
cal membranes (though less abundant than phos-
phoglycerides), with highest concentration in plasma
membrane. Maximum amount is found in nervous
tissue: galactocerebrosides in sulphated form are
important constituents of myelin, and gangliosides
and galactocerebrosides are abundant in grey matter
of the brain. They are typically located in the outer
layer of the plasma membrane, where they interact
with the extracellular environment.

Sphingolipids are known to play a role in cell-cell
interactions, growth, and development. They are
highly antigenic, and have been identified in several
tumour antigens, blood group antigens, and the
embryonic antigens specific for particular stages of
fetal development.



The gangliosides act as receptors for toxic agents and
some pathogens such as Vibrio cholerae, influenza
virus, and tetanus toxin. In various malignant disor-
ders, when the cells lose control of cell division and
growth, there is a dramatic change in the glycolipid
composition of the membrane.

Unsaponifiable compounds obtained by hydrolysis of
simple or compound lipids are called derived lipids, e.g.
steroids, ketone bodies, and quinones (Table 3.3).

Steroids are complex molecules consisting of four fused carbon
rings. The designation of rings and numbering of carbon
atoms is shown in Figure 3.12. There is a phenanthrene
nucleus made of three six-membered rings (A, B and C
rings) and a cyclopentane which forms D ring. The ste-
roid nucleus in a fully saturated form is known as cyclo-
pentanopherhydrophenanthrene. The alcohol derivatives
of steroids, in which one or more OH groups are present in the
steroid nucleus, are termed sterols. Cholesterol, ergosterol,
coprosterol and sitosterol are some important sterols.

Unlike other membrane lipids that contain two wriggly
hydrophobic tails, cholesterol (as also steroid hormones
and vitamin D) has stiff carbo-cyclic ring structure—the
steroid ring system with a solitary hydroxyl group.

In animal tissues, cholesterol is the major sterol. It
has a single polar head group, i.e. the hydroxyl group at
the C-3 position and the rest of the molecule is non-polar.
It is present in two forms in serum: free and esterified.
The latter is esterified with a fatty acid molecule at the
third carbon hydroxyl group. The esterified cholesterol is

Steroid nucleus

Fig. 3.12. Structure of cholesterol.
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an important component of plasma lipoproteins and the
outer cell membrane.

Phospholipids, glycolipids and cholesterol are the three
major kinds of membrane lipids. All are amphipathic;
the first two form bimolecular sheets in aqueous media,
and cholesterol is most hydrophobic of the three.

Functionally, cholesterol is a very important molecule
being precursor for three useful compounds: the bile
acids, the steroid hormones, and vitamin D. Cholesterol
is an essential component of all biological membranes.
With its ring system and a solitary hydroxyl group, it is
least water-soluble of all membrane lipids. Disorders of
cholesterol metabolism play a role in aetiology of cardio-
vascular diseases and cholesterol is a major component
of gall stones.

In plants and yeasts a different membrane steroid, phy-
tosterol, is present, and most bacteria have no steroid at all.

Colour reactions of sterols: The chloroform solution of a
sterol is dehydrated by strong dehydrating agents (e.g.
acetic anhydride and strong H,SO,) to form coloured
products. This forms the basis for detection of choles-
terol by Salkowski and Liebermann Burchard reactions.

A detailed account of the other lipid derivatives such as
lipoproteins, ketone bodies (Chapter 11) quinones poly-
isoprenoid compounds including tocopherol and carot-
enoids (Chapter 18) are discussed in appropriate
chapters.

Name the phospholipids and state their biological
importance. What products are released upon com-
plete hydrolysis of a phospholipid molecule?

Name essential fatty acids. Which one of these is most
important and why? Discuss biomedical importance
of polyunsaturated fatty acids.

Give an account of lipid-classification giving exam-
ples from each class/subclass. Describe structure and
functions of cholesterol in human body.

Essential fatty acids
Sphingolipids
Respiratory distress syndrome
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CLINICAL CASE

Shortness of breath in a newborn

A 25-year-old woman, with a history of insulin dependent
diabetes mellitus for the last 15 years, was registered in the
antenatal clinic. Following evidence of fetal distress at
34th week of gestation, caesarian section was performed
and a male baby was delivered. At birth, the baby pre-
sented with tachypnoea (respiratory rate >70 per min-
ute), expiratory grunting, flaring of alae-nasi, retraction of
ribs and sternum, and cyanosis. Radiological examination
showed prominence of bronchial air shadows and a gener-
alized opacity (ground glass appearance). Biochemical

analysis of blood sample did not show any abnormal results.
The baby was shifted to the neonatology unit for further
management.

What is the most probable diagnosis? State the
underlying biochemical lesion in this condition.

How would you diagnose this condition in the ante-
natal period?

Discuss the biochemical basis of the clinical features.
Outline the treatment of the child.




AMINO ACIDS, S

PEPTIDES

AND PROTEINS

Proteins are the most abundant macromolecules in living cells. The name protein means “first” or “foremost”. The
body proteins constitute 50% or more of dry weight of the living cell and exhibit enormous diversity; hundreds of differ-
ent types of proteins are usually found in a single cell. All proteins are made up of a set of building block molecules,
called amino acids, which are covalently linked to one another. Peptides are the short amino acid sequences linked
covalently.

After going through this Chapter the student should be able to understand:

O Basic structure, classification, general characteristics and acid-base properties of amino acids, application of these
properties for separation of individual amino acids in a mixture.

O General structure and properties of peptides, formation and characteristics of peptide bond, and role of some bio-
logically active peptides in the body.

O Classification, various levels of organization of proteins; primary, secondary, tertiary and quaternary structures; and
methodologies for separation of proteins.

A. Composition

I. Amino Acids

Amino acids in free form are found in small amounts in
the living systems, but the bulk exists as constituent units
of proteins. More than 300 amino acids have been iden-
tified in nature, but all body proteins are constructed
from a basic set of only 20 amino acids, which are speci-
fied by genetic code. These DNA coded amino acids,
called primary amino acids, are regarded as alphabet of
protein structure. It is amazing that all body proteins,
which display high structural diversity, could be made up
of such a limited number of amino acids.

s

Proteins and peptides are formed from a string of
amino acids linked together by peptide bonds. The
latter term refers to amide bond between two amino

acids.

Amino acid are structures that have an amine and an acid
group. Amino acids have a central carbon, the a-carbon,
that has bonds to an amino group, a carboxylic acid, a
hydrogen and a variable side chain designated as R group
(Fig. 4.1). Because of their position on the a-carbon, the
carboxyl and amino groups are called the a-carboxyl and
a-amino groups, respectively. The side chain R defines
chemical nature and structure of different amino acids;
for example, it is ~CH, in alanine, ~-CH,OH in serine,
CH,COOH in aspartic acid, and -H in glycine. Thus,

COOH
o
H,N—C —H
[

R Variable side chain

Fig. 4.1. Simple amino acid.
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R group represents the variable portion which differs
from one amino acid to another.

The a-carbon has four different groups attached to it and
so is a chiral or asymmetric carbon Hence, there are two
possible enantiomers, L and D, which represent non-
superimposable mirror images and are optically active.
Nearly all amino acids occurring in proteins are of the
L-form. D-amino acids are rare in nature although they
do occur in some bacterial products. This is opposite of
sugars which nearly always occur as the D isomer. Note
that the L designation has nothing to do with the way an
amino acid rotates the polarized light; for example
L-leucine rotates polarized light 10.4° to the left, whereas
L-arginine rotates polarized light 12.5° to the right (the
enantiomers of these compounds rotate polarized light
to the same degree but in the opposite direction). The
designation (D and L) is purely structural, being based
on the structure of L-glyceraldehyde (Fig. 4.2).

The a-carbon of all amino acids is asymmetric, except
for glycine (Fig. 4.3), which, therefore, lacks the mirror
image pair of enantiomers and is not optically active.

Numbering of carbons in amino acids: The various car-
bon atoms are assigned sequential letters in Greek alpha-
bets, beginning with the carbon next to the carboxyl
group (Fig. 4.2). Standard numbering schemes are also
used; for example the carbon atoms in Figure 4.2 are
labelled 1-6 and « through &.

Amino acids are chiral molecules. Only L-amino acids
are found in proteins (D-forms occur in bacterial
peptides).

The 20 amino acids in proteins encoded by DNA are
shown in Table 4.1; each can be designated by a three-letter

$oo— $oo-
H3N+—(II—H H—(IZ—+NH3

C C

| |

C C

| |

C C

| |

C C

L-amino acid D-amino acid

abbreviation and one-letter symbol. They are grouped as
per the classification schemes based on:

(a) polarity and charge on R groups,

(b) structure of side chains,

(c) catabolic fate of the amino acid,

(d) body’s ability to synthesize the amino acid.

COO~
|
N
H—C—NH3
H

Fig. 4.3. Glycine (R=H). It's a.-carbon atom is not asymmetric.

The primary amino acids

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys ©
Glutamine Glin Q
Glutamic acid Glu E
Glycine Gly G
Histidine His H
Isoleucine lle |
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp \'
Tyrosine Tyr Y
Valine Val Vv

O O

Il Il

CH—H C—H

Ho—C—H H—C—oH
CIHZOH CIHZOH
L-glyceraldehyde D-glyceraldehyde

Fig. 4.2. Stereochemistry and numbering of carbons in amino acids.



Amino acids according to polarity and charge
of their R groups (side chains) at pH 7

Alanine Serine Negatively
charged

Valine Threonine Aspartic acid

Leucine Glycine Glutamic acid

Isoleucine Asparagine Positively charged

Phenylalanine Glutamine Lysine

Tryptophan Tyrosine Arginine

Methionine Cysteine Histidine

Proline

The properties of an amino acid are, in large part, depen-
dent on its side chain (-R), which uniquely defines each
of the 20 amino acids. Based on polarity and charge on
the side chain, the primary amino acids are allocated
among three different subgroups (Table 4.2).

Eight amino acids are classified as having non-polar side
chains (R group). In proteins these amino acid residues
are usually buried in the hydrophobic interior of the bio-
molecule and are out of contact with water. Alanine,
valine, leucine and isoleucine have aliphatic hydrocar-
bon side chains ranging in size from methyl group for
alanine to isomeric butyl groups for leucine and isoleu-
cine (Fig. 4.4). Alanine is the most abundant amino acid in
most proteins. Phenylalanine with its phenyl moiety and
tryptophan with its indole group contain aromatic side
chains, and (together with the aliphatic amino acids)
contribute to the internal hydrophobic interactions of
the proteins. They are also responsible for the ultraviolet
absorption of most proteins, discussed later. Methionine
has a thiol ether side chain. Proline differs from other
amino acids in that its side chain pyrrolidine ring
includes both the a-carbon and the a-amino group.
Chemically speaking proline is not an a-amino (-NH,)
acid but rather an a-imino (-NH) acid.

Side chains of these amino acids are uncharged, and they
have polar groups (-OH, -SH, -NH, C= O) that can hydro-
gen bond to water. Serine and threonine, for example,
bear hydroxylic groups of different sizes and glycine has
hydrogen for its R group. Asparagine and glutamine have
amide-bearing side chains of different sizes. Tyrosine
has a phenolic group (and like phenylalanine and tryp-
tophan is aromatic). Cysteine has a thiol group that can
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form disulphide bond with another cysteine through oxi-
dation of the two thiol groups to form cystine (Fig. 4.5).

Five amino acids have charged side chains (Fig. 4.4), having
acidic or basic groups. These groups can assume respectively,
negative or positive charge at physiologic pH values.

The basic amino acids have a positive charge on
their R group at physiological pH values (because the
R groups are protonated). Lysine has a primary amino
group attached to the terminal e-carbon of the side
chain (i.e. butylammonium side chain), which has pK’
of 11. Arginine is the most basicamino acid (pK’' = 13)
and its guanidine group exists as a protonated guani-
dinium ion at pH 7.0. Histidine, which carries an imi-
dazoline ring as the side chain functions as a general
acid-base catalyst. This is because with its pK’' = 6.0, it
ionizes within the physiological pH range. In contrast
to lysine and arginine, which are fully charged at the
physiological pH, histidine is only partially charged;
its side chains being weakly basic.

The acidic amino acids, have negative charge at phys-
iologic pH, e.g. glutamic acid and aspartic acid. Both
contain carboxylic acids on their side chains and are
ionized at pH 7.0, and as a result, carry negative charges
on their 8- and y-carboxyl groups, respectively. In their
ionized state, they are referred to as aspartate and glu-
tamate (asparagine and glutamine are, respectively,
the amides of aspartic acid and glutamic acid).

The allocation of the 20 amino acids among the three
different subgroups is somewhat arbitrary. The following
examples illustrate this point:

Tryptophan with its heterocyclic aromatic R group may
be thought of as uncharged polar amino acid (not
uncharged non-polar amino acid as in Table 4.2).
Glycine with its smallest R group might as well be
classified as non-polar amino acid.

Side chains of tyrosine and cysteine are ionizable,
particularly at higher pH values, and so they might be
classified as charged polar amino acids.

Structures of side chain R groups of the 20 primary amino
acids have been shown in Figure 4.4, which forms the
basis of their classification into the following subgroups:

Aliphatic amino acids:

Branched chain amino acids: Valine, leucine, isoleucine
Sulphur containing amino acids: Methionine, cysteine
Amide group containing amino acids: Asparagine, glutamine
Hydroxy amino acids: Serine, threonine, tyrosine
Simple amino acids: Glycine and alanine
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Non-polar (hydrophobic) R groups

COO™ COO™ COO™ COO™
| | | |
HsNt—C—H HsNt—C—H HaNT—C —H H3N*—C—H
|
CHj o §H2 Hf‘chH3
HsC CH
Alanine J ? /C\H ‘CHZ
Valine H3C  CH3 CH3
Leucine Isoleucine
(IiOO_ (I:OO_ (I:OO_ (I:OO_
HsN*—C—H HsNt—C—H H3N*—C—H H3N*—C—H
\ \ \ \ \
H,C CH CH CH CH
2 \C/ 2 ik 2 2
CH Z T NH
H, [
Proline ‘S Phenylalanine h
CHs Tryptophan
Methionine
Polar but uncharged R groups
COO™ COO™ COO~ COO™
| | | |
H3NF—C—H H3NF—C—H HsNt—C —H HsNt—C —H
I | | |
H CH,OH H—C—OH CH,
. | |
Glycine Serine CH,4 SH
Threonine Cysteine
(I:OO_ COO™ COO™
| |
H3N+—(‘Z—H H3N+—(‘2—H H3N+—$—H
CH, CH, CH,
\ \
C
© N o,
HoN
OH ’ N
Tyrosine Asparagine H,N O
Glutamine
Negatively charged R groups
g Y g group
| +
HaNt —C—H H3N —‘C—H
|
CH, sz
|
COO~ CH,
Aspartate COO™
Glutamate
Positively charged R groups
COO™ COO™
| | COO™
H3N+—$—H H3N* —C—H L,
‘ HaNt—C —H
CH, CH, ? I
\ \ CHy
fHZ CH, tINH>
| P
CH, CH, N*
‘ \ H
CH, NH .
L | Histidine
NH3 C=NH
Lysine *[‘\IH3
Arginine

Fig. 4.4. The common amino acids. They are shown with their amino and carboxyl groups ionized as they occur at pH 7.0.

Portions in black are common to all amino acids, remaining portions are their R groups.



Aromatic amino acids: Phenylalanine, tyrosine, tryp-
tophan

Imino acid: Proline

Heterocyclic amino acids: Histidine, tryptophan
Dicarboxylic amino acids: Aspartic acid and glu-
tamic acid

Dibasic amino acids: Arginine, lysine

Tryptophan finds place in two subgroups (aromatic
and heterocyclic), which again shows arbitrary nature of
the classification schemes.

From the viewpoint of their catabolic fate, amino acids
may be divided into three categories: those that can give
rise to glucose and glycogen, those that can give rise
to ketone bodies and those that can give rise to both.
They are called the glucogenic, the ketogenic, and both
glucogenic and ketogenic amino acids, respectively.
Examples of amino acids of each category are given later
(Chapter 13).

Two major subclasses are recognized—essential and
non-essential amino acids.

Essential amino acids cannot be endogenously syn-
thesized, and therefore, their dietary intake is essential.
Examples are leucine, isoleucine, methionine, phenylala-
nine, lysine, tryptophan, valine and threonine. The non-
essential amino acids, on the other hand, can be
endogenously synthesized in adequate quantities so as
to meet the body’s requirements. Examples include ala-
nine, aspartate, asparagine, glutamate, glutamine, tyro-
sine, serine, proline, glycine, and cysteine.

Two amino acids, histidine and arginine, are called
the semi-essential amino acids (Chapter 13).

Properties of the amino acids are determined by the
functional groups in their side chains and by the non-
covalent interactions that the latter can form. In addi-
tion, the functional groups may perform some specific
roles, thereby imparting special properties to proteins.

The hydroxyl groups of serine and threonine exist at the
catalytic sites of certain kinds of enzyme, e.g. the
enzymes that regulate energy metabolism and fuel
storage in the body. They can be phosphorylated,
hence their charge changes from neutral to negative,
which changes the shape and function of the enzyme
proteins. Thus, these (hydroxyl) groups are impor-
tant in the regulation of activities of these enzymes
(Chapter 5).
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COOH COOH
I I
H,N—C—H H,N—C—H
I + I
CH, —SH HS— CH,
Cysteine Cysteine
2H
2H
COOH COOH

| |
H,;N—C—H H,;N—C—H

| |

CH,—5— 5—CH,

Cystine

Fig. 4.5. Formation of cystine.

Thiol group of a cysteine can form a disulphide bond
with another cysteine through the oxidation of the
two thiol groups (Fig. 4.5). The dimeric compound
so formed, called cystine, is important in cross-link-
ing the adjacent polypeptide chains.

Amide bearing side chain of asparagine forms covalent
linkage with oligosaccharide unit (called N-glycosidic
linkage) in glycoproteins. The ~OH groups of serine
and threonine also similarly form linkage with reduc-
ing end of oligosaccharide, called O-glycosidic link-
age (Chapter 5).

Aromatic side chains are responsible for the ultraviolet
absorption of most proteins, which have absorption
maxima between 275nm and 285nm. Tryptophan
has greater absorption in this region than the other
two aromatic amino acids. Since nearly all proteins
contain aromatic amino acids, the amount of light
absorbed at 280 nm by a protein is used as an indirect
measure of protein concentration.

Hydroxyl group of tyrosine is subject to phosphoryla-
tion in some enzymes, which is important in the
regulation of metabolic pathways.

Imidazole group of histidine is important in the buffer-
ing activities of proteins.

Cyclic pyrrolidine group of proline introduces bend in
the peptide chain.

Butylammonium side chain of lysine binds with the
co-enzymes pyridoxal phosphate and biotin.

R group of glycine provides little stearic hindrance because
of its small size, so that proteins can bend or rotate eas-
ily wherever glycine forms part of their structure.

Chemically, proline is ai-imino acid (not at-amino acid).
Its side chain pyrrolidine ring includes both the ai-amino
group and a-carboxyl group. It forces a bend in a poly-
peptide chain.
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In addition to the 20 primary amino acids found in pro-
tein, some “non-standard amino acids” are present in
small amounts in specialized structures. They may also
occur in free or combined states and independently play
a variety of biological roles.

Non-standard amino acids found in proteins: These
amino acids are produced by specific modification of
a primary amino acid residue after the polypeptide
chain has been synthesized. They are important, and
in most cases, essential for the function of the pro-
tein. Hydroxylation, methylation, acetylation, car-
boxylation and phosphorylation are some common
modifications, though more elaborate modifications
are found in some amino acid residues. Some exam-
ples of modified amino acids are: hydroxylysine and
hydroxyproline in collagen, methylhistidine in muscle
proteins, phosphoserine in casein and certain enzymes,
vy-carboxyglutamic acid in prothrombin and other cal-
cium-binding proteins, and pyroglutamic acid as the
N-terminal amino acid in thyrotropin and several
proteins.

Non-standard amino acids not found in proteins: Termed
non-protein amino acids, they occur in free state in
cells, e.g. ornithine and citrulline that are intermediates
of urea cycle. The most abundant amino acid in
human organism, taurine, also occurs in a free state in
bile and plays an important role in fat digestion and
absorption.

Biologically active amino acids: These amino acids are
used for functions other than protein synthesis.
Examples: (a) as chemical messengers for communi-
cation between cells, e.g. glycine, dopamine (tyrosine
derivative), y-aminobutyric acid (glutamate deriva-
tive; refer to Box 4.1), (b) as local mediator of allergic
reactions, e.g. histamine (histidine derivative), and
(c) as a hormone, e.g. thyroxine (another tyrosine
derivative).

D-Amino acids: They are components of bacterial
polypeptides that are widely distributed as constitu-
ents of bacterial cell walls. They are also found in
many bacterially produced peptide antibiotics,
including valinomycin and gramicidin A.

An amino acid is capable of acting as both an acid (i.e. proton
donor) and a base (i.e. proton acceptor). Such substances are
termed as amphoteric substances. The amphoteric nature

of amino acids is because of presence of the following
ionizable groups:

Carboxyl group, which can donate a proton, therefore
acting as an acidic group.

Amino group, which is capable of accepting a proton,
thereby acting as a basic group.

In case of acidic amino acids, an additional acidic
group (i.e. carboxyl group) is present, and in basic amino
acids, an additional basic group (i.e. amino group) is
present.

The three charged states of an amino acid are represented
in Figure 4.6. These are the diprotonated form (positively
charged, cationic), the deprotonated form (negatively
charged, anionic) and the dipolar form (neutral, zwit-
terion). The form in which an amino acid exists at a
given time is determined by relative values of the follow-
ing two parameters:

Isoelectric pH of the amino acid.
pH of the surrounding medium.

Isoelectric pH (pI) of an amino acid is defined as the pH
value at which carries equal number of positive and negative
charges, so that net charge on the molecule is nil. Predominant
form of an amino acid at its pl is zwitterion (in German
Zwitter means “hermaphrodite”).

For a simple amino acid such as glycine, the pl is half-
way between the pK’ values of the two ionizable groups,
and so calculated by averaging the two pK’ values.

pK’ of carboxylate group + pK’ of amino group
2

pl=

The pK’ values for the carboxylate and the amino groups
being 2.4 and 9.8 respectively, the pl is 6.1.

The pl of acidic amino acids is halfway between the
pK’ of two acidic (carboxylate) groups, and the pI of
basic amino acids is half-way between the pK' of two
basic (amino) groups.

Acidic amino acids thus have low pl values, basic
amino acids have high pl values, and neutral amino
acids have pl values near 6.0 (Table 4.3).

When the pH of the surrounding medium is lowered
below the pI value of an amino acid (i.e. concentration
of protons raised), its carboxyl group accepts a proton to
produce the protonated form. This form of amino acid
carries net positive charge.

pH <pl - Amino acid is positive

Conversely, elevation of pH (i.e. low concentration of
protons) results in loss of proton from the anionic form.
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BOX 4.1

Amino Acids and their Derivatives as Neurotransmitters

Some amino acids and amino acid derivatives serve as neurotransmitters—the extracellular messengers that transmit
a targeted message from a neuron to responding cells. A neurotransmitter is released by a neuron at a synapse to

effect another post-synaptic neuron or organ (e.g. heart, lungs).

Amino acids:

1.

Glycine is the major inhibitory neurotransmitter in the brainstem and spinal cord. When released onto a neuron, it
hyperpolarizes the neuron and hence decreases its activity.

Glutamic acid is the major excitatory neurotransmitter. It is released by a large number of neurons and is very important
in the region of the brain which influences memory.

Amino acid derivatives:

1.

Dopamine is derived from tyrosine during catecholamine biosynthesis. It acts as a neurotransmitter in brain, where it has
many functions, e.g. controlling blood pressure. Increase in dopamine activity causes aggressiveness, and may lead to
Schizophrenia or Huntington’s chorea.

Norepinephrine, derived from tyrosine, is an important hormone and neurotransmitter. As a hormone, it is a part of the
fight or flight response. It is the main neurotransmitter of the branch of the autonomic nervous system called the sym-
pathetic nervous system. It plays several roles as a neurotransmitter in the brain.

Epinephrine, also derived from tyrosine, is similar to norepinephrine in many of its functions. It is released as a hormone
in the fight-or-flight response by the adrenal medulla. It is a major neurotransmitter in certain regions of the brain.
Serotonin (5-hydroxytryptamine) is a very important neurotransmitter in brain. It is involved with spinal reflexes, sleep-
wake cycle, flow of sensor afferents and habituation.

Gamma-amino butyric acid (GABA), derived by decarboxylation of glutamate, is the major inhibitory neurotransmitter
in brain. Most neurons in the brain are continually receiving GABA input that keeps them quiet. Patients with anxiety
are prescribed Valium (benzodiazepine), which enhances the action of GABA on the brain.

Interestingly, the major inhibitory neurotransmitter in the brain, GABA is formed from a major excitatory neurotransmitter,

glutamic acid.

Positive Neutral Negative
COO™

| . I |

CH—NH} 4—‘LCIH— L}({H—

|

R R R

Diprotonated Zwitterion Deprotonated
(or cationic form) (or dipolar form) (or anionic form)

pH <pl pH=pl pH > pl

Fig. 4.6. Three charged states of amino acid.

As a result, overall charge on the amino acid molecule
becomes negative.

pH>pl — Amino acid is negative

Amino acids are zwitterionic structures, carrying both a
positive and a negative charge. The pH value at which
the number of positive charges equals the number of
negative charges is isoelectric pH of the amino acid.

Isoelectric pH (pl) values of some primary
amino acids. At its pl an amino acid is neutral

Aspartic acid 2.97
Glutamic acid 3.22
Serine 5.68
Alanine 6.02
Glycine 6.1

Histidine 7.6

Lysine 9.74

The titration curve of alanine proceeds in the same way
as that of a weak acid. There is, however, an important
difference: the titration curve of this amino acid proceeds
in two distinct stages. This is because an amino acid mol-
ecule, when fully protonated, is capable of donating two
protons. Each of the two stages of the titration corre-
sponds to loss of a proton (Fig. 4.7). In the first stage of
titration, dissociation of the carboxyl group occurs while
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Fig. 4.7. The titration curve of 0.1 M alanine. The ionic spe-
cies (Z = dipolar form, or zwitterion Di = diprotonated form,
De = deprotonated form) predominating at various pH values
are shown in boxes (pK', =pK’' of the a-carboxyl group;
pK’, = pK' of the a-amino group; pl = Isoelectric pH).

the second stage involves dissociation of the amino
group.

Stage I: Dissociation of the carboxyl group: At low pH
both the carboxyl group as well as the amino group of
the amino acid are protonated, and hence, the predomi-
nant ionic species is the diprotonated (positive) form. As
the pH is raised by addition of NaOH, the COOH group
donates its proton to neutralize the hydroxyl group of
the alkali (i.e. sodium hydroxide). Thus, formation of
the carboxyl (COO-) ion occurs at the expense of COOH
group, so that some diprotonated form is converted to
the dipolar (zwitterion) form. At the end of this stage of
titration, dissociation of carboxylate group is complete
and the diprotonated form is almost completely con-
verted to the dipolar (Z) form.

Midway through this stage, the following relations exist:

Concentrations of the Z form and the diprotonated
form are equal.

The pH value of the solution equals the pK’ value of
carboxyl group (pK' is the negative log of the disso-
ciation constant of the carboxyl group).

The solution has buffering power in this zone, as shown
by flat shape of the titration curve. Normally, a system
acts as buffer in the pH zone of pK’ = 1. Since pK’ of the
carboxyl group (pK’,) of alanine is 2.34, it acts as a buffer in
the pH zone of 2.34 * 1 (i.e. from pH range of 1.34 to 3.34).

Stage II: Dissociation of the amino group: Dissociation
of proton from the amino group of alanine occurs in this
stage, resulting in the formation of the deprotonated
(negative) form from the Z form (Fig. 4.11).

Midway through this stage, dissociation of amino
group is half complete, and the following relations exist:

Concentration of the Z form equals that of the depro-
tonated form.
pH of the solution equals pK’ of the amino group

(PK’,).

The solution has buffering power at this stage as evi-
denced by a flat zone in the titration curve. Since pK’ of the
amino group is 9.69, the second buffering zone of alanine
lies in the pH zone of 9.69 + 1 (i.e. from 8.69 to 10.69).

The following observations about the titration curve
are noteworthy.

Alanine has two buffering zones, the first in the pH
range of 2.34 = 1, and the second in the pH range of
9.69 = 1. Since both lie beyond the physiological pH
range, alanine lacks any buffering power in the body.
At the end of the first stage of titration, alanine exists
predominantly in the Z form. The pH value corre-
sponding to this point is isoelectric pH (pI). It lies
midway between the pK' values of the two ionizable groups.

= (PK'+PpK’,) 2.3449.69
P 2

6.02

where, pK’, and pK’, = pK’ values of a-carboxyl and the
a-amino groups respectively, pl = isoelectric pH.

At this pH, both the amino group and the carboxyl
groups of the amino acid are ionized, but the overall
charge on the molecule in nil.

These amino acids have a third ionizable amino, group
in side chain. Since this group can reversibly gain or lose
a proton, the basic amino acids have an additional third
phase of titration. Accordingly, there are three regions of
buffering; one region each corresponding to loss of a
proton from the carboxyl group, the amino group, and
the side-chain. The pK’ value of the imidazole group of
histidine is 6.0, and therefore, it can serve as a buffer in
pH range of 6.0 = 1, which is very close to the physiolog-
ical pH. Hence, histidine has the capacity to provide
buffering action at the body pH.

These amino acids have a third dissociable group, i.e. the
carboxyl group in side chain. Their titration curves, there-
fore, have an additional third stage corresponding to this
carboxyl group.



F. Separation of Amino Acids

A number of techniques are available for the separation
of a given amino acid from a mixture. The important
ones discussed here are (paper) chromatography, electro-
phoresis, ion exchange chromatography, etc.

Chromatography: (Greek: chroma means colour; graphin
means to write): It was discovered by a Polish scientist,
Tswett, in 1901, who used this technique for separating
solubilized plant pigments on solid adsorbents. In most
modern chromatographic procedures, a mixture of sub-
stances to be fractionated is dissolved in a liquid (the
mobile phase) and percolated on an inert support
medium on which separation occurs (the stationary
phase). The migrating solutes interact with the station-
ary phase and are differentially retarded; the retarding
force depends on the properties of each solute. The sol-
utes having higher affinity for the stationary phase are
retarded more than those having relatively higher affin-
ity for the mobile phase. The substances with different
rates of migration are thereby separated.

The chromatographic procedures for separating
amino acids (or proteins) are based on such interactions
between the amino acids in the solution and the station-
ary phase. Strip of chromatography paper may be used as
the inert support medium (i.e. paper chromatography),
or alternately, a thin layer of silica spread on a glass plate
(i.e. thin layer chromatography or TLC) is employed. A
small quantity of the amino acid mixture is placed on a
dry piece of chromatography paper (or silica-gel coated
plate in case of TLC) and a solvent is allowed to permeate
on it from one end (Fig. 4.8). The solvent is usually a
mixture of organic solvents and water. As the solvent
advances on the paper (or plate), the amino acids also
travel with it. Different amino acids travel at different
speeds, because each one has a different partition coeffi-
cient between the mobile phase (i.e. the solvent) and the
stationary phase (i.e. the paper). In other words, the
amino acid having higher affinity for the solvent moves

o
P Direction of
@ migration of
P solvent
e
r
1 Amino acid
Trough E JV mixture
with solvent =

Fig. 4.8. Paper chromatography (ascending).
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faster than the one having lower affinity. As a result, the
amino acids are separated from one another as the sol-
vent ascends (in ascending chromatography) or descends
(in descending chromatography) along the stationary phase.
The amino acids thus separated are located by spraying
the paper with ninhydrin. Resolution may be improved by
a second run at right angle to the first one. This is referred
to as two-dimensional separation. The two dimensional
separation may also be performed using chromatogra-
phy and electrophoresis at right angle; the latter proce-
dure has considerable diagnostic utility (Case 17.1).

Electrophoresis: In electrophoresis, proteins dissolved in
a buffer solution at a particular pH is placed in an electric
field. Depending on the relationship of the buffer pH to
its pl, a given protein moves towards the cathode (-),
anode (+), or remains stationary (pH = pI).

lon-exchange chromatography: In this technique prepar-
ative separation of amino acids by charge occurs on ion-
exchange resins, which are packed in a column.
Negatively charged resins bind cations and retard their
movement, whereas positively charged resins retard
movement of anions.

A detailed account of the latter two techniques is given
later in this chapter.

Il. Peptides

A. Structure

Short sequences of amino acids, linked covalently, are known
as peptides. The covalent linkage, termed peptide bond, is
formed by reaction of the amino group of one amino
acid with the carboxyl group of other (Fig. 4.9). The
dipeptide so formed retains a carboxyl and an amino
group, which are free to form peptide linkages with
other amino acids. In this fashion, peptides of various
lengths may be formed. On the basis of number of amino
acids they contain, shorter peptides are termed di-,
tri-, tetra-peptides, and so on. Peptides consist of a few

Ry
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H,N—CH—COOH  H,N—CH—COOH

|
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Fig. 4.9. Formation of a peptide bond.
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Fig. 4.10. Structure of a pentapeptide, Cys-Ala-Tyr-Gly-Leu. The peptide is shown in the ionized state in which it occurs at

physiological pH.

(3 to approximately 50) amino acids, polypeptides con-
tain up to 100 amino acids, and the polyamide chains
larger than this are proteins.

The peptide has two ends: the amino terminal end,
and the carboxyl terminal end. The amino acid present at
the amino terminal end has a free amino group, and the
amino acid at the C-terminal end possesses a free car-
boxyl group. The amino acid sequence of a peptide (pri-
mary structure) is always listed from the N-terminal;
therefore, it is Cys-Ala-Tyr-Gly-Leu for the pentapeptide
shown (Fig. 4.10). Note that the formation of peptide
bond involves removal of water from the carboxyl group
of one amino acid and the amino group of the other
(Fig. 4.9). Therefore, the constituent amino acids of a
peptide, having lost a portion of their carboxyl group
and the amino group, can no longer be termed amino
acids. Instead they are called the amino acid residues.

The acid-base behaviour of a peptide is a function of its
N-terminal amino group, the C-terminal carboxyl group,
and those R groups which can ionize. For example, a
peptide having high content of dicarboxylic amino acids
(glutamate and aspartate) has acid-like behaviour at the
physiological pH. Conversely, a peptide with high con-
tent of lysine, arginine or histidine tends to have base-
like behaviour at physiological pH.

A peptide can be cleaved to its constituent amino acids
by hydrolysis of the peptide linkages. Boiling with strong
acids or bases brings about the hydrolysis. All the avail-
able peptide bonds can be cleaved by this treatment, irre-
spective of nature of the constituent amino acids.

Certain enzymes, namely trypsin and chymotrypsin, can
also bring about hydrolysis of peptide bonds. Accordingly

they are referred to as proteolytic, the word meaning
“protein dissolving”. Their action is highly specific because
a given enzyme attacks only certain specific regions of
the peptide chain.

The amino terminal residue of a peptide can be labelled
with 1-fluoro-2-4 dinitrobenzene (FDNB). This reaction
is a useful step for determination of the amino acid
sequence (i.e. primary structure) of the peptide.

Peptides are formed as intermediates during partial
hydrolysis of the long polypeptides chains. In addition,
some naturally occurring peptides are found in the living
matter (Table 4.4).

Some of these peptides possess enormous biological
activities; for example thyrotropin-releasing hormone
(TRH) is a tripeptide released from the hypothalamus.

Pyroglutamate-Histidine-Proline: The TRH regulates the
secretion of the thyroid stimulating hormone (TSH)
from the anterior pituitary. The N-terminal glutamate
residue is in the pyro form in which its y-carboxyl group
is covalently joined to its a-amino group via amide link-
age. The C-terminal amino acid, proline, is amidated and
thus also not free.

Another peptide of biological significance is glutathi-
one, comprising glutamate, cysteine and glycine. The
glutamate forms an amide bond with cysteine through
its y-carboxyl group, rather than its a-carboxyl group
and so reffered to as pseudopeptide linkage.

v-Glu-Cys-Gly: Glutathione acts as a co-enzyme in many
reactions, e.g. for transhydrogenases and peroxidases, and
participates in the second phase of the xenobiotic metab-
olism. When it is oxidized, many highly reactive and
toxic compounds are reduced; one of the most impor-
tant features of glutathione is to reduce hydrogen perox-
ide to water (Chapter 27).
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Some important biologically active peptides in humans

Thyrotropin-releasing 3

hormone

Glutathione 3

Enkephalins 5

Oxytocin 9

Bradykinin 9

Vasopressin 9

Little gastrin 10

acid

Glucagon 10

Substance P 10 Neurotransmitter
Gramicidin 10

The enkephalins are analgesia-inducing agents that
are produced in the central nervous system (the word
enkephalin means “in the head”). They bind with spe-
cific receptors in the brain cells, the receptors are the
same to which the synthetic opiates like morphine, her-
oin and other addictive opiates bind. Therefore, the
enkephalins are commonly referred to as endogenous
opiates.

It is noteworthy, that it is the sequence of the amino
acids that gives the peptides such intense biological
effects while the constituent amino acids by themselves
are devoid of any such activity.

Peptides formed by covalent linking of several amino
acids may perform specific physiological roles.

Some characteristics of peptide bonds are as follows.

The peptide bond is conventionally described as a single
bond (C-N), but it does not show the rotational free-
dom expected of a single bond. This rigidity is explained
by the fact that the double bond between the C and the
O is actually shared across the bond between the C and
the N. Therefore, the peptide bond is actually resonance
hybrid of two electron isomers:
o (0]
c_lclj_N_c — C—E:N—C

| |
H H

Stimulates anterior pituitary to release thyroid stimulating hormone

First line of defense against oxidative stress

Binds with certain brain receptors to alleviate pain (i.e. opiate-like activity)
Stimulates uterine contractions

Inhibits inflammatory reactions in tissues

Secreted from posterior pituitary it causes kidney to retain water from urine

Secreted by mucosal cells in stomach; causes parietal cells of stomach to secrete the

Pancreatic hormone involved in glucose homeostasis (hyperglycaemic)

An antibiotic, toxic to many microorganisms

Its “real” structure is halfway between these two forms.
Thus, the peptide bond between the C and the N has
partial characteristic of double bond and so does not
rotate.

This is supported by spectroscopic measurements and
X-ray diffraction studies. These studies show that C to N
bond length (1.33 A) of a peptide bond is approximately
half-way between that of C-N single bond (~1.45 A) and
C=N double bond (~1.25 A).

Not only the bond length, but strength of peptide
bonds also lies half-way: stronger than single bond
and weaker than double bond. A consequence of the
partial double bond character is that there is lack of
rotational freedom, discussed above.

The two atoms of peptide bond (C and N) have four sub-
stituents: a hydrogen, an oxygen, and two a-carbon
atoms (see Fig. 4.10; an exception is the peptide bond
formed by nitrogen of proline). All the substituents are
fixed in the same plane and the O and the H are in the
trans (opposite) positions.

Like other amide linkages, the peptide bond is uncharged.

The sharing of electrons between the C and the N results
in unpairing of electrons between the C and the O. Thus,
O has a slightly negative charge (8 ~). The electron of the
H atom spends most of its time in the bond between the
N and the H, which gives the H atom a slightly positive
charge (8*). This means that these atoms, by virtue of
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positive or negative charges, are able to participate in
hydrogen bonding.

In addition to the peptide bond, the polypeptide back-
bone contains bonds between the « -carbon and the
peptide bond carbon, and between the a-carbon and the
peptide bond nitrogen. These two being single bonds
show free rotation. Rotation around the nitrogen-and-a-
carbon bond is measured as the ¢ (phi) angle and rota-
tion around the peptide carbon and a-carbon bond as

the ¢ (psi) angle.

Proteins are not only the most abundant biomolecules
but are also centre of action in biological processes. They
exhibit enormous diversity with regard to their structures.
In general, structures of proteins consist of polypeptides,
which are long, unbranched chains; each chain contains
usually more than 100 amino acid residues. The chains
containing fewer residues than that are simply called
peptides.

Proteins contain between 100 and 2000 amino acid resi-
dues. The mean molecular mass of an amino acid residue
is about 110 dalton units (Da). Therefore, the molecular
mass of most proteins is between 11,000 and 220,000 Da.
The largest known polypeptide chain belongs to the
26,926 residue titin, a giant (2990 kD) protein that helps
to arrange the muscle fibres. Some proteins consist of a
single polypeptide; others are formed from two or more
polypeptides held together by covalent bonds or by non-
covalent interactions.

Range and scope of biological functions of proteins are
very vast. Some important functions performed by pro-
teins are as follows: (a) act as biological catalysts, called
enzymes, (b) provide the structural framework of cells
and tissues, (c) act as transport media in bloodstream for
a variety of substances, such as lipids and oxygen, (d) act
as hormones or regulatory proteins for controlling vari-
ous biological processes, (e) perform mechanical work,

such as in skeletal muscle contraction and the pumping of
heart, (f) serve as essential nutrients, (g) act as antibodies in
the bloodstream to provide natural defense against invad-
ing pathogens and play vital role in blood clotting mecha-
nism, (h) regulate gene expression on chromosomes; and
(i) play important role in food digestion respiration, vision,
etc. These functions are summarized in Table 4.5.

Specialized functions are performed by certain pro-
teins, which cannot be easily classified in one of the
above categories. For example:

Antifreeze protein is present in blood of some arctic
and antarctic fishes. It lowers the freezing point of
water, thereby saving aqueous plasma from freezing.
Reasilin is the major component of the wing hinges
of some insects. This protein has extraordinary elastic
properties.

Biological functions of a given protein are same in dif-
ferent species. For example, haemoglobin serves as oxy-
gen transporter in humans, mammals, birds, insects, etc.
(refer to Box 4.2).

Studies have been conducted in homologous proteins
obtained from different species, including mammals, fishes,
reptiles, amphibians, birds, insects, plants and fungi.
These studies intend to examine the biological significance
of sequence homology. In one such study, cytochrome
C, a mitochondrial protein of 100 amino acids (MW
125,000) and an essential component of electron trans-
port chain, was studied in about 60 different species.

At about 27 positions, identical amino acid residues
were present (i.e. invariant residues). This suggests
that these residues are important determinants of the
biological activity of cytochrome C.

Biological functions of body proteins

Enzyme
Structural proteins

Transport proteins

Hormonal proteins
Regulatory proteins

Contractile or motile
proteins

Nutrient and storage
proteins

Defense proteins
Blood proteins
Toxin protein

Vision protein

Amylase, ribonuclease, trypsin
Collagen, elastin, keratin, fibroin
Haemoglobin, myoglobin, lipoproteins,
serum albumin, membrane
transporters

Insulin, growth hormone, corticotropin
Repressors and inducers

Actin, myosin, tubulin

Gliadin (wheat), ovalbumin (egg),
casein (milk)

Antibodies

Fibrinogen, thrombin

Snake venoms

Rhodopsin
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BOX 4.2

Homologous Proteins

The proteins that perform the same (or analogous) function in different species are called homologous proteins.

They exhibit considerable structural similarities. For instance, haemoglobin serves as an oxygen carrier in different

species, and the haemoglobin molecules isolated from these species have been found to have nearly the same chain
length. Moreover, their primary structure (i.e. amino acid sequence) shows significant resemblance. A closer examina-
tion of the primary structure reveals that many of the (amino acid) positions are occupied by the same amino acid
residues in nearly all the species studied. Such amino acids are called the invariant residues. These residues reflect
similarities in the amino acid sequence of homologous proteins (called sequence homology). They indicate a common
evolutionary origin of the homologous proteins. However, in some other positions there may be considerable variation
in amino acids from one species to another. Such non-identical amino acid residues are called variable residues.

Variation in positions of A, A_ and B, of insulin
in different species

Human Thr-Ser-lle Thr
Porcine Thr Ser lle Ala
Bovine Ala-Ser-Val Ala
Dog Thr-Ser-lle Ala

The amino acid residues in other positions showed
variation: the greater the phylogenic difference between
the species, more the variation. Such information is
helpful in getting insight into the evolutionary process.

Human insulin (a peptide of 51 amino acids) also exhib-
its sequence homology with the insulins obtained from
other mammals (Table 4.6). For instance, human insulin
and porcine insulin have identical amino acids in 50
positions, only at position B, the amino acid is different.
It is threonine in human insulin but alanine in porcine
insulin. This permits use of porcine insulin for the treatment
of diabetic patients. However, prolonged use of porcine
insulin may result in side effects, which can be avoided
by using modified insulins (Case 4.1).

In bovine insulin, 8th and 10th amino acids are differ-
ent in A chain also.

Proteins can be classified in different ways, based on the
following criteria:

Based on their three-dimensional shape (i.e. conforma-
tion), the proteins are divided into two classes:

The polypeptide chains of these proteins extend along a
longitudinal axis without showing any sharp bends of

(a) (b)

Fig. 4.11. Classification of proteins based on their shape.
(a) Fibrous protein, (b) Globular protein.

folding (Fig. 4.11). Simplicity of structure of these pro-
teins is responsible for their mechanical properties. They
are essential components of several proteins, including
collagen and elastin (for details see Chapter 5).

Polypeptide chain of a globular protein is tightly folded and
packed into a compact structure (Fig. 4.11). The hydro-
philic groups of the constituent amino acids are exposed
to the exterior, so that these proteins can diffuse through
aqueous systems. Most enzymes, transport proteins,
nutrient proteins, antibodies and hormones are globular.

Two major classes of proteins are recognized depending
on the nature of their structural components.

Simple proteins comprise solely of amino acids; no other
chemical group is present in them. Pancreatic ribonuclease
is an example.

Conjugated proteins contain a polypeptide group as
well as a non-polypeptide group. In these proteins, the
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non-polypeptide group is called the prosthetic group,
and the polypeptide is called the apoprotein. A pros-
thetic group is often employed when the biological func-
tion of the protein requires a functional group that is not
available in any of the 20 amino acids. For example, in
oxygen transport proteins, haemoglobin and myoglobin,
binding of oxygen occurs with the iron-porphyrin group.
The prosthetic group is sugar in glycoproteins (Greek:
glycos means sweet), lipid in lipoproteins, and a metal in
metalloproteins (Table 4.7).

The protein component and the prosthetic group of
the conjugated proteins are covalently linked. However,
lipoproteins are exceptions since the lipid and the pro-
tein components form molecular complexes, without
being covalently linked.

Every protein has a unique three-dimensional structure,
which is referred to as its native conformation. Protein
conformation is complex and is best analyzed by consid-
ering it in terms of the following organizational levels;
primary, secondary, tertiary, and quaternary (Fig. 4.12a-d).

Primary structure of proteins refers to the specific sequence of
amino acids in a polypeptide chain. The amino acids are cova-
lently linked to one another, e.g. Ala-Gly-Ser-Leu (Fig. 4.12a).

Thus, the polypeptide chains having different sequences
of amino acids are said to differ with respect to their pri-
mary structure. It is noteworthy that it is the sequence of
amino acids, and not the composition, that determines
the primary structure. Thus, two polypeptide chains hav-
ing identical set of amino acids, but arranged in different
sequences, are said to have different primary structures.

Conjugated proteins and their prosthetic groups

Lipoproteins Lipids Chylomicron
Glycoproteins Carbohydrates y-Globulin of
blood
Phosphoproteins Phosphate groups Casein of milk
Haemproteins Haem (iron Myoglobin
porphyrin)
Flavoproteins Flavin nucleotides Succinate
dehydrogenase
Metalloproteins Iron Ferritin
Zinc Alcohol
dehydrogenase
Calcium Calmodulin

Such sequence variation is the most important element of
protein diversity; for instance, a polypeptide with 100 amino
acids can have 20'°° different amino acid sequences.

The covalent backbone of protein, called its primary
structure, is specified by the amino acid sequence. The
most important element of proteins diversity is variability
of the amino acid sequence.

Primary structure of insulin is shown in Figure. 4.13.
The specific information that determines the final three
dimensional form adapted by a protein is inherent in its
primary structure which determines the function of a
protein (Case 4.2). A slight change in the primary struc-
ture of a protein (e.g. modification of a single amino acid
residue) results in loss of its biological activity, in sickle
cell anaemia, change in primary structure results in
deranged function of the affected protein (Case 17.1).

The secondary structure refers to the local spatial arrange-
ment of a polypeptides backbone atoms (without regard to the
conformations of its side chains). It includes mainly the
regional bends and local folding. The a-helix and B-pleated
sheets are some examples of the secondary structures
that are commonly encountered in some proteins or por-
tion of proteins.

It is a spiral structure consisting of a polypeptide chain
that is coiled around a longitudinal axis in a helical fash-
ion (Fig. 4.14a). The a-helical structure was first defined by
Linus Pauling from his studies on fibrous proteins. How-
ever, short stretches of a-helix are found in the globular
proteins as well. A vast variety of proteins contain the
a-helical structure. They constitute almost the entire dry
weight of hair, wool, feathers, and scales and form much
of the outer layer of skin.

The polypeptide chain is coiled around
the longitudinal axis to form the right handed helix (i.e. the
coils turn in a clockwise fashion around the axis). Each
turn of the a-helix contains 3.6 amino acid residues. The
peptide bonds linking the successive amino acids are coiled
inside and their R groups extend outward from the central
longitudinal axis. This arrangement minimizes the stearic
interference of the R groups with each other.

Two types of linkages stabi-
lize the a-helix. These are hydrogen bonds and disul-
phide bonds.

Hydrogen bonds: The hydrogen bonds are formed
between the peptide bonds. Each peptide bond C= O
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(a)

Gly-Leu-Ala-Gly-------- Pro

Fig. 4.12. Levels of protein structure. (a) Primary structure refers to the amino acid sequence in a polypeptide chain,
(b) Secondary structure is the local spatial arrangement of the polypeptides backbone atoms, (¢) Tertiary structure refers to
overall folding pattern of the entire polypeptide chain, (d) Quaternary structure is formed by interactions in a non-covalent
manner between different polypeptide subunits of a protein.

N
NH3

A-Chain

B-Chain

Fig. 4.13. The primary structure includes the location of covalent disulphide bonds between cysteine residues in addition to the
linear sequence of amino acids, as shown in insulin.

is hydrogen bonded to the peptide bond N-H, four e Disulphide bonds: Because the polypeptide chain is rich
amino acid residues ahead of it. Each C= O and each in cysteine residues, disulphide cross-links may form
N-H in the main chain is thus involved in hydrogen between the cysteine residues of adjacent helical coils.
bonding (Fig. 4.14b). This enhances strength of the structure (Fig. 4.14c).
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Hydrogen
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Fig. 4.14. The a-helical conformation. (a) A right handed helix with 3.6 residues per turn, (b) Intra-chain hydrogen bonding
between the nth and (n + 4)th residues of a-helix, (¢) Cysteine cross links between adjacent a-helical coils in a-keratin.

The follow-
ing amino acids are not found in the a-helix because
they disrupt the conformation.

Proline: The cyclic R group of proline is not geometri-
cally compatible with the right-handed helical confor-
mation. When incorporated in this structure, it causes
the chain to bend sharply so that the regular helical con-
formation is disrupted. The helix-breaking property of
proline has a significant effect on conformation of body
proteins, including enzymes. Alteration of conformation
may cause changes in biological activity of the affected
protein (Case 4.3).

Amino acids with bulky R groups: Amino acids with
bulky R groups, namely valine, leucine and isoleucine
are too large to be accommodated in large numbers
within the compact a-helix.

Amino acids with charged R groups: These amino acids
(aspartate, glutamate, arginine and lysine) interfere with
formation of a-helix because of electrostatic attraction or
repulsion between the charged R groups.

In 1951, the same year Pauling proposed a-helix, Pauling
and Corney reported existence of a different type of sec-
ondary structure, the (3 sheet.

This structure is found in many fibrous
proteins (e.g. silk fibroin) and some globular proteins.
Features of B-pleated and «-helical conformation are
given in Table 4.8. The B-sheet consists of two or more
polypeptide chains in an extended conformation, i.e.
each of the chains is almost fully extended into a zigzag
(Fig. 4.15). This is in contrast to the a-helix, where the
chain is coiled around a central axis. The structure is
called pleated because it resembles a series of pleats.

Comparative features of a-helix and 3-pleated
sheet structure

Hydrogen bonds Intra-chain, between Inter-chain

n and (n + 4) residues. perpendicular to

Parallel to helix axis chain axis

Residues Small or uncharged Alanine, glycine

residues, such as and serine are

alanine, leucine, and common

phenylalanine (most

common); proline never

found
Covalent cross Inter-chain disulphide None
linking
Chain direction Right-handed helical Antiparallel
and aggregation  chains chains
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Fig. 4.15. Antiparallel, B-pleated sheet with inter-chain hydro-
gen linkages.

Like the a-helix, the B-sheet uses the
full hydrogen-binding capacity of the polypeptide back-
bone. In B-sheets, however, hydrogen bonds occur
between neighbouring polypeptide chains (inter-chain



hydrogen bonds) rather than one chain, as in a-helix.
The hydrogen bonds form between the peptide-bond
C =0 and N-H groups of polypeptides that lie side by
side.

The interacting polypeptides are aligned either parallel
orantiparallel. In the parallel arrangement, the N-terminals
of the interacting polypeptide are together, whereas in
antiparallel arrangement, the N-terminal and the C-terminal
ends of the B-strands alternate. Sometimes the chain
folds upon itself, as in the case of globular proteins.
Intra-chain hydrogen bonds form between the adjacent
folds in these proteins.

The secondary structure is a regular repetitive folding
pattern of the polypeptide (a-helix and 3-pleated sheets
are the commonest secondary structure in proteins).

The secondarily ordered polypeptide chain of the globu-
lar protein tends to fold onto itself (Fig. 4.12c) in aque-
ous solutions so that the protein molecule assumes a
spherical or globular shape. The term tertiary structure
refers to the overall folding pattern of the polypeptide. Tt not
only describes folding of the secondary structural ele-
ments into a compact globular or spherical shape, but
also depicts location of each atom in the protein. This
includes geometric relationship between distant seg-
ments of the primary structure and the positional rela-
tionship of the side chains with one another. This is in
contrast to the secondary structure, which refers to spa-
tial relationship between side chains of the successively
adjacent amino acids.

Globular conformation involves tight folding. This is evi-
denced by the fact that actual dimensions of a globular
protein in its native conformation are much smaller than
the approximate dimensions if it occurred as an a-helix
or in B-pleated conformation (Fig. 4.16). Finally the
hydrophobic side chains of the amino acids tend to
aggregate towards the interior in globular proteins,
whereas the hydrophilic groups strongly prefer to be on
the exterior, exposed to water. Thus, globular proteins
have a hydrophobic core but a hydrophilic surface, which
enables them to interact with aqueous surroundings.

Polypeptide chain of a given amino acid sequence (i.e.
primary structure) always folds in the same characteristic
fashion, suggesting that the information for protein fold-
ing is inherent in the primary structure itself. This is in
line with the Anfinsens law stating that the secondary,
tertiary and quaternary structures are determined by the

Amino Acids, Peptides and Proteins 63

(@) (b) 5
(c)
T 13 X3 nm
90x 1.1 nm
I
200 x 0.5 nm

Fig. 4.16. Comparative dimensions of bovine serum albumin
if it existed in (a) a-Helical form, (b) B-Pleated conformation,
(c¢) Native globular conformation.

primary structure. Indeed, protein folding starts, and
often makes considerable headway, while translation is
still in progress (Chapter 22).

In addition to the primary structure, certain other fac-
tors also determine the overall folding pattern. This is
evident from the fact that in some cases, following dena-
turation of protein (i.e. unfolding) by temperature or pH
alterations, the native conformation is not regained (by
the unfolded protein) even when the original tempera-
ture or pH is restored.

It is now known that a group of specialized proteins called
“chaperones” are required for the native folding of many
proteins. The chaperones are also called polypeptide chain
binding (PCB) proteins. Though they aid in folding during
synthesis, they are not responsible for the stability of the
final product. Chaperones bind to hydrophobic patches
and stabilize intermediates during folding. They prevent
aggregation of incompletely folded proteins by preclud-
ing adventitious contacts between exposed hydrophobic
regions. Defective interaction of a polypeptide with the
corresponding chaperone may cause disease (Case 7.2).

The energy requirements of chaperones can be substan-
tial, and more than 120 ATP molecules can be expended
during the folding of a single polypeptide chain. Many
chaperones are heat shock or stress proteins, but they pri-
marily serve the aforementioned function under physio-
logical conditions.

Long polypeptides that contain more than 200 residues
fold into two or more globular clusters known as
domains. The domains are connected by more extended
part of the polypeptide chain, which gives these poly-
peptides a bi- or multi-lobal appearance. Each subunit of
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the enzyme glyceraldehyde 3-phosphate dehydrogenase, for
example, has two domains connected by more extended
part of the polypeptide chain.

The globular proteins have hydrophilic surface and hydro-
phobic core. Large proteins form domains. Folding of
domains and their final arrangement in the polypeptide
is the another way in which the tertiary structure is defined.

Many domains are structurally independent units, each
having characteristics of a small globular protein. Gener-
ally, domains are formed from between 40 to 400 amino
acid residues (mean size =200 amino acid residues).
Different domains may have different biological functions.

Tertiary structure mostly represents a state of lowest
energy and imparts greatest stability for the polypeptide
in question. Five kinds of interactions, cooperate to sta-
bilize it (Fig. 4.17). These are:

Hydrophobic interactions: These are the major cohesive
forces in determining the native protein structure,
and arise due to tendency of non-polar substances to
minimize their contact with water. In water soluble
globular proteins, the non-polar side chains aggre-
gate in the interior hydrophobic core (whereas the
hydrophilic side chains occupy surface), and this pro-
vides much of the driving force for protein folding.
Hydrogen bonds: These are formed by sharing of a
hydrogen atom between one atom that has a hydro-
gen atom (donor) and another atom that has a lone
pair of electrons (acceptor). The donors are -NH (pep-
tide, imidazole), -OH (serine), and -NH, (lysine,
arginine), and the accepting groups are COO- (aspar-
tate, glutamate), C=0 (peptide) and S-S (disul-
phide). The hydrogen bonds make only a minor
contribution to protein stability.

Hydrogen
bonds

Disulphide
bonds

lonic attraction

Hydrophobic interaction
among non-polar R groups

Fig. 4.17. Representation of interactions that stabilize the
tertiary structure of globular proteins.

lonic interactions: The association between two ionic
side chains of opposite charge (e.g. + ve lysine or argi-
nine; and —ve Glu or Asp) is known as an ion pair or salt
bridge. Though the electrostatic attraction between
the members of an ion pair is strong, these interactions
contribute little to the stability of the tertiary struc-
ture. This is because of their relatively small number.
Van der Waals interactions and London dispersion forces:
These are very short range interactions that occur
between the tightly packed aliphatic side-chains in
the interior of the protein. They are weak and develop
only when atoms are packed very closely to each
other. They serve to bring the atoms closer especially
in the hydrophobic core in the interior, squeezing out
gaps, if any, and thereby, contribute enormously
towards stability of the native protein structure.
Covalent cross linkages: Cysteine residues, when pres-
ent on the adjacent loops of the polypeptide(s), form
covalent cross links (i.e. disulphide bonds). These
linkages, however, do not establish the higher-order
structure; they only stabilize the structure that has
been formed by non-covalent interactions.

In addition to the peptide bonds between individual amino
acid residues, the three-dimensional structure of a protein
is maintained by a combination of non-covalent interac-
tions (hydrophobic forces, hydrogen bonds, electrostatic
forces, van der Waals forces) and covalent interactions.

The proteins, discussed so far consisted of a single poly-
peptide chain. But several other proteins consist of two,
three or more subunits (i.e. oligomeric proteins). The
subunit chains may be structurally identical or different.
Haemoglobin consists of four polypeptide chains of two
different types—a and B. Number, size and shape of component
polypeptide chains and their spatial relationship with one another
is called the quaternary structure of the protein (Fig. 4.12d).

Non-covalent interactions, such as hydrophobic inter-
actions, hydrogen bonds, electrostatic bonds, etc., hold
the subunits together in some proteins, but others are
stabilized by interchain disulphide bonds.

Different subunits may cooperate with one another
(i.e. subunit interaction); for example, binding of oxy-
gen to one of the subunits of the haemoglobin is fol-
lowed by transfer of the ligand-binding information to
other subunits, which in turn respond by increasing their
affinity for oxygen (Chapter 17).

The formation of secondary, tertiary and quaternary
structures of protein follows the thermodynamic principles.
In a polypeptide chain, the primary structure determines
the higher levels of organization in such a way that the



final form represents the lowest energy stage. Therefore,
the quaternary structure is the most stable of all the pos-
sible conformations. Simply stated, it represents the state
of least energy.

The subunit composition and interactions of the proteins
consisting of more that one polypeptide is referred to
as quaternary structure.

The term denaturation refers to disruption of the higher order
structure of the protein. A number of agents are known,
which act by breaking the physical bonds in a protein
without splitting any peptide linkages. As a result, the
well-ordered, neatly folded polypeptide is converted to a
messy tangle work, called a random coil, and the process
is protein denaturation. Note that only the non-covalent
interactions that maintain the higher order structure are
disrupted, but the covalent bonds (including peptide
bonds) are left intact. Thus, the primary structure is not
altered during denaturation, but denaturation may
completely disrupt secondary, tertiary and quaternary
structures (e.g. denatured oligomeric protein dissociates
into subunits, each with a random coil conformation).
Denaturation may be partial in which only certain aspects
of the secondary and/or tertiary structures are broken.

Denaturation is always accompanied by a loss of bio-
logic functions, e.g. enzymes are inactivated, antibodies
fail to act with antigens and toxins lose their disease-
producing effects. This is because biological functions of
proteins depend on their higher order structures. Denatur-
ation is generally irreversible boiled egg does not regain
its original form when kept in cold. Under well-controlled
laboratory conditions, renaturation is possible for some
small proteins, e.g. ribonuclease is denatured by 8M urea,
but when urea is removed by dialysis, the renaturation
occurs and the enzyme activity is restored.

A number of physical parameters of the protein change
because of partial or complete denaturation:

Solubility: Water-soluble proteins become insoluble,
the boiling of an egg is a familiar example of this phe-
nomenon.

Precipitation: As the protein becomes less symmetric,
it exerts resistance to various types of movements,
and in many cases it precipitates.

Optical rotation: A more negative optical rotation results
specific rotation of native proteins is between —20° and
—40°, whereas that of denatured proteins is near —100°.

Amino Acids, Peptides and Proteins 65

The sedimentation rate and diffusion rate fall and the
intrinsic viscosity increases.

Proteins can be denatured by many treatments:

Heat: Most proteins are denatured at temperatures
between 50°C and 80°C; at these temperatures the
non-covalent interactions, which are individually
very weak, are readily broken.

Detergents and organic solvents: They serve to disrupt
hydrophobic interactions. Being non-polar, they
insert themselves between the side chains of hydro-
phobic amino acids.

Strong acids and bases: They disrupt the intramolecular
salt bonds by changing the charge pattern of the protein.
In a strong acid, the protein loses its negative charges;
and in a strong base, it loses its positive charges; both
deprive the protein of the salt bonds.

8M Urea or 6M guanidine hydrochloride: Both are
hydrophilic agents with high hydrogen binding
potentials. They can denature proteins by disrupting
the hydrogen bonds between the protein and the sur-
rounding water molecules. Normally the water mol-
ecules assume an “ordered” position at an aqueous/
non-polar interface, which is reduced by these agents,
and consequently the hydrophobic interactions
within the protein are weakened.

Heavy metal ions: They have high affinity for carboxyl-
ate groups, and for the sulphydryl groups in many
proteins.

Trichloroacetic acid (TCA): It is of special importance
in laboratories because it can rapidly denature and
precipitate proteins, which can then be removed by
centrifugation.

Physical agents: X-Rays, ultraviolet rays, high pressure,
vigorous shaking and surface tension also cause
denaturation.

The non-covalent higher-order structure of proteins can
be destroyed by heating, detergents, non-polar organic
solvents, heavy metals and strong acids or bases—this is
called denaturation and it leads to complete loss of the
proteins biological activities.

Solubility of proteins depends on pH and salt concentra-
tion. Precipitation (of proteins) occurs when their solu-
bility decreases. Unlike denaturation, precipitation is
reversible and does not cause permanent loss of the pro-
tein’s activity.
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Salting-in and -out: Salts at moderate concentration

may cause increased protein solubility (salting-in)

and at high concentration may decrease the solubility

resulting in protein precipitation (salting-out).
Salting-in: It is shown in Figure 4.18b. The pro-
tein molecules have multiple salt bonds among
them, which cause them to aggregate. As a result
they are insoluble (Fig. 4.18a). In 5% NaCl, salt
ions bind to surface charges of protein molecules,
thereby preventing intermolecular salt bonds. This
causes increased solubility.

Thus higher solubility at a moderate concentra-
tion (1-10% salt) is because the salt ions shield
the protein’s multiple ionic charges, thereby
weakening the attractive forces between different
protein molecules.

Salting-out: Excess salt, however, precipitates the
proteins because most of the water molecules
become tied up in forming the hydration shells
around the salt ions. Effectively, so many salt ions
are hydrated that there is significantly less bulk
water available to dissolve other substances,
including proteins. Ammonium chloride, one of
the most soluble salts, is the most commonly
used reagent for salting out the plasma proteins.
Precipitation by organic solvents: The water-miscible
organic solvents like ethanol or acetone, because of
their high affinity for water, tie up most of the avail-
able water molecules. Thus, like salts they cause pre-
cipitation of proteins, without denaturing them.
Precipitation by altering pH: The pH value also affects
water solubility—a protein is least soluble at its iso-
electric pH when equal numbers of positive and neg-
ative charges exist and so the protein molecules have
maximal opportunity to form intermolecular salt
bonds (Fig. 4.19). At pH values higher or lower than
pl, the interactions are mainly repulsive. The pH may
be adjusted to approximate the isoelectric point (plI)
of the desired protein to cause its precipitation.
Precipitation by heavy metals: Heavy metals, such as
lead, cadmium, and mercury bind to negative groups
(carboxylate) or sulphydryl groups in many proteins,
thus decreasing their solubility. Because of their affin-
ity for functional groups, these metals tend to pre-
cipitate normal proteins of the gastro-intestinal tract,
which explains their toxicity.

To study and use a protein it is necessary to separate it from
a biologic fluid and purify it. Purification is also necessary

-+
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Fig. 4.18. Effects of salt on protein solubility. (a) Protein in dis-
tilled water. Salt bonds between protein molecules cause the mol-
ecule aggregate. The protein becomes insoluble, (b) Salting-in:
Protein in 5% sodium chloride. Salt ions bind to the surface
charges of the protein molecules, thereby preventing intermo-
lecular salt bonds.

for proteins that are used for therapeutic purposes, such as
insulin and clotting factor VIII used to treat haemophiliacs.
Several techniques are available for this purpose which
use fundamental properties of proteins, such as solubility,
molecular size, molecular charge and selective binding of pro-
teins to specific substances (i.e. ligands). Generally, a combi-
nation of these techniques is employed to separate a given
protein from other proteins and molecules. In clinical lab-
oratories, protein separation is routinely carried out for
diagnostic purpose. For example, separation of enzyme
proteins (by electrophoresis) is useful for the diagnosis
of various disorders (Case 6.5). Similar techniques are
employed for therapeutic and research purposes as well.

The aim of protein purification is to isolate one particular
protein from all the others in the sample mixture. The puri-
fication techniques exploit solubility, molecular size, charge
or/and specific binding affinity of the protein of interest.

Protein solubility varies with salt concentration of the
medium. Addition of salts to the medium results in
decreased solubility of some proteins, an effect called
salting out. The salt concentration at which a protein pre-
cipitates differs from one protein to another. For example,
globulins precipitate at half saturation of ammonium
sulphate (or 22% sodium sulphate) but full saturation of
ammonium sulphate (or 28% sodium sulphate) is
required for precipitating albumin.

Proteins can be separated from solute particles by a process
termed dialysis which uses the fact that protein molecules
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Fig. 4.19. The effect of pH on protein solubility: Formation of intermolecular salt bonds is favoured at the isoelectric point; at
pH values greater or less than the pl, the electrostatic attractions between the molecules get weakened.
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Fig. 4.20. (a) The dialysis bag containing the protein mixture
and small solute particles is suspended in water, (b) Magnified
view of a portion of the semi-permeable dialysis bag showing
outward movement of solute particles.

are much larger (MW >10,000) than solute particles.
The mixture of protein and solute is put in a cellophane
bag, which is made of a semi-permeable membrane. This
membrane contains pores which allow the passage of
smaller solute particles, but not of protein molecules
(Fig. 4.20). When the bag is suspended in stirring buffer
solution, the low-molecular weight solute particles grad-
ually pass out.

The removal of low molecular weight waste products
from blood of patients with renal failure is based on the
same principle; the process called haemodialysis. The
patient’s blood is passed along a semi-permeable mem-
brane through which the waste products (e.g. urea) are
removed, but plasma proteins and blood cells are
retained. The blood, however, is dialyzed against a solu-
tion with physiologic concentration of inorganic ions
and nutrients, and not against any buffer.

Proteins can be separated from small molecules by dialy-
sis through a semi-permeable membrane which has pores
that allow solute particles to pass through but not proteins.

Particles of different sizes can be separated from one
another by gel filtration, also called, size-exclusion or
molecular-sieve chromatography. The equipment con-
sists of a column, which is packed with a beaded hydro-
philic material such as Sephadex gel. Sephadex is a
dextran derivative, obtained from bacterial cell walls. A
gel bead contains numerous pores. The pore size is such
that the smaller proteins can penetrate the porous gel
beads, while the larger proteins bypass the beads alto-
gether (Fig. 4.21). Having access to gels internal volume,
the small proteins take a longer and tortuous route
through the column. Therefore, they are retarded on the
column with respect to the larger protein that cannot
enter the porous gel beads. Thus, the latter traverse the
column more rapidly and emerge earlier in the column
effluent than the smaller ones. The proteins of interme-
diate size have partial access to gel’s internal volume, and
therefore, emerge in between, before the larger proteins
but after the smaller proteins.

Fractions of a few milliliters (each fraction called an
elute) are collected from the bottom of the column; the
process is called elution. Each of these elutes would con-
tain different size particle.

Proteins of different molecular sizes can be separated by
high-speed centrifugation into different components. Rate
at which a protein moves in a centrifugal field (i.e. sedi-
mentation) depends on its size; larger proteins sediment
faster than the smaller ones. This method can separate
those proteins which have large differences in their
molecular size.

The data from an ultracentrifugal study are
expressed in terms of Svedberg units. These are derived
from the sedimentation constants which reflect the rate
of sedimentation in the centrifugal field.
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Separation on the Basis of Molecular Charge
Differences in the nature and degree of electric charges
carried by various proteins at a given pH forms the basis
of their separation by several techniques, e.g. ion-exchange
chromatography and electrophoresis. Difference in charges
is due to difference in acid-base behaviour of these pro-
teins; which in turn is due to different isoelectric pH val-
ues of the proteins (Table 4.3).

lon-exchange Chromatography

Preparative separation of proteins can be achieved on the
basis of charge-differences by this technique. The method
takes advantage of differential affinity between the
following:

e Charged ions or molecules in the sample mixture.
e Charged groups that have been immobilized on ion
exchange resins.

The resins are packed in chromatography column
(Fig. 4.22). They are cross-linked polymers (e.g. cellulose
or agarose) containing charged groups as part of their

Gel filtration (column chromatography). (a) Structure of a bead, (b) Process of separation.

structure. The charged groups most commonly attached
are diethylaminoethyl (DEAE) group and carboxymethyl
(CM) group:

DEAE: Resins-CH,-CH,-NH (CH,CH,)} (Positive)

CM: Resins-CH,COO~ (Negative)

DEAE groups are protonated and have a positive
charge associated with a negatively charged counterion,
such as chloride; this system is called DEAE-cellulose
chromatography (Fig. 4.23). If a protein solution at a
specific pH is applied to this column:

e The negatively charged proteins replace the chloride
ions and associate with the positively charged DEAE
groups. This is anion exchange.

e The positively charged or uncharged proteins have
relatively low affinity for the anion exchanger than
the negatively charged proteins. They, therefore, flow
faster and emerge from the column earlier (Fig.
4.22a).

o In this way, the negatively charged proteins get sepa-
rated from the uncharged/or the +ve proteins (Fig.
4.22b). They (—ve proteins) can be subsequently eluted
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Fig. 4.22. lon exchange chromatography. (a) Sample mixture
consisting of positively charged, negatively charged and neu-
tral proteins in a small volume of buffer applied at the top of
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Fig. 4.23. DEAE cellulose chromatography (anion exchange).
The protonated groups (+ve) on DEAE associated with chlo-
ride counterions (—ve). The negatively charged proteins
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H,N*—CHR™ exchange with chloride and get bound to resin.

(washed through the column) by changing elution
conditions, such as applying a buffer that has a higher
salt concentration, or at a pH that reduces the affinity
with which the resin binds the protein (Fig. 4.22c).

CM groups with negative charge are associated with
counterion Na*. (Fig. 4.24). In this case, positively
charged proteins exchange with Na* and get bound to
the resin (i.e. cation exchange), whereas the negative
ones are eluted faster.
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Positively charged proteins

High Performance Liquid Chromatography (HPLC)

HPLC resembles the conventional chromatographic
techniques where the solution of proteins is passed
through special resins that have attached side groups. These
side groups can react with the protein sample ionically or
hydrophobically. However, there is one important differ-
ences HPLC is carried out under high pressure (5000-10,000
pounds per square inch) in the chromatographic matrix.
The matrix consists of specially fabricated 3-300 pm-diam-
eter glass or plastic beads, which are coated with a uniform
layer of chromatographic material. This greatly improves
the speed, resolution, and reproducibility of the separation.

Electrophoresis

This process uses an electric field to drive the move-
ment of charged particles. It is used for the separation
of a wide variety of polyelectrolytes (carry positive and
negative charges), including amino acids, polypeptides,
proteins (and DNA).

At pH values greater than the isoelectric point (pl), the
protein carries an excess of negative charge and moves to
the anode; at pH values less than pl, it carries positive
charge and moves towards the cathode; and at isoelectric
point the net charge is zero and it does not move. If for
example, an alkaline pH is used (greater than pI of most
proteins) the serum proteins are negatively charged and
move towards the anode, but are separated according to
their net charge (Fig. 4.25). A porous support such as paper,
cellulose acetate foil, starch gel, or other carrier material is
commonly used to minimize diffusion and convection.
Electrophoresis is the most common method of protein
separation in the clinical laboratory, used for separation of
plasma proteins and isoenzymes and for the detection of
structurally abnormal proteins. Case 5.1 illustrates diag-
nostic utility of electrophoresis in a bone disorder.

Polyacrylamide gel electrophoresis (PAGE): Electrophoresis
can be performed in a cross-linked polyacrylamide gel
with characteristic pore size (Fig. 4.26). Small molecules
can move in the gel, but the larger ones “get stuck” in the
gel and so their movement is retarded. The molecular
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Fig. 4.25. Protein separation by electrophoresis on a wet cel-
lulose acetate foil. At pH = 8.6, all proteins are negatively
charged and move towards anode. They are separated into
various bands according to their net charge.

separation is, therefore, based on sieving effects as well
as electrophoretic mobility.

Under pH conditions at which all proteins
move to the same pole, they are better separated according
their molecular mass rather than their charge. To accom-
plish this, the above method (PAGE) is used in the pres-
ence a strong detergent (e.g. sodium dodecyl sulphate;
SDS). It causes denaturation by interfering with the
hydrophobic interactions that normally stabilize pro-
teins; the denatured proteins assume a rod-like shape.
The large negative charges that the SDS imparts mask the
protein’s intrinsic charge. The net result is that SDS-
treated proteins have similar shapes and charge-to-mass
ratio. SDS-PAGE, therefore, separates proteins by gel fil-
tration effect, i.e. according to molecular mass. The
method is performed in presence of a reducing agent such
as mercaptoethanol, which cleaves the disulphide bonds.

Electrophoresis separates molecules by charge and size;
in SDS-PAGE however, SDS masks the intrinsic charges
of proteins, and therefore, separation is primarily by size.

It is a variant of electrophoretic tech-
nique, that has extremely high resolution. It is carried
out on a gel that contains a gradient of pH. The pH gra-
dient is created across the supporting medium and elec-
trophoresis of the protein mixture carried out through
this gradient. A charged protein migrates through the
gradient till it reaches a pH region of the gradient equal
to its pl value. At this point it stops moving (net charge
on the molecule being zero) and can be visualized. An
extremely sensitive technique, isoelectric focusing can
separate proteins that differ by as little as 0.0025 pl values.

Cathode _ _

N

Start

Fig. 4.26. Protein separation in a cross linked polyacrylamide
gel. The pH is sufficiently high so that all proteins are negatively
charged and move towards anode. At a suitable pH, this method
separates more on the basis of molecular mass rather than charge.

This is the only method of protein purification that
exploits a property related to the function of the protein,
namely the ligand-binding ability. This is a definite
advantage over exploiting small differences in the physi-
cochemical properties between proteins in the other
chromatographic methods.

The column is packed with a chromatographic mate-
rial that carries an immobilized ligand (Fig. 4.27).

The mixture of proteins is poured over the column. As
it percolates down, the protein molecules with an appro-
priate ligand-binding site gets bound to the immobilized
ligand, whereas the other proteins are washed through
the column with the buffer. The bound protein can then
be recovered in highly purified form by changing the elu-
tion conditions. (Generally, it is washed with solution
having a high concentration of soluble-ligands.)

For separating a given protein from a protein mixture,
antibodies are prepared against it. When these antibod-
ies are added to the protein mixture, they form antigen-
antibodies complexes with protein of interest. These
complexes are large in size, and so can be separated from
the rest of mixture by centrifugation. Since it is necessary
to create complexes of sufficiently large size, the anti-
globulin (anti IgG) is further added, so that the large
triple complex (of antigen-antibody-anti IgG) is formed.
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Fig. 4.27. Protein seperation by affinity chromatography.

Separation on the Basis of Hydrophobicity

In this technique, called hydrophobic interaction chro-
matography, separation of protein mixtures is accom-
plished on the basis of protein hydrophobicity. The
proteins and the matrix material packed in the column
interact hydrophobically. The matrix material is lightly
substituted with acetyl or phenyl groups and the non-
polar groups on the surface of proteins interact with them
by the hydrophobic interactions. Subsequently, the bound
proteins are eluted by decreasing salt concentration,
increasing concentration of detergent (which disrupts
hydrophobic interactions), or by causing changes in pH.

Purification and characterization of proteins is essential for
elucidating their structure and functions. By taking advan-
tage of differences in their size, solubility, charge and
binding capacity, proteins can be purified to homogeneity.

H. Determination of Amino Acid
Sequence of Peptides and Proteins™

The primary structure of proteins can be determined by
chemical methods.

e The preliminary steps (steps 1 and 2) provide clue to
protein structure (e.g. size and amino acid composi-
tion of the protein), and

o The subsequent steps determine the exact amino acid
sequence.

Step 1: The size of the protein
The molecular size of the protein is estimated usually by
SDS-PAGE (sodium dodecyl sulphate-polyacrylamide

*This topic relates to higher level learning and it is meant only
for postgraduates. Undergraduates or MBBS students may refer
to it for higher learning.
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gel electrophoresis), as discussed earlier. Since all pro-
teins are covered with negative charges of SDS, they tend
to be linear in shape and their movement in electric field
solely depends on their size.

Step 2: Amino acid composition of the protein

It is determined by complete hydrolysis of the polypep-
tide, followed by the analysis of the liberated amino
acids. The hydrolysis is accomplished by acid hydrolysis
of the peptide linkages in 6N-HCI for 24-72 hours at
100°-110°C. This treatment, however, destroys tryptophan.
Alkaline hydrolysis is, therefore, used to liberate this
amino acid. The amino acids so liberated are then sepa-
rated by chromatographic methods and determined quan-
titatively with suitable reagents. Modern amino acid
analyzers can completely analyze a protein digest con-
taining as little as 1 pmol of each amino acid in less than
an hour.

Step 2 reveals the protein’s amino acid composition,
but not the amino acid sequence. It is, however, useful
because the ratio of the amino acids can be compared
with that from known proteins and this may give a clue
to its structure.

Step 3: Determination of N and C terminal amino acids
The N-terminal amino acid is covalently bound to dansyl
chloride. The tagged protein is then hydrolyzed to its con-
stituent amino acids by acid hydrolysis. Because only the
N-terminal amino acid is dansylated, it is identified by
separating it out by column chromatography and com-
paring against dansylated standards.

The C-terminal amino acid is determined by treating
intact polypeptide with hydrazine, which reacts hydro-
lytically at the carbonyl grouping (C-O) at each peptide
bond (resulting in acyl derivatives of each residue).
However, it cannot react with the C-terminal, which has
carboxyl group (rather than a peptide linkage). The amino
acids are then analyzed by column chromatography and
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compared with standards. The amino acid without hydra-
zine is the C-terminal amino acid.

It is performed by Edman degradation method on auto-
matic machines called, cyclic sequenators. This method
sequentially removes one residue at a time from the
amino end of a peptide. Phenyliosthiocyanate reacts
with the N-terminal amino group of the peptide to form
a phenylthiocarbamyl derivative in alkaline solution. It
is released by gentle acid hydrolysis and identified by
HPLC. The second amino acid now becomes the
N-terminal amino acid and the cycle can be repeated by
returning to alkaline conditions.

Only about 20-25 amino acids can be sequenced in
this way. The large polypeptides, however, must be frag-
mented first. A number of fragmenting agents break
specific peptide linkages, among which are digestive
endopeptidases, trypsin and chymotrypsin.

Trypsin cleaves only those peptide bonds in which
carboxyl group is contributed by basic amino acids,
lysine or arginine.

Chymotrypsin cleaves only the bonds on the car-
boxyl side of the aromatic amino acid residues.
Cyanogen bromide breaks those peptide bond in
which methionine contributes the carboxyl groups.
The short fragments so generated are more manageable
in sequencing studies and the amino acid sequences in
each fragment are then determined, as discussed above.

After individual peptide fragments have been sequenced,
their order in the original polypeptide must be elucidated.
For this a second round of protein cleavage with a differ-
ent is carried out. This generates an overlap-
ping set of peptide fragments. These fragments are then
separated and sequenced. The sequences of the overlap-
ping peptides are then used, much as one would fit parts
of a jigsaw puzzle, to obtain the whole protein structure.

This is an entirely different and relatively simple approach
based on the fact that genes encode amino acid sequences
of polypeptides; the base sequence of the gene predicts
the amino acid sequence.

The protein is partially purified and the first eight (or
ten) amino acids at the N-terminal end are sequenced
using an automatic sequenator.

These eight amino acids are compared with an international
protein/DNA sequence library available on the Internet,

e.g. GenBank. If lucky, a match occurs in terms of molecular
weight, which means that the protein (or a closely simi-
lar protein) has already been isolated and sequenced.
Further sequencing may not be necessary in this case.

If no match is found, then a cDNA molecule that codes
for the N-terminal amino acid sequence is made. This is
called cDNA primer.

Using the cDNA as a probe, the RNA that codes for the
protein is extracted from the cells. The two readily hybrid-
ize (attach together) because their sequences are comple-
mentary.

The DNA complementary to the rest of the RNA sequence
is then synthesized by polymerase chain reaction
(Chapter 25). This results in the synthesis of large
amounts of DNA that codes for the protein.

The DNA is then sequenced using techniques described
in Chapter 21 and, using the universal genetic code, and
the protein sequence is derived from the DNA sequence.

This process sounds complicated but offers advantage
that very little of the protein is needed and the protein
does not have to be fully purified. Full purification is
especially difficult in case of insoluble proteins (e.g. mem-
brane proteins). Moreover, sequencing DNA is a rela-
tively simple procedure.

This method is based on the scattering of the beam of
x-rays passed through a protein crystal by high mass pro-
ton cores. The scattered x-rays form a diffraction pattern
which is captured on film (or collected by an electronic
device) in the form of an array of dots, from which bond
lengths, folding and coiling and the overall three dimen-
sional structure in proteins may be deduced. Because this
pattern indicates the relative positions of atoms in the
molecule, a careful study and analysis of it permits mod-
elling of the 3-dimensional structure of the crystalline
protein. Pauling and Corey were pioneers in interpreting
such protein diffraction pattern to determine the struc-
tures of a-helix and B-pleated sheet.

"This topic relates to higher level learning and it is meant only
for postgraduates. Undergraduates or MBBS students may refer
to it for higher learning.



Ultraviolet Light Spectroscopy

Proteins absorb ultraviolet radiation with two absorp-
tion maxima: one at 190 nm is caused by peptide bonds,
and the other at 280nm is caused by the aromatic side
chains of tyrosine and tryptophan (aromatic character of
purine and pyrimidine bases also causes absorbance
peak at 260 nm for nucleic acids).

Nuclear Magnetic Resonance (NMR)

Since mid 1980s advances in NMR spectroscopy have
permitted the determination of the three-dimensional struc-
ture of proteins (and nucleic acids) in aqueous solution.
The sample of protein is placed in a magnetic field so
that the spin of protons is aligned. Radiofrequency pulses
are applied, which cause excitation of protons. The excited
protons then emit signals, whose frequency depends on
the molecular environment of these protons. Interpretation
of these signals helps to construct the three-dimensional
protein structure. The technique is useful for the proteins
that fail to crystallize. However, utility of this technique
is limited to a size of less than 30kD.

Computer Based Modelling

A number of proteins have been modelled till now, and
based on them computer programs have been developed
to predict the most likely tertiary structure from the pri-
mary amino acid sequence.

Deciphering the primary and three-dimensional structures
of a protein leads to an understanding of structure-func-
tion relationship in proteins. Both chemical and physical
methods are available for determining the amino acid
sequence and higher-order structure for proteins.

IV. Chemical Synthesis of Proteins

Using chemical means, protein chemists have synthe-
sized several small proteins and peptides in laboratory.
The basic mechanism involves fixing of the carboxyl
group of the last amino acid on the resin, followed by
addition of other amino acids sequentially. Steps must

Amino Acids, Peptides and Proteins

be taken to assure that carboxyl and amino groups that
are not participating in peptide bond formation must be
blocked, and groups that are to participate in bond forma-
tion must be activated (for example, by PCL,). Though syn-
thesis of several polypeptides with more than 100 amino
acids has been made possible, production of only small
oligopeptides is cost effective. This limitation is deplor-
able because several naturally occurring proteins, such as
hormones, and blood-clotting factor are useful therapeu-
tic agents, and it is easier and cheaper to synthesize them
rather than isolate and purify them from biological sources.

Exercises

Essay type questions

1. What do you mean by the term conformation as
applied to a protein? Describe the various orders of
structure of proteins.

2. Define secondary and tertiary structures. Mention
the bonds that are responsible for maintaining these
structures.

3. Give two examples each of fibrous and globular
proteins. Describe the structural and functional rela-
tionship with respect to any one protein.

4. Describe the separation techniques that exploit the
following molecular properties: charge, polarity, size
and specificity.

5. Why are proteins called amphoteric molecules?
Explain why histidine, but not alanine, can act as
buffer at physiologic pH.

Write short notes on

1. Quaternary structure

2. a-Helix

3. B-Pleated sheets

4. Essential amino acids

5. Chaperones

6. Isoelectric pH

7. Gel chromatography

8. Edman degradation

9. Titration curve of histidine
10. Physiologically active peptides
11. Electrophoresis
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CLINICAL CASES

A 38-year-old diabetic patient develops allergy to insulin

A 38-year-old man, having insulin dependent diabetes
mellitus (IDDM) has been on insulin therapy for the last 23
years. A satisfactory control of blood glucose level had
been achieved with porcine insulin. For about last 4—6 weeks,
he had been feeling itching and local stinging at the site of
injection. Examination showed swelling and a generalized
urticaria. Analysis of random blood sample showed hyper-
glycaemia (blood glucose is 288 mg/dl), indicating poor
control of diabetes. This was surprising for the patient as
well as for the physician, because a fairly good glycaemic
control was maintained with the recommended dose of

porcine insulin till his last visit to the hospital. Presently, the
patient was taking 40 units of the porcine insulin before
breakfast every day, followed by 10 units in the evening.

What is the rationale behind use of insulin from a
different species (i.e. porcine insulin) in humans?
What is the underlying cause of the above symp-
toms?

Identify the cause of loss of glycaemic control in this
patient.

How is human insulin synthesized?

A chronic smoker with respiratory distress

o, -Antitrypsin (ATN) is an inhibitor of certain enzymes. It
contains a methionine residue at 358th position, which
plays a vital role for the above stated function of ATN. In
tobacco smokers, the primary structure of ATN is altered
because of certain changes in this residue. As a result, its inhib-
itory action on the proteolytic enzymes is impaired, resulting
in increased proteolytic activity. The ultimate outcome of this

is an extensive alveolar damage; the condition is called
emphysema.

Name the proteolytic enzymes that are inhibited by
ATN. Mention biochemical basis of the inhibition.
State the cause of alveolar destruction in smokers.

A 10-year-old mentally retarded child

A 10-year-old child, who was incontinent, unable to feed
himself, and spoke incoherently was referred for investiga-
tions. He presented a picture of severe mental retardation
with an .Q. of 65. Detailed biochemical investigations with
the plasma and the urine samples, and with the cell free
extract® prepared from the hepatocytes (obtained by liver
biopsy), led to the conclusion that the child had an impaired
ability to convert phenylalanine to tyrosine. This is due to a
defect in the enzyme, phenylalanine hydroxylase.

The gene for this enzyme was identified and sequenced.
Sequences of the complementary mRNA and the corre-
sponding amino acid segment were determined, both for
the patient as well as for a normal subject.

It may be observed that a point mutation caused a proline
residue to be present at a certain position in polypeptide

chain of the patient; the corresponding position was occu-
pied by leucine in the normal subject.

Normal subject Patient
DNA 3'-CGAGTCTCA-5' |3'-CGAGGCTCA-5’
mRNA 5'-GCUCUGAGU-3' | 5'-GCUCCGAGU-3’

Amino acids | Ala-Leu-Ser Ala-Pro-Ser

How might the mutation affect the enzymes?

*Cell free extract contains all the enzymes and coenzymes
present intracellularly, and hence is a reliable indicator of the
metabolic milieu within the cell.




CHAPTER
PROTEINS WITH

BIOLOGICAL ACTIVITY

Native conformation of a protein is adapted to serve specific biological functions. For example, 3-conformation provides
soft and flexible silk fibres, and the a-helical conformation provides tough, insoluble protective structures. In this chapter,
some biologically active proteins are described with a special emphasis on structure-function relationships.

After going through this chapter, the student should be able to understand:

O Distribution, primary and secondary structures, and properties of fibrous proteins , e.g. collagen and elastin: synthesis
and degradation of collagen, and molecular basis of various inherited or deficiency diseases that affect collagen
structure and integrity, hybrid nature, structure and function; synthesis and degradation of glycoproteins and the role
of dolichol.

O General structure and properties of immunoglobulin molecules; function and distinctive characteristics of different
classes of antibodies; function and diagnostic significance of various plasma protein fractions; various disorders lead-

ing to over- or underproduction of plasma proteins and immunoglobulins.

I. Collagen

A. Overview

Multicellular organisms contain collagen, which is the
major molecular component of connective tissue. Connec-
tive tissue is the principal structural and supportive element
of the body—present in tendons, ligaments, cartilages,
and organic matrix of bones. It also forms a structural
layer under the skin, and envelops of blood vessels.
Connective tissue comprises of amorphous ground
substance, in which fibrous elements like collagen and
elastin are present. The ground substance comprises
mainly of proteoglycans, water, minerals and proteins.

Fibrous elements:

Collagen and elastin
Connective tissue

Ground substance: Proteoglycans,
water, minerals, proteins

Thus, major molecular components of connective tis-
sue are: collagen, elastin and proteoglycans. The word col-
lagen is derived from Greek language which means to
produce glue. Collagen is fibrous protein that possesses high
tensile strength and cannot be stretched. Collagen is most
abundant of all human proteins, constituting about one-
third of total protein mass of the body. It is present in all
tissues and organs where it serves as the major structural
component.

In addition to collagen, the other fibrous component
of connective tissue is elastin. However, unlike collagen,
elastin can be readily stretched.

Proteoglycans are hybrid molecules of proteins and
polysaccharides. They form the ground substance in which
various fibrous elements of connective tissue are embedded.
The ground substance acts as a cushion or a lubricant.

All the three molecular components of connective tis-
sue are synthesized in specialized cells. These are fibro-
blasts in connective tissue, osteoblasts in bones, and
chondroblasts in embryonic cartilage.
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The extracellular matrix consists of an amorphous ground
substance of protein, proteoglycan, water and minerals
into which are embedded the protein-fibres of collagen
and elastin.

Collagen is not a single protein but a large protein family
with close to 20 members. Basic structural unit of all col-
lagens is a trimer of polypeptides, called tropocollagen,
that forms a characteristic triple helix. But the supermo-
lecular structures of various collagen types differ, and
they have different distributions and functions.

Tropocollagen is a rod-shaped molecule, about 300 nm
long and 1.5nm thick. Several tropocollagen molecules are
arranged head to tail in parallel bundles to form fibrils (Fig.
5.1a), commonly known as microfibrils. The heads of tro-
pocollagen molecules are staggered along the length of
the fibrils meaning that adjacent molecules are displaced
approximately one-fourth of their length (67 nm). This
quarter-staggered array accounts for the characteristic
67 nm spacing of the cross-striations in most collagens.
The fibrils further associate to form larger fibres, which
have high tensile strength: a fibres of 1 mm diameter can
withstand a load of 10-40 kg before it breaks. Hence, the
collagen infrastructure—a regular array of parallel, stag-
gered tropocollagen molecules—provides a final product with
a tremendous amount of strength.

The structure of collagens is “triple-helical”. This is because
tropocollagen consists of three helical polypeptide chains, each
having approximately 1050 amino acids (Fig. 5.1b).
These chains, known as the a-chains (nothing to do with

Cross-striations

g |

®

(a) Heads of
tropocollagen
molecules

Fig. 5.1. Structure of collagen. (a) A fibril showing arrange-
ment of tropocollagen molecules—in a regular, staggered
parallel array, (b) Portion of tropocollagen molecule magni-
fied to show the triple-helical structure of collagen—consisting
of three helical polypeptide chains. Each chain is twisted into
a left-handed helix and these chains wrap around each other
to form a right handed triple helix.

the a-helix), are tightly wound around one another. Col-
lagens also contain non-helical regions which are rela-
tively small. The principal features of triple helix are:

Individual «-chains form a tight, left-handed triple
helix with 3.6 amino acids per turn and a rise per
amino acid of 0.15 nm. This structure is favoured by
proline residues, which are present in large amounts
in these chains (proline introduces a sharp bend in a
polypeptide chain).

The three intertwined a-chains form a superhelix with
a right-handed sense. Thus, the secondary structure of
tropocollagen is helical on two levels:

(a) each chain has left-handed sense and

(b) the superhelix has right-handed sense.

The opposite direction of twists of the individual
chains and the triple helix means that tropocollagen is
very resistant to unwinding by tension.

In order to form a triple-helix a polypeptide chain must
contain glycine as every third residue in the sequence.
This is because side chain of only glycine is small
enough to permit close contact between main chains.
The peptide bonds are internal, and therefore, colla-
gens are very resistant to digestion by proteases. The
triple helix is stabilized by hydrogen bonds between
the peptide bonds of different chains.

Collagen, the most abundant vertebrate protein, is basi-
cally a trimer of three intertwined polypeptides, called
tropocollagen—the so called triple helix.

The a-chains associate in different combinations in the
trimer to form various types of collagen molecules, of
which about 20 types are known. The a-chains are iden-
tical in some collagen types and non-identical in others.
As shown in Table 5.1, different types of a-chains are
numbered according to the collagen types in which they
occur. Thus, type I collagen is a heterotrimer, containing
an a,(I) chain that is present in two copies, and an o (I)
chain in one copy, yielding the structural formula [« (I)],
a,(I). The type Il and type III are homotrimers composed
of three identical o, (II) and «, (III) chains respectively.

In most of these collagen types (notably types I, II, III,
V, XI and XII), tropocollagen molecules associate in an
ordered manner to form fibrils. The fibril formation
depends on interactions between amino acid side chains
in neighbouring molecules. Other types, such as type
IV—a major constituent of basement membranes, do
not form such fibrils, but are involved in the formation
of an extensively branched mesh.
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Composition and distribution of different types of collagen

I [o, (D], e, (1) 67 nm banded fibrils

67 nm banded fibrils
67 nm banded fibrils

I [, (101,
i [o, ()],
v [, (IV)], &, (IV) Forms a branched network
XIX [o, (XIX)], Non-fibrillar
(

X, Fibril formation

1

X [a

1

* Type | accounts for about 90% of all collagens in humans.

- —Pro—Lys—Cly—Phe—Thr—Cly—Pro
—Hyp—Cly—Glu—Hyp—Cly—Glu—Hyp—
—Ala—Ser—Cly—Pro—Met—Cly—Pro—Arg
—Gly—Pro—Hyp—Cly—Pro—Hyp

Fig. 5.2. Amino acid sequence of part of the ai-chain of collagen.

Collagens consist of three polypeptide chains, the iden-
tity and distribution of which vary between different
collagen types.

Collagen has a unique primary structure, represented as
-Gly-X-Y, which implies that glycine is present at every
third position in the polypeptide chain. Thus, this amino
acid constitutes about 33% of the total amino acid resi-
dues (Fig. 5.2). X and Y can be any amino acids, but cer-
tain ones predominate in these positions:

X is often proline, 3-hydroxyproline, glutamate, histi-
dine, leucine or phenylalanine, and
Y is 4-hydroxyproline, threonine, lysine or arginine.

Collagens can thus be identified by their amino acid
sequence, and by high proportion of certain amino acids: 33%
glycine and 10% proline. Most remarkably, collagen
contains 4-hydroxyproline (10%), 3-hydroxyproline
(<0.5%), and 5-hydroxylysine (1%), which do not
occur in most other proteins. These hydroxylated amino
acids are not represented in the genetic code, and therefore
they have to be synthesized post-translationally from
prolyl and lysyl residues in the polypeptides. Each of
these amino acids plays a specific role in folding of the
polypeptide chain, discussed as follows:

Proline residues introduce sharp bends in the a-chains
(because R group of proline is part of a cyclic ring),
which helps tight wrapping of these chains around
one another. Such tight wrapping enhances strength
of the triple helix.

Most abundant type,* in most connective tissues—skin, tendon,

bone

Cartilage, intervertebral disc, vitreous humor

Fetal skin, cardiovascular system

Basement membranes

On surface of collagen fibrils in rhabdomyosarcoma

Calcifying cartilage

Glycine residues play an indirect role in permitting
extremely tight interwinding of the «-chains. The
winding is so compact that there is little space avail-
able towards the interior, only the smallest amino
acid, i.e. glycine, can be accommodated at that place.
Importance of glycine in collagen is illustrated by the
fact that substitution of this amino acid by a bulkier
one results in marked reduction in the strength of
collagen (Case 5.1).

Hydroxyproline and Hydroxylysine are modified amino
acids in collagen, each containing an additional
hydroxyl group (Fig. 5.3). Each hydroxyl group in
turn can participate in the formation of an additional
hydrogen bond. Formation of a large number of
hydrogen bonds is thus possible, which gives enor-
mous collective strength.

Formation of these special amino acids occurs from
the corresponding primary amino acids, proline and
lysine, by hydroxylation reactions. These reactions are
catalyzed by the enzymes proline hydroxylase and lysine
hydroxylase, respectively.

The collagens are synthesized and secreted by specialized
cells called fibroblasts. Like other secreted proteins, col-
lagen polypeptides are synthesized by ribosomes on the
rough endoplasmic reticulum (RER; Fig. 5.4). The poly-
peptide chain then passes through the RER and Golgi
apparatus before being secreted. Along the way it is post-
translationally modified by glycosylation, hydroxylation
proteolytic cleavage, and cross-linking. Many of these
modifications are unique to collagen.

Collagen genes are some 10 times longer than the mature
mRNAs that they encode, and contain more than 50
short exons separated by introns of different sizes.
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Fig. 5.3. Hydroxylated amino acids in collagen, synthesized post-translationally from proline and lysine residues in the polypeptide.

The nascent chain initially synthesized is called pre-
pro-a-chain, or simply pre-pro-collagen. It contains a
sequence of 15-30 hydrophobic amino acids at its
N-terminal end, called signal sequence. This sequence
directs entry of the pre-pro-a-chain into cisternae of
endoplasmic reticulum, where it is converted to pro-
a-chain by removal of this signal sequence.

Pre-pro-a-chain — Pro-a-chain + Signal sequence

Collagen is synthesized from a larger precursor, which is
processed in the organelles of the secretory pathway
and extracellularly.

Biosynthesis of collagen provides an excellent example of
post-translational modification of a protein. As noted
earlier, it involves a number of reactions: hydroxylation
and glycosylation initially (followed by chain assembly,
proteolysis and cross-linking, later on).

Selected proline and lysine residues undergo hydroxyl-
ation to form the corresponding hydroxylated amino
acids: hydroxyproline and hydroxylysine. Action of pro-
line hydroxylase and lysine hydroxylase, respectively cata-
lyze these reactions. These enzymes have an Fe** ion at
their active site and require ascorbic acid (vitamin C) for
activity. The ascorbic acid acts as an anti-oxidant, keep-
ing the Fe?* ion in its reduced state. Both the enzymes are

N

Polypeptide synthesis

Post-translational

modifications | \yichin RER and Golgi

of fibroblast cell

Procollagen triple
helix formation

Secretion

Removal of
extension peptides

Within extracellular spaces
of connective tissue

Tropocollagen

Aggregation into
fibril

|

Cross-linking

Collagen fibre

J

Fig. 5.4. Overview of the biosynthesis of collagen.

dioxygenases using molecular oxygen. a-Ketoglutarate, the
TCA cycle intermediate, is a coreductant, which is oxi-
dized to succinate during the reaction (Fig. 5.3).
Moreover, both the enzymes hydroxylate only those pro-
line and lysine residues that are incorporated in a poly-
peptide chain.



Because the hydroxylated amino acids are important
for stabilizing the structure of collagen through hydro-
gen bond formation, in vitamin C deficiency decreased
synthesis of the hydroxylated amino acids results in
weakening of the collagen fibres. This leads to the fragile
blood vessels, incomplete bone formation and poor
wound healing—the characteristic of the disease scurvy
(Case 18.1).

Collagen is unique in having covalently attached
monosaccharides (galactose) or disaccharides (glucose-
galactose), linked to the hydroxyl of 5-hydroxylysine.
These are attached in the endoplasmic reticulum by
Mn?* containing UDP-glycosyltransferases. Like hydroxyl-
ation, glycosylation occurs concomitantly with chain
synthesis and is inhibited by triple helix formation. The
carbohydrate content of collagens varies considerably
from 0.5-1.0% in types I and III to nearly 15% in type
IV, but precise significance of glycosylation is yet to be
elucidated.

The collagen polypeptides are post-translationally modi-
fied on transport through RER and Golgi.

Three pro-a-chains assemble together to form the triple
helix. The process occurs while the chains are still in the
endoplasmic reticulum. Note that when the collagen
polypeptides are initially synthesized, they have addi-
tional amino acid residues (100-300) on both their N
and C termini that are absent in the mature collagen
fibre (Fig. 5.5). They are called extension peptides, and
they help to correctly align the three polypeptides as they
come together in the procollagen triple helix. This pro-
cess may be aided by the formation of disulphide bonds
between extension peptides on neighbouring polypep-
tide chains. The extension peptides also prevent the pre-
mature aggregation of the procollagen triple helices
within the cell.

The procollagen is packaged into secretory vesicles
within Golgi apparatus, and then secreted out of
fibroblasts.

On secretion out of the fibroblast the extension peptides
are removed by the action of extracellular peptidases.
Procollagen peptidases, removes them leaving behind the
triple helical, mature collagen monomer, the tropo-
collagen.
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The newly formed tropocollagen molecules aggregate to
form collagen fibrils (which would cross-link extensively
to form collagen-fibres). For the formation of a fibril, the
tropocollagen molecules aggregate in a staggered head-
to-tail arrangement. As shown in Figure 5.5, each tropo-
collagen associates itself in a parallel, overlapping
staggered array with other tropocollagen molecules. A
typical fibril consists of hundreds or even thousands of
tropocollagen molecules in cross section.

The extension peptides at both the N- and C-terminal
of polypeptide chain directs alignment of the three
polypeptide chains. Their removal by peptidases forms
tropocollagen, which aggregate in staggered array to
form collagen fibril.

The tropocollagen molecules (which have aggregated into
fibrils) now become extensively cross-linked covalently to
produce mature collagen fibres. The special tensile strength
of collagen fibres is provided by these covalent cross-links
both between and within tropocollagen molecules (though
hydrogen bonds also have a stabilizing effect).

As there are few, cysteine residues in the final mature
collagen, these cross-links are not disulphide bonds as
commonly found in proteins, but rather are unique cross-
links formed between lysine and its aldehyde derivative
allysine. Allysine residues are formed from lysine by the
action of monooxygenase lysyl oxidase (Fig. 5.6). It is a copper
containing enzyme, also requiring pyridoxal phosphate,
derived from vitamin B_. The aldehyde group on allysine
then reacts spontaneously with either the side-chain amino
group of Lys or with other allysine residues on other poly-
peptide chains to form covalent interchain bonds.

Tropocollagen, formed after removal of extension peptide,
aggregate into fibrils and are covalently cross-linked to
form mature collagen fibres.

Decreased maturation due to impairment of forma-
tion of various linkages alters mechanical properties of
skeletomuscular system (Case 5.2).

Collagen tissue undergoes constant but slow turnover,
half-life being up to several months. The degradation occurs
during tissue repair and during normal growth and devel-
opment, and is initiated via the enzymes collagenases.
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Fig. 5.5. Formation of procollagen and its processing by proteolysis to yield tropocollagen. The tropocollagen molecules aggre-
gate to form collagen fibrils, which cross link extensively to form collagen fibres.

These are extracellular zinc containing proteinases that initiate
degradation by splitting a single Gly-Ile bond in each of
the three-tropocollagen strands. Two large fragments are
produced, which then spontaneously denature and
become susceptible to attack by several intracellular pro-
teases (e.g. cathepsins). Further degradation is carried
out by a multipronged attack by these enzymes.

Coll
Collagen ollagenases

(Triple-helix)

Cathepsins
_—

Polypeptide Peptides

fragments

Action of collagenases is important because native col-
lagen is resistant to attack by most proteinases, unless it is
denatured. Ability to secrete large amount of collagenase is
possessed by tumour cells, which helps their metastatic
spread.

E. Genetic Defects of Collagen
Biosynthesis and Metabolism

Inherited abnormalities in the procollagen chains or defi-
ciencies of enzymes for their post-translational processing

0] (¢]
I H I H
H Lysyl oxidase
| +
(CH,)s Cu (CHy)s
1 2
| %20 NH} [
CH, — NH) HC — O

Lysine residue Allysine residue

Fig. 5.6. The lysyl oxidase reaction.

may lead to certain genetic disorders. The underlying
biochemical defects include abnormal collagen genes,
abnormal post-translational modification of collagen, or
deficiency of cofactors needed by the enzymes that carry
out the post-translational modifications. Defective col-
lagen formed in these diseases is unable to provide the
required tensile strength.

Ehlers—Danlos Syndrome

It is heterogeneous group of genetic disorders character-
ized by stretchy skin and loose joints. At least 10 types are
known, some of which may be traced to defective collagen



synthesis or to incomplete removal of propeptides (Table
5.2). Type IX, for example, arises due to X-linked reces-
sive deficiency of lysyl oxidase, resulting in impairment of
cross-link formation. As a result, joint hypermobility and
hyperextensible skin is seen. Autosomal recessive defi-
ciency of lysyl hydroxylase occurs in type VI disorder. It
manifests as hyperextensible skin, scoliosis and hyperex-
tensible joints (Case 5.2).

The “India rubber man” who could bend and twist
himself into incredible shapes and package himself into
tiny boxes had Ehlers-Danlos syndrome probably.

It is a group of genetic disorders in which biosynthesis of
type I collagen is defective. Point mutations in the genes for
pro-a (I) or pro-a,(I) have been identified as causing OI.

Ol is characterized by fragile bones, hence also known
as the brittle bone syndrome. Clinical features vary
widely in severity: in mild forms occasional pathological
fractures may be the only presentation, whereas in severe
forms skeletal deformities and dwarfism, with even peri-
natal deaths are seen. Extra skeletal manifestations include
a blue discolouration of sclera, hearing loss, and poor
teeth development. The incidence of osteogenesis imper-
fecta is approximately 1 in 10,000, and the inheritance is
autosomal dominant in most cases.

Itis a heritable disease in which glycosylation of collagen is
impaired and the skin characteristically blisters. The type VII
collagen is absent; this type of collagen forms anchoring
fibrils at the dermis-epidermis junction, and they anchor
the basement membrane to the underlying dermis.

Ehlers—Danlos syndrome

| AD Not known

I AD Not known

] AD Not known

\% AD Mutation in genes for type lll collagen

\ AR Deficiency of lysyl hydroxylase

Vil AD Failure to remove the N-terminal
propeptides in type-| collagen
chain

IX X-linked, Deficiency of lysyl oxidase

recessive

* AD, Autosomal dominant; AR, Autosomal recessive.

** These tissues are rich in type Il collagen.
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There is a hereditary impairment in the removal of the
terminal propeptide extensions. Because fibril formation
can occur only when these propeptides have been removed,
there is impairment in fibril formation and hence,
reduced tensile strength of collagen.

Several inherited disorders of collagen structure and bio-
synthesis, including osteogenesis imperfecta and Ehlers—
Danlos syndrome, are known.

Many collagen disorders are characterized by abnormal
activities of collagen-degrading enzymes (Case 5.3).
These enzymes are discussed earlier (p. xxx). Their activ-
ity is low in adult human tissues, but in some pathologi-
cal states characterized by increased collagen degradation,
such as Paget’s disease, rheumatoid arthritis, and tumour
metastasis, higher activity of these enzymes occur.

The gourmet knows that meat of young animal tastes
better for being soft and tender, whereas that of old ani-
mals is tough and unpalatable. The same is true for
human flesh. The reason for this age related change is
that the collagen of old animals and humans have more cova-
lent cross links than those of the young. Also the amount of
collagen, relative to the proteins of parenchymal cells,
increases with age.

Stretchy skin, loose joints, easy bruising with formation of
characteristic cigarette-paper scars

Like type | but milder
Joint hypermobility, no scarring

Rupture of large blood vessels, the colon and the gravid
uterus™*

Joint hypermobility, ocular fragility, extensible skin

Joint hypermobility, hip dislocation

Joint hypermobility, hyperextensible skin
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Collagen synthesis is also stimulated by tissue injury.
During wound healing, the fibroblasts migrate to the site
of injury and produce abundant collagen. Scar tissue
consist mostly of collagen. The death of parenchymal tis-
sue is followed by deposition of a collagen-rich extracel-
lular matrix. For example, in liver cirrhosis, which is a
common outcome of a variety of hepatic disorders, most
of the parenchymal cells are replaced by fibrous (scar)
connective tissue. Collagen metabolism is affected in a
number of other diseases, e.g. scurvy (see Case 18.3) and
lathyrism. In the latter condition cross-linking of collagen
is impaired due to inhibition of the enzyme lysyl oxidase
by a natural product (3-amino-propionitrile, an irrevers-
ible inhibitor). Copper deficiency also leads to enzyme
inhibition resulting in failure of collagens to acquire the
tensile strength they need to function.

Elastin is a fibrous element which (unlike collagen) can be
readily stretched. It is the major fibrous protein of yellow,
elastic connective tissue of ligaments and large arteries.

The inextensibility of collagen suits it to forming
extracellular matrices that have high tensile strength
(Achilles tendon can withstand about 2000kgcm™2) or
have ability to withstand compression (250kgcm™2 for
the intervertebral discs). In some tissues (skin, ligaments,
and large arteries) there is requirement for elastic deform-
ability. Such tissues have high content of elastic fibres
(10% in skin to over 50% in large arteries and some liga-
ments). These fibres consist mainly of elastin.

Structure

The basic unit of elastin structure is tropoelastin, a poly-
peptide of 800-850 amino acid residues (MW 72000).
Like tropocollagen, the tropoelastin has aberrant amino
acid composition, with high proportions of glycine (31%),
alanine (22%), and hydrophobic amino acids (40%). About
10-13% proline and 4-hydroxyproline are present, but there is
no hydroxylysine. It has been proposed that tropoelastin
units are present in the random coil conformation and
are extensively cross-linked. This makes such a network
kinetically free: free to stretch and recoil. Like in case of
collagen, these cross-links are derived from allysine.
Therefore, lysyl oxidase is required for the synthesis of
elastin as well as that of collagen.

Elastin, the most important constituent of the rubber-
band-like elastic fibres, guarantees the elasticity of such
tissues, as ligaments, arteries, and lungs.

Allysine
HoN COOH
No
CH

|
(CH3)3

HOOC ~NH;
CH—(CHy) (CHz),—CH
HyNT ~COOH

Allysine N Allysine
|
($H2)4
CH

/N
H,N  COOH
Lysine

Fig. 5.7. The structure of desmosine showing 3 molecules of ally-
sine and one molecule of lysine attached to pyridinium nucleus.
Besides desmosine, elastin also contains some cross-links typical
of collagen.

Cross-linking

The cross-linking among tropoelastin chains involves
allysine and lysine residues. As shown in Figure. 5.7, three
molecules of allysine and one molecule of lysine come
together to form a new amino acids: desmosine and
isodesmosine. Both contain a pyridinium nucleus,
derived from the R groups of lysine and allysine residues.
Thus, desmosine serves as the central connection that
connects different polypeptides.

The non-specific inhibitors of collagen cross-linking,
such as copper deficiency or lathyrism, inhibit cross-linking
of elastin also. It is well known, for instance, that copper
deficiency produces dissecting aneurysms in blood ves-
sels of animals through incomplete elastin cross-linking.
It appears, however, that elastin abnormalities observed
in some inherited collagen diseases such as Marfan’s
syndrome (one of the glycoproteins in microfibrils,
fibrillin, is defective due to gene mutation) may be sec-
ondary to aberrations in collagen structure. Patients with
this dominantly inherited condition have unusually tall
stature, with long, spidery fingers; the lens is displaced;
and the media of the large arteries is abnormally weak.
Many patients die suddenly in mid-life after rupture of
dilated aorta.

lll. Glycoproteins

A. Overview

Glycoproteins are conjugated proteins. Like all other
conjugated proteins, the glycoproteins contain a non-
protein portion (i.e. prosthetic group) that is covalently
attached with the protein portion of the molecule. The
non-protein portion in case of glycoproteins are short,
branched oligosaccharide units that are covalently



(a) (b)

Oligosaccharide
chain

Polypeptide chain

Serine (Threonine)
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Oligosaccharide
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Polypeptide chain
CH,OH
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Fig. 5.8. Structure of glycoprotein. (a) O-Glycosidic linkage, (b) N-Glycosidic linkage.

attached to the polypeptide chain (i.e. aglycone) at sev-
eral points (Fig. 5.8).

Glycosaminoglycans also consist of same two compo-
nents as glycoproteins. However, these are three remark-
able differences:

(a) the length of the oligosaccharide chain is relatively
short (less than 10 sugar residues) in glycoproteins,
whereas it is longer in glycosaminoglycans

(b) the carbohydrate chains in glycoproteins are often
branched

(c) The oligosaccharide chains of glycoproteins lack a
serial repeating unit; this is in contrast to the carbo-
hydrate chains in glycosaminoglycan that consist of
repeating disaccharide units (amino sugar-acid
sugar; Chapter 2).

Several cellular functions require participation of glyco-
proteins. Some of these are:

Glycoproteins are chief components of mucin of the
gastrointestinal and urogenital tracts, where they act
as protective lubricants.

The cellular phenomena, including cell surface anti-
genicity (e.g. the blood group antigens, refer to Box
5.1 for details); and the cell surface recognition (by
other cells, hormones, viruses) require glycoproteins.
Several hormones are glycoprotein in nature, includ-
ing the follicle-stimulating hormone (FSH), luteiniz-
ing hormone (LH), chorionic gonadotropin, etc.

Several proteins that are secreted from cells into extra-
cellular fluids are glycoproteins. Almost all plasma
proteins are glycoproteins. Other proteins like cerulo-
plasmin, plasminogen, prothrombin, and immunoglobu-
lins are also glycoproteins.

Glycoproteins are integral components of cell mem-
branes, where they may play important role in the
group behaviour of cells. They determine polarity of
the biological membranes as well.

Several structural proteins, such as collagen, laminin,
and fibronectin contain attached saccharide units.

The oligosaccharide units of glycoproteins are short and
branched heteropolymers. In general, the sugar moieties
are in the D-form. The principal moieties present in these
oligosaccharides are: D-mannose (common in N-linked
oligosaccharides), D-galactose, L-fucose (a-6-deoxy hex-
ose), N-acetyl glucosamine, N-acetyl galactosamine and
N-acetyl neuraminic acid (NANA). The latter is usually
found in terminal positions of oligosaccharides.

Oligosaccharides of glycoproteins show great structural
diversity. They range in size from 2 sugar residues in the
most simple (O-linked) oligosaccharides to more than
15 in some more complex (N-linked) oligosaccharides.
The carbohydrate content of different glycoproteins
accordingly varies from less than 5% to more than 50%.
For instance: IgG contains as little as 4% carbohydrate by
weight, whereas glycophorin, a red cell glycoprotein,
contains as much as 60% carbohydrates.

The heterogeneity among glycoproteins is due to dif-
ference in the sugar component. For example, pancreatic
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BOX 5.1
Blood Group Antigens

The surface of the human erythrocyte is covered with specific antigenic determinants, many of which are saccharides linked
with polypeptides (i.e. glycoproteins). They determine the antigen specificity of the erythrocytes. There are about 160
blood group determinants, belonging to 21 independent human blood group systems. The most widely studied are the
antigenic determinants of the ABO blood group system, and the closely related Lewis’s system. In both these systems,
the antigenic determinants are glycoproteins only. A minor alteration of the saccharide units of the glycoproteins can alter
the antigenicity.

There are four main groups (A, B, O, and AB), distinguished on the basis of three blood group substances on erythro-
cytes. Individuals belonging to the group A have A antigen and those belonging to group B possess B antigen. In plasma,
there are two naturally occurring antibodies (o and 3) to these antigens. The group A persons have [3-antibody and the
group B persons have a-antibody. AB people have both A and B antigens but no antibody in their plasma. These people
are universal recipients. The universal donors on the other hand are those that have no reactive antigens but have both
a- and B-antibodies. The blood group of universal donors is denoted as O. They are said to carry H antigen, which rep-
resents the basic antigenic structure, as shown below:

Fucose—Gal—NAc—Protein
Gal NAc = N-acetyl galactose
The A and B antigens differ from the H antigen in having additional sugar units, as shown below:
A antigen : Fucose—Gal Y Gal NAc—Protein
Gal NAc
B antigen : Fucose—Gal Y Gal NAc—Protein
Gal

What is the genetic basis of different blood groups? Presence or absence of structural genes for the specific glycosyl
transferase causes different blood groups. For instance, persons with blood group A have structural genes for N-acetyl
galactosyl transferase. This enzyme transfers an additional sugar unit (GalNAc) to the basic antigenic structure. The people
with group B have galactosyl transferase activity. Lack of both the structural genes leads to blood group O, whereas pres-

ence of both leads to blood group AB.

ribonuclease A and B have identical amino acid sequences,
but their carbohydrate composition is significantly dif-
ferent. A given glycoprotein from different animal spe-
cies usually has identical amino acid sequence in the
polypeptide chains, but variable carbohydrate compo-
nents, which accounts for their different properties. Thus
the carbohydrate component is responsible for the distinct
identity of a glycoprotein.

Role of Oligosaccharides: Oligosaccharides of glyco-
proteins are important for many of these biological func-
tions of glycoproteins. They play a role in maintenance
of their higher-order structure, water solubility, antige-
nicity, cell surface recognition and regulation of the met-
abolic fate of the protein.

The saccharide unit of a glycoprotein are covalently linked to
the polypeptide by specific glycosidic linkages, termed the
glycopeptide bonds. Two types of such linkages are present
in glycoproteins: O-glycosidic or N-glycosidic linkages
(Fig. 5.8). In general, the O-glycosidic linkage is formed

by attachment of the sugar unit to a hydroxyl (-OH) group
of the aglycone whereas the N-glycosidic linkage is formed
by attachment of the sugar unit to an amino (-NH,)
group of the aglycone. In case of glycoproteins, these
linkages are formed as here:

O-Glycosidic linkage joins the sugar unit to the
hydroxyl group at side chain of either serine or threo-
nine.

N-Glycosidic linkage joins the sugar unit to the
amide group of an asparagine side-chain.

One or both types of linkages may be present in a
given glycoprotein molecule.

Glycoproteins may contain N-linked oligosaccharides
(attached to asparagine) or O-linked oligosaccharides
(attached to serine or threonine) or both. Different mol-
ecules of a glycoprotein may contain different sequences
and locations of oligosaccharides.



Synthesis of the N-linked and the O-linked glycosides
differ from each other in certain important aspects, there-
fore, discussed separately.

The polypeptide chain of the glycoprotein is synthesized
first; and later on the individual sugar units are sequen-
tially attached to it, one at a time. The following steps are
involved:

Synthesis of the polypeptide chain: It occurs in ribo-
somes that are associated with the membrane of
endoplasmic reticulum (ER). The completed chain is
transported into the lumen of the ER where the glyco-
sylation would occur.

Attachment of sugar units to polypeptide (Glycosyl-
ation): It begins in ER. The polypeptide chain is then
transported to Golgi apparatus, where the glycosylation
continues and oligosaccharides are constructed by
stepwise addition of monosaccharides. The enzymes
catalyzing glycosylation are glycosyl transferases (trans-
glycosylases), which are bound to the membranes of
these subcellular organelles, i.e. the ER and the Golgi
apparatus.

Substrates for the glycosyl transferases are nucleo-
side diphosphate sugars (NDP derivatives). These
sugar nucleotides represent high energy state, and
hence are capable of donating sugar to the growing
oligosaccharide chain; for instance, the UDP glucose
can add a glucose moiety to the growing oligosaccha-
ride chain (Fig. 5.9), UDP galactose can add galactose
moiety, and so on.

The glycoproteins synthesized in this way are either
released by the cell into extracellular fluid (ECF) or
become part of the cell membrane.

@ ¢ g
“O—P—0—CH, —CH,—CH —CH,
I
O
(b) Man—Man

~N

Man
Man—Man”

Glc —Gle—Glc —Man—Man—Man/

%

Man — GlcNAc —GlcNAc

Proteins with Biological Activity 85

Synthesis of N-linked glycosides is more complex and
has additional processing steps. The characteristic feature
of the synthetic process is that the polypeptide chain
does not become glycosylated with individual sugar
units; but rather a (mannose rich) core-oligosaccharide
is constructed initially, attached to a lipid, dolichol (Fig.
5.10). Subsequently, the core-oligosaccharide is transferred
from the dolichol to the newly synthesized polypeptide chain.
The following steps are involved in the biosynthesis of
the N-linked glycosides:

Synthesis of oligosaccharide unit: It requires participa-
tion of dolichol, a polyisoprenol in the membrane of
ER consisting of 15-18 isoprene units (Fig. 5.10a),
which can be synthesized from acetyl CoA. Sugar units
are attached to the dolichol pyrophosphate from
their activated precursors in a stepwise manner. The
enzyme glycosyl transferase catalyses the construction
of branched oligosaccharides (Fig. 5.10b). The first sug-
ars to be added by these membrane-bound enzymes
are N-acetylglucosamine, mannose and glucose.

+ —_—| |—Oo—

\Tl +
Growing
oligosaccharide

Protein chain Protein chain

Fig. 5.9. Synthesis of O-linked glycoside by stepwise addition
of individual sugar units (UDP = urine diphosphate).

CHg

T |
CH)—CH=C—CH,1~CH,—CH=C—CHj
15-18
Isoprene unit

Fig. 5.10. Synthesis of N-linked oligosaccharides in glycoproteins. (a) Structure of dolichol phosphate. This lipid is present in the

ER membrane, where it is used as a carrier of the core oligosaccharide, (b) Dolichol bound to the precursor oligosaccharide unit.

This oligosaccharide is synthesized by the stepwise addition of the monosaccharides from activated precursors. Transfer of the

precursor oligosaccharide to an asparagine side chain of the polypeptide. This transfer reaction is cotranslational.
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Fig. 5.11. Synthesis of N-linked glycoside. Polypeptide chain is synthesized in ribosomes associated with membrane of endo-

plasmic reticulum. There is a concomitant construction of oligosaccharide unit attached to dolichol phosphate. Transfer of the

oligosaccharide unit to the amide group of asparagines occurs next; this transfer reaction is cotranslational.

2. Synthesis of polypeptide chain: At the same time, a poly-
peptide chain is synthesized in ribosomes associated
with membrane of endoplasmic reticulum (ER). It is
then transported into the lumen of the ER (Fig. 5.11).

3. Transfer of oligosaccharides from dolichol to polypeptide:
The oligosaccharide unit is then transferred from the
dolichol pyrophosphate to side group of an aspara-
gine of the growing polypeptide chain. The enzyme
catalyzing this transfer, protein-oligosaccharyl transfer-
ase (E’), is present in the lumen of ER.

4. Trimming and/or addition of monosaccharides: After
incorporation into the protein, the oligosaccharide is
processed by removal of specific carbohydrate resi-
dues (mannose or glucose) as the glycoprotein moves
through. The enzymes responsible for such processing
are termed glycosidases. This process continues in the
Golgi apparatus also. Finally, certain sugar units are
added to complete the oligosaccharide chain synthesis.

Ultimately, the N-linked glycoproteins are either released
extracellularly or become part of the cell membrane.

E. Degradation of Glycoproteins

Degradation of glycoproteins requires specific lysosomal
enzymes called glycosidases. Usually these enzymes are exo-
glycosidases: they remove sugars in a series of reactions
from the non-reducing end of the oligosaccharide chain.
With each removal, the substrate is exposed for the action
of the next enzyme. If any one of the exoglycosidases is
absent, degradation of the glycoprotein by the next exo-
glycosidase cannot occur. Action of the exoglycosidases is
supplemented by that of the endoglycosidases which attack
glycosidic bonds that lie towards the interior. A concerted
action by both exo- and endoglycosidases is highly effective
in degrading the large glycoprotein molecules.

Genetic deficiency of one or more of the lysosomal
hydrolytic enzymes results in accumulation of partially
degraded glycoproteins and oligosaccharides in cells. These
disorders are termed the glycoprotein storage diseases.

IV. Plasma Proteins

Plasma contains over 200 individual proteins that are
structurally and functionally different from each other.
Plasma concentration of these proteins is 6.3-8.8 g/dL.
They are broadly divided into three types: albumin, glob-
ulin, and fibrinogen; their plasma concentrations are:

Albumin =3.6-5.4 g/dL
Globulins =1.8-3.6g/dL
Fibrinogen =0.18-0.36g/dL

The globulin fraction is subdivided into numerous
components like «, B, v, etc.

All these proteins except the y-globulins are synthe-
sized in the liver. It may be noted that plasma is the sol-
uble fraction of blood, which contains all plasma
proteins, including fibrinogen and other clotting factors.
If, however, a blood-clot forms before centrifugation,
the supernatant no longer contains fibrinogen, and some
of the other clotting factors are consumed as well. This
solution is called serum. For most diagnostic tests, either
plasma or serum can be used. Most of the serum proteins
as well as fibrinogen have been isolated and thoroughly
characterized, forthwith discussed in this section.

»

Y

Concentration of plasma proteins is between 6.3 g/dL
and 8.8 g/dL. With important exception of y-globulins
(the immunoglobulins), most of the plasma proteins are
synthesized in liver.




Individual proteins can be isolated by an array of tech-
niques that depend on their size, shape, net charge, and
solubility. Among these techniques the common ones
are:

Stepwise precipitation of proteins with salts is known as
salting out. Different proteins precipitate at different
salt concentrations; for example, 0.8 M ammonium
sulphate precipitates fibrinogen, whereas a concentra-
tion of 2.4 M is needed to precipitate serum albumin.
Chromatography on cation and anion exchangers.
Fractionation with organic solvents such as ethanol or
ether.

Gel filtration on media of specific porosities.
Electrophoresis.

The basic principle of these techniques have been
described in Chapter 3.

Electrophoresis: Among all the techniques enlisted
above, electrophoresis is the most important for separa-
tion of serum proteins. Paper or agar gel electrophoresis
with barbitone buffer at pH 8.6 yields an electrophoretic
pattern shown in Figure 5.12. The fractions in the order
of increasing mobility towards anode are albumin, a-,
a,-, B- and y-globulin.

The normal serum albumin concentration is 3.6-5.4 g/dL
and that of globulins is 1.8-3.6g/dL; therefore, the nor-
mal A/G ratio is 1.36 (mean), with a normal range of
1.2-1.6. It is lowered in various conditions where serum
albumin concentration falls (hypoalbuminaemia) and/
or when globulin concentration rises (hyperglobulinae-
mia). Various causes of decreased A/G ratio and its
importance in clinical diagnosis is discussed later in this
chapter.

Albumin is the most abundant protein in plasma, which
accounts for about 55-60% of the total plasma proteins.
It is produced exclusively in liver; a healthy liver can syn-
thesize 10-15 g of albumin per day. For this reason serum
albumin levels are determined to assess a patient’s liver
function (decreased synthesis and thus fall of serum
albumin occurs in hepatic disorders).

Human albumin has a molecular weight of 69,000
and it consists of a single polypeptide chain of 585
amino acids with 17 disulphide bonds. Due to its low
molecular weight it is one of the first proteins to appear
in the urine after renal damage. Half-life of albumin is
20-25 days.
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Fig. 5.12. Electrophoretic pattern of serum proteins. (a) After

the electrophoretic run, the plate is stained with suitable dyes to
visualize the protein bands, (b) Semi-quantification of the pro-
tein bands by scanning in densitometer:protein bands corre-
spond with the peaks.

Albumin performs a variety of important functions
described here.

Albumin plays an important role in osmotic regulation
and fluid balance. As the capillary walls are relatively
impermeable to plasma proteins, the latter exert an osmotic
force across the capillary walls. This force helps to retain
water in the intravascular compartment. The total colloi-
dal osmotic pressure (oncotic pressure) is 25 mmHg, of
which albumin accounts for about 80% (i.e. 20 mmHg).
This is accounted by high concentration and low mole-
cular weight of albumin. Hypoalbuminaemia, therefore,
results in a significant reduction in osmotic pressure of
blood, with consequent movement of water into intersti-
tial spaces of the extremities and other parts of the organ-
ism, causing swelling. The condition is called oedema.

Albumin is involved in transport of several substances
because of its predominantly polar nature. Nearly 40%
of plasma calcium is bound-up with albumin. Bilirubin,
steroid hormones, free fatty acids, and many non-polar
drugs are also bound up with (and transported by) albumin.

Albumin forms complexes with some of the circulating
steroid hormones, thus preventing their filtration in the
glomeruli. Such complexes act as circulating reservoirs of
the hormones, which tissues can draw at the time of
need.

Albumin, along with other plasma proteins, is responsi-
ble for 15% of the total buffering capacity of blood.
Among these proteins albumin has maximum buffering
capacity.
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Albumin degradation is an important source of essential
amino acids during malnutrition, which are required for
the maintenance of the organism'’s vital processes. Serum
albumin concentration, is therefore, measured for assess-
ing a person’s protein nutritional state.

Albumin, the most abundant of plasma proteins (60% of
total) provides colloid osmotic pressure and is also a
binding protein for several physiological substances
and many drugs.

Concentration of serum albumin may increase (hyperal-
buminaemia) or decrease (hypoalbuminaemia) in a num-
ber of conditions.

Dehydration, particularly if it develops rapidly, results in
haemoconcentration. As a result, serum albumin con-
centration shows an apparent rise. The A : G ratio remains
unaltered because serum globulin concentration also
elevates proportionately. Vomiting and diarrhoea are
major causes of dehydration.

In most cases, certain associated factors are present
which oppose the effect of dehydration. For instance,
vomiting and diarrhoea are associated with decreased
protein absorption from the intestines. Consequently,
serum albumin concentration may remain normal or
even fall.

Certain conditions that result in hypoalbuminaemia are
as follows:

The renal disorders in which loss of pro-
teins in urine (i.e. proteinuria) occurs result in decreased
serum albumin concentration. In nephrotic syndrome,
a marked fall occurs because of a massive urinary loss of
proteins (>4 g/day) and the total serum protein concen-
tration may fall below 4 g/dL.

The gastrointestinal disorders in
which the intestinal absorption of the digested mole-
cules (including amino acids) is impaired result in hypo-
albuminaemia. Some of the pathological conditions
associated with malabsorption are enteritis, sprue, steat-
orrhoea, and malignant diseases involving intestine or
pancreas.

Loss of proteins into the alimentary tract (known as
protein-losing enteropathy) can occur in a number of
diseases of the stomach and intestines. Occasionally, it

may develop as a primary condition. Such a loss of pro-
teins can be demonstrated by administration of intrave-
nous Cr-51, followed by monitoring excretion of this
compound in stools.

Insufficient dietary intake of proteins, for a prolonged
period, may also lead to hypoalbuminaemia. This is
because the serum albumin is degraded to provide amino
acids for tissue protein synthesis.

As liver is the only organ for albumin
synthesis, hepatic disorders cause decrease in serum
albumin concentration (Case 6.3). In most cases, hypo-
albuminaemia is accompanied by hypoproteinaemia as
well. In some cases, however, there is an associated rise in
the globulin fraction, so that total protein concentration
remains normal or may even increase.

Hypoalbuminaemia develops following
severe haemorrhage, particularly if the blood loss is
rapid. Initially there is loss of both plasma and proteins,
but the plasma is restored earlier than the proteins. This
results in decreased plasma albumin concentration. Similar
effect is observed in shock, burns, crush-injuries, and in
post-operative period. In burns, the fall in albumin con-
centration is greater because of extravasation of proteins.

It is a rare genetic disorder where albumin is virtually
absent. However, oedema does not generally develop
since globulin levels are elevated in this condition, which
tend to compensate for the absence of albumin.

It is called so because it moves slightly ahead of albumin
during electrophoresis. It participates in the transport of
retinol from its major storage site in the liver to the extra-
hepatic tissues (Chapter 18): the retinol released from
hepatic tissue is in tight binding to retinol binding pro-
tein (RBP). In blood circulation, the retinol-RBP forms a
ternary complex with transthyretin.

Retinol + RBP + Transthyretin — Ternary complex

The formation of this ternary complex is important
because RBP (MW 21,000) is easily filtered at glomeruli
and lost in urine. The ternary complex is large enough to
escape this fate.

Globulins comprise a number of proteins, which are
separated into four distinct bands (e, «,, B, and ). Each
of these bands is a mixture of proteins. Thus, the y-globulin
component consists of a variety of immunoglobulins



of the IgG type. Taken together, these immunoglobulins
constitute the second most abundant component of
serum proteins after albumin (Table 5.3). Other immu-
noglobulin types—IgA and IgM, have 3-globulin mobility.
The B-globulin group also contains haemopexin, trans-
ferrin, plasminogen, prothrombin and a lipoprotein
called LDL (Chapter 12). Among «,-globulins are—
az-macroglobulin, haptoglobin and ceruloplasmin; while
a,-globulins include some hormone carrying proteins
(e.g. thyroxine-binding globulin and the steroid-binding
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proteins, transcortin and orosomucoid) and « -antitrypsin
(Table 5.3).

Biological significance of various globulins is summa-
rized in Table 5.3; see also Box 5.2.

a -Antitrypsin is an « -migrating glycoprotein. It is a ser-
ine protease inhibitor, active against a number of proteo-
lytic enzymes, particularly the elastase released by

Plasma proteins and their functions in the human body

Albumin 3.6-5.4
Prealbumin 0.03
«,-Globulins 0.3-0.5
o, -Antitrypsin 0.25
Orosomucoid 0.10
Thyroxine-binding 0.002
globulin

Transcortin 0.003
a,-Globulins 0.4-0.8
a,-Macroglobulin 0.20
Ceruloplasmin 0.02
Haptoglobin 0.20
Prothrombin 0.02
B-Globulins 0.6-1.1
Haemopexin <0.1
Transferrin 0.30
Plasminogen 0.05
v-Globulins 0.8-1.8
Fibrinogen 0.30

69 Osmotic regulation, transport, as hormone
reservoir, buffering

55 Transport of retinol and thyroxine
54 Inhibitor of serine protease
44 Binds with progesterone
58 Maijor binding protein for T, and T,
52 Binds glucocorticoids

725 Non-specific protease inhibitor

132 Copper transport, Oxidase activity
85 Binds haemoglobin
63 Blood clotting
60 Transports haemoglobin
89 Transport of iron

140 Retraction of fibrin clot

150-950 Very heterogenous
340 Precursor of fibrin clot

Immunoglobulins: IgA, 1gG, IgM, IgD and IgE are mostly y-globulins (some are B-globulins); their characteristics are outlined in Table 5.4.

BOX 5.2

Acute Phase Reactants

The acute phase reactants are a group of plasma proteins, concentration of which increases during inflammation. Some

examples are a -antitrypsin, haptoglobin orosomucoid, ceruloplasmin, fibrinogen, C-3 complement protein and C-reactive

protein. It is still not clear as to what triggers the production of these proteins. Probably, the elevation represents the body’s

attempt to bring inflammation under control. Measurement of one or more of these proteins may be of clinical value since

their plasma concentration is elevated even before the signs and symptoms of the disease manifest.

The most sensitive of the acute phase reactants is C-reactive protein, a-, 'y-globulin. It exhibits significantly elevated

plasma levels within a few hours after an inflammatory stimulus. It is named so because of its ability to bind to a component

of bacterial cell wall called C-polysaccharide. Its plasma concentration may rise up to 10-fold from normal concentration

of 1 g/dL. The elevated concentration is useful for predicting risk of heart disease.
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neutrophils. Its role in the body is to protect lung tissue
against proteolytic damage. It is implicated in two dis-
eases: emphysema and liver disease.

Emphysema: It is a chronic disease characterized by
abnormal lung distention. At least 5% of all cases of
emphysema are due to impaired «,-antitrypsin activity.
Functional inactivation of a -antitrypsin occurs in smok-
ers, and therefore chronic smokers are more prone to
lung damage by elastase, and hence develop emphysema
(Case 4.2). Smoking also increases neutrophil levels in
the lungs (and hence release of elastase) and decreases
a -antitrypsin levels in the bloodstream. a -Antitrypsin
levels of emphysema patients are almost always below
normal and this can also serve as a diagnostic tool for
this disease.

Liver diseases: Some patients with « -antitrypsin defi-
ciency develop neonatal hepatitis or infantile cirrhosis.
In all likelihood this is caused not by lack of protease
inhibition but rather by aggregation of mutant form of
a -antitrypsin to form polymers. These non-secretable
polymers accumulate in vesicles within the hepatocytes
and cause damage by unknown mechanisms.

Deficiency of « -antitrypsin causes lung emphysema
and liver cirrhosis (infantile).

Orosomucoid is an important constituent of «,-globulins
that binds progesterone and some drugs. Its concentration
rises in trauma, malignancy, or inflammatory conditions.

a,-Macroglobulin is an o, -migrating glycoprotein of
high molecular weight (725,000). It inhibits activities of
proteases, such as trypsin, chymotrypsin, plasmin, throm-
bin and kallikrein.

Apart from «,-macroglobulin, another «,-migrating
glycoprotein, a,-antichymotrypsin, is a non-specific pro-
tease inhibitor, though less important than the former.

Ceruloplasmin is a copper containing o -globulin that
binds approximately 60% of the copper in the serum
and is itself loosely complexed to albumin or with histi-
dine. A ceruloplasmin molecule binds with six atoms of
copper, and also possesses oxidase activity, as discussed
under copper metabolism (Chapter 19).

Haptoglobin is an « -migrating glycoprotein. It serves as a
scavenger of the free intravascular haemoglobin. Haemolysis
releases haemoglobin into plasma, from where it is at

risk of being lost in urine. Haptoglobin prevents such loss
by binding with haemoglobin to form a complex which
is too large to be filtered in glomeruli. This complex is
subsequently taken up by the reticulo-endothelial cells
where the globin chain is degraded to release amino
acids, and the haem is converted to bilirubin. The iron of
haem is recycled for utilization. In this way, haptoglobin
prevents wasteful loss of haemoglobin and its useful
components (Fig. 5.13).

Normal plasma concentration of haptoglobin is 100-
300 mg/dL. In haemolytic anaemia more of this protein
is used for forming a complex with haemoglobin.

Half-life of this complex is much shorter (90 minutes)
compared to that of haptoglobin (5 days), and so it is
rapidly cleared from the plasma. As a result plasma con-
centration of haptoglobin falls.

Haemopexin is a B-migrating glycoprotein. It also serves
as a scavenger protein for haemoglobin, but only after the
haemoglobin-binding capacity of haptoglobin is saturated.
Excess haemoglobin is dissociated into the globin chains
and haem; the haem is dissociated into af3 dimers, car-
ried to liver taken up where it is by haemopexin, where iron
atom is released for storage and reutilization. Thus, hae-
mopexin and haptoglobin have analogous functions:
both help in conserving the body iron (Fig. 5.13).

When binding capacities of both haptoglobin and hae-
mopexin are exceeded, a complex of haem and albumin,
called methaemalbumin, is formed. The latter continues
to circulate until enough haemopexin becomes available.

Transferrin is a liver-derived B-globulin. It is the major
iron transporter; essentially all iron in circulation binds
with this glycoprotein.

Many plasma proteins bind small molecules: prealbumin
binds thyroxine and is involved in retinol transport, hap-
toglobin binds haemoglobin, haemopexin binds haem,
transcortin binds most of the circulating glucocorticoids,
and transferrin is the major iron transporter.

Various pathological conditions are known to cause a
generalized increase in serum globulin concentration
(hyperglobulinaemia). Decreased serum globulin con-
centration (hypoglobulinaemia) however, never occurs.

It occurs in the following pathological conditions.



91

Proteins with Biological Activity

Hb released
from RBC

Haemopexin

Heme binds

@to haemopexin

Removed by liver

Fig. 5.13. Iron conservation by haemoglobin and haemopexin.

The serum globulin levels are
typically elevated, often between 5-7 g/dL (normal = 1.8-
3.6g/dL). Since the albumin concentration is usually in
the lower part of the normal range, or reduced (because
of decreased synthesis), the A:G ratio is low.

[t is a group of diseases characterized by
proliferation of a single plasma cell clone to cause extraor-
dinary accumulation of immunoglobulin molecules in the
patient’s serum. Being derived from a single ancestral B cell,
the proliferating plasma cells all produce the same (mono-
clonal) immunoglobin. Such immunoglobulins are termed
paraproteins, and they produce a sharp peak in the
v-globulin fraction. The paraproteins may be of the IgG,
IgA, IgM, IgD or IgE type. The malignant plasma cells grow
in the bone marrow, where they cause bone pain, patho-
logical fractures and radiological abnormalities. In many
cases, a multiple myeloma patient excretes protein in the
urine. This protein called Bence-Jones protein, is a dimer
of k or N\-chains that are formed in paraprotein.

Demonstration of paraprotein upon serum
electrophoresis is a reliable test for diagnosis of multiple
myeloma. In addition, the classical heat test is performed.
It involves the precipitation of Bence-Jones proteins
when slightly acidified urine is heated to 40°—50°C and

®
s
ogo

Dissociation into
off dimers

Haptoglobin

e

Formation of
Hb-Hpt complex

"

Removed by reticulo-
endothelial cells

redissolve on further heating urine to boiling point. They
reappear on cooling urine to about 70°C. A marked rise
in serum globulin concentration is also observed in mul-
tiple myeloma, usually between 5g/dL and 10g/dL, but
sometimes up to 14 g/dL (Case 5.5).

These include rheumatoid arthritis, tuber-
culosis, kala-azar, lymphogranuloma venereum, Boeck’
sarcoid and lupus erythematosus disseminatus. In most
cases, the increase of globulins is only mild to moderate.

As noted earlier, the mean A/G ratio of 1.36 decreases in
various disease processes, for example in nephrotic syn-
drome, where albumin levels are low and/or globulin levels
are high. Abnormal electrophoretic pattern, with decreased
albumin and a prominent o -globulins are seen.

Some other important conditions where A/G ratio is
reversed are malnutrition and liver diseases (albumin
decreases), and chronic infections and multiple myeloma
(globulin rises). Abnormal electrophoretic patterns are
also seen; for example, in multiple myeloma a sharp dis-
tinct M band appears in y-globulin region, in infections
the a and o, bands are increased.
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Fibrinogen, the precursor of fibrin clot, appears to be
formed in the liver. It is a soluble glycoprotein that con-
sists of three pairs of identical polypeptide chains, called
the a-, - and y-chains (MW 63,500, 56,000 and 47,000,
respectively). Blood coagulation is initiated by the action
of thrombin on fibrinogen, whereby two small peptides
are removed from the fibrinogen. This results in forma-
tion of a fibrin monomer. Several monomers then aggre-
gate via physical interactions to form a polymer that has
properties of a soft gel. Further polymerization to form
tough insoluble clots is accomplished by a specific enzyme
called factor XIII: its action serves to join a number of
linear fibrin polymers to form cross-linked fibrin lattices.

Decreased fibrinogen level in plasma is observed in
severe liver diseases (e.g. acute hepatic necrosis). Low
fibrinogen levels observed in antepartum haemorrhage,
quickly return to normal after delivery.

Increased fibrinogen level is found in acute infections
such as pneumonia, theumatic fever, and tuberculosis. Since
erythrocyte sedimentation rate (ESR) is affected by fibrin-
ogen, it is markedly increased in these conditions. Hence,
measurement of ESR is used for assessing the severity and
course of these disorders. In contrast to most other acute
infections, fibrinogen level is reduced in typhoid fever.

The immune system is remarkable for its ability to gener-
ate a variety of specific proteins that include antibodies
(immunoglobulins). The antibody reacts specifically
with the antigen that triggered its production. Antigens
are mostly proteins, but can be nucleic acids or polysac-
charides. Thus, various bacterial and viral cell components
may act as antigens. Antibodies recognize the antigen on
the surface of the intruding organisms. The specific antigen-
antibody interaction leads to activation of the complement
system which destroys the foreign cell. Antibodies play
important role in providing resistance against bacterial
infections. Though it is mainly the y-fraction of plasma
proteins that comprises immunoglobulins, sometimes
they separate with B- and a-globulin bands of electro-
phoretogram. Plasma concentration of immunoglobu-
lins is about 1.0-2.5 g/dL.

Immunoglobulins are synthesized by plasma cells.
Plasma cells develop from B lymphocytes that have con-
tacted foreign antigen. A single plasma cell can make only
one type of antibody molecule. It is the accumulation of

many plasma cells, each producing a distinct antibody,
that gives rise to the multiple antibody specificities. Spe-
cific affinity of an antibody is not for the entire macro-
molecular antigen but for a particular site on it called
antigenic determinant (or epitope).

This property is widely used in purification of proteins
and in affinity chromatography (Chapter 4). The affinity
of antibody for an epitope is due to the complementary
structure of the two. If there is a cleft on the surface of the
epitope, a corresponding elevation is envisioned on the
antibody. If an antigen is injected, the body generates an
antibody specific to each of the epitopes on the antigen.

Immunoglobulins or antibodies, a group of plasma pro-
teins that are secreted by plasma cells, play an impor-
tant role in body’s defenses by specifically recognizing
foreign molecules (antigens) and facilitating their selec-
tive elimination.

The basic structural unit of an immunoglobulin is a hetero-
tetramer, made up of two light chains (L) and two heavy
chains (H), joined through non-covalent interaction and
disulphide bridges. Thus, the simplest description of an
antibody molecule is H L, (Fig. 5.14). The light chains are
simple proteins of 212 amino acids (MW 23,000 each)
and the heavy chains are glycoproteins comprising approx-
imately 440 amino acids (MW 53,000-75,000) each.

The light chains are of two types: k or \. A given immu-
noglobulin contains 2k or 2\ chains, but never a mixture
of the two. In humans, 60% light chains are of k type.

There are five types of heavy chains: v, m, o, €
and &. Depending on the heavy chain make up, the immu-
noglobulins are differentiated into five classes: IgA
(a-chain), IgD (8-chain), IgE (e-chain), IgG (y-chain),
and IgM (p-chain). All classes of immunoglobulins are
present in every human being. (Within a class are found
subclasses due to subtle differences in the amino acid
sequences of heavy chains of the same class.)

Thus, structure of IgG can be represented as , vy, or as
N, Y, the IgA molecule as K,Q,Oras\, a, and so on. The
heavy chains are hinged (flexible) in the vicinity of two
inter-chain disulphide bridges. At these places, several
prolyl residues are present, which confer a degree of flex-
ibility on the molecule.

Human immunoglobulins exist as IgA, IgD, IgE, IgG and
IgM classes, which contain , 9, €, 'y and . heavy chains
respectively.
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Fig. 5.14. Structure of an antibody molecule. (a) Each antibody (immunoglobulin) molecule has two identical light chains (L) and

two identical heavy chains (H) consisting of 212 and 440 amino acids respectively, (b) Each chain has a variable region, where

amino acid sequences shows considerable variations between individual immunoglobulin molecules and constant region where

little variation occurs within one immunoglobulin class. The generic terms for these regions in the light chain are V and C and for

heavy chain are V, and C,.
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Fig. 5.15. Structure of an immunoglobulin molecule showing the
disulphide-bridge limited domains. Domains on light chain are V|
and C; and the domains on heavy chain are: V,, C}, C2, C3.

Each of the four chains consists of variable region and
a constant region, discussed later.

Both heavy and light chains have distinct globular
regions called domains that have a highly organized tertiary
structure. Each of these structural domains comprise about
110 aminoacyl residues. The light chain has two such
domains, one in the variable region of the chain (V, ) and the
other in the constant (C ) region. The heavy chain, has
four or five domains. The latter are termed V,, or C, depend-
ing on whether they are present in the variable region or the
constant region of heavy chain. Figure 5.15 shows domain
arrangement of a typical immunoglobulin molecule.

Each domain is stabilized internally by a disulphide
bond and generates a globular three-dimensional struc-
ture. Thus, antibody molecule can be visualized as being
made up of distinct domains, connected by relatively
non-ordered polypeptide segments. These domains have
well defined biological functions.

V, and V,, are responsible for forming antigen-binding
site.

C} domain binds the complement.
C domain helps adherence to the cell surface.

All immunoglobulins are glycoproteins, and the
degree of glycosylation in the region of the domain C} is
variable.

An antibody consists of two light chains and two heavy
chains joined by disulphide bonds. There are two antigen
binding sites, each formed by a light chain and a heavy
chain.

The amino acid sequences at the N-termini of both light
and heavy chains show considerable variation between
individual immunoglobulin molecules. Half of the light
chain and quarter of the heavy chain constitute the vari-
able region. Rest of the molecule, known as constant
region, shows little variation within one immunoglobulin
class (Fig. 5.14b). The light chain contains one variable
(V,) and one constant (C,) region, whereas the heavy
chain contains one variable and three or more constant
regions. The variations in the amino acid sequences of
the variable region permit the body to construct a large
variety of three dimensional structures.

Moreover, within these V regions, certain segments are
hypervariable. The 29-32, 48-52, and 93-96 aminoacyl
residues in light chain and 30-36, 50-53 and 93-98
positions in heavy chains are termed hypervariable
regions. They define the actual binding site for antigen.
They are also termed the complementarity-determining
regions (CDRs) as they form antigen binding site com-
plementary to the topology of the antigen structure. In the
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three-dimensional structure of the immunoglobulin mol-
ecule, the hypervariable parts of both the light and the
heavy chains are looped together to form the antigen-
binding site. Thus, they are referred to as the “hot spots”
where amino acid sequence varies from one molecule
to another. Such sequence variations are specific for each
of the antibody molecules and are known as idiotypic
variations.

Variability in the variable regions of both light and
heavy chains is mainly localized to three hypervariable
regions in each chain, which are looped together to
form the antigen-binding site.

The remaining parts of variable region are far less vari-
able and are called framework regions.

Treatment with the proteolytic enzymes, pepsin and
papain, cleaves the immunoglobulin (IgG) as shown in
Figure 5.16. Papain digestion yields two univalent Fab
fragments and an Fc fragment, whereas pepsin digestion
yields a bivalent F(ab"), fragment. The cleavage occurs in
the hinge region, where the antibody molecule can have
limited degree of three dimensional movement. As dis-
cussed earlier, the hinge region lies in vicinity of two
interchain disulphide bridges.

Papain

Xﬁ y
S_

Pepsin
Papain
Two
Fab fragments
S-S SS

551

One Fc fragment

Fig. 5.16. Proteolytic change of IgG by pepsin and papain.

The Fab (fraction antibody) fragment binds with the
corresponding antigen. It is constituted by whole of the
light chain and N-terminal half of the heavy chain. Fc
(fraction crystallizable) portion, constitutes the remain-
ing part of the immunoglobulin molecule. It is con-
cerned with activation of complement cascade and
interaction with the cellular elements of the immune
response. It triggers immune response that leads to the
lysis of the intruding organisms.

Immunoglobulins from any class can also exist in
two types: This is due to presence of either kappa (k) or
lambda (\) light chain, giving rise to 10 different permu-
tations of heavy and light chains. The k chains are more
common in humans than the A chains.

While IgD, IgE, and IgG occur as a single Y-shaped
antibody unit, IgM occurs as a pentamer and IgA can exist
as a monomer, dimer, or trimer. Characteristics of various
classes of immunoglobulins are summarized in Table 5.4.

There are five classes of heavy chains that define the
class of immunoglobulin. Different classes of immuno-
globulins have different properties.

Animals are capable of synthesizing specific antibodies vir-
tually against all chemical groups. When the body system is
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1gG v 53,000 1.4 23 150,000 Ak,
IgM W 70,000 0.15 950,000 (1,K,),
IgA o 64,000 0.30 6 170,000 0K, *
IgD d 58,000 0.003 160,000 d,K,
IgE & 75,000 Trace 2.5 88,000 &K,
* Can form polymer structures of the basic structural unit.
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Fig. 5.18. Formation of large interconnected matrices by cross-
Antigen Antigen linking of multivalent antigen and divalent antibody molecules.

Fig. 5.17. Primary (---) and secondary (—) antibody response
after the immune system is challenged by foreign antigen.

challenged by exposure to a foreign antigen, distinct pri-
mary response (IgM dominated) and secondary antibody
responses are observed. IgM is the major antibody of pri-
mary response, whereas 1gG dominates the secondary
response. Figure 5.17 shows kinetics of the appearance of
IgM and IgG following injection of foreign antigen.

The IgM are first to appear as they are synthesized at a
faster rate than IgG. Thus, they serve as first line of defense
until the particular type of IgG is produced. Level of
serum IgM starts rising a few days after the (first) injection
of antigen. Its level declines approximately 10 days after
the injection. A booster dose of antigen at this time pro-
duces a further increase in the level of IgG in the serum.

The common function of all immunoglobulins is to
serve as the first line of defense against foreign antigens.
They recognize and bind with foreign antigens. In addi-
tion, Igs must interact with other cells and proteins for
generating effector functions which are necessary for
killing and eliminating foreign antigens. So functions of
Igs can be grouped as below:

Based on antigen recognition and binding.
Based on effector response.

These are mediated by Fab region of the immunoglobu-
lin, the region via which the immunoglobulin binds its
antigen (ab stands for “antigen binding” F for “fragment”).
Each Fab contains a binding site for an antigenic determi-
nant. Being univalent (with a single binding site) a Fab
alone cannot cross-link the antigen molecules that con-
tain multiple determinants (i.e. multivalent antigens).
Such cross-linking is possible with intact IgG molecule,
which contains two identical antigen-binding sites. Each
of these sites can bind to different antigen determinant on
a multivalent antigen as shown in Figure 5.18. This opens
the possibility of formation of large interlinked structures
in which antibodies serve as bridges between the multiva-
lent antigens. This may lead to precipitation of soluble
antigens by cross-linking, or to agglutination by cross-
linking of particulate antigens (e.g. viruses, bacteria, or
parasites). Blocking of attachment of viruses or bacterial
toxins (i.e. neutralization) may also occur in this manner.

The Fc fragment, called Fc because it is crystallized rap-
idly and does not bind with antigen. However, it mediates
certain important protective responses called effector func-
tions which enable the immunoglobulin to destroy the
target cell. The following effector functions are known:

Complement activation: The complement factors,
about 20 in number, get activated by Ig molecules and



96 Textbook of Medical Biochemistry

cause lysis of the invading antigen. The Ig molecules
that are capable of activating complement (IgG and
IgM) have receptors for the complementary factors in
their Fc region through which they bind these factors
and activate the complement cascade. The complement
activation enhances the immune response by

forming a lethal complex of complement factors

which kills bacterial cells

increasing phagocytosis

inducing inflammatory response.

Opsonization: It is the process in which Ig molecules
promote uptake of antigen by phagocytic cells. The
phagocytes have receptors for Fc portion of Ig, and
therefore when an antigen binds an Ig molecule, it is
easily recognized by phagocyte (Fig. 5.19).

Binding to high affinity Fc receptors also leads to activa-
tion of phagocytes which now display enhanced phago-
cytic activity.

The stimulation of phagocytosis by an Ig molecule bound
to the surface of a foreign particle (antigen) is called
opsonization; the Ig is called opsonin. Complement fac-
tors can also serve as opsonins.

Antibody-dependent cell-mediated cytolysis: It is the
process in which Ig molecules mediate destruction of
virus infected cells, or tumour cells, by killer cells (Fig.
5.20). The killer cells involved in this process are
called the natural killer cells (NK cells), or ADCC effector
cells. They possess Fc receptors on their cell surface,
which can bind with the Fc portion of the antibody.

CAntigen
Phagocyte

Fc-Receptor

Fig. 5.19. Antibody acting as a bridge between the antigen
and the phagocyte.

ADDC
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Surface antigen granzymes
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Fig. 5.20. Process of antibody-dependent cell-mediated cytolysis.

The virus-infected cells bind the antibodies through
the Fab portion of the latter. The Fc portion of these
antibodies bind with the Fc receptors of the NK cells.
Thus antibodies serve as a bridge between the infected tar-
get cell and the effector cell. Lysis of the target cell is
then brought about by the secretion of lytic enzymes
(from the NK cells) such as the perforins and the
powerful proteases called granzymes.

Properties of various classes of immunoglobulins and
their distinct effector functions are described here.

It is the major immunoglobulin that constitutes about
75-80% of the total immunoglobulins in circulation.
The subclasses of IgG are: IgG1, 1gG2, 1gG3, IgG4. They
differ in their degree of segmental flexibility and their
capability to trigger complement fixation and other effec-
tor functions.

IgG1 makes up about 50% of the total IgG. It is the
only type of immunoglobulin that can cross placenta
and is localized in the vascular and extracellular com-
partments. IgG can enter the extravascular space and get
involved in all the three effector functions (Table 5.5).

It is the antibody that is produced first when the immune
system is challenged. Thus, IgM dominates the primary
immune response. IgM, the largest immunoglobulin is a
pentamer (Fig. 5.21) that is confined to vascular spaces.
It cannot traverse blood vessels due to its large size. The
five subunits of the IgM are joined by linkers called J pep-
tides. The IgM serves as receptor on the B lymphocytes
and helps in establishing humoral immunity, being the
major antibody of primary immune responses. Natural
antibodies are also IgM in nature. The natural antibodies
are produced without any antigenic stimulation. For
example, a person having blood group A will have anti-B
group antibodies in his circulation.

IgA is the major immunoglobulin in seromucous secre-
tions, e.g. saliva, tears, sweat, walls of intestine and bronchial
mucous. It is abundant in colostrum, the initial secretion
from the mother’s breast after childbirth. It may occur as
a single (monomer) or a double unit (dimer).

IgA provides surface immunity by binding with anti-
gen on outer epithelial surfaces, and eliminating them.
In this way it prevents entry of foreign antigen into the
body.
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IgG Crosses placenta to provide immunity to newborn.
Acts as opsonin, i.e. binds to Fc-receptors on
macrophages, monocytes and neutrophils and
enhances the phagocytosis of the bound antigen.
Potent activator of complement system.

Is the only class of g that is active in mediating
antibody-dependent cell-mediated cytolysis.
Easily diffuses into extracellular spaces, so plays
a major role in neutralizing toxins.

IgM Most effective activator of classical complement

pathway due to multiple binding sites.

Acts as opsonin.

Present on the B-cell surface and acts as a
receptor for antigen binding.

Especially potent against multivalent bacterial
agents, which are agglutinated.

IgA Present in breast milk, so provides immunological
protection to infant’s gut.

Binds with antigen on epithelial cell surfaces and
prevents their entry.

IgE Responsible for immediate hypersensitivity
reaction or allergic reaction.

IgD Involved in B-cell activation: present on surface of
B-cell and (along with IgM) acts as receptor for
antigen binding.

H J chain

Fig. 5.21. IgM is present as a pentamer of molecular weight
90,000 in serum. IgM on the surface of B-cells, however, is
present in monomeric form.

IgE is a Y-shaped monomer, plasma concentration of which
is lowest among all the five immunoglobulin classes. It is
a Y-shaped monomer, connected by the tail to the cell
membrane of mast cells and basophils. Upon binding to
an antigen, IgE stimulates degranulation of these cells
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and release of inflammatory substances (i.e. histamine).
Its concentration increases in response to allergic reac-
tions. Probably it has a role in immunity to helminths
and is associated with immediate hypersensitivity.

IgD is present on the surface of B-lymphocytes but its
role is not clear. Probably it is involved in the antigen
recognition process.

In addition to the five major classes of immunoglobu-
lins just described, subclasses within each class also exist.
They differ from one another by slight variations in the
sequence of amino acids in the heavy chain. The sub-
classes of IgG (IgG1, IgG2, 1gG3 and IgG4) correspond
to four different types of heavy chains (y,, v,, v, and vy,)
IgM and IgA have two subclasses each.

Isotypes are variants in molecules seen in all normal per-
sons such as classes and subclasses of immunoglobulins
(IgG, IgA, IgM, etc.). They depend on the heavy chain
make up; for example, IgG possesses the y heavy chain
isotype, IgM has p, IgA has «, and so on (Table 5.4).

Allotypes are variations within a subclass; for example,
Gma* and Gma~ are the allotypes within the IgG class.
In people with Gma*, IgG1 molecule has an amino acid
sequence, Asp-Glu-Leu Thr. The corresponding sequence
in Gma~ people is Met-Glu-Glu-Thr. These markers show
Mendelian recessive hereditary character.

Idiotypes: Unique sequence of amino acids is present in
hypervariable regions of an antibody, and is individually
specific for each antibody molecule. Such sequence vari-
ation is known as idiotypic variation and each individual
determinant is called idiotype (or idiotypic determinant).

The idiotypic determinants are located in the variable
part of an antibody (V, and V). If three classes of antibod-
ies (IgG, IgM and IgA) are raised against the same anti-
gen, they will have identical variable domains, both in
the light chain (V,) and the heavy chain (V). These three
antibodies will share an idiotype. Idiotypic variation is
specific for each antibody molecule, as mentioned earlier.

The diseases associated with antibodies are divided into
two types. They are caused by:

Underproduction of antibody (causing hypo- or
agammaglobulinaemia).

Overproduction of antibody (causing hypergamma-
globulinaemia).
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Various inherited disorders are known in which under-
production of immunoglobulins occurs. Most severe of
these is agammaglobulinaemia a rare, X-chromosome
associated disorder, in which there is total absence of
immunoglobulins. The affected children are highly sus-
ceptible to the bacterial infections but react normally to
the viral infections. In some other milder forms, termed
hypogammaglobulinaemia, the underproduction may
be restricted to a single class of immunoglobulins.

Hypogammaglobulinaemia may also be an acquired
disease. It commonly occurs in hematological malignan-
cies, such as chronic lymphatic leukemia, multiple myeloma
and Hodgkin's disease. It can arise as a complication fol-
lowing the use of cytotoxic drugs or as a symptom of severe
protein losing state such as the nephrotic syndrome.

Hypogammaglobulinaemia may arise in some physi-
ological states also. At the time of birth, plasma concen-
tration of all classes of immunoglobulins, except IgG, are
low. The IgG molecules, present in relatively higher con-
centration, are of maternal origin that crossed placenta
in the last trimester of pregnancy. The physiological
hypogammaglobulinaemia in infants partially accounts
for their increased susceptibility to infections.

Increased plasma immunoglobulin levels occur in vari-
ous auto-immune disorders, such as rheumatoid arthritis,
systemic lupus erythematosus (SLE), and in some liver
diseases that have auto-immune basis. In auto-immune
diseases, body rejects its own proteins which became
antigenic. Probably, buried antigen sites in endogenous
proteins (epitopes) get exposed; or certain exogenous trig-
gers bind with “self-proteins” and make them antigenic.
An immune response, involving production of antibod-
ies against these proteins, is aroused. This leads to the
destruction of self-proteins.

Markedly increased immunoglobulin levels occur in
the patients suffering from myelomatosis (immunocy-
toma tumours). The condition is known as multiple
myeloma, as discussed earlier. The immunoglobulins are
produced from a single clone of cells of B-lymphocyte
series, most frequently plasma cells. Due to common ori-
gin these immunoglobulins are identical and are known
as paraproteins. They are mostly monoclonal IgG, but
may also be IgA or IgD. They are seen as a single discreet

M band on an electrophoretogram, usually in the gamma
region. In the urine of these patients, massive excretion
of Bence-Jones proteins occurs. The latter are identified
as low molecular weight proteins (light chains). For clin-
ical description of an immunoglobulin disorder (see
Case 5.4).

The diseases involving antibodies are discussed fur-
ther in Chapter 33.

The plasma of multiple myeloma (a malignant disease
of the plasma cells) patients shows a distinct M-band,
and their urine shows presence of Bence-Jones proteins.
The latter are overproduced light chains of either the k
or the \ type.

Write briefly on plasma proteins and their functions.
Discuss methods for their separation and explain
why albumin deficiency causes oedema.

Draw electrophoretogram of plasma proteins in a
normal subject and compare it with that of a multi-
ple myeloma patient.

Describe the characteristics, structural features and
functions of different immunoglobulins.

What are glycoproteins? Discuss their structural fea-
tures and biomedical importance.

Explain the differences between N- and O-linked
oligosaccharides in glycoproteins. How do the phys-
ical properties of glycoproteins relate to their bio-
logical roles.

Electrophoresis of plasma proteins
Multiple myeloma

Opsonization

Bence-Jones proteins

Haemopexin

Elastin

Osteogenesis imperfecta
Electrophoresis in multiple myeloma
Disorders of collagen metabolism
Functions of albumin
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CLINICAL CASES

A 3-year girl with recurrent fractures of long bones

A 3-year old girl was referred to the orthopedics emer-
gency with multiple fractures. History revealed that ever
since birth, she frequently sustained fractures of long bones
following even minor injuries. On examination, musculo-
skeletal abnormalities were observed, the most prominent
of them being loose and hypermobile joints. In addition,
the child had hearing loss, blue sclera, and discolored bell-
shaped teeth. X-ray revealed decreased bone density,
suggestive of impaired mineralization. A collagen tissue
disorder was suspected after it was ascertained that there
was a positive family history. Fibroblasts were cultured and
collagenous tissue was obtained from them. A detailed
examination of the polypeptide chains of the tropocolla-
gen showed a defect in the a, (l)-chain of the type | col-
lagen. Analysis of the primary structure of the a, (I)-chain
showed that a-cysteine residue was present at a certain
position, instead of glycine of the normal chain.

How does the above mutation result in brittle bones

and skeletal abnormalities?

How are the other symptoms of the patient accounted

by the defect in the bones?

Type | collagen was obtained from cultured fibro-

blasts. It was incubated with radioactive amino acids,

and further investigated by performing polyacryl-

amide gel electrophoresis (PAGE). Some of the

a-chains showed decreased mobility.

(a) Provide an explanation for the decreased motility.

(b) Why does mobility of only some of the a-chains
decrease whereas that of the others is normal?

(c) Addition of mercaptoethanol results in increasing
mobility of the «, (I)-chain that had retarded
mobility earlier. Explain why.

A 4-year-old boy with fragile skin and loose joints

A 4-year-old child had loose, hypermobile joints, and soft,
hyperflexible skin. His fingers could be extended to such an
extent that they touched back of his hand. The skin was
easily iron or scarred. In addition, he had scoliosis (bent
spine). Sample of collagen tissue was obtained by biopsy
from two sources: skin and cartilage. The skin collagen was
deficient in hydroxylysyl residues, whereas the collagen
obtained from cartilage had normal content of these residues.

The patient did not have any features that were suggestive
of vascular collagen involvement.
Identify the biochemical lesion in this patient.
How does the deficiency of hydroxylysyl residue
result in reduced strength of collagen?
Name the vitamin cofactor for the missing enzyme. Is it
necessary to provide this vitamin in diet? Give reasons.

A 5-year-old child with ulcerative skin lesions

A 5-year-old child having chronic ulcerative dermatitis, was
brought to the hospital OPD. Examination showed that he
was mentally retarded. Urine chromatography revealed
presence of dipeptides consisting of proline and glycine (i.e.
glycylproline). The child had decreased ability to cleave this
dipeptide as evidenced by the following experiment: The
fibroblasts were isolated by biopsy, cultured, and a cell-free
extract was prepared from them. Glycylproline was then

added to the extract. Only a small fraction of the added
dipeptide was cleaved to glycine and proline. In contrast,
cell-free extract obtained from fibroblasts of a normal sub-
ject could cause complete degradation of this dipeptide.

Identify the biochemical defect in this child.
Delineate the cause of the ulcerative skin lesions
observed.
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A 62-year-old man with back pain, hypercalcaemia and impaired renal functions

A 62-year-old man presented with continuous aching pain in
lower back and tiredness. He had been well until three months
back when he noticed decrease in his stamina: he felt very
weak in course of his everyday morning walk. Since then he
had lost about 3 kg weight. He was a non-smoker, but had
been suffering from recurrent episodes of respiratory tract
infections for the last two years. Presently he felt short of
breath even after slight exertion. On examination, there
was nothing remarkable. He was normotensive, and his body
systems were apparently normal. However, he showed pal-
lor and had a number of tender spots on bones. A particu-
larly tender spot was found on the spine.

Blood sample was obtained for biochemical analysis.
The results are as below:

Investigations test | Patient’s Reference range
reports

Haemoglobin 7.8g/dl 12-16g/dl

S. Calcium 12.6mg/dl | 8.5-10.5mg/dI

S. Urea 70mg/dl 15-45mg/dI

S. Creatinine 2.1mg/dl | 0.6-1.4mg/dl

S. Uric acid 10.4mg/dl | 2.7-7.0mg/dI

S. Sodium 130mmol/L | 132-144mmol /L

S. Protein 8.8g/dl 6.2-8.2g/dl

S. Albumin 2.7 g/dl 3.6-5.4mg/dl

Alkaline phosphatase | 60U/L 40-100U/L

ESR (in first hour) > 100 10.6

A blood film showed normochromic, normocytic anae-
mia; rouleaux were present on the blood film and there
was increased background standing. Tentative diagnosis was
made based on these findings. Plasma electrophoresis was
carried out to confirm the tentative diagnosis: it showed a
thick band in the y-region, which was reported to be para-
protein of IgG class.

What is the probable diagnosis? Explain the patient’s
signs and symptoms on the basis of the diagnosis.
Suggest further tests to confirm the clinical diagnosis?
Why are the parameters of renal function affected
in this condition?

What are Bence-Jones proteins?2 How are they
detected by heating test?

What are the prognostic indicators in this condition?
Outline the treatment.




CHAPTER

ENZYMES

Body proteins perform a number of functions, of which the most remarkable and highly specialized function is their abil-
ity to act as biological catalysts. Catalytic proteins called enzymes, stimulate the rate of several reactions in the body
without themselves getting consumed in the process. As biological catalysts, the enzymes, exhibit certain special charac-
teristics which are rarely, if ever, exhibited by non-biological catalysts. These are:

1. The catalytic power of enzymes is extraordinary: they make occurrence of highly complex reactions possible under mild
conditions of temperature and pH prevailing in the body.

2. Enzymes have a high degree of specificity for the substrates. Most of the enzymes use only one substrate, although
some enzymes have broader specificity, with a capacity to act on more than one substrate.

3. Enzymes exhibit specificity for the reactions also. They accelerate specific chemical reactions without formation of any
by-products.

Enzymes act as functional units of the cellular metabolism. They catalyze innumerable body reactions whereby the
nutrient molecules are degraded, chemical energy is conserved and transformed, and complex biomolecules are synthe-
sized from simple precursors. Virtually, all the body reactions are mediated by enzymes. In fact, cellular reactions would
not occur rapidly enough to sustain life if enzymes were not present.

This chapter outlines the properties and characteristics common to most enzymes. After going through this chapter, the
student should be able to understand:

O Concept of organic catalysts, the catalytic site and enzyme-substrate complex; role of cofactors and coenzymes in
enzymatic catalysis.

O Nomenclature and classification of enzymes; mechanism of enzyme action; effect of various factors like temperature,
pH, enzyme concentration, etc. on enzyme activity; qualification of enzyme activity.

O Michaelis-Menten theory of enzyme action.

O Various types of enzyme inhibitions and their recognition; enzyme regulation through modulation of activity or by
induction/repression.

O Utility of enzyme and isoenzyme determination as a diagnostic tool.

. cytoplasm or in a cellular organelle; or is bound to a

membrane, or is located extracellularly in interstitial
space or vascular space; or, as in case of the digestive

A. Chemical Nature enzymes, in an external compartment. The catalytic
activity of an enzyme depends on integrity of the protein

Most known enzymes are proteins in nature. The typical ~ structure. This is evidenced by the fact that various
enzyme is a globular protein that either is dissolved in ~ factors which disrupt the native conformation of the
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enzyme polypeptide chain(s) cause loss of the enzyme
catalytic activity.

Enzyme, almost all of which are proteins, are highly selec-
tive biocatalysts that accelerate reactions by factors up
to 10'°.

Some type of RNAs can also serve as enzymes. Such RNAs
with catalytic activity are called the ribozymes. Most of
them play specialized roles in gene expression (catalyze
cleavage and synthesis of phosphodiester bonds), but are
not involved in metabolic reactions.

Some enzymes are proteins, containing no chemical
group other than amino acid residues (e.g. pancreatic ribo-
nuclease trypsin, chymotrypsin, elastase). However, most
enzymes associate with non-protein chemical components,
called cofactors, which are required for their catalytic activ-
ity. The complete active enzyme is called a holoenzyme,
and it is made of the protein portion (apoenzyme) and
the cofactor. The apoenzyme is inactive alone.

Holoenzyme = Apoenzyme + Cofactor
Cofactors may be:

inorganic metal ions (Table 6.1) or
organic molecules, called coenzymes

Many coenzymes are derived from the dietary, water-
soluble vitamins. An example is flavin adenine dinucleo-
tide (FAD) or flavin mononucleotide (FMN), which are
derived from riboflavin (vitamin B,). In general, a coen-
zyme actually participates in the overall reaction as
another substrate, and mainly acts as a donor or acceptor
of a particular chemical group. Specific coenzymes are
concerned with transfer of specific groups, as shown in
Table 6.2.

The coenzymes function as either co-substrates or prosthetic
groups.

Co-substrates: The co-substrate associates with the active
site of the enzyme only transiently for the purpose of
the reaction. It is changed chemically during the reac-
tion, and after completion of the reaction, the chemi-
cally modified co-substrate dissociates away and is free
to participate in other enzymatic reaction cycle. For
example, pyridoxal phosphate (a co-substrate in trans-
amination reaction) brings about transfer of amino
group from an amino acid to a keto acid by reacting
with and serving as transient-carrier of the transferred
amino group (Chapter 13).

Metal ions as cofactors for specific enzymes
(also called metalloenzymes)

Ca?* Lipase
Cu?*/Cu* Cytochrome oxidase, tyrosinase, lysyl/oxidase,

superoxide dismutase

Fe2 /Fe’* Cytochrome oxidase, xanthine oxidase peroxidase,
catalase

K* Pyruvate kinase

Mg?* Hexokinase, phosphofructokinase, enolase, creatine
kinase

Mn2+ Arginase, glycosyl transferase, phosphoglucomutase

Ni2+ Urease

Zn?* Carbonic anhydrase, alkaline phosphatase
DNA polymerase, alcohol dehydrogenase
Coenzymes and the entity transferred

Biotin Carbon dioxide

Coenzyme A Acyl group

FAD Hydrogen atoms

NAD* Hydride ion (H")

Pyridoxal phosphate Amino groups
Tetrahydrofolate One carbon groups (other than CO,)
Thiamine pyrophosphate Hydroxy-ethyl

Coenzyme B, Alkyl groups or hydrogen atoms

FAD = flavin adenine dinucleotide, NAD" = nicotinamide adenine

dinucleotide.

Some enzymes require assistance of metal ion cofactors
or organic coenzymes derived from vitamins. The coen-
zymes function as reversibly bound co-substrates, or as
permanently associated prosthetic groups.

Prosthetic groups: The prosthetic group on the other
hand is bound permanently to the active site of its
enzyme, either covalently or non-covalently. Disso-
ciation of the prosthetic group results in an irreversible
loss of catalytic activity of the enzyme. For example,
biotin, is the prosthetic group for a group of enzymes
called carboxylase. It is an integral component of these
enzymes, being attached by an amide linkage with the
apoenzyme component (i.e. apocarboxylase). Dissoci-
ation of biotin from the apocarboxylase results in loss
of activity of the carboxylase enzymes (Case 6.1).

The distinction between co-substrate and prosthetic
group is, however, not absolute because a compound that



serves as a coenzyme for one enzyme can serve as a pros-

thetic group for another enzyme.
The name “coenzyme” is applied to two different types of
cofactors that function either as co-substrates or as true
prosthetic groups. Interestingly, behaviour of co-substrate
sound “promiscuous” since it associates with the active site
of the enzyme only transiently. Prosthetic group sounds
monogamous: it is tied-up with enzyme permanently.

Metalloenzymes: The enzymes that require inorganic
metal ions as their cofactors are termed metalloen-
zymes. Approximately two-third of the known enzymes
are metalloenzymes. In most cases, the binding of metal
ion is essentially required for the enzymatic activity (e.g.
zinc for carbonic anhydrase), whereas in some the enzyme
is active even without the metal ion, but its activity
increases greatly when the metal ion is added (e.g. chlo-
ride and fluoride ions activate salivary amylase).

C. Catalytic Efficiency

Catalytic efficiency of enzymes is very high—most of them
bring about several-fold (10° to 10" times) increase in the
reaction rate. Typically, each enzyme molecule is capable
of transforming 100 to 1000 substrate molecules into the
corresponding product molecules each second. Carbonic
anhydrase, the enzyme catalyzing formation of carbonic
acid from water and carbon dioxide, is highly active; a
single enzyme molecule can transform 36,000,000 sub-
strate molecules each second.

D. Enzyme Specificity: The Active Site

Enzymes possess most exquisite specificity of all the cata-
lysts known. They are highly selective for both the substrate
and the reaction undergone by the substrate. Typically, each
individual reaction requires its own enzyme, and if an
enzyme is lacking, only one particular reaction is generally
blocked. Many enzymes show absolute specificity (e.g.
tyrosinase acting on tyrosine only) for the substrate, and
this includes stereo-specificity also. For example, D-amino
acid oxidase binds only D-amino acids but not L-amino
acids; fumarase hydrates fumarate to form malate, but the
corresponding cis form of the former, maleic acid, is not
acted upon. Other enzymes have relatively broad speci-
ficity and act on several different analogs of a specific
substrate; for example, glucose, mannose, fructose, glu-
cosamine and 2-deoxyglucose are phosphorylated by
hexokinase, but at different rates. (Glucokinase, on the
other hand, is specific only for glucose.)

Enzymes

E+S —— ES
Substrate

+
Active EEE——
site

Enzyme-substrate
complex

Enzyme

Fig. 6.1. Active site of an enzyme and enzyme-substrate complex
(E=enzyme, ES = enzyme-substrate complex, S = substrate).

The enzyme specificity resides in a relatively small
region of the enzyme, called the active site. It is generally
a crevice, pocket or cleft that is three dimensional, having
the correct molecular dimensions and appropriate topol-
ogy to accommodate specific substrate (Fig. 6.1; see also
Box 6.1). The active site is formed by collection of differ-
ent amino acid residues (termed active-site residues) that
may or may not be adjacent in the primary sequence. The
interactions between these residues and the substrate
occur via the same forces that stabilize protein structure:
hydrophobic interactions, electrostatic interactions, hydro-
gen bonding and van der Waals interactions. The active
site residues are directly responsible for the catalytic
action. They not only bind the substrate to form enzyme-
substrate (ES) complex, but also provide specific interac-
tions that stabilize the formation of the transition state
(highest energy arrangement of atoms) for the chemical
reaction to proceed and to form the reaction product.

Enzymes exhibit reaction specificity and substrate spec-
ificity, which are determined by the geometric and elec-
tronic character of the active site where the substrate
binds and undergoes transformation.

E. Location within the Cell

Most enzymes are compartmentalized in specific organ-
elles within the cell; for example, enzymes that catalyze
degradation of fatty acids (i.e. B-oxidation) are located in
the mitochondrial matrix, whereas those involved in
synthesis of fatty acids are present in the cytosol. Such
arrangement helps to:

e organize thousands of enzymes of the cell in distinct
pathways,
provide favourable environment for cellular reactions,
Isolate the substrate or product of a given reaction
from other competing reactions.
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BOX 6.1

properly arranged to accelerate the reaction.

(a) Lock-and-key model.

+’—>O

Active Site Events: Lock-and-key and Induced Fit Modules

The lock-and-key model proposed by Fischer in 1894 suggests that the shapes of the catalytic site of the enzyme and its
substrate are complementary to each other. The catalytic site forms a rigid pocket which permits exact fitting of the sub-
strate into it in the manner of a key fitting into a lock. The substrate must be the right size and shape, have charges in the
correct place, have the right hydrogen bond donors and acceptors and have just the right hydrophobic patches. Such rigid-
ity is negated by Koshland’s induced fit theory which proposes that binding of the substrate molecule may induce a con-
formational change in the enzyme molecule. This strains structure of the active site and also distorts the bound substrate in
such way that the functional groups of the enzyme protein that participate in catalysis are brought to the substrate. Thus,
the conformational changes help formation of a complex in which the substrate and catalytic groups on the enzyme are

(b) Induced fit model.

=

Enzyme Substrate Enzyme- Enzyme Substrate Enzyme-
substrate substrate
complex complex
" " A
Il. Mechanism of Enzyme Catalysis
Transition state
. " ” (uncatalyzed reaction)
The question, “how do enzymes work” can be answered (a)
«4— AGact uncatalyzed

from two different perspectives. The first one describes
the energy changes that occur during the catalyzed and the
uncatalyzed reactions. The second deals with changes in
the enzyme active site which facilitates catalysis.

A. Free Energy Changes During
Chemical Reactions

For any chemical reaction to take place, the free energy
content of the products should be lower than that of the
substrates. In these cases, the free energy change of the
reaction (AG) has a negative sign and the reaction is said
to be thermodynamically favourable (Chapter 8). However,
not all reactions that are thermodynamically favourable
occur spontaneously; the substrate has to be converted
first to a higher energy form (called transition state) before
it can form the reaction product. The transition state is
structurally an intermediate between the substrate and the
product, and represents the highest energy arrangement of
atoms. Therefore, it is unstable; once formed, it decom-
poses almost immediately to form the reaction product
(or sometimes the substrate again).

In the reaction coordinate diagram shown in Figure 6.2, the
reaction is thermodynamically favourable but cannot occur
spontaneously because the substrate has to be first con-
verted to the transition state. Some energy must be put into

Transition state
(catalyzed reaction)

(b)

<4— AQGact catalyzed

Free energy

4 Initial state

<4— Energy change
of reaction

=

¥ Final state

v

Duration of reaction

Fig. 6.2. Diagrammatic representation of the free energy
changes that occur during a chemical reaction. (a) Uncatalyzed,
(b) Catalyzed, AGact = free energy of activation. Enzymes speed
up a chemical reaction by lowering the magnitude of activation
energy barrier without affecting equilibrium of the reaction.

the substrate for this conversion to the transition state. It is
termed the free energy of activation (AGact), and it equals
the free energy difference between the substrate and the tran-
sition state. The AGact provides an energy barrier to the
reaction—higher the barrier, the slower the reaction. The
enzymes speed up the chemical reaction by lowering the magni-
tude of the activation energy barrier. This results in decreasing
the AGact. Lower AGact means increased concentration of



the transition state molecules, so that the rate of catalyzed
reaction increases. The role of enzyme can thus be com-
pared to a tunnel that bypasses a mountain peak.

Nofe: Enzymes do not affect the free energy content of
the reactants or the products. As a result, enzyme catalysis
does not affect equilibrium of reaction and the energy change
of the reaction remains the same in the catalyzed (Fig.
6.2b) and uncatalyzed reactions.
Enzymes can change only the reaction rate, not the
equilibrium of the catalyzed reaction. They act by
decreasing the activation free energy AGact—the free

energy required to reach the transition state (point of
highest free energy in the reaction).

B. Changes in Enzyme Active Site

The active site is not a passive receptacle wherein the sub-
strate molecule just fits in. A variety of complex changes
occur within its vicinity, which facilitate the substrate
transformation. Some of these changes are discussed.

Transition State Stabilization

The active site binds the substrate in a geometry that
resembles the transition state of the substrate. This helps
stabilization of the substrate molecule in its transition
state, which being a reactive form, undergoes conversion
into the product. This effect is sometimes referred to as
substrate-strain because the enzyme effectively bends
the substrate into the shape of the transition state.

Acid-base Catalysis
The aminoacyl residues of the active site may provide (or
sometimes remove) certain chemical groups to the sub-
strate, that enhance its conversion to the transition state.
In most cases, the protons donated or accepted by some
ionizable group on the enzyme help the formation of the
transition state. In other cases, electron pair donors or
acceptors, known respectively as Lewis bases and Lewis
acids, participate in the reaction.

General acid-base catalysis is the most important rea-
son for the pH-dependence of enzymatic reactions, as
discussed later.

Covalent Catalysis

It is based on formation of transient covalent bonds
(between amino acyl residues of the active site and
the substrate molecule) during catalysis. Covalent cataly-
sis, for example, is used by serine proteases which
bind their substrate covalently at the serine side chain.

Enzymes

It is important to note at this stage that any favourable
interaction—covalent or non-covalent—between the
enzyme and the substrate decreases the free energy of
activation and increases the reaction rate.

Proximity Effect
Proximity effect, also known as entropy effect, is based
on approximation of the substrates in two-substrate reac-
tion. In absence of the enzyme, a reaction takes place
only when two substrate molecules collide in desired geo-
metrical orientation, and with sufficient kinetic energy.
This is certainly a rare event, with extremely low proba-
bility of occurrence. The enzymes, however, binds both
the substrates to its active site in the correct geometric
orientation, thereby increasing the frequency of produc-
tive collisions.

V

) 4

The catalytic mechanisms employed by enzymes are
four: transient state stabilization, covalent catalysis,
general acid-base catalysis, and proximity effect.

lll. Nomenclature

Enzymes were assigned various trivial names as they were
discovered, which are convenient to use. For example,
sucrase, lactase and urease are the commonly used names
for the enzymes that catalyze hydrolysis of sucrose, lactose
and urea, respectively. These enzymes have been named
by attaching the suffix-ase to the respective substrates.
However, the nomenclature may lead to ambiguities; for
example, fumarase, a citric acid cycle enzyme, does not
catalyze hydrolysis of its substrate, fumarate. Rather, it
catalyzes addition of a water molecule to fumarate.

To remove ambiguities associated with use of such trivial
names and to establish a uniform system for enzyme
nomenclature and classification, the International Union
of Biochemistry and Molecular Biology (IUBMB) proposed
a system in 1964 (modified in 1972 and 1978). In this sys-
tem, enzymes are grouped into six major classes, based on
the reaction that they catalyze. These are oxidoreductase,
transferase, hydrolase, lyase, isomerase and ligase (Table 6.3).

Classification

1. Oxidoreductases are involved in the oxidation-reduction
reactions. These include electron transfers, hydrogen trans-
fers, and reactions in which oxygen participates. The most
common oxidoreductases are dehydrogenases; others are oxy-
genases, hydroxylases, peroxidases, oxidases and reductases.
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Enzyme classification

| Oxidoreductases

oxygenases, hydroxylases, reductases

Il Transferases Transaldolase, transketolase, kinases, etc.

Ill Hydrolases Esterases, glycosidases, peptidases, phosphatases,
thiolases, amidases, etc.

IV Lyases Decarboxylases, aldolases, hydratases,

dehydratases synthases

V Isomerases Racemases, epimerases, mutases

VI Ligases Synthetases, carboxylases

Dehydrogenases transfer hydrogen between a substrate
and a coenzyme, most commonly NAD*, NADP*, FAD,
or FMN:

Dehydrogenase
AH, + Coenzyme —————— A + Coenzyme (reduced)
Example:
Malate
dehyd
Malate + NAD* VR« Oxaloacetate +

NADH + H*

Oxygenases use molecular oxygen as a substrate. Mono-
oxygenases use one oxygen atom to oxidize their substrate
and the other one to oxidize a reduced coenzyme; the diox-
ygenases use both oxygen atoms of the oxygen to oxidize
their substrate. Most hydroxylases are monooxygenases:

A-H+ O, + NADPH + H*__Hydroxylase

A-OH +
NADP* + H,0
Peroxidases use hydrogen peroxide or an organic per-
oxide as one of their substrates. Catalase is also, technically
speaking, a peroxidase; it acts on a hydrogen peroxide mol-

ecule to form water and molecular oxygen:

Catal
H,0, Catalase | O+150,

Transferases catalyze the transfer of functional group
either from a donor molecule to an acceptor or within a
single molecule. The kinases, which transfer phosphate
from ATP (or some other nucleoside triphosphate) to a
second substrate, are typical examples:

A+ ATP —Kindse . A_p+ ADP
Example:
Glucose + ATP — Glucose 6-phosphate + ADP

Name of this enzyme is glucokinase.
Other examples of transferases include aminoacyl-,
methyl-, glucosyl-, and phosphoryl-transferases, transaldolases,

Dehydrogenases, oxidases, peroxidases, catalase,

Transfer of electrons (A~ +B — A+ B7)

Transfer of functional groups (A—B+C —
A+B—C)

Cleave a bond with water addition (A —B +H,O
— A—H+B—OH)

Cleave without water, often forming a double
bond (A—B - A=B+Z—W)

[
Z W

Interconvert isomeric structures (A —B — A —B)

I N
Z W W Z

ATP-dependent condensations (A+B — A —B)

and transketolases. A transferases that transfer a functional
group within a single molecule is termed mutase.

Glucose 6-p <M1 Glucose 1-p

In all, there are eight subclasses among transferases.

Hydrolases make use of water to cleave a single molecule
into two molecules. They are grouped according to their
substrates, such as esterases, glycosidases, lipases, peptidases,
thiolases, phospholipases, amidases, ribonuclease and deoxyribonu-
clease. The digestive enzymes and lysosomal enzymes are
hydrolases. The cleavage specificities of those hydrolytic
enzymes that act on polymeric substrates are indicated by
the prefixes exo- (Greek, “outside”) for they cleave only the
bond next to the end; and endo- (“inside”) which cleave
a bond even at sites far removed from the ends.

Lyases split the substrate molecule by a non-hydrolytic
process, mostly leaving a double bond; examples are the
dehydratases, aldolases and decarboxylases. Many lyase reac-
tions proceed in opposite directions, obliterating a dou-
ble bond in one of the substrates, e.g. fumarase, which
converts fumarate to malate.

COOH-CH = CH-COOH + H,0 ——»
COOH-CH,-CH,-COOH

Fumarate Malate

Some other lyase reactions create a new bond. The
latter are termed synthases (synthetic enzymes, ATP-
independent), for example, citrate synthase, which estab-
lishes a bond between acetyl CoA (2C) and oxaloacetate
(4C) to form citrate (6C).

Acetyl CoA + Oxaloacetate — Citrate + CoASH

Isomerases interconvert positional, geometric, or opti-
cal isomeric structures by intramolecular rearrangements.
They include racemases, epimerases, cis- and trans-
isomerases and intramolecular transferases (mutases).



Enzymes @

BOX 6.2

Synthases and Synthetases are Classified Differently

It is important to note that synthases and synthetases are both biosynthetic enzymes, but they differ from each other in an
important aspect. Synthesis by synthetase is coupled with hydrolysis of a phosphoanhydride bond in ATP or some other
energy rich compound; examples include fatty acyl CoA synthetase, glutamine synthetase, amino acyl tRNA synthetase, and
DNA ligase. Synthases on the other hand carry out synthesis independent of ATP; for example, citrate synthase, ALA syn-
thase and glycogen synthase. They are classified as lyases, whereas synthatases are placed in class VI (ligases).

For example, the enzyme methylmalonyl CoA mutase cata-
lyzes conversion of methylmalonyl CoA to succinyl CoA.

Methylmalonyl
CoA mutase

Methylmalonyl CoA Succinyl CoA

6. Ligases join two separate molecules by creating a new
chemical bond at the expense of nucleoside triphosphate
(e.g. ATP). They include enzymes that form C-O, C-S,
C-N, and C-C bonds. Examples include synthetases and

carboxylases (see Box 6.2).
Fatty acyl CoA
synthetase

Fatty acid + ATP + CoASH —————» Fatty acyl CoA+
AMP + 2Pi

Pyruvate

carboxylase Oxalo-

acetate + ADP + Pi

Pyruvate + ATP + CO, + H,0

The classification of the enzymes is summarized in
Table 6.3.

»

4

Enzymes are classified into six major classes on the basis
of their reaction type: oxido-reductases, transferases,

hydrolases, lyases, isomerases and ligases.

Each major class is divided into subclasses, each of
which has numerous sub-subclasses. Every class, subclass,
and sub-subclass is assigned a number.

Individual enzymes are assigned a four-digit number.
The first three digits correspond to the class, subclass and
sub-subclass, respectively and the fourth digit is the serial
number of the enzyme in its sub-subclass. For instance, the
enzyme hexokinase (HK) catalyzing the reaction shown
below is assigned the classification number EC 2.7.1.1

ATP + D-Glucose X5 D-Glucose 6-phosphate + ADP
EC stands for enzyme commission, and

(a) the first digit (2) stands for the class name (transferase),
(b) thesecond digit (7) stands for the subclass (phosphotrans-
ferase), indicating that a phosphate group is transferred,

(c) the third digit (1) is for the sub-subclass (phosphotrans-
ferase with hydroxyl group as an acceptor), and

(d) The fourth digit (1) denotes that the enzyme is ATP:
D-glucose-6 phosphotransferase.

The IUBMB names can identify a given enzyme with-
out any ambiguity, but are cumbersome. Therefore, the
short names of the above enzyme, hexokinase, is still
widely, used.

IV. Quantitative Assay of Enzymes

A. Catalytic Activity

The amount of an enzyme in a given solution or tissue
extract can be assayed in terms of the catalytic effect it
produces. In an enzyme-catalyzed reaction, the catalytic
activity of the enzyme is reflected by the rate at which the
substrate is transformed to the product. Greater the rate of
transformation, more the enzyme activity, and vice versa.
Rate of transformation may be estimated from the rate of
appearance of product and/or the rate of disappearance
of the substrate.

B. Measurement of Activity

The activity of the enzyme is measured in terms of the
following:

Unit of enzyme activity: By international agreement,
one unit enzyme activity is defined as the amount causing
transformation of 1.0mmole of substrate per minute at
25°C, under optimum conditions of measurement. It is
usually expressed as mmole of substrate disappeared, or
mmole of product formed per minute (mole=10"°u
moles).

Specific activity: It refers to the number of enzyme units per
milligram of protein. It is a measure of enzyme purity:
higher the enzyme purity, more is the specific activity.
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Table 6.4. Turnover number of some enzymes (at 25°-37°C)

Carbonic anhydrase 36,000,000
B-Amylase 11,00,000
Phosphoglucomutase 1,240
Fumarase 800

Maximum value is attained when the enzyme is fully
purified.

Turnover number of enzyme: This refers to the number of
substrate molecules transformed per unit time by a sin-
gle enzyme molecule (or by a single catalytic site), when
the enzyme concentration alone is the rate-limiting fac-
tor. For example, carbonic anhydrase has a turnover num-
ber of 36,000,000. A high turnover number enables this
enzymes to catalyze an otherwise slow and unfavourable
reaction, that involves reversible hydration of dissolved
carbon dioxide to form carbonic acid.

Carbonic anhyd
C02 (d) + Hzo aroonic annydrase > H2C03

Turnover numbers of some of the enzymes are given
in Table 6.4.

V. Enzyme Kinetics

Enzymes are the most efficient catalysts known: they
increase the rate of a reaction without themselves under-
going a change, and without changing the equilibrium of
the catalyzed reaction. Rates of enzymatic reactions are
influenced by a variety of factors, such as concentration
of substrates, products, inhibitors, temperature and pH
levels. Study of these parameters is important because it
provides a great deal of information on nature of a par-
ticular enzyme and the biochemical pathways involved.
This is called enzyme Kkinetics.

Effects of various factors on enzyme activity are deter-
mined by the in vitro studies. These studies are conducted
by isolating the enzyme from the cell, and then estimat-
ing its activity when these factors are varied.

A. Effect of Subsirate Concentration

Rate of an enzyme-catalyzed reaction increases with increase
in the substrate concentration (Fig. 6.3). As the concentra-
tion of the substrate molecules is gradually raised, more
and more enzyme active sites are occupied by these mol-
ecules. Consequently, substrate transformation increases,
reflecting enhanced enzyme activity.

S
Fig. 6.3. The relationship between substrate concentration [S]
and reaction velocity (V).

The rise is enzyme activity continues till all the active
sites get occupied by the substrate molecules. This reflects
a saturation point; further increase in substrate concen-
tration does not increase the enzyme activity any further.
The velocity of reaction at this stage is called the maxi-
mum velocity (V__).

The rise in reaction velocity is not directly propor-
tional to substrate concentration. Rather it shows a hyper-
bolic kinetics, indicating that there is discordance between
the substrate concentration and the reaction rate. Two
factors account for such discordance:

1. In initial stage of the reaction, most catalytic sites on
enzyme are free and available to bind the substrate.
Any substrate molecule that is added quickly finds a
free active site to occupy. Thus, the reaction rate increases
almost linearly with the substrate concentration.
However, as the reaction progresses, more and more
active sites get occupied and fewer remain free to bind
with the added substrate. As a result, increase in the
substrate concentration at this later stage has less effect
on the reaction. Therefore, when the substrate concen-
tration is plotted against the reaction velocity, the curve
is initially steep but becomes more flat as the reaction
progresses. This gives a hyperbolic shape to the curve.

2. Thesecond factor accounting for discordance between
the substrate concentration and the reaction velocity
is the fact that the reaction occurs in two stages.

Stage I Binding of the substrate to the enzyme active

site forms the enzyme-substrate complex (ES).

Stage I The ES complex dissociates to yield the final prod-
uct (P). Formation of the ES complex is faster than

the subsequent transformation to the product.

E+S — ES (Stage ], fast) (1)
ES —— P+ E (Stage II, slow) (2)

As a result, any newly added substrate does not
undergo conversion to the product immediately, though
it rapidly forms an enzymes-substrate complex. A part of
it may even dissociate to form the substrate again, by
reversal of the first reaction. Thus, the overall reaction
velocity does not show a proportionate rise with the sub-
strate concentration.



At lower substrate concentration, the reaction velocity almost
shows a proportional rise with the substrate concentration.
At higher substrate concentration, the reaction velocity does
not increase as proportionately, but rather approaches
a (fixed) maximum reaction velocity.

In case of allosteric enzymes, a sigmoid curve is
obtained when the reaction velocity is plotted against
the substrate concentration.

Increase in temperature increases the energy content of the
reactant molecules, so that more of them are able to cross
the activation energy barrier and form the reaction prod-
ucts. As a result, the reaction velocity rises. Increase in the
reaction velocity continues till it reaches a peak (or maxi-
mum) value. The temperature at which the reaction velocity
is maximum is called the optimum temperature (Fig. 6.4).

Further increase in temperature beyond the optimum
temperature causes a fall in the reaction velocity. This
is because at high temperature (typically somewhere
between 42°C and 70°C ) the enzymes get irreversibly
denaturated. This explains why an optimum curve is obtained
under ordinary assay conditions, that declines steeply at high
temperatures.

The temperature dependence of enzymatic reactions
explains the fact that metabolic rate increases during
fever. Presumably, it is also responsible for the inability
of the human body to tolerate body temperatures greater
than 42°C. Moreover, protein denaturation is a time-
dependent process, and an enzyme that survives the tem-
perature of 45°C or more for some minutes may well
denature gradually in the course of several hours.

v

! ! ! ! !
10 20 30 40 50
Temperature (°C)

Fig. 6.4. Temperature dependence of enzyme. V = reaction
velocity. Peak reaction velocity is reached at optimum temper-
ature, and falls on increasing/or decreasing the temperature.
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The pH dependence of an enzyme protein is depicted in
Fig. 6.5. The activity of a given enzyme is maximum at a
specific pH which is the optimum pH of the enzyme.

Why does the pH exert such a significant influence on
the catalytic properties of the enzyme? The reason that the
catalytic process requires the enzyme active site and the
corresponding substrate molecule to be in appropriate
state of ionization. For example, if carboxyl group of some
specific residue on the active site is in the anionic (—ve)
form, the corresponding portion of the substrate should
be in the cationic (+ve) form. Forces of attraction develop
between the opposite charges, which permit optimization
of the enzyme-substrate interaction. The pH value at
which such a state exists corresponds to the optimum pH
of the enzyme. The enzyme-substrate interaction being
optimum at this pH, the activity of the enzyme reaches a
peak (Fig. 6.5). Extremes of pH decreases the enzyme activity
by causing denaturation of the enzyme protein.

Each enzyme has its characteristic optimum pH, cor-
responding to its maximum activity (Table 6.5). This has
been depicted in Figure 6.5 also. The pH values of tissues
and body fluids are tightly regulated. Deviations of more
than 0.5 pH unit from the normal blood pH of 7.4 cause
protein denaturation, and so rapidly fatal. The cytoplasm
of most cells has a pH value between 6.5 and 7.0; the
mitochondrial matrix has pH value between 7.5 and 8.0,

A
Pepsin
/ Lysozyme /
\
| | 1 >
2 4 6 8 10

pH

Fig. 6.5. pH dependence of some enzymes (V =reaction
velocity. Each of the three enzymes has its characteristic opti-
mum pH, corresponding to its maximum activity).

Optimum pH values of some enzymes

Pepsin 1.5
Lysozyme 4.8
Trypsin 7.7
Fumarase 7.8
Arginase 9.7
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and the lysosomes are mildly acidic with pH values
between 4.5 and 5.5. Lysosomal enzymes generally have
pH optima in this (acidic) range.

D. Effect of Enzyme Concentration

Within reasonable limits, the rate of enzyme-catalyzed
reaction increases linearly with enzyme concentration
(Fig. 6.6). This is because the number of available substrate
binding sites increase with the increase in enzyme concen-
tration. For example, if the enzyme concentration is dou-
bled, number of substrate binding sites is also doubled,
and the rate of the reaction will increase twofold. This
relationship holds good at all substrate concentrations.

7

The rate of enzymatic reaction increases with increasing
temperature (typically doubling with every 10°C rise),
pH, substrate concentration and concentration of enzyme.

VI. Michaelis—Menten Kinetic Theory

of Enzyme Action

Michaelis-Menten model accounts for the kinetic prop-
erties of some enzymes. It helps to describe many enzy-
matic reactions under the following assumptions:

e The reaction has only one substrate

o The substrate concentration is much higher than that
of the enzyme

® Only the initial reaction velocity (V,) is measured.

Why is it necessary to consider only the initial reaction rate?
At the beginning of the reaction the substrate alone,
is present and the unoccupied active-sites of the enzyme
molecule are free to bind them. Therefore, the substrate
is rapidly converted to the product. As the product

v

Enzyme concentration

Fig. 6.6. Effect of enzyme concentration on enzyme activity
(V =reaction rate).

concentration builds up and the substrate concentration
falls, the reaction keeps getting slower and eventually
stops at equilibrium (Fig. 6.7). Since it is impossible to
consider this “changing” reaction rate, only the initial-
reaction-rate (V) is taken into account.

The relation between V_ and the substrate concentrate
[S] is given by Michaelis—Menten equation:

_ VawlSI

max

VvV =
° KIS

V, =initial reaction rate; V___ = maximum reaction rate;
K_ = Michaelis constant; [S] = Substrate concentration.

The equation predicates a hyperbolic curve of V. against [S].

V_ is measured at different substrate concentrations
by incubating different amounts of the substrate with
enzyme. The rate of disappearance of the substrate or the
rate of appearance of the product during the first few min-
utes of the reaction only is taken into account.

V__ is the maximum velocity that can be reached by
increasing the substrate concentration (Fig. 6.8). For any
particular set of conditions it is a constant. It indicates a
saturation state at which most enzyme active sites are
occupied by the substrate molecules, and the reaction
rate is no longer limited by substrate availability.

Product formed (umol)

v

Time (min)

Fig. 6.7. The reaction velocity showing a progressive fall
as the reaction proceeds; (x) represents the reaction rate at
initial phase of the reaction, and (y) represents reaction rate
at equilibrium.

Reaction velocity (V)

v

Substrate concentration (S)

Fig. 6.8. The Michaelis—Menten model predicts a hyperbolic
curve of the initial reaction velocity (V) against the substrate
concentration. K is the substrate concentration at half the
maximum velocity (V).



K_ of certain enzymes

Hexokinase ATP 0.4
Glucose 0.05
Fructose 1.5

Glucokinase Glucose 10

B-Galactosidase D-Lactose 40

[S] is the substrate concentration at the initial phase
of the reaction. This changes as the reaction proceeds, so
the experimental data are taken, in the first few minutes
of the reaction.

K  is a special rate constant called the Michaelis
constant. It is defined as the substrate concentration at which
the reaction rate is half-maximal (Fig. 6.8). At this instance
the enzyme is half-saturated with its substrate.

K has a characteristic value for a given enzyme-
substrate pair. In case of the enzyme which acts on more
than one substrate, the value of K _ is different for each
of them. For example, K_ of the enzyme hexokinase for
fructose is 1.5mM, whereas for glucose it is 0.05mM
(Table 6.6).

K reflects binding affinity: The Michaelis—Menten con-
stant reflects the binding affinity of the enzyme for its substrate.
If affinity is more, less substrate is required to saturate
the enzyme, so thatV__ is reached at a relatively low sub-
strate concentration. Consequently, the substrate concen-
tration corresponding to the halfV__ (i.e. K ) is relatively
low. For this reason, high enzyme-substrate affinity implies
alow K value, and conversely, low-affinity implies high K .
Higher K of glucose for glucokinase (10 mM) than that for
hexokinase (0.05 mM) for example, indicates that hexoki-
nase binds glucose with higher affinity than glucokinase.

The Michaelis—Menten equation describes the relationship
between initial reaction velocity and substrate concen-
tration under steady state conditions. The Michaelis con-
stant K , defined as the substrate concentration at which
the reaction velocity is half maximal, is related to the
affinity of the enzyme for the substrate.

The following inferences can be drawn from the
Michaelis—Menten kinetics.

When the substrate concentration is
relatively low (far below K ), most of the enzyme active
sites are free. An increase in substrate concentration at
this stage results in rapid occupancy of the available sites.
Therefore, the reaction rate is related almost linearly, with
the substrate concentration, and the reaction shows first
order kinetics (Fig. 6.8).
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Fig. 6.9. — against ——. The straight line represents the
v, [s]

Lineweaver-Burk transformation of the Michaelis—Menten

equation.

With increasing substrate concentration, the reaction
rate rises till a constant peak value (V_ ) is reached.
Nearly all enzyme active sites are occupied by the sub-
strate at this stage and further increase in substrate con-
centration has no effect on the reaction rate. The rate of
reaction at this stage is in zero order with respect to the
substrate. It implies that the reaction rate is independent of
the substrate concentration (Fig. 6.3).

Derivation of the Michaelis—-Menten equation is
higher-level learning, hence omitted here.

The slope of the Michaelis-
Menten curve is gradual and upwards giving it a hyper-
bolic shape. From this shape, it is not possible to estimate
the exact value of V__ However, if reciprocal of these

parameters: VL and [1?] are plotted against each other,
0

a straight line is obtained (Fig. 6.9). From this line it is
possible to determine the exact value of V. This plot,
known as double reciprocal plot or the Lineweaver-Burk
plot, can be used to determine the exact value of K . Itis
also used to determine the mechanism of action of
enzyme inhibitors, discussed later.

The equation describing the double reciprocal plot is

— Km 1

v _IS] V

max

1
VO
It is reciprocal of Michaelis-Menten equation. The

. . -1 .

intercept on the x-axis equals — and the intercept on
. 1 m .

the y-axis is equal to v and the slope of the line is

K max

m

\Y

max
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V__ and K can be determined experimentally by mea-

ma.

suring V_ at different substrate concentrations and then

1 1 =1
plotting — against —. The intercept on X-axis is —, that on
\A K, K

1
Y-axis is —.
\
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Bisubstrate reactions: Heretofore, we have considered
simple, single-substrate reactions, which obey Michaelis—
Menten kinetics. Yet, far more common (60% of total)
are the enzymatic reactions requiring multiple substrates
and yielding multiple products. Indeed those involving
two substrates mostly yield two products

Enzyme

A+B C+D

The bisubstrate reactions are classified as sequential (sin-
gle displacement) and ping-pong (double displacement).

Sequential reactions: All substrates combine with the
enzyme and only then the reaction occurs. In this type,
the substrates encounter one another on the surface of
the enzyme. Example: in alcohol dehydrogenase reaction, a
hydride ion is transferred from ethanol to NAD™.

C,H,~OH + NAD* —» CH,CHO + NADH + H*
Ethanol Acetaldehyde

A sequential reaction may proceed by an ordered or
random mechanism.

Ping-pong reactions: In this type, all substrates do not
combine with the enzyme together. The reaction starts
before all substrates have been added, and often one or
more products are even released prior to the addition of
all substrates. Many enzymes, e.g. some flavoenzymes and
transaminases react by this double displacement mecha-
nism (Fig. 6.10).

Amino acid » Product-1
substrate /\

[ ] ®— X« [ ]

/ » Product-2

® PLP coenzyme
% Amino group

Keto acid
substrate

Fig. 6.10. Ping-pong reaction, also called double-displacement,
in a transamination reaction. The first substrate, an amino acid,
is converted to the corresponding keto acid by donating its
amino group to PLP coenzyme before the second substrate (a
keto acid) enters the reaction sequence.

In sequential reactions all substrates interact together
at the enzyme active site. In double displacement they
interact with the enzyme one by one.

VIL. Inhibition of Enzyme Activity

Enzyme inhibitor is a substance that is capable of dimin-
ishing velocity of the enzyme-catalyzed reaction. Two
types of inhibitors are recognized: reversible and irrevers-
ible. Inhibition by the reversible inhibitor can be
reversed, so that the enzyme activity is recovered.
Inhibition by the irreversible inhibitor, on the other
hand, cannot be reversed.

Enzyme activities can be inhibited specifically in rever-
sible (competitive, non-competitive and uncompetitive)
and irreversible manner.

A. Reversible Inhibition

The reversible inhibitor (I) acts by forming a loose, dis-
sociable complex (EI) with the corresponding enzyme

E+]1 —— EI

Catalytic activity of the complex (EI) is lower than
that of the enzyme alone. Therefore, the substrate trans-
formation decreases after addition of the inhibitor. The
reversible inhibition may be competitive, non-competitive,
and uncompetitive.

Following formation of the EI complex, the reaction
may still obey Michaelis—-Menten kinetics but with
altered K _and V__ values that vary with the inhibitor
concentration.

e If the inhibitor acts only on the apparent K , it is a
competitive inhibitor;

e if the inhibitor affects only the apparent V__, it is a
non-competitive inhibitor; and

o if the inhibitor affects both the constants, it is an
uncompetitive inhibitor.

Competitive Inhibition

Mechanism: The inhibitor exhibits is a close structural
resemblance with the actual substrate. It impairs
substrate-binding to the enzyme, because it occupies the
active site of the enzyme making it unavailable for the
substrate.



Occupancy of the enzyme active site by the inhibitor
yields EI complex. Since the formation of EI depends
upon the concentration of the inhibitor (just as the forma-
tion of ES is dependent on the substrate concentration),
the inhibition is strictly dependent upon the relative concen-
trations of the inhibitor and the substrate at fixed concentra-
tion of the enzyme.

Example:
Some examples of competitive inhibitors are:

(a) Malonate ions inhibit the succinate dehydrogenase
reaction of Kreb’s cycle (Fig. 6.11).

(b) Acetazolamide causes competitive inhibition of car-
bonic anhydrase.

Inhibition of the succinate dehydrogenase reaction by
malonate anions is a classical example of competitive
inhibition (Fig. 6.11). Malonate is a structural analog of
succinate, the actual substrate of the enzyme succinate
dehydrogenase. 1t occupies the active site of the enzyme,
thus preventing it from acting on succinate.

Some more of competitive inhibitors (of therapeutic
significance) are given in the next section (see Table 6.8).

Effect on enzyme kinetics: The K_ shows an apparent
increase in the presence of the inhibitor (Table 6.7). This
reflects decreased affinity of the substrate with the
enzyme active site. The decreased affinity is because
the substrate must now compete with the inhibitor for
the active site. This is depicted in a double reciprocal plot
as a shift in the x-intercept (-1/K ) and in the slope of
the line (K _/V ) (Fig. 6.12).V__ (the measure of fastest
possible rate) remains unchanged because the binding
of inhibitor is reversible; and at infinite concentration of
the substrate (obtained by extrapolation) the inhibitor
can be completely displaced from the enzyme active site.

Active site b

Enzyme: Succinate
dehydrogenase

Competitive inhibition

COO™

(Isz COO~

S, Sy

(IjOO’ (IZOO’
Succinate Malonate
Substrate: Inhibitor: D

Fig. 6.11. Competitive inhibition of succinate dehydrogenase
by malonate (I =malonate inhibitor, blocks active site of the
enzyme).
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Mechanism: In this type, the enzyme inhibitor is structur-
ally unrelated to the structure of substrate and binds the
enzyme at a site distinct from the enzyme active site.
Occupancy of this site by the inhibitor alters the shape of
the enzyme such that its catalytic activity is reduced or
lost. The substrate is still able to bind the enzyme, but
the enzyme cannot catalyze the reaction when inhibitor
is bound. Thus, the non-competitive inhibitor does not block
active site of the enzyme, but behaves as though it were remov-
ing active enzyme from the solution. Evidently, unlike com-
petitive inhibition, increasing the substrate concentration
does not reverse the inhibition.

The non-competitive inhibitor may bind the free
enzyme as well as the enzyme substrate complex, form-
ing binary (EI) and ternary (ESI) complexes, respectively.
Both are catalytically inactive, and are therefore, dead-
end complexes.

E+1 —— EI

ES+1 <= ESI

Some examples of non-competitive inhibitors are:
(a) Heavy-metal ions, such as Hg, Ag, and Pb; they react
reversibly with thiol groups (—SH) of enzymes. The thiol
group participates in maintenance of the three-dimensional
conformation of the enzyme proteins (b) Chelating agents
such as ethylene-diaminetetra-acetic acid (EDTA). EDTA
can chelate metals required for the activity of some enzymes.

Provided that the inhibitor has not reacted covalently
with the enzyme, the non-competitive inhibition can
often be reversed by exhaustive dialysis of the inhibited
enzyme.

Effect on enzyme kinetics: The non-competitive inhibi-
tor does not block the active site of the enzyme. Therefore,
the K (indicating enzyme-substrate affinity) remains
unaffected. Increasing the concentration of the substrate
does not affect binding of the inhibitor to the enzyme.
This is because the shape of the enzyme is different when
the inhibitor is bound to it, and hence it does not matter
how much substrate is present; the enzyme will always
be less effective due to this shape change. This is reflected

Comparison of two types of reversible inhibitors

Site of Active site Other than
action active site
Structure of Resembles substrate Unrelated
inhibitor molecule
K. Increased No change
A\ No change Decreased
Excess Reverses inhibition No effect
substrate
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in decreased V__, and is seen graphically on the double
reciprocal plot where both the slope and the y-intercept
are changed (Fig. 6.12).

A competitive inhibitor blocks active site of the enzyme,
whereas a non-competitive inhibitor acts by inducing a
conformational change in 3-D shape of the enzyme,
thereby lowering its catalytic activity.

The inhibitor binds with only with the ES form of the
enzyme to form the enzyme-substrate-inhibitor (ESI)
complex. Binding may occur at a site distant from the
active site, or at a site overlapping with the active site. In
either case, the result is lowering of both: the catalytic
efficiency of the enzyme and its apparent binding affinity
for the substrate. These result in changes in K_and V__
(both decreases). As a result, in the double reciprocal
plot a line parallel to that of the uninhibited enzyme
(slope remains unchanged), but with altered intercepts
on both, the x and the y axis (Fig. 6.13).

A
Non-competitive
N inhibition
Vo
Competitive
1 inhibition
Vmax\
Uninhibited
enzyme
€
max :
=1 =1 2
Km Km S|

Fig. 6.12. Lineweaver-Burk plot showing the effect of com-
petitive and non-competitive inhibitors. K increases in com-
petitive and V__ decreases in non-competitive inhibition.

Enzyme +
4 Uncompetitive
a1 inhibitor
Vo
Uninhibited
enzyme
€
VTTIEX\
€
/ Vrnax .
B BN -
K Kim N

Fig. 6.13. The effect of uncompetitive inhibitor on enzymatic
reaction.

The uncompetitive inhibition is uncommon in single-
substrate reactions. But a noteworthy example in clinical
enzymology is the inhibition of intestinal alkaline
phosphatase by L-phenylalanine. It is more commonly
observed in two-substrate reactions with a double-
displacement reaction mechanism. However, the inter-
pretation is complex in the latter case and will not be
considered further.

The types of inhibitions presented here are extreme
cases. Actually, however, one may come across mixed
types of inhibitions. For instance, the binding of an
inhibitor to a site other than the active site may not only
change the shape of the enzyme, but also affect the bind-
ing of the substrate at the active site, so that K as also
V_ is altered. The double-reciprocal plot gives lines that

m:

intersect in the left hand quadrant of the graph.

Reversible inhibitors reduce an enzyme’s activity by
binding to the active site (competitive), to the enzyme-
substrate complex (uncompetitive), or to both the
enzyme and the ES complex (non-competitive). Various
types of inhibitions can be distinguished according to
the mode of interaction between the enzyme and the
inhibitor, and the kinetic consequences of this interaction.

The irreversible inhibitor binds covalently with an enzyme
to form a stable complex. For all practical purposes, there
is no dissociation of the enzyme and the inhibitor, so
that the enzyme is permanently inactivated, or at best is
slowly reactivated (requiring hours or days for reversal).

In some cases the inhibitor reacts at or near the active
site of the enzyme with covalent modification of the
active site. In other cases, the inhibitor has no structural
resemblance with the substrate and may bind to a site
other than the substrate-binding site. This type of inhibi-
tion resembles the non-competitive inhibition, except
that covalent bonds are formed in this case.

Irreversible inhibitor binds tightly, mostly covalently, to
amino acids often at or near the active site of the
enzyme, permanently inactivating the enzyme.

A classic example of the irreversible inhibition is that
produced by diisopropyl fluorophosphate (DIPF), which irre-
versibly binds to the active serine residues of some hydro-
lytic enzymes. The reaction of aspirin with cyclooxygenase
also represents an example of an irreversible enzyme
inhibition. Cyclooxygenase catalyzes the first reaction in
the biosynthesis of prostaglandin from arachidonate.



Aspirin acetylates the serine residue at the active site; the
modification being highly stable leads to permanent loss
of the enzyme activity. Thus, aspirin is used as an anti-
inflammatory, antipyretic and anti-inflammatory drug. It
is also used prophylactically to inhibit platelet aggrega-
tion and coronary thrombosis (Chapter 11).

A variety of poisonous substances, such as iodoace-
tate, heavy metal ions and oxidizing agents form covalent
bonds, with functional groups of the enzyme, thereby
causing irreversible inhibition.

Suicide inhibition refers to irreversible enzyme inhi-
bition by a substrate analogue that, upon action of the
enzyme, generates highly reactive species. This species
forms a covalent adduct with an amino acid side chain at
the active site, leading to irreversible inactivation of the
enzyme. An example of this type of inhibitor is allopuri-
nol, the suicide inhibitor of xanthine oxidase (Case 6.2).
Also see Case 20.1.

enzyme
Substrate _enzyme Product

!

Irreversibly inhibits
the enzyme

Affinity labels are substrate analogues that possess a
highly reactive group, not present on the natural sub-
strate. This group reacts with amino acid residue(s) at the
active site of an enzyme, thus blocking them irreversibly
from the substrate.

Several synthetic drugs (and natural compounds) exert
pharmacological effects by acting as enzyme inhibitors.
This application is most easily appreciated with antiviral,
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antibacterial, and antitumour drugs that are administered
under the condition of limited toxicity. Those drugs that
resemble the substrate of an enzyme-catalyzed reaction
are competitive inhibitors with respect to that substrate
(and non-competitive with respect to other substrates).

Captopril, a commonly used drug in the treatment of
hypertension acts by competitively inhibiting the angio-
tensin converting enzyme (ACE). This enzyme catalyzes the
proteolytic cleavage of angiotensin I to angiotensin II; the
latter elevates the arterial blood pressure. Captopril and
other ACE inhibitors (e.g. lisinopril and enalapril) decrease
formation of angiotensin II, thereby lowering blood pres-
sure (Table 6.8). The ACE inhibitors contain a proline resi-
due, which is an important substrate-binding determinant.

Lovastatin and mevinolin competitively inhibit activ-
ity of HMG-CoA reductase, the rate-limiting enzyme in
cholesterol biosynthesis. Therefore, they are commonly
used hypocholesterolaemic agents. Both the drugs resem-
ble hydroxymethylglutaryl coenzyme A (HMG-CoA), the
natural substrate for this enzyme.

A few more therapeutic applications of enzyme inhib-
itors are discussed in detail below:

Competitive inhibition of a biosynthetic step in folate
synthesis accounts for the antibacterial action of sul-
phonamides. Sulphonamides are structural analogues of
p-aminobenzoic acid (PABA). Bacteria synthesize folate
by combining PABA and pteroylglutamic acid.

PABA + Pteroylglutamic acid — Folate

Being structural analogues of PABA, the sulphonamides
inhibit synthesis of folate, which is required in several
one-carbon transfer reactions. Because these reactions are
essential for DNA synthesis, and for cell growth and divi-
sion, inability to synthesize folate results in inhibition
of bacterial cell growth and division (bacteriostasis).

Therapeutic applications of certain enzyme inhibitors

Captopril Angiotensin-converting enzyme
Lovastatin HMG-CoA reductase
Methotrexate Dihydrofolate reductase
Ethanol Alcohol dehydrogenase
Digoxin Carbonic anhydrase

Competitive Hypertension

Competitive Hypercholesterolaemia
Competitive Anticancer
Competitive Methanol poisoning

Competitive Diuretic

Acetazolamide
5’-Fluorouracil
Isoxuridine
Sorbinil
Carbidopa

Cephalosporin

Na*—K* ATPase

Thymidylate synthetase

Thymine kinase

Aldose reductase

Dopa decarboxylase

Transpeptidase

Competitive
Competitive
Competitive
Irreversible

Irreversible

Heart disease
Anticancer
Antiviral
Diabetes
Parkinsonism

Antibacterial
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Host cells (or other mammalian cells) are not affected
because they use preformed folic acid.

Competitive Inhibition of Dihydrofolate

Reductase

The enzyme dihydrofolate reductase (DHFR) is required for
reduction of folate to its active form, tetrahydrofolate
(THF), which then functions in several reactions includ-
ing synthesis of the DNA (one-carbon transfer reactions).

Folate 218, Dihydrofolate _DHIR, Tetrahydrofolate

v

1-C Transfer
reactions

Methotrexate is a folate analogue; it therefore com-
petes with the folate for an active site on DHFR, thus
preventing its activation to THE Since THF is required for
the synthesis of DNA, a deficiency causes most harm to
those cells which synthesize DNA rapidly, e.g. cancer
cells (Chapter 20).

Competitive Substrate of Vitamin K, Dicoumarol
Competitive inhibition of vitamin K by the structurally
similar dicoumarol accounts for its anticoagulant action.

Competitive Substrate in Treatment of

Methanol Poisoning
Methanol, which is widely used industrially, is highly
toxic. It is oxidized to formaldehyde and formic acid

_Aleohol HCHO —» HCOOH

CH.,OH
3 dehydrogenase

Formaldehyde causes damage to retinal cells resulting in
blindness, while formic acid produces severe acidosis
that is potentially lethal. Ethanol serves as an antidote to
methanol poisoning, being a natural substrate for the
enzyme alcohol dehydrogenase. 1t is preferentially acted
upon by this enzyme but the oxidation products are not
as toxic. Thus, methanol oxidation and consequent gen-
eration of toxic products is averted.

Thus, competitive inhibition is the basis for the treat-
ment of some intoxications, e.g. methyl alcohol and
ethylene glycol. More examples of clinically useful
enzyme inhibitors are listed in Table 6.8.

VIIl. Regulation of Enzyme Activity

Activities of some enzymes, called the regulatory
enzymes, are influenced by a variety of effectors. Regulation
of activities of these enzymes is essential for (a) coordinating

numerous metabolic process, and (b) altering the rate of
a pathway according to the overall metabolic needs of
the body. For example, during vigorous exercise, the
energy requirement of the exercising muscle drastically
increases. To meet this demand, the energy-yielding cata-
bolic pathways are speeded up. There is a concomitant
suppression of the energy-requiring anabolic pathways,
which is consistent with the overall metabolic needs of
the exercising tissue.

There are three major mechanisms for regulating the
enzyme activity: allosteric modulation, covalent modification
and induction-repression of enzyme synthesis.

A. Allosteric Modulation

Some enzymes, called allosteric enzymes, exist in alter-
nate higher order structures. The equilibrium between
these alternative structural forms can be affected by bind-
ing of regulatory ligands, termed allosteric modulators.
The binding of a ligand can either enhance the activity of
the enzyme (allosteric stimulation) or inhibit it (alloste-
ric inhibition).

Properties of allosteric enzymes: The allosteric enzymes
possess a site distinct and physically separate from the
substrate-binding site; it is known as the allosteric site.
The term allosteric is derived from the Greek word, allo
which means, other and stereos means space or site. Allosteric
modulators bind with the allosteric site by reversible
non-covalent interactions (Fig. 6.14). This binding alters
conformation of the enzyme protein, which in turn leads
to alteration of the enzyme activity. Thus, occupancy of
the allosteric site influences, the enzyme activity, thereby
providing important means of its regulation. The process
is relatively rapid, and hence, the first response of cells to
any change(s) in intracellular metabolic state.

The allosteric site is specific for the modulator, just as the
active site is for the substrate. Some modulators, called the
positive modulators, increase the enzyme activity in this
manner, whereas others, called the negative modulators,
decrease the enzyme activity. The allosteric site at which
the positive modulator binds is referred to as an activator
site; the negative modulator binds at an inhibitory site.

Active site .

— Allosteric
" Allosteric site effector

Fig. 6.14. An allosteric enzyme with active (catalytic) site and
allosteric site. E = enzyme, S = substrate.
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Fig. 6.15. The sigmoid curve showing the activity of an allo-
steric enzyme. (a) After addition of an allosteric activator,
(b) Without any allosteric modulator, (¢) After addition of an
allosteric inhibitor.

Most allosteric enzymes are oligomeric, consisting of
several subunits. Identical subunits are designated as
protomers, and each protomer has its own active site,
and may consist of one or more polypeptide chains.
(Two notable exceptions are ribonucleoside diphosphate
reductase and pyruvate-UDP-N-acetylglucosamine transfer-
ase, which are monomeric allosteric enzymes.)

The allosteric
enzymes do not show simple Michaelis-Menten kinetics
and yield sigmoid shape of the V /[S] graph, rather than
the hyperbolic curve of the non-regulated enzymes (Fig.
6.15). The sigmoid curve resembles the oxygen binding
curve of haemoglobin. The cooperative interaction between
different subunits of haemoglobin is responsible for the
sigmoid shape. This concept of cooperativity applies to
allosteric enzymes as well. Indeed, the allosteric site and
the active site exhibit cooperativity: binding of a modu-
lator to the former influences catalytic properties of the
active site.

Effects of allosteric
modulators on enzyme activity may be termed homo-
tropic or heterotropic. When the substrate itself is an
allosteric modulator, this is referred to as homotropic
effect; whereas if it is different, it is called heterotropic
effect (Fig. 6.16).

Homotropic effect is observed when the reaction of
one substrate molecule with an enzyme affects the
reaction of a second substrate molecule with (a dif-
ferent active site on) the same enzyme. Homotropic
interactions are almost always positive.

Heterotropic effects may be positive or negative and
are mediated by cooperativity between subunits of
the enzyme. Usually the end product of a metabolic
pathway modulates activity of a key enzyme (feedback
regulation).
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Fig. 6.16. Diagrammatic representation of (a) homotropic,
and (b) heterotropic effect. Homotrophic effects are almost
always positive, the heterotrophic effects are positive or neg-
ative (E,E, = enzymes).

In metabolic pathways, the end-product often feedback
inhibits an enzyme earlier in the pathway to prevent
build-up of intermediates and the unnecessary use of
metabolites and energy.

A classical example of such effects is observed in the
allosteric enzyme aspartate transcarbamoylase (ATCase)
from Escherichia coli, which catalyzes the committed
step in pyrimidine biosynthesis, i.e. formation of N-
carbamoylaspartate from aspartate and carbamoylphos-
phate (Fig. 6.17).

CTP, an end product of the pathway heterotropically
inhibits ATCase. This provides an example of feedback
inhibition of the pathway by the end product. In contrast,
ATP is an intermediate earlier in the pathway and it homo-
tropically activates the enzyme activity (Chapter 20).

Allosteric enzymes are divided
into two classes: the K-class and the V-class, based on the
effect of the allosteric modulator on K and V__ . In the
K-class the modulator alters the K_butnotV__ .

In the V-class the modulator alters V__ but not K .
There are a few enzymes which affect both K_and V__ .

Allosteric effectors convert enzymes into more active or
less active forms. Allosteric enzymes do not obey
Michaelis—Menten kinetics: a plot of V  against |S|
gives a sigmoid-shaped curve.

There are two general types of covalent modifications of
enzymes that regulate their activities. These are the
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CO, + glutamine + ATP- - - - - -

NH, E Activation

|
= c ~ _
Ccoo™ o~ ~opro}
(I:H2 Carbamoyl phosphate

|
H3N—C—COO~ It
X
Aspartate v
P4 .

COO~
|
NH;  CH,
I |
_C_ _CH—coo"
o) N
H

N-carbamoylaspartate Inhibition

Fig. 6.17. Formation of N-carbamoylaspartate by aspartate
transcarbamoylase (ATCase) is the committed step in pyrimi-
dine biosynthesis and a key control point. CTP is allosteric
inhibitor and ATP is allosteric activator.

(a) reversible interconversion of active and inactive
states of an enzyme by covalent attachment of specific
group(s), and (b) irreversible activation of inactive
enzyme precursor by proteolytic cleavage.

Activities of several enzymes are regulated by covalent
attachment of specific groups, such as phosphate, calcium
or nucleotide. This results in altered charged-state of the
protein molecule, which in turn causes change in shape
of the protein and hence its activity.

R groups of some amino acids present at the active site of
enzymes carry hydroxyl group (e.g. threonine, serine and
tyrosine), which can be phosphorylated by protein kinase.
This enzyme causes attachment of a phosphate group
obtained from ATP to hydroxyl group(s) of these amino
acid(s).

ATP protein  ADP

kinase

£ o [F1@

This puts a large negative charge in this region of the
protein, which causes it to change its shape and its activ-
ity. Activities of the regulatory enzymes of glycogen

metabolism, cholesterogenesis and lipase of adipose
tissue are regulated in this manner.

Importantly, the changes to these proteins are revers-
ible, and hence their activities can be switched on and
off.

Several calcium binding proteins can attach calcium ions,
which puts a positive charge on them, thereby modifying
their activities. Examples of some enzyme proteins regu-
lated in this way are pyruvate carboxylase, glycogen synthase,
phosphorylase kinase, etc.

Some proteins bind cyclic nucleotides (cyclic nucleotide
binding proteins), which alters their activity. This mech-
anism is mostly seen in bacteria.

Several proteins are synthesized in inactive forms. These
are called zymogens, e.g. protein digesting enzymes and blood
clotting proteins. They are activated when a small length of
the protein is cleaved off from one end through action of spe-
cific proteases. This causes an irreversible rearrangement of
the tertiary structure to yield the active form of the protein.

Trypsinogen — Trypsin + peptide fragment
Pepsinogen — Pepsin + peptide fragment

Enzyme activity may be regulated by allosteric effec-
tors, covalent modulation, activation of proenzymes,
synthesis or degradation of enzymes, etc.

The allosteric modulation and the covalent modifications,
discussed so far, change the activity of the regulatory
enzymes. In addition, there exist another mechanism that
operates at gene-level to regulate the enzyme synthesis
(or breakdown). This may cause increased synthesis
(induction) or decreased synthesis (repression) of the
enzyme protein and hence its intracellular concentration
also changes accordingly.

The sex hormones oestrogen and testosterone are two
very important regulators of genes. Insulin induces some
key glycolytic enzymes and represses some enzymes of
gluconeogenesis (Chapter 15). Levels of metabolites
may also regulate gene expression.



Synthesis of the enzyme protein can be changed at
genetic level. Induction implies enhanced synthesis and
repression means decreased synthesis. Both alter intra-
cellular concentration of enzyme protein.

IX. Isoenzymes

These are closely related enzyme proteins that catalyze
the same reaction but differ in their molecular structure,
kinetic parameters, electro-phoretic mobility, or other
properties, e.g. different sensitivity to inhibitors or
response to allosteric modulators. They may act on the
same substrate, but with different K_and V__ values.

Mechanisms for the Production of
Isoenzymes

1. Most common mechanism for formation of isoen-
zymes is by way of different combinations of poly-
peptide subunits to form an active polymeric enzyme.
These subunits arise from different genetic loci; for
example,

® Creatine kinase occurs as a dimer with two types of
subunits: M (muscle) and B (brain), which are prod-
ucts of loci in chromosomes 14 and 19, respectively.
Three combinations of these subunits are possible—
MM, MB, and BB.

® Lactate dehydrogenase occurs as a tetramer with two
types of polypeptide subunits (H and M) that are
arranged differently to yield five isoenzymic forms,
described later (see Table 6.11).

2. Some isoenzymes, called allelic isoenzymes, arise from
the same genetic locus, and yet they exhibit structural vari-
ations among different individuals. They are referred to
as different alleles or alternate forms of the same enzyme.
For example, about 400 different allelic isoenzymes
of glucose 6-phosphate dehydrogenase have been identified;
only one form is present in a given individual, but all
different forms are seen in the whole population.

3. Post-translational modification of the same enzyme
polypeptide may occur in different ways to generate
different isoenzyme, called iso-forms. Several iso-
forms of the enzyme alkaline phosphatase are known,
differing in the number of sialic acid residues, and
therefore, the number of the charged group.

Separation of Isoenzymes

1. Electrophoresis: Different subunit compositions or
primary structures yield different ionic charges to the

Enzymes

polypeptide chains—this permits their separation by
electrophoresis. Several isoenzyme studies have relied
upon different electrophoretic migration patterns.

2. Use of inhibitors: High temperature or some inhibitor
may inhibit an isoenzyme, which forms the basis for its
identification. For example, the «-2 isoenzyme of
alkaline phosphatase (ALP) of placental origin is heat
stable even at 65°C, but the a-2 isoenzyme produced
by hepatic cells loses its activity at this temperature in
30 minutes. The y-ALP of intestinal origin is inhib-
ited by phenylalanine.

Isoenzymes Useful in Diagnosis

CK and LDH have tissue-specific isoenzymes that are
determined on a routine basis in most clinical laborato-
ries. Their estimation makes clinical diagnosis more dis-
criminating as discussed later in this chapter.

v
Isoenzymes are multiple forms of an enzyme, catalyzing
the same reaction but differing in kinetic properties.
LDH and CK isoenzymes are very important in the diag-
nosis of myocardial infarction.

X. Enzymes in Clinical Diagnosis

A. Overview

Enzyme assays are performed in blood samples and
other body fluids to further the diagnosis of a wide range
of clinical conditions. Cellular enzymes are usually con-
fined to the cells in which they are synthesized and where
they function. During normal cellular turnover they are
released into plasma, from where they are subsequently
removed and eliminated from the body. In plasma they
do not perform a physiological function and their plasma
levels in healthy state are low to absent. Under patho-
logical conditions, the serum levels of cellular enzymes
can increase, because disease process can increase the
cell-membrane permeability and release of intracellular
enzymes into serum. Metabolic stress without necrosis
can also lead to elevated enzyme levels, apparently by a
transient increase of the membrane permeability.

Each cell type has its characteristic complement of enzymes
(Table 6.9), and so identification of the pattern or profile
of the elevated enzymes in plasma can point towards the
damage of particular tissues. Following a block in coro-
nary blood vessel, for example, oxygen deprivation dam-
ages the heart muscles and activities of the myocardial
enzymes, e.g. lactate dehydrogenase and creatine kinase in
blood rise markedly. Neoplastic diseases also result in
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Tissue localization of some important enzymes

Aspartate transaminase

Alanine transaminase

Alkaline phosphatase

Acid phosphatase

Lactate dehydrogenase

y-Glutamyl
transpeptidase

Creatine kinase
a-Amylase

Aldolase

Arginase
Acetylcholinesterase
5'-Nucleotidase

Glucose 6-phosphatase

Heart, liver, skeletal muscle, kidney,

brain
Liver, skeletal muscle, kidney, brain

Bone (osteoblasts), intestinal mucosa,
liver, placenta, saliva

Prostate, erythrocytes

Heart, liver, skeletal muscle, kidney,
erythrocytes, pancreas, lung

Liver

Skeletal muscle, heart, brain
Pancreas, saliva

Skeletal muscle, heart

Liver

Brain, nervous tissue, erythrocytes
Hepatobiliary tract, pancreas

Liver

elevated enzyme levels when the tumour invades and
destroys tissues. The tumour cells themselves represent
an increased tissue source for the enzyme. Moreover, the
areas of tumour necrosis can develop when the tumour
outgrows its blood supply.

Measurement of the amount of enzyme that has
leaked provides an estimate of how much tissue damage
has occurred. Cytosolic enzymes appear in plasma before
mitochondrial enzymes, which are released only in
severe damages, so that the total enzyme activity is mark-
edly elevated. Thus, measurement of plasma enzyme
activity indicates the severity of the disease and the prog-
nosis for the patient.

An enzyme gives best diagnostic clue if it is specific for a par-
ticular tissue or even for a disease. Few enzymes meet such
requirements: alcohol dehydrogenase, which is unique to
liver; and acid phosphatase with its only established clinical
use in diagnosis of metastatic prostatic carcinoma. Other
than these two examples, few enzymes are disease or tissue
specific, which limits their diagnostic utility. Fortunately,
many of these enzymes occur as different isoenzymes in
different tissues and so estimation of isoenzymes makes the
diagnostic enzymology more discriminatory.

Assays of enzymes in blood are useful for diagnosis of
some diseases: amylase and lipase in pancreatitis, alanine
transaminase in hepatitis, aspartate transaminase, lactate
dehydrogenase and creatine phosphokinase in myocardial
infarction, etc. These diseases involve death of the affected
tissue, with release of the cellular contents into the blood.

The disease process may cause changes in the cell mem-
brane permeability and release the intracellular enzymes
into the plasma. The circulating enzymes can be quanti-
fied by measuring their catalytic activity or kinetic prop-
erties. Thus, clinical enzymology is a useful diagnostic
tool, and several enzymes are estimated routinely in
most clinical laboratories (Table 6.10). Some of the most
important ones are:

These are important enzymes of intermediary metabo-
lism that catalyze reversible transfer of an amino group
from an w«-amino acid to a a-keto acid (Fig. 6.10).
Aspartate transaminase (formerly known as glutamate oxa-
loacetate transaminase, or GOT) and alanine transaminase
(formerly known as glutamate pyruvate transaminase, GPT)
are two important transaminases, providing important
diagnostic clues in hepatic, cardiac and skeleto-muscular
disorders.

Distribution: Aspartate transaminase has a wide distribu-
tion, being present in heart, liver, kidneys, skeletal mus-
cles and erythrocytes.

Diagnostic utility: Heart and liver are richest in this
enzyme, and the plasma AST activity is elevated in dis-
eases involving these organs. In myocardial infarction
(MI), gross elevation of the AST activities are seen;
the elevation follows creatine kinase. In viral and toxic
hepatitis, the enzymes activity rise up to 25-folds.
Moderate elevation (up to fivefold) occurs in cirrhosis
and obstructive liver diseases. Other conditions charac-
terized by increased plasma AST include acute pancreatitis,
degenerative diseases of skeletal muscles, severe haemo-
lytic anaemia and infectious mononucleosis (with liver
involvement).

Distribution: Alanine transaminase is also widely distrib-
uted among tissues, but by far the highest concentration
is found in liver. Next to liver, highest ALT concentration
is found in skeletal muscles.

Diagnostic utility: ALT is an early and a specific indica-
tor of hepatocellular damage (Fig. 6.18). Rise in its activ-
ity occurs in skeleto-muscular disorders, and trauma also
(Table 6.10).

Specificity of ALT combined with sensitivity of AST,
has made the two transaminases the enzymes of choice in
studying liver diseases (Case 6.3).



Commonly assayed enzymes for specific diagnosis

Aspartate fransaminase (AST)

hepatocellular damage
Alanine transaminase (ALT)

Alkaline phosphatase (ALP)
activity, e.g. rickets

Acid phosphatase (ACP)
prostate
Lactate dehydrogenase (LDH)
pattern)
y-Glutamyl transpeptidase
Creatine kinase (CK)
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Rises in myocardial infarction after CK and returns to normal in 4-5 days. Early indicator of

Marked elevation in acute hepatitis (viral or toxic) and in other parenchymal liver disease

Marked elevation in obstructive liver disease and in bone diseases with increased osteoblastic
Marker for carcinoma prostate. Rises in metastatic bone diseases, especially from primary from
Rises in myocardial infarctions after CK and AST; LDH, becomes more than LDH, (called flipped

Liver disease, especially alcoholism

Marked increase in muscle disease (CK-MM) and in myocardial infarction (CK-MB is the first enzyme

to rise)
Amylase About 1000-fold rise in acute pancreatitis
Lipase Highly elevated in acute pancreatitis

Prostate specific antigen

LDH, and LDH, = lactate dehydrogenase isoenzymes 1 and 2.

50 4

30

ALT and bilirubin (Times normal)

! ! ! ! !
0 6 13 22 30

Days after onset of jaundice

Fig. 6.18. Alanine transaminase is an early indicator of hepa-
tocellular damage.

Alkaline phosphatase catalyzes hydrolytic removal of phos-
phate group from organic phosphate esters at an alkaline
pH (optimum pH is approximately 9.0). Their substrate
specificity is low, and they can act on a large number of
organic phosphate esters.

Distribution: Highest concentration of ALP is found in
liver, bone, intestine and placenta. Several isoenzymes,
secreted by the above tissues are present in the plasma. The
serum ALP activity, measured by routine methods, includes
activities of all these isoenzymes. To distinguish the iso-
enzymes, serum electrophoresis is the preferred technique.

Diagnostic utility: Due to multiple origins of the
enzyme, ALP activity is raised in a number of diseases.
However, raised activity is especially useful in diagnosis

Marker for carcinoma prostate

of bone and liver pathology, since these are the major
sources of the enzyme (Table 6.10). ALP is most predict-
ably raised in diseases of the liver, particularly when there
is an obstructive pathology (i.e. cholestasis). In hepato-
cellular damage, the degree of elevation is much less.
Hence, ALP is a sensitive indicator of cholestatic lesions;
its diagnostic utility in hepatocellular damage is much
less (Case 6.3).

In bone ALP probably plays a role in calcium
phosphate deposition. This enzyme is often elevated
in several bone disorders where osteoblastic activity
increases, e.g. Paget disease, rickets, osteomalacia, hyper-
parathyroidism.

Malignant disorders, primary or metastatic, may raise
the enzyme activity because of two factors:

Some malignant cells are capable of producing ALP.
Secondary infiltration of bone or liver by malignant
cells cause damage to these organs.

A number of differ-
ent isoenzymes of alkaline phosphatase are known, named
according to their electrophoretic mobility: a-1 form
moves in the a-1 position of the electrophoretogram and
a-2 moves in the a-2 position. The various isoenzymes
originate from different tissues.

a-1 ALP is produced in the epithelial cells of biliary
canaliculi. Normally, it forms about 10% of the
total ALP activity, and shows elevation in obstructive
jaundice.

a-2 ALP is synthesized by hepatic cells, constituting
about 25% of the total ALP activity. Its activity rises
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in hepatitis. Placenta also secretes the a-2 ALP form
that differs from the hepatic a-2 form in two aspects:
(a) it is more heat stable, and (b) it is inhibited by
phenylalanine.

Pre-p ALP originates from bone cells, forming about
50% of the total ALP activity. Elevation in its activity
is seen in bone diseases.

v-ALP originates from intestinal cells. Its activity is
normally 10% of the total ALP activity, and it increases
in ulcerative colitis. This form is inhibited by phenyl-
alanine.

A distinct type of ALP originates from leucocytes. It is
increased in lymphomas and decreased in chronic
myeloid leukaemia.

Regan isoenzyme: It is an isoenzyme of ALP (named
after the patient in whom it was first detected) that is
present in plasma of about 15% of the patients with car-
cinoma of lung, liver or gut. It is also seen in chronic
smokers. Structurally, the Regan isoenzyme closely resem-
bles the placental form.

Acid phosphatase also catalyzes the hydrolysis of phos-
phate from a variety of phosphate esters. It is so named
because it exhibits an acid pH optimum, i.e. pH 5-6.
Elevation of acid phosphatase occurs with metastatic carci-
noma of prostate. Normal prostate does not release sig-
nificant acid phosphatase into the circulation, whereas
metastatic prostate tissue does so.

It is an enzyme of anaerobic glycolysis that catalyzes the
reversible interconversion of lactate and pyruvate.

Distribution and diagnostic utility: It is widely distrib-
uted in all human tissues; therefore, its plasma level is
elevated in a wide variety of diseases, including liver dis-
eases and myocardial infarction, or haemolytic anaemia
when erythrocytes are degraded more rapidly than nor-
mally. Fortunately, different tissues contain different iso-
enzymes, which enhance its diagnostic utility.

Isoenzymes of LDH: The isoenzymes are formed from
two different subunits, designated H (heart) and muscle
(M), which have essentially the same molecular weight
(34,000) but different charge patterns. They combine in
different combinations to yield five isoenzymes (Table
6.11), which can be separated by electrophoresis.

The isoenzyme 1, a tetramer of four H subunits moves
fastest at pH 8.6.

The isoenzyme 5, consisting of four M subunits,
moves slowest at this pH.

Tissue distribution of lactate dehydrogenase

isoenzymes

LDH, HHHH Myocardium, RBC 30

LDH, HHHM Myocardium, RBC 35

LDH, HHMM Brain, kidney 20

LDH, HMMM Skeletal muscle, 10
liver

LDH MMMM Skeletal muscle, 5

liver

Apart from their electrophoretic mobilities, the LDH
isoenzymes can be distinguished from one another on
the basis of other properties, such as:

Sensitivity to heat and inhibitors.
Tissue distribution.

The isoenzyme pattern of a given tissue depends on
the relative amounts of H and M subunits produced by
its cells, which differs markedly among different tissues.
Thus, liver and skeletal muscles produce mostly M sub-
units; myocardium and bone marrow produce mostly H
subunits; and most other tissues (lung, brain, kidney,
pancreas) produce both. Thus LDH, (HHHH) is the pre-
dominant isoenzyme in cardiac muscle and erythrocytes.
Therefore, in myocardial infarction and haemolytic crises
of sickle cell anaemia, the LDH  is raised. LDH,and LDH,
are predominantly elevated in muscle trauma (Case 6.4).
In liver disorders, such as infectious hepatitis, the hepatic
isoenzymes, LDH, and LDH, rise in blood.

Rise in LDH, occurs in heart failure also. Note that
heart failure is not the same as myocardial infarction; whereas
MI refers to heart cell death, heart failure refers to the
inability of the heart to adequately maintain cardiovas-
cular output. An infarction can occur without heart failure
and vice versa. In right heart failure, blood accumulates
in the venous side of the circulation and causes liver
engorgement. As a result, liver cells release LDH..

Isoenzyme determination, as also a simultaneous
estimation of various enzymes, are of invaluable help
for the clinician to reach a conclusive diagnosis. For
example, an individual with chest pain may be suffering
from a myocardial infarction, pulmonary infarction, or
(rarely) both. Either disorder can occur with or without
changes in electrocardiogram (ECG). In myocardial
infarction, the isoenzymes 1 and 2 are elevated (1 or 2
days) after an episode of chest pain; whereas, elevations
of isoenzymes 3, 4, and 5 occur after pulmonary infarc-
tion. Also AST, CK and B-hydroxybutyrate dehydrogenase



activities are more or less normal in pulmonary infarc-
tion (only LDH is elevated), whereas they are all raised
in myocardial infarction.

B-Hydroxybutyrate dehydrogenase catalyzes the oxidation of
B-hydroxybutyrate by NAD* to yield acetoacetate and
NADH. The enzyme has a wide distribution, being pres-
ent in most human cells. Its activity is elevated following
a myocardial infarction, and the elevation follows cre-
atine kinase and AST.

It catalyzes reaction between glutathione and an amino
acid to form a +y-glutamyl amino acid and cysteinylgly-
cine. It is a sensitive indicator of liver diseases, especially
of alcoholism where it shows pronounced elevation
when there are no other serum enzyme abnormalities.

It is an important enzyme in energy metabolism that
catalyzes transfer of the phosphate group of creatine
phosphate to ADP to form ATP, thereby serving as an
immediate source of ATP in contracting muscles. It is a
reasonably specific muscle enzyme, found in heart and
skeletal muscle. Besides muscle tissue, only the brain
contains appreciable amounts of CK. Its activity rises in
Duchenne muscular dystrophy and several other muscu-
lar afflictions. The most important diagnostic clue is
given in myocardial infarction as it is the first enzyme
to be elevated following an episode of MI; the enzyme
is elevated in about half of the affected people 6 hours
after the initial insult. Whereas, isoenzyme measure-
ments are more useful in the diagnosis of MI, the main
use of total CK measurement is in the diagnosis of mus-
cle diseases. Injuries, intramuscular injections, vigorous
exercise, polymyositis, and muscular dystrophies increase
the serum CK level (as well as increase LDH, AST and
myoglobin.

Isoenzymes of CK: The isoenzymes are tissue specific
and are very useful for the specific diagnosis of myocar-
dial infarction. Two slightly different gene products con-
tained in the muscle (M) and the brain (B) correspond to
CK. The active CK is a dimer and three isoenzyme forms
are therefore possible: CK, (BB), CK, (MB) and CK, (MM).
The numbering is based on electrophoretic mobility; CK|
has the greatest anodic mobility at pH 8.6. CK, occurs in
brain, CK, occurs in heart and CK, in skeletal muscles
(Table 6.12).

Rise in activity of CK, is the cornerstone for the diagno-
sis of acute myocardial infarction because of its abundance
in the heart and absence from other cells (Case 6.5).
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Characteristics of CK-isoenzymes

CK, BB Brain 1

CK, MB Heart 5

CK, MM Skeletal 80
muscle

Besides LDH and AST, CK, is the most revealing enzyme
in the diagnosis of acute MI. For instance, in differentiat-
ing MI from pulmonary infarction (both may have similar
clinical picture, but without any perceptible changes in
ECG), measurement of CK, activity is important: it never
rises in pulmonary infarction (lungs lack this enzyme).

The brain isoenzyme is rarely elevated in the blood,
even after cerebrovascular accidents, although it is
increased in cerebrospinal fluid of patients with various
CNS diseases.

The electrophoresis method for determining the enzyme
is too slow and insensitive to be of much value in cardiac
emergencies. Therefore, ELISA based on monoclonal
antibodies to CK, is used. This method is quick and sen-
sitive enough to detect this isoenzyme in serum within
an hour or so of an episode of MI.

Diagnostic utility of some enzymes in MI is high-
lighted in Box 6.3.

These are the digestive enzymes secreted by exocrine
pancreas, and their serum levels are most notably
increased in acute pancreatitis. Estimation of their serum
levels provides important diagnostic clues in patients
who present with severe abdominal pain of sudden onset
(Case 26.1).

In such emergencies, acute pancreatitis has to be dif-
ferentiated from a variety of other causes of acute abdo-
men, such as cholelithiasis, perforated peptic ulcer and
peritonitis. Though most pronounced elevations occur in
acute pancreatitis, modest elevations of these enzymes
may occur in various extrapancreatic disorders; amylase
levels are elevated in inflammation of salivary glands such
as that produced by mumps, and lipase levels are elevated
in intestinal infarction, peritonitis or perforation.

Distribution: This enzyme, unlike other diagnostic enzymes
is normally secreted by hepatic cells, and hence always pres-
ent in serum, though its physiological role is uncertain.
Unlike acetylcholinesterase of cholinergic synapses, it has a
broader specificity and participates in metabolism of some
drugs, including cocaine and succinylcholine (Box 6.4).
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BOX 6.3

Diagnostic Enzymes in Myocardial Infarction

Measurement of serum activities of several enzymes which are normally present in myocardium in high concentration, have
diagnostic utility in MI. These enzymes are: lactate dehydrogenase (LDH), creatine kinase (CK), and aspartate transaminase
(AST). Serum activities of these enzymes are raised in myocardial infarction.

In myocardial infarction, sudden and complete occlusion of coronary artery occurs, which cuts off blood supply to a
portion of myocardium. Oxygen and glucose supply to the myocardium is thereby blocked, resulting in tissue necrosis. The
intracellular enzymes leak out from the damaged cells into the blood circulation. These enzymes provide chemical evi-
dence of damage to the myocardial tissue.

In MI, a simultaneous release of the CK, AST and LDH occurs from the damaged myocardium (see the Figure in this box).
But they are removed from blood circulation at different rates. Serial determinations of enzyme activities, therefore, show
transient elevations, which persist for different periods. For instance, elevation of CK activity lasts for 2—3 days, and for
about a week or more in the case of LDH.

CK (the MB isoenzyme) is the first enzyme to respond (within 3—6 hours), peak activity is reached in about 12—-24 hours
and normal values are attained by the third day.

AST activity starts rising 6—8 hours after the attack. It peaks at about 24—36 hours and returns to normal by 4-6 days.
LDH activity starts rising about the same time, or a little later than AST. Peak activity reaches in 48—72 hours and returns
to normal by 7—10 days.

10x — +—CK;(MB)
6x —
S5x
E Enzyme Abnormal Time for Time for return
o X activity peak to normal
€ o .
R 3 BRI - detectable | activity rise (days)
g 3x “— (heart specific) thours) thours)
2x — e CK, 3-6 12-24 2-3
(MB-isoenzyme)
AR (72 N e Upper normal limit AST 6-8 24-36 4-6
T T T T T T T T LDH (heart 8-10 48-72 7-10
1 2 3 4 S5 6 7 8 specific)
Days after myocardial infarct
BOX 6.4

Scoline Apnoea in Patients with Low Plasma Cholinesterase

Scoline apnoea is a fatal condition that may develop after an overdose of succinylycholine, a muscle relaxant. However,
if the plasma levels of cholinesterase are low or absent (this is a genetically transmitted condition), the patient may develop
apnoea even after a standard dose of succinylcholine. Why2 The reason is that succinylcholine is structural analogue of
acetylcholine and so competitively occupies the post-synaptic receptors of actelycholine. Succinylcholine is inactivated by
plasma cholinesterase in about 2—4 minutes in a normal subject.

In patient with low plasma cholinesterase, metabolism of succinylcholine slows down, so much so that it may take several
hours to metabolize succinylcholine. The muscle relaxing effect is prolonged and the patient is at high risk of developing
fatal apnoea. It is therefore desirable that prior to administration of succinylcholine, the plasma cholinesterase activity is
estimated and the normal levels ascertained.



Diagnostic utility: Most important use of the plasma cho-
linesterase is in the diagnosis of organophosphate poison-
ing. Organophosphates, which include several commonly
used insecticides, are toxic for both insects and humans
because they inhibit acetylcholinesterase (at cholinergic
synapse, irreversibly). The organophosphates also inhibit
the pseudocholinesterase, therefore, the enzyme activity is
decreased in organophosphates poisoning.

Decreased pseudocholinesterase levels in serum are
found in viral hepatitis, cirrhosis, primary and metastatic
cancers of liver and malnutrition.

Note: In contrast to the non-plasma specific enzymes,
discussed so far, some other enzymes have a functional
role in plasma. They are called functional plasma enzymes.
Examples include the enzymes associated with processing
of low density lipoproteins and chylomicrons (i.e. lipo-
protein lipase), blood coagulation (e.g. thrombin), and
fibrin dissolution (e.g. plasmin). Plasma concentration of
such enzymes is relatively higher.

Xl. Enzymes as Therapeutic Agents

Enzymes find widespread use in treatment of a number
of diseases:

o Streptokinase (from Streptococcus) or Urokinase (from
urine) can cause lysis of intravascular clots and there-
fore used in myocardial infarction.

® Hyaluronidase has degradative action against hyaluronic
acid, a mucopolysaccharide in extracellular tissue. There-
fore, it is used for increasing tissue permeability, and
in treatment of traumatic or post-operative oedema.

® Asparginase is used as an anticancer drug; most com-
monly in some types of leukaemia.

o Pepsin and trypsin are useful in patients with chronic
indigestion and in pancreatic insufficiency.

o Alpha-1-antitrypsin (AAT) is used in treatment of a
type of emphysema that is caused by deficiency of
AAT (Chapter 5).

Enzymes

® Collagenase degrades collagenous tissue, and so used
in management of severe burns and in debridement
of dermal ulcers.

o Lysozyme (endogenous antibiotic) is found in human
tears. It has antibacterial properties being active
against cellulose of bacteria, and is used in the
infection of eye.

® Penicillinase is a bacterial enzyme which degrades
penicillin. Therefore, it finds use in management of
patients who are allergic to penicillin.

® Papain is anti-inflammatory

o Streptodornase is a DNAase, applied locally.

Exercises

Essay type questions

1. What are enzymes. What properties distinguish them
from inorganic catalysts.

2. What are cofactors and why are they needed for some
enzymatic reactions.

3. What factors influence enzyme activity?

4. Write double-reciprocal equation and describe the
features of a Lineweaver-Burk plot. Discuss the effects
of different types of inhibitions on this plot.

5. Discuss some mechanisms for regulating enzyme
activity.

6. Describe the importance of serum enzymes in the
diagnosis of diseases.

Write short notes on

Allosteric enzymes

Active site

K value

Isoenzymes

CK isoenzymes

Michaelis constant

Competitive inhibition

Lactate dehydrogenase isoenzymes

W N =

.
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CLINICAL CASES

A 3-year-old girl with fast and shallow breathing

A 3-year-old girl was brought to the Pediatrics emergency
in a disorientated state, having fast and shallow breathing.
Blood analysis indicated an acidotic state (reflected by
reduction of plasma bicarbonate concentration and
decreased blood pH; and marginally lowered pCO,). To
elucidate the underlying cause of the metabolic acidosis,
relevant biochemical tests were performed. Lactic acid and
ketone bodies were measured in blood and urine samples
with possible diagnosis of lactic acidosis or ketoacidosis in
mind. (These two are the most common causes of metabolic
acidosis.) However, the test results ruled out these possibilities.
Urine was analyzed by chromatography. The following
abnormal constituents were detected; [3-hydroxypropio-
nate and methylcitrate. Since these two compounds are
derived from propionyl CoA as alternate metabolites, it
was speculated that normal metabolism of this compound
(propionyl CoA) was affected.

To investigate this possibility the following experiment
was carried out.

Block
Propionyl CoA I I »  Succinyl CoA

I—P B-Hydroxypropionate

methylcitrate

The patient’s fibroblasts were cultured and a cell-free
extract* was prepared from them. Radioactive-labeled
propionyl CoA was added to the extract and its conversion
to succinyl CoA was measured. It was found to be much less
than expected in a normal subject. Similarly, conversions of
radioactive pyruvate to oxaloacetate, and of 3-methylcro-
tonyl CoA to 3-methylglutaconyl CoA were decreased.

What is the most likely biochemical defect in this child2
Intracellular biotin concentration was measured and
found normal. What is your diagnosis in view of this
observation?

*Contains all the enzymes and cofactors normally present within
a cell.

Enzyme inhibitors for treatment of gouty arthritis

A 30-year-old man has recurrent arthritic attacks. On
examination signs of inflammation were present in several
joints. Serum uric acid was grossly elevated, as was the
urinary excretion of this compound. Further investigation
revealed deposition of urate crystals in the inflamed joints
and tissues. Treatment was started with allopurinol at a daily
dose of 50mg twice a day. Over a period of 2—3 weeks,
the dose was gradually increased to 400mg per day.
Ibuprofen was added to control pain and inflammation.

What is the rationale behind treating this patient
with allopurinol?

State the mechanism of action of allopurinol.

State the biochemical basis of using ibuprofen in this
patient.

Allopurinol is recommended for the
patients along with the anticancer drugs. What is the
logic behind using this combination?

leukaemia

Enlarged liver with yellow sclera and dark urine

A 15-year-old boy complains of nausea, vomiting and
abdominal discomfort for the past one month. In general, he
had been feeling “yellow” for the past few weeks. On exam-
ination, yellow discoloration of skin and sclera were detected.
Liver was palpable 3 cm below the costal margin.

The urine and serum samples, obtained for biochemical
analysis, were deep yellow in colour, and the stool sample
was clay coloured.

Investigations test Patient’s Reference
reports range

Serum bilirubin 18mg/dl 0.1-1.0mg/dL

Aspartate 240U/L 10-35U/L

transaminase (AST)

Alanine 278U/L 10-40U/L

transaminase (ALT)

Alkaline 186U/L 40-100U/L

phosphatase (ALP)

Total protein 6.2g/dl 6.2-8.2g/dL

Serum albumin 3.2g/dl 3.6-5.4g/dL

Serum globulin 3.0mg/dl 1.8-3.6g/dL

Urine bilirubin + ve
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Interpret the results of the enzyme measurements
and identify the underlying defect in this patient?
Account for a low A : G ratio.

n general, what causes elevation of ALP activity.
The serum alanine transaminase is an early indicator
of hepatocellular damage. Give reason.

Mention the significance of relative values of AST
and ALT activities in assessing the severity of hepa-
tocellular damage.

Why were the stools “clay colored” and why was the
urine brown?

A 28-year-old man having chest pain

A 28-year-old salesman felt chest pain while exercising in
a local health club. Initially moderate in intensity, the pain
gradually became increasingly severe, and soon he felt
severe constriction around the chest which caused difficulty
in breathing. The patient felt apprehensive because his
father had died of heart attack two months earlier having
suffered a similar agonizing experience.

The patient was rushed to the nearest nursing home,
where he was admitted as a suspected case of myocardial
infarction. ECG and X-ray of the chest were, however, nor-
mal. Blood sample was analyzed in the biochemistry labo-
ratory with the following results:

Investigations test Patient’s results | Reference range
Lactate 1080U/L 100-300U/L
dehydrogenase (LDH) (in males)
Creatine 6010U/L 30-120U/L
phosphokinase (CPK) (in males)
Aspartate 130U/L 0-35U/L
transaminase (AST)

Alanine 48U/L 0-48U/L
transaminase (ALT)

CK-MB activity was normal. Electrophoretic separation
of the LDH isoenzymes was carried out. The results are
shown in the following graph.
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Electrophoresis ____,,
in patient

The bands were obtained by scanning with a photoelec-
tric densitometer. In this patient, sample for electrophoresis
was obtained 8 hours after the chest paint.

Would you recommend that the patient be shifted to
coronary care unit on the basis of above test results?
Interpret the results of electrophoresis.

Which further tests would be of relevance in this
patient?

A tight constricting band around chest in a hypertensive patient

A 48-year-old man experienced a sense of tightness in
middle of the chest early in the morning (5.00 AM). It was
like a tight ‘constricting band’, which lasted for a few min-
utes. It was accompanied by pain in the left arm, wrist and
hand. He felt breathless and had vomiting during this
period.

On examination, the patient showed pallor, profuse
sweating and appeared out of breath. His heart rate was
increased (102 per minute), but the pulse volume appeared
low. Blood pressure was low, although he was known to be
hypertensive for the last five years. His family physician
made a diagnosis of myocardial infarction (Ml) and had
given him intramuscular diamorphine. He referred the
patient to the hospital where the latter was hospitalized
immediately. In casualty, the patient complained of chest

pain and shortness of breath; however, the ECG results
were not typical of myocardial infarction though they indi-
cated ischaemic changes. Blood sample was taken soon
(7.30 AM) for biochemical analysis.

The results of enzyme activities, returned by the
laboratory after a few hours are as below: CK
230U/L (normal 30-120U/L), AST 40U/L (normal
10-35U/L); LDH 218 U/L (normal 100-300U/L). In
view of these results, do you believe that the patient
suffered an attack of myocardial infarction?

Discuss the significance of isoenzyme estimation in
this case.

What other biochemical tests would be of relevance
in this case?
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Cell is the basic functional unit of all forms of life. It is the live unit containing a number of living components that are
sequestered from the external environment by a membranous barrier. The cell membrane is selectively permeable since
it permits passage of only selected substances across it, being impermeable to most others.

In prokaryotes, such as bacteria, algae and rickettsia, the cell itself is the organism. In some eukaryotes, like yeast and fungi,
aggregation of the cells occurs to form tissues. In the higher forms of life, such as plants and animals, the tissues are further
organized to form the whole organ systems. The crucial difference between the eukaryotic and the prokaryotic cell is the pres-
ence in the former of internal membrane structures, particularly the nucleus. Such structures are not seen in prokaryotic cells.

Most eukaryotic cells are 10-30 times longer in their linear dimension than the prokaryotic cells. For example, the
Escherichia coli cell is about 1 mm long, whereas the hepatocyte is about 30 mm in diameter. Thus, the relative surface to
volume ratio is much larger in this microorganism compared to that in the hepatocyte but the size is much smaller.

For all cell types, it is advantageous to have membrane surfaces on which various membrane-related phenomena, such
as enzyme-catalyzed reactions and cellular transport takes place. Bacteria make use of the cell membrane for this pur-
pose, whereas eukaryotic cells have acquired internal membranes for the same. The surface area of these internal mem-
branes account for 96—98% of the total membrane area associated with the hepatocyte. However, exceptions do occur
in eukaryotes. For instance, the plasma membrane of the intestinal epithelial cell has a large surface area, a very useful
adaptation which enables it to absorb nutrients (Chapter 26).

This chapter outlines the structure and function of a typical eukaryotic cell. It also describes characteristics of biological
membranes and membrane transport. After going through this chapter, the student should be able to understand:

Chemical composition and architecture of a eukaryotic cell; functions of various subcellular components.

Biological membranes: lipid bilayer structure, fluid mosaic model, the role of phospholipids, proteins (extrinsic and intrinsic),
and other biomolecules in the bilayer structure; membrane asymmetry and fluidity, specialized membrane structures.
Mechanisms for transport of substances across the permeability barrier, i.e. passive and carrier mediated transport,
exocytosis and endocytosis, various types of channels and ionophores.

molecular architecture of which consists of two layers of
lipid molecules. A number of specialized proteins are
embedded in the plasma membrane. Enclosed by the

Different types of cells vary enormously in their size, shape
and specialized functions. Despite these outward differ-
ences, various kinds of cells are remarkably similar in
their basic structural features. All cells are rendered self-
contained by the surrounding plasma membrane, the basic

membrane there is the cytoplasm in which a vast array of
chemical reactions of metabolism occurs. Also present in
the cytoplasm is a nucleus or nuclear body in which genetic
material is replicated and stored (as deoxyribonucleic acid).
A number of organelles are also present, each of which
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performs a specialized task; e.g. mitochondria are power
plants of eukaryotic cells, lysosomes are pockets containing
lethal enzymes, peroxisomes are peroxide-destroying vesicles,
Golgi bodies are secretory vesicles, ribosomes synthesize
proteins and endoplasmic reticulum form a maze of
membrane channels through the cytoplasm.

An average eukaryotic cell contains 70% or more water.
About 10% of the weight of the cell is contributed by inor-
ganic matter, and the rest is accounted by organic material.

Inorganic constituents of the cell comprise mineral ele-
ments. Although more than 100 mineral elements are
found in nature, only 22 are present in cells. Most abun-
dant of these are carbon, hydrogen, nitrogen and oxygen.
Together, these four elements account for about 98% of
the total mineral elements present in living systems. The
relative abundance of these elements in the human body
and earth’s crust is shown in Table 7.1.

These four elements make up thousands of intracel-
lular compounds. Most are highly reduced and energy
rich. Other cellular inorganic constituents are cations
like Na*, K*, Ca’*, Fe?*, Cu**, Mg?* and Zn**; and anions
like C1-, SO2~ and HPO;~ About 1.0% of the weight of
the cell is accounted for by inorganic matter.

The organic molecules in the cell, about 500 in number,
are of diverse types. Some of them having relatively low
molecular weight (MW 50-350D) account for about
4.0% of the wet weight of the cell, e.g. monosaccharides,
amino acids, fatty acids, nitrogenous bases, etc. The high
molecular weight organic compounds (MW 2-2000kD) are
mainly proteins; the latter roughly accounts for 10-20%
of the wet weight of the cell. Lipids, complex carbohydrates,
DNA and RNA contribute approximately 3.0%, 3.0%,
1.0%, and 5.0% of the cellular wet weight, respectively.
However, per cent composition of the above-mentioned
cellular components varies depending on the cell type; a
given cell may be rich in one type of bio-molecule but lack
in others. For example, adipocytes contain about 98%
triacylglycerols, and RBCs contain about 40% proteins.

Ultrastructure of a cell showing various subcellular
(internal) organelles is illustrated in Figure 7.1. Each
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Relative abundance of carbon and nitrogen in
the living systems and earth’s crust

Carbon 10.5 0.08
Hydrogen 60.3 Negligible
Nitrogen 2.42 0.0001
Oxygen 25.5 62.5
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Fig. 7.1. Diagrammatic representation of a eukaryotic cell.

organelle is specialized for performing a specific task (as
outlined later in Table 7.3). Relative proportions of differ-
ent organelles vary from one cell type to another. Moreover,
a given organelle may carry out a certain function in a
given cell type only. For example, release of glucose from
glucose 6-phosphate can occur in hepatocytes (because
of the presence of the enzyme, glucose 6-phosphatase), but
not in cells of other tissues.

Cells in eukaryotes have a membrane bound nucleus,
and a number of other membrane-bound subcellular
organelles, each of which carries out a specific function.

The technique for separating subcellular organelles (sub-
cellular fractionation) involves breaking open the cell by
homogenization and separating various organelles from
one another by centrifugation.

Separation of organelles for biochemical studies was
first studied by Schneider and Pallade in late 1940s, and
Albert Claude was awarded Nobel Prize in 1974 for frac-
tionating subcellular organelles. The latter showed that
different organelles, present in homogenate of a tissue,
such as rat liver, could be separated by a procedure known
as differential velocity centrifugation.
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The following steps are involved in subcellular

fractionation:

The tissue is suspended in 0.25M sucrose solution
and the cells are disrupted by means of the shearing
forces generated in a potter homogenizer.

The homogenate thus prepared is then subjected to
high-speed centrifugation. This process brings about
separation of various organelles because different
organelles sediment at different speeds in a centrifugal
field, depending on their density and size. More the
density and the size, more readily does the sedimen-
tation take place. To some extent, shape of the subcel-
lular organelle also determines its sedimentation.
Centrifugal forces of sufficient magnitude and duration
are used to produce separation of the organelles. Nucleus
being the heaviest particle, sediments most readily.
Centrifugation at 10*g/min results in pelleting of
nucleus.

Centrifugal force of 4 X 10° g/min results in sedimen-
tation of mitochondria, lysosomes and peroxisomes
(Fig. 7.2).

Separation of other organelles is then achieved in the

same way, i.e. by increasing the centrifugal force.

Table 7.2. They are used to identify purity of an organelle
preparation: a given organelle is identified (after centri-
fugation) by measuring the activity of its marker enzyme
in various subcellular fractions.

The subcellular organelles provide several benefits to the
eukaryotic cell. They create compartments within the
cell. Each compartment is specialized for a specific role.
Major advantages of having compartments are as below:

Enhances efficiency of reactions: In the metabolic pathway,
the reactions are sequential, which means that product
of a reaction serves as substrate for the next reaction.
Such reactions work much more efficiently if they are
held in close proximity within a compartment.
Storage: Specific substance can be stored within a dis-
tinct intracellular compartment, from where it can be
released when the need arises. For example, calcium
ions are stored in sarcoplasmic reticulum and released
to promote muscle contraction.

Reciprocal regulation of opposing pathways: The path-
ways that carry out opposing groups of reactions (such
as fatty acid synthesis and degradation) do not occur
simultaneously. A mechanism for their reciprocal
regulation exists by which when one of the pathways is

At lower centrifugal forces, nuclei, mitochondria lyso-
somes and peroxisomes pellet to bottom of the centrifuge
tube, whereas higher forces are required to pellet endo-
plasmic reticulum, Golgi apparatus and membranes.

Some enzymes, called the marker enzymes, are pre-
ferentially located in particular organelles, as shown in

Nuclei and fragments

104 g/min of plasma membranes

Mitochondria,
. lysosomes, and
Centrifugal 5 : 4 ’
Fo%ce 4x10%g/min ‘ peroxisomes
applied
6 ) Microsomal fraction
6 x10°g/min |
Cytosol
Supernatant

Fig. 7.2. Separation of subcellular organelles by differential
centrifugation.

operative, the opposite pathway is inhibited. A smooth
working of this arrangement is possible only when
the opposite pathways are located in different com-
partments. For instance, the pathway for fatty acid syn-
thesis is located in cytosol, whereas the pathway for its
degradation is located in the mitochondrial matrix.
The pH within an organelle can be maintained at a different
level than the rest of the cell (e.g. lysosomes). Lysosomes
are membrane-bound digestive vesicles of varying sizes
and shapes (average diameter = 0.5 pm) that contain
lytic enzymes (called hydrolase) at a relatively low pH
(4.5-5.5).

The hydrolases cause intracellular digestion of mac-
romolecules. Each lysosome contains over 30 hydro-
lases, which can digest all types of biomolecules (e.g.
proteins, nucleic acids, carbohydrates, and lipids).

Marker enzymes. A given marker enzyme is

present within only one compartment of the cell

Mitochondria Inner membrane: ATP synthase

Lysosome Cathepsin
Golgi complex Galactosyl transferase—mannosidase |
(cis); Fucosyl transferase (trans)

Microsomes Glucose 6-phosphatase

Cytoplasm Lactate dehydrogenase
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Therefore, lysosomes are referred to as the potential
lethal bags of the cell. Since the lysosomal membrane
separates these enzymes from the cytosol, the cyto-
solic contents cannot be digested by them under nor-
mal circumstances. Even when the acid hydrolases leak
out of the organelle because of membrane damage,
they can cause only minimal damage to the cytosolic
contents. This is because their optimum pH is low,
and so they are readily inactivated at the relatively
high pH prevailing in the cytosol.

Electron microscopic studies have shown that a complex
network of protein filaments is present in the cytoplasm. The
filaments form a flexible, framework within the cell, called cyto-
skeleton. Pivotal role is played by the cytoskeleton in a
variety of cellular functions, such as intracellular transport,
maintenance of shape of the cell, motility and cell division.

Three types of filaments are usually found in the
mammalian cell: (a) microfilaments of 5nm diameter,
(b) microtubules of 25nm diameter, mainly present in
the long cells of the nervous system, and (c) myosin,
which is mainly present in the muscle cells.

Eukaryotic cells have internal scaffold, the cytoskeleton,
that control shape and movement of the cell.

The cellular matrix in which the subcellular organelles are
embedded is known as cytoplasm. It accounts for approx-
imately 50% of the cell volume. Cytoplasm was previously
believed to be an inert jelly. However, it is now known that
cytoplasm contains a variety of enzymes that participate
in a number of metabolic reactions. The other components
of the cytoplasm are glycogen granules and fat droplets.

Role played by various organelles is given in Table 7.3.
For details the student is advised to refer to a textbook of
cell biology.

Cytosol is soluble part of cytoplasm, wherein numerous
metabolic reactions take place.

Biological membranes are large flexible sheets that are
universal elements of cell structure. Each cell is surrounded
by a plasma membrane, which forms a boundary between
the cell and its environment. It plays important role in:

(a) cell-cell recognition and communication,
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Functions of subcellular organelles

Nucleus Contains chromatin composed of DNA and
proteins, RNA synthetic apparatus, and a
fibrous matrix

Nucleolus A nuclear subcompartment where most of the

cell’s rRNA is synthesized

Endoplasmic Site of biosynthesis of several biomolecules,

reticulum detoxifies certain hydrophobic compounds
(smooth)
Ribosome Protein synthesis

Golgi apparatus  Functions in the synthesis, processing and
sorting out of secreted proteins, lysosomal
proteins and certain membranes
Mitochondrion Principal site of oxidative pathways (e.g.
TCA, B-oxidation), ATP production, urea
cycle (partly) and haem synthesis (partly)
Lysosome Acidic organelle, contains a battery of lytic
enzymes that degrade material internalized
by the cell, and worn-out cellular membranes
and organelles

Peroxisome Oxidation of long chain fatty acids, D-amino
acids and a-hydroxy fatty acids

Cytoplasm Site of several metabolic pathways

(b) maintenance of the shape of cell,

(c) cellular movement and

(d) controlling movements of molecules between the
inside and the outside of the cell.

Eukaryotic, but not prokaryotic cells, possess intracel-
lular membranes as well, which encompass various cell
organelles, thus segregating one part of the cell from the
other and also enabling each organelle to carry out its
characteristic cellular function.

Membranes are very active metabolically and have sig-
nificant influence on cell metabolism. Most membranes
are around 50 A (5nm) thick. In general, the membranes
of organelles are thinner than the plasma membrane. All
membranes have similar structural organization, which
may be pictured as a mosaic of globular proteins embedded
in a fluid-like phospholipid bilayer.

A number of diverse functions are performed by bio-
logical membranes, as outlined below:

Membrane lipids—Diffusion barrier, controlling
movement of specific molecules, maintain shape of
cell.

Membrane proteins—Enzymes, carrier activities, signal
transduction, link between cytoskeleton and extracellu-
lar matrix.

Carbohydrates—Cell-cell recognition, adhesion and
receptor action.
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Biological membranes are diffusion barriers and sites
of specific regulated transport around cells and intra-
cellular compartments. They are also involved in cell
recognition and intercellular communication, and have
many associated enzymes.

Lipids and proteins are the two major components of all
biological membranes, as mentioned earlier. Relative pro-
portions of the two vary greatly amongst different types of
membranes. For example, lipids account for about 20% of
the total weight of the rat liver cell membrane to over 54%
in myelin sheath. In most membranes, 50-65% of the total
membrane mass is accounted by proteins. Membranes of
organelles have a higher percentage of proteins because
of their greater participation in enzymatic and carrier
(i.e. transport) activities. Inner mitochondrial membrane
(IMM) contains highest proportion of proteins (75%).

Other membrane components, present in smaller
quantities (5-8%) are glycolipids and glycoproteins.
Carbohydrates do not exist in free form in membranes.
Small quantities of free and esterified cholesterol are
also present in most membranes.

The membrane lipids: phospholipids, glycolipids and choles-
terol, are amphipathic molecules with hydrophilic heads
on the outside and hydrophobic tails oriented inside.

The bilayer structure of membranes is due to amphipathic
nature of the major membrane lipids, i.e. the phospho-
lipids. A phospholipid molecule is oriented in such a way
that its polar head group is exposed on the external sur-
face of the membrane, and the fatty acyl chain is oriented
to the inside of the membrane. This forms a sheet-like
phospholipid bilayer, which is two molecules thick
(Fig. 7.3). The fatty acyl chains of the phospholipids in each
layer, or leaflet, form a hydrophobic core that is 2-3 nm
thick in most membranes. The diffusion barrier mentioned
above is because of this hydrophobic core, which is highly
impermeable to polar molecules and ions.
Understanding of the membrane structure has evolved
gradually over a period of several years and still new infor-
mation is being added. As a result, the proposed model
for membrane structure continues to undergo modifica-
tions and refinements. It was in 1925 that Gorter and
Grendel first proposed the lipid bilayer structure for the

biological membranes. In 1935, Davson and Danielle sug-
gested another model in which phospholipids were the
major constituents that formed the matrix or continuous
part of the membrane. Few globular proteins were also
present, but only towards the polar exterior. A major
question with these earlier models was as to how the
membrane proteins interacted with the lipid bilayer.
No satisfactory explanation was in sight, which casted
doubt on general validity of these models.

In 1972, Jonathan Singer and Garth Nicolson proposed
the fluid mosaic model (Fig. 7.4), in which some pro-
teins called intrinsic proteins are actually immersed in the
lipid bilayer, while others are loosely attached to the sur-
face of the membrane, i.e. extrinsic proteins. The impor-
tant features of the fluid-mosaic model, the most
accepted model for the overall structure of biological
membranes, and supported by a wide variety of experi-
mental observations, are excerpted as below:

The bilayer organization of lipids in membranes can be
viewed as two dimensional solutions of oriented lipids;
and there are proteins embedded in it. The proteins may
be intrinsic (tightly associated with hydrophobic core)
or extrinsic (loosely bound to membrane), as discussed.
The integral membrane proteins can be considered as
‘icebergs’ floating in two dimensional lipid ‘sea’ The
bilayer organization of the lipids acts both as solvent
for the amphipathic integral membrane proteins and
as a permeability barrier.

Membrane proteins are free to diffuse laterally in the
plane of the bilayer unless restricted in some way, but
would not be able to flip from one side of the bilayer
to the other.

Some lipids may interact with certain membrane pro-
teins. These interactions are essential for the normal
functioning of the protein.

|
50 A

Fig. 7.3. The bimolecular leaf arrangement of phospholipids
in biological membranes.
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Fig. 7.4. Membrane structure: Fluid mosaic model (Singer and Nicolson).

Biological membranes are sheet like-structures that are
only two molecules thick (60-100 A). Basis of all cellular
membranes is lipid bilayer onto which the globular pro-
teins are embedded to form the fluid mosaic model.

Phospholipids, sphingolipids, and cholesterol constitute
the major membrane lipids.

These are the most predominant molecu-
lar components of all membranes. The principal mem-
brane phospholipid is phosphatidylcholine (lecithin),
which accounts for 40-50% of the total phospholipid
content. Other phospholipids, present in relatively small
quantities, are phosphatidylethanolamine (cephalin), phos-
phatidylserine, cardiolipins and inositol phosphoglycerides.

These derivatives of sphingosine, an amino
alcohol, with a long hydrocarbon chain, are the second
important class of lipids found in biomembranes. The
sphingomyelins, which contain a phosphocholine head
group, are major components. Other sphingolipids are
glycolipids in which a single sugar residue or branched
oligosaccharide is attached to the sphingosine backbone
(Chapter 3). Glycolipids constitute 2-10% of the total
lipids in plasma membranes; they are most abundant in
nervous tissue.

The third important class of membrane lipids
is cholesterol and its derivatives. Though cholesterol is espe-
cially abundant in the plasma membrane of mammalian
cells, it is absent from most prokaryotic cells. It appears
almost entirely hydrophobic in composition, but it is

actually amphipathic because its hydroxyl group can inter-
act with water. It is oriented in such a way in the mem-
brane that its hydrophilic hydroxyl group faces the
exterior and the cyclopentanophenanthrene ring fits into
the hydrophobic lipid phase of the membrane.

In membranes three major classes of lipids are phos-
pholipids, sphingolipids and cholesterol. The (glycero-)
phospholipids have glycerol backbone and the sphingo-
lipids are based on sphingosine, an amino-alcohol.
Cholesterol is most rigid lipid in animal cells; in plants
[3-sitosterol is present instead.

The proportion of lipid component of different membranes
vary. Neutral lipids and sphingolipids occur in high con-
centration in plasma membranes. The inner mitochon-
drial membrane (IMM) is especially rich in cardiolipins
and phosphatidylethanolamine. High concentration of
sphingolipids is present in myelin sheaths of axons of
neural tissue, whereas the intracellular membranes pri-
marily contain phospholipids with relatively smaller
amount of sphingolipids or cholesterol. The cholesterol
content of a given membrane may vary with the nutri-
tional status of an individual.

The membrane proteins are involved in a number of spe-
cific functions. While the continuity of biological mem-
branes, and their ability to act as permeability barrier for
water-soluble molecules are due to the properties of the
lipid bilayer, other membrane functions can be explained
by properties of the membrane proteins. The most
important of these are:

Enzymatic activities: A number of biochemical reac-
tions are catalyzed by the membrane proteins which
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possess enzymatic activity; e.g. Na*—K* ATPase that
maintains a steep gradient of Na* and K* across the
plasma membrane.

Carrier activities: Several water-soluble intermediates,
nutrients and waste products must be carried across
the lipid bilayer. Simple diffusion of these substances
is not possible due to selectively permeable nature of
the membrane. Their movement across the membra-
nous barrier is made possibly by certain transport
proteins (i.e. translocases).

Signal transduction: The message inherent in a hor-
mone or neurotransmitter or other such extracellular
substances must cross the membranous barrier so
that it may influence intracellular events. This is made
possible by signal transduction by specific proteins
(Chapter 29).

Interactions with the extracellular matrix and the cytoskel-
eton: These interactions are essential for the integrity of
the cell and of the tissue as a whole. Proteins such as
fibronectin, ankyrin and spectrin participate in these
interactions.

Some membrane proteins regulate permeability for inorganic
ions: This forms the basis for the excitability proper-
ties of some biological membranes.

Proteins are in charge of specialized functions, acting as
enzymes, as structural links between the cytoskeleton
and the extracellular matrix, as components of signal-
ling pathways, and as carriers.

As mentioned earlier, the membrane proteins are divided in
two classes: peripheral (or extrinsic) and integral (or intrin-
sic). The classification is based on the location and the ease
with which they can be removed from the membrane.
The peripheral proteins can be released from the mem-
brane by relatively mild treatment such as by salt solu-
tions of different ionic strengths, or through alteration of
the surrounding pH. These proteins usually possess enzy-
matic activity. They may be bound to either face of the
membrane by electrostatic interactions and hydrogen
bonds (Fig. 7.4). Removal of peripheral proteins causes
little or no change in the integrity of the membrane.

Each membrane contains a unique complement of proteins,
which may be intrinsic (embedded in the membrane) or
extrinsic (bound to it). Carbohydrates in form of oligo-
saccharide chains are attached to lipid or protein.

The integral proteins are embedded deeply in the
bilayer, and are attached by hydrophobic bonds or

van der Waals forces. Mostly they span the whole bilayer
and when they do so they are called transmembrane
proteins (Fig. 7.4). They serve as important transport
proteins.

It requires use of detergents or organic solvents to sep-
arate the integral proteins from the membrane. The inte-
gral proteins are usually tightly bound with lipids.
Removal of the lipid component during the separation
causes denaturation of the protein, and consequent loss
of its activity.

Some membranes contain a specific type of hydro-
phobic proteins called proteolipids, which consist of
covalently linked lipid and protein components. These
proteins are particularly abundant in myelin, where they
represent about 50% of the membrane proteins, e.g.
lipophilin.

Carbohydrates are relatively minor components, form-
ing 5-8% of the total membrane mass. Most carbo-
hydrates occur as oligosaccharide units that form part
of membrane glycolipids and glycoproteins. Glucose,
galactose, mannose, fucose, N-acetylglucosamine, and
sialic acid are some of the major carbohydrates present
in these hybrid molecules. It is noteworthy that carbohy-
drates never exist in free form in the membranes.

The carbohydrates are generally located towards the
exterior of plasma membrane. They play an important
role in cell-cell recognition, adhesion and receptor action.
However, they may be located in the inner leaflet of the
membrane, e.g. in endoplasmic reticulum where they
face the membrane enclosed channel.

Membranes have asymmetric structure. Proteins are
mainly responsible for it because they are inserted in an
asymmetric fashion (Fig. 7.4). Further contributors to
asymmetry are the oligosaccharide units that always
project towards the exterior. Lipid components are also
distributed in an asymmetric fashion, for example, in the
erythrocyte membrane, the outer leaflet of the bilayer
contains mostly phosphatidylcholine and sphingolipids,
whereas the inner one contains phosphatidylethanol-
amine and phosphatidylserine.

The fluid mosaic model depicts asymmetric membrane
structure with different lipid compositions in two leaflets.
Further contributors to membrane asymmetry are oligo-
saccharides that always project towards exterior and
membrane proteins having only one orientation.
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The fact that some membrane components can move in
the lipid bilayer indicates fluid nature of biological mem-
branes. A number of factors influence the fluidity of mem-
branes, which in turn influences its physiological function.
Temperature and composition of the membrane are the
two major factors that influence the membrane fluidity. At
arelatively low temperature the fluidity is less, and therefore,
limited mobility of membrane components is possible. As
the temperature is raised, a phase transition occurs that
results in tremendous increase in fluidity. The phase tran-
sition temperature (melting temperature; T, ) provides a
measure of the temperature at which the transition occurs.
The T value itself depends on the membrane composition.

The nature and relative abundance of membrane constituents
have significant effect on the membrane fluidity. For example:

The short chain fatty acids increase the fluidity while
the long chain fatty acids tend to decrease it.
Unsaturated fatty acids with their cis-double bonds
do not pack closely; this results in more fluid struc-
tures in which the T _ is lowered. More the number of
double bonds, greater is the fluidity of the membrane
(and hence lower is the value of T ).

Cholesterol content of the membrane also alters the
fluidity of the membrane. With its rigid ring system, it
decreases the fluidity of most membranes. It can, however,
also insert itself between the fatty acid chains and prevent
their crystallization. In this respect, cholesterol acts like an
impurity that decreases the melting point of a chemical.

This is a pro-
tein (600 A long) that permits binding of the cell with
components of the extracellular matrix. It is made up of
two polypeptide chains (250kD each), which are linked
by disulphide bridges at their carboxyl terminals. It con-
tains distinct domains, each one of which is capable of bind-
ing specific molecules, as shown in Figure 7.5. Malignant
cells are deficient in fibronectin which is responsible, at
least partly, for their invasive character.

Several important functions are performed by fibronec-
tin. Fibroblasts and other such cells, involved in repair
mechanisms, adhere to a clot by attaching themselves
through fibronectin.

These are present between the two cells
that lie in close approximation. They form narrow hydro-
philic channel through which calcium and other small
molecules pass from one cell to another. As shown in
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Fig. 7.5. Binding regions of fibronectin.
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Fig. 7.6. Tight junctions between cells.

Figure 7.6, only three (and not four) layers of plasma
membrane are present at the tight junctions.

These provide attachment to cells on the
basal tissues. They are mostly seen in epithelial cells.

The erythrocyte membrane is ideal for studying mem-
brane structure because it is easily isolated without any
contamination with other subcellular membranes.
Study of this membrane has given insight into the role of
various membrane components, particularly the mem-
brane proteins. Three major proteins—glycophorin, anion-
exchanger and ankyrin are present, in addition to several
other minor proteins.

It is an integral glycoprotein (MW 30kD),
with several oligosaccharide units attached to the amino-
terminal, which faces extracellularly (Fig. 7.7). These oli-
gosaccharides determine the antigenic specificity of the
membrane. Function of glycophorin is still not fully
understood because the individuals lacking it to do not
suffer from any specific abnormality.

It is an integral glycoprotein, account-
ing for one-third of the total membrane proteins
(MW 106 kD). It facilitates extrusion of bicarbonate ions
from erythrocyte in exchange for chloride ions. This trans-
port mechanism plays an important role in acid-base
homeostasis.
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It is a peripheral protein located towards cyto-  formed by all polar lipids, including ordinary detergents.
plasmic side of the erythrocyte (Fig. 7.7). Itis cross linked =~ However, micelles are rarely formed from the natural
to another peripheral protein called spectrin, which is  phosphoglycerides, whose fatty acyl chains are too bulky
filamentous in nature and about 1000 A long. These two  to fit into the interior of a micelle.
interconnected proteins, together with actin, form a mesh-
work that underlies the erythrocyte membrane. This
mesh-work is responsible for the resilience and stability A lipid bilayer may close in on itself, forming a spherical
of the erythrocyte membrane. vesicle separating the external environment from an
internal compartment. Such vesicles are termed liposomes
(Fig. 7.8b). They have diameter in the range of 50-
1000 nm. Wall of a liposome consists of two layers of lip-
ids and encloses an inner aqueous compartment in
which small ions or molecules can be trapped. Liposomes
can be artificially prepared by agitating a polar lipid such
as lecithin suspended in water, with high frequency
sound waves.

When a suspension of pure phospholipids or a mixture
of phospholipids is mechanically dispersed in aqueous
solution, the phospholipids aggregate into one of the
two spherical forms: micelles or liposomes. In both the
structures, the hydrophobic effect causes the fatty acyl
chains to aggregate and exclude water molecules from
the core. The type of structure formed depends on several

factors, including the length of the fatty acyl chains, their Liposomes are used to study membrane properties
degree of saturation, and temperature. and their role as permeability barrier. They are also

used to introduce a number of impermeant sub-
stances into the cells.
Liposomes have important therapeutic applications

These are small globular structures with hydrophilic sur-
because they can carry various drugs and enzymes.

face and hydrophobic core (Fig. 7.8a). They can be

Liposomes are prepared with specific drugs or enzymes

Outer surface (extracellular) encapsulated inside. They carry these substances to their

Oligosaccharide Anion target tissues. The biodegradable nature of the liposomes
units . L.
A exchanger permits release of the encapsulated substance within the
Glycophorin

vicinity of the target tissue. Many antibiotics, antiviral,
antifungal and anti-inflammatory agents have been
found to be highly effective when delivered in this fash-
ion. It may be possible to prepare liposomes with a high
degree of tissue specificity.

S

pectrin .
Ankyrin Liposomes are aqueous compartments enclosed by a

Inner surface (cytoplasmic side) lipid bilayer, that can be used to study membrane prop-

. erties or to deliver drugs to specific target tissues.
Fig. 7.7. Structure of erythrocyte membrane. ° P °

(b)

Inner aqueous co artment
q P _—
(a') /

et |

Lipid bilayer

Fig. 7.8. Diagrammatic representation of (a) micelle, and (b) liposome.
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lll. Transport Across Cell Membrane

Biological membranes mediate interaction of the cell with
environment. Several useful substances present extracel-
lularly enter the cells through the membranous barrier.
Likewise, the intracellular waste products leave the cell by
moving across the membrane. During the transport across
the membrane, these substances encounter varying
degrees of resistance—some can freely diffuse through
the membrane (passive diffusion), whereas movement
of others is restricted and requires a carrier, usually inte-
gral membrane proteins (carrier-mediated transport).

Some types of carrier-mediated transport processes
occur along the concentration gradient (facilitated
transport); others are driven by hydrolysis of ATP (active
transport) against a concentration gradient.

___—Passive transport
%

Facilitated
\Carrier-mediated transport %:
Active
Y

Transport of molecules through membrane occurs either
by passive diffusion, or via mediation of integral mem-
brane proteins: the mediated transport can be along
the concentration gradient (facilitated), or against the
concentration gradient (active).

A. Passive Diffusion

It is a spontaneous, unaided movement of the solute parti-
cles along their concentration gradient. The particles move
from the higher concentration to the lower concentration,
till they equilibrate. At equilibrium point, the entropy
reaches a maximum possible level under the prevailing
circumstances, and therefore, no further movement of
the solute particle occurs.

Permeability coefficient is an expression that indicates rela-
tive ease of diffusion of a given substance through the lipid bilayer.
Figure 7.9 represents the permeability coefficient values of

10’12cm/s 10’9cm/s 1072 cm/s

Nat  K* - Tryptophan Gases
Water

Glucose

Fig. 7.9. Permeability coefficients of some polar substance in
descending order (right to left). Some molecules (gases, water,
urea) can pass directly through the bilayer unaided, whereas
other molecules (glucose, amino acids, ions, etc.) require pres-
ence of transport proteins.

some substances in a descending order. The membrane is:
(i) highly permeable to gases (e.g. CO,, NO, and O,), small
hydrophobic molecules and small uncharged polar mole-
cules (e.g. steroids, ethanol, and urea); (ii) moderately per-
meable to water (permeability coefficient 1072 cm/sec);
and (iii) essentially impermeable to ions and to large polar
molecules (sugars, amino acids, etc.), which have extremely
low permeability coefficients, and require presence of spe-
cific transport mechanisms to move across the membrane.

B. Carrier-mediated Transport

It occurs through mediation of integral membrane pro-
teins, which have been variously known as permeases,
porters or translocases. These proteins are highly specific.
For example, the erythrocyte glucose transporter has high
affinity for D-glucose, but low affinity for the related sug-
ars, D-mannose and D-galactose (10-20 times lower).
The carrier-mediated transport may be facilitated or
active; both are specific for the solute transport and both
can be inhibited by structural analogues. For example,
1,5-anhydroglucocitol can inhibit transport of glucose
across the membrane. When a solute molecule is trans-
ported singly, the system is known as uniport. In some
cases, transport of a molecule requires an obligatory simul-
taneous cotransport of another molecule, either in the
same direction or in the opposite direction. When both
substances move in the same direction, the process is
known as symport. Conversely, when they move in oppo-
site directions, process is called the antiport (Fig. 7.10).

Facilitated Diffusion

In facilitated diffusion movement of particles occurs along
their concentration gradient. It requires mediation of spe-
cific integral membrane proteins for “facilitating” the
movement of the solutes (glucose, other sugars, amino
acids). The transport proteins serve to hasten the process
so that equilibrium is attained far more rapidly than it
occurs in passive diffusion.

Mechanism of action of these proteins is not clearly
understood. One possible explanation is that a transport
protein oscillates between two conformations. In one
conformation, the solute-binding site is exposed towards
the extracellular space (Fig. 7.11a). When the solute binds
to this site, a conformation change is induced in the
transport-protein, which permits the solute to be trans-
ferred to the cytosolic side of the membrane (Fig. 7.11b
and c). Release of the solute on this side occurs next
because its affinity for the transport protein in the changed
conformation is low (Fig. 7.11d). The release triggers the
return of the protein to its original conformation. This
whole process is reversible, meaning that the solute can be
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(2) (b)

Fig. 7.10. Schematic representation of (a) uniport, (b) symport, and (c) antiport.
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Fig. 7.11. Schematic representation of faciliated transport. There is no external energy source, so the net transport is down the

concentration gradient.

extruded from the cell by reversal of the above events. The
direction of movement depends on the relative concen-
tration of solute on two sides of the membrane.

Kinetics of facilitated transport obeys the Michaelis-
Menten rate law. A plot of the initial rate of transport (V)
versus the concentration gradient, is hyperbolic (Fig. 7.12).
As the concentration gradient increases, the rate of trans-
port also rises. Rate of transport depends on the per cent
saturation of the carrier protein. It rises to maximum (V__)
when all the carrier protein molecules are fully saturated
with the solute. Thus, systems subjected to facilitated dif-
fusion are saturable and the K_ value for the transport
protein corresponds to the concentration of solute at
which the carrier protein is half-saturated.

The transport protein involved in facilitated transport is
specific for a particular molecule, is saturable, displays
binding kinetics and is influenced by inhibitors, pH and
temperature.

Certain well characterized transport systems are dis-
cussed below.

Glucose is transported across the cell membrane by facili-
tated diffusion system. The glucose transport family com-
prises five members, named GLUT-1 to GLUT-5. They
shuttle between two conformational states, one in which
the substrate-binding site faces outward and the other in
which the binding site faces inward. All transmembrane
proteins are similar in size, having about 500 amino acid
residues and 12 transmembrane helices. Their primary
structures are remarkably similar, and they display a tis-
sue-specific pattern of expression; for example, GLUT-1
is abundant in erythrocytes and GLUT-4 in muscles.

GLUT-1 molecule in erythrocytes has a K of
15-20 mmol/L; it is mostly active under fasted state.

GLUT-2 in pancreatic cells has higher K_(10 mmol/
L), which, in response to raised blood glucose
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Fig. 7.12. Kinetics of facilitated diffusion by a transport protein.
The protein is saturable and displays Michaelis—Menten-type
binding kinetics in a similar manner to enzymes. On the other
hand, in passive diffusion. The rate of transport is directly
proportional to concentration gradient.

concentration, mediates an increase in the cellular
uptake of glucose, leading to insulin secretion.

® GLUT-4, present in insulin sensitive tissues like mus-
cles and adipose tissue, is translocated from intracel-
lular vesicles to the plasma membrane by insulin.
This facilitates glucose uptake during meals.

e GLUT-3 and -5 are found in brain and testis; and in
intestinal epithelial cells, respectively. Their properties
have not yet been elucidated in detail.

Chloride Transporters
There are two major types:

1. CI'/HCO; antiport: This transport system is located on
the erythrocyte membrane. It moves the bicarbonate
ions, generated intracellularly by action of carbonic
anhydrase, out of the erythrocytes with a concomitant
movement of chloride ions into the cell. In this way,
electroneutrality is maintained (Chapter 1).

2. Cystic fibrosis transmembrane conductance regulator (CFTR):
This carrier protein is located on cells of exocrine glands.
It forms a cCAMP regulated Cl- channel, through which
the movement of chloride ions across the epithelial
cells occurs. Defective action or faulty localization of
CFIR in cell membrane leads to diseases (Case 7.1).

Others: Specific transport proteins for a number of other
substances, including amino acids, have been identified.
These transporters facilitate movement of various amino
acids across renal tubular and intestinal mucosal cell
membranes. Defective transport may lead to a number of
clinical disorder, as exemplified in Case 13.4.

Active Transport

In active transport, the solute molecules are moved against a
concentration gradient through expenditure of energy. Therefore,
active transport is coupled to the energy state of the cell.
The active transport is classified as primary and secondary.

The primary active transport systems use energy
obtained by hydrolysis of ATP to drive transport of the
molecules (Na®™ K* Ca® or H") across the membrane.
Some examples are: the Na®—K* ATPase, the proton-pump
in stomach, etc.

In secondary active transport systems the movement
of the substrate molecule across the membrane is cou-
pled to the movement of an ion (Na*, H*) down its con-
centration gradient. Thus, a pre-existing ionic gradient of
Na* or H* is used to drive the “uphill” movement of a
substrate. Example: Coupled movement of glucose and
Na* across the intestinal cells.

The energy source for active transport may be ATP or a
pre-existing ion gradient. When ATP-driven, it is pri-
mary active transport; and when ion-gradient-driven, it
is secondary active transport.

Primary Active Transport

In this section, three transport systems involved in the pri-
mary active transport are discussed. These are: Na*—K*
dependent ATPase for antiport of sodium and potassium
ions, Ca**-dependent ATPase for moving calcium ions,
and proton pump in the stomach that antiports protons
and potassium.

Na'—K" dependent ATPase: The Na*—K* dependent
ATPase was first detected in the crab nerves by Jens Skou
in 1957. It was named so because it requires both Na*
and K* (apart from Mg**), and uses ATP energy for its
action. The Na®—K*-dependent ATPase is an antiporter
which actively pumps K* into the cell from extracellular
fluid (ECF), with a concomitant extrusion of Na* from
the cell. It is located in the plasma membrane of all cells,
with highest activity in nervous tissue and muscle. It
maintains the steep gradients of sodium and potassium
across the plasma membrane, as shown in Figure 7.13. It

Extracellular fluid
(ECF) or plasma
[K*]=5mEq/L
[Na*]=145mEq/L

[K"] =120 mEq/L
[Na*]=35 mEq/L

Fig. 7.13. A tentative model of Na*—K* ATPase, also showing
concentration gradients of sodium and potassium across the
biomembrane.
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is a major consumer of metabolic energy, hydrolyzing
about 100 molecules of ATP per second under optimal
conditions. About a third of total energy requirement of the
cell is used to drive the Na*—K* ATPase; in electrically excit-
able cells, it accounts for about 70% of the cell’s energy.
Thus, a significant proportion of the basal metabolic rate
(20-25%) is allotted to sodium-potassium pumping.

Na™=K* pump maintains high K™ and low Na™ inside the
cells, using a significant proportion of the cellular energy.

Subunit structure: The Na'-K* ATPase is an oligomeric
integral membrane protein composed of two types of
subunits; the stoichiometry is o, B, (Fig. 7.14).

The a-subunit (MW = 112,000) brings about hydroly-
sis of ATP. In addition, each a-subunit has binding sites
for Na* on the cytosolic side and for K* towards the
extracellular side.

The B-subunit is smaller (MW = 55,000). It is a gly-
coprotein, whose function is unknown.

Sequence of ionic pumping activities: Three sodium ions
are ejected for every two potassium ions pumped into

Extracellular fluid

Y

Cytosol

Fig. 7.14. Structure and orientation of Na™—K™* ATPase.

Na*-induced
phosphorylation

the cell, and one ATP molecule is hydrolyzed in the pro-
cess. The sequence of ionic pumping activities (that pro-
ceed in four steps) is represented in Figure 7.15.

Step I: The sodium ions bind with a-subunits towards
cytosolic side of the latter. Binding of sodium induces
phosphorylation of this subunit (termed Na™-induced phos-
phorylation); the phosphate group is obtained from ATP.
This group gets attached to a specific aspartyl residue of
the a-subunit.

Step II: The phosphorylation in turn induces a change in
the conformation of the pump protein (from E, to E, form),
whereby its orientation changes in such a way that its ion-
binding site is everted (Fig. 7.15). The ion-binding site now
faces the exterior, and consequently the sodium ions are
moved out into the extracellular fluid (ECF).

Step III: The phosphorylated protein has low affinity for
sodium, so that these ions are released into ECE Binding
affinity of the phosphorylated protein is high for K* and so
it binds these ions. Two K* ions attach with specific binding
sites present on the extracellular side of the a-subunit.

Step IV: The K* ions trigger release of the phosphate
ions (termed K*-induced dephosphorylation). The dephos-
phorylation favours the E, conformation so that the
pump protein reverts to the original E, conformation. With
change of conformation (E,—E,), the ion-binding site is
inverted so that potassium ions move into the cytoplasm.
Intracellularly they are released on account of low affin-
ity of the E, conformation for K*.

The oppositely directed movements of Na* and K* are
on account of (a) oscillation of the pump between an
inside open conformation with a high sodium affinity
and an outside open conformation that has a high affin-
ity for potassium, and (b) stabilization of the inside
open conformation by dephosphorylation and of out-
side open conformation by phosphorylation.

Na®

oo 2K*

|

K*-induced
dephosphorylation

3Na™
Step-1
Na' binding

Step-11
Altered
conformation

Step-1ll
Release of Na™
Binding of K*
Step-IV

K™ moves inside

the cell

Fig. 7.15. Sequence of ionic pumping activities of the Na™—K™ ATPase. E, and E, refer to protein conformations in dephos-

phorylated and phosphorylated forms, respectively. E, is inside open conformation with high affinity for Na*; and E, is outside

open conformation with high affinity for K*.
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Inhibitors of Na*—K* ATPase
Ouabain, a steroid extracted from plants, inhibits activ-
ity of Na*-K* ATPase. It binds to the extracellular
face of the a-subunit and prevents the K*-induced
dephosphorylation process. This disrupts the func-
tions of the Na*-K* ATPase resulting in inhibition
of the ion translocation.
Digitalis is another steroid of plant origin (obtained
from Digitalis purpurea), which is therapeutically used
for its ability to increase contractile activity of the
cardiac muscle (i.e. cardiotonic effect). This action is
due to the inhibitory effect of digitals on the Na*-K*
ATPase. Inhibition of the pump activity results in a
raised intracellular concentration of Na' due to
decreased extrusion of this ion. Consequently, the
Na* gradient across the cell membrane falls. The dimin-
ished gradient in turn causes building up of the
intracellular calcium concentration, which enhances
the force of contraction.

How does the diminished sodium gradient lead to rise
in cytosolic calcium concentration? The major mechanism
for removal of calcium out of the myocardial cell is by a
Ca?"/Na™ antiporter in the plasma membrane. This anti-
porter depends on sodium gradient for effective calcium
transport. With the rise in the cytosolic sodium concen-
tration, the sodium gradient diminishes, and more cal-
cium remains in the cytoplasm.

Digitalis is very toxic, and overdosage results in fatal
arrhythmias because a normal sodium gradient is essen-
tial for the normal excitability of the myocardial cells.

The Ca’*-dependent ATPase is
present in most membranes but is most abundant in the
sarcoplasmic reticulum of skeletal muscles, where it
accounts for about 80% of the integral membrane pro-
teins. It actively moves calcium from the cytosol into the sarco-
plasmic reticulum against the concentration gradient. The
process requires expenditure of ATP energy.

Sarcoplasmic reticulum is a repository of calcium ions in
the resting muscle. A nerve impulse causes release of these
ions into the cytosol. This results in about 100-fold increase
in the cytosolic calcium concentration. The cytosolic cal-
cium in turn induces muscle contraction. Subsequent
muscle relaxation depends on removal of calcium from
the cytosol. It is at this stage that the Ca’*-dependent
ATPase comes into play. It removes calcium from the
cytosol by pumping it into the sarcoplasmic reticulum.

The Ca?*-dependent ATPase resembles the Na*-K*-
dependent ATPase in three aspects.

(i) Both can exist in two conformational states, which
depends on the state of phosphorylation. Conformation
of the phosphorylated form is different from that of the
dephosphorylated form.
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(ii) Both contain a specific aspartyl group to which
attachment of the phosphoryl group occurs.

(iii) The phosphorylation-dephosphorylation cycle is
responsible for the oscillation of these transport proteins
between two conformational states.

is expressed in gastric pari-
etal cells in response to stimuli such as histamine and
gastrin. The pump antiports two cytoplasmic protons and
two extracellular potassium ions, coupled with hydrolysis
of a molecule of ATP. The protons are moved against a
steep concentration gradient (cytoplasmic concentration,
10-° M vs luminal concentration, 0.15M). With the move-
ment of H*, Cl- is secreted through a chloride channel,
producing hydrochloric acid (HCl) in the lumen.

It is an ion-driven cotransport mechanism, in which
movement of a substrate against its concentration gradient
is coupled to movement of another ion (Na* or H*) along
its concentration gradient. An example is glucose-Na*
symport. As shown in Figure 7.16, Na* is moving along
its concentration gradient, and glucose against the gradi-
ent. Though not coupled to ATP hydrolysis, this method
of transport is classified as active transport because there
is energy expenditure: the energy is derived from electro-
chemical gradient of Na* (Table 7.4). It is primarily used
for absorption of glucose as also amino acids in the intes-
tinal mucosa. It is also employed in the proximal renal
tubules for the reabsorption of glucose and amino acids
from the primary filtrate. Indeed, kidney and intestine
often use the same sodium cotransporter, and therefore,
many transport defects are expressed in both the organs.

Knowledge of the coupled movement of Na* and glu-
cose forms the basis of glucose rehydration therapy in

@,
Nat  Na®

Na*-driven glucose Na*

Nat—K* ATPase

L

K+t Na*
Na* Na*

Fig. 7.16. Secondary active transport: coupled movements of
Na* and glucose. The Na™ is subsequently moved out of the all by
action of a Na™/K* ATPase on the basolateral membrane.
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Comparative features of various transport mechanisms

Carrier required - +
Transport against gradient = =
ATP hydrolysis - —

Energy required - -

cholera. Oral administration of glucose prevents loss of

Na* in the diarrhoea fluid to a considerable extent.
Glucose transport is powered by Na* concentration gra-
dient in renal tubules and choroid plexus as well.

A transport protein couples movement of Na* down its
concentration gradient to the movement of glucose against
its concentration gradient.

The transport proteins are a special class of integral
membrane proteins that bind ligands on one side of the
membrane with high affinity and specificity, and release
them on the other side. Details about the transport pro-
cesses at the molecular level are not clear. Following are
the conceptual models that have been proposed to
explain some of these processes.

Binding of the ligand physically
alters the orientation of the transport protein, possibly by
rotation through plane of the membrane. As a result, the
ligand moves to the other side of the membrane (Fig. 7.17a).
This is also referred to as the ping-pong model.

The transport protein, after binding with
the ligand, shuttles back and forth across the lipid bilayer
(Fig. 7.17b).

Some transport proteins
(referred to as the pore ionophores) contain a pore through
which specific substances are transported (Fig. 7.17c).
The system is firmly embedded in the membrane because
the hydrophobic side chains of the constituent amino acids
intercalate with the membrane matrix. Only certain selected
substances can move through the pore. This model is also
visualized as being guarded because it opens only when
such substances arrive.

Evidence for existence of these models comes from
studies with the following antibiotics: valinomycin, a dif-
fusion (shuttle) type ion transporter, and gramicidin, a pore
type ion transporter. These antibiotics are also known as
the ionophores since they permit greater mobility of ions
across the membranous permeability barrier. They are
important experimental tools for studying the transport

+
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(a) (b) (c)
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Fig. 7.17. Models for action of transporters. (a) Mobile carrier

system, (b) Shuttle system, (c) Transmembrane pore system.

Fig. 7.18. Structure of valinomycin, holding K* in the centre. It
is a shuttle type ion transporter.

phenomena, in addition to being important therapeutic
agents.

Valinomycin is, cyclic trimer, comprising a three tetra-
peptide units (Fig. 7.18). It is obtained from Streptomyces.
[t permits transport of K* across cell membranes. It has a
polar interior that interacts with K*, and a non-polar
exterior which enables it to interact with the membrane.
K* is held in the centre of the cyclic structure through
electrostatic interactions with carbonyl oxygen of the
peptide bonds. The non-polar exterior is due to the
hydrophobic side chains of the non-polar amino acids
that constitute this antibiotic. These side chains easily
intercalate with the hydrophobic membrane matrix,
which enables the valinomycin molecule to shuttle back
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and forth across the membrane. During the process, the
K*, held in the centre of the antibiotic, is carried across
the permeability barrier.

Gramicidin A is an antibiotic isolated from Bacillus
brevis. It forms a tail-to-tail dimer, which makes a pore
across the membrane (Fig. 7.19). The two helical mono-
mers span the membrane. Length of the helix is about
3nm, which is consistent with the hydrophobic region
of a typical phospholipid bilayer. The helical pore, hav-
ing a diameter of 0.4nm, can transport several cations,
such as H*, Na*, K*, etc. Ion transport by gramicidin is
1000 times faster than that by valinomycin.

Specific channels can rapidly transport ions across the
hydrophobic barrier of membranes.

Exocytosis refers to the process by which outward movement of
certain intracellular substances occurs (Fig. 7.20a). Intracellular

Gramicidin A

Fig. 7.19. Structure of gramicidin A: a pore type transporter.

(a) (b)

Extracellular space

l l

Extracellular space

Cytoplasm
Cytoplasm

Fig. 7.20. Cellular transport of substances. (a) Exocytosis,
(b) Endocytosis.
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enzymes, hormones, lipoproteins and a variety of other
endogenously synthesized molecules move out of the cell
through exocytosis. A classical example is extrusion of the
lipoprotein, VLDL, from hepatocytes. The nascent VLDL
particles, synthesized in the rough endoplasmic reticu-
lum, undergo glycosylation in the Golgi apparatus. The
glycosylated particles are then packaged into membrane-
bound vesicles. The latter move towards the cell mem-
brane, the vesicular contents (i.e. the VLDL particles) are
released extracellularly.

Endocytosis refers to the process of cellular uptake of certain
extracellular substances (Fig. 7.20b). Uptake of variety of
extracellular macromolecules, that are important for the
cell, occurs through endocytosis. The process begins with
invagination of a segment of the plasma membrane; the
invaginated portion encloses the extracellular macro-
molecule to be internalized. The invaginated segment then
closes upon itself to form a vesicle. The latter pinches off
next, and enters the cell. In many instances, the internalized
vesicle fuses with lysosome and its contents are digested
by the lysosomal hydrolases.

Receptor-mediated endocytosis: In case of certain extra-
cellular macromolecules, the internalization is preceded by
interaction with certain cell surface receptors. The process
is called receptor-mediated endocytosis and is responsi-
ble for uptake of a variety of essential metabolites, includ-
ing low density lipoprotein (LDL), vitamin B , bound to
the carrier protein (i.e. transcobalamin II), and iron bound
to transferrin. Several growth factors (e.g. nerve growth fac-
tor), hormones (e.g. insulin), toxins and some viruses
also enter the cell through this process.

Action of LDL receptors is presented in Figure 7.21.
The receptors are transmembrane glycoproteins. They are
located in some specific indentations of the cell mem-
brane called the coated pits. Cytoplasmic aspect of these
pits have high concentration of a protein, called clathrin
which forms a lattice work. Interaction of ligands with
the receptors is followed by invagination of coated pits
and subsequent sealing off to form coated vesicles.
Clathrin helps in the process of sealing off. In cytosol,
the clathrin is shed and several coated vesicles fuse
together to form large structures called endosomes.

Certain important changes take place in the endo-
some which permit recycling of the receptor. A proton
pump builds up a high proton concentration within the
endosome which drops the pH to about 5. At this pH,
dissociation of the ligand and the receptor occurs. The
separated receptor is then enclosed in a new vesicle and
recycled back to the plasma membrane. The remainder
of the endosome fuses with lysosome and its contents
are degraded by the lysosomal enzymes.
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Fig. 7.21. Receptor-mediated endocytosis: action of LDL receptors (® = ligand, 7= receptor).
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Fig. 7.22. Gap junction connecting two opposed cells.

Receptor-mediated endocytosis is the selective uptake of
extracellular macromolecules (e.g. cholesterol) through their
binding to specific cell-surface receptors. The receptor-
macromolecule complex then accumulates in clathrin coated
pits and is endocytosed via clathrin coated vesicles.

Cell-to-cell transport is made possible through passage-
ways connecting the interiors of the contagious cell (Fig.
7.22). These passageways span the intervening space, or
gap between the apposed cells and hence, are termed the
gap junctions, or cell-to-cell channels. All polar mole-
cules with molecular weight of 1kD or less can be trans-
ported through gap junctions. They move along a
concentration gradient by passive diffusion.

A transmembrane protein, known as con-
nexin (MW 32 kD) is the major structural element of gap

junction. Total of 12 connexin subunits form a single gap
junction. Six of these subunits are arranged in a hexago-
nal array in such a manner that they enclose a central
hole about 20 A wide (Fig. 7.22).

These six subunits form a half-channel called con-
nexon (i.e. hemichannel). Two such hemichannels join
ends in the intercellular space to form a gap junction,
which encloses a functional channel between the com-
municating cells. These cell-to-cell channels differ from
other membrane channels in two important aspects.

They traverse two membranes rather than one. Therefore,
they form connection from cytosol to cytosol; rather
than cytosol to extracellular space, or cytosol to lumen
of an organelle.

They have a functional nature; a high concentration
of calcium or low pH can close a channel. The sub-
units of connexin slide and rotate in such a way that
closure of the central hole occurs. Switching between
the open and closed state is smooth because free
energies of these two states do not differ markedly. As
a result, passage of molecules occurs rapidly as per
the cellular requirements.

Primary function of gap junctions is to serve as
passage-ways for inorganic ions and a variety of metabo-
lites, such as sugars, amino acids and nucleotides. In con-
trast, proteins, nucleic acids and polysaccharides are too
large to traverse these channels. Evidently, gap junctions
are of prime importance for intercellular communication.

Other functions of gap junctions are:
They are essential for nourishment of the cells that lie
distant from blood vessels, such as the cells of lens
and bone.
They ensure synchronous and rapid response of cells
of excitable tissues, such as the heart muscle. This is
because, in response to a stimulus, the ions rapidly
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flow from one cell to another, thus ensuring a cou-
pled and quick response.

Current evidence suggests that the communicating
channels are important for development and tissue
differentiation.

What are liposomes? Mention their uses in biology
and medicine.

Describe the fluid mosaic model.
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Distinguish passive, facilitated, active- and secondary

active-transport systems.

Difference between integral and peripheral mem-

brane proteins

Inophores

Na*-K*-Pump

Secondary active transport
Gap junctions

Lipid bilayer

CLINICAL CASE

A 3-year-old boy with salt disposition on skin

A 3-year-old child was brought to the hospital OPD with com-
plaints of cough, difficulty in breathing, and indigestion. He
had recurrent episodes of infections of respiratory tract for
which he was treated with antibiotics by his father, a general
practitioner. The latter had noticed that during hot weather,
acute salt deposition occurred on child’s skin. Moreover, a fond
kiss left a salty taste in mouth, which he affectionately referred
to as the ‘salty kiss'. A first cousin of the child had somewhat
similar signs and symptoms, though of a milder degree.
On examination, the child appeared weak and mal-
nourished. Analysis of the sample obtained by rectal
biopsy showed thick mucus, that was blocking various tubu-
lar structures of the glands. The epithelial cells (obtained
by biopsy) were cultured in appropriate medium, and
transport of chloride ions across these cells was measured.
The results were compared with the chloride transport in
epithelial cells of a normal subject. The transport in the
patient was less than 5% of that in case of the normal sub-
ject. "“C—PABA test, a tubeless pancreatic function test, was

performed. It showed decreased urinary elimination of the
labeled compound which suggested impaired exocrine
pancreatic activity. Chloride content of the sweat was
markedly enhanced (88 mEq/L).

Identify the biochemical defect in this child. Which
clinical disorder does the above defect lead t0?
Provide a biochemical explanation for the signs and
symptoms of the child.

The CFTR protein was isolated from the airway. What
changes are likely to be present in this protein?

The CFTR protein of the patient was found missing in
phenylalanine at the 358th position. However, the
protein was found to be functionally active because
when it was reconstituted with phospholipids to form
lipo-some, the chloride transport across the latter
was normal. Provide an explanation for the patients
disease stated in spite of having a functionally nor-
mal protein.




CHAPTER

OVERVIEW OF
"N\ METABOLISM AND

CELL BIOENERGETICS
"

Metabolism is defined as the sum total of all the chemical reactions that are taking place in the body. Metabolism is
derived from a Greek word, metabellein, which means “to change”. It includes the process by which cells use food mate-
rial to obtain energy, store excess calories for future use and build up various substances. Metabolism also includes deg-
radation and excretion of unnecessary compounds. In short, metabolism is sum total of all those processes that turn food
into flesh.

Bioenergetics is the field of biochemistry that deals with transformation and utilization of energy in biological systems.
It concerns only with the initial and the final energy states of reaction components, and predicts the energetic feasibility
of chemical reaction. However, it provides no information about the mechanism or the rate of reaction. These aspects are
measured in kinetics.

In this chapter, general aspects about metabolism and cellular bioenergetics are discussed. After going through this
chapter, the student should be able to understand:

O Fundamental design of metabolic network; interdependence of metabolic reactions.

O Regulation of metabolic pathways and various techniques used to study the details of metabolism.

O Principles of bioenergetics: laws of thermodynamics; free energy, entropy and enthalpy; equilibrium constant.

O Role of ATP as energy carrier; concept of high-energy and super high-energy compounds and substrate level phos-
phorylation; other energy rich nucleoside triphosphates.

lipids) is released. It is then trapped and stored as ade-
nosine triphosphate (ATP). The stored energy can be
released from ATP when needed and used to perform
cellular work (Fig. 8.1). The major cellular works are:

l. Overview of Metabolism

A. General Considerations

o Transport of organic molecules and inorganic ions

Metabolism serves two important purposes:
P Pup across the cell membrane.

1. To release energy from the ingested food material o

through catabolic degradation, and to convert this
energy into a form that can be used for cellular work.

2. To transform small organic compounds into macro-
molecules. This aspect of metabolism also includes
transformation of one group of organic compounds
into another.

During catabolic degradation, the energy inherent in
the organic molecules (particularly carbohydrates and

Mechanical work, such as muscle contraction.
o Electrical work (e.g. nerve conduction).
o Ensure fidelity of information transfer.

The second major purpose of metabolism is to syn-
thesize a vast array of macromolecules, which include
carbohydrates, proteins, lipids and nucleic acids. It is
amazing that so many diverse biomolecules are intracel-
lularly synthesized from a limited number of organic
compounds. Evidently, thousands of reactions are
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Substrate

Energy-yielding

pathways ATP Transport across

cell membrane

ATP Muscle contraction
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information

ATP Synthesis of
biomolecules
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Fig. 8.1. The major cellular works.

involved in the processes which split, join and rearrange
the atoms of organic compounds, thus resulting in gen-
eration of complex biomolecules. Each of these reactions
are catalyzed by a specific enzyme.

Metabolism comprises a highly integrated network of
chemical reactions, which can be subdivided into catab-
olism and anabolism. Catabolic reactions are used to
extract energy from fuels, and anabolism comprises
reactions that use this energy for biosynthesis.

A bird’s eye view of the scheme of metabolism is pre-
sented in this chapter with a focus on fundamental prin-
ciples underlying metabolism in the cell. The details of
reactions of individual metabolic pathways are given in
subsequent chapters.

Metabolic reactions do not occur in isolation, or in a ran-
dom or haphazard manner. Rather they are organized
into multi-step sequences called metabolic pathways.
Each reaction forms just one step in a metabolic pathway
and is part of a larger scheme that involves several other
interrelated reactions.

In metabolic pathways, the product of one reaction
serves as a substrate for the next one; the product of second
reaction is substrate for the third reaction, and so on.

A->B->C->D

Such series of consecutive reactions allows the cell
to carry out highly complex molecular conversions
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Fig. 8.2. Metabolic pathways connected through branch point
compounds, pyruvate and acetyl CoA.

intracellularly. It is noteworthy that these conversions
occur in mild conditions of temperature and pH that
prevail within the cell.

An important example that illustrates this design is
the sequence of reactions that converts glucose to pyru-
vate (i.e. glycolytic sequence). As soon as the glucose
enters the cell, a phosphate group from ATP is added to
it to form glucose 6-phosphate. Glucose 6-phosphate
becomes the substrate for the next reaction, in which an
isomerase converts it into fructose 6-phosphate. The latter
then serves as substrate for another enzyme-catalyzed
reaction, and the sequence continues through six more
reactions until glucose is converted to pyruvate. The reac-
tions of this metabolic pathway are summarized in
Figure 8.2.

The energy inherent in the substrate glucose is released in
small packets in a stepwise fashion and is effectively captured.
If the glucose to pyruvate conversion occurred in a single
step, the energy inherent in the glucose molecule could
not have been trapped as ATP so effectively. A stepwise
transformation ensures efficient and effective trapping of
the energy. Further, some of the intermediates of this
pathway are channeled into other pathways; for example,
glucose 6-phosphate can enter glycogenesis or the pen-
tose phosphate pathway, and 1,3-bisphosphoglycerate
can form 2,3-bisphosphoglycerate.

Metabolic pathway appears like an intricate and inte-
grated web of chemical reactions wherein the individ-
ual threads are interconnected at several points. In
subsequent chapters, individual metabolic pathways
would be discussed separately with an aim to simplify
and categorize. This might give an erroneous impression
that each pathway is self-contained and isolated.
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Fig. 8.3. Some important interconnections between metabolic pathways.

However, in reality, all the pathways are interdependent.
In fact, if any reaction sequence is followed through the
metabolic network sufficiently, we can find it to be con-
nected to every other. For example, the end product of
glycolytic sequence is pyruvate which serves as the start-
ing point for gluconeogenesis. It can also be converted
to lactate (i.e. anaerobic glycolysis), oxaloacetate (by
carboxylation), or acetyl CoA by pyruvate dehydrogenase
complex (Fig. 8.2). Acetyl CoA can serve as a precursor
for fatty acids, cholesterol, ketone bodies, etc.

Similarly, various other metabolic intermediates, such as
glucose 6-phosphate, dihydroxyacetone phosphate, succi-
nyl CoA, etc. also serve as common links between differ-
ent pathways. Such metabolites are referred to as the
branch point compounds.

Figure 8.3 shows important interconnections through
branch point compounds (other than pyruvate and ace-
tyl CoA), e.g. oxaloacetate, succinyl CoA and glucose
6-phosphate.

Metabolic pathways do not occur in isolation: they are
inferdependent and interconnected through branch point
compounds. Through these compounds different pathways
intersect and form a network of chemical reactions,
called metabolism.

How are metabolic pathways regulated and why is it nec-
essary to regulate them? As noted earlier, all cells are
capable of carrying out the central metabolic pathways
(such as glycolysis, critic acid cycle, gluconeogenesis,
B-oxidation, lipogenesis, etc.). However, it is not desir-
able to run them all at the same time. For example, when the
cell is adequately supplied with energy, the energy-yielding
pathways like B-oxidation and TCA must be impeded;
and at the same time, the available energy should be
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used to drive forward the energy requiring pathways,
such as lipogenesis and gluconeogenesis.

Moreover, regulation of the metabolic pathways
ensures economical use of nutrients. Imagine a cell present
in a glucose rich medium. Glucose serves as its major
carbon source in this environment. If this cell is shifted
to a medium containing alanine as well, it would be a
wasteful expenditure if the cell continued to produce ala-
nine from glucose. An efficient cell would turn off its
own alanine producing machinery and instead obtain
alanine from the medium.

Control of metabolic reactions is accomplished
through regulation of enzyme activity. Within a cell, the
enzyme activity can be regulated in two ways.

By increasing or decreasing the catalytic activity of the
enzyme molecule. This is accomplished through (i) allo-
steric modulation, or by (ii) covalent modulation.
Both the mechanisms induce change in conforma-
tion of the enzyme protein, thereby altering its activity.
By increasing or decreasing the total number of enzyme mol-
ecules. This is accomplished by inducing changes in the
enzyme synthesis (by alteration in either transcription
or translation), or the enzyme degradation. Hormones
play an important role in regulating the enzymes by
this mechanism, termed induction-repression. (For
details on regulation of enzyme activity, see Chapter 6.)

Allosteric-modulation
By changing
. ) catalytic activity
Enzymatic regulation

By changing number of the enzyme
molecules (induction/repression)

Covalent modulation

The most economical way to regulate a pathway is to
change the activity of the first enzyme of the pathway.
Inhibition of the first enzyme stops the production of the
end product without wasting any energy of nutrients in
the production of unnecessary early intermediates. Thus,
the enzymes catalyzing the production of early substrates in a
pathway are prime target of metabolic regulation.

Catalytic activities of enzymes of metabolism are regu-
lated by allosteric interactions (as in feedback inhibi-
tion) and by covalent modulation. Critical enzymes of
metabolism are controlled by regulation of the rate of
protein synthesis and degradation.

A number of methods are employed for detailed study of
a metabolic pathway so as to elucidate its sequence and
its relation with other metabolic pathways. One of the
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earliest methods, though elementary in nature, involved
determination of nature and amount of various com-
pounds present intracellularly. This information was
then used to discern the metabolic pathway. However,
such analysis yielded a long list of chemicals present intra-
cellularly, but did not provide much information about
the metabolic interrelations.

Studies with isotopic tracers and metabolic blocks
have been invaluable in this regard. Using these aids it
has become possible to know the exact sequence of meta-
bolic pathways. In addition, examination of cell-free extract
has revealed finer details of metabolic processes and their
regulation.

Metabolic fate of a compound can be traced by putting a
label (tag) on it. Follow up of the tag then serves as a use-
ful indicator of the metabolic route taken by the labelled
compound. This strategy is analogous to putting a flag
atop a car which helps to identify it in busy traffic.
Earlier, certain dyes were used for the purpose of label-
ling (i.e. chemical tagging). However, it was found that these
dyes might interfere with the normal metabolism of the
compound. The chemical tagging is, therefore, of a limited
value. Thereafter, search for tags that would not alter metab-
olism continued. Isotopes were found to be ideal tags.
Isotopes are alternative forms of the naturally occur-
ring elements. Chemical properties of an isotope are
identical to that of the more abundant form of the ele-
ment. [ts atomic number is also the same, but atomic
weight is different from that of the natural element. For
example, atomic number of all isotopes of carbon is 6,
but molecular weight may be 12, 13 or 14 (Table 8.1).
The chemical properties of the isotopes are identical.
Therefore, cells cannot distinguish between isotopes of
the same element. Cells cannot distinguish glucose that

Isotopes used for study of metabolic pathways

Nitrogen 4N N Heavy,
non-radioactive
Carbon 12C 13C Heavy,
14C non-radioactive
Radioactive
Hydrogen 'H °H Radioactive
H Heavy,
non-radioactive
Phosphorus b 32p Radioactive
lodine 127 131) Radioactive
Sulphur £2S £ Radioactive
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contains carbon with an atomicweight of 14 (**C-glucose)
from the natural one having an atomic weight of 12
(?C-glucose). However, fate of ?C-glucose can be fol-
lowed distinctly from the *C-glucose, lending support to
the statement, “isotopes are the compounds that cells
cannot see but a scientist can see.”

Isotopes have unusual physical properties which help their
identification. For example, heavy isotopes of nitrogen
(**N) when incorporated in DNA, gives the latter a higher
density. The DNA molecule produced from heavy nitro-
gen settles at a lower position than its "*N counterpart on
performing centrifugation. This strategy was employed by
Stahl and co-workers to elucidate the semi-conservative
nature of DNA replication (Chapter 21). Some isotopes
of carbon are radioactive in nature and emit ionizing
radiations. The latter can be detected on radioactivity
counter. As a result, the labelled compounds can be easily
identified in the complex metabolic maze. For instance,
where “C-acetyl CoA is fed to experimental rabbits, the
label appears in tissue fatty acids and tissue cholesterol.
Therefore, it can be concluded that acetyl CoA serves as a
precursor for fatty acids and cholesterol.

Metabolic Blocks

Metabolic pathways can be blocked by using inhibitors
of specific enzymes or by use of the mutant cells which
lack one of the other enzyme of the pathway. As a result
of the block, the substrate of the blocked reaction tends
to accumulate. Sometimes the earlier intermediates of
the pathways (i.e. the ones lying a few steps prior to the
block) also accumulate. Characterization of the accumu-
lated compounds helps in understanding of the pathway.

VoW-o-X->Y->Z

If the first step is blocked, the first intermediate of the
pathway (V) accumulates. Blocking the second step results
in accumulation of first two intermediates (V & W). This
information can be used for elucidating the pathway.

Metabolic blocks provide useful information about the
sequence of events, i.e. the order in which the pathway inter-
mediates are produced. Suppose, in the above pathway a
metabolic block leads to production of V. and W, but not
of X, Y and Z. This may lead to the conclusion that V and
W are produced earlier than X, Y and Z. If a different block
allows the cell to produce V, W, X and Y, but not Z, one
may logically conclude that Z is the final product of the
pathway. In the same manner different metabolic blocks
are employed and the results are summed up. This permits
placement of intermediates in a defined order.

Cell-free Extracts

The most elaborate metabolic analysis is conducted in cell-
free systems. These systems contain all the enzymes and
coenzymes that are present intracellularly and which are

necessary for the reaction to proceed. In this way, the reac-
tions taking place within the cell are made to occur in vitro.
The information gained by isotopes and metabolic block,
when combined with information from studies with the cell-
free extract, makes it possible to reconstruct the pathway.
For example, to elucidate the first step of a given pathway,
the initial substrate is mixed with the cell-free extract.
Characterization of the product formed helps us to be sure
of correct elucidation of the first step. For example, when
phenylalanine (labelled) is mixed with cell-free extract
obtained from hepatocytes, the lable appears in the tyrosine
molecule after some time. It may, therefore, be concluded
that the first reaction of phenylalanine metabolism is:

Phenylalanine — Tyrosine

If, however, the labelled tyrosine is not produced in
this system, the obvious conclusion is that there is a met-
abolic block, i.e. phenylalanine to tyrosine conversion is
blocked. Mostly likely, the enzyme catalyzing this reaction
(phenylalanine hydroxylase) is deficient, or the coenzyme
for the reaction is not available (Case 4.3). Study of vari-
ous reactions in this manner help in correct identification
and placement of the metabolic intermediates.

Studies with cell-free extract also permit detailed study
of a given metabolic pathway, separately from the others.
Further, effect of various extraneous conditions, such as pH,
temperature and substrate concentration can be studied by
changing these factors. In this manner not only the sequence
of the pathway but also its regulation can be studied.

Steps of Cell-free Extracts Preparation from the

Isolated Cells
In a number of clinical cases in this book, diagnostic utility
of studies with cell-free extracts is expressed.

Step I: Rupture of the cell membrane, i.e. cell lysis, as
described in Chapter 7. The intracellular contents are
thereby obtained.

Step II: Separation of the intracellular contents from the
solids, such as cell membrane and cellular debris by ultra-
centrifugation. The supernatant represents the cell-free
extract.

A number of methods are employed to study metabolism,
such as application of isotopes and use of metabolic blocks
and cell-free extracts.

Il. Bioenergetics: Principles

Energy is defined as capacity to do work; it is required for
performing various activities. The living cells need energy
for performing various activities, discussed on page 146.
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Billions of years of evolution has taught the living
cells to use energy very economically and efficiently.

Energy transformations, both by the living systems as
well as by the artificial devices, take place according to
the laws of thermodynamics. Thermodynamics is a
branch of physical science that deals with energy changes.

The first law of thermodynamics, also referred to as the
law of conservation of energy, states that energy can neither be
created nor destroyed. In course of any physical or chemical
reaction, one form of energy may change to some other
form, but the total amount of energy in the universe
always remains constant.

For example, electric energy changes to heat energy in
room heater, heat energy changes to mechanical energy
in rail engine and mechanical energy changes to electric
energy in hydroelectric plants. These examples show that
various forms of energy are interconvertible. However,
none of these transformations brings about any net
generation or loss of energy.

All physical and chemical reactions tend to proceed in such a
direction that useful energy of the reacting system is irrevers-
ibly converted to a randomized and useless form, known as
entropy. The reactions proceed in this direction till entropy
reaches maximum possible under the prevailing circum-
stances. At this point, called the equilibrium point, no fur-
ther progress of the spontaneous reaction is possible.

Thus in all reacting systems, disorder or randomness
is favoured at the cost of orderliness. To be more explicit,
fall in useful energy content of the system occurs with a
concomitant rise in the randomized energy of the uni-
verse. The reacting system implies collection of matter
undergoing a reaction, and the universe includes both,
the system and its surroundings. This literally includes
the whole of earth, or even the outer space.

Bioenergetics is the field of biochemistry that deals with
the study of energy changes in metabolic reactions. All
living organisms conform to the laws of thermodynamics.

Useful energy is the form of energy that is capable of per-
forming work. It is broadly classified in two major types:

Heat energy, which is capable of performing work
through change of temperature.
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Free energy which is capable of performing work at a
constant temperature.

Since human body maintains a constant temperature
(i.e. isothermic), it cannot utilize the heat energy. Free
energy is the useful form of energy in humans because of its
ability to function at constant temperature. It performs vari-
ous functions (mentioned on page 146) and, in the process,
gets converted to the randomized form, i.e. entropy. These
relations can be expressed in the equation form as below:

AG = AH-TAS
AG is change in the free energy content of the reacting
system. It equals the difference in energy level between
the substrates and products.
AS is change in entropy of the universe.
T is absolute temperature measured in Kelvin.
AH implies change in heat content of the system,
which is termed as enthaply (the word means “warm-
ing within").

In course of any ongoing reaction, entropy of the uni-
verse (system + surroundings) always increases. The value
of AS, therefore, has a positive sign. Since rise in entropy is
accompanied by a corresponding fall in free energy of
the system, the value of AG is negative. The enthalpy change
may be positive or negative, depending on whether the
system absorbs or releases heat. It is positive when the
heat absorption occurs and is negative when heat release
occurs. However, in the isothermic state prevailing in the
body, its value is zero.

Finally, it must be emphasized that entropy or disor-
der is not an entirely useless activity. Since increase in
entropy is an irreversible process, it gives direction to all
biological activities.

The free energy change, AG is the most important ther-
modynamic function because it is the driving force of the
reactions. Like AH, it is measured in kilocalories per
mole (kcal/mol) or kilojoules per mole (KJ/mol). A neg-
ative sign of AG indicates an exergonic reaction, the one
that proceeds spontaneously and forms product from
subratate. A positive sign of AG indicates an endergonic
reaction which can proceed only in the backward direc-
tion. At equilibrium, AG equals zero. AG is not a property
of the reaction as such but is affected by relative reactant
concentrations. To obtain a convenient energetic expres-
sion that predicts the equilibrium of the reaction, we
have to define the standard free energy change (AG).
The standard conditions are as below:

Temperature of 25°C (298°K).
Pressure of 1.0 atm (760 mmHg).
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pH 7.0.
The reactants and products are all present in the con-
centration of 1.0 M.

The standard free energy change of a given reaction is an
immutable constant and it equals the difference in energy
level between the substrates and products, under stan-
dard conditions, and is shown in Table 8.2. It predicts
equilibrium of a reaction.

The free energy change (AG) is the driving force for
chemical reactions. In spontaneous exergonic reactions
there is release of free energy (AG is negative), and
in endergonic reactions there is requirement for free
energy (positive AG).

The standard free energy change (G®) must be differenti-
ated from the actual free energy change (AG) of a reaction:

AGY is measured under standard conditions, stated
above and has a constant value for a given reaction.

Standard free energy of hydrolysis of some
common metabolic intermediates

In contrast, the actual free energy change is measured
at the conditions prevailing during the reaction. It is
a function of the conditions of concentration, pH
and temperature actually prevailing during the reaction,
which are not necessarily the standard conditions.
Further, the value of the actual free energy change keeps
changing as the conditions change. It has negative value
in the beginning of the reaction, which becomes less
and less negative as the reaction progresses towards
equilibrium. At equilibrium its value falls to zero.

AG? has a definite relation with AG and with equilib-
rium constant of the reaction, as illustrated in Boxes 8.1
and 8.2, respectively.

AG® is an immutable constant; it has a characteristic
unchanging value for a given reaction. On the other
hand, value of AG in an ongoing reaction keeps chang-
ing with the progress of the reaction.

Total standard free energy change of a reaction sequence
equals the sum of the standard free energy changes of the
individual reactions of the sequence.

Phosphoenol pyruvate —14.8 Reaction 1
Carbamoy! phosphate —12.3 Glucose + ATP — Glucose 6-phosphate + ADP
1,3-Bisphosphoglycerate —11.8 (AGO/ =—4.0 kcal/mole)
Acid phosphate —11.2 Reaction 2
Creatine phosphate -10.3 Glucose 6-phosphate + H,O — Glucose + Pi
Arginine phosphate —7.6 (AG® = —3.3 kcal/mole)
ATP to ADP + P. —7.3 The sum of these two reactions is
ATP to AMP + PP, —7.7 ATP + H20 — ADP + Pi
ATP to AMP + P, +P, —14.6 It has a standard free energy change of (—4.0)+
Glucose 1-phosphate —5.0 (—3.3) = —7.3kcal/mole.
Glucose 6-phosphate — .
phos® 33 Value of the standard free energy of ATP hydrolysis
Glycerol 1-phosphate — can be thus obtained in an indirect manner only.
BOX 8.1

Relationship Between the Standard Free Energy Change (AG®) and the
Actual Free Energy Change (AG)

The actual free energy change (DG) and the standard free energy change (AG",) of a chemical reaction (=) are related

to each other as shown in the equation below:

AG =AG° + 2.303 RT log —
[A]

(B]

where T is absolute temperature measured in kelvin, R is the gas constant, and [A] [B] are the actual concentrations of the

reaction substrate and product respectively.
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(Fig. 8.5). Thus each molecule of ATP represents stored

free energy.
ATP (adenosine triphosphate) serves as the mediator of
biological energy transfers. It acts as an energy carrier in bio-
logical systems. It links the energy-yielding (i.e. exergonic) Endergonic reactions being thermodynamically unfa-
and the energy-requiring (i.e. endergonic) processes. vourable can be driven by coupling them to thermody-

namically favourable exergonic ones (which in many

ATP is a nucleotide consisting of the fol- : )
cases is the hydrolysis of ATP).

lowing three components (Fig. 8.4):

Purine base which is adenine.
Ribose sugar which is a 5-carbon sugar (i.e. a pentose).

The first carbon of ribose is linked to N-9 of adenine Y B o

through N-glycosidic linkage.

Phosphate groups, three in number, are designated «-,

B- and y-phosphates. The a-phosphate is linked to C-5 P &) ") [Adenine
of the ribose. E\TSEH_I

ATP serves as a link between the energy-yielding
(exergonic) pathways and the energy-requiring (ender-
gonic) processes, as mentioned earlier.

Normally, the exergonic processes are thermodynami-
cally favoured and therefore, occur spontaneously. The i
endergonic processes, on the other hand, are thermody- —0= 'I’—O— :’—O—:’—O—HZC
namically unfavoured, and hence, require input of energy o o O ’
to be driven forward. These two types of processes are ’
coupled, so that the energy of exergonic reaction can be ‘ ‘
used to drive progression of the endergonic reaction.

In most biological transformations, ATP is generated
during exergonic reactions, using the free energy released  Fig. 8.4. Structure of ATP.

Phosphate groups linked covalently

BOX 8.2
The Standard Free Energy Change is Related to Equilibrium Constant

In a reversible chemical reaction (A==B) equilibrium describes a state when rate of the forward reaction equals that of
the reverse reaction. In this state no net chemical transformation occurs, so that equilibrium concentrations of both A and B
are invariable. Their ratio is termed as equilibrium constant (K;qof the reaction)

, B

< [A]
where [A] and [B] refer to the equilibrium concentration of the reactant and the product, respectively. At equilibrium the
relation between AG® and AG is as follows:

, []
AG =AG° +2.303 | RT —
°9 " Al

Since AG = 0 at equilibrium, it can also be rewritten as:
A=G® +2.303RT log K/_

When K;q =1, value of log K;q is zero. Hence, AG® = 0, meaning that product contains the same amount of free energy
as the reactant, and therefore the reaction stands at equilibrium. Likewise, if the K > 1.0, its G° is negative and if
K, < 1.0, its G° is positive and the reaction respectively proceeds in the forward and the reverse direction. Table 8.3
summarizes these points.

The standard free energy change of a chemical reaction is simply a different mathematical way of expressing its equilibrium

constant.
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Some of the energy requiring processes include bio-
synthesis, active transport, transfer of genetic information
and movement (Fig. 8.1). Thus, ATP serves as a primary
and universal carrier of free energy. It is also referred to as
the currency of free energy in the body.

Exergonic Endergonic
reactions reactions
ADP
+
Pi
Energy
Energy
ATP

Fig. 8.5. ATP serves as common link between the exergonic
and the endergonic reactions.

Relationship between Keq, AG® and the direction
of chemical reactions under standard conditions

>1.0 Negative Forward
1.0 Zero Stands at equilibrium
<1.0 Positive Reverse

Exergonic reactions are used for the synthesis of ATP
and the chemical bond energy of ATP drives the energy
dependent processes. Thus, ATP is used as the energetic
currency of the cell.

The standard free energy of
hydrolysis of ATP is —7.3 kcal/mole. It implies that 7.3 kcal
of free energy is released, under standard conditions,
from 1.0 mole of ATP by the following reactions.

ATP — ADP +P,
(AG® = —7.3kcal/mole)

Conversely, reformation of ATP occurs by attachment
of aterminal phosphate group to ADP. The process requires
input of the same amount of free energy. Reasons for
high value of the standard free energy of hydrolysis of ATP
are given in Box 8.3.

The energy obtained from various catabolic pathways
is used for the ATP generation: 7.3kcal of energy is
required for the synthesis of 1.0M of ATP (from 1.0M each
of ADP and P,). Therefore, each mole of ATP represents
7.3kcal of stored energy. During the energy-requiring
processes, hydrolysis of ATP occurs, which liberates the
required energy. In this way, generation of ATP is fol-
lowed by its hydrolysis, which is again followed by regen-
eration, and so on. Thus the y-phosphate group of ATP

BOX 8.3

Reasons for Relatively High Standard Free Energy of Hydrolysis of ATP

Standard free energy of hydrolysis of ATP is higher than that of most of the phosphorylated compounds such as glucose
6-phosphate, glucose 1-phosphate or glycerol 3-phosphate. Certain structural features of ATP, described below account

for higher AG® of ATP.

1. Degree of ionization. At pH 7.4, ATP is almost completely ionized as shown below.

ATP“+H,O — ADP* + HPO2+H*

Under standard conditions, ATP*", ADP*, H*, HPO?", would be present at 1.0 M concentration. However, at pH 7.4, concen-

tration of H™ is only about 107 M. This is very small compared to standard concentration of (1.0 M) ATP, and therefore, the

reaction tends to be pulled far to the right. In contrast, no such effect is seen in case of glucose 6-phosphate.

2. The second major reason for the higher AG® of ATP is that the four closely spaced negative charges present on ATP
molecule tend to repel one another strongly. This builds up considerable electrical stress. When terminal phosphate
group is removed, the stress is relieved. Moreover, the reaction products, ADP*~ and HPOi‘ are negatively charged
and therefore, have little tendency to approach one another and recombine to form ATP.

3. Third reason for large AG? is the fact that both the reaction products, ADP and P_are resonance hybrids. Resonance
hybrids are special stable forms because the electrons sink to much lower energy levels in them. As a result, free energy
content of ADP*~ and HPO? is much lower than that of ATP.

Bond between the terminal phosphate groups (i.e. y and [3) of ATP, which yields large energy upon hydrolysis, is a high-

energy phosphate bond. Likewise, the bond between a- and [3-phosphate is also a high-energy phosphate bond.
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continually undergoes removal and replacement in a
cyclic fashion: the process is termed the ATP cycle. It
ensures formation of ATP with energy release and trans-
fer of this energy to processes which require it.

ATP is high-energy compound placed higher than several
compounds on the thermodynamic scale (Table 8.2).
Such compounds having AG® less than that of ATP are
termed the low-energy compounds. On the other side of
the thermodynamic scale lie certain compounds, AG® of
which is higher than that of ATP. Such compounds are
referred to as the super high-energy compounds; phos-
phoenol pyruvate (PEP) and creatine phosphate having
AG® of —14.8kcal/mole and —10.3 kcal/mole respectively
are some examples.

Phosphoenol pyruvate (PEP) is
an intermediate in glycolysis. Its conversion to the next
glycolytic intermediate, pyruvate, under standard condi-
tions, yields 14.8kcal/mole energy. This is more than
sufficient for the formation of ATP, which needs 7.3 kcal/
mole. Thus, ATP, formation (i.e. phosphorylation) is
coupled with transformation of a substrate (i.e. PEP
in this case). This process is called substrate level
phosphorylation.

N

ADP + P; ATP

It is stored in the skeletal muscles,
where it helps in quick in generation of ATP. During muscle
exercise, ATP is rapidly hydrolyzed to meet the energy needs
of the exercising muscle. Consequently, the ATP levels
within the muscular tissue tend to get depleted. Creatine
phosphate replenishes the ATP under these circumstances.
Conversion of this compound to creatine and phosphate
releases energy, which is used for ATP generation.

/\

ADP + P, ATP

This is also an example of the substrate level phos-
phorylation. It permits the skeletal muscles to perform
the intermittent strenuous work by maintaining the
intracellular ATP levels normal. Since ATP lies midway in
the thermodynamic scale, i.e. between the super high
energy compounds and the low energy compounds
(Table 8.2), it is a suitable compound to serve as a cur-
rency of free energy in the body.
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Phosphoenol pyruvate, creatine phosphate and other
such high energy compounds play a crucial role in the
energy transfer of biochemical reactions.

In course of most endergonic reactions, ATP is converted
to ADP by removal of the terminal y-phosphate group
(orthophosphate cleavage). However, in certain other
endergonic reactions, the B-and the y-phosphate groups
are simultaneously removed in one piece to form AMP
and pyrophosphate (pyrophosphate cleavage).

ATP — AMP + PP, (1)
AGY = —7.7kcal/mole

This followed by cleavage of the pyrophosphate,
which yields two phosphate groups.

PP +H,0 — P, +P, 2)
AG® = —6.9kcal/mole

Sum of these two reactions and its G° is

ATP+H,0 - AMP+P +P, (3)
GY =(-7.7)+(—6.9) (G" of sequential
reactions bring additive.)
= —14.6kcal/mole

This is double than the usual 7.3 kcal/mole yield by
orthophosphate cleavage of ATP. Release of a larger
amount of energy in this manner can drive certain com-
plex biosynthetic reactions forward. For example, 7.3 kcal/
mole, obtained by orthophosphate cleavage of ATP would
be insufficient to drive the activation of fatty acid to com-
pletion, which requires an input of about 7.9 kcal/mole.

Fatty acid + CoASH — Fatty acyl CoA
(AG® = +7.9kcal/mole).

Release of 14.6kcal/mole of energy by the pyrophos-
phate cleavage of ATP can drive this reaction to completion.

Amount of energy provided by pyrophosphate cleav-
age of ATP is evidently far in excess of that required for the
fattyacid activation. Thesurplus (i.e. 14.6 — 7.9 = 6.7 kcal/
mole) dissipates as entropy. However, dissipation is not
a wasteful expenditure, since it helps to drive the reaction
forward and further ensures its irreversibility.

Energy released by pyrophosphate cleavage of ATP
is double (—14.6kcal/mole) than that released by
orthophosphate cleavage, which can drive highly energy
dependent processes.
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In contrast to ADP, which returns to the ATP cycle by
directly accepting a phosphate group, AMP requires par-
ticipation of an additional enzyme, adenylate kinase, to
form ATP. This enzyme catalyzes reversible phosphoryla-
tion of AMP to yield two ADPs:

ATP + AMP = 2 ADP

The ADPs so formed directly accept phosphate
group(s) to form ATP. Acting in the reverse direction, the
adenylate kinase has another important role: it helps to
maintain a constant intracellular ATP level by catalyzing
the transfer of the B-phosphate of one ADP to another
ADP molecule. Thus it supplements the ATP generation
by creatine kinase in the contracting muscle.

G. Other Energy Rich Nucleoside
Triphosphates

There exist several other nucleoside 5'-triphosphates
which are analogous in structure to ATP, and which are
also energy-rich like ATP. Some examples are guanosine
triphosphate (GTP), cytidine triphosphate (CIP), and
uridine triphosphate (UTP). They are present in all cells
but in a much lower concentration than ATP. Although
ATP is the major carrier of the phosphate group, the
other types of nucleoside triphosphates are specialized
to serve in certain biosynthetic pathways. For example,
CTP is used in phospholipid biosynthesis and UTP in glycogen
synthesis. Synthesis of the nucleoside triphosphates is

catalyzed by the enzymes called nucleoside diphosphoki-
nases: ATP mostly serves as the donor of the terminal
phosphate groups.

ATP+ UIDP = ADP+ UTP
ATP+ GCDP = ADP+ CGTP
ATP+ CDP = ADP + CIP

Low concentration of corresponding 2’-deoxyribonu-
cleoside 5'-triphosphates is also present in cells. These
are 2’-deoxyadenosine 5’-triphosphate (dATP) and 2'-
deoxyguanosine 5'-triphosphate (dGTP), 2-deoxycytidine
5'-triphosphate (dCTP), and 2’-deoxythymidine 5'-
triphosphate (dTTP).

Besides ATP, all cells contain GTP and UTP, which are
used as energy source in some enzymatic reactions.

Exercises

Write short notes on

1. High energy phosphates

2. Laws of thermodynamics

3. Standard free energy change

4. Currency of free energy

5. Entropy

6. Substrate level phosphorylation
7. Bioenergetics’ significance of ATP
8. Isotopic tracers



METABOLISM OF
CARBOHYDRATES I:

CHAPTER

MAINLINE METABOLIC
PATHWAYS

Carbohydrates are important for both the generation of metabolic energy and biosynthetic purposes. They are the struc-
tural basis of cellulose, bones, cartilage, lubricants such as mucus, cell recognition, DNA, RNA, and some membrane lipids
(sphingosine). They are source of carbon skeleton of certain amino acids and are basis of some intracellular messenger
systems. As an energy source they are broken down, and when there is a surplus, they are stored as starch and glycogen.

Glucose occupies a key position in carbohydrate metabolism, being a building block of all major dietary carbohy-
drates and the principal transported carbohydrate in humans. Fructose and galactose, obtained from dietary sucrose and
lactose respectively, can be converted to glucose in liver. Therefore, the largest portion of dietary carbohydrates reaches
the consuming tissues in the form of glucose. Evidently, an understanding of glucose metabolism forms the core of study
of carbohydrate metabolism.

A detailed account of metabolic pathways is given in this chapter. After going through this chapter, the student should
be able to understand:

O Transport of glucose into cells: facilitated transport and secondary active transport across cell membrane.

O Pathway of glycolysis: reaction sequence, generation of ATP and regulation.

O Feeder pathways: reaction sequences for monosaccharides, disaccharides and polysaccharides, and the associated
metabolic diseases.

Tricarboxylic acid cycle: reactions, energy yield, synthetic function and regulation.

Pathway of gluconeogenesis; bypass reactions and reversible steps; energetics and regulation.

Glycogen metabolism reactions of glycogen synthesis (glycogenesis) and degradation (glycogenolysis), their reciprocal
regulation through cAMP activated cascade; role of hormones in the regulation; and biochemical basis and clinical
presentations of glycogen storage diseases.

000

I. Transport of Glucose Into Cells

Glucose cannot passively move across the cell membrane
to enter the cells. The polar nature of glucose hinders its
movement across the predominantly non-polar lipid
bilayer. Two kinds of transport mechanisms are present in
the cell membrane, which permit glucose to cross the mem-
branous barrier and enter the cell. These are (a) the facil-
itated transport, and (b) the secondary active transport.

Both are carrier-mediated processes, requiring transport
protein(s).

Facilitated transport occurs along a concentration gra-
dient and is mediated via a family of at least five transport
proteins located in the cell membrane. These proteins are
designated as GLUT-1, GLUT-2, GLUT-3 GLUT-4 and
GLUT-5. Glucose moves from higher extracellular glucose
concentration to a lower concentration inside the cell. A
given transport protein exists in two conformational states,
which alternate during the transport process (Fig. 7.11).

The glucose transport proteins are tissue specific.
GLUT-1 is present in RBCs, whereas GLUT-4 is abundant
in skeletal muscles and adipose tissue. Insulin increases
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number and activity of GLUT-4, thereby promoting entry
of glucose in these tissues (Chapter 7).

Nofe: Insulin is not required for glucose uptake by some
tissues, such as liver, brain and red blood cells.
Secondary active transport is the mechanism of sodium-
glucose cotransport across the membranous barrier, against
a concentration gradient of glucose (i.e. from lower glucose
concentration to a relatively higher concentration). The
“uphill movement” of glucose is powered by the movement
of sodium along its concentration gradient (Chapter 7).
This process is operative during the movement of glucose
from lumen of intestine into the intestinal mucosal cells
(Fig. 7.16). Another type of such Na*/glucose co-transporter
(called SLUT-1) is known to operate in renal tubules.
Abnormalities in some of the transport proteins may
lead to diseases; for example, renal glycosuria results in case
of a defect in the renal transport mechanism for glucose.

Specific integral membrane proteins facilitate movement

of glucose along concentration gradient, without expen-
diture of any energy in facilitated transport; whereas in
secondary active transport a specific transport protein
moves glucose against concentration gradient through
expenditure of energy; the energy comes by co-transport
of sodium ions along its concentration gradient.

Glucose 6-phosphate: a branch-point compound: After
entering the cell glucose is rapidly converted to glucose
6-phosphate. The latter serves as a common link between
various metabolic pathways, therefore called a branch
point compound. Figure 9.1 shows some important inter-
connections. Glucose 6-phosphate can enter a number of
pathways, e.g. glycolysis, uronic acid pathway, HMP shunt,
glycogenesis, and can again form glucose by hydrolytic
removal of the phosphate group. It can be generated by
glycogenolysis and gluconeogenesis also. Further, glucose
6-phosphate cannot simply diffuse out of the cell by cross-
ing the cell membrane and hence is committed to intracel-
luar metabolism. Detailed description of various pathways
mentioned above has been given in Chapters 9 and 10.

g
Glucose enters the call by a carrier-mediated transport
mechanism (facilitated transport or secondary active
transport), where it is rapidly phosphorylated to glu-
cose 6-phosphate—a compound that can enter several
metabolic pathways.

Il. Glycolysis

Of all the metabolic transformations that glucose 6-
phosphate can undergo, the sequence of reactions leading
to the formation of pyruvate is quantitatively the most

Uronic acid pathway

Glucose | Glucose 6-phosphate |—> Glycolysis

pe i

P; HMP shunt
Glucogenesis
Glycogenolysis

Fig. 9.1. The role of glucose 6-phosphate in carbohydrate

metabolism.
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COZ + Hzo
Fig. 9.2. Pyruvate metabolism under aerobic and anaerobic
conditions. Under anaerobic conditions, pyruvate is reduced to
lactate, whereas in aerobic conditions pyruvate is oxidized to
acetyl CoA, which is further oxidized in TCA cycle.

important. This pathway is known as glycolysis or the
Embden-Meyerhof pathway. It is an anaerobic process that
involves the breaking down of a molecule of glucose into two
molecules of pyruvate or lactate.

Glucose ----- > (2) X Pyruvate/Lactate
(6-0) (3-¢) (3-9)

Glycolysis is common to most organisms, and in
humans it occurs virtually in all tissues. Although the gly-
colytic sequence usually begins with glucose, other sugars
may also enter it via appropriate intermediates. Glycolysis
serves a dual role:

® to generate metabolic energy
e to provide intermediates for several other metabolic
pathways.

Glycolysis occurs in 10 sequential reactions, that occur
in the cytosol. The fate of pyruvate, the end product of
these reactions, is different in anaerobic and aerobic
conditions (Fig. 9.2).

Under aerobic conditions: Pyruvate enters the mito-
chondrial matrix and is oxidized to acetyl CoA, which is the
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major metabolic fuel for the citric acid cycle. Further oxida-
tion of acetyl CoA in the citric acid cycle releases free energy
which is used to generate ATP molecules. This process
occurs in all tissues except those which lack mitochondria
(e.g. erythrocytes, leucocytes) and the exercising muscles.

Under anaerobic conditions: Pyruvate is reduced in
cytosol by NADH to form lactate. This process, called
anaerobic glycolysis is discussed later. (Note that the term
anaerobic literally means without air, but in practice it
means without oxygen).

Glycolysis is a cytoplasmic reaction sequence of 10
enzyme-catalyzed reactions which produces two mole-
cules of the three-carbon compound, pyruvate (or lac-
tate), from the six-carbon substrate, glucose.

Glycolysis can be divided into two main stages. The stage
I, which comprises the first five reactions, is an endergonic
(i.e. energy-requiring) stage in which glucose molecules
are activated through the expenditure of ATP molecules.
Thus, this stage involves energy investment. Stage II leads
to energy generation and hence referred to as the “payoff
stage”.
Reactions of glycolysis are shown in Figure 9.3.

Glucose is phosphorylated at the sixth carbon to form
glucose 6-phosphate. This places a large negative charge
on the glucose molecule so that it cannot simply diffuse
out of the cell. The phosphate group is obtained from
ATP which is converted to ADP in the process, which
means that energy is lost in this step. However, this is
better than losing glucose out of the cell.

Glucose + ATP — Glucose 6-phosphate + ADP

The enzyme involved in this reaction is kinase, (an
enzyme that catalyzes a phosphorylation and uses ATP as
its source of phosphate is called kinase). There are two
possible enzymes for this reaction, depending on the
tissue. One is glucokinase (found in liver) and the other is
hexokinase (muscle and fat), which will catalyze phosphor-
ylation of most hexoses, including glucose. Kinetic prop-
erties of the two enzymes are different (Table 9.1).

Hexokinase has low K, i.e. high affinity for glucose, low
V_ ., and is subject to feedback inhibition by the reaction
product, glucose 6-phosphate. The hexokinase reaction is
not specific for glycolysis; it only commits glucose to
intracellular metabolism because glucose 6-phosphate is
not transported across the plasma membrane.

159

Glucokinase, on the other hand, is specific for glucose.
Ithas highV__and, unlike hexokinase, is not inhibited by
the reaction product, glucose 6-phosphate. Moreover, it
has high K (20 mmol/L), i.e. low affinity for glucose and
therefore, comes into play only when intracellular glu-
cose concentration rises steeply, such as following a car-
bohydrate rich diet. These properties make the glucokinase
suitable for rapidly phosphorylating the glucose that is
presented to liver following a meal. Within the hepato-
cytes, the glucose molecules are rapidly phosphorylated by
glucokinase (due to high V__and high K ), without any
hindrance to its action (due to lack of feedback inhibition).
The above transformation is further enhanced because of
induction of glucokinase synthesis after a meal, especially
following a carbohydrate rich diet. The enzyme induction
is probably brought about by insulin, that is released at
such time. Large quantities of glucose 6-phosphate are
thereby produced, which are channeled into the pathway
of glycogen synthesis (i.e. glycogenesis).

Glucokinase can rapidly phosphorylate large amount
of glucose after meals, which then enters the pathway
of glycogen synthesis.

Glucose 6-phosphate, an aldose sugar, is now prepared
for subsequent cleavage into two 3-carbon molecules.
To split anything is easier if it is bilaterally symmetrical.
Glucose 6-phosphate is, however, not very symmetrical,
and so converted to fructose 6-phosphate, a little more
symmetrical molecule. It is a freely reversible reaction
catalyzed by phosphohexose isomerase.

Fructose 6-phosphate, formed in the previous step, is
made more symmetrical by esterifying a phosphate to
C-1. This yields fructose 1,6-bisphosphate, a molecule
that is almost symmetrical. The phosphate group comes
from ATP and the enzyme is phosphofructokinase (PFK,).

A diphosphate differs from bisphosphate (and a tri-
phosphate from trisphosphate) in that, for a diphosphate
(e.g. ADP) the phosphates are joined to each other, whereas
in a bisphosphate (e.g. fructose 1, 6-bisphosphate), the
phosphate groups are attached at different places on the
sugar.

This reaction is irreversible and is the “rate-limiting step”
for glycolysis. It is also the committed step, meaning that
once fructose 1, 6-bisphosphate is formed it must go for
the glycolytic pathway only. Activity of PFK| is controlled
by a variety of positive and negative regulatory modula-
tors, which make this step the most important regulatory
step of the pathway. Regulation of glycolysis is discussed
later in this chapter.
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Fig. 9.3. The pathway of glycolysis and fate of pyruvate. Stage I: Reactions 1—5—energy-consuming reactions and Stage lI:
6—10—energy-yielding reactions. Irreversible steps: 1st, 3rd and 10th).

Table 9.1. Comparative properties of hexokinase and

glucokinase

Specificity Broad (hexoses)

Feedback inhibition
Affinity for glucose

K value
m

V_ value
max

Yes
High

1072mmol /L

Low

Narrow (glucose only)

Reaction 4: Cleavage of Fructose 1,6-Bisphosphate

Fructose 1,6-bisphosphate, a 6-carbon compound, is
cleaved by the enzyme aldolase into two trioses: glyceral-
dehyde 3-phosphate and dihydroxyacetone phosphate.
This enzyme, which splits an aldose, is not specific for

No fructose 1,6-bisphosphate, hence its general name.
Low
20 mmol /L Reaction 5: Isomerization of Dihydroxyacetone Phosphate
Hioh Of the two trioses, only glyceraldehyde 3-phosphate can
9

be further metabolized through the glycolytic sequence.
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Dihydroxyacetone phosphate, therefore, must be con-
verted to glyceraldehyde 3-phosphate for further metab-
olism. This aldose-ketose isomerization is catalyzed by
the enzyme, triose phosphate isomerase.

Fructose 1,6-bis ) — Dihydroxyacetone-(P) \
; )

Glyceraldehyde 3-®
Sum: Fructose 1,6-bis-(®) —> (2x) Glyceraldehyde 3-(P)

It is necessary to understand that two glyceraldehyde
3-phosphate molecules are generated from the original
glucose molecule and enter this part of the pathway, and
therefore, all of the following steps occur twice, once for each
of the two glyceraldehyde 3-phosphate molecules.

In the first stage of glycolysis, glucose is phosphorylated,
isomerized, phosphorylated again and cleaved to yield
two triose molecules. These reactions consume 2ATPs per
glucose. All reactions beyond this point occur twice for
each glucose molecule.

The next few steps are remarkable for they bring about
oxidation of each of the three carbons of glyceralde-
hydes. There is addition of oxygen at C-1, loss of hydro-
gen at C-2, and loss of phosphate at C-3. In these steps a
large amount of energy is liberated, enough to replace
the energy lost so far (2ATPs) plus some more.

Dehydrogenation of glyceraldehyde 3-phosphate is cata-
lyzed by the enzyme glyceraldehyde 3-phosphate dehydrogenase,
resulting in the formation of 1,3-bisphosphoglycerate.

P;, NAD* NADH, H*
Glyceraldehyde 3- M 1,3-Bisphospho-
phosphate glycerate

There are two interesting aspects of this reaction:
firstly, the pair of hydrogen atoms removed is replaced
by a phosphate group. This hydrogen is transferred to
NAD* to form NADH, which is a valuable product (its
oxidation in the respiratory chain is a source of ATP).
Second, the phosphate group added to the glyceralde-
hyde 3-phosphate molecules is inorganic phosphate.
This means that energy is not lost, which would have
been the case if it had come from ATP.

The 1,3-bisphosphoglycerate (1,3-BPG) contains a carbox-
ylic anhydride with phosphate at C-1. This type of anhy-
dride, called acyl-phosphate, has a very high standard free
energy of hydrolysis; the AG” of 1,3-bisphosphoglycerate
is —11.8 kcal/mole (Chapter 8). The cell uses this energy
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by transferring the phosphate to ADP to form ATP (i.e.
substrate level phosphorylation).

This reaction is catalyzed by the enzyme phosphoglycer-
ate kinase. Since two molecules of 1,3-bisphosphoglycer-
ate are produced from a single molecule of glucose, two
ATPs are actually generated in this step from a single glu-
cose molecule.

The 1,3-BPG is converted to an alternate metabolite,
2,3-bisphosphoglycerate (2,3-BPG) in erythrocytes which
enhances unloading of oxygen (Box 9.1).

The phosphate group is transferred from the C-3 of
the 3-phosphoglycerate to the C-2 by the enzyme
phosphoglycerate mutase, resulting in the formation of
2-phosphoglycerate.

The term mutase is used to designate the enzyme
catalyzing transpositioning of functional group, within
the same molecule.

Removal of a water molecule from 2-phosphoglycerate is
catalyzed by the enzyme enolase, resulting in formation
of phosphoenolpyruvate (PEP). In this reaction, redistri-
bution of energy occurs within the same molecule, so that
the phosphate ester (PEP) becomes unusually energy rich
(AG" = —14.8 kcal/mole), which is sufficient for genera-
tion of ATP (i.e. substrate level phosphorylation).

Inhibition of enolase catalyzing this step has impor-
tant role in clinical biochemistry (Box 9.2).

The last step of the glycolytic sequence involves transfer
of high energy phosphate group from PEP to ADP to
yield a molecule of ATP (Fig. 9.4).

This is the third irreversible step of glycolysis (reaction
1 and 3 are the other two). Pyruvate kinase, the enzyme
catalyzing this step, is a regulatory enzyme.

Deficiency of pyruvate kinase causes decreased
production of ATP from glycolysis. Red blood cells are
predominantly affected in this disorder. They are unable
to generate sufficient ATP for their sodium pumps.
Consequently, the ionic gradient across the erythrocyte
membrane cannot be maintained, resulting in lysis of
the cell. This results in haemolysis, and hence haemolytic
anaemia.

coo- o AP coo- coo-

C—0—P—-0" C—OH — Cc=0

Il Il I Il

CH, O CH, CHj
Phosphoenolpyruvate (PEP) Enolpyruvate Pyruvate

Fig. 9.4. The pyruvate kinase reaction. Pyruvate shows keto-
enol tautomerism, the keto form being energetically far more
stable than the enol form.
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BOX 9.1
Role of 2,3-Bisphosphoglycerate in Erythrocytes

In erythrocytes, 1,3-BPG is converted to 2,3-bisphosphoglycerate (2,3-BPG) by catalytic action of the enzyme 2,3-bisphos-
phoglycerate mutase. The 2,3-BPG concentration sometimes reaches 5 mmol/L, comparable with the molar concentration
of haemoglobin in the RBC, and much higher than that of ATP (1-2 mmol/L) or inorganic phosphate (1 mmol/L). 2,3-BPG is
a negative allosteric effector of the oxygen affinity of haemoglobin: it decreases the affinity to promote the release of
oxygen (from oxyhaemoglobin) in peripheral tissues. lts concentration increases in the RBCs, during adaptation to higher
altitudes and in anaemia, thus promoting the release of oxygen to tissues when the oxygen transport capacity of blood is
decreased. Fetal haemoglobin is less sensitive than adult haemoglobin to the effects of this compound, so that 2,3-BPG in mater-
nal erythrocytes is one factor that promotes efficient transfer of oxygen across the placenta from HbA to HbF (Chapter 17).

Finally, 2,3-BPG is hydrolyzed to 3-phosphoglycerate by bisphosphoglycerate phosphatase. It is postulated that it is a
bifunctional enzyme catalyzing both the synthesis of 2,3-BPG (from 1,3-BPG) and its subsequent hydrolysis.

More detailed discussion on 2,3 BPG-is given in Chapter 17.
Note: This pathway of synthesis and breakdown of 2,3-BPG in erythrocytes causes bypassing of the glycerophosphate
kinase reaction (step 6 of glycolysis) and is referred to as Rapapori—Leubering cycle (or simply BPG cycle). In this shunt
pathway, no ATP is generated. Normally, about 15-25% of the glucose converted to lactate in erythrocytes is routed via
this cycle. This is useful not only in the oxygen unloading by oxyhaemoglobin, but also in dissipation of energy, and there-
fore, advantageous to the cell when the energy requirement is minimal.

BOX 9.2
Inhibition of Glycolysis

The glycolytic enzyme enolase is inhibited by fluoride, which thereby inhibits the glycolytic sequence. Sodium fluoride is
mixed with potassium oxalate, an anticoagulant, in the blood sample collected for glucose estimation. Because it inhibits
enolase, in vitro glycolysis is prevented. In absence of sodium fluoride, glucose will be used.

Some other inhibitors of glycolysis are as below:

1. lodoacetate, which inhibits the enzyme glyceraldehyde 3-phosphate dehydrogenase.
2. Arsenite, which inhibits phosphoglycerate kinase.

Reduction to lactate: Lactate is produced by glycolysis
under anaerobic conditions and the process is called
anaerobic glycolysis. The pyruvate to lactate reduc-
tion is brought about by the cytosolic enzyme lactate
dehydrogenase and requires NADH.

In the second stage of glycolysis, a series of changes
convert glyceraldehyde 3-phosphate to pyruvate. This
stage produces 4 ATPs per glucose molecule for a net
yield of 2 ATPs per glucose.

NADH, HY  NAD?'

Pyruvate &4 Lactate

Lactate
dehydrogenase

There are several pathways into which pyruvate can enter

(Fig. 9.3). The pathway chosen in a given tissue depends
on its state of oxygenation and the prevailing metabolic
conditions, as described below:

Oxidative decarboxylation to acetyl CoA: In tissues that
are adequately perfused with oxygen (i.e. under aero-
bic conditions), pyruvate undergoes oxidative decar-
boxylation to form acetyl CoA, which is further
oxidized via citric acid cycle.

The NADH is produced in the glyceraldehyde 3-phosphate
dehydrogenase reaction (Reaction 6) of glycolysis (Fig. 9.5).
The pyruvate to lactate conversion regenerates NAD* for
the above reaction so that glycolysis can proceed nor-
mally. It is noteworthy, that without regeneration of
NAD™* by lactate dehydrogenase reaction, the Reaction 6
would stop and the glycolytic pathway would also soon
be halted for lack of NAD*. Thus anaerobic glycolysis
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Fig. 9.5. Outline of reactions of anaerobic glycolysis. It regen-
erates NAD™ (for the glyceraldehyde 3-phosphate dehydrogenase
reaction) so that glycolytic sequence can proceed smoothly
with generation of 2ATP molecules.

provides elegantly simple solution to ensure that glycoly-
sis proceeds uninterruptedly.

More about anaerobic glycolysis is discussed at end of
this section.

Under aerobic conditions, pyruvate enters the mitochon-
drion, where it is oxidatively decarboxylated to acetyl
CoA, and under anaerobic conditions, pyruvate is
reduced to regenerate NAD* for glycolysis.

Carboxylation to oxaloacetate: Pyruvate is converted to
oxaloacetate by biotin-dependent carboxylation cata-
lyzed by the enzyme pyruvate carboxylase. The oxaloac-
etate can form glucose via gluconeogenesis.
Conversion to malate: Malic enzyme converts pyruvate
to malate, which can also enter gluconeogenic
sequence.

Conversion to alanine: Pyruvate may form the amino
acid, alanine by transamination.

Reduction to ethanol: Conversion of pyruvate to ethanol
occurs in yeasts and some bacteria, including those of
the intestinal flora.

Pyruvate can be funneled into various metabolic path-
ways. It can also be generated from a number of com-
pounds, as shown in Figure 9.6. Evidently, pyruvate is said
to be at the metabolic cross-roads.

Anaerobic glycolysis occurs in tissues that lack mito-
chondria, such as erythrocytes, lens and cornea of the eye,
renal medulla, and leukocytes. In oxygen deficient tissues
such as severely exercising muscles, this pathway is cho-
sen. Oxygen deficiency occurs because the blood is
squeezed out of the contracting muscles. Moreover, pro-
duction of pyruvate in exercising muscle is very fast due
to rapid rate of glycolysis, but its oxidation is much
slower due to oxygen deficiency. The surplus pyruvate is
diverted for lactate formation (Fig. 9.5).
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Fig. 9.6. Pyruvate can be generated from several compounds,
and can be channeled into various pathways.

Finally, during hypoxia resulting from vascular obstruc-
tion or other causes, for example, in acute myocardial
infarction - anaerobic glycolysis occurs to help the cells
survive the brief episodes of oxygen depletion.

Anaerobic glycolysis provides less energy: net gain of
ATPs is only two molecules (Fig. 9.5). However, it is an
important process because of two reasons:

NAD™ is generated during their process, which is
required for step 6 of glycolysis (Fig. 9.5). As discussed
in the previous section, NAD* regeneration must occur
for, glycolysis to continue.

Carbohydrates are the only metabolic substrates that
can produce ATP under anaerobic conditions.

Energy yield in the anaerobic and the aerobic states are
different, and therefore, discussed separately.

In course of conversion of one molecule of glucose
through glycolytic sequence to two molecules of pyru-
vate, there occurs generation of four molecules of ATP
and, utilization of two molecules of ATP.

Initially, two ATPs are utilized to phosphorylate glu-
cose to glucose 6-phosphate and fructose 6-phosphate to
fructose 1,6-bisphosphate (see reactions 1 and 3; Fig. 9.3).
Subsequently, cleavage of fructose 1,6-bisphosphate, fol-
lowed by isomerization of dihydroxyacetone phosphate,
produces two molecules of glyceraldehyde 3-phosphate.
Therefore, from each molecule of glucose, two molecules
of triose phosphate are produced. Each molecule of tri-
ose phosphate then generates two molecules of ATP: one
ATP is produced by phosphoglycerate kinase (Reaction 7)
and the other by pyruvate kinase (Reaction 10). Therefore,
two molecules of triose-phosphate generates four ATPs.
With two molecules of ATP invested and four generated, net
gain of ATPs is two molecules (Table 9.2).

In addition to these, generation of more ATPs occurs by
oxidation of the NADH, (generated earlier in glyceralde-
hyde 3-P dehydrogenase reaction). Each of these NADH
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Energy yield during the conversion of one molecule
of glucose to two molecules of pyruvate in aerobic glycolysis*

1st Hexokinase —1 ATP

3rd Phosphofructokinase —1 ATP

6th Glyceraldehyde 3-phosphate + 2 NADH
dehydrogenase

7th Phosphoglycerate kinase + 2 ATP

10th Pyruvate kinase + 2 ATP

2 ATP + 2 NADH
* Note that all reactions beyond the aldolase reaction occur twice for

each glucose molecule.

molecules yields three ATPs by oxidative phosphorylation
(Chapter 14). Thus, a total of six ATPs are produced from
this source. When two ATPs generated earlier are added,
the net production of ATPs in aerobic glycolysis becomes eight.

Generation of two molecules of ATP and two molecules of
NADH occurs initially in this type also. The latter are oxi-
dized to NAD* during reduction of pyruvate. Thus, there is
no net production of NADH (Fig. 9.5) in anaerobic glycoly-
sis and, therefore, net generation of only two ATP occurs.

Lactate, the end product of anaerobic glycolysis, still
contains a large amount of inherent free energy, but is
not degraded further. Thus anaerobic glycolysis releases
only a small fraction of the energy of the glucose mole-
cules. Still it is a valuable source of energy in tissues lack-
ing mitochondria. Moreover, in case of oxygen depletion,
the affected tissues depend more on anaerobic glycolysis
for getting the required energy. Production of lactate is
thereby increased. However, excessive production of lac-
tate may have serious consequences (Case 9.1).

In an actively exercising muscle, less than 10% of pyru-
vate is utilized by the citric acid cycle, and the rest is
reduced to lactate (i.e. anaerobicglycolysis). Accumulation
of lactate and consequent fall in pH is potentially haz-
ardous and should be prevented. Mechanisms exist in body
which prevent such excessive accumulation of lactate.

The lactate first diffuses out into the blood circulation,
the plasma membrane of muscle cells being freely per-
meable to lactate. It is carried to liver, and is oxidized to
pyruvate in hepatocytes by the lactate dehydrogenase reac-
tion. Pyruvate, so produced, enters the gluconeogenic
sequence and converted to glucose, which is then trans-
ported to skeletal muscles (Fig. 9.7).

Thus, a cyclic process is set up between liver and mus-
cle, which ensures efficient reutilization of lactate by the
body. It is referred to as the Cori cycle, named after Carl

LIVER MUSCLE
Glucose > Glucose
Gluconeo-+ \ Glycolysis
genesis t v
BLOOD v
Pyruvate Pyruvate
+
Lactate | #NADH + H* Lactate [~ NADH + H
dehydrogenase dehydrogenase NAD*
NAD*
Lactate ‘ Lactate

Fig. 9.7. Cori cycle. The exercising muscles generate lactate
via anaerobic glycolysis, which is transported to liver for
resynthesis of glucose.

Cori and Gerty Cori who were awarded Nobel prize in
1947 for this discovery.

Vigorously exercising muscles generate lactate via anaerobic
glycolysis. During recovery, some of this lactate is trans-
ported to liver and used to form glucose via gluconeogen-
esis. The overall pathway (glucose — lactate — glucose)
constitutes the Cori cycle.

Glycolysis is central to metabolism and is integrated with
a number of other metabolic pathways. Therefore, the
regulatory enzymes of glycolysis respond to appropriate
signals from several other pathways. This makes the regu-
lation of glycolysis a complex event. There are three
glycolytic reactions catalyzed by hexokinase (or glucoki-
nase), phosphofructokinase (PFK)) and pyruvate kinase,
which are metabolically irreversible and subject to regu-
lation. The main control step is that catalyzed by PFK, but
hexokinase and pyruvate kinase are additional control sites.

Hexokinase activity is subject to feedback inhibition by
glucose 6-phosphate. This prevents intracellular accumu-
lation of glucose 6-phosphate.

Glucokinase, that specifically effects phosphorylation
of glucose in liver, is an inducible enzyme. Availability of
substrate glucose induces the enzyme synthesis, proba-
bly through insulin. It is free from feedback inhibition
by glucose 6-phosphate.

Most important control point for glycolysis is through regu-
lation of phosphofructokinase (PFK,), a complex allosteric
enzyme. Its activity is influenced by cellular energy
charge (high energy charge inhibits PFK, and low energy
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BOX 9.3

Rate of Glycolysis is Regulated by Cellular Energy Charge

An overview of regulation of glycolysis shows that its rate is adjusted according to the energy content of the cell. In gen-

eral, when the cellular energy content is low, the catabolic pathways are accelerated so as to provide the required energy;

and conversely, when the cell has sufficient energy, inhibition of these pathways occurs. The anabolic pathways are regu-

lated in a reciprocal manner, i.e. stimulated by high energy content and inhibited by low energy content of the cell.

Evidently, cellular energy content is an important determinant of the rate of various metabolic pathways, including gly-

colysis. It is reflected by the following equation:

ATP + AMP

It is commonly referred to as the energy charge of the cell. Low energy charge signals that the cell needs energy, and

accordingly the catabolic pathways, including glycolysis, are stimulated. When the energy charge is high, inhibition of

glycolysis occurs.

charge stimulates it; Box 9.3), and by a number of posi-
tive and negative allosteric modulators (Table 9.3):

ATP: ATP is an important inhibitory modulator of the
enzyme activity.
When the intracellular ATP level rises (indicating high
cellular energy charge), the enzyme activity is inhib-
ited. This is because of binding of ATP to the allo-
steric site of the PFK , which results in diminished
affinity of the enzyme for fructose 6-phosphate.
Conversely, low intracellular ATP level results in
removal of ATP from the allosteric site, which
results in enhanced activity of the enzyme.
Citrate: The inhibitory effect of ATP on PFK| is enhanced
by citrate, an intermediate of TCA cycle. Regulation of
glycolysis by an intermediate of citric acid cycle ensures
that rates of these two pathways, keep pace with each
other. Whenever TCA cycle is impeded, accumulation
of citrate results, which in turn slows down glycolysis
as well.
AMP: Effect of AMP on PFK is stimulatory since it
opposes the inhibitory effect of ATP on this enzyme.
Reciprocal influences of ATP and AMP have additive
effect on PFK . This is because when intracellular AMP
level is high, ATP level is correspondingly low and
both (low ATP and high AMP) stimulate PFK , thereby
speeding up the rate of glycolysis.
Fructose 2,6-bisphosphate (F-2,6-BP): This compound is
the most important allosteric modulator (activator) of
PFK| and, therefore, of glycolysis in liver. It is synthesized
from fructose 6-phosphate by phosphofructokinase 2
(PFK,), a different enzyme from PFK , and is hydro-
lyzed back to fructose 6-phosphate by fructose
2,6-bisphosphatase 2 (FBPase2). Interestingly, both PFK,
and FBPase2 are activities catalyzed by the same poly-
peptide; hence this is a bifunctional enzyme (Fig. 9.8).

Allosteric modulators of phosphofructokinase (PFK )

AMP ATP
Fructose 2,6-bisphosphate Citrate
ADP Cal
K+ Mgz+
Phosphate Low pH

Activity of PFK| is regulated by phosphorylation-dephos-
phorylation mechanism.

The dephosphorylated enzyme acts as kinase
The phosphorylated enzyme acts as phosphatase.

The following hdormones regulate interconversion of
the phosphorylate/dephosphorylated forms:
Glucagon: It acts through the second messenger cAMP
(and cAMP activated protein kinase A) and phosphory-
lates the enzyme. This results in activation of the phospha-
tase activity of PFK, causing hydrolysis of fructose
2,6-bisphosphate. This decreases activity of PFK, and,
therefore, the rate of glycolysis falls. Thus, the overall
effect is:

Glucagon — cAMP induced phosphorylation — stimula-
tion of phosphatase activity of PFK, — | concentration of
fructose 2,6-bisphosphate — | activity of PFK, and
decreased rate of glycolysis.

opposes glucagon by lowering the cellular cAMP
concentration that promotes dephosphorylation of the
enzyme and hence stimulates its kinase activity.
Thus, by adjusting the cellular concentration of fructose
2,6-bisphosphate, insulin and glucagon can influence the
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Fig. 9.8. Regulation of phosphofructokinase-2 (PFK,), an

enzyme having kinase activity and phosphatase activity. The
phosphatase activity is stimulated by glucagon (via cAMP
induced phosphorylation), and the kinase activity by insulin.

glycolytic activity (and gluconeogenic activity, discussed later)
within minutes.

Fructose 6-phosphate is a potent modulator of PFK -
activity. It not only stimulates the synthesis of F-2,6-BP,
but also inhibits its hydrolysis. F-2,6-BP in turn strongly
activates PFK, and hence stimulates glycolysis. The over-
all effect is that when fructose 6-phosphate levels are
high, such as after meals, the PFK, (and hence) gly-
colysis is stimulated.

Because of various aforementioned regulatory influ-
ences the activity of PFK, can increase up to 700-fold
from the basal resting level.

The glycolytic reactions catalyzed by hexokinase, phos-
phofructokinase and pyruvate kinase are metabolically
irreversible and subject to regulation. Phosphofructokinase
is most important, of which fructose 2,6-bisphosphate is
most important regulator.

Pyruvate kinase is next in importance to PFK, in the regu-
lation of glycolysis. It has three isozyme forms, all cata-
lyzing the final reaction (Reaction 10) of the glycolytic
sequence. Its activity is regulated allosterically and by
covalent modulation.

Pyruvate kinase is inhibited allosterically
by ATP and alanine and activated by fructose 1,6-bisphos-
phate. The concentration of fructose 1,6-bisphosphate is
increased whenever PFK| activity increases, and so its effect on
pyruvate kinase is an example of feed-forward stimulation.

Feedback
inhibition
Hexokinase
Glucose Glucose 6-P «— Fructose 6-P
Gluéoklnase ATP
(liver)
Phosphofructokinase
@ AMP, fructose 2,6-P
©ATP, citrate
Insulin
ADP
Fructose 1,6-BP
ATP  ADP /’
Pyruvate ‘: / Phosphoenol-
) pyruvate
Pyruvate kinase
. “——
(active) )
Pi Protein
ki
Phosphatase e
Pyruvate \ ®
kinase-P CAMP +——
(inactive)

Fig. 9.9. Regulation of glycolysis.

Pyruvate kinase is inhibited by the
cAMP-induced phosphorylation of a serine side chain in
the enzyme protein (Fig. 9.9). Thus glucagon, which acts
via cAMP-dependent protein kinase, inhibits the enzyme
activity (thereby inhibiting hepatic glycolysis); and con-
versely insulin stimulates it.

Pyruvate kinase is activated by fructose 1,6-bisphosphate
but allosterically inhibited by ATP and alanine. Like PFK,
it is also regulated hormonally by glucagon.

Excessive accumulation of lactic acid occurs in a number of
conditions, described in Chapter 1, to cause lactic acidosis.
It causes severe metabolic acidosis, and is a potentially
lethal condition (Case 9.1).

Deficiencies of glycolytic enzymes, most commonly
of pyruvate kinase and hexokinase, have been reported.
In these rare conditions, the predominant clinical mani-
festation is haemolytic anaemia because energy depleted
erythrocytes are easily destroyed. A rare inherited disease
causing pyruvate dehydrogenase (PDH) depletion has been
reported (incidence 1 in 250,000 births). Metabolism of
pyruvate being blocked, lactic acidosis frequently devel-
ops. Blockage of the PDH reaction can also occur in beri-
beri (thiamine pyrophosphate being a cofactor in PDH)
and among alcoholics (Case 18.1).
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lll. Feeder Pathways

Glycolysis is not exclusively for the catabolism of glucose;
many other carbohydrates enter the glycolytic sequence
in course of their metabolism. The metabolic pathways by
which various monosaccharides, disaccharides and polysac-
charides enter the glycolytic sequence are called feeder pathways.
Separate feeder pathways exist for various monosaccha-
rides, disaccharides and polysaccharides.

A. Feeder Pathways for
Monosaccharides

Metabolism of Fructose

D-Fructose is present in free form in many fruits, and
honey. The major dietary source is sucrose (cane sugar),
a disaccharide consisting of glucose and fructose. In the
body, entry of fructose into the cells is not dependent
on insulin. This is in contrast to glucose, which requires
insulin for this purpose.

The Pathway

Some of the fructose in the cells is phosphorylated to the
glycolytic intermediate fructose 6-phosphate by hexoki-
nase in muscle and adipose tissue. Affinity of hexokinase
for fructose, however, is extremely low (Km approxi-
mately 20 times higher than that for glucose), so this
pathway is normally insignificant, and is important only
when the fructose concentration is very high. Most of the
fructose is phosphorylated by the enzyme fructokinase in
the liver, kidney, and intestine. The liver accounts for
nearly half of the total fructose metabolism. Fructokinase
catalyzes phosphorylation of fructose at C-1 to form
fructose 1-phosphate (Fig. 9.10). The latter is cleaved
into dihydroxyacetone phosphate (DHAP) and glyceral-
dehyde by the enzyme aldolase B. Defective action of this
enzyme leads to a disorder called hereditary fructose
intolerance (Case 9.2).

Aldolase B is an isoenzyme of the aldolase (see Reaction
4-glycolysis), and it can cleave both fructose 1,6-
bisphosphate and fructose 1-phosphate. Glyceraldehyde
is phosphorylated by the enzyme triokinase to glyceral-
dehyde 3-phosphate, which along with DHAP, is metab-
olized further by glycolysis or gluconeogenesis.

Fructose is absorbed from the intestine less rapidly
than glucose, but once in the blood it is metabolized
nearly twice as rapidly as glucose. It bypasses the phospho-
fructokinase step in liver, and therefore, its metabolism is
simpler than that of glucose (Box 9.4).

Disorders of Fructose Metabolism

Essenfial fructosuria: It is a rare medical problem
associated with fructose metabolism. The enzyme
fructokinase is deficient in this disorder and therefore,
fructose cannot be metabolized as rapidly as in normal
subjects. Plasma fructose levels rise, and fructose may
appear in urine. The condition is asymptomatic,
sometimes detected incidentally during urinalysis when

ATP ADP

Fructose Fructose 1-phosphate

Aldolase-B

Glyceraldehyde + Dihydroxyacetone

- phosphate

ADP
Glyceraldehyde 3-phosphate

Fig. 9.10. Conversion of fructose to intermediates of glycolysis
in liver. (mm = metabolic blocks: 1. in essential fructokinase, 2. in
hereditary fructose intolerance).

BOX 9.4

Is Fructose Useful in Parenteral Nutrition

Metabolism of fructose bypasses the phosphofructokinase step in liver, and therefore simpler than metabolism of glucose.
Because of this, fructose was considered to be more useful than glucose in patients requiring parenteral nutrition. However,
use of fructose in such patients has severe limitation. Fructose is rapidly phosphorylated to fructose 1-phosphate in hepa-
tocytes. This reaction is so fast that a much larger amount of fructose 1-phosphate is generated than can be metabolized.
This ties up the available inorganic phosphates, thereby depleting the liver cell of P, and ATP. Consequences of such deple-
tion are highly hazardous. Therefore, use of fructose is not recommended in parenteral nutrition.
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“reducing sugar” (fructose) is present. Restriction of
dietary fructose is effective to treat this.

These are disorders caused
by the deficiency of one of the fructose metabolizing
enzymes. The enzymes involved are:

Aldolase B: Deficiency of aldolase B results in intracel-
lular accumulation of fructose 1-phosphate. There is
vomiting, jaundice, and hypoglycaemia caused by intra-
cellular accumulation of fructose 1-phosphate. This
compound allosterically inhibits liver phosphorylase to
block glycogenolysis, thus leading to hypoglycaemia.
Besides tying up phosphate, and thereby impairing ATP
synthesis, fructose 1-phosphate inhibits aldolase and
phosphohexose isomerase; these changes result in liver
damage, and jaundice is commonly seen. More about
hereditary fructose intolerance is given in Case 9.2.
Fructose 1,6-bisphosphatase: Deficiency of this gluco-
neogenic enzyme causes fructose intolerance similar
to aldolase-B deficiency, but these patients also have
fasting hypoglycaemia. They can form glucose from
stored glycogen, but gluconeogenesis is blocked.
Glycogen degradation can maintain a reasonably
normal blood glucose level for many hours, but
the defect in gluconeogenesis results in dangerous
hypoglycaemia when the period of fasting exceeds
14-18 hours.

Inborn errors of fructose metabolism cause hypoglycae-
mia and liver damage.

Based on the reasoning that insulin-dependent PFK|
reaction is bypassed by fructose, diabetic diets were for-
mulated in the past with fructose as the predominant car-
bohydrate. It was soon found, however, that excess
fructose is toxic because it can cause damaged liver and
cause increased lactate formation, hypertriglyceridaemia
and hyperuricaemia, not only in individuals with diabe-
tes but in normal subjects as well.

Liver damage: The activity of fructokinase far exceeds that
of aldolase B, so fructose 1-phosphate tends to accumulate
(concentration in liver can reach up to 10wmol/g). This
compound allosterically affects several enzymes of car-
bohydrate metabolism and also ties up substantial por-
tion of the phosphate in the cell. This can impair oxidative
phosphorylation, and lower the synthesis of ATP from
ADP, with consequent damage to liver cells.

Hpyperlactataemia: This can be traced to a rapid metabo-
lism of fructose to pyruvate, which is in equilibrium with
lactate.

Hypertriglyceridaemia: Fructose is rapidly metabolized to
yield acetyl CoA, which is channeled into lipogenesis
(fatty acids and triglycerides synthesis) in the liver.

Hyperuricaemia: This is due to excessive accumulation of
ADP and AMP (due to lack of Pi) followed by their deg-
radation to uric acid.

D-Galactose is present in milk as one of the monomeric
constituents of lactose; the other one is glucose. Galactose
is liberated in the intestine by action of the brush border
enzyme, lactase.

Entry of galactose into peripheral cells is independent of
insulin. Galactose is phosphorylated at C-1 by the enzyme
galactokinase to form galactose 1-phosphate. Galactose
1-phosphate is converted to glucose 1-phosphate by the
action of galactose 1-phosphate uridyl transferase. In this
reaction, uridine diphosphate (UDP) acts as a carrier of
hexose molecule (Fig. 9.11). The net reaction of the path-
way is the ATP-dependent conversion of galactose to glu-
cose 1-phosphate. The latter enters glycolytic sequence
via glucose 6-phosphate.

UDP-galactose is an important intermediate formed in
the second reaction (from galactose 1-phosphate and
UDP-glucose). It can be epimerized to UDP-glucose, as
shown in the Figure 9.11. The reversibility of epimerization
makes it possible to obtain UDP-galactose from UDP-
glucose, so that galactose is not an essential nutrient in diet.

UDP-Galactose has synthetic roles, being involved in
the following reactions:

It is an active donor of galactose residue during syn-
thesis of lactose.

UDP-Galactose + Glucose — Lactose + UDP

Glycolipids, glycosaminoglycans, glycoproteins and cere-
brosides are some other important compounds, which
depend on UDP-galactose as the donor of galactose.

Inborn errors due to deficiency of one of the enzymes of galactose
metabolism cause galactosaemia. The deficient enzyme may
be galactokinase, galactose 1-phosphate uridyl transferase, or
rarely epimerase. Deficiency of the uridyl transferase,
known as classical galactosaemia, is best known.

This is an autosomal recessive
disease with an estimated population incidence of 1 in
40,000. Deficiency of the uridyltransferase leads to accumu-
lation of galactose and galactose 1-phosphate after inges-
tion of milk or food containing galactose . There is elevated
concentration of galactose in blood (galactosaemia) and
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Galactose

ATP

ADP

Galactose 1-phosphate

Galactose 1-phosphate
uridyl transferase

UDP-glucose
<

UDP-galactose

Glucose 1-phosphate
Phosphoglucomutase

Glucose 6-phosphate —p Glycolysis

Fig. 9.11. Galactose entering glycolysis via the galactose-glucose interconversion pathway, a four-step reaction sequence.

urinary elimination (galactosuria). Other salient features
are as follows:

Excess galactose is reduced to galactitol (dulcitol) by
aldose reductase, the same enzyme that forms sorbitol
from glucose in the polyol pathway. Galactitol, like
sorbitol, accumulates in lens and causes cataract.
Accumulation of galactose 1-phosphate and concom-
itant depletion of inorganic phosphate causes liver
dysfunction. It is evident within weeks after birth: feed-
ing difficulties and vomiting result in poor weight gain,
and jaundice is present that often is misdiagnosed as
physiological jaundice of newborn. Excess galactose
1-phosphate inhibits glycogen phosphorylase and phos-
phoglucomutase; both impede glycogenolysis and glyco-
gen accumulates in liver.

The central nervous system is affected as well, as evi-
denced by an abnormal lethargy or irritability. Hypo-
glycaemia is commonly observed because galactosaemia
provides persistent stimulus for insulin secretion from
the pancreas. Galactose in erythrocytes inhibits glucose
6-phosphate dehydrogenase and hence HMP-shunt,
which reduces the supply of NADPH. This results in
haemolysis, as discussed in Chapter 10.

In severe, untreated cases of galactosaemia, mental
deficiency, liver cirrhosis, cataract, aminoaciduria and
albuminuria develop.

Classical galactosaemia, caused by deficiency of
enzyme galactose 1-phosphate uridyl transferase, results
in accumulation of galactose and galactose 1-phosphate.
Diversion of galactose in the galactitol is implicated in

pathogenesis of cataract.

Diagnosis: Presence of reducing material (galactose) in
urine with a negative glucose oxidase suggests diagnosis. In
addition, galactose 1-phosphate uridyl transferase activity can
be measured in RBCs: the patients completely lack the
enzyme, and the unaffected heterozygotes have a reduced
enzyme activity.

Treatment: The patient is placed on a milk-free diet.
Synthetic diets like soya milk, which are free of galactose,
are recommended. The galactosaemic child, even when
sustained on galactose-free diet, thrives well because galac-
tose needed for the synthesis of biomolecules, can be
obtained from UDP-glucose by epimerization reaction.

Generally, galactokinase-deficient
patients do not suffer from liver or renal complications,

but develop cataract at a very early age (within 10 months
after birth).

D-Mannose is a constituent of various polysaccharides
and glycoproteins. It is phosphorylated at C-6 by hexoki-
nase to form mannose 6-phosphate. The latter is isomer-
ized by the enzyme phosphomannose isomerase to fructose
6-phosphate, a glycolytic intermediate.

The disaccharides are cleaved into the constituent mono-
saccharides by disaccharidases such as lactase, maltase,
and sucrase. Lactose is cleaved by lactase into glucose and
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galactose, sucrose by sucrase into glucose and fructose,
and maltase cleaves maltose into two glucose molecules.
The disaccharidases are present in outer surface of the
epithelial cell lining of the small intestine. The monosaccha-
rides, generated by their action are carried to liver by portal
blood. In liver, the monosaccharides are further metabo-
lized through glycolytic sequence, as described earlier.
Brush
border

enzymes

Maltose M» Glucose + Glucose ~.

Disaccharides Monosaccharides

Lactose % Glucose + Galactose - - - - - S Glycolysis

Sucrose M} Glucose + Fructose--~~

Similarly, the polysaccharides are first hydrolyzed into
the constituent monosaccharides, which are then funneled
into the central glycolytic sequence.

Monosaccharides, e.g. fructose, galactose, and man-
nose, as also the common disaccharides and polysac-
charides, are enzymatically channeled into the pathway
of glucose metabolism.

Lactose intolerance is a commonly encountered clinical
condition, due to deficiency of the intestinal lactase. Lactose
cannot be digested and is oxidized by bacteria in gut, pro-
ducing gas, bloating and watery diarrhoea. Deficiency dis-
orders of some other disaccharidases are also known to exist.

Metabolism of Amino Sugars
The amino sugars are required for the synthesis of glyco-
lipids, glycoproteins, and proteoglycans. They are syn-
thesized from fructose 6-phosphate. The amino group is
derived from amide group of glutamine, the reaction
being catalyzed by amido transferase.

Glucosamine 6-phosphate forms its acetylated derivative
(N-acetyl glucosamine 6-phosphate) by condensing with

Acetyl
CoA

Fructose Glucosamine ;—4»
6-phosphate «\'\do transsey,, 6-phosphate
?‘ (4

Glutamine Glutamic acid

acetyl CoA. A mutase enzyme then converts it to N-acetyl
glucosamine 1-phosphate, which reacts with UTP to pro-
duce the nucleotide activated form, UDP-N-acetyl glucos-
amine. The latter is epimerized to form UDP-N-acetyl
galactosamine (Fig. 9.12).

Both the nucleotide activated forms (UDP-N-acetyl
glucosamine and UDP-N-acetyl galactosamine) are then
used for synthesis of complex molecules, e.g. glycopro-
teins, proteoglycans and glycolipids. UDP-N-acetyl glu-
cosamine can enter an alternate pathway to form NANA.

IV. Tricarboxylic Acid Cycle

Tricarboxylic acid (TCA) cycle is also called Krebs cycle
or the citric acid cycle. It is a cyclic pathway occurring in
mitochondria, also referred to as the “central catabolic
pathway”. It occupies a central place in catabolism because
catabolic pathways involving various biomolecules of
diverse origin and chemical nature ultimately terminate in
TCA cycle. The end product of these pathways is one of the
intermediates of TCA cycle. For example, the glycogenic
amino acids yield pyruvate, oxaloacetate, or a-ketogluta-
rate; the ketogenic amino acids yield acetyl CoA (which
is the main precursor of TCA cycle), and the end product
of degradation of various fatty acids and carbohydrates is
also acetyl CoA (Fig. 9.13). Thus, TCA cycle is spoken of
as the meeting point where catabolic pathways converge.

TCA cycle is the final common pathway of the oxidation
of the acetyl CoA, formed from carbohydrates, fatty
acids and amino acids.

TCA cycle serves two main functions in metabolism:

(a) to provide an important pool of metabolic interme-
diates for synthesis of many useful compounds, and

CoA  N-Acetyl N-Acetyl
glucosamine ——— glucosamine

6-phosphate 1-phosphate

UPT
PP,

UDP-N-Acetyl UDP-N-Acetyl
galactosamine ~ glucosamine

Glycoproteins, proteoglycans
glycolipids, NANA

Fig. 9.12. Metabolism of amino sugars (UDP-N-Acetyl glucosamine and UDP-N-Acetyl galactosamine).
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Fig. 9.13. TCA cycle as the meeting point of various catabolic pathways.

(b) to break down some compounds for generation of
energy. The energy obtained is captured by reducing
NAD* and FAD to NADH and FADH,, respectively.
To obtain full usage of the energy generated in this
cycle, NADH and FADH,, are processed by another
pathway (oxidative phosphorylation) where their
energy is converted to ATP.

A. Pyruvate Dehydrogenase Complex:
A Bridge Between Glycolysis and
TCA Cycle

Acetyl CoA, one of the two major reactants in the first reac-
tion of TCA cycle (the other being oxaloacetate), is mainly
generated from pyruvate. This conversion involves a
series of complex reactions, catalyzed by a multienzyme
complex, called pyruvate dehydrogenase complex (PDH).
Strictly speaking, this reaction sequence is not a part of
the TCA cycle. It is, however, discussed here along with
TCA cycle, because it serves as a bridge between glycolysis
and TCA cycle.

The pyruvate dehydrogenase complex is located in the
mitochondrial matrix. It is a multimolecular aggregate (MW
9 X 10°) consisting of three enzymes and five coenzymes.

Enzymes: Pyruvate decarboxylase, dihydrolipoyl transacety-
lase and dihydrolipoyl dehydrogenase are the three enzymes
present in the complex. There are about 60 molecules of
dihydrolipoyltransacetylase and about 20-30 molecules
each of the other two enzymes in each complex.

Coenzymes: Lipoic acid, FAD, NAD", coenzyme A and
thiamine pyrophosphate (TPP) are the coenzymes in this
complex. They serve as transient carriers of functional groups
or participate in the oxidation-reduction reactions.
Aggregation of various enzymes in a complex greatly
increase the efficiency of the transformation. This is because
the intermediate products are not released to the medium
but are channeled to the succeeding enzymes of the path-
way. Thus a metabolic intermediate is available for the next
reaction immediately after its production. Outline of the
reaction sequence and role of various enzymes and coen-
zymes of this complex are summarized in Figure 9.14.

The pyruvate dehydrogenase multienzyme complex, which
contains three enzymes and five coenzymes, generates
acetyl CoA from the glycolytic product, pyruvate.

B. TCA Cycle as a Cyclic Pathway

TCA cycle consists of eight sequential reactions. It is
begins with condensation of a four carbon oxaloacetate
(OAA) molecule with an acetyl CoA molecule (2-carbon)
to form a six carbon citrate molecule (Reaction 1; Fig.
9.15). In subsequent reactions of TCA cycle, two carbon
atoms are lost from the citrate in the form of CO,
(Reactions 3 and 4, Fig. 9.14). A series of modifications
occur, in the remaining four carbon atoms, in successive
steps, to ultimately form oxaloacetate (OAA). Thus, the
last intermediate of one cycle (i.e. OAA) is ready for use
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Fig. 9.14. Mechanism of conversion of pyruvate to acetyl CoA by pyruvate dehydrogenase complex. Step I: Pyruvate and thia-
mine pyrophosphate (TPP) combine to form a condensation product. Step 2: Pyruvate decarboxylase catalyzes release of carbon
dioxide from the condensation product to form a hydroxyethyl intermediate. The latter is attached to the reactive carbon of the
TPP. Step 3: Transfer of acetyl group from the hydroxyethyl intermediate to the lipoic acid (oxidized) occurs to form acetyl lipoic
acid. The reaction is catalyzed by dihydrolipoyl transacetylase. Step 4: Transfer of an acetyl group from the acetyl lipoic acid to
coenzyme A (CoASH) occurs next, converting the latter to acetyl CoA. The acetyl CoA then enters the TCA cycle. The other prod-
uct of this reaction is reduced lipoic acid. Step 5: This step regenerates the oxidized lipoic acid (from the reduced lipoic acid),
which then participates in the next cycle of reactions. This conversion is catalyzed by the dihydrolipoyl dehydrogenase component

of the enzyme complex, which catalyzes transfer of the
Overall:

Acetyl CoA
(20)
Oxaloacetate
(4C)/1

Citrate (6C)

H\

Malate 8 Isocitrate (6C)
(40) 3
K H 3 ¢\> Co,
o-Ketoglutarate (5C)
Fumarate

(40) \E . Succinyl CoA

Succmate +«-—
4C
(4) (4C)

Fig. 9.15. TCA cycle: Oxaloacetate (OAA), the last interme-
diate is also a reactant in the first step. The eight reactions of
the pathway are numbered 1 to 8.

as a substrate in the next cycle. In this way, there is no net
generation of OAA, or of any of the cycle intermediates.

The reactions of TCA cycle take place in the mitochon-
drial matrix. This is in close proximity to the reactions of
oxidative phosphorylation, which occur in the inner

reducing equivalents first to FAD and then to NAD.

mitochondrial membrane (Chapter 14). This arrange-
ment ensures that the free energy liberated during reactions
of the TCA cycle is promptly trapped in the form of ATP.

The reactions brought about by different enzymes of the
TCA cycle are depicted in Figure 9.16. All the enzymes
are present in mitochondrial matrix except succinate
dehydrogenase which is located in the inner mitochon-
drial membrane.

Citrate is produced by condensation of acetyl CoA with
oxaloacetate in an irreverssible reaction catalyzed by the
enzyme, citrate synthase. The reaction equilibrium lies far
towards the right (i.e. towards the formation of citrate).
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Fig. 9.16. Reactions of tricarboxylic acid (Krebs) cycle.

TCA cycle derives its other name (citric acid cycle) from
this first intermediate, citrate. However, citrate may leave
the citric acid cycle to participate in other metabolic
pathways as well (Fig. 9.17). Excessive citrate crosses the
inner mitochondrial membrane through specific tricar-
boxylate carriers and reaches the cytosol, where it provides
acetyl CoA:

Citrate M} Acetyl CoA + OAA

In cytosol, acetyl CoA serves as a precursor for fatty
acid synthesis (lipogenesis). Moreover, citrate stimulates
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acetyl CoA carboxylase, the rate-limiting enzyme of fatty acid
synthesis. Thus citrate enhances fatty acid synthesis by:

Providing the substrate (i.e. acetyl CoA).
Stimulating the key lipogenic enzyme (i.e. acetyl CoA
carboxylase).

In the cytosol, citrate has another important regula-
tory role to play. It adjusts the rate of glycolysis to that of
TCA cycle. 1t does so by inhibiting phosphofructokinase
(PFK,) the rate-limiting enzyme of glycolysis (Table 9.3).
Inhibition of this enzyme decreases the rate of glycolysis,
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Fig. 9.17. Citrate, a TCA intermediate, plays an important
regulatory role in lipogenesis and glycolysis by modulation of
activities of the enzymes, phosphofructokinase (PFK,) and acety!
CoA carboxylase (E) (IMM = inner mitochondrial membrane).

and therefore, the production of acetyl CoA falls. This
results in decreased rate of TCA cycle since acetyl CoA is
needed in the first reaction of TCA cycle. In this way, rates
of glycolysis and TCA keep pace with each other.

Thus, when citrate concentration is high, implying that
the cell is adequately supplied with fuel molecules and,
therefore, further production of energy is not required, the
energy-yielding catabolic pathways (e.g. glycolysis and
TCA cycle) are inhibited. The biosynthetic pathway (i.e.
fatty acid synthesis) is favoured at the same time. This
illustrates a fundamental principle of biochemistry, i.e. the
catabolic and the anabolic pathways are regulated recipro-
cally. If one pathway is favoured, the other is inhibited.

Isomerization of citrate by the enzyme aconitase yields
isocitrate. During this reaction, a transient enzyme-
bound intermediate, cis-aconitate is formed.

The enzyme isocitrate dehydrogenase (IDH) catalyzes
removal of two hydrogen atoms from isocitrate (i.e. oxi-
dation) with a concomitant release of a CO, molecule
(i.e. decarboxylation). a-Ketoglutarate is the reaction
product.

NAD™* serves as a coenzyme in this step, and is con-
verted to NADH by accepting a pair of hydrogen atoms.
NADP™ can also serve as a coenzyme in this reaction.
Isocitrate dehydrogenase is one of the few enzymes that are
capable of using both NAD* and NADP* as coenzymes.

Like the previous step, this one also involves oxidation
and decarboxylation. The reaction is catalyzed by the
enzyme a-ketoglutarate dehydrogenase, to produce succi-
nyl CoA.

The mechanism of this conversion is similar to that of
the conversion of pyruvate to acetyl CoA (Fig. 9.14). The
same set of coenzymes, i.e. thiamine pyrophosphate,
lipoic acid, FAD, NAD*, and CoASH, is used. Each of
these performs a function analogous to that performed
in the pyruvate dehydrogenase complex.

The reaction releases the second CO, molecule of the
cycle and produces the second NADH. The equilibrium
of the reaction lies towards the right, i.e. towards succinyl
CoA formation.

The enzyme succinyl CoA synthetase (also called succinate
thiokinase) cleaves the high-energy thioester bond in suc-
cinyl CoA (AG" is -8.0kcal/mole) to release large
amount of free energy, which is used to produce a GTP
molecule.

This reaction provides an example of substrate level
phosphorylation, since the production of a high-energy
phosphate (e.g. GTP) is coupled with enzymatic transfor-
mation of a substrate molecule. GTP can produce ATP by
action of the enzyme nucleoside diphosphokinase.

GTP + ADP — GDP + ATP

Succinyl CoA may also serve as a substrate for
haem synthesis.

A pair of reducing equivalents is removed from succinate
by the enzyme succinate dehydrogenase to form fumarate.
FAD serves as a coenzyme in this reaction. Unlike the
other enzymes of the TCA cycle, which are located in the
mitochondrial matrix, succinate dehydrogenase is anchored
in the inner mitochondrial membrane. It catalyzes removal of
a hydrogen pair from succinate and transfers it to FAD
which becomes FADH,,. This in turn transfers its electrons
to ubiquinone, which becomes ubiquinol, and is then
transferred to complex III for oxidation (Chapter 14).

Addition of a water molecule to fumarate forms malate.
It is a reversible reaction, catalyzed by the enzyme
fumarase.

In spite of being reversible, this reaction always
proceeds unidirectionally, i.e. towards formation of malate.
This is because of the thermodynamic pull in TCA cycle
(discussed later).

Removal of a pair of reducing equivalents from malate
by the enzyme malate dehydrogenase produces oxaloace-
tate. The reaction generates the third NADH molecule of
the cycle. Malate to oxaloacetate conversion is the last
reaction of the cycle. Oxaloacetate, generated in this step,
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BOX 9.5
Inhibitors of TCA Cycle

TCA cycle is inhibited by a number of chemicals, which include the following:

Fluoroacetate: It inhibits the enzyme aconitase (non-competitively).

Arsenite: It causes non-competitive inhibition of a-ketoglutarate dehydrogenase.

Malonate: It causes competitive inhibition of succinate dehydrogenase.

condenses with another molecule of acetyl CoA to initi-
ate another cycle.

The following equation summarizes all the reactions
of the TCA cycle.

Acetyl CoA +3NAD" + FAD + GDP + P, + 2H,0 —
2CO, + 3NADH + 2H* + FADH, + GTP + CoA-SH

Several chemicals can inhibit reactions of the TCA
cycle, as outlined in Box 9.5.

A four-carbon compound oxaloacetate reacts with acetyl
CoA to form six-carbon citrate, which is then converted back
to oxaloacetate in the remaining reactions of the TCA cycle.

The following points about TCA cycle are noteworthy:

Two carbon atoms enter the cycle as acetyl CoA (and
condense with oxaloacetate) and two carbons leave in
the form of two molecules of CO,. Thus, TCA basically
involves oxidation of acetyl CoA to carbon dioxide
and, as such there is no net consumption or regeneration
of oxaloacetate or any of the other cycle intermediates.
Some of the reactions of TCA cycle are reversible and yet
they always proceed unidirectionally. This is because
equilibrium of some of the reactions of TCA cycle
(e.g. Reactions 1, 3 and 4, Fig. 9.12) lies far towards
the right. These reactions are irreversible and have
strong tendency to proceed unidirectionally, towards
the right. This generates a strong “thermodynamic pull” so
that rest of the (reversible) reactions are also pulled
in that direction. As mentioned earlier, fumarate to
malate conversion which is freely reversible other-
wise, always proceeds in direction of malate forma-
tion because of the thermodynamic pull.

There are four dehydrogenation reactions in TCA cycle
(Reactions 3, 4, 6 and 8), which generate three NADH and
one FADH, molecules. These reduced coenzymes donate
electrons to the electron transport chain and generate
ATPs by oxidative phosphorylation. Oxidation of each

Glucose
.2
2 2 NADH ———»
S
U B
2 Pyruvate
Pyruvate 2 NADH ——»
dehydrogenase
2 Acetyl CoA
° 6 NADH ——»
i 2 FADH, ——»
< 2GTP ——»
O
l_
4 CO,

Fig. 9.18. Energetics of glucose oxidation. 38 ATPs are gen-
erated by complete oxidation of glucose via glycolysis, PDH
reaction, and TCA cycle.

NADH in this manner generates three ATPs, whereas two
ATPs are produced from one FADH, molecule. In addition,
one GTP is produced during enzymatic transformation
of succinyl CoA (Reaction 5), which generates an ATP
through action of nucleoside diphosphokinase. Hence, each
cycle of TCA cycle, produces 12 ATP molecules.

3 NADH (Reaction 3,4 and 8) — 9 ATP
1 FADH, (Reaction 6) - 2ATIP
1 GTP (Reaction 5) - 1ATP
TOTAL (Each cycle) = 12 ATP

However, two acetyl CoA molecules are generated from
each glucose, therefore, this cycle occurs twice, generating
6NADH, 2FADH, and 2GTPs (Fig. 9.18) Hence , total 24
ATPs are generated. Thus, complete oxidation of glucose
via glycolysis, pyruvate dehydrogenase, the Krebs cycle and the
oxidative phosphorylation pathway yields 38 ATPs. Since
two ATPs were initially used during stage I reactions of gly-
colysis, the net yield is 36 ATPs. Compared with anaerobic
pathway, the oxidative pathway thus yields 18 times more
energy in the form of ATP. However, this is still far less than
the energy obtained by burning of a molecule of glucose in
calorimeter (2780KkJ), which is sufficient to generate about
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91 ATPs (one ATP has energy bond equivalent to 30.5K]).
Evidently, only about 40% of the energy locked in chemical bonds
of glucose molecule is captured for ATP synthesis in our body.

It has been observed that under anaerobic condition a
tissue or microorganism utilizes much more glucose than
it does under aerobic conditions. This is the Pasteur effect,
and it reflects inhibition of glycolysis by oxygen. It is also
observed that the levels of glycolytic intermediates from
fructose 1,6-bisphosphate onwards decrease while the ear-
lier intermediates increase. Evidently, the Pasteur effect is
because of inhibition of the enzyme phosphofructokinase.
The inhibitory effect is caused by citrate and ATD, the
compounds produced in presence of oxygen.

When oxygen supply is kept constant and glucose con-
centration is increased, the oxygen consumption by cells
falls. This is called Crabtree effect, which is basically opposite
of Pasteur effect. It is seen in the cells that have a high rate
of aerobic glycolysis. In such cells the glycolytic sequence
consumes much of the available P, and NAD*, which
limits their availability for oxidative phosphorylation. As
a result, rate of oxidative phosphorylation decreases, and
oxygen consumption also shows a corresponding fall.

TCA is not only the final oxidative pathway for various
biomolecules, its intermediates are also substrates for vari-
ous biosynthetic pathways (Fig. 9.19). Thus, TCA is both
catabolic and anabolic in nature, and hence regarded as
amphibolic.

Some important synthetic pathways connected with
TCA are as follows:

Intermediates of TCA cycle can serve as substrates for
gluconeogenesis, the pathway that produces glucose
from non-carbohydrate sources. As glucose is synthe-
sized in this manner some intermediates of TCA cycle are
removed from the cycle. These intermediates may be sub-
sequently replenished by anaplerotic reactions.

Citrate is used for fatty acid synthesis (Fig. 9.17).

Oxaloacetate and a-ketoglutarate can form aspartate and
glutamate, respectively by transamination reactions,

Aspartate ¢— T T
— P Fatty acids
Asparagine i
Gluconeogenesis / —» Glutamate
Glutamine
l GABA
Haem
porphyrins

Fig. 9.19. Synthetic functions of TCA cycle.

which in turn are required for the synthesis of other non-
essential amino acids (Chapter 13), as also of purines
and pyrimidines.

Succinyl CoA can be diverted from TCA cycle for biosyn-
thesis of porphyrins and haem (for further information
refer to Box 9.6). The a-ketoglutarate can form gluta-
mate, from which y-aminobutyric acid (GABA), an
inhibitory neuro-transmitter is produced.

Some TCA intermediates are substrates for gluconeo-
genesis, amino acid synthesis, and fatty acid synthesis.
Anaplerotic reactions such as the pyruvate carboxylase
reactions replenish TCA cycle intermediates.

A number of modulators regulate activities of various
enzymes of TCA cycle. Two types of regulatory mecha-
nisms—allosteric modulation and covalent modulation
of the enzyme activities operate. Regulation of the pyru-
vate dehydrogenase complex, the bridge between glycolysis
and TCA cycle, and the regulation of the cyclic pathway
are discussed below.

Activity of the pyruvate dehydrogenase complex (PDH) is
switched-on or switched-off based on cellular energy
needs. When the cellular energy charge is high and sur-
plus fuel molecules are present intracellularly, inhibition
of activity of the enzyme complex occurs. Two mecha-
nisms of regulation have been recognized.

The enzyme complex is subject to
allosteric inhibition by the reaction products: acetyl CoA
and NADH. It is stimulated by AMP.

Elevated intracellular concentrations of both acetyl CoA
and NADH indicate surplus intracellular fuel molecules
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BOX 9.6

Anaplerotic (‘Filling-up’) Reactions

The TCA cycle intermediates may be “siphoned off” for various biosynthetic processes, which may deplete the important

pool of these metabolites. For example, removal of succinyl CoA for haem synthesis could gradually deplete intramitochon-

drial concentration of succinyl CoA and hence, that of the other cycle intermediates. If the cycle intermediates were not

replenished, TCA cycle would cease to function. Anaplerotic reactions provide the TCA cycle with metabolic intermediates,

maintaining the activity of the cycle and ensuring that the cycle is never stalled because of lack of these metabolites. Pyruvate

carboxylase (PC) reaction is the classical example of the anaplerotic reaction. PC converts pyruvate to oxaloacetate, which

is required for the initiation of the cycle. Some other important anaplerotic reactions are as below:

Conversion of pyruvate to malate by the cytoplasmic malic-enzyme. Malate can then enter the mitochondrion as a

substrate for the TCA cycle.

Pyruvate may react with aspartate or glutamate in transaminase reactions, producing the TCA cycle intermediates

oxaloacetate and o-ketoglutarate, respectively.

Several glycogenic amino acids may serve as source of TCA cycle intermediates (Chapter 13).

NADH : NAD*
Acetyl CoA : CoA

ADP
Pyruvate
\ - Pyruvate
dehydrogenase
kinase
ATP
Low energy

charge-TATP : ADP

Fig. 9.20. Regulation of pyruvate dehydrogenase complex (PDH).

and excessive cellular energy charge. Inhibition of the PDH,
under these circumstances, stops further production of
energy and fuel molecules.

NAD+ NADH + H*

PDH

Pyruvate » Acetyl CoA

The PDH exists in two forms:
Phosphorylated form, which is inactive.
Dephosphorylated form, which is active.

Thus, covalent attachment of a phosphate group ren-
ders the PDH complex inactive, whereas removal of this
group results in its activation. The following enzymes are
involved in interconversion of the phosphorylated-
dephosphorylated forms.

phosphorylated form

I

Inactive

PDH OH Pi
Active
dephosphorylated form

Pyruvate dehydrogenase kinase: This enzyme phosphory-
lates the enzyme complex, thereby inactivating it.
Increased activity of the kinase is, therefore, associated
with decreased activity of PDH. Conversely, inhibition
of the kinase activates the enzyme complex (Fig. 9.20).
Pyruvate dehydrogenase kinase is allosterically activated
by high energy charge, high [INADH] : [NAD"] ratio, and
high [acetyl CoA] : [CoA] ratio and is inhibited by pyru-
vate. Conversely the enzyme activity is inhibited by low
energy charge, reflected by elevated ratio of ADP : ATP,
which in turn results in activation of the PDH. The ele-
vated ADP : ATP ratio signals increased demand for energy
production, which is met through activation of the PDH.
Protein phosphatase: This enzyme removes a phos-
phate group from the phosphorylated form of the
PDH complex to produce the active dephosphory-
lated form (Fig. 9.20). Thus, it activates the PDH.
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Glycolysis

Pyruvate
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Acetyl CoA

Succinyl CoA
NADH

Fatty acyl CoA

Citrate
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Malate

Fumarate
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Fig. 9.21. Regulation of TCA cycle (O =inhibits reaction,
(%) = stimulates reaction, numbers 1, 3 and 4 are steps at
which regulation occurs).

Entry of acetyl CoA into the TCA cycle is regulated at the
pyruvate dehydrogenase step by product inhibition (by
NADH and acetyl CoA) and by covalent modification.

It occurs at the following steps:

Synthesis of citrate (Reaction 1).

Oxidative decarboxylation of isocitrate (Reaction 3).
Oxidative  decarboxylation of a-ketoglutarate
(Reaction 4).

This is the most important regulatory step of the path-
way. As in case of most metabolic pathways, where an
initial step is the rate setting step for the pathway as a
whole, the first step of TCA cycle is also most important
in regulation. Rate of this reaction is determined by the
following factors:

Concentration of the substrate molecules (i.e. oxaloace-
tate and acetyl CoA): Concentration of oxaloacetate
is the most critical factor in determining the reaction
rate. Concentration of acetyl CoA is also an impor-
tant determinant for pushing the reaction forward.

Allosteric modulation of the enzyme: Activity of citrate
synthase, the enzyme catalyzing this step, is mainly
regulated by succinyl CoA, which inhibits the enzyme
activity by decreasing its affinity for acetyl CoA. Fatty
acyl CoA and NADH also act as negative allosteric

modulators of the enzyme. Raised levels of these
metabolites indicate that the cell has adequate supply
of fuel and energy. Under these circumstances, TCA
cycle, which is an energy-yielding pathway, is inhib-
ited so that there is no further production of energy.

The enzyme catalyzing this step, isocitrate dehydrogenase,
is activated by ADP and inhibited by high energy charge
and high [NADH] : [NAD"] ratio. Elevated levels of
mitochondrial ADP indicate low energy state of the cell
and signals a need for generation of more high-energy
phosphate molecules (i.e. ATP). Stimulation by ADP
accelerates the cycle, generating the required ATP.

The enzyme catalyzing this step, a-ketoglutarate dehydro-
genase, is allosterically inhibited by its own products
(succinyl CoA and NADH) and by high energy charge.

It is evident that low energy charge stimulates TCA so
as to generate more energy; conversely, high energy
charge inhibits it. The other energy-yielding pathways
discussed so far, i.e. glycolysis and oxidative decarboxyl-
ation of pyruvate are also regulated similarly.

The TCA cycle is regulated at the steps catalyzed by citrate
synthase, isocitrate dehydrogenase and a-ketoglutarate
dehydrogenase. Regulation is accomplished mainly by
substrate availability, allosteric modulation, and feed-
back inhibition.

Under normal conditions, the rates of glycolysis and
TCA cycle are integrated with each other so that only that
much glucose is metabolized as required to supply the
initial substrate, i.e. the acetyl CoA for the TCA cycle. Rates
of these two pathways are matched because of inhibition
of phosphofructokinase (PFK ), the key regulatory enzyme of
glycolysis, by a TCA cycle intermediate, citrate. ATP and
NADH, produced during TCA cycle also inhibit glycoly-
sis by acting as negative modulators of this enzyme.

Synthesis of carbohydrate from fat is not possible in the
mammalian cell due to irreversibility of the pyruvate dehy-
drogenase reaction and lack of alternate pathways. How-
ever, plant cells and some microorganisms can accomplish
this conversion because of a cyclic pathway, termed gly-
oxylate cycle (Fig. 9.22). It shares several reactions with
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Fig. 9.22. Reactions of glyoxylate cycle (shaded areaq)
(E, = isocitrate lyase, E, = malate synthase).

TCA cycle and is considered an anabolic variant of the
latter. It is useful in germinating seeds where the stored
fat is converted to glucose for meeting the energy needs
of the cell. It operates in glyoxysomes, the specialized
cellular organelles where fatty acid oxidation also occurs.

The initial few reactions up to isocitrate formation, are
common with TCA cycle, but the isocitrate bypasses the
TCA cycle and is cleaved by the enzyme isocitrate lyase to
succinate and glyoxylate. The latter compound forms
malate (by condensing with another molecule of acetyl
CoA), which is an intermediate of the TCA cycle. Net result
of these reactions is conversion of two 2-carbon fragments
of acetyl CoA to malate, which is a substrate for gluconeo-
genesis, and can also enter TCA cycle.

In addition to glyoxylate, the other product of cleavage
of isocitrate is succinate, which is converted to glucose
via reactions of gluconeogenesis, thereby ensuring net
synthesis of carbohydrate from fat.

The glyoxylate pathway, which operates only in plants,
is a variation of TCA cycle. It permits net synthesis of
glucose from acetyl CoA.

Synthesis of glucose from compounds other than carbohydrates
is called gluconeogenesis (i.e. formation of new sugar).
A variety of biomolecules such as lactate, pyruvate, gly-
cerol (derived from triacylglycerols) and a-keto acids
(derived from amino acid catabolism) are substrates for
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gluconeogenesis. The pathway is important because
some organs, like the brain and the erythrocytes, depend
exclusively on glucose for their energy needs. The brain is
said to be a voracious eater of glucose, consuming about
120 grams per day (out of about 160 grams needed by
the entire body) and requires a blood glucose concen-
tration of 70-100 mg/dL. Though degradation of stored
glycogen can also provide glucose, gluconeogenesis is
the only source of glucose during prolonged fasting and
starvation.

Gluconeogenesis occurs mainly in the liver, and to a
lesser extent in renal cortex. On weight basis, the gluco-
neogenic capacity of the renal cortex equals that of the
liver, but because of the size difference between these tis-
sues, the gluconeogenic activity in the kidney amounts
to only 10% of that in the liver. However, in certain
abnormal metabolic states, such as prolonged starvation,
kidneys become the major glucose-producing organ.

The gluconeogenic pathway is located mainly in
cytosol, although some precursors are produced in the
mitochondria.

Though most of the reactions of the gluconeogenic
sequence (7 out of 10) are reversal of those of glycolysis
the following three reactions are unique to gluconeogen-
esis, and are catalyzed by a different set of enzymes. They
are called the bypass steps:

First bypass Conversion of pyruvate to phosphoenolpy-
ruvate (PEP).

Second bypass Conversion of fructose 1, 6-bisphosphate
to fructose 6-phosphate.

Third bypass Conversion of glucose 6-phosphate to
glucose.

The corresponding steps in glycolysis are formation of
pyruvate from phosphoenol pyruvate (for first bypass);
fructose 1,6-bisphosphate from fructose 6-phosphate
(for second bypass) and glucose 6-phosphate from glu-
cose (for third bypass). Recall that only these three reac-
tions in glycolysis are irreversible. Therefore, an alternate
set of reactions, unique to gluconeogenesis, is needed to
circumvent these three irreversible glycolytic reactions
(Fig. 9.23). Apart from these three steps, rest of the seven
steps of the glycolytic sequence are reversible and are
operative in the gluconeogenesis as well.

Three reactions are unique to gluconeogenesis, which cor-
respond to the three irreversible steps of glycolysis. Rest
of reactions are reversible and common to both pathways.
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Fig. 9.23. The opposing pathways of glycolysis and gluconeogenesis. Steps made in colour are unique to gluconeogenesis.

B. The Bypass Reactions of
Gluconeogenesis

First Bypass: Conversion of Pyruvate to
Phosphoenolpyruvate (PEP)

During conversion of phosphoenolpyruvate to pyruvate
in glycolytic sequence, release of a large amount of free
energy (AG”-14.8 kcal/mole) occurs under standard con-
ditions. For the reverse reaction (i.e. conversion of pyruvate
to PEP during gluconeogenesis), input of an equivalent
amount of free energy is required. This is a thermody-
namically unfavourable situation, which is circumvented
by making this conversion occur in two distinct reactions:

e Conversion of pyruvate to oxaloacetate: 1 ATP
hydrolyzed

e Conversion of oxaloacetate to PEP: 1 GTP hydrolyzed
Sum: Pyruvate to PEP: 1 ATP + 1 GTP are hydrolyzed.

The conversion involves the following four steps,
which occurs partly in cytosol and partly in mitochondrial
matrix (Fig. 9.24):

1. Transport of pyruvate into mitochondrial matrix: Pyruvate
moves across the inner mitochondrial membrane
(IMM) to enter the mitochondrial matrix through
mediation of specific transport proteins, called the
monocarboxylate carriers monocarboxylate carrier
monocarboxylate carriers (MC).

2. Pyruvate to oxaloacetate conversion: Pyruvate, a 3-carbon
molecule is converted to 4-carbon oxaloacetate by car-
boxylation reaction catalyzed by pyruvate carboxylase
(E,), a biotin-dependent mitochondrial enzyme.

Pyruvate + CO, + H,O + ATP —— Oxaloacetate +
ADP +P,

3. Transport of oxaloacetate into cytosol: Rest of the enzymes
of gluconeogenesis are located in the cytosol. There-
fore, the mitochondrial oxaloacetate, produced in the
step 2, must be transported out of the mitochondria
into cytosol. However, oxaloacetate cannot directly
cross the IMM because the latter is impermeable to
most molecules except for the ones for which specific
carrier proteins exist (such as monocarboxylate carrier
for pyruvate, dicarboxylate carrier for malate, and tricar-
boxylate carrier for citrate). Therefore, the oxaloacetate
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Fig. 9.24. Synthesis of phosphoenolpyruvate from pyruvate. The conversion occurs partly in cytosol, partly in mitochondria and

in four steps (MC = monocarboxylate carrier, DC = dicarboxylate carrier, E, = pyruvate carboxylase, E, = malate dehydrogenase,

E, = phosphoenolpyruvate carboxy kinase).

is converted to malate, a molecule which is capable of
crossing the IMM. The enzyme malate dehydrogenase
(E,) catalyzes this reaction.

Oxaloacetate + NADH + H* — Malate + NAD*

Malate is carried out of the mitochondria into cytosol by
the dicarboxylate carrier (DC). In cytosol, oxaloacetate is
recovered from malate by reversal of the above reaction.

Conversion of oxaloacetate to phosphoenolpyruvate: In cyto-
sol, the oxaloacetate undergoes decarboxylation and
phosphorylation to yield phosphoenolpyruvate (PEP).

Oxaloacetate + GTP — PEP + CO, + GDP

This reaction is catalyzed by the enzyme phosphoenol-
pyruvate carboxykinase (PEPCK), and is driven forward
by hydrolysis of GTP.

Thus, a concerted action of several enzymes and car-
rier proteins permits conversion of PEP to pyruvate; a
conversion which is thermodynamically unfavourable
otherwise. Energy of two high-energy phosphate bonds
(equivalent to 14.6kcal/mole), one each from ATP and
GTP, are required to drive the conversion across the
energy “road-block”. The overall equation for this set of
reactions is as below:

Pyruvate + ATP + GTP —— PEP + ADP + GDP + P,
AGY = +0.2kcal/mole

A series of reversible reactions follow next, which are
shared by gluconeogenesis and glycolysis. These reactions
result in conversion of PEP to fructose 1,6-bisphosphate
(Fig. 9.23).

Hydrolysis of fructose 1,6-bisphosphate by fructose 1,6-
bisphosphatase is the second reaction that is unique to
gluconeogenesis. It bypasses the irreversible phosphofructo-
kinase reaction. It also provides an energetically favourable
pathway for the formation of fructose 6-phosphate (AG"” =
-3.9kcal/mole). This reaction is an important control
point for gluconeogenesis, discussed later in this chapter.

Glucose 6-phosphatase catalyzes hydrolytic cleavage of the
phosphate ester to liberate free glucose. Unlike the other
gluconeogenic enzymes, which are cytoplasmic (except
pyruvate carboxylase), this enzyme resides on the luminal
surface of the endoplasmic reticulum (ER) membrane.
Like the fructose 1,6-bisphosphatase reaction, this step
is also irreversible, and so provides an energetically
favourable pathway for the formation of free glucose
(AGY = —2.9 kcal/mole).
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Gluconeogenesis, the only source of glucose during
long-term fasting, is based on a reversal of glycolysis
with specific enzymes bypassing the three irreversible
reactions of glycolysis.

In addition to the three bypass steps, there are seven
reversible reactions common to both these pathways
(Fig. 9.23). During gluconeogenesis, their equilibrium is
pushed in favour of glucose synthesis.

A summary of all reactions of gluconeogenesis, includ-
ing the reversible ones is as below:

2 Pyruvate + 4ATP + 2GTP + 2NADH + 2H" +4H,0 —
Glucose + 2NAD* +4ADP + 2GDP + 6P, + 6H™
AGY = —9kcal/mole

Several reactions of gluconeogenesis are energetically
unfavourable. It requires input of considerable free energy
to drive these “uphill” reactions: Thus six phosphoanhy-
dride bonds are required for the synthesis of one glucose
molecule from two pyruvate molecules (Table 9.4).

Pyruvate carboxylase reactions consume two ATDs,
PEP-carboxykinase consume two GIPs, and phosphoglycerate
kinase consume two ATPs in the reversal of the substrate
level phosphorylation (see reaction 7; Fig. 9.3).

In addition, two NADH molecules are used up in the gly
ceraldehyde 3-phosphate dehydrogenase reaction, for each mol-
ecule of glucose synthesized. Since each NADH can generate
3ATPs by oxidative phosphorylation, this is equivalent to
the input of another six ATPs per glucose synthesized.

In spite of being expensive, gluconeogenesis is fairly
efficient—the liver can make a kilogram of glucose per
day by gluconeogenesis.

Pyruvate and TCA cycle intermediates are important sub-
strates. In addition, a variety of other molecules can also

yield glucose via the gluconeogenic sequence, as dis-
cussed here.

Lactate produced in the skeletal muscles is the major
substrate for gluconeogenesis (Cori’s cycle). It is converted
to pyruvate (in liver) by the lactate dehydrogenase reac-
tion, which then enters gluconeogenic sequence.

Glycogenic amino acids (all except lysine and leucine)
are catabolized to pyruvate or some intermediate of
citric acid cycle, which can generate glucose (Chapter
13). During fasting and starvation, the glycogenic amino
acids become most important precursors for gluconeo-
genesis.

Glycerol is obtained during degradation of adipose triac-
ylglycerols. It enters the gluconeogenic sequence in the
liver. First, it reacts with ATP to form glycerol 3-phosphate,
which is oxidized to dihydroxyacetone phosphate. The
latter being a glycolytic intermediate can be converted to
glucose.

Catabolism of some amino acids (methionine, isoleu-
cine) and odd chain fatty acids yields propionyl CoA,
which enters a reaction sequence to ultimately yield suc-
cinyl CoA (Chapter 11). Being a TCA cycle intermediate,
succinyl CoA is convertible to glucose.
Fats cannot generate glucose: It is important to note that
fatty acids are NOT substrates for gluconeogenesis, so
it is generally said that glucose cannot be synthesized
from fat. This is because fatty acids are oxidized to acetyl
CoA via B-oxidation (Chapter 11). Acetyl CoA cannot be
converted to pyruvate, because the pyruvate dehydrogenase
reaction is irreversible and there are no alternative reac-
tions to channel acetyl CoA into gluconeogenesis.
However, odd chain fatty acids are exceptions because their
terminal three carbons may serve as gluconeogenic substrate.
The substances that are degraded to acetyl CoA,
including ketone bodies, ethanol and even chain fatty
acids, are also not substrates of gluconeogenesis.

Energy expenditure for synthesis of one glucose molecule from two molecules of pyruvate

Pyruvate carboxylase
PEP-carboxy-kinase
Phosphoglycerate kinase

Sum:

2 X Pyruvate ———» 2 X Oxaloacetate
2 X Oxaloacetate ———» 2 X PEP
2 X 3 Phosphoglycerate ———» 2 X 1,3 Bisphoglycerate

2 ATPs
2 GTPs
2 ATP
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F. Regulation

Certain bypass steps of gluconeogenesis serve as important
control points.

Regulation of Pyruvate to Oxaloacetate

Conversion

Pyruvate carboxylase, the enzyme catalyzing this bypass
step is a regulatory enzyme; it is allosterically inhibited
by ADP and stimulated by acetyl CoA. So potent is the
effect of acetyl CoA that the enzyme is virtually inactive in
its absence. Stimulation by acetyl CoA ensures that suffi-
cient oxaloacetate is generated (by pyruvate carboxylase)
for condensing with it (acetyl CoA) to form citrate
(Fig. 9.25a).

Regulation of Fructose 1,6-bisphosphate to

Fructose 6-phosphate Conversion

ATP is a positive modulator, while AMP affects fructose
1,6-bisphosphatase negatively (Fig. 9.25b). Therefore, rate
of gluconeogenesis is determined by cellular energy
charge, reflected by the ratio of ATP : (ADP + AMP)

1. When the energy charge is low, as indicated by increased
intracellular AMP concentration, rate of gluconeo-
genesis is impeded through inhibition of fructose
1,6-bisphosphatase by AMP.

2. Conversely, when the energy charge is high, rate of
gluconeogenesis is enhanced due to stimulation of
this enzyme by ATP. Since the corresponding glycolytic
enzyme, PFK, is stimulated by AMP and ADP, and

(2)
Pyruvate
PDH S)
ADPO/ ®
Acetyl CoA
Oxaloacetate ADP
inhibits
PEP carboxy
kinase

inhibited by ATP, these two pathways are regulated in
a reciprocal manner. For example, when energy charge
of the cell is low, glycolysis is favoured but gluconeo-
genesis is inhibited.

Hormonal Regulation

The above mechanisms bring about short-term regulation
of gluconeogenesis. The day-to-day regulation is effected
by the action of hormones on the amount of the key
enzymes. Insulin represses the gluconeogenic enzymes
(and induces most of the glycolytic enzymes); and these
effects are counter-balanced by glucagon and other insu-
lin antagonists.

Regulation by Glucagon

Glucagon, a peptide hormone produced by the a-cells in
the endocrine pancreas stimulates gluconeogenesis by
following mechanisms:

1. Glucagon raises the intracellular concentration of the
second messenger cyclic AMP (cAMP), which causes
conversion of the active form of pyruvate kinase to the
inactive form (Fig. 9.9). This reduces the PEP to pyru-
vate conversion and the former is diverted into the
gluconeogenic sequence.

2. Glucagon reduces the intracellular concentration of
fructose 2,6-bisphosphate (Fig. 9.8). This compound
is a negative allosteric modulator of fructose 1,6-
bisphosphatase and, as explained earlier, a positive
modulator of phosphofructokinase (PFK,); both these
factors ultimately favour gluconeogenesis.

Glucose
(b)
Glucose-6-P
Fructose-6-P @ AMP
T Fructose-
bisphosphatase Fr-2,6-BP

Fructose 1,6-bis-P
 Common steps

Phosphoevnol pyruvate Citrate, H'

Pyruvate

Oxaloacetate

Fig. 9.25. Regulation of gluconeogenesis. (a) Acetyl CoA as the positive allosteric modulator of pyruvate carboxylase (PC) and
inhibitor of pyruvate dehydrogenase (PDH) complex, (b) Role of various other allosteric modulators ((O) = inhibits reaction
® = accelerates reaction, Fr-2,6-BP = fructose 2,6-bisphosphate).
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Glucagon increases fatty acid mobilization and their
oxidation to yield acetyl CoA, NADH and ATP; these
compounds inhibit the PDH complex and acetyl CoA
stimulates pyruvate carboxylase (Fig. 9.25a). Thus, the
available pyruvate is not converted to acetyl CoA but
to oxaloacetate for gluconeogenesis.

Glucagon causes induction of the key enzymes of glu-
coneogenesis, i.e. phosphoenolpyruvate carboxykinase and
glucose 6-phosphatase (and possibly pyruvate carboxyl-
ase also).

Insulin causes repression of severed gluconeogenic enzymes,
a detailed account of which is given in Chapter 15.

It is evident from the above discussion that glucagon not
only stimulates gluconeogenesis but concomitantly inhib-
its glycolysis. Allosteric modulations also ensure that the
opposing enzymes of these two processes are not active
at the same time, which in turn prevents futile cycles
(refer to Box 9.8 for details):

As shown in Figure 9.26, compounds reflecting high
energy state of cell, e.g. ATP, citrate and acetyl CoA, allo-
sterically stimulate the key gluconeogenic enzymes
but inhibit the corresponding enzymes of glycolysis.
Fructose 2,6-bisphosphate also has opposite effects
on phosphofructokinase (stimulatory) and fructose
1,6-bisphosphatase (inhibitory). Levels of fructose 2,6-
bisphosphate are high in fed state (and low in starvation)
so that glycolysis is accelerated and glyconeogenesis

is inhibited in fed state. During starvation, glyco-
neogenesis predominates because levels of fructose
2,6-bisphosphate are low (refer to Box 9.7 for details).

It refers to the ratio between the dextrose (glucose) to nitro-
gen excreted in urine. In the experimental animals treated
with alloxan (causes destruction of pancreatic 3-cells) or
phlorizin (causes renal tubular cell necrosis) glucose is

Glycolysis Gluconeogenesis
Citrate @ @ Citrate
AMP Fr-2,6-BP
Fr-2,6-BP AMP
ATP @
ATP(O

'\@ ADP
OAA
/ ADP
@Acetyl CoA

Fig. 9.26. Reciprocal regulation of glycolysis and gluconeo-
genesis.

BOX 9.7

Gluconeogenesis in Starvation and Well-fed State

Intramitochondrial concentration of acetyl CoA rises in starvation due to suppression of TCA cycle and stimulation of
B-oxidation (Chapter 15). Acetyl CoA causes stimulation of the pyruvate carboxylase, which accelerates the pyruvate to
oxaloacetate conversion. Since acetyl CoA inhibits activity of pyruvate dehydrogenase, pyruvate to acetyl CoA conversion
is concomitantly inhibited. Thus, most of the available pyruvate is directed to oxaloacetate formation (Fig. 9.25).
Oxaloacetate, so formed, is mostly channeled into gluconeogenic sequence for the generation of glucose (OAA cannot
enter the TCA cycle since this pathway is suppressed in starvation). Generation of glucose in this manner ensures that nor-
mal blood glucose levels are maintained in starvation.

Conversely, when intracellular level of acetyl CoA falls, pyruvate carboxylase becomes inactive. Such situation arises in
the well-fed state, when insulin release is enhanced, which funnels pyruvate into the other available route, i.e. oxidation by
pyruvate dehydrogenase pathway to acetyl (CoA).

In short, during starvation pyruvate is mostly used for the production of OAA, a gluconeogenic substrate, whereas in

well-fed state it is converted to acetyl CoA, which enters TCA cycle and lipogenic sequence.
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lost through urine and body attempts to generate glucose
through gluconeogenesis. The body proteins are degraded
to provide amino acid substrates for gluconeogenesis,
and their catabolic end-product, urea, is excreted in urine.
The ratio of glucose to urea nitrogen in such animals is
found to be 3.65, meaning that one gram of nitrogen (from
proteins) forms 3.65 grams of glucose.

GN ratio is increased when catabolism is enhanced, such
as in starvation, hyperthyroidism and cancer.

Because 3.65 grams glucose is synthesized from one gram
of nitrogen of protein, and proteins contain 16% nitro-
gen, it is calculated that 58% of protein is glycogenic.

VI. Glycogen Metabolism

Glycogen is stored mainly in liver and skeletal muscles as
an energy reserve, just as starch in plants. The tissue con-
centration of glycogen in liver (6-8%) is higher than that
in muscle (1-2%), but because of the relative masses of
muscle and liver, the majority of glycogen in the body is
stored in muscles. Though total hepatic glycogen stores
(50-100g) are significantly less than the muscle stores
(200-300g), they are involved in a vital activity, that is to
serve as our first line of defense against declining blood
glucose level, particularly between meals. Muscle glycogen
is essential for muscle energy metabolism during bursts
of physical activity even though muscle relies primarily
on fats as a source for energy.
Glycogen is the storage form of carbohydrates in liver
and muscles. Hepatic glycogen generates glucose (due
to presence of glucose 6-phosphatase), whereas muscle
glycogen serves as a source of metabolic fuel for use in
muscle.

CH,OH
O,
HO NOH OH
OH
Glucose
CH,OH
O,
Uracil
\
HO OH O*@*@fRibose
OH

UDP-glucose

ENIVAR

Glycogen is an extensively branched homopolysac-
charide, consisting of chains of «(1—4) linked glucosyl
residues with branches that are joined by «(1—6) linkages
(Chapter 2). The latter are spaced about every 4-6 residues
along the «-1,4 chain. The gross structure of glycogen is
dendritic in appearance, expanding from a core sequence
bound to a tyrosine residue in the protein, glycogenin.

A. Glycogen Synthesis (Glycogenesis)

Glycogen is synthesized from glucose. Like most other ana-
bolic processes, glycogenesis occurs in the cytosolic fraction
of the cell and requires input of energy. The energy for gly-
cogenesis comes from high energy nucleotides, ATP and
UTP. These nucleotides provide energy for the conversion
of the precursor glucose molecule to its energized form,
UDP-glucose. The UDP-glucose (UDPG) serves as activated
donor of glucose residues that are added to the growing glyco-
gen molecule. Glycogen synthase is the major enzyme of this
complex process, which occurs in following four stages:

Synthesis of UDP-glucose
Activation of glucose to form UDP-glucose (UDPG) occurs
in three sequential reactions, outlined in Figure 9.27.

Reaction 1

Glucose is phosphorylated at C-6 by glucokinase in liver

(hexokinase in muscle) to form glucose 6-phosphate.
Glucokinase has high K (i.e. low affinity for glucose)

and high V__ which permits it to rapidly phosphorylate

large quantities of glucose after meals, when the ambient

glucose concentration is high.

Reaction 2

The phosphate group of glucose 6-phosphate is then shifted
from the sixth carbon to the first carbon of the molecule
by phosphoglucomutase to form glucose 1-phosphate.

ATP ADP

H,C—0—(P)
o

Hexokinase HO OH OH

Glucokinase

OH
Glucose 6-phosphate

\ Phosphoglucomutase

CH,OH
PRI UTP O
HO N o—(P)
UDP-glucose OH
pyrophosphorylase

Glucose 1-phosphate

Fig. 9.27. Synthesis of UDP-glucose, the activated form of glucose for glycogen synthesis.
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Fig. 9.28. The glycogen synthase reaction; UDPG serving as an activated donor of a glucose residue.

Activation of glucose 1-phosphate to the sugar nucleo-
tide, uridine diphosphate glucose (UDPG) occurs by the
enzyme UDPG pyrophosphorylase.

Glucose 1-phosphate + UTP - UDPG + PPi

Pyrophophosphate produced in this reaction is hydro-
lyzed to inorganic phosphates by pyrophosphatase; this
ensures irreversibility of the reaction.

UDPG donates glucose residues to an existing o(1—4)
glucosyl chain called primer, which will accept the
incoming glucose residues.

UDPG + Glycogen primer — UDP + Glycogen
(n residues) (n+ 1 residues)

Normally a fragment of glycogen serves as a primer. Such
fragments are obtained from glycogen molecules that
had been partially degraded in liver during fasting or in
muscle during exercise. However, when the glycogen
stores are depleted, a specific protein, known as glyco-
genin, provides the site at which the primer is built.
Glycogenine contains a specific tyrosyl residue, which
accepts the first glucose donated by UDPG.

-Tyrosyl-OH + UDPG—> —Tyrosyl-O-glucose + UDP

The above reaction is catalyzed by glycogenin (autoca-
talysis) or by the enzyme glycogen synthase.

More of glucosyl residues coming from UDP glucose,
are attached sequentially in the same manner. Thus a
short a(1—4) glucosyl chain (i.e. the primer) is built which
is attached to the protein.

The primer is elongated by sequential addition of
glucose residues. The enzyme glycogen synthase catalyzes
this reaction. It transfers the glucose residues from UDPG
to the non-reducing end of glycogen in o(1—4) linkage
(Fig. 9.28).

UDPG + Glycogen — UDP + Glycogen (elongated by
one glucose residues)

This reaction has been elaborately shown in Figure 9.28.
UDP produced in the above reaction is reconverted to
UTP by the enzyme nucleoside diphosphate kinase.

+ ATP — + ADP

The reactions discussed so far result in formation of lin-
ear, unbranched chains that are linked by a(1—4) link-
age. However, glycogen is a highly branched structure; the
branch points are created by the action of the “branching
enzyme”. This enzyme comes into action after glycogen
synthase has added at least ten glucosyl units (Fig. 9.29).

The branching enzyme removes a block of five to eight
glucose residues from the non-reducing end of the chain
and transfers it to a more internal location on the same
or other chain. The transferred block is attached via
a(1—6) linkage to a glucose residue at the new location.
The branching enzyme is also referred to as a glucosyl
4 : 6 transferase because it forms a new «(1—6) bond
instead of an «(1—4) bond.

The transfer of a block results in creation of a new
non-reducing end. More of glucose residues can be
added to this end. In this way, branching increases the
number of non-reducing ends to which new glucose
residues can be added, thereby greatly accelerating the
rate at which glycogen synthesis occurs.
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Fig. 9.29. The action of branching enzyme. It forms branches by transferring a block of glycosyl residues, typically seven in
length, from the end of an unbranched chain to a more interior location (on the same or other chain). The transferred block is

attached via a1-6 linkage. — indicates non-reducing ends [each circle represents a glucose residuel].
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Fig. 9.30. Glycogen degradation. Designation of glucose residues as in Figure 9.28.

B. Glycogen Degradation
(Glycogenolysis)

The principal enzyme of glycogenolysis is glycogen phos-
phorylase. It acts in association with a debranching enzyme
(Fig. 9.30).

Action of Glycogen Phosphorylase

Glycogen phosphorylase removes glucose residues, one at a
time, from the non-reducing ends of glycogen (Fig. 9.30a).
It utilizes inorganic phosphate (P,) to cleave the a(1—4)
bonds. This results in release of the terminal glucosyl res-
idue as glucose 1-phosphate. The reaction is termed as
phosphorolysis, that is, breakage of a covalent bond by
addition of a phosphate group.

Glycogen + P, == Glycogen + Glucose 1-phosphate
(n residues) (n—1 residues)

Pyridoxal phosphate is an essential cofactor in this reac-
tion; it is covalently bound to the enzyme protein.

Phosphorylase is specific for a(1—4) linkages only, it can-
not cleave a(1—6) linkages. Further, this enzyme cannot
approach the branching glucose residues efficiently.
Thus, as shown in Figure 9.30b, phosphorylase cleaves the

external glucose residues until the branches are about
four residues long. Then the action of glycogen phosphory-
lase stops and debranching enzyme comes into play.

Removal of Branches

The key enzyme for removing branch points of glycogen
is the debranching enzyme, which possesses dual activ-
ity, namely glucosyl 4 : 4 transferase activity and «a(1—4)
glucosidase activity.

4 : 4 transferase activity: Three of the four external glucosyl
residues that remain are removed as a trisaccharide and
transferred to the non-reducing end of a nearby chain (Fig.
9.30c). This action involves cleaving of an «(1—4) bond at
one site and formation of a new a(1—4) bond elsewhere.

a(1—-06) glucosidase activity: The single glucosyl residue
that remains at the branch point is removed by the
a(1—6) glucosidase, to liberate free glucose (Fig. 9.30d).

Removal of branch point in this manner exposes another
set of a(1—4) linkages, till the next branch point. When
another branch point is reached, it is again removed by
the debranching enzyme, and the cycle thus continues.

Thus, the phosphorolysis/debranching processes, act-
ing alternately, can cleave a large glycogen molecule hav-
ing thousands of glycosyl residues.
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The glucosyl units are released from glycogen in two
forms: glucose 1-phosphate and free glucose. About 90%
of the glucose is released as glucose 1-phosphate, and only the
a-1,6 branching residue, is released as free glucose. Glucose
1-phosphate is then converted to glucose 6-phosphate
by the enzyme phosphoglucomutase.

Further, fate of glucose 6-phosphate varies depending on
the tissue. Liver possesses the enzyme glucose 6-phosphatase,
which forms free glucose from glucose 6-phosphate. This
glucose is released into blood for use by needy tissues.

Muscles lack glucose 6-phosphatase, hence cannot con-
tribute to the blood glucose. Rather muscle glycogen is
used for the generation of metabolic energy in the exer-
cising muscles themselves.

/ Free glucose
Glycogen

T Glucose 1-phosphate

[

E
Glucose 6—phosphate—1> Glucose

— Glucose 6-phosphatase in liver

Role of liver glycogen and muscle glycogen are different: Liver
releases free glucose in blood circulation, and thereby plays
an important role in glucose homeostasis. However, hepatic
glycogen stores are barely sufficient for maintenance of
blood glucose concentration during a 12-hour fast.
Muscle glycogen stores are used for liberating fuel mol-
ecules (i.e. glucose 6-phosphate), which in turn are used
in the exercising muscles for generating metabolic energy.

Synthesis and breakdown of glycogen are important
intracellular activities, having implications beyond the
cell. Balance between the two processes is important for:

sustaining adequate glycogen stores, and
for maintaining the normal blood glucose levels.

Normal blood glucose levels are especially important
for the tissues that use glucose as their primary substrate,
such as, brain erythrocytes, renal medulla, lens and cor-
nea of the eye. Therefore, tight regulation of these two pro-
cesses (i.e. glycogenesis and glycogenolysis) is essential.

The regulatory enzyme for glycogenolysis is glycogen phos-
phorylase. Activity of this enzyme is regulated by (a) covalent
modulation through phosphorylation-dephosphorylation,
(b) allosteric regulation modulation, and (c) calcium ions.

Studies concerning regulation of glycogen phosphorylase have
been mostly conducted in skeletal muscles. The muscle
enzyme is a dimeric protein consisting of two identical
subunits. Each subunit contains an essential serine resi-
due, where phosphate group can covalently attach. Thus,
the glycogen phosphorylase exists in two forms:

Phosphorylated form called phosphorylase a which is
catalytically active.

Dephosphorylated form called phosphorylase b which is
much less active.

These two forms of the enzyme are interconvertible.
Conversion of inactive phosphorylase b to active phosphorylase a
is a catalyzed by the enzyme phosphorylase kinase, which
phosphorylates, and thereby activates glycogen phosphory-
lase. Another enzyme, protein phosphatase-1, dephos-
phorylates, and thereby inactivates glycogen phosphorylase
a (Fig. 9.31).

Through action of these enzymes, ratio of the active
and the inactive phosphorylase can be varied, which ulti-
mately controls the rate of glycogenolysis. The same
mechanism is operative in liver as well.

Superimposed upon the covalent modulation are the
actions of allosteric effectors:

AMP: Glycogen phosphorylase in muscles and other
extrahepatic tissues is stimulated powerfully by AMP
(Fig. 9.31). This allosteric effect ensures that glycogen
is degraded rapidly in severely contracting muscles,
to provide substrate for an anaerobic glycolysis.
Concentration of AMP quickly builds up in contract-
ing muscles due to its rapid production by pyrophos-
phate cleavage of ATP

ATP — AMP + PPi

Unlike other forms of stored energy, only gly-
cogen can be used for ATP synthesis under anaerobic
conditions.

Glucose: Glycogen phosphorylase in liver is inhibited by
glucose. Because the intracellular glucose concentra-
tion in the liver approximates the blood glucose level,
glycogen degradation in liver is regulated directly by
the blood glucose level.

Glucose 6-phosphate: It inhibits muscle glycogenolysis.
ATP: Both liver and muscle glycogenolysis are inhib-
ited by ATP.

Glucose ———» Glycogen phosphorylase (Liver)

©

AMP —— Glycogen phosphorylase (Muscle)

@

Glucose 6-phosphate ©
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Fig. 9.31. Regulation of glycogen phosphorylase by covalent modification and allosteric effectors.

Difference between glycogenolysis in liver and
muscles

1. Little glucose formed, since  Free glucose forms by

glucose 6-phosphatase is glucose 6-phosphatase

absent
2. Stimulated by adrenaline, Glucagon is major stimulator
of glycogenolysis
No effect of AMP, but hepatic

glycogen phosphorylase is

glucagon has no effect
3. Stimulated by AMP but
inhibited by glucose
6-phosphate inhibited by glucose
To sum up, the various mechanisms described ensure
that glycogenolysis is stimulated when glucose concentration
and energy levels are low, and inhibited when these are high.

During muscle contraction, calcium is released from sar-
coplasmic reticulum and activates phosphorylase kinase
(via a calmodulin-calcium modulating protein; Chapter
29). This enzyme causes phosphorylation of glycogen phos-
phorylase and hence enhances glycogenolysis (without
involving cAMP).

Hepatic and muscle glycogenolysis serve different
roles and respond to different regulatory signals.
Maijor differences between the two are given in Table 9.5.

The regulatory enzyme of glycogenesis is glycogen synthase.
Regulation of its activity is effected by the following
mechanisms: (a) allosteric regulation, and (b) covalent
modulation.

Activity of glycogen synthase is also regulated by
phosphorylation-dephosphorylation, as in the case of
glycogen phosphorylase. However, there is a major differ-
ence: glycogen synthase is more active in the dephosphory-
lated form and less active in the phosphorylated form

(Fig. 9.32). Thus, it is activated by protein kinase and ren-
dered less active by protein phosphatase-1.

It is important to note that simultaneous phosphorylation
of both glycogen-phosphorylase and synthase will switch the
cell from glycogen synthesis to glycogen degradation. This pre-
vents futile cycles (Box 9.8).

Glucose 6-phosphate is a potent activator of glycogene-
sis. It does so by stimulating the protein phosphatase-1, so
that glycogen synthase is converted to the active (dephos-
phorylated) form. It also causes direct allosteric stimula-
tion of the glycogen synthase activity. In muscle tissue,
glucose 6-phosphate not only stimulates glycogen syn-
thase, but also inhibits activity of glycogen phosphorylase.

Availability of glucose 6-phosphate is high in fed state,
which ensures activation of glycogenesis and hence gly-
cogen deposition.

Glucagon and epinephrine, acting through cAMPD, are pri-
marily involved in regulation of the glycogen metabolism.
Glucagon acts on liver cells and epinephrine acts on both
liver and muscle cells. These hormones stimulate glycoge-
nolysis and inhibit glycogenesis. Insulin, on the other hand,
promotes glycogenesis and inhibits glycogenolysis.

Both these hormones activate the membrane enzyme
adenylate cyclase, which catalyzes formation of cAMP from
ATP (Fig. 9.33). The cAMP binds to protein kinase A (PKA,
also called cAMP-dependent protein kinase), a tetrameric
protein. The cAMP binding activates this enzyme by let-
ting its catalytic subunits free (Chapter 29). Activation
of PKA has the following consequences: (i) Inhibition of
glycogenesis, and (ii) Stimulation of glycogenolysis.
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Fig. 9.32. Regulation of glycogen synthase by covalent modification and allosteric effectors.

BOX 9.8
Futile Cycles

The synthetic and the degradative pathways of metabolism are fine-tuned by allosteric effectors and hormone-induced
enzyme phosphorylation in order to meet the cellular demands for metabolites and energy, and at the same time minimize
their wastage. Normally, opposing pathways (e.g. glycolysis and gluconeogenesis; glycogen synthesis and its degradation)
are reciprocally regulated: activation of one is accompanied by inactivation of the other, and vice versa. This is necessary
because simultaneous activity of these opposing pathways would lead to a wasteful metabolic exercise, called futile cycle,
that achieves little but ATP hydrolysis.

Futile cycles are minimized through reciprocal regulation of the opposing enzymes. For example, the key enzymes of
glycogen synthesis (glycogen synthase) and glycogen degradation (glycogen phosphorylase) can both be phosphorylated
on specific serine side chains by protein kinases (and dephosphorylated by protein phosphatase). Glycogen synthase is more
active in the dephosphorylated form and glycogen phosphorylase is more active in the phosphorylated form. Therefore,
the simultaneous phosphorylation of both enzymes will switch the cell from glycogen synthesis to glycogen degradation.

Conversely, simultaneous dephosphorylation will switch the cell from glycogen degradation to glycogen synthesis, simulta-

neous activation of both (i.e. futile cycling) being prevented in either case.

Inhibition of glycogenesis: The active PKA cause phos-

phorylation of glycogen synthase. Since the phosphor-

ylated glycogen synthase is less active, glycogenesis is

inhibited.

Stimulation of glycogenolysis: The active PKA stimulates

glycogenolysis by a dual mechanism, as discussed below:
It catalyzes phosphorylation of phosphorylase
kinase, which exists as an inactive dephosphory-
lated form and an active phosphorylated form.
Thus, phosphorylase kinase is now activated, and in
turn phosphorylates the glycogen phosphorylase b,
converting it to phosphorylase a, that now carries
out a rapid dehydration of glycogen (Fig. 9.33).
Active PKA phosphorylates a protein called
inhibitor-1, which thereby gets stimulated. This pro-
tein inhibits protein phosphatase-1, the enzyme that
normally causes inactivation of glycogen phosphor-
ylase a. The overall effect is that the glycogen phos-
phorylase a dose not get inactivated, and is “locked”

in activated (phosphorylated) form providing a
persistent stimulus for glycogenolysis (Fig. 9.34).

Inhibition of protein phosphatase-1 locks glycogen
synthase in its inactive (phosphorylated) form, hence
suppressing glycogenesis.

Cascade with amplification: The cAMP activated process
is a cascade in which the initial hormonal signal is ampli-
fied several folds. Single hormone molecule of glucagon
or adrenaline activates the enzyme adenylate cyclase for
long enough to produce hundreds of cAMPs which acti-
vate protein kinase molecules. Although four cAMP mol-
ecules are required to activate a protein kinase (Chapter
29), each active PKR molecule can convert hundreds or
thousands of molecules of phosphorylase kinase to active
form. Similarly, each active molecule of phosphorylase
kinase, can convert thousands of molecules of glycogen
phosphorylase b to phosphorylase a, and so on. The net result
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Fig. 9.33. Hormonal regulation of glycogen synthesis and degradation. The cAMP generated by hormones activates protein

kinase A, which cause phosphorylation of glycogen synthase (inactivation), phosphorylase kinase (activation) and the inhibitor-1

(activation). The last inhibits protein phosphatase. Activated phosphorylase kinase causes phosphorylation of glycogen phosphorylase b,
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Fig. 9.34. Dual control of glycogenesis and glycogenolysis by
protein kinase A.

is that a single hormone molecule can generate thousands of
molecules of glucose 1-phosphate by glycogenolysis.

Insulin is the key hormone that stimulates glycogen synthe-
sis. It is released in the fed state and activates an intracellular

= stimulator).

phosphatase. The latter causes dephosphorylation of gly-
cogen synthase. Dephosphorylation causes this enzyme to
be activated, resulting in increased glycogen synthesis.
Moreover, insulin stimulates the uptake of glucose by
muscle, providing substrate molecules for glycogen syn-
thesis. Dephosphorylation of glycogen phosphorylase causes
a concomitant fall in the rate of glycogenolysis. Finally,
insulin promotes activity of phosphodiesterase (it degrades
cAMP) in liver, which decreases cAMP levels. This
enhances glycogenesis and suppresses glycogenolysis.

Glycogen is synthesized in pathway of glycogenesis (major
enzyme, glycogen synthase) and degraded by phospho-
rolytic cleavage (major enzyme, glycogen phosphorylase)
in pathway of glycogenolysis. The two pathways are
reciprocally regulated by hormones and metabolites.
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Any deficiency of a glycogen degrading enzyme causes
abnormal accumulation of glycogen in the affected tissue.
The resulting diseases, summarized in Table 9.6, are col-
lectively known as the glycogen storage diseases. These
diseases are quite rare (overall incidence of 1 in 40000)
and are mostly inherited as autosomal recessive trait.
Normally a defect in an enzyme of glycogenolysis (or
glycogenesis) leads to abnormal accumulation of glyco-
gen. However, defective action of a glycolytic enzyme,
phosphofructokinase, may also result in abnormal glyco-
gen accumulation.

In some forms, the main abnormality lies in liver,
whereas in others muscle tissue is primarily affected.
Accordingly, glycogen storage diseases can be classified
in two major types: the hepatic forms and the myopathic
forms. Certain forms (e.g. Type II) cannot be put into
either of these categories. Some rare forms, e.g. IX, X and
XI have also been identified which are due to defects in
enzymes that activate or deactivate liver phosphorylase.

Type 1, 111, 1V, VI and VII are classified as the hepatic forms
of glycogen storage disease. These are characterized by
excessive deposition of glycogen in liver, and hence liver
enlargement (hepatomegaly) is the prominent feature. The
biochemical manifestations are hypoglycaemia, lactic aci-
dosis, hyperuricaemia and hyperlipidaemia, which are most
prominent in the type I form (von Gierke’s disease), but
may occur in varying severities in the other forms. Enzy-
matic defects in various forms are shown in Table 9.6.

It is a classical hepatic gly-
cogen storage disease, caused by deficiency of glucose
6-phosphatase. 1t is a rare disorder with an incidence of
1 per 200,000 persons. It is characterized by severe hepa-
tomegaly and dangerous hypoglycaemia, that may develop
within hours of last meal (not surprising, because in
between meals glucose 6-phosphatase is required for for-
mation of glucose by both glycogenolysis and gluconeo-
genesis). The patient may be kept alive only by feeding
carbohydrates at regular intervals, day and night. The hypogly-
caemia is unresponsive to glucagon or adrenaline because
of the metabolic block in formation of free glucose from
liver glycogen stores. Other manifestations of von
Gierke’s disease are as follows:

Lactic acidosis: It may develop because the glucose
6-phosphate cannot be degraded to glucose, and is
therefore, diverted into the glycolytic sequence to
form pyruvate and then lactate. Lactate level in blood
increases and pH is lowered (acidosis).

Glycogen storage diseases

| von Gierke’s Glucose 6-phosphatase  Liver, kidney

disease
Il Pompe’s o(1—4) Glucosidase All organs
disease (acid maltase)

1] Cori’s disease  Debranching enzyme Muscle, liver

\% Andersen’s Branching enzyme Liver,
disease myocardium

Vv McArdle’s Phosphorylase Muscle
disease

Vi Hers’ disease  Phosphorylase Liver

Vil Tarui’s disease Phosphofructokinase Muscle, RBCs

Vil Phosphorylase kinase* Liver

* There is also on X-linked form of phosphorylase kinase deficiency. This is
sole exception as all other glycogen storage diseases are inherited as

autosomal recessive trait.

Hyperuricaemia: 1t may develop because accumula-
tion of glucose 6-phosphate enhances the reactions of
HMP shunt (2nd stage). This stage involves interconver-
sion of hexose phosphates (e.g. glucose 6-phosphate)
and pentose phosphates (e.g. ribose 5-phosphate).
Therefore, accumulation of glucose 6-phosphate leads
to increased formation of ribose 5-phosphate. This
leads to increased uric acid production since ribose
phosphate enhances formation of purine nucleotides
by “salvage pathway” (Chapter 20), which are then
degraded to uric acid.

Moreover, lactic acidosis inhibits renal excretion of
uric acid, which aggravates hyperuricaemia.

Glucose 6-phosphate /-I:I\A Glucose

accumulation

HMP Jr G\IYCOIW Pyruvate — TLactate
shunt
TPentose phosphates ———p Purines —pTUric acid
Salvage
pathway

Hyperlipidaemia: It is the result of decreased glucose
availability, leading to mobilization of the stored fats.

The above features may occur, in varying degrees, in the
other hepatic forms of glycogen storage diseases (Table 9.6).

Branched chain glycogen accu-
mulates because of absence of the debranching enzyme.
Clinical course runs like the type I, but is much milder.

A rare disease in which gly-
cogen having few branches accumulates because of
absence of the branching enzyme. Death from liver cir-
rhosis usually occurs before the age of two years.



Metabolism of Carbohydrates I: Mainline Metabolic Pathways 193

Liver glycogen stores cannot be
degraded due to phosphorylase deficiency, so liver enlarges
and mild hypoglycaemia and ketosis are often seen. The
disease runs a mild course.

Mild hepatomegaly and hypoglycaemia char-
acterize this condition.

These include types V (McArdle’s disease) and VII (Tauri’s
disease). Muscle glycogen stores are very high but are not
available for use. Because glycogen is the primary sub-
strate in the exercising muscles, the latter are most severely
affected. Clinical course of both type V and type VII runs
similarly: the affected patients suffer from muscle cramps
and pain upon exertion and are easily fatigued. Apart
from this they lead a normal life. This shows that the
utilization of muscle glycogen is not essential for life.
Interestingly, after muscular activity, these patients do
not show the expected increase in blood lactate. This
demonstrates that the most important source of lactic
acid during muscular activity is not the free glucose from
blood but stored muscle glycogen.

(Type 1I), which involves all organs,
needs a special mention because of its peculiar features. In
this disease, glycogen accumulation occurs in lysosomes
since ability to hydrolyze it is impaired. This is because
of impairment (or absence) of the lysosomal enzyme
a(1—4) glucosidase. Consequently the lysosomes get dis-
tended with glycogen, especially in the myocardium, skel-
etal muscle, liver and motor nuclei of spinal cord.

The infantile form of this disease is very severe, and
the child dies in first few months of life due to cardiac
enlargement, that leads to cardiac failure. The juvenile
form of this disease is also fatal, but the adult form is
relatively milder, being marked by slowly developing
myopathy.

Glycogen accumulates in several rare enzyme deficiencies,
collectively termed glycogen storage diseases. These dis-
eases (except one) are inherited as autosomal recessive
traits.

Enumerate the rate regulating enzymes of glycolysis
and glyconeogenesis. How are these enzymes regu-
lated in a reciprocal manner?

Describe glycolysis and its regulation. Explain ener-
getics of aerobic and anaerobic glycolysis.

List distinctive features of glucokinase and hexokinase.
Explain why the high Km of glycokinase is important
for the role of the liver in buffering blood glucose.
Describe the conditions under which the Cori's cycle
and the glucose-alanine cycle operate.

Describe the reactions of the pyruvate dehydrogenase
multienzyme complex. How is entry of acetyl CoA
into the TCA cycle regulated at this complex?
Mention the reactions of glycogenesis and glycogenol-
ysis in flow diagram. Describe how these pathways
are regulated. Describe the distinctive features of gly-
cogen synthesis and degradation in liver and skeletal
muscle.

With at least one example each related to glucose
metabolism, discuss how enzyme activity is regu-
lated by (a) allosteric mechanism, and (b) covalent
modification.

Highlight the role played by protein kinases in glycogen
metabolism. Explain the differences in glycogenolysis
between liver and muscle.

Cori's cycle

Glycogen storage diseases
Anaerobic glycolysis

Pasteur effect

McArdle’s disease

GLUTs

Fluoride as inhibitor of glycolysis
Essential fructosuria

BPG shunt

Congenital galactosaemia

Renal glycosuria

Distinctive features of glucokinase and hexokinase
Metabolism of amino sugars
Glyoxylate pathway
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CLINICAL CASES

A 48-year-old man in a comatose state

A 48-year-old moderately obese man was brought to the
medical emergency in an unconscious state. He was breath-
ing deeply and rapidly. The breath did not smell of ace-
tone or alcohol. Signs of mild dehydration, such as dry
tongue, soft eyeballs, weak and rapid pulse and low blood
pressure were present.

Examination of the past medical record showed that the
patient was diagnosed as having type 2 diabetes mellitus
(NIDDM) six years back. Initial treatment with sulphonyl-
ureas proved effective in controlling blood glucose levels,
and the patient apparently remained in good health all
these years. However, about four months back, elevated
blood glucose levels were detected on two separate occa-
sions (210mg/dL and 236 mg/dL). Increasing the dose of
sulphonylureas did not help. Biguanide therapy was initi-
ated, after the renal and the hepatic functions were found
normal. Adequate control of diabetes was achieved with
metformin in three daily doses of 1.0 g each.

For the last two days, the patient had hectic sessions of
physical activity when he went to a hill station for recreation.
He had rich meals during this period, often accompanied by
drinking till late night. While driving back home early in the
morning, the family members noticed that he was disoriented

and his speech was incoherent. Soon afterwards, he lost con-
sciousness and was rushed to the nearest hospital.
Blood and urine samples were obtained for analysis.

Investigations Patient’s Reference

test reports range

Venous plasma 85mg/dL <140mg/dL

glucose (random)

pH 7.32 7.35-7.45

Plasma bicarbonate 20 mmol/L 21-28 mmol/L

pCO, 32 mmHg 36—45 mmHg

Lactic acid 9.8 mmol/L 0.44-1.4
mmol /L

Urine examination: Normal: sugar, proteins or ketone
bodies absent.

What is the biochemical abnormality in this patient?
Diagnose the clinical condition that might have led to
the above biochemical abnormality?

What is the role of the following in causing the
patient’s problems: (a) severe muscular exercise, (b)
acute alcohol intoxication.

An unconscious 5-year old child

A 5-year-old child was brought to the medical OPD in a
comatose state. He had felt headache and dizziness only a
few hours before. His father noticed profuse sweating and
some abnormal behavior at that time and rushed him to the
hospital. A similar episode had occurred two months earlier
after the child had a glass of sugarcane juice. However, he
had not lost consciousness on that occasion; his mother had
made him drink a glass of heavily sugared milk thinking
that the child was feeling weak. This seemed to have allevi-
ated the symptoms.

Presently, physical examination showed tachycardia
and rapid breathing. Liver was markedly enlarged, being
palpable 4 cm below costal margin. Blood and urine sam-
ples were obtained for biochemical analysis. Blood glucose
level was very low (52 mg/dl). No other abnormality was

found in the test result. The child was given intravenous
dextrose to treat hypoglycaemia. He responded well and
the hypoglycaemic symptoms promptly disappeared. Two
days later, liver biopsy was performed and the sample was
analyzed. It revealed large deposits of fructose 1-phosphate
within the hepatocytes.

What is the probable biochemical defect in this
child? Suggest a biochemical test to evaluate the
above diagnosis.

Provide a biochemical explanation for the child’s
signs and symptoms.

Would you expect liver function to be normal or
sluggish in this child? Give reason.

Suggest treatment for this condition.




METABOLISM OF
CARBOHYDRATES II:
SECONDARY PATHWAYS
AND REGULATION OF
BLOOD GLUCOSE LEVEL

CHAPTER

The mainline metabolic pathways of glucose utilization generate ATP energy and fuel molecules. In addition to such path-
ways, there are other minor (or secondary) pathways taken by glucose, which are specialized for synthesis of glycolipids,
glycoproteins and other special products needed by the cells. Two such pathways are pentose phosphate pathway,
which leads to formation of ribose 5-phosphate and NADPH; and uronic acid pathway, which generates D-glucuronate
and ascorbic acid. Rate of flux of metabolic intermediates through the secondary pathways is much less compared to that
through the mainline pathways.

Significance of certain other minor metabolic pathways that metabolize sugars other than glucose, such as fructose,
galactose, mannose, or the disaccharides and the polysaccharides is also outlined this chapter. Maintenance of blood
glucose level within the normal range has been discussed.

After going through this chapter, the student should be able to understand:

O Reactions of pentose phosphate pathway and uronic acid pathway, and their significance.

O Minor pathways of metabolism of carbohydrates other than glucose.

O Metabolic significance and clinical consequences of enhanced rate of sorbitol pathway in diabetes mellitus.
O The interplay of various factors that are responsible for maintenance of normal blood glucose levels.

I. Pentose Phosphate Pathway

The pentose phosphate pathway also called hexose
monophosphate (HMP) shunt or phosphogluconate
pathway is required for provision of five-carbon sugars
and NADPH. Activity of this cytosolic pathway is minimal
in muscle and brain, where almost all of the glucose is
degraded by glycolysis. However, it is highly active in liver,
adipose tissue, adrenal cortex and lactating (but not the non-
lactating) mammary gland. These tissues are involved in
synthesis of cholesterol and fatty acids, the processes
dependent on NADPH. Because NADPH is important for
the antioxidant defenses of the body, the pentose phos-
phate pathway is well developed in cells that are exposed
to a high oxygen partial pressure, such as erythrocytes

and cornea of the eye. It accounts for about 60% of the
total oxygen consumption in cornea.

The pathway consists of three irreversible oxidative
reactions (Stage I), followed by a series of reversible sugar-
phosphate interconversions (i.e. non-oxidative reactions
Stage II). An overview is presented below.

Glucose 6-P 12 ib Pentose phosphates ¢— — —» Glycolytic
\ ) \ ) intermediates
Stage | Stage Il

The Stage I, irreversible oxidative reactions result in
formation pentose phosphates, while a series of reversible
non-oxidative interconversions take place in the Stage II,
which convert these pentose phosphates into glycolytic
intermediates.
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A. Specialized Products Generated by
Pentose Phosphate Pathway

1. Reduced nicotinamide adenine dinucleotide phosphate
(NADPH) serves as a biochemical reductant in a num-
ber of reactions. Such reductive reactions form impor-
tant steps of several biosynthetic pathways, such as
steroidogenesis and lipogenesis. Therefore, rate of
the pentose phosphate pathway is high in tissues that
synthesize steroids and fatty acids.

NADPH generation through HMP shunt is essen-
tial for maintaining integrity of the erythrocyte mem-
branes because glutathione reduction is brought about
by NADPH (Case 10.1). These functions are discussed
in detail later in this chapter.

2. Ribose 5-phosphate is an important constituent of the
purine and pyrimidine nucleotides, that perform a vari-
ety of important functions. It is an essential structural
component of various coenzymes such as coenzyme-A,
FAD and NAD*. Ribose 5-phosphate can be recon-
verted to hexose phosphates through reversible sugar-
phosphate interconversions by the non-oxidative
reactions of the pentose phosphate pathway. This pro-
vides an important mechanism for the metabolism
of five carbon sugars.

B. Reactions of Pentose Phosphate
Pathway

Stage I: Oxidative Phase
The oxidative reactions of Stage I bring about conver-
sion of glucose 6-phosphate to ribulose 5-phosphate

Glucose 6-phosphate

NADP*
NADPH + H*

6-phosphogluconolactone

Lipogenesis

Steroidogenesis <

Glutathione reduction

Other reactions

NADP*
NADPH + H*

Ribulose 5-phosphate

Fig. 10.1. Overview of the pentose phosphate pathway.

6-phosphogluconate

(Fig. 10.1). Two NADPH molecules are also generated
during this reaction sequence comprising of three irre-
versible oxidative reactions. The reactions are shown in
Figure 10.2.

Dehydrogenation of glucose 6-phosphate
Glucose 6-phosphate is irreversibly converted to 6-
phosphogluconolactone by the enzyme glucose 6-
phosphate dehydrogenase. NADP™ as a co-enzyme is specific
for this reaction. NADP* acts as an acceptor of the reduc-
ing equivalents (i.e. a pair of hydride) that are removed
from the glucose 6-phosphate molecule and gets con-
verted to NADPH.

This step is the regulatory step of the pathway. NADPH
acts as a negative modulator, causing competitive inhibi-
tion of glucose 6-phosphate dehydrogenase (G PD).

Hydrolysis of 6-phosphopgluconolactone
6-Phosphogluconolactone is converted to 6-phospho-
gluconate by addition of a water molecule. This reaction
is catalyzed by the enzyme gluconolactonase and is irre-
versible, like the previous step.

Formation of ribulose 5-phosphate

Oxidative decarboxylation of 6-phosphogluconate, cata-
lyzed by 6-phosphogluconate dehydrogenase, then yields the
ketose sugar, ribulose 5-phosphate, plus a molecule of
NADPH.

The non-equilibrium nature of the Stage I reactions
enables the cell to maintain a cytoplasmic ratio of NADPH :
NADP * = 100. Interestingly, the ratio of NADH : NAD *
in the cytoplasm is nearly the inverse, less than 0.01. For
this reason the cells employ NADPH rather than NADH
whenever a strong reducing agent is required.

Glycolysis

Fructose 6-phosphate
Glyceraldehyde
3-phosphate

(annepixo)
| 3DVIS
11 3DV1S

(annepixo-uou)

Xylulose
5-phosphate

—_ ___wRibose
5-phosphate

-

Nucleotide
biosynthesis
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N Il Il
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l NADP*  NADPH +H* | HoO |
H— C—OH H—C—OH 2 H— C—OH
HO— C—H \_/ HO—C—H O \ HO— C—H
| > | > |
H— C—OH H— C—OH > H-C-OH
| Glucose 6-phosphate | |
H— (I:_OH dehydrogenase H— (I: H— (IZ—OH
CH,O0PO;~ CH,OPO;~ CH,0PO3~
Glucose 6-phosphate 6-phosphogluconolactone 6-phosphogluconate
CH,OH NADPH +H* NADP*
=0 <
- =~ v
H— C—OH <
H— (I:_OH 6-phosphogluconate
| _ dehydrogenase
CH,0PO;

Ribulose 5-phosphate

Fig. 10.2. The oxidative reactions of pentose phosphate pathway.

The ribulose 5-phosphate, the end product of the
Stage I, is convertible to other pentose phosphates: xylu-
lose 5-phosphate and ribose 5-phosphate. The enzymes
for these reactions are:

Epimerase, which converts ribulose 5-phosphate to
xylulose 5-phosphate.

Ketoisomerase, which catalyzes conversion of ribulose
5-phosphate to ribose 5-phosphate.

Xylulose
5-phosphate

Ribulose
5-phosphate

Ribose
5-phosphate

The pentose phosphates generated in Stage I, ribose 5-
phosphate, xylulose 5-phosphate and ribulose 5-phosphate,
are converted to glycolytic intermediates in the second
stage of HMP (Fig. 10.3). This stage comprises a series of
non-oxidative reversible interconversions, as noted earlier.
The enzymes of this stage are transketolase and transal-
dose, which catalyze the following three reactions:

This reaction is catalyzed by transketolase, which transfers
a two carbon unit from a ketose sugar to an aldose sugar.
When the two-carbon unit is transferred from a xylulose
5-phosphate (a 5-C ketose) to ribose 5-phosphate (a 5-C

aldose), formation of a seven-carbon sugar (sedoheptulose
7-phosphate) and a three carbon-sugar (glyceraldehyde
3-phosphate) results.

C.+C,=C +C,

Thiamine pyrophosphate, a coenzyme for transketolase,
serves as transient carrier of the two carbon units in this
reaction.

This is catalyzed by transaldolase, which transfers a three-
carbon unit from the sedoheptulose 7-phosphate to glyc-
eraldehyde 3-phosphate. This results in the formation of
a erythrose 4-phosphate and fructose 6-phosphate.

C,+C,=C,+C,

This is again catalyzed by transketolase. The tetrose phos-

phate (erythrose 4-phosphate) generated in the previous

step, accepts a two-carbon unit from a new pentose

phosphate (xylulose 5-phosphate) molecule to form a

fructose 6-phosphate and glyceraldehyde 3-phosphate.
C,+C,=C, +C,

Net result of these reactions is formation of two hex-
ose phosphates (fructose 6-phosphate) and a triose
phosphate (glyceraldehyde 3-phosphate), which directly
enter the glycolytic sequence.

Thus, the non-oxidative interconversions (of the
Stage II) permit conversion of the pentoses (generated in
Stage I) into intermediates of glycolysis. This establishes
a link between the pentoses and the other metabolizable
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Xylulose-5-P Ribose-5-P Xylulose-5-P
(Cs) (Cs) (Cs)
Tmnsketo/ase
Reaction 1 Reaction 3
Glyceraldehyde-3-P Sedoheptulose-7-P
(G3) (&)
Tmnsaldolase Erythrose-4-P

(Cq)

Reaction 2
Fructose-6-P

(Ce)

Fructose-6-P

Glyceraldehyde-3-P

(Ce) (C.)

Gchonsns

Fig. 10.3. The non-oxidative reactions of pentose phosphate pathway. The transketolase transfers a 2-carbon unit, and the trans-

aldolase causes transfer of a 3-carbon unit.
C,+C,=C +C,
C,+C,—=C,+C,
C,+C,=C,+C,

Sum: C+C, +C,=C, +C,+C,

sugars, thereby integrating the HMP shunt pathway with
glycolysis.
A summary of reactions of the pentose phosphate path-
way, as shown in Figures 10.2 and 10.3 can be written as:
3 Glucose 6-phosphate + 6NADP" ——»
2 Fructose 6-phosphate + Glyceraldehyde 3-phosphate +
6NADPH + 6H" +3CO,

The 1st phase of HMP shunt is the oxidative pathway in
which glucose 6-phosphate is oxidized and decarboxyl-
ated to produce two NADPH, a carbon dioxide and a
ribulose 5-phosphate. The interconversion phase consists
of reversible rearrangements of the phosphorylated
pentoses. It links ribulose 5-phosphte to the glycolytic
pathway.

The regulatory enzymes of the pentose phosphate path-
way are glucose 6-phosphate dehydrogenase and 6-phospho-
gluconate dehydrogenase. Synthesis of both the enzymes is
induced by insulin. Thus, in fed state, their intracellular
concentrations rise, leading to enhanced oxidation of
glucose through this pathway, and conversely in starva-
tion and diabetes mellitus, the pathway is suppressed.

(Reaction 1; Transketolase)
(Reaction 2; Transketolase)
(Reaction 3; Transketolase)

Activity of glucose 6-phosphate dehydrogenase is competi-
tively inhibited by NADPH, as mentioned earlier. It is the
ratio of NADPH : NADP * that determines the overall rate
of the pathway. Under normal circumstances, the ratio of
NADPH/NADP" is sufficiently high (up to 100), which
keeps the activity of G .PD inhibited. However, when
demand for NADPH increases, its utilization also
increases resulting in the fall of the intracellular NADPH
concentration. This removes the inhibition on the enzyme
activity. Consequently, this reaction is speeded up, result-
ing in enhanced production of the required NADPH.

The pentose phosphate pathway is a multifunctional
pathway, unique in generation of two important prod-
ucts: pentoses and NADPH.

Pentoses: The most important pentose is ribose
5-phosphate, which is required for a number of bio-
synthetic and other functions, as mentioned earlier in
this chapter.

NADPH: It has the same redox potential as NADH,
but the functions of the two coenzymes are differ-
ent. Whereas NAD™ collects hydrogen from catabolic
substrates for transfer to respiratory chain, NADPH is
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required for reductive biosynthesis and several other
functions:

The synthesis of fatty acids and
cholesterol from acetyl CoA require reductive power of
NADPH.

NADPH is necessary for the mainte-
nance of a reducing environment inside the cell. This is
necessary for avoiding damage to unsaturated fatty acids,
proteins and DNA by peroxides or other oxidizing agents,
to which the cell is continuously exposed. NADPH plays
a key role in antioxidant defenses by converting the oxi-
dized glutathione into the reduced glutathione, which is
protective:

H,0 (GSSG), TH*
(oxidized)
2GSH +
NADP
H20, (reduced)

As diagrammed above, the reduced glutathione (GSH)
detoxifies hydrogen peroxide; the enzyme glutathione per-
oxidase catalyzes this reaction. However, GSH is oxidized
during the reaction, and must be regenerated to continue
detoxification. NADPH participates in the reaction
responsible for the regeneration of reduced glutathione
from the oxidized one; glutathione reductase catalyzes this
reaction.

NADPH maintains the glutathione in reduced state by con-
verting the dimeric, oxidized glutathione (GSSG), info the
protective reduced form (GSH). This recycling of GSSG to
GSH is crucial for maintaining antioxidant defense.

It is the engulfment of
solid particles into the cell, such as granulocytes, mono-
cytes and macrophages. These cells participate in our
immune system by eating up and destroying infectious
microorganisms (Chapter 33). NADPH is required for
production of superoxide anion radicals by macro-
phages, which have bactericidal activity (Case 27.1).

Lipophilic xenobiotics are
metabolized to water-soluble products by hydroxylation
in the microsomal cytochrome P, system; the process
requires NADPH (Chapter 15).

450

NADPH is especially
important to prevent oxidative damage to the RBC mem-
brane and intracellular proteins in erythrocytes because
the cell cannot replace these by new synthesis during its
120-day lifespan. NADPH maintains the antioxidant
defenses by converting the oxidized, dimeric glutathione
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into the protective reduced form. This restores the level
of reduced glutathione, which is oxidized while detoxify-
ing peroxides and other oxidizing agents. Thus, require-
ment of NADPH is relatively higher in erythrocytes. The extra
demand is met by a slight modification in the HMP-
shunt, as follows.

Based on demand of the tissue, the HMP shunt is modi-
fied as below:

(a) Extra demand for NADPH: In erythrocytes require-
ment for NADPH is relatively more, which is met as
below:

Conversion of the pentoses to hexoses through the
reversible Stage II reactions is favoured.

The hexose phosphates so formed are then funneled
into another cycle of oxidative reactions to produce
more of NADPH.

This establishes a cyclic pathway, with each of these
cycles generating 2 NADPH molecules.
Stage Il

Hexose phosphate —_—— Pentose phosphate
Stage |

Generation of NADPH

(b) Extra demand for pentoses: Demand for pentoses is
greater than that for NADPH in some tissues. The non-
oxidative reactions can provide the ribose 5-phosphate
molecules directly from fructose 6-phosphate via the
Stage I reactions in such tissues.

Hexose phosphate = Pentose phosphate

Depending on cellular needs, ribulose 5-phosphate
is converted (via ribose 5-phosphate and xylulose 5-
phosphate) to hexose phosphates, which can re-enter into
another cycle of oxidative reactions to produce NADPH.
Conversely, hexose to pentose conversion is favoured
in tissues having more demand for pentose.

Some persons have a genetic defect in this enzyme, typi-
cally yielding an unstable enzyme, that has shorter half-
life in the RBC, or an enzyme that is unusually sensitive
to inhibition by NADPH. In either case, insufficient flux
of the HMP-shunt and so decreased production of
NADPH results, and the cell’s ability to recycle GSSG to
GSH is impaired. Drug-induced oxidative stress leads to
lysis of RBCs (haemolysis); haemolytic anaemia is the
obvious consequence (Case 10.1).
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Glucose 6-phosphate dehydrogenase deficiency causes
drug induced haemolytic anaemia because of lack of
NADPH, which maintains glutathione in its reduced state.

Wernicke-Korsakoff Syndrome
Thiamine deficiency in alcoholics does not cause beri-
beri but Wernicke-Korsakoff syndrome. Reduced activity
of the thiamine-dependent transketolase enzyme occurs
in this condition resulting is impairment of HMP shunt.
This condition is diagnosed by clinical features that
include mental derangements, delirium and motor
incoordination, which may progress to chronic stage
(called Korsakoff psychosis) characterized by amnestic syn-
drome. Early diagnosis and immediate treatment is
essential, because brain damage in this condition is irre-
versible.

Il. Uronic Acid Pathway

Uronic acid pathway is a source of glucuronic acid. It also
produces ascorbic acid in some animals. Glucuronic acid
is a useful product required in the synthesis of muco-
polysaccharides, detoxification of some drugs and for
conjugation of bilirubin and steroid hormones. The
unutilized glucuronic acid (glucuronate) is converted to
xylulose 5-phosphate, which is metabolized via the pen-
tose phosphate pathway.

A. Reactions of the Pathway

Glucose is first converted to UDP-glucose by a series of
reactions, as discussed earlier in glycogenesis. The UDP
glucose further proceeds as below:

1. The glucose portion of the UDP-glucose is enzymatically
oxidized, resulting in formation of UDP-glucuronate.
The reaction is catalyzed by the enzyme UDP-glucose
dehydrogenase. UDP-glucuronate is the metabolically
active compound, as discussed later.

2. From the UDP-glucuronate release of D-glucuronate
occurs (Fig. 10.4).

3. D-Glucuronate is reduced by the NADPH-dependent
enzyme glucuronate reductase to form L-gulonate.
Glucuronate contains an acid carboxylate group at
C-6, whereas gulonate contains this group at C-1.

4. L-Gulonate then loses a water molecule to form

L-gulonolactone. The enzyme is aldonolactonase.

Removal of a pair of hydrogen atoms from the

L-gulonolactone by the enzyme gulonolactone oxidase

yields L-ascorbate or vitamin C.

Ul

UDP-Glucose

H,0 + 2NAD*

| UDP-Glucose dehydrogenase |

+ +
2H"+ 2NADH H,0 UDP

UDP-Glucuronate M} D-Glucuronate

Glucuronate reductase

L-Gulonate

Aldonolactonase
H,O

L-Gulonolactone

Gulonolactone oxidase
2H

L-Ascorbic acid

Fig. 10.4. Reactions of uronic acid pathway.

This pathway is used by all plants and animals for the
synthesis of vitamin C. However, some primates, such as
humans, monkeys, guinea pigs, as well as some birds and
fishes lost the capability to do so during evolution. This is
because of genetic deficiency of the enzyme gulonolactone oxi-
dase, which causes conversion of L-gulonolactone to L-ascorbic
acid. It appears that the capacity to synthesize the ascorbic
acid was lost by these species because of a mutation, which
was not lethal. These species require vitamin C in diet.

A single enzyme defect in the uronic acid pathway
(deficiency of gulonolactone oxidase) causes inability of
primates to synthesize ascorbic acid.

B. UDP-Glucuronate is Metabolically
Active Compound

UDP-Glucuronate can readily denote the glucuronate
residue for the following functions:

1. To detoxify foreign compounds or drugs. During detoxifica-
tion, the glucuronate residues are covalently attached to
these substances. Since glucuronate residues are strongly
polar, their attachment imparts polar character to
these compounds, thus making possible their renal
excretion. Bilirubin and steroid hormones are also
rendered more polar for excretion in this manner.

Uronic acid pathway, a minor pathway of carbohydrate
metabolism, is a source of glucuronic acid for conjuga-
tion of several endogenous and exogenous substances
before excretion as glucuronides in urine and bile.
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2. To synthesize the acid mucopolysaccharides, such as hyal-
uronic acid and heparin, which contain glucuronic
acid as an essential component (Chapter 2).

C. Alternate Route for Oxidation of
L-Gulonate

e The L-gulonate (produced from unutilized D-
glucuronate) is converted to a pentose sugar, L-xylulose,
by oxidative decarboxylation.

o Lxylulose is then converted to its D-isomer, D-
xylulose (via an intermediate xylitol).

e D-xylulose is then phosphorylated at the expense of an
ATP. The xylulose 5-phosphate so formed is an inter-
mediate of the pentose phosphate pathway (Fig. 10.5).

Thus, the uronic acid pathway is connected with the pentose
phosphate pathway.

Essential Pentosuria

In the rare hereditary disease termed “essential pentos-
uria”, the enzyme that catalyzes reduction of L-xylulose
to xylitol is deficient. As a result, excretion of significant
amounts of L-xylulose in the urine occurs.

Effect of Drugs

Certain drugs increase the flux of intermediates through
the uronic acid pathway and thereby enhance generation
of the products of the pathway. In rats, synthesis of ascor-
bic acid is enhanced by these drugs. Barbitol, aminoanti-
pyrine and chlorobutanol are some examples. These
drugs increase excretion of L-xylulose in the pentosuric
patients.

lll. Metabolism of Other Sugars

The metabolic pathways of other monosaccharides, disac-
charides and polysaccharides, referred to as the feeder
pathway, have been described in the previous chapter.
Though these pathways appear quantitatively insignifi-
cant, they play an important supplementary role.

NADP*  NADPH*+H* CO,

»

NADPH*+H*

IV. Sorbitol Pathway

Sorbitol pathway also known as polyol pathway, causes
conversion of glucose to fructose via sorbitol. The path-
way is greatly enhanced in uncontrolled diabetes mellitus, and
is implicated in progression of chronic diabetic complications.
It comprises of two sequential reactions, as shown below.

NADPH +H™* NADP* NAD™ NADH +H*

Glucose Sorbitol Fructose

Aldose
reductase

Sorbitol
dehydrogenase

The first step involves conversion of glucose to sorbitol
by the enzyme aldose reductase. This enzyme is present in
a significant concentration in those cell types that do not
require action of insulin for the transport of glucose across
the cell membrane (e.g. insulin unresponsive cells). Some
examples are epithelial cells of lens, Schwann cells of
peripheral nerves, seminal vesicle cells and papillae of
kidneys. The second enzyme of the sorbitol pathway, i.e.
sorbitol dehydrogenase, is present in liver and seminal
vesicle cells. It can oxidize sorbitol to fructose. Fructose is
preferred over glucose for supplying energy in sperm cells
because of the presence of this enzyme.

Sorbitol Pathway in Diabetes Mellitus
Normally, flux of metabolic intermediates through the
sorbitol pathway is not significant because aldose reduc-
tase has a high K _ (i.e. low affinity) for glucose. Therefore,
glucose is taken up by this pathway in small amount, the
rest being rapidly phosphorylated to glucose 6-phosphate.
However, when blood glucose concentration is markedly
elevated, such as in uncontrolled diabetes mellitus, large
quantities of glucose enters the insulin-unresponsive
cells. Large concentration of glucose substrate overcomes
the effect of low affinity (of aldose reductase for glucose)
and pushes the equilibrium of the first reaction towards
sorbitol formation. Consequently, large quantities of
sorbitol is produced in prolonged hyperglycaemia.
Sorbitol cannot be further metabolized in lens and
nerve cells (because sorbitol dehydrogenase has either low
activity or is absent in these tissues) and cannot diffuse

NADP* NADY  NADPH + H*

> 1y

L-Gulonate >

L-Gulonate oxidase

L-Xylulose

> Xylitol » D-Xylulose
Xylulose reductase Xylitol dehydrogenase

Pentose phosphate pathway

Fig. 10.5. Oxidation of L-gluonate (||= block in essential pentosuria).
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out of the cell easily. Therefore, concentration of sorbitol
rapidly builds up, exerting an osmotic effect, which is respon-
sible for many of the physiologic and pathologic alterations
associated with diabetes. These alterations lead to develop-
ment of cataract, peripheral neuropathy, retinopathy,
and vascular problems (see Chapter 15).

[ Al

g
Glucose can be converted to fructose via sorbitol path-
way. The pathway is enhanced in prolonged hypergly-
caemia (diabetes mellitus) so that sorbitol accumulates
leading to chronic diabetic complication (cataract,
nephropathy, peripheral neuropathy, etc.).

Sorbitol Intolerance

Sorbitol, used as a sugar-free sweetener, is converted to
fructose in liver by sorbitol dehydrogenase. Abdominal dis-
comfort occurs in some individuals with consumption of
sorbitol, probably due to impaired metabolism.

V. Regulation of Blood Glucose Level

Normally the blood glucose level is kept within the range
of 60-100mg/dL in fasting state. The fasting state here
implies that the there has been no food intake for the last
12-16 hours. After a meal, glucose is absorbed from intes-
tines and blood glucose level starts rising, reaching a
maximum in about one hour. In a normal individual,
the maximum value remains less than 1.5 times the fasting
value.

Thus, the blood glucose level does not rise above
140 mg/dL, or fall below about 60mg/dL. This limit is
not crossed in a normal subject even though he may take
food at certain fixed times and fast between the meals.
Several mechanisms of blood glucose regulation remain
constantly in operation for this purpose. It is hazardous
for the body if above-stated limits are crossed. For example:

o A fall below about 60 mg/dL will deprive the nervous
tissue of adequate energy, because under normal cir-
cumstances, nerve tissue is heavily dependent on glu-
cose for its energy needs (Case 10.2).

e Conversely, arise above 180 mg/dL (called renal threshold)
will result in urinary elimination of glucose since the
amount of glucose filtered by the glomeruli will exceed
the amount which can be reabsorbed by the tubules.

Concentration of blood glucose is determined by a
balance between the amount of glucose that pours into
the blood circulation and the amount that leaves it.
Various sources of glucose generation and utilization are
shown in Figure 10.6.

Oxidation

Intestinal absorption Glycogen

//" synthesis

Glycogenolysis \
Gluconeogenesis—»! Blood glucose | — Lipogenesis
(60-100 mg/dL) [~

N

Insulin

Synthesis of
amino acids

Hyperglycaemic
hormones** Synthesis of

other compounds*

Fig. 10.6. Sources of glucose generation and utilization.
(*These include lactose, ribose, mucopolysaccharides, glyco-
lipids, glycoproteins. They are synthesized from glucose or its
metabolites. **Hyperglycaemic hormones are glucagon, growth
hormone, thyroxine, epinephrine, glucocorticoids, etc.).

A regulated interplay of these factors ensures blood
glucose regulation. Liver and endocrine glands play a
vital role in this.

A. Role of Liver

Liver is capable of utilizing large amounts of glucose that
is delivered to it at high concentration (in portal blood)
during and following meals. This is because:

High permeability of hepatocytes to glucose: Liver cells
are highly permeable to glucose because high-capacity,
low-affinity (K_>10mmol/L) glucose transporter, GLUT-2,
are located on surface of hepatocytes.

Rapid utilization of the internalized glucose: Liver is
also rich in glucokinase, an enzyme that is specific for
glucose and converts it into glucose 6-phosphate. As
discussed earlier, glucokinase is inducible by continued
consumption of high-carbohydrate diet, not subject to
product inhibition. These properties permit glucokinase
to efficiently phosphorylate the intracellular glucose
and force it into all of the major pathways of glucose
metabolism.

Most of the glucose is channeled into glycogen, pro-
viding a carbohydrate reserve for maintenance of blood
glucose during the post-absorptive state. The glucose 6-
phosphate in liver, beyond that needed to replenish gly-
cogen reserves, is funneled into glycolysis, both for energy
production and for conversion into triacylglycerols, which
are exported for storage in adipose tissue.

B. Role of Endocrines

Several hormones participate in the regulation of blood
glucose levels. All except insulin tend to raise blood glu-
cose level, hence termed hyperglycaemic or diabetogenic
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hormones (Fig. 10.6). Insulin is the only hormone that
brings down the blood glucose level.

It is a peptide hormone secreted by the a-cells in endo-
crine pancreas that is released in response to a decreased
blood glucose level. It causes rapid stimulation of glucose-
producing pathways (including hepatic glycogenolysis
and gluconeogenesis), and depresses glycogen synthesis
and glycolysis, thereby contributing to the hyperglycaemic
effect during fasting.

Glucocorticoids cause stimulation of gluconeogenesis
during chronic stress by causing induction of the key
enzymes, especially PEP carboxykinase. Other effects are:
induction of fructose 1,6 bisphosphatase, glucose 6-phospha-
tase and amino transferases; stimulation of release of
amino acids and lactate from muscles, which act as pre-
cursors for gluconeogenesis. However, overall effect of
glucocorticoids is relatively slow.

The catecholamines - epinephrine and norepinephrine,
are released during acute stress (physical exercise and
cold exposure) and psychological emergencies from adre-
nal medulla. They induce slight elevation of cAMP level
to increase glycogenolysis in liver and muscles. Liver con-
tributes to increased level of blood glucose, whereas mus-
cles generate lactate for gluconeogenesis. Other effects are:

Increased gluconeogenesis (mainly through stimula-
tion of fructose 1,6-bisphosphatase).

Increased release of glycerol by lipolysis, which is
substrate for gluconeogenesis.

Decreased activates of key glycolytic enzymes, e.g.
PFK, glucokinase and pyruvate kinase.

It inhibits glycolysis (inhibits PFK) and mobilizes fatty
acids from adipose tissue stores.

Itis a peptide from pancreatic B-cells, released in response
to elevation of blood glucose level. Its plasma concentra-
tion is 10 times higher after a carbohydrate rich meal than
during fasting. It reduces the cAMP level in the liver, prob-
ably by activating a cAMP degrading phosphodiesterase,
which means that it opposes the effects of glucagon and
catecholamines. It stimulates several glucose-utilizing
pathways, and inhibits the glucose-generating pathways.
Details are given in Chapter 15 (see Table 15.2).
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Regulation of blood glucose levels requires several hor-
mones and a concerted interplay between various organs.

An interplay of various factors maintains blood glu-
cose in different metabolic states: for example, in fasting
state, glucose does not enter blood circulation through
intestinal absorption, but some amount leaves it to enter
tissues for utilization. The blood glucose level, therefore,
tends to fall. An excessive fall is prevented by the follow-
ing metabolic changes in tissues:

Instead of glucose, tissues start using alternate fuels,
such as fatty acids and ketone bodies. Glucose is spared
for utilization by erythrocytes and brain (Chapter 15).

Glycogen synthesis in the liver and muscle stops,
whereas glycogen breakdown is stimulated. These
adaptations are brought about by increased secretion
of glucogen and catecholamines, and decreased secre-
tion of insulin. The glucose produced by way of
hepatic glycogenolysis is poured into the blood circu-
lation.

Formation of glucose in liver occurs by way of stimu-
lation of gluconeogenesis also. For this purpose, the
protein degradation in muscles is enhanced and the
amino acids so released are transported to liver where
they serve as substrates for gluconeogenesis. Gluco-
corticoids play a key role in this process.

In the adipose tissue, lipolysis is stimulated, resulting
in excessive generation of fatty acids.

Thus, adipose tissue becomes a source of alternate
fuel molecules (e.g. free fatty acids).

These factors ensure that the blood glucose does not fall
steeply during fasting and starvation. Likewise, in the fed
state, metabolic changes occur to prevent excessive rise
of blood glucose concentration. Failure of the regulatory
mechanisms occurs in some pathological conditions,
such as diabetes mellitus, hyperpituitarism, hyperthy-
roidism, Cushing’s syndrome, severe liver diseases, etc.
Further details about these are given in Chapter 30.

Describe the pentose phosphate pathway of glucose
metabolism, giving names of enzymes and coen-
zymes involved. What are the functions of this
pathway?

Explain the relationship between the integrity of
erythrocyte membrane to the operation of HMP
shunt pathway. How is the demand for the extra
NADPH in red cells met?



204

Textbook of Medical Biochemistry

What is glutathione and what role does it play in the
human body? Why does it fail to prevent the haemo-
lytic anaemia in deficiency of glucose 6-phosphate dehy-
drogenase?

Describe the role of various factors involved in main-
tenance of normal blood glucose level.

Sorbitol pathway

Glutathione

Uronic acid pathway

Sorbital intolerance
Wernicke-Korsakoff syndrome

CLINICAL CASES

A 23-year-old man with dark urine and yellow sclera
following antimalarial treatment

A 23-year-old male developed fever about two weeks
back. He had bouts of shivering, temperature of 40.4°C
and was delirious. The family physician suspected malaria
and started treatment with primaquine after identification
of the parasites in a blood smear. The fever subsided the
next day, but the patient continued to feel weak and list-
less. By the next day these symptoms aggravated and he
felt fatigue, dizziness, breathlessness on slightest exertion,
headache, insomnia and paresthesia of the fingers and
toes. Three days later, the patient noticed dark (black)
coloured urine. On examination, he showed pallor of the
skin and the mucus membrane. Oedema feet, jaundice,
tachycardia (heart rate 110/min), and systolic murmurs
were the other prominent examination findings. His sclera
was yellow and the spleen was marginally enlarged.

Investigations test Patient’s reports | Reference

range
Haemoglobin 10.2 g% 11-14 g%
Reticulocyte count 6.3% Up to 2%
Serum bilirubin (total) | 8.3mg/dl 0.1-1mg/dI
Urine bile pigments Absent

The red cells, on microscopic examination, were found to
contain small inclusion bodies (Heinz bodies).

Since the above tests were suggestive of acute haemo-
lytic crisis, further tests were done, including estimation of the
RBC enzymes. Activity of glucose 6-phosphate dehydrogenase
was found deficient, i.e. less than 10% of the normal.

State the biochemical basis of development of hae-
molytic disease in this patient.

What is glutathione and what is its role in body?
How does glutathione fail to perform its function fol-
lowing administration of primaquine in this patient?
Does the disorder affect other tissues of the body as
well2 Explain.

Comment on the following observations:

(i) The dark coloured urine

(i) Presence of Heinz bodies in red cells.

Does the disorder in this patient offer any advan-
tage as well?2 If yes, explain how.

A newborn having tremors and convulsions

A premature infant of 2.3kg body weight, born of dia-
betic mother, was shifted to nursery after the attending
paediatrician noticed muscle twitching, tremors and pro-
fuse sweating. Soon after, the infant had convulsions and
lapsed into comatose state. Blood and urine samples were
obtained for biochemical analysis.

Investigations
38mg/dl

Normal; no sugar or ketone
bodies detected

Venous plasma glucose

Urine examination

What is the probable diagnosis?

State the cause of loss of consciousness in hypogly-
caemia?

Could the diabetes in mother be responsible for the
infant’s condition? Give reason for your answer.
Explain why infants are more susceptible to hypo-
glycaemia than adults.
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CHAPTER

FATTY ACIDS AND
COMPOUND LIPIDS

Fatty acids are major sources of energy in humans. They are used as fuel by most tissues except red and white blood
cells, nervous tissue, retina and adrenal medulla. They are stored as triacylglycerols (TAGs) in adipose tissue. When the
need for energy arises, the fatty acids are mobilized from the TAG stores and released in circulation. They are trans-
ported to various parts of the body after being complexed with albumin; each molecule of albumin can bind 6 to 8 fatty
acid molecules. Subsequently they are taken up by peripheral tissues where they are oxidized to release energy. The
principal oxidative pathway is [3-oxidation, though the other pathways (such as a-oxidation and w-oxidation) play a
supplementary role. The de novo synthesis of fatty acids (i.e. lipogenesis) occurs from acetyl CoA with the help of fatty
acid synthase complex.

In this chapter, various aspects of metabolism of fatty acids and the compound lipids (e.g. triacylglycerol, phospholip-
ids, and sphingolipids), particularly in adipose tissue and liver, have been described. After going through this chapter the
student should be able to understand:

O The oxidative pathways (e.g. B-, a-, ®-, or peroxisomal oxidation) for degradation of fatty acids and catabolism of
unsaturated and odd chain fatty acids.

O Mechanism of fatty acids synthesis; fatty acid synthase system; and desaturase and chain elongation systems.

O Metabolic processes occurring within adipocytes; mechanism of mobilization of depot fat from adipose tissue and the
factors influencing it, particularly the role of hormones.

O Pathways of biosynthesis and catabolism of compound lipids such as phosphoglycerides, triacylglycerols and sphingolipids.

7 Cycles
COOH A 8 Acetyl CoA

l. B-Oxidation

B-Oxidation is the principal pathway for catabolism

2C2C2C2c2Cc2c2C
Palmitic acid (16-C)

of fatty acid. The scheme of B-oxidation, whereby fatty
acids are degraded by successive loss of two-carbon
units, was first elucidated by a German scientist Fray
Knoop in 1904. It consists of repeated cycles of a series
of reactions. With each cycle, a two-carbon unit (i.e.
acetyl CoA molecule) is removed from the carboxyl
terminal of the fatty acid. Thus complete oxidation
of the 16-carbon fatty acid (e.g. palmitic acid) requires
seven such cycles and generates eight molecules of
acetyl CoA.

The pathway occurs in three stages:

® Activation of fatty acid in the cytosol
o Transport of activated fatty acid into mitochondria
o Standard B-oxidation process in mitochondrial matrix.

V4

Oxidation of fatty acids occurs in the mitochondrial
matrix of most cells by the pathway of (3-oxidation.
There occurs sequential removal of two-carbon acetyl
CoA units from the end of the acyl chain.
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As the priming step for catabolism, the fatty acids are
activated through formation of a thioester linkage
between a fatty acid molecule and coenzyme A. The
product is an acyl coenzyme A, and therefore the name
of the enzyme that catalyzes this reaction is acyl CoA
synthetase, also called thiokinase. This reaction requires a
great deal of energy and in the process ATP is converted
to AMP

Fatty acid + ATP + CoASH — Fatty acyl CoA + AMP + PPi
(AG® = —0.20 kcal/mole)

This was the first reaction in biochemistry found to
yield pyrophosphate by cleavage of ATP. The reaction
favours the formation of fatty acyl CoA, since the pyro-
phosphate formed is hydrolyzed by the enzyme, pyro-
phosphatase: PPi 2—Pi. A large drop of free energy (—6.9
kcal/mol) accompanies the pyrophosphate cleavage, which
ensures irreversibility of the overall reaction. Thus activa-
tion of fatty acid to fatty acyl CoA with an energy-rich
thioester bond requires expenditure of two high-energy
phosphate bonds.

The fatty acid is activated by forming a thioester link
with coenzyme A before entering the mitochondria. The
reaction uses a molecule of ATP, and is irreversible due
to subsequent hydrolysis of PPi to two molecules of Pi.

The activation reaction actually takes place in three
steps:

The carboxyl group is first activated to an enzyme-
bound, high-energy, acyl-adenylate intermediate (fatty
acyl-AMP).

The acyl group then reacts with coenzyme-A to give
fatty acyl CoA.

The pyrophosphate is now hydrolyzed to ensures
irreversibility of the overall reaction.

Fatty acid + ATP —> Fatty acyl-AMP + PPi
Fatty acyl-AMP + CoASH —> Fatty acyl CoA + AMP
PPi——> Pi+Pi
Sum:
Fatty acid + ATP + CoASH ——> Fatty acyl CoA + AMP + 2Pi

At least four different thiokinase enzymes, one each for
short chain, medium chain, long chain fatty acids, and
one for arachidonate, have been identified (Table 11.1).
The chemistry and bioenergetics of each of the enzyme-
catalyzed reactions for the biosynthesis of variable length
acyl CoA molecules are the same.

Substrate specificity and locations of thiokinases

Short: 2-3 carbon atoms Mitochondrion

Medium: 4—12 carbon atoms Mitochondrion

Long: 12 or more carbon atoms Endoplasmic reticulum

Arachidonate specific (20:4 w—6) Endoplasmic reticulum

CHs
CH3>N+—CH2— CH—CH,—COO~
[

CHs OH

Fig. 11.1. Structure of carnitine.

Formation of fatty acyl CoA takes place in the cytosol.
Further degradation occurs in the mitochondrial matrix.
This creates a problem because the inner mitochondrial
membrane (IMM) is impermeable to fatty acyl CoA.
To overcome this problem, participation of a carrier, car-
nitine (Fig. 11.1) is required. It is beta-hydroxyl-gamma-
trimethyl ammonium butyrate, synthesized from lysine and
methionine in liver and kidney.

The transport process, referred to as carnitine shuttle,
comprises three steps:

Step 1: The acyl group of fatty acyl CoA is transferred
to carnitine, resulting in formation of fatty acyl carnitine.
The reaction is catalyzed by the rate-limiting enzyme of the
pathway, acyl CoA carnitine transferase (E,), which is located
on outer surface of the inner mitochondrial membrane.

E
Fatty acyl CoA + Carnitine —> E Fatty acyl carnitine +
CoASH

Step 2: Fatty acyl carnitine is translocated across the
inner mitochondrial membrane into the mitochondrial
matrix. Entry of the acyl-carnitine is linked to the exit of
carnitine, both mediated by a translocase, called carnitine/
acylcarnitine translocase (E,) (Fig. 11.2).

Step 3: Once inside the mitochondrial matrix, the fatty
acyl carnitine is reconverted to fatty acyl CoA by the enzyme
acyl CoA carnitine transferase II (E,). The enzyme is
located on the inner surface of IMM.

Fatty acyl carnitine + CoASH —£3 5 Fatty acyl CoA +
Carnitine

The inner mitochondrial membrane is not permeable to
long chain fatty acids and so these are transported into
the mitochondria as carnitine derivatives by carnitine/
acylcarnitine translocase.



Lipid Metabolism I: Metabolism of Fatty Acids and Compound Lipids

Fatty acyl CoA
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Fig. 11.2. Transport of fatty acids (16 = 4 carbons) from cytosol into the mitochondrion (E, = acyl CoA-carnitine transferase |,

E, = translocase, E, = acyl CoA carnitine transferase Il).
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Since carnitine is an essential component of the trans-
port of fatty acyl CoA, its deficiency leads to decreased
entry of fatty acids into mitochondrial matrix. This
results in impaired fatty acid utilization, specially in
muscles (Case 11.1).

The carnitine shuttle is primarily for the transport
of the long chain fatty acids (16 =4 carbons).

o Short and medium-chain fatty acids can cross the mito-
chondrial membrane by passive diffusion, and are acti-
vated to their CoA derivative within the mitochondrion.

® Very long-chain fatty acids are shortened to long-chain
fatty acids in peroxisomes and then transported by
carnitine shuttle into the mitochondrion.

C. Standard 3-Oxidation Process of
Activated Fatty Acid

The principal fate of fatty acyl CoA in the mitochondrion
is B-oxidation.

Reactions of 3-Oxidation
The standard B-oxidation process comprises a series of
identical cycles. Each cycle shortens the fatty acid by two
carbons and produces an acetyl residue in the form of
acetyl CoA. Repeated cycles of B-oxidation generate sev-
eral acetyl CoA molecules which enter TCA cycle and are
further degraded to carbon dioxide and water. The reac-
tion sequence is called B-oxidation because it is the B-carbon
(C-3) that is oxidized.

In each cycle of B-oxidation, fatty acyl CoA is acted upon
in a sequential manner by four enzymes—FAD-linked

dehydrogenase, hydratase, NAD*-linked dehydrogenase, and
thiolase. These reactions (Fig. 11.3) proceed as follows:

1. First dehydrogenation: A pair of hydrogen atoms is
removed across the a- and B-carbons of the fatty acyl
CoA by action of fatty acyl CoA dehydrogenase resulting
in the formation of trans-A%-enoyl CoA. Four distinct
dehydrogenases are known to exist, each one is specific
for a given range of fatty acid chain length. All four
are flavoproteins and contain a tightly bound mole-
cule of flavin adenine dinucleotide (FAD).

2. Hydration: Addition of a water molecule converts
trans-A?-enoyl CoA to L-3-OH acyl CoA. The reaction
is catalyzed by enoyl CoA hydratase. In fact there
are two hydratases: one preferring short chain fatty
acids and the second long chain. Both are highly spe-
cific and act only on the trans isomer (i.e. trans-A*-
enoyl CoA).

3. Second dehydrogenation: The 1-3-OH-acyl CoA then
loses a pair of hydrogen atoms to NAD*. The reaction
is catalyzed by the enzyme L-3-OH-acyl CoA dehydro-
genase. Two hydrogen atoms are removed from C-3 so
that the hydroxyl group at that position is converted
to a keto group. The reaction product is accordingly
called 3-ketoacyl CoA.

Thus, by a sequential action of three enzymes, a
keto group is introduced at C-3 position of the fatty
acyl CoA molecule (compare structure of fatty acyl
CoA with that of 3-ketoacyl CoA; Figure 11.3).

4. Thiolysis: Finally, a (thiolytic) cleavage occurs at the
B-carbon atom of the 3-ketoacyl CoA, liberating an
acetyl CoA molecule. The enzyme catalyzing this step
is thiolase.
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R—CH, —
FAD Fatty acyl CoA
Dehydrogenation Fatty acyl CoA
dehydrogenase
FADH,
R—CH=
Hydration Tmns-Az-enoyl CoA
H20 Enoly CoA hydratase
R—CH—
I
OH L-3-OH-Acyl CoA
+
.NAD L-3-OH-Acyl CoA
Dehydrogenation dehydrogenase
NADH +H*
R—C—
I
Thiolysis o 3-Ketoacyl CoA

R—C—SCoA +
Il

(¢]

Fatty acyl CoA Acetyl CoA

| |

Further cycles TCA cycle

Fig. 11.3. Reactions of 3-oxidation: dehydrogenation, hydra-
tion, dehydrogenation and thiolysis. These four reactions form
one ‘round’ of degradation and their overall effect is to
remove a 2-C (acetyl CoA) unit.

The active fatty acids (acyl CoA) are transported into
mitochondrion by a carrier, carnitine, where they are
oxidized at the (B-carbon (B-oxidation) by oxidation
(removal of hydrogen) of the acyl group, followed by an
hydration, and a second oxidation (removal of hydro-
gen) at the B-carbon, followed by thiolysis (cleavage).

In the reaction sequence discussed above, one NADH
and one FADH, are produced. At the end of the one cycle,
the fatty acyl CoA is shortened by two carbons. The short-
ened fatty acyl CoA then undergoes a second cycle to lib-
erate another acetyl CoA. These cycles are continued till
whole of the acyl chain is degraded to acetyl CoA mole-
cules. In case of palmitic acid there are seven such cycles,
and the overall reaction can be represented by the fol-
lowing equation:

Palmitoyl CoA + 7FAD + 7NAD* + 7H,O +
7CoASH ——> 8 Acetyl CoA + 7FADH, + 7NADH + 7H*

The NADH and FADH, feed directly into oxidative
phosphorylation, while acetyl CoA feeds into TCA cycle,
where further NADH and FADH, are produced.

For each round of degradation, one FADH,, one NADH
and one acetyl CoA molecule are produced.

Energy is generated by oxidation of these products of
B-oxidation: 2ATPs are produced by oxidation of FADH,;
3ATPs by NADH and 12 ATPs by degradation of acetyl
CoA (through TCA cycle). Therefore, when a 16-C pal-
mitic acid is fully oxidized a total of 131 ATPs (8 X 12 +
7 X2+ 7 X 3) are generated:

8 Acetyl CoA —» 96 ATP

7 FADH, — 14 ATP
7 NADH — 21 ATP
131 ATP

2 ATPs (i.e. two phosphodiester bonds) are used dur-
ing initial activation of the fatty acid. Hence, net gain in
terms of ATP molecules is 131-2, i.e. 129 ATPs.

Each cycle of B-oxidation produces an acetyl CoA and
an acyl CoA with two carbons less, as also one FADH,
and NADH each. The cycles are repeated until com-
plete degradation occurs. Complete oxidation of one
mole of palmitate generates 129 ATPs.

The regulation occurs at the following two levels:

Supply of fatty acids
Mitochondrial uptake of fatty acids

The B-oxidation is primarily regulated by the supply of
fatty acids. Within rather wide limits, the use of fatty acids
by tissues is proportional to the plasma-free fatty acid level,
and therefore fatty acid oxidation is for the most part
regulated at the level of adipose tissue metabolism.
During fasting and uncontrolled diabetes, for example, a
large amount of free fatty acids are released from adipose
tissue (Chapter 12) and B-oxidized to acetyl CoA.

An additional regulatory step is the uptake of fatty acids
into the mitochondrion. The enzyme, acyl CoA carnitine
transferase I, which regulates entry of fatty acids into
mitochondrial matrix, is allosterically inhibited by malonyl-
CoA. This is important because malonyl-CoA is a substrate
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for fatty acid synthesis and its cytoplasmic concentration
is high whenever fatty acid synthesis is stimulated. It
would be futile to have fatty acid synthesis occurring at
the same time as fatty acid degradation, and hence, a
substrate for fatty acid synthesis inhibits fatty acid degra-
dation (in this case by preventing the acyl group being
transferred into the mitochondrial matrix).

[3-Oxidation is regulated by the supply of fatty acids,
and by the enzyme which regulates entry of these fatty
acids into mitochondrial matrix.

Note: Non-esterified fatty acids in plasma are referred to
as free fatty acids, but it should be noted that they are
neither free (99% bound to albumin) nor acids (at pH
7.4 present as anions). Plasma concentration ranges
from 0.2 to 0.6 mM depending on nutritional status, but
may rise as high as 2.0 mM in severe stress.

E. Defects of p-oxidation

The tissues such as muscle and liver, which derive most
of their energy from fatty acids, at least during fasting are
compromised by defects of B-oxidation. Among these
common defects are discussed below:

Deficiency of Enzymes of p-Oxidation

Several defects of enzymes within the B-oxidation are
known, the most common of which is medium-chain acyl-
CoA dehydrogenase deficiency. The affected enzyme cata-
lyzes the first dehydrogenation reaction of the -oxidation
of medium-chain (C, to C ) fatty acids. This defect pres-
ents with episodic non-ketotic hypoglycaemia initiated by
fasting during the first 2 years of life. Many of such
patients initially diagnosed with “Rey’s syndrome” or “sud-
den infant death syndrome” later turned out to suffer from
medium chain acyl-CoA dehydrogenase deficiency. The
hypoglycaemia is often lethal and at autopsy the patients
who die of this disease show a typical fatty infiltration of
the liver. These patients should be advised to avoid exces-
sive fasting and recommended a low fat diet.

Deficiency of Translocase

A few cases of translocase deficiency have been reported,
where the transport of long chain fatty acids across the
mitochondrial membrane is impaired. Muscle cramps,
precipitated by fasting, exercise and high fat diet, is the
predominant clinical feature.

Carnitine Deficiency
Defects in carnitine biosynthesis, defective transport
into the cells, or excessive renal excretion may result in

deficiency of this carrier protein, which most commonly
affects liver and muscles. When liver is affected, hypoke-
totic hypoglycaemia during periods of extended fasting is
the most obvious consequence. Muscle weakness and mus-
cle cramps on exertion are the most typical complaints
when muscle suffers in carnitine deficiency (Case 11.1).
Histologically, many patients show an unusual abun-
dance of fat droplets in muscle tissue and liver, and some
develop fatty degeneration of the liver. This is to be
expected, because excess fatty acyl CoA that cannot be
transported into the mitochondrion is diverted into tri-
glyceride synthesis.

Jamaican Vomiting Sickness
Unripe ackee fruits contain hypoglycin, an unusual toxic
amino acid that inhibits the enzyme acyl CoA dehydroge-
nase. Severe hypoglycaemia, vomiting, convulsions and
coma are prominent features.

Il. Other Oxidative Pathways

Mitochondrial B-oxidation can smoothly oxidize
unbranched saturated fatty acids with an even number of
carbons and a chain length up to 18 or 20 carbons. Fatty
acids that do not fit this description require additional
enzymatic reactions:

o Methylated fatty acids require «-oxidation initially,
before they can be beta-oxidized.

o Very long chain fatty acids (VLCFA) are handled ini-
tially by peroxisomal oxidation pathway.
Medium chain fatty acids are degraded by w-oxidation.
Unsaturated and odd chain fatty acids also require
additional processing before they are beta-oxidized.

Oxidation of some fatty acids (e.g. unsaturated,
branched, odd chain) requires specialized reactions.

A. a-Oxidation of Fatty Acids

a-Oxidation is a minor pathway occurring in the endo-
plasmic reticulum and mitochondria. It removes one car-
bon unit at a time from the carboxyl end. Unlike
B-oxidation, the function of this pathway is not the pro-
duction of any high-energy phosphate bonds, but rather
the degradation of methylated fatty acids.

A methylated fatty acid cannot be B-oxidized without
prior modification. Its degradation is initiated by oxida-
tion of the carbon-2 (the a-carbon) and then release of
carbon-1 as CO,, thus shortening the fatty acid by one
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carbon at a time. The shortened fatty acid then under-
goes a round of B-oxidation yielding propionyl CoA
rather than acetyl CoA (Fig. 11.4).

It is a rare recessively inherited defect of a-oxidation. The
disease is also called phytanic acid storage disease because
the patients accumulate excessive quantities of phytanic
acid (Fig. 11.4) in their body lipids. This unusual fatty
acid is derived from the alcohol phytol, an isoprenoid,
that occurs as a constituent of chlorophyll and in milk.

The B-carbon of phytanic acid is methylated, which
blocks B-oxidation (Fig. 11.4). The phytanic acid levels in
blood increase, reaching up to 100 mg/dl (normal value
is around 0.3 mg/dl). Phytanic acid also accumulates in
liver, sometimes to such an extent that nearly 50% of the
total fatty acids in the liver is phytanic acid. Clinical fea-
tures include abnormalities of the nervous system like
cerebellar ataxia, motor weakness and distal sensory loss.
Such abnormal neurological features probably result due
to incorporation of the branched chain fatty acids in the
membrane lipids. This increases fluidity of the neuronal
membranes, which affects nerve conduction. The patients
respond to dietary restriction of green vegetables and of
ruminant milk and meat, which contain large amounts
of phytanic acid.

o-Oxidation oxidizes carbon 2 (the a-carbon) and then
releases carbon-1 as CO,, thereby shortening the fatty
acid by one-carbon at a time. It is used for oxidation of
methylated fatty acids, such as phytanic acid. The latter
cannot be [3-oxidized without prior modification because
the B-carbon is methylated.

CHgy CHj CHjy CH;3 Phytanic

A/\A/\A/\A/ acid
R
o-Oxidation

CH3 CHg CHg CHj

RA/\A/\A/\A
ATP
AMP + PP,
CH;

I
CHy  CHs CHj

W/chscm

COO™ +

R

[ » Propionyl CoA

Fig. 11.4. Degradation of a methylated acid (phytanic acid) is
initiated by a-oxidation, followed by a round of [3-oxidation,
which yields propionyl CoA rather than acetyl CoA.

The peroxisomal B-oxidation handles very long chain
fatty acids (VLCFA), of chain length >20 carbons,
which are poor substrates for mitochondrial B-oxidation.
It uses essentially the same reaction sequence as the
mitochondrial system, except for the very first reaction,
which is catalyzed by an H,O,-producing flavoprotein oxi-
dase (it is FAD-dehydrogenase in mitochondria).

The flavoprotein oxidase acts on the CoA derivatives of
VLCEFA, after the latter crosses the peroxisomal membrane
(without involvement of carnitine). It catalyzes removal
of a pair of hydrogen atoms from the hydrocarbon chain of
the fatty acid molecule and transfers it directly to oxygen
to form hydrogen peroxide. Removal of hydrogen atoms
introduces a double bond in the hydrocarbon chain to
form trans-A?-enoyl CoA. The latter is an intermediate of
B-oxidation. It undergoes similar sequence of reactions
as in mitochondrial B-oxidation to liberate an acetyl
CoA molecule, leaving behind a fatty acyl CoA molecule
shortened by two carbons. In this manner, action of the
flavoprotein oxidase introduces a shortcut, whereby the substrate
fatty acid directly enters the standard B-oxidation cycle.

The above cycle is repeated several times, each time an
acetyl CoA is removed, the fatty acid chain is shortened
by two carbon atoms. This cycle proceeds only to the
stage of octanoyl-CoA (8-carbon); the latter moves
to the cytosol and then into the mitochondrial matrix
with the help of specific membrane transport proteins,
where it undergoes further degradation by the standard
B-oxidation process. Thus it may be said that main pur-
pose of peroxisomal B-oxidation is to shorten very long chain
fatty acids, thereby boosting B-oxidation.

VLCFA (>20-C) —> Peroxisomes —> Sequential

release of 2-C (acetyl CoA) units till octanoyl CoA (8-C)
is left —> Enters mitochondria —> B-oxidation

High fat diet and the hypolipidaemic drugs like clofi-
brate cause a marked increase in the number of peroxi-
somes in a cell in order to increase efficiency of fatty acid
utilization.

It is an inborn error of VLCFA oxidation
because of absence of peroxisomes. Substrate accumulation
in tissues, particularly brain, liver and kidneys, and excretion
in urine (shown by chromatography) and non-ketotic hypo-
glycaemia are the predominant features of this defect.

Peroxisomal [3-oxidation degrades VLCFA by sequentially
removing acetyl CoA till octanoyl CoA (8-C) is left. All
enzymes are same as in mitochondrial system except the
first: an H,O, producing flavoprotein oxidase, which directly
generates an intermediate of standard (3-oxidation process.
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Omega oxidation is a microsomal system for oxidation of the
carbon atom most remote from the carboxyl group in a fatty
acid to produce a dicarboxylic acid. The basic reaction, cata-
lyzed by a monooxygenase that requires NADPH, O,, and
cytochrome P-450, occurs in smooth endoplasmic retic-
ulum. First, methyl group at the w-carbon is converted to
CH,OH and subsequently oxidized with the help of
NAD" to a COOH group to produce a dicarboxylic acid.
The latter can be activated at either end, followed by
B-oxidation (Fig. 11.5).

Medium chain fatty acids mobilized from the adipocyte
triacylglycerol stores are oxidized in liver by w-oxidation.
Moreover, w-oxidation becomes important when f-
oxidation is defective. Dicarboxylic acids (C-6 and C-8
acids) are excreted in urine under these circumstances
and the condition is termed as dicarboxylic aciduria.

Alpha oxidation makes possible oxidation of methyl-
ated fatty acids; w-oxidation is for medium chain fatty
acids and for oxidizing very long chain fatty acids a
distinctive pathway in peroxisomes exists.

Even chain fatty acids, by far the most abundant fatty
acids in human organism, are -oxidized to acetyl CoA.
Odd chain fatty acids are also B-oxidized normally but
the last step produces a 3-carbon propionyl CoA instead

(2)
 end Carboxyl end
—CH; —(CH3),—CH; —
.
Paso
—CH,; —(CH,),—CH, —
Dicarboxylic
acid
(b)
—CH, —(CH,),—CH, —
—> 4
B-Oxidation B-Oxidation

Fig. 11.5. The w-oxidation of medium chain fatty acid.
(a) The last carbon (w) of a fatty acid is oxidized to a carboxyl
group to produce a dicarboxylic acid. (b) The dicarboxylic acid
is activated at either end, followed by [3-oxidation.
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of acetyl CoA. If C-17 fatty acid, for example, were cata-
bolized, 7 acetyl CoA molecules and one propionyl
CoA molecule would result after seven cycles of the
B-oxidation process (Fig. 11.6).

Propionyl CoA is catabolized to succinyl CoA, a Krebs
cycle intermediate via methylmalonyl-CoA (Fig. 11.7). In
this series of reactions, bicarbonate is incorporated into
propionate by a biotin-dependent enzyme propionyl CoA
carboxylase to yield D-methylmalonyl CoA. The latter
undergoes intramolecular rearrangements in presence of
a racemase to give L-methylmalonyl CoA, which is then
converted to succinyl-CoA in the presence of a vitamin
B, -containing mutase. The last step involves migration of
the bulky COSCoA moiety to the methyl carbon.

Odd chain fatty acids can therefore give net biosynthe-
sis of glucose through propionyl CoA. Thus, three carbon

W3C (Propionyl CoA)

2C 2C2C2C 2C
(2C—Acetyl CoA)

Fig. 11.6. Odd chain fatty acid produces several acetyl CoA
and a single propionyl CoA (3-C) molecule in the final round
of fatty acid degradation.

—CHZ—ﬁ—S—CoA

@) Propoinyl CoA
HCO3
Propionyl CoA
carboxylase
AMP + PP+ H™*
COO~
|
H—C—
|
C—S—CoA
\ D-Methylmalonyl CoA
Methylmalonyl CoA
epimerase
COO~
|
—C—H
|
\— (ﬁ —S—CoA
o) L-Methylmalonyl CoA
Methylmalonyl CoA
mutase
COO~
|
|
CH,
|
C—S—CoA
ICI) Succinyl CoA

Fig. 11.7. Pathway for metabolism of propionyl CoA: converted
to succinyl CoA via methylmalonyl CoA.
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units from odd chain fatty acids (comprising w-1 to -3
carbons) are glucogenic.

It results when propionyl-CoA carboxylase is deficient
because of a genetic lesion. It is characterized by develop-
mental abnormalities and ketoacidosis.

This results when the B, -dependent methylmalonyl CoA
mutase reaction is blocked. Methylmalonic acid accumu-
lates in the blood and is excreted in urine. Methylmalonic
aciduria can be caused by (a) inherited defect in the
mutase enzyme, or (b) inherited defect in cobalamin
(B,,) metabolism. In the latter condition, there is inability
to convert dietary B , to the appropriate coenzyme form,
i.e. adenosylcobalamin. (Lack of vitamin B , from dietary
sources may also lead to this condition.)

The inherited forms of methylmalonic aciduria are
severe maladies (overall frequency 1 in 10,000), with life
threatening acidosis in affected infants and children.
The patients suffering from inherited defect in cobala-
min metabolismrespond toinjected adenosylcobalamin
(Case 13.3), whereas those with inherited defect in the
mutase enzyme do not. In either case accumulation of
methylmalonic acid causes severe metabolic acidosis,
CNS damage and growth retardation. It is desirable to
restrict intake of odd chain fatty acids. Restriction of
dietary valine, isoleucine, threonine and methionine is
also required because propionyl CoA is derived from the
metabolism of these amino acids also (Chapter 13).

The disorders of metabolism of fatty acids, such as
methyl malonic aciduria, propionic acidaemia, medium
chain acyl CoA dehydrogenase deficiency and flavoprotein
oxidase deficiency are collectively referred to as organic
acidurias. The accumulation of organic acids in body tis-
sues and their excretion in urine characterize them all.
Their collective incidence is about one in 3000 live
births.

Oxidation of unsaturated fatty acids initially proceeds by
the B-oxidation process in the same way as described for
saturated fatty acids. It begins at the carboxyl terminal,
and successive removal of two carbon units occurs with
each cycle of B-oxidation. But when a double bond is
reached, the cycle cannot proceed any further because the
intermediate formed at this stage is not a natural sub-
strate for the enzymes of B-oxidation. Participation of

additional enzymes is required at this stage. These
enzymes convert the above mentioned intermediate to a
natural intermediate of B-oxidation.

The monounsaturated fatty acids, for example, oleic acid
(cis-A®-octadecanoic acid), has 18 carbon atoms with a
cis double bond in position 9. After three B-oxidation
cycles, the chain is shortened by six carbons, and now the
oxidative mechanism encounters cis-A3-enoyl CoA.

Oleic \ A AA/ =\ A/ OO
acid %
" COOH

C/S-A3-Enoy| CoA

This compound is not a natural substrate for 3-oxidation
because there is a double bond between C-3 and C-4 in cis
configuration. For B-oxidation to proceed, we need a dou-
ble bond in trans-A%-configuration in enoyl CoA (Fig. 11.3).
This problem is circumvented by the action of an isomer-
ase which converts the cis-A3bond into trans-A?bond. As
a result cis-A3-enoyl CoA is converted to trans-A’-enoyl
CoA (Fig. 11.8). The latter being a normal substrate for
B-oxidation, the reaction cycle can now proceed further.

The enzymatic difficulty in linolenic acid (cis cis 9, 12
octadecanoic acid) arises due to presence of two cis dou-
ble bonds at position 9 and 12. The initial reaction
sequence take place as in case of monosaturated fatty
acid (Reactions I-III; Fig. 11.9). The oxidative process
moves past the cis-A° double bond through action of the
same isomerase, which convert the cis-A* bond into trans-A?
bond, leaving behind A*-cis-enoyl CoA. This compound,
needs additional processing before it can be completely
degraded by B-oxidation, as outlined below:

(a) A*-cis enoyl CoA is acted upon by an acyl CoA
dehydrogenase which introduces a double bond at the C-2

A3-cis ————» A2-trans
—_—

—_—
Three cycles

of B-oxidation | cs

N ftrans
$=c $=o ?=O
SCoA SCoA SCoA

cis-A3-enoyl CoA trasn-Az-enoyI CoA

Fig. 11.8. Conversion of cis-A%-enoyl CoA to trans-A2-enoyl
CoA. The enzyme is A3-cis - A2-trans isomerase.
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@)
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3 4
\/\/\=/\/\ A" cis Enoyl-CoA
5 4 2 SCoA
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31
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2,4-Dienoyl CoA reductase
\/\/\/\/2\/ v
3 A? trans-Enoyl CoA
o
-Oxidation

Fig. 11.9. Oxidation of linolenic acid.

(Reaction 1V). This produces a 2,4-dienoyl intermediate
(A2-trans-A*-cis-dienoyl CoA).

(b) The 2,4-dienoyl intermediate is a poor substrate
for enoyl CoA hydratase, the next enzyme of the standard
B-oxidation process. This difficulty is solved by an NADPH-
dependent enzyme dienoyl CoA reductase (Reaction V),
which reduces the double bond at C-4 to produce
A%-trans-enoyl CoA.

(c) The A%-trans enoyl CoA is a normal substrate for
the enoyl CoA hydratase, and hence for B-oxidation.

Unsaturated fatty acids require additional processing
before they can be degraded by 3-oxidation. Monoun-
saturated fatty acids (e.g. oleic acid) requires an isomer-
ase, and polyunsaturated fatty acids (e.g. linoleic acid)
requires additional actions of an isomerase, a dehydroge-
nase and a reductase.

lll. Ketone Body Production and

Metabolism

Ketone bodies is a term that refers to the three biosyntheti-
cally related compounds acetoacetate, 3-hydroxybutyrate
and acetone. They are produced in the liver from acetyl

O (@)
Il
“O0C—CH,; —C—CHj43 H3C —C—CHj
Acetoacetate Acetone
OH

|
~00C —CH, —C—CHj
I
H
B-Hydroxybutyrate

Fig. 11.10. Structures of ketone bodies. The ketone group
(C=0) is present in acetoacetate and acetone, but not in
B-hydroxybutyrate.

CoA substrate and are carried to extrahepatic tissues where
acetoacetate and B-hydroxybutyrate are metabolized to
produce energy. Being energy rich they serve as concen-
trated packets of metabolic energy. Acetone is however, an
exception, since it cannot be metabolized and is readily
exhaled. As diagrammed Figure 11.10 acetoacetate and
acetone are true ketones, while B-hydroxybutyrate (or
3-hydroxybutyrate) does not posses a keto group.

Because normally ketone bodies are produced in
liver in such amount that can be rapidly extracted from
circulation by various organs, their plasma level remains
relatively low: 0.3 mM (1mg/dl) and only traces are excreted
in urine (daily excretion less than 1mg). However, they
are synthesized in inordinate amounts in some condi-
tions (e.g. starvation and diabetes mellitus), which
exceeds the ability of extrahepatic tissues to utilize them.
Consequently, they get accumulated in blood leading
to ketonaemia and excretion in urine (ketonuria).
Ketonaemia and ketonuria together constitute a condition
called ketosis.

In starvation and diabetes mellitus, the liver converts
excess fatty acids to ketone bodies: acetoacetate, 3-
hydroxybutyrate and acetone, which are released into
the blood and oxidized in extrahepatic tissues.

A. Ketone Body Synthesis

Ketone bodies are synthesized exclusively in liver mito-
chondria from acetyl CoA or acetoacetyl CoA; the process
is called ketogenesis (Fig. 11.11). Acetyl CoA is obtained
by oxidation of pyruvate, fatty acids or the ketogenic
amino acids (lysine, leucine, tyrosine, phenylalanine, etc.).
The following steps are involved in ketogenesis:

1. Acetoacetyl CoA is produced by condensation of two
molecules of acetyl CoA. The condensation of acetyl
CoA molecules is catalyzed by thiolase, the enzyme
involved in final step of B-oxidation (where it cleaves
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Fig. 11.11. Synthesis of ketone bodies in liver mitochondria. Only acetoacetate and B-hydroxybutyrate are present in plasma;

the small amount of acetone normally formed by the non-enzymatic decarboxylation of acetoacetate is exhaled through lungs.

acetoacetyl CoA). When, however, the concentration
of acetyl CoA is high, the reaction occurs in the reverse
direction, producing acetoacetyl CoA (Fig. 11.11).

Acetyl CoA + Acetyl CoA — Acetoacetyl CoA +
CoASH

Acetoacetyl CoA combines with another acetyl CoA
molecule to produce HMG-CoA (3-hydroxy-3-
methylglutaryl CoA). The enzyme catalyzing this
step, HMG CoA synthase, is rate-limiting for the path-
way; it regulates the synthesis of ketone bodies.

H O
Acetoacetyl CoA + Acetyl CoOA = HMG CoA +
CoASH

HMG CoA undergoes an aldose-lyase reaction, cata-
lyzed by HMG CoA lyase. The cleaved products are
acetoacetate and acetyl CoA.

Acetoacetate is reduced by NADH to form pB-
hydroxybutyrate by the enzyme B-hydroxybutyrate
dehydrogenase, and a small fraction undergoes sponta-
neous decarboxylation to form acetone.

Oxidation of some ketogenic amino acids directly

yields acetoacetate, a ketone body (Chapter 13). Acetoacetyl
CoA, an important intermediate in ketogenesis can
be directly formed by B-oxidation of fatty acids.

Ketone bodies, synthesized in liver, are rich in metabolic
energy. Acetoacetate and [3-hydroxybutyrate are used
in preference to glucose as energy source by certain
tissues, as heart, muscle and renal contex. Brain also
switches to using predominatly acetoacetate in starva-
fion and diabetes.

The two main ketone bodies, acetoacetate and J-
hydroxybutyrate, are water soluble. They are readily
transported from the liver to various tissues, which use
them as important sources of energy, e.g. skeletal mus-
cles, cardiac muscle, renal cortex, etc. Within mitochon-
dria of these tissues, the ketone bodies are metabolized
in following steps:

First, oxidation of B-hydroxybutyrate produces aceto-
acetate, catalyzed by B-hydroxybutyrate dehydrogenase
by reversal of the synthetic reaction (Fig. 11.12).
Acetoacetate is activated to acetoacetyl CoA via the
mitochondrial thiophorase. Donor of the coenzyme
group in this reaction is succinyl CoA.



Lipid Metabolism |: Metabolism of Fatty Acids and Compound Lipids

B-Hydroxybutyrate

PB-Hydroxybutyrate
dehydrogenase
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Acetyl CoA

Acetoacetate Thiophorase
+ >—¢> Acetoacetyl CoA 7—><
Succinyl CoA Acetyl CoA

CoA

CoA

TCA

Fig 11.12. Oxidation of ketone bodies: acetoacetate and [3-hydroxybutyrate. Acetone cannot be thus oxidized and most is

exhaled through lungs.

Acetoacetyl CoA is cleaved by thiolase to yield two
acetyl CoA molecules, which are oxidized in TCA

cycle.

Acetone, however cannot be metabolized and most is
exhaled through lungs.

Erythrocytes and liver cannot oxidize ketone bodies.
Because oxidation of ketone bodies occurs in mitochondria,
tissues that lack mitochondria (e.g. erythrocytes) cannot
metabolize ketone bodies. Liver also cannot utilize ketone
bodies for it lacks an important enzyme (thiophorase).

Normally, rates of ketone body synthesis and oxidation
are balanced so that their serum concentration is main-
tained around 1 mg/dl and urinary excretion is negligible
(1mg/24 hours). When, however, rate of ketogenesis
exceeds their utilization, their concentration in blood
rises, and the condition is known as ketonaemia. Excess
ketone bodies are eliminated in urine, this is known as
ketonuria. Ketonaemia and ketonuria, as mentioned ear-
lier, present an overall picture of ketosis, a risky and
potentially lethal condition.

Any substrate, including glucose, that is degraded to
acetyl CoA in the liver can be converted to ketone bodies,
But ketogenesis is usually associated with excessive fatty acid
oxidation, which occurs most notably in starvation and
diabetes mellitus: 3-day-fast produces ketone bodies
amounting to plasma level of 2-3mM and in uncon-
trolled diabetes this may rise to 25 mM.

It is a low insulin : high glucagon state, which causes flow of
fatty acids from the adipose tissue and to the liver, where
they become a major energy source (Chapter 12).

/ TCA cycle

Q‘ Fatty acid synthesis

Fig. 11.13. Excessive amounts of acetyl CoA generated in

Acetyl CoA

Ketogenesis

starvation and diabetes mellitus are channeled into ketone
body production; TCA cycle and fatty acid synthesis being
retarded in these conditions.

Excessive generation of acetyl CoA results, which
cannot be fully handled by TCA cycle because of the fol-
lowing reasons:

In the liver, an enhanced B-
oxidation results in depletion of oxaloacetate because
the excess of NADH produced converts it to malate. This
causes dearth of oxaloacetate, thereby limiting activity of
the TCA cycle.

Oxaloacetate is directed
towards glucose synthesis for meeting the essential
requirements for tissues like brain, and this further
exacerbates the dearth of oxaloacetate and retards TCA
cycle.

TCA being virtually blocked, the acetyl CoA must find
another outlet. One of the possible outlets, the fatty acid
biosynthesis, is largely shut down under such circum-
stances (reasons given later), and acetyl CoA is instead
channeled into ketone body production. Consequently,
large amounts of acetyl CoA (produced by B-oxidation
in liver) are diverted towards overproduction of ketone
bodies (Fig. 11.13).

Production of acetyl CoA increases in starvation and
TCA is hampered. The acetyl CoA molecules in excess of
that required for entry into TCA is diverted for ketone-
body production.
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Diabetes Mellitus

Severe and uncontrolled diabetes mellitus is the most
common cause of ketosis. Persons with type 1 diabetes
have little or no plasma insulin and the insulin : glucagon
ratio falls very low in decompensated patients, resulting in
overproduction of ketone bodies by the aforementioned
series of events.

Acetoacetate and B-hydroxybutyrate decrease the pH
of blood and cause metabolic acidosis; the condition called
diabetic ketoacidosis is life threatening. In type 1 diabe-
tes it develops very quickly, even after missing a single
insulin dose, whereas in type 2 diabetes, ketoacidosis is
relatively rare but may be precipitated by a major stress,
such as myocardial infarction. Production of acetone
being significantly enhanced, its smell in the patient’s
breath is a valuable aid to diagnosis of diabetic ketoaci-
dosis. The breathing is characteristically deep and fast
(i.e. Kaussamal's breathing).

Other Causes of Ketosis
In addition to starvation and severe diabetes, excessive
quantities of ketone bodies are present in the circulation
of patient with alcoholism, carbohydrate deficiency, tox-
aemia of pregnancy, prolonged labour and overdose of
salicylates and methanol.

Dangers of Ketosis
Ketosis causes metabolic acidosis and loss of sodium and
potassium ions from the body, which are potentially lethal
conditions. Large amounts of ketone bodies are excreted in
urine, and because of their anionic character they also carry
away Na*. The problem is aggravated because uncon-
trolled diabetes is accompanied by an osmotic diuresis.
Moreover, insulin increases potassium uptake by cells,
therefore lack of insulin in diabetes leads to release of
potassium, which is then uncontrollably lost in urine.
Loss of circulating Na* may aggravate acidosis, because
the Na* depletion often results in decrease in circulatory
bicarbonate ion concentration. One may view this problem
in terms of ketone bodies displacing bicarbonate ions
even if Na* concentration remains constant (Case 15.3).

D. Regulation of Ketogenesis

Synthesis of ketone bodies is regulated at the following
levels:

1. Availability of fatty acids: Fatty acids are precursors of
ketone bodies, and the source of free fatty acids is
depot fat adipose tissue. Therefore, factors influencing
mobilization of fatty acids from adipose tissue also
influence the rate of ketogenesis. These are described
later in this chapter.

2. Entry of fatty acid into mitochondrial matrix: Carnitine
acyl CoA transferase-I regulates entry of fatty acids into
mitochondrial matrix for oxidation, so its activity reg-
ulates ketogenesis as well. Regulation of the enzyme
activity by malonyl CoA has been discussed earlier.

3. Channelization of acetyl CoA into ketogenesis: Liver has
a very high capacity for fatty acid oxidation, and the
acetyl CoA formed by B-oxidation has a choice
between progressing into TCA cycle, fatty acid biosyn-
thesis, or ketogenesis or even cholesterol synthesis.
However, TCA cycle is impeded and acetyl CoA is not
used for biosynthetic activity during fasting. This results
in channelization of acetyl CoA into ketogenesis.

TAG @
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4. Effect of hormones: Insulin inhibits and glucagons
stimulate ketogenesis, as discussed earlier.

IV. De Novo Synthesis of Fatty Acids

Fatty acids are obtained from both diet and de novo (new)
synthesis. Because most fatty acids have multiples of two
carbon atoms, they are synthesized from successive addi-
tion of two carbon units, the donor of which is acetyl CoA.
NADPH is required for the reductive reactions of the path-
way which occurs in the cytosol of the cell. The elonga-
tion of the fatty acid chain stops upon formation of
palmitate (16-C). Further elongation (and desaturation)
are carried out by other enzyme systems.

In humans, liver and lactating mammary glands are the
main organs for the endogenous synthesis of fatty acids,
although adipose tissue, brain and kidneys are involved
to a lesser extent. Liver convert excess dietary carbohy-
drates into fatty acids and triacylglycerols.

Inner
mitochondrial
membrane

The pathway of synthesis of fatty acids involves conden-
sation of two carbon units, in the form of acetyl CoA, to
form long hydrocarbon chain a series of reaction. The
reactions are carried out on fatty acid synthase complex
using NADPH as reductant.

The biosynthetic pathway occurs in 3 stages:

(a) Transport of 2-carbon units (acetyl CoA) to cytosol.
(b) Conversion of acetyl CoA to malonyl CoA.
(c) Reactions of fatty acid synthase complex.
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Fatty acid synthesis occurs in the cytosolic compartment of
the cell. However, acetyl CoA, the precursor, is generated
in the mitochondrial matrix as end product of various
catabolic processes. It must reach cytosol by crossing the
mitochondrial membranes. But the inner mitochondrial
membrane (IMM) is impermeable to most molecules
and ions, including acetyl CoA. Transport of acetyl CoA
across the inner mitochondrial membrane requires that
it is first converted to citrate which is capable of moving
across the IMM.

In the cytosol the citrate is cleaved to regenerate acetyl
CoA (Fig. 11.14).

Citrate + CoASH -+ ATP ATP-Citrate lyase

» Oxaloacetate +
Acetyl CoA + ADP + Pi

Thus, by the coordinated action of two enzymes-
citrate-synthase and -lyase, the acetyl CoA is effectively
transported from mitochondrial matrix to the cytosol.
While it is used for fatty acid synthesis, oxaloacetate is
shuttled back into the mitochondrion either as malate or as
pyruvate. It is converted to malate via malate dehydrogenase
that uses NADH as the proton donor. Malate is then con-
verted to pyruvate by the NADP*-dependent malic enzyme.
The reduced NADPH so formed becomes available for
lipogenesis. Pyruvate is then translocated across the
mitochondrial membrane to be cycled again.
Citrate synthase

Oxaloacetate + Acetyl CoA Citrate
Mitochondrial ma.trix|
» Citrate
<4+——F—Malate
Citrate Citrate
synthase lyase
ok 4 Acetyl
Acetyl CoA
CoA
Oxaloacetate
+
NADH, H Malate
P.+ ADP dehydrogenase
' NAD™* e
Pyruvate
HCO3 carboxylase Malate
+ NADP*
NADPH + CO
< n Pyruvate

4+—H

Fig. 11.14. Transport of acetyl CoA across inner mitochon-
drial membrane (IMM). It combines with oxaloacetate to form
citrate, which readily crosses the membrane. In the cytosol
citrate is cleaved to regenerate oxaloacetate.
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The malic enzyme reaction can theoretically supply half of
the NADPH required for fatty acid synthesis. The remaining
NADPH has to be obtained from the pentose phosphate
pathway.

The key reactions of fatty acid synthesis are the carbon-
to-carbon condensations. They require input of consid-
erable energy and are, therefore, thermodynamically
unfavourable. To overcome this energy barrier, acetyl
CoA needs to be converted to activated form, which will
serve as the donor of carbon units to the growing fatty
acid chain. Malonyl CoA, a 3-carbon compound, is one
such activated form. It is produced by carboxylation of
acetyl CoA. The reaction is catalyzed by the enzyme acety!
CoA carboxylase, and requires free energy which is pro-
vided by ATP hydrolysis.

ATP  ADP+P,

Acetyl CoA+HCO3 ;A» Malonyl CoA

This is a typical ATP-dependent carboxylation reaction,
with enzyme-bound biotin serving as a carrier of the car-
boxyl group (Chapter 18). Since the malonyl CoA is not
used in other metabolic pathways, this reaction is the
committed step of fatty acid synthesis. It also serves as a
control point, since activity of acetyl CoA carboxylase is
allosterically modulated by citrate (positive modulator)
and palmitoyl CoA (negative modulator).

The first committed step in fatty acid synthesis is the car-
boxylation of acetyl CoA to form malonyl CoA which is
catalyzed by the biotin containing enzyme, acetyl CoA
carboxylase.

Synthesis of fatty acid from acetyl CoA precursor occurs
on a cytoplasmic polyprotein called fatty acid synthase
(MW 400,000). A poly-protein is a single protein with more
than one enzymatic activities. Fatty acid synthase is a dimer
formed from two identical chains of such polyprotein
(Fig. 11.15). Each one of these polyproteins exhibits
multifunctionality, possessing seven enzyme activities
(designated E, to E.). Electron microscopic studies with
this enzyme complex have shown that contiguous stretches
of the polypeptide chain are folded to form seven auto-
nomous domains, each with a different enzyme activity.
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(For additional information on fatty acyl synthase, refer to
Box. 11.1). These domains are arranged in such a way
that they catalyze the successive steps in the fatty acid
synthesis cycle. The biosynthetic intermediates do not
diffuse away from the polyprotein but remain attached
to terminal sulphydryl (SH) group of an acyl carrier pro-
tein (ACP), which passes them from one enzyme active
site to the next.

The growing fatty acid chain is bound covalently to
two types of sulphydryl groups (SH) during its synthe-
sis. These groups, two in each polyprotein chain, serve as
carriers of acyl groups:

() One of these, called the central thiol, is contributed by
ACP. The reactive unit of ACP is 4-phosphopantetheine
(Pan) (Fig. 11.16) that is covalently bound to a swinging

arm, 2.0nm long, carrying the acyl intermediates from
one enzyme active site to another. In other words, it acts
as mobile carrier for shuttling the growing chain to suc-
cessive catalytic domains.

(b) The second important thiol group, called the
peripheral thiol, is contributed by a cysteine residue (Cys)
of the enzyme 3-ketoacy! synthase (E,).

The two types of thiol groups lie in close proximity in
the dimer, suggesting that they are present on separate
(subunits) that interact in a head-to-tail manner.

Each subunit (or monomer) contains all the seven
enzyme activities, but the actual functional unit consists
of one-half of a monomer interacting with the comple-
mentary half of the other monomer. Thus, two fatty acid
chains can be synthesized simultaneously.

Structural
division

Fig. 11.15. The enzyme activities of fatty acid synthesis in higher organisms are present in a single, multifunctional polypeptide
chain (as a diamer) called fatty acid synthase. The two subunits of this dirner interact in head-to-tail manner. Each subunit contains
seven distinct enzyme activities (E, to E ) and an acyl carrier protein (ACP). Cys = cysteine.

BOX 11.1

Evolutionary Origin of Fatty Acyl CoA as a Multifunctional Protein

No other enzyme in eukaryotes exhibits so remarkable multifunctionality as fatty acid synthase. Such an aggregation of

different enzyme activities into a single multienzyme functional unit is, however, not seen in prokaryotes. Studies with cell-

free extracts of E. coli, have shown that the reactions of the biosynthetic pathway are catalyzed by independent enzymes.

Individual enzymes with these activities occur in chloroplasts also (in plants, fatty acid synthesis does not occur in the cytosol).

Such independent enzymes are not found in yeast, where the fatty acid synthase is a cytosolic, 2500 kD multifunctional

enzyme. lts subunit composition is (xéBb. In eukaryotes it is much smaller (534 kD), consisting of only two polypeptide chains,

though it contains all the enzyme activities needed for synthesizing fatty acids. A comparative analysis in different organisms
suggests that evolution of fatty acid synthase as a multifunctional protein probably occurred by the joining of previously

independent enzymes.
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Fig. 11.16. The 4-phosphopantetheine group of the acyl carrier protein (ACP). It contains pantothenic acid and cystamine (shown in

colour) with a terminal SH group, and thus resembles coenzyme A.

Fatty acid synthesis occurs in cytosol through involve-
ment of a polyprotein (fatty acid synthase) that has
seven enzymatic sites (in which successive reactions
take place). The intermediates are linked to the terminal
sulphydryl group of the phosphopantetheine reactive
unit in ACP.

The reactions catalyzed by the seven domains of fatty
acid synthase are described below. The first two reactions
(called priming reactions) ensure that both the sulphy-
dryl groups are ‘loaded’ with correct acyl groups, and the
remaining reactions called elongation steps are involved
in actual building of the fatty acid chain. The sequence of
reactions is shown in Figure 11.17.

The two priming reactions are catalyzed by enzymes acetyl
transferase and malonyl transferase.

Acetyl transferase: This enzyme catalyzes transfer
of an acetyl group from acetyl CoA to the cysteine -
SH group, i.e. the peripheral thiol group furnished
by E..

Malonyl transferase: This enzyme catalyzes transfer of
a malonyl group from malonyl CoA to the central
thiol group furnished by ACP.

At this state, both central and peripheral-thiol groups
are charged by malonyl and an acetyl group respectively
(Fig. 11.16). Since the two acyl groups are close to each
other on the enzyme complex, the stage is now set for
their condensation and further elongation steps.

Condensation, reduction, dehydration and reduction are
the four elongation steps.

Condensation by 3-Ketoacyl ACP synthase: The conden-
sation reaction between the previously attached acetyl
group and the malonyl group forms 3-ketoacyl ACP.
This frees the peripheral thiol group of E, that had been
occupied by acetyl CoA. A CO, molecule is liberated
from the malonyl group during condensation, and this
(decarboxylation) provides the “pull” for the reaction.
Reduction by 3-Ketoacyl ACP reductase: The keto group
is reduced by this enzyme to form D-3-OH-acyl ACP.

—
Central
thiol Ng
acp’ acp
E +CHy —C—SCoA— +CoASH
E3 E3
AN o ~S—C—CH,4 "
PAL ] g
ipheral © 3
Periphera 9
thiol 1
o0
=
E
— &
CoASH =
° . Malonyl CoA
ACP X
E
E3 -
NS —C—CH;
=
4/ Condensation
co,
v
—C—CH,
acps g
E 3-Ketoacyl ACP
Es
~N
SH NADPH
+ H:) Reduction
NADP*
v
—CH—CH
> | ’ 2
OH oy
E D-3-OH acyl ACP ®
Es 8
N SH Dehydralation §Q
N &
H,0 w
v
=CH—CHj
ACP X
E Trans-A2-enoyl ACP
Es
~ SH
NADPH Eg Reduction
. HD E|
NADP*
v
—CH,—CHj
ACP X
E Butyryl ACP
Es
s ~

Fig. 11.17. Reactions in a single cycle of fatty acid synthesis
(E, = acetyl transferase, E,= malonyl fransferase, E,= 3-ketoacyl
ACP synthase, E,= ketoacyl ACP reductase, E = D-3-OH-acyl
ACP dehydratase, E, = trans-A2-eonyl-ACP reductase).
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The reducing power for this reaction is provided
by NADPH.

Dehydration by D-3-OH-acyl ACP dehydratase: A
water molecule is removed from the D-3-OH acyl
ACP to form trans-A-enoyl ACP.

Reduction by Trans-A*-enoyl-ACP reductase: The trans-
AZ-enoly-ACP, formed in the previous reaction, is
reduced by this enzyme to form butyryl ACP. NADPH
serves as a coenzyme in this reaction also.

This final reaction of elongation produces the four
carbon butyryl-ACP; thus the acyl group has grown lon-
ger by two carbon atoms.

All the above enzymatic steps are carried out in different
enzyme domains of fatty acid synthase with the flexible arm of
the phosphopantetheine group moving the acyl group from one
active site to the next. When it gets to the last part of the
sequence, the new acyl group (here butyrate) is passed to
the peripheral thiol-SH group of cysteine residue (that
was previously occupied by acetyl CoA) on the other
monomer. The central thiol group of ACP is now reloaded
with malonyl group and the elongation cycle is repeated
in the same way, but the acyl group is now longer by two
carbon atoms.

The elongation steps described above,
are repeated with malonyl ACP adding 2-carbon units
in each cycle. It is noteworthy that pairs of carbons from
the malonyl group are added at the carboxyl (C-1) end
and not the methyl (») end of the growing chain. This
continues until the acyl group is 16-carbon long (palmi-
toyl-ACP). This is not a substrate for the condensing
enzyme (E,), but for thiolase (deacylase; E.), which cata-
lyzes the hydrolysis of palmitoyl-ACP. As a result, release
of palmitic acid from the fatty acid synthase occurs
and HS-ACP is regenerated. This completes synthesis of
palmitic acid.

Only two carbons in palmitic acid come
directly from acetyl CoA. The remaining 14 are obtained
from malonyl CoA, which in turn is produced from
acetyl CoA. The overall stochiometry for the synthesis of
palmitate therefore is

8Acetyl CoA + 14NADPH + 7ATP + 6H" ———>
Palmitic acid + 14NADP* + 7ADP + 7P, + 7H" +
8CoASH + 6H20

The coenzyme in lipogenesis is NADPH (not NAD),
which differs from NAD* in being phosphorylated at
C-2 of ribose. In general, NADP* is associated with syn-
thetic pathways and NAD™ is associated with degradative
pathways.

Palmitic acid is produced in liver and adipose tissue; but
in lactating mammary gland, medium chain fatty acids,

Comparative features of (-oxidation and
fatty acid synthesis

Carbon units Acetyl CoA Malonyl CoA
Polyprotein participation No Yes
Coenzyme(s) NAD*, FAD NADPH
Acyl group carrier CoA ACP
CO, participation No Yes
Stereoisomeric form of L D

3-OH-acyl group

10-carbon capric acid, and 12-carbon lauric acid, are pro-
duced. Human milk contains both; cow’s milk by con-
trast contains odd numbered fatty acids.

Fatty acid synthesis and B-oxidation are distinct path-
ways, and not asimple reversal of each other. Comparative
features of the two are outlined in Table 11.2.

NADPH, which plays a key role in fatty acid synthesis, is
generated from various sources.

Reactions of HMP shunt: Two of the reactions of this
pathway yield an NADPH each. These reactions are
catalyzed by the enzymes glucose 6-phosphate dehydro-
genase (G,PD) and 6-phosphogluconate dehydrogenase,

respectively.
GgPD
Glucose-6-P » 6-Phospho-
\ gluconolactone
NADP* NADP*+H*
6-Phospho- / » Ribulose 5-P
gluconate 6-Phosphogluconate +CO,

dehydrogenase

Malate to pyruvate conversion also yields a NADPH mol-
ecule. The reaction is catalyzed by the malic enzyme.

NADPH +H*

S

Isocitrate to a-ketoglutarate conversion by the cytosolic
isocitrate dehydrogenase (IDH) is a minor source of
NADPH. In fact, this enzyme can use both NAD* and
NADP* as coenzymes.

NADP*

Malate » Pyruvate

NADP*+H*

N

NADP*

Isocitrate » o-Ketoglutarate
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The citrate formed in mitochondria has a choice between
progressing further in the TCA cycle or diffusing into
cytoplasm, where it can supply the acetyl CoA precursor
for synthesis of fatty acids. As discussed in Chapter 9, in
high-energy states, when NADH:NAD" ratio is high and
ADP low, the pathway for progression of citrate into the
TCA cycle is blocked and hence its concentration builds
up in the mitochondrial matrix. This excess citrate is then
passed into the cytoplasm, where it supplies the acetyl
CoA precursor. Citrate also allosterically stimulates the
key enzyme of lipogenesis, acetyl CoA carboxylase.

The key control point of fatty acid synthesis is acetyl
CoA carboxylase, which is regulated by citrate—a posi-
tive allosteric modulator.

Fatty acid synthesis is regulated
at the acetyl CoA carboxylase step by allosteric mechanism,
covalent modulation and induction-repression mecha-
nism of enzyme synthesis. This provides a good example
of control at committed step of a pathway.

(a) Allosteric modulation: Acetyl CoA carboxylase can
exist in an inactive monomeric form (MW 400kDa)
and an active polymeric form (MW 6000-8000 kDa).
The most important allosteric regulators are citrate,
which stabilizes the active polymeric form, and
palmitoyl-CoA, which dissociates the complex into
inactive monomers. Thus, citrate has stimulatory effect
and palmitoyl CoA has inhibitory effect. This is entirely
logical: under conditions of high citrate concentra-
tion, energy storage is desirable, but decreased syn-
thesis of fatty acids is appropriate when the product
(palmitoyl CoA) accumulates.

(b) The covalent mechanism
dependent protein kinase A/phosphatase: phos-
phorylation inhibits the enzyme activity and
dephosphorylation activates the enzyme activity.
These effects are under influence of hormones—
insulin promotes dephosphorylation and thereby stim-
ulates the acetyl CoA carboxylase activity. Glucagon
or epinephrine, on the other hand, inactivates the
enzyme by cAMP-dependent phosphorylation. Thus,
insulin promotes fatty acid synthesis, while epineph-
rine and glucagons inhibit it (Fig. 11.18).

involves hormone-

Protein
phosphatase 2A

Acetyl CoA Acetyl CoA
carboxylase _® carboxylase
Inactive

Active
cAMP-dependent

protein kinase

ADP ATP
®

Fig. 11.18. Hormonal regulation of acetyl CoA carboxylase,
the key lipogenic enzyme, by covalent mechanism.

(c) Induction-repression enzyme synthesis effected
by diet: synthesis of acetyl CoA carboxylase is up
regulated with high carbohydrate/low fat intake
(insulin:glucagon ratio is high) and down regulated
by high-fat low-carbohydrate diet and starvation
(low insulin : glucagon ratio).

Finally, activity of acetyl CoA carboxylase is subject to
control by energy charge of cell. Short-term regulation is
effected by allosteric and covalent modulation, and a
long term mechanism relates to induction or repression
of enzyme activity.

The key control point of fatty acid synthesis is acetyl
CoA carboxylase, which is inactivated by phosphoryla-
tion (by a cAMP dependent protein kinase), and reacti-
vated by dephosphorylation (by a protein phosphatase
2A). It is allosterically stimulated by citrate and inhib-
ited by palmitoyl CoA.

In common with acetyl CoA carboxyl-
ase system, fatty acid synthase activity also is similarly
affected by regulatory mechanisms, such as, allosteric
effect, and induction-repression of the enzyme. For
instance, high carbohydrate low fat diet increases synthe-
sis of fatty acid synthase and conversely low carbohydrate/
high fat diet or fasting decreases the synthesis.

These regulatory mechanisms ensure that the excess
dietary carbohydrates are converted to fatty acids in liver. The
latter are esterified to triacylglycerols, which are released
as constituents of very low density lipoprotein. This
carbohydrate-to-fat pathway is important only on a high
carbohydrate diet, as the regulated enzymes are stimu-
lated by insulin. This explains why people with carbohy-
drate-based diets are prone to develop obesity, even when they
restrict fat intake.

ol
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The syntheses of fatty acids takes place when carbohy-
drates and energy are plentiful and when fatty acids

dare scarce.

V. Chain Elongation and Desaturase

Systems

Fatty acids of longer chain (above 16-carbon) length can-
not be synthesized by fatty acid synthase system. But these
fatty acids are important for the body: they are required
in triacylglycerols and membrane lipids, which have fatty
acids of chain lengths of up to 24 or 26 carbons,
(Carbon-18 fatty acids being the commonest). Also only
approximately 50% of the fatty acids of our body are
saturated; another 40% are monounsaturated and approx-
imately 10% are polyunsaturated. These long chain and
unsaturated fatty acids are synthesized respectively by
chain elongation system and desaturase systems.

A. The Chain Elongation System

Chain elongation beyond C-16 palmitate is possible in
endoplasmic reticulum (the microsomes) and in the
mitochondrion.

The microsomal system elongates palmitate by the
addition of 2-carbon fragments derived from malonyl CoA.
The system of reactions during the chain elongation is
similar to that involved in fatty acid synthesis, except that
here the fatty acid is attached to CoA, instead of the pante-
theine residue of acyl-carrier protein. Mitochondrial elon-
gation system is less active and uses acetyl CoA as a donor
of carbons. It is NADH-dependent and the substrates for
chain elongation are short- and medium-chain fatty acids
containing fewer than 16 carbon atoms. Elongation of
fatty acids is greatly reduced during fasting and starvation.

B. The Desaturase System

Monosaturated fatty acids can be obtained by introduc-
tion of double bond in the corresponding saturated fatty
acids by a membrane bound desaturase system in the ER
of the liver and other organs. The bond is most com-
monly introduced at position A’ (between C-9 and C-10)
of palmitic or stearic acid, producing palmitoleic acid or
oleic acid, respectively. The system for desaturation
requires molecular oxygen, NADH, and cytochrome B..
The desaturases are monooxygenases: molecular oxygen is
the oxidant and the process of desaturation results in the
oxidation of both the fatty acid and the NADH.

Saturated fatty acyl CoA+NADH + H* + O, ——>
Monounsaturated fatty acyl CoA + NAD* +2H,0

Polyunsaturated fatty acids may be formed by introduc-
tion of additional double bonds between the first double
bond and the carboxyl end of the fatty acid, but not
beyond A°. Hence, linoleic acid (having two double
bonds at the positions A°and A'?) cannot be synthesized
from the monounsaturated oleic acid, but the fatty acid
having two double bonds at A®and A’ (called vy-linoleic
acid) can be synthesized.

Most fatty acids can be synthesized from palmitate by
desaturase and elongase enzymes, which introduce dou-
ble bonds and lengthen the existing acyl chains, respec-
tively.

Some polyunsaturated fatty acids are nutritionally essen-
tial. Because of the inability of the human desaturase sys-
tem to introduce double bonds beyond A, linoleic acid
(C-18, A*'?) and a-linolenic acid (C-18, A% '>!%)—the
parent compounds of the w® and the w? classes of poly-
unsaturated fatty acids—cannot be synthesized in the
human body. They must be present in the diet or synthe-
sized from other fatty acids in the diet, hence called
essential fatty acids. Arachidonic acid (w® 20-C, A>%1114)
can be formed if the dietary supply of linoleic acid is ade-
quate. The reaction sequence requires a combined action of
the desaturase and chain elongation systems (Fig. 11.19).

1. Firstlinoleic acid is converted to y-linolenic acid (C-18;
A%212) by introduction of a double bond at C-6.

H3C \/\/\z/\z/\/\/\/\
. L COOH
Linoleic acid l

Desaturase
system

C-18: A%12

hyc /NVNVVV oo

Y-Linolenic acid
C-18: A5912
Elongation
system
+2C

H3C COOH
C-20: ABTT14

Desaturase
system

H;C
W\:/\:/\:/\:/\/\ COOH

Arachidonic acid
C-20: AS811,14

Fig. 11.19. Arachidonic acid can be synthesized from linoleic
acid in the human body by the elongation and the desaturase
systems.
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2. Conversion of the +y-linolenic acid to arachidonic
acid (C-20; A>81114) occurs by combined action of the
elongation and desaturase systems, as shown here.

Thus, arachidonic acid, generally regarded as an essential
fatty acid, can be synthesized provided linoleic acid is
available. Therefore, strictly speaking arachidonic acid is
not an essential fatty acid.

VI. Metabolism of Triacylglycerol

A. Synthesis of Triacylglycerols

Triacylglycerols are synthesized mainly in liver, adipose
tissue and intestinal cells. There are two pathways: the
general pathway, which is operational in liver, adipose
and other organs where fatty acid biosynthesis occurs;
and the intestinal pathway, which is responsible for resyn-
thesis of triacylglycerols following digestion and absorp-
tion of dietary fats.

General Pathway

Glycerol-3-phosphate serves as the primary starting
material and phosphatidic acid is the key intermediate of
the pathway which proceeds in the following steps:

e Synthesis of phosphatidic acid from glycerol-3-
phosphate and fatty acyl CoA.
o Synthesis of triacylglycerol from phosphaitidic acid.

1. Synthesis of phosphatidic acid: Glycerol-3-phosphate
(glycerol-3-P) is produced in most tissues, including adi-
pose, by reduction of the glycolytic intermediate, dihy-
droxyacetone phosphate (DHAP). In liver and kidneys,
glycerol-3-P can also be formed directly via phosphor-
ylation of glycerol by a specific kinase (glycerol kinase).

It is then acylated by transfer of two long chain fatty
acids from fatty acyl CoA to the hydroxyl groups at C-1
and C-2 producing phosphatidic acid (Fig. 11.20). The
first fatty acid, usually a saturated fatty acid, is linked
to C-1 forming monoacyl-glycerol-P, also called lyso-
phosphatidic acid; the prefix lyso indicates that one of
the hydroxyl groups is not acylated. Then a second
fatty acid, usually an unsaturated fatty acid, establishes
an ester bond to C-2 to form phosphatidic acid. Two
different enzymes catalyze these two acylation steps—
glycerol phosphate acyltransferase (E) and monoacyl gly-
cerol acyltransferase (E'):

E
Fatty acyl CoA + Glycerol-3-P — Monoacylglycerol-P +
CoASH

Fatty acyl CoA +Monoacylglycerol-P —E>
Diacylglycerol-P + CoASH

(Phosphatidic acid)

Glucose
l Glycolysis
Glyce rol Dihydroxyacetone-P
NADH, H*

GI [ kil

Glycerol-3-P

2 Acyl CoA
Aqyl transferases

Phosphatidic acid

‘4'
Pi

Diacylglycerol

Glycerol phosphate
dehydrogenase

2 CoA

Acyl CoA
vi=e Diacylglycerol
acyl transferase
CoA 2 f
Triacylglycerol

Fig. 11.20. Synthesis of TAG in liver and adipose tissue. The
source of glycerol-3-P is different in the two tissues because
there is no glycerol kinase in adipose tissue.

2. Synthesis of triacylglycerol from phosphatidic acid:
Phosphatidic acid is first converted to diacyglycerol
(DAG) by a specific cytosolic phosphatase, which
remove a phosphate group. Transfer of an acyl
group from fatty acyl CoA to DAG by the enzyme
1,2-diacylglycerol acyl transferase (E”) finally generates
triacylglycerol.

Fatty acyl CoA + DAG £y Triacylglycerol + CoASH

Note that the ester bonds of triacylglycerol are low
energy in nature. Fatty acyl CoA, the acyl group donor, on the
other hand, has a high energy thioester. Therefore, the acyl
transfer reactions proceed with a decrease in the number
of high energy bonds, and are therefore exergonic. This
general principle provides rationale for understanding
nearly all acyl transfer reactions in lipid metabolism.

[ £l
g
Phosphatidic acid is synthesized from glycerol phosphate
(which is mostly derived from glycolytic intermediate,
dihydroxy-acetone phosphate) and fatty acyl CoAs. Acyl
CoA molecules are added to glycerol phosphate to form
first lysophosphatidic acid and then phosphatidic acid.

Intestinal Pathway
2-Monoacylglycerol, rather than glycerol-3-P is a precursor
in intestinal epithelium. The pathway is simpler and
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more straightforward. An intestinal monoacylglycerol acyl
transferase (E,) catalyzes the formation of DAG and
1,2-diacylglycerol acyl transferase (E,) catalyzes acylation
of the remaining free carbon of DAG to yield a
triacylglycerol.

Acyl CoA
Eq

CoA  Acyl CoA  CoA

Monoacylglycerol DAG ;Zbﬁiacylglycerol

B. Hydrolysis of Triacylglycerols
(Lipolysis)

Lipases are the enzymes involved in degradation of triac-
ylglycerols, catalyzing sequential removal of the fatty acids
from glycerol backbone. Fatty acids are beta-oxidized to
produce energy. The glycerol is converted to dihydroxy-
acetone phosphate which enters glycolysis.

Various types of lipases are known, most important of
which are hormone-sensitive lipase, lipoprotein lipase and
hepatic lipase. Their actions are described below:

1. Hormone sensitive lipase (HSL) acts on triacylglycerol
stores in adipose tissue, catalyzing the first cleavage
to remove the fatty acid esterified to C-1 of glycerol.
Lipases specific for monoacylglycerol and diacylglyc-
erol then cleave the fatty acids linked to C-2 and C-3.

Triacylglycerol H—SL> DAG

2. Lipoprotein lipase (LPL) causes hydrolysis of triacylg-
lycerols present in some lipoproteins (very low den-
sity lipoproteins and chylomicrons) and is thus
required for utilization of circulating triacylglycerols.
This enzyme is synthesized in adipose tissue, skeletal
muscle, the myocardium, the lactating mammary
gland, spleen, lung, kidney and aorta (bound non-
covalently to heparan-sulphate proteoglycans of the
endothelial plasma membrane). As the chylomicrons
or very low density lipoproteins (very low density
lipoproteins and chylomiarons) pass through the
capillaries of these organs, they bind to LPL, and their
triacylglycerol is hydrolyzed to free fatty acids and
2-monoacylglycerol. Most of these breakdown prod-
ucts diffuse directly into the tissue cells.

3. Hepatic lipase hydrolyzes triacylglycerols present
in other lipoprotein fractions, e.g. intermediate- and
high-density lipoproteins (described in Chapter 12).

Lipases release fatty acids from glycerol backbone.
Hormone sensitive lipase degrades TAG stores in adipose
tissue, whereas circulating TAGs are mostly degraded
by lipoprotein lipose.

VIIl. Adipose Tissue Metabolism

Metabolic processes in the adipose tissue have conse-
quences that extend beyond the tissue itself. For instance,
the plasma level of free fatty acids is determined by these
processes. The circulating free fatty acids in turn have
profound effect upon the metabolism of other tissues,
particularly of liver and muscles.

Source and determinant of the circulating free fatty acids are
the triacylglycerol (TAG) molecules that are stored in the adi-
pose tissue. TAGs account for approximately 90% weight
of the adipose tissue. Also termed depot fats, the stored
triacylglycerols form major fuel reserve of the body.
These stores exist in a dynamic steady state, being con-
tinually degraded and resynthesized (Fig. 11.21); life
span of a stored triacylglycerol molecule is only 2-3
days. The degradation of TAG, known as lipolysis, is cata-
lyzed by enzymes called lipases. Lipolysis results in pro-
duction of a glycerol and three fatty acid molecules from
each triacylglycerol molecule. The fatty acid molecules
thus produced are re-used for synthesis of triacylglycerol.

A. TAG Synthesis

Synthesis of TAG requires glycerol phosphate and three
fatty acid molecules, activated to their CoA-thioesters.

o The fatty acids are mostly derived by the action of lipo-
protein lipase on chylomicron TAGs, after a mixed meal.
o The glycerol phosphate is derived from adipose tissue
by the glycerol phosphate dehydrogenase reaction. In this
reaction, dihydroxyacetone phosphate, a glycolytic
intermediate, is reduced in an NADH-dependent step
(Fig. 11.22). The alternative reaction for the genera-
tion of glycerol phosphate (the phosphorylation of
glycerol by the enzyme glycerol kinase) is important in

Glycerol 3-
phosphate Fatty acids
(activated) (activated)

Acyl transferase

Synthesis {

Fatty acids

Degradation
(lipolysis)
Glycerol

Fig 11.21. Diagrammatic representation of the reactions in
an adipocyte.
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Dihydroxyacetone phosphate Glycerol

3-phosphate

Glycolysis

NADH +H* NAD™

q4d----=-=-—=-—-—=-=---=

N\ Pyruvate

Fig. 11.22. Formation of glycerol 3-phosphate from glucose
in adipose tissue.

liver, but not in adipose tissue, because of extremely
low concentration of this enzyme in adipocytes.

The acyl groups of the activated fatty acids are then
sequentially transferred to glycerol 3-phosphate by acyl
transferases to form triacylglycerol, as described earlier
(Fig. 11.20).

The first acyl group is linked to C-1 of glycerol
phosphate by the enzyme glycerol phosphate acyl
transferase (E,),

The second acyl group is transfersed to C-2 of glycerol
phosphate by monoacylglycerol acyl transferase (E,),
The third acyl group is transfersed to C-3 by diacylg-
lycerol acyl transferase (E,).

Glycerol P + 3 Fatty acyl CoA Ll ST Triacylglycerol +
3 CoASH + Pi

This process requires the sequential removal of three fatty acids
from glycerol. The first cleavage which is rate-limiting is
catalyzed by the enzyme hormone-sensitive lipase (HSL).
Subsequent cleavages are brought about by other lipases
which are specific for monoacylglycerol and diacylglycer-
ols. A different fate awaits each of the two products of
lipolysis: glycerol and fatty acids.

Glycerol cannot be utilized within the adipocytes
because low concentration of glycerol kinase in
adipose tissue prevents its conversion to glycerol
3-phosphate in any substantial amount. Therefore,
intracellular level of glycerol builds up. Subsequently,

)

/Glycerol 3-P Fatty acyl CoA )
LY
s
TAG S
S
S
_ Glyclerol Fatty acids )
ADIPOCYTE
Kidney, Liver

Fig. 11.23. Fatty acids are recycled for triacylglycerol (TAG)
synthesis in adipose tissue but glycerol is metabolized in other
tissues.

it diffuses into the plasma from where it is taken up
by tissues, mainly liver and kidney. In these tissues,
activity of glycerol kinase being high, the glycerol is
phosphorylated to glycerol 3-phosphate which then
forms dihydroxyacetone phosphate, a glycolytic inter-
mediate. Thus, glycerol is ultimately used via the gly-
colytic sequence in other tissues (Fig. 11.23).

Fatty acids, on the other hand, are used within the
adipose tissue for TAG synthesis. Under normal cir-
cumstances, rates of TAG synthesis and hydrolysis are
nearly balanced and most of the fatty acids obtained
by lipolysis are activated to Co-thioesters which are
recycled for TAG formation. However, imbalance
between the two processes disturbs the dynamic
steady state.

Adipose tissue is specialized for storage of triglycerides—
a highly concentrated source of metabolic energy and
also a source and determinant of the circulating free
fatty acids. The latter are the most important energy
source during fasting.

TAG production and hydrolysis are not forward and
reverse phases of the same reaction. They are entirely dif-
ferent processes using different reactants and catalyzed
by different enzymes. Under normal circumstances, a
dynamic steady state exists where the rates of the two
processes are balanced. Hormonal, nutritional and meta-
bolic, factors regulate the metabolism of adipose tissue by
influencing these two processes. Net balance of the two
determines the amount of TAG stores in the adipose tissue,
as also the levels of circulating free fatty acids in the plasma.
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The metabolic processes operative within adipocytes
are regulated by a number of hormones which control
activities of both the key enzymes of adipose tissue
metabolism, viz. the hormone-sensitive lipase and the
glycerophosphate acyl transferase.

The hormonal influences on the lipase are summa-
rized in Figure 11.24. The enzyme activity is regulated by
the cAMP-dependent cascade; activation occurs when the
enzyme is phosphorylated by the cAMP-dependent protein
kinase-A (PKA). It is the same enzyme that operates in
regulation of glycogen metabolism.

© ©

c-AMP » PKA

» HSL

Thus, the hormones which increase intracellular level of
CAMP activate the hormone sensitive lipase. Such hormones
are lipolytic.

Norepinephrine,
epinephrine (also

Thyroid hormones,

growth hormone,
ACTH, MSH,

TSH, glucagon)

glucocorticoids
(protein synthesis)

. Insulln
Insulin

|acy|g|ycero|

Triacylglycerol
vey + Fatty acid

Hormone-sensitive //pase

Other

lipases

Glycerol
+ 2 Fatty acids

Fig. 11.24. Hormonal regulation of lipolysis in adipose tissue.
Some lipolytic hormones activate HSL, others enhance synthe-
sis of the enzyme-protein; and insulin antagonizes effects all
lipolytic hormones.

The most important lipolytic agents are catechol-
amines which act through B-adrenergic receptors, cAMP
and protein kinase A (PKA). Norepinephrine, released from
sympathetic nerve terminals in adipose tissue, is a more
potent lipolytic agent than epinephrine. The catechola-
mines ensure that the TAGs are hydrolyzed during cold
exposure, stress and physical exercise through stimula-
tion of the lipase activity.

Catecholamines elevate intracellular level of cAMP,
which allosterically activate PKA. The PKA in turn phos-
phorylates hormone sensitive lipase, activating it.

Glucocorticoids, growth hormone and the thyroid hor-
mones enhance lipolysis by inducing synthesis of lipolytic
proteins. Thus, glucocorticoids induce the de novo syn-
thesis of the hormone-sensitive lipase, and thereby acceler-
ate the lipolytic response to catecholamines. This effect
shows regional differences in action of glucocorticoids (For
additional information on lipolytic action of corticoids
refer to Box 11.2).

Lipolytic hormones facilitate lipolysis either by direct
stimulation of cAMP formation or by inducing synthesis
of lipolytic protein (HSL).

In contrast to the lipolytic hormones-action of insulin
is antilipolytic, i.e. it antagonizes these hormones by
causing inhibition of the hormone-sensitive lipase.
The mechanism of action is poorly understood. Either
insulin decreases the level of cAMP in the cell (by activat-
ing a phosphatase) or induces dephosphorylation of the
HSL. Adipose tissue is highly sensitive to insulin: a mod-
erate rise in insulin level (during feeding) is able to halt
lipolysis.

BOX 11.2

Regional Differences in Actions of Glucocorticoids Manifest Clinically

The lipolytic action of glucocorticoids is not uniform in different regions of the body: some areas are highly respon-
sive whereas others are resistant to their action. For example, glucocorticoids effectively induce lipolysis in extremi-
ties but the triacylglycerol stores in trunk respond poorly to their lipolytic action. This regional difference shows
clinically in patients with Cushing’s syndrome (excess glucocorticoids). The striking features of this condition are
truncal obesity and thin extremities. Rapid hydrolysis of the TAG stores in extremities by excessive glucocorticoids
reduces adipose tissue mass, resulting in thin and wasted appearance of extremities. The mobilized fats are redis-
tributed and get deposited in trunk, leading to truncal obesity, commonly referred to as the “buffalo hump”.
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Insulin enhances TAG synthesis: In addition to inhibiting
lipolysis, insulin can also enhance TAG synthesis in adi-
pocytes by several mechanisms:

1. By increasing production of glycerol 3-phosphate substrate:
Insulin increases the rate of glycolysis, which enhances
production of dihydroxy-acetone phosphate. The lat-
ter is then reduced to glycerol 3-phosphate.

In adipose tissue, the most important control
site for glycolysis is tissue up-take of glucose (unlike
in other tissues where it is the PFK reaction). Insulin
enhances the glucose uptake by increasing the
number of functional glucose carriers in plasma
membrane.

2. By increasing synthesis of fatty acid substrate: Insulin
enhances lipogenesis by bringing about the following
metabolic alternations. It increases production of
acetyl CoA from glucose (by augmenting glycolytic
sequence and pyruvate dehydrogenase complex activ-
ity), and acetyl CoA is the substrate for lipogenesis.
Further, it stimulates activity of acetyl CoA carboxylase,
the key enzyme of lipogenesis. Insulin favors genera-
tion of NADPH, the coenzyme required in lipogenesis,
by promoting the pentose phosphate pathway.

3. By increasing lipoprotein lipase activity: Stimulation of
activity of this enzyme results in increased produc-
tion of fatty acids from the TAG fraction of lipopro-
tein (Chapter 12). This further increases the supply of
fatty acid substrate.

4. By increasing esterification of fatty acid and glycerol sub-
strates: Insulin induces the enzyme glycerophosphate-
acyl transferase which adds the first fatty acid to glycerol
phosphate in the bio-synthetic pathway of TAG.

[ /]
Q
Insulin ensures that triacylglycerols are synthesized after
a meal, and degraded during fasting. Under its stimula-
tory influence, the adipose cells use the fatty acids (gen-
erated by lipoprotein lipase) for synthesis of storage
triglycerides.

Thus, insulin has a dual role—inhibition of lipolysis and
stimulation of triacylglycerol production. This helps to main-
tain a balance between these two pathways, under nor-
mal circumstances. In diabetes mellitus, loss of this
balance occurs. Consequently, lipolysis is accelerated,
but triacylglycerol synthesis slows. The net result is that
the rate of lipolysis now exceeds that of triacylglycerol
synthesis. Quantity of fatty acids produced is far in excess
than that can be reutilized for re-esterification. The sur-
plus flows out into the circulation to elevate the plasma
levels of free fatty acids. This explains a marked elevation
of plasma free fatty acid levels in diabetes mellitus.

E. Effect of Nutritional States on
Adipose Tissue Metabolism

The metabolic events in adipocytes show dramatic
changes in different nutritional states. TAG synthesis
depends on the supply of glycerol phosphate, which is
synthesized from glucose via dihyroxyacetone phosphate
(Fig. 11.22). The insulin-dependent uptake of glucose into the
cell is the most important rate-limiting step in this pathway.
Thus, in the fed state, increased availability of glucose
and elevated insulin level in serum enhance TAG synthe-
sis. Conversely, during starvation synthesis of TAG is
impeded.

Utilization of chylomicron for providing fatty acids is
also altered in different nutritional states. The utilization
depends on the enzyme lipoprotein lipase which is induced
by insulin in adipose tissue (but not in other tissues like
cardiac and skeletal muscles). Therefore, the lipoprotein
triacylglycerols are routed preferentially through adipose
tissue in the well-fed state but not during fasting.

Insulin ensures that TAGs are synthesized after a meal and
degraded during fasting. Fatty acids are major fuel for most
tissues during fasting. Glycerol, which is released from
adipose tissue together with fatty acids is a substrate for
gluconeogenesis. This has a role in maintenance of nor-
mal glucose levels in blood during fasting and starvation,
which is essential for survival.

Adipose tissue is the main storehouse of triacylglycerol
in the body, mobilization of which is regulated by a vari-
ety of intricate mechanisms, including hormonal regulation.

VIIl. Metabolism of Complex Lipids

Complex lipids comprise a diverse group of saponifiable
compounds found in biological membranes. They may
be polar (phospholipids, sphingolipids) or non-polar
(cholesterol esters, triacylglycerols). In this section
metabolism of two major classes of the polar lipids,
phospholipids and sphingolipids, are discussed; metab-
olism of non-polar lipids are discussed elsewhere.

A. Metabolism of Phospholipids

The term phospholipids generally refers to two types of
compounds: (a) glycerophospholipids, that contain a
glycerol backbone, and (b) sphingomyelins, that con-
tain an amino alcohol sphingosine instead of glycerol
(the latter are discussed along with sphingolipids).
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B. Glycerophospholipid Metabolism

The commonest glycerophospholipids are phosphatidyl-
choline, phosphatidylethanolamine, and phosphatidyl-
serine. A number of more complicated structures, such as
phosphatidylglycerol or cardiolipin, found in inner mito-
chondrial membrane; and phosphatidylinositol, which
has a role in signal transduction and in anchoring pro-
teins in the plasma membranes, is also classed as glyc-
erophospholipid (Chapter 3).

Biosynthesis of Glycerophospholipids
Glycerophospholipids are synthesized from phospha-
tidic acid and diacylglycerol, the intermediates in pro-
duction of triacylglycerol (Fig. 11.20). The same set of
enzymes is used till diacylglycerol. These enzymes are
located in the endoplasmic reticulum.

Synthesis of Lecithin and Cephalin

It involves transfer of choline/ethanolamine to the dia-
cylglycerol, from an activated donor, e.g. CDP-choline
or CDP-ethanolamine. How is the activated donor syn-
thesized? Synthesis of CDP-choline occurs in a series of
reactions given below (Fig. 11.25):

e Choline is first converted to phosphocholine, and
then activated to CDP-choline by a pyrophosphorylase
reaction.

o The pyrophosphate bond is cleaved to drive forward
the reaction.

The CDP-choline then transfers its phosphocholine
group to diacylglycerol (DAG) to form phosphatidylcholine

Glycerol
kinase
—— » Glycerol 3-phosphate

Glycerol
Fatty acid ————— Fatty acyl CoA

Ethanolamine

|

Phosphoethnolamine

!

Nq/ transferases

Phosphatidic acid

(lecithin). The last reaction is analogous to the transfer of
glucose from UDP-glucose during glycogenesis.

Phosphatidylethanolamine (cephalin) is generated by
a similar pathway using CTP and phosphoethanolamine
to form CDP-ethanolamine; the latter transfers its phos-
phoethanolamine group to DAG to form phosphatidyl-
ethanolamine (Fig. 11.25).

E— E-(® —» CDP-E
>—>Cephalin

DAG
>—> Lecithin
C—>» C-(P) —»CDP-C

E = ethanolamine; C = choline; DAG = diacylglycerol

In biosynthesis of lecithin or cephalin, the head group
(i.e. choline or ethanolamine) is activated by CTP first,
and then transferred to DAG.

Synthesis of Phosphatidylserine
Phosphatidylethanolamine can react with free serine to
form phosphatidylserine and the free base, ethanol-
amine (Fig. 11.25). Likewise, phosphatidylcholine can
form phosphatidylserine by such an exchange reaction.

(Liver has another route to phosphatidylethanolamine,
involving decarboxylation of phosphatidylserine by a
specific mitochondrial decarboxylase.)

Synthesis of Cardiolipins or Phosphatidylinositol
In contrast to the pathways of lecithin and cephalin syn-
thesis, where the head group (choline or ethanolamine)

Choline

Choline kinase

Phosphocholine

# Cytidyl transferase

ATP

p.

cTP

Diacylglycerol PPi
CDP-Ethanolamine CDP-Choline
Ethanolamine ; fholme
phosphotransferase PSS
Serine Phosphatidyleth.anolamine Phosphatidylcholine Serine
(Cephalin) (Lecithin)
Ethanolamine Choline
€Oz 35AM 3-S-Adenosyl
. . homocysteine . .
Phosphatidylserine Phosphatidylserine

Fig. 11.25. Synthesis of phospholipids (SAM = S-adenosyl methionine, CTP = cytidine triphosphate, CDP = cytidine diphosphate).
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was activated by cytidine nucleotide, an alternate path-
way exists for synthesis of other phospholipids (e.g. car-
diolipin and phosphatidylinositol). In this pathway,
phosphatidic acid is activated, rather than head group,
yielding CDP-diacylglycerol (CDP-DAG).

CTP PP,

N

The CDP-DAG is activated donor. It can readily trans-
fer the phosphatidic acid group to free glycerol or inosi-
tol to form phosphatidylglycerol or phosphatidylinositol,
respectively. A second phosphatidic acid may also be
likewise added to phosphatidylglycerol to form diphos-
phatidylglycerol or cardiolipin (Fig. 11.27).

» CDP-DAG

Phosphatidic acid

In a secondary pathway, phosphatidylcholine is formed
by transfer of methyl groups to phosphatidylethanolamine
with the methyl donor, S-adenosylmethionine (SAM). The
methylation pathway involves the sequential transfer of
three activated methyl groups from SAM (Fig. 11.26).

The above description
makes it clear that there are two ways to synthesize a glyc-
erophosphate. First, the head group is synthesized anew
(this is de novo pathway). Second, the head group (choline
or ethanolamine) is not synthesized anew, rather preformed
choline and ethanolamine are reutilized or salvaged.

As depicted in Figure 11.25, when (i) phosphatidyl-
ethanolamine is derived from phosphatidylserine by
decarboxylation (Fig. 11.25), or (ii) when phosphatidyl-
choline is derived from phosphatidylethanolamine by
methylation pathway (Fig. 11.26), new ethanolamine

3 SAM

3CH;

Phosphatidylethanolamine ——— Phosphatidylcholine
(Cephalin) (Lecithin)

Fig. 11.26. Formation of lecithin by transfer of 3 methyl
groups to cephalin, with the methyl donor S-adenosyl methio-
nine (SAM).

PP,

Inositol
Phosphatidic acid + CTP 4} CDP-DAG _\‘—b
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and choline moieties, respectively are formed. Therefore,
there pathways are the de novo pathways. However, eth-
anolamine and choline per se are the starting substances
in some reaction sequences depicted in the diagram on
page 228, 11.25 and are called salvage pathways.

Most cells are able to synthesize phosphoglycerides,
sphingolipids and triacylglycerols. Phosphatidic acid, a
key intermediate, is synthesized from glycerol phos-
phate and CoA activated fatty acids.

The glycerophospholipids are in a continuous state of
turnover in most membranes; the turnover especially
increases in response to oxidative damage during inflam-
mation, or in response to hormonal stimuli. As shown in
Figure 11.28, a number of phospholipases are involved in
degradation of phosphoglycerides. These enzymes are
present in essentially all tissues and are classified accord-
ing to their cleavage specificity: each one acts on a spe-
cific bond in the phospholipid structure.

Phospholipase A, and -A, remove the first and the second
acyl group, respectively to produce the corresponding lyso-
phospholipids. PLA, acts on phosphatidylinositol to lib-
erate arachidonic acid for the synthesis of prostaglandins.
It is particularly active during the inflammatory response.
Snake venom is especially a rich source of PLA,.

Phospholipase B (not shown) is a phospholipase that
removes the second acyl group from lysophospholipid
after the action of PLA, or PLA,.

Phospholipase C (PLC) cleaves off the bond between
the glycerol and phosphate to yield a phosphoryl base
and a diacylglycerol molecule. It is especially active dur-
ing signal transduction. Toxins isolated from Clostridium
and other bacilli are rich sources of PLC.

Phospholipase D (PLD) liberates the polar base to
form phosphatidic acid. It is found in plants, such as
cabbage and cotton seeds.

The products obtained by degradation of glycerophos-
pholipids enter the metabolic pool and are funneled into
various important pathways.

Phosphatidylinositol

I—/b Phosphatidylglycerol

Phosphatidic

Glycerol acid

Cardiolipin

Fig. 11.27. Alternate pathways for synthesis of cardiolipin and phosphatidylinositol (CDP-DAG = cytidine diphosphate diacyl-

glycerol, CTP = cytidine triphosphate).
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PLA,
¢l —o*c-r,
o
PLA,
Cc2 —o0¥C—R,
I
o
PLC
e 1)
Glycerol PLD

Polar base

Fig. 11.28. Enzymatic degradation of phospholipid (PLA, =
phospholipase A, PLA = phospholipase A,, PLC = phospholipase
C, PLD = phospholipase D, ® = phosphate group, R, and
R, = acyl groups).

Finally, phospholipases are used not only for the final
degradation of the lipid molecule, but also for the
remodelling of phosphoglycerides. The fatty acids in
positions 1 and 2 for example, can be exchanged by hydro-
lysis and reacylation to form a new molecule. The cleav-
age specificities of phospholipases are largely responsible
for the presence of specific fatty acids in positions 1 and
2 of phosphoglycerides : C-1 is usually occupied by a
saturated fatty acid, and the fatty acid in position 2 is
usually unsaturated.

The phospholipids are remodelled and eventually
degraded by various phopholipases.

Sphingolipids are a complex group of amphipathic polar
lipids that are built on a core structure of the long chain (18-
C) amino alcohol, sphingosine. They are divided into three
general classes: sphingomyelins, cerebrosides and ganglio-
sides, which differ with respect to the substituents attached
to the C-1 hydroxyl group of sphingosine (Chapter 3).

Sphingosine|— Substituent group

Ceramide = Sphingosine + Fatty acid (R.COOH)

Sphingomyelins contain phosphoryl base, cerebrosides
contain a monosaccharide, and gangliosides contain an
oligosaccharide unit.

The pathway consists of two stages: firstly, synthesis of
sphingosine/ceramide, and secondly, conversion of ceramide
to any of the above classes of sphingolipids.

Sphingosine is
synthesized in the ER of most cells. The carbon atoms
that contribute to sphingosine (C-18) synthesis come
from palmitoyl CoA (C-16) and serine (which contributes
two carbons). The condensation reaction requires reduc-
tive power of NADPH and is followed by a series of reac-
tions to ultimately yield sphingosine.

Palmitoyl CoA + Serine + NADPH + H* —----->
Sphingosine + CO, + CoASH + NADP*

Ceramide, the next important intermediate, is formed
by N-acylation of sphingosine:

Sphingosine + Fatty acyl CoA — Ceramide + CoASH

Subsequent
conversion of ceramide to sphingolipids occurs in ER and
Golgi apparatus. It involves transfer of a substituent group
to ceramide, usually from an activated donor, e.g. a nucle-
otide sugar (UDP glucose) or CDP choline (Fig. 11.29).

(a) Conversion of ceramide to sphingomyelin: Transfer
of phosphocholine to the terminal hydroxyl group of
ceramide produces sphingomyelin. It is the only sphin-
golipid that contains phosphorus. The formation of
sphingomyelin from ceramide is unusual in that a high-
energy precursor is not involved. The most important
phosphocholine donor in this exchange reaction is phos-
phatidylcholine. The reactants and products are low-
energy compounds. Alternatively, CDP-choline may act
as the phosphocholine donor.

(b) Conversion of ceramide to cerebrosides: The donor
of carbohydrate(s) of cerebrosides are energy-rich uri-
dine diphosphate sugars. The monosaccharide residues
are introduced from these activated precursors; for exam-
ple, formation of galactocerebrosides (a cerebroside)
involves a reaction of ceramide with UDP-galactose, and
formation of glucocerebroside involves UDP-glucose.

(c) Conversion of ceramide to gangliosides: The oligo-
saccharide chains of these complex glycosphingolipids
are constructed by the stepwise addition of monosaccha-
ryl units, e.g. activated hexoses, hexosamine, and N-acetyl
neuraminic acid (NANA). UDP serves as carrier of the
sugar units in these reactions also. Each one of these
exergonic reactions is catalyzed by an individual glyco-
syltransferase. Various gangliosides, e.g. GM,, GM, and
GM, are formed at different stages.

Sulphatides are the sulphate esters, formed by the com-
bination of a sulphate with an alcohol, group present in
glycosphingolipid. The donor of sulphate in biosynthetic
reactions is 3’-phosphoadenosine-5'-phosphosulphate
or PAPS. The standard free energy of hydrolysis of PAPS
(to form 3’-phosphoadenosine monophosphate plus
sulphate) is about -75kJ/mol, which drives the biosyn-
thetic reaction.
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Phosphatidylcholine DAG

_

» Sphingomyelin

CMP

Glucocerebroside

3-sulphate
(sulphatide) CMP- NANA$ UDP- Ga

Gal Glc — Ceramide (GM3)

NANA KUDP

Gal Ac — Gal
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|
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Fig. 11.29. Biosynthesis of sphingolipids from ceramide and nucleotide-activated monosaccharide or polar head group (e.g.
choline) (PAPS = 3-phosphoadenosine-5-phosphosulphate, NANA = N-acetyl neuraminic acid or sialic acid, GM,, GM,,

GM, = gangliosides. Gal NAc = N-acetyl galactosamine).

Globosides: When carbohydrate portion of the cere-
broside contains two or more sugars plus an N-acetyl
galactosamine group, it is referred to as globoside. The
globosides are synthesized as gangliosides; UDP serving
as carrier of the sugar units.

Glycosphingolipids are synthesized from ceramide by
the addition of substituent glycosyl units usually donated
by nucleotide sugars.

Sphingolipids are degraded by lysosomal enzymes. In case
of sphingomyelin, there are two enzymes: sphingomyelinase,
which cleaves off the phosphocholine head group to
form ceramide; and ceramidase, which further degrades
the ceramide (Fig. 11.30).

In case of glycosphingolipids (cerebrosides and gan-
gliosides), these degrading enzymes are specific lysosomal
exoglycosidases, which remove terminal sugars from the

oligosaccharide. They have narrow specificities for the
monosaccharide and the type of bond they cleave. Figure
11.30 shows degradation of some important sphingolip-
ids along with the associated inborn errors.

Partial or complete deficiencies of these sphingolipid-
degrading enzymes result in lysosomal accumulation of
the missing enzyme substrate, which is insoluble, non-
degradable, and non-excretable. This either causes lyso-
somes to lyse and release their hydrolytic enzymes into a
cell, or prevents the lysosome from functioning normally.
In either case, the resulting disease is called a lipid stor-
age disease lipid storage disease or sphingolipidosis.
The enzyme deficiency is expressed in all tissues but clin-
ical effect is most obvious in nervous tissue because of its
high sphingolipid content and turnover. Enlarged liver and
spleen (hepatosplenomegaly) is also common because
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NANA
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Fig. 11.30. Lysosomal degradation of sphingolipids, and the associated storage diseases ((1) generalized gangliosidosis, (2) Tay—
Sachs disease, (3) Gaucher’s disease, (4) Krabbe’s disease, (5) Farber’s disease (6) Niemann—Pick disease, (7) Fabry’s disease).

Some less commonly described sphingolipidoses

Farber’s (5) Ceramidase Rare Ceramide
Niemann-Pick (6)  Sphingomyelinase Rare Sphingomyelin
Fabry’s (7) a-Galactosidase A 1in 40,000 Ceramide trihex

* The numbers refer to the numbered reactions of Figure 11.30.

Mental retardation, dermatitis skeletal abnormalities,
early death
Hepatosplenomegaly, mental retardation, early death

oside  Skin rash, renal failure
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phagocytic cells in these organs remove erythrocytes
from the circulation, and non-degradable lipids from the
RBC membrane accumulate in these tissues.

Deficiencies of individual sphingolipid-degrading lyso-
somal enzymes result in lipid storage diseases.

Depending on the enzyme affected, several types of
sphingolipidoses have been recognized (Fig. 11.30). For
example, in Niemann-Pick disease, sphingomyelinase is
defective, leading to sphingomyelin accumulation (Fig.
22.27; number 6).

Certain features are common to all types of sphingolipi-
doses. These are:

Inheritance: Sphingolipidoses are autosomal reces-
sive diseases. The only exception is Fabry's disease,
which is X-linked.

Severity: With exception of Fabry's disease and
Gaucher’s disease (adult form), all other types of
sphingolipidoses are relentlessly progressive, causing
death in early life.

Milder variants of lipid storage disease also occur, in

which affected homozygotes have greatly decreased,
but not completely absent enzyme activity. The sever-
ity and prognosis of disease depends largely on the
residual enzyme activity.
Diagnosis: Sphingolipidoses rests on determination
of enzyme activities in cultured leukocytes, cultured
skin fibroblasts; or, for prenatal diagnosis, cultured
amniotic cells are used for determination of the enzyme
activities.

Heterozygotes can be identified because their
enzyme activity is approximately one-half of normal;
the homozygotes on the other hand have near-zero
enzyme activity.

Some major types of sphingolipidoses are depicted in
Figure 11.30; numbered reactions refer to storage dis-
eases in the Figure.

Generalized gangliosidosis is because of deficiency of
p-galactosidase, so that there is impaired degradation
of GM, gangliosides and it accumulates in tissues.
Mental retardation, skeletal deformities and hepato-
megaly are the prominent features.

Tay-Sachs disease is a rare disease (except in Ashkenazi
Jews) because of complete deficiency of hexosami-
nidase A. It leads to accumulation of the substrate,
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ganglioside GM,. The affected child appears normal at
birth but within the first year of life develops signs of
mental and neurological deterioration, and also hepato-
splenomegaly. The lipid laden cells, the ganglion cells in
retina (fovea centralis) cause visual impairment. Death
occurs before the child reaches the age of 3 years.
Gaucher's disease is a rare disease caused by deficiency
of the enzyme glucocerebrosidase, so that tissue levels
of glucocerebrosides elevate. The clinical course of
the infantile form is similar to Tay-Sachs disease; and
the adult onset form is without mental retardation.
Krabbe’s disease rtesults because of deficiency of
p-galactosidase, therefore there is accumulation of
galactocerebrosides. There is near complete absence
of myelin in the nervous tissue. The clinical features
include mental retardation, blindness, deafness and
hypertonia.

Some other disorders associated with abnormal
sphingolipid metabolism are also shown in Table 11.3.

Describe B-oxidation of a 16-carbon saturated fatty
acid and its energetics. Explain the role of carnitine
in transport of the fatty acid into mitochondrion.
Describe synthesis and oxidation of ketone bodies
and discuss regulation of ketogenesis.

Describe the shuttle systems for transport of fatty
acids into the mitochondria and acetyl CoA into the
cytosol.

Describe the functions and metabolism of phos-
pholipids.

Describe in detail the pathway of de novo synthesis
of fatty acids and its regulation.

Describe the major mechanisms of regulating fatty
acid metabolism in humans.

How are triacylglycerols, glycerophospholipids and
sphingolipids synthesized?

Carnitine

Ketone bodies
Gaucher’s disease
Acetyl CoA carboxylase
Acyl carrier protein
Lipoprotein lipase
Refsum'’s disease
Omega oxidation
Sphingolipidoses
Ketosis
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CLINICAL CASE

Muscle wasting in a 2-year-old child

A 2-year-old child was brought to the hospital OPD with
complaints of difficulty in performing movements. Two
months back his mother had first noticed that he had prob-
lem in climbing the staircase. He could not easily get up
from chair and found running difficult. There had been a
progressive deterioration since then, and presently he had
problem even in walking. Further enquiry brought out that
there had been delay in development of motor milestones.
A generalized weakness was observed on physical exami-
nation. Muscles of hands and feet showed some wasting.
Blood sample was obtained for biochemical analysis. It
showed the following abnormal results:

Serum creatine phosphokinase (CK) activity was elevated
about six-fold.

Serum carnitine level was slightly elevated. X-Ray
chest showed evidence of cardiomyopathy. Muscle
biopsy showed massive lipid accumulation.

What is the most probable diagnosis?

Discuss the mechanism by which muscle wasting occurs
in this child.

What treatment would you recommend for this patient?
Episodes of hypoglycaemic coma are quite common
in this disorder. Why?




LIPID METABOLISM II:
LIPOPROTEINS,

CHAPTER

CHOLESTEROL AND
PROSTAGLANDINS

Compared to glucose and amino acids, which are freely transported in the aqueous plasma, transport of water insoluble
lipids involves the participation of a range of complex molecules. Unesterified (“free”) fatty acids are transported in
non-covalent binding to serum albumin, but triacylglycerols and cholesterol esters are too hydrophobic for such transport.
They are, therefore, packaged together with proteins (apoproteins) and amphipathic lipids by hepatocytes and entero-
cytes into particles called lipoproteins. Lipoproteins are important for they provide means for fat transport between
different organs and tissues. In this chapter, a detailed account of normal functions of lipoproteins and their relationship
to abnormal states, particularly atherosclerosis, is given. The chapter also deals with derived lipids such as cholesterol
and eicosanoids. Cholesterol is a major component of cell membranes and serves as a precursor of bile salts and steroid
hormones. Eicosanoids, which include prostaglandins, thromboxanes and leukotrienes act as regulators of cellular functions.
After going through this chapter, the student should be able to understand:

O Composition, separation, properties, metabolism and significance of different types of lipoproteins; and function of
each type of lipoprotein and apolipoprotein.

O Pathogenesis of fatty liver.

O The de novo pathway of cholesterol biosynthesis and its regulation, with special emphasis on role of hormones.

O Classification, origin and structure of prostaglandins, thromboxanes, and leukotrienes; and important physiological
effects and therapeutic uses of these compounds.

e The amphipathic coat contains phospholipids, free
cholesterol, and proteins. It interacts with water in
plasma, thereby promoting solubility of lipoproteins.

l. Lipoproteins

A. Overview It is noteworthy that the interactions between lipids

and proteins in the lipoprotein particle are of a purely
non-covalent nature. Protein part of lipoprotein is called
apoprotein or apolipoprotein. The apolipoproteins on
surface of lipoproteins help to solubilize the lipids and
target the lipoproteins to the correct tissues.

The most characteristic structural feature of apolipo-
proteins is the amphipathic helix, an a-helix in which one
side is formed by hydrophobic- and the other by hydro-

Lipoproteins are molecular complexes consisting of lipids
and proteins that provide means for lipid transport between
different organs and tissues. The lipids, by virtue of their
immiscibility with aqueous solutions, depend on protein
carriers for transport within bloodstream and extracellular
fluids. A lipoprotein particle is a spherical structure having
a hydrophobic core wrapped in an amphipathic coating.

© The core contains cholesterol esters and triacylglycer-
ols, which, because of their non-polar nature, always
avoid contact with water (Fig. 12.1).

philic-amino acid side chains. The latter faces the aque-
ous exterior (being found at the water-lipid interface), so
that lipoproteins are soluble in water.
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Apolipoprotein

Phospholipid

' Free cholesterol

Cholesterol ester

\/{i Triacylglycerol

Fig. 12.1. Structure of a lipoprotein: a globular particle consisting of a hydrophobic core of triacylglycerol and cholesterol ester,

surrounded by an amphipathic coat of proteins, phospholipids and cholesterol.

Plasma lipid levels in adults (360-600mg/dL)
of which approximately 1/3rd is phospholipids and less than
1/3rd is triacylglycerols

Triacylglycerol (TAG) 40-140
Cholesterol (C) 150-200
Phospholipids (PL) 145-250
Free fatty acids (FFA) 4-20

Total 360-600

*TAG, C and PL are carried by lipoproteins but FFAs are transported after
forming complexes with serum albumin.

Most plasma lipids are components of lipoproteins, the
non-covalent aggregates of lipids and proteins, that
serve as transport vehicles for triacylglycerols, phos-
pholipids and cholesterol around the body.

The amount and types of lipids can change rapidly in the
circulation according to dietary habits because most lipids
are exchanged readily between different lipoprotein particles.
The normal range for the lipid levels are shown in Table 12.1.

Several different classes of lipoproteins exist, each having
characteristic lipid and protein compositions. Their den-
sities are inversely related to their lipid content: the
higher the lipid content, the lower the density (Table 12.2).
Apart from the largest species, the chylomicron, lipopro-
teins are named according to their density (because they
are most commonly isolated by ultracentrifugation). The
various classes are: (a) chylomicrons (CM), (b) very low
density lipoproteins (VLDL), (c) low density lipopro-
teins (LDL), and (d) high density lipoproteins (HDL).

The lipoprotein particles have three important functions
in human body. First, they transport the dietary fat from the
intestinal mucosa, where it is absorbed, to liver by exogenous
lipid transport (this role is performed by chylomicrons).
The second role is to transfer triacylglycerols and cholesterol
from liver to other tissues by endogenous lipid transport
(VLDL and LDL carry out this function). The third function is
to transport cholesterol from extrahepatic tissues to the liver
by reverse cholesterol transport (HDL performs this role).

Typical analysis of the lipid composition of plasma lipo-
proteins are shown in Table 12.2. The following observa-
tions are noteworthy:

All lipoproteins contain various types of lipids: triac-
ylglycerols, phospholipids, and cholesterol-free and
esterified, although the quantities and relative propor-
tions of these vary widely.

The bulk of plasma cholesterol is transported associ-
ated with LDL, and the bulk of plasma triacylglycerol
is transported associated with chylomicrons or VLDL.
Therefore, elevated cholesterol level most often reflects an
increase in the LDL fraction, whereas elevation of the
plasma triacylglycerol level is usually caused by
increased VLDL or chylomicrons.

Density is inversely proportional to lipid content and
directly proportional to the protein content.

Five main classes of apolipoproteins (A-E) have been
identified in lipoproteins. They are mainly synthesized
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Composition of plasma lipoproteins

1. Particle mass (kD) 400,000
2. Density (g\cm®) <0.95
3. Diameter (A) 1000-10,000
4. Apolipoproteins A, B C E
5. Components (% dry weight)
Apolipoproteins 1.5-2.5
Triacylglycerols 84-89
Cholesterol 4-8
Phospholipids 7=9.

in liver, although smaller quantities are produced
in almost all organs. The group-A are found in highest
amounts in HDIL, while the group-B are associated
with VLDIL, LDL and chylomicrons. The latter are tightly
integrated into the phospholipid bilayer, whereas mem-
bers of C and E group are less tightly associated and
exchange among lipoproteins with HDL acting as the
distributor.

The apolipoproteins participate in lipoprotein metabo-
lism by performing following functions:

Transport: The primary role is to impart a hydro-
philic character to the lipoprotein particles so that
they can be transported in the aqueous plasma.
Enzyme activation: They activate various enzymes of
lipoprotein metabolism. For example, apoC-II acti-
vates the enzyme lipoprotein lipase. The activated
enzyme then catalyzes degradation of the triacylgly-
cerol component of VLDL and chylomicrons.
Ligand: The apoproteins recognize the cell surfac