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Preface to the Second Edition

In the time since the first edition of the book, biochemistry has undergone
great developments in some areas, particularly in molecular biology, signal
transduction, and protein structure. Developments in these areas have tended to
overshadow other, often more traditional, areas of biochemistry such as enzyme
kinetics. This second edition has been prepared to take these changes in direction
into account: to emphasize those areas that are rapidly developing and to bring
them up to date. The preparation of the second edition also gave us the opportunity
to adjust the balance of the book, and to ensure that the depth of treatment in
all chapters is comparable and appropriate for our audiences.

The major developments in biochemistry over the last 10 years have been in
the field of molecular biology, and the second edition reflects these changes with
significant expansion of these areas. We are very grateful to Dr. Emma Whitelaw
for her substantial efforts in revising Chapter 17. In addition, increased under-
standing of the dynamics of DNA structures, developments in recombinant DNA
technology, and the polymerase chain reaction have been incorporated into the
new edition, thanks to the efforts of Drs. Anthony Weiss and Doug Chappell. The
section on proteins also has been heavily revised, by Drs. Glenn King, Mitchell
Guss, and Michael Morris, reflecting significant growth in this area, with greater
emphasis on protein folding. A number of diagrams have been redrawn to reflect
our developing understanding, and we are grateful to Mr. Mark Smith and to Drs.
Eve Szabados and Michael Morris for their art work.

The sections on lipid metabolism, membrane function, and signal transduction
have been enlarged and enhanced, reflecting modern developments in these
areas, through the efforts of Drs. Samir Samman and Arthur Conigrave. In the
chapter on nitrogen metabolism, the section on nucleotides has been en-
larged, and the coverage given to the metabolism of specific amino acids
has been correspondingly reduced. For this we are grateful to Dr. Richard
Christopherson.

In order to avoid excessive expansion of the text, the material on enzymology
and enzyme kinetics has been refocused and consolidated, reflecting changes that
have taken place in the teaching of these areas in most institutions. We are grateful
to Dr. Ivan Darvey for his critical comments and helpful suggestions in this
endeavor.

The style of presentation in the current edition continues that of the first
edition, with liberal use of didactic questions that attempt to develop concepts from
prior knowledge, and to promote probing of the gaps in that knowledge. Thus,
the book has been prepared through the efforts of many participants who have
contributed in their areas of specialization; we have been joined in this endeavor
by several new contributors whose sections are listed above.

PaiLie W. KUCHEL
GREGORY B. RALSTON
Coordinating Authors
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Preface to the First Edition

This book is the result of a cooperative writing effort of approximately half
of the academic staff of the largest university department of biochemistry in
Australia. We teach over 1,000 students in the Faculties of Medicine, Dentistry.
Science, Pharmacy, Veterinary Science, and Engineering. So, for whom is this
book intended and what is its purpose?

This book, as the title suggests, is an QOutline of Biochemistry—principally
mammalian biochemistry and not the full panoply of the subject. In other words,
it is not an encyclopedia but, we hope, a guide to understanding for undergraduates
up to the end of their B.Sc. or its equivalent.

Biochemistry has become the language of much of biology and medicine; its
principles and experimental methods underpin all the basic biological sciences in
fields as diverse as those mentioned in the faculty list above. Indeed. the
boundaries between biochemistry and much of medicine have become decidedly
blurred. Therefore, in this book, either implicitly through the solved problems and
examples, or explicitly, we have attempted to expound principles of biochemistry.
In one sense, this book is our definition of biochemistry; in a few words, we
consider it to be the description, using chemical concepts, of the processes that
take place in and by living organisms.

Of course, the chemical processes in cells occur not only in free solution but
are associated with macromolecular structures. So inevitably, biochemistry must
deal with the structure of tissues, cells, organelles. and of the individual molecules
themselves. Consequently, this book begins with an overview of the main
procedures for studying cells and their organelle constituents, with what the
constituents are and, in general terms, what their biochemical functions are. The
subsequent six chapters are far more chemical in perspective, dealing with the
major classes of biochemical compounds. Then there are three chapters that
consider enzymes and general principles of metabolic regulation; these are
followed by the metabolic pathways that are the real soul of biochemistry.

It is worth making a few comments on the style of presenting the material in
this book. First, we use so-called didactic questions that are indicated by the word
Question; these introduce a new topic, the answers for which are not available
from the preceding text. We feel that this approach embodies and emphasizes the
inquiry in any research, including biochemistry: the answer to one question often
immediately provokes another question. Secondly, as in other Schaum’s Outlines,
the basic material in the form of general facts is emphasized by what is, essentially,
optional material in the form of examples. Some of these examples are written
as questions; others are simple expositions on a particular subject that is a specific
example of the general point just presented. Thirdly, the solved problems relate,
according to their section headings, to the material in the main text. In virtually
all cases, students should be able to solve these problems, at least to a reasonable
depth, by using the material in this outline. Finally, the supplementary problems
are usually qucstions that have a minor twist on those already considered in either

v



vi PREFACE TO THE FIRST EDITION

of the previous three cataegories; answers to these questions are provided at the
end of the book.

While this book was written by academic staff, its production has also
depended on the efforts of many other people, whom we thank sincerely. For
typing and word processing, we thank Anna Dracopoulos, Bev Longhurst-Brown,
Debbie Manning, Hilary McDermott, Elisabeth Sutherland, Gail Turner, and
Mary Walsh and for editorial assistance, Merilyn Kuchel. For critical evaluation
of the manuscript, we thank Dr. Ivan Darvey and many students, but especially
Tiina lismaa, Glenn King, Kiaran Kirk, Michael Morris, Julia Raftos, and David
Thorburn. Dr. Arnold Hunt helped in the early stages of preparing the text. We
mourn the sad loss of Dr. Reg O’Brien, who died when this project was in its
infancy. We hope, given his high standards in preparing the written and spoken
word, that he would have approved of the final form of the book. Finally, we thank
Elizabeth Zayatz and Marthe Grice of McGraw-Hill; Elizabeth for raising the idea
of the book in the first place, and both of them for their enormous efforts to satisfy
our publication requirements.

PHiLir W, KUCHEL
GREGORY B. RALSTON
Coordinating Authors



Contents

Chapter I CELL ULTRASTRUCTURE ................. .. . 1
LT INtroduction . . . . o o o e e e e e e e e e e e e e e e 1
1.2 Methods of Studying the Structure and Functionof Cells . . . .. ... ... ...... 1
1.3 Subcellular Organelles . . ... ... . ... .. ... . .. i 7
Ld Cell TYpes. . . . v it e e e e e e 15
1.5 The Structural Hierarchy inCells . . . .. ... ... ... . .. ... .. ... 17
Chapter 2 CARBOHYDRATES .. ... ... ... .. ... ... i 25
2.1 Introduction and Definitions . . . . . . . . i ettt e e e e 25
2.2 Glyceraldehyde . . . ... ... ... e 26
2.3 Simple AldOses . . . . ... e 27
2.4 Simple KetOSeS . . . v v it vt e et e e e e e e 30
2.5 The Structure of D-GIUCOSE . . . . . o v it e et e 32
2.6 The Conformation of GIUCoSe . . . . . . v oo i i it e e e e 35
2.7 Monosaccharides Other Than Glucose . ... ... ... ... ... . oo, .. 38
2.8 The Glycosidic Bond . . . ... . ... . . e 42
2.9 Polysaccharides . . . . ... .. .. e 46
Chapter 3 AMINO ACIDS ANDPEPTIDES . . . ... ... .. ... ..., 53
3.0 AmIno Acids .. e e e e 53
3.2 Acid-Base Behavior of Amino Acids . . . . ... ... ... ... e 56
3.3 Amino Acid Analysis . . . . ... L L e 65
3.4 The Peptide Bond . .. .. ... ... ... . . .. e 66
3.5 Reactions of CySIEINE . . . v v v vt v it et e e e e e e 68
Chapter 4 PROTEINS . ... .. ... e e e e 76
4.1 Imroduction . . . . . .t e e 76
4.2 Purification and Characterization of Proteins . . . . . . ... .. ... ... 76
4.3 Protein Folding . . . .. ... . ... e 84
4.4 Protein SIIUCIUTE . . . . . . . .t e e e et e e e e e 87
4.5 Sequence Homology and Protein Evolution . . ... .................... 97
4.6 Methods for Protein Structure Determination . . . . . .. ... ... ... ... 99
Chapter 5 PROTEINS: SUPRAMOLECULAR STRUCTURE . . ... ................ 108
5.1 Introduction . .. . . it e e e e 108
5.2 Assembly of Supramolecular Structures . . .. . ... . ... .. L Lo L. 108
5.3 Protein Self-Association . . . . . . . v it e e e 111
5.4 Hemoglobin . . . . . .. . e e 117



viii CONTENTS
5.5 The Extracellular Matrix . . ... .. ... ... ... ... ... . ... 121
5.6 The Cytoskeleton . . . . . . . . . e e 130
Chapter 6 LIPIDS, MEMBRANES, TRANSPORT, AND SIGNALING ... .......... 153
6.1 Introduction . . . . . .. . e 153
6.2 Classes of Lipids . . . . ... ot e e 154
6.3 Fatty Acids . . .. .o 155
6.4 Glycerolipids . . . . . . . . e e e e 157
6.5 Sphingolipids . . . . ... e 161
6.6 Lipids Derived from Isoprene (Terpenes) . . . ... ....... .. v ennn, . 162
6.7 Behavior of Lipidsin Water . . .. ........ ... . ... ... 165
6.8 Bile Acids and Bile Salts . . . . . . ... .. ... e 168
6.9 Plasma Lipoproteins . . . . . .ottt e 169
6.10 VeSIiCIES . . . o vt e e e e e e e e 170
6.11 Membranes . . .. .. .. i it e e e e 171
6.12 TIANSPOTL o« o o v v i ettt e et e e e e e e e 176
6.13 Molecular Mechanisms of Transport Across Membranes . . ... ............ 182
6.14 Signaling .. .. . o e 185
Chapter 7 NUCLEIC ACIDS . . . ... . . e e, 198
7.1 Introduction . . . .o e e e e e e e 198
7.2 Nucleic Acids and Their Chemical Constituents . . . . . ... ... ............ 198
7.3 Nucleosides . .. .o e e e 201
7.4 NUCIEOtES . . o v oot et e e e e e e e e 202
7.5 Polynucleotides . . . . . . . e e 204
7.6 Structure of DNA . . . . . e 206
7.7 Denaturation of DNA . . .. ... ... .. . e 212
7.8 Size, Organization, and Topology of DNA . . ... ... ... .. ... ........ 215
7.9 Structure and Typesof RNA . . ... .. ... ... . .. ... 218
ToI0 NUCIEASES .« o o v v v et e e i e e e e e e e 219
Chapter 8§ ENZYME CATALYSIS . . . .. ... .. e, 228
8.1 Basic CONCEPLS . . . . o i ittt e e 228
8.2 Classification of Enzymes . . . . . . . . . . .. . e e e 229
8.3 Modes of Enhancement of Rates of Bond Cleavage .. .................. 230
8.4 Rate Enhancement and Activation Energy . .. ... ... ... ... ... ...... 237
8.5 Site-Directed Mutagenesis . . . ... ... .t e e 238
Chapter 9 ENZYME KINETICS . . .. .. ... e e 251
9.1 Introduction and Definitions . . . .. ... . ... . ... ... 251
9.2 Dependence of Enzyme Reuction Rate on Substrate Concentration . ... ... ... 252
9.3 Graphical Evaluation of K,and Vi, - o - o o0 oo oo 253
9.4 Enzyme Inhibition—Definitions . . . .. ... ... ... ... 254
9.5 Enzyme Inhibition—Equations .. .. ...... ... .. ... . 255
9.6 Mechanistic Basis of the Michaelis-Menten Equation . . . . ... ......... ... 255
9.7 Derivation of Complicated Steady-State Equations . . .. ... ... ... ........ 257

9.8 Multireactant Enzymes . . . ... .. .. ... 259



CONTENTS ix

9.9 pH Effects on Enzyme Reaction Rates . . ... ....................... 261
9.10 Mechanisms of Enzyme Inhibition . . ... ... .. ... ... ... ... . ... ..... 263
9.11 Regulatory Enzymes . . . . . .. . .. .. i e 265
Chapter 10  METABOLISM: UNDERLYING THEORETICAL PRINCIPLES . . . . ... .. .. 290
10.1 Introduction . ... ... ...t 290
10.2 Thermodynamics . .. . .. .. .ttt it e e e 290
10.3 Redox Reactions . . .. ... ... ... 295
10.4 ATP and Its Role in Bioenergetics . ... ..... ... ... ... ... ...... 298
10.5 Control Points in Metabolic Pathways . . .. ........... ... ... ...... 299
10.6 Amplification of Control Signals . . . ... ............ ... .. .. ...... 301
10.7 Intracellular Compartmentation and Metabolism . .. ... .. ............. 303
Chapter I CARBOHYDRATE METABOLISM . .. ... ........................ n
1.1 Glycolysis . . . .o oo e e e e 311
11.2 The Fate of Pyruvate . . . . .. ... ... . . i 319
11.3 Gluconeogenesis . . . . . . oot vt i e e e e e 323
11.4 The Cori Cycle ... .. .. e e e e e 326
11.5 Glycogen Metabolism . . ... ... ... ... ... . . e 327
11.6 The Entry of Other Carbohydrates into Glycolysis . ... ................ 330
11.7 Regeneration of Cytoplasmic NAD* Levels .. ... ................... 332
11.8 Control of Glycolysis . . . . . .. . .. 334
11.9 Effects of Hormones on Glycolysis . . ... ......................... 336
11.10 The Pentose Phosphate Pathway . . . .. .. .. ... .. .. .. ... ........... 339
Chapter I2 THE CITRICACIDCYCLE . . ... ... .......... ... 345
12.1 Introduction . .. . .o vttt e e e e 345
12.2 Reactions of the Citric Acid Cycle . ... .. ... ... ... .. ... .. ... ... 346
12.3 The Energetics of the Citric Acid Cycle . . . ... ... ... ... ... ... ..... 349
12.4 Regulation of the Citric Acid Cycle . . . . ... ... ... ... .. ... ..., 350
12.5 The Pyruvate Dehydrogenase Complex . ... ... ... ................ 352
12.6 Pyruvate Carboxylase . .. .. ... ... .. .. ... 353
12.7 The Amphibolic Nature of the Citric Acid Cycle . ... ... .............. 354
12.8 The Glyoxylate Cycle .. ... ... . ... e 355
Chapter 13 LIPID METABOLISM . ... ...................... . .. .. 362
13.1 Introduction . ... ... . ... .. ... 362
13.2 Lipid Digestion . . . . .. ... .. e 362
13.3 Lipoprotein Metabolism . . . . ... ... .. ... ... . 364
13.4 Mobilization of Depot Lipid . .. ... .. ... ... . ... ... ... .. ... ... 368
13.5 Oxidation of Fatty Acids . . .. ... ... ... ... . .. .. . . ... 368
13.6 The Fate of Acetyl-CoA from Fatty Acids: Ketogenesis . . . . . ... ......... 370
13.7 Lipogenesis . . . . . . ... e 374
13.8 Synthesis of Phospholipids and Sphingolipids . . . .. .. ................. 379
13.9 Prostaglandins . . .. ... ... ... 383
13.10 Metabolism of Cholesterol . . .. ...... ... ... .. ... ... . ... .... 387

13.11 Regulation of Lipid Metabolism . . .. . ...... ... .. .. ... ... .. .. ... 392




X CONTENTS
Chapter 14 OXIDATIVE PHOSPHORYLATION . ............................. 402
14.1 Introduction . ... .. ... .. .. ... e 402
14.2 Components of the Electron-Transport Chain . . .. .. ....... . ... ...... 402
14.3  Organization of the Electron-Transport Chain . . . .......... . ......... 405
14.4 Coupling of Electron Transport and ATP Synthesis .. ... ... ........... 407
14.5 The Ratio of Protons Extruded from the Mitochondrion to Electrons
Transferred to OXygen . . . . .. .. e 408
14.6 Mechanistic Models of Proton Translocation . .. ... ..... ..., ......... 409
14.7 ATP Synthase . . .. .. ... .. e 412
14.8 The Mechanism of ATP Synthesis . . . . .. .. ... . ... .. ... . ......... 412
4.9 Transport of Adenine Nucleotides to and from Mitochondria .. ... ... .... 414
Chapter IS5 NITROGEN METABOLISM ... . ... ... ... .. .. ... ... .. 419
15.1 Synthesis and Dietary Sources of Amino Acids . . .................... 419
15.2 Digestionof Proteins . . . . .. .. ... ... .. ... 426
15.3 Dynamics of Amino Acid Metabolism . . . .. ... ... ... ... . ... . ..... 431
15.4 Amino Acid Catabolism . . . .. ... ... . . ... 432
15.5 Disposal of Excess Nitrogen . . . .. .. ...ttt . 434
15.6 Pyrimidine and Purine Metabolism . . . ... ... ... .. ... .. ... ... ... 437
15.7 Metabolism of C; Compounds . . . . ........ ... ... ... .. . ... 447
15.8 Porphyrin Metabolism . . .. .. ... .. ... ... . 451
Chapter 16 REPLICATION AND MAINTENANCE OF THE GENETIC MATERIAL 458
16,1 Introduction . . . . .. ..t it e e 458
16.2 Semiconservative Replication of DNA . . . .. .. ... ... ... . ... ...... 458
16.3 Topology of DNA Replication . . . . ..... .. ... ... ... ... ....... 459
16.4 Control of DNA Replication . . . ... ......... ... ... ... ... ..... 462
16.5 Enzymology of DNA Replication in Bacteria .. ..................... 464
16.6 Molecular Events in the Initiation of Replication in Bacteria . . .. ... ... .... 469
16.7 Termination of Chromosome Replication in Bacteria . . . ... ............. 470
16.8 Initiation, Elongation, and Termination of Replication in Eukaryotes . . . . ... .. 472
16.9 Inhibitors of DNA Replication. . . . .. ... ... ... ... . ... ......... 473
16.10 Repair of DNA Damage ... ... ... ... . ... . . . it 475
16.11 Recombinant DNA and Isolation of Genes . . . ... ................... 476
16.12 The Polymerase Chain Reaction . . . .. ... ... ... ................. 477
Chapter 17 GENE EXPRESSION AND PROTEIN SYNTHESIS . . . . .......... ...... 489
17.1 Introduction . . . . . .o i it e e e e 489
17.2 The GeneticCode . . ... . ... i e 489
17.3 DNA Transcription in Bacteria . .. ....... .. ... ... ........ 491
17.4 DNA Transcription in Eukaryotes . ... .......................... 494
17.5 Transcription Factors . . . . .. .. . ... ... e 494
17.6 Processing the RNA Transcript . ............... ... ... o0 ... . 497
17.7 Organization of the Genome . . . . .. ........ ... ... ... ... .......... 498
17.8 [Inhibitors of Transcription . . . .. ... ... . ., 499
17.9 The mRNA Translation Machinery . . .. ... . ...................... 500
17.10 RNA Translation in Bacteria . . .. .. ......... ... ... . ... ... ...... 503
17.11 RNA Translation in Eukaryotes . . . .. . ... .. ...t 505



CONTENTS xi

17.12 Posttranslational Modification of Proteins . . . . .. .. .. ... .. ..., .. 505
17.13 Inhibitors of Translation . . . . . . . o it it e e e e 506
17.14 Control of Gene EXpression . . .. ... .. ..ottt it nnnne.. 508
ANSWERS TO SUPPLEMENTARY PROBLEMS . . . .. ... .. . . i 519




This page intentionally left blank



Chapter 1
Cell Ultrastructure

1.1 INTRODUCTION

Question: What are the basic units of life?

All animals, plants. and microorganisms are composed of small units known as cells. Cells range
in volume from a few attoliters among bacteria to milliliters for the giant nerve cells of squid; typical
cells in mammals have diameters of 10 to 100 um and are thus often smaller than the smallest visible
particle. They arc gencrally flexible structures with a delimiting membrane that is in a dynamic,
undulating state. Different animal and plant tissues contain different types of cells, which are
distinguished not only by their different structure but by their different metabolic activities.

EXAMPLE 1.1

Antonie van Leecuwenhoek (1632-1723), draper of Delft in Holland. ground his own lenses and made simple
microscopes that gave magnifications of ~x200. On October 9. 1676, he sent a 17)>-page letter to the Royal
Society of London, in which he described animalcules in various water samples. These small organisms included
what are today known as protozoans and bacteria; thus Leeuwenhoek is credited with the first observation of
bacteria. Later work of his included the identification of spermatozoa and red blood cells from many

species.

The development of a stem cell into eells with specialized function is called the process of
differentiation. This takes place most dramatically in the development of a fetus, from the single cell
formed by the fusion of one spermatozoon and one ovum to a vast array of different tissues.

Cells appear to be able to recognize cells of like kind, and thus to unite into coherent organs,
principally because of specialized glycoproteins (Chap. 2) on the cell membranes.

1.2 METHODS OF STUDYING THE STRUCTURE AND FUNCTION OF CELLS
Light Microscopy

Many cells and, indeed, parts of cells (organelles) react strongly with colored dyes such that they
can be easily distinguished in thinly cut sections of tissue by using light microscopy. Hundreds of
different dyes with varying degrees of selectivity for tissue components are used for this type of work,
which constitutes the basis of the scientific discipline histology.

EXAMPLE 1.2

In the clinical biochemical assessment of patients, it is common practice to inspect a blood sample under
the light microscope. with a view to determining the number and type of inflammatory white cells present. A
thin film of blood is smeared on a glass slide, which is then placed in methanol to fix the cells; this process rigidifies
the cells and preserves their shape. The cells are then dyed by the addition of a few drops each of two dye
mixtures; the most commonly used ones are the Romanowsky dyes. named after their nineteenth-century
discoverer. The commonly used hematological dyeing procedure is that developed by J.W. Field: A mixture of
azure | and methylene blue is first applied to the cells, followed by eosin; all dyes are dissolved in a simple
phosphate buffer. The treatment stains nuclei blue, cell cytoplasm pink, and some subcellular organelles either
pink or blue. On the basis of different staining patterns, at least five different types of white cells can be identified.
Furthermore. intracellular organisms such as the malarial parasite Plasmodium stain blue.

1



2 CELL ULTRASTRUCTURE [CHAP. 1

The exact chemical mechanisms of differential staining of tissues are poorly understood. This
aspect of histology is therefore still empirical. However, certain features of the chemical structure
of dyes allow some interpretation of how they achieve their selectivity. They tend to be multi-ring,
heterocyclic, aromatic compounds, with the high degree of bond conjugation giving the bright colors.
In many cases they were originally isolated from plants, and they have a net positive or negative
charge.

EXAMPLE 1.3

Methylene blue stains cellular nuclei blue.

N
/
CH, | l I: :l CH,
\N/ s N7

s N\
CH, Methylene blue CH,

Mechanism of staining: The positive charge on the N of methylene blue interacts with the anionic oxygens in
the phosphate esters of DNA and RNA (Chap. 7).
Eosin stains protein-rich regions of cells red.

Eosin

Mechanism of staining: Eosin is a dianion at pH 7, and so it binds electrostatically to protein groups, such as
arginyls, histidyls, and lysyls, that have a positive charge at this pH. Thus, this dye highlights protein-rich areas

of cells.

PAS (periodic acid Schiff) stain is used for the histological staining of carbohydrates; it is also used to stain
glycoproteins (proteins that contain carbohydrates; Chap. 2) in electrophoretic gels (Chap. 4). The stain mixture
contains periodic acid (HIO,), a powerful oxidant, and the dye basic fuchsin:

*NH,

H,N C NH,

Basic fuchsin
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Mechanism of staining: Periodic acid opens the sugar rings at cis-diol bonds (i.e.. the C-2—C-3 bond of glucose)
to form two aldehyde groups and iodate (103 ). Then the =*NH, group of the dye reacts to form a so-called
Schiff base bond with the aldehyde, thus linking the dye to the carbohydrate. The basic reaction is:

o
AN
€C=N‘H2+ C—R, ‘4'- c— N—C R,

Hz

The conversion of ring A of basic fuchsin to an aromatic one, with a carbocation (positively charged carbon
atom) at the central carbon, renders the compound pink.

Electron Microscopy

Image magnifications of thin tissue sections up to x200,000 can be achieved using electron
microscopy. The sample is placed in a high vacuum and exposed to a narrow beam of electrons that
are differentially scattered by different parts of the section. Therefore. in staining the sample,
differential electron density replaces the colored dyes used in light microscopy. A commonly used
dye is osmium tetroxide (0sO,), which binds to amino groups of proteins, leaving a black,
electron-dense region.

EXAMPLE 1.4

The wavelength of electromagnetic radiation (light) limits the resolution attainable in microscopy. The
resolution of a device is defined as the smallest gap that can be perceived between two objects when viewed
with the device; resolution is approximately half the wavelength of the electromagnetic radiation used. Electrons
accelerated to high velocities by an electrical potential of ~100,000 V have electromagnetic wave properties as
well, with a wavelength of 0.004 nm; thus a resolution of about 0.002 nm is theoretically attainable with electron
microscopy. This, at least in principle, enables the distinction of certain features even on protein molecules,
since the diameter of many globular proteins, e.g., hemoglobin, is greater than 3 nm; in practice. however, such
resolution is not usually attained.

Histochemistry and Cytochemistry

Histochemistry deals with whole tissues, and cytochemistry with individual cells. The techniques
of these disciplines give a means for locating specific compounds or enzymes in tissues and cells. A
tissue slice is incubated with the substrate of an enzyme of interest, and the product of this reaction
is caused to react with a second, pigmented compound that is also present in the incubation mixture.
If the samples are adequately fixed before incubation and the fixing process does not damage the
enzyme, the procedure will highlight, in a thin section of tissue under the microscope, those cells
which contain the enzyme or, at higher resolution, the subcellular organelles which contain it.

EXAMPLE 1.5

The enzyme acid phosphatase is located in the lysosomes (Sec. 1.3) of many cells. including those of the
liver. The enzyme catalyzes the hydrolytic release of phosphate groups from various phosphate esters including
the following:

H
N S .
H—C—O—P—O0 —— pr———— Glycerol + ~ O-—}|’=O
H—(f—OH O OH

2-Phosphoglycerol Phosphate
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In the Gomori procedure, tissue samples are incubated for ~30 min at 37°C in a suitable buffer that contains
2-phosphoglycerol. The sample is then washed free of the phosphate ester and placed in a buffer that contains
lead nitrate. The 2-phosphoglycerol freely permeates lysosomal membranes, but the more highly charged
phosphate does not. so that any of the phosphate released inside the lysosomes by phosphatase remains there.
As the Pb>" ions penetrate the lysosomes, they precipitate as lead phosphate. These regions of precipitation
appear as dark spots in either an electron or a light micrograph.

Autoradiography

Autoradiography is a technique for locating radioactive compounds within cells; it can be
conducted with light or electron microscopy. Living cells are first exposed to the radioactive precursor
of some intracellular component. The labeled precursor is a compound with one or more hydrogen
('H) atoms replaced by the radioisotope tritium (*H); e.g., [*H]|thymidine is a labeled precursor of
DNA, and [*H]uridine is a labeled precursor of RNA (Chap. 7). Various tritiated amino acids are
also available. The labeled precursors enter the cells and are incorporated into the appropriate
macromolecules. The cells are then fixed, and the samples are embedded in a resin or wax and then
sectioned into thin slices.

The radioactivity is detected by applying (in a darkroom) a photographic silver halide emulsion
to the surface of the section. After the emulsion dries, the preparations are stored in a light-free
box to permit the radioactive decay to expose the overlying emulsion. The length of exposure depends
on the amount of radioactivity in the sample but is typically several days to a few weeks for light
microscopy and up to several months for electron microscopy. The long exposure time in electron
microscopy is necessary because of the very thin sections (<1 um) and thus the minute amounts of
radioactivity present in the tiny samples. The preparations are developed and fixed as in conventional
photography. Thus. the silver grains overlie regions of the cell that contain radioactive molecules;
the grains appear as tiny black dots in light micrographs and as twisted black threads in electron
micrographs. Note that this whole procedure works only if the precursor molecule can traverse the
cell membrane and if the cells are in a phase of their life cycle that involves incorporation of the
compound into macromolecules.

EXAMPLE 1.6

The sequence of events involved in the synthesis and transport of secretory proteins from glands can be
followed using autoradiography. For example, rats were injected with [ *H]leucine, and at intervals thereafter
they were sacrificed and autoradiographs of their prostate glands prepared. In electron micrographs of the sample
obtained 4 min after the injection, silver grains appeared overlying the rough endoplasmic reticulum (RER) of
the cells. indicating that [*H]leucine had been incorporated from the biood into protein by the ribosomes attached
to the RER. By 30 min the grains were overlying the Golgi apparatus and secretory vacuoles, reflecting
intracellular transport of labeled secretory proteins from the RER to those organelles. At later times after the
injection radioactive proteins were released from the cells, as evidenced by the presence of silver grains over
the glandular lumens.

Ultracentrifugation

The biochemical roles of subcellular organelles could not be studied properly until the organelles
had been separated by fractionation of the cells. George Palade and his colleagues, in the late
1940s, showed that homogenates of rat liver could be separated into several fractions using differential
centrifugation. This procedure relies on the different velocities of sedimentation of various organelles
of different shape, size, and density through a solution. A typical experiment is outlined in
Example 1.7.
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EXAMPLE 1.7

Liver is suspended in 0.25 M sucrose and then disrupted using a rotatmg, close-fitting Tefon plunger in
a glass barrel (known as a Pouter- Elvehjern homogenizer). Care is taken not to destroy the organelles by excessive
homogenization. The sample is then spun in a centrifuge (see Fig. 1-1). The nuclei tend to be the first to sediment
10 the bottom of the sample tube at forces as low as t,000 g for ~t5min in a tube 7 cm long.

High-speed centrifugation, such as 10,000 g for 20 min, yields a pellet composed mostly of mitochondria,
but contaminated with lysosomes. Further centrifugation at 100,000 g for 1h yields a pellet of ribosomes and
so-called microsomes that contain endoplasmic reticutum. The soluble protein and other solutes remain in the

supernatant (overlying solution) from this step.

3\ e N r
— S
1S min at 20 min a1 1h at
1,000 g 10,000 g $00,000 g
—— —— ————

%u:t gfgy

Homogenalte in Nuclei and plasma Lysosomes and Microsomes and
0.25 M sucrose membrane fragments mitochondria nbosomes

Fig. 1-1 Scparation of subcellular organetles by differential centrifugation of
ccll homogenates.

Density-gradient centrifugation (also called isopycnic centrifugation) can also be used to separate
the different organelles (Fig. 1-2). The homogenate is layered onto a discontinuous or continuous
concentration gradient of sucrose solution. and centrifugation continues until the subeellular particles

achieve density equilibrium with their surrounding solution.

0| ihm
oo 200008 |SKIES-

Fig. 1-2 Isopycnic centrifugation of
organelles. The shading
indicates increasing solu-
tion density.
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Fig. 1-3 Diagram of a mammalian cell. The organelles are approximately the correct relative sizes.
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Question: Can a procedure similar to isopycnic separation in a centrifugal field be used to separate
different macromolecules?

Yes; in fact one way of preparing and purifying DNA fragments for genetic engineering uses
density gradients of CsCl. Various proteins also have different densities and thus can be separated
on sucrose demsity gradients; however, the time required to attain equilibrium is much longer, and
higher centrifuge velocities are needed than is the case for organelles.

1.3 SUBCELLULAR ORGANELLES

Question: What does a typical animal cell look like?

There is no such thing as a typical animal cell, sincc cells vary in overall size, shape, and
distribution of the various subcellular organelles. Fig. 1-3 is, bowever, a composite diagram that
indicates the relative sizes of the various microbodies.

Plasma Membrane

The plasma membrane (Fig. 14) is the outer boundary of the cell; it is a continuous sheet of
lipid molecules (Chap. 6) arranged as a molecular bjlayer 4-5 nm thick. In it are embedded various
proteins that function as enzymes (Chap. 8), structural clements, and molecular pumps and sclective
channels that allow entry of certain small molecules into and out of the cell, as well as receptors
for hormones and cell growth factors (Chap. 6).

Protein pump

Protein —

Cytoplasm

Fig. 1-4 Plasma membrane.

Endoplasmic Reticulum (ER)

The endoplasmic reticulum (ER) is composed of flattened sacs and tubes of membranous bilayers
that extend throughout the cytoplasm enclosing a large intracellular space. The lwninal space (Fig.
1-5) is continuous with the outer membrane of the nudear envelope (Fig. 1-10). It is involved in the
synthesis of proteins and their transport to the cytoplasmic membrane (via vesicles, small spherical
particles with an outer bilayer membrane). The rough ER (RER) has flattened stacks of membrane
that are studded on the outer (cytoplasmic) face with ribosomes (discussed later in this section) that
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Ribosomes

(@) Rough endoplasmic reticulum () Smooth endoplasmic reticulum
Fig. 1-5

actively synthesize proteins (Chap. 17). The smooth ER (SER) is more tubular in cross section and
lacks ribosomes; it has a major role in lipid metabolism (Chap. 13).

EXAMPLE 1.8

What mass fraction of the lipid membranes of a liver cell is plasma membrane?
Only about 10 percent; the remainder is principally ER and mitochondrial membrane.

Golgi Apparatus

The Golgi apparatus is a system of stacked, membrane-bound, flattened sacs organized in order
of decreasing breadth (see Fig. 1-6). Around this system arc small vesicles (50-nm diameter and
larger); these are the secretory vacuoles that contain protein that is refeased from the cell (scc
Example 1.6).

L.umen

Fig. 1-6 Golgi apparatus and secretory
vesicles.

The pathway of secretory proteins and glycoproteins (protein with attached carbohydrate) through
exocrine (secretory) gland cells in which secretory vacuoles are present is well established. However,
the exact pathway of exchange of the membranes between the various organelles is less clear and
could be either one or a combination of both of the schemes shown in Fig. 1-7.

In the membrane flow model of Fig. 1-7, membranes move through the cell from ER — Golgi
apparatus — secretory vacuoles — plasma membrane. In the membrane shuttle proposal, the vesicles
shuttle between ER and Golgi apparatus, while secretory vacuoles shuttle back and forth between
the Golgi apparatus and the plasma membrane.

Question: What controls the directed flow of membranous organelles?
No one really knows; it is one of the great wonders of cell physiology yet to be fully understood.
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Fig. £-7 Possible membrane-exchange pathways during sccretian of proicin
from a cell.

Lysosomes

Lysosomes arc mcmbranc-bound vesicles that contain acid hvdrolases: these are enzymes that
catalyze hydrolytic reactions and function optimally at a pH (~5) found in these organciles.
Lysosomes range in size from 0.2 to (0.Sum. They arc instrumental in intraccllular digestion
(autophagy) and the digestion of matenal from outside the cell (heterophagy). Heterophagy. which
is involved with the body's removal of bacteria, begins with the invagination of the plasma membranc.
a process called endocyiosis; the whole digestion pathway is shown in Fig. 1-8.

Since lysosomes are involved in digesting a whole range of biological material. exemplified by
the destruction of a whole bacterium with all its different types of mucromolecules, it is not surprsing
to find that a large number of differens hydrolases reside in lysosomes. These enzymes catalvze the
breakdown of nucleic acids, proteins. cell wall carbohydrates. and phospholipid membrancs (sce
Table 1.1).

Mitochondria

Mitochondria are membranous organclles (Fig. 1-9) of great importance in the energy mctabolism
of the cell; they are the source of most of the ATP (Chap. 14) and the site of many metabolic reactions.
Specifically. they contain the enzymes of the citric acid cycle (Chap. 12) and the clectron-transport
chain (Chap. 14). which includes the main oxygen-utilizing reaction of the cell. A mammalian liver
cell contains about 1.000 of these organelles: about 20 percent of the cyloplasmic volume is
mitochondrial.
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Table 1.1. Mammalian Lysosomal Enzymes and Their Substrates
Enzyme Natural Substrate Tissue Location
Proteases
Cathepsin Most proteins Most tissucs
Collagenase Collagen (Chap. 4) Bone
Peptidases Peptides (Chap. 3) Most tissues
Lipases
A range of esterases Esters of fatty acids (Chap. 13) Most tissues
Phospholipases Phospholipids (Chap. 6) Most tissues
Phosphatases
Acid phosphatase Phosphomonoesters Most tissues

(c.g.. 2-phosphoglycerol)

Acid phosphodicsterase | Oligonucleotides (Chap. 7) Most tissues
Nucleases
Acid ribonuclease RNA (Chap. 7) Most tissues
Acid deoxyribonuclease | DNA (Chap. 7) Most tissues
Polysaccharidases and
mucopolysaccharidases
B-Galactosidase Galactosides of membranes Liver. brain
(Chap. 6)
a-Glucosidase Glygogen (Chap. 11) Macrophages. liver
B-Glucosidase Glycosphingolipids (Chap. 6) Brain, liver
B-Glucuronidasc Polysaccharides Macrophages
Lysozyme Bacterial cell wall and Kidney
mucopolysaccharides {(Chap. 8)
Hyaluronidase Hyaluronic acid and Liver
chrondroitin sulfate (Chap. 2)
Arylsulfatase Organic sulfates Liver, brain

Matrix

Outer membrane

Quier compariment

Inner membrane

Mitochondrial DNA

Inner membranc (F)) particles

Fig. 1-9 Mitochondrion.
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EXAMPLE 1.9

Mitochondria were first observed by R. Altmann in 1890. He named them bioblasts, because he speculated
that they and chloroplasts (the green chlorophyll-containing organelles of plants) might be intracellular symbionts
that arose from bacteria and algae, respectively. This idea lay in disrepute until the recent discovery of
mitochondrial nucleic acids.

In histology. mitochondria can be stained supraviially; i.e., the metabolic activity of the functional
(vital = living) organelle or cell allows selective staining. The reduced form of the dye Janus green B is colorless,
but it is oxidized by mitochondria to give a light-green pigment that is easily seen in light microscopy.

Mitochondria are about the size of bacteria. They have a diameter of 0.2 to 0.5 um and are 0.5
to 7 um long. They are bounded by rwo lipid bilayers, the inner one being highly folded. These folds
are called cristae. The innermost space of the mitochondrion is called the matrix. They have their
own DNA in the form of at least one copy of a circular double helix (Chap. 7), about 5 um in overall
diameter; it differs from nuclear DNA in its density and denaturation temperature by virtue of being
richer in guanosine and cytosine (Chap. 7). The different density from nuclear DNA allows its
separation by isopycnic centrifugation. Mitochondria also have their own type of ribosomes that differ
from those in the cytoplasm but are similar to those of bacteria.

Most of the enzymes in mitochondria are imported from the cytoplasm; the enzyme proteins are
largely coded for by nuclear DNA (Chap. 17). The enzymes are disposed in various specific regions
of the mitochondria (Table 1.2); this has an important bearing on the dircction of certain metabolic
processes.

Peroxisomes

Peroxisomes are about the same size and shape as lysosomes (0.3 to 1.5 um in diameter). However
they do not contain hydrolases; instead, they contain oxidative enzymes that generate hydrogen
peroxide by catalyzing the combination of oxygen with a range of compounds. The various enzymes
present in high concentration (even to the extent of forming crystals of protein) are (1) urate oxidase
(in many animals but not humans); (2) p-amino acid oxidase, Chap. 15; (3) L-amino acid oxidase;
and (4) a-hydroxy acid oxidase (includes lactate oxidase). Also, most of the catalase in the cell is
contained in peroxisomes; this enzyme catalyzes the conversion of hydrogen peroxide, produced in
the other reactions, to water and oxygen.

Cytoskeleton

In the cytoplasm, and especially subjacent to the plasma membrane, are networks of protein
filaments that stabilize the lipid membrane and thus contribute to the maintenance of cell shape. In
cells that grow and divide, such as liver cells, the cytoplasm appears to be organized from a region
near the nucleus that contains the cell’s pair of centrioles (Chap. 5). There are three main types of
cytoskeletal filaments: (1) microtubules, 25 nm in diameter, composed of organized aggregates of the
protein tubulin (Chap. 5); (2) actin filaments, 7nm in diameter (Chap. 5); and (3) so-called
intermediate filaments, 10 nm in diameter (Chap. 5).

Centrioles

Centrioles are a pair of hollow cylinders that are composed of nine triplet tubules of protein
(Chap. 5). The members of a pair of centrioles are usually positioned at right angles to each other.
Microtubules form the fine weblike protein structure that appears to be attached to the chromosomes
during cell division (mitosis); the web is called the mitotic spindle and is attached to the ends of the
centrioles. While centrioles are thought to function in chromosome segregation during mitosis, it is
worth noting that cells of higher plants, which clearly undergo this process, lack centrioles.
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Table 1.2. Enzyme Distribution in Mitochondria

Characteristics or Cross-Reference
Location to Discussion

Outer membrane

Monoamine oxidase Neurotransmitter; catabolism
Rotenone-insensitive NADH-

cytochrome ¢ reductase Chap. 14

Kynurenine hydroxylase Tryptophan catabolism; Chap. 15
Fatty acid—-CoA ligase Chap. 13

Space between inner and outer membrane

Adenylate kinase AMP + ATP  2ADP
Nucleoside diphosphokinase XDP+YTP  XTP+ YDP
where X and Y are any of several
ribonucleosides
Inner membrane
Respiratory chain enzymes Chap. 14
ATP synthase Chap. 14
Succinate dehydrogenase Chap. 14
B-Hydroxybutyrate dehydrogenase Chap. 13
Carnitine—fatty acid acyltransferase Chap. 13
Matrix
Malate and isocitrate dehydrogenase Chap. 12
Fumarase and aconitase Chap. 12
Citrate synthase Chap. 12
2-Oxoacid dehydrogenase Chap. 12
B-Oxidative enzymes for fatty acids Chap. 13
Carbamoy! phosphate synthetase 1 Chap. 15
Ornithine carbamoyltransferase Chap. 15

Ribosomes

Ribosomes are the site of protein synthesis and exist: (1) in the cytoplasm as rosette-shaped groups
called polysomes (in immature red blood cells there are usually five per group): (2) on the outer
face of the RER; or (3} in the mitochondrial matrix, although this last type is different in size and
shape from ribosomes in the cytoplasm. Ribosomes are composed of RNA and protein and range
in size from 15 to 20 nm. Their central role in protein synthesis is described in Chap. 16.

EXAMPLE 1.10

Ribosomes were first isolated by differential centrifugation and then examined by electron microscopy. This
and related work by George Palade in the early 1950s earned him the Nobel prize in 1975. For a time ribosomes
were known to electron microscopists as Palade’s granules.
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Flg. 1-10 Mammalian cell nucleus.

Nudleus

The nucleus is the most conspicuous organclle of the cell (sec Fig. 1-10). It is dchmitcd from
the cytoplasm by a membranous envelope called the nuclear membrane. which actvally consists of
two membranes forming a flattened sac. The nuclcar membrance is perforated by nuclear pores () pm
in diameter), which allow transfer of material between the nucleoplusin and the cytoplasm. The
nucleus containg the chrornosomes. which consist of DNA packaged into chromatin fibers by
association of the DNA with an cqual mass of histone proteins (Chap, 16).

Nucleolus

The nucleolus is composed of S to 10 percent RNA | and the remainder of the mass is protein
and DNA. In light microscopy it appears 1o be spherical and bhasophilic (Prob. 1.1). Its function is
the synthesis of ribosomal RNA (Chap. 17). There may be more than one per nucteus.

Chromosomes

Chromosomes are the bearers of the hereditary instructions in a celi; thus they arc the ovcrall
regulators of cellular processes. Important features to note about chromosomes arc:

(¢) Chromosome ninber. In animals. cach somatic cell (body cells, excluding scx cells) contains
one set of chromosomes inherited from the female parent and a comparable (hromologous)
set from the male parent. The number of chromosomes in the dual set is called the diploid
nuntber; the suffix -ploid mcans “'a sct™ and the di refers to the multiplicity of the set (in
this casc, “two™). Sex cells (called gametes) contain Jialf as many chromosomes as found
in somutic cells and arc thercfore referred to as haploid cells. A genome is the set of
chromosomes that corresponds to the haploid set of a species.

EXAMPLE .11

Human somatic cclls contain 46 chromosomes. cattle 60. and fruit fly 8. Thus, the diploid number
bears no relationship to the species™ positions in the phylogenctic scheme of classification.
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Fig. 1-11 Mammalian
chromosome.

Chromosome morphology. Chromosomes become visible under the light microscope only
at certain phases of the nuclear division cycle. Each chromosome in the genome can usually
be distinguished from the others by such features as: (1) relative length of the whole
chromosome; (2) the position of the centromere, a structure that divides the chromosome
into a crosslike structure with two pairs of arms of different length; (3) the presence of knobs
of chromatin called chromomeres; and (4) the presence of small terminal extensions called
satellites (Fig. 1-11).

EXAMPLE 1.12

In the clinical investigation of infants or fetuses with possible inborn errors of metabolism or
morphology, it is common practice to prepare a karyotype. Usually, white cells are cultured and then
stimulated to divide. The predivision cells are squashed between glass slides, causing the cellular nuclei
to disgorge their chromosomes, which are then stained with a blue dye. The chromosomes are
photographed and then ordered according to their length. the longest pair being numbered 1. The
sex chromosomes do not have a number.

The inherited disorder Down syndrome (also called mongolism) involves mental retardation and
distinctive facial features. It results from the inclusion of an extra chromosome 21 in each somatic
cell of the body. Hence, the condition is called trisomy 21.

Autosomes and sex chromosomes. In humans, gender is associated with a morphologically
dissimilar pair of chromosomes called the sex chromosomes. The two members of the pair
are labeled X and Y, X being the larger. Genetic factors on the Y chromosome determine
maleness. All chromosomes, exclusive of the sex chromosomes, are called autosomes.

1.4 CELL TYPES

There are over 200 different cell types in the human body. These are arranged in a variety of
different ways, often with mixtures of cell types, to form fissues. Among this vast array of types are
some highly specialized ones.

Red Blood Cell (Erythrocyte)

Erythrocytes are small compared with most other cells and are peculiar because of their biconcave
disk shape (see Fig. 1-12). They have no nucleus, because it is extruded just before the release of
the cell into the blood stream from the bone marrow, where the cells develop. Their cytoplasm has
no organelles and is full of the protein hemoglobin that binds O, and CO,. In the cytoplasm are
other proteins also, namely. (1) the submembrane cytoskeleton, (2) enzymes of the glycolytic and
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Fig. 1-12 Human crvthrocyle.

pentose phosphate pathways (Chap. 11). and (3) a range of other hydrolytic and special-function
enzymes that will not be discussed here. In the membrane are spetialized proteins associated with
(1) anion transpori, and (2) the bearing of the carbohydrate cell-surface antigens (blood group
substances).

Adipocyte

Adipocytes are the speciilized cells of fat tssue (Fig. 1-13). The cclls range in size from 6} to
[20 gm in diameter and have the characteristic feature of a huge vacuole that is full of triglycendes
(Chap. 6). The nucleus and mitochondria ure fAattened an onc inner surface of the plasma membranc,
and there is only a small amount of endoplasmic reticulum.

Ial vacuvle

Fig. 1-13 Adipocylic.
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Liver Cell (Hepatocyte)

Liver tissue contains an array of cell types, but the preponderant one is the hepatocyte. 1t has
an overall structure much like that of the cell in Fig. 1-3. The cells are arranged in long, branching
columns of about 20 cells in a cross section around a central bile cannaliculus (channel). Into the
cannaliculus the cells secrete bile. The liver is the main producer of urea (Chap. 15), stores glycogen
(Chap. 11). synthesizes many of the amino acids used by other tissues (Chap. 3), and produces serum
proteins, among many other metabolic roles.

Muscle Cell (Myocyte)
Muscle cells produce mechanical force by contraction. In vertebrates there are three basic

types:

1. Skeletal muscle moves the bones attached to joints. These muscles are composed of bundles
of long, multinucleated cells. The cytoplasm contains a high concentration of a special
macromolecular contractile-protein complex, actomyosin (Chap. 5). There is also an
elaborate membranous network called the sarcoplasmic reticulum that has a high Ca>*
content. The contractile-protein complex has a banded appearance under microscopy.

2. Smooth muscle is the type in the walls of blood vessels and the intestine. The cells are long
and spindle-shaped, and they lack the banding of skeletal muscle cells.

3. Cardiac muscle is the main tissue of the heart. The cells are similar in appearance to those
of skeletal muscle but in fact have a different biochemical makeup.

Epithelia

Epithelial cells (Fig. 1-14) form the coherent sheets that line the inner and outer surfaces of the
body. There are many specialized types. but the main groups are as follows:

1. Absorptive cells have numerous hairlike projections called microvilli on their outer surface;
they increase the surface area for absorption of nutrients from the gut lumen and other

areas.

2. Ciliated cells have small membranous projections (cilia) that contain interior contractile
proteins; cilia beat in synchrony and serve to sweep away foreign particles on the surface
of the respiratory tract, i.e., in the lungs and the nasal lining.

3. Secretory cells occur in most epithelial surfaces; e.g., sweat gland cells in the skin and
mucus-secreting cells in the intestine and respiratory tract.

1.5 THE STRUCTURAL HIERARCHY IN CELLS

The organic molecules that are building blocks of biological macromolecules are very small; e.g.,
the amino acid alanine is only (0.7 nm long, whereas a typical globular protein, hemoglobin (Chap.
5), which consists of 574 amino acids, has a diameter of ~6 nm. In turn, protein molecules are small
compared with the ribosomes that synthesize them (Chap. 17); these macromolecular aggregates are
composed of over 70 different proteins and four nucleic acid strands. They have a molecular weight
(M,) of around 2.8 x 10° and a diameter of ~20 nm. In contrast, mitochondria contain their own
ribosomes and DNA and range in length up to 7 um. Intracellular vesicles are often seen to be about
the same size as mitochondria, and yet the Golgi apparatus or the lipid vacuole of an adipocyte is
much larger. The nucleus may be even larger and also contains some ribosomes and other
macromolecular aggregates, including, most importantly, the chromosomes.

Even though the building blocks of macromolecules are small in relation to the size of the cell
(e.g., the ratio of the volume of one molecule of alanine to that of the red blood cell is ~1:10'"),
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Fig. 1-34  Epithelial cells.

a defect in one amino acid in the sequence of a protein can profoundly affect not only the protein
but also the cell structure. Furthermore, an altered enzymatic activity or binding affinity can greatly
influence the survival of not only the cell but the whote being.

EXAMPLE 1.13

In bumans having the inherited disease called sickle-cell anemia, the hemoglobin molecules of the
erythrocyles ure defective; 2 of the 574 amino acids in the protein are substituted for another. Specifically,
glutamate in position 6 of cach of the two 8 chains of the hemoglobin tetramer (see Chap. 5) is replaced by
valine. This single change increases the likelihood of the molecules aggregating when they are deoxygenated.
The aggregated protein forms lurge paracrystalline structures (called tactoids) inside the cell and distorts it into
a relatively inflexible sickle shape. These cells tend to clog small blood vessels and capillaries and lead to poor
oxygen supply in many organs. Also, they are more fragile and thus rupture, reducing the number of cells and
causing anemia.

Solved Problems

METHODS OF STUDYING THE STRUCTURE AND FUNCTION OF CELLS

1.1. Basic dyes such as methylene blue or toluidine blue are positively charged at the pH of most
staining solutions used in histology. Thus the dyes bind to acidic (i.e., those that become
negatively charged on dissociation of a proton) substances in the cell. These acidic molecules
are therefore referred to as basophilic substances. Give some examples of basophilic
substances.
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1.2.

1.3.

1.4,

SOLUTION

Examples of basophilic cell components are DNA and RNA; the latter includes messenger RNA
(Chap. 7) and ribosomes. The youngest red blood cells in the blood circulation contain a basophilic
reticulum (network) in their cytoplasm; this is composed of messenger and ribosomal RNA. The network
slowly dissolves over the first 24 hours of the cell’s life in the circulation. This readily identifiable red
blood cell type is called the reticulocyte.

Acidic dyes such as eosin and acid fuchsin have a net negative charge at the pH of usual staining
solutions. Therefore, they bind to many cellular proteins that have a net positive charge. Give
some regions of a liver cell that might be acidophilic.

SOLUTION

The cytoplasm, mitochondrial matrix, and the inside of the smooth endoplasmic reticulum are
acidophilic; all these regions almost exclusively contain protein.

Describe a possible means for the cytochemical detection and localization of the enzyme glucose
6-phosphatase; it exists in liver and catalyzes the following reaction:

H2O
Glucose 6-phosphate -, Glucose + Phosphate
SOLUTION

Incubate a tissue slice at 37°C with glucose 6-phosphate in a suitable buffer solution. Wash the tissue
free of the substrate, and then precipitate the phosphate ions by the addition of lead nitrate to the tissue
slice. The remainder of the preparation is as described in Example 1.5. In liver cells the reaction product
is found within the endoplasmic reticulum, thus indicating the location of the enzyme.

How may cells be disrupted in order to obtain subcellular organelles by centrifugal
fractionation?

SOLUTION
There are several ways of disrupting cells:

1. Osmotic lysis: The plasma membranes of cells are water-permeable but are impermcable to large
molecules and some ions. Thus, if cells are placed into water or dilute buffer, they swell owing to
the osmotically driven influx of water. Since the plasma membrane is not able to stretch very much
(the red blood cell membrane can stretch only up to 15 percent of its normal arca before disruption),
the cells burst. The method is effective for isolated cells but is not so effective for tissues.

Homogenizers: One of these is described in Example 1.7.

Sonication: This involves the generation of shear forces in a cell sample in the vicinity of a titanium
probe (0.5 mm in diameter and 10 cm long) that vibrates at ~20,000 Hz. The device contains a crystal
of lead zirconate titanate that is piezoelectric, i.e.. it expands and contracts when an oscillatory electric
field is applied to it from an electronic oscillator. The ultrasonic pressure waves cause microcavitation
in the sample, and this disrupts the cell membranes, usually in a few seconds.

SUBCELLULAR ORGANELLES

1.5.

On the basis of the pathway of heterophagy (Fig. 1-8), make a proposal for the pathway of
autophagic degradation of a mitochondrion.

SOLUTION

Figure 1-15 shows the scheme for autophagic degradation of a mitochondrion. Note that once the
so-called phagosome has been formed, the process of digestion, etc., is the same as for heterophagy
(Fig. 1-8).
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1.6.

There is an inherited disease in which a person’s lysosomes lack the enzyme B-glucosidase
(Table 1.1). What are the clinical and biochemical consequences of this deficiency?

SOLUTION

The disease is called Gaucher disease and is the most common of the so-called sphingolipidoses; its
incidence in the general population is ~1:2,500. This class of disease results from defective hydrolysis
of membrane components called giycosphingolipids (Chap. 6) that are normally turned over in the cell
by hydrolytic breakdown in the lysosomes. The glycosphingolipids are lipid molecules with attached
carbohydrate groups. An inability to remove glucose from these molecules results in their accumulation
in the lysosomes. In fact over a few years, the cells that have rapid membrane turnover. such as in the
liver and spleen, become engorged with this lipid-breakdown product. Clinically, patients have an
enlarged liver and spleen and may show signs of mental deterioration if much of the lipid accumulates

in the brain as well.

CELL TYPES

1.7.

1.8.

1.9.

1.10.

1.11.

How many red blood cells are there in an average 70-kg person?

SOLUTION

There are ~3.3 X 10'? red blood cells in an average person. The total blood volume is ~6 L. and
half of that is red blood cells; i.e., there is ~3 L of red blood cells. Since each cell has a volume of
~90 x 10~ L (Fig. 1-12), the result follows from dividing 3 L by this number.

If the average life span of a human red blood cell is 120 days, how many red blood cells are
produced in an average 70-kg person every second?

SOLUTION

There are 3.2 million red blood cells produced every second! The number produced per second is
simply given by the answer from Prob. 1.7, above, divided by 120 days expressed in seconds.

A macrophage is a cell type that is involved in the engulfing of foreign material, such as bacteria
and damaged host cells. In view of this specialized phagocytic function, draw what you think
an electron microscopist would see in a cross section of the cell.

SOLUTION

The key features of a macrophage are its large system of lysosomes and invaginations of the
cytoplasmic membrane (Fig. 1-16). Also, there is a rich rough endoplasmic reticulum where the lysosomal
hydrolytic enzymes are produced. Mitochondria are abundant since the highly active protein synthesis
is very demanding of ATP (Chap. 17).

PAS staining of microscope sections of red blood cells gives a pink stain on one side only of
the cell membrane. Which side is it, the extracellular or the intracellular side?

SOLUTION

The extracellular side is stained pink. All glycoproteins and glycolipids of the plasma membrane
of red blood cells and all other cells are on the outside of the cell. No oligosaccharides are present on
the inner face of the plasma membrane.

Why do the vesicles of some mast cells, which contain large quantities of Aistamine. stain red
with the dye eosin?
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SOLUTION

Eosin is aegatively charged, and histaminc has (he structure

T

H—C=C (IS (IZ—N'H,

' ! H H
H— N\ N—H

A4

C

(
Hlsmmme

i.e.. it has a maximum charg¢ of +2, The two types of molecules interact electrostatically inside the
vesicles, (hus the eosin stains the vesicles red.

THE STRUCTURAL HIERARCHY IN CELLS

1.12.

The concentration of hemoglobin in human red blood cells is normally 330g L~'. The
molecular weight (M;) of hemoglobin is 64,500, and the volumc of a red cell is ~90 fL.. How
many molecules of hemoglobin arc therc in one human red blood cell?

SOLUTION

There are ~3 % 10* molecules of hemoglobin in one erythroeyte. The number of moles of hemoglobin
in one cell is
330 x 90 x 1071 165 1016
64,500 '

Since Avogadro’s number is the number of molecules per mole of a compound, the previous number
iy multiplied by Avogadro's number to give the required estimate:

46x1071%x6.02x 102 =2 x 108
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1.13. The mean generation time of a red cell, from the stem cell to a mature reticulocyte, is ~90 h.
The phase in the cell generation pathway in which most of the hemoglobin is synthesized is
~40h. How many hemoglobin molecules are synthesized per human red blood cell per
second?

SOLUTION

Since, from Prob. 1.12, we saw that the cell contains ~3 x 10¥ hemoglobin molecules, we proceed
by simply dividing this number by the time taken to generate them, 40 h. This gives the rate of production,
namely, ~2,000 molecules per second.

1.14. It has been estimated that it takes ~1 min to synthesize one hemoglobin subunit from its
constituent amino acids. Using this fact, calculate how many hemoglobin molecules are
produced on average at any one time in the differentiation of the cell.

SOLUTION

From Prob. 1.13, ~2,000 hemoglobin molecules are produced per second; this is equal to ~1.2 X 10°
per minute. However, hemoglobin is a tetrameric protein (four subunits; Chap. 5), so four times 1.2 x 10°
chains are produced per minute: 4.8 x 10°.

Supplementary Problems

1.15. A commonly used test of the viability of cells in tissue culture is whether or not they exclude a so-called
supravital dye such as toluidine blue. If the cells exclude the dye, they are considered to be viable. What
is the biochemical basis of this test?

1.16. The chemical compound glutaraldehyde has the structure

H
AN
C=0
(C{{ )
3
\2
C=0
/
H

It is used as a fixative of tissues for light and electron microscopy. What chemical reaction is involved
in this fixation process?

1.17. Outline the design of a histochemical procedure for the localization of the enzyme arylsulfatase in tissues;
the enzyme catalyzes the following reaction type:

T d
H,O + R—O—|S=O —_— R—OH+HO—|S=O

| |
O Arylsulfatase (@)

1.18. In an attempt to determine the localization of glycogen in the liver, could there be any problems of
interpretation of the electron microscopic autoradiographic images if [°H]glucose were used as the
radioactive precursor molecule of glycogen?
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1.20.

1.21.

1.22.

1.23.

1.24.

1.25.

CELL ULTRASTRUCTURE [CHAP. |

Microsomes are small, spherical, membranous vesicles with attached ribosomes. During differential
sedimentation, they sediment only in the late stages of a preparation, when very high centrifugal forces
are used. They don’t appear in electron micrographs of a cell. From whence do they arise?

There are two forms of the enzyme carbamoyl phosphate synthetase, one in the mitochondrial matrix
and the other in the cytoplasm. What might be the consequence and role of this so-called
compartmentation of enzymes?

Human reticulocytes (Prob. 1.1) continue to synthesize hemoglobin for approximately 24 hours after
release into the circulation. Design an electron microscopic experiment using autoradiography to identify
which of the cells are actively synthesizing the protein.

(@) Who is the primary source of the DNA in your mitochondria—your mother or your father?
(b) Speculate on possible inheritance patterns if there were a defect in one or the other parent’s
mitochondria.

Given that mitochondria do not have the same aggressive autolytic capacity as lysosomes, what might
be the significance of having such a complex membranous structure? After all, the endoplasmic
reticulum and the plasma membrane could potentially support those enzymes found in mitochondrial
membranes.

The disease epidermolysis bullosa involves severe skin ulceration and even loss of the ends of the
ears, nose, and fingers. It is possibly the result of a primary defect in the stability of lysosomal
membranes.

(a) How does this lead to the signs, just mentioned, of the disease?

(b) What biochemical procedure might you suggest to treat the disorder?

In some sufferers of Down syndrome, the somatic cell nuclei do not contain three chromosomes 21.
However, there is a chromosomal defect relating to chromosome 21; what might it be?



Chapter 2
Carbohydrates

2.1 INTRODUCTION AND DEFINITIONS

It is not possible to give a simple definition of the term carbohydrate. The name was applied
originally to a group of compounds containing C, H, and O that gave an analysis of (CH;0),, i.e.,
compounds in which n carbon atoms appeared to be hydrated with n water molecules. These
compounds possessed reducing properties because they contained a carbonyl group as either an
aldehyde or a ketone, as well as an abundance of hydroxyl groups. The use of the term carbohydrate
was extended to describe the derivatives of these simple compounds, although the derivatives failed
to give the simple analysis shown above. Moreover, many naturally occurring compounds proved to
be derivatives in which the reducing group (aldehyde or ketone) had undergone reaction.

The simplest definition of carbohydrates that can be given is that they are polyhydroxy-aldehydes
or -ketones, or compounds derived from these. They range in M, from less than 100 to well over
10%. The smaller compounds, containing three to nine carbon atoms, are called monosaccharides.
The larger compounds are formed by condensation of the smaller ones via glycosidic bonds. A
disaccharide consists of two monosaccharides linked by a single glycosidic bond; a trisaccharide is
three monosaccharides linked by two glycosidic bonds, etc. Oligo- and polysaccharides are terms
describing carbohydrates with few and many monosaccharide units, respectively.

Because many mono- and oligosaccharides have a sweet taste, carbohydrates of low M, are often

called sugars.

EXAMPLE 2.1

Of the compounds shown, (1) and (2) are not carbohydrates because they have only one hydroxyl group
each; (3). (4), and (5) are carbohydrates because they have the general formula (CH,0),. and are
polyhydroxylic.

H OH
CH, CHO CH,OH CHO o
| HO
CH,OH CH,OH (ITHOH ('?HOH H OH
CHO COH HO H
AN H OH
¢H,0H CH,OH
OH H
(1) 2) 3) 4) (5)

Let us for now restrict discussion to simple monosaccharides, that is, polyhydroxy compounds
containing a carbonyl functional group. There are two series—aldoses, containing an aldehyde group,
and ketoses, containing a ketone group. Simple monosaccharides can also be classified according to
the number of carbon atoms they contain—trioses, tetroses, pentoses, hexoses, etc., containing three,
four, five, and six carbon atoms, respectively. The two systems can be combined. Thus, glucose, the
most common sugar, is an aldohexose; i.e., a six-carbon monosaccharide with an aldehyde group.

EXAMPLE 2.2
The classification of each of the following monosaccharides is given below the structure.

25
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H,OH
H,O0H 0] H,OH HO
H,O0H HOH HOH (leOH (|3HOH
O HOH HOH O COH
/
CH,0OH HOH CHOH (|?HOH CH,0H CH,OH
CHO HOH CH,0H
CH,OH
Ketotriose Aldopentose Ketoheptose Ketopentose Aldopentose
2.2 GLYCERALDEHYDE
The simplest aldose is glyceraldehyde:
'C|HO
2CIHOH
*CH,OH

It has reducing properties because it is an aldehyde. The C-2 of glyceraldehyde is a chiral center (also
known as an asymmetric center), i.e., there are two possible isomers, known as enantiomers, of

glyceraldehyde.

EXAMPLE 2.3

The structures of the two enantiomers of glyceraldehyde are

HO HO
H—C—OH Ho_(lj_H
CH,OH CH,0H

These structures, when written as shown below (left), are called Fischer projection formulas, which are attempts
to represent three-dimensional molecules in two dimensions. For example, the two molecules would appear in
three-dimensional space as shown below (right)

CHO CHO CHO cHO
H OH and H H H»C«OH and HO>C«H
CH,OH CH,OH
CH,OH CH,OH

where the C-2 is in the plane of the paper, the aldehyde and hydroxymethyl groups are behind the paper (as
denoted by the dashed bond lines), and the hydrogen and hydroxyl groups are in front of the paper (as denoted
by the solid bond lines). Enantiomers are mirror images of each other: when placed in front of a plane mirror,
one structure will give an image that is identical with the structure of the other.

In the pairs of figures above, the structure on the left is called D-glyceraldehyde, and that on the right
L-glyceraldehyde. The prefixes D- and L- refer to the overall shape of the molecules; more specifically the letters
refer to the configuration, or arrangement, of groups around the chiral center.
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Generally, with compounds containing a single chiral carbon atom, there are only minor
differences in the physical and chemical properties of the pure enantiomers. There is one physical
property, however, in which enantiomers are markedly different—the property of optical activity.
This refers to the ability of a solution of an enantiomer to rotate the plane of plane-polarized light.
One of a pair of enantiomers will rotate the plane in a clockwise direction and is given the symbol
(+). The other will rotate the plane in a counterclockwise direction and is given the symbol (—).
The b enantiomer of glyceraldehyde is (+) and is described more fully as p-(+)-glyceraldehyde; the
other is L-(—)-glyceraldehyde. Mixtures of b and L enantiomers will have a net rotation depending
on the proportions of the enantiomers; equal proportions give a net rotation of zero, in which case
the solution is said to be racemic.

Optical activity is measured in a polarimeter. The magnitude of the optical activity is measured
as an angle of rotation, given the symbol a. The units are degrees or radians (SI).

Question: On what factors will the a of a solution of an optically active compound depend?
The factors are the concentration of the compound, the length of the cell in which the solution
is placed, the wavelength of the polarized light, the temperature, and the solvent.

Because of the dependencies noted above, the experimentally measured « is always converted
to and expressed as the specific rotation [a]f, where the super- and subscripts refer, respectively,
to the temperature and the wavelength of the light (D referring to the D lines of sodium vapor,
589.2 nm).

[24

T =
[o]b length of cell (dm) X concentration (gcm ™) @h

The name of the solvent is given in parentheses after the value is given; e.g., [a$s = +17.5° (in
water).

2.3 SIMPLE ALDOSES

The simple aldoses are related to D- and L-glyceraldehyde in that structurally they may be
considered to be derived from glyceraldehyde by the introduction of hydroxylated chiral carbon atoms
between C-1 and C-2 of the glyceraldehyde molecule. Thus, two tetroses result when CHOH is

introduced into p-glyceraldehyde:
CHO
H—?-—OH
CH,OH

D-Glyceraldehyde

CHO CHO
H—C—OH HO—C—H
H—C—OH H—C—OH

CH,OH c'n,on

D-Erythrose D-Threose
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Question: Two tetroses can be formed from L-glyceraldehyde. These tetroses are called L-erythrose
and L-threose. Why is it unnecessary to invent new names for the tetroses derived from
L-glyceraldehyde?

If the structures of the two tetroses are written alongside those of p-erythrose and p-threose using
Fischer projection formulas, it is seen that two pairs of mirror images are given. That is, the four
aldotetroses constitute two pairs of enantiomers:

CHO CHO CHO CHO
H———OH HO———H HO ————H H——OH
H————OH HO———H H _T—OH HO————H

CH,0H CH,0OH CH,OH CH,OH

D-Erythrose L-Erythrose D-Threose L-Threose

Two simple aldopentoses can be derived structurally from each of the four aldotetroses described,
making a total of eight aldopentoses. Therefore, there are 16 aldohexoses.

EXAMPLE 2.4

Simplified structures for the eight aldopentoses and 16 aldohexoses are shown (O represents aldehyde; —
represents an OH group; H atoms on carbons are omitted).

RERERE

D
Ribose Arabinose Xylose Lyxose
]
T o r VL V 0 fL
- -] L — — — - -
T ] T T
D L D L D L D L
Allose Altrose Glucose Mannose

Gulose Idose Galactose Talose
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Question: Glyceraldehyde is sometimes known as glycerose. Why?
The names of all the aldotetroses, -pentoses, and -hexoses end in -ose. Glyceraldehyde is the
parent aldose; thus, its name, glycerose, is valid.

There are two series of simple aldoses: a b series and an L series. To determine to which series
an aldose belongs, locate the chiral carbon atom most remote from the reducing group and determine
its relationship to glyceraldehyde; e.g., the sugar shown below, glucose, is called p-glucose:

CHO
H—C—OH
HO—C—H
H_(|:—OH CHO
:—_l;——C-—j(:_)_H_: «— Structural — rH-:C_———O—H—=
' | I relationship ] | I
Chiral carbon - CH,OH ! : CH,OH |
mostremote @~—~~———-—---~--' = e
from reducing D-Glucose p-Glyceraldehyde
group
EXAMPLE 2.5

In the sugars shown below, (1) is L and (2), (3), and (4) are D. Notice that in (3) the chiral carbon atom
most remote from the reducing group is C-2.

HO HO CHO CHO
H—C—OH CH, H——C'——OH H—C,—OH
H—C—OH H—C—OH HO—é——CHon HO—(':—H

HO—C—H H—C—OH CH,OH HO—(':—H
CH,OH CH,OH H—C,—NH2
CH,OH
(1) () 3) (4)

Whereas glyceraldehyde has one chiral center, aldotetroses, -pentoses, and -hexoses have two,
three, and four, respectively. Each chiral center gives rise to optical activity. The net optical activity
of an aldose will depend on contributions from each chiral center and will be (+) or (—).

Question: When p-erythrose is dissolved in water, would you predict the solution to have a (+)
or (—) optical rotation?

This is impossible to predict. The prefixes p- and - refer to the shape of the molecule and imply
nothing regarding the optical activity. In fact, a solution of p-erythrose is (—).

When more than four chiral carbon atoms are present, an aldose is given two configurational
prefixes, one for the four lowest-numbered chiral centers and one for the rest of the molecule. The
configuration of the highest-numbered group is stated first.

EXAMPLE 2.6

The aldooctose shown is named D-erythro-L-galactooctose.
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CHO
HO——}——H
H L-galact
- cto
H——}———OH &
HO—1——H
H——1+——O0OH "
D_
H———0H [ *7re
CH,OH

2.4 SIMPLE KETOSES

Structurally, the parent compound of the simple ketoses is dihydroxyacetone, a structural isomer
of glyceraldehyde.

CH,OH CHO

CcO CHOH

CH,OH éHZOH
Dihydroxyacetone Glyceraldehyde

Although dihydroxyacetone does not possess a chiral carbon atom, the simple ketoses are related
to it structurally by the introduction of hydroxylated chiral carbon atoms between the keto group
and one of the hydroxymethyl groups. Thus there are two ketotetroses, four ketopentoses, and eight
ketohexoses.

EXAMPLE 2.7

The most common ketose, D-fructose, is shown below. Compare the configuration of the chiral carbon atom
most remote from the keto group (C-5) with p-glyceraldehyde.

'CH,OH
_..3 —_—

H—‘ﬁZ—OH

HO H

H—’?—OH
*CH,OH

Fructose (shown in Example 2.7) was named long before its structure was known. The same is
true for most aldoses. Names like glucose, mannose, ribose, and fructose are called trivial rnames;
i.e., they are nonsystematic. However, ketoses, which are isomers of aldoses, were isolated or
synthesized after the corresponding aldoses and were given names based on the names of the isomeric
aldoses. Such names are misleading because they do not reflect the structural elements present in
the ketoses.

EXAMPLE 2.8

The ketose shown below is known universally as D-ribulose because it is an isomer of p-ribose. The name
is incorrect; the compound has only two chiral centers, nor three as the prefix rib- would imply. The compound
is related to D-erythrose, and its correct name is D-erythro-pentulose.
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H,OH

o)
H—C—OH
H—C—OH
CH,OH

Question: What are the correct systematic names for the two sugars shown?

CH,OH CH,OH
Co co
H——OH HO——H
HO——H H——OH
H———OH
CH,OH
CH,OH
(1) (2)

(1) L-Threo-pentulose; commonly called L-xylulose
(2) p-Arabino-hexulose; commonly called p-fructose

Question: How can you tell if a monosaccharide is a ketose from its name?
The systematic name always ends in -ulose, apart from fructose, and so do the trivial names.

Some ketoses are not related structurally to dihydroxyacetone. They are named by considering
the configurations of all the chiral carbon atoms as a unit, ignoring the carbonyl group.

EXAMPLE 2.9

Consider the ketose shown. It has three chiral carbon atoms in the p-arabino configuration (even though
interrupted by a keto group). The keto group is at position 3. The ketose has six carbon atoms. It is therefore
called D-arabino-3-hexulose.

H,OH
HO—?—H
co
H—C—OH
H—C—OH
CH,OH

If the name of a ketose contains no number, it is assumed the ketose is related to dihydroxyacetone and
the keto group is at position 2.

Question: Why is there no need to use numbers to indicate the position of the carbonyl group in

aldoses?
The aldehyde group must always be terminal to a chain of carbon atoms.
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2.5 THE STRUCTURE OF p-GLUCOSE

D-Glucose is the most common of the monosaccharides, occurring in the free state in the blood
of animals and in the polymerized state, inter alia, as starch and cellulose. Tens of millions of tons
of these polysaccharides are made by plants and photosynthetic microbes annually. A detailed study
of the structure of glucose is justified on these grounds, and many of the structural features of all
monosaccharides can be illustrated using glucose as an example.

The Fischer projection formula for p-glucose (Example 2.3) is also known as the open- or
straight-chain structure. This structure occurs only in solution. There are two crystalline forms of
p-glucose, known as « and B, which also have different optical activities when dissolved. X-ray
diffraction studies have confirmed chemical evidence that a- and B8-p-glucose are structures containing
a ring of five carbon atoms and one oxygen atom:

CH,0OH CH,0OH
HA OH H OH
H H
OH H OH H
HO OH HO H
H OH H OH
a-D-Glucose B-p-Glucose

These structures are known as the Haworth projection formulas. They do not represent the true shapes
of the molecules (Sec. 2.6), but they do show the configuration at each of the chiral atoms. The
formulas are meant to represent the ring as a generalized plane standing at right angles to the plane
of the paper and an element of perspective is given to the structure by thickening the three bonds
of the ring that are meant to appear to be in front of the paper; the remaining three bonds of the
ring and the oxygen atom in the ring lie behind the paper.

When a-p-glucose or B-p-glucose is dissolved in water, the ring opens and the open-chain structure
is formed. The reaction is reversible, and an equilibrium is established between the open form and
the two ring forms. The chemistry of the process is understood in terms of the chemistry of the
aldehyde group. In general, aldehydes react reversibly with alcohols to give hemiacetals and then,
in the presence of an acid catalyst (Chap. 8), acetals:

R O Rn

R
\C/O +R'OH R\C/OH +R"OH \C/
7 H/ \OR' H/ \OR'

H

The formation of a ring by the open-chain form of p-glucose can be considered to be the result of
a reaction between the hydroxyl group on C-5 and the aldehyde group to give a hemiacetal. The
aldehyde carbon becomes chiral as a result, thus giving rise to two hemiacetals, a- and
B-D-glucose.

H OH H HO H

N/ \, \

i P i
H—?—OH H—2|C—OH H—?—h
HO—?—H 0O — HO—3|C—H E— HO—C—H O

|

H—?—y H—‘lc—OH H—?—OH
H—? H—’lc—OH H—c|

CH,OH *CH,OH CH,OH

A hemiacetal (a-D-glucose) A hemiacetal (B-p-glucose)
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These hemiacetals are known as anomers, and C-1 of the ring form is called the anomeric
carbon.

Question: Why is the anomeric carbon sometimes called the potential reducing carbon?

When the ring opens in solution, C-1 becomes the carbon atom of the aldehyde group, which
has reducing properties. Only the open-chain form has reducing properties; the ring forms are
nonreducing because they lack an aldehyde group.

The Haworth projection formulas are neater ways of writing the ring forms shown in the equilibria
above and yet preserving the configuration shown at each chiral carbon. It is not difficult to translate
the open-chain structure for a monosaccharide into the Haworth ring structure.

EXAMPLE 2.10

The translation of the open-chain structure into the Haworth ring structure is best achieved in a step-by-step
procedure, since a direct translation is tricky. p-Glucose is used in this example:

1. Write the open-chain structure.

CHO

H OH
HO——H

H——OH

H—1—OH
CH,OH

2. Turn the structure clockwise on its side and bend it round to almost form a ring.

H OH
3. Rotate the C-4—C-5 bond to bring the hydroxyl on C-5 close to the carbonyl group.
CH,OH

4. Form the hemiacetal(s) by bonding of the hydroxyl on C-5 to the carbonyl group.

CH,0OH CH,OH
] 5 e
H H H OH
H H
OH H OH H
HO OH HO H
H OH H OH
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Note: It is normal in writing the ring structures of sugars to omit the H atoms attached to carbon, in which
case B-p-glucose is written as:

CH,OH

OOH

OH
HO

OH

Question: What determines which of the anomers shown in Example 2.10 is called « and
which B?

This depends on the configuration of the anomeric carbon relative to the configuration of the
chiral atom that establishes whether the monosaccharide belongs to the L or the D series (in the case
of glucose, C-5). If, in the Fischer projection formula, the hydroxyl groups on these carbons are cis,
the anomer is called a; if the hydroxyl groups are trans, the anomer is called 8. A comparison of
the structure in step (2) of Example 2.10 with those in step (4) shows that the hydroxyl group on
C-5 was below the plane of the ring before the rings were closed. Thus, the anomer with the anomeric
hydroxyl below the plane of the ring is called a.

Although the open-chain form of glucose has four chiral centers, formation of the ring creates
a fifth chiral center, which is, of course, why there are two anomers that differ in optical rotation.
When solid a-p-glucose is dissolved in water, [a]F is +112°. When solid B-p-glucose is dissolved in
water, [az]ZD5 is +19°

EXAMPLE 2.11

The optical rotations of freshly made solutions of a- and B-p-glucose change with time. This is called
mutarotation. A change in optical rotation must mean a change in structure. When a-p-glucose is dissolved in
water, the a-p anomer is the only structure present at the instant of dissolution. The opening of the ring is a
slow reaction, but since the reaction is reversible, some 8-p anomer as well as the open-chain form will appear.
Ultimately, an equilibrium between the open-chain form and the two anomers is established with an [a] of
+52° For this reason, the structure shown below is used to describe the state of glucose in solution, and the
same device is used to depict the structure of a sugar in which the configuration of the anomeric carbon is
unknown.

OH

Although we have considered the anomeric forms of p-glucose to consist of six-membered rings,
it is possible for two other anomeric forms to arise from the open-chain form by the addition of the
hydroxyl group on C-4 to the carbonyl group of the aldehyde. These are five-membered ring forms.
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H
\, H{ ~CH
= |
H—? m H—2|C—OH H—?—OH
HO— c H _— HO—’?—H = HO—Cl——H O
H—? / H-——‘|C—OH H—?
H—?—OH H—SIC—OH H—?—OH
CH,0H *CH,OH CH,OH
B anomer a anomer

Question: How do we translate the open-chain form of glucose into five-membered Haworth
projection formulas and assign the symbols « and B8 to the appropriate formula?

CH,OH CH,OH

O H HO H
OH
OH OH
a OH B OH

Clearly, it is necessary to distinguish between six- and five-membered rings. This is done by
expanding the name glucose to glucopyranose for the six-membered anomers and to glucofuranose

for the five-membered anomers.
72 o
7

Pyran Furan

Question: Would you expect furanose or pyranose ring forms to be the more stable for a given
sugar?

Furanoses are generally less stable because the area of the ring is smaller and the opportunity
for destabilizing the structure through steric interference between the H, hydroxyl, and hydroxymethyl
groups on different carbons is greater. With glucose, the a- and B-glucofuranoses contribute very
little to the equilibrium mixture.

2.6 THE CONFORMATION OF GLUCOSE

It was stressed in the previous section that the Haworth structures for the anomers of
D-glucopyranose do not represent the true shape of the rings. The carbon atoms of glucose are all
saturated, and the most stable form of a ring will be one that is strain free, i.e., where the angles
formed by the bonds at each carbon atom are 109°, the tetrahedral angle.
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EXAMPLE 2.12

For simplicity, consider cyclohexane. Only two strain-free conformations are possible: a chair and a boat,
which, for clarity, are shown without H atoms:

N T

Cyclohexane Chair Boat

CeH,,

There are 12 H atoms in the structure; 6 are in the general plane of the rings and are called equatorial (e);
6 are perpendicular to the general plane of the rings and are called axial (a).

The chair and boat forms are interconvertible by rotation around the C—C bonds. Therefore, they are not
isomers, and the term conformers is used to describe the various shapes a molecule can possess.

Although both conformers of cyclohexane are strain-free, the chair conformer is more stable
than the boat. There are two reasons for this. (1) Two of the six C—C bonds in the boat are eclipsed,
whereas none are in the chair conformation. This can be illustrated by imagining the eye placed
to look along the C-2—C-3 bond, as shown in Fig. 2-1. The eye, positioned as in (a), will see
the configuration shown in (b): C-2 with its two H atoms and the bond leading to C-1; however,
the eye cannot see C-3 or the two H atoms attached to it, because these three atoms are immediately
behind C-2 and its two H atoms. Likewise, the C-5—C-6 bond is eclipsed, but all other C—C bonds
in the boat and all C—C bonds in the chair are staggered, e.g., (¢) shows the eye looking along
C-3—C-4. Thus in the boat, the four axial H atoms on C-2, C-3, C-5, and C-6 are as close as
possible, and interactions between them tending to distort the ring are maximal. (2) The axial H
atoms on C-1 and C-4 of the boat come closer together (0.18 nm) than the sum of their van der
Waals radii (0.24 nm), and with these two atoms there is an unfavorable interaction tending to
distort the ring.

C-2—C-3 (eclipsed) C-3—C-4 (staggered)
(a) (&) (o)

The difference in energy between the boat and chair conformers of cyclohexane is about
25 kJ mol™!, which means that at 25°C only 1 in 1,000 molecules exists in the boat conformation.

Question: What are two ways in which a monosaccharide in a ring form, like glucose, differs from
cyclohexane in conformation?



CHAP. 2] CARBOHYDRATES 37

(1) Monosaccharides have hydroxyl and hydroxymethyl groups replacing some of the H atoms
on the carbon atoms of the ring. These are much more bulky than H atoms and would tend to be
in equatorial positions around the edge of the ring rather than in axial positions on the faces of the
ring, where they would be closer together and thus distort the ring. (2) Monosaccharides have an
oxygen atom in the ring in the place of a carbon. This has little effect on the shape of the ring since,
although the C—O bond length is slightly shorter than the C—C bond length, the valencies of oxygen
are at 109°. However, the presence of an oxygen atom in the ring does mean there are rwo possible
chair conformers, known as CI and IC.

5 1
4
3
3 2 1 4 2
C1 1C

These cannot be superimposed, but C1 can be converted reversibly to 1C by rotation of the bonds,
passing through a boat conformer in the process.

A Haworth structure for a monosaccharide is translated readily into a structure showing the true
shape of the molecule.

EXAMPLE 2.13

The Haworth structure tells us that a substituent that is above the general plane of the monosaccharide
ring must also appear above the general plane of the chair; whether this is axial or equatorial will depend
on the carbon atom being considered. For example, looking at each carbon of B-p-glucopyranose in turn,
we find

Haworth Structure— Chair Conformers*
Position Relative

Substituent to Ring Cl1 1C
OH of C-1 above e a
H of C-1 below a e
OH of C-2 below e a
H of C-2 above a e
OH of C-3 above e a
H of C-3 below a e
OH of C-4 below e a
H of C4 above a e
CH,O0H of C-5 above e a
H of C-5 below a e

*e = equatorial plane; a = axial plane.

CH,OH

CH.OH CH,OH OH
O\oH HO o ’
OH O
Ho\oH HO OH
OH
OH OH OH

Haworth C1 1C
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The preferred conformer is C1, where all the bulky substituents are equatorial, on the edge of the ring. There
will be considerable distortion in the 1C conformer, where three bulky groups on the upper face of the ring
produce considerable steric hindrance, as do two bulky groups on the lower face.

Question: Which is the preferred conformer for a-p-glucopyranose?
Proceeding as in Example 2.13, we see that C1 is again the preferred conformer:

CH,OH ’
0 CH,OH CH;0
OH  HO
HO >
OH OH OH OH
ct 1C

If the preferred forms of - and B-p-glucopyranose (both C1) are compared, it is seen that the g
form is the more stable since it has no bulky axial substituent, whereas the a form has one. This
helps explain why B-p-glucopyranose is the dominant anomer in an aqueous solution of glucose.

2.7 MONOSACCHARIDES OTHER THAN GLUCOSE

Aldohexoses

Two structural isomers of glucose are mannose and galactose.

CHO CHO
HO ————H H——OH
HO ——1+—H HO——F—H
H——1—OH HO——1+—H
H——1——OH H——1—OH
CH,OH CH,0OH
D-Mannose D-Galactose

EXAMPLE 2.14

p-Mannose and p-galactose are readily translated into six-membered Haworth structures. The a anomers
only are shown.

CH,OH CH,OH
i:o HO o
OH OH OH
HO OH fl (\ OH
OH
a-p-Mannopyranose a-p-Galactopyranose

Both of these are epimers of glucose; that is, neglecting the anomeric carbon, they differ from glucose in the
configuration at just one carbon atom—mannose at C-2, galactose at C-4.
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Aldopentoses
The most common aldopentose is D-ribose, the sugar present in RNA.
CHO
H———O0OH
H——1—OH
H———O0H
CH,0OH

Question: Translate p-ribose into five- and six-membered Haworth structures. Give the B anomers
only.

O oH HOH,C (o) OH
HO
OH OH OH OH
B-p-Ribopyranose B-p-Ribofuranose

The only known crystalline form of p-ribose is B-p-ribopyranose, but in solution the a and B
anomers of both pyranose and furanose forms occur.

The angle of a regular pentagon is 108°, very close to the tetrahedral angle, suggesting that the
shape of a furanose ring is nearly planar. With some sugars having a furanose ring, the structure
cannot be planar because of steric repulsion between substituents on the ring.

EXAMPLE 2.15

In B-pD-ribofuranose, notice that the hydroxyl groups and H atoms attached to the carbon atoms of the
C-2—C-3 bond are eclipsed. Repulsions between these eclipsed groups would be relieved by twisting the ring
out of the plane, i.e., by raising C-3 above the plane and dropping C-2 below the plane. This conformer is known
as T3 (T for twist, with C-3 raised and C-2 lowered). An alternative way of relieving steric repulsion is to raise
or lower C-3 out of the plane of the ring. This gives E (for envelope) conformers.

CH,OH o OH CH,OH
HO o
OH H
OH OH
T; E?

The loss of stability of the ring when C-3 is moved out of the plane is more than compensated by the relief
from steric repulsion.

Deoxy Sugars

Deoxy sugars are reduced forms of sugars in which a hydroxyl group is replaced by a hydrogen
atom. The most widely distributed deoxy sugar is known as 2-deoxy-p-ribose and is present in
DNA.
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CHO
H——H
H—F—OH
H—1——OH
CH,OH

EXAMPLE 2.16

As with ketoses, many deoxy sugars are incorrectly named. In so-called 2-deoxy-p-ribose, there are only
two chiral carbon atoms and the sugar is related to p-erythrose. The systematic name is 2-deoxy-p-erythro-
pentose.

The other deoxy sugars commonly found are L-fucose, particularly in animals, and L-rhamnose,
occurring in plants and bacteria.

CHO CHO
HO——31+—H H———OH
H———OH H——+—OH
H——x—OH HO———H
HO——1—H HO——1———H
CH, CH,
L-Fucose L-Rhamnose

Question: What are the systematic names for these sugars?
6-Deoxy-1L-galactose (L-fucose) and 6-deoxy-L-mannose (L-rhamnose).

Alditols

A different type of reduced sugar is an aldito/, in which the aldehyde group of an aldose has
been reduced. For example, the alditol produced from bp-glucose is p-glucitol (the trivial name is
sorbitol). The name of an alditol is obtained by adding -ito! to the root of the name of the aldose
(except for glycerol, a reduction product of glyceraldehyde).

EXAMPLE 2.17

Two alditols are shown below,

CH,OH CH,OH
H——1+—OH H———OH
HO————H H————+—0OH
H———OH H ——OH
H——-———OH CH,OH
CH,OH
D-Glucitol p-Ribitol

Question: What are the names of the compounds obtained when the carbony! group of p-fructose
is reduced to an alcohol?
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(H:0H CH,OH CH,OH
co H—1—OH HO H
HO——+—H HO——1——H HO——H
— +
H———OH H——OH H———OH
H—1—OH H—1—OH H———OH
CH,OH CH,0OH CH,0OH
D-Fructose D-Glucitol p-Mannitol

Uronic and Aldonic Acids

Uronic acids are sugars in which the hydroxymethyl group of an aldose has been oxidized to a
carboxylic acid. These occur as the salts, known as uronates, at physiological pH.

COoO

O

H
HO OH

OH
a-D-Glucuronate

Oxidation of the aldehyde group of an aldose to a carboxylic acid group gives a derivative known
as an aldonic acid. This occurs as a salt, aldonate, at physiological pH. If an aldonic acid contains
five or more carbon atoms, a 8-lactone is formed spontaneously by the condensation of the carboxylic
acid group and the hydroxyl group on C-5.

EXAMPLE 2.18

With glucose, chemical oxidation of C-1 occurs with the open-chain form, whereas enzyme-catalyzed
oxidation of C-1 occurs with the ring form of the sugar. The aldonic acid (gluconic acid) that is formed is an
equilibrium mixture of the free acid (open chain) and the &lactone (ring).

CHO

H— OH CHZO}:,
HO———F——H Chemical H D-Gluconic acid
—_—
H—r—oH o NoHH COOH (C(H,,0,)
H—!|  OH o
H OH
CH,OH
~H,0 +H,0

CH,0H CH,OH

O OH Entymatic Ck p-Gluconolactone
KOH 7 s OH o (C,H,,0y)
HO HO
OH OH
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Amino Sugars

Amino sugars are widely distributed naturally. Generally, they are sugars in which a hydroxyl
group has been replaced by an amino group.

EXAMPLE 2.19
The most common amino sugars are:

D-Glucosamine (2-amino-2-deoxy-D-glucose)
D-Galactosamine (2-amino-2-deoxy-D-galactose)
Neuraminic acid, a derivative of p-mannosamine (2-amino-2-deoxy-D-mannose)

The amino groups in these compounds are usually acetylated.

(T‘OOH
CcO
CH,0H CH,0H H— H
0 HO 0 H——1—OH
H,COCHN——1——H
OH H,OH H H,OH HO—— 1
HO H——1—OH
NHCOCH, NHCOCH, H———OH
CH,0OH
N-Acetyl-p-glucosamine N-Acetyl-D-galactosamine N-Acetylneuraminic acid
(sialic acid)

Phosphate and Sulfate Esters

Many monosaccharides and their derivatives occur naturally in a form in which one or more of
the hydroxyl groups has been substituted by a phosphate or a sulfate group. These are known as
esters. In general, the phosphate esters are found as components of metabolic pathways within cells,
whereas the sulfate esters are found in oligosaccharides and polysaccharides occurring outside
cells.

EXAMPLE 2.20

Two phosphate esters and two sulfate esters of monosaccharides that occur naturally are fructose
1,6-bisphosphate and 6-phosphogtuconate (for both, see Chap. 11); and D-galactose 4-sulfate and N-
acetylgalactosamine 4-sulfate.

2.8 THE GLYCOSIDIC BOND

All monosaccharides and their derivatives that possess aldehyde or ketone groups (that is,
excepting derivatives such as alditols and aldonic acids) will have reducing properties. Moreover, those
with the appropriate number of carbon atoms can form rings occurring in two forms (anomers) and
in which the potential reducing carbon is called the anomeric carbon.

Question: How reactive is the anomeric hydroxyl group compared with the other hydroxyl groups
in a monosaccharide?
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It is much more reactive than a typical primary or secondary alcohol. This reactivity is due to
the electron-withdrawing influence of the ring oxygen. The situation may be compared to the structure
written for a carboxylic acid in which the four atoms, C-O and O-H, constitute the chemical group.
With a monosaccharide the anomeric C atom, the H and O-H atoms on the anomeric carbon, and
the ring oxygen constitute the corresponding chemical group.

0 ™
v H 0
C/ —Cé
\ \

OH OH

EXAMPLE 2.21

The reactivity of the anomeric hydroxyl group is illustrated by the ease with which monosaccharides react
with alcohols and with amines. The normal hydroxyl groups in the molecule do not react, but the anomeric
hydroxyl does. The process is known as glycosylation (of the alcohol or amine), and the products as O-glycosides
and N-glycosides.

O
O-Glycoside
o ROH OR
RNH, 2O
OH o
Any H,0 N-Glycoside
monosaccharide NHR

The R group in these glycosides is referred to as the aglycone.

As with the parent monosaccharide, the anomeric carbon can have either the « or the 8
configuration since it remains a chiral center.

Question: In what respect does a glycoside ring differ from the ring structure of a monosac-
charide?

The ring of a glycoside cannot open to give a straight-chain structure. Consequently, glycosides
have no reducing properties.

A glycoside is, in chemical terms, an acetal (see also Sec. 2.5):

“Ne?® mon BN /M wow BN _OF
/ AN AN
H H OR' H OR'
Aldehyde Hemiacetal Acetal
(open-chain (ring form) (glycoside)
monosaccharide)

The term glycoside is a generic one, and glycosides derived from glucose, fructose, and ribose
are known as glucosides, fructosides, ribosides, etc.; i.e., -oside is the suffix for glycosides. Glycosides,
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like the parent monosaccharides, can have either five- or six-membered rings known as furanosides
or pyranosides, respectively.

CH,OH CH,0OH
O HO HO s
H OH
HO H,
OH OH
a-D-Methyiglucopyranoside B-p-Methylglucofuranoside

Question: What happens to the optical rotation when a freshly prepared solution of a-b-
methylglucopyranoside is allowed to stand?

It remains constant. Since a glycosidic ring cannot open, these structures do not display
mutarotation.

EXAMPLE 2.22
Give the structure for B-np-methylfructofuranoside.

1. Write the structure for p-fructose.
2. Convert this to the five-membered Haworth ring form (use Example 2.10 as a guide).
3. Take the 8 anomer and substitute the anomeric hydroxyl with a methyl group.

CIH,OH
co CH,OH CH,OH
HO——H o o

OH, CH,OH
H—— OH » CH,
u OH Y HOCH,0H
CH,OH OH OH
(M (2) (3)

B-p-Methylfructofuranoside

The glycosidic bond is found in a very wide range of biological compounds. In addition, there
is a particularly important group of O-glycosides in which the glycosidic bond links two monosac-
charides, i.e., the aglycone is a sugar. Such compounds are called disaccharides. The anomeric
hydroxyl group of the second monosaccharide can itself glycosylate a hydroxyl group in a third
monosaccharide to give a trisaccharide, and so on. Polysaccharides are polymers in which a large
number of monosaccharides are linked by glycosidic bonds.

Question: What is an oligosaccharide?
An oligosaccharide is a compound consisting of an undefined but small number of monosac-
charides linked by glycosidic bonds.

Question: Why are the monosaccharide units in oligo- and polysaccharides called residues?

The formation of each glycosidic bond is a condensation reaction in which a water molecule is
produced. Effectively then, all the monosaccharides, except the monosaccharide at one end, have
lost a water molecule; thus the term residue is justified.
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The name of a residue is formed by adding -osy/ to the root of the name of the sugar. Thus,
a trisaccharide made from three glucose molecules is glucosylglucosylglucose. In order to abbreviate
the written descriptions for oligo- and polysaccharides, a shorthand method for naming residues has
been introduced; e.g., Glc (glucosyl), Gal (galactosyl), Fru (fructosyl), GIcN (glucosaminyl), GIcNAc
(N-acetylglucosaminyl), GlcA (glucuronyl), NeuNAc (N-acetylneuraminyl).

The term glycan is used as an alternative to the word polysaccharide. This is a generic term, and
names such as glucan, xylan, glucomannan describe polymers composed, respectively, of glucose
residues, xylose residues, and glucose and mannose residues.

The greatest problem in understanding the structures of oligo- and polysaccharides is related to
the ways in which the glycosidic bonds are written.

EXAMPLE 2.23

The structures of two different disaccharides, both composed of glucose, are shown.

CH OH CH, OH

Maltose
a-Glc-(1—4)-Glc
CH, OH H OH
Cellobiose
B-Glc-(1—+4)-Glc

The glycosidic bonds joining the glucose molecules are printed the way they are for the following reason. Consider
a disaccharide formed between two monosaccharides, A and B, in which the anomeric hydroxy! of A is used
to glycosylate the hydroxyl on C-4 of B:

CH, OH CH, OH

This structure is ambiguous in two respects. It does not show the configuration at C-1 of A, i.e., whether the
glycosidic bond is a or 8. Nor does it show the configuration at C-4 of B, and therefore the identity of B is
not revealed. B could be either glucose (with the glycosidic O below the ring B) or galactose (with the glycosidic
O above ring B). Thus maltose and cellobiose are written as shown to indicate clearly (1) whether the glycosidic
bond is a or B with respect to the glycosyl component and (2) what the identity of the other sugar is. The printing

of the glycosidic bonds as C  C and CO\lC is a pictorial device: it gives clearly the correct configuration of
Lo
the chiral carbon atoms. The bonds in reality are not bent.

Question: What are the systematic names for maltose and cellobiose?
Maltose is a-D-glucosyl-(1— 4)-p-glucose or, more specifically, a-p-glucopyranosyl-(1— 4)-p-
glucopyranose. Cellobiose is 8-p-glucosyl-(1— 4)-p-glucose.
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In the structure for maltose shown in Example 2.23, no configuration is given for the anomeric
carbon of the glucose unit on the right; the structure represents the state of maltose in solution—a
mixture of a and B anomers. In crystalline maltose, the anomeric hydroxyl is a, and maltose can
be described as a-p-glucosyl-(1— 4)-a-D-glucose.

Question: Is maltose a reducing sugar?

Yes. Although it is a glycoside, the second glucose unit possesses an anomeric carbon atom and
its ring can open to give an aldehyde. For the same reason, solutions of maltose display
mutarotation.

Question: Why doesn’t sucrose, another disaccharide, have reducing properties?

Sucrose, or cane sugar, is a disaccharide in which the anomeric hydroxyl of a-p-glucose is
condensed with the anomeric hydroxyl of B-b-fructose (Example 2.22). It is therefore both an
a-glucoside and a B-fructoside. Neither unit possesses an anomeric hydroxyl and neither ring can
open to give an aldehyde.

CH,OH
o)

\

OH
HO

HO J
CH,OH

o)

HO

CH,OH
OH

Question: What is the systematic name for sucrose?

Either «-D-glucosyl-(1— 2)-B-p-fructoside  (a-p-glucopyranosyl-(1 — 2)-B-p-fructofuranoside)
or B-p-fructosyl-(2— 1)-a-p-glucoside (B-p-fructofuranosyl-(2— 1)-a-p-glucopyranoside). In ab-
breviated form, these are a-Glc-(1— 2)-8-Fru and B-Fru-(2— 1)-a-Glc, respectively.

2.9 POLYSACCHARIDES

Polysaccharides function mainly either as structural components or as forms of energy
storage.

EXAMPLE 2.24

Starch and glycogen are polymers of glucose (or glucans) that serve as sugar storage molecules in plants
and animals, respectively. Starch exists as amylose. a linear polymer of a-p-glucose joined with a(1 — 4) linkages,
and as amylopectin, in which branching occurs through additional a(l1— 6) linkages. Glycogen (Chap. 11) is
also a branched glucan, but the degree of branching is greater in glycogen than in amylopectin. The long linear
chains of amylose can exist with adjacent residues randomly oriented with respect to each other, although there
is a tendency for the chains to take up a helical conformation. In the presence of iodine. interactions between
the glucose residues and iodine atoms stabilize the helical conformation, with iodine atoms enclosed within the
helix, and results in the development of a structure that has a bright blue color.
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EXAMPLE 2.25

Cellulose, the major cell wall material of plants, is also a linear polymer of glucose, but connected by 8(1— 4)
linkages.

Question: Why is cellulose insoluble, while starch, which appears to have a very similar structure,
is soluble?

The seemingly small difference in structure between starch and cellulose allows the linear chains
of cellulose to pack together side-by-side in an antiparallel extended conformation, stabilized by
hydrogen bonds, to produce an insoluble structure of high mechanical strength.

The B(1 — 4) linkage is particularly stable with respect to hydrolysis. Cellulose cannot be digested
by mammals, but some insects (notably termites and wood-eating cockroaches), protozoans and fungi
possess cellulases, enzymes that can hydrolyze the 8(1— 4) linkages. Ruminants, such as sheep and
cattle, can digest cellulose because of the protozoans that live symbiotically in their digestive
system.

In addition to cellulose, plants contain pectins and hemicelluloses. Pectins are polymers comprised
of arabinose, galactose and galacturonic acid. Hemicelluloses are not derived from cellulose, but are
polymers of p-xylose, b-mannose or p-galactose. These compounds provide a matrix in which the
cellulose fibers are embedded.

The cell walls of many fungi, and the exoskeletons of insects and other arthropods, as well as
some molluscs, are largely comprised of chitin, a polymer of N-acetyl-B-p-glucosamine linked by
B(1— 4) glycosidic bonds.

The connective tissue of mammals is rich in polysaccharides known as glycosaminoglycans, or
mucopolysaccharides. Chondroitin sulfate is a polymer of a repeating unit comprising a(1— 3) linked
disaccharide of glucuronic acid and N-acetylgalactosamine; the galactosamine is largely sulfated on
the hydroxyl of carbon 6. Hyaluronic acid, a lubricating material in the synovial fluid of joints such
as the elbow and knee, is a repeating polymer of a disaccharide of glucuronic acid and
N-acetylglucosamine.

Question: What is the (biological) function of the carboxyl and sulfate groups on glycosaminoglycans?
The negative charges on these groups at neutral pH lead to electrostatic repulsion which increases

the dimensions of the molecule. The large volume of solution occupied by such expanded molecules

contributes to high viscosity, and aids in the function of hyaluronic acid as a joint lubricant.

Solved Problems

THE STRUCTURE OF p-GLUCOSE

2.1. A solution of p-glucose contains predominantly the a and 8 anomers of p-glucopyranose, both
of which are nonreducing. Why is a solution of p-glucose a strong reducing agent?

SOLUTION

Because there is some open-chain glucose present with reducing properties. As this reacts, the
equilibria between it and the nonreducing ring forms are disturbed, causing more of the open-chain form
to appear. Ultimately, all the glucose will have reacted via the open-chain form.
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What percentage of p-glucose in solution at equilibrium exists as the g anomer?

SOLUTION

By definition. 1g of B-p-glucose in 1cm? will give a rotation of +19° in a 1-dm polarimeter tube.
Likewise 1g of a-p-glucose will give a rotation of +112° (see Sec. 2.5). At equilibrium, let there be
bgcem~? of B-p-glucose. There will be (1~ b) gem™ of e-p-glucose at equilibrium. The rotation at
cquilibrium (+52°; Example 2.11) will be due to a contribution from & g of B-p-glucose and (1 - &) g
of a-p-glucose; i.e.. b(+19°) + (1 — b)(+112°) = +52°, from which b = 0.64 g. Therefore the percentage
of glucose present as the 8 anomer at equilibrium is 64 percent. (This answer assumes that the open-chain
form of glucosc makes a negligible contribution to the equilibrium mixture, an assumption supported
by optical and NMR spectroscopy of the solution at equilibrium.)

THE CONFORMATION OF GLUCOSE

2.3.

24.

Write the Haworth structure for S-L-glucopyranose.

SOLUTION

By definition, this is the mirror image of B-p-glucopyranose. The structure can be drawn in six ways
by imagining a mirror placed (1) to the left, (2) to the right. (3) above, (4) below. (5) in front of, or
(6) behind the structure of B-p-glucopyranose. Three of these images are shown.

CH,0OH CH,OH
OoH Ho °
OH HO
HO OH
OH OH
B-b-Glucopyranose (2)
OH
O
H \
CH,0H HO OH
H OH HO CHZO/H
O
OH
(4) (5)

All six images represent the same structure and can be seen to be so by rotating any image about an
appropriate axis; e.g., rotating (4) toward you through 180° about a horizontal axis in the plane of the
paper will give (5).

What is the preferred conformation for 3,6-anhydro-p-glucose?

SOLUTION

3,6-Anhydro-p-glucose (1) is a glucose molecule in which a water molecule is lost between C-3 and
C-6. Although the preferred conformation of p-glucose is C1, this conformation is not possible with (1)
because the oxygen on C-3 is too far from C-6 for a bond to be formed between them (2). Consequently,
1C is a morc likely conformation (3), but the large number of axial hydroxyl groups and the strain in
the ring bounded by C-3. C-4, C-5, C-6 and the O between C-3 and C-6 make this conformation unstable.
The preferred conformation for 3.6-anhydro-p-glucose is (4), with two fused, planar five-membered
rings.
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H,C HO —+-[H

OH OH HO

(1) (2) (3) 4)

MONOSACCHARIDES OTHER THAN GLUCOSE

2.5,

2.6.

2.7.

Are p-mannose and D-galactose epimers?

SOLUTION

No. They differ in configuration at two carbon atoms.

Figure 2-2 shows the mutarotation that occurs when, B-bp-ribose is dissolved in water. How
can this curve be interpreted?

(ol

-35°

-0 -

15°

0 Time —

Fig. 2-2 Mutarotation of B-pb-ribose dissolved in
H50.

SOLUTION

Crystalline 8-p-ribose is B-p-ribopyranose (Sec. 2.7), and when this ribose is dissolved in water, the
pyranose ring opens. The resulting open-chain form will close to give furanose and pyranose ring forms.
Formation of the furanose ring is much faster since the random motion of the open-chain form allows
the hydroxyl group on C-4 to approach C-1 far more frequently than the hydroxyl group on C-5 can.
However, the pyranose ring is more stable because it is larger and the steric repulsion is less. Thus, the
initial changes in rotation shown in Fig. 2-2 are due to the appearance of a relatively high concentration
of furanose forms, and the later changes in rotation reflect the reappearance of increasing concentrations
of pyranose forms.

Show that L-ribitol 1-phosphate is identical with p-ribitol 5-phosphate.
SOLUTION

All carbon atoms of ribitol are in the same state of oxidation, and the carbon chain can be numbered
from either end. If numbered as shown in {a) below, and assuming C-1 was derived from an aldehyde,
then the compound would be related to p-ribose and can be called p-ribitol. p-Ribitol 5-phosphate would
be as shown in (b). However, if C-5 was derived from an aldehyde, then the compound would be related
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to L-ribose [turn the structure in (a) upside down] and called L-ribitol. L-Ribitol 1-phosphate would be
as shown in (c), clearly the same as the phosphate ester shown in (b).

'CH,OH CH,OH CH,0PO?
H—4—OH H———OH H———OH
H—}—OH H—|—OH H—]—OH
H—4—OH H—]—OH H—1—OH

s

CH,OH CH,0PO3~ CH,OH

(@) (b) ()

THE GLYCOSIDIC BOND
2.8. The disaccharide shown is lactose, the carbohydrate of mammalian milk. Give (a) its full name
and (b) its abbreviated name.

CH,0OH  CH,OH

HO 6] 6)
OH 6] OH H, OH
OH OH

Lactose
SOLUTION

(a) B-Galactopyranosyl-(1 — 4)-glucopyranose
() B-Gal-(1—4)-Glc

2.9. Give the structure for a disaccharide, containing only glucose, that is nonreducing.
SOLUTION

For the disaccharide to be nonreducing, the anomeric carbons of both glucose molecules must be
linked via a glycosidic bond. The product is called trehalose, and it exists in three isomeric forms in which
the glucose molecules are linked a,a; 8,8; or a,8 (shown). a,8-Trehalose is a-p-glucopyranosyl-(1 — 1)-8-

D-glucopyranose.
CH,OH
6]

OH
HO

CH,OH
o

OH
HO

OH

a,B-Trehalose
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POLYSACCHARIDES

2.10.

2.11.

2.12.

2.13.

2.14.

What products would result from the partial acid hydrolysis of chitin?

SOLUTION

The B(1— 4) linkage is relatively resistant to hydrolysis, so the major site of hydrolysis is that of
the N-acetyl group to yield poly(a-D-glucosamine) and acetic acid. This material is also known as
“chitosan”.

How could one determine the degree of polymerization of a sample of amylose (i.e., the
average number of glucose residues per chain)?

SOLUTION

Amylose has only a single reducing group per polysaccharide chain: the group at carbon I of the
last residue in the polymer. Accurate and sensitive measurement of the concentration of reducing groups
in the sample would provide an estimate of the number of chains. Analysis of the total glucose
concentration would allow an estimate of the degree of polymerization from the ratio of the concentration

of total glucose to that of reducing groups.

Supplementary Problems

Identify by class and by name the monosaccharides that occur in the following glycosides. Give the
configuration of each glycosidic bond.

CH, OHN N
O—CH CHCOO‘ o

OH OH
(a) (b)
CH, OH CH,OH
@)
NHCOCH, CHCOO~ O—(CH,),CH,
OH
H, HO
NHCOCH, OH
(c) (d)
Which of the following are reducing sugars?
(a) Galactose (e) Xylose (/) Glucosamine
(b) pB-Methylgalactoside (f) Fructose () Gluconic acid
(c) Maltose () Rhamnose (k) Glucitol

(d) Mannose (h) Ribose

(2) Draw the structure of any B-p-aldoheptose in the pyranose form. (b) Draw the structures of the
anomer, the enantiomer, an epimer.
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2.15.

2.16.

2.17.

2.18.

2.19.

2.20.

2.21.

2.22.

2.23.

2.24.

2.25.

2.26.

2.27.

2.28.

2.29,

CARBOHYDRATES [CHAP. 2

A sugar (CsH (Os) was treated by a method that reduces aldehyde groups and gave a product that was
optically inactive. Assuming the sugar was p, what are two possible structures of the product?

An aqueous solution of p-galactose has an [a]fs of +80.2° after standing for some hours. The specific
rotations of pure a-p-galactose and B-p-galactose are +150.7° and +52.8°, respectively. Calculate the
proportions of a- and B-p-galactose in the equilibrium mixture.

The specific rotation of maltose in water is +138°. What would be the concentration of a maltose solution
that had an optical rotation of +23° if a polarimeter tube 10 cm long was used?

An enzyme known as invertase catalyzes the hydrolysis of sucrose to an equimolar mixture of p-glucose
and p-fructose. During the hydrolysis, the optical rotation of the solution changes from (+) to (—). What

can you conclude from this observation?

Nojirimycin (5-amino-5-deoxy-p-glucose) is an antibiotic used in studies of the biosynthesis of
glycoproteins. Write its open-chain and pyranose ring structures.

There are two possible chair conformers of B-p-glucopyranose. How many boat conformers are
possible?

Show that in B-L-glucopyranose all the substituents on the ring carbon atoms are equatorial.

Write the preferred conformation for a,a-trehalose (see Prob. 2.9), the carbohydrate found in the
hemolymph of insects.

Erythritol is the reduction product of p-erythrose. Why is the prefix p-omitted from its name?

Galactitol, the reduced form of p-galactose, is the toxic by-product that accumulates in persons suffering
from galactosemia. Write its structure.

Write the open-chain structures for (@) p-gluconic acid and (b) p-glucuronic acid.

L-Iduronic acid is part of the structure of some polysaccharides found in connective tissue. How could
this sugar be formed in a one-step reaction from p-glucuronic acid?

Q
COOBN 4 oH
OH ’
HO

OH

Write the Fischer projection formulas for the sugar derivatives named in Example 2.20.

The name methylpentose is sometimes used to describe the sugars L-fucose and L-rhamnose. Is this name
valid? Explain your answer.

Are a-methyl-p-glucopyranoside and 8-methyl-p-glucopyranoside anomers, isomers, or conformers?



Chapter 3
Amino Acids and Peptides

3.1 AMINO ACIDS

Amino Acids Found in Proteins

All proteins are composed of amino acids linked into a linear sequence by peptide bonds between
the amino group of one amino acid and the carboxy! group of the preceding amino acid. The amino
acids found in proteins are all a-amino acids; i.e., the amino and carboxyl groups are both attached
to the same carbon atom (the a-carbon atom; Fig. 3-1). The a-carbon atom is a potential chiral center,
and except when the —R group (or side chain) is H, amino acids display optical activity. All amino
acids found in proteins are of the L configuration, as indicated in Fig. 3-1.

There are 20 different amino acids used in the synthesis of proteins; these amino acids are listed
in Table 3.1, which also contains the two commonly used symbols for each amino acid. The three-letter
symbols are easier to remember, but the single-letter symbols are often used in writing long sequences.
In many proteins some of the amino acids are modified after incorporation into proteins; e.g., in
collagen, a hydroxyl group is added to each of several proline residues to yield hydroxyproline
residues. With the exception of proline, the a-amino acids that are incorporated into proteins can
be represented by the formula shown in Fig. 3-1.

COO’
|
|
. |
H,N s C —emmm H

x—_—

Fig. 3-1 General structure
of a-amino acids
in the L configura-
tion; R is one of
over 20 different
chemical groups.

The side chains of the amino acids do not form a natural series, and thus, there is no easy way
to learn their structures. It is useful to classify them according to whether they are polar or nonpolar,
aromatic or aliphatic, or acidic or basic, although these classifications are not mutually exclusive.
Tyrosine, for example, can be considered to be both aromatic and polar, although the polarity
introduced by a single hydroxyl group in this aromatic compound is somewhat feeble.

The aromatic amino acids absorb light strongly in the ultraviolet region. Use may be made of
this in determining the concentration of these amino acids in solution. The Beer-Lambert relationship
states that the absorbance of light at a given wavelength by a substance in solution is proportional
to its concentration C (in mol L™') and the length / (in cm) of the light path in the solution:

A =eCl . .1
where A is the absorbance of the solution and ¢ is the molar absorbance coefficient. The absorbance
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Table 3.1 Amino Acids Used in Protein Synthesis, Grouped according to Chemical Type

Structure Name Abbreviation

1. Neutral Amino Acids
(a) Nonpolar, aliphatic

H
H,N—C—H Glycine Gy | G
CcOoO”
H
H,&—é——CH, Alanine Ala | A
COO~
s
H,N—C—CH Valine Val v
COO'\CH,
‘ Pll /CH3
H,N—C—CH,—CH Leucine Leu L
COO~ \CH,
H CH,
H,&—?—CH——CHZ—CH, Isoleucine Dle 1
COO~

(b) Polar, aliphatic

H

o Serine Ser S
H,N—(|?-CH2—~OH

CoOo~

H OH

N Threonine Thr T
H,N—~(|3——CH——CH,

COO~

H
o Asparagine Asn N
H:,N——(!Z—CHZ—(HZ——NH2

COoO~ o

i
H,l:l—(li——CHz——CHz——ﬁwNHl Glutamine Gn | Q

Coo~ O
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Table 3.1 (Cont.)

Structure Name Abbreviation

(c) Aromatic
H
H ,IQ—(IZ—CH;l Phenylalanine Phe F
COO~
H
H,&—(lf—CHz OH Tyrosine Tyr Y
COO~

)
H,r:l—(li—CHI——C

Co0" ”\ | Tryptophan Trp w

N
l
H

(d) Sulfur-containing

H
H,Y:l—(IZ—CHz—-SH Cysteine s | ¢
COO~

H

H,IQ—(|3——CHI—CHZ—S—CHJ Methionine Met M
|

COO~

(¢) Containing secondary amino group

CH,
Hzﬁ/ \CH,
\ / Proline Pro P

H—C—CH,
CO0"~

2. Acidic Amino Acids

H
H,t:l—(lf"——éHz—-COO‘ Aspartate Asp | D
CO0"
H
H,&-é“-(’:ﬂz—éﬂz——cow Glutamate Gu | E

COO0~
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Table 3.1 (Cont.)

Structure Name Abbreviation
3. Basic Amino Acids
)
+ ] 8 r + .
H,N—C*—CH,—CH,—CH,~CH,—NH, Lysine Lys | K
Co0~
] 1S
H,&—? —CH,—CH,—CH,—NH— C:=NH, Arginine Arg | R
COO0~
H
.o N~cH
H,N—C—CH,—C | Histidine His | H
_NH
€00~ CH

The Greek symbols indicate the nomenclature of the carbon chains in certain amino acids. The carbon
atom carrying (i.c.. next o) the carboxyl group is labeled o .

is defined as the logarithm of the ratio of the intensity of incident light (/) to that of transmitted
light (1):

A= |0gm% (3.2

EXAMPLE 3.1

Given that the molar absorbance coefficient of tyrosine in water is 1,420 L mol~'ecm™! at 275 nm. what is
the concentration of tyrosine in a solution of path length I cm for which the absorbance is 0.717
By use of the Beer-Lambert relationship:

A 0.71 Ly ~
C=—= ————=5x 10" mol L™’
P 1.420 % 1.0

Nonprotein Amine Acids

A large number of amino acids involved in metabolism are not found in proteins; e.g., S-alanine.
“O0OC—CH,—CH,—NH3, is an intermediate in the synthesis of the B vitamin pantothenic acid, but
it is not found in proteins. Although most naturally occurring amino acids are of the 1. configuration,
some D-amino acids are found in certain antibiotics and in the cell walls of some bacteria.

3.2 ACID-BASE BEHAVIOR OF AMINO ACIDS

Amino acids are amphoteric compounds; i.e., they contain both acidic and basic groups. Because
of this, they are capable of bearing a net electrical charge, which depends on the nature of the

solution,
The charge carried by a molecule influences the way in which it interacts with other molecules:

use can be made of this property in the isolation and purification of amino acids and proteins,
Therefore. it is important to have a clear understanding of the factors that influence the charge carried
on amino acids.
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The Ionization of Water

The major biological solvent is water, and the acid-base behavior of dissolved molecules is
intimately linked with the dissociation of water. Water is a weak electrolyte capable of dissociating
to a proton and a hydroxyl ion. In this process, the proton binds to an adjacent water molecule to
which it is hydrogen-bonded (Chap. 4) to form a hydronium ion (H;0%):

H H H
N A T N -
O..... H—O = O"™—H + OH
s s

In pure water at 25°C, at any instant there are 1.0 X 107 "mol L™} of H;O* and an equivalent
concentration of OH™ ions. It must be stressed that the proton is hardly ever *'bare™ in water because
it has such a high affinity for water molecules. Hydrated complexes other than H;O" have been
suggested, but since water is so extensively hydrogen-bonded, it is difficult to identify these species
experimentally, and as a simplification the hydrated proton is often written as H*.

The dissociation of water is a rapid equilibrium process for which we can write an equilibrium
constant:

ap,0* X Ao
K, = H30 g)u (3.3)
(aHzO)
Since, for dilute solutions, the activity a (Chap. 10) of water is considered to be constant and very
close to 1.0, and the activities of the solutes may be represented by their concentrations, we can define
a practical constant, K, called the ionic product of water:

K, = [H30"][OH7] Q.9

or, as is often seen, K,, = [H*]JOH ], with the hydration of the proton ignored for simplicity. Note
that the square brackets denote concentrations of species in mol L™!.
At 25°C in pure water, K,, = 107! Since, in pure water, [H*] = [OH ]

[H*]=V10-14=10""mol L™!

In acid solution, [H*] is higher, and [OH ] is correspondingly lower, because the ionic product is
constant. The value of K,,, is temperature-dependent; at 37°C, for example, K, = 2.4 x 1074,

EXAMPLE 3.2

Calculate [OH "] in aqueous solution at 25°C when [H*] = 0.1 mol L™
Since [H*|.[OH"] = 1074
-14

e 10" mol L™}

[OH"] =

Acidity and pH
The Danish chemist S. P. L. Sgrensen defined pH (potentia Hydrogenii) as:

pH = —log;g[H"] (3-5)
Neutral solutions are defined as those in which [H*] = [OH™], and for pure water at 25°C
pH = —log((1077) = 7.0 (3.6)

Note that distilled water normally used in the laboratory is not absolutely pure. Traces of CO,
dissolved in it produce carbonic acid that increases the hydrogen-ion concentration to about
103 mol L™, thus rendering the pH around S.
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EXAMPLE 3.3

Calculate the pH of a 4 x 107* mol L™! solution of HCI.
At this low concentration we may consider HCI to be completely dissociated to HY and Cl™. Therefore

[H*] =4 x 10" mol L™!
and pH = —log(4 x 107*) = 3.40

Note that acid solutions (high H* concentrations) have low pH and alkaline solutions (high OH ™~ concentration
and Jow H™ concentration) have high pH. A 10-fold increase in [H*| corresponds to a decrease of 1.0
in pH.

Weak Acids and Bases

Acids

An acid is a compound capable of donating a proton to another compound (this is the so-called
Bronsted definition). The substance CH3COOH is an acid, acetic acid. However, because the
dissociation of all the carboxyl groups is not complete when acetic acid is dissolved in water, acetic
acid is referred to as a weak acid. The dissociation reaction for any weak acid of type HA in
water is

HA + H20 = A+ H30+
The dissociation reaction for acetic acid is therefore

CH;COOH + H,0 = CH,COO~ + H,;0"
H™* donor H™ acceptor Conjugate Conjugate
(acid) (base) base acid

The donating and accepting of the proton is a two-way process. The H3O* ion that is formed is capable
of donating a proton back to the acetate ion to form acetic acid. This means that the H;O" ion is
considered to be an acid and the acetate ion is considered a base. Acetate is called the conjugate
base of acetic acid.

The two processes of association and dissociation come to equilibrium, and the resulting solution
will have a higher concentration of H3O" than is found in pure water; i.e., it will have a pH
below 7.0.

A measure of the strength of an acid is the acid dissociation constant, K,:

AH,0* "aa-
K,=—20—2 3.7)
AHA " AH>0

For acetic acid, K, is therefore

K = AH,0"' " ACH;COO”
ACHACOOH  8H0

where a denotes the thermodynamic activity (Chap. 10) of the chemical species.

In dilute solutions, the concentration of water is very close to that of pure water, and the activity
of pure water, by convention, is taken to be 1.0. Furthermore, in dilute solutions, the activity of solutes
may be approximated by their concentrations; so we may write an expression for a practical acid
dissociation constant:

[HH][A™]
K,=——F— 8
For acetic acid, this becomes
K = [H*][CH;COO]

[CH;COOH]
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The larger the value of K,, the greater the tendency of the acid to dissociate a proton, and so the
stronger the acid.
In a manner similar to the definition of pH, we can define
pK,= —logK, 3.9

Thus, the lower the value of the pK, of a chemical compound, the higher the value of K,, and the
stronger it is as an acid.

EXAMPLE 3.4

Which of the following acids is the stronger: boric acid, which has a pK, = 9.0, or acetic acid, with a

pK, = 4.6?
For boric acid, K, = 107, while for acetic acid, K, = 107%¢ = 2.5 x 1073, Thus, acetic acid has the greater

K, and is therefore the stronger acid.

Bases
A base is a compound capable of accepting a proton from an acid. When methylamine, CH;—NH,,
dissolves in water, it accepts a proton from the water, thus leading to an increase in the OH™
concentration and a high pH.
CH3—NH2+H20 = CH3_NH;_ + OH™
Base Acid Conjugate  Conjugate
acid base

As in the case of acetic acid, as the concentration of OH™ increases, the reverse reaction becomes
more significant and the process eventually reaches equilibrium.
We can write an expression for a basicity constant, K,:

_ [CH3—=NH7{][OH™]
[CH3—NH,]
However, the use of this constant can be confusing, as we would need to keep track of two different
types of constant, K, and K. Since chemical equilibrium is a two-way process, it is perfectly correct,
and more convenient, to consider the behavior of bases from the point of view of their conjugate

acid. The latter can be considered to donate a proton to water:

CHs—NH{ + H,0 = CH;—NH, + H;0*
_ [CH;—NH,][H;07]

(3.10)

Ky

K .
and «= T [CH,—NH{] (3.11)
Of course, K, and K, are related as follows:
[CH;—NH,][H;0"] [CH;—NHZ][OH"] -
K K, = . = +
a b [CH;—NH{| [CH;—NH,] [H:07][0H"]
ie., K, K, = K,, (3.12)

In other words, if we know K, for the conjugate acid, we can calculate K, for the base. A base is
thus characterized by a low value of K, for its conjugate acid.

Buffers

A mixture of an acid and its conjugate base is capable of resisting changes in pH when small
amounts of additional acid or base are added. Such a mixture is known as a buffer.
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Consider again the dissociation of acetic acid:
CH;COOH + H,0 = CH;COO™ + H;0*
Additional acid causes recombination of H30* and CH;COO™ to form acetic acid, so that a buildup
of H3O" is resisted. Conversely, addition of NaOH causes dissociation of acetic acid to acetate,

reducing the fall in H;O" concentration.
This behavior can be quantified by taking logarithms of both sides of Eq. (3.8):

_[H*)IAT]
Ke= "Hal

logK, = log[H*] +log[A™] — log [HA]
Multiplying both sides by —1, we get
—logK, = —log[H*] —log[A™] + log[HA]

From Eq. (3.9), —log K, = pK,, and from Eq. (3.5), —log[H*] = pH. By substitution, we therefore
get

[HA] [acid]
K,=pH+1 = pH + log — 29
PRa=pH T 108 [AT] PH +log [conjugate base] (3.13a)
or pH = pK,, + log ——L225¢l (3.13b)

[conjugate acid]

These are two forms of the Henderson-Hasselbalch equation. This useful relationship enables us to
calculate the composition of buffers that have a specified pH. Note that if [HA] = [A7], then
pH = pK,.

EXAMPLE 3.5

(a) Calculate the pH of a solution containing 0.1 mol L™! acetic acid and 0.1 mol L™! sodium acetate. The
pK, of acetic acid is 4.7. (b) What would be the pH value after adding 0.05 mol L™! NaOH? (c) Compare the
latter value with the pH of a simple solution of 0.05 mol L~! NaOH.

(a) Using the Henderson-Hasselbalch equation (3.13b),

[base]
H = pK, + lo
P P, log (acid]
0.1
Therefore pH=47+ log—.?1 =47+0=47

(b) On adding 0.05M NaOH, the concentration of undissociated acetic acid falls to 0.05 M, while the
acetate concentration rises to 0.15 M. Therefore,

0.15
PH=4.7+log -2 =47+log3=47+0.48 =5.18

(c) The pH of 0.05mol L~! NaOH is —log [H™] in the solution. If we assume the NaOH is fully dissociated
in water, the value of [OH ] is 0.05 mol L~!. The known value of the ionic product of water is 10~!*
(mol L™Y2; therefore,

[H*] = 107'%0.05
and pH =127

In comparison with this, even after adding the same amount of alkali, the buffered solution changes
pH only slightly.
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Acid-Base Behavior of Simple Amino Acids

Many biological molecules have more than one dissociable group. The dissociation of one group
can have profound effects on the tendency for dissociation of the other groups. Amino acids,
containing both carboxyl and amino groups, illustrate this phenomenon. In water, the carboxyl group
tends to dissociate a proton, while the amino group binds a proton. Both reactions can therefore
proceed largely to completion, with no buildup either of H;O* or OH™. An important result is that
amino acids carry both a negative and a positive charge in solution near neutral pH; in this state
the compound is said to be a zwitterion.

Titration of Amino Acids

A way of examining the zwitterionic behavior of amino acids is to study their titration. Suppose,
for example, that we begin with a solution of glycine hydrochloride, in which both groups are in
their acidic forms. Addition of sodium hydroxide brings about an increase in the pH of the solution,
and at the same time, dissociated protons react with the added hydroxyl ions to form water thus
allowing further dissociation to take place, as shown in Fig. 3-2.

Charge

-1

d

O/‘

]

() | 1 1 1 | | | L L l 1 1 1 ] 1 I }
0.0 0.5 1.0 1.5 2.0

Number of protons dissociated

Fig. 3-2 Titration of 10 mmol glycine-HCl with NaOH solution. The
broken line shows the titration in the presence of formal-
dehyde.

The curve in Fig. 3-2 shows two distinct branches, one for each acidic group on glycine
hydrochloride. At point A, both groups are in the acid (protonated) form: HOOC—CH,;—NH3 and
the charge carried by the molecule is +1. After addition of 10 mmol of NaOH (point C, near pH
6.0), one group is almost completely deprotonated, and the molecule carries no net charge. After
an additional 10 mmol of NaOH, the second group is also deprotonated (point E), and the form of
the molecule will be "OOC—CH,—NH,, with a charge of —1.

In the vicinity of points B and D, the pH changes least for a given amount of added NaOH;
i.e., the solution is acting as a buffer. At point B, pH 2.3, half of the first group has been titrated
to its conjugate base and half remains in its acid form; i.e., [acid] = [conjugate base]. At this point,
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then, from Eq. (3.13), pK, = pH, or for this group, pK, = 2.3. The first group to titrate must be
a relatively strong acid, and this group would be expected to be the carboxyl group. Similar
considerations lead to a value of 9.6 for the pK, of the second group, the amino group.

EXAMPLE 3.6

What fraction of the first group (the carboxyl) has been titrated by pH 6.3?
Using the Henderson-Hasselbalch equation (3.13b):

H = pK, + log 22!
= pK, +log ——
pr=P 8 [acid]
At pH 6.3, for a group with a pK, of 2.3:
loase] _ ¢ 323240
o] =0.0—2.0=4,
B [acid]

Therefore, [base] = 10* x [acid]. This result indicates that only 1 in 10,000 of the carboxy! groups (0.01 percent)
is protonated at pH 6.3.

The pH at which the molecule carries no net charge is called the isoelectric point. For glycine
the isoelectric point is pH 6.0. Of course, in a solution of glycine at pH 6, at any instant there will
be some molecules that exist as COOH—CH,—NH3, and an equal number as COO™—CH,—NH,,
and even fewer of COOH—CH,—NH,. Because of the symmetry of the titration curve around the
isoelectric point, it is possible to calculate the pH of the isoelectric point, given the individual pK,
values.

At the isoelectric point:

— pKal + pKa2

pH; 2

(3.14)

The Formol Titration

Chemical modification can be used to verify the assignment of pK,, values in titrations of amino
acids. For example, by titrating in the presence of formaldehyde, we can show that pK,,, in Fig. 3-2
belongs to the carboxyl group, and pK,; to the amino group.

EXAMPLE 3.7

Formaldehyde (HCHO) reacts reversibly with unchanged amino groups as follows:

_ CH,—OH

™ CH,—OH

R—NH, + 2HCHO —R—N

Thus, the pK, of amino groups is altered in formaldehyde solutions, while the carboxyl groups remain
unaffected. It is found that the pK,; of amino acids is unchanged in formaldehyde and therefore represents the
carboxyl group, while pK,; is lowered (see the broken line in Fig. 3-2). The extent of lowering depends on the
concentration of formaldehyde. Thus, pK,, reflects the dissociation of the amino group.

In general, among simple compounds, the carboxyl group is a stronger acid than the —NH3 group.
Carboxyl groups tend to have pK, values below 5 and —NH3 groups above 7.

Question: Why is the pK, of the glycine carboxyl (2.3) less than the pK, of acetic acid (4.7)?
In glycine solutions at pH values below 6, the amino group is present in the positively charged
form. This positive charge stabilizes the negatively charged carboxylate ion by electrostatic interaction.
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This means that the carboxyl group of glycine will lose its proton more readily and is therefore a
stronger acid (with a lower pK, value).

Acidic and Basic Amino Acids

Some of the amino acids carry a prototropic side chain: e.g., aspartic acid and glutamic acid
have an extra carboxyl, histidine has an imidazole, lysine has an amino, and arginine has a guanidino
group. The structures of these side chains are shown in Table 3.1, and their pK,, values are listed
in Table 3.2.

The titration curves of these amino acids have an extra inflection, as shown for glutamic acid
in Fig. 3-3.

Table 3.2. pK, Values of Some Amino Acids

pKal pKa pKuR
Amino Acid (a-COOH) (a-NH3) (side chain)
Glycine 23 9.6 —
Serine 22 9.2 —
Alanine 23 9.7 —
Valine 23 9.6 —
Leucine 2.4 9.6 —
Aspartic acid 2.1 9.8 3.9
Glutamic acid 22 9.7 4.3
Histidine 1.8 9.2 6.0
Cysteine 1.7 10.8 8.3
Tyrosine 22 9.1 10.1
Lysine 2.2 9.0 10.5
Arginine 2.2 9.0 12.5
Charg
+1 0 -1 22
pH T T -Tﬁ*_rj 'Tﬁ'777 T 17 T 7_T_Tﬁ_‘|'_j"
12 L
[
: ]
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i ]
g ]
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Number of protons dissociated

Fig. 3-3 Titration of 10 mmol glutamic acid hydrochloride by NaOH.
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Charge on Polybasic Amino Acids

Recall that for amino acids, the various groups have a charge that depends on the pH of the
solution:

1. The protonated forms of the carboxyl groups and the tyrosine side chain are uncharged, while
the deprotonated forms are negatively charged, or anionic.

2. The protonated forms of the amino group, the imidazolium side chain of histidine and the
guanidinium group of arginine, are positively charged (or cationic), while the deprotonated forms
are uncharged.

At pH values below the pK, of a group, the solution is more acidic, and the protonated form
predominates. As the pH is raised above the pK, of a group, that group loses its proton; i.e.. the
—COOH group becomes the negative ~COO ™, while the positively charged acid form of the amino
group, —NH7, becomes uncharged NH,.

Isoelectric Point

By using the above arguments, we can consider the example of the isoelectric point of glutamic
acid, with the aid of the pK, values given in Table 3.2.

At pH values less than 2.2, all the groups are protonated. The predominant forms of glutamic
acid, present at different points during the titration shown in Fig. 3-3, are given below:

Point Charged Form Charge
A (pH1) COOH +1
CH,

|
NH; —CH—COOH

B (pH 3.25) COOH 0
i
NH;—CH—CO0O"
C (pH7) CO0" -1

CH,

D (pH 12) COO~ -2

NH,—CH—COO"~

As the pH is increased through 2.2, the a-carboxyl dissociates to yield the zwitterion near pH 3. As
the pH is further increased through 4.3, the side-chain carboxyl dissociates to yield a molecule with
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two negative and one positive charges (i.e., a net charge of —1). Note that near pH 7 (i.e., in neutral
solution), both glutamic acid and aspartic acid exist as glutamate and aspartate, respectively, with
ionized side chains. Finally, as the pH rises through the pK,,. the amino group dissociates to yield
the species with a charge of —2. Thus, the isoelectric point is flanked by the two pK, values of 2.2
and 4.3.

So, it can be shown that for glutamic acid,

pH; = (pK,1 + pK,r)/2 = (2.2 +4.3)/2 = 6.512 = 3.25.

Thus, as a general rule, the isoelectric point of an amino acid is the average of the pK, values of
the protonation transitions on either side of the isoelectric species; this implies a knowledge of the
charges of the various forms.

3.3 AMINO ACID ANALYSIS

After hydrolysis of proteins to amino acids (usually in concentrated HCI), the amino acids can
be separated from each other by means of ion-exchange chromatography. Three buffers of successively
higher pH are used to elute the amino acids from the chromatography column. The order of elution
depends on the charge carried by the amino acid. The basic amino acids (lysine, histidine, and
arginine) bind most tightly to the negatively charged ion-exchange resin. By using this technique,
it is possible to determine which amino acids occur in a given protein. Their relative abundance
can also be determined by measuring the concentration of each amino acid. The compound ninhydrin
reacts with amino acids to form a purple derivative. By measuring the absorbance at 570 nm of
the purple solution so formed, the relative concentrations of each amino acid can be determined
(Fig. 3-4).

Reaction of amino acids with ninhydrin:

OH I[‘
2 + R—?—COO"
OH NH,
Ninhydrin Amino acid
0] 0]
o
N /
/C=N—C\\ + R—C—H + CO, + 3H,0
C . |
|| | ©
o -

Purple pigment

Although proline does not give a purple color when treated with ninhydrin, it does yield a weaker
yellow pigment, which can be quantified. Proline can be located readily in a chromatogram during
amino acid analysis because the relative heights of the 570- and 440-nm absorbance profile are
reversed compared with the other amino acids.
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10
0.2 M citrate, pH 3.3 | 0.2 M citrate, pH 4.3 | 0.35 M citrate,
| |
Gly Val pH 5.3
Asp Thrsc Glu Ala
r
g n Lys NH;
o
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2
L
<
Pro Cys
(, A

Eluent volume

Fig. 3-4 Separation of amino acids by ion-exchange chromatography. The areas under the peaks are
proportional to the amounts of amino acids in the solution.

EXAMPLE 3.8
A peptide was hydrolyzed, and the resulting solution was examined by amino acid analysis. The following
data were obtained:

Amino Acid pmol
Asp 1.21
Ser 0.60
Gly 1.78
Leu 0.58
Lys 0.61

Determine the empirical formula of the peptide.
We may take leucine as a convenient reference compound and determine the proportion of each of the amino

acids relative to leucine. This yields the following stoichiometry:

Amino Acid Relative Concentration
Asp 2.086
Ser 1.03
Gly 3.07
Leu 1.00
Lys 1.05

Since there must be a whole number of each amino acid in the peptide, these values can be rounded off to integers
to give the most likely empirical formula: Asp,. Ser. Gly;. Leu, Lys.

3.4 THE PEPTIDE BOND

[n protein molecules, a-amino acids are linked in a linear sequence. The a-carboxyl group of
one amino acid is linked to the a-amino group of the next through a special amide bond known as
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a peptide bond. The peptide bond is formed by a condensation reaction, requiring the input of
energy:

CH, H CH,
H,0 | |
NH, —CH,—COO~ + NH;—CH—COO"~ -?HONH;——CHZ—%—N——CH—COO_
2
0]
Glycine Alanine Glycylalanine

Note that the acidic and basic character of the carboxyl and amino groups taking part in forming
the bond are lost after condensation. The hydrolysis of the peptide bond to free amino acids is a
spontaneous process, but is normally very slow in neutral solution.

Nomenclature

In naming peptides, we start with the amino acid that has the free «-NH3 (the N rerminal) and
replace the -ine endings (except the last one) with the ending -y/. The amino acids in the peptide
are called residues, since they are the residues left after the removal of water during peptide bond

formation.

EXAMPLE 3.9

Distinguish between the dipeptides glycylalanine and alanylglycine.

We start naming a peptide from the amino terminus; thus, glycylalanine has a free a-amino group on the
glycine residue, while the free carboxyl group is that of the alanine residue.

Glycylalanine and alanylglycine are examples of sequence isomers; they are composed of the same amino

acids, but they are combined in different sequences.

Peptides

Compounds of two amino acids linked by a peptide bond are known as dipeptides; those with
three amino acids are called rripeptides, and so on. Oligopeptides contain an unspecified but small
number of amino acid residues, while polypeprides comprise larger numbers. Natural polypeptides
of 50 or more residues are generally referred to as proteins (Chap. 4).

EXAMPLE 3.10

The following peptides are not derived from proteins. How could this be deduced from an inspection of
their structures?

(a) Glutathione (y-L-glutamyl-L-cysteinylglycine)

H
NH, ?Hz
CH—CH,—CHZ—C—NH—CH—T[‘—NH—CHZ—COO -
0o0C 8]

The peptide bond between glutamic acid and cysteine is through the y-carboxyl of glutamic acid, not
the a-carboxyl group. All natural proteins are composed with a-peptide links (unless there have been
postsynthetic modifications).
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(b) Carnosine

?00 -

NH;—CHZ—CHz—ﬁ—NH—CH—CHZ——C=CH
/N
o) HN N

C
H

This compound contains B-alanine. Naturally occurring proteins are composed of a-amino acids
only.

3.5 REACTIONS OF CYSTEINE

The side chain of cysteine is important because of the possibility of its oxidation to form the
disulfide-bridged amino acid cystine:

NH; NH;
>CH—CH2—SH + HS—CH,—CH <
COO~ | COO~
+ 502
NH; NH;
AN /
y CH—CH,—S—S—CH,—CH N + H,0
COO~ COO~
Cystine

Disulfide bridges are often found in proteins if the cysteine side chains are close enough in the
tertiary structure (Chap. 4) to form a bridge. In addition, oxidation of free —SH groups on the surface
of some proteins can cause two different molecules to be linked covalently by a disulfide bridge. This
process may be biologically undesirable, and cells frequently contain reducing agents that prevent
or reverse this reaction. The most common of these agents is glutathione; it can reduce the oxidized
disulfide back to the sulfhydryl form, becoming itself oxidized in the process. Cells contain other
reducing systems linked to metabolism that can then re-reduce the glutathione.

Disulfide links can be broken in the laboratory by reagents similar to glutathione that carry a
free —SH group. The most common of these is mercaptoethanol, HO—CH,—CH,—SH.

There are more powerful disulfide reducing agents (lower standard redox potential, Chap. 10);
e.g., dithiothreitol carries two sulfhydryl groups, and oxidation of these causes ring closure, forming
a very stable disulfide. As a result, dithiothreitol is several orders of magnitude more powerful as
a reducing agent than mercaptoethanol.

CH, CH,
/ /
HO—CH SH HO—CH S + H,0
1
+§Oz ‘ ‘
—_—
HO—CH SH HO—CH S
/ /
CH, CH,

Reduced Dithiothreitol Oxidized Dithiothreitol
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Often it is necessary to prevent the oxidation of sulfhydryl groups, as the presence of disulfide
links could lead to insolubility of a protein or to inability to determine its sequence. It is possible
to block the reactive —SH groups with a range of chemical reagents.

1. [lodoacetate. This reagent forms an S-carboxymethyl derivative of cysteine residues:
R—SH + I-CH,—COO™ — RS—CH,—~COO™ + HI

2. N-Ethylmaleimide. The reaction with N-ethylmaleimide results in a loss in absorbance of the
reagent at 305 nm; this characteristic can be used to measure the extent of reaction:

7 HOY

C |
\ H—C— C\
| NCH,CH, + RSH —» |  NCH,CH,
/ H—C—
u e T
0 0

N-Ethylmaleimide

EXAMPLE 3.11

A solution of a protein containing 2 mg in 1 mL was treated with an excess of N-ethylmaleimide. During
the reaction in a cuvette of path length 1cm, the absorbance at 305 nm fell from 0.26 to 0.20. Given a molar
absorbance coefficient for N-ethylmaleimide of 620 L mol™! cm™!, (a) calculate the concentration of sulfhydryl
groups in the solution; (b) what is the molecular weight of the protein, assuming there is only one cysteine residue
per molecule?

(a) The concentration of sulfhydryl groups originally in the sample is equal to the decline in
N-ethylmaleimide concentration. The Beer-Lambert law (Eq. 3.1) can be used to determine the
concentration change, given the change in absorbance:

A = el
AA
AC=—
el

0.26-0.20 0.06 s
= = T =98x 0" 5molL"!
620 x 1.0 620

(b) The protein concentration is 2mgmL™}, or 2gL~". Since there is a single —SH per protein
molecule, then the molar protein concentration would also be 9.8 x 10~ mol L~!. Therefore, molar
weight = 2/(9.8 x 10~%) gmol™~!; i.e., M, = 20,400.

Solved Problems

AMINO ACIDS

3.1.  Which of the following compounds are a-amino acids?
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e
H NH;
N ? $00‘
CH, NH7 CH, .
| | H,N—C—H
T Tt T H H
C
2 2
H—C-—NH; CH, CH, N
_ _ 7N
COO COoO COO~ H OH
(@) Onithine (b) B-Alanine (¢) y-Aminobutyrate (d) Hydroxyproline
SOLUTION
Ornithine (@) and hydroxyproline (d) are both a-amino acids, because an amino group is attached
to the same carbon atom as that which carries a carboxyl. Although ornithine is not used in protein
synthesis, it is an intermediate in the urea cycle (Chap. 15). 8-Alanine (b) and y-aminobutyrate (c) have
their amino group attached to a carbon atom different from that bearing the carboxyl, and are a 8- and
a y-amino acid, respectively. Strictly speaking proline is a secondary amino acid, because the amino
nitrogen is covalently connected to the side chain. It is sometimes referred to as an imino acid.
3.2.  Which amino acids can be converted into different amino acids by mild hydrolysis, with the
liberation of ammonia?
SOLUTION
Both glutamine and asparagine have amide side chains. Amides can be hydrolyzed to yield the
carboxyl and free ammonia.
O\ O\ /O_
C—NH,
?Hz CH, .
+H,0 — | + NH,
CH CH
) / \ . _ / \ +
00C NH, 00C NH,
Asparagine Aspartate
3.3. Why is phenylalanine very poorly soluble in water, while serine is freely water-soluble?
SOLUTION
The aromatic side chain of phenylalanine is nonpolar, and its solvation by water is accompanied
by a loss of entropy and is therefore unfavorable. On the other hand, the side chain of serine carries
a polar hydroxyl group that allows hydrogen bonding with water.
3.4. Many proteins absorb ultraviolet light strongly at 280 nm, yet gelatin does not. Suggest an

explanation.

SOLUTION

The ultraviolet absorbance of many proteins is due to the presence of amino acids with aromatic side
chains. Gelatin, a derivative of collagen (Chap. 4), has an unusual composition, with a low proportion

of aromatic amino acids.
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ACID-BASE BEHAVIOR OF AMINO ACIDS

3.5. Write the conjugate bases of the following weak acids: (a) CH;COOH; (b) NH{; (c) H,POy';

(d) CH;NH3
SOLUTION

Each acid forms its conjugate base by loss of a proton. The conjugate bases are thus: (a) CH;COO™;

(b) NH3; (c) HPOZ™; (d) CH3NH,

3.6. Write the equations for the ionization equilibria of aspartic acid. Indicate the net charge carried

on each species.

SOLUTION

Charge: +1

COOH

H,N  Coo"
Charge: 0

<|200‘
CH,
CH

VRN
H,N CoOo"

Charge: -1

—_—

+ H* pK,r=39

3.7.  Calculate the isoelectric point (pH;) of aspartic acid, using the information from Prob. 3.6.

SOLUTION

Since the isoelectric species is flanked by transitions whose pK, values are 2.1 and 3.9,

respectively,

pH, =
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3.8.

3.9.

3.10.

3.11.

AMINO ACIDS AND PEPTIDES [CHAP. 3

Calculate the pH of 0.1 M acetic acid (pK, = 4.7).
SOLUTION

Acetic acid, although a weak acid, is a stronger acid than water. Therefore, as a first approximation,
we can ignore the protons from water and represent the dissociation as follows:

CH;COOH = CH;COO~ + H*

Now we can approximate [H*] = [CH;COO™] = x.
In addition, because acetic acid is a weak acid, the concentration of the undissociated acid will not
be appreciably lowered by dissociation. We can assume then that [CH;COOH| = 0.1 M.
[CH;COO™|[H*} &2
Thus Ka - =
[CH3COOH] 0.1
¥ =01xK,=0.1x10""7

Therefore x=00014molL™' and pH =285

Note: The second assumption made above could be tested by setting [CH;COOH] = 0.1 —x and
solving the quadratic equation for x. In that case, pH = 2.80. This answer is not very different from that
obtained employing the simplifying assumption. The assumption, therefore, was reasonable.

At what pH values would glutamate be a good buffer?
SOLUTION

By inspection of Fig. 3-3, it can be seen that the pH of a glutamate solution changes least rapidly
with NaOH concentration in the vicinity of the pK, values, i.e.. near pH 2.2, 4.3, and 9.7.

What amino acids would buffer best at pH values of (a) 2.0; (b) 6.0; (c) 4.5; (d) 9?7 (Refer
to Table 3.2.)

SOLUTION
(a) All amino acids have a carboxylic group whose pK, is close to 2.0. So all amino acids would be
good buffers in this pH range.

(b) Histidine has a side chain whose pK, value is close to 6. Histidine would therefore be a good
buffer at pH 6.0. Inspection of Fig. 3-2 shows that the simple amino acids are very poor buffers
at this pH.

(¢) Glutamate has a side chain whose pK, value is close to 4.5, so glutamate would buffer in this
region.

(d) All amino acids have an a-amino group whose pK, value is near 9, so all would buffer well at this
pH value.

Derive a general equation that describes the average net charge (Z) on a prototropic group
in terms of the solution pH and the pK, of the group.

SOLUTION
By rearranging the Henderson-Hasselbalch equation (3.13), we obtain:

_ Macid] ke
[conjugate base]

If we define a as the fraction of the group in the acid form. then

[acid] 10(PKa—pH)
Q= =
[acid] + [conjugate base] 1+ 10(PK.—PH)
1

= 1otPH-pKa) 4 |
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3.12.

3.13.

3.14.

Therefore, if the group (such as the amino group) has a cationic acid form. a represents the fractional
positive charge:
+1

2= H e = TRy

Note: When pH<€pK,, Z approaches +1.
On the other hand, for groups such as the carboxyl. with a neutral acid form and an anionic conjugate

base. a represents the fraction uncharged. The fractional charge is then:

-1

Z=—(]—a)=a—]=m

In this case, when pH < pK,, Z approaches zero.
In general, when the pH is more than 2 units below the pK, value. the group can be considered

completely protonated.

Using the pK, values for aspartic acid listed in Table 3.2, determine the average net charge
on the molecule at pH values of 1.0, 3.9, 6.8.
SOLUTION

From the solution to Prob. 3.11, the average net charge on each of the three groups can be
determined at each of the pH values. The results are as follows:

Average Charge
Group pH1.0 | pH3.9 | pH6.8
a-COOH -0.07| -098| -1.0
B-COOH 0 -0.5 -1.0
a-NH7{ +1.0 | +1.0 | +1.0
Average net charge +0.93| -0.48] -1.0

In most amino acids, the pK, of the a-carboxyl is near 2.0, and that of the a-amino is near
9.0. However, in peptides, the a-carboxyl has a pK, of 3.8, and the a-amino has a pK, of
7.8. Can you explain the difference?

SOLUTION

In the free amino acids, the neighboring charges affect the pK, of each group. The presence of a
positive —NHj3 group stabilizes the charged —COO™ group. making the carboxyl a stronger acid;
conversely, the negative carboxylate stabilizes the —NH3 group, making it a weaker acid and thus raising
its pK,. When peptides are formed, the free a-amino and carboxylate are farther apart, and exert less

mutual influence.
A secondary effect is that the carbonyl of the first peptide group has an inductive electron-

withdrawing effect on the terminal a-amino, decreasing the stability of the —NH7{ and lowering the pK,
slightly.

Predict the migration direction (anodal, cathodal, or stationary) for the following peptide at
pH 6.0: Lys-Gly-Ala-Glu.
SOLUTION

In peptides, the a-NH3 and a-COO™ groups involved in peptide bond formation have been lost:
only the N-terminal a-NH3 and C-terminal a-COO~ groups remain. In addition, in the peptide above,
lysine carries a positively charged side chain at pH 6.0, and glutamate carries a carboxylate group. The
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two amino groups, both on lysine, have pK, values above 8. They will therefore both be nearly completely
protonated and positively charged at pH 6.0. The two carboxyl groups on glutamate have pK, values
near 4. They will therefore be ncarly totally deprotonated at pH 6.0. Thus, the peptide can be
written

NH; |c00‘
*NH,—Lys—Gly—Ala—Glu—COO"

and the net charge is zero. The peptide will therefore be stationary.

AMINO ACID ANALYSIS

3.15.

3.16.

3.17.

Serine phosphate

T
(lle—O—P—O'
CH o)
SN
~00C NH

can be found in enzymatic hydrolysates of casein, a protcin found in milk, yct this is not onc
of the 20 amino acids coded for in protein synthesis. Explain.

SOLUTION

In the synthesis of casein, serine is incorporated into the protein sequence. Subsequently, some of
these serine residues are phosphorylated to form serine phosphate.

The elution profile shown in Fig. 3-4 indicates that glycine, alanine, valine, and lcucine can
be separated clearly by ion-exchange chromatography; yet these four amino acids have almost
indistinguishable sets of pK, values (Table 3.2). How can you account for this behavior?

SOLUTION

These amino acids all differ in their polarity. The polystyrene matrix that carries the charged groups
of the ion-exchange resin is relatively nonpolar, and some separation will be achieved by mecans of
partition effects, as well as by mecans of ion exchange. Amino acids such as leucine interact more strongly
with the resin than do more polar amino acids such as serine, and this interaction retards passage through
the column.

A small peptide was subjected to hydrolysis and amino acid analysis. In addition, because acid
hydrolysis destroys tryptophan, the tryptophan content was estimated spectrophotometrically.
From the following data, determine the empirical formula of the peptide.

Amino Acid pmol

Ala 2.74
Glu 1.41
Leu 0.69
Lys 2.81
Arg 0.72

Trp 0.65
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3.18.

3.19.

3.20.

3.21.

3.22.

3.23.

3.24.

3.25.

3.26.

SOLUTION

Taking leucine as a convenient reference, we determine the molar ratios of the amino acids. which
are 3.97, 2.04, 1.00, 4.07, 1.04, 0.94. Rounding these numbers off to integers yields the formula: Ala,,
Gluy, Leu, Lysq, Arg, Trp.

Supplementary Problems

List the amino acids with side chains capable of acting as (¢) H-bond donors; (#) H-bond acceptors.
List those amino acids that absorb ultraviolet light strongly.
Which amino acid found in proteins does not show optical activity?

Write the conjugate acids of the following weak bases:

N CH
=
HO—CH,—CH,—S" | \ \}V-H
x CH=CH
(a) (b) (c)

Calculate the isoelectric point of arginine.

Calculate the isoelectric point of histidine.

Calculate the pH of 1 M acetic acid.

What is the average net charge on lysine at the following pH values: (a) 2.0; (b) 5.0; (¢) 10.0?

Using the information given in Prob. 3.13, determine the average net charge on the peptide
glycylglycylglycine at pH: (a) 2.0; (b) 5.0; {c) 9.0.



Chapter 4
Proteins

4.1 INTRODUCTION

Proteins are naturally occurring polypeptides of molecular weight greater than 5,000. These
macromolecules show great diversity in physical properties, ranging from water-soluble enzymes to
the insoluble keratin of hair and horn, and they perform a wide range of biological functions.

What Biological Functions do Proteins Perform?
Proteins fulfill the following biochemical roles:

1. Enzymatic catalysis. Enzymes are protein catalysts, capable of enhancing rates of reactions by
factors of up to 10'2.

2. Transport and storage. Many small molecules and ions are transported in the blood and within
cells by being bound to carrier proteins. The best example is the oxygen-carrying protein
hemoglobin. Iron is stored in various tissues by the protein ferritin.

3. Mechanical functions. Proteins often fulfill structural roles. The protein collagen provides tensile
strength in skin, teeth, and bone. The membranes surrounding cells and cell organelles are also
partly composed of proteins, having both functional and structural roles.

4. Movement. Muscle contraction is accomplished by the interaction between two types of protein
filaments, actin and myosin. Myosin also possesses an enzymatic activity for facilitating the
conversion of the chemical energy of ATP into mechanical energy.

5. Protection. The antibodies are proteins, aided in mammals by complement, a complex set of
proteins involved in the destruction of foreign cells.

6. Information processing. Stimuli external to a cell, such as hormone signals or light intensity, are
detected by specific proteins that transfer a signal to the interior of the cell. A well-characterized
example is the visual protein rhodopsin, located in membranes of retinal cells.

Question: What is a common feature among those functions listed above that may be explained in
terms of protein structure?

In all the above examples, the phenomenon of specific binding is involved. For example,
hemoglobin specifically binds molecular oxygen, antibodies bind to specific foreign molecules,
enzymes bind to specific substrate molecules and in doing so bring about selective chemical bond
rearrangement. The function of a protein, then, is understood in light of how the structure of the
protein allows the specific binding of particular molecules.

4.2 PURIFICATION AND CHARACTERIZATION OF PROTEINS

Purification

The first step in protein purification often involves separating the protein molecules from
low-molecular-weight solutes. Some degree of separation of different proteins can then be achieved
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on the basis of physical properties such as electrical charge, molecular size, and differential solubility
in various solvents. Finally, high purification can be attained on the basis of specific affinity for certain
compounds that are linked to some form of solid support, the process known as affinity

chromatography.

Dialysis

Protein molecules are of high molecular weight, by definition greater than 5,000. Thus, they will
not pass through a cellophane membrane that allows free passage to smaller molecules. This selective
permeability is the basis of the process termed dialysis, which is usually carried out by placing the
protein solution inside a cellophane bag and immersing the bag in a large volume of buffer. The small
molecules diffuse across the bag into the surrounding buffer, while the proteins remain within the
bag. Dialysis tubing can be obtained with molecular weight cut-off limits ranging from 1,000 to more
than 10,000.

Selective Solubility

Proteins may be selectively precipitated from a mixture of different proteins by adding (1) neutral
salts such as ammonium sulfate (salting out), (2) organic solvents such as ethanol or acetone, or (3)
potent precipitating agents such as trichloroacetic acid. Proteins are /least soluble in any given solvent
when the pH value is equal to their isoelectric point (pH,). At the isoelectric point, the protein carries
no net electric charge, and therefore electrostatic repulsion is minimal between protein molecules.
Although a protein may carry both positively and negatively charged groups at its isoelectric point,
the sum of these charges is zero. At pH values above the isoelectric point, the net charge will be
negative, while at pH values below the pH;, the net charge will be positive.

Electrophoresis

The movement of electrically charged protein molecules in an electrical field, termed
electrophoresis, is an important means of separating different protein molecules. In electrophoresis,
proteins are banded into narrow zones, providing that the effects of convection are minimized, for
example, by the use of a stabilizing support such as paper or polyacrylamide gel.

The terms anode and cathode are often used in electrophoresis and are often confused. Remember
that an anion is a negatively charged ion; anions move toward the anode.

EXAMPLE 4.1

In what direction will the following proteins move in an electric field [toward the anode, toward the cathode,
or toward neither (i.e., remain stationary)]: (a) egg albumin (pH,; =4.6) at pH5.0; (b) B-lactoglobulin
(pH; = 5.2) at pH5.0; at pH 7.0?

(a) For egg albumin, pH 5.0 is above its isoelectric point, and the protein will therefore carry a small excess

negative charge. It will thus migrate toward the anode.

(b) For B-lactoglobulin, pH 5.0 is below its isoelectric point; at this pH, the protein will be positively

charged and will move toward the cathode. At pH 7.0, on the other hand, the protein will be negatively
charged and will move toward the anode.

Ion-Exchange Chromatography

Ion-exchange chromatography relies on the electrostatic interaction between a charged protein
and a stationary ion-exchange-resin particle carrying a charge of opposite sign. The strength of
attraction between the protein and the resin particle depends on the charge on the protein (and thus
on the solution pH) and on the dielectric constant of the medium [Eq. (4.2)]. The interaction can
be modified in practice by altering the pH or the salt concentration.
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EXAMPLE 4.2

A solution containing egg albumin (pH, = 4.6), B-lactoglobulin (pH,; =5.2), and chymotrypsinogen
(pH,; = 9.5) was loaded onto a column of diethylaminoethyl cellulose (DEAE-cellulose) at pH 5.4. The column
was then eluted with pH 5.4 buffer. with an increasing salt concentration. Predict the elution pattern.

Diethylaminoethyl (DEAE) group

DEAE-cellulose carries a positive charge at pH 5.4. At this pH value, chymotrypsinogen also carries a
positive charge, and therefore does not bind. B-Lactoglobulin, carrying a very small negative charge. binds only
weakly and will be displaced as the salt concentration is raised. However, egg albumin, carrying a larger negative
charge. binds tightly and will be displaced only at high salt concentrations, or on lowering the pH to a value
at which its negative charge is reduced.

Gel Filtration

Separation of proteins on the basis of size can be achieved by means of gel filtration. This
technique relies on diffusion of protein molecules into the pores of a gel matrix in a column. A
commonly used type of gel material is dextran, a polymer of glucose, in the form of very small beads.
This material is available commercially as Sephadex in a range of different pore sizes.

When the protein is larger than the largest pore of the matrix. no diffusion into the matrix takes
place and the protein is eluted rapidly. Molecules smaller than the smallest pore can diffuse freely
into all gel particles and elute later from the column, after a larger volume of buffer has passed
through.

EXAMPLE 4.3

In what order would the following proteins e¢merge upon gel filtration of a mixture on Sephadex
G-200: myoglobin (M, = 16,000), catalase (M, = 500,000), cytochromc ¢ (M, = 12,000). chymotrypsinogen
(M, = 26,000), and serum albumin (M, = 65,000)?

Catalase is the largest protein in this set and would be excluded completely from the Sephadex beads
(exclusion limit approx. 200.000). That means that to the catalase molecules. the beads appear to be solid, and
so the catalase molecules can only dissolve in the fluid outside the beads (the void volume). They would be eluted
from the column when a volume of eluent equal to this void volume had passed through the column.

Cytochrome c¢ is 1he smallesl prolein of the set and would be able 10 diffuse freely into all the space within
the beads. The column would therefore appear to have a larger volume available to cytochrome ¢, which would
not emerge until the column had been flushed with a volume almost cqual to its total volume.

The order of elution would therefore be: catalase, scrum albumin, chymotrypsinogen, myoglobin. and
cytochrome c.

Sequencing Proteins

The structure and properties of peptides and proteins depend critically upon the sequence of
amino acids in the peptide chain. The first complete amino acid sequence of a protein, that of insulin
(51 amino acid residues), was determined by F. Sanger in 1953. The process is now performed using
automated protein sequencers, and involves step-by-step identification of amino acids at the N
terminus of the protein using a chemical process known as Edman degradation.
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N-Terminal Sequencing

The N-terminal residue, i.e., the first amino acid in the sequence of a peptide, can be determined
by reaction with phenylisothiocyanate. At neutral pH, this compound reacts with the a-amino group.
After mild acid hydrolysis, the reaction product cyclizes, releasing the terminal residue as a
phenylthiohydantoin (PTH) derivative (the Edman degradation, Fig. 4-1). The derivative can be
analyzed to determine its parent amino acid and its quantity.

1y
@-N=C=S + HZN——CI‘— C—NH—CI‘ —_
R, R,
Phenylisothiocyanate j Neutral pH
S (0]
Ll I
N—C—N—C— C—NH—C—-
R, R,
j Acidic pH
H
.
@y Il
Co..N—H
O/ ;C\ R,
H R,

Phenylthiohydantoin

Fig. 4-1 The Edman degradation.

Other reagents capable of reacting with the amino-terminal residues, such as dansy! chloride and
fluoro-2,4-dinitrobenzene, may also be used to identify the N terminus.

C CH
N N s > NO,
NO,
O« SI -0 F
Cl
Dansyl chloride Fluoro-2,4-dinitrobenzene

EXAMPLE 4.4

Given a means of identifying and quantifying the N-terminal residue, describe a way of determining the
entire sequence of a protein.

If the phenylisothiocyanate method is used, the cyclization and release of the N-terminal derivative occurs
under mild conditions that leave the rest of the chain intact. It is therefore possible to take the protein chain,
now without its original N-terminal residue, and repeat the procedure to determine the second residue in the
sequence, and so on. Unfortunately, at each step, there is a finite chance of additional peptide hydrolysis or
incomplete reaction, and uncertainty tends to accumulate after 10 to 20 cycles.
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Specific Cleavage of Peptides

Many proteins contain hundreds of amino acid residues, and it may not be feasible to determine
the sequence of the whole molecule in one go, because of the buildup of uncertainty at each step.
It is therefore convenient first to cleave the protein into smaller, more manageable pieces. Also the
protein may contain disulfide bridges linking cysteine residues in different parts of the chain; these
links must be broken to allow sequencing to continue.

Trypsin

One of the most frequently used means of breaking polypeptides into smaller fragments is
hydrolysis by the enzyme trypsin. This digestive enzyme, produced by the pancreas, hydrolyzes
peptide bonds on the carboxyl side of lysine and arginine (i.e.. positively charged) residues:

Trypsin
R,-Lys-Ala-R,— R,-Lys-COO~ + NH; -Ala-R,
Chymotrypsin
Another commonly used enzyme for selective cleavage of peptides is chymotrypsin, which

hydrolyzes peptide bonds on the carboxyl side of aromatic residues (phenylalanine, tyrosine, and
tryptophan):

Chymotrypsin
!
R,-Phe-Ser-R,—— R,-Phe-COO ~ + NH; -Ser-R,
Cyanogen Bromide Cleavage

A nonenzymatic. chemical method for specific cleavage of polypeptides involves the reaction of
cyanogen bromide. CNBr. with methionine residues:

i i i i
R,—ﬁ}—N—(IZH—ﬁZ—N—RZ R,-—ﬁ—N—(liH—(li=l:I—R2
@) , O @) CH, O
| N/
CH, ; CH,
S—CH, CH,—S—CN
H,0
+ +
Br—C=N Br~
H @)
| 7
R,—C—N—CH—C +
” | | + HaN_Rz
@) CH, O
N/
CH,

Overlapping Peptides

When a protein is cleaved into manageable peptides and the sequence of each peptide is determined,
the next problem is that of ordering the peptides themselves in the correct sequence. For this, at least
two sets of peptide scquences from different selective cleavage methods are required.
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EXAMPLE 4.5

A peptide was broken into two smaller peptides by cyanogen bromide (CNBr), and into two different
peptides by trypsin (Tryp). Their sequences were as follows: CNBr 1. Gly-Thr-Lys-Ala-Glu; CNBr 2, Ser-Met;
Tryp 1. Ser-Met-Gly-Thr-Lys; Tryp 2, Ala-Glu. Determine the sequence of the parent peptide.

By arranging the sequences in an overlapping set, as follows, it is possible to determine the parent

sequence.

CNBr 2: Ser-Met

Tryp 1: Ser-Met-Gly-Thr-Lys-

CNBr I: Gly-Thr-Lys-Ala-Glu

Tryp 2: Ala-Glu
Ser-Met-Gly-Thr-Lys-Ala-Glu

Note: Some of this information is redundant; peptides Tryp 1 and CNBr | would be sufficient for
unambiguous sequence determination. In addition, in such a simple case, with only two peptides from each
cleavage reaction, we could determine the sequence from either one of these cleavages alone using the fact that
the carboxyl sides of Met and Lys are the sites of cleavage with CNBr and trypsin, respectively.

Some proteins also contain other compounds, apart from amino acids. These proteins are known
as conjugated proteins and the non-amino acid part is known as a prosthetic group (Chap. 8); the
protein part is termed the apoprotein. Glycoproteins (Chap. 6) and proteoglycans (Chap. 5) contain
covalently bound carbohydrate, while lipoproteins (Chap. 6) contain lipid as the prosthetic

groups.

Molecular Weight Determination

Each protein has a unique molecular weight. Furthermore, the size or molecular weight of a
particular protein, under specified conditions, distinguishes it from many other proteins. Note that
the molecular weight (or more precisely, the relative molecular weight), M., is dimensionless, and
represents the mass of the molecule relative to 1/12 of the mass of an atom of '?C. Molecular mass,
on the other hand, is usually expressed in units of daltons (Da) or kilodaltons (kDa), where 1 Da
is 1/12 of the mass of an atom of '*C (1.66 x 10™2*g). The molar mass is the mass of one mole
expressed in grams. All three quantities have the same numerical value, but have different units.
For example, serum albumin could be described as having a molecular weight of 66,000, a molecular
mass of 66 kDa, or a molar mass of 66 kg mol L.

The molecular weight is determined by the amino acid sequence of the protein, any
post-translational modifications such as glycosylation, and the presence of bound nonpeptide groups
such as metals and cofactors. While the exact weight of a polypeptide chain can be calculated from
its amino acid sequence, a rule-of-thumb calculation, based on the proportion of different amino acids
found in most proteins, gives the molecular weight as the number of residues multiplied by 110.

EXAMPLE 4.6

Human cytochrome ¢ contains 104 amino acid residues. What is its approximate molecular weight?
The molecular weight is approximately 11,900, the sum of the polypeptide molecular weight (approx. 104 x 110)
and that of the heme prosthetic group (412). Alternatively, the molecular mass is approx. 11.9kDa.

Proteins that possess a quaternary structure are composed of several separate polypeptide chains
held together by noncovalent interactions. When such proteins are examined under dissociating
conditions (e.g., 8 M urea to weaken hydrogen bonds and hydrophobic interaction, 1 mM
mercaptoethanol to disrupt disulfide bonds), the molecular weight of the component polypeptide
chains can be determined. By comparison with the native molecular weight, it is often possible to
dctermine how many polypeptide chains are involved in the native structure.

The molecular weight of a protein may be determined by the use of thermodynamic methods,
such as osmotic pressure measurement, and sedimentation analysis in the ultracentrifuge. Osmotic
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pressure is sensitive to the number of molecules in solution, and if one knows the total mass of protein
in solution, the molar weight can be calculated. The sedimentation of a protein molecule in a
centrifuge depends directly on the mass of the molecule.

It is also possible to estimate the molecular weight of a protein by means of gel filtration, or
from measurement of its rate of migration through an electrophoresis gel (gel electrophoresis), in
comparison with a series of standards of known molecular weight. An absolute and very accurate
means of determining protein molecular weights is mass spectrometry.

Sedimentation Analysis

The molar mass (M) of a solute can be determined from measurements of the sedimentation
coefficient, s, and the diffusion coefficient, D (see Prob. 4.18), according to the Svedberg equation:

RTs

M= Da-vp

4.1
where R is the gas constant, T the absolute temperature, v the partial specific volume of the solute
(the reciprocal of its density), and p the solvent density. The sedimentation coefficient, s, which
depends on the molar weight of the solute, as well as its size and shape, is determined from the rate
at which the solute sediments in the gravitational field of an ultracentrifuge. The diffusion coefficient,
D, is dependent on size and shape and is determined from the rate of spreading of the boundary
between a solution and the pure solvent.

The sedimentation coefficient is often reported in Svedberg units, S, named in honor of Thé
Svedberg, the inventor of the ultracentrifuge: 1 S =10""? seconds. Sedimentation coefficients of some
selected proteins are listed below.

Protein M, s
Lysozyme 14,000 1.98
Hemoglobin 64,500 458
Catalase 248,000 11.3S
Urease 480,000 18.6 S

Gel Filtration

The volume required to elute a globular protein from a gel-filtration column is a monotonically
decreasing function of molecular weight. Thus, by comparing the elution behavior of an unknown
protein with that of a series of standards of known molecular weight, an estimation of molecular

weight can be interpolated (Fig. 4-2).

EXAMPLE 4.7

A series of standard proteins and an unknown enzyme were examined by means of gel filtration on Sephadex
G-200. The elution volume, V., for each protein is given below.

(a) Plot the data in the form of log M, versus elution volume. (b) From the line of best fit through the
points for the standards, determine the molecular weight of the unknown enzyme. (c) Explain why ferritin and
ovomucoid behave anomalously.

(a) Figure 4-2 shows the line of best fit for the data and indicates coordinates for the unknown.

(b) From Fig. 4-2, M, of the unknown enzyme = 126,000.

(c) Ferritin contains an iron hydroxide core, and therefore its density is higher than that of the standards.
Ovomucoid is a glycoprotein of different density, and probably different shape, from the standards.
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4 5 6

Log M,

Fig. 4-2 Gel filtration of proteins. Elution volumes V¢, are plotted for a
series of proteins of different M, applied to a column of Sephadex
G-200. The two data points denoted by ® were not used in
constructing the calibration curve.

Protein M, Ve (ML)
Blue dextran* 106 85
Lysozyme 14,000 200
Chymotrypsinogen 25,000 190
Ovalbumin 45,000 170
Serum albumin 65,000 150
Aldolase 150,000 125
Urease 500,000 90
Ferritint 700,000 92
Ovomucoidt 28,000 160
Unknown _— 130

*Biue dextran is a high molecular-weight
carbohydrate with a covalently bound dye molecule.
'Do not use for calibration.

Gel Electrophoresis

In the presence of the detergent sodium dodecy! sulfate (SDS), many proteins are disaggregated
and unfolded. As with elution volume, the electrophoretic mobility of SDS-denatured polypeptide
chains is a monotonically decreasing function of molecular weight, and the molecular weight of an
unknown protein may be inferred from the mobilities of standards.

Question: What assumptions are inherent in both of the above techniques for the determination
of molecular weight?

1. In both cases, the hydrodynamic behavior depends on the shape of the molecule. We must,
therefore, assume that the shape (i.e., spherical, ellipsoidal, etc.) of the unknown protein is the
same as that of the standards.
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2. The gel-filtration behavior really depends on the effective size, not mass. Therefore, if the protein
differs from the standards in density, an incorrect estimate of molecular weight will result.

3. Proteins bind SDS, and as a first approximation the amount of SDS bound per gram is the same
for all proteins. Differences in the amount bound per molecule will result in differences in the
total charge, leading to differences in the electrophoretic mobility, and an incorrect value of
molecular weight will be inferred.

Mass Spectrometry

Previous use of mass spectrometry to determine the molecular weights of biological macro-
molecules was limited by the lack of a means of vaporizing the sample without causing thermal
decomposition. In recent years a number of techniques have been developed to overcome these
problems and mass spectrometry is becoming a routine tool in most biochemistry laboratories. The
methods which are now used to introduce the sample include: matrix assisted laser desorption
(MALDI), in which the sample is embedded in a low molecular weight organic matrix and is irradiated
with a pulsed UV laser; electrospray, in which a dilute acidic solution of the protein sample is sprayed
from a positively charged needle into the vacuum chamber (the solvent surrounding the protein is
rapidly evaporated leaving the bare protein molecules carrying multiple positive charges); and plasma
desorption, which uses high energy charged particles to liberate the sample from a metal support
(the positively charged particles are accelerated by an electric field and then deflected by a magnetic
field, where they are separated by their mass-to-charge ratio). Mass spectrometry is accurate to about
0.01%, requires only picomoles of sample, and can be used to determine the molecular weights of
molecules ranging from single amino acids to proteins larger than 100 kDa.

4.3 PROTEIN FOLDING

Proteins Generally Fold into Compact, Well-Defined, Three-Dimensional Structures

In order to understand the functions of proteins, we need to know something about the
conformation, or the three-dimensional folding pattern, that the polypeptide chain adopts. Although
many artificial polyamino acids have no well-defined conformation and seem to exist in solution as
nearly random coils, most biological proteins adopt a well-defined folded structure. Some, such as
the keratins of hair and feathers, are fibrous and organized into linear or sheetlike structures with
a regular, repeating folding pattern. Others, such as most enzymes, are folded into compact, nearly
spherical, globular conformations.

Question: Why do proteins fold?

The folding of a protein into a compact structure is accompanied by a large decrease in
conformational entropy (disorder) of the protein, which is thermodynamically unfavorable. The native,
folded conformation is maintained by a large number of weak, noncovalent interactions that act
cooperatively to offset the unfavorable reduction in entropy. These noncovalent interactions include
hydrogen bonds, and electrostatic, hydrophobic, and van der Waals interactions. These interactions
ensure that the folded protein is (often just marginally) more stable than the unfolded form.

Electrostatic Interactions
Charged particles interact with one another according to Coulomb’s law:

ZAZB£2

E:
a D"AB

(4.2)
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where AE is the energy of the electrostatic interaction, Z, and Zg are the number of charges on
the two interacting species, rap is the distance between the two species, € is the charge of an electron,
and D is the dielectric constant of the medium. When the two charges are of opposite sign, the
interaction energy decreases as they approach each other, and hence the interaction is favorable.
Thus, negatively charged moieties in proteins (such as the carboxylate side chains of Asp and
Glu residues) frequently interact with positively charged side chains of Lys, Arg, or His residues.
These electrostatic interactions often result in the formation of salr bridges, in which there is some
degree of hydrogen bonding in addition to the electrostatic attraction, as illustrated in Fig. 4-3.

Glulamaie g
ASK

P Oxg

g é—«—— Hydrogen bond

Lo

H—Nx. -N—H
e

Arginine —H

WA Z—0)

Fig. 4-3 A salt bridge between the side chains of an Arg and Glu residue.

Since water has a high dielectric constant of 80, the energy associated with an ion pair in a protein
ranges from as low as 0.5-1.5kJ mol~"! for a surface interaction up to 15 kJ mol~! for an electrostatic
interaction between residues buried in the interior of the protein, where the dielectric constant is
expected to be lower.

van der Waals Interactions

All atoms and molecules attract one another as a result of transient dipole—dipole interactions.
A molecule need not have a net charge to participate in a dipolar interaction; electron density can
be highly asymmetric if interacting atoms have different electronegativities.

Atoms with the greatest electronegativities have the largest “excess’” of negative charge: the
electronegativities of the atoms found in proteins are O, 3.44; N, 3.04; C, 2.55; and H, 2.20 (on a
scale of (0.8-4),

These transient dipolar interactions are known as van der Waals interactions. They are weak
and close-range, varying inversely as the sixth power of the interatomic distance. When atoms involved
in a van der Waals interaction approach too closely, there is a strong repulsive interaction. Thus,
the van der Waals interaction energy (E,q44) is usually given by the following equation:

a b
Ede:.d_l—F (43)
where d is the interatomic distance, and a and b are positive constants. The first and second terms
in the equation represent the repulsive and attractive parts of the van der Waals interaction,
respectively. Eq. (4.3) is often referred to as the Lennard-Jones 6,12 potential.

The optimal distance for a van der Waals interaction is when the interacting atoms are separated
by 0.3-0.5 A more than the sum of their van der Waals radii (defined as the minimum contact distance
observed between the atoms in a crystal). The van der Waals interaction energy is rather small, usually
less than 1kJ mol~ I,
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Hydrogen Bonds

A hydrogen bond results from an electrostatic interaction between a hydrogen atom covalently
bound to an electronegative atom (such as O, N or §), and a second electronegative atom with a [one
pair of nonbonded electrons:

—O—H 0=C
Donor Acceptor

Although the hydrogen atom is formally bonded to the donor group, it is partly shared between
the donor and the acceptor. Hydrogen bonds are highly directional and are strongest when all three
participating atoms lie in a straight line. Most hydrogen bonds in proteins occur between the backbone
C=0 and N—H groups, with an H---O distance of 1.9-2.0 A. It has been estimated that an average
hydrogen bond of this type contributes ~5kJ mol ! to the stability of a protein in aqueous solution,
although this value may vary from 2kJmol ™! to 7.5 kJ mol™! (see Table 4.1).

Table 4.1. Types of Noncovalent Interactions Involved in
Stabilizing Protein Structure

Bond energy
Interaction Example (kY mol™1)*
van der Waals C—H---H~-C 0.4-2.0
Electrostatic —COO™--H3N*— 0.5-15
Hydrogen bond —N—H---O=C— 2.0-75
Hydrophobic’ Burial of —CH,— ~3

“The bond energy is the energy to break the interaction.

'This value represents the free energy required to transfer a
—CH,— group of a nonpolar side chain from a protein's interior to
water.

Hydrophobic Interactions

The placing of a nonpolar group in water leads to energetically unfavorable ordering of the water
molecules around it, i.e., a lowering of the entropy of the solution. Transfer of nonpolar groups from
water to a nonpolar environment is thus accompanied by an increase in entropy (of the water
molecules) and is spontaneous (Chap. 10). The folding of a protein chain into a compact globular
conformation removes nonpolar groups from contact with water; the increase in entropy arising from
the liberation of water molecules compensates for the decrease in entropy of the folded polypeptide
chain. Burial of a methylene (—CH,—) group in the interior of a protein is as energetically favorable
(~3kJmol™!) as a strong hydrogen bond.

Hydrophobic interactions are such an important driving force in the folding of water-soluble
globular proteins that we can formulate the general rule: hAydrophobic residues tend to be buried in
the interior of proteins which minimizes their exposure to water.

EXAMPLE 4.8

If the overall folding energy of a particular protein is only 40k) mol™!, how many H bonds would have

to be broken in order to disrupt the structure?
Since each H bond contributes an average of ~5 kJ mol™! of stabilizing energy. the breaking of about eight
such bonds would be sufficient to disrupt the native structure.
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Protein Denaturants

Because the stabilization energy of most proteins is so small, many proteins show rapid, small
fluctuations in structure, even at normal temperatures. In addition, it is fairly easy to cause protein
molecules to unfold, or denature. Common denaturation agents are:

(@) High temperature
(b) Extremes of pH
{¢) High concentrations of compounds such as urea or guanidine hydrochloride:

NHz—ﬁ—NHz NH,—C—NH,
o) *NH,CI”

Urea Guanidine hydrochloride

(d) Solutions of detergents such as sodium dodecyl sulfate, CH3(CH;);(CH,OSO3 Na*

Protein Structure is Dictated by Amino Acid Sequence

Several proteins and enzymes, completely unfolded by urea and with disulfide bridges reduced,
are capable of refolding to the active, native state on removal of urea. This demonstrates that the
information for the correct folding pattern exists in the sequence of amino acids.

EXAMPLE 4.9

Ribonuclease, the enzyme that hydrolyzes ribonucleic acids (Chap. 7), contains four disulfide bonds that
help to stabilize its conformation. In the presence of 6 M guanidine hydrochloride, to weaken hydrogen bonds
and hydrophobic interactions, and 1 mM mercaptoethanol, to reduce the disulfide bonds, all enzymatic activity
is lost, and there is no sign of residual secondary structure. On removing the guanidine hydrochloride by dialysis
or gel filtration, enzymatic activity is restored, the native conformation is regained, and correct disulfide bonds
are reformed.

Many larger proteins require help in the form of chaperonins (which are themselves protein
molecules) in order to fold correctly. These chaperonins are thought to act by trapping incorrectly
folded intermediates, causing them to unfold and have another chance to fold correctly.

4.4 PROTEIN STRUCTURE

How Can the Structure of a Protein be Described?

One could completely describe the three-dimensional structure of a protein by placing it in a
Cartesian coordinate system and listing (x, y, z) coordinates for each atom in the protein. Indeed,
this is how experimentally determined protein structures are stored in the Protein Data Bank at the
Brookhaven National Laboratory in the United States of America. However, the structure of a protein
can be more succinctly described by listing the angles of rotation (torsion angles) of each of the bonds
in the protein (see Fig. 4-4). For example, the backbone conformation of an amino acid residue can
be specified by listing the torsion angles ¢ (rotation around the N—C, bond), ¢ (rotation around
the C,—C’ bond), and o (rotation around the N—C’ bond).

The zero position for ¢ is defined with the —N—H group #rans to the C,—C’ bond, and for ¢
with the C,—N bond trans to the —C=0 bond (Fig. 4-4). The peptide-bond torsion angle () is
generally 180° (see Example 4.10). A full description of the three-dimensional structure of a protein
also requires a knowledge of the side-chain y torsion angles.
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Fig. 44 Dcfinition of protcin torsion angles w. ¢. ¢, and y. The conformation shown is
obtained when w, ¢ and & are all sct to 180°.

EXAMPLE 4.10

Why is the peptide group planar?
The C—N bond has a partial double-hond character owing to resonance between the two forms shown

betow:
o _
u -
H i;

The length of the C—N bond (0.132 nm) is intermediate between that of 8 C—N single bond (0.149 nm) and
a2 C=N double bond (0.129 nm). The parial double-bond character restricts rotation around the C—N bond,
such that the favored arrangement 1s for the O. C. N, and H atoms to lic in a planc. with the O and H atoms
trans; this corresponds to a torsion anglc of « = [80°. The ¢is conformation. which gencrally only occurs in
proteins at X-Pro peptide bonds, corresponds to w = 0°,

EXAMPLE 4.11

In the dipeptide glycylalanine, which bonds of the backbonc allow free rotation of the artached groups?
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e |-,{‘\ CH
“NH, C) i N )CH COO~

\O Pid
Glycylalanme

In this structure, the peptide group is indicated by the dashed lines. Because the peptide group itself is
rigid and planar, there is no rotation around the bond between the carbonyl carbon atom and the nitrogen atom
(the C'—N bond). However. free rotation is possible around the bond between the a carbon and the carbonyl
carbon atom (the C,—C’ bond) and about the bond between the nitrogen atom and the alanyl a-carbon atom
the (N—C, bond). Thus, for every peptide group in a protein, there are two rolatable bonds. the relative angles
of which define a particular backbone conformation.

Question: Arse there any restrictions on the structures that protein molecules can form?

Not all combinations of ¢ and ¢ angles are possible, as many lead to clashes between atoms in
adjacent residues. For all residues except glycine, the existence of such steric restriction involving
side-chain atoms reduces drastically the number of possible conformations. The possible combinations
of ¢ and ¢ angles that do not lead to clashes can be plotted on a conformation map (also known
as a Ramachandran plot, named after the chemist who did much of the pioneering work in this field).
Figure 4-5 shows a Ramachandran plot for the allowed conformations of alanylalanine. The

DI iassziron, : 1

0 180°
¢

— 180
~ 180

Fig. 4-5 Ramachandran plot for alanylalanine, showing the
fully allowed regions (double-hatched) and partially
allowed regions (single-hatched) of & and i angles
(sce Fig. 4-4). The coordinates for the parallel and
antiparallel 8 structures (8, and 8,. respectively) and
for the left-handed and right-handed « helices (o and
ay. respectively) are indicated.
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double-hatched areas represent conformations (combinations of ¢ and ) for which no hindrance
exists. The single-hatched areas represent conformations for which some hindrance exists, but which
may be possible if the distortion can be compensated for by interactions elsewhere in the
protein.

EXAMPLE 4.12

The right-handed a helix has ¢ and ¢ values of ~57° and —47°, respectively. Would you expect an a helix
to be a stable structure?

Yes. These values put the right-handed a helix into a particularly favorable arca of the Ramachandran plot,
indicated in Fig. 4-5 with the symbol ag.

Proteins Often Contain Regular Repeating Structures

If the backbone torsion angles of a polypeptide are kept constant from one residue to the next,
a regular repeating structure will result. While all possible structures of this type might be considered
to be helices from a mathematical viewpoint, they are more commonly described by their appearance;
hence a helices and B pleated sheets.

Given the normal van der Waals radii of the atoms, expected bond angles, and the planarity
of the peptide bond, only two regular, repeating structures exist without distortion and with maximum
hydrogen-bond formation:

1. The « helix, found in the a-keratins

2. The B pleated sheets (parallel and antiparallel), as exemplified by the 8 form of stretched
keratin and silk protein

These regular repeating structures are also commonly found as elements of folding patterns in
the globular proteins as well as the principal structure of fibrous proteins. For many globular proteins,
a significant proportion of the polypeptide chain displays no regularity in folding. These regions may
have short sections of commonly found structures such as reverse turns, which often link the strands
of B sheets. Those regions without a regular repeating secondary structure are often referred to as
having a random-coil conformation. However, these regions may still be well-defined, even if they
are not regular, and they are better referred to as disordered regions.

The o Helix

In the a helix, the polypeptide backbone is folded in such a way that the —C=0O group of
each amino acid residue is hydrogen-bonded to the —N—H group of the fourth residue along the
chain: i.e., the —C=0 group of the first residue bonds to the —N—H group of the fifth residue,
and so on.

Question: Do the —N—H groups on residues 1 to 4 also hydrogen bond to other groups in the «
helix?

There are no available —C=0 groups with which these amide groups can interact. Consequently,
they remain unbonded. Similarly, at the other end of the chain, four —C=0 groups remain unbonded.
If the polypeptide chain is very long, the lack of bonding at the ends has a negligible effect on the
overall stability. However, short a-helical chains are less stable because the end effects are relatively
more important.

The backbone of the a helix winds around the long axis, as shown in Fig. 4-6. The hydrogen
bonds are all aligned approximately parallel to this axis, and the side chains protrude outward. Each
residue is spaced 0.15nm from the next along the axis, and 3.6 residues are required to make a
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Fig. 4-6 The right-handed « helix.
This diagram shows the
peptide groups repre-
sented as planar segments,
with the a -carbon atom at
the junctions of successive
planes.

complete turn of the helix. Although both left and right screw senses are possible, the right-hand
screw sense is energetically favored with L-amino acids.

Because each —~C=0 and —N—H group is hydrogen-bonded (except for the four at each end),
the o helix is strongly stabilized. However, for some amino acids, interactions involving the side chains
may weaken the a helix, making this conformation less likely in polypeptide chains containing high
proportions of such helix-destabilizing amino acids (Table 4.2).

Table 4.2. Tendency of Amino Acid Residues to Form o Helices

Helix formers Glu, Ala, Leu, His, Met, GIn, Trp, Val, Phe, Lys, Ile

Helix breakers Pro, Gly, Tyr, Asn

Indifferent residues | Asp, Thr, Ser, Arg, Cys
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The B-Sheet Structures

The second major regular, repeating structure, the 3 structure, differs from the « helix in that
the polypeptide chains are almost completely extended, as in Fig. 4-7(a), and hydrogen bonding occurs
between polypeptide strands, rather than within a single strand, as shown in Fig. 4-7(c).

Adjacent chains can be aligned in the same direction (i.e., N terminal to C terminal) as in the
parallel B sheets, or alternate chains may be aligned in opposite orientations as in the antiparallel
B sheets, shown in Fig. 4-7(c). These structures often form extensive sheets, as shown in Fig. 4-7(b).
Sometimes it is possible for several sheets to be stacked upon one another. Because the side chains
tend to protrude above and below the sheet in alternating sequence, as shown in Fig. 4-7(b), the

R Peptide R R R
bond

C terminus

C terminus =<z N c N / ~—— C\
4, N
: o a o,
| ale N g
R H
%
-—C
|
|
R
(c)

Fig. 4-7 pB-Sheet structures: (a) polypeptide segment in an extended conformation; (b)
sheet formed by the assembly of extended polypeptide chains side by side; (c)
detail showing H bonding between adjacent polypeptide chains in an antiparal-
lel B sheet.
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B-sheet structures are favored by amino acids with relatively small side chains, such as alanine and
glycine. Large, bulky side chains can lead to steric interference between the various parts of the
protein chain.

EXAMPLE 4.13

Predict which regular, repeating structure is more likely for the two polypeptides (a) poly(Gly-Ala-Gly-Thr);
(b) poly(Glu-Ala-Leu-His).

Polypeptide (a) is comprised largely of amino acid residues with small side chains. Except for Ala, none
of the residues favors helix formation, and Gly destabilizes the a helix. Thus, this polypeptide is more likely

to form g structures.
Polypeptide (b) is comprised of amino acid residues with bulky side chains that would destabilize 8

structures. However, all the amino acids are helix-stabilizing, and thus polypeptide (b) is more likely to form
an a helix.

EXAMPLE 4.14

The structures of many globular proteins are comprised of elements of a helix, 8 structures, and disordered
regions. It is instructive to represent the structures of these proteins using the stylized form shown in Fig. 4-8,
in which « helices are represented by coiled ribbons and 8 structures are represented by arrows pointing in the
N — C direction. Parallel 8 sheets have their arrows pointing in the same direction; antiparallel B sheets have
their arrows alternating. B8 proteins (e.g., retinol binding protein and antigen binding fragment) contain
predominantly 8 sheet secondary structure, while a proteins (e.g., myoglobin) are largely composed of a helices.
a/B proteins (e.g., triosephosphate isomerase) contain a mixture of « helices and 8 sheets.

The Collagen Triple Helix

The protein collagen, from skin and tendons, is composed of approximately 30 percent proline
and hydroxyproline and 30 percent glycine. This protein has an unusual structure in which three
chains, each with a conformation very similar to that of polyproline, are twisted about each other
to make a triple helix. The three strands are hydrogen bonded to each other, through hydrogen bonds
between the —NH of glycine residues and the —C=0 groups of the other amino acids.

Question: Why is proline rarely found within a-helical segments?

The a-amino group of proline is a secondary amino group. When proline participates in peptide
bonds through its amino group, there is no longer an amide hydrogen to participate in the
hydrogen-bond stabilization of the a helix. In addition, because the side chain of proline is attached
to the a-amino group, there is no free rotation about the N—C, bond and proline cannot take up
the correct conformation for an a-helical residue.

Although proline cannot participate in a-helical conformations, polypeptides composed only of
proline can adopt a different type of helical conformation. This polyproline helix is not stabilized
by hydrogen bonding, but rather by the steric mutual repulsion effects of the prolyl side chains. The
polyproline helix is more extended than the a helix, with adjacent residues separated along the axis
by 0.31 nm.

EXAMPLE 4.15

Why does collagen, with its polypeptide sequence that is largely (Gly-Pro-x-),,, where x is another type of
amino acid residue, form a triple helix, while polyproline does not?

In the collagen triple helix, every third residue is positioned toward the center of the helix and comes into
close contact with another chain. Only glycine, with its single hydrogen atom side chain, is small enough to fit
into this crowded space.
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(a) ®

Retisied binding proten Antigen binding (ragmenl

Mycgtobin Tricsephosphale jscmerase

Fig. 48 Stylized representations of protein structures in which o helices are representcd
as coiled ribbons and B strands arc represented by arrows pointing in the N— C
direction. 8 proteins contain prcdominantly B-sheet structure (e.g.. retinol
binding protein and the antigen binding fragment of antibodies) while a proteins
contain predominantly « hclices (e.g., myoglobin). a/f proteins contain a mixture
of « helix and f sheet (e.g.. triosephosphale isomerase).

Optical Activity

Asymmetric molecuies such as carbohydrates, amino acids, and proteins rotate the plane of
polarization of plane-polarized light. The amount of rotation depends on the concentration of the
substance and the path length of light in the sample (Chap. 2), in much the same way as for optical
absorbances (Chap. 3). The amount of rotation (and, in fact, even the direction of rotation) also
depends on the wavelength of the light. The dependence of the specific rotasion [a] (the measured
rotation per unit concentration and path length) on the wavelength of light is known as the optical
rotatory dispersion (ORD).

The conformation of a protein introduces an additional source of asymmetry that affects the ORD
spectrum. Helical regions in soluble proteins give rise to a particular ORD spectrum (see Fig. 4-9)
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Fig. 49 ORD spectra of poly-D-lysine showing the spectra
of a-helical and disordered conformations. (Units
of [a] are degrees mL dm~'g™!)

quite distinct from that of disordered regions. By comparing the ORD spectrum of an unknown
protein with suitable standards of known conformation, it is possible to calculate the approximate
proportions of the different types of structure in the protein.

Hierarchy of Protein Structure

It is possible to consider the structure of a protein on several levels as originally proposed by
the Danish protein chemist, Kai Linderstrom-Lang:

(a) Primary structure. the sequence of amino acids.

(b) Secondary structure: the regular, repeating folding pattern (such as the a helix and 8 pleated-
sheet structures), stabilized by hydrogen bonds between peptide groups close together in
the sequence. The secondary structure elements in a protein are often summarized in the
form of a topology diagram (see Fig. 4-10) which defines in two dimensions their extent
and relative orientations. These diagrams are often used to show relationships within
families of proteins.

(¢) Supersecondary structure: common repeating patterns of secondary structure that occur in
many proteins. One common, recurring pattern is the B-a-8 motif, which has a segment
of B sheet, an intervening a helix, and a second segment of 8-sheet hydrogen bonded to
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Fig. 4-10 Topology diagram for (a) retinol binding protein (RBP) and (b) triosephosphate
isomerase (TPI). The arrows represent 8 sirands (numbered from N to C) and
the dark boxes represent o helices. Note from Fig. 4-8 that both of these proteins
form a barrel structure comprised of eight 8 strands with the first strand hydrogen
ponded to last strand in order 1o “‘closc™ the barrel. However, whereas the 8
strands are antiparallel in RBP, they are arranged in parallel in TPl and are
surrounded by an outer layer of a helices which connect each 8 strand to the
next in the barrel.

the first (Fig. 4-11). Other motifs include: the 8 hairpin, which comprises two antiparallel
B strands connected by a light reverse turn; the ao motif, comprised of two closely packed
antiparallel o helices: and B barrels, in which extended B8 sheets wrap around to form a
continuous cylinder.

(d) Terniary structure: for a globular protein, the tertiary structure can be thought of as the way
that segments of secondary structurc fold together in three dimensions, stabilized by
interactions often far apart in the sequence. For those proteins with little or no detectable
a helix or B structure, the tertiary structure can be considered as the way the protein folds
in three dimensions, stabilized by interactions between distant parts of the sequence.

(¢) Domain structure: domains arc a common fcature of many globular proteins, particularly
where the molecular mass is morc than 20 kDa. Larger proteins are often folded so
that each domain is ~17kDa. For c¢xample, the enzyme glyccraldehyde 3-phosphate
dchydrogenase is folded into two domains, such that each has a separate function: onc
domain of ~16 kDa binds the cofactor NAD™, while the other, catalytic domain, of ~21 kDa
binds the substrate glyceraldehyde 3-phosphate (Chap. 11).

() Quaternary structure: the interaction between different polypeptide chains to produce an
oligomeric structure, stabilized by noncovalent bonds only.

Families of Protein Structure

Now that a large number of globular protcin structures have been determined experimentally,
it is possible to group them, or each of thcir domains, into classes which have similar organization.
The a/B family (which includes all of the glycolytic enzymes) contains repeating S-a-8 motifs, whereas
the o + B family contains unrelated 8 sheets and a helices. The a and 8 families contain almost
exclusively o helix and 8 sheet, respectively. Most protein toxins belong to the family of small S-S
bridged proteins, in which a small bydrophobic core is maintained by a relatively large number of
disulfide bonds; for example. insect and scorpion defensins have only 38—40 residues but they each
contain three disulfide bonds.
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H{N

Fig. 4-11 Diagrammatic representation of the supersecondary B-a-g folding unit of a
protein. 8 regions are represented by the arrows, while the a-helical segment
is indicated by the coiled structure. Approximate positions of hydrogen bonds
are shown with dashed lines.

EXAMPLE 4.16

For a spherical protein, how do (a) volume and (b) surface area depend on molecular weight?

(a)

(b)

Given a uniform density, the volume V would be directly proportional to the mass, and therefore to
the molecular weight; i.e., Voc M.

The surface area of a sphere is proportional to the square of the radius, while the volume is proportional
to the cube of the radius. Thus, A = V¥3. We have just seen that V o< M,; therefore, 4 oc M, %3,

The above calculation shows that the volume of a spherical protein will increase more rapidly
with molecular weight than will the surface area. Thus, in order to accommodate all charged groups
on the surface and all nonpolar groups in the interior, three strategies are possible:

1.

Larger proteins may show altered composition, with increasing proportions of nonpolar
amino acid side chains occupying the increased interior volume.

Larger proteins may fold into separate domains, each domain being a globular folding unit
with its own interior and surface, and with an interconnecting strand of backbone linking
the domains.

Large proteins may fold into more elongated or rodlike shapes.

4.5 SEQUENCE HOMOLOGY AND PROTEIN EVOLUTION

The protein myoglobin serves as an oxygen binder in muscle. It was among the first to be studied
with the aid of x-ray crystallography, which revealed a compact globular structure comprising eight
segments of a helix linked via short nonhelical segments.

Hemoglobin, the oxygen-carrying protein of vertebrate blood, is similar in structure to myoglobin.
However, hemoglobin is composed of four chains; i.e., it has a quaternary structure. The four chains
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are held together in a particular geometrical arrangement by noncovalent interactions. There are two
major types of hemoglobin polypeptide chains in normal adult hemoglobin, the a chain and the g8
chain.

The polypeptide chain of myoglobin and the two chains of hemogiobin are remarkably similar,
both in primary and in tertiary structure. The two proteins are said to be homologous. Myoglobin
has 153 residues, the hemoglobin « chain has 141, and the hemoglobin 8 chain 146. The sequence
is identical for 24 out of 141 positions for the human proteins, and many of the differences show
conservative replacement. This means that an amino acid residue in one chain has been replaced by
a chemically similar residue at the corresponding position in another chain, for example, the
replacement of glutamate by aspartate.

Comparison of the amino acid sequences of hemoglobin and myoglobin chains from different
species of animals shows that the chains from related species are similar. The number of differences
increases with phylogenetically more separated species. On the assumption that proteins evolve at
a constant rate, the number of differences between two homologous proteins will be proportional
to the time of divergence in evolution of the species.

EXAMPLE 4.17

Draw an evolutionary tree for the human, rabbit, silkworm, and Neurospora (fungus) by using the data
in the following table for differences in the respective cytochrome ¢ sequence.

Number of Sequence Differences
Human Rabbit Silkworm | Neurospora
Human 0 11 36 71
Rabbit 0 35 70
Silkworm 0 69
Neurospora 0

These data allow us to construct an evolutionary tree, with branch lengths approximately proportional to
the number of differences between the species (see Fig. 4-10). The human and rabbit show most similarity and
therefore are connected by short branches. The silkworm cytochrome c is closer to both mammalian forms than
it is to Neurospora, and so should be connected to the mammalian junction. The length of the silkworm branch
will be approximately three times the length of the rabbit and human branches. Finally, Neurospora shows
approximately the same number of differences with all the animal species, and therefore can be joined to their
common branch.

Neurospora Silkworm Human  Rabbit

Fig. 4-12 Phylogenetic tree constructed from amino
acid sequences of cytochrome c.
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4.6 METHODS FOR PROTEIN STRUCTURE DETERMINATION

Most of our structural information comes from x-ray crystallographic analysis of protein crystals
and from the use of nuclear magnetic resonance spectroscopy in solution. Each of these techniques
has advantages and limitations which makes them suitable for a complementary range of problems.
The first protein structure determined at a sufficient resolution to trace the path of the polypeptide
chain was that of myoglobin in 1960. Since that time many thousands of structures corresponding
to hundreds of different proteins have been determined. The coordinates of the atoms in many protein
and nucleic acid structures are available from the Protein Data Bank, which may be accessed via
the Internet or World Wide Web (http://www.pdb.bnl.gov).

Question: What generalizations or folding rules can be drawn from the known data base of
experimentally determined protein structures?
1. Most electrically charged groups are on the surface of the molecule, interacting with water.

Exceptions to this rule are often catalytically important residues in enzymes, which may well
be partially stabilized by specific polar interactions within a hydrophobic portion of the
molecule.

2. Most nonpolar (e.g., hydrocarbon) groups are in the interior of the molecule, thus avoiding
thermodynamically unfavorable contact with water. Exceptions to this may function as specific
binding sites on the surface of the molecule for other proteins or ligands.

3. Maximal hydrogen bonding occurs within the molecule.

4. Proline often terminates a-helical segments.

x-Ray Crystallography

x-Rays have a wavelength which approximates the distance between bonded atoms in a molecule
(e.g., a carbon-carbon single bond is 1.5 A and the wavelength of x-rays from a tube with a copper
target is 1.54 A). When a beam of monochromatic x-rays interacts with a molecule it is diffracted
and the diffraction pattern contains information about the location of the atoms in the diffracting
molecule. If the sample is in solution the individual molecules of the protein will be randomly
orienting and only very low resolution information on the overall shape of the molecules will be
obtained. Fibrous proteins and nucleic acids can be induced to form oriented gels or fibers. x-Ray
diffraction from such samples was used to define regular repeating spacings which characterized the
a helix and B sheet in proteins and the A and B forms of DNA and RNA. In these cases x-ray
diffraction is capable of being used only to refine a proposed geometric model but not to uniquely
and objectively define the structure.

The most powerful use of x-ray diffraction is in conjunction with single crystals of the sample.
Structures of molecules ranging in size from a few atoms to viruses with tens of thousands of atoms
have been solved. In a single crystal all the molecules liec on a three-dimensional lattice with fixed
relative positions and orientations. The intensities of each point in the diffraction pattern can be
measured and therefore information regarding the full three-dimensional structure can be ob-

tained.

Question: What are the advantages and limitations of protein crystallography?
1. The technique is applicable to a wide range of samples which includes proteins, enzymes,
nucleic acids and viruses, and is not limited by the size of the molecules.

2. Not all proteins can be crystallized. This is especially true of intrinsic membrane proteins
which need to be solubilized in the presence of detergents.
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3. Most protein crystals do not diffract to true atomic resolution. Due to an inherent lack of
perfection in protein crystals the high angle component of the diffraction pattern, which
contains the fine detail, is lost. For this reason the protein sequence must generally be
known.

Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy has only developed as a technique for protein structure determination in the
past decade; the first complete three-dimensional protein structure solved using this technique was
presented in 1986. The NMR phenomenon derives from the fact that the energy levels of nuclei with
nonzero spin become unequal when the nuclei are placed in a magnetic field. The energy of the nuclei
can therefore be perturbed (i.e., moved between energy levels) by the application of radiofrequency
pulses whose wavelength corresponds to the gap between these energy levels. The ability to perturb
the nuclei in this way enables the observation of scalar and dipolar nuclear interactions. The first
type of interaction allows information to be obtained about protein torsion angles, while dipolar
interactions reveal information about interproton distances. The structure of the protein is calculated
using the amino acid sequence of the protein in combination with these measurements of dihedral
angles and interproton distances.

It should be noted that NMR studies are performed on proteins in their native solution state.
Since the protein molecules are moving around in solution, the NMR technique measures scalar
quantities (torsion angles and interproton distances); this is fundamentally different from x-ray
crystallography in which the static crystal lattice allows a vector “image’ of the molecule to be
obtained. Since NMR studies are performed on proteins in solution, the technique can be used to
probe intricate details of the dynamics of the protein.

Question: What are the advantages and limitations of protein NMR spectroscopy?

1. The technique is applicable to both proteins and nucleic acids in their native solution
state.

2. There is an upper size-limit of 3540 kDa. However, this means that most protein domains
can be studied using NMR spectroscopy.

3. The final resolution is not as good as x-ray crystallography but much useful information can
be obtained about the dynamics of the protein.

EXAMPLE 4.18

What is the relevance of a structure determined in a crystalline state to its native structure in solution?

Protein crystals have a solvent content of 40-70% by volume. Thus, there are few direct intermolecular
contacts between molecules which affect the structure. Structures of the same protein determined in different
crystal forms, and therefore containing different packing contacts, have generally been found to be the same.
This is also true of structures determined using both NMR spectroscopy and protein x-ray crystallography. It
has also been found that some enzymes are fully active in the crystalline state, implying that crystallization has
not altered the native conformation.

EXAMPLE 4.19

If one had a 20 kDa protein, what preliminary steps could be taken to decide whether it was suitable for
a structural study using protein crystallography and/or NMR spectroscopy?

(@) Gel filtration or analytical ultracentrifugation (sedimentation equilibrium) experiments could be
performed to determine if the protein self-associated to form oligomers. Oligomerization of the protein
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(b)
(€)

would preclude structure determination using NMR spectroscopy, as even a dimer would be at the
very upper molecular-weight limit of this technique.

If the protein does not oligomerize, NMR studies could begin so long as a 250 L sample of ~1 mM
concentration or greater could be obtained.

Even if oligomerization occurred, crystallization studies could proceed so long as the oligomers were
all identical. Methods that explore large numbers of different parameters (such as buffer and pH)
can be used to find suitable crystallization conditions. Since proteins are least soluble at their isoelectric
point (pH,), this is often a good pH at which to begin crystallization trials.

Solved Problems

PURIFICATION AND CHARACTERIZATION OF PROTEINS

4.1.

4.2,

4.3.

A pure heme protein was found to contain 0.426 percent of iron by weight. What is its minimum
molecular weight?

SOLUTION

The minimum molecular weight is the molecular weight of a molecule containing only a single
iron atom. Thus, if 0.426g of iron is contained in every 100 g of protein, then 1 mol (56 g) iron is
contained in

100 % 56

06 - 13,145 g of protein

The mass of protein containing one gram atom of iron is 13,145 g, which therefore represents the molar
mass of the protein. The minimum molecular weight is thus 13,145. This is close to the molecular weight
of the heme protein cytochrome ¢, and is thus a reasonable value. However, had the molecule of protein
contained more than one atom of iron, the molecular weight would have been a multiple of 13,145.

Threonine constitutes 1.8 percent by weight of the amino acid content of insulin. Given that
the molecular weight of threonine is 119, what is the minimum molecular weight of
insulin?

SOLUTION

Since water is lost during the condensation of amino acids to form peptide bonds. the residue weight

of threonine will be 119 — 18 = 101. If we assume a single threonine residue per molecule, then 101
represents 1.8 percent of the molecular weight, and
101

=——=5,600
T 0.018

Physical measurements in dissociating solvents confirm this value.

Hemoglobin A (the major, normal form in humans) has an isoelectric point of pH 6.9. The
variant hemoglobin M has a glutamate residue in place of the normal valine at position 67
of the o chain. What effect will this substitution have on the electrophoretic behavior of the
protein at pH 7.5?

SOLUTION

Since pH 7.5 is above the isoelectric point of hemoglobin A, the protein carries a negative charge
and will migrate to the anode. At pH 7.5 the glutamate side chain has a negative charge, while valine
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4.4.

4.5.

4.6.

4.7.
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is uncharged. Hemoglobin M, therefore, carries an additional negative charge at pH 7.5 and will migrate
faster toward the anode.

The proteins ovalbumin (pH; = 4.6), urease (pH; = 5.0), and myoglobin (pH; = 7.0) were
applied to a column of DEAE-cellulose at pH 6.5. The column was eluted with a dilute pH 6.5
buffer, and then with the same buffer containing increasing concentrations of sodium chloride.
In what order will the proteins be eluted from the column?

SOLUTION

At pH 6.5, both ovalbumin and urease are negatively charged, and will bind to the DEAE-cellulose.
Myoglobin has a positive charge at pH 6.5 and will be eluted immediately. As the salt concentration
is raised, electrostatic interactions are weakened; urease will be eluted next, and ovalbumin will be
eluted last.

An enzyme of M; = 24,000 and pH; = 5.5 is contaminated with a protein of similar molecular
weight, but with pH; = 7.0, and another protein of M; = 100,000 and pH; = 5.4. Suggest a
purification strategy.

SOLUTION

Gel filtration will allow the high-molecular-weight contaminant to be removed. The remaining
mixture of lower-molecular-weight proteins can be separated by ion-exchange chromatography, as
described in Prob. 4.4.

(a) What peptides would be released from the following peptide by treatment with
trypsin?
Ala-Ser-Thr-Lys-Gly-Arg-Ser-Gly
(b) If each of the products were treated with fluoro-2,4-dinitrobenzene (FDNB) and
subjected to acid hydrolysis, what DNP-amino acids could be isolated?

SOLUTION
(a) Trypsin hydrolyses peptides at the carboxyl side of lysine and arginine residues. The resulting
peptides would be Ala-Ser-Thr-Lys, Gly-Arg, and Ser-Gly.

(b) Treatment with FDNB and hydrolysis will liberate DNP derivatives of the N-terminal amino acids:
DNP-Ala, DNP-Gly, and DNP-Ser. Note that the e-amino group of lysine can also react with FDNB;
however. the e-DNP derivative of lysine can be distinguished from the a-DNP derivative by its
chromatographic behavior.

The following data were obtained from partial cleavage and analysis of an octapeptide:

Composition: Ala, Gly,, Lys, Met, Ser, Thr, Tyr

CNBr: (1) Ala, Gly, Lys, Thr
(2) Gly, Met, Ser, Tyr
Trypsin: (1) Ala, Gly

(2) Gly, Lys, Met, Ser, Thr, Tyr
Chymotrypsin: (1) Gly, Tyr

(2) Ala, Gly, Lys, Met, Ser, Thr
N terminus: Gly
C terminus: Gly

Determine the sequence of the peptide.
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4.8.

4.9.

4.10.

SOLUTION

A set of overlapping peptides can be prepared from the above data by making use of the fact that
one CNBr peptide must end in methionine, one tryptic peptide must end in either lysine or arginine,
and one chymotryptic peptide must end in an aromatic amino acid. The sequence of the peptide is,
therefore, Gly-Tyr-Ser-Met-Thr-Lys-Ala-Gly.

The enzyme carboxypeptidase A hydrolyzes amino acids from the C-terminal end of peptides,
provided that the C-terminal residue is not proline, lysine, or arginine. Fig. 4-13 shows the
sequential release of amino acids from a protein by means of treatment with carboxypeptidase
A. Deduce the sequence at the C terminus.

SOLUTION
The sequence at the C terminus is:

-Ser-His-lIle

Ile

His

Amino acid (umol)

/ Ser
1 1 ]

0 10 20
Time (min)

Fig. 4-13

The artificial polypeptide poly-L-glutamate forms a helices in solution at pH 2, but not at pH 7.
Suggest an explanation,

SOLUTION
At pH 2, the side chains of poly-L-glutamate are largely uncharged and protonated. However, at

pH 7 they are negatively charged. The negative charges lead to mutual repulsion and destabilization of
the a helix.

Poly-i-glutamate in 100 percent a-helical form shows a trough in the ORD spectrum with
[a],33 = —15,000°; in the random-coil form, [a],33 = —1,000° (the subscript 233 refers to the
wavelength of light used). Calculate the proportion of a helix in a protein for which
[aly33 = —7,160°, assuming the presence of a-helical and disordered regions only.,

SOLUTION

100 percent a helix corresponds to [a],33 = —15,000°; 0 percent a helix corresponds to [alz3; =
—1,000°. Therefore

X 100% = 44%

- ~ 1,000
[01233— e lmo/o =

% helix =
15,000 - 1,000 14,000
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4.11.

4.12.

4.13.

4.14.

4.15.
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Myoglobin in solution at pH values above 6.0 has a value of specific rotation [al,33 = —12,000°.
However, on adjusting the solution to pH 2.0, the specific rotation changes to —2,000°, Explain
the change.

SOLUTION

Using the method of Prob. 4.10 the helical content of myoglobin can be calculated at both pH values,
if we assume the presence of a-helical and disordered regions only. At pH 6.0, the helical content is
79 percent. However, at pH 2.0 the helical content is only 7 percent. We may conclude, then, that at
low pH, the protein has lost its a-helical conformation; i.c., it has been denatured.

Partial sequence determination of a peptide gave the following:
-Gly-Pro-Ser-Gly-Pro-Arg-Gly-Leu-Hyp-Gly-

What conclusions can be made about the possible conformation of the protein from which
this peptide was derived?
SOLUTION

This sequence closely resembles that of collagen. In particular, the repeating (Gly-Pro-X) pattern

and the occurrence of hydroxyproline are characteristic of collagen. It is possible, then, that the peptide
was derived from a protein resembling collagen.

Insulin possesses two polypeptide chains, A and B, linked by disulfide bonds. Upon
denaturation and reduction of insulin, followed by rcoxidation, only 7% recovery of activity
was obtained. This is the level of activity expected for random pairing of disulfide bridges.
How can these data be reconciled with the hypothesis that the amino acid sequence directs
protein folding?

SOLUTION

Insulin is synthesized as proinsulin. After synthesis and folding, a section of the molecule (the C
peptide) is excised. leaving the A and B peptides connected via disulfide bridges. Thus, native insulin,
lacking the C peptide, lacks some of the information necessary to direct the folding process.

Insulin and hemoglobin are both proteins that comprise more than one polypeptide chain.
Contrast the interactions between the component polypeptide chains of the two proteins.

SOLUTION

The two chains of insulin, fragments of what was originally a single chain, are held together by
covalent disulfide bonds. Hemoglobin has four polypeptide chains, held together by noncovalent
interactions only.

There are four disulfide bonds in ribonuclease. If these are reduced to their component
sulfhydryl groups and allowed to reoxidize. how many different combinations of disulfide bonds
are possible?

SOLUTION

In forming the first disulfide bond, a cysteine residue may pair with any one of the remaining seven.
In forming the second bond, a cysteine residue may pair with one of the remaining five. and for the
third bond, a cysteine residue may pair with one of three. Once three bonds have formed. there is only
one way to form the last bond. Consequently, the number of possibilities is

Tx5x3 =105

Thus, the likelihood of forming the correct disulfide bonds by chance alone is

1
— = 0.0095, or 0.95%
105
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4.16.

4.17.

4.18.

4.19.

4.20.

The glycine residue at position 8 in the sequence of insulin has torsion angles ¢ = 82°,
¥ = —105°, which lie in the unfavorable region (marked X) of the Ramachandran plot in Fig.
4-5. How is this possible?

SOLUTION

Glycine has a very small side chain, a single hydrogen atom. The plot of Fig. 4-5 was determined
for alanine, which has a methyl group as the side chain. Thus, there are conformations allowed for glycine
that are not possible for the methyl group of alanine.

Using the data of Example 4.7, estimate the molecular weight of an enzyme for which the
elution volume was 155 mL.

SOLUTION

From Fig. 4-2, the value of log M, corresponding to 155 mL clution volume is 4.8. The molecular
weight is therefore 63,000, providing that the density and shape of the enzyme are similar to those of
the calibration standards.

An enzyme examined by means of gel filtration in aqueous buffer at pH 7.0 had an apparent
molecular weight of 160,000. When examined by gel electrophoresis in SDS solution, a single
band of apparent molecular weight 40,000 was formed. Explain these findings.

SOLUTION

The detergent SDS causes the dissociation of quaternary structures and allows the determination
of molecular weight of the component subunits. The data suggest that the enzyme comprises four identical
subunits of M, = 40,000, yielding a tetramer of M, = 160,000.

During an attempt to determine the molecular weight of the milk protein S-lactoglobulin, by
means of gel filtration, the following data were obtained with different sample concentra-

tions:

Protein Concentration Apparent M,
10gL™! 36.000
5gL7! 35.000
lgl™! 32,000
0.1gL"! 25,000

Electrophoresis in polyacrylamide gels containing SDS led to an apparent molecular weight of
18,000, consistent with the known amino acid sequence of this protein. Explain these data.

SOLUTION

These data show that the polypeptide chain of B-lactoglobulin has a molecular weight of 18.000.
and that in high concentration, the protein exists as a dimer of M, = 36,000. However, on dilution,
the dimer, maintained by reversible, noncovalent interactions, undergoes a partial dissociation:
Ay, &= 2A.

Calculate M, of a protein, given the following experimental data obtained at 20°C.

s=4.2x10"1s
D=12x%x10""mis"!
7=072mLg"!

p=0998gmL"™!
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SOLUTION
From Eq. (4.1)

RTs
M=——"
D(1 - vp)

where R (gas constant) = 8.314 J K~' mol~!
T (absolute temperature) = 293K
_ 8314JK 'mol™! x293 K x 4.2 x 107 s
T 12x107%m2s™! x (1 - 0.72 x 0.998)
10,231 x 10" P kgm?s 2 mol~''s
- 0.338 x 10710 m? 5!
=30kgmol~! (to two significant figures) or 30,000 g mol~!

The molecular weight is thus 30,000.

Supplementary Problems

4.21. List (@) the major proteins of muscle, (&) the major protein of skin, connective tissue, and bone. and
(c) the major protein of hair and feathers.

4.22. A pure heme protein was found to contain 0.326 percent iron. If the molecule contains only one iron
atom, what is its molecular weight?

4.23. In what direction (toward the anode, toward the cathode, or toward neither) will the following proteins
move in an electric field?

(@) Serum albumin (I.P. = 4.9) at pH 8.0
(b) Urease (1.P. =5.0) at pH 3.0; pH 9.0
(¢) Ribonuclease (I1.P. = 9.5) at pH 4.5; pH 9.5, pH 11.0
(d) Pepsin (1.P. =1.0) at pH 3.5; pH 7.0; pH 9.5

4.24. In what order would the following globular proteins emerge on gel filtration of a mixture on Sephadex
G-200: ribonuclease (M, = 12,000); aldolase (M, = 159,000); hemoglobin (M, = 64,000), B-lactoglobulin
(M, = 36,000); and serum albumin (M, = 65,000)?

4.25. Distinguish between the terms primary. secondary, and tertiary structures.

4.26. Of the following amino acid residues—methionine. histidine, arginine, phenylalanine, valine, glutamine,
glutamic acid—which would you expect to find on the (a) surface of a protein and which would you expect

to find (b) in the interior?

4.27. What functions would you expect to be served by residues such as (a) phenylalanine at the protein surface
or (b) aspartic acid in the interior?

4.28. What is meant by a domain of protein structure? Give an example of a2 domain in a real protein.

4.29. What is meant by the statement that a particular conformation of an amino acid residue lies in an
unfavorable region of the Ramachandran plot?
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4.30.

4.31.

4.32.

4.33.

4.34.

4.35,

4.36.

4.37.

4.38.

4.39.

(a) Why does urea cause protein denaturation? (b) Why do our kidneys not denature in the presence
of urinary urea?

(a) What are the important noncovalent interactions within proteins? (b) How do weak interactions result
in a stable structure?

The pitch (p) of a helix is defined as p = dn, in which n is the number of repeating units per turn and
d is the distance along the helix axis per repeating unit. Therefore, the pitch is 2 measure of the distance
from one point on the helix to the corresponding point on the next turn of the helix.

(a) What is the pitch of an a helix and the distance per residue?

(b) How long would myoglobin be if it were one continuous a helix?

(¢) How long would myoglobin be if it were one strand of a B sheet?

(d) How long would myoglobin be if it were fully extended (distance/residue = 0.36 nm)?

Predict which of the following polyamino acids will form a helices and which will form no ordered
structures in solution at room temperature.

(a) Polyleucine, pH = 7.0

(b) Polyisoleucine, pH = 7.0
(¢) Polyarginine, pH = 7.0

(d) Polyarginine, pH = 13.0

(e} Polyglutamic acid, pH = 1.5
(f) Polythreonine, pH = 7.0

What forces hold protein subunits in a quaternary structure?

Poly-L-proline can form a single-strand helix that is similar to that of a single strand of the collagen triple
helix, but it cannot form a triple helix. Why not?

Poly(Gly-Pro-Pro) is capable of forming triple helices. Why?

Compare and contrast the structures of (a) insulin, (b) hemoglobin, and (c) collagen, all of which are
proteins consisting of two or more chains but held together by different types of bonds.

What are the reasons for the marked stability of an « helix?

(a) In what important ways do the « helix and 8 structure differ? (b) How are they similar?



Chapter 5
Proteins: Supramolecular Structure

5.1 INTRODUCTION

Although proteins are large molecules they are small compared with a cell and even with
supramolecular structures which may be part of a cell, such as plasma and organelle membranes,
ribosomes, chromosomes, filaments, enzyme complexes and viruses (Chap. 1). Supramolecular
structures are also prominent outside cells and are, for example, essential components of connective
tissues such as tendon, ligament, cartilage and bone. Supramolecular structures can consist of a variety
of different types of molecule from the small (such as membrane lipids) to macromolecules (such
as proteins, DNA and RNA).

These structures are involved in a huge variety of cellular and physiological processes and it is
not possible for an organism, or any cell within an organism, to function properly without them.
Some supramolecular structures, such as the cytoskeletal networks that support the microvilli of the
brush border cells lining the small intestine, appear to be relatively static: i.e., their structure remains
relatively unchanged throughout the lifetime of the cell. Most, however, are remarkably dynamic
in several senses. (1) The turnover of components within them may be high (such as occurs for most
membranes and some extracellular matrices). (2) They may perform mechanical work (such as cilia,
flagella and muscle fibers). (3) They may respond to mechanical work or some other external stimulus
(such as the oscillations of stereocilia on the surface of the inner hair cells in the ear in response
to sound, and the remarkable deformations of human red cells in response to shear stress and
hydraulic lines of flow as the cells navigate the circulation). (4) They may be built for a specific purpose
and then dismantled (such as the needle-like acrosomal process of sea-urchin sperm which is built
to assist the sperm in penetrating the extracellular material and membrane of the ovum, and is then
destroyed).

This Chapter will highlight some of the features relating to the structure and construction of
supramolecular structures that are primarily protein based. Examples of supramolecular structures
found outside cells (extracellular matrices) and within cells (cytoskeletal networks) will be given that
emphasize the relationships between the structure and function of these networks, the role of their
frequently dynamic nature, and the genetic and congenital errors that can lead to, or be associated
with, disease.

EXAMPLE 5.1

The dynamic features listed above are often combined in many types of supramolecular structure. The mitotic
and meiotic spindles are excellent examples. The spindles are built for the purpose of separating the chromosomes
to the daughter cells of a dividing cell and are then dismantled. The separation of chromosomes, of course,
requires mechanical work and the expenditure of energy by components in the spindle.

5.2 ASSEMBLY OF SUPRAMOLECULAR STRUCTURES

Many supramolecular structures are formed largely by the stepwise noncovalent association of
macromolecules, such as proteins. The processes of assembly are governed by the same chemical
and physical principles that govern protein folding and the formation of quaternary structures (see
Chap. 4). The driving force for the assembly process generally depends on the formation of a
multitude of relatively weak hydrophobic, hydrogen and ionic bonds that occur between complemen-
tary sites on subunits which are in van der Waals contact with each other. In addition, covalent

108
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crosstinking (such as disulfide bonding between cysteines on neighboring subunits) can also occur.
The specificity of complemcntary binding sites mcans that the subunits in the aggregate bear a fixed
orientation to each other.

Conformational changes within and between subunits are frequently cssential 10 the assembly
process. These conformational changes are often critical to the overall stability of the final structure
with respect to the individual components. They can also strongly contribute to the highly cooperative
nature of the assembly of supramolecular structures as well as contribute to the proper orientation
of subunits with respect to one another.

In some cases, the assembly process is brought about by the association of a number of identical
subunits to form a complex structure. This stepwise assembly process has certain advantages. First,
it reduces the amount of genetic information needed to code for a complex structure, and second,
it allows mistakes to be circumvented if faulty subunits can be excluded from the final structure (see
Prob. 5.1).

When all of the information for assembly of a supramolecular structure is containcd within the
component molecules thcmselves, the process is termed self-assembly.

EXAMPLE 5.2

Ribosomes are large macromolecular complexes whose components contzin all the information necessary
for sclf-assembly. The E. coli ribosomc has a sedimentation cocefficicnt of 70 S and consists of two subunits (50 S
and 30 S) with a total mass of 2.8 X 10® Da und with S8 different components. Three of these components are
RNA molecules that tagether comprise 65 percent of the mass and they act as 3 framework or templale for the
ordering of the diffcrent proteins. When the pure dissociated components arc mixed together in the proper order
under the correct conditions they spontaneously reassemble to form a fully active ribosome (Fig. S-1).

» r 4
+ " _—
\A(% Sy,

16S RNA 21 Profeins 308 Svbunit

708 Ribwsoric

58 RNA 34 Proteins 508 Subunit

Fig. 5-1 Steps in the assembly of an E. cofi nbosome.

» Certain viruses, notably tobacco mosaic virus (TMV), can also self-assemble. A TMV particle
can be dissociated into its component proteins and RNA and then reassembled into infective virus
particles on mixing the components together agatn.

EXAMPLE 5.3

TMV consists of a cylindrical coat of 2,130 identical protein subunits enclosing a long RNA molecule of
6,400 nucleotides. In 1955, it was shown that the coat protein subunits and the RNA could be dissociated but
would, under appropriate conditions, spontaneously self-assemble to reform fully active virus particles. This
process js multistage. the critical intcrmediate being a 34-unit mwo-layered protein disc which, upon binding the
RNA, is converted 1o a helical structure with 16.33 protein subunits per tum (Fig. 5-2). In the absence of the
RNA, the protein may be polymerized into helical tubes of indefinite length. The presence of the RNA aids
the polymerization process and results in a virus particle with a fixed length of 300 nm.,
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34-unit,
two—layered
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Initiation
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through
the centeal
hole
TMV RNA

Fig. 52 The asscmbly of tobacco mosaic virus.

The construction of a viral coat from multiple copies of a comparatively small protein represents
a huge saving in genctic information. Even when the virus is more complex with scveral coat proteins,
the saving is still large. For instance. in the polio virus coat a 115 kDa precursor protcin associates
to form a pentamer. Each of the polypeptide chains of these pentamers is then cleaved by proteolysis
1o yield four proteins. Twelve of these proteolytically processed pentamers then associate to form
the complete coat. Note that, in this case, self-assecmbling of compaonents is nol the only factor required
for the full and proper formation of the final structure. In addition, input from outside the completed
system, in the form of processing by proteascs. 1s needed.

Other examples of external input include the use of a scaffold or template 1o order the assembly
process, and the necessity for the information already stored in a structure to be used in the formation
of a new copy. Examples of these include the assembly of the bacteriophage T4 virus, which involves
the use of template proteins, and the formation of ncw mitochondria which arisc from the growth
and division of preexisting mitochondria.

EXAMPLE 5.4

The bacteriophage T4 is a complex virus capable of infecling certain bacteria. The virus® protein coat (head.,
tail and tail Gibers) contains 40 structural protcins. T4 illustrates well the spatial und temporal control of the
stepwise assembhly process and the role of cxternal input in regulating that process. A further 13 protcins are
required for assembly bur do not appear in the completed virus particle. Threc of 1hese act as a transient template
to promotc the formation of the tail baseplate (Fig. 5-3). Another onc is a proteese which clecaves the major
protein of the head (from 55&Da (o 45 kDa) but only after the head has been partially assembled. 1t is only
when the tail rcaches its correct length that the cap protein is placed on top allowing the completed head to
become attached (Fig. 5-3). Finally. the intacl tail fibers are added at the baseplate, and rhis requires an
enzyme-catalyzed reaction o occur.

One of the most fascinating questions in biology is how organs, cells, organelles, filaments and
other macromolccular complexes, which arc often constructed from a series of repeating units, reach
a defincd size and then stop growing. The control of the length of the cylindrical coat of TMYV is
a good example (Example 5.3). Here. it is clear that the intcraction between the coat protein and
the RNA which it encloses is critical. In other cases, such as the length of the bacteriophage T4 tail
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Bascplate Tail Cap Head

Tail {ibers
Fig. 5-3 The stepwisc ussembly sequence of the bacteriophage T4 virus.

12 Uoits

Fig. 54 An example of the vemier principle,

and the highly rcgulated length of the repeating contractile units within skeletal muscle fibers, the
answers are not so clcar.

There are several possiblc explanations, but one simple mechanism based on the vernier principle
is as follows. Two rod-like proteins of different lengths aggregate in parallel to form a linear complex
(Fig. 5-4). This will grow until the ends of cach rod exactly coincide. Now that there is no overlapping
segment the complex will grow no further.

5.3 PROTEIN SELF-ASSOCIATION

A large number of biologically aclive proteins exist in solution as large complexes. The simplest
cases of sclf-assembly involve the self~association of a single type of subunit. Many proteins possess
a quaternary structure in which identical subunits are assembled into geometrically regular structures:
e.g., the storage form of insulin contains six monomers arranged in the shape of a hexagon, while
the iron-storage protein ferritin contains 24 subunits arranged as an icosohedron. Some aspects of
symmctry and self-association are described bclow.

Symmetrical Dimers

Question: In what ways can proteins sel(-associate to {orm geometrically regular oligomers?

If the binding site is complementary to itself, then a syrumemrical dimer will be formed [Fig. 5-5(b)].
There will be a diad (or twofold rotational) axis of symmetry between the two subunits, such that
a rotation of onc subunit by 180° about this axis will superimpose it onto the other subunit. (You
should prove to yourself that a diad axis of symmetry cannot be formed if the binding site is not
complementary to itself.) The dimer so forrned may itself act as a subunit of larger aggregates; e.g.,
two dimers may associate through a different binding interface 10 generate a tetramer, with lwo axes
of symmetry. In such cases, where two different axes of symmetry exist, the symmetry is described
as dihedral.

The term protomer is often used to describe the basic unit taking part in a self-association reaction.
In the above question, the monomer is the protomer of the dimer. Similarly, since two identical dimers
associate to form the tetramer, hexamer and so on, the dimer could be described as the protomer
of the second association [Fig. 5-5(¢)].
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I o 15

(@) Monomer (» Dimer () Oligomer

Fig. 5-5 Examples of simple self-association of a protomer.

Rotational Symmetry

If the binding site is complementary to a site elsewhere on the protein, then a chain will be formed.
For certain angles between the protomers, the chain will close upon itself and form a ring (Fig. 5-6).
This ring may vary in size from a dimer to larger oligomers. Such a regular ring possesses rotational
symmetry and this type of symmetry is commonly found in proteins having three, five or other uneven
numbers of protomers, although it may also be found among oligomers with an even number of
protomers (such as the storage form of insulin, which is a hexamer).

e

Fig. 5-6 Rings or belices can be formed when protecin subunits interact
with each other at appropriate fixed angles.

EXAMPLE 5.5

Hemagglutinin, found in the membrane of the influenza virus, is a trimer (Fig. 5-7). Each protomer is a
single polypeptide chain folded into two segments: an a-helical “'stalk”™, and a globular head containing an
eight-stranded B-sheet structure which contains the binding site for receptors on the host cells. The *‘stalks™ from
each protomer intcract through their nonpolar amino acid residues to form a left-handed superhelix, or coiled
coil. These hydrophobic interactions provide the major forces for stabilizing the trimer. The resulting threefold
cyclic axis of symmetry is shown in Fig. 5-7.

Indefinite Self-Association

In many cases, a chain can form which is open-ended, and additional protomers can continue
to be added to the free binding sites at the ends of the chain without limit. This is termed an indefinite
self-association. If the angle between the protomers is fixed, the open-ended chain will be in the form
a helix (Fig. 5-6).
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Fig. 5-7 A diagrammalic representation of the hemagglutinin (rimer from the influenza virus.

If two helical strands are wound around each other 10 form a double helix, or if monomers in
succeeding turns of the helix are in contact, there is a considerable increase in stability since each
monomer interacts with two monomers in the opposite strand as well as with its two neighbors in
its own strand [Fig. 5-8(a)].

Sheets and Closed Surfaces

Multiple interactions in the same plane can lead to the formation of sheets where, for example,
each monomer can interact with six neighbors in a hexagonal close-packing arrangement (Fig. 5-8).
Shcets can, with a slight readjustment, be converted into cylindrical tubes (Fig. 5-8) or even into
spheres. These closed structures can provide even preater stability since they maximize the number
of interactions that can bc made. The protein coats of certain viruses are excellent examples of this.
Microtubules, which consist of the protein wbulin, can be converted readily between sheet and tubular
forms, at least in the purified form.

QEEOOLLRE OO0
O

{a) Doublc hellx, e.g | actin

() Sheet () Tube

Fig. 58 Thc lormation of double helices, sheets and tubes. showing multiple interactions
(arrows) hetween subunits.
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EXAMPLE 5.6

In tomato bushy stunt virus, 180 identical protein subunits (M, = 41,000) form a shell which surrounds a
molecule of RNA containing 4,800 nucleotides. For geometrical reasons no more than 60 identical subunits can
be positioned in a spherical shell in a precisely symmetrical way. This limits the volume, so, in order to
accommodate a greater amount of RNA, a larger shell is needed. This can be achieved by relaxing the symmetry:
the subunits are divided into three sets of 60, each set packing with strict symmetry. However, the relationship
between each set is different so that the overall packing is only quasi-equivalent.

Equilibria

Association reactions can be characterized by equilibrium constants. Experimental determination
of equilibrium constants for each step in an association reaction provides vital information about the
properties of the associating system. In particular, the mode of association (e.g., monomer—dimer,
monomer—tetramer, indefinite), and the strength of the association (that is, the degree to which various
oligomers can exist at various total concentrations) can be obtained. The evaluation of equilibrium
constants over a range of solution conditions (such as salt concentration and temperature) can be
used to obtain information on the enthalpy and entropy of the various steps in the association and
the types of bonds involved in the assembly process. Note that this information can be obtained in
the complete absence of structural information, although, of course, any available structural
information can be used to aid in the interpretation of the thermodynamic data.

EXAMPLE 5.7
The dimerization reaction of a solute:
2A = A,
can be characterized by a dimerization association constant,
Ky = [AJ[A] (5.1)

where the square brackets denote molar concentration. (This definition of the equilibrium constant is valid at
low concentrations of solute; that is, where the system is behaving ideally.) The relationship shows that the
proportion of dimer increases with the total concentration of the molecule. Conversely, dilution favors
dissociation (see Prob. 5.4).

Question: Are the properties of an associating system observed in vitro always the same as the
properties of the same system in vivo?

Not necessarily! Experiments in vitro are usually performed under nearly ideal conditions. On
the other hand, in vivo conditions (such as the cytoplasm, or the interior of an organelle) are extremely
crowded. The total concentration of protein is usually in the range 200-500gL~!, and high
concentrations of small molecules are also present. Up to 50 percent or more of the aqueous
environment can be occupied by all of these solutes. These crowded environments are highly nonideal,
and the association properties of the system can be grossly altered as a result.

If, for example, the total volume occupied by a dimer is less than the total volume occupied
by two monomers, then the dimer will become more and more favored as the aqueous environment
becomes more and more crowded. The changes can be dramatic, with the association being barely
detectable under ideal conditions, but strongly favored under the crowded conditions found in
a cell.

Catalysis by enzymes can also be affected by crowding in a number of ways. For example, an
enzyme might undergo a monomer-tetramer reaction where only the tetramer is catalytically active.
If tetramer formation is favored under crowded conditions then the rate of reaction will increase.
In this way, rate constants can be altered by several orders of magnitude.
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The binding of other molecules (small or large) may also change the degree of association, For
example, if the associated form binds a small molecule (or ligand) better than the protomer, then
the presence of that ligand will promote association. Conversely, if the ligand binds preferentially
to the protomer then dissociation is promoted. This provides one crucial means of regulating the
polymerization state, assembly and disassembly of supramolecular structures.

EXAMPLE 5.8

Rabbit muscle phosphorylase can exist in two forms; an essentially inactive dimer, phosphorylase b, and
an active tetramer, phosphorylase a. When AMP is noncovalently bound to phosphorylase b. or when
phosphorylase b is phosphorylated at a serine residue by phosphorylase kinase, the enzyme is converted to the
active, predominantly tetrameric, form (Chap. 11). The reaction can be reversed by the removal of AMP or
the dephosphorylation of serines by phosphorylase phosphatase.

Pi or AMP

2 X Phosphorylase b \ _ Phosphorylase a

(Inactive) T (Active)

This example not only highlights the effect of noncovalent ligand binding on association (and catalysis) but
also the role played by covalent phosphorylation and dephosphorylation of selected residues (serine. threonine
and tyrosine) in proteins. Phosphorylation/dephosphorylation is an extremely important regulator of the
assembly, disassembly and other dynamic properties of many supramolecular structures.

Heterogeneous Association

Most supramolecular structures are heterogeneous. That is, they contain more than one type of
subunit. Frequently the different subunits have different functional roles, e.g., catalytic, regulatory,
or purely structural.

EXAMPLE 5.9

The enzyme aspartate transcarbamoylase catalyzes an early regulated step in the synthesis of pyrimidine
nucleotides (Chap. 15). The enzyme from E. coli can be dissociated into two kinds of subunit, a catalytic subunit,
C3 (M, =100,000), and a regulatory subunit, R, (M, = 34,000). The catalytic subunit is a trimer and is
catalytically active, but is not regulated. The regulatory subunit is a dimer. It has no catalytic activity but will
bind the regulators ATP and CTP. When mixed, the subunits self-assemble, the resulting complex being fully
active and regulated by the two nucleotides:

2C,+ 3R, = RC,

x-Ray diffraction studies show the two catalytic trimers lying back-to-back with the three regulatory dimers
fitting into grooves on the outside (Fig. 5-9). The catalytic (active) sites are in the center, near the threefold
rotational axis of symmetry, while the regulatory binding sites are on the outside, far from the active sites. The
binding of a regulatory molecule (ATP or CTP) causes a conformational change which is transmitted across the
complex to the active site.

In some instances, the specificity of an enzyme may be altered by its association with a modifier
subunit. An example is lactose synthase, the enzyme that catalyzes the linking of glucose and galactose
to form lactose. This enzyme consists of a catalytic subunit and a modifier subunit. By itself, the
catalytic subunit catalyzes the addition of a galactose residue to a carbohydrate chain of a glycoprotein;
in the presence of the modifier (a-lactalbumin) the specificity is changed and lactose is syn-
thesized.

It can be advantageous for a series of enzymes catalyzing a sequence of reactions in a metabolic
pathway to assemble into a multienzyme complex. This assembly increases the efficiency of the
pathway in that the product of one enzymatic reaction is in place to be the substrate of the next



116 PROTEINS: SUPRAMOLECULAR STRUCTURE [CHAP. 5

Fig. 59 The arrangement of the catalytic (C) and regulatory (R)
subunits in aspartate transcarbamoylase from E. coli.

(Chap. 9). The limitation imposed by the rate of diffusion of the reactants in solution is therefore
largely overcome.

EXAMPLE 5.10

‘The pyruvate dehydrogeriose complex catalyzes the conversion of pyruvate to acetyl-CoA. This conversion
links the breakdown of carbohydrates to the processes of respiration and oxidative phosphorylation (Chap. 12).
The overall reaction is:

Pyruvate + CoA + NAD* = Acetyl-CoA + CO; + NADH + H'*

However, this reaction is in fact the sum of five reactions catalyzed by three enzymes and requiring five
cofactors: coenzyme A (CoA), NAD™, FAD, thiamine pyrophnsphate (TPP), and lipoic acid (an 8-carbon acid
with sulfhydryl groups at positions 6 and 8). The detailed steps of these reactions are shown in Fig. 12-7.

The lipaic acid is covalently attached 10 the trassacerylase (E;). It acts as a “swinging anm’, interacting with
pyruvate decarboxylase (E)) to accept the hydroxyethyl derivative of pyruvate, with CoA to produce acetyl-CoA,
and with dihydrolipoyl dehydrogenase (E3) so that it can be reoxidized.

In E. coli, the complex has a mass of about 4 X 108 Da and consists of 60 polypeptide chains. In the center
of the complex there is a core of eight trimers of E, arranged in cubic symmetry (Fig. 5-10). Dimers of E; are
bound to the six faces of the cube. Finally. pairs of E| bind to each edpe of the cube enaircling the dehydrogenase
dimers. The central position of the transacetylase (E;) allows the flexible lipoyl *arms® to transfer reactants from
E| to E; or to CoA.

The mammalian enzyme complex is even larger. containing almost 200 polypeptide chains 1o pive a molecular
weight of over 7 X 10f. As well as the enzymatic activities described above, the mammalian complex contains
two further enzymes which act as regulators by catalyzing phosphorylation/dephosphorylation of pyruvate
decarhoxylase in response (o the metabolic dernand: the complex is activated by dephosphorylation when there
is a nced for the product acetyl-CoA and inactivaled by phosphorylation when acetyl-CoA is not required.

Enzyme complexes performing similar or identical tasks can vary widely between species. An
excellent example is the enzyme complex, fatty acid synthase, which catalyzes the synthesis of fatty
acids from acetyl-CoA and involves seven catalytic steps (Chap. 13). In E. coli and most bacteria
the complex consists of seven different enzymes. In more advanced bacteria and in eukaryotic cells
there are fewer types of subunit. For example, the yeast enzyme is a multienzyme complex
(M, =2.3x 10% with just two types of subunit (A and B) and a stoichiometry of AgBs. The
subunits are mudticatalytic. Subunit A (M, = 185,000) has three catalytic activities and subunit B
(M, = 175,000) has the remaining four. The mammalian liver complex is a dimer, with each subunit
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B8 trimess of E, + 6 dimers of B, + 12 dimers of E|

Fig. §-10 Model of the E. coli pyruvate dehydrogenase complex.

consisting of a single polypeptide chain (M, = 240,000) containing all the enzymatic activities
necessary for fatty acid synthesis.

5.4 HEMOGLOBIN

The ability to control biological activity can be enhanced by the formation of complexes
(Examples 5.8-5.10). The best documented example of this is hemoglobin. Hemoglobin is a tetramer
consisting of two a and two B chains (Chap. 4). The chains are similar in structure (0 each other
and 0 myoglobin. Each of the four chains folds into eight a-helical segments (the globin fold)
designated A 10 H from the N-terminus.

Quaternary Structure

There are two types of contact between the hemoglobin chains. The contacts within both the
a8t snd ayB, dimers involve the B, G and H helices and the GH loop (Fig. 5-11). These are known
as the packing contacts. The contacts between these two dimers (a, with 8, and a; with 3)) involve

Fig. 5-11 A view of the a;8, dimer of hermoglobin.
The packing contacts (light gray) hold
the dimer together. The sliding contacts
(dark gray) form interactions with the
azﬁz dimer.
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Heme group

AXIS

Fig. 5-12 Diagrammatic represcntation of hemo-
globin showing its cyclic symmetry.

the C and G helices and the FG loop (Fig. 5-11). These are called the sliding contucts because
movement between dimers can occur here. About 20% of the surface area of the chains is buried
in forming the tetramer. These contacts are mainly hydrophobic with about one third of the contacts
involving polar side chains in hydrogen bonds and electrostatic interactions (or salt links).

The tetramer of hemaoglabin may be considered to be a symmetrical moleculc made up of two
asymmeltrical but identical protomers, the a8, and aaf3» dimers. They arc related by a twofold
rotational axis of symmetry: if onc dimer is rotated by 180° it will superimpose on the other (Fig.
5-12).

If the « and B chains are considered to be identical. then hemoglobin has dihedral symmetry
with two rotational axes, and with the four subunits arranged at the apices of the tetrahedron.

Question:  Why do hemoglobin chains associate white myoglobin chains do not?

Although the sequences of the myoglobin and hemoglobin chains are homologous and they all
adopt the plobin fold, there are important differences in the regions where the chains in hemoglobin
contact one another. In particular, some of the surface residues which are polar in myoglobin are
hydrophobic in hemoglobin. For example. residuc B15 (the 15th residuc in the B helix) is lysine in
myoglobin and lcucine or valine in hemoglobin, and residue FG2 (thc second residue in the loop
between the F and G helices) is histidinc in myoglobin and leucine in both chains of hemoglobin.
In hemoglobin, both these residues arc part of the contact between the « and g chains.

Oxygen Binding and Allosteric Behavior

When hemoglobin binds oxygen to form oxyhemoglobin there is a change in the quatermary
structurc. The a3 dimcer rotates by 15° upon the a3, dimer. sliding upon the a,3; and a,8; contacts,
and the two g chains come closer togcther by 0.7 nm.

The change in quatcrnary structurc is associated with changes in the tertiary structure triggered
by the movement of the proximal histidinc (the histidine ncarest 10 the heme iron) when the heme
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Fig. 5-13 Effect of BPG and pH on the oxygen affinity
of hemoglobin.

iron binds oxygen. These changes cause the breakage of the constraining salt links between the
terminal groups of the four chains. Deoxyhemoglobin is thus a structure with a low affinity for oxygen
(the so-called tense structure) while oxyhemoglobin has a structure with a high affinity for oxygen
(the so-called relaxed structure). Thus, as oxygen successively binds to the four heme groups of the
hemoglobin molecule, the oxygen affinity of the remaining heme groups increases. This cooperative
effect (Chap. 9) produces a sigmoidal oxygen dissociation curve (Fig. 5-13).

BPG

The compound 2,3-bisphosphoglycerate (BPG, also known as 2,3-diphosphoglycerate or DPG)
is produced within the red blood cell of many animal species, and acts to modify the oxygen binding
affinity of hemoglobin:

o) o)
N\
C—?H—CHZ—O—P—O'
-0 (l) o
O=I|’—O_
o

2,3-Bisphosphoglycerate (BPG)

This polyanionic compound carries five negative charges under physiological conditions and binds
in the central cavity (the B-8 cleft) of deoxyhemoglobin, making salt links with cationic groups on
the B chains (Fig. 5-14). In oxyhemoglobin, the cavity is too small to accept BPG. The binding of
oxygen and BPG are thus mutually exclusive, with the effect that BPG reduces the oxygen affinity
of hemoglobin. (Compare, in Fig. 5-13, the dissociation curve at pH 7.6, where BPG is present, with
that labeled “No BPG™.)

Question: At high altitudes the concentration of BPG in the red blood cell can increase by 50%
(after 2 days at 4,000 m). How does this assist adaptation to a lower partial pressure of oxygen?
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As the concentration of BPG increasces. the affinity of oxygen for hemoglobin decreases and more
oxygen is released from the blood to the tissues. This compcnsates for the deercased artcrial oxygen
coacentration.

Fig. 5-14 Binding of 2.3-BPG in the 8-8 clcft of deoxyhemoglobin.

pH and CO,

Rapidly mecrabolizing tissucs requirc increased levels of oxygen, and thereforc there s a
requirement for oxyhcmoglobin to release morc oxygen to the cells of these tissues. In rapidly
metabolizing tissues there is a fast build-up of CO; from the oxidation of fuels such as glucose. This
causcs an increase in proton concentration (decrease in pH) through the following reaction:

H,O + CO, = HCOT + H*

Dcoxyhemoglobin has a highcer affinity for protons than does oxyhemoglobin. so thut the hinding
of protons competes with the binding of oxygen (though at different sites):

Hb(O,)s + 2H* = Hb(H*); + 40,

This effect, known as the Bohr effect, arises from the slightly higher pK, of ionizing groups in
deoxyhemoglobin. Onc such group is histidine 8146 in which the pK, is raiscd as a consequence of
its proximity to a ncighboring aspartate in deoxyhemoglobin and which therefore has a higher affinity
for protons. In oxyhemoglobin, as a result of a changed geometry. histidinc 8146 is free and has
a morc normal pK,. A decrease in pH from 7.6 to 7.2 can almost double the amount of oxygen
released in the tissues (sec Fig. 5-13). In the lungs. where the oxygen tepsion is very high, the two
reactions shown above are parily rcversed, leading to the release of CO,.

Although much of the CO; in blood is transported as HCO= . some combines with hemoglobin
and acts as an allosteric effector (Chap. 9). CO; reacts with the unionized form of a-amino groups
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in deoxyhemoglobin to form carbamates which can form salt links, thus stabilizing the tense
structure:

Hb-NH, + CO, = Hb-NHCOO™ + H*

In conclusion, the interactions between the subunits of hemoglobin allow the release of oxygen
to be fine-tuned to physiological needs. The allosteric effectors BPG, H* and CO, all lower the affinity
of hemoglobin for oxygen by increasing the strength of the subunit interactions.

5.5 THE EXTRACELLULAR MATRIX

In multicellular organisms, the space between cells is largely occupied by an intricate network
of interacting macromolecules that constitute the extracellular matrix. This matrix surrounds, supports
and regulates the behavior of the cells, such as fibroblasts, that secrete the extracellular matrix.
Together, the matrix with these cells constitutes the connective tissue.

The extracellular matrix is made up of fibrous proteins, such as collagen and elastin, embedded
in a gel-like ground substance of proteoglycan and water. Other proteins, such as fibronectin, play
a specialized role in binding the matrix components together. In calcified tissue, a filler of
hydroxyapatite crystals, Ca;o(PO4)g(OH),, replaces the ground substance to enable high load bearing.
Both the amount of connective tissue and the composition of the macromolecular components vary
greatly from one organ to another. This gives rise to an enormous diversity of forms, functions and
physical properties (compare marble-like bones and teeth to rope-like tendons; see Table S.1).

Table 5.1. Approximate Composition of Connective Tissues
(% of Dry Weight*)

Hydroxyapatite Collagen Elastin Proteoglycan
Bone 80 19 0 1
Cartilage 0 50 0 50
Tendon 0 90 9 1
Skin 0 50 5 45
Ligament 0 23 75 2

*The water content of bone is low (~10%), but high in the others (~70%).

Collagen

Structure

The collagens are a widely distributed family of proteins; in mammals they make up over 25
percent of the total body protein. The typical collagen molecule consists of a stiff, inextensible,
triple-stranded helix (Chap. 4). Twenty five genetically different individual polypeptide chains have
now been described, and these combine in triplets to form 15 collagen types (Table 5.2). Of these,
type I, the most abundant, has been the most fully investigated. Each of its three a chains, with a
mass of 95,000 Da, contains about 1,000 amino acids, of which glycine constitutes one-third and
proline one-fifth. Early investigators denatured collagen to form gelatin and found molecular species
of approximately 100,000, 200,000, and 300,000 Da, which they called a, B8, and vy chains. In due
course, it was discovered that the B chains were dimers and the y chains trimers of the a chains,
but the nomenclature has remained.
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Table 5.2. Types and Properties of Collagen

[CHAP. 5

Type

Chain Designations,
Approximate Triplet
Composition and Length

Structural Form

Distribution

I1

[I

Iv

VI

VII

IX

2 al(I) and
1 a2(I);
300 nm

3 al(II):
300 nm

3 al(III);
300 nm

2 al(IV).
1 a2(IV);
390 nm

al(V).
a2(V),
a3(V):
390 nm
al(VI),
a2(VI),
a3(VI):
150 nm
3 al(VID);
450 nm

al(IX),
a2(IX),
a3(IX)
200 nm
3 al(X);
150 nm

Broad fibrils with
67-nm bands

Small fibrils
with 67-nm bands

Small reticulin
fibrils with 67-nm
bands
Nonfibrillar
cross-linked
network

Small fibers, often
associated with

type |

Fibrils with

100-nm bands,
associated with
type [

End-to-end dimers
that assemble
laterally

Laterally associated
with type II, bound
glycosaminoglycans

Form sheets

Most abundant; found
in skin, bone, tendon,
and cornea

Abundant, in

cartilage, vitreous
humor, and intervertebral
disks

Abundant; found in
skin, blood vessels, and
internal organs

Found in all basement
membranes (a delicate
layer under the
epithelium of many
organs)

Widespread in
interstitial tissues

In most interstitial
tissues

Anchoring fibrils
betwecen basement
membrane and stroma
Minor cartilage
protein

In hypertrophic or
mineralizing
cartilage

Question:

By what processes do three single a chains line up to form a regular triple helix?

The individual chains are synthesized as procollagen « chains, which, with a mass of 150,000 Da,
have additional extension peptides at both the amino and carboxyl termini. The amino- and
carboxyl-terminal regions from the three « chains each fold to form globular structures, which then
interact to guide the formation of the triple helix. Interchain disulfide bonds stabilize the
carboxyl-terminal domain and the triple helix coils up from this domain (Fig. 5-15).

Question;

Collagen is unusual in that it contains residues of both hydroxyproline and hydroxylysine.

As these amino acids cannot be directly incorporated into the polypeptide chain, how are they formed

in collagen?
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Fig. 5-15 Model of type I procollagen.

The enzyme prolylhydroxylase catalyzes the hydroxylation of proline residues, which lie

immediately before the repetitive glycine residues in the pro-a-chains:
Fe2+
—Prolylglycyl— + 2-Oxoglutarate + O, —>  —Hydroxyprolylglycyl— + Succinate + CO, + H*
Ascorbate

The enzyme lysylhydroxylase acts in a similar way on lysine residues. Note that the triple-
helical portion of collagen consists of (x-y-Gly),,, where x is often proline and y is commonly
hydroxyproline.

Question: Inscurvy, caused by a lack of ascorbate (vitamin C), the skin and the blood vessels become
extremely fragile. Why is that?

Without ascorbate, hydroxylation of proline and lysine residues does not take place. This has
three effects: (1) It prevents the formation of interchain hydrogen bonds involving the hydroxyl groups
of hydroxyproline, and thus the triple helix is less stable. (2) It prevents glycosylation, which is the
addition of galactose units to hydroxylysine residues, followed in most cases by the addition of a
glucose to the galactose. (3) It limits the extent of cross-linking of mature collagen molecules (see
Fig. 5-18). Most of the nonhydroxylated pro-a-chains are degraded within the cell.

Question: Once the procollagen molecule is hydroxylated, glycosylated, and coiled into a triple helix,
how is it processed to form higher structures?

The procollagen molecule is secreted from the cell, and the extension propeptides are excised
by two specific procollagen peptidases to form the tropocollagen molecule. The removal of the peptides
(M, = 20,000 and 35,000) allows the tropocollagen molecules to self-assemble to form fibrils. This
assembly is regulated to some extent by the cells and by other extracellular components to produce
the wide variety of structures found in collagen fibers.

For electron microscopy, collagen fibers are fixed and stained with heavy-metal reagents; they
show cross-striations of dark and light bands every 67 nm (Fig. 5-16). This effect arises from
accumulation of the heavy metal in the gap regions to produce the dark-stained bands. The individual
tropocollagen molecules assemble in such a way that adjacent molecules are staggered, i.e., displaced
longitudinally by approximately one-quarter of their length (67 nm) and leaving a gap between the
ends of each molecule.

This packing of the tropocollagen molecules with a displacement of 67 nm is caused by repeating
clusters of charged and uncharged residues along the polypeptide chains with a periodicity of 67 nm.
Hence the maximum number of intermolecular interactions (electrostatic and hydrophobic) is formed
when the tropocollagen molecules are displaced by multiples of 67 nm.

However, it is more difficult to explain how the tropocollagen molecules pack three-dimensionally
in the quarter-staggered array to produce a cylindrical fibril. One favored model is a pentamicrofibril
consisting of groups of five tropocollagen molecules packing together in the 67-nm staggered pattern
(Fig. 5-17).
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Fig. 5-16 Schematic diagram showing how thc slaggered arrangement
of tropocollagen molecules gives rise 10 cross-striations in a
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Fig. 5-17 A possible model for the three-dimensional packing arrangement of
collagen molecules in a pentamicrofibril.

The size and arrangement of the collagen fibrils vary considerably from tissue to tissue, the
diameter ranging from 10 to 300 nm and the packing from being apparently random, as in mammalian
skin, to being in strict parallel bundles, as in tendon.

Cross-Linking of Collagen

The collagen fibrils are further strengthened to withstand high tensile forces through the
introduction of cross-links. Covalent cross-links are formed both within a tropocollagen molecule and
between different molecules. The first step is the enzymatic oxidative deamination of the e-amino
group of lysine residues to form the aldehyde group of allysine residues. These highly reactive
aldehydes then spontaneously rcact with each other or with lysine residues (Fig. 5-18) to form covalent
bonds, which can often react further with other residues such as histidine.

Collagen types I, II, lII, V and X1 form fibrillar structures. The others often contain nonhelical
regions but all aggregate to form a variety of supramolecular structures, with a variety of forms
(Table 5.2).
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Fig. 5-18 Reactions that produce cross-links in collagen.

EXAMPLE 5.11

The secreted form of type IV collagen contains a globular region at the C terminus and a bend in the triple
helix near the N terminus. [t polymerizes without any further processing and cannot associate laterally, but it
still polymerizes to form a two-dimensional sheetlike network. The asymmetric monomers aggregate only through
mutual association of their identical ends; the globular regions of two monomers bind together, while four
monomers are held together by their triple-helical N termini (Fig. 5-19).

Triple-helical binding site
&
— l - Globular binding
< /\' I'd site
\/-\ >< -
p“/m— __/l

%
/\/\"{/‘g\ ,4>\u~‘

Fig. 5-19 A stylized model of the association of type IV collagen in basement membrane.

Elastin

The other major protein in the extracellular matrix is elastin, which is the main component of
elastic fibers found in ligaments, large arteries, and lungs. After synthesis and partial hydroxylation
of proline residues, a 72 kDa molecule of tropoelastin is secreted into the matrix. This protein is rich
in nonpolar amino acids and contains repeating sequences, such as (Val-Pro-Gly-Val-Gly). These
sections form an amorphous, random-coiled structure with frequent reverse turns. Other recurrent
sequences are rich in alanine with paired lysine residues, e.g., -Ala-Ala-Ala-Ala-Lys-Ala-Ala-Lys-



126 PROTEINS: SUPRAMOLECULAR STRUCTURE [CHAP. 5

Ala. The action of lysyl oxidase to produce allysine allows three of these modified residues to condense
with one lysinc residue to form the heterocyclic complex amino acid desmosine, which cross-links
two or even three chains. A highly cross-linked network results.

-NH CoO-
N/
H
_Nil (CH,), /NH_
(CH,);—CH
-CO i CO-

(C:Hz)4

CH

7\
—CO NH—

Desmosine residue

EXAMPLE 5.12

Elastin is not a truc rubber as it is not self-lubricating. It has elastic properties only in the presence of water.
At rest, elastin is tightly folded, stabilized by hydrophobic interactions between nonpolar residues: this has been
termed an oiled coil. On stretching. these hydrophobic interactions are broken, and the nonpolar residues are
exposed to water. This conformation is thermodynamically unstable. and once the stretching force is removed.
the elastin recoils to its resting state.

The amorphous clastin is organized into elastic fibers with a sheath of microfibrils surrounding
each 10 nm fiber. The major component of the sheath is the glycoprotein fibrillin, mutations in whose
gene causes Marfun syndrome.

Proteoglycans

The ground substance of the extracellular matrix is a highly hydrated gel containing large
polyanionic proteoglyan molecules, which are about 95 percent polysaccharide and 5 pereent
protein. The polysaccharide chains are made up of repeating disaccharide units and are called
glycosaminoglycans because one half of the disaccharide is always an amino sugar derivative. either
N-acetylglucosamine or N-acetylgalactosamine; the other half is usually a uronic acid, such as
glucuronic acid, giving a negative charge (Chap. 2).

EXAMPLE 5.13

Hyaluronan is a single, very long glycosaminoglycan chain having from 500 to several thousand repeating
disaccharide units. e.g.. [B-(1 — 4)-GlcA-B-(1 — 3)-GIcNAc-8-(1 - 4)),, (see Fig. 5-20). These molecules have
molecular weights between 0.2 X 10® and 10 x 10° and may exist without being bound covalently to a protein.
Because of the carboxyl groups, this substance carries a large negative charge at neutral pH values. [t is often
called hyaluronic acid, or, more appropriately, hyaluronate.

The core protein of the proteoglycan is unusually large (M, =300,000), with a globular head
(M, =75000) and a long tail rich in serine and threonine residues. The glycosaminoglycans are
covalently attached to these hydroxyl amino acids via an oligosaccharide linkage (sce Fig. 5-21).
During synthesis. the monosaccharides arc added one at a time by a specific glycosyltransferase:.
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Fig. 520 Structural formula of the repeating disaccharide of hyaluronan.
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Fig. 5-21 Schematic representation of the linkage between the
glycosaminoglycan chondroitin sulfatc and a serine residue
of the core protein.

during the elongation of the chain, sulfate groups are added, usually to a hydroxyl group of the amino
sugar, to increase the negative charge of the molecules. In cartilage, the most abundant
glycosaminoglycan is chondroitin sulfate (M, = 10,000-30,000), and there may be over a hundred such
chains linked to the core protein. Sulfation may occur either on the 4’ or 6’ hydroxyl group of the
galactosamine.

EXAMPLE 5.14

As well as chondroitin sulfate, other glycosaminoglycans, such as keratan sulfate, with shorter chains
(M, =2,500-5,000) are found in cartilage (Fig. 5-22). N-linked oligosaccharides similar to those found in
glycoproteins are also present. Note that keratan sulfate in other tissues, e.g., intervertebral disk or cornea, has
a longer chain (M, = 10,000-25,000) and may have a different oligosaccharide link to the core protein.

There is still a further level of assembly, for, in the presence of hyaluronan, most cartilage
proteoglycan molecules aggregate to form massive complexes, containing some 50 proteoglycan units,
to give a total mass around 10¥ Da. The globular heads of the core proteins interact with segments
of five disaccharide units along the length of the hyaluronan. This noncovalent interaction is stabilized
by the binding of a link protein (M, =50,000) to both the hyaluronan and the core protein
(Fig. 5-23).

The physical properties of proteoglycans are due almost entirely to the glycosaminogiycan
components; the core proteins act largely as spatial organizers. The number and length of the
glycosaminoglycan chains can vary considerably. The high density of negative charges causes
electrostatic repulsion, so that the glycosaminoglycan chains are fully extended and separated to form
a boutlebrush-like structure (see Fig. 5-24), which occupies a relatively large volume. The hydrophilic
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Fig. 523 A diagrammatic representation of part of a proteoglycan aggregate from cartilage.
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Fig. 5-24 Portion of a proteoglycan aggregate showing the bottlebrush-like structure.

groups of the glycosaminoglycans bind and immobilize large numbers of water molecules; the negative
charges attract cations. These two effects create a swelling pressure or turgor.

EXAMPLE 5.15

Hyaluronan is the most studied of the glycosaminoglycans; it is also the largest. In aqueous solution, it forms
a random coil and occupies a huge domain, whose volume is filled with immobilized water and to which small
molecules and ions have access but large ones do not. In a .01% solution, the hyaluronan domains will occupy
the total volume of the water; at higher concentrations, the hyaluronan molecules will interpenetrate neighboring
domains, producing very viscous solutions that have lubricating properties, such as are needed in joints.

The space-filling character of glycosaminoglycans appears to be important in morphogenesis,
particularly in the development of the skeleton. During these developmental processes, the presence
of hyaluronan appears to facilitate the migration of cells. This effect is stopped by the removal of
hyaluronan by hyaluronidase and by its replacement with aggregating proteoglycans.

Question: What are the functions of proteoglycans?

The large volume-to-mass ratio of proteoglycans, duc to their ability to attract and retain large
amounts of water, produces a swelling osmotic pressure, or turgor, in the extracellular matrix that
resists compressive forces. This is demonstrated clearly in tissues such as joint cartilage and
intervertebral disks. In degenerative diseases such as arthritis, proteoglycan is partially depleted and
disaggregated, leading to changes in tissue resilience. The polyanionic bottlebrush structure of
proteoglycans produces a sieving effect, so that the diffusion of macromolecules through connective
tissue is restricted while small molecules, especially if anionic, may even show enhanced rates
of diffusion. Other proteoglycans are much smaller and may contain only a few (1 to 10)
glycosaminoglycan chains. Many are integral components of plasma membranes where they bind and
regulate a variety of secreted proteins and can act as co-receptors for several growth factors.
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Fibronectin

Of the several other protein components of the extracellular matrix, the best understood is
fibronectin. This glycoprotein is a heterodimer composed of two very similar, but not identical,
disulfide-bonded polypeptide chains (M, = 220,000). It is found in several forms: as a bound complex
on the surface of cells such as fibroblasts; as large aggregates in the extracellular space; and in a modified
form as the so-called cold-insoluble globulin (i.e., it readily precipitates at 0°C) in plasma.

Fibronectin is a multifunctional protein consisting of a series of globular domains connected by
flexible segments that are sensitive to proteolytic cleavage. These domains carry binding sites for
components of the extracellular matrix and for cell surfaces (see Fig. 5-25). Fibronectin can thus
form multiple interactions that are important in tissue homeostasis. For example, sulfated
glycosaminoglycans increase the rate of binding of fibronectin to collagen, thus increasing the stability
of the complex and allowing it to precipitate, forming large aggregates in the matrix.
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Fig. 5-25 Diagrammatic representation of the domains of fibronectin:
Domain A binds to heparin and fibrin.
Domain B binds to collagen.
Domain C binds to cell surfaces.

Domain D binds to heparin.

EXAMPLE 5.16

An important function of fibronectin is that of cell adhesion. Fibronectin forms a network that connects
the cell to other components of the extracellular matrix, especially collagen, anchoring the cell in position. The
connection to the cell is through a membrane protein, an integrin, that connects with the cytoskeleton. The
minimal structure in fibronectin required for binding to an integrin is the sequence Arg-Gly-Asp (RGD) which
is located at the apex of a surface loop of a module of the protein. Transformed cells produce less fibronectin
and fail to adhere. The addition of fibronectin to cultures of such cells causes adherence, and the cells change
to a more normal appearance. Metastasizing cancerous cells lack fibronectin or cause its proteolytic

breakdown.

Structural studies have indicated that fibronectin is composed of at least three types of modules,
internal amino acid sequence homologies, that have been found in several other protein sequences.
Two other attachment glycoproteins have been described recently, and their properties are compared
with fibronectin in Table 5.3.

5.6 THE CYTOSKELETON

The complex network of protein filaments found in the cytoplasm of eukaryotic cells is called the
cytoskeleton. Some of the more important and better studied roles include: (1) providing a cell with
its appropriate shape and reinforcing plasma membranes against lysis and vesiculation; (2) controlling
changes in cell shape; (3) allowing cells to migrate (cell motility), e.g., during the movement of
macrophages and granulocytes to sites of infection; and (4) transportation of large amounts of material
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Property Fibronectin Laminin Chondronectin
Molecular weight 440,000 820,000 ~170.,000
Subunits 2 % 220,000 2 x 200,000 3% ~55.000

1 % 400,000
Carbohydrate content 5-9% 12-15% ~8%
Shape Extended Cross shape: Compact
V shape 3 short arms,
1 long arm
Tissue Fibrous connective Basement Cartilage,
distribution tissue membranes vitreous body
Collagen-binding Types I-V; Type 1V Type 11
best III and I
Glycosaminoglycan- Heparin, Heparan sulfate, Chondroitin
binding heparan sulfate heparin sulfate.
heparin
Cell-binding Fibroblasts Epithelial and Chondrocytes
endothelial cells

within, into and out of cells. These networks are therefore critical to cell homeostasis, and in sensing,
responding to, and sending signals. For example, endocytosis at the plasma membrane allows certain
nutrients and other material to be taken into a cell, packaged in small vesicles. Signal transduction
mechanisms (Chap. 6), which control the response of a cell to external stimuli, often involve
endocytosis. Fast and slow transport mechanisms inside cells distribute nutrients, cellular material
and signalling molecules to appropriate areas of the cell. Material can be exported from cells in vesicles
by exocytosis. A specialized form of exocytosis, synapsis, permits neurons to rapidly signal to each
other.

Genetic errors in or damage to cytoskeletal components can play a central role in discase including
many forms of hemolytic anemia and the Duchenne and Becker muscular dystrophies. Appropriate
cell—ell contact (regulated through the cytoskeleton) appears to be critical in preventing cells from
becoming cancerous and, indeed, many types of cancerous cell exhibit abnormal cytoskeletons.

A remarkable feature of cytoskeletal networks is that common elements can be incorporated into
widely different structures in various parts of a cell. Networks can be dismantled in one part of a cell
while other networks are being constructed from similar components in another. In fact, some networks
undergo construction at one of their ends while simultaneously being dismantled at the other.

Microtubules, Intermediate and Thin Filaments

There are three main types of filament commonly found in the cytoskeletons of most cells. These
are (1) microtubules (25 nm in diameter) composed principally of tubulin, (2) thin filaments (or
microfilaments, 7 nm in diameter) which consist largely of polymerized actin and, (3) intermediate
filaments (10 nm in diameter) which are manufactured from several classes of related proteins. Both
tubulin and actin are globular proteins and are evolutionarily highly conserved. Their filaments tend
to be much more dynamic than intermediate filaments (see Section 5.1).

All three types of filament are polar helical rods (i.e., they have chemically distinct **heads™ and
“tails’’). In addition to the multiple contacts between subunits that serve to stabilize the filaments,
additional multiple binding sites are available to bind auxiliary proteins. These auxiliary proteins can
regulate the assembly and disassembly of the filaments, link filaments to one another and to other
cellular components including membranes, and allow the filaments to participate in encrgy-dependent
movement.
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Actin Filaments

Actin (M, =41,800) is widely distributed in eukaryotic cells, often being the most abundant
protein, and commonly making up about 10 percent of the total cell protein. The protein s highly
conserved with only 17 of the 375 amino acids different between slime mold actin and rabbit muscle
actin. Monomeric actin is usually referred to as globular or G-actin while the polymer, filamentous
actin, is termed F-actin.

Actin contains a binding site for divalent cations (Ca®* or Mg?*) which must be oceupied in
order to prevent the protein from denaturing. It can also bind ATP, or ADP and inorganic phosphate
(P;). In vitro, actin can be maintained in the G-form by keeping the ionic strength very low. However,
when the salt concentration is increased in the presence of ATP or ADP, polymenzation to F-actin
can occur.

Polymerization with ADP

The polymerization process in the presence of ADP is shown in Fig. 5-26. When the salt
concentration is raised there is a characteristic lag period, usually of many minutes, before F-actin
appcars. The lag period results from the fact that sufficient nuclei (containing 2—4 monomers) must
form before polymerization takes place. The nuclei are unstable, probably because they do not contain
all of the subunit—subunit contacts that stabilize monomers in a filament (see Fig. 5-8). Once sufficient
nuclei are available, polymenzation proceeds rapidly from both ends of the nuclei. The filaments
themselves can contain several hundred actin monomers. each with a molecule of ADP bound. The
structure can be regarded as a right-handed double helix with 13.5 monomers per turn giving a helical
repeat of 36 nm (see Fig. 5-8).

Actin will only polymerize if its concentration exceeds the critical concentration (C.). Thus, at
chemical equilibrium, a pool of G-actin remains whose concentration equals C.. The equilibrium is
dynamic; at the critical concentration the rate at which actin monomers bind to the ends of the
filaments is equal (o the rate at which they dissociate. If the system is diluted, however. there will
be a net loss of monomers from the filaments and this depolymerization will continue until the
concentration of G-actin is restored to the critical concentration.

O Monomer
(G-Actin)

/ Filament (F-Actin) \

Fig. 526 Assembly and disassembly of actin filaments in the presence
of ADP.
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Question: How can the polarity of an actin filament be determined?

The protein myosin (Fig. 5-32) interacts specifically with each actin molecule in a filament and,
as a result, the filament becomes “‘decorated’” with a pattern of arrow-heads all pointing the same
way. Because of this pattern, one end of the filament is known as the pointed end while the other
is called the barbed end.

Polymerization with ATP

Polymerization in the presence of ATP, as opposed to ADP, is more complex but physiologically
relevant. The main differences lie in the properties of F-actin (Fip. 5-27). The two ends of the filament
now become kinetically distinct. When polymerization is initiated, monomers with ATP bound to them
add much more rapidly (0 the barbed end than to the pointed end.

The ATP bound to each actin monomer is hydrolyzed to ADP + P; soon after the monomer binds
to the filament. Thus, most of a growing filamcnt contains actin with bound ADP, while the ends
contain small *‘caps’ of ATP-actin. This irreversible hydrolysis of ATP means that the system can
never reach chemical equilibrium while the ATP is present in solution. Instead, a steady state is
achieved with a different value of C, applying to each end; the value of C.is much lower at the barbed
end than at the pointed end. The concentration of G-actin at steady state lies between the C_ values
for each end.

Because of these differences in Cc, and the energy provided by the hydrolysis of ATP, the
filaments at steady state can weadmill. There is a net loss of monomers (mostly ADP-actin) from
the pointed (or minus) ends since the value of C. is higher than the concentration of G-actin. There
is a net gain of ATP-actin at the barbed (or plus) ends since the value of C. is lower than the
concentration of G-actin.

ADP-actin released from the filaments can exchange ADP for ATP in solution and rebind to
the filaments. Due to a difference in conformation, monomers in filaments cannot exchange their
ADP for ATP.

k ATP cnp /
Pointeg Ba:hcd
{m1ous) cod (rlusy end

X *
L'Q'

ﬁ,

ADP

Fig. 5-27 Steady-state properties and treadmilling of actin filaments in
the presence of ATP.
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Fig. 528 'Thc ceffcet of different lypes of actin-binding protein on 1he
arganization of actin.

Actin Binding Proteins and the Contro! of Actin Polymerization

Actin filaments are found throughout the cytoplasm of most cells, although, in general, a large
perccntage of the actin is concentrated at the cefl cortex, the region just beneath the plasma
mecmbrane. The htaments arc arranged with respect to one another in a great variety of different
ways through the actions of actin binding proteins. These proteins, their regulators, and a range of
other mechanisms, serve to control actin polymerization and the stability and dynamics of actin-based
nctworks.

Actin binding protcins can be divided into sevceral classes, depending on where they bind to the
filamcnt and the roles that they play: these classes are defincd and examples given above (Fig.
5-28).

Monomer Binding

Several proteins are known to bind specifically to actin monomers. In most cases these
monomer-binding proteins, as expected, inhibit polymerization, promote the depolymerization of
preformed filaments. and raise the critical concentration, C,.

EXAMPLE 5.17

In the fibroblusi, and other cells, the concentration of monomeric actin can be as high as 200 uM and
represent up (0 50% of the tatal actin in the cell. This contrasts sharply with the critical concentration of
ATP-actin in vitro which is typically | uM or less. Thymosin (M, = 5,000) is one protein that is responsible for
sequestering monomeric actin in these cells. A large poul of monomeric actin provides the opportunity to rapidly
asscrmblc an actin-bascd cytoskeletal network while leaving preexisting actin-based nctworks intact.
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Capping Proteins

Certain proteins can specifically bind to either the barbed or pointed ends of actin filaments.
Capping the filaments in this way prevents, or retards, any further elongation or depolymerization
of monomers from that end.

EXAMPLE 5.18

The best studied example of a barbed-end capping protein is gelsolin (M, = 90,000). Like many actin-binding
proteins, gelsolin’s affinity for actin filaments is regulated by changes in the concentrations of Ca** which occur
when cells are stimulated in particular ways. Approximately 10-® M Ca?* stimulates barbed-end capping and
promotes the depolymerization of actin, since the observed critical concentration of the system now increases
towards that of the pointed end alone.

Severing Proteins

Several proteins are now known to sever actin filaments and rapidly convert cross-linked F-actin
gels into less viscous sols. These gel-to-sol transitions are usually Ca®*-regulated and are observed
in the cortex of many cells.

EXAMPLE 5.19

Gelsolin can sever actin filaments in addition to binding their barbed ends. The severing activity is also Ca’*
dependent and involves substantial bending of the actin filaments. Following severing, gelsolin can prevent
reannealing of the filament by binding to the newly created barbed end.

Side-Binding Proteins

Proteins which bind exclusively to the sides of the actin filament (as opposed to capping the ends)
tend to promote the formation of filaments and lower the critical concentration. In some cases, the
mechanical stability and stiffness of the filament are also enhanced.

EXAMPLE 5.20

Tropomyosin is a coiled-coil dimer consisting of identical 35 kDa subunits. It binds to the grooves of the
actin filament spanning approximately seven actin subunits and serves to stiffen and straighten the filaments.
The protein binds F-actin cooperatively, meaning that once one molecule binds, the entire length of the filament
is likely to bind tropomyosin in its grooves.

The function of tropomyosin is best understood in the actomyosin contractile apparatus of striated muscle
where it serves as part of the triggering mechanism for muscle contraction (see Force-Generating Proteins below).
In resting muscle, tropomyosin is held out of the groove of the actin filament by the troponin complex, which
consists of three polypeptides. This blocks the interaction of actin with the heads of the myosin molecules (Fig.
5-29). When calcium is released into the cytoplasm from intracellular stores following a nerve stimulus, it can
bind to troponin C, altering the conformation of the troponin complex. The tropomyosin can then move towards
the groove exposing the myosin binding site on actin and allowing the binding of myosin to actin.

Cross-Linking Proteins

Cross-linking proteins also bind to the sides of actin filaments but can simultaneously bind more
than one filament. There are several important subclasses of these proteins which arise from the
different modes of cross-linking. Bundling proteins, such as villin and a-actinin, cross-link actin
filaments into regular bundles with narrow gaps (<40 nm) between the filaments. Spacer proteins,
such as the flexible, highly elongated spectrin tetramer, give rise to more loosely packed filament
aggregates with gaps of up to 200 nm between filaments, Gelation cross-linkers, such as the filamin
dimer, bind two filaments together at the point at which they overlap, regardless of the angle of the
filaments with respect to one another.
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Tropomyosin Actin

Fig. 5-29 Modcl of the intcraction between F-actin. tropomyosin. and
the troponin complex in resting muscle.
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Villin F-actin |

Fig. 5-30 Bundling and membranc anchorage of F-aclin in a
microvillus.

EXAMPLE 5.21

Viflin is an cxample of a bundling protein. Villin is found in the micravilli of, for cxample. intestinal hrush
border cells (Fig. 5-30). The microvilli greatly increase the surface area of the cells. which is cssential for cffective
absorption to take place. Each microvillus extends about 2 um into the lumen of the gut and is supported by
20 or so nctin filaments tightly bundled by villin (and other proteins) al regular intervals. In a feature common
to many actin-bascd networks. all the filaments in the bundle are oricnted with their barbed ends in the same
direction, in this case toward the tip of the microvillus where they terminate. Cross-linking of the actin filaments
to the plasma membrane occurs via a second protein from the myosin-1 family (a relative of the well-known
contractile protein myosin-Il). This protein binds its “head™ domain to the sides of the filaments and cmbeds
ifs “tail” domain into the membrane.

EXAMPLE 5.22

The cytoskeleton of mature mammalian erythrocytes is as unusual as the highly differentiated cells
themselves. During maturation of the crythrocyle, the cytoskeleton becomes resiricied to a two-dimensional
network lining the cytoplasmic face of the membrane (Fig. 5-31). This Acxible and durable niembrane skeleron
plays a major role in preventing the cell from breaking up dunng its arducus passage through the circulation
while allowing it to be flexible enough to squecze through very narrow capillaries.

The main component is the specirin heterotetramer (two a and two B chains), a very large (1,052 kDa),
highly elongated, flexible molecule which can cross-link actin using the binding sites at its ends. Protein 4.1 greatly
strengthens the interaction between spectrin and actin. Unlike other cells, the actin in crythrocytes forms
protofilaments consisting of only approximately 15 subunits. On average. six spectrins atlach to each
protofilament. formjng a largely hexagonal interlocking lattice. This Jattice is attached to the membrane primarily
through ankyrin which binds to both the B chain of spectrin and the membranc-inserted anion channel.
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Fig. 5-31 The membrane skeleton of a matere mammalion eryvthrocyle.

Force-Generating Proteins

Myosin-I1. the forec-generating protein of the contractile apparatus of muscle and other cells,
was the fisst actin-binding protein described and charucterized. The myosin protomer (M, = 520.00%)
consists of two identical hreavy cfains (M, = 220,000) and two pairs of light chains (M, = [6-27.0(0
depending on the source). Each hcavy chuin contains o globular head linked by a hinge region to
a long a-helical tail. The tails from the two heavy chains form a coiled-coil 150 nm long (Tig. 5-32).
The light chains bind ncar the base of cach head.

The myosin protomers can self-assoviate (0 (orm a thick filament by the assembly of some 40
myosin tails in a staggered side-by-side packing with the myosin heads projecting at regular intervils
in a hclical array (Fig. 5-32). The thick filument & bipofar with a 150 nm barc zone in the ¢enter
where two oppositely oriented sets of myosin tails come together. The eenter of this region is culled
the M line. This thick Atament forms puart of a myofibril.

The myofibril also contains rhin filaments of F-actin with tropomyosin dimers bound in the grooves
and about one troponin comples per tropomyosin dimer. The thin filiments are also arranged in
a bipolar fashion. All the pointed ends point away from cach side of 1he Z-disk which contains a
number of proteins including e-actinin. @-Actinin serves to bundle the aciin Glaments very close 1o
their barbed ends und unchor them very firmly in the disk.

The thick filaments and the thin filaments of a myofibril partly interdigitate with six 1hin filuments
surrounding each thick filumeni. A single contractile unit, the surcomere, is depicted in Fig. 5-32 and
is about 1.5 pm in diameter and 2.2 um lang. A lincar arranpement of sarcomeres forms the mvohibril,
which, along with other myofibrils packed n parallel, can run the lengih of the muscle cell (up to
several centimeters).

Upon contraction. the thick and thin filaments in cach sarcomere of cuch myofibril coordinately
slide past each other withoat changing length. The sarcomeres shorten and the interdigitation between
thick and thin filaments incrcases. This is the sliding fileonent model of muscle confraction.

Question:  What is the mechanism by which myosin generates mechianical force between thick and
thin filaments?

Mechanical foree is gencrated by the eyvelie interaction of myosin heads with actin and the energy
supplied from the hydrolysis of ATP (Fig. 5-33). Luach myosin head can bind a single molecule of
ATP. Myosin is an ATPuse. The ATPasc activity is coastitutive but can be increased up 1o 200-fold
in the presence of actin.

The cycle begins with the myosin head hydrolvzing the bound ATP to ADP and Py, In this form,
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Fig. §-32 Components of a skeletal muscle myofibril: (¢} myosin. (b) thick ilament. and
(¢) the contraction of a sarcomerc. The polaritics of the thin filaments are
indicated by the arrows.

the head binds to the side of an actin filament which stimulates the relcase of products. ADP and
P;, and causes a change in conformation around the myosin hcad. The head pulls back, dragging
the actin filament with it. This is the power stroke. The head then detaches from the actin and binds
a new molecule of ATP to begin the cycle over again. Each cycle can be as short as 0.2 s during rapid
contraction. Note the importance of the two hinges which permit fexibility of movement.

Question: How is the generation of mechanical force initiated and regulated?

An increase in Ca%* (e.g., from 107% M to 10~° M) acts as the trigger. In striated muscle, Ca?*
is released from the endoplasmic reticulurt into the cytoplasm following stimulation of the muscle
cell via its attached motor nerve. The Ca®* interacts with the iroponin complex, causing a movement
of tropomyosin to expose the myosin binding sites on the thin filaments (see Example 5.21). In smooth
muscle, the released Ca** indirectly activates myosin light chain kinasc which phosphorylates the
light chains of myosin. Hence, the control is at the level of the thick filament. In somec nonmuscle
cells, the control by Ca?* is at the level of the assembly of myosin into filaments.

In all cases, a fall in Ca?* concentration (e.g., by being pumped back into intracellular storcs)
reverses the process. [t should be noted that a continuing supply of ATP is required for the contraction
process. When ATP is completely depleted. rigor sets in.

Question: What regulates thin filament length and the position of the thick filaments in the
sarcomere?

Thin filaments in the sarcomere are of remarkably uniform length. In recent years, two proteins,
nebulin and tropomodulin, have been discovered in the sarcomere. Nebulin is a huge protein
consisting almost entirely of multiple 35-residue actin-binding motifs. Nebulin's length is that of the
thin filaments of the sarcomere and therefore it may serve to regulate thin filament length via the
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vernier principle (Fig. 5-4). Tropomodulin participates in this process by capping the pointed ends
of the filaments. preventing them from growing further. and is thus an cxample of a pointed-end
capping protein.

Another recently discovered protein. titin, is also extremely lurge and highly clongated. Titin
molccules extend from the Z-disk to the thick filaments and may serve (o center these filaments in
the sarcomerc.

Microtubules

Microtubules ire hollow cylinders with an internal digmeter of 14 nm and an external diameter
of 23 nm. A complete cylinder contains 13 parallel profofilaments cach of which is a head-10-tail
polymer of heterodimers forming o rod (Fig. 5-34). The heterodimers contain a2n - and a B-rubudin

Fig. 5-34 A short segment of microtubule showing the whulin dimers aligned into
protwfilaments.
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subunit tightly bound together. These two subunits (each M, = 50,000) are synthesized from separate
genes but their amino-acid sequences are highly homologous.

Polymerization, Treadmilling and Dynamic Instability

The polymerization of tubulin has many similarities to that of actin. The protomer is the tubulin
heterodimer. Each subunit in the heterodimer can bind a nucleotide; in this case it is GTP. There
is a lag period associated with nucleation. Once sufficient nuclei are available, “explosive”
polymerization can proceed from both ends of the nuclei. Calcium ions and low temperature (4°C)
inhibit polymerization, while magnesium ions and high temperature (37°C) stimulate it. As with actin,
the microtubule is polar, and polymerization proceeds about three times more quickly from the plus
end than the minus end. Polymerization is accompanied by hydrolysis of GTP, on the B-tubulin only,
at or soon after the addition of the a/f protomer to the filament. GTP caps can therefore exist at
both ends of the filament with the cap likely to be larger, on average, at the plus end than at the
minus end.

At steady state, a pool of free heterodimers (representing the critical concentration) coexists with
filaments. For these filaments, the critical concentration is lower at the plus end than at the minus
end. Thus, treadmilling can occur with a net loss of protomers from the minus end and net addition
at the plus end. However, for microtubules, treadmilling is generally overshadowed by a related and
much more dramatic phenomenon known as dynamic instability. 1f a filament loses its GTP cap at
either end, depolymerization at that end occurs extremely rapidly. Thus, even at steady state, some
filaments can be rapidly shortening at one or both ends while other filaments are rapidly growing
at one or both ends. Dynamic instability also occurs in vivo and is an essential factor in the proper
functioning of many microtubule-based networks.

Microtubule-Associated Proteins (MAPs)

MAPs can be classified in a similar manner to actin-binding proteins. Like their actin-binding
counterparts, MAPs can nucleate, cap, stabilize and cross-link microtubules. Several motor proteins
have been identified in the last few years which are involved in force generation in a number of
microtubule-based networks. As with actin-binding proteins, MAPs can be targeted, on a constitutive
or transient basis, to certain regions of a cell. This allows specialized microtubule-based networks
to be constructed and perform their tasks in specific locations. The properties and functions of some
of these MAPs will be explored in the examples given below.

Question: How are microtubules distributed inside cells?

During the interphase of almost all animal cells, most of the microtubules radiate from the
centrosome, a darkly staining region near the nucleus. The centrosome contains a pair of centrioles,
which themselves are small cylinder-shaped structures containing microtubules and other proteins
[see Fig. 5-36(a)]. Surrounding the centriole pair is the pericentriolar material which serves somehow
to nucleate the formation of new microtubules. For this reason the centrosome is known as one type
of microtubule organizing center, or MTOC. The microtubules radiate with their plus ends toward
the periphery of the cell and their negative ends embedded, and stabilized in the centrosome. The
microtubules remain highly dynamic in vivo with a half-life of the order of a few minutes. Some
microtubules might be stabilized by, for example, having their plus ends capped, thus preventing
depolymerization.

EXAMPLE 5.23

The interphase organization of microtubules serves many roles, among the most important of which is the
rapid transport of organelles and materials packaged in vesicles to various parts of a cell. This process was first
observed directly in the giant axons of squid and was therefore named fast axonal transport. In highly elongated
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cells, such as neurons, where simple diffusion of organelles and even proteins would be unacceptably stow. this
rapid transport mechanism serves to deliver essential material to distal parts of the cell and to retrieve other
material. Anterograde movement of small vesicles in the axon (i.e.. away from the ccll body and toward the
plus end of the axonal microtubules) can be as fast as 5 wm per second. Retrograde transporl ¢an be as much
as half this rate.

Fast transport is now known to occur in almost all animal cclls. The microtubules act as ~superhighways"
upon which large oumbers of vesicles, and other organelles such as mitochondria, move.

Question: What is the mechanism of fast transport?

Fast transport in cells requires vehicles (the organelles or vesicles), motors and fuel. The motors
can be divided into two familics, the cyroplasmic dyneins and the kinesins (Fig. 5-35). Each uses ATP
as a fuel, the energy being provided by its hydrolysis to ADP and P;. The motors can sense the polarity
of the microtubules; dyneins drive toward the minus end, while most kinesins drive toward the plus
end. Movement is generated by cyclic hydrolysis of ATP, conformational changes, and the reversible
attachment to microtubules.

Kincsin
—

Vesicle

Fig. 5-35 Dynein and kinesin motors and their interaction with vesicles and
microtubulcs.

EXAMPLE 5.24

Cilia and flagella are stable microtubule-based structures which project from the ptasma membranes of
particular eukaryotic cells. The cnergy-dependent oscillations of these structures can drive material over the
surface of a cell or propel the cell along. For example. the whip-like motions of cilia on the cells at the head
of the fallopian tube draw newly released ova from the ovarics into and along the owduct. The snake-like
movements of the Aagellum on a sperm provide these cells with movement.

Although the movements of cilia and fAagella are somewhat different, the microlubule-based axoneme is
common 1o them both. The axoneme is cylindrical (~200 nm in diameter) and built from the **9 + 2™ arrangement
of microtubules [Fig. 5-36(b)]. Note that the nwo central microtubules are complete while each of the nine doubless
of outer microtubules contains one complete (A tubule) and one incomplete (B tnbule) fused together.

A number of auxiliary proteins are associated with the axoneme at regular intervals. Every 24 nm, ciliary
dynein (a three-headed isoform of cytoplasmic dynein) extends pairs of arms from the A tubule of each doublet
toward the B wubule of the adjacent doublet. At intervals of 86 nm, nexin links adjacent doublets. Every 29 nm,
radial spokes project inward from the outcr doublets toward the inner sheath which itself is connected 10 the
central pair of microtubules,
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Without the cross-links, the dyncin motors would simply cavse the microtobules 1o slide past one another
until they were no longer in contiel. The cross-links Jinut sliding. and play o role in 1he poorly understoed
mechanism which promatex bending and cyelical beating.

Question:  What organizes the structure of the axoneme?

An axoneme grows from a preexisting structure called the basal body which appeurs 1o be similar
in construction to a centriole in the centromere [Fig. 5-36(a)]. The basid bodv consists of nine triplet
sets of microtubules cross-linked by protcins at regular intervals, There are no central microtubules,
but protein “spokes™ radiating inward (o a central ~hub™ can be seen in somc cross-scctions.

Each axoncme doublet grows from two of the wbules in cach triplet of the basal body. It is not
known how the growth of the two centrul microtubules ol the axoneme is controlled. or how the
carcfully regulated length of the cilia and flagella is monitored.

EXAMPLE 5.25

The mirtic phase s the colmination ol the celf evele in which 1wo identical daughicy cells are produeed
cach with a full complement of gencelic material. The process is exireraely cormplex and dynamic and Jasis Jittle
more than an hour in a “typical™ ecll. During this time. the microtubule-bascd mitoiic spindle (Fig. 5-37) must
be constructed and the chromosomes condense (prophase). The mieclear envelope then disintegrates and 1he
chromosames are “captured”™ by micratubules in the spindle (prometaphasey. By metaphase. the spindle has
moved and aligned all of the chromosomes at the metuphase plute. a plane midway between the spindle poles.
Anaphase begins when the connection hetween the sivier chiromeaids of each chromosome suddenly breaks and
the sister chromatids are moved swiftly 1oward appaosite spindle poles. The poles alsa move apart. Once at (he
poles. the chromatids decondense and cach set is enclosed by new nueleur envelopes (refophase). Two new cells
are formed by eyrokinesis. which hegins in late anaphase. and involves a pinching in™ or cleavage of the plasma
membrane at a3 point midway hetween the spindle poles.

Question:  What is the source of the microtubules in the mitotic spindle?
The microtubule nctwork of the imerphase cell is depolymerized and reformed to make the mitotic
spindle. This requires two MTOCs, the first being the original centromere with its pair of ecntrioles.
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Fig. 5-37 Diagram showing (z) the mitotic spindic at metaphase with chromosomes aligned
at the metaphase plate and (b) separation of the poles and sister chromatids
during anapbhase.

The second ariscs from replication of the centrioles during the S and G, phases of interphase. Durning
prophasc. the two pairs of centriolcs move apart from onc another and the pericentniolar material
surrounding them both can nucleate and stabilize microtubules. These two MTOCs become the
spindle poles.

Three types of microtubule can readily be defined in the mitotic spindle. Polar microtubules
overlap {and probably interact) between the poles and are involved in pushing the poles apart in
anaphase. Asfral microtubules radiate in all directions and also help separate the poles. Kinetochore
microtubules attach themsclves to specialized protein structures (kinctochores) located on each side
of the centromere of each chromosome. Thesc microtubules are involved in moving the chromosomes
to the metaphasc plate and in separating sister chromatids at anaphase. The microtubules in the
spindic are very dynamic and have a half-lifc of only a few seconds. This appears to be especially
impostant in the capture of chromosomes by the kinctochore microtubules. Microtubules that miss
the target kinetochores are uickly lost because their dynamic instability soon leads to depolymeriza-
tion. The new microtubules that form may hit the target and be partially stabilized through plus-end
capping.

Question: How are forces gencrated to move chromosomes and separate the poles?

The spindle contains a number of dyncin- and kinesin-family motors (Fig. 5-37). These, together
with the dypamic instability and treadmilling of the microtubules, help control the movement and
relative positions of the chromosomes and the poles. The spindle is under constant tension resulting
from a range of forces.
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During metaphasc. when all of the chromosomes are lined up at the metaphase plate. all of these
forces arc in balance. Dynein motors in the kinetochores attempt to drag the chromosomes back to
the poles (i.c.. in the minus direction) along the kinetochore microtubules. Since each chromosome
contains two kinetochores. cach facing a different pole. the pull to cach pole cancels out [see arrows
in Fig. 5-37(a)|. Simultancously. at least two forces are acting to separate the poles. Where the polar
microtubules overlap. kinesin motors are present binding their tails to the sides of the microtubules
and using the motors in their heads to drive toward the plus-ends of others, thereby exerting a push
on the poles, In astral microtubules directed away from the center of the spindle. it appears that
dvnein motors (perhaps attached to the cell cortex) exert a pull on the poles.

During anaphase, when the sister chromatids split at the centromere, this balance is lost
[Fig. 5-37(b)|. The dynein motors in the kinetochores drive the sister chromatids to the poles. The
speed at which this happens may be regulated by the controlled depolymerization of the kinetochore
microtubules. The poles can now move apart and the overlap between polar microtubules shortens.
It would be completely lost but for rapid polymerization at the plus ends of these filaments.

Question:  How does ceytokinesis occur?

Cytokinesis begins some time in anaphase. A cleavage furrow begins to form in the plasma
membrane in the same plane as the metaphase plate. It is not known how the furrow is positioned.
The furrow is created and deepens due to the actions of the contractife ring which is an actomyosin
network assembled specifically for this purpose and dispersed afterward. Thus, the stability of this
network is guite ditferent from its analog in muscle. The dynamics of these networks are also different
(see Prob. 5.16).

Intermediate Filaments

Intermediate filaments form a family of tough. insoluble protein fibers with diameters of about
[0 nm. found in most cukaryotic eclls. The protein subunits (Fig. 5-38) vary greatly in size
(M, = 40.000 1o 200,000). but they all appear to have a common coiled-coil. a-helical region in the
center of cach subunit. The rodlike region is of constant length. with considerable sequence homology,
3070 percent of the amino acids being identical between the various types; it also appears to be
the basis for the filamentous structure, about 2§ subunits interlocking side by side to form the
cross-section of one filament. The terminal globular regions are the variable segments, which
differentiate the various types of intermediate filaments and which project from the filament into the
cytoplasm to plav an as yet ill-defined role in the cell.

There are five classes (see Table 5.4) of intermediate ilaments, which can be differentiated by
biochemical, immunological, and molecular biological techniques. In genceral, one type of cell contains
only one class of intermediate filament. All the classes are belicved to play a structural role within
the cell by resisting mechanical stress.

Coiled-conl, a-helical domains

35-200 ~35 ~10 ~ob e s T 50-200
Short random sections
N-terminal globular region C-terminal globular region

Fig. §-38 A divgrammatic representation of the subunit of an intermediate tilament. (The
figures represent the number of amino acid residues in each structural
domain.)
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Table 5.4. The Classes of Intermediate Filaments in Vertebrate Cells

Intermediate
Filaments Protein Components Cell Type

Cytokeratins Various: M, = 40,000 to 70,000 | Epithelium

Neurofilaments Three major: M, = 68,000, Neurons
145,000, and 220,000

Vimentin M, = 55,000 Mesenchyme, e.g., fibroblasts

Desmin M, = 53,000 Muscle

Glial filaments M, = 50,000 Some glial cells, e.g., astrocytes

Nuclear lamins Three major: Nuclear lamina of eukaryotic
M, = 65,000 to 70,000 cells

EXAMPLE 5.26

The most-studied class of intcrmediate filaments, and the most diverse is the cytokeratins, also called the
prekeratins. which are cross-linked by disulfide bonds. On reduction. several different polypeptide chains are
obtained from epithelial cells, with a spectrum of chains that varics from tissue to tissue. Some 19 different
cytokeratin polypeptides have been characterized from human tissues, and each has been shown to be the product
of a distinct individual gene and not formed by differential processing. There are two groups. the acidic keratins
and the neutral-basic keratins, which are believed to interact in a 1:1 ratio to form the keratin filaments. These
play an important role in epithelial cells by forming a continuous network of fibers across a whole epithelial
shect, giving it tensile strength. The cells are fastened by rivetlike connections, called spot desmosomes, which
act as anchoring points for the keratin filaments. Keratin fibers are abundant in the tough outer protective covering
of higher animals, and they become increasingly cross-linked as the cell matures and finally dies, producing the
keratinized outer skin layer, nails, and hair.

The intermediate filaments are generally more durable than F-actin and microtubules, and the
pool of unpolymerized subunits is very small. However, their assembly and disassembly can be
regulated in various ways, including proteolysis and phosphorylation.

EXAMPLE 5.27

The inner nuclear membrane of the nucleus in mammalian cells is supported by a network of intermediate
filaments called the nuclear lamina which is comprised of /amins. In late prophase of mitosis, the nuclear
membrane fragments into vesicles triggered largely by phosphorylation of the lamins at various serine residues.
This serves to disassemble the nuclear lamina. At the completion of mitosis, dephosphorylation of the lamins
allows the vesicles in cach of the new daughter cells to reform nuclear membranes surrounding the

chromosomes.

Solved Problems

ASSEMBLY OF SUPRAMOLECULAR STRUCTURES

5.1. A multienzyme complex has three different catalytic activities with eight sites for each activity.
Compare the frequencies of defective complexes produced in the following two situations: (a)
The complex is synthesized in one step as one long polypeptide chain containing 8,000 amino
acid residues. (b) The complex is constructed in three steps. First, 24 polypeptides are
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synthesized: 8 x 200, 8 x 300, and 8 X 500 amino acid residues. Next, trimers consisting of one
of each chain type are formed. Last, these eight trimers are assembled to form the complex.
(Assume in both cases that the error frequency is 1075 for each operation and that a single
mistake will cause complete rejection.)

SOLUTION

(a) The probability of incorporating an incorrect amino acid is 1 in 10°. Therefore, the frequency of
defective complexes would be 8 x 103 x 1075, i.e., eight of every 100 complexes are defective.

(b) Because defective polypeptides will be rejected as being unable to form trimers and any faulty trimers
will not assemble further, the frequency of defective complexes will be related only to the seven
steps required for the final assembly of the trimers to form the complex, and this would be equal
to 7 X 107%. Thus, the three-step process produces about 1,000 times fewer defective complexes than
the single-step process and, incidentally, requires one-eighth as much genetic information.

PROTEIN SELF-ASSOCIATION

5.2.

5.3.

For the dimerization reaction 2A = A, the equilibrium constant in the mol L™! scale is
10°. What is the concentration in molL™! of dimer in equilibrium with 1073mol L'
monomer?

SOLUTION

Rearranging Eq. (5.1). [A;] = K[A]%
Thus. at equilibrium,

[A;] = 10°(1073Y mol L™ = 0.1 mol L™
For the dimerization reaction 2A A,, in which A is a protein of molar weight
40,000 g mol~ !, the equilibrium constant in the mol L ™! scale is 10°. Calculate the percentage
by weight of dimer when the total concentration of the protein is 1gL ™!
SOLUTION

It is important to convert all units to a consistent set. Here, it is most convenient to use the mol L™!
scale. Thus, the molar concentrations are [A] = co/M and [Ay] = ca,/2M, where ¢4 and c,, are the
concentrations in gL™"' of A and A, respectively, and M is the molar weight of A.

Now, the total concentration of A is

cr = Ca + CA1
Hence, CA, = CT—Ca

By substituting in Equation (5.1), we get
_ [A2] _ (er —ca)2M

AR T (ca/MP?

Rearranging and then solving the quadratic in c, gives two roots, one negative, and thus physically
meaningless. and the other positive. The positive root is given by
~1+ (1 + 8Kep/M)'2
Ca =
A 4KIM

Substituting for X, cr, and M, we get
ca=0.13gL"!

Therefore, the percentage by weight of monomer is 13, and that of the dimer is 87.
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5.4.

Repeat the above calculation for a total concentration of 10gL™".

SOLUTION
Using the same procedure as in Prob. 5.3 and substituting into the expression for c,. we get
—1+[1+ (8 x 10° x 10)/(4 x 10%]"2
‘A= 4 % 105/4 x 10° &
_ —1+(,00n)'2
- 100

L—-l

gL™1=0.437gL"!

This represents only 4.4 percent of the total at this new concentration, and thus the percentage by weight

of the dimer is 95.6 percent.

Note the general principle that can be drawn from this: As the total concentration of a self-associating
molecule increases. the proportion of the associated form incrcases. A corollary is that dilution favors
the monomeric species. This is an example of Ostwald's dilution principle.

HEMOGLOBIN

5.5.

5.6.

5.7.

Fetal hemoglobin (HbF) is a tetramer of two a chains and two vy chains. The vy chains are
similar to the 8 chains of HbA, but there are many sequence differences between them. One
significant difference is that the residue H21 is the positively charged histidine in the 8 chain
but the neutral serine in the y chain. (a) Explain why HbF has a higher oxygen affinity than
normal adult hemoglobin (HbA). (b) Why is this effect physiologically important?

SOLUTION

(a) The amino acid substitution at H21 affects the 8-8 cleft, where BPG is bound, there being two fewer
positive charges in HbF. Thus, BPG is bound less strongly to HbF, and oxygen is more tightly bound
and therefore is less readily released from HbF.

(b) This effect allows HbF to draw O; across the placenta from the maternal HbA for the use of the
fetus.

In vertebrate hemoglobins, it is the tetramer that shows cooperativity on binding with oxygen;
the dimer has no cooperative effect. The blood clam has been shown to contain two hemoglobins:
a tetramer consisting of two pairs of unlike chains and a homodimer of a third, each of these
chains having a tertiary structure similar to the globin foid. In the quaternary structure of the
blood clam hemoglobins, the E and F helices, which lie on the proximal and distal sides of
the heme group, are involved in subunit interactions forming an extensive contact between
the chains in the dimer. This is “back to front” when compared with the vertebrate
hemoglobins, where the E and F helices are on the outside of the molecule. Interestingly.
both the dimer and the tetramer clam hemoglobins bind oxygen cooperatively. Explain how
the mollusk dimer hemoglobin could demonstrate a cooperative effect.

SOLUTION

On combining with oxygen, the F helix, containing the proximal histidine residue, moves about 0.5 A.
In vertebrate hemoglobin, this movement, being on the surface of the molecule. has no direct effect.
acting only on the tetrameric structure (the a;8; dimers are quite rigid). In the clam. such a movement
will directly affect the structure of the dimer and may lead to an increase in the oxygen affinity. producing
cooperativity.

There are many abnormal or mutant hemoglobins, some of which cause pathological
conditions. One is sickle-cell hemoglobin (HbS), in which the glutamate residue in the sixth
position of the normal human hemoglobin (HbA) 8 chain has been replaced by valine. This
position, referred to as 86, is on the outside of the hemoglobin molecule. Individuals who
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are homozygous for HbS suffer from circulatory problems and anemia. This is because the
red blood cells become sickle-shaped in the venous circulation, causing blockages in the
capillaries, and are principally removed by the spleen. Why should such a small change, two
amino acids in a total of 574, produce such a drastic effect?

SOLUTION

Amino acid residues on the outside of soluble proteins are almost without exception polar. The
replacement of the strongly polar glutamate in HbA by the nonpolar valine in HbS leads to a hydrophobic
area on the exterior of the molecule. Such a *'sticky patch’ would readily interact with a complementary
binding site on another molecule. HbS, but not oxyHbS, has such a site, and this allows HbS to polymerize
into long fiberlike chains that distort the red blood cell and produce the sickle shape. It is of interest
that the HbS gene is common in tropical Africa, because the heterozygous individual, who rarely has
sickling episodes. is protected against the most dangerous form of malaria. Should infection with malaria
occur, the red cells would tend to sickle because of the increased oxidative stress imposed on them; these
cells would then be removed from the circulation by the spleen.

Mutations in the «|,83; sliding contact of hemoglobin generally cause impairment of the
cooperative effect. In Hbkempsey. the aspartate residue G1 in the 8 chain is replaced by
asparagine. This removes a hydrogen bond from the sliding contact (Fig. 5-12) that stabilizes
the tense structure of deoxyhemoglobin but is not involved in the relaxed structure of
oxyhemoglobin. What effect will this amino acid substitution have on the oxygen affinity of

Hbkempsey?
SOLUTION

As the stability of the tense structure is reduced by the loss of this interaction in the two sliding
contacts ay,B;. and a;.83, less energy is required for oxygen to bind to Hbggmpsey. Thus, Hbgempsey
has a higher oxygen affinity (p50 = 15 torr) and a lower Hill coefficient (see Chap. 9 and Prob. 5.21).
Individuals with this hemoglobin compensate by producing more red blood cells.

THE EXTRACELLULAR MATRIX

5.9.

5.10.

There is a continual turnover of collagen molecules in the body, e.g., in the remolding of bone
and in wound healing. For many years it was believed that the triple helix was resistant to
attack by all proteolytic enzymes. In the last 20 years, many mammalian collagenases have
been found that cleave each of the three chains of the triple helix between a glycine and a
large hydrophobic residue (e.g., leucine, isoleucine, or phenylalanine) roughly three-quarters
of the distance from the N terminus. This is an unstable region, low in proline and
hydroxyproline. Explain how this cleavage of the triple helix allows the degradation of collagen
to proceed.

SOLUTION

The specific cleavage of collagen by mammalian collagenases produces two fragments that are
unstable at body temperature and begin to uncoil into individual chains. These are then susceptible to
attack by other proteolytic enzymes.

The monomers of type VI collagen are the shortest collagen molecules (150 nm), with only
one-third of the mass being the triple-helical domain, the other two-thirds being the two
terminal globular regions. On dispersion and rotary shadowing for the electron microscope,
the following structures are the most abundant of those observed:
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Explain the construction of the structures, and suggest how further assembly could occur to
form extended microfibrils.

SOLUTION

The structure on the left shows a dimer with two antiparallel collagen type VI molecules assembled
in a staggered manner, with the triple-helical segments overlapping by 75nm. The dimers align
symmetrically with the free (nonoverlapping) triple-helical ends crossing over like scissors to form the
tetramer shown on the right. This tetramer then acts as the protomeric form, which aggregates end to
end, with further crossing over of the ends to form the linear polymers of microfibrils.

5.11. The genes for the chains of fibrillar collagens (types I, 11, IlI, and probably V) contain about
50 short exons (expressed regions), separated by long introns (nonexpressed regions); the
introns are removed before the genetic information is translated into the protein chain (see
Chap. 17). The exons for the triple-helical domain are unusual in that they all contain multiples
of nine base pairs, 54 being the most common, followed by 108. If three nucleotide bases code
for one amino acid, what is the significance of this gene organization?

SOLUTION

On translation each exon produces a length of oligopeptide that is a multiple of three amino acids;
lengths of 18 and 36 amino acids are the most common, being equivalent to six or 12 turns of the triple
helix. Each exon begins with a codon for glycine, and this is followed every nine nucleotides by another.
It has been suggested that the collagen gene evolved from a small primordial gene and that the
organization of the gene is now conserved to an extraordinary extent.

5.12. Defects in collagen synthesis can cause severe connective tissue disorders. In Ehlers-Danlos
syndrome VII, those affected suffer from thin, velvety skin, which heals poorly, and from
hypermobile joints and weak ligaments, a condition which leads to multiple joint dislocations.
It has been reported that in this syndrome, exon 46 (numbering from the C-terminal end) is
missing from the gene for the a2(l) chain. This sequence includes the cleavage site for the
procollagen N-peptidase and a lysine residue near the normal N terminus of the collagen a2(I)
chain. Describe the effect of the loss of this exon on the structure of type I collagen.

SOLUTION

The loss of the N-peptidase cleavage site would prevent the proper processing of the a2(l)
procollagen chain, and thus the mature chain would have a large N-terminal extension of about 50 amino
acids, which would disrupt the proper assembly of the triple-helical collagen molecules into a fibril. The
lack of the lysine residue would prevent the formation of one of the four major interchain cross-links
that the a2(I) chain makes with its quarter-staggered neighbors. The overall effect is to weaken tissues
that depend on type I collagen for tensile strength.

5.13. How many specific glycosyltransferases are required for the sequential addition of monosac-
charide units in the synthesis of chondroitin sulfate? Note that substrate specificity is strict.

SOLUTION

Six glycosyltransferases are required (Fig. 5-21) and they act in the following order: (1)
xylyltransferase, (2) galactyltransferase I (specific for xylose), (3) galactyltransferase II (specific for
galactose), (4) glucuronate transferase I (specific for Gal-Gal), (5) N-acetylglucosamine transferase, (6)
glucuronate transferase II (specific for N-acetylglucosamine). Finally, a sulfotransferase will catalyze the
addition of the sulfate groups.

CYTOSKELETON

5.14. If the spectrin heterodimer can associate only head to head, explain the observation of higher
polymers as large as the dodecamer.
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Fig. 5-39

SOLUTION

The head of each spectrin chain interacts with the head of the complementary chain of another
heterodimer. In the tetramer, there are paired interactions (Fig. 5-31), while in higher oligomers, a closed
loop is formed, as the head region is quite flexible. This is shown for the hexamer in Fig. 5-39, but this
self-association may continue indefinitely.

Several cytoskeletal proteins contain long coiled-coil domains in which two or even three o
helices coil around each other. What sequence criteria would be necessary for the « helices
to form stable coiled coils in aqueous solutions?

SOLUTION

The a helix contains 3.6 amino acid residues per turn, and in a coiled coil, this produces seven
residues for every two turns of the o« helix. If these seven residues are denoted a, b, c, d, e, f, and g,
then residues a and d (with e as an alternative) would be expected to be hydrophobic. These residues
would be next to each other on one side of the « helix and in the center of the coiled coil, which is
thus stabilized by hydrophobic interactions. This is known as the heptad repeat.

Many assemblies of actin and myosin in cells are temporary structures. One example is the
beltlike contractile ring that appears during cell division just below the plasma membrane. As
the ring contracts, the center of the cell is constricted until two daughter cells are produced.
What interactions and processes must occur for this constriction to take place, noting that the
ring remains a constant thickness?

SOLUTION

To allow the force generated between the actin and myosin to act upon the membrane, the contractile
ring must be anchored to the mcmbrane by specific actin-binding proteins. As the cell constricts, the
contractile ring must disassemble little by little to remain a constant thickness.

Explain how the alkaloid drug colchicine, which binds tightly to tubulin dimers, blocks
mitosis.
SOLUTION

The binding of the tubulin dimer by colchicine not only will prevent polymerization and the formation
of microtubules but also, by reducing the concentration of free tubulin below the critical concentration,
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5.18.

5.19.

5.20.

§.21.

will cause depolymerization and breakdown of the mitotic spindle. Similar drugs have been used as
antitumor agents.

The nuclear envelope is a supramolecular assembly that lines the inner surface of the nucleus.
The major proteins of the envelope are the A, B, and C lamins, and it has been suggested
that they may be members of the intermediate filament family. What characteristic features
should the lamins possess for this to be so?

SOLUTION

The intermediate filament family consists of proteins with a large central region with considerable
sequence homology, which folds up into an a helix, with the heptad repeat allowing the formation of
coiled-coil domains. The positions of the short random sections between the coiled-coil domains are
conserved. Strong sequence divergence in the two globular terminal regions would be expected.

Supplementary Problems

For the dimerization reaction 2A = A,, calculate the concentration in mol L ™" of dimer for the following
conditions:

K [A] (molL™1)

(@ | 10° 1073
() | 10* 1072
() | 108 10~¢

For the dimerization reaction 2A = A,, in which A is a protein of molar weight 50,000 g mol ™!, calculate
the percentage by weight of the dimer when the total concentration of the protein is 1g L~} and the
equilibrium constant in the mol L™! scale is (a) 10,000; (b) 10%.

Early this century, A.V. Hill derived a useful equation that describes the oxygen dissociation curve of
hemoglobin fairly accurately. It is

Oy
(PO2)" + (pSO)"

where Y is the fraction of hemoglobin oxygen-binding sites occupied by oxygen, pO, the partial pressure
of O,, pS0 the partial pressure of oxygen when Y = 0.5 (i.e., 50 percent of the sites are filled), and n
the Hill coefficient, which is a measure of cooperativity. The value of n for human HbA is 2.8, while
that of myoglobin, which is not cooperative, is 1. Calculate the change in saturation AY for the situation
in which hemoglobin goes from lung to working muscle and in which pO, for lung is 100 torr and pO,
for muscle is 20 torr under the following circumstances:

Protein pS0 (torr) n
(a) | HbA 26 2.8
(b) | Noncooperative Hb 26 1
(¢) | Mb-like Hb 1 1
(d) | HbA with high DPG 31 2.8
(e) | Clamlike dimer Hb 26 1.5
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One of the salt links stabilizing deoxyhemoglobin involves a chloride ion. Explain how this ion could
act as an allosteric effector.

In the abnormal hemoglobin Hbg ansas. residue G4 on the B8 chain is threonine instead of the asparagine
in HbA. This change weakens the interactions in the sliding contact in the relaxed state of oxyhemoglobin
without affecting the tense state. How would the oxygen affinity of Hbg ansas compare with that of
HbA?

Which of the following synthetic polypeptides would be expected to form a triple helix similar to
collagen?

(@) (Pro-Gly),

(b) (Pro-Pro-Gly),

(¢) (Pro-Gly-Gly),

(d) (Pro-Gly-Pro-Pro),,

Of those which form a triple helix, which would be the most stable?
Why is the triple helix of collagen a better structure for providing tensile strength than the « helix?

The following is a sequence of part of a pro-a-chain of collagen: -Gly-Pro-Met-Gly-Pro-Ser-Gly-Pro-Arg-
Gly-Leu-Pro-Gly-Pro-Pro-Gly-Ala-Pro-Gly-Pro-Gln-Gly- Pro- Arg-Gly-Pro-Pro-Gly-Glu-Pro-Gly-Glu-
Pro-Gly-Ala-Ser-. (¢) How many residues would be hydroxylated by the enzyme prolvihydroxylase?
() How many peptides would be produced after digestion by the collagenase from onc of the gas
gangrene organisms Clostridium histolyticum? The specificity of the enzyme is to cleave the bond before
glycine in the sequence -Pro-X-Gly-Pro-.

In the calcification process of bone formation, the initial crystals of hydroxyapatite are found at intervals
of 67 nm along the collagen fiber. What is the reason for this?

In osteoarthritis, fragments of proteoglycans are produced. It is believed that those fragments are formed
by the action of proteases produced in response to inflammation. Where is the action of the proteases
on the proteoglycan most likely to occur?

In a 0.01% solution, the domains of hyaluronate occupy the total volume. What would be the ratio of
the volume occupied by one molecule of hyaluronate (M, = 1.5 x 10°) to the volume occupied by five
molecules of collagen (M, = 300.0(0; diameter 1.5 nm; length 300 nm)?

How might the identification of the type and subtype of intermediate filament help in the diagnosis and
classification of cancer?

In fast axonal transport, dynein motors serve to bring vesicles from near the end of the axon (the plus
end of the microtubules) toward the cell body (the minus end of the microtubules). The distance traveled
can be as much as a meter. Since dynein is a minus-end directed motor, how does it get out to the plus
ends of the microtubules in the first place?



Chapter 6

Lipids, Membranes, Transport, and Signaling

6.1 INTRODUCTION

Lipids are defined as water-insoluble compounds extracted from living organisms by weakly polar
or nonpolar solvents. This definition is based on a physical property, in contrast to the definitions
of proteins, carbohydrates, and nucleic acids, which are based on chemical structure. Consequently,
the term lipid covers a structurally diverse group of compounds, and there is no universally accepted

scheme for classifying lipids.
EXAMPLE 6.1

Consider the following compounds, most of which are lipids:

CH,(CH,),,COO" CH,CH,COO"
(1) Palmitate (2) Propionate

CH,(CH,),,CH,OH
(3) Cetyl alcohol (4) Benzene

=

(5) Limonene (6) Squalene

OH 0]

—
HO O

(7) Chrysin

HO

(8) Vitamin E

153
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CcOO

P
OH OH
(9) Prostaglandin E,

Compounds 1, 3, and 5 to 9 are lipids because they are biological in origin and are soluble in organic solvents.
The latter property arises because they contain a high proportion of carbon and hydrogen and are therefore
insoluble in water. Compound 4 is not a lipid because it does not occur free in living organisms. Compound
2 is water-soluble, but because it is a member of the same series of compounds as compound 1, it is usually
considered to be a lipid.

6.2 CLASSES OF LIPIDS

A common feature of all lipids is that, biologically, their hydrocarbon content is derived from
the polymerization of acetate followed by reduction of the chain so formed. (However, this process
also occurs for the synthesis of some compounds that are not lipids and therefore cannot be used
as a definition of lipids.) For example, polymerization of acetate can give rise to the following:

1. Long, linear hydrocarbon chains:
nCH;COO™ - —» CH3;COCH,CO - - - —» — CH3;CH,CH,CH,; - -
The products are fatty acids, CH3(CH,),COOH, which in turn can give rise to amines and

alcohols. Lipids containing fatty acids include the glycerolipids, the sphingolipids, and
waxes.

2. Branched-chain hydrocarbons via a five-carbon intermediate, isopentene (isoprene):

CH,
|
3CH,COO —— — (CH,—CH=C—CH,—)—— —— terpenes

(including steroids and carotenoids)

3. Linear or cyclic structures that are only partially reduced:

o o Q COO~
H.COO —> —> M\/\/
nCH, CH n-3

3

These are called acetogenins (or sometimes polyketides). Many of these compounds are
aromatic, and their pathway of formation is the principal means of synthesis of the benzene
ring in nature. Not all are lipids, because partial reduction often leaves oxygen-containing
groups, which render the product soluble in water.

EXAMPLE 6.2

For the lipids in Example 6.1, the routes of synthesis (just discussed) are:

Compounds 1, 3, and 9 are made via route (1).
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Compounds 5 and 6 are made via route (2).
Compound 7 is made by route (3), and compound 8 has a mixed origin via routes (2) and (3).

For those lipids synthesized by route (2), the ways in which the isoprene units are linked are shown by the broken
lines in the following structural formulas:

Limonene

Squalene

Vitamin E

6.3 FATTY ACIDS

Over 100 fatty acids are known to occur naturally. They vary in chain length and degree of
unsaturation. Nearly all have an even number of carbon atoms. Most consist of linear chains of carbon
atoms, but a few have branched chains. Fatty acids occur in very low quantities in the free state and
are found mostly in an esterified state as components of other lipids. The pK, of the carboxylic acid
group is about 5, and under physiological conditions, this group will exist in an ionized state called
an acylate ion; e.g., the ion of palmitic acid is palmitate, CH,(CH,),;4,CO0".

EXAMPLE 6.3
The following are some biologically important fatty acids.

(a) Saturated:
CH;(CH3)4(COOH) CH;4(CH,),,COOH

Palmitic acid Stearic acid
(hexadecanoic acid) (octadecanoic acid)
16:0 18:0

(b) In unsaturated fatty acids, the double bond nearly always has the cis conformation:

Palmitoleic acid
(cis-9-hexadecenoic acid)
16:1%°



156 LIPIDS, MEMBRANES, TRANSPORT, AND SIGNALING [CHAP. 6

(c) In polyunsaturated fatty acids, the double bonds are rarely conjugated:

CH;(CH;)4CH=CH—CH,—CH=CH(CH,),COOH
Linoleic acid
(cis cis-9,12-octadecadienoic acid)
18:2A%12

A number notation used widely for indicating the structure of a fatty acid is shown under the
names of the fatty acids in Example 6.3. To the left of the colon is shown the number of C atoms
in the acid; to the right, the number of double bonds. The position of the double bond is shown
by a superscript A followed by the number of carbons between the double bond and the end of the
chain, with the carbon of the carboxylic acid group being called 1.

EXAMPLE 6.4
The number notations, systematic name, and trivial name, respectively, for three more fatty acids are:
18:1%9 cis-9-octadecenoic acid (oleic acid)
18:33912.15 3|1 ¢i5-9,12,15-octadecatrienoic acid (a-linolenic acid)
CH;(CH,),CH=CH—CH,—CH=CH—CH,—CH=CH—CH,—CH=CH(CH,);COOH
20:4458.11.14 4| ¢i5-5 8,11 14-eicosatetraenoic acid (arachidonic acid)
The melting points of different fatty acids differ markedly. For example:
Palmitic acid, 63°C; stearic acid, 70°C; oleic acid, 13°C
Elaidic acid (trans-9-octadecanoic acid), 44°C
Linoleic acid, —5°C; a-linolenic acid, —11°C

Question: Why do differences in melting point exist between fatty acids containing the same number

of carbon atoms?
The preferred conformation of a chain of saturated C atoms is a long, straight structure. A cis

double bond will cause a bend in the structure, making it less likely to pack into a crystal than will
a saturated molecule of the same length. A trans double bond does not cause a bend in the chain.

For example:

1. Saturated chain
COOH

P e e e S

2. Chain with one trans double bond
COOH

VAV N NP 2 Y e

3. Chain with one cis double bond
COOH
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Straight molecules can pack together more densely and give crystals of higher melting point than
the melting points of bent molecules of the same size; in other words, more energy is required to
separate the molecules when they are heated.

The presence of cis rather than trans double bonds in unsaturated fatty acids ensures that lipids
containing fatty acids have low melting points and are therefore fluid at physiological tempera-
tures.

Question: Apart from unsaturation, what other structural feature of a fatty acid could affect its
melting point?

Branching. For example, stearic acid (18 carbons) and arachidic acid (20 carbons) are both
saturated and linear. They melt at 70°C and 75°C, respectively, whereas 10-methylstearic acid melts
at 10°C. However, branched fatty acids are rare in living systems and the evolution of synthetic
pathways for them has not occurred as a major device for keeping lipids fluid.

CH;(CH,);CH(CH,)sCOOH
|

CH;
10-Methylstearic acid

6.4 GLYCEROLIPIDS

Glycerolipids are lipids containing glycerol in which the hydroxyl groups are substituted in some
way. In terms of quantity, these are by far the most abundant lipids in animals. Somewhat similar
in structure, but occurring at levels of less than 1 percent of the glycerolipids, are lipids containing
diols, e.g., ethylene glycol (ethane diol) and 1,2- and 1,3-propanediol. Because of their rarity, lipids
based on diols will not be discussed further.

CH,OH CH,OH CH,OH
HOCH CH,0OH HO(|3H
CH,OH (|3H3
Glycerol Ethylene giycol 1,2-Propanediol

Triacylglycerols

Triacylglycerols (TAGs) are neutral glycerolipids and are also known as triglycerides. In the TAGs
the three hydroxyl groups of glycerol are each esterified, usually by different fatty acids. This makes
the second carbon of the glycerol moiety chiral. A special convention is used for dealing with the
naming of TAGs and other glycerol derivatives. The derivative is drawn as a Fischer projection (Chap.
2) with the secondary hydroxyl to the left, and the carbon atoms are numbered 1, 2, and 3 from the
top. The prefix sn- (for stereospecifically numbered) precedes the name glycerol. For example,

CH,0-OCR
R’CO-O-—(IZ—H

CH,0-OCR’
1,2,3-Triacyl-sn-glycerol
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EXAMPLE 6.5

The structure of 1-oleoyl-2-palmitoyl-sn-glycerol is

CIHZO-OC(CHZ),CH:CH(CH2)7CH3
CH3(CH2),.co-oc[‘H
CH,OH

This is a diacylglycerol. Diacyl- and monoacylglycerols are found in cells, but only in small amounts; they are
metabolites of TAGs and phospholipids.

TAGs are the most abundant lipids found in animals. This is because they function as a food
store. Although found in most cells, TAGs are particularly present in the cells of adipose tissue where
they form depor fat. The hydrolysis of the ester bonds of TAGs and the release of glycerol and fatty
acids from adipose tissue is called fat mobilization. Depot fat is a water-free mixture of TAGs differing
from each other in the nature of the three fatty acyl groups from which they are built.

Question: Depot fat has a relatively high content of unsaturated fatty acids. What advantage does
this have for the cell?

The fat exists in a liquid state. Solid fat would present only a small surface area for enzymes
in the cytoplasmic water that mobilize it. Also, solid fat would render the adipose tissue rigid and
unyielding during mechanical stress.

Usually the melting point of depot fat is only a few degrees below body temperature. The fatty
acid composition of depot fat thus is a compromise between the requirement for keeping the fat liquid
and the ability to store as much energy as possible. (Unsaturated fatty acids yield less energy than
saturated ones of the same size, when oxidized.)

Phosphoglycerides

Phosphoglycerides are polar glycerolipids and are often referred to as phospholipids. However,
some other lipids, not containing glycerol, also contain phosphorus, and the term phospholipid also
describes these. The term phospholipid will be used here to describe any lipid containing
phosphorus.

All phosphoglycerides are derived from sn-glycerol-3-phosphoric acid in which the phosphoric
acid moiety is esterified with certain alcohols and the hydroxyl groups on C-1 and C-2 are esterified
with fatty acids.

CH,OH
HOCIH o)
CH,O0—P—OH
o
sn-Glycerol-3-phosphoric acid
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Question: In what form will sn-glycerol-3-phosphoric acid exist at physiological pH?
The pK, values of phosphomonoesters are ~1 and ~6; therefore, there will be two ionic species

at pH 7, with the dianion predominating:

CH,OH CH,OH
HOCH O HOCH O
CH,0—P—0" éHZO—-lﬂ—O‘
on &

The phosphoglycerides are named and classified according to the nature of the alcohol esterifying
the glycerol phosphate (Table 6.1).

In most phosphoglycerides, the fatty acid substituted on C-1 is saturated and that on C-2 is
unsaturated. Although phosphoglycerides are referred to in the singular (as in Table 6.1), they are
mixtures in which compounds with the same X group are esterified with a variety of different fatty
acids. In some instances C-1 is etherified (not esterified) with a long-chain fatty alcohol. This

Table 6.1. Some Major Classes of Phosphoglyceride

CH,0-OCR
R'CO-OCH o)
CHZO—II’—-OX
o-
Name of X—OH Structure of X Name of Phosphoglyceride (Symbol)
Water —H Phosphatidate
, [ion of phosphatidic acid] (PA)
Ethanolamine —CHZCHZNH3 Phosphatidylethanolamine (PE)
Choline —CH,CH, N(CH,), Phosphatidylcholine (PC)
Serine —CH,CHNH, Phosphatidylserine (PS)
COO~
Glycerol —CH,CH(OH)CH,OH Phosphatidyiglycerol (PG)
Phosphatidylglycerol Diphosphatidylglycerol
| [cardiolipin] (DPG)
—-CHZCH(OH)CHZOITOC\H2
"0 HCO-OCR
/
R'CO-OCH,

OH

Inositol Phosphatidylinositol (PI)
OH
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phosphoglyceride is known as a plasmalogen:

CH,O-R
R'CO-OCH O
ClHZO—P—OX
é_

Question: Why are phosphoglycerides often described as polar lipids?

The term arises because of the charges on the moiety bearing the esterified phosphate. The term
polar is used in a relative sense; i.e., relative to TAGs, the phosphoglycerides are polar. But in an
absolute sense, they are nonpolar overall and insoluble in water.

About 1 percent of the total phosphoglycerides that occur in animal cells are in the form of
lysophosphoglycerides, in which one of the acyl substituents, usually from C-2, is missing. The
lysophosphoglycerides are named by adding the prefix lyso- to the name of the parent phos-
phoglyceride.

Question: What is the structural formula for lysophosphatidylcholine?

CH,0-OCR
HOCH O
CHzo—lﬂ—O(CHZ)ZﬁJ(CHQ;
b-

Glycoglycerolipids

Glycoglycerolipids are similar in some respects to the phosphoglycerides; namely, they have
hydrophobic and polar (hydrophilic) parts, the latter being provided by a carbohydrate moiety rather
than by an esterified phosphate.

EXAMPLE 6.6

A typical glycoglycerolipid is 6-a-D-galactopyranosyl-B-p-galactopyranosyidiglyceride. The method for
writing the carbohydrate portion is explained in Chap. 2, and the structure of the lipid is:

H,0-0C
CH,OH ? R
R'CO-OCH
Ho/ @
CH,0
OH O—CH,
on Ho/ %

OH

OH
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6.5 SPHINGOLIPIDS

Sphingolipids are built from long-chain, hydroxylated bases rather than from glycerol. Two such
bases are found in animals: sphingosine and dihydrosphingosine (sphinganine), with the former being
much more common.

CH,(CHZ),ZCH=CHC|H——(|IH——CHZOH CH,(CHZ),ZCHZCH2$H——C|H—CHZOH
OH *NH, OH "NH,
Sphingosine Sphinganine

Question: From which compounds is sphinganine synthesized in living systems?

Notice the polar part is related to the amino acid serine (a) and the nonpolar part resembles
palmitate (b). A reaction between these two compounds, with the elimination of CO,, is followed
by a reduction reaction which yields sphinganine.

- OOCClHCHZOH CH,(CH,),,CO0"

*NH,
(a) (b)

When the amino group of sphingosine or sphinganine is acylated with a fatty acid, the product
is a ceramide,

CH,(CHZ)MCH=CHC|H——C|H——CHZOH
OH Il\IH

CcO

|
R

The primary hydroxyl group is substituted in one of two ways to give two classes of sphingolipid;
these are the phosphosphingolipids and glycosphingolipids.

Phosphoesphingolipids

In phosphosphingolipids, the primary hydroxyl group is esterified with choline phosphate. The
lipid is known as sphingomyelin. It has the structure:

[ .
CH,(CHZ),ZCH=CHC|H——C|H——CH20——fl’—O(CH2)2N(CH3)3

OH NH O

|
Co

|
R

Sphingomyelin
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The fatty acyl (R) groups found in sphingomyelin are unusual; e.g.:

Lignoceric 24:0
Nervonic 24:131°
Cerebronic 24:0, C-2 hydroxylated

Glycosphingolipids

In glycosphingolipids, the primary hydroxyl group is glycosylated, i.e., substituted with a
carbohydrate, either a mono- or an oligosaccharide. Glycosphingolipids that contain the sugar sialic
acid in the carbohydrate portion are called gangliosides. At least 50 types of glycosphingolipid are
known, based on differences in the carbohydrate portion of the molecule. In addition, each type
displays variation in the types of fatty acid found in the ceramide portion.

EXAMPLE 6.7

Some common glycosphingolipids are:

CHJ(CHZ),ZCH=CHC|IH—(I’,H—CH27'Gal
OH NH

|
(fO
R
Galactosylceramide

3 1 3 1
CHl(CHz),,CH=CH?H—$H—CHZT'GIc‘T‘GaI —'Gal’—-'GalNAc
OH NH

|
(.ITO
R
Globoside

1 4 1 4 1
CH,(CHZ),ZCH=CH?H—$H-—CH,T Gle'' Gal ‘' GalNAc

OH ITIH o,
(|IO NeuNAc
R

Tay-Sachs ganglioside

Note: Glc = glucosyl; Gal = galactosyl; GalNAc = N-acetylgalactosaminyl; NeuNAc = sialyl.

6.6 LIPIDS DERIVED FROM ISOPRENE (TERPENES)
The name terpene was applied originally to the steam-distillable oils obtained from turpentine

(an extract of pine). It was recognized that:

1. Most of the compounds present in the oil have the formula C,oH;s.

2. Terpenes with more than 10 carbons exist, the number of carbons being usually a multiple
of five. The structures are extraordinarily diverse.



CHAP. 6] LIPIDS, MEMBRANES, TRANSPORT, AND SIGNALING 163

3. Many similar water-insoluble compounds are distributed very widely; particularly large
quantities are found in many plants, but they exist also in most other living organisms.

Terpenes

Terpenes with 10 C atoms are known as monoterpenes. Two examples are:

~N
CH,OH

X

Limonene Geraniol

Sesquiterpenes and diterpenes have 15 and 20 C atoms, respectively. Two examples are:

CH,0OH
AN RN
HOCHZ/
|
Farnesol Vitamin A

Triterpenes (30 C atoms) and letraterpenes (40 C atoms) require special attention because they
give rise to steroids and carotenoids. Squalene (a triterpene) is compound 6 in Example 6.1.

N VA S N

B-Carotene

Polyisoprenoid compounds exist, e.g., rubber, but in a biochemical context, the ubiquinones and
dolichols are particularly important (see Chap. 14).

0
CH,O

H H /l\/ CH,OH
CH CH 2
CH,0 A 2) 6-10 \(CH2 X 2\)\/\/

Ubiquinone Dolichol
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Steroids

Structurally, steroids are derivatives of the reduced aromatic hydrocarbon perhydrocyclopen-
tanophenanthrene.

Perhydrocyclopentanophenanthrene

Although related structurally to phenanthrene, these compounds are not acetogenins but are true
terpenes that are synthesized in living systems from isoprene via squalene. (Compare the structure
of squalene—compound 6 in Example 6.1—with that of perhydrocyclopentanophenanthrene.)

Phenanthrene

Sterols are steroids containing one or more hydroxyl groups. Some examples are cholesterol, a
component of the cytoplasmic membrane of animal cells, testosterone, a hormone, and cholic acid,
a constituent of bile.

HO

Cholesterol Testosterone

N

HO

Cholic acid
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The fused-ring system is an essentially planar structure. Bonds shown m and 111, indicate the
substituents that are, respectively, in front (B) and behind (a) the general plane of the sterol. The
configuration of substituents of the two carbon atoms shared between two fused rings determines
whether the rings are fused in the cis or trans conformation. Trans-fused rings are flat structures,
but cis-fused rings are bent structures. Cholesterol and testosterone have trans-fused rings and are
essentially planar structures.

H

ool 1T
oo
oo

Trans-fused rings Cis-fused rings

Question: What is the three-dimensional arrangement of the rings of cholic acid?

CH, C,H,COOH

Carotenoids

These are hydroxylated derivatives of the 40-carbon hydrocarbons called carotenes. Because these
compounds are highly conjugated, they absorb visible light; most of the yellow and red pigments
occurring naturally are carotenes and carotenoids. These pigments are often involved with the
interaction of living systems with light. Thus in animals, B-carotene (a tetraterpene) is metabolically
converted to vitamin A (both structures are shown earlier in this section), which in turn is necessary
for visual activity.

6.7 BEHAVIOR OF LIPIDS IN WATER

By definition, lipids are insoluble in water. Yet they exist in an aqueous environment, and their
behavior toward water is therefore of critical importance biologically.
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Many types of lipid are said to be amphiphilic. meaning they consist of two parts—a nonpolar
hydrocarbon region and a region that is polar, ionic, or both. (The term amphiphilic has tended to
replace amphipathic, used formerly.)

Question: Which of the following lipids are amphiphilic: fatty acids; acylate ions; TAGS; cholesterol;
phosphoglycerides: phosphosphingolipids; glycosphingolipids?

Fatty acids, TAGs, and cholesterol are not amphiphilic; what polarity they have is extremely
weak. All the others possess at Icast one formal charge or an abundance of hydroxyl groups in one
part of the moleculc.

When amphiphilic molecules arc dispersed in water, their hydrophobic parts (i.e., hydrocarbon
chains) segregate from the solvent by self-aggregation. The aggregated products are known as micelles
(for thosc aggregates disperscd in water) and monolayers (for those aggregatcs at the water-air
boundary). A diagram may be drawn (sec Fig. 6-1) showing how an ampliphile (symbolized O—,
whcere © represents the potar head and — represents the hydrocarbon tail) will form a monolayer
on the surface of water. The polar heads are in contact with the polar water, thus ensuring that the
nonpolar tails are as rcmote as possible from waiter.

H,0

.. J
Fig. 6-1

The tendency for hydrocarbon chains 10 become remote from the polar solvent, water, is known
as the hydrophobic ¢ffect (Chap. 4). Hydrocarbons form no hydrogen bonds with water, and a
hydrocarbon surrounded by water f(acilitates the formation of hydrogen bords between the water
molecules themselves. The bulk water i more structured than it is in the absence of the hydrocarbon;
i.c.. it hay lost entropy (Chap. 10) and is thus in a thermodynamically less favorable state. This state
is abviated by the hydrocarbon being organized so that it is remote from water. thus rendering the water
molecules near to it less ordered. Thus the hydrophobic effect is said 1o be enmropically driven.

Only a small quantity of an amphiphilic lipid dispersed in water can form a monolayer (unless
the watcer is spread as a very thin film), in which casc the bulk of the lipid will form soluble micelles.
Micelles can take a varicty of forms, cach satisfying the hydrophobic effect. Fig. 6-2 shows one such
form, rcpresenting a spherical micelle, although cllipsoidal, diskoidal, and cylindrical variations are
possible.

H0

H,0 (5 H,O

Fig. 6-2
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H0

HO

{a) RHollow sphere (b) Sheet

Fig. 6-3 Forms of lipid bilayers.

Question:  Are there other forms that amphiphilic lipids can adopt in water?

A bilayered structure in the form of a closed, hollow sphere is also possible [Fig. 6-3(a)]. This
type of structure is called a vesicle. The primary concept of a vesicle is two sheets of lipid with their
hydrocarbon chains opposed |a bilayer, Fig. 6-3(b)]. An isolated bilayer cannot exist as such in water,
because exposed hydrocarbon tails would exist at the edges of the sheet; however, this situation is
obviated by the sheet’s curving to form a self-sealed, hollow sphere.

Both micelles and bilayers arise through the operation of two opposing forces: (1) attractive forces
between hydrocarbon chains (van der Waals forces) caused by the hydrophobic effect forcing such
chains together and (2) repulsive forces between the polar head groups.

Question: What determines the lower limit of micellar size?
The hydrophobic effect does; a minimum number of hydrocarbon chains must associate before

the water-hydrocarbon interface is eliminated. This association process is a cooperative one, and the
micelles therefore have a minimum size.

Question: What determines the upper limit of micellar size?

The repuision of the polar heads does. If there are rwo hydrocarbon chains per polar head group,
the nonpolar volume per head group is twice that of an amphiphilic lipid with one hydrocarbon chain.
The greater repulsive force in the latter prevents the lipid molecules from coming too close and thus
keeps the micellar size small. The weaker repulsive force and larger hydrocarbon volume in the former
allow very much larger structures to form; namely, bilayers and vesicles.

Question: Which lipids form small micelles and which form vesicles and bilayers?

The length of the hydrocarbon chain relative to the size of the polar head group of an amphiphile
influences whether it forms micelles or vesicles in polar solvents such as water. The answers are acylate
ions and lysophosphoglycerides form small micelles; phosphoglycerides, phosphosphingolipids,
plasmalogens, glycoglycerolipids, and glycosphingolipids form vesicles and bilayers.

Question: How will (1) length of hydrocarbon chain, (2) ionic sirength of the aqueous medium,
and (3) concentration of amphiphile affect the size of small micelles?
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1. Micellar size is larger with lipids having longer hydrocarbon chains, since the hydrocarbon-
volume-to-head ratio is higher and the attractive forces between the tails (van der Waals
forces) are greater than the ionic repulsive forces between the head groups.

2. Increasing ionic strength of the aqueous medium will permit formation of larger micelles since
the higher ionic strength will decrease the ionic repulsive forces between the head groups
and thus more lipid molecules will pack together.

3. At very low concentrations of amphiphile, micelles will not form; the transition from the
unaggregated to the micellar state occurs over a narrow range of concentration known as
the critical micellar concentration.

Question: What role can cholesterol play in micellar formation?

Cholesterol does not form micelles because (1) it is not amphiphilic and (2) its flat, rigid,
fused-ring structure gives a solid rather than a liquid, mobile hydrocarbon phase necessary for micellar
formation. Cholesterol forms mixed micelles with amphiphilic lipids and will enter monolayers.

6.8 BILE ACIDS AND BILE SALTS

The bile acids are produced in the liver by the metabolism of cholesterol. They are di- and
trihydroxylated steroids with 24 C atoms. The structure of cholic acid was seen earlier (Sec. 6.6).
Deoxycholic acid and chenodeoxycholic acid are two other bile acids. In the bile acids, all the hydroxyl
groups have an a orientation, while the two methyl groups are 8. Thus, one side of the molecule
is more polar than the other. However, the molecules are not planar but bent because of the cis

conformation of the A and B rings.
The bile acids produced by the liver accumulate in the gall bladder in the form of bile salts; they
are bile acids in which the carboxylic acid group is conjugated with glycine or taurine.

“NH,CH,COO" "NH,CH,CH,SO,
Glycine Taurine

EXAMPLE 6.8

The structures of the salts of glycocholic acid and taurocholic acid are:

OH OH
CONHCH,COO" CONH(CH,),S0O,

HO OH HO OH

Glycocholate Taurocholate

The bile salts have detergent properties, but they do not form typical micelles.

Question: Why don’t the bile salts form typical micelles?
Although bile salts possess a polar head, the hydrocarbon tail is not pure hydrocarbon since there
are two or three hydroxyl groups on one side of the molecule. Moreover, like cholestero! (which
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also does not form typical micelles), the rigid ring system would give a tightly packed. almost solid
nonpolar phase, rather than a liquid nonpolar one. Bile salts, however, do form mixed micelles with

phospholipids.

The precise structure of aggregated bile salts is unknown, but it almost certainly involves hydrogen
bonding between the hydroxyl groups in adjacent molecules. Nevertheless, the bile salts are potent
detergents, and they arc able to emulsify dietary lipid in the intestine, thereby making the lipid more
accessible to attack by digestive enzymes. They are also required for the absorption of digested dietary
lipids into the cells of the intestinal mucosa.

6.9 PLASMA LIPOPROTEINS

Blood plasma contains a number of soluble lipoproteins. which are classified. according to their
densitics, into four major types. These lipid-protein complexes function as a lipid transport system.
Isolated lipids arc insoluble in blood, but they are rendered soluble, and thcrefore transportable,
by combination with specific proteins, the so-called lipoproteins. There are four basic types in human
blood: (1) chylomicrons, (2) very low density lipoproteins (VLDL), (3} low-density lipoproteins (LDL).
and (4) high-density lipoproteins (HDL). Their properties arc summarized in Table 6.2.

The different compositions of the plasma lipoproteins give a clue to their function. Essentially,
those lipoproteins rich in TAGs arc synthesized by the liver (VLDL) and small intestine
(chylomicrons) and deliver the neutral fat to extrahepatic tissues (particularly adiposc tissuc). The
fat-depleted lipoproteins have a higher density, and are involved in essential cholesterol transfers.

Table 6.2. Plasma Lipoproteins

Chylomicrons VLDL LDL HDL
Density (gmL"") <0.95 0.95-1.006 | 1.006-1.063 | 1.063-1.21
Max. diameter (nm) 500 70 25 15
% composition:*
Protein 2 10 22 33
TAG 83 50 10 8
Phospholipid 7 18 22 29
Cholesterol and
cholesterol esters 8 22 46 30

*Bascd on dry weight of the whole lipoprotein

Question: What is the general structure of a lipoprotein particle?

See Fig. 6-4. The polar surface of the spherical particle renders the assembly soluble in water.
This structure can be considered to be a tentative one only. The amount of polar material in
chylomicrons and VLDL is astonishingly small. Moreover, when lipoproteins come into contact with
the membranes of the cells of target tissue, the proteins remain soluble and do not become
incorporated into the membranc. This suggests that the proteins of lipoproteins have unusual
properties. It is known that several specics of proteins (apoproteins: Al. All. By, B y. CI, CII,
CIII, D, and E) occur. The amino acid sequences of some of them have been determined, and they
possess hydrophobic regions; i.e., they have properties suggesting that parts of their structure are
compatible with hydrocarbons (e.g., TAGs and the tails of phospholipids).
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6.10 VESICLES

When water is added to certain dry phospholipids with long hydrocarbon chains, the
phospholipids swell, and when they are dispersed in more water, structures known as liposomes are
formed. Liposomes are vesicles with multilayers of phospholipid. See Fig. 6-5. When subjected to
ultrasonic vibration (sonication), liposomes are transformed into vesicles that have only a single
bilayer of phospholipid.
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Question: Vesicles can also be made by dialyzing (Chap. 4) a solution of phospholipid in detergent.
How do vesicles form under these circumstances?

The phospholipid and detergent form mixed micelles, dominated by the detergent with its single
chain of hydrocarbon; the micelles are therefore small. Dialysis lowers the concentration of the
water-soluble detergent, so that the micelles become dominated by the phospholipid, which, having
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two hydrocarbon chains per molecule. is more bulky. This leads to the formation of bilayers by the
coalescing of micelles.

Question: Vesicles made from a mixture of phospholipids have an asymmetric distribution of the
lipids between the two leaves of the bilayer. Why is this so?

The high curvature of a vesicle can make the external surface arca up to about three times the
internal surface area. Thus there are more than twice the number of lipid molecules in the outer
leaf (also called leafiet or laver). The outer leaf is thicker because increasing constriction at the center
of the bilayer forces the hydrocarbon chains to be fully extended. Phospholipids with large heads
{e.g., PC) tend to partition into the outer leaf, where repulsions arc weaker in the less constricted
space on the outside of the vesicle. See Fig. 6-6.

Fig. 6-6

Vesicles made by the methods described in the preceding questions are virtually impermeable
to small cations and to most large polar molecules. They are slightly permeable to Cl~, and the
permeability of water 1s high because the solubility of water in liquid hydrocarbon is significant. When
proteins are present during vesicle formation, they may be incorporated into the phospholipid bilayer.
Such vesicles are known as proteoliposomes.

Apart from purely artificial vesicles made from phospholipids and proteins of choice, it is also
possible to make vesicles from the cytoplasmic membranes of cells, usually by a sonication procedure.
Artificial vesicles and vesicles derived from natural membranes have proved very useful in studying
transport phenomena across membranes. Vesicles also occur naturally, e.g.. by the budding of the
Golgi apparatus in eukaryotic cells (Chap. 1),

6.11 MEMBRANES

The cytoplasm of cells is surrounded by a plasma membrane. and subcellular structures such as
the nucleus. lysosomes, and mitochondria are delimited by membranes. The membrane of the
endoplasmic reticulum in eukaryotes encloses a large intracellular space within the cytoplasm, and
mitochondria have a highly folded internal membranc.

Question:  What functions are served by these membranes?

They separate the cell from its environment, and they separate the different parts of the cell from
each other, thus allowing certain activities to occur independently. Thus, a membrane is a physical
barrier that, given the appropriate selective permeabilities, will allow the space enclosed by it to
acquire and exclude useful and harmful substances, respectively, and to effect the efflux of selected
compounds. Membranes also provide an environment in which chemical reactions that require
nonagueous conditions can occur.

Membranes contain lipids. proteins, and small amounts of carbohydrate. The mass ratios of
these vary considerably according to the type of membrane. The carbohydrate is present as
glycoglycerolipid, glycosphingolipid, and glycoprotein. The most common types of lipid found in all
membranes are phosphoglycerides and phosphosphingolipid (sphingomyelin). Cholesterol is found
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Table 6.3. Membrane Composition

Component
(percent of weight Lipid Composition®
of membrane) (percent of total lipid)t
Membrane Protein Lipid Carbohydrate| PA PC PE Pl PS PG DPG SM GS Chol

Human erythrocyte 49 43 8 2 19 18 1 8 — — 18 10 25
Human myelin 18 9 3 1 10 20 1 9 _ - 8 26 26
Rat liver:

Plasma 55 40 S 1 19 12 4 9 — — 14 — 30

Outer mitochondria 50 47 3 1 48 22 12 2 2 3 5 — S

Inner mitochondna 75 23 2 1 43 24 6 2 18 2 — 3
Escherichia coli plasma 75 25 — trf — 65 — tr I8 2 - — -

* SM = sphingomyelin
GS = glycosphingolipid
Chol = cholesterol
tSome lipid analyses do not give a total of 100% because not all lipids present are recorded here.

ftr = trace.

in plasma membranes of animals but seldom in plants. Glycosphingolipids are found in the membranes
of nerve and muscle tissue. Although the type and amounts of polar heads vary widely, the
hydrocarbon chains found in all membrane lipids are similar.

The composition of some membranes are shown in Table 6.3.

Question: Considering (1) the nature of the lipids found in membranes and (2) the fact that
membranes are two-dimensional structures, what is the most likely arrangement of the lipid molecules
in a membrane?

It is a closed bilayer as occurs with artificial vesicles (Fig. 6-3). Naturally occurring membranes
are sometimes called biomembranes to distinguish them from the membranes present in artificial
vesicles and the vesicles made experimentally from natural membranes.

Some of the proteins can be removed from membranes by agents that disrupt ionic and polar
bonding (e.g., urea or high concentrations of salt solution). These are known as extrinsic or peripheral
proteins. Other proteins, called intrinsic or integral proteins, can be removed only by treating the
membranes with detergents or with organic solvents.

Question: What do the observations concerning extrinsic and intrinsic proteins suggest regarding
the location of proteins in membranes?

If a membrane is essentially a bilayer of polar lipids, then the peripheral proteins exist on the
surfaces of the bilayer and are attached via ionic and polar bonds to the polar heads of the lipids
or the integral proteins. The integral proteins are deeply embedded in the bilayer and are anchored
in the membrane by van der Waals bonds and hydrophobic interactions.

Question: Some of the integral proteins isolated from membranes have high molecular weights. How
might these fit into the lipid bilayer?

They do this by completely spanning the bilayer (see Fig. 6-7). The parts that project on either
side are polar, while the parts embedded in the bilayer consist of amino acid residues with hydrophobic
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Fig. 6-7

side chains or are folded in such a way that the hydrophilic side chains project into the center of
the structure away from the lipid. Integral proteins may pass through the membrane up to 12 times
or more.

Although relatively few integral membrane proteins have been purified, a large number of integral
proteins have now been sequenced. In these proteins it has proved possible to identify transmembrane
domains as sequences of 20 amino acids that have a high content of hydrophobic amino acids.

So far, no protein has been found as a common constituent of all membranes (compare the almost
universal existence of the lipids PC and PE), even from the same species. Thus, it seems unlikely
that there is a universal structural protein in membranes. The numbers of different proteins in a
membrane vary widely according to membrane type. The plasma membrane of the bacterium
Halobacterium halobium contains only 1 protein (bacteriorhodopsin), whereas the membrane of
another bacterium, Escherichia coli, contains about 100. The plasma membrane of the human red
blood cell contains at least 17 different proteins.

The arguments developed from the beginning of this section concerning the occurrence and
relationship between the lipids and proteins in membranes led S.J. Singer and G.L. Nicolson in
1972 to propose the so-called fluid mosaic model as a universal scheme for membrane structure

(Fig. 6-8).

Fig. 6-8 The fluid mosaic model for membrane structure. The mosaic bilayer of polar lipids
is about 5 nm thick. The proteins, including a iransmembrane prolein, are shown
as irregular lumps.
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Question: The model in Fig. 6-8 envisages a fluid. dynamic structure. What is meant by this?

The structure is not rigid. Because the hydrocarbon region is liquid, there is rapid lateral diffusion
and rotational motion (about an axis perpendicular to the bilayer) of both lipid and protein
components.

Question: What sort of motion is restricted in the modcl?

Movement of components from one leafiet to the other (flip-flop). For this to occur. the polar
regions of a lipid or a protein must pass, at some stage. through the hydrophobic core of the bilayer,
and this i1s a thermodynamically unfavorable occurrence.

Question:  What consequences does the restriction on flip-flop of lipids have for the structure of
the membrane?

Membranes often show an asymmetric distribution of lipid and protein components between the
two leaflets of the bilayer. There is ample evidence for this. For example, PC and sphingomvelin,
where it occurs. are found essentially in the outer leaflet, whereas PE and PS are found predominantly
in the inner leaflet. The existence of unidirectional membrance transport indicates that the proteins
involved must be asymmetrically distributed across the membrane. Moreover. the outer Icaflet of the
plasma membrane contains the molecules (glycoproteins and glycolipids) that identify the cell as a
particular type so that it can be recognized by components in the circulation. These glycoproteins
and glycolipids do not occur in the inner leaflet. Recent evidence suggests that certain phospholipids
(c.g.. PS) are asymmetrically distributed by the action of encrgy-requiring phospholipid trans-
locases.

Question: How will temperature affect the physical properties of membranes?

At temperatures well below that at which a membrane occurs naturally, the lipid bilaver will
be nonliquid. A reversible transition. usually over a range of ~10°C. occurs as the temperature is
raised, and the hydrocarbon chains become disordered as the membrane becomes liquid. The
midpoint of this transition is known as the melting point or transition temperature. Its value in a
particular organism is maintained a few degrees below the ambicent temperature and depends on (1)
the lengths of the hydrocarbon chains and their degree of unsaturation and (2) the nature of the
head groups of the lipids.

The dependence of the melting point upon the nature of the head groups of the lipids suggests
that interactions occur between the various head groups. This is supported by the observation that
PE is much less mobile than PC in artificial membranes. With PE, hydrogen bonds can oceur between
—NH3Z and a phosphate on a neighboring molecule, whereas the larger group —* N(CH,)y in the
PC molecule relative to —NH;™ makes it less likely that — N(CH.)y will tit into a tightly packed
array without creating a stronger repulsive force; this leads to greater mobility.

A number of integral proteins retain bound lipid molecules when isolated. It is possible. then,
that. in the intact membrane. the mobility of protein and the surrounding layer of lipid is restricted
by a physical association between the two. Removal of the lipids of solvation causes loss of structural
and functional integrity of the protein.

Question: How docs the presence of cholesterol affect the properties of @ membrane at physiological
temperature?

Cholesterol decreases the freedom of motion of the lipids surrounding it. since cholesterol is a
rigid structure having a high affinity for the hydrocarbon chains of its neighbors. Morcover. it is deeply
embedded, so that its hydroxyl group is level with the ester bonds of neighboring lipids and there
is hydrogen bonding between the hydroxyl group and the polar heads. In general. cholesterol-rich
membranes have reduced water permeability.
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Fig. 6-9 N-Linked oligosaccharides in glyoproteins: (a) complex type, and (b) high
mannose type.

Membrane Glycoproteins

The recognition of cells by other cells often involves the presence of carbohydrates attached to
proteins on the surface of cell membranes. Such carbohydrates are frequently attached to serine or
threonine residues (Chap. 3) via O-glycosidic linkages, or to the side chains of asparagine residues
via N-glycosidic linkages. The N-linked oligosaccharides frequently contain a common *‘core™ of 5
residues, two of N-acetylglucosamine and three of mannose, as shown in Fig. 6-9. To this core may
be attached additional mannose residues (the high mannose type) or various combinations of
N-acetylglucosamine, galactose, N-acetylneuraminic acid and fucose (the complex type). With a
number of different monosaccharide units to choose from, several possibilities of linkage, and two
anomeric configurations, an enormous number of possible structures is possible.

Question: What is the point of having such diversity?
A large degree of possible diversity provides a large information content, allowing cells to develop
complex mechanisms of recognition.

EXAMPLE 6.9

It is believed that senescence (“‘passing the use-by date”) of mammalian cells or circulating glycoproteins
may be recognized by the loss of N-acetylneuraminic acid (sialic acid) brought about by sialylases in vascular
tissues. The exposed terminal galactose residue may be recognized and bound by an asialoglycoprotein receptor
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of certain cells which can then internalize and degrade the cell or protein carrying the asialylated glycoprotein
by means of endocytosis.

EXAMPLE 6.10

Plants and some bacteria produce proteins, known as lectins, that are capable of specific binding to certain
classes of oligosaccharides. A lectin from jack bean, known as concanavalin A, recognizes and binds to
nonreducing a-mannose units of oligosaccharides. Bacteria, such as £, coli. attach to host tissues through bacterial
lectins that recognize and bind particular carbohydrate units on the surface of host cells. Recognition mechanisms
of this type explain the tissue specificity of some bacterial diseases.

6.12 TRANSPORT

A membrane is primarily a mechanical barrier separating two aqueous phases and is able to
function as such by virtue of the two-dimensional hydrophobic bilayer of polar lipids that inhibits
the free movement of solutes from one phasc to the other. Free movement across a membrane is
referred to as simple diffusion. The rate of simple diffusion of different substances varies considerably.
For example. the following substances are arranged in order of decreasing rate of simple diffusion
across a typical membrane: oxygen. benzene, glycerol, glucose, aspartate, hemoglobin. The rate of
simple diffusion depends on the state of the substance (gases diffuse fastest), its size (the smaller,
the faster). and its polarity (the more polar, the slower). In quantitative terms and for nongases, simplc
diffusion is of importance only in the transport of molecules with a large hydrophobic character. A
few membranes., however. permit rapid simple diffusion of a wide range of substances. including polar
compounds.

Question: By what mechanism do some membranes allow nonselective entry of certain solutes?

Some membranes contain pores. Examples of membranes that contain pores and allow quite
hydrophilic compounds, generally of M, less than 600, to pass freely include the outer membranes
of mitochondria and those of Gram-negative bacteria. The pores of the membranes are formed by
proteins called porins.

Most membranes do not possess nonspecific pores allowing rapid diffusion of solutes, and for
them, simple diffusion of solutes is a very slow process. Solutes can cross such membranes much more
rapidly by carrier-mediated transport. The membrane components that mediate transport are proteins.
They are known as carriers or permeases or transport proteins. The term transiocase has sometimes
been used but should be avoided since this term is also used to describe enzymes involved in protein
biosynthesis.

Carriers are specifie for the solute transported. A set of carriers will allow a cell to take up
desirable substances rapidly and get rid of unwanted substances rapidly. By the same token,
undesirable compounds can be kept out of cells. and useful ones retained, by the absence of suitable
carriers, in which case simple diffusion would be the only way such compounds could cross
membranes.

Although it is a simple matter, experimentally. to determine the characteristics of the movement
of a particular compound across a membrane (e.g.. the cffect of pH and temperature on the rate),
it is difficult to examine how a carrier operates at a molecular level.

Question:  Why is determining the mechanisms of carrier transport so difficult?

For a carricr to be studied effectively it must usually be purified. But purifying it involves removing
it from the membrane in which it exists naturally; i.e.. the membrane must be disrupted. and as a
result, the very quality by which the biological activity of the carrier can be measured is lost. This
problem can be overcome by incorporating the purified carrier into artificial vesicles.
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EXAMPLE 6.11

In order to measure the rate of transport of a solute into a cell (or artificial vesicle), radioactively labeled
solute is used. A suspension of cells is incubated in a medium containing radioactive solute; portions of the
suspension are removed at different times, and the radioactivity of the washed, filtered cells is measured. Fig.
6-10 shows a plot of the radioactivity of the washed cells at different times. The slope of the initial part of the
plot gives the rate of uptake of the solute (after solute concentrations are first derived from measurements of
radioactivity) corresponding to the solute concentration at time = 0, [S)],,.

Radioactivity in cells

Time (s)

Fig. 6-10

Question: Are there any experimental artifacts likely in the method described?

Yes. Once in the cells, the solute may be metabolized. Thus, its actual concentration inside the
cell will be less than that indicated by the measured radioactivity of the cells. Also, if there is solute
already inside the cell, the measured rate of uptake is a net value since there must be some movement
(by simple diffusion and carrier transport) of the solute out of the cell. (These objections do not
usually apply to transport by carriers incorporated into artificial vesicles.) These problems are
overcome partly by using a nonmetabolizable analog; e.g., in studying the transport of glucose,
radioactive 2-deoxyglucose or a-methylglucoside could be used.

In studies on transport in bacteria, another method for overcoming the problem of solute
metabolism is to use bacterial mutants which will transport the solute but which lack one or more
enzymes for metabolizing the solute.

Question: What would be an objection to the use of analogs?
The precise rate of transport of the compound of interest, e.g., glucose, is not determined,
although it can be presumed to be similar to that of the analog.

Question: Given that it is possible to measure v, the rate of transport of a solute into a cell, how
will v vary with the concentration of solute [S], in which the cells are suspended for (a)
carrier-mediated transport and (b) simple diffusion?

For carrier-mediated transport [Fig. 6-11(a}] there must be a finite number of carrier molecules
in the membrane. At low [S],, only some of these molecules will be bound to the solute, but at high
[S]o, most of the carrier molecules will be occupied, and there is therefore a maximal value for v
(Vinax)- In simple diffusion [Fig. 6-11(d)], there is no carrier to saturate, and v is higher at high [S],
because the concentration gradient of solute across the membrane, which determines the rate of
diffusion, is greater than it is at low [S],.
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Fig. 6-11 Dependence of rate of transport on solute concentration.

Mathematical equations can be derived to explain the curves demonstrated in Fig. 6-11 (see Chap.
9). The curve in Fig. 6-11(a) is described by the equation for a rectangular hyperbola.

vmax[S]o

" IS, + a constant 6.1)
The equation for the graph in Fig. 6-11(b) is
a constant

where [ is the thickness of the membrane. (In the derivation of these equations it is assumed there
is no solute on one side of the membrane when a concentration of [S], is introduced on the other
side.)

Question: Suppose carrier-mediated transport and appreciable simple diffusion occurred simul-
taneously in an experiment on transport. How could this be demonstrated?

A plot of v against [S], would not show saturation, except when simple diffusion was trivial
compared with carrier-mediated transport. See Fig. 6-12. However, it is often impossible to determine
v at high [S],; e.g., the solute may not be soluble enough to achieve high [S],. Mixed processes of
movement of solute across a membrane can be demonstrated using a double-reciprocal plot. (See
also Chap. 9.)

(Sl
Fig. 6-12
EXAMPLE 6.12
The inverted forms of Egs. (6./) and (6.2) are
1 1 a constant 1 1 l 1
—= + and - —
v Vmax Vmax [S]o v a constant [S]o
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Plots of 1/v against 1/[S], for both of these are straight lines [see Fig. 6-13(a)]. For simultancous simple
diffusion and carrier-mediated transport, the double-reciprocal plot is shown in Fig. 6-13(5).

An aiternative method for distinguishing simple diffusion from carrier-mediated transport can
be used if the solute contains a chiral atom. Simple diffusion will occur for both enantiomers and
at the same rate, but carrier-mediated transport is invariably stereospecific; i.e., the carrier will
recognize only one of the enantiomers.

Question: Which would be recognized (bound) by a carrier located in a cell membrane, p-glucose

or L-glucose?
p-Glucose would be recognized by a carrier because this isomer occurs naturally. The other does
not, and there would be little point in living systems evolving such a carrier.

Question: Under what conditions would the process of (a) simple diffusion and that of (b)
carrier-mediated transport cease?

(a) Simple ner diffusion would cease when the concentrations of solute on both sides of the
membrane were the same.

(b) With some carrier-mediated transport systems it has been found that, as in simple diffusion.
net transport ceases when the solute concentration is the same on both sides of the
membrane. With other systems, the solute continues to be transported even after the solute
concentrations on both sides become equal.

As the preceding question shows, there are two types of carrier-mediated transport: (1) facilitated
diffusion (which allows the concentration of solute on both sides of a membrane to be equalized)
and (2) active transport (which allows the solute to move up, or against, a concentration
gradient).

EXAMPLE 6.13

Figure 6-14 shows the ways in which solutes can move across a membrane. [S] and [s] represent high and
low concentrations of solute, respectively.

Simple diffusion and facilitated diffusion are spontaneous processes; solute will move down a
concentration gradient (i.e., [S]— [s]) until equilibrium is attained. The free energy change. AG. for
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Simple diffusion Facilitated diffusion Active transport

(s) 1 151 Carrier Yl (s}~ Carrier =[]

these processes is negative (Chap. 10) because the solute becomes more randomly distributed. Thus,
no input of energy is required for the process,

AG = 2.3RTlog—[i (6.3)

[S]
At equilibrium [s] = [S] and AG is zero.
With active transport, the solute is concentrated on one side of the membrane. This process is
not spontancous, since AG is positive and some form of energy must be provided to drive the
carrier-mediated reaction. Hence the term active transport.

Question: Is the ability to concentrate a particular solute by active transport limitless?

No. If the concentration of solute builds up to high levels on one side of a membrane, solute
leaks back by simple diffusion. The higher the concentration difference across the membrane, the
greater will be the rate of simple diffusion. In practice, concentration ratios greater than several
hundred-to-one rarely occur, and the ratios are usually very much smaller.

The solute will also diffuse back across a membrane if the membrane contains a carrier for
facilitated diffusion. That is, simple diffusion and facilitated diffusion are bidirectional; active transport
is unidirectional.

Question: The movement of an ionized solute across certain types of membranes does not always
give rise to equal concentrations of the ion on both sides of the membrane, even when only simple
diffusion, facilitated diffusion, or both are available. How can this be explained?

If an electrical potential difference exists across the membrane, then the ionized solute will be

(s°]

® ® O G 6 0 O
@

Fig. 6-15 [S*] and [s™] = equilibrium concentrations. Note that there are more negative
than positive charges on the membrane.
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unevenly distributed at equilibrium (Fig. 6-15). AG is dependent not only on solute concentration,
but also on the potential difference A¥ across the membrane (Chap. 10).

[s”]
AG = 23RT log (= + ZFAY

where Z is the net charge on the solute, and F is the Faraday constant.

For active transport to occur, some form of energy must be provided. In primary active transport,
energy is provided either by the hydrolysis of ATP or by utilization of electron flow down an
electron-transport chain (see Chap. 10). In secondary active transport, the energy is provided by ions
moving down a concentration gradient coupled to the movement of a solute against its concentration
gradient. The ion gradient is set up by primary active transport. A special type of active transport
is group translocation. In this, the substance transported is modified chemically while crossing the
membrane, e.g., by accepting a chemical group; energy is expended since the chemical group is
transferred as a result of cleavage of a high-energy compound.

EXAMPLE 6.14

Figure 6-16 shows the three types of active transport. The source of energy is assumed to be ATP. The
symbols [s], [i*] and [S], [I*] represent low and high concentrations of solute and ion. respectively. AX is a
compound from which a chemical group X (e.g., a phosphate) is transferred to the solute to form SX.

Primary active Secondary active Group translocation
[s]< [S]
1A -
ATP () tl AX
[s]— sl ATP fs] 1sX]
ADP [1"] - [i*] A
+
F,
ADP
+
P,
Fig. 6-16

Some examples of carrier systems are given in Table 6.4.

Table 6.4. Carrier-Mediated Transport Systems

Solute Type of Transport Occurrence
Glucose Facilitated diffusion Most animal cells
ATP out—ADP in Facilitated diffusion Mitochondria
H* Primary active (uses ATP) Stomach epithelia
Na* out—K™ in Primary active (uses ATP) Animal cells
Glucose Secondary active (Na* cotransport) Some animal cells
Glucose Group translocation Many bacteria




182 LIPIDS, MEMBRANES, TRANSPORT, AND SIGNALING [CHAP. 6

6.13 MOLECULAR MECHANISMS OF TRANSPORT ACROSS MEMBRANES

A protein engaged in the transport of a specific solute across a membrane must have two
properties: (1) the ability to bind the solute and (2) the ability to carry out a vectorial process, i.e.,
a directional process which delivers the solute from one side of the membrane to the other.

Question: What are some simple means by which the vectorial process might occur?

1. The transport protein could behave as a mobile carrier; e.g., a large, transmembrane protein
could rotate, as in Fig. 6-17(a), or a small protein could traverse the membrane as in Fig.
6-17(b).

2. The transport protein could constitute a pore or channel as in Fig. 6-17(c).
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Flg. 6-17

There are difficulties with both concepts presented in the above question. Movement of polar
segments of a molecule through the nonpolar part of a lipid bilayer is a rare event, and the mobile
carricr concept is not favored on thermodynamic grounds. Although the existence of nonspecific
channels in some membranes is known, the concept of a pore can be accepted only if the porc has
a gate enabling the transport protein to be specific and to permit movement of the solute in the
direction demanded by the particular type of transport. The pore concept can be modified by
proposing that the transport protein is an oligomeric protein in which the spaces between subunits
constitute a water-filled channel closed by contact of the subunits (Fig. 6-18). Binding of solute to
the protein triggers a conformational change altering the relative positions of the subunits and so
opens the channel. This would be facilitated diffusion. If metabolic energy is expended to cause the
conformational change, rather than simply binding of the solute, then this would be active transport.
So far, experimental studies on the structures of transport systems have provided support for the pore

Fig. 6-18 Conformational change in a pore protein allowing tramsport of the solute.
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concept in the case of ion channels, and for the mobile carrier hypothesis in the case of certain
transport ATPases.

Artificial systems permitting the transport of cations have been inserted into natural membranes
and into artificial vesicles. These are known as ionophores, and there are two types, exemplified by
gramicidin A and valinomycin.

1. Gramicidin A is an antibiotic composed of 15 amino acids:

CHO—NH—L-Val—-Gly—L-Ala—p-Leu—L-Ala—b-Val—L-Val-bp-Val—L-Trp—b-Leu—
L-Trp~b-Leu—L-Trp—p-Leu—L-Trp—CONH(CH;)OH

Because of its hydrophobic nature, gramicidin A penetrates a lipid bilayer: two molecules
form a head-to-tail dimer, which can twist to form a hollow helix with six turns and a total
length of 3 nm, about the distance across the hydrophobic region of a lipid bilayer. The helix
is stabilized by intramolecular hydrogen bonds between peptide links in the polypeptide
chain. The hydrophobic side chains are on the outside of the helix, leaving a hydrophilic
aqueous channel down the center of the helix through which cations can pass. This type of
ionophore is nonspecific, and the cations do not bind strongly to the gramicidin A.

2. Valinomycin is an ionophore but with different properties from gramicidin A: (a) it
specifically transports K™, and no other ion, when inserted into membranes or vesicles; (b)
it can transport K* only above the phase transition temperature of the membrane, whereas
cation transport by gramicidin A is insensitive to temperature.

Valinomycin has a cyclic structure resembling a peptide chain containing 12 amino acid
residues; basically it is a four-unit structure that is repeated three times:

[‘NH—(L-VaI—D-HyV—D-Val—L-Lac)3CO—|

where p-HyV is p-hydroxyisovalerate and L-Lac is L-lactate. The structure is stabilized by
successive amide and ester linkages.

Question: What would be a possible mechanism of K* transport by valinomycin?

Since valinomycin transports K* specifically, it must bind the ion rather than provide a channel,
as does gramicidin. Since transport can occur only when the membrane is fluid and since valinomycin
is a small molecule, this suggests that the valinomycin-K* complex must move through the membrane;

e., it behaves as a mobile carrier. The hydrocarbon side chains of the cyclic structure can be imagined
on the outside of the structure, thus making the latter compatible with the hydrocarbon portion of
the lipid bilayer. The inside contains the 12 carbonyl groups of the ester and amide bonds, six of
which coordinate the K™ in the space at the center of the structure (Fig. 6-19).
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Fig. 6-19 Binding of K* by valinomycin.
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Table 6.5. Plasma Membrane Receptors
Natural
Receptor Type ; Examples Ligand Functions

Ligand-gated ion Nicotinic Acetylcholine Activation of

channels (Na*, Ca’* channel) neuromuscular junction
GABA (A) y-Aminobutyrate | Inhibition of nerve
(C1™ channel) transmission in brain

G-protein coupled
receptors

(a GTP-binding protein
links the receptor to the
activation of intracellular
enzymes)

Growth factor receptors
(These receptors fall into
two main groups: receptor
tyrosine kinases' and
receptors that associate
with cytoplasmic tyrosine
kinases?)

Excitatory amino acid

(Na*, Ca’* channel)

P,x purine nucleotide
receptors (Na*, Ca?* channel)
Muscarinic receptors

(five subtypes)

Adrenergic receptors
(three al subtypes; three
a2 subtypes; three g
subtypes})

Angiotensin receptor

Leukotriene B, receptor

P,y purine nucleotide
receptor

Insulin’

Epidermal growth factor!
(EGF)

Interferon (INF)?
(several subtypes)

Growth hormone”

Glutamate

ATP

Acetylcholine

Epinephrine,
norepinephrine

Angiotensin I

Leukotriene B,

ATP, UTP

Insulin

EGF

INF a.8,y

Growth
hormone

Activation of nerve
transmission in brain
Activation of nerve
transmission in brain
Slow heart rate:
release pancreatic
digestive enzymcs

Increase blood
pressure (al);
increase heart rate
(B1); increase air flow
into and out of lungs
(B2)

Increase blood
pressure (by
constricting small
arteries)

Neutrophils: promote
intracellular killing of
bacteria

Endothelial-
dependent relaxation
of vascular smooth
muscle

Lower blood glucose;
promote glucose
storage as glycogen in
liver and skeletal
muscle and as fat in
fat cells

Promote
differentiation of cells
that line the gut
Promote
differentiation and
proliferation of
lymphocytes

Promote growth of
diverse tissues
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6.14 SIGNALING

The plasma membrane is an essential barrier between the intracellular and extracellular fluids.
Signaling mechanisms have evolved so that cells may respond to chemical messengers that derive from
nerve terminals (neurocrine transmission), endocrine glands (endocrine transmission) or neighboring
cells (paracrine transmission).

Two basic forms of signaling are recognized.

1. An amphiphilic chemical messenger diffuses across the plasma membrane. Inside the cell
the messenger molecules interact with specific receptors (binding proteins). In the ligand-
bound state these receptors regulate the transcription of specific messenger RNAs and
thereby control the expression of key enzymes, receptors or transporters.

2. The chemical messenger is unable to cross the plasma membrane because of low lipid
solubility. The messenger binds to specific plasma membrane receptors (integral membrane
proteins). In the ligand-bound state the receptors activate either (1) an intrinsic ion channel
(ionotropic recepiors) or (2) a defined sequence of enzymes (metabotropic receptors). Table
6.5 shows examples of plasma membrane receptors.

Nuclear Receptors

These receptors are chiefly responsible for the physiological effects of steroid hormones such as
cortisol as well as thyroid hormone and vitamin A. They are proteins that share a common basic
structure consisting of a ligand binding domain and a DNA binding domain (comprised of zinc finger
motifs). They operate as ligand-responsive transcription factors (see Chap. 17 for further dis-
cussion).

EXAMPLE 6.15

The glucocorticoid receptor is a nuclear protein that has three functionally important domains: a domain
at the C terminus that binds steroid hormone (ligand), a DNA-binding domain composed of two zinc finger
motifs and an N-terminal domain involved in the regulation of gene transcription (Fig. 6-20).

DNA binding

N C
Transcriptional regulation

l.igand binding

Fig. 6-20 The structure of the glucocorticoid receptor.

Plasma Membrane Receptors

Ionotropic Receptors (Ligand-Gated Ion Channels)

The chemical messenger alters the conformational state of an integral membrane protein that
operates as a channel for the movement of ions (e.g., Na*, K*, Cat, CI7) across the plasma
membrane. Excitatory neurotransmitters such as glutamate, acetylcholine and ATP activate ligand-
gated ion channels that promote the entry of Na* and Ca®* ions to depolarize (activate) neurones.
The inhibitory neurotransmitter y-aminobutyrate (GABA), on the other hand, promotes the entry
of CI™ ions that hyperpolarize (deactivate) neurons.
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Fig. 6-21 Schematic views of G-protein coupled receptors. (@) Cross-sectional view of a G-protein coupled
receptor demonstrating the N terminus in the extracellular space, seven transmembrane domains and
the C terminus in the cytoplasm. (b) A view of the transmembrane domains of a G-protein coupled
receptor from above demonstrating how amino acid side chains can form a precise ligand-binding
site. In this example the ligand-binding site is shown to be formed by a side chain carboxylate group,
two side chain amino groups and three side chain hydroxyls.

Metabotropic Receptors (G-Protein Coupled Receptors, Growth Factor Receptors)

G-protein coupled receptors respond to an astonishing variety of activators including short
peptides, proteins, biogenic amines, nucleotides, lipids and even photons of light! They are single
subunit integral membrane proteins with a common seven-transmembrane domain structure in the
form of a so-called “helical wheel” [Fig. 6-21(b)].

The ligand binding site is formed at or near the surface of the membrane by amino acid side
chains that project into a central cavity formed by the transmembrane domains [Fig. 6-21(b)]. In the
ligand-bound state, these receptors activate cytosolic guanine nucleotide-binding proteins (i.e.,
G-proteins) that, in turn, regulate the activity of one or more key enzymes. G-proteins consist of
three nonidentical subunits (aBy). The a subunit binds one molecule of either GDP or GTP. The
GDP-bound form is inactive. Occupation of the ligand-binding site on the receptor initiates a guanine
nucleotide-exchange reaction whereby GDP is displaced by GTP (Fig. 6-22), The activated a-subunit
then separates from its associated By subunits. This is a key event in the signal transduction process
because the liberated a subunits and By subunits bind to and activate enzymes downstream of the
receptor. The a subunit also has enzyme activity. Its intrinsic GTPase limits the duration of its own
activation by converting GTP to GDP in its guanine nucleotide-binding site.

EXAMPLE 6.16

Cholera toxin interferes with the function of a key G-protein in the small intestine by deactivating its intrinsic
GTPase activity. The consequence is uncontrolled activation of the signal transduction pathway which produces
the second messenger 3',5'-cyclic AMP leading to a life-threatening diarrhea following the activation of ion and
water secretion.

Question: How many G-protein coupled receptors are there?

The answer to this question is not known. However, homology-based molecular cloning
techniques have led to the identification of literally hundreds of these receptors each of which
conforms to the seven transmembrane domain pattern. The function of many of these receptors and
their ligands are unknown; such receptors are referred to as “orphan” receptors. Similarly, there
is a considerable diversity of G-proteins. In particular, over 30 different a-subunit types have been
described.
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Fig. 6-22 Cycle of activation and deactivation of heterotrimeric G-proteins. The ligand-
bound receptor acts as a guanine nucleotide-exchange factor that replaces GDP
with GTP on the a subunit. The a-GTP and B8y-GTP subunits then separate to
activate downstream target enzymes. The cycle is completed by the action of
intrinsic GTPase activity in the a subunit. Free a-GDP subunits readily
reassociate with free 8y subunits to form inactive afBy heterotrimers. G-protein
activation represents a site of amplification in signaling pathways: for every ligand
bound receptor molecule in the membrane, it is estimated that hundreds or
thousands of G-protein molecules are activated.

Regulation of Enzymes by G-Proteins

G-proteins activate enzymes that are loosely associated with the cytoplasmic surface of the
membrane or are present free in the cytoplasm. They act primarily on two forms of substrate,
(1) cytoplasmic nucleotides or (2) glycerol phospholipids of the inner leaflet of the plasma
membrane.

EXAMPLE 6.17
Nucleotide-Metabolizing Enzymes that are Regulated by G-Protein Coupled Recepiors:

Adenylate cyclase, which converts ATP to adenosine 3',5’-cyclic monophosphate (cAMP) is activated by
receptors that activate the G-protein known as G, (for stimulatory G-protein) and inhibited by receptors that
activate the G-protein known as G; (for inhibitory G-protein). Elevation of cAMP levels underlie the release
of glucose from glycogen that is induced by epinephrine and glucagon (see Chap. 11).

c¢GMP phosphodiesterase, which converts guanosine 3',5'-cyclic monophosphate (cGMP) to GMP is activated
by the G-protein transducin (G,) in response to activation of photoreceptors in the plasma membranes of retinal
rod cells. Light-induced suppression of cGMP levels in this way closes Na*-permeable channels in the rod cell
membrane, resulting in membrane hyperpolarization and a decrease in nerve transmission from the retina. The
brain interprets this suppression of nerve transmission as a burst of light.

G-Protein Regulated Phospholipases

Glycerol phospholipids are susceptible to enzyme-mediated attack by phospholipases at a variety of positions.
Phospholipases are, in some cases, highly specific for particular water-soluble head-groups: e.g., Pl-specific
phospholipase C. In other cases, however, the phospholipase involved may attack phospholipids from a variety
of classes: e.g., phospholipase A;. Certain isoforms of phospholipases A;, C and D are activated by G-proteins
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Fig. 6-23 Hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) by phospholipase C.
Phospholipase C (PL-C) is activated by G-protein a- and/or By-subunits. The
hydrolysis site is indicated by the open arrow. Two products are obtained:
1.2-diacylglycerol (DAG) which activates protein kinase C and inositol 1,4,5-
trisphosphate (IP3) which induces Ca’* release from intracellular stores.

(Gi, Gy, Gg). As a result, the inner leaflet of the plasma membrane is the source of a variety of chemical mediators
that are released as a consequence of receptor activation. These mediators include: inositol 1,4,5-trisphosphate
(IP3) and 1,2-diacylglycerol (DAG), which are both products of Pl-specific phospholipase C (Fig. 6-23); and
arachidonic acid, which is an unsaturated fatty acid product of phospholipase A; and phosphatidate (a product
of phospholipase D). IP; induces the release of Ca®* ions from intracellular endoplasmic reticulum stores. DAG
is a known activator of a lipid-dependent serine/threonine protein kinase (protein kinase C).

Receptors for Growth Factors

Certain growth factors such as epidermal growth factor (EGF) and platelet-derived growth
factor (PDGF) that regulate cell metabolism and gene transcription activate receptors that have
intrinsic protein kinase activity in their cytoplasmic domains (Fig. 6-24). This intrinsic protein kinase
activity specifically phosphorylates tyrosine residues in proteins. Receptor tyrosine kinase activity
is quiescent in the absence of the ligand but is activated upon ligand binding on the extracellular
surface, resulting in the phosphorylation of tyrosine residues in (1) the cytoplasmic domains of
the receptors themselves (autophosphorylation) and (2) key cytoplasmic proteins. Some receptors
of this type exist as single subunits that dimerize upon activation (e.g., the epidermal growth factor
receptor; see below). Others consist of multiple subunits that are stabilized by disulfide bonds
(e.g., the insulin receptor). Phosphorylation of the receptor’s cytosolic domains creates templates
for the assembly of a protein apparatus that activates a key monomeric G-protein known as ras.
The activation of ras precedes the activation of a cascade of serine- and threonine-specific protein
kinases that influence gene transcription and cytoskeletal rearrangement. These events underlie
cell differentiation and proliferation.

Question: What is the nature of protein phosphorylation reactions?

Phosphorylation is a commonly used device in nature for regulating the activity of key enzymes.
Protein kinases are ATP phosphotransferases that act on protein or peptide substrates. In general,
protein kinases fall into two groups: those that phosphorylate serine or threonine residues (e.g.,
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Fig. 6-24 Schematic representation of the epidermal growth factor (EGF) receptor. The
receptor is an integral membrane protein with a single transmembrane domain.
The ligand binding site is in the extracellular domain and there is a tyrosine
kinase domain near the C terminus in the cytoplasm. (a) At rest the receptor
exists as single subunits. (b) Upon binding EGF, the receptor forms dimers
stabilized by noncovalent associations. After dimerization the activated tyrosine
kinase phosphorylates tyrosine residues in the cytoplasmic domain prior to the
recruitment of further proteins to bind to the receptor. The formation of a protein
assembly on the cytoplasmic domain is necessary for activation of enzymes that
regulate cell metabolism and gene transcription.

cAMP-dependent protein kinases) and those that phosphorylate tyrosine residues (e.g., the EGF or
insulin receptors). In the case of serine/threonine kinases the terminal phosphate of ATP is transferred
to serine and threonine hydroxyls. In the case of tyrosine kinases, the terminal phosphate of ATP
is transferred to specific tyrosyl hydroxyl groups.

Question: How do proteins bind to phosphotyrosyl residues on receptor tyrosine kinases?

Specific peptide sequences known as src homology-2 (SH-2) domains bind to phosphotyrosyl-rich
sequences. This binding reaction permits the interaction of key proteins with activated receptor
tyrosine kinases and the assembly of the ras activating complex.

Other growth factors signal by a family of single transmembrane domain receptors that activate
intracellular tyrosine kinases but do not themselves express a tyrosine kinase activity in their
cytoplasmic domains. Receptors for several cytokines (peptide regulators of lymphoid and myeloid
cell function) and several hormones, e.g., growth hormone, prolactin and erythropoietin, belong to
this family. Upon binding of the ligand, cytoplasmic tyrosine kinases of the JAK (Janus kinase) family
associate with the cytoplasmic domain of the receptor and are activated. JAK tyrosine kinases regulate
key cytoplasmic enzymes and the STAT family of transcription factors.

The Role of Intracellular Mediators in Signal Transduction Pathways

Plasma membrane receptors are critical to the process of transmitting the information carried
by the ligand or “first” messenger (neurotransmitter, hormone, etc.) from the extracellular space
to the cell interior. However, cell signaling requires information flow inside the cell too. The molecules
that carry this information to modulate the activity of ion channels, enzymes or receptors are
sometimes referred to as “second” messengers. However, due to the complexity of signal transduction
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cascades in which the levels of one **second” messenger can regulate the levels of another ‘‘second”
messenger, the term “intracetlular mediator” is probably more appropriate.

EXAMPLE 6.18

Intracellular mediators for growth factor receptors include tyrosine kinases (e.g., receptor tyrosine kinases
or JAK kinases), key binding proteins, phospholipid-modifying enzymes and their products, monomeric
G-proteins (e.g., ras) and downstream serine/threonine protein kinases (such as MAP kinase) which regulate
the cytoskeleton and gene transcription. The activation of ras by guanine nucleotide exchange is a key event
in the activation of the downstream signaling pathway for many growth factors.

Intracellular mediators for G-protein coupled receptors include cAMP, cGMP, Ca?* ions, IP,,

DAG, arachidonate and phosphatidate. These mediators regulate cell metabolism by modulating the
activity of ion channels (e.g., CAMP, cGMP, Ca®* ions, arachidonate), serine/threonine kinases (e.g.,
cAMP, ¢cGMP, Ca?* ions, DAG, phosphatidate, arachidonate) or intracellular transporters (e.g.,
IP5). Intracellular mediators regulate, as well as participate in, signal transduction pathways. For
example, CaZ* ions in concert with the Ca?* binding protein calmodulin activate the breakdown of
cAMP and cGMP via the intracellular enzyme phosphodiesterase (PDE). Similarly, receptor-activated
protein kinases act to deactivate (down-regulate) receptors. Phosphorylation of the B-adrenergic
receptor by B-adrenergic receptor kinase (BARK), for example, reduces the ability of the
B-adrenergic receptor to respond to epinephrine.

Question: How do calcium ions act as intracellular mediators?

The concentration of free Ca®* ions in the cytoplasm is maintained at very low levels (about
0.1 M) under resting conditions. This is about 1/10,000 of the level observed in plasma (1.1 mM).
Cytoplasmic free Ca?* concentrations may increase 10- or 100-fold, however, following the activation
of certain receptors. The release of IP; from membrane phospholipids in response to the activation
of certain G-protein coupled receptors is one mechanism for increasing [Ca®*];; IP; empties
intracellular vesicular Ca®* stores. The activation of certain ionotropic receptors also elevates [Ca®*];
by stimulating Ca®* influx from the exterior. Once elevated, Ca%* activates key intracellular enzymes
either directly, e.g., protein kinase C, or indirectly after binding to the high affinity Ca?* binding
protein calmodulin (16,700 kDa). Ca®*-calmodulin activates key enzymes including specific protein
kinases. Ca®* levels can be restored to normal in one of several ways including the action of (1) a
transport ATPase in the plasma membrane which pumps Ca?* ions out of the cell or (2) a transport
ATPase which accumulates Ca®* ions into the interior of the endoplasmic reticulum.

Question: How does cAMP activate its protein kinase?
Cyclic AMP protein kinases (PK-A) have an a8, subunit structure (Fig. 6-25). The catalytic
activity resides in the a subunits which are inactive in the tetrameric a,f; complex. Each 8 subunit

B

o o Catalytic subunits
B
- 4 CAMP cCAMP B cAMP
Inactive complex

Regulatory subunits

Fig. 6-25 Activation of cAMP protein kinase by cAMP.
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has two cAMP binding sites. In the presence of cAMP two free a subunits are released and four
molecules of cAMP bind to the remaining B, homodimer to form B,(cAMP),. The free a subunits
of PK-A phosphorylate protein targets in the presence of MgATP.

Solved Problems

CLASSES OF LIPIDS

6.1.

6.2.

Will the melting point of lactobacillic acid (C1gH360,, a cyclopropane fatty acid) be higher
or lower than that of the linear, saturated fatty acid of the same chain length?

CH;(CH,)4CH,CHCH(CH,)sCOOH

CH,

SOLUTION

The melting point will be lower; the cyclopropane group decreases the tendency of an array of
molecules to pack regularly. The melting points of lactobacillic acid and the 19:0 fatty acid are 28°C and
69°C, respectively.

Mevalonic acid, radioactively labeled at the a-carbon atom, was fed to an organism that
synthesizes cholesterol. Which atoms in the cholesterol will be labeled?

CH,
HOCH,CH,CCH,COOH

OH
Mevalonic acid

SOLUTION

Sterols are synthesized in nature from squalene and, therefore, ultimately from isoprene. Mevalonic
acid is the immediate precursor of the isoprene unit, and the carboxylic acid group is lost as carbon dioxide
when two mevalonic acid molecules combine head to tail. Thus, if the & carbon of mevalonic acid is
labeled, then this carbon is always adjacent to the carbon bearing a side-chain methyl group. Examination
of the way in which six isoprene units are linked in squalene (Example 6.2) shows that they are not all
linked head to tail; there is a point of symmetry in the structure of squalene (marked * in the structure
below). At this point a set of three isoprene units, linked head to tail, is joined head-to-head to a similar
set of three isoprene units, to give the labeling pattern shown.

BEHAVIOR OF LIPIDS IN WATER

6.3.

Will phospholipids with short hydrocarbon chains form bilayers?
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CH,
Mevalonic acid HOCHZCHZCIZQHZCOOH
OH =
°
. Squalene
°
HO
Cholesterol
SOLUTION

No. They form small micelles (see the fifth question in Sec. 6.7). The hydrocarbon chains need to
contain at least six carbon atoms for bilayers to form.

6.4. Explain why acylate ions have detergent properties.

SOLUTION

Acylate ions are amphiphilic, and the hydrocarbon chains are able to penetrate fatty (hydrophobic)
particles, leaving the surface of the particle ionic. (See Fig. 6-26.) Thus, the particle behaves as a micelle
and is readily soluble in water. The sodium and potassium saits of fatty acids are soaps. Soaps have poor
detergent properties in hard water because the calcium present in such water causes the micelles to
aggregate and precipitate. The divalent calcium ion can act as a bridge between two micelles, but since
a micelle is polyvalent, a small amount of calcium relative to the amount of the soap can cause all the
micelles to aggregate.

MEMBRANES

6.5. Which would be better for solubilizing the integral proteins present in membranes, ionic or
nonionic detergents?
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SOLUTION

Ionic detergents alter the conformation of the hydrophobic portions of integral proteins, whereas
nonionic¢ detergents dissolve membranes and form mixed micelles of detergent-lipid-protein in which the
proteins’ conformations are unchanged. Thus nonionic detergents are preferred. However, removal of
lipid and detergent from the mixed micelles causes conformational changes and loss of biological activity
of the protein. This loss of activity arises because integral proteins need to be surrounded by lipids of

solvation to be effective.

6.6. What strategies do bacteria adopt to restore their membrane fluidity if they are suddenly
transferred from an environment at 25°C to one at 35°C?
SOLUTION
They can incorporate into their phospholipids fatty acids that are (1) longer, (2) more saturated,
or (3) less branched than the originals.
TRANSPORT
6.7. To what use could L-glucose be put in studying the transport of p-glucose into cells?
SOLUTION
L-Glucose can be used for distinguishing between simple diffusion and carrier-mediated transport.
L-Glucose would be transported by simple diffusion only. The difference in the rate of uptake of p-glucose
and L-glucose would represent the true rate of carrier-mediated transport of p-glucose because glucose
transporters are stereo-selective for p-glucose.
6.8. To each of six tubes containing buffer was added 50 uL of a suspension of rat liver mitochondria

that contained 20 mg mL ™! of protein. Radioactively labeled pyruvate (0.07 mCi mmol ~!) was
added to each tube. a-Cyano-3-hydroxycinnamate (an inhibitor of transport) was added to each
tube in turn at intervals of 5s. Each solution was filtered immediately after the addition of
inhibitor, and the radioactivities of the filters (which retained the mitochondria) were found to
be 0.17, 0.35, 0.51, 0.66, 0.82, and 0.96 nCi for the filters obtained at 5, 10, 15, 20, 25, and 30,
respectively. What is the rate of uptake of pyruvate in nmol min~' mg~' of protein?
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SOLUTION

The radioactivity of the filters is a measure of the pyruvate present in the mitochondria at the time
of their isolation. A graph (Fig. 6-27) of the radioactivity of the filters versus the length of time of
incubation of the mitochondria with pyruvate gives a curve, but the initial rate of uptake of pyruvate,
obtained from the slope of the tangent to the curve at the origin, is 2.1 nCimin~'. This represents a
rate of 30 nmol of pyruvate min~' since 1 mmol of pyruvate has 0.07 mCi of radioactivity. Each incubation
mixture contains 50 uLL of mitochondrial suspension and therefore contains 1 mg of protein. The rate
of uptake of pyruvate is therefore 30 nmol min~! mg~! of protein.

Suppose two independent carriers existed for the transport of a solute into a cell and simple

diffusion was negligible. How could the existence of two carriers be demonstrated?

SOLUTION

The existence of two carriers can be demonstrated by measuring the rate of uptake (v) of the solute
at different concentrations of solute ([S],). A double-reciprocal plot would have the appearance shown
in Fig. 6-28. Also see Chap. .

Vv

1/(8],

Fig. 6-28

SIGNALING

6.10. Extracellular epinephrine (adrenaline) (from the adrenal medulla) activates B;-adrenergic

6.11.

receptors on fat cells to induce the breakdown of triacylglycerols to free fatty acids and glycerol.
The intracellular enzyme involved in this process, hormone-sensitive lipase, is activated by
protein kinase A. What are the key elements of the signal transduction cascade?

SOLUTION

Adrenergic receptors belong to the G-protein coupled receptor family. The key elements are: Gq,
adenylate cyclase, 3',5'-cyclic AMP and protein kinase A.

Which receptors are fastest acting and which receptors act slowly?

SOLUTION

In general, the fastest-acting receptors are those that involve the least number of molecular steps.
Ligand-gated ion channels respond to their activators within milliseconds. G-protein coupled receptor-
dependent effects are generally observed within seconds. Nuclear receptors require gene transcription,
the translation of mRNA into proteins, post-translational processing and modification and, in some cases,
cell cycle turnover. As a result, the effects of these receptors are not evident for hours or even days.
Growth factor receptors provoke early as well as late events. The early events arise as a result of the
activity of cellular enzymes, €.g., some phospholipid modifying enzymes. The late events arise as a result
of effects on gene transcription.
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6.12. Human neutrophils were exposed to the tumor promoter phorbol myristate acetate (PMA,

6.13.

100 nM). After a steady state of metabolism had been achieved, the cell suspension was
homogenized and, after centrifugation, membrane and supernatant fractions were collected.
Membrane and supernatant fractions were also prepared from cells that had not been exposed
to PMA. Samples of both homogenates (i.e., prior to centrifugation) were also collected. The
fractions were then assayed for the presence of protein kinase C. After the protein kinase C
assay was performed the following data were obtained:

Homogenate | Membranes | Supernatant
% % Y%
Control cells 100 10 90
PMA-treated cells 100 60 40

Note: all data are expressed as percentages with respect to the control
homogenate.

What is the simplest explanation of these data?

SOLUTION

After PMA treatment the recovery of protein kinase C in the homogenate is 100% when compared
to the control homogenate. However, a redistribution of protein kinase C has occurred. Upon activation
of protein kinase C by PMA (or by its natural activators DAG and Ca®* ions) protein kinase C is
translocated to the plasma membrane where it phosphorylates protein targets.

Supplementary Problems

Indicate the ways in which isoprene units are linked together in forming the following compounds:

HOOC
(b) Abietic acid

(a) Farnesol

CH,O
N X ™" :OH

(o}

(c) Vitamin A (d) Camphor
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6.14.

6.15,

6.16.

6.17,

6.18.

6.19.

6.20.

6.21,

6.22.

6.23.

6.24,

6.25.

6.26.

6.27.

6.28.

6.29.

LIPIDS, MEMBRANES, TRANSPORT, AND SIGNALING [CHAP. 6

(a) How would you define a glycolipid? (b) Give two examples.
Why do almost all naturally occurring fatty acids contain an even number of carbon atoms?

Write the structures for the following fatty acids:

(a) Myristic acid (14:0)
(b) Myristoleic acid (14:1%%)
(¢) Ricinoleic acid (18:1% C-12 hydroxylated)

How many different molecules of triacylglycerol can be made from glycerol and four different fatty
acids?

Write the structures for two triacylglycerols, one of which is (a) solid and the other (b) liquid at
37°C.

Electrophoresis of the following mixture of lipids was carried out at pH 7: PE, PS, PG, DPG. State
whether these lipids would move toward the anode or the cathode or would remain stationary.

Draw a structure showing the conformation of cholesterol.

A solution of 1-palmitoyl-2-stearoyl-3-myristoylglycerol and phosphatidic acid in benzene is shaken with
an equal volume of water. After the two phases separate, which lipid will be in the higher concentration
in the aqueous phase?

How many phospholipid molecules are there in a 1-um? region of a phospholipid bilayer? Assume that
a phospholipid molecule occupies 0.7 nm? of the surface area.

The lipids isolated from the membranes of 4.74 x 10° human red blood cells were spread as a monolayer
with an area of 0.89 m%. Assuming the red blood cell approximates a disk 7 wm in diameter and 1 um
thick, show that the membrane covering the red blood cell must be two lipid molecules thick.

Why does phosphatidylethanolamine partition preferentially into the inner leaf of artificial vesicles
composed of PE and PC?

Predict the effects of the following operations on the phase-transition temperature and on phospholipid
mobility in vesicles made from dipalmitoylphosphatidylcholine:

(a) Introducing dipalmitoleoylphosphatidylcholine into the vesicles

(b) Introducing a high concentration of cholesterol into the vesicles

(¢) Introducing integral membrane proteins into the vesicles

Calculate the average density of a membrane composed of 30 percent (by weight) protein (density,
1.33gcm™?) and 70 percent by weight phosphoglyceride (density, 0.92 g cm™3),

For the membrane referred to in Prob. 6.26, how many molecules of lipid are there for each molecule
of protein? Assume an average M, of 800 for the phosphoglyceride and 40,000 for the protein.

What will be the order of simple diffusion of the following compounds through a biological membrane:
propionic acid. |,3-propanediol, propionamide, 1-propanol, alanine?

In the bacterium E. coli, glucose is taken up by group translocation, lactose is taken up by secondary
active transport (using H*), and maltose is taken up by means of a binding-protein system. Outline how
it would be possible to determine whether melibiose (a disaccharide of glucose and galactose) is taken
up by E. coli and. if it is, whether one of the mechanisms described earlier applies.
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6.30.

6.31.

6.32.

6.33.

A number of identical cell suspensions are treated with different amounts of radioactively labeled leucine.
The initial rates of leucine uptake are measured for each suspension (see the table below). What is the
maximum possible rate of uptake of leucine by cells using the same transport system?

Leucine Concentration Initial Rate of Uptake
(nM) (cpm)*
0.5 55
110
S 480
10 830
20 1,300
30 1,700
50 2,100
100 2,600

*cpm denotes counts per minute, a measure of radioactivity.

The pH of gastric juice is 1. The cells that produce gastric juice have an internal pH of 7. Calculate
the AG for transport of protons from these cells into the stomach at 37°C. (R, the gas constant, is

83Jmol 'K™L)

Predict the effects of (a) valinomycin and (b) gramicidin A on the initial rate of glucose transport into
vesicles derived from cells that accumulate glucose by cotransport with Na*. Assume that the outside
medium contains 0.2 M Na* and that the interior of the vesicle contains an equivalent concentration

of K*.

In platelets, protein kinase C activates the enzyme inositol 1,4,5-trisphosphate-5-phosphomonoesterase,
which breaks down inositol 1,4,5-trisphosphate (IP3) to inositol 1,4-bisphosphate (IP,). What effect would
this have on Ca’* release due to receptors that stimulate phospholipase C?



Chapter 7
Nucleic Acids

7.1 INTRODUCTION

In 1868 Friederich Miescher isolated a substance from the nucleus of pus cells. It was considered
to be characteristic of the nucleus, and he called it nuclein. A similar substance was subsequently
isolated from salmon sperm heads. Nuclein was later shown to be a mixture of a basic protein and
a phosphorus-containing organic acid, now called nucleic acid.

7.2 NUCLEIC ACIDS AND THEIR CHEMICAL CONSTITUENTS

The major nucleic acid in the nucleus of cells is deoxyribonucleic acid (or DNA). It contains the
pentose sugar deoxyribose as one of its chemical constituents. DNA is now known to be the genetic
material. Another type of nucleic acid, ribonucleic acid (or RNA), contains ribose instead of
deoxyribose. Its main role is in the transmission of the genetic information from DNA into
protein.

DNA molecules are very large, much larger than proteins. RNA is more comparable to proteins
in size. Complete hydrolysis of DNA (or RNA) by acid cleaves it into a mixture of nitrogenous bases,
2-deoxy-p-ribose (or p-ribose for RNA), and orthophosphate. There are two general types of
nitrogenous bases in both DNA and RNA, pyrimidines and purines.

Pyrimidines are derivatives of the heterocyclic compound pyrimidine:

&
S
o
2
HC [ ﬁ/CH
N
Pyrimidine

Purines are derivatives of the fused-ring compound purine:

The numbering of the positions in the rings has been established by convention (IUPAC).

Pyrimidines

The major pyrimidines found in DNA are thymine and cytosine; in RNA, they are wracil and
cytosine. These three pyrimidines differ in the types and positions of chemical groups attached to
the ring.

198
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Thymine is 5-methyl-2,4-dioxypyrimidine.
Cytosine is 2-oxy-4-aminopyrimidine.
Uracil is 2,4-dioxypyrimidine.

EXAMPLE 7.1

Write the structures of (a) thymine, (b) cytosine, and (c) uracil.

0] NH, o]
u ] H
XN 7N
S R s
o= CH o= CH 0=C CH
N7 NN NN
H H H
(a) Thymine (b) Cytosine (c) Uracil

Thymine can also be described as 5-methyluracil. Other methylated pyrimidines are found in some nucleic
acids.

EXAMPLE 7.2

Write the structure of 5-methylcytosine.

5-Methylcytosine

Methylation of cytosine in both DNA and RNA has important biological implications with respect to protection
of the genetic material and its expression.

5-Bromouracil is an analog of thymine, differing only in the substituent on C-5 (Br instead of CH3).
These two substituents occupy approximately the same space, and the enzyme responsible for making

DNA can accommodate either, allowing 5-bromouracil to be incorporated into DNA in certain types
of cells and viruses. This has been of considerable value in studies of DNA synthesis.

0
|
C

5-Bromouracil
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Purines

The major purines found in DNA and RNA are adenine and guanine. They differ in the types
and positions of chemical groups attached to the purine ring, as shown below:

1 I
C C
Z N N
Hé I /CH N é | /CH
o ON : \N/C\N
N H H
Adenine Guanine

EXAMPLE 7.3

Describe adenine and guanine in terms that indicate the nature and positions of substituent chemical groups
on the purine ring.

Adenine is 6-aminopurine.
Guanine is 6-oxy-2-aminopurine.

Tautomeric Forms of Pyrimidines and Purines

All pyrimidines and purines can exist in alternative isomeric forms called tautormers. Thus, uracil
can exist in keto and enol forms.

o) H
zl, !
HN” cH Z NCH
ol = 1]
TNNT /C\N/CH
N HO
Keto Enol

The heavy arrow indicates that the keto form is strongly preferred at neutral pH.

EXAMPLE 7.4
Write the enol form of guanine.
?H
C
2N N
N N
e,
N ~
Nna, N7 N

Enol form of guanine

Question: Is it possible to write an enol form for adenine?
No, because it does not contain keto groups. It can, however, isomerize to the tautomeric imino
form, but the amino form shown earlier in this section predominates.
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Sugars
The sugar in DNA is 2-deoxy-p-ribose; in RNA it is p-ribose.

EXAMPLE 7.5
Write the forms of these sugars as they occur in DNA and RNA.

HO(iJH2 o OlH HOCH ?H
CH L c\ e
I\ (I:/ }I{ i |/|
Hs p T
OH H OH OH
2-Deoxy-B-p-ribose B-p-Ribose
(2-deoxy-B-p-ribofuranose) ( B-p-ribofuranose)

Note that it is the 8 anomer in each case that is present in the nucleic acid (Chap. 2).

7.3 NUCLEOSIDES

Within the structure of the nucleic acids, a pyrimidine or purine is linked to the sugar
(2-deoxy-p-ribose or Dp-ribose) to give a nucleoside. The nucleosides are referred to as
deoxyribonucleosides if they contain deoxyribose, and ribonucleosides if they contain ribosc. The
purine nucleosides have a B-glycosidic linkage from N-9 of the base to C-1 of the sugar. In pyrimidine
nucleosides, the linkage is from N-1 of the base to C-1 of the sugar.

EXAMPLE 7.6

Write the structures of (a) the ribonucleoside containing adenine and (b) the deoxyribonucleoside containing
cytosine.

1 1
C C
7 >N\ N? cH
| Il /CH I |
HC C =
%N/ ~N O C\ /CH
N
s 5
HOCH, HO(ITHz ‘
O
Clilﬁ \}i{/c| v . &,I{ \}—I{/$ 1
H B |2.H HYTY i H
OH OH OH H
(a) 9-B-p-Ribofuranosyl (&) 1,2'-Deoxy-B-p-ribofuranosyl
adenine (adenosine) cytosine (deoxycytidine)

Because the glycosidic linkage in Example 7.6 is to a nitrogen in the pyrimidine or purine, these
nucleosides are referred to as N-glycosides. To distinguish the atoms in the furanose ring of the sugar
from those in the rings of the bases, the former are designated 1’, 2’, . . ., 5', as shown. The chemical
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names written immediately below the structures are concise but awkward to use, and it is more

convenient to use simpler terms. Thus:

Adenine linked to ribose = adenosine

Uracil linked to ribose = uridine

Guanine linked to nbose = guanosine

Guanine linked to deoxyribose = deoxyguanosine

Cytosine linked to deoxyribose = deoxycytidine

Thymine linked to deoxyribose = deoxythymidine

EXAMPLE 7.7

Write the structures of (a) deoxyguanosine and (b) cytidine.

0
g
HN" Sc—N

NH,—C C

\N/ \N/

HOCH,
C H
|\| 1
H{——¢ H
OH H

(a) Deoxyguanosine

7.4 NUCLEOTIDES

\Y
| I eu

o)
N_T
Hﬁ: [ H
OH OH
(b) Cytidine

The nucleotides are phosphoric acid esters of nucleosides, with phosphate at position C-5'.
Nucleotides with phosphorylation at other positions are known, but they are not components of the
nucleic acids. Nucleotides containing deoxyribose are called deoxyribonucleotides; those containing

ribose are known as ribonucleotides.

EXAMPLE 7.8

Write the structures of (@) the ribonucleotide containing adenine and (#) the deoxyribonucleotide containing

thymine.
HI

N
|
¢C\ —~N

(a) Adenosine 5’-phosphate (AMP)

o

HN-”  SC—CH,

0=C CH
~

O

-~
OH N
Ho—ﬁ—o?m o
o] qj/ \ﬁf
AN i/
OH H

(b) Deoxythymidine 5’-phosphate ({TMP)
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Adenosine 5'-phosphate is also known as AMP (for adenosine monophosphate) or adenylic acid.
If deoxyribose replaces ribose in adenosine 5'-phosphate, the terminology is dAMP or deoxyadenylic
acid. The abbreviated names for some ribonucleotides and deoxyribonucleotides are listed below.

Base Ribonucleotide Deoxyribonucleotide

Adenine, A | Adenylic acid, AMP Deoxyadenylic acid, dAMP
Guanine, G Guanylic acid, GMP Deoxyguanylic acid, dGMP
Cytosine, C Cytidylic acid, CMP Deoxycytidylic acid, dCMP
Uracil, U Uridylic acid, UMP Deoxyuridylic acid, dUMP
Thymine, T Thymidylic acid, TMP| Deoxythymidylic acid, dTMP

The terminology tells us that the nucleotides are acids. This results from the primary phosphate
ionization, which has a pK, value of approximately 1 (Chap. 10). The nucleotides are thus negatively
charged at neutral pH; also contributing to this negative charge is the ionization of the secondary
phosphate, which has a pK, value of approximately 6. At neutral pH, there is no charge on any of

the bases.

EXAMPLE 7.9
Write the structure of the charged form of AMP at pH 7.

(l)_
0 —P—O—Hz(lj o f,\
o} C \H(]?
I\ i/
OH OH
AMP (charged form)

Note that two negative charges reside on the phosphate. In this structure, adenine is represented by A; it carries
no charge.

All the common 5'-nucleotides exist also as 5'-diphosphates and 5'-triphosphates. These contain
two and three phosphates, respectively. The corresponding adenosine 5'-nucleotides are referred to
as ADP and ATP.

EXAMPLE 7.10
Write the structure of ATP.

(l)H (I)H (l)H

Ho—ﬁ*—o—ﬁ”—o—ﬁ"—o—nzﬁg o fl\
o) o) o) I{ \FI{/?
H(I:_(I:H
OH OH

ATP

Note that this has been represented as an uncharged form. The phosphorus atoms are designated a, 8, and v,
the a phosphorus being attached to the 5° C of the ribose. ADP contains only a and £ phosphates.
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Question: What is the net charge on ATP at neutral pH?

It is negative and in the range —2 to —4. This is because ATP, and all nucleoside triphosphates,
can dissociate four protons from the phosphate groups. The first has a pK, of ~1, and the second,
third, and fourth in the range 6 to 7, approximately.

EXAMPLE 7.11

Arrange ATP, dAMP, and CDP (cytidine diphosphate) in order of increasing net negative charge at

pH 7.
The order is dAMP, CDP, ATP, because the phosphates have the dominating effect at neutral pH, and

the more phosphates there are in a molecule, the greater will be its negative charge.

The ribonucleoside di- and triphosphates (NDPs, NTPs) and deoxyribonucleoside di- and
triphosphates (dNDPs, dNTPs) have important functions in the cell. They operate as energy carriers
in various reactions and as precursors for the synthesis of nucleic acids (Chaps. 10 and 16).

7.5 POLYNUCLEOTIDES

The nucleic acids, both DNA and RNA, are polynucleotides; that is, they are polymers containing
nucleotides (various types) as the repeating subunits. The nucleotides are joined to one another
through phosphodiester linkages between the 3’ C of one nucleotide and the 5 C of the adjacent
one. This linkage is repeated many times to build up large structures (chains or strands) containing
hundreds to millions of nucleotides within a single giant molecule.

0 5[

I
O

/. :

H,C o Guanine Direction of
‘KH HA' chain
H H
¥ v
(,) OH
O=P—-0"
I

O

/

3:
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EXAMPLE 7.12

Write the structure (below) of a section of a polyribonucleotide (RNA) chain containing adenine, guanine,
and cytosine as a sequence of nucleotides. Note that the structure is written in its charged form. Because the
phosphodiester linkages join different carbons, 3’ and 5’, in adjacent nucleotides, the chain has a chemical
direction, or polarity. By convention, the structure shown here has the direction 5'— 3’ downward (or 3' = 5
upward). Also, the order (or sequence) of nucleotides is conventionally written in the 5'— 3’ direction. Thus,
the section shown has the sequence adenine, guanine, cytosine; or AGC, for short. To indicate that there are
phosphates attached at the 5’ and 3’ ends of the structure shown, it is more accurately referred to as pApGpCp.
This shorthand form does not indicate that the sequence of three nucleotides is just a portion of a much longer
structure; pApGpCp could also refer to a molecule containing only three nucleotide units (a trinucleotide) in
which the 5’ and 3’ ends are phosphorylated. If the sequence AGC had been present in a polydeoxynucleotide,
the structure would be written in the shorthand form as d-pApGpCp, or just dAGC.

EXAMPLE 7.13
Write the structure of the dinucleotide d-ApTp.

HOH,C* (. Adenine

4 1

Note the absence of a phosphate at the 5’ end and the presence of deoxyribose. Another commonly used
shorthand form for describing this structure is

3!

Note that this latter form does not define the nature of the sugar.

EXAMPLE 7.14
Write the structure of pApUpGpCpApCp in the shorthand form.
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A U G C

A C
3 3 3 3 3 3
P P P P P P
p
5 5 5 5’ 5 s

This structure contains six nucleotide units and is referred to as a hexanucleotide. The general term for structures
containing a few nucleotides (10 or less) is oligonucleotide.

7.6 STRUCTURE OF DNA

DNA is a polydeoxynucleotide and among the largest of the biological macromolecules; some
DNA molecules comprise more than 108 nucleotides. They contain adenine, thymine, guanine, and
cytosine as the bases, and the genetic information is encoded within the nucleotide sequence, which
is precisely defined over the entire length of the molecule. One of the simplest methods for
determining the nucleotide sequence of DNA makes use of an enzyme, DNA polymerase, which
catalyzes the synthesis of DNA. The properties of this enzyme are discussed in Chap. 16.

Base Composition of DNA

The base composition of DNA from many different species has been determined. It varies from
one to another (see Table 7.1).

Question: What is the base composition of DNA from human kidney?

It is the same as for human liver, as shown in Table 7.1, because the base composition of DNA
is a characteristic of a particular species and does not vary from one cell type to another. This reflects
the fact that the nucleotide sequence, and therefore the genetic information present, in each type
of cell within an organism is exactly the same. However, as will be seen later, this information is
expressed differently in the various cell types of an organism (Chap. 17).

Table 7.1. Base Composition of DNA in Various Species

Base Composition (mol %)

Species G A C T
Sarcina lutea 37.1 13.4 37.1 12.4
Alcaligenes faecalis 339 16.5 328 16.8
E. coli K12 24.9 26.0 25.2 23.9
Wheat germ 22.7 27.3 22.8* | 271
Bovine thymus 21.5 28.2 225 | 278
Human liver 19.5 30.3 19.9 30.3
Saccharomyces cerevisiae 18.3 317 17.4 32.6
Clostridium perfringens 14.0 36.9 12.8 36.3

*Cytosine + methylcytosine.
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EXAMPLE 7.15

Are there any features common to DNA from various species with respect to the ratio of one base (or type

of base) to another?
The ratio of purines (A + G) to pyrimidines (T + C) is close to unity in all cases. Perhaps more remarkable
is that the ratios of both A to T and G to C are each close to unity. These two facts reflect an important structural

feature of most DNAs.

Double-Helical Structure of DNA

Question: What structural feature of DNA accounts for the ratio of A to T and G to C being close
to unity?

DNA is a duplex molecule in which two polynucleotide chains (or strands) are linked to one
another through specific base pairing (Fig. 7-1). Adenine in one strand is paired to thymine in the
other, and guanine is paired to cytosine. The two chains are said to be complementary. This was one
of the essential features of Watson and Crick’s proposal regarding the structure of DNA. Hydrogen
bonds form between the opposing bases within a pair. In the structure proposed by Watson and Crick,
A:T and G:C base pairs are roughly planar, with H bonds (dotted lines), as shown in Fig. 7-1.
Note that two H bonds form in an A:T pair and three in a G:C pair.

H
I

CH, f\rN\H
f\f\ow\"/" sugﬁr\g/k"'-"m“o N
Sus{r\(’)r Heog? Ny '..'H\N Ji:]:r}

) \

Sugar
Sugar

Fig. 7-1 Base pairing in DNA.

The base pairs are stacked on top of one another, with the plane of the base pairs being
perpendicular to the length of the duplex. This is shown diagramatically in the ladder-type structure
in Fig. 7-2.

Question: In the duplex, ladder-type structure shown in Fig. 7-2, why are the two chains orientated
in opposite directions?

A model for DNA incorporating base pairing between complementary strands and consistent
with x-ray diffraction data was developed by J. Watson and F. Crick in 1953. Basic to the structure
was the twisting of the two strands around one another to give a right-handed helix (the double helix),
and to achieve a structure consistent with data available at the time, it was necessary to orient the
complementary chains in opposite directions (Fig. 7-3). Direct proof for this opposite polarity in chain
direction was achieved about 10 years later.

Question: How does the twisting into a helix contribute to the stability of the overall structure of
DNA?
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S'end 3 end
P OH
5 %}_ A ccccccccc T ——3%5
5 P P
) %— C i3iHEG —%s
3 3 3
P P
S %3— T ol A ——3,%5'
3 P P
5'4731— G 33 C —65
P A“.c""‘ T P 5
5 %3— ......... —;%5
OH P
3'end $" end

Fig. 7-2 Stacking of base pairs within the DNA duplex. Each group of dotted lines,
representing the H bonds between the base pairs. is in a plane perpendicular to
the surface of the page.

One of the most significant effects of twisting into a helix is to bring the stacked base pairs very
close to one another. In the B form (see below) of the helix this distance, which is called the rise,
is 0.34 nm. Consequently, water is excluded from what is now a hydrophobic core; the charged
phosphates are on the surface. The hydrophobic interactions within the core contribute, along with
the H bonds between the base pairs, to the overall stability of the helix. It should also be noted that
there is one complete twist of the helix every 10 base pairs or 3.4 nm. This distance is referred to
as the pirch of the helix. The surface of the helix shows alternating major and minor grooves, which
follow the twist of the double-stranded molecule along its length. The major groove is now
known to accommodate interactions with proteins that recognize and bind to specific nucleotide
sequences.

Question: The structure of the double helix shown in Fig. 7-3 is called the B form. What are the
other forms, and do they have a biological role?

The x-ray diffraction data used by Watson and Crick was obtained from fibers of DNA that were
prepared under conditions of high humidity. At lower humidities (<75 percent), a fiber of DNA
will shorten. This is a result of a change to the A form, in which the base pairs are not perpendicular
to the helix axis; they are tilted about 20°, and the pitch is reduced to 2.8 nm with 11 base pairs per
turn. While the B-form of the helix is the predominant form in cells, double-stranded RNA and
DNA/RNA hybrid molecules generate the A form of the helix.

A dramatically different form of the double helix has been observed in DNA containing
alternating purine—pyrimidine sequences, especially d(CG)n but also d(TG)n. It is a left-handed,
rather than a right-handed helix and is known as the Z form of DNA. Helix parameters are contrasted
in Table 7.2 and space-filling models of the Z form and B form of DNA are compared below
(Fig. 7-4.).

In the Z form, the repeating unit is a dinucleotide and the resultant structure has the staggered
zig-zag shape of the sugar-phosphate backbone from which the name (Z) was derived. It is possible
that the Z form of DNA does have an important biological role although at present this is uncertain.
Though sequences of d(TG),, where n >25 are common in eukaryotic DNA (=10 copies in the human
genome), it has not been shown if they adopt the Z form in vivo.
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Fig. 7-3 Diagram of thc DNA double helix (the so-called B form).

Table 7.2. Comparison of DNA Helices

Helix Attribute A-DNA B-DNA Z-DNA
Sense right right Jelt
Base pairs per turn t 10 12
Rise (nm) 0.29 0.34 0.37
Pitch (nm) 32 3.4 3.5

Local Variation in Helix Structure

The x-ray diffraction of DNA fibers can only produce data which averages the effect of sequence
variation on DNA conformation. Higher resolution studies require the x-ray diffraction analysis of
single DNA crystals and this became possible only with the chemical synthesis of pure DNA of defined
length and scquence.

The cxamination of crysiallized DNA fragments of varying base composition show sequence-
dependent variations in the double helix while emphasizing the A, B and Z forms as structurally
distinct families. Variation occurs in the orientation of each base pair to the next by rotation about
the X axis or 4lt, the Y axis or roll or the Z axis or iwist of the helix. Bases in a pair may also rotate
in opposition producing variations in buckle, propeller and opening (Fig. 7-5).

The parameters listed in Table 7.2 should therefore be considered average values; for example,
although the mean rise for the B form has been measured as 0.34 nm this parameter has been shown
to vary from 0.25 nm to 0.44 nm.

Question:  What sequence-dependent variations have been described? Stretches of dA,,, where
n = 4-6, occurring in phase with the helical repeat (every =10-11 base pairs), lead 1o curvature of
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(9) Z form (b) B form

Fig. 74 The Z form and B form of DNA.

Z (belix axis)

X

Tilt Buckle

Propeller

Opening

Fig. 7-5 Sequence-dependent variaions in the base-pairing geometry of DNA.

[CHAP. 7
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the helical axis of the B form. Similarly purine-pyrimidine-x-x-x-pyrimidine-purine-x-x-x repeating
sequences, where x is any base, lead to curvature.

The discovery of the Z form of the helix resulted from the study of crystals formed from the
sequence dCGCGCG (see above). Sections of DNA exhibiting this alternating purine-pyrimidine
sequence may lead to a “wrinkling”’ of the B form of the helix, producing a deeper minor groove.
Alternatively there may be a transformation to the Z form of the helix.

Question: How are oligonucleotides synthesized in the laboratory?

A common method for DNA synthesis is the phosphite triester method (Fig. 7-6). A
single-stranded oligonucleotide is formed by the sequential creation of diester bonds between the
5'-hydroxyl of one residue and the 3'-phosphate of the next. The 3'-phosphate is activated by
substitution by dialkyl phosphoamidite (DPA) and reacts readily with the free 5'-OH of the first
nucleotide. To prevent the formation of unwanted linkages the first nucleotide is linked, by the 3'-OH,
to a solid support (often silica gel) in a column or funnel; the 5-OH of the second nucleotide is
prevented from reacting by a dimethoxytrityl group (DMT).

The reaction results in a phosphite triester which is oxidized to a phosphodiester by flushing the
column with iodine. Subsequently the DMT group is removed from the second nucleotide with 80%
acetic acid (detritylation) in preparation for reaction with the next DPA-activated monomer. This
cycle continues until the oligonucleotide is complete, and it is capable of generating sequences of
up to 150 residues.

SI
DMT Base
h 2
H
Q3 H
H:cO" DPA
+ Catalyst _ mwme
H
Q H :
1 1
H
H H H H H
—5 —_ —5 _
upport Oxidize upport
M—Wase HW&SG
2 2
H Detritylat H
H H Titylate - H H

Q Q
HaCO—- ase H\"CO_},}‘ Base
o 1 o 1
H
H H H ? H H
—Support— ~ Support —

Fig. 7-6 Solid-phase oligonucleotide synthesis.
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Question: How is DNA sequenced?
The most common method is called chain-termination sequencing or the dideoxy method, and

is described in Chap. 16.

7.7 DENATURATION OF DNA

The double helix is a relatively stiff and elongated molecule. Consequently, a solution of DNA
has a high viscosity. If such a solution is heated to ~95°C, the viscosity drops markedly, reflecting
a collapse of the double-helical structure. This is known as denaturation and is accompanied by
separation of the duplex into its single strands, which are fairly flexible. Denaturation and renaturation
provide valuable information on important properties of the DNA obtained from various sources.
Denaturation also provides the basis for very precise and sensitive approaches to the identification
of specific sequences in both DNA and RNA. This has been central to the rapid developments in
molecular genetics.

While denaturation can be detected readily through changes in viscosity, a much more convenient
way to detect it is by ultraviolet (uv) absorption measurement. The difference in the uv absorption
spectra of the native (double-helical) and denatured (single-stranded) forms of DNA is shown in Fig.
7-7. At the wavelength of maximum absorption (260 nm), absorption by single-stranded DNA is
approximately 40 percent higher than by double-stranded DNA. This is referred to as the
hyperchromic effect and results from the unstacking of the base pairs in the helix.

Single-
stranded

Absaorbance

Double-
helical

) I\
20 260 300

Wavelength (nm)

Fig. 7-7

Question: Will other treatments, in addition to heat, cause denaturation of DNA?

The DNA helix is stabilized by H bonds between individual base pairs as well as by hydrophobic
forces between stacked base pairs. Reagents that reduce the H bonding and decrease the polarity
of the surrounding medium, such as formamide, will cause denaturation. Extremes of pH, which
endow the bases with a charge, are also effective. Thus, DNA at pH 12 shows absorption at 260 nm
that is 40 percent higher than that of the native form.
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Fig. 7-8 Melting curves for DNA from different species.

Heat Denaturation of DNA

If the temperature of a solution of DNA is increased gradually, the change to the denatured form
can be monitored by the change in absorbance at 260 nm. Typical results for several types of DNA
are shown in Fig. 7-8.

The curves are referred to as melting curves, because the region over which the absorbance
increases reflects the collapse (or melting) of the highly organized, semicrystalline state of
double-helical DNA. The temperature at which 50 percent melting has occurred is called the melting
temperature, or T,,.

EXAMPLE 7.16

What other factor besides heat affects the T, of a particular DNA?

The T,, at neutral pH is dependent on the salt concentration (or ionic strength; Chap. 10) of the medium.
The curves shown in Fig. 7-8 were obtained at an ionic strength of just above 0.15. If this were reduced by 90
percent, all T,, values would be lowered by about 20°C. This results from the additional negative charge and
consequent greater electrostatic repulsion (which aids in disruption of the helix) within the DNA structure at
the lower ionic strength.

Question: Why do the DNAs from various sources have different T,, values?

This is because the DNAs have different amounts of G: C and A : T base pairs, and the former
confer the greater stability to the helix, perhaps through the presence of three H bonds per base
pair rather than two (Fig. 7-1). Thus, the higher the GC content, the higher is the T,,. The value
of T,, under standard conditions can be used, therefore, to obtain an estimate of the G + C content
of an unknown DNA. This is obvious from Fig. 7-9, which shows a plot of 7,,, versus G + C content
for a number of DNAs.

Renaturation of DNA

The complementary strands of DNA, separated by heat, spontaneously reassociate when the
temperature is lowered below the T,,. This renaturation is also referred to as annealing.
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Fig. 7-9 Melting temperature of DNA as a function of the G + C content.

Question: Is the rate of annealing the same for all types of DNA?

The rate of renaturation depends on the concentration of complementary sequences. Viral DNA
has a smaller variety of sequences than does bacterial DNA; this reflects the higher level of genetic
complexity in bacteria. Thus, for viral and bacterial DNA fragments of the same average size and
at the same molar concentration, there would be a higher concentration of complementary sequences
in the former. Viral DNA therefore would renature faster than bacterial DNA. In other words,
bacterial DNA has greater sequence heterogeneity.

Rates of renaturation and sequence heterogeneity (or complexity) can be examined quantitatively
through COT analysis. If Cy is the initial concentration of DNA (moles per liter DNA phosphate)
and k is the rate constant for association of the complementary strands, it can be shown that the
fraction f of single-stranded molecules decreases with time ¢ (s) according to the expression

1

f= 14+ kCot (7.0
It is usual to plot the results of a COT analysis as f versus Cyt. The behavior of several DNAs for
a fixed set of conditions (size of DNA fragments, temperature, pH, ionic strength) is shown in Fig.

7-10. The value of Cy when f = 0.5 is known as Cytip.

Question: What is the significance of the different values of Cy,?

The rate constant k is characteristic of a particular DNA and is related to its complexity in terms
of sequence composition. Cotyr is the reciprocal of k and can therefore be used as a measure of
sequence complexity. The higher the value of Cyf\ ., the more complex is the DNA. Thus from the
analysis shown above, bacterial DNA is more complex than viral DNA.

Question: What is meant by highly repeated and nonrepeated DNAs, shown in the above
analysis?

The mouse highly repeated DNA is seen to have a Cyt;» of ~107>Ms. It represents the most
rapidly renaturing DNA of those examined. The mouse genome (see Sec. 7.8) contains about 10°
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Fig. 7-10 COT analysis of various DNAs.

copies of a repeating sequence of ~300 base pairs; this is known as highly repeated DNA. Thus, this
fraction of DNA is simple in structure, relatively high in molar concentration, and able to renature
rapidly. At the other extreme, the calf thymus nonrepeated DNA has a very high Cyt,,. This reflects
the reassociation of unique copies of sequences in a fairly complex genome. When total DNA from
animal cells is examined in a COT analysis, it is usual to find a three-stepped curve resulting from
highly repeated, moderately repeated, and unique (nonrepeated) sequences. The unique sequences
are those that code for protein products. The highly repeated sequences are located in the centromeric
region of chromosomes and could be involved in chromosome-chromosome recognition. Little is
known about the moderately repeated sequences. Viral and bacterial DNA do not show multiple
steps in a COT analysis and contain no highly or moderately repeated sequences.

7.8 SIZE, ORGANIZATION, AND TOPOLOGY OF DNA

DNA molecules are very long. For example the DNA in a bacterial cell is contained within a
single double-helical molecule, which, when spread out, is about 1,000 times as long as the diameter
of the rod-shaped cell. This molecule carries all the genetic information of the cell and thus describes
the genome (a single complement of the genetic material).

The term chromosome refers to a physical or organizational unit within which part of or all the
genome is contained. Thus, the E. coli genome is contained within just one chromosome, comprising
a single DNA molecule. It has a size of 2.5 x 10° Da and contains approximately 4.6 X 10° base pairs.
The size of DNA molecules is more commonly expressed in kilobase pairs (kb, 1,000 base pairs).
The E. coli chromosome is 4,639 kb in size. Another feature of this particular molecule is that it
is a closed, or “‘circular,” structure, i.e., there are no free ends.

EXAMPLE 7.17

What variation in genome size, chromosome number, and DNA topology occurs among various
organisms?

This information is summarized below for a number of commonly investigated viruses, bacteria, and
eukaryotes (organisms whose cells contain nuclei).

Note that in Example 7.17, the DNA of bacteriophage ¢X174 is single-stranded, not double-
stranded. In this case, the genome size given in kb refers to the number of base pairs in an equivalent
duplex form. In progressing from the simple viruses to eukaryotes, the amount of information in the
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Genome Size Chromosomes DNA
Organism (kilobases) per Genome Topology

Viruses

Simian virus 40 (SV40) 5.1 1 Circular

Bacteriophage ¢X174 5.4 1 Circular, single-stranded

Bacteriophage A 48.6 1 Linear
Bacteria

Escherichia coli 4,639 1 Circular
Eukaryotes

Yeast 13,500 17 Linear

Human 2,900,000 23 Linear

genome increases through many orders of magnitude. As a rough approximation, the number of
kilobases in the genome of viruses and bacteria can be considered equivalent to the number of genes,
each coding for a protein product. This equivalency of base number to genes does not exist in
eukaryotes because of the presence of unexpressed sequences of bases (see Chap. 17). In viruses
and bacteria (prokaryotes), circular DNAs are common. In eukaryotes, it is generally considered that
each chromosome contains a single linear molecule of double-helical DNA.

Question: How are the very long DNA molecules condensed into more compact structures within
the chromosomes?

In eukaryotes, DNA does not exist free. It is complexed with an approximately equal mass of
basic proteins called histones. For a long time it was thought that bacterial DNA did not form such
complexes. While histones are absent from bacteria, there is increasing evidence for the presence
of histonelike proteins in them that enable condensation of their DNA into its compact nucleoid
form.

There are five types of histones, designated H1, H2A, H2B, H3, and H4. They are of fairly low
molecular weight (M, = 11,000- 23,000) and contain a large portion of the basic amino acids arginine
and lysine. In each case there is an unusual distribution of amino acids along the single polypeptide
chain; the basic amino acids tend to be clustered in one half, with the other half being rclatively
hydrophobic. In addition, the histones contain many modified amino acid side chains, e.g., methylated
arginines and acetylated lysines.

The nucleoprotein complex that is formed is called chromatin. Chromatin can be isolated as fibers
from nuclei. When the fibers are spread and examined under the electron microscope. they appear
as "‘beads on a string.”” Most of the histone is contained in the beads, called nucleosomes. The
nucleosome bead consists of a set of eight histones, two each of H2A, H2B, H3, and H4, around
which approximately 200 base pairs of DNA are wrapped. Digestion of chromatin with nucleases
(see below) yields a core particle still containing the eight histones but only 140 base pairs of DNA.
The rest of the DNA, which is accessible to digestion, functions as a linker between the cores, and
it is likely that histone H1 is associated with this linker. The structure of the core particles has been
examined by x-ray diffraction. Figure 7-11 shows the arrangement of the DNA with the histone
octamer. To compact the DNA further within the nucleus, the nucleosomes are organized into
condensed higher-order structures.
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Question: What arg plasmids?

Bacterial cells frequently contain additional DNA molecules called plasmids. These are relatively
small (up to 200 kb) and are present in the form of circular duplexes. They can replicate independently
of the bacterial chromosome and multiple copies can be present in a cell. Normally, they exist within
a cell in a negatively supercoiled conformation, as does all DNA. Eukaryotic cells can also contain
additional DNA 10 that present in the nucleus. Such extrachromosomal DNA is present in
mitochondria and chloroplasts.

Question: What is meant by supercoiled DNA?

Supercoiling represents a twisting of the DNA double helix upon itself. It occurs in circular DNAs
and in DNAs that are topologically constrained by being complexed to proteins. If a circular DNA
molecule in a relaxed conformation (no supercoiling) is broken across both strands and one or more
additional right-handed helical turns are inserted before rejoining the ends, the molecute would twist
on itself to form a positive supercoil. [{, on the other band, the helix is unwound (given left-handed
turns) before rejoining, the result is a negative supercoil. These forms, topoisomers, are shown in
Fig. 7-12. Each supercoil depicted here contains a single supertwist. The number of supertwists in
a molecule can be very large. Supercoiled DNA is readily converted into its relaxed form by the
introduction of a break (or nick) between adjacent nucleotides in one of the two strands; this form
is no longer topologically constrained.

—_— —
R — —_~—

Negative supercoil Relaxed conformation Positive supercoil

Fig. 7-12
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7.9 STRUCTURE AND TYPES OF RNA

RNA comprises polyribonucleotide chains in which the bases are usually adenine, guanine, uracil,
and cytosine, It is found in both the nucleus and the cytoplasm of cells.

Question: What are the main differences, other than chemical composition, between RNA and
DNA?

There are a greater variety of RNA forms, with molecular weights in the range 25,000 to several
million. Most RNAs contain a single polynucleotide chain, but this can fold back on itself to form
double-helical regions containing A : U and G: C base pairs.

Question: What types of RNA occur in a typical cell and what are their functions?

There are three major types, transfer RNA (tRNA), ribosomal RNA (rRNA), and messenger
RNA (mRNA); their roles in the expression of genetic information are treated in detail in
Chap. 17.

Transfer RNA (M, = 25,000) functions as an adapter in polypeptide chain synthesis. It comprises
10-20 percent of the total RNA in a cell, and there is at least one type of tRNA for each type of
amino acid. Transfer RN As are unique in that they contain a relatively high proportion of nucleosides
of unusual structure (e.g., pseudouridine, inosine, and 2'-O-methylnucleosides) and many types of
modified bases (e.g., methylated or acetylated adenine, cytosine, guanine, and uracil). As examples,
the structures of pseudouridine and inosine are shown below. Inosine has an important role in
codon-anticodon pairing (Chap. 17).

0] 0]
(I! Il
le/ \ITH HT/ \ﬁ/N\\
CH
O0=C CH HC C
HOCH, HOCH, .
H H H H
H H H H
OH OH OH OH
Pseudouridine Inosine

(5-Ribosyluracil)

Ribosomal RNA is present in the ribosomes, which contain approximately an equal mass of
protein. Ribosomal RNA makes up about 80 percent of the total RNA in the cell and is of several
types, distinguished from one another by their sedimentation rates in an ultracentrifuge (Chap. 4).
Bacterial ribosomes, for example, contain three types of RNA: 58, 16S, and 23S. The details of
ribosome structure and function are treated in Chap. 17.

Messenger RNA is a very heterogeneous species of RNA. Each molecule carries a copy
of a DNA sequence, which is translated in the cytoplasm into one or more polypeptide chains
(Chap. 17).
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7.10 NUCLEASES

Nucleases are enzymes that degrade nucleic acids by cleaving phosphodiester linkages. They may
be specific for DNA or RNA, or they may act on both. A nuclease specific for DNA is called a
deoxyribonuclease (DNase) and for RNA, ribonuclease (RNase).

EXAMPLE 7.18

Is there any specificity with respect to the location of the bond to be cleaved by a nuclease within the
polynucleotide chain?

Nucleases are of two general types: (1) exonucleases and (2) endonucleases. Exonucleases bind to a terminus
(5’ or 3') and remove nucleotides either one or a few at a time. Some require a 5’ terminus and operate in
the 5’ — 3’ direction (5'— 3’ exonucleases); others (3' — 5’ exonucleases) start at a 3’ terminus and degrade in
the opposite direction. There are some exonucleases that will work from either terminus. Exonucleases show
no base or sequence specificity.

Endonucleases do not require a terminus and will catalyze the cleavage of a polynucleotide chain at
one or more sites. Frequently, they are specific for certain sites (specific base sequences) within the
polynucleotide.

Question: Will nucleases cleave both single-stranded and double-stranded nucleic acids?

Many exo- and endonucleases discriminate between these two forms, although some will catalyze
the hydrolysis of both. For example, DNase I (bovine pancreas) and DNase II (calf thymus) hydrolyze
both forms. The difference between the two enzymes is that DNase I yields 5'-P-terminated
oligonucleotides and DNase II yields 3’-P-terminated oligonucleotides. On the other hand,
exonuclease III (E. coli), a 3'—> 5' exonuclease, requires double-stranded DNA as substrate.

Question: What are restriction endonucleases?

Restriction endonucleases are part of a “DNA immunity system™ in bacteria. They protect the
cell against entry by foreign DNA by catalyzing double-strand cleavages; the cell’s own DNA is
protected. There are three types of restriction endonucleases. Type II restriction endonucleases have
been very useful in the analysis and construction of DNA molecules. These enzymes cleave
double-stranded DNA at specific sites defined by a four- to eight-nucleotide sequence. An important
feature of these sequences is their twofold rotational symmetry. The sites of cleavage by nearly 300
type Il restriction endonucleases have now been determined, and, in many cases, the cleavage is
staggered to yield overlapping 3'-hydroxyl or 5’-phosphoryl termini. The recognition sequence and
sites of cleavage by the commonly used EcoRI endonuclease are shown below. The arrows show the
site of cleavage in each strand.

!
S5GAATTC

CTTAAG &
)

Solved Problems

NUCLEIC ACIDS AND THEIR CHEMICAL CONSTITUENTS; NUCLEOSIDES;
NUCLEOTIDES

7.1. Write the structure of S-fluorouracil.
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SOLUTION

Uracil is 2 4-dioxypyrimidine, and 5-fluorouracil is uracil containing a fluorine atom attached to C-5.
Thus, its structure is

7.2, S-Bromouracil is an analog of thymine, but 5-fluorouracil is not. Why?
SOLUTION

Thymine is 5-methyluracil. The fluorine atom is much smaller in size than the methyl group, but
the bromine atom is similar in size to it. 5-Bromouracil can be readily incorporated into DNA through
the action of the enzyme DNA polymerase (Chap. 16), while 5-fluorouracil cannot.

7.3. Write the tautomeric forms of adenine.
SOLUTION

Adenine undergoes amino —— imino tautomerism. Thus,

0 I
C N C N
N7 Ne— \ N Ne— \
H(I: g /CH = H(I: g CH
\N/ ~N \N/ ~N
H H
Amino form Imino form

7.4. Write the structure of 2,3-dideoxy-B-p-ribose.
SOLUTION

This compound is 8-p-ribose, in which the oxygen atoms are missing from the C-2 and C-3 positions.
Thus, its structure is

5
HOCH, o OH

CH Hl
H 3 2l H
H H

7.5. 1f DNA were hydrolyzed so that 2-deoxy-p-ribose were produced, in what anomeric forms
would this sugar exist?

SOLUTION

Both 2-deoxy-8-p-ribose and 2-deoxy-a-p-ribose would be present because the former isomer, which
is stabilized within the DNA structure, can now convert to the « form (Chap. 2).



CHAP. 7] NUCLEIC ACIDS 221

7.6. Write the structure of deoxyadenosine.

SOLUTION

Deoxyadenosine is 9-2'-deoxy-B-p-ribofuranosyladenine, or 2-deoxy-p-ribose linked through a
B-glycosidic bond from N-9 of the base to C-1 of the sugar. Thus, its structure is

OH H

7.7.  Of the nucleosides and nucleoside components adenosine, uridine, D-ribose, deoxyguanosine,
cytidine, and thymidine, which would not be expected to occur in significant amounts in a
partial hydrolysate of RNA?

SOLUTION

Deoxyguanosine, which contains 2-deoxy-p-ribose (found only in DNA), and thymidine, which
contains thymine (present in significant quantities only in DNA), would be absent.

7.8. Match up the compounds, within the following group, that have the same structure: guanosine
monophosphate, deoxyguanylic acid, dGDP, GTP, deoxyguanosine monophosphate, GMP,
guanosine triphosphate, dGMP, deoxyguanosine diphosphate.

SOLUTION
guanosine monophosphate = GMP
deoxyguanylic acid = dGMP = deoxyguanosine monophosphate
dGDP = deoxyguanosine diphosphate
GTP = guanosine triphosphate
POLYNUCLEOTIDES

7.9. How many 3',5’ phosphodiester linkages would be present in a linear polynucleotide containing
20 nucleotide units?
SOLUTION

A phosphodiester linkage joins each nucleotide to the adjacent one, so the total number within a
polynucleotide is always one less than the number of nucleotide units. Phosphates present at the 5’ or
3’ end of the chain do not constitute phosphodiesters. Therefore, the answer is 19,

7.10. Write the chemical structure of the tetranucleotide ApGpUpCp.
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SOLUTION

Remember that sequences are always written in the 5'— 3’ direction, from left to right. The 3’
terminus is therefore phosphorylated. The sugar present is D-ribose because there is no d prefix to indicate
that it is a deoxy tetranucleotide. Thus, the structure is as shown below.

What would be the charge carried by ApGpUpC at neutral pH?
SOLUTION

This tetranucleotide would contain three phosphates, each dissociating one proton. The rest of the
molecule would be uncharged at neutral pH. Thus, the charge would be —3.

Do polynucleotides containing both DNA and RNA within a single covalent structure occur
naturally?

SOLUTION

Yes, but in small quantities and only transiently. The nascent (or Okazaki) fragments formed through
discontinuous DNA replication contain a short stretch of RNA which serves as a primer for DNA chain
growth (Chap. 16).
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STRUCTURE OF DNA

7.13.

7.14.

7.15,

7.16.

7.17.

7.18.

7.19.

Write the complementary DNA sequence for the following: GCTTAGTA.

SOLUTION

In complementary base pairing within DNA, G pairs with C and A with T. Thus the answer is
CGAATCAT.

Write the complementary RNA sequence for the sequence shown in Prob. 7.13.

SOLUTION

In pairing between DNA and RNA, A and G in DNA link, respectively, with U and C in RNA.
Thus the answer is CGAAUCAU.

With respect to base pairing, 5S-methylcytosine behaves in the same way as does cytosine. How
is this possible?
SOLUTION

In 5-methylcytosine, the methyl group is positioned away from the region of H bonding with guanine
and does not interfere with the formation of the three H bonds occurring in a G : C base pair.

Why does a fiber of DNA shorten upon drying?

SOLUTION

The DNA duplex exists largely in the B form at high humidities. The pitch (or repeat distance) is
3.4 nm, which covers 10 base pairs. At low humidities, DNA converts to the A form, in which the pitch
is less, 2.8 nm, and covers 11 base pairs.

By approximately what percent would a fiber of DNA shorten upon transfer from an
environment of high to low humidity, i.e., following conversion from the B to the A form

of DNA?
SOLUTION

Consider 100 base pairs of duplex DNA. In the B form this would have a length of 34 nm (10 base
pairs per 3.4 nm). In the A form it would be reduced to approximately 25.5 nm (11 base pairs per 2.8 nm).
Thus, the length would shorten by about 25 percent.

The A and G composition (in mole percent) of one of the strands of a duplex DNA is A = 27
and G = 30. What would be the T and C contents of the complementary strand?
SOLUTION

In duplex DNA, T (mole percent) in one strand equals A in the other, and C equals G. Thus, in
the complementary strand T = 27 and C = 30 mole percent.

With respect to the strand of duplex DNA referred to in Prob. 7.18, what can be said about
the A and G contents of its complementary strand?

SOLUTION

From the data provided, knowledge of the individual A and G contents of the complementary strand
is not possible. However, A + G would together comprise 100 — (27 + 30), or 43, mole percent of the
complementary strand.
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DENATURATION OF DNA

7.20.

7.21.

7.22.

SIZE,
7.23.

7.24.

7.25.

7.26.

Why does circular duplex DNA renature more rapidly than linear duplex DNA?
SOLUTION

When denatured, the component single strands of circular DNA remain interlocked (assuming
neither is broken) and, upon renaturation, can find one another more readily than the completely
separated strands of linear DNA.

Why does DNA denature when it is put into pure water, i.e., at an ionic strength of ~0?

SOLUTION

The melting (or denaturation) temperature of DNA is dependent on ionic strength; lowering the
ionic strength lowers the melting temperature. In the extreme situation of zero ionic strength, the
electrostatic repulsion within the DNA, whose anionic groups are not shielded by counterions, is sufficient
to lower the melting temperature to less than 20°C.

Why does viral DNA have less sequence heterogeneity than does bacterial DNA?
SOLUTION

The genome of viruses carries fewer genes than does that of bacteria. Thus, in a fixed amount of
DNA (say several viral genome equivalents), viral genes would be present in more copies than would
individual bacterial genes. Different genes have different nucleotide sequences, but various se-
quences would be repeated more frequently in the viral DNA; ie., it would have less sequence
heterogeneity.

ORGANIZATION, AND TOPOLOGY OF DNA

The E. coli chromosome has a size of approximately 4,000 kb. What length of DNA (B form)
would be contained in it?

SOLUTION
The B form of DNA has a length of 3.4 nm per 10 base pairs, or 340 nm per kb. Thus the total
length would be 1.36 X 10° nm, or approximately 1.4 mm.

What length of B-form DNA would be present in a human cell (diploid)?

SOLUTION
The size of the human genome is 2.9 X 10°kb. A diploid cell would contain 5.8 X 10° kb of DNA.
This is equivalent to approximately 2 X 10° nm or 2m of B-form DNA.

The nucleus of a human cell is of the order of 10 um in diameter. How can it accommodate
2% 10° um of duplex DNA?

SOLUTION

The DNA is condensed, by complexing with histones, into chromatin. The basic unit of condensation
is the nucleosome, and these repeating structures (200 base pairs of DNA each) are further organized
into more compact structures that make up the chromosomes.

What features of DNA structure are essential for supercoiling?

SOLUTION

Supercoiling results from the introduction (or removal) of extra double-helical twists that are
maintained within the DNA structure. Thus, for supercoiling, the DNA must be double-helical. and it
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7.27.

must be topologically constrained, e.g., by being circular or by being complexed to protein in such a
way as to ‘“‘tie” two strands at certain points.

If the two strands of a circular DNA molecule were pulled apart (unwound) at a certain
position, what type of supercoiling would be introduced into the rest of the molecule?

SOLUTION

In the double-helical section of the molecule that remains, the DNA would be overwound. Thus,
extra right-hand turns would be introduced into this section of DNA. This would cause positive

supercoiling.

STRUCTURE AND TYPES OF RNA

7.28.

7.29.

7.30.

7.31.

What are the main chemical differences between RNA and DNA?

SOLUTION
The sugar present in RNA is ribose, while DNA contains deoxyribose. Also, uracil is present in

RNA; this is replaced by thymine in DNA.

What is the most abundant species of RNA in a typical cell?

SOLUTION

Ribosomal RNA (rRNA) comprises about 80 percent of all RNA present. It is by far the most
abundant.

Write the structure of inosine 5'-phosphate (IMP).
SOLUTION

IMP consists of inosine to which a phosphate group is attached at C-5 of the ribose residue. Thus,
its structure is

[
HO—POCH, o

H H
HO 4 H

OH OH

How would the melting curve for RNA compare with that for DNA?
SOLUTION

DNA is ncarly always double-helical. Upon heating through the melting temperature, it undergoes
a transition from the native (double-helical) to denatured (random-coil) state over a relatively narrow
range of temperature. This is accompanied by a 40 percent increase in A4, (absorbance at wavelength
260). RNA, on the other hand, is nearly always single-stranded, and the extent of intrastrand base pairing
is generally low and variable. Furthermore, the short base-paired (or double-helical) regions vary in
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stability. Thus, increasing the temperature of a solution of a typical RNA would result in a gradual
increase in A,qq, reflecting the successive melting of short helical regions, and the extent of increase would
be significantly less than 40 percent.

NUCLEASES
7.32. What type of bond is cleaved by a nuclease?
SOLUTION

Nucleases cleave 3',5' phosphodiester linkages. They always catalyze the hydrolysis of the ester bond
where it is connected to either the C-3 or the C-5 of the sugar moiety to give a 5’ or 3’ phosphate plus
a3 or 5" OH.

7.33. Why wouldn’t an exonuclease degrade the DNA from bacteriophage ¢$X174?

SOLUTION

Exonucleases require a 5° or 3’ terminus of DNA or RNA as substrate. ¢$X174 DNA is a
single-stranded circle and has no 5 or 3’ terminus.

7.34. Approximately how many EcoRI sites would you expect to find in the E. coli
chromosome?

SOLUTION

EcoRI recognizes and cleaves at a sequence-specific six-base-pair site on DNA. Considering that
each site can be occupied by one of four correctly orientated base pairs, the enzyme would cleave a
random sequence once every 4° (or 4,096) base pairs. The E. coli chromosome has a size of 4.6 x 10°
base pairs. Thus, there would be about 4.6 x 10%4,096, or approximately 1,000, EcoRI sites on the
chromosome.

Supplementary Problems

7.35. Which of the following compounds are pyrimidines or purines?

COOH
NH,—¢—H
A
C C
HN-" “CH HCZ S ~cH NZ e N
| ! HeL  n He I oH
P CH Co S < C/
) N C N
H H H

(@) (b) (c)
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7.36.

7.37.

7.38.

7.39.

7.40.

7.41.

7.42.

7.43.

7.44.

7.45.

7.46.

1.41.

7.48.

7.49.

1.50.

1.51.

1.52.

7.53.

1.54.

1.55.

1.56.

1.57.

List the common nitrogenous bases found in (@) RNA and (b) DNA.
(a) Write the structure of 5-methylcytosine. (b) Is it a commonly occurring constituent of DNA?
Write the imino form of cytosine.

Write the structures of (a) deoxythymidine and (b) ribothymidine (occurs as a minor constituent in some
forms of RNA).

Give an example of an N-glycoside.
Distinguish between a nucleoside and a nucleotide.
Write the structure of 3',5'-AMP (cyclic AMP).

Which of the following compounds is different from the others: (@) GMP, (b) deoxyguanosine
monophosphate, (¢) guanylic acid, (d) guanosine 5’-phosphate?

The tetranucleotide d-ApGpUpCp is unlikely to be formed by partial hydrolysis of DNA. Why?

Would DNA from Clostridium perfringens be more or less resistant to denaturation than that from
Alcaligenes faecalis (see Table 7.1)?

What is meant by the term sequence complementarity?
List three of the major structural differences between the B and Z forms of DNA.

Why is the double-helical structure of DNA more stable in solution at higher rather than lower ionic
strength?

Why do nonrepeated sequences of bacterial DNA renature more rapidly than those of eukaryotic
DNA?

What is meant by the term DNA sequence complexity?
Distinguish between the terms chromosome and genome.
Distinguish between core and linker histones.

What feature of the amino acid composition of histones enables them to interact strongly with
DNA?

(a) Distinguish between positive and negative supercoiling of DNA. (b) What is meant by relaxation of
supercoiled DNA, and (¢) how can it be achieved?

List the major differences between the chemical composition of DNA and RNA.

Why does messenger RNA (mRNA) have the most heterogeneous base sequences of the major forms
of RNA present in the cytoplasm of a cell?

Which of the following sequences would not be cut by a restriction endonuclease and why? (a) GAATTC;
(b) GTATAC; (¢) GTAATC; (d) CAATTG.



Chapter 8
Enzyme Catalysis

8.1 BASIC CONCEPTS

Question: What are enzymes?

Enzymes are proteins that are catalysts of biochemical reactions. They usually exist in very low
concentrations in cells, where they increase the rate of a reaction without altering its equilibrium
position; i.e., both forward and reverse reaction rates are enhanced by the same factor. This factor
is usually around 10°~10!2.

EXAMPLE 8.1

Although phenomena of fermentation and digestion had long been known, the first clear recognition of
an enzyme was made by Payen and Persoz (Ann. Chim. (Phys), 83, 73, 1833) when they found that an alcohol
precipitate of malt extract contained a thermolabile substance that converted starch into sugar.

EXAMPLE 8.2

The above-mentioned substance was called diastase (Greek: “separation’) because of its ability to separate
soluble dextrin from insoluble envelopes of starch grains. Diastase became a generally applied term for these
enzyme mixtures until 1898, when Duclaux suggested the use of -ase in the name of an enzyme; this classification
procedure still holds today.

EXAMPLE 8.3

Many enzymes were purified from a large number of sources, but it was J. B. Sumner who was the first
to crystallize one. The enzyme was urease from jack beans. For his travail, which took over 6 years (1924-1930),
he was awarded the 1946 Nobel prize. The work demonstrated once and for all that enzymes are distinct chemical
entities.

EXAMPLE 8.4

Carbon dioxide gas dissolves readily in water and is spontaneously hydrated to form carbonic acid, which
rapidly dissociates to a proton and a bicarbonate ion:

CO, + H,O=H* + HCO3

The forward hydration reaction rate for 20 mmol L~! CO, at 25°C and pH 7.2 is ~0.6 mmol L™!'s™!,

In mammalian red blood cells, the enzyme carbonic anhydrase is present at a concentration of 1-2 g per
liter of cells; its M, is 30,000; thus its molar concentration is ~50 X 107°. The flux through the forward reaction
in the presence of this concentration of enzyme, under the above-mentioned conditions, is ~50 mol L-1s!,
a rate enhancement over the noncatalyzed process of § x 10*.

There are over 2,500 different biochemical reactions with specific enzymes adapted for their rate
enhancement. Since different species of organism produce different structural variants of enzymes,
the number of different enzyme proteins in all of biology is well in excess of 10°. Each enzyme is
characterized by specificity for a narrow range of chemically similar substrates (reactants) and also
other molecules that modulate their activities; these are called effectors and can be activators,
inhibitors, or both; in more complex enzymes, one compound may have either effect, depending on
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other physical or chemical conditions. Enzymes range in size from large multiple-subunit complexes
(called multimeric enzymes; M, = 10°) to small single-subunit forms.

EXAMPLE 8.5

Aspartate carbamoyltransferase catalyzes the formation of carbamoyl aspartate from carbamoyl phosphate
and aspartate in the first committed step of pyrimidine biosynthesis (Chap. 15). The enzyme from the bacterium
E. coli (M, = 310,000) consists of 12 subunits, six regulatory and six catalytic. CTP is a negative effector; i.e.,
it inhibits the enzyme, and does so through binding to the regulatory subunits. ATP is a positive effector that
acts through the regulatory subunits, while succinate inhibits the reaction by direct competition with aspartate
at the active site (see Chap. 9 for more on effectors).

The surface area of even the smallest enzymes (such as ribonuclease, M, = 12,000) that is occupied by the
chemical groups to which the reactants bind is less than S percent of the total area; this region is called the

active site.

Question: What part of an enzyme is responsible for its substrate specificity?

The particular arrangement of an enzyme’s amino acid side chains in the active site determines
the type of molecules that can bind and react there; there are usually about five such side chains
in any particular enzyme. In addition, many enzymes have small nonprotein molecules associated
with or near the active site that determine substrate specificity. These molecules are called cofactors
if they are noncovalently linked to the protein; they are called prosthetic groups if covalently bound.
In some enzymes a specific metal ion is required for activity.

EXAMPLE 8.6

Carbonic anhydrase has one Zn?* ion per molecule of enzyme, and the metal ion resides in the active site.
Aspartate carbamoyltransferase has six Zn?* ions per dodecamer; these are required fo the stabilization of the
complex, since without Zn**, the hexamer dissociates.

8.2 CLASSIFICATION OF ENZYMES

Question: On what basis are enzymes given their particular names?

All enzymes are named according to a classification system designed by the Enzyme Commission
(EC) of the International Union of Pure and Applied Chemistry (IUPAC) and based on the type
of reaction they catalyze. Each enzyme type has a specific, four-integer £EC number and a complex,
but unambiguous, name that obviates confusion about enzymes catalyzing similar but not identical
reactions. In practice, many enzymes are known by a common name, which is usually derived from
the name of its principal, specific reactant, with the suffix -ase added. Some common names do not
even have -ase appended, but these tend to be enzymes studied and named before systematic
classification of enzymes was undertaken.

EXAMPLE 8.7

Examples of typical enzyme names are arginase, which acts on arginine, and urease, which acts on urea
(Chap. 15). Two atypical common names are pepsin, a digestive tract proteolytic enzyme (EC number 3.4.23.1),
and, more exotically, rhodanese (thiosulfate : cyanide sulfurtransferase, EC 2.8.1.1), which is in mammalian liver
and kidney and catalyzes the removal of cyanide and thiosulfate from the body. In the latter case, it is
understandable why the old name has remained in common use.

The first integer in the EC number designates to which of the six major classes an enzyme belongs

(see Table 8.1 for details).
The second integer in an EC enzyme number indicates a sub-class; for hydrolases, this second

integer indicates the type of bond acted upon by the enzyme (Table 8.2).
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Table 8.1. Major Enzyme Classes
First EC Integer Enzyme Class Type of Reaction Catalyzed

1. Oxidoreductase | Oxidation-reduction. A hydrogen, or electron, donor is one of
the substrates.

2. Transferase Chemical group transfer of the general form
A—X+B—->A+B-X.

3. Hydrolase Hydrolytic cleavage of C—C, C~N, C—0, and other bonds.

4. Lyase Cleavage (not hydrolytic) of C—C, C—N, C—0, and other
bonds, leaving double bonds;
alternatively, addition of groups to a double bond.

5. Isomerase Change of geometrical (spatial) arrangement of a molecule.

6 Ligase Ligating (joining together) of two molecules, with the
accompanying hydrolysis of a compound that has a large AG for
hydrolysis.

EXAMPLE 8.8
Arginase is a hydrolase that is in the liver of urea-producing organisms (ureoteles). It catalyzes the
reaction: -
- \\\
I/ I’EHz \
1
N !
\‘
\\(':\_NHl //
TH H,0 l‘IJH2 l‘lll'{3
(CHo), S (=0 + (CHa),
H—?—I:JH, NH, H—cl—&H,
CoO~ CoO~
Arginine Urea Ornithine

The official EC name of this enzyme is L-arginine amidinohydrolase; the last word refers to the fact that the
amidino group (dotted circle in the equation) is cleaved from arginine by introduction of a molecule of water
across the C—N bond. In the reaction, a nonpeptide C—N bond is cleaved; thus, the second EC number for
arginase is 5; its whole classification number is 3.5.3.1.

The third number is a subclassification of the bond type acted upon, or the group transferred
in the reaction or both, and the categories vary from one main EC class to the next. The fourth number
is simply a serial number.

8.3 MODES OF ENHANCEMENT OF RATES OF BOND CLEAVAGE

The basic mechanisms by which enzymes increase the rates of chemical reactions can be classified
into four groups.

Facilitation of Proximity

This effect is also called the propinquity effect and means that the rate of a reaction between
two molecules is enhanced if they are abstracted from dilute solution and held in close proximity
to each other in the enzyme’s active site; this raises the effective concentration of the reactants.
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Table 8.2. Hydrolase Subclassification

First Two EC Integers

Type of Bond Acted Upon

31

3.2

33

34

3.5

3.6

3.7

3.8

3.9

3.10

3.11

O

o}
[ I
Ester, —C—O—R, or with S or P in place of C, or —C—S—R

|
Glycosyl, sugar—C—O—R, or with N or S in place of O
|

Ether, R—O~R’, or with S in place of O

|
Peptide, C—N
i
Nonpeptide, C—N
(0] 0]
[
Acid anhydride, R—C—0O—C—R’
|
c—C
|
Halide (X), C—X, or with P in place of C
1
P—N
i
S—N
|
Cc—P

Covalent Catalysis
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The side chains of amino acids present a number of nucleophilic groups for catalysis; these include
RCOO~, R—NH,;, aromatic—OH, histidyl, R~-OH, and RS™. These groups attack electrophilic
(electron-deficient) parts of substrates to form a covalent bond between the substrate and the enzyme,
thus forming a reaction intermediate. This type of process is particularly evident in the group-transfer
enzymes (EC Class 2; see Table 8.1). In the formation of a covalently bonded intermediate, attack
by the enzyme nucleophile (Enz-X in Example 8.10) on the substrate can result in acylation,
phosphorylation, or glycosylation of the nucleophile.

Writing the chemical mechanism of a reaction involves describing the rearrangement of electrons
as the substrate is converted to the product via some sort of transition state(s). A useful way of
depicting the pathway of rearrangement of bonds is by use of curved arrows that indicate the directions

of electron flow.

EXAMPLE 8.9

The electron flow diagram for the hydrolysis of a peptide bond is as follows:

L i
N

S S

R—C—N—R' = R—C—N'—R' — R—C L"N —R'"— R—C+ IT—R’

|
O H (OH O H
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The nucleophilic H,O attacks the electrophilic carbonyl carbon, which is rendered electron-depleted by the
electron withdrawing attached carbonyl oxygen. Note the tetrahedral intermediates in the second and third
structures; in these, the carbon has the usual tetrahedral arrangement of four bonds.

EXAMPLE 8.10

A phosphoenzyme intermediate is formed in one type of covalent catalysis in enzymes:

R + R R
Enz-X: | , Enz-X | R’ Enz-X |
R o) O
P o A\ o7 |
O—P~ S -o_||>/\} — O/II) + O—R’
|
o- o (o}

Numerous examples of this basic mechanism of catalysis can be found among the EC Class 2 enzymes. One
example is hexokinase.

The covalent intermediates can be attacked by a second nucleophile to cause the release of the
product. When the second nucleophile is water, the overall reaction is called hydrolysis. Also, in
many cases the nucleophile is not simply an amino acid side chain of the enzyme but a prosthetic
group; an example is pyridoxal phosphate in the transaminases (Chap. 15).

General Acid-Base Catalysis

Acid-base catalysis is defined as the process of transferral of a proton in the transition state. It
does not involve covalent bond formation per se, but an overall enzymatic reaction can involve this
as well.

EXAMPLE 8.11

An example of general acid-base catalysis from organic chemistry illustrates the above-mentioned point,
but note that hemiacetals also form in some enzymatic reactions.
Overall reaction:

H, CH,
C=0+CH,—OH— [»{O——(lj——OCHJ
H b
Acetaldehyde Methanol Hemiacetal

Reaction mechanism A: A base (OH™) accelerates hemiacetal formation as follows:

CH,—OH+OH" —CH,—O0'+H,0

Nucleophile
?H, qs,/pCH, wmo  CH, OCH,
(,2=O+ ‘6—CH, — /C\ % /C +OH"
H H (o H0 H N OH

Nucleophilic
attack
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Note: The OH™ is recycled in the reaction; thus, it can be considered to be a catalyst in the true sense
of the word.

Reaction mechanism B: Acid catalysis also occurs in the reaction, and it involves the formation of the
oxonium salt, followed by reaction with the alcohol as follows:

I
C,=O +H'—C=0"—H

Oxonium
/CHJ /CHJ
CH, CH. 'O CH, O
I * 4
C@:O—CH,: N \H — c +H'
| M | 7N 7 Son
H H H OH H

In the preceding example, the rate of hemiacetal formation is enhanced in strong acid or strong
base. In other cases, only one, either base or acid, might be a catalyst.

EXAMPLE 8.12
The hydrolysis of nitramide is susceptible to base, but not acid, catalysis. An elevation of pH leads to an
increased rate of reaction with no net consumption of base, as is shown in the following reaction:
NH;NO; + OH™ — H,0 + NHNO3
NHNO; - N;O+OH"™

OH™ is not the only base that will catalyze the hydrolysis; other bases such as acetate also react; e.g..

NH,NO, + CH;CO0~ — CH;COOH + NHNO,~
NHNO,~ —N,0 + OH"™
OH~ + CH;COOH — H,0 + CH;COO~

According to the Brensted-Lowry definitions, and as implied in the previous example, an acid
is any moiety that will donate a proton while a base is one that will accept a proton from another
moiety.

Acid-base catalysis does not contribute to rate enhancement by a factor greater than ~100, but
together with other mechanisms that operate in the active site of an enzyme, it contributes
considerably to increasing the enzymatic rate of reactions. The amino acid side chains of glutamic
acid, histidine, aspartic acid, lysine, tyrosine, and cysteine in their proronated forms can act as acid
catalysts and in their unprotonated forms as base catalysts (see Prob. 8.11). Clearly, the effectiveness
of the side chain as a catalyst will depend on the pK, (Chap. 3) in the environment of the active
site and on the pH at which the enzyme operates.

Strain, Molecular Distortion, and Shape Change

Strain in the bond system of reactants and the release of the strain as the transition state converts
into the products (like cutting a wound clock spring) can provide rate eénhancement of chemical
reactions.

EXAMPLE 8.13

The following two chemical reactions involve hydrolysis of a phosphate ester bond.
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$Hf—$ﬂz o ?Hf—cuf—OH
0O O A 6 on
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Under standard conditions, reaction (a) is 108 times faster than reaction (b). The explanation is that the cyclic
compound in (a) has considerable bond strain (potential energy in this configuration is high), which is released
on ring opening during hydrolysis. This type of strain is not present in the diester in (b).

In the case of enzymes, not only may the substrate be distorted (have strain) but an extra degree
of freedom is introduced, namely, the enzyme with all its amino acid side chains. The binding of
a substrate to an enzyme involves interaction energy, which may facilitate catalysis. Also for an increase
in catalytic rate, there must be an overall destabilization of the enzyme-substrate complex and an
increase in the stability of the transition state. This idea is illustrated in Fig. 8-1.

In the uncatalyzed reaction [Fig. 8-1(a)], the reactant has a relatively low probability of assuming
the strained conformation necessary for interaction between the two reactive groups. In order for
the reaction to take place, the molecule must cross this so-called activation-energy barrier. In the
catalyzed reaction [Fig. 8-1(b)], the binding of the reactant to the enzyme leads to the formation of
a combined structure (enzyme-substrate complex) in which the tendency for the substrate to form
into the transition state is greater; i.e., less energy is involved in bringing the reactive groups together.
Therefore, the reaction proceeds faster.

The destabilization of the enzyme-substrate complex can be imagined to be due to distortion of
bond angles and lengths from their previously more stable configuration; this may be achieved by
electrostatic attraction or repulsion by groups on the substrate and enzyme. Or, it could involve
desolvation (removal of water) of a charged group in a hydrophobic active site. A further consideration
is that of entropy change in the reaction; this is discussed in the next section.

Question: Does tight binding between an enzyme and its substrate imply rapid catalysis?

If a substrate were to bind without significant transformation of binding energy into distortion
strain, then binding would be stronger. But this would not necessarily affect AG* (see Fig. 8-1).
However, if some of the free energy of binding were to be used to distort the substrate more toward
the shape of the transition state, or to distort the enzyme to be more complementary to the shape
of the transition state, then binding of the enzyme to the substrate would be weakened, while binding
to the transition state of the substrate would be correspondingly enhanced. Hence, to dispel a common
belief, tight binding of the substrate is not necessarily useful in enhancing the rate of an enzyme
reaction.

EXAMPLE 8.14

Suppose a substrate half-saturates the active sites of a solution of enzyme when present at 10™" mol L™!
(i.e., K;=10""molL™"), but the concentration under physiological conditions is 10~3molL~'. Under
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(a) Uncatalyzed reaction
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E-S Complex E-S" Transition state E-P Complex

(b) Catalyzed reaction

Fig. 8-1 Activation energy is lowered in catalyzed reactions. The graphs above each reaction scheme
indicate the energy of the substrate (depicted here as potential energy of the bent substrate)
at each stage of the reaction. The arrows indicate, according to their length and boldness,
the probability and, in this case, the rate of the reactions. AG* is the activation energy of
the transition-state(s) molecule, and AG” is the overall free energy of the reaction (Chap.
10). N.B. Changes in the enzyme and substrate lead to binding being tighter in the transition
state than in either the E.S or E.P states.

physiological conditions, the enzyme sites are fully saturated (i.e., all sites are filled), so the enzyme rate
enhancement is not what it could be if a large portion of the binding energy were used for destabilizing the
enzyme-substrate (E.S) complex.

If some of the binding energy were used to introduce strain or distortion within the enzyme or substrate
molecules, such that tighter binding of the transition state were achieved, then the binding affinity of the enzyme
for the substrate would be reduced.
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Many enzymes, in fact, have binding affinities for their substrates that have values that are around
the mean physiological concentrations, possibly as a result of evolutionary pressure for efficient
catalysis.

EXAMPLE 8.15

x-Ray analysis of crystals of carboxypeptidase A (a pancreatic exopeptidase) with bound pseudo substrate
(a false substrate that is not degraded by the enzyme, i.e., an inhibitor), indicates that the susceptible peptide
bond is twisted out of the normal planar configuration usually seen in peptide bonds (Chap. 4). This distortion
leads to a loss of resonance energy in the bond, which enhances its susceptibility to hydrolytic attack.

Because in catalysis the enzyme-substrate complex is destabilized and the energy so involved is
released on forming the transition state, the enzyme binds the substrate very tightly in the transition
state. Some enzymes can be dramatically inhibited by so-called transition-state analogs. The transition
state normally has only a fleeting existence (<107 '%s), but the analogs are stable structures that
resemble the postulated transition-state complex.

EXAMPLE 8.16

Proline racemase, a bacterial enzyme, catalyzes the interconvention of the p and L isomers of proline:

nll Hy il Hy
_ COO_
H " H .
’ v
H™ ™7 “coo- H rr H
I
H H
L-Proline p-Proline

It was postulated that in proceeding from the L to the D isomer, a planar (rather than the usual tetrahedral)
configuration of the molecule momentarily exists at the a carbon.

H H

/ \

H COO~
)
H

Pyrrole 2-carboxylate

A planar analog of proline is pyrrole 2-carboxylate, and this proves to be a potent inhibitor of the racemase;
it gives rise to 50 percent inhibition at a concentration 160 times less than the concentration of p- or L-proline
that gives 50 percent binding. Thus, it is a good example of a transition-state analog.

Question: Do both the enzyme and substrate undergo a change when they interact?

Yes, the concept of induced fit of an active site to a substrate emphasizes the adaptation of the
active site to fit the functional groups of the substrate. A poor substrate or inhibitor does not induce
the correct conformational response in the active site.

EXAMPLE 8.17

Hexokinase demonstrates the induced fir phenomenon; it catalyzes phosphoryl transfer from ATP to C-6
of glucose as follows:
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CH,0H
H H
OH
HO
H OH H OH
Glucose Glucose 6-phosphate

The enzyme can also catalyze the transfer of the terminal phosphoryl of ATP to water; i.e., it acts as an ATPase
but at a rate 5 X 10° times slower than the above reaction. The basic and nucleophilic properties of water versus
the C-6 hydroxyl of glucose are sufficiently similar to suggest no marked differences in rate. Therefore, the
explanation of the rate difference is that glucose induces a conformational change that establishes the correct
active-site geometry in the enzyme, whereas a water molecule is too small to do so.

The induction of the correct geometry in the active site of an enzyme is paid for by a good
substrate, with binding energy. An alternative explanation to that of induced fit is that some small
molecules (e.g., H>O in the hexokinase example) bind nonproductively, i.e., their small size allows
them to assume many orientations with respect to the other substrate (ATP in the case of hexokinase)
that do not lead to reaction. Large substrates are restricted in motion and are held in a catalytically
correct orientation millions of times more often during molecular vibrations than is, say, water.

8.4 RATE ENHANCEMENT AND ACTIVATION ENERGY

Question: Some biochemicals are stable when in pure form on a shelf and yet in the presence of
an enzyme break down rapidly. Why?

There is an important distinction to be made between thermodynamic stability (expressed in terms
of the equilibrium constant of the reaction) and the kinr-'c stability of a substance; the latter merely
refers to how fast the ~eaction proceeds, the former to the final position of the reaction in terms of
the relat-—~ amounts of substrate and product at equilibrium. (See Example 8.18.) Enzymes affect
the kine  s.ability of a substance.

EXAMPLE 8.18

Most reduced organic molecules, such as glucose, are thermodynamically unstable in our oxidizing
atmosphere.

glucose + 60,— 6CO,+ 6H,0  —AG® =2,872kI mol™!

Thus, oxidation is very exergonic (heat-producing), and the reaction is favored by the large —AG° (Chap. 10)
of the reaction. But we are all aware that glucose is stable on the shelf. Thus, it is thermodynamically unstable

but kinetically stable.

The distinction between kinetic and thermodynamic stability is important and is explained by
the concept of the free energy of activation necessary to convert the substrate to its transition state.
In order for the substrate to form products, its internal free energy must exceed a certain value; i.e.,
it must surmount an energy barrier. The energy barrier is that of the free energy of the transition
state, AG*. The transition-state theory of reaction rates introduced by H. Eyring relates the rate of
the reaction to the magnitude of AG*,

Question: Is there a simple mathematical relationship between reaction rate and AG*?
Yes. In the 1880s, Arrhenius observed that the rate constant k for a simple chemical reaction
varies with the temperature according to

k= Ae E/RT (8.1)
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where E, is the so-called Arrhenius activation energy of the reaction, A is called the preexponential
factor, R is the universal gas constant, and T is the temperature (K). However, it became apparent
that A was not quite temperature-independent, especially in catalyzed reactions; thus Eyring proposed
that a// transition states break down with the same rate constant, x7/h; where x and A are Boltzmann’s
and Planck’s constants, respectively. He therefore proposed that for any reaction,

T
k ="Te~AG‘/RT (8.2)

where, again, AG? is the activation energy of the transition-state complex.
In Chap. 10 it will be shown that the Gibbs free energy of a system is made up of two components
such that

AG = AH - TAS (8.3)

where AS is the entropy change and AH the enthalpy change in the reaction system. Therefore, Eq.
(8.2) can be written as
xT

k = (T eAs‘/R) o~ MHYRT (8.4)

Entropy is an equilibrium thermodynamic entity that is interpreted mechanically as the degree
of disorder in a system. From Eq. (8.4), it is therefore seen that (1) the preexponential factor A [Eq.
(8.1)] can be interpreted as being related to the organization of a reactant in an enzyme as the
transition-state complex is formed and (2) the exponential factor relates to the enthalpy (heat) of
the reaction.

Any molecular factors that tend to stabilize the transition state decrease AG* and thus increase
the rate of the reaction. Thus, this rate enhancement can result from either entropy or enthalpy effects,

or from both.

8.5 SITE-DIRECTED MUTAGENESIS

Valuable insights into the mechanism of action of enzymes have been obtained by comparative
studies of enzymes from different sources; e.g., different isoenzymes, or enzymes from different
species. The amount of variation available from this source, however, is often limited. Further
modification of enzymatic activity has been discovered through the study of the effects on enzymatic
activity of specific chemical modifications. With the availability of methods for cloning and expressing
DNA (Chap. 17), methods have been developed for the specific modification of enzymes through
site-directed mutagenesis; i.e., alteration of a gene to yield a protein with specific alterations in
the sequence. Comparative studies of such mutant enzymes with one another, and with the wild
type (or naturally occurring form), have allowed valuable information to be gained on the roles
of specific amino acid residues in the processes of substrate binding, catalysis, enzyme stability
and regulation.

EXAMPLE 8.19

The specificity of trypsin toward peptide bonds adjacent to lysine and arginine has been altered by replacing
a glycine residue in the enzyme active site with an alanine, which carries an additional methyl group. This
replacement favors the binding of lysine over the somewhat bulkier arginine.

EXAMPLE 8.20

In the catalytic mechanism of the serine protease subtilisin, the tetrahedral intermediate is believed to be
stabilized by a hydrogen bond to the side chain of Asn 155. Replacement of Asn 155 with Gly left the substrate
binding unaffected, but inhibited the catalytic step. confirming the proposed mechanism.
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EXAMPLE 8.21

On the basis of chemical modification studies, Tyr 198 of carboxypeptidase A was proposed to act as a proton
donor (i.e., a general acid) in the mechanism of catalysis. However, when Tyr 198 was replaced with Phe by
means of site-directed mutagenesis, the modified enzyme retained substantial enzymatic activity, indicating that
the tyrosyl hydroxyl may not have a specific role in catalysis.

Question: Does the abolition of activity following mutagenesis unequivocally indicate a catalytic role
for the mutated residue?

Not necessarily! It is possible that replacement of one amino acid with another may abolish
specific interactions critical for local folding or even overall protein stability. It is essential in these
types of study to monitor protein conformation after mutagenesis. It is even more helpful if detailed
structures, either from x-ray crystallography or NMR (Chap. 4), are available for the wild-type and
mutant forms of the enzymes.

Solved Problems

BASIC CONCEPTS

8.1. Justify the claim that the surface area of the active site of an enzyme is less than 5 percent
of its total surface area. Consider the specific case of a 27,000-Da globular enzyme with five
amino acids in its active site.

SOLUTION

The ratio of the volume of the active site to that of the whole protein is ~5:27,000/110 = 0.02; this
is so because the mean amino acid residue weight is ~110. If we assume that the enzyme is spherical,
the above volume ratio corresponds to a surface-area ratio of (0.02)%> x 0.5. The factor 0.5 accounts
for the fact that half of the active-site residues face outward and contribute also to the total surface
area; the other half faces in toward the interior of the enzyme. The answer is 0.04, or 4 percent of the
surface area.

8.2. The nerve gas diisopropyl fluorophosphate (DFP) reacts with the serine —OH in some enzymes
to form HF and the O-phosphoryl ester as follows:

C,H,0 O
3t %7 \ /
P + HO—Ser-Enzyme — HF +
7 N\
C,H,0 F C,H,0 o
: N P/
7\

C;H,0 O—Ser-Enzyme

In a chemical enzyme-modification experiment conducted by E. F. Jansen and colleagues
in 1949, chymotrypsin was incubated with ?P-labeled DFP and then hydrolyzed with a strong
acid. Separation of the constituent amino acids revealed 1 mol of labeled O-phosphorylserine
per 25,000 g of chymotrypsin. Since DFP is a potent inhibitor of the enzyme chymotrypsin,
what might we infer about the amino acid side-chain composition of the active site?
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SOLUTION

Since for chymotrypsin M, = 25,000, only a single serine had reacted out of a total of 27. This

indicated that a particular serine is an important component of the active site. This experiment is the
archetypal form of many enzyme-modification procedures that are now used frequently to identify
active-site constituents.

CLASSIFICATION OF ENZYMES

What is the order of abundance of enzymes in the six EC groups?

SOLUTION

8.3.

8.4.

Of the ~2,500 different, named enzymes, the most abundant group is the oxidoreductases, group

|. The order is 1>2>4>3>6>5.

Classify the following enzyme-catalyzed reactions into their major EC groups and suggest
possible common names for each.

a) »-Glyceraldehyde 3-phosphate + P;+ NAD" = [,3-bisphosphoglycerate + NADH
y

(b)

(c)

(d)

(e)
(&)
(h)
()

NH,
(|J=O + H,0— NH, + CO,
N,
COO~
(|JOO" (|JH3 (l:H2 (IJH3
(|:H2 + HC—NH, =— CH, + (|J=O
CH, COO" H(IJ-—ItJH, COO
(|3=0 COO~
COO~
2-Oxoglutarate L-Alanine L-Glutamate Pyruvate
H H H H H H
\C=C——C—C——COO’ \C=C—~(|J——(|J—H
N/\ . ,\N pll rLH +H,0—> N/\ f\N l!l ILH + HCO;
/ \\E’ N\ A 2 / \‘\é-’/ \ LR 3
H | H H | H
H H
L-Histidine Histamine

L-Alanine = bp-Alanine

L-Ribulose 5-phosphate = bp-Xylulose 5-phosphate

The enzyme that catalyzes the rearrangement of S—8 bonds in proteins.
ATP + L-Tyrosine + tRNAT"— AMP + PP, + L-Tyrosyl-tRNATY

ATP + y-L-Glutamyl-L-cysteine + Glycine — ADP + P; + Glutathione
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SOLUTION
(a) Glyceraldehyde-3-phosphate dehydrogenase, EC 1.2.1.12. The systematic name is D-glyceral-

(b)

()

(d)

(e)

)

(h)

0]

dehyde-3-phosphate:NAD™ oxidoreductase (phosphorylating); it is an important glycolytic en-
zZyme.

Urease, EC 3.5.1.5. Its systematic name is urea amidohydrolase. Interestingly, it is a nickel
containing enzyme.

Alanine transaminase, EC 2.6.1,12. The systematic name is L-alanine.2-oxoglutarate
aminotransferase. Note also that aminotransferases almost invariably have pyridoxal phosphate as
a cofactor.

Histidine decarboxylase, EC 4.1.1.22. The systematic name is L-histidine carboxy-lyase; it, to0o,
requires pyridoxal phosphate in animals, but the bacterial enzyme does not.

Alanine racemase, EC 5.1.1.1. The systematic name is the same. It has the honor of being the
first enzyme in group S; it also requires pyridoxal phosphate as a cofactor. (A racemic mixture is
a mixture of optical isomers of one chemical species, Chap. 2).

Ribulose phosphate epimerase, EC 5.1.3.4. Its official name is r-ribulose-5-phosphate 4-epimerase.
This is a key enzyme in the pentose phosphate pathway. (An epimer is a stereoisomer of a sugar
differing in the configuration on only one carbon, Chap. 2).

Disulfide bond (S—S) rearrangease, EC 5.3.4.1. The official name is protein disulfide-isomerase.
The common name is an example of naming the enzyme after the phenomenon with which it is
associated; enzymes in this category are called phenomenases, and the EC of IUPAC and the
Nomenclature Committee of the International Union of Biochemistry and Molecular Biology
(IUBMB) have generally disapproved of such naming. Another common example is the use of the
name translocase for an enzyme or protein carrier that catalyzes the movement of a moiety between
biological structural compartments, e.g., ATP translocase in mitochondria (Chap. 14).
Tyrosyl-tRNA synthetase, EC 6.1.1.1. The official name is L-tyrosine:tRNATY" ligase (AMP-
forming). It is the first of the group 6 enzymes but, more importantly, is essential to life because
of its role in protein synthesis (Chap. 17).

Glutathione synthetase, EC 6.3.2.3. The official name is y-L-glutamyl-L-cysteine:glycine ligase
(ADP-forming). This is the key enzyme in glutathione production and is found in many tissues and
organisms.

MODES OF ENHANCEMENT OF RATES OF BOND CLEAVAGE

8.5.

Covalent enzyme catalysis involves the formation of a transient covalent bond between an
enzyme and its substrate. Below are the general structures of commonly encountered so-called
acyl-enzyme intermediates and other covalent derivatives.

1.

2.

3.

Enz—OH + R,O—(ll—-Rz—>Enz—-O—-(|T‘—R2+ R,OH
o) o)

i |
Enz—SH + R,O—C—R,—Enz—S—C—R,+ R,0H

0]
| I
Enz— /\NH +R,O0—~C—R,— Enz—-\/\N—C—-—R2+ R,OH
+7) "’,’
N i NJ
H H
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4. Enz—NH,+0=C!  —— Enz—N—C
AN
R, R,

{a) Give examples of amino acid residues that have side chains with the reactive groups
indicated above. (b) Give chemical names to the acyl-enzyme intermediate compounds.

SOLUTION

(a) (1) Serine, (2) cysteine, (3) histidine, (4) lysine.
(b) (1) Ester, (2) thioester, (3) acylimidazole, (4) Schiff base.

The glycolytic pathway enzyme fructose-1,6-bisphosphate aldolase forms an acyl-enzyme
intermediate with its ketone substrate fructose 1,6-bisphosphate. Given that the enzyme
contains a lysine residue that is essential for its activity, what type of covalent intermediate
is likely to be formed?

SOLUTION

The general structure is that of (4) in Prob. 8.5(b), namely, a Schiff base (also called a
ketimine).

CH,0PO?%”
i 2 3
Enzyme—(CHz).—N=(|J
HO—C—H

| *
H—(ll—OH
H—(IJ—OH

CHZOPOi'

The formation of the ketimine labilizes the bond marked with the asterisk, leading to its cleavage.

Propinquity (proximity) effects are important in reaction rate enhancement. In the case of the
following compounds, anhydrides (products formed on removal of water) form at different
rates. Arrange the compounds in order of their rates of anhydride formation and explain the
reasons for the ordering.

)
H |
(a) H [C—O—R
H—A-C—O0~
e
0O
i
H C—O—R
T
) A
H C—0
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H
H H o
H I
© g’ o
H H
H I
o H C—O—R
) H
H
H Cl‘"o_
0o
SOLUTION

The relative rates of anhydride formation are as follows: (d) 1; (a) 230; (b) 10,100; (c) 53,000. A
greater rate enhancement occurs in the compounds in which the reacting carboxyl groups are held more
rigidly; this increases the time during which the transition state can form and therefore the time in which

the products can be formed.

8.8. Transition-state analogs are potent inhibitors of enzymes. In the enzyme cytidine deaminase
from the bacterium E. coli, the following chemical transformation takes place:

NH o)
) g
HN? “CH "ﬁ"’ HN- “CH
0= l|3H T 0 cI I
< IT - - \N/CH
i |

where R denotes a ribose residue.

{(a) Draw a possible transition-state compound.

() The two following compounds have different effects on the reaction rate; one is a
transition-state analog, while the other is a substrate. Give reasons for your proposal for

which is the analog.

H\ /OH @
]{[Iq/C\THZ ]ﬂr/ ~ Hz
o) C\N _CH, \T _CH,
! R

3,4,5,6-Tetrahydrouridine 5,6-Dihydrouridine
(1) )
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SOLUTION

(a) The likely transition state is the so-called tetrahedral intermediate; namely, an intermediate species
in which the carbon has the usual four-bond arrangement for carbon:

H\ /OH

(&) It is clear that compound (1) has a structure very similar to that of the intermediate in (a); it is
indeed a potent inhibitor (transition-state analog) of cytidine deaminase.

8.9. The bacterial enzyme chorismate mutase-prephenate dehydrogenase is peculiar because it is
a single protein umt with two catalytic activities. It catalyzes the sequential reactions of
mutation of chorismate to prephenate and then the reaction that leads to the formation of
phenylalanine and tyrosine, through oxidation of prephenate. The first of these reactions is
interesting because it is one of the few strictly single-substrate enzymatic reactions; it entails
the migration of a side chain from one part of the ring to another, as shown in the scheme
below.

Q

Chorismate Prephenate
(a) Predict a likely transition-state structure.

() Suggest a likely transition-state analog that might be a potent inhibitor of the
enzyme.

SOLUTION

(a) By using molecular orbital calculations, P. R. Andrews and G. D. Smith in 1973 suggested the
following structure as that of the transition-state molecule:

Transition state



CHAP. 8] ENZYME CATALYSIS 245

(b) Andrews and Smith recognized the similarity between the structure of the transition state and
adamantane.

HH
H
HH
H
H H )
H
H
H H
H H *
Adamantane

Adamantane has an extra methylene bridge (the asterisk in the diagram) linked to the six-membered
ring, thus stabilizing a cagelike structure. The authors indeed subsequently showed that some
adamantane derivatives are potent inhibitors of chorismate mutase; thus, these are examples of
transition-state analogs.

Note: Since the enzyme is not found in mammals, inhibitors of this enzyme may be an effective
means of controlling bacterial infection. Certainly, species-selective toxicity is an important con-
sideration in the development of new antimicrobial agents.

8.10. Lysozyme is an enzyme found in tears. It hydrolyzes bacterial cell wall polysaccharides, and
it has one of the best understood of all enzyme mechanisms. The enzyme is a single polypeptide
chain of 129 amino acids folded into a shape like a grain of puffed wheat, with a cleft along
one side. Into the cleft fits the substrate, a polysaccharide made up of alternating units of
N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). Details of the binding of a
competitive inhibitor (NAG)j; to the active site have been obtained using x-ray crystallography.
Using the x-ray structure, insight into the binding of substrates such as (NAG-NAM); has been
obtained (see Fig. 8-2 for a schematic model of the active site and the binding groups).

The enzyme catalyzes the cleavage of the bond between carbon 1 of residue [4] and the
oxygen atom of the glycosidic linkage of residue [5]. Two amino acid side chains in the region
of this bond can serve as proton donors or acceptors: Asp 52 and Glu 35, each of which is
about 0.3 nm from the bond. Asp 52 is in a polar environment and is ionized at the pH optimum
of lysozyme (pH 5), whereas Glu 35 is in a nonpolar region and is not ionized. The proposed
catalytic mechanism is given in Fig. 8-3.

(a) To which EC group does lysozyme belong, and what are the first two integers in its EC
number?

(&) Describe in words the various basic chemical processes that take place in the cleavage
of (NAM-NAG),, as shown in Fig. 8-3.

(c) What type of catalysis is operating here, covalent or noncovalent?

(d) What type of bonds are involved in the binding of the substrate (NAM-NAG); to the
enzyme?

(¢) On binding to the enzyme, the sugar residue [4] is distorted from a chair conformation
to that of a half-chair (Chap. 2). How might this aid catalysis?

SOLUTION

(@) Lysozyme is a hydrolase; thus its first EC number (Table 8.1) is 3. Since it catalyzes the hydrolysis
of a C—Q bond, its second number is 2 (Table 8.2).
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CH,OH

>—NH
H;N Arg
N Ny 114
Fig. 8-2 Binding of the substrate (NAG-NAM); to the
active site of lysozyme. The substrate is drawn
with bold bonds, the enzyme groups with light-
face bonds. H bonds are indicated by dotted

lines.
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8.11.

(©)

Fig. 8-3 Probable mechanism of bond cleavage by lysozyme. The thick solid line structure is the
substrate, and the lightface groups are on the enzyme. The small arrows indicate
displacement of electron pairs during the reaction.

(b) The carboxyl of Glu 35 donates a proton, cleaving the C-1—O bond and releasing the disacchande
[5]-[6]. The resulting carbocation, C-1 of ring (4], is stabilized by the negatively charged Asp 52.
The carbocation then reacts with the OH™ from the solvent water to release the tetrasaccharide
[1]-[2]-[3]-[4]- Glu 35 is then reprotonated in readiness for the nexs round of reactions. The glutamic
acid acts as a proton donor for the reaction, which is thus classified as general acid catalysis.

(¢) Since proton donation is central to the catalytic process, this is an example of general acid-base
catalysis; specifically, it is acid catalysis and it is noncovalent.

(d) In Fig. 8-3, the numerous dotted lines drawn between O’s and NH’s of amino acid residues and
O’s and NH’s of the oligosaccharide indicate hydrogen bonding; however, van der Waals,
noncovalent bonding also occurs.

(¢) The binding of the substrate distorts the previous chair conformation of residue [4]; this reduces
the tendency for binding; i.e., AG for binding will be elevated. However, this energy of distortion
(strain) contributes to the total activation energy required for subsequent bond cleavage via
formation of the carbonium ion.

Carboxypeptidase A (EC 3.4.17.1) is a pancreatic digestive enzyme consisting of a single
polypeptide chain of 307 amino acids with a total M, of 36,000. It catalyzes the cleavage of
amino acid residues from C termini of polypeptides. Importantly, for its mechanisms of action,



248 ENZYME CATALYSIS [CHAP. 8

Hydyophobic ¢
pocket Arg 145
Tyl' Z“B N — e
H, * RH
O~y EH—COO‘
/
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Fig. 84 The mechanism of covalent catalysis of the hydrolysis of a C-terminal amino acid
residuc from a peptide by carboxypeptidase A. The reaction is (a) — (d). and the
bold linc¢ structure is the peptide substrate, The C-terminal tyrosine side chain of
the substrate shown in (a) is denoted by R, in (b). (¢). and (d).

it contains one Zn* in its active sitc. The amino acid side chains that form its active site and

the catalytic sequence arc shown in Fig. 84.

(@) To what general class of enzyme does carboxypeptidase belong?

(b) What basic role does the Zn%* play in the catalytic mechanism? What general type of
catalysis occurs?

(¢) Describe in words the sequence of events that is depicted in Fig. 8-4.
SOLUTION

{2) Carboxypeptidase is a hydrolasc; i.e., it catalyzes the hydrolytic cleavage of a (peptide) bond. The
second integer in its EC number sequence indicates that it cleaves a C—N bond. It is an exopepridase;
i.e.. it hydrolyzes amino acid residucs from the carboxyl termini of peptides. There exist also
aminopeptidases that catalyze the hydrolytic removal of N-terminal amino acid residues. Endopep-
tidascs are those hydrolases that hydrolyze peptide bonds. not at the C or N termini, but within
the chain: exaroples are pepsin in the stomach and the pancreatic peptidases. such as chymotrypsin
and trypsin.
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(b) The Zn** acts as an electrophile that further polarizes the carbonyl oxygen [Fig. 8-4(c)] before
the formation of an ester linkage with the y carboxyl of Glu 270 of the enzyme. This linkage is

covalent, so this reaction is an example of covalent catalysis.

(¢) (1) The peptide substrate binds to the active site, which contains Arg 145, the Zn?* ion, and the

so-called hydrophobic pocket, which contains aromatic and aliphatic amino acid side chains. (2)
Nucleophilic attack by Glu 270 on the peptide bond is accompanied by the uptake of an H* from
Tyr 248. (3) This results in cleavage of the peptide bond and diffusion away of the C-terminal free
amino acid. (4) The covalently bound polypeptide is then released to regenerate free enzyme by
nucleophilic attack of an H,O molecule on the anhydride bond of Glu 270; this is followed by
reprotonation of Tyr 248.

RATE ENHANCEMENT AND ACTIVATION ENERGY

8.12.

8.13.

8.14.

8.15,

Calculate the rate enhancement that would be achieved if the activation energy of the
transition-state complex of an enzyme with its substrate were halved.

SOLUTION
From Eq. (8.2) k is proportional to e~8G"RT Thuys,
knew = koLp exp(—AG*2RT)
It is thus clear that the rate enhancement is dependent on both the original AG* and the temperature.
So, unless these values are given, the enhancement cannot be calculated.
If AG* and T in the previous example were —1 kJ mol ™! and 300 K, respectively, what would
be the rate enhancement factor?
SOLUTION
knew = koLp exp [1,000/(2 x 8.314 x 300)] = kgLp 1.22

Thus, the rate enhancement would be 22 percent. Clearly, enzymes achieve far more dramatic rate
increases than this. This suggests that —AG?* values are much larger in the first place (namely, in free
solution) and they are more dramatically reduced (than the twofold reduction discussed in this problem)
in enzymes.

Supplementary Problems

Draw the structures of the substrates and products of the following reactions and give the general EC
classification of the enzyme involved:

(@) Glucose 6-phosphate + HyO Grcow 6phospharase: -+ -+ - - - -

(b) Lactate + NAD+ Lacuate dehydrogenase NADH+H*+.......

- . D ————
(c) Argininosuccinate <z morccnme . Fumarate+. . . .. ..

(d) Fumarate+H;0 —pmarase > - - v o v - .

Alcohol dehydrogenase catalyzes the oxidation of a variety of alcohols to their corresponding aldehydes.
For a given amount of enzyme and a given substrate concentration (mol L™!), the rates of reaction with
the following substrates differ: methanol, ethanol, propanol, butanol, cyclohexanol, phenol. (a) Arrange
the substrates in the order of decreasing reaction rate. (b) Give reasons for your speculations.
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Glyceraldehyde-3-phosphate dehydrogenase has an essential cysteine residue in its active site. The enzyme
forms a transient acyl compound with its substrate, glyceraldehyde 3-phosphate. (a) What is the general
chemical name of the compound? (b) Draw its likely structure.

What is the basic difference between the reaction catalyzed by (a) a mutase enzyme and that catalyzed
by an isomerase; (b) an oxidase, an oxygenase, and the reverse reaction of a reductase? Give

examples.

Given that the spontaneous hydration of CO, is reasonably fast (Example 8.4), what might be a
physiological rationalization for the need for the enzyme carbonic anhydrase?

What is a suicide substrate of an enzyme?

If the enzyme concentration in a reaction mixture at equilibrium is comparable with that of the reactants,
is the ratio of product concentrations to substrate concentrations the same as if no enzyme were

present?
Why are most enzymes so large relative to their substrates?

Give some examples of enzymes that are smaller than their substrates.



Chapter 9
Enzyme Kinetics

9.1 INTRODUCTION AND DEFINITIONS

Enzyme kinetics is concerned with measuring the rates of enzymatic reactions, and with factors
that affect the rates.

Question: What determines the rates of enzymatic reactions, and why is it important?

The important factors influencing the rates of enzymatic reactions are the concentrations of
substrates and enzyme, as well as factors such as pH, temperature, and the presence of cofactors
and metal ions. ‘A study of these factors is important. In a pragmatic sense, there may be occasions
when one needs to optimize the rate of a particular reaction. A study of the way the rate depends
on experimental variables may also allow one to discriminate between possible models that attempt
to predict how the enzyme may function, i.e., its mechanism.

In addition to the experimental aspects of enzyme kinetics, design of experiments, and methods
for determining the progress of enzymatic reactions, an important aspect is the interpretation of the
data. This usually depends on writing mathematical expressions for model reaction schemes, which
predict how the rate depends on reaction variables. These equations are then tested for consistency
with experimental data, which may allow the rejection of models that do not satisfactorily predict
the measured behavior.

The basic principles and definitions used frequently in enzyme kinetic analysis are discussed

below.

Principle of Mass Action

For a single, irreversible step in a chemical reaction, i.e., an elementary chemical process, the
rate of the reaction is proportional to the concentrations of the reactants involved in the process.
The constant of proportionality is called the rate constant, or the unitary rate constant to highlight
the fact that it applies to an elementary process. A subtlety that may be introduced into rate
expressions is to use chemical activities (see Chap. 10) and not simply concentrations, but activity
coefficients in biological systems are generally taken to be near 1.

EXAMPLE 9.1
Application of the principle of mass action to the reaction scheme
ky
A+B = P+Q
k-1

with forward and reverse rate constants k; and k_,, leads to the following expressions for the forward and reverse
reaction rates:
forward rate = k;[A][B]
reverse rate = k_;[P)[Q] (9.1

251
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where the square brackets denote concentration in molL ™. At chemical equilibrium, the forward and reverse
rates are equal, so there is no ner production of any of the reactants with time. Thus,

ki PLIQL _
k. - (ALBL (5:2)

where K, is termed the equilibrium constant and the subscript e denotes the equilibrium value of the
concentrations.

Reaction rates are simply concentration changes of a species per unit of time and therefore can
be written mathematically as derivatives. Note, however, that the mathematical expression for the
overall rate of change of, say, [A] must include forward and reverse fluxes (Greek: “to flow™); for
example,

%= —ki[A][B] + k_4[P][Q] ®9

Molecularity

Molecularity refers to the number of molecules involved in an elementary reaction. Usually, only
two molecules collide in one instant to give product(s) (molecularity = 2) or a single molecule
undergoes fission (also called scission; molecularity = 1). Example 9.1 is of a reaction in which the
forward and reverse processes have a molecularity of two.

Order of a Reaction

This is the sum of the powers to which the concentration (or chemical activity) terms are raised
in a rate expression.

EXAMPLE 9.2

In the first-order reaction

A— P
the expression for the rate of change of [A] is
dA]
— = —kfA 9.4
= —k(A] 0.4

Since the left-hand side of the expression has the units-of-reaction rate (molL~'s~!), then these units must also
apply to the right hand side (balance of dimensions). Therefore, the units of k{A] must be molL~'s™!, implying
that & has units of s™'. Thus, simple dimensional analysis leads directly 1o the general expression for the units
of a particular constant in a particular reaction scheme.

9.2 DEPENDENCE OF ENZYME REACTION RATE ON SUBSTRATE CONCENTRATION

Experimentally, the effect of substrate concentration on enzyme reaction rate is studied by
recording the progress of an enzyme-catalyzed reaction, using a fixed concentration of enzyme and
a series of different substrate concentrations. The initial velocity, vy, is measured as the slope of the
tangent of the progress curve at time ¢ = 0. The initial velocity is used because enzyme degradation
during the reaction or inhibition by reaction products may occur, thus yielding results that may be
difficult to interpret.

When [S]>the enzyme concentration, v, is usually directly proportional to the enzyme
concentration in the reaction mixture, and for most enzymes vy is a rectangular hyperbolic function
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Fig. 9-1 The hyperbolic relationship between initial velocity (vy)
and initial substrate concentration ([S],) of an enzyme-
catalyzed reaction.

of [S]g (Fig. 9-1). If there are other (co-) substrates, then these are usually held constant during the
series of experiments in which [S]y is varied.

The equation describing the rectangular hyperbola that usually represents enzyme-reaction data
(e.g., Fig. 9-1) is called the Michaelis-Menten equation:

vo = _(@) = VmalSlo
° dt J,—o Kn+I[Sh

The equation has the property that when [S]qis very large, vy = V., (the so-called maximal velocity),
also when vy = V,,/2, the value of [S]; is K,,,, the so-called Michaelis constant.

(9.5)

9.3 GRAPHICAL EVALUATION OF K,, AND V..

Eq. (9.5) can be rearranged into several new forms that yield straight lines when one new variable
is plotted against the other. The advantages of this mathematical manipulation are that (1) V., and
K,, can be determined readily by fitting a straight line to the transformed data; (2) departures of
the data from a straight line are more easily detected than is nonconformity to a hyperbola (these
departures may indicate an inappropriateness of the simple enzyme model); (3) the effects of inhibitors
on the reaction can be analyzed more easily. It is also easier and more accurate to obtain an
extrapolated intercept from a linear plot than to estimate by eye an asymptote to a rectangular
hyperbola.

The most commonly used transformation of the Michaelis-Menten equation is the Lineweaver-
Burk “double reciprocal’” equation.

This equation was first introduced in 1935. By taking reciprocals of both sides of Eq. (9.5) we
obtain
1 K, 1 N 1

Vo B Vmax [S]O Vinax

A plot of data pairs (1/[S]y,, 1/vy,), for i =1,...,n, where n is the number of data pairs, gives a
straight line with ordinate and abscissa intercepts 1/V ;. and —1/K,,,, respectively [Fig. 9-2].

(9.6)
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|/Uo

1/ Ve

—1/Km

0 1/[Slo

Fig. 9-2 Lineweaver-Burk graphical procedure for
determining the two steady-state kinetic
parameters in the Michaelis-Menten equa-
tion.

Question: Are graphical procedures still used to obtain the best estimates of steady-state
parameters?

With the general availability of computers, graphical methods have to a large extent been replaced
by the procedure of nonlinear least squares regression of the kinetic equation directly onto the
untransformed data. Nevertheless, graphical procedures are still valuable for obtaining a quick guide
to the parameter values or for obtaining the initial estimates that are required by the numerical
methods.

9.4 ENZYME INHIBITION—DEFINITIONS

Often, rates of enzymatic reactions are affected by substances that are not reactants; when there
is a reduction in rate caused by a compound, then the compound is said to be an inhibitor. Increased
reaction rate by an activator is the opposite of this effect. In dealing with inhibitors it is important
to distinguish between the effects that are observed experimentally and the mechanisms (or models)
proposed to explain them.

There are three basic types of inhibition. They are defined in terms of the degree of inhibition
i, which itself is defined as

j= 9.7)

Yo
where vy and v; are the uninhibited and inhibited initial reaction rates, respectively.
1. Pure noncompetitive inhibition is said to exist if i is unaffected by the concentration of
substrate.
2. Competitive inhibition exists if i decreases as the substrate concentration is increased.
3. Anti- or uncompetitive inhibition exists if i increases as the substrate concentration is
increased.

In addition to the above, there is mixed inhibition, which exists if { increases or decreases as substrate
concentration increases, but not to the same extent as for the pure competitive or anticompetitive cases,
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respectively. In fact, it can be shown that mechanistically, noncompetitive inhibition is a special case
of mixed inhibition; however, operationally, as defined here, mixed inhibition is a combination of

two of the three basic types.

9.5 ENZYME INHIBITION—EQUATIONS

The mathematical expressions relating reaction rate and inhibitor concentration are often rather
complicated, but there are four simple equations that are extensions of the Michaelis-Menten formula.
These merit special consideration because the kinetics of many enzymes can be satisfactorily described
by them. In the equations in Table 9.1, [I] denotes the inhibitor concentration and K; and K; are
inhibition constants, the units of which are those of a dissociation equilibrium constant (mmol L™}).
Mechanisms that are consistent with these equations are described in Sect. 9.10.

9.6 MECHANISTIC BASIS OF THE MICHAELIS-MENTEN EQUATION

Equilibrium Analysis

To explain their results on the conversion of sucrose to glucose and fructose by the enzyme
invertase, Michaelis and Menten proposed in 1913 the following scheme of reactions:

k1 k2
E+S = ES —» E+P
k-1

It was assumed that k_, is large, compared with k;; thus, the first part of the reaction could be
described by the equilibrium constant for the dissociation of the enzyme-substrate complex:
K = [E][SVIES]. The concentrations of S and E at any time are derived from the known initial
conditions:
[Slo = [S]+[ES] +[P] 9.8)
[Elo = [E] + [ES] 9.9

Table 9.1. Rate Equations for the Four Types of Enzyme Inhibition

Pure Noncompetitive Pure Competitive
v = Vmax[S]O v = Vmax[S]O
(] (]
I
(K,,,+[S]0)( 1 +%) K,,,(l +[—]) + [S]o
I I
__ x, 1
K+ iz K;

Anticompetitive Mixed
v = Vmax[S]O v = Vmax[S]O
K,,,+(1+[—])[S]0 K,,,(1+[L]) (1+[—])[S]0
[1] [5]0
S I
[ ]0 X, _ [ ]{ x, K }

i= j =

Km+(1+[—])[S]0 K,,,(1+[K—])+( [I])[S]O
1
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Since experimentally, [S], > [E],, then [S] =S|, early in the reaction, and by using the expression
for K, and Eq. (9.9). we obtain:

_ (Elo—[ESDISly

K, .
s [ES] (9.10)
This equation can be rearranged to give
[Elo[Slo
ES|=——"3~ .
ESI= e+ Sl G0
The second step of the reaction is a simple first-order one, and thus
vy = kZ[ES] (9 12)
Hence the overall rate of decline of substrate is described by
ko Elo(Slo
= 9.1
T (Slo (5:13)

which is exactly the form of Eq. (9.5), if V.« = k2[E]) and K,,, = K.

Steady-State Analysis

Briggs and Haldane in 1925 examined the earlier Michaelis-Menten analysis and made an
important development. Instead of assuming that the first stage of the reaction was at equilibrium,
they merely assumed, for all intents and purposes, that the concentration of the enzyme-substrate
complex scarcely changed with time; i.e.. it was in a steady state. Written mathematically, this
amounts to

d|[ES]
=0 9.14
y (9.14)
Now, the flux equation for [ES] is
d[ES
ABS] _ jENS] - (k- + kIES] 0.15)
and by using Egs. (9.8) and (9.9) with [S] = [Sy], then
0 = ky[E]o[S]o— (ki[S]o +k-1 + k2)[ES] (9.16)
By rearranging this equation and using the fact that v, = k,[ES], we obtain
ko[Elo[S
- .17
ST sl
{

Again, this equation has the same form as Eq. (9.5), provided K,, is identified with (k_, + k>)/k,
and V,,,, is identified with k,[E],.

Several features of Eq. (9.17) are worth noting:

I. Because k> describes the number of molecules of substrate converted to product per second
per molecule of enzyme, it is called the rurnover number of the enzyme. Generally, in more
complex enzyme mechanisms, the expression for V., is complicated by k; being replaced
by an expression that is a ratio of sums of products of unitary rate constants; this grouped
expression is then called k.

2. If an enzyme is not pure, it may not be possible to determine accurately the concentration
of the active from. [E],. Nevertheless. V., can still be obtained by steady-state kinetic
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analysis. So, to standardize experimental results, we refer to one enzyme unit (or katal) as
the amount of enzyme solution required to transform 1 umol of substrate into product(s)
in 1 min, under standard conditions of pH, ionic strength, and temperature.

When [S]o is very large compared with K,,, virtually all of E is in the form of ES, so the
enzyme is said to be saturated, i.e., it is then operating at its maximum velocity.

9.7 DERIVATION OF COMPLICATED STEADY-STATE EQUATIONS

In principle, the steady-state rate expression for any enzyme with any number of reactants can
be derived using the methods of the previous section. In practice, the procedure is very laborious,
so use is made of an algorithmic method, introduced by King and Altman in 1956, it is not applicable
to (1) nonenzymatic reactions (cach reactant concentration must be >[E|,), (2) mixtures of enzymes,
or (3) reactions with nonenzymatic steps. However, these are not severe restrictions. It is applied
as follows:

1.

Draw the reaction scheme (the master pattern) with the required reaction arrows interconnect-
ing all relevant enzyme species (free and complexed forms).

Annotate all reaction arrows with the corresponding unitary rate constant. For forward
reactions where a substrate is involved, place its letter of designation next to the rate constant
in the scheme; do the same for reverse reactions involving a product.

For the n enzyme forms (onc of free enzyme and the rest complexes or isomeric forms of
the enzyme), draw reaction patterns that have n — 1 arrows and yield a continuous path or
paths that ]Jcad to each enzyme form. In addition, no closed loops of steps are allowed in
the pattern.

The expression for [ES;] - [E]r, where [ES;] is any enzyme form and [E]7 is the total enzyme
concentration, is given by the summed products of concentrations and rate constants from
each pattern.

The expression for the overall rate of product formation alone is given by multiplying the
concentration of the relevant enzyme-substrate complex (say, [ES,]) and the first-order rate
constant of its breakdown (say k,):

L K{E][ES,]
(sum of all expressions for [E] and the
different [ES;], where i=1,...,n-1)

(9.18)

In applying the algorithmic method, note that:

(a)

(b)

In all mechanisms not involving alternative reaction sequences, the numerator of the rate
expression will have only two terms: one, the product of all forward rate constants and
substrate concentrations [as in Eq. (9.18)] and the other, the corresponding product for the
reverse reaction,

With complicated mechanisms, it is easy to overlook some patterns at step 3, above. A useful
formula that yields the total number of (n — 1)-line patterns for m steps, where n is the
number of enzyme forms, is

m!
T =D m-n+1)

Total (n — 1)-line patterns = ( " 1) (9.19)
.
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(¢) Eq. (9.19) predicts the number of (n — 1)-line patterns, of which some may have closed
loops; the closed-loop patterns must be eliminated. The total number of (n — 1)-line patterns
with r-sided closed loops, Z, is

Z=( m-—r ):( (m—r)! (9.20)

n-1-r n—1-r)l(m—n+1)!

Hence, Z is determined for a range from 1 to n — 1, and the sum of all these Z values is
the total number of excluded patterns.

EXAMPLE 9.3

By using the King-Altman procedure, derive the steady-state rate equation for the following enzyme
mechanism:

X L7 L3
A+E—EA——EP—E+P
£y kg k_3

Steps (1) and (2): The master pattern is:

kA
E EA
k_y
l\\)' k//z
EP

Step (3): The reaction patterns for EP are:
A
koy
% k_sP \l-)r/‘:
EP EP EP

[EP] = kyky[A] + k_ 1 k_3[P] + kyk_5P] (9.21)

Step (4): Therefore,

Similarly, the expressions for the other two enzyme species are
[EA] = kyk_o[A] + k_2k_3[P] + k1k;[A]
[E] = k_1k3 + k2k3 + k—lk—Z

Since v= fi% = ky[EP] — k_;[E][P] (9.22)
and [E]r = [E] + [EA] + [EP]

(9.23)
then

e [E]r{ka(kiky[A) + k_1k_3[P] + kak_3P]) — k_;[P](k_ 1 k3 + ko k3 + k_ 1 k_3))
kyko[A]+ k_yk_3[P)+ kok _s[P] + ki k o[A]+ k 2k _3[P] + ki k3[A] + k_ ks + koka+ k_ 1k,
(9.24)

which is simplified to

_ [Elr(k1kaks[A] — k_1k_2k_3[P])
(k-lk3 + k2k3+k_1k_2) + kl(kZ + k3 + k_z)[A] + k__3(k__l + kz + k_z)[P]

(9.25)

v
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If [P] = 0, then the expression of Eq. (9.25) is of the form

RN
_ [El(num1)[A] _ T coefA 0.26)
" coef + coefA[A] © v < coef ) +[A] ©®
coefA

where the numerator coefficient is designated num1 and the two denominator coefficients are designated coef
and coefA, respectively. When the numerator and denominator are divided by coefA, the form of Eq. (9.26)
is identical to the Michaelis-Menten equation, Eq. (9.5). Thus, the analysis illustrates a very important rule of
steady-state enzyme kinetics: The introduction to a mechanism of steps that involve only isomerization between
enzyme complexes (EP in this case) does not change the form (see next section) of the steady-state rate

equation.

9.8 MULTIREACTANT ENZYMES
General

The most common enzymatic reactions ar¢ those with two or more substrates and as many
products. But many of the simpler single-substrate schemes are valuable for the development of
kinetic ideas concerning effects of pH, temperature, etc., on enzyme reaction rates. Although the
mechanisms of multisubstrate reactions are complicated, their kinetics can often be described by an

equation of the form:
VAl
VS e ———
KaPP 4 [A]
This is so if the concentrations of all substrates other than A are held constant during the
experiments; the values of V2P and K3PP are functions of the concentrations of the other reactants
(Example 9.6).

(9.27)

Nomenclature

In 1963 W. W. Cleland published a classification of enzyme-catalyzed reactions based on the
number of substrates and products in the reaction. This classification is as follows:

1. ‘The reactancy is the number of kinetically significant substrates or products and is designated
by the syllables Uni, Bi, Ter, Quad.

EXAMPLE 9.4

The associated Cleland designations for the reactions below are

A= P Uni Uni
A= P+0O Uni Bi
A+B = P+Q Bi Bi

A+B+C = P+Q+R+S Ter Quad

2. If all substrates add to the enzyme before any products are released, the mechanism is defined
as sequential. If substrates add in an obligatory order, the mechanism is called sequential
ordered. If there is no obligatory order of addition of substrates or release of products, it
is called sequential random. When one or more products are released before all the substrates
have been added, the enzyme will exist in two or more stable forms between which it oscillates
during the reaction; this type of mechanism is therefore called Ping Pong. If isomerization
of stable, as distinct from transitory (e.g., EAB EPQ in Example 9.5), enzyme forms
occurs, the term Iso is added to the designation of the mechanism.
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EXAMPLE 9.5
The ordered Bi Bi mechanism can be written as
k) ky k3
E+A = EA EA+B = EAB EAB = EPQ
k_y ko3 k_y
ky ks
EPQ & EQ+P EQ = E+Q
k_y k_s
or simply, using Cleland’s diagrammatical convention,* as
A B P Q
kllrk 1 kzlrk_z k.t,u/k—d ks,“/k__g
k3
E EA (EAB = EPQ) EQ E

k_3

In Cleland’s convention the letters A, B, C, D denote substrates and P, Q, R, S denote products, in the order
in which they add and leave the enzyme, respectively.

EXAMPLE 9.6

By using the King-Altman procedure, the rate expression for the ordered Bi Bi mechanism in the previous
example can be shown to be:
v=(k kykyksks|A][B] —k_1k_sk_3k_sk_s[P|[Q]) + {ksk_1(ksks + kak_5 +k_sk_3)
+ [Alkyks(kskg+ kok_o+ k_yk_3) + [Blhkaksksks + [Plhk_1k_2k_s3k_,
+[QIk_ 1k s(kyky + kqk_ + k_yk_3) + [A|[Blk ka(ksky + kyks + koks + ksk_3)
+ [PQJh_sk _sthsk_y +k 1k o+ k_(k 3+k_ok_3) +[A][Plkik_zk_3k_,4
+[B][QJkzkiksk_s+ [AlBIPlkikpk_y(ks + k_3) + [B][PNQl k2 k_g k_s(k3 + k_3)} (9.28)
The expression is simplified dramatically if we assume that at the start of the reaction [P] and [Q] = 0.
Furthermore, if [B] is saturating, we can divide both the numerator and denominator by [B] and take the limit
as [B]— =, and the equation reduces to
numlf[A]y

= 9.29
0T CoefB + coefAB[A], (5.29)

where the terms numl and coefAB and coefB relate to Eq. (9.28). Therefore, the expressions for V., and
K,,. respectively, are given by

numl
V= 9.30
X coefAB ( )
coefB
= 9.31
™ coefAB ( )

Expressions for the parameters relating to B may be similarly derived.

*In its original form, Cleland’s notation had only single arrows; thus this mechanism would be written as

A B P Q
L t 1
E EA EAB EQ E
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9.9 pH EFFECTS ON ENZYME REACTION RATES

General

Question: What is so useful about studying the effect of pH on the rates of enzymatic
reactions?

Pragmatically, one may simply want to find the pH at which the enzyme is most efficient at
catalyzing the reaction: the optimum pH. In addition, a thorough and careful study of the effects
of pH on the kinetics of an enzymatic reaction may lead to an understanding of which functional
groups of the enzyme or substrate may be involved in binding or catalysis.

To describe completely the effects of pH changes on enzyme catalysis is an almost impossible
task. Many of the amino acid side chains in an enzyme are ionizable, but in environments with
polarities different from that of the free solution, their pK,'s (Chap. 3) will probably be significantly
altered. However, experimentally, it is a simple matter to determine values of steady-state kinetic
parameters (K,,, Vinax) of an enzyme for various pH conditions.

The possible effects of pH are to change the ionization state of (1) groups involved in catalysis,
(2) groups involved in the binding of substrate, (3) groups involved in binding at sites other than
the active site, defined as allosteric effector sites, and (4) groups on the substrates. These altered charge
states will affect the affinity of the enzyme for its substrates and the rate of catalysis (Chap. 8).

A Simple Model of pH Effects

lonization of Free Enzyme
The simplest Michaelis-Menten-type scheme for showing analytically the effect of enzyme
ionization on enzyme kinetic parameters is

E

N

k
EH+S-k——"EHS—Z>EH+P

V.

EH;
_[ET]H"] _ [EHJ[H"] _ [EH][S]
where Kze——[ET] Kle—w Ks = [EHS] (932)

The rate expression corresponding to this scheme is derived most readily by using the equilibrium
analysis of Michaelis and Menten. The conservation of mass equation for the enzyme is

[Elo = [E"] + [EH] + [EHS] + [EH7 ] (9.33)
By using the relationship in Eq. (9.33), we obtain

_ [Elo
[EHS] = X ( X, [H+]) (9.34)
1+ 1+ —=+
[Sol [H*]  Kie
Since vg = k,[EHS], then
vo = ;zz[E]"{lS{]S] (9.35)
Ks(l + m + Kle ) + [S]()
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Eq. (9.35) corresponds to the Michaelis-Menten equation with the same expression for Va4, k2[Elo,
but

(9.36)

K2e [H+])
[H+] Kle

K, = K,<1+—+

The following facts about these equations should be noted:

(a) For fixed values of [S]p and [Elo, Eq. (9.35) describes a bell-shaped curve with a
maximum at a pH between pK;. and pK,,. In other words, a plot of ~log(apparent
K,,) = pK,, versus pH has the form shown in Fig. 9-3, with a maximum value of pX,, at
pH = —12log(K;.- K2.); i.e., the optimum pH for the reaction is (pK,.+ pKz.)/2.

(b) Since at any pH the term in parentheses in Eq. (9.36) is always >1, then K,,> K.

(¢) The concentration of H* (i.e., pH) has no effect on V .

(d) If [H*]> K., that is, when the pH is low (i.e., [H*] is high), then Eq. (9.35) becomes

Vmax Slo
K,(l + [2—+]) + [Slo

le

(9.37)

Yo =

which is the same form as the competitive inhibition equation (Table 9.1) with H* as the
inhibitor.

(e) Atlow pH, K,,= K[H"}/K\.; hence, pK,, = pK, + pH — pKj., and a plot of pK,, versus
pH is a straight line with a slope of 1 (Fig. 9-3). Similarly, at high pH, where
K,.» K,,»[H*], K,,, = K;K5./[H*] and pK,,, = pK; + pK2. — pH, and a plot of pK,, versus

PKm

30

251

201

i

1
pH

Fig. 9-3 A plot of —log (apparent K,,, = pK,, versus pH for the enzyme scheme
shown on page 261. The parameters used in Eq. (9.35) were
Ks=10"molL™!, K;, =107 mol L™!, K;, = 1078 mol L~
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pH has a slope of —1. In the intermediate pH range,when K, .>[H"]> K,,, K,, = K, and
a plot of pK,, versus pH is a horizontal line. Hence the intersection of the horizontal line
with the two straight-line segments yields estimates of pX;. and pK,, (Fig. 9-3).

9.10 MECHANISMS OF ENZYME INHIBITION

The equations given in Table 9.1 simply describe the inhibition behaviors of enzymes and thus
can be called phenomenological expressions. However, it is important to describe basic mechanisms,
in the way that Michaelis and Menten did for a single enzyme. The mechanisms account for the form
of the inhibition equations.

Competitive Inhibition
The simplest scheme for competitive inhibition is
I

+ ki k2
E+S = ES — E+P

u k-1
kr|l k—;
El

where K; = k_;k; and is the dissociation constant of the enzyme-inhibitor complex.
By using the steady-state analysis of Briggs and Haldane, it is possible to show that

vo = kaEo[S]o (9.38)
(k_, +k2)(1 L ) +[S]
ky k_lk; 0
Vmax[S]O (9'39)

) ]
Knll1+=1|+
(1) + 15k
The double reciprocal form of Eq. (9.39) for competitive inhibition is:
1 1 K, [I]) 1
Yo Vmax Vmax( K; [S]O ¢ )

This equation predicts that the slope of a Lineweaver-Burk plot will increase with increasing inhibitor
concentration, but the intercept on the 1/vy axis (1/V,,,) will not change. A series of plots for several
expe