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PREFACE

A definition of biochemical genetics in a current textbook of human or
medical genetics is difficult to find. This is surprising in view of the
tremendous outpouring of work in the field and Professor Harry
Harris’s excellent summary of the principles of the subject (‘““The
Principles of Human Biochemical Genetics™, North Holland Publishing
Company, 1970). It is also regrettable because biochemical genetics
do represent a comparatively unified attempt to analyse human
genetic variation at the molecular or near-molecular level. Because
man is complex the types of variation which have been tackled are
usually Mendelian ones; because DNA molecules are difficult to
manipulate, the molecular level has meant the level of protein or
enzyme (or their immediate products as in the blood groups and
leucocyte antigens). Advances have been rapid and striking and it is
no longer valid to dismiss biochemical genetics as those few aspects of
human genetic variation which do not conveniently fit into more
conventional categories.

In this book we have tried, with the help of our contributors, to be
comprehensive in approach both to the fact and theory of human
biochemical genetics. This is an ambitious aim, for some subjects (like
blood group substances, leucocyte antigens and immunoglobulin
variation) have become sciences in their own right. Coverage here
must concentrate on recent advances and assume a certain basic
knowledge (or willingness to acquire it) on the part of the reader.
Nonetheless these topics have been included, for an account of bio-
chemical genetics without them would seem to us to be quite misleading
in emphasis.

The main body of the book is divided into two parts—common
variants and rare variants. This has been convenient in ordering the
chapters in some kind of logical sequence. But it is not a division based
on principle, as the occurrence of many variants (e.g. those of the
enzyme, glucose-6-phosphate dehydrogenase) in both parts will make
clear. Indeed our aim in compiling this text has been to illustrate and
emphasize through documentation of the facts the essential unity of
biochemical genetics. We have been greatly helped by discussion with
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numerous colleagues; in particular we thank Dr. Charles Smith and
Dr. J. J. Veltkamp for their help with some of the manuscripts.

Edinburgh D. J. H. Brock
Fune, 1972 Oliver Mayo*

* Present address: Biometry Section, Waite Agricultural Research Institute,
University of Adelaide, Glen Osmond, South Australia.



CONTENTS

CONTRIBUTORS

PREFACE

1 Tuae STRUCTURE AND FuNcTioN ofF ProteiNs D. M. Dawson

1L
II1.
III.
Iv.
V.
VI

VII.

VIII.

1. Genetic Basis of Variation

Classification of Proteins

General Features of Protein Structure
Structure and Function of Fibrous Proteins
Structure and Function of Globular Proteins
Quaternary Structure of Globular Proteins
Membrane Proteins

Immunoproteins

Mutational Effects on Proteins

References

2 GENES AND ProTEINs A. G. ALLISON

L.
IL.
ITI.

3 CHROMOSOMES AND PROTEIN VARIATION

1.
I1.
II1.
IV.

V.
VI

Introduction

Effects of Mutation on Protein Structure
The Control of Protein Synthests
References

Introduction

The Human Chromosomes

Possible Biochemical Consequences of the Chromosomal
Aberrations

Protein Studies in Chromosomal Disorders

Mapping ' »
Methodological Trends in the Analysis of the Human
Genome

References

vii

11
14
23
32
33
34
36

39
42
58
67

W. KronE and U. Worr

71
72

87
100
115

117
119



CONTEN'?S

II. Normal Variation

4 PoLyMORPHISM, SELECTION AND Evorution O. Mavo

I.

Introduction

I1. Selection

ITI.

Evolution

References

5 ENzyME PoLyMmorprHISM G. BECKMAN

I
11.

Introduction

Polymorphic Enzyme Systems
Acknowledgements
References

6 ProreiIN PoLyMorPHISM D. W. CooPrer

1.
II.
III.
Iv.

V.

VI.

Introduction and Scope of Chapter

The Concept of Polymorphism as Applied to Serum Proteins

Polymorphisms Detectable by Electrophoresis
Polymorphisms Detectable by Immunodiffusion
(Ouchterlony Technique)

Immunoglobulin Polymorphisms (Allotypes) -
Comparative Summary of Polymorphisms; Prospects for
Further Investigation ’
References

7 Broop Grour ANTIGENs B. BOETTCHER

I.
II.
II1.
Iv.
V.
VI.

VII.
VIII.
IX.
X.
XI.

Introduction

Methodology

ABO Antigens

Secretors and Non-Secretors
Lewis Antigens

Biochemical Studies'on ABO and Lewis Antigens and the
Role of the Secretor Gene
Rh Antigens

MNSs Antigens

Xg Antigen

Other Systems

Primates

References

8 Leucocyre ANTicENs W. R. Mavr

I
II.
ITI.
Iv.

Introduction

Leucocyte and Platelet Isoantigens
The HL-A System '
Conclusion

References

131
132,

152

157
159
205
205

219
220
222

241
246

249
252

259
263
267
270,
272

273
279
283
285
289
291
293

301
302
304
337

.338



CONTENTS

9 THE Uses oF PoLymorPHIsSM D. R. ACKERMAN

I
II.
111
Iv.
V.

Introduction

Techniques for the Demonstration of Polymorphism
Determination of Cell Structure and Function
Testing Biological and Evolutionary Hypotheses
Conclusions

References

III. Pathological Variation

10 InsorN Errors oF MEeraporism D. J. H. Brock

I

1I.
III.
Iv.
V.
VI.
VILI.
VIII.

Introduction

Molecular Concepts

Experimental Approach

Tissue Distribution

Heterogeneity

Heterozygote Detection

Prenatal Detection

Classification of Inborn Errors of Metabolism
Acknowledgements

References

11 HAEMOGLOBIN VARIATION J. M. WHITE

I
II.
I11.
IV.
\'
VI.
VII.
VIII.

Introduction

Structure of Normal Haemoglobin

The Function of Haemoglobin

Variation in the Structure of Haemoglobin

Clinical and Molecular Implications of Structural Variation

Genetic Variation of Globin Synthesis
Genetic Disorders of Globin Synthesis
Concluding Remarks

References

12 TaHE IMMUNOGLOBULINOPATHIES M. W. TURNER

1.
II.
II1.

Introduction

The Immunoglobulins

The Immunoglobulinopathies
References

13 CoacuratioNn DisorpErs K. W. E. Denson

I.
II.
II1.

Iv.
V.

The Modern Concept of Blood Coagulation
Abnormal Clotting Factors

The Genetics of Haemophilia, Autosomally Transmitted

Haemophilia and vor Willebrand’s Disease
Combined “Deficiency” of Clotting Factors
Resistance to the Oral Anticoagulant Drugs
References

X1

347
348
353
366
375
377

385
390
397
409
414
419
425
428
461
461

478
479
482
487
496
511
519
533
533

543
346
566
396

603
609

629
632
634
636



xil

CONTENTS

14 UnsoLveEp MENDELIAN Diseases G. R. FRASER

1.

1I.
II1.
Iv.
V.
VI.
VII.
VIII.

Introduction

Screening Techniques

The Nature of Dominance

Unsolved Mendelian Disease and Neoplasia

Unsolved Mendelian Disease and Complex Inheritance
Immunological Variation and Mendelian Disease
Genetical Nosology

Conclusions

References

AvuTtHOR INDEX
SuejecT INDEX

639
642
645
646
648
649
649
650
652

653
699



I. Genetic Basis of Variation






THE STRUCTURE AND FUNCTION
OF PROTEINS

D. M. Dawson

Peter Bent Brigham Hospital, Boston, Massachusetts, U.S.A.

I. Classification of Proteins 3
II. General Features of Protein Structure 5
A. The polypeptide chain . . . . . . . 5

B. The ailpha-helix . . . . . : . . . 7

. C, Other helices . 7
D. Beta conformation 8

E. Covalent bonds . 8

F. Hydrophobic and van der Waal’s forces 8

_ G. Conjugated proteins . . . . . N 10
ITI. Structure and Function of Fxbmus Protems . . . . . 11
A. Alpha keratin . . . . . . . . . 11

B. Fibroin . . . . . . . . . . 12

C. Collagen . . . . . . . . . . 12

D. Myosin . . . . . . . . 12

E. Other structural protcms . . . . . . 13

IV. Structure and Function of Globular Protems . . . . . 14
A, Haemoglobin . . . . . . . . 14

B. Carboxypeptidase . . . . . . . 22

V. Quaternary Structure of Globular Protcms . . . . . 23
A. General features . . . . . . . . . 23

B. Lactic dehydrogenases . . . . . .24

C. Other enzymes of multx-subumt pattem . . . . . 27

D. Phosphorylase . . . . . . . . 28

E. Aspartate transcarbamylase . . . . . . . 30

F. Conformational variants . . . . . . . .31

VI. Membrane Proteins . . . . . . . . . 32
VII. Immunoproteins . . . . . . . 33
VIII. Mutational Effects on Protems . . . . . . . 34
References . . . . . . . . . . 36

I. CLASSIFICATION OF PROTEINS

Proteins may be classified in a number of ways. Perhaps the most
natural way to think of them is according to their function, and this is

3



4 D. M. DAWSON

done in Table I. Such a classification is useful, but scarcely does justice
to the diversity of proteins, which matches the diversity of species.
Another method derives historically from the solubility of proteins in
aqueous solutions; there are soluble or globular proteins and insoluble
or fibrous proteins. But not all globular proteins are freely soluble,
especially storage proteins, and there are many lipoproteins and glyco-
proteins which are no more soluble than their prosthetic groups. In
addition, the term globular protein has come to have a structural
implication, namely a protein with optical properties (rotatory dis-
persion and circular dichroism) resembling those known for enzymes.

TABLE I
Funcrionarl TyPEs oF PROTEINS
Type Function Examples
1. Enzymes Catalysis Ribonuclease
Carboxypeptidase
Lactic dehydrogenase
2. Transport Transport . Haemoglobin
Proteins Serum albumin

Serum lipoprotein

3. Storage Storage Ovalbumin
Proteins Casein
Zein
4, Antibody React to foreign materials Gamma globulin
Proteins Complement
5. Structural Support . Keratin
Proteins ? Transmembrane transport  Collagen
Elastin
Glycoproteins
Fibrin{ogen)
Permeases
6. Contractile Movement Myosin
Proteins Actin
Flagellar protein
7. Regulator Regulation Repressor protein (E. coli)
Proteins ATCase subunit
Insulin, ACTH
Histones

@ Modified from Lehninger (1970), p. 61.
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Such difficulties lead directly to a consideration of the various kinds of
proteins and to a description of their known structural features. The
object of this first chapter will be to present only examples of these main
points and for this reason it will not claim in any sense to be compre-
hensive. Since much of the information on protein structure and
function comes from organisms other than man, attention to the
principles illustrated rather than exhaustive documentation of facts is
considered relevant to the purposes of this book. A number of recent
reviews deal more completely with certain of these areas and these will
be referred to.

II. GENERAL FEATURES OF PROTEIN STRUCTURE

The primary structure of a protein is its amino acid composition or the
moles of each amino acid per mole of protein. The secondary structure
is a term largely used with reference to fibrous proteins, indicating the
form or configuration of the peptide backbone. The tertiary structure
usually refers to globular proteins and to their complete detailed three-
dimensional structure. Quaternary structure means the arrangement of
sub-units of multi-membered protein chains in complex molecules. The
terms are artificial and are less useful now that it is realized that all are
a direct result of the coded sequence of amino acids (see Lehninger,
1970). :

A. The Polypeptide Chain

All proteins are linear polymers of peptide-linked amino acids, and
have the general structure:

R, (o] R, o
) H i | g -
g i H | !
H 0 Rz O Rq

in which R; R, R; etc. refer to the side chains of the various amino
acids. The representation given is one of the standard conventional
illustrations, and does not really reveal the structure. The important
feature is the

H
~e TN
o



6 D. M. DAWSON

bond system (Pauling, 1960). The electrons present in the carbényl
group are in resonance across the C-N bond: statistically they “spend
time” in the G-N bond as well as in the C~O bond, thus shortening the
C to N distance. ‘This resonance produces stabilisation of the unit and
prevents rotation. (The property is a general one of amide groups.) The
peptide structure could then be better represented as

H
\$‘p‘ NG
0

It will be noted tha,t the carbon groups on which R;, R, etc. are substi-
. tuted do not have partial double-bond character and rotation can occur
there. These are the alpha-carbons and in a peptide bond they occur
at a distance of 3-6 A from each other.

The polypeptide chain thus consists of npeatmg planar units. Every
3-6 A, at the R group-bearing carbon, rotation is allowed. Rotation is
not or may not be random, but is determined by t)e size, charge and
other propcrtics of the R groups which are attached to the chain.
Proteins in which the only organisation is that furnished by the poly-
peptide backbone are spoken of as random coils, although in many cases
this usage does not indicate that the structure is random, but rather
that we do not understand the functional significance conferred by that
sequence of amino acids. The term random coil is also used in reference
to proteins in which all known structure other than that of the poly-
peptide chain has been abolished, for instance, by dissolving them in
8M urea.

The peptide bond is formed in biological materials by a peptidyl
synthetase present in the ribosomes and requlres energy ultimately
derived from adenosine triphosphate (ATP). It is a stable covalent
bond and requires drastic chemical conditions to be hydrolysed.
Commonly 68 HCl at a temperature of 110°C is used when full
hydrolysis is desired. The peptide bond may also be broken by a
number of enzymes (trypsin, chymotrypsin, subtilisin, papain étc.) and
in a few cases the R group imparts special features which allow for
hydrolysis of only the adjacent bond. Cyanogén bromide, for instance,
cleaves the chain adjacent to methionyl restdues. The standard free
energy change for the hydrolysis of one peptide bond is —450 cal./mole,
far less than that of a high energy phosphate compound, but fully
enough to ensure that the rate of spontaneous hydrolysis of the peptide
bond at neutral pH and 37°C will be vanishingly small.
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B. The Alpha-Helix*

The earliest X-ray diffraction results on proteins more than 35 years
ago disclosed that alpha keratin from wool fibres has a regular re ieatmg
structure with a periodicity somewhere between 5-0 and 5:5 A along
the axis. To explain this, the important structure of the alpha-helix was
deduced by Pauling and Corey (1951), who began with model com-
pounds, and devised the most stable hydrogen-bonded structures. The
alpha-helix is a tightly coiled spiral, right-handed in sense, in which the
amino-group hydrogen participates in a hydrogen bond with the
carbonyl oxygen located four pcpudc bonds away. The R groups
protrude out from the central axis. The rise along the axis of each turn
of the helix gives a repeat period of 5-4 A, agreeing well with that found
for the wool fibres.

The helix itself achieves its stability from the hydrogen bonds formed
parallel to the axis of the chain and can be built without any participa-
tion from the substituent R groups. This is not to say that the particular
amino acids present in the peptide chain are without effect; some
amino acids will block the formation of the helix, while others will not.
Polylysine at neutral pH cannot form a helix, because of the adverse
effect of the positively charged R groups; in an alkaline medium a
polylysine helix will spontaneously form. Certain amino acids (e.g.
serine) will tend to form other hydrogen bonds and do not favour
helix formation. Proline, in which the N-C bond is part of a five-
membered ring, cannot rotate at the alpha carbon and hence is unable
at all to participate in alpha-helix formation, although polyproline
makes two kinds of helices of its own.

C. Other Helices

The alpha-helix is not the only helical structure that can be formed
by polypeptide chains. In the alpha-helix the hydrogen bonding is to
the fourth carbonyl group up the chain, and the result is that there are
3-6 amino acid residues per turn of helix. Other helices include the
= helix (bonding to the fifth carbon, 4-4 remdues/tum) and the 3,, helix
(bondmg to the third carbon). To varying degrees the hydrogen bonds
in these structures are subject to strain, the free energy is thereby
reduced, and the helices are less stable. Proline, which cannot partici-
pate in the alpha-helix, can make its own helix as polyproline. This is

* The material in Sections B-D is largely derived from Dickerson and Geis (1969),
which is a lively and well-illustrated introduction to protein structure, and it is
also covered in Schellman and Schellman (1964).
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not known to occur in natural proteins, nor is the left-handed alpha-
helix which can be constructed from D-amino acids.

D. Beta-Conformation

It is also possible to stabilise proteins by forming hydrogen bonds
between adjacent chains rather than along the axis of one chain. Thisis
the basis of the 8-conformation, which was also deduced by Pauling and
Corey and called the pleated sheet. The peptide backbone in this case is
a wavy or zigzag arrangement, and hydrogen bonds are formed between
amino-group hydrogens and the carbonyl groups of parallel chains.
When the peptide chains run in the same direction, they are said to have
the parallel sense, and when in the opposite direction, the antiparallel
sense. Both forms occur. The R groups project above and below each
sheet and may interact with R groups from other sheets. Artificial
polymers or copolymers of amino acids (for instance, polylysine) have
again been important in studying these structures.

E. Covalent Bonds

Other than the peptide bonds, almost all covalent bonds found in
proteins are those formed by the oxidation of two cysteine residues to
form an —-S-S-bridge. Their importance should not be over-estimated;
many proteins do not contain any such cross-linkages. Some proteins
contain no more than one or two such pairs of cysteines, and they
appear to function more to orient the folding of chains. Serum proteins
(albumin and y-globulin) contain more than most.

F. Hydrophobic and van der Waal’s forces

Particularly in the case of globular proteins, to be discussed below it,
has become clear that much of the stability of the molecule is furnished
by hydrophobic forces. These forces illustrate the vital influence of the
R groups on protein structure. Some of the properties of the 20 amino
acids coded for by DNA codons are listed in Table II. The hydrophobic
amino acids in particular serve a special function-when present in a
protein chain. It will be appreciated that a polymer of leucine, for
instance, will have only one positive charge at the amino-terminal and
one negative charge at the carboxyl-terminal ends. Chains of neutral
amino acids which are allowed to pack closely can exclude water from
the environment of the individual amino acid side chains, producing
hydrophobic regions. This process can be accompanied by the release



