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Preface

This book was written partly because of an inner motivation and partly, and
more important, because of an awareness of the lack of a suitable text for
second and third-year courses in molecular genetics at Trinity College, Dublin.
There are many good textbooks on general genetics but these tend to
concentrate on Mendelian and neo-Mendelian genetics and lead on to a study of
natural selection and evolution. On the other hand the text books on molecular
genetics take a more biochemical approach and, in general, ignore many
important aspects of basic genetics and genetic mapping, even though it is not
possible, for example, to understand the rationale behind hybrid DNA models
for genetic recombination unless one is fully conversant with tetrad analysis, or
the relationships between the different control genes in bacteria without a
knowledge of their genetic systems. This introduction to molecular genetics,
based on lectures given to our second and third year students, is written from
the point of view of a geneticist and attempts to achieve a better balance
between the genetic and the biochemical evidence.

The size of any book limits the range of material that can be adequately
described and so the choice of examples becomes largely a matter of personal
preference. Several important aspects of basic genetics (for example inheritance
in man, continuous variation and cytogenetics) receive only a brief mention
since they are not necessary for a proper understanding of the aspects of
molecular genetics described in this book. Likewise, only a few selected
examples of genetic control in higher organisms are highlighted and some of the
more important problems indicated. This is not because these systems are any
the less interesting or less important than the better known control systems in
procaryotes, but because they are not only strikingly different but also relatively
poorly understood; many of the conclusions in this wide and rapidly expanding
field are still tentative and cannot be adequately discussed in a book of this size
and at this level.

In general, I have tried to trace the development of each branch of molecular
genetics, to discuss each experiment in its correct historical perspective,
wherever possible describing experimental procedure and presenting actual data
or results, and to present a picture of molecular genetics as it is today.

I have not attempted to cite original references to all the experiments
described, but the bibliography, in addition to some suggestions for further
general reading, lists a number of now classic papers, which the student should
find intelligible, informative and intellectually satisfying.

I am much indebted to the members of the Department of Genetics in
Trinity College, Dublin, who have read and commented on many parts of the
manuscript, to Dr Keith Jones, who prepared the photographs reproduced in
figure 4.4. especially for this book, and to Dr Oscar Miller (jr) for permission to
reproduce the electron micrographs shown in figure 18.6.

Trinity College, P. F. SMITH-KEARY
Dublin
April 1974
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1 Thisis Genetics

Every schoolboy knows it.
Bishop Jeremy Taylor (1613-1667)

To most students of a few years ago, genetics would have conjured up the idea
of ratios in peas or in the fruit fly, and even today a dictionary may define
genetics as simply ‘the science of the study of heredity’. Although we realise the
importance of understanding how characters are inherited, the ramifications of
modern genetics are very rmuch greater and spread into all fields of conventional
biology. Today, geneticists already know the detailed structure of at least one
gene and how it can code for the production of a specific polypeptide molecule,
and they are now seeking a finer knowledge of how the action of the genes
themselves is controlled; with this knowledge we will be nearer to understanding
how the multitude of genes in a higher organism coordinate their actions so as to
be able to control the development of a fertilised egg into a complex
multicellular adult organism. Genetics is probing at the very nature of life itself
and, indeed, ‘life’ has already been synthesised in the test tube, albeit it by
copying the comparatively simple form of an infective viral chromosome. Even
more important socially is the possibility that in the not too distant future we
may be able to replace defective genes and so alleviate the miseries-caused by the
many inherited and incurable diseases of man.

Although many who read this book will already have studied some genetics,
others will not have done so, and it is to them that the next two sections are
addressed; they introduce some of the many technical terms used in the text and
outline some of the basic concepts and foundations of genetics. The remaining
chapters assume that the reader has understood these terms and concepts.

A Mendelian View of Genetics

The fundamental unit of any higher organism is the cell and it is convenient first
to examine the basic structure of a generalised animal cell (figure 1.1). Each cell
is surrounded by a cell membrane about 7.5 nm thick, and like all the cellular
membranes it is made up of a layer of phospholipid molecules sandwiched
between two layers of protein molecules. This membrane is semi-permeable and
so allows the passage of some macromolecules, but not others, and it is a barrier
between the exterior and the interior of the cell. The cell membrane encloses the
cytoplasm and within this lie a number of cell organelles, such as the
mitochondria, lysosomes, centrioles, endoplasmic reticulum and the Golgi
apparatus. The mitochondria consist of two layers of membrane with extensive
internal invaginations; they are rich in enzymes and their function is to provide
energy by the oxidation of food substances. Lysosomes are also membrane
bound and they contain the enzymes concerned with the breakdown of
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Figure 1.1 The generalised animal cell.

macromolecules. Every animal cell (but not plant cells) contains a pair of
centrioles and they are responsible for organising the spindle at cell division
(chapter 4). The endoplasmic reticulum is a system of membranes organised in
pairs and it forms an intricate network within the cell. Some of the endoplasmic
reticulum, the rough endoplasmic reticulum, has one surface lined with
ribosomes. The ribosomes, made up of RNA and protein, are found either lining
the endoplasmic reticulum or free within the cell and they are the factories
where the proteins are synthesised; some of these proteins are secreted into the
endoplasmic reticulum. Another membrane system, probably continuous with
the endoplasmic reticulum, is the Golgi apparatus; this has a layered structure
and there are no attached ribosomes. ’

The most important part of the cell is the nucleus, the control centre of the

cell. The nucleus is also bounded by a double membrane, continuous with the
“endoplasmic reticulum, and it contains the genetic material (collectively referred

to as chromatin) and. one or more nucleoli where the ribosomal RNA is
synthesised. The genetic information is stored in discrete bodies found in the cell
nucleus, the chromosomes. Each chromosome is differentiated along its length
into a very large number, perhaps S00 to 2000, of basic genetic units of genes.
With certain exceptions each gene functions by specifying the biosynthesis of a
particular polypeptide, often in the form of an enzyme, or by carrying out a
control role in biosynthesis.

In higher organisms each cell usually contains two complete sefs of
chromosomes—in other words the chromosomes occur in pairs of two similar,
but not necessarily identical, homologues, one derived from each parent. Each is
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Figure 1.2 The organisation of the genetic material in a diploid eucaryotic cell.

a pair of homologous chromosomes. Along each chromosome the sequence of
genes is identical although the genes themselves may be slightly different so that
they produce qualitatively or quantitatively different products. In figure 1.2 one
homologue has a defective gene a which has been structurally altered so that it
can no longer specify the production of the a protein molecules, while gene ¢
has been modified so that it produces fewer molecules of protein ; both of the
corresponding wild type genes, A4 and C, produce normal gene products. Thus 4
and a (or C and c) are different forms of the same gene, or alleles of each other,
and in this example A is the wild type allele and a the mutant allele. Mutation is
the general name given to the processes which can change one allele into another
allele (chapter 10).

Since the chromosomes occur in pairs the genes must also occur in pairs, so
that for the pair of alleles 4 and a there are three possible genic combinations or
genotypes, AA, Aa and aa. When both homologues carry the same allele
(AA oraa) the cell is said to be homozygous (and the organism is a
homozygote), while if the alleles are different (4a) it is heterozygous. In a
heterozygous Aa organism the A allele will enable the production of the wild
type protein and so the individuals will have a normal appearance or phenotype
and be indistinguishable from an AA homozygote; the only individuals who will
have the abnormal or mutant phenotype will be the aa homozygotes. We say
that the A allele is dominant over a, or that a is recessive to A. Usually, but not
always, the wild type allele is dominant and the mutual allele is recessive;
dominant and recessive alleles are frequently denoted by capital and lower case
letters respectively. Not all pairs of alleles show dominance and recessiveness and
the heterozygotes may have a phenotype intermediate between the phenotypes
of the two homozygotes.
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It is important to realise that because an organism has a particular gene does
not necessarily mean that the corresponding phenotype will be manifest. A
seedling is normally green but, because light is necessary for the formation of
chlorophyll, it is pale yellow if grown in the dark; and yet these yellow seedlings
have all the genes necessary to make chlorophyll and so will rapidly go green
when transferred to the light. For the vast majority of inherited characters the

phenotype is the result of interaction between the genotype and the
environment,
adult orgamism

2n \

meiosis

mitosis \

gametes
n

gamete
n

zygote 2n fusion

e —

Figure 1.3 A generalised life cycle of a higher animal: # is the number of chromosomes in a
haploid set; 2n represents a diploid cell or organism.

A cell containing two complete sets of chromosomes is called a diploid and a

cell with only one set is haploid. The terms diploid and haploid are also used to

 refer to organisms containing predominantly diploid or haploid cells. The term
genome is used to refer to the total gene content of a cell or organism.

A cell divides by the process of mitosis (chapter 4), in such a way that each
daughter cell receives a complete and exact copy of all the chromosomes in the
mother cell; it is by mitosis that a zygote divides so as'to produce, eventually, a
multi-cellular adult organism. However. in the life cycle of a sexually
reproducing organism (figure 1.3) the diploid zygote is the product of the fusion
of 2 male and a female gamete, and if the number of chromosomes is to remain
constant and not to double at each successive generation there must, somewhere
in the life cycle, be a special type of cell division which halves the number of
chromosomes. This is meiosis (chapter 4) and it occurs during gamete formation
so that each gamete is hapoid and contains only one set of chromosomes; when
two gametes fuse to form a fertilised egg cell or zygote the diploid number is
restored. :

A Molecular View of Genetics

The ultimate aim of molecular genetics is to explain all of genetics, and indeed
all of biology, in physical and chemical terms, the basis of the explanations being
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the standard chemical bonds; it attempts to elucidate the structure and function
of the genetic material in molecular terms by using a variety of sophisticated
-physical, chemical, biochemical and genetical techniques. Molecular genetics is
therefore a truly interdisciplinary science, not only ramifying into but extending
beyond all the fields of conventional biology, and in the last decade no other
science has made such significant advances.

Any cell can be likened to a factory; there is an inward flow of raw materials
which, inside the cell, are manufactured into the many different types of organic
molecules that are required to enable the cell to grow and to function. The
instructions which enable these many intra-cellular reactions to take place, the
genetic information, are encoded in the chromosomes, and we are interested in
knowing how this information is stored, replicated and processed.

The secret lies in the chemical substance known as deoxyribonucleic acid, or
DNA, for this is the genetic material and the most important constituent of the
chromosomes (chapter 2). DNA is a very long polymer known as a
polynucleotide, made up of four types of building block units or nucleotides. A
molecule of DNA is many thousands of units long and it is the particular
sequence of the nucleotide blocks along the molecule that encodes_the genetic
information. So important is the exact sequence of the blocks in a gene—which
may be up to 1500 blocks long—that the replacement of one block by a
different block (mutation) may completely destroy the normal activity of the
gene. The structure of the four building blocks, the deoxyribonucleotides of
adenine (A), thymine (T), guanine (G) and cytosine (C), is such that they occur
in pairs, A with T and C with G, so that in fact the molecule of DNA consists of
two chains of nucleotides paired off along their length (figure 1.4), and, because
of the precise pairing relationships the sequence of nucleotides in one chain is
determined by the sequence in the other chain; in other words the two chains
are complementary to each other. The replication of such'a molecule is easy; the
two chains can separate and each separate chain can then act as a template for
the formation of a new complementary chain. Because of the exact pairing each
daughter molecule will have exactly the same nucleotide sequence as the
parental molecule, so preserving unaltered the genetic information.

In some viruses the genetic material is not DNA but a closely related nucleic
acid called ribonucleic acid or RNA. RNA is made up from the ribonucleotides
of adenine, guanine and cytosine, uracil (U, which replaces and behaves as
thymine in DNA) and it is usually single stranded rather than double stranded.

We must next ask, what is the function of a gene? Except for some genes
which produce ribonucleic acid as their end product and others which are
involved in control processes, the vast majority direct the synthesis of protein
molecules; these proteins may be structural, contributing to the fabric of the
cell, or, more usually, enzymes which enable the intricate biochemical processes
of cell metabolism to take place (chapter 11). ,

Protein molecules are also long chain polymers, made up of twenty types of
repeating units called amino acids, and are commonly 200-400 units long. The
primary product of gene action is one of these long chains of amino acids, a
polypeptide chain, which subsequently folds up according to a highly specific



