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The chromosomal basis of heredity

Chromosomes

Chromosomes are so called because they stain deeply with various
biological dyes. They can be seen as thread-like structures within the
dividing nucleus. Each chromosome consists of a linear deoxyribonucleic
acid (DNA) molecule which is complexed with proteins to form chromatin.
Genetic information is encoded within the DNA and a gene is a length of
DNA that specifies the structure of a particular protein product. Genes are
arranged along the chromosomes in a linear order, with each having a
precise position or locus. Alternative forms of a gene that can occupy the
same locus are termed alleles. Each chromosome bears only a single allele
at a given locus, though in the population as a whole there may be many
alleles, any one of which can occupy that locus.

The human karyotype

The chromosomes of each species have a characteristic number and
morphology known as a karyotype. Each chromosome has a long and a
short arm separated by a constricted region known as the centromere,
which is important in cell division. Normal human somatic cells contain
46 chromosomes consisting of 23 homologous pairs. The members of
homologous pairs have the same genetic loci in the same order, although
at any one locus they may have either the same alleles — and are therefore
said to be homozygous — or different alleles — in which case they are said
to be heterozygous.

Autosomes

One member of each pair of chromosomes is inherited from the father,
the other from the mother, and one of each pair is transmitted to each
child. Twenty-two pairs are present in both males and females and are
known as autosomes.



Sex chromosomes

The remaining pair, the sex chromosomes, differ in male and female and
play a major role in sex determination. Normally the members of a pair
of autosomes are microscopically indistinguishable. This is also true for
sex chromosomes in females, who possess two X chromosomes. However,
in the male, the sex chromosomes differ from one another. One is an X,
identical to Xs of the female, while the other is smaller and is called the
Y chromosome. Normally, sexual development in the embryo depends
upon whether or not a Y chromosome is present.

In the female each cell contains only one active X chromosome. The
inactivated X chromosome can be revealed as a densely staining area, the
Barr body, in cells from a buccal smear. It is conventional to indicate the
total number of chromosomes per cell by an Arabic numeral and, if
relevant, the constitution of sex chromosomes by one X and/or Y for each
chromosome. Thus the normal male and female karyotypes are written as
46XY and 46XX respectively, while Klinefelter's males are 47XXY and
Turner’s females are 45X0.

The behaviour of chromosomes during cell division

There are two kinds of cell division:

(1) mitosis, by which the body grows and replaces dead or injured cells
(2) meiosis, resulting in the production of reproductive cells (gametes).

Observation of the behaviour of chromosomes during the processes of
cell division and gametogenesis allowed the physical bases of Gregor
Mendel’s empirical laws to be understood.

Mitosis

Mitosis is show diagramatically in Fig. 1.1. Before cell division each nuclear
chromosome duplicates to form two identical chromatids. These
subsequently separate to become chromosomes in their own right, thus
doubling the normal chromosome complement of the cell. When the cell
divides, one of each pair of chromatids segregates into each daughter cell.
The result is that the original chromosome number and composition of
the parent is exactly duplicated in the progeny.

Meiosis

Meiosis is shown diagramatically in Fig. 1.2. In gametogenesis two cell
divisions occur in the parent cell. However, because the chromosomes
only duplicate once, the number of chromosomes in the final progeny is
reduced to half that in the parent. Not only are sister chromatids paired



during the first division but homologous chromosomes also come together
giving rise to a quadruple structure. During the ensuing two divisions both
sister chromatids and homologous pairs are separated and passed to
different daughter cells. Gametes therefore have only one representative
of each chromosome pair and are said to be haploid. In contrast, somatic
cells contain both members of each homologous pair and are called diploid.
The union of sperm and egg at fertilisation normally restores the diploid
state.

During the first meiotic division, the two members of each homologous
pair separate, with one member going to each pole. The different
chromosome pairs assort themselves independently of one another so
that the chromosomes received originally as a paternal and maternal set
are now sorted into random combinations of paternal and maternal
chromosomes with one representative of each pair going to each pole.
The disjunction of paired homologous chromosomes is the physical basis
of segregation, and the random assortment of paternal and maternal
chromosomes in the gametes is the basis of independent assortment (see

Fig. 1.1 Mitosis, somatic cell division, results in two identical daughter
cells that each have the same number of chromosomes as the parent
cell. Somatic cells contain both members of each homologous pair of
chromosomes (diploid). For the sake of simplicity, the behaviour of only
two homologous pairs is shown. During prophase each duplicates to form
two identical chromatids.
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Fig. 1.2 (a) Meiosis, sex cell division, results in four daughter cells
(gametes) that each have half the number of chromosomes of the parent
cell (haploid). (b) Crossing-over (or recombination). The allelles of genes
A and B assort independently. In contrast, the alleles of B and C, which
are close together, are inherited together (they are linked).
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Chapter 2). Thus the behaviour of chromosomes in the first meiotic division
provides the physical basis for Mendelian inheritance.

Recombination

One might suppose that alleles on the same chromosome would fail to
assort independently. However, as can be seen from Fig. 1.2, the metaphase
chromatids of homologous chromosomes exchange segments by breakage
and recombination. This is known as crossing over (or recombination).
It causes chromosomes to become reorganised into new combinations of
alleles and therefore increases genetic variability in the next generation.
It also has the effect of producing independent assortment of genes on the
same chromosome. However, the probability of recombination occurring
is a function of the propinquity of two genetic loci; therefore departures
from independent assortment do occur when two loci are sufficiently close
together, resulting in genetic linkage (see Chapter 3).

Cytogenetic techniques and their application

Chromosomal analysis is usually carried out upon white blood cells, since
these are capable of growth and rapid division in culture and are readily
accessible. White blood cells are separated from the other components
of blood and stimulated to divide by a mitogenic agent such as colchicine.
This culture is then incubated until the cells are dividing well (usually
about 72 hours). At this point a dilute solution of colchicine is added to
the medium. This effectively stops mitosis at metaphase, and cells in
metaphase therefore accumulate in the culture. The cells are then fixed,
spread on slides and stained by one of several techniques.

Longer-term chromosome cultures can be obtained from skin biopsies.
Foetal cells from amniotic fluid obtained by amniocentesis can also be
cultured using similar methods.

Karyotyping

Chromosome spreads are examined under a microscope, a process known
as karyotyping. There are a variety of staining techniques available but
broadly speaking these can be divided into solid staining, in which each
chromosome is stained uniformly darkly, and banded staining. The latter
uses dyes that differentially stain parts of the chromosome resulting in a
characteristic pattern of bands across the width of each chromosome.
Chromosomes that have been stained in this way are easily distinguished
from their non-homologous neighbours, thus allowing gross analysis of
chromosomal number and composition.
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Chromosomes are now classified according to both their size and
banding pattern. Moreover each chromosome and each chromosomal
band are numbered according to a standard system. The Paris classification
is shown in Fig. 1.3.

13 14 15 16 17 18

T
" ) [- 5 D0 [' v
19 20 21 22 Y X

Fig. 1.3 The Paris classification of chromosomes. Each chromosome has
a long (@) and a short (p) arm separated by a centromere. Particular
chromosomes are identified by their size, the relative lengths of the p
and q arms, and by their banding pattern.
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The pattern shown in Fig. 1.3 is based upon staining of metaphase
spreads. When prophase and prometaphase chromosomes are stained
they reveal a much larger number of bands. Such high-resolution banding
can be helpful in pin-pointing precise breakpoints or in showing small
alterations in chromosome structure that could not otherwise be observed.

Chromosomal abnormalities

A number of different chromosomal abnormalities can be detected by
karyotyping. These include various aneuploidies — alterations in the number
of the sex chromosomes or autosomes. In addition, a whole series of
abnormalities can arise as a consequence of the breakage of chromosomes.
These are deletions, where a segment of chromosome is lost; inversions,
where a piece of chromosome becomes detached then re-attached in the
opposite orientation; and duplications, where a segment of chromosome
is included twice over. Reciprocal translocations occur when chromosomes
of two different pairs exchange segments. The term Robertsonian
translocation is used to describe the fusion of two chromosomes at their
centromeres. The role of chromosomal abnormalities in syndromes of
mental handicap is described in Chapter 4.

So-called fragile sites are present on several human chromosomes. In
particular there is one on the distal long arm of the X chromosome that
is seen in a proportion of cultured cells from males with a specific type
of familial, X-linked mental retardation known as fragile X syndrome (see
Chapter 4). Demonstration of the fragile site depends upon culturing cells
under conditions of thymidine deprivation either by using a medium low
in thymidine and folic acid or by adding an inhibitor of thymidine
synthetase to the culture. As we shall see in Chapter 4, the molecular basis
of this fragile site has recently been determined and it can now be detected
directly by molecular genetic techniques.

Applications of cytogenetic techniques

There are many applications of cytogenetic techniques; perhaps the most
important are in clinical diagnoses where chromosomal abnormalities are
suspected. The chromosomal abnormalities that are of major relevance to
psychiatry are those that lead to mental handicap (see Chapter 4).
Chromosome analysis can also be helpful in determining the causes of
infertility or repeated abortioris. A very high incidence of chromosome
abnormalities is found in foetuses from spontaneous abortions occurring
during the first trimester. However, only a small proportion of couples
with infertility or repeated abortion have a chromosomal abnormality that
could account for their reproductive difficulties. There is an association
between chromosomal abnormalities and late maternal age.

The karyotype of the foetus can be determined with relative ease and
safety using amniocentesis. An alternative approach is chorionic villous
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sampling, which allows even earlier fetal karyotyping. Familial chromosome
abnormalities can also be detected prenatally. There is also a range of
research applications of cytogenetics, in particular, the study of cytogenetic
abnormalities in neoplasia has been of great importance.

The molecular basis of heredity
The structure of DNA

DNA is made up of two chains of nucleotide bases wrapped around each
other in the form of a double helix which is held together by hydrogen

Fig. 1.4 The structure of DNA. DNA consists of two anti-parallel strands
in the form of a double helix. The four bases in DNA are adenine A),
guanine (G), cytosine (C) and thymine (T). In the bottom half of the
figure the two strands of the parental double helix have unwound and
each is specifying a new daughter strand by the base pairing rule. In this
way, identical daughter double helices are generated through semi-
conservative replication of DNA.



bonds between the bases (Fig. 1.4). There are four bases in DNA:

adenine (A)
guanine (G)
cytosine (C)
thymine (T)

These can lie in any order along the sugar-phosphate backbone. Because
of their particular steric properties A always pairs with T and C with G. This
means that one strand contains a sequence of bases that is complementary
to the other, and that each strand can always be copied using the
complementary strand as a template. This allows the duplication of the
double helix by the unwinding and copying of each strand to produce a
complementary sequence according to the base pair rule (Fig. 1.4). Genetic
information is encoded by the sequence of bases along the DNA molecule.
For genetic information to be expressed it must first be read (transcription)
and then decoded (translation).

Gene structure and expression
Ribonucleic acid (RNA)

Genetic information is transported from the cell nucleus to the cytoplasm
by a type of ribonucleic acid (RNA) known as messenger RNA (mRNA).
The primary structure of RNA is similar to that of DNA except that it contains
a different sugar and that the base uracil occurs in place of thymine.
Messenger RNA is synthesised directly from one strand of the DNA (Fig.
1.5). Each molecule of mRNA therefore contains bases in a sequence
complementary to that found on the portion of the DNA molecule (gene)
from which it was copied. The transfer of genetic information from the
gene to mRNA is known as transcription. Once in the cytoplasm mRNA
then acts as a template from which protein molecules are assembled. This
is accomplished using the protein synthetic machinery of the cell, its basic
unit being the ribosome. Protein synthesis is based simply upon the
sequential reading of groups of three bases, each triplet sequence coding
for a particular amino acid, with some acting as start or stop signals. Amino
acids, which are the building blocks of proteins, are themselves polymerised
sequentially until the protein product is completed. The end result is the
conversion of linear genetic information encoded in DNA into either an
enzyme or a structural protein. The rule that the flow of genetic information
is from DNA, to RNA, to protein is often called the ‘central dogma’ of
molecular genetics.

Introns and exons

Early insights into the structure of genes came from the study of bacteria,
which are prokaryotic (i.e. they do not contain a nucleus), and genes were
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Fig. 1.5 Genetic information in the cell flows from DNA to RNA to
protein. Genetic information contained in the base sequence of DNA is
converted into structural information by the process of transcription of
DNA to mRNA, followed by translation of mRNA into protein (LEU is
leucine, GLY is glycine and ARG is arginine).

viewed simply as segments of DNA containing the code for the amino acid
sequence of the protein molecule. However, more recent work on
eukaryotic cells (those with nuclei) has established that the structure of
genes is more complex than this and that the process of gene expression
is correspondingly more involved, especially in higher eukaryotes. In many
genes of man and other vertebrates the coding regions, called exons, are
interrupted by stretches of non-coding intervening sequences or introns.
On transcription of the gene the initial RNA transcript is processed in a
complex manner which involves splicing out non-coding regions as well
as other post-transcriptional modifications such as the addition of a poly
(A) tail before the mature mRNA is released into the cytoplasm (see Fig.
1.6). The exons and introns of genes are flanked by regions that are
important in the regulation of gene expression.

Classes of DNA in the genome

There are an estimated 50 000 — 100 000 genes in man, which range in size
from 1000 to more than 2 000 000 base pairs (bp) in size. These constitute
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Fig. 1.6 Schematic representation of a typical eukaryotic gene. Gene
expression is regulated by a promoter close to the start of transcription
as well as enhancer sequences which may be at various sites upstream,
downstream or even within the gene itself. After transcription the large
heteronuclear RNA (HnRNA) molecule is processed to produce mRNA
which then passes from the nucleus to the cytoplasm. This processing
includes splicing out non-coding regions, addition of a poly (A) tail and
addition of a 5' cap which is essential for efficient translation of mature
mRNA.

only a small percentage of the 3 x 10° bp that is estimated to be contained
by the human haploid genome.

The function of much of the remaining DNA is unknown but some of
it exists to regulate the expression of coding regions such as the so-called
enhancer or promoter regions contained within the flanking regions of
genes. Other non-coding DNA may play a role in DNA replication and
chromosome pairing and recombination. It also seems likely that much
DNA serves no function at all — so-called ‘junk’ DNA.

The organisation of DNA sequences in higher organisms can be classified
into three kinds.

(1) Unique sequences. These are present in a single or only a few copies
in the genome and make up approximately 60-70% of the total
DNA. The majority of protein coding sequences (genes) fall into
this category

(2) Highly repetitive sequences. These consist of small tandemly repeated
elements that are not transcribed. They are present in hundreds of
thousands of copies in the human genome. They tend to be clustered
at the centromeres of human chromosomes as well as in other
regions

(3) Moderately repetitive sequences. These can be either dispersed or
clustered and make up some 20-30% of the human genome.



DNA mutation and variation
Point mutations

Changes in the sequence of bases in genes can have significant effects on
cellular structure and metabolism. For example, point mutation, which is
the substitution of one base for another, is common and can cause an
amino acid substitution in the protein which may change its chemical
properties. Similarly, production of a stop signal will cause premature
termination of protein synthesis. Changes outside coding regions can have
a profound effect on gene expression. For example, a mutation at a
promoter sequence may abolish transcription of a gene, and one at a
splice junction may result in aberrant processing of the mRNA. Point
mutations are themselves just one of a number of ways in which the
structure and function of genes can be disrupted. Others include:

(1) deletions (loss of a sequence of bases)

(2) insertions (the gaining of a piece of DNA)

(3) frame shift mutations (the loss of one base, causing the triplet code
to be read out of frame)

(4) translocations (the breaking of a chromosome and its rejoining at
a different site).

These deleterious changes will tend to be selected against in the ensuing
population due to reduction in fitness of the organism.

Not all changes in DNA are deleterious however. Rarely, changes may
be advantageous to the organism, for example if they improve the properties
of an enzyme. These will confer a selective advantage upon the progeny
of the organism and hence will tend to increase in the population.

Neutral mutations

There is also another class of mutations, those that have little or no effect
and are called neutral. Some base substitutions will not change the amino
acid composition of a particular protein due to the redundancy of the
genetic code; many amino acids are coded for by more than one triplet.
Similarly, some amino acid changes may not change protein function,
particularly if one amino acid is replaced by another with similar chemical
and physical properties. It is also evident that changes in non-coding regions
of DNA may also have no net effect.

Such neutral changes in DNA may be carried passively in the population,
their frequency changing through random processes. A proportion of
sequence variation is also probably maintained in the population through
recurrent mutation. The result of these processes is that comparison of any
one person’s DNA with another’s reveals a difference in base sequence
approximately every 10° base pairs.



This individual variation has proved extremely useful in the study of
genetic disease, as we shall see later, and also forms the basis of so-called
genetic fingerprinting, which has many applications in such areas as
paternity testing and forensic medicine.

Genomic phenomena that decrease familial
resemblance

Many traits and diseases, including many psychiatric disorders, do not
exhibit clear patterns of Mendelian transmission and display phenomena
such as incomplete penetrance and variable expressivity, which will be
described in later chapters. Conventionally these have been seen as
reflecting the co-action or interaction of several or many genes and/or the
influence of environmental factors. However, recent research has revealed
a number of genomic phenomena which can cause departures from simple
Mendelian inheritance patterns.

Mutations

New germ line mutations (i.e. those occurring in parental gametes) appear
to be a frequent cause of some single-gene disorders of psychiatric
relevance such as tuberous sclerosis (see Chapter 4) (Sampson et al, 1989).
Up to half of cases of this condition, known to be dominantly inherited
(see p. 36), occur in people with unaffected parents. Genetic mutations
can also arise in somatic cells that are actively dividing. For example, in
hereditary retinoblastoma a mutation occurs in a gene, on the long arm
of chromosome 13, called RB1. An individual inheriting one defective
copy of the RB1 gene has a high risk, but not a certainty, of developing
retinoblastoma. Two defective copies of RB1 need to be present in a cell
before there is uncontrolled proliferation leading to retinoblastoma, so
that the ‘first hit’, an inherited defective gene on chromosome 13, must be
followed by a ‘second hit’ in the same gene on the homologous
chromosome due to a somatic mutation before retinoblastoma develops
(Knudson, 1986).

It is reasonable to speculate that a more general ‘two-hit’ hypothesis
might be applicable to some psychiatric disorders, where the first hit is
inheritance of a gene, or set of genes, predisposing to illness and the
second is a somatic mutation, or series of mutations, occurring early in
development at a time when there is active division of neuronal stem
cells. Environmental factors could of course contribute to such mutations
but they might also occur completely randomly.

Unstable DNA sequences

A number of pathological mutations have now been shown to involve
variations in the copy number of tandemly repeated DNA leading to a



disruption of gene function. For example, the first exon of the human
androgen receptor gene normally contains about 20 repeats of the sequence
CAG. However, in X-linked spinal and bulbar muscular atrophy this region
is expanded and many such repeats are found. Unstable DNA trinucleotide
sequences have also been observed in fragile X syndrome (Chapter 4),
myotonic dystrophy (Harley et al, 1992) and most recently in Huntington’s
disease (see Chapter 11).

Broadly speaking, it appears that variations in repeat length are correlated
with phenotypic variations such as in severity and age of onset. In Chapter
4 we discuss how the irregular pattern of inheritance in fragile X syndrome
can be accounted for in terms of expansion of an unstable trinucleotide
repeat.

In myotonic dystrophy (MD) the phenomenon of anticipation, whereby
successive generations show a lower age of onset and/or increasing severity,
can be explained by the expansion of a trinucleotide repeat sequence in
the MD gene (Harper et al, 1992). Clearly, the existence of such genes
could explain phenotypic variability and even the occurrence of
unexpressed genotypes in psychiatric disorders. It is of particular interest
that the four diseases in which unstable DNA sequences have been
implicated show disruption of brain function.

Genomic imprinting

Genomic imprinting refers to the phenomenon whereby the expression of
a gene or set of genes differs according to whether the relevant
chromosomes are of maternal or paternal origin. The precise mechanisms
by which this occurs are not well understood but are thought to involve
methylation of DNA (Reik et al, 1987) which is known to be an important
modifier of gene expression that is both heritable and reversible. The best
known examples of genomic imprinting of psychiatric relevance are in
the Prader-Willi and Angelman syndromes, which are described in Chapter
4. A less striking but nevertheless important example is in Huntington’s
disease where early onset is associated with transmission from the father
(Ridley et al, 1988). It has been pointed out that imprinting might be a
phenomenon of more general relevance that could account for the irregular
patterns of transmission observed in other disorders (Hall, 1990) and may
therefore be of importance in psychiatric conditions.

Recombinant DNA technology and the new genetics

The study of DNA

All the cells of an individual have essentially the same genotype, apart
from in the exceptional instances described above. DNA can be obtained
and prepared most conveniently from peripheral blood leukocytes.



However, one of the daunting aspects of the study of this genetic material
is its sheer size in molecular terms — about 10® base pairs of DNA per
chromosome. One particular characteristic of DNA, however, has proved
particularly useful in its study. This is the concept of complementarity
between two DNA strands, which was discussed above. DNA has the
property that above a certain temperature it ‘melts’ or denatures, in other
words the two strands of the helix will separate. This is a reversible process,
and under the correct conditions the strands will hybridise or reanneal
back together again. However, because of the constraints of base pairing
(A-T and G-C), a certain sequence of DNA will only recognise, and hence
hybridise to, its corresponding complementary partner, although a certain
amount of mismatch is possible. Thus, in general, a purified, single-stranded
sequence of DNA will recognise only its complementary sequence of DNA
even in a complex mixture. Similarly, a purified RNA sequence will
recognise only the DNA sequence from which it was transcribed and vice
versa. Thus purified sequences can be used as detectors or probes for the
corresponding sequence in a mixture of nucleic acids in vitro. These
properties of DNA have been known for a long time, but several
developments have allowed us to exploit them.

Restriction enzymes

A key development in modern molecular genetics has been the discovery
in bacteria of restriction enzymes, or restriction endonucleases. In bacteria,
these enzymes serve the function of breaking down infecting viral DNA
molecules. Several hundred such enzymes are now known. These cut
DNA not at random but where specific base sequences occur in the
molecule. Each restriction enzyme recognises a different sequence of bases.
This results in fragments of easily manageable size (usually 10*-10* base
pairs). It is relevant to note that this size is of the order of that expected
for many genes and therefore restriction enzyme digestion enables genes
to be handled more or less in isolation rather than as parts of very long
molecules.

Molecular cloning

The second major development has been in the ability to purify specific
pieces of DNA. This allows them to be studied further, for example by
DNA sequencing, and in particular to be used as DNA probes.

There are two main types of DNA probe:

(1) those made from genomic DNA extracted and digested with
restriction enzymes

(2) those made from complementary DNA (cDNA), which is synthesised
from mRNA by the action of an enzyme called reverse transcriptase.
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Fig. 1.7 DNA cloning into bacteria. Foreign DNA is inserted following
digestion by a restriction enzyme into a bacterial plasmid which contains
an antibiotic resistance gene. The recombinant plasmids are then
introduced into bacteria. Bacteria that contain recombinant plasmid are
able to grow in the presence of antibiotics whereas those without them
cannot.

The cDNA probes therefore represent copies of the coding sequences of
genes. Following restriction enzyme digestion, these pieces of DNA can
be inserted into the genome of vectors such as bacterial plasmids or
bacteriophages, which have the ability to replicate freely within bacteria
such as Escherichia coli and from which they can be recovered.

The resultant molecules are known as recombinant DNA molecules since
they contain DNA sequences from different organisms. The preparation
can be treated in such a way that only one DNA fragment is inserted into
each bacterium. If the collection of bacteria is then diluted and plated
out, individual bacteria will give rise to bacterial colonies each containing
many copies of the DNA fragment which was inserted into the founder.
This process is known as molecular cloning and can be considered as a
process of biological purification and amplification of specific DNA
fragments (see Fig. 1.7). The collection of bacterial colonies from a
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Fig. 1.8 Southern blotting. Genomic DNA is cut with a restriction enzyme
and subjected to agarose gel electrophoresis. The gel is then blotted onto
a membrane producing a replica that can be hybridised to a suitable
radiolabelled probe. The probe will bind to its complementary sequence
and the position of this particular fragment will show up on subsequent
autoradiography.

particular source is termed a library, in which there is a certain probability
that any given sequence from the starting DNA mixture will be represented.

Southern blotting

These technological advances are combined in one of the most
fundamental techniques of molecular genetics which is called Southern
blotting after its inventor E. M. Southern. First, genomic DNA is cut with
a restriction enzyme. This produces a large number of different-sized DNA
fragments which can be separated, according to their size, by
electrophoresis on an agarose gel.

Because of the specificity of the enzyme, only a few particular fragment
sizes will contain the DNA region of interest. In order to detect these
fragments, the DNA has to be treated with alkali to denature it to single-
stranded DNA. It is then transferred to a membrane sheet of either
nitro-cellulose or modified nylon by a blotting procedure. This results in
a copy of the gel which retains the electrophoretically produced
arrangement of DNA fragments. The blot is then exposed to a radioactively
labelled DNA probe. The DNA probe will bind to that part of the filter
containing its complementary sequence, but surplus DNA probe will not



bind elsewhere and can be washed away. The position on the membrane
of the fragments containing the region of DNA to be analysed, whose
sequence corresponds to that of the probe, can then be determined by
autoradiography (see Fig. 1.8).

Southern blotting can therefore detect a sequence of interest in a starting
sample of DNA and can also provide information about the surrounding
region in terms of the size of the DNA molecule contained between the
flanking restriction enzyme recognition sites.

DNA sequencing

The complete characterisation of a piece of DNA requires knowledge of
its exact base sequence. Once again, until recently this was a daunting
prospect, but techniques are now available to determine the base sequence
of any purified piece of DNA by either chemical or enzymatic means. The
only factor limiting the analysis of base sequence is that it is labour intensive
and time consuming, which sets an upper limit of about 10° base pairs on
the size of DNA conveniently studied. This has not deterred the proposal
that the whole of the human genome should be sequenced in the near
future, and with this in prospect attempts are being made to speed up the
process of DNA sequencing, by several orders of magnitude, using already
developed automated technology.

The polymerase chain reaction

The polymerase chain reaction (PCR) (White et al, 1989) is an important
new technique that has many applications in molecular genetics (Fig.
1.9). It allows a sequence of interest to be amplified selectively against a
background of a large excess of irrelevant DNA. This method allows a
sequence of up to 5 kbp or more in genomic DNA to be amplified 10° to
10%fold. PCR requires that unique sequences flanking the sequence of
interest are known, so that specific oligonucleotide primers can be
constructed. These are then used to prime DNA synthesis using a heat-
stable DNA polymerase, such as that from Thermus aquaticus. Amplification
is achieved by running approximately 30 cycles of reaction, one after the
other, in an automated machine.

Following amplification the products can be separated by gel
electrophoresis and genomic target sequences visualised directly under
ultraviolet light following staining with ethidium bromide. Direct inspection
can show the presence or absence of a target sequence. If the target
sequence contains a polymorphic restriction enzyme site then this can be
detected following digestion of the PCR products without the need for a
probe or radio-labelling. PCR-amplified DNA can also be sequenced
directly, without cloning, which allows mutations in known genes to be
characterised with much greater ease.
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Fig. 1.9 Diagrammatic representation of the polymerase chain reaction
(PCR). Denaturation, annealing and extension take place at different
temperatures.

The identification of mutations has also been greatly facilitated by the
development of a number of techniques that allow the presence of
mutations in small stretches of PCR-amplified DNA (c. 200400 bp) to be
detected (Strachan, 1992). These can be used as rapid screens for known
mutations or to narrow down the location of an unknown mutation prior
to sequencing. PCR is also extraordinarily sensitive and has also been
used successfully to amplify denatured DNA from such diverse sources as
Egyptian mummies, brain slices preserved in paraffin, and formalin-fixed
tissue.






