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Genomes of eukaryotes, bacteria and 
viruses: chromosome organization 

3.1 EUKARYOTIC CHROMOSOMES 

3.1.1 The nucleus 

The function of DNA is to carry the genetic 
message from generation to generation, 
and to allow the expression of that message 
under appropriate conditions. DNA mole
cules are very large and carry the inform
ation for the synthesis of many proteins, not 
all of which are required at the same time. 
Problems will obviously arise when it comes 
to packaging such long lengths of DNA into 
a cell in such a way as to allow programmed 
access to the encoded information. These 
problems are compounded by the fact that 
the DNA duplex must replicate and the two 
daughter DNA molecules must segregate to 
the two daughter cells. In this chapter we 
shall look at the structures involved in 
these processes. These structures are called 
chromosomes and consist not only of the 
DNA but of a variety of associated proteins. 
The genome of an organism is the DNA 
(or RNA) present in a set of chromosomes 
that carries the genetic information of that 
orgamsm. 

For the study of the larger chromosomes 
of eukaryotic cells, cytological techniques 

have been used for many years. Genetical 
approaches have been most useful for the 
study of bacterial chromosomes but have 
been much less successful in the study of 
the far more complex and slower-growing 
animal and plant cells. In recent years, the 
modern techniques of genetic engineering, 
together with the cloning and sequencing 
strategies discussed in the Appendix, have 
enabled rapid advances to be made in our 
understanding of the organization of the 
DNA and the genes of all organisms. 

In eukaryotes, most of the DNA is found 
in the nucleus. This is bounded by a double 
membrane continuous with the endoplasmic 
reticulum. At intervals in the nuclear 
membrane are pores through which nucleo
cytoplasmic exchange is believed to occur 
[ 1]. Each pore is surrounded by a disc of 
protein molecules known as the nuclear 
pore complex which form a channel wide 
enough to allow the passage of small mole
cules (Mr less than 5000). Special transport 
systems exist for the nucleo-cytoplasmic 
exchange of large RNA and protein mole
cules [2]. Thus, uptake of protein molecules 
requires the presence and availability of a 
nuclear localization signal (consisting of 
a short run of basic amino acids) and the 
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absence or unavailability of cytoplasmic 
anchoring signals [3) (section 12.8.6). 
Uptake is a two-stage process involving the 
binding of the protein to the nuclear pore 
complex followed by the ATP-requiring 
translocation [4, 5). The pore complex is 
made of coaxial rings of eight subunits to 
which is attached a double iris diaphragm 
[6). 

Lying just inside the inner nuclear mem
brane is the nuclear lamina, the whole 
complex forming the nuclear envelope [7). 
The nuclear lamina is made from three 
proteins (Lamins A, Band C) of Mr 60000-
70 000 which are polymerized to form a sort 
of fibrous skeleton, to which the chromo
somes are attached, probably by telomeric 
sequences [8-11]. This attachment of 
chromosomes to the nuclear lamina may 
help to align the chromosomes in a manner 
which is important for their function [12] 
but as yet little firm evidence is available 
that this is so. The attachment points do, 
however, serve as foci for chromosome 
condensation at mitosis [13-15). Phos
phorylation of lamin proteins causes the 
disassembly of the lamina during mitosis 
[16-19). Reassembly requires the prior 
formation of the nuclear pore complexes 
around the chromatin and only then are 
the lamina and nuclear envelope reformed 
[1, 20). 

Within the body of the nucleus the chro
mosomes are associated with what is known 
as the nuclear matrix. During mitosis, the 
matrix proteins are believed to form the 
chromosome scaffold. The role of the matrix 
and scaffold will be considered further in 
sections 3.3.5 and 10.4.4( e) [8, 21-24). 

In prokaryotes the DNA is not housed in 
a membrane-bound organelle but is attached 
to the plasma membrane which itself is 
surrounded by a rigid cell wall to protect the 
cell from osmotic damage. When the cell 
wall is eliminated by digestion with the 
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Fig. 3.1 The eukaryotic cell cycle. Gl, S and 
G2 phases are together known as interphase. 
The actual times involved vary with cell type 
and growth conditions. 

enzyme lysozyme the membrane and its 
contents are released as the osmotically 
sensitive protoplast. 

In addition to the nuclear DNA of eu
karyotes, there is a small amount of DNA 
present in mitochondria and chloroplasts 
(section 3.4). Prokaryotes also carry small 
extra pieces of DNA known as extrachro
mosomal DNA or plasmids (section 3.6), 
and these are also found in yeast cells. 
Viruses are often present in cells where they 
multiply, eventually leading to the death of 
the cell. Viruses which grow in bacteria 
are called bacteriophages or more simply 
phages. 

3.1.2 The cell cycle 

In eukaryotic cells, DNA synthesis takes 
place in a restricted time period during the 
cell cycle (Fig. 3.1). In mitosis the cells 
divide and form two daughter cells. This is 
then followed by a gap period designated 
G 1 during which no DNA synthesis occurs. 
The length of the various gap periods and 
indeed the length of the entire cell cycle 
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depends very much on the cell type but 
Fig. 3.1 shows a typical example of a cell in 
culture with a replication time of 24 hours. 
G 1 is followed by S phase in which DNA 
synthesis occurs and then by a second, 
shorter gap period known as G2. The 
cells then go into mitosis again. In higher 
eukaryotes, few cells in the organism are 
actively dividing; most being arrested in 
the GO phase shortly after mitosis. 

A large number of changes are associated 
with the onset of DNA synthesis. The 
replicating DNA becomes associated with 
the nuclear matrix (section 6.15 .5) and 
many of the enzymes involved in synthe
sizing DNA are either synthesized or ac
tivated at the beginning of S phase [345]. 
Studies in this area are more advanced with 
yeasts as these simple eukaryotes are more 
amenable to genetic analysis than are higher 
eukaryotes. Crucial to the decision to enter 
the cycle ( GO/G 1) and for the onset of S 
phase and mitosis is a protein kinase (p34) 
encoded by the cdc2 gene of Schizosac
charomyces pombe (or the CDC28 gene of 
Saccharomyces cerevisiae). This kinase is 
activated in a cyclical manner by interaction 
with cyclins, proteins whose levels rise and 
fall dramatically with the phases of the cell 
cycle [27-29, 341, 346, 347] (see also section 
6.10.4). 

A population of growing cells will nor
mally consist of cells at all stages of the cell 
cycle but a variety of methods may be used 
to synchronize the population so that all are 
dividing at the same time [25]. Alternatively, 
cells in a particular phase may be selected 
on the basis of size or adherence to the 
substrate on which they are growing. The 
combination of G 1, S and 02 phases is 
known as interphase and under these con
ditions the cell nucleus is clearly visible 
using the light microscope [25]. It is only in 
mitosis that the chromosomes are visible 
using light microscopy. 
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3.1.3 Eukaryotic chromosomes 

Eukaryotic DNA is contained in a relatively 
small number of chromosomes, a number 
which varies according to the species (Table 
3.1). No direct correlation can be made 
between the amount of DNA in the nucleus 
and the number of chromosomes in which it 
is contained [30]. Somatic cells of each 
species have two copies or homologues of 
each chromosome with the exception of the 
sex chromosomes for which the female 
carries two X chromosomes and the male an 
X and a Y. Germ cells contain only one copy 
of each chromosome and it is to these cells 
that the term haploid chromosome content 
or haploid DNA content refers. Whereas 
most somatic cells are diploid, tetraploid 
cells with four and octaploid cells with eight 
copies of each chromosome can also be 
found, particularly in cells in culture. 
Aneuploid cells have an abnormal chromo
some complement which is not necessarily 
an increase on the diploid condition for each 
chromosome type so that some may be 
present in greater numbers than others. The 
characteristic number and morphology of 
the chromosomes in any particular cell type 
is known as the karyotype of that cell and is 
usually determined in metaphase when the 
chromosomes are highly condensed and 
readily stained by basic dyes [25, 31]. In 
interphase, the chromosomes are dispersed 
within the nucleus and cannot be individually 
distinguished. 

The actual process of mitosis can be 
subdivided into several discrete stages. At 
the end of the interphase two poles are 
formed in the cell by the centrioles. At this 
time each chromosome consists of two 
identical chromatids produced as a result 
of DNA replication {chapter 6). Each 
chromatid is a DNA duplex and the two 
chromatids are joined at the centromere 
[32]. In prophase the chromosomes begin 
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Table 3.1 Haploid DNA content and chromosome number of a variety of organisms 

Haploid DNA content 

Simian virus 40 
Herpes simplex virus 
E. coli 
S. cerevisiae (yeast) 
Arabidopsis thaliana 
Drosophila melanogaster 
Sea urchin 
Gallus domesticus (chicken) 
Homo sapiens (man) 
Mus musculus (mouse) 
Xenopus laevis (toad) 
Zea mays (corn) 
HeLa cells (human cell culture) 
Triturus cristatus (newt) 
Fritillaria assyriaca (lily) 

picograms 

0.000006 
0.00017 
0.005 
0.025 
0.07 
0.17 
0.45 
0.7 
2.7 
3.0 
4.2 
7.8 
8.5 

35 
127 

to condense and the nuclear envelope 
disappears (see above). Fine fibres of 
microtubules form between the two poles 
and in metaphase the highly condensed 
chromosomes line up in the centre of the 
cell at the equatorial region to form the 
metaphase plate which is clearly visible using 
phase-contrast microscopy. In anaphase the 
two daughter chromosomes are pulled apart 
into the two poles and in telophase the lamin 
proteins are dephosphorylated and re
polymerize causing membrane fragments to 
associate with individual chromosomes. 
These fragments then fuse to reform the 
nuclear envelope [1 ]. 

Chromosomes with a centromere towards 
one end are known as acrocentric (or 
telocentric if the short arm is too small to 
see by light microscopy). Those with a 
centrally located centromere are meta
centric, and those defective chromosomes 
lacking a centromere are acentric. Addi
tional, secondary constrictions are usually 
the site of rRNA genes which form the 

base pairs 

5.3 X 103 

151 X 103 

4.5 X 106 

22.5 X 106 

64 X 106 

0.15 X 109 

0.41 X 109 

0.63 X 109 

2.4 X 109 

2.7 X 109 

3.8 X 109 

7 X 109 

7.7 X 109 

31.5 X 109 

115 X 109 

Haploid chromosome 
number 

1 
1 
1 
17 
5 
4 
20 
39 
23 
20 
18 
10 
70-164 (mean 82) 
12 
? 

nucleolus in an interphase nucleus and are 
known as nucleolar organizers. These are 
only found on a few chromosomes. 

Detailed cytogenetic studies of chromo
somes involve the use of fluorescent dyes 
such as quinacrine mustard or gentle trypsin 
treatment followed by staining with Giemsa. 
These treatments give rise to a characteristic 
band pattern (known as Q-bands or G
bands, respectively) visible using fluore
scence or light microscopy [33, 34]. Each 
chromosome has a banding pattern which 
allows it to be recognized easily and chro
mosome deletions or rearrangements may 
be closely observed. A large variety of 
banding techniques is now available for 
cytogenetic studies [7, 25]. 

In budding yeast (e.g. Saccharomyces) 
chromosome condensation does not occur 
and the nuclear membrane remains present 
throughout division. A bud is formed in G 1 
phase and increases in size during the rest of 
the cycle. Following nuclear division one 
of the daughter nuclei migrates into the 
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bud which separates from the parental cell 
at cell division [35]. 

Using genetic engineering techniques (see 
the Appendix) the centromeres of several 
yeast chromosomes have been isolated and 
sequenced [36-38]. They contain a 14 bp 
conserved nucleotide sequence separated 
from an 11 bp conserved nucleotide se
quence by an 82-89 bp AT-rich sequence. 
The centromere core provides a 220 bp 
region of the chromosome to which the 
microtubules can attach at mitosis [39]. 

Other specific regions of chromosomes 
which have been isolated are the ends or 
telomeres which are considered in more 
detail in section 6.10.3. In addition, for a 
chromosome to replicate, it requires an 
origin of replication. Sequences which 
confer on chromosomes the ability to 
replicate and segregate have also been 
cloned and sequenced (section 6. 9). By 
combining these three cloned regions from 
yeast an artificial chromosome (Y A C) has 
been constructed. On introduction into 
yeast cells this chromosome appears to act 
like a natural chromosome in most respects 
(section A.8.2) [40-42]. 

3.1.4 The allocation of specific genes to 
specific chromosomes 

The classical genetic approach to study the 
chromosomal 'linkage' of two gene loci is to 
determine whether markers co-segregate or 
segregate independently during genetic 
crosses between two different inbred strains 
that show polymorphism for the marker. 
The more distantly related the parents the 
greater the polymorphism and the allocation 
of almost 1000 genetic markers to mouse 
chromosomes has benefited greatly from the 
finding that fertile progeny arise on crossing 
the wild mouse, Mus spretus, with common 
laboratory strains [344]. The genetic ap-
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proach is much easier in plants and, by 
constant back-crossing and selection, almost 
isogenic strains can be obtained differing 
only in a small region of the chromosome 
surrounding the selected marker. 

In genetic terms the distance between loci 
is measured in map units or centimorgans 
(eM). Two loci are one map unit apart if 
there is a 0.01 frequency of recombination 
between them (recombination is discussed in 
section 7.4). However, as some chromo
somal regions are more susceptible to 
recombination than are others, there is no 
linear relationship between map units and 
kilobase pairs (kb). Nevertheless, an 
average figure can be obtained for a chro
mosome or for all the chromosomes of a 
given species and in Arabidopsis (a plant 
with a very small genome) a centimorgan is 
equivalent to 200 kb whereas in wheat (with 
a 100-fold larger genome) the corresponding 
figure is 3500 kb. 

In higher organisms externally observable 
phenotypes associated with polymorphisms 
are relatively infrequent; however, genetic 
analysis has been aided by the more num
erous cases in which a polymorphism results 
in differences in electrophoretic mobility 
of an easily identifiable enzyme. Various 
approaches are now available for testing the 
chromosomal location of the genes involved 
[333]. 

(a) Somatic cell genetics 

Cells of two different animal species can 
be induced to fuse in culture to produce 
heterokaryons carrying two or more sets of 
chromosomes [25, 43]. The redundant 
chromosomes are readily lost from the 
hybrid cells. The loss occurs at random 
but in human-mouse hybrids the human 
chromosomes are lost preferentially and cell 
clones can be obtained which retain only 
one or a few human chromosomes. The 
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clones can then be tested for specific en
zymes and their presence related to those 
chromosomes that remain. For this approach 
to be successful it is important either to be 
able to select for a particular characteristic 
(e.g. thymidine kinase activity) or to be able 
to distinguish the human enzyme from the 
corresponding mouse enzyme which will be 
present in all clones. In this way it has been 
possible to allocate several hundred enzyme 
functions to specific chromosomes [ 44]. 

(b) In situ hybridization 

The technique of in situ hybridization was 
initially limited to the detection of repetitive 
gene families (section 3.2.6) but was sub
sequently refined to allow the assignment of 
single-copy genes to particular segments of 
specific chromosomes [ 45]. The method 
relies on having a radioactive or fluorescent 
gene probe (see the Appendix) which can 
be hybridized to a fixed preparation of 
metaphase or prometaphase chromosomes 
[46-48]. Radioautography linked to sen
sitive chromosome-staining methods leads 
to the illumination of the gene on the 
particular chromosome band. 

These two methods can be combined 
by preparing Southern transfers (see the 
Appendix) of the DNA isolated from the 
various hybrid clones. These can be treated 
with the radioactive gene probes to obtain a 
physical rather than enzymic location of the 
gene on a particular chromosome [49-51 ]. 
This method has to be linked to the use of 
deletion mutants and the cotransfer of genes 
on chromosome fragments to obtain more 
precise assignments to chromosome regions. 

(c) Chromosome isolation 

Rather than relying on hybrid cells as a 
mechanism of obtaining clones with only 
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one or a few identifiable human chromo
somes it is now possible to fractionate a 
preparation of metaphase chromosomes 
using a fluorescence-activated cell sorter 
(FACS). Individual chromosome fractions 
can then be tested to see which hybridize 
with the radioactive gene probes [52-54]. 
Figure 3.2 shows chromosomes from human 
cells separated in this manner. 

Alternatively, DNA molecules of up to 
2000 kb can now be fractionated by pulsed 
field gel electrophoresis (section A.2.1) and 
this has allowed the production of a mole
cular karyotype of yeast and trypanosomes 
[54-57]. 

(d) RFLP analysis 

A fourth method, useful for determining 
whether two genes are close together or 
distant, illustrates the use of restriction 
fragment length polymorphisms (RFLPs). 
This approach also combines recombinant 
DNA techniques with classical genetics 
[329]. Advantage is taken of polymorphisms 
in the nucleotide sequence of sites that affect 
cleavage by restriction endonucleases and 
that are found within (or close to) the gene. 
Such polymorphisms will produce different
sized restriction fragments in the two cases 
and these can be visualized by hybridization 
of a radioactive probe to a genomic Southern 
blot of the DNA (Fig. 3.5 and section A.3). 
Linkage between the RFLP and the genetic 
trait is readily observed and has been used in 
the prenatal diagnosis of human hereditary 
diseases and the detection of carriers. In 
addition, however, RFLPs outside the 
disease locus (which may be unknown) can 
be diagnostically useful if they show strong 
genetic linkage to this locus [58]. 

Long range physical mapping of the 
genome can be achieved by taking advan
tage of pulsed field gel electrophoresis 
(section A.2.1) to separate very large DNA 
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Fig. 3.2 Human chromosome identification by relative fluorescence using flow cytometry (repro 
duced, with permission, from [52]; copyright Macmillan Journals Ltd). 

fragments combined with 'chromosome 
jumping' to move rapidly from a poorly 
linked RFLP to one closer to the gene of 
interest [326, 330-332]. A genetic linkage 
map of the human genome has been con
structed largely using RFLP analysis [325]. 
Physical maps of the Drosophila genome 
have been constructed by micro-dissection 
of polytene chromosomes (section 3.3.7) 
and PCR amplification (section A.7) to ob
tain probes with which to screen a genomic 
library [307]. 

Short, random primers may be used in a 
set of polymerase chain reactions (PCR) 
with genomic DNA from two isogenic 
strains differing in a short region (or a single 
gene). Any bands appearing in one strain 
and not in the other must arise from the 
region where the two strains differ. They, 
thus, provide a set of probes closely linked 
to the variant genetic locus and allow more 
rapid mapping of the chromosome. 

3.2 THE EUKARYOTIC GENOME 

3.2.1 Haploid DNA content (C value) 

One of the most striking features of eu
karyotic DNA is the great quantity of it 
which is present in each cell (Table 3.1). 
The amount is at least an order of magnitude 
in excess of that required for the known 
gene-coding capacities of the cells and the 
logical conclusion is that the bulk of the 
DNA is not expressed. Does this mean that 
it is redundant (junk) or that it has a func
tion which is, as yet, imperfectly understood 
[59, 60]? 

In general terms the minimum size of the 
genome (i.e. the amount of DNA per cell) 
increases with the stage of evolutionary 
development [61] (Fig. 3.3). However, cer
tain amphibia have a C value one hundred
fold in excess of man and even more in 
excess of other amphibia, and the reason for 
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Fig. 3.3 Minimum haploid DNA content in 
species at various levels of organization (re
produced, with permission, from [61]; copyright 
the AAS). 

this is not clear. The phenomenon is known 
as the C value paradox [ 62]. Logically, the 
species with the greater amount of DNA 
should have the advantage of greater coding 
potential and the disadvantage of the re
quirement to replicate very large amounts 
of DNA before cell division. 

In addition to the C value paradox, 
different cell types within the same species 
can vary in their haploid DNA content. 
Amphibian oocytes have a very large 
amount of cytoplasm to provide with es
sential components of protein synthesis, 
such as ribosomes, and consequently have 
greatly amplified the number of genes 
coding for ribosomal RNA (section 6.15.6). 
Eukaryotic cells in culture tend to become 
aneuploid with the passage of time, ap
parently adapting to their culture conditions. 
In addition, they have the capacity to 
amplify certain genes several hundred-fold 
in response to external stimuli. Thus the 
gene coding for the enzyme dihydrofolate 
reductase is amplified in cells which are 
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resistant to methotrexate, a drug which 
interferes with one carbon unit metabolism 
(chapter 5 and section 6.15.6). 

3.2.2 Gene frequency 

Eukaryotic DNA is, by convention, divided 
into three frequency classes of unique DNA, 
moderately repetitive DNA and highly 
repeated DNA. There is, in fact, consider
able overlap between the three categories 
which are probably better classified by their 
C0t112 values (section 2.4.2) since this is the 
manner in which classification is achieved 
experimentally. 

(a) Unique and moderately repetitive DNA 

In human cells, unique DNA is generally 
classified as that DNA which has a C0t112 

value of about 1000 moles of nucleotide 
seconds litre -I. It comprises about half the 
total haploid DNA content and is thought to 
consist of the sequences coding for most 
enzyme functions for which there is only one 
or a small number of genes per haploid 
genome. The genes coding for the various 
chains of globin (section 9.2.2) or the 
enzyme glucose 6-phosphatase fall into this 
category. Repetitive DNA includes all the 
rest of the DNA. Among the repetitive 
DNA is a fraction which reanneals with a 
C0t value of between 100 and 1000 moles of 
nucleotide seconds litre -I. The sequences 
represented in this group are generally 
thought to be those coding for proteins 
which form major structural components of 
the cell such as the histones. The genes for 
rRNA and tRNA also fall into this category. 

(b) Satellite DNA 

At the other extreme DNA with a C0t 112 

value as low as 10-3 moles of nucleotide 
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second litre_, consists largely of satellite 
DNA. This represents highly repeated 
sequences, of which there may be a million 
or more copies per haploid genome. These 
are usually quite short and are arranged 
in tandem arrays. The origin of the name 
satellite relates to the method of its isolation 
on caesium chloride buoyant density gra
dients of sheared DNA where it will some
times form a satellite band separate from 
the main DNA band, due to its differing 
content of adenine and thymine residues. 
The simplest known satellite DNA is 
poly[d(A-T)] which occurs in certain crabs. 

Other satellites can have any number, 
up to several hundred, base pairs which 
are repeated in tandem fashion along the 
genome. Human DNA has been shown by 
density-gradient centrifugation to have four 
main satellites [63] and by dye-binding [64] 
and restriction endonuclease cleavage [65] 
to have two additional satellites. 

DNA sequence analysis has shown that 
the basic repeat unit of satellite DNA is 
itself made up of subrepeats. For example 
the major mouse satellite has a repeating 
structure of 234 base pairs made up of four 
related 58 and 60 bp segments each in turn 
made up of 28 and 30bp sequences [64, 66]. 
The satellites between and within related 
species are themselves related in an evol
utionary sense by cyclical rounds of multi
plication and divergence of an initial short 
sequence [67]. The nature of the multi
plication process is not known for certain but 
probably involves unequal recombination 
events (Fig. 3.4 and section 7.4). The 
divergence involves single base changes 
(which generate altered restriction enzyme 
sites - section 4.5. 3) and insertions and 
deletions [68, 69]. 

Despite our detailed knowledge of the 
sequence and distribution of satellite DNA 
our knowledge of the function it has in the 
cell is rudimentary. The distribution of 
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satellite DNA among chromosomes varies. 
Some chromosomes have virtually no 
satellite sequences whereas others (notably 
the Y chromosome) are largely composed 
of satellite sequences [70]. In general, satel
lite DNA appears to be concentrated near 
the centromere of the chromosomes in the 
heterochromatin fraction (section 3.3) and 
be late replicating [ 48, 71]. In particular, 
the human a-satellite is centromeric and 
involved in the sequence-specific binding of 
one of the centromeric proteins [48]. 

It was thought that satellite DNA was not 
transcribed since RNA of corresponding 
sequence was seldom isolated; but occa
sional cases of satellite transcription have 
been reported [72, 73]. On the whole, 
however, its transcriptional inactivity ties 
in with its localization in heterochromatin. 
As satellite DNA is often lost in somatic 
cells (where it always appears to be heavily 
methylated - section 4.6.1) it has been 
proposed that it may have some function 
in the germ cells [74-77]. This function 
may relate to the recombination events 
which occur during gametogenesis and 
which may be enhanced by the presence of 
blocks of similar DNA sequences on several 
chromosomes. 

In addition to these satellite DNAs which 
may make up a considerable fraction of the 
genome, there are a relatively few copies 
of a set of different repeats known as 
minisatellites or VNTRs (variable number 
tandem repeats). These are tandem repeats 
of short (e.g. 33 bp) sequences of which 
there are several families. Each member of 
the first family to be analysed contains a 
core region of consensus sequence (e.g. 
5'-GGGCAGGARG-3') which was be
lieved to be analogous to the Chi sequence 
of E. coli; i.e. the recognition signal for a 
'recombinase' (section 7.4.2). Sequence 
variation between minisatellite families 
makes this less likely [78, 79]. Nonetheless, 
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Fig. 3.4 Possible evolution of satellite DNA involving cycles of duplication and divergence. 

frequent recombination among members of 
a particular minisatellite or slippage during 
replication [80] results in different people 
having differing numbers of copies of the 
minisatellite in a repeat and this is the source 
of a heterozygosity (DNA fingerprint) which 
can be used for pedigree analysis and 
paternity testing [78, 81, 82] and which has 
made a notorious entry into forensic science 
[83] (see below, Fig. 3.5). More recently 
[84, 85], RFLPs have been detected among 
the individual repeats of a minisatellite and 
this has been predicted to make available a 
capacity to distinguish 1070 different allelic 
states. 

(c) Interspersed repetitive DNA 

This differs from satellite DNA in that it 
represents sequences which are not clustered 
together but are dispersed singly throughout 
the genome [86, 87]. These dispersed 
repeats fall into two classes: the short 
interspersed nuclear elements (SINEs) 
consisting of repeats shorter than 500 bp; 
and the long interspersed nuclear elements 
(LINEs). The SINEs are exemplified by the 
Alu family found in human cells. This is a 
family of related sequences each about 
300 bp long which is repeated 300 000 times 
in the human genome. The name Alu 
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Fig. 3.5 RFLP analysis and DNA fingerprinting. The diagram shows three situations: (1) standard 
RFLP analysis; (2) analysis near a minisatellite using a single copy probe; and (3) DNA fingerprint 
analysis using a probe to the repetitive sequence. In each case the left hand side of the diagram shows 
the physical maps of the alleles in which t indicates EcoR I sites and j indicates Pvu II sites. The solid 
bar indicates the location of the probe and IIIII I indicates a variable number of repeats of the mini
satellite sequence. The right hand side of the diagrams indicate the results of Southern blot analysis 
of DNA from an individual who is (a) homozygous for allele A; (b) homozygous for allele B; and 
(c) heterozygous. Results are shown for digestions of genomic DNA by the restriction enzymes EcoR I 
and Pvu II. (1) Standard RFLP analysis of two a1leles (A and B), one of which contains a mutation in 
a Pvu II site. (2) No mutation is present in a restriction enzyme site but the two a11eles differ in the 
number of copies of the minisatellite that is present. The probe is for a unique region of this single-copy 
gene. (3) DNA from the same individuals tested in (2) is analysed using a probe for the minisatellite 
sequence. The bands in the fingerprint originate from several different genes- those from a11eles A and 
Bare indicated by an asterix. No bands are present in the fingerprint of (c) which are not also present 
in either (a) or (b) indicating that (c) may be the child of (a) and (b). Not aU bands are present in 
(c) indicating that (a) and (b) are not homozygous with respect to all markers. 
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derives from the presence of a single site for 
the restriction enzyme Alu I in the repeat 
(section 4.5.3). 

The Alu I sequence is a head-to-tail dimer 
of a sequence which closely resembles the 
Bl family of mouse DNA. The Alu sequence 
is transcribed and it is believed to have 
become dispersed throughout the genome 
by a process involving reverse transcription 
and reintegration (sections 6.4.2(f) and 
7.7.4). For this reason it has been termed 
a retroposon [88]. 

One of the best-studied LINEs is the L1 
family of human DNA [89]. This is a 6-7 kb 
sequence which is repeated, at least in part, 
up to 10000 times per genome [88-90]. 
These interspersed repeats are also tran
scribed and may give rise to proteins. It 
has been suggested that some of the gene 
products may be involved in the duplication 
and dispersal of the family which probably 
also occurs by a reverse transcription mech
anism [90]. The mechanism of dispersion of 
SINEs and L:INEs is considered in more 
detail in section 7.7.4(c). 

The interspersion pattern produced in the 
genome by SINEs was first investigated in 
detail by renaturation kinetics [91 ]. The 
conclusion from these studies was that about 
half the genome consists of alternating 
regions of 300 bp of repeated DNA and 
1000-2000bp of unique DNA. This pattern 
of interspersion (which became known as 
the Xenopus pattern) is typical of most 
eukaryotes. However, some insect genomes 
lack this short-period interspersion pattern 
and consist on average of stretches of about 
13000bp of unique DNA separated by 
LINEs [26, 92]. 

(d) Fold-back DNA 

A special class of fold-back or palindromic 
DNA sequences comprising 3-6% of 
eukaryotic DNA has also been charac-
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terized. The size range is from 300 to 1200 
base pairs and the molecules have a Cot112 

value of less than w-s moles of nucleotide 
second litre -t. This palindromic DNA is 
represented in all frequency classes and is 
widely distributed throughout metaphase 
chromosomes [93-95]. Some palindromic 

.J)NA arises when two copies of the Alu 
sequences are present close to one another 
in opposite orientations and it was as a 
result of the ability of such DNA to re
nature instantaneously that the SINEs were 
discovered. 

3.2.3 Eukaryotic gene structure 

Whereas prokaryotic genes occupy a single 
uninterrupted sequence of DNA, the 
majority of eukaryotic genes so far analysed 
have been shown to have non-coding se
quences inserted into the middle of the 
gene (section 9.2.1). These intervening 
sequences, or introns, may be small and 
single as in the case of the gene for tyrosine 
suppressor tRNA [96] or large and multiple 
as is the case for the ovalbumin gene which 
has seven introns so that the entire gene 
occupies a length of 7. 7 kb with only a small 
fraction of this DNA being actually used for 
coding purposes [97]. These intervening 
regions are transcribed into RNA and then 
removed by internal processing events in the 
cell nucleus to produce the final mRNA 
product (section 9.3.4). Intervening se
quences appear to have a wider evolutionary 
freedom for mutation than the coding 
sequences of the DNA [98]. Although the 
majority of structural genes display this 
phenomenon, it is not universal even in 
higher eukaryotes and is not found in the 
majority of tRNA genes or in most of the 
genes coding for the histones. In general 
intervening sequences appear to be less 
frequent in the lower eukaryotes. 
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In addition to these intervening sequences, 
eukaryotic genes are preceded by regions of 
DNA which have a control function. These 
flanking regions may be over 1000 nucleo
tide pairs long and their organization is 
considered in chapters 9 and 10. 

It is clear that, at least in part, the extra 
DNA present in higher eukaryotes can be 
attributed to repeated sequences and the 
intervening and flanking sequences of genes. 

3.3 CHROMATIN STRUCTURE 

Eukaryotic chromosomes in metaphase 
are generally referred to as chromosomes 
but in interphase the term 'chromatin' 
is more generally used to describe the 
nucleoprotein fibres in the cell nucleus. 
Originally chromatin was loosely defined 
and subdivided into only two main classes, 
euchromatin and heterochromatin. Hetero
chromatin comprises the dense, readily
stained areas of the nucleus or chromosome 
and was thought to represent inactive 
chromatin which was not undergoing tran
scription, whereas the more loosely packed 
euchromatin was thought to represent the 
transcriptionally active material. 

Chromatin consists of DNA, RNA and 
proteins. The actual weight ratio between 
the three varies greatly with the tissue or cell 
of origin of the material but, in general, the 
amount of protein is equal to, or greater 
than, the amount of DNA, whereas the 
amount of RNA is comparatively small. 

The protein content of chromatin can be 
further subdivided into the histone and non
histone proteins. The former group consists 
of a few types of molecule which are present 
in very large amounts and the latter of a 
diverse range of protein molecules most of 
which are present in much smaller quan
tities. Historically the bulk of the non
histone proteins were referred to as the 
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acidic nuclear proteins but this designation 
is no longer appropriate. 

3.3.1 Histones and non-histone proteins 

(a) Histones 

There are five major types of histone mole
cule in the eukaryotic cell nucleus. These 
have been classified as histones H1, H2A, 
H2B, H3 and H4 since a CIBA Foundation 
Symposium of 1975 [99]. Previously a 
variety of differing nomenclatures had been 
adopted by different laboratories. The 
histones are basic proteins of low Mr which 
are readily isolated by salt or acid extraction 
of chromatin and which can be separately 
purified on the basis of size or charge [100] 
(Fig. 3.6). In 2M NaCl all the histones are 
dissociated from DNA. However in 0.5 M 
NaCl histone H1 alone is dissociated so 
that the functions of the residual or 'core' 
histones may be investigated [101, 102]. 
Each molecule consists of a hydrophobic 
core region with one or two basic arms. 
Histone H1 is a very lysine-rich protein of 
about 216 amino acids which shows a high 
degree of sequence conservation among 
eukaryotes particularly at the central, apolar 
region. Histones H2A and H2B are even 
more highly conserved and are known as the 
lysine-rich histones. The most conserved of 
all are the arginine-rich histones H3 and 
H4. Only three positions in the H4 histone 
molecule have been found to vary yet quite 
large regions can be deleted without serious 
effects being observed [103-105]. 

Despite the conservation of amino acid 
sequence there are multiple genes for each 
histone in all eukaryotes. This reaches 
extreme proportions in the sea urchin and 
the fruit fly (Drosophila) which contain 
multiple tandem repeats of a region of 
DNA containing one gene for each histone 
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Fig. 3.6 Polyacrylamide gel electrophoresis 
pattern of histones from chick erythrocytes 
(reproduced, with permission, from [115); 
Blackwell Scientific Publications Ltd., Oxford). 

separated from each other by an A+ T-rich 
spacer region (section 9.2.2). Not all these 
genes produce identical histones. The 
histone genes present in greatest abundance 
appear to be active in early development 
when there is a great demand for new his
tone synthesis, whereas the minor variants 
are made at later stages of development 
and represent the major histones present in 
somatic cells. The genes for these variant 
histones may or may not be associated with 
the tandemly repeated blocks [105-110] 
(section 9.2). 

A special type of histone known as histone 
H5 is found in the nucleated erythrocyte of 
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fish, amphibians and birds (Fig. 3.6). It 
bears many similarities to histone H1 and is 
thought to maintain the highly repressed 
state of the chromatin in these non-dividing 
cell types [111 ]. In non-dividing cells in 
mammals histones H1° and H1e (see below) 
are present, whereas histones H1a and H1b 
are present in large amounts only in dividing 
cells [ 106, 108]. 

It is not clear what effect the variations in 
sequence of the histones has on chromatin 
structure. Neither is it clear what is the effect 
of post-translational modification. However, 
the histones may be methylated, phos
phorylated, acetylated or ADP-ribosylated, 
and some of these modifications, by altering 
the charge on the molecule, may affect the 
interactions of histones with each other or 
with DNA [112-116]. For example there 
are six subtypes of histone H1 (H1a-e and 
H1°) giving rise to 14 different phosphory
lated forms, the prevalence of which varies 
during the cell cycle. Acetylation of histone 
H4 in particular causes unfolding of the 
nucleosome core particle (see below) and 
is associated with transcriptionally active 
regions of chromatin [117, 118]. As much as 
20% of histone H2A is covalently linked to 
a 76-residue polypeptide, called ubiquitin, 
to form a branched-chain protein known as 
UH2A or A24 [119]. Marked changes in the 
level of ubiquitination of histones occur 
during mitosis [120, 121 ]. The possible role 
of modified histones in the control of gene 
expression is further considered in section 
10.6.3. 

In sperm cells, histones are replaced 
by other small basic proteins known as 
prolamines [122, 123]. 

In the absence of DNA, the 'core' his
tones will associate with each other, the 
predominant species being a homotypic 
tetramer in the case of histones H3 and 
H4 (i.e. a tetramer containing four similar, 
arginine-rich histones) and a dimer in 
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the case of H2A and H2B. At high ionic 
strength, all four histones interact together 
to form complexes which have variously 
been described as heterotypic tetramers, 
with one, or octamers, with two of each 
type of core histone molecule [124, 125]. 

{b) Non-histone proteins 

These are present in chromatin in an amount 
approximately equal to the histones. On 
SDS/polyacrylamide gels about 100 different 
proteins can be seen. Some of these are the 
enzymes involved in replication and tran
scription (chapters 6 and 8) or form part 
of the nuclear envelope (section 3.1). Others 
resemble the histones in being of low Mr (or 
high mobility on electrophoresis) and are 
known as the high-mobility group, or HMG 
proteins. These also resemble histones in 
being basic proteins and they are present in 
multiple copies in the chromatin, i.e. they 
play a structural role. They differ from 
histones in being only loosely associated 
with chromatin - they can be extracted 
with 0.35 M NaCl - and in lacking an apolar 
centre. They have a basic N-terminal region 
and an acidic C-terminal region separated by 
a short region rich in serine, glycine and 
proline. The most characterized are HMG1, 
HMG2, HMG14 and HMG17 [126-128] 
(section 10.6.3). 

3.3.2 The nucleosome 

The DNA from a human cell is of the order 
of 1m in length and must be condensed into 
a cell nucleus whose diameter is of the order 
of 10,um. The packing must, however, 
maintain accessibility and prevent tangling 
during replication. Eukaryotic cells achieve 
this condensation by a series of packaging 
mechanisms involving the histones and 
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some other chromosomal proteins, initially 
to form nucleosomes [161]. 

The elucidation of the structure of the 
nucleosome is a delightful example of how 
the results froin a large number of experi
mental approaches can be used to solve a 
problem. At the same time as the studies on 
histones were going on, other groups were 
studying the nucleus using electron mi
croscopy, X-ray and neutron diffraction. 
Still others employed cross-linking and 
nuclease studies in which the DNA products 
were analysed by electrophoresis on agarose 
or polyacrylamide gels [115, 129, 130]. 

The initial X-ray diffraction patterns 
of chromatin indicated the presence of a 
structure repeating every 10 nm but further 
interpretation was difficult [131 ]. Electron 
microscopy of ruptured nuclei showed the 
presence of a series of spherical particles 
joined by thin filaments - the so-called 
beads on a string picture [132] (Fig. 3.7). 
The beads have a diameter of 7-10nm 
but the length of the filaments is variable. 
Similar electron micrographs of the SV40 
minichromosome present in virus-infected 
cells indicated the presence of about 21 
beads or nucleosomes on each viral DNA 
molecule [133, 134]. As the contour length 
of naked SV40 DNA is 1590nm and that 
of the mini chromosome is only 250 nm 
it is clear that there has been a six- to 
seven-fold packing of the DNA into the 
minichromosome. 

Not only is DNA compacted in chromatin, 
it is also rendered partially resistant to 
nuclease action (Fig. 3.8). Using micro
coccal nuclease which makes double
stranded breaks in DNA it quickly became 
apparent that at early times of digestion 
the nuclease was cutting the string (i.e. the 
linker DNA) which holds the nucleosomes 
together (Fig. 3. 8). An analysis of the size of 
the DNA showed that the spacing between 
successive nucleosomes was about 200 bp. 
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Fig. 3.7 Chromatin fibres streaming out of a chicken erythrocyte nucleus. The bead-like structures 
(nucleosomes or v bodies) are about 7nm in diameter. The connecting strands are about 14nm long. 
The sample was negatively stained with 5 mM uranyl acetate and the magnification is 285 000. (By 
courtesy of D. E. Olins and A. L. Olins.) 
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Fig. 3.8 The time course of digestion of chromatin with micrococcal nuclease (a). Samples were taken 
at the position shown and fractionated on a sucrose gradient (b); fractions from positions 1, 2, 3 and 4 
of the gradient were shown to contain mono-, di-, tri- and tetra-nucleosomes by electron microscopy 
(c); the DNA in these fractions was shown by electrophoresis (d) to be of approximate length 200 bp, 
400 bp, 600 bp and 800 bp. T shows total DNA before fractionation on the sucrose gradient (repro
duced, with permission, from [137]). 
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Fig. 3.9 Diagrammatic representation of the digestion of chromatin with micrococcal nuclease showing 
the relative positions of the various histones in the nucleosome (from [348]). 

On further digestion the size of the DNA 
fragments was reduced first to 166 bp and 
finally to 146bp [135-137] (Fig. 3.9). 

Meanwhile, cross-linking studies using 
dimethylsuberimidate [138) had shown that 
in chromatin there was present an octamer 
of histones of composition (H2A, H2B, 
H3, H4)z. Analysis of the stoichiometry 
of histone and DNA suggested that one 
octamer was present per 200 bp DNA, i.e. 
per nucleosome. 

Another nuclease (DNase I) is able to 

make nicks all along the length of DNA 
in chromatin. The nicks occur at ten base 
intervals which was interpreted to mean 
that the DNA was wrapped around a core 
of histones and was accessible to nuclease 
on its outer surface; a conclusion which 
was confirmed by neutron diffraction [115, 
139, 140). 

Further studies involving X-ray crystal
lography [140-142) have shown that the 
nucleosome is a shallow, v-shaped structure 
around which a 146-bp core of DNA is 
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Fig. 3.10 One method for studying nucleosome phasing. Other methods involve more extensive 
digestion with micrococcal nuclease to produce core particle DNA which can be cloned and sequenced 
or mapped with restriction enzymes [152, 158, 159]. 

wrapped making about one-and-three
quarter turns (Fig. 3.9). In order to bend 
so acutely the DNA double helix makes 
several sharp bends or kinks [142, 143] 
which explains how a rigid molecule of 
persistence length 150 bp [144] can make 
such tight turns around the histone core. 
It also explains why certain regions are less 
sensitive to DNase I than expected. 

From DNA-protein cross-linking studies 

and the X-ray crystallography of nucleo
somes it has become clear that an (H3, H4)z 
tetramer provides the framework of the 
nucleosome and an (H2A, H2B) dimer is 
added to each face of the framework [142, 
145]. This is the nucleosome core associated 
with 146 bp DNA. 

Histone H1 holds the two ends of nucleo
somal DNA together to form a chromato
some of 166 bp and the remaining DNA 
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forms the linker joining nucleosomes to
gether to form oligonucleosomes (Fig. 3.9). 

The length of the linker and hence the 
repeat frequency of nucleosomal DNA is 
variable both between species and even 
within tissues. The repeat frequency ranges 
from 212 bp for chick erythrocytes (an 
inactive tissue) to 165 bp for yeast (highly 
active) [123, 146] and although it would be 
logical to anticipate that active chromatin 
might be less closely packed than inactive 
chromatin this is not the case. 

Nucleosomes can be reconstituted in vitro 
from DNA and histones. Reconstitution 
usually requires the slow dialysis of a mix
ture of DNA and histones from high- to low
salt conditions [133] but has been achieved 
under more physiological conditions [20, 
147]. In vivo proteins are present in the 
nucleus which are believed to play a part 
in the assembly of chromatin on newly 
synthesized DNA (section 6.17). 

3.3.3 Nucleosome phasing 

The question arises as to whether the nu
cleosome cores are present in fixed positions 
on the DNA or are (a) free to move or (b) 
present in random positions so that in a 
population of cells all the DNA could be 
found in the linker region. Such nucleosome 
positioning or phasing may have particular 
significance with respect to gene expression 
particularly as certain DNA sequences could 
be facing into the nucleosome and hence be 
unavailable for recognition by sequence
recognizing proteins [148-150] (section 
10.4.3). Under biological conditions, the 
nucleosome appears to be remarkably stable 
and to have little tendency either to travel 
along a single length of DNA or to move 
among preformed chromosomes [151]. The 
approaches to analysing nucleosome phasing 
have been summarized by Kornberg [152] 
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but all initially involve the use of micrococcal 
nuclease (to cleave linker DNA) and a 
restriction enzyme (section 4.5.3) to make 
a specific cut in a gene which could be 
identified by Southern blotting (section 
A.3). This is illustrated in Fig. 3.10. The 
limitation with such methods is the pre
ference of micrococcal nuclease for certain 
regions of DNA rich in sequences such as 
CATA or CTA [153-155]. 

This has led to the development of 
chemical cleavage reagents which show 
less or no sequence preference [156]. The 
conclusions reached are that micrococcal 
nuclease and the chemical reagents will cut 
naked DNA or chromatin in certain well
defined positions relative to the 5' -ends of 
genes. This can probably be interpreted as 
showing the presence of a nucleosome
free region of unusual base composition 
and secondary structure [ 157]. When a 
nucleosome-free region exists, then the 
nucleosomes present on either side of this 
region are very likely to take up particular 
positions as the nucleosome repeat is about 
200 bp [152]. Certain positions may be 
favoured by particular base compositions 
(see below) and if these regions recur 
regularly as in satellite or 5S ribosomal 
DNA then the phasing will be reinforced 
[158, 159]. As satellite DNAs are built up 
of a number of subrepeats (section 3 .2.2(b)) 
there may be little to choose between posi
tioning a nucleosome at the beginning 
of one subrepeat or the next. As these 
positions may be only 20 or 30 bp apart 
this results in multiple phases on satellite 
sequences, each related to the other by the 
subrepeat sequences of the DNA. Phasing 
may be strongly reinforced on satellite and 
possibly on other DNA sequences as a result 
of proteins which bind to DNA so as to hold 
the DNA into a looped structure. Such a 
protein has been found for the a-satellite of 
African green monkey cells [160]. 
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The favoured positions taken up by 
nucleosomes referred to above may relate 
to the requirement for DNA to bend or kink 
as it wraps around the nucleosome core [142, 
161] and on reconstitution of chromatin on 
DNA of defined sequence the nucleosomes 
have been shown to form at a specific region 
[162, 163]. Not only may nucleosomes be 
positioned relative to genes but there is 
evidence that they take up a precise position 
relative to the centromere [39]. 

3.3.4 Higher orders of chromatin 
structure 

Histone H1 also plays a role in the associ
ation of adjacent nucleosomes, and histone 
H1 molecules can be chemically cross-linked 
to each other [164, 165]. In the absence of 
histone H1, nucleosomes and polynucleo
somes are soluble over a wide range of ionic 
strength. However, when histone H1 is 
present they precipitate above NaCl con
centrations of 80 mM and MgCl2 concen
trations of 2mM. This provides a useful 
mechanism for the separation of nucleo
somes with or without histone H1 [166, 
167]. In the presence of histone H1, electron 
microscopy and X-ray diffraction studies 
show a fibre of 30 nm diameter as well as 
the lOnm fibre (which is a chain of single 
nucleosomes). Although different explana
tions have been proposed for the structure 
of the 30 nm fibre it now appears that this is 
a hollow cylinder or solenoid into which the 
nucleosomes are coiled [130, 168-170]. 

There are about six nucleosomes per turn 
of the solenoid (Fig. 3.11) (although 12 
nucleosomes per turn have also been pro
posed as has a superbead model [334, 335]). 
The pitch of the solenoid is 11 nm and the 
faces of the nucleosomes are approximately 
parallel to the solenoid axis. 

3.3.5 Loops, matrix and the 
chromosome scaffold 

61 

When cells, at any stage of the cell cycle, are 
lysed under certain conditions the DNA can 
be sedimented intact and displays the dye 
binding and sedimentation characteristics of 
supercoiled DNA in loops of 100 kb in size 
(Fig. 3.12). These loops are stabilized by 
proteins rather than RNA since proteases 
but not ribonucleases abolish the super
coiling [171, 172]. Metaphase chromosomes 
which have been deproteinized are readily 
visualized in the electron microscope as 
looped structures with the thread of DNA 
in each loop entering and leaving the chro
mosome at the same central point [173]. The 
loops may be attached to a central core from 
which they radiate [23]. 

When the DNA is wrapped around a 
nucleosome in the cell nucleus its linking 
number is changed relative to B-form DNA 
(section 2.5.1) and the DNA is essentially 
relaxed. However, when the histones are 
removed the DNA tends to return to the 
B-form and, as this is prevented by the ends 
of the loops being fixed at their bases, the 
DNA is recovered with superhelical turns 
[161 ]. We, therefore, have the picture of the 
chromosome consisting of a series of loops 
of DNA present in a nucleosomal conform
ation and condensed at least in part into a 
solenoid (Fig. 3.11). The degree of solenoid 
formation may be related to the extent of 
expression of the DNA (section 10.4.4). 

It is possible to digest 99% of the DNA 
from metaphase chromosome preparations 
leaving behind a morphologically intact 
central chromosome 'scaffold'. In a similar 
manner the material which remains when 
dehistonated interphase chromatin has most 
of its DNA removed by nuclease treatment 
is known as the nuclear 'matrix'. One set of 
conditions for the removal of chromatin 
proteins involves the use of non-ionic 
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Fig. 3.11 A schematic diagram of the higher-order organization of a chromatid (reproduced, with 
permission, from [23]; copyright the Company of Biologists Ltd). 
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Fig. 3.12 An electron micrograph of some of the DNA in a human (HeLa) cell. The nuclear DNA has 
been spread throughout most of the field to form a skirt which surrounds the collapsed skeleton of the 
nucleus. A tangled network of DNA fibres radiates from the nuclear region. The bar represents 5 pm. 
Inset: Only at the very edge of the skirt can individual duplexes be resolved. Most appear as collapsed 
toroidal or interwound superhelices, indicating that the linear DNA must be unbroken and looped, 
probably by attachment to the nuclear skeleton. The bar represents 1 pm. (By courtesy of Dr P. R. 
Cook and DrS. J. McReady). 
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detergents, which disrupt the membranes, 
high concentrations of EDT A (ethylene
diaminetetraacetic acid), to chelate the 
bivalent metal ions which activate nucleases, 
and high molarities of sodium chloride 
which dissociate most proteins. However, 
it is possible that these stringent conditions 
cause rearrangement of the scaffold/matrix 
attachment regions (SARs or MARs) and 
a milder extraction method using lithium 
diiodosalicylate has been developed [21]. 
The scaffold proteins include two abundant 
proteins of Mr 170000 and 135000. The 
larger is DNA topoisomerase II (section 
6.5.4) and the smaller binds MARs in a 
cooperative fashion. This leads to the 
MARs being gathered together with the 
intervening DNA looped out [342]. In 
addition, the matrix contains an ill-defined 
fibrous protein network and is also asso
ciated with the nuclear pore-lamina com
plex [8, 22, 23] to which the chromosomes 
are attached (section 3.1). The chromo
somes, therefore, appear to take up a 
precise intranuclear location which is re
tained throughout the cell cycle (section 3.1) 
and, when low-salt isolation conditions 
are used, the matrix-associated DNA may 
represent sites important in chromosome 
organization [336]. 

The loop model of chromosome structure 
implies that specific DNA sequences may be 
adjacent to and, therefore, associated with 
the attachment sites of the loops. Many 
reports exist showing that active, tran
scribing DNA is associated with the nuclear 
matrix (section 10.6.4) and the loop has also 
been associated with the replicon - the unit 
of replication (section 6.15.1). Although 
there has been some controversy over these 
results [175], it seems clear that MARs occur 
in particular places and hence particular 
DNA sequences are associated with the 
nuclear matrix [21, 177, 337, 338]. Under 
certain conditions of isolation these se-

Eukaryotes, bacteria and viruses 

quences may be actively transcribing. In 
addition, both initiation and continued 
replication of DNA occur in association 
with matrix proteins and topoisomerase II 
binding sites are found on matrix associated 
DNA (section 6.15.5). 

3.3.6 Lampbrush chromosomes 

The diplotene stage of meiosis may last for 
several months in developing oocytes and 
during this time the chromosomes are visible 
under the phase contrast microscope while 
still undergoing transcription. Such lamp
brush chromosomes have been most ex
tensively studied in the oocytes of Triturus 
(newt) and Xenopus (toad). 

At this stage the chromosomes are paired, 
the two homologues being held together by 
chiasmata. Each member of the pair consists 
of two chromatids, i.e. two DNA duplexes. 
The DNA duplexes run the length of the 
chromosome, being attached to the axial 
thread in a series of loops. As there are two 
chromatids, the loops are paired (Fig. 3.13) 
and the structure has the appearance of 
those brushes which used to be used to clean 
lamps but which are now used to clean test
tubes and bottles. The axis consists of 
protein (the matrix or scaffold) and DNA, 
most of which is compacted (probably in a 
solenoidal form) to form beads of about 
1 p,m in diameter known as chromomeres. 
These chromomeres contain up to 95% of 
the total DNA, the rest being largely in the 
4000 or so loops in each chromosome. 

The loops are the site of transcriptional 
activity and the DNA in the loops may be 
only partly condensed into nucleosomes. 
The loops are made more visible by the 
accumulated RNA. As the RNA polymerase 
molecules move around a loop the length of 
the RNA transcript increases, producing the 
so-called Christmas tree effect (Fig. 3.13). 
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Fig. 3.13 Diagram of part of a lampbrush 
chromosome showing the paired loops of ex
tended DNA and the Christmas tree effect 
produced by the nascent transcripts. 

In situ hybridization has allowed the local
ization of histone and ribosomal and transfer 
RNA gene transcripts to particular loops 
[115, 178, 179]. 

3.3. 7 Polytene chromosomes 

In certain tissues, notably the salivary glands 
of the fruit fly Drosophila and some other 
species, the DNA molecules do not segre
gate after replication but remain together 
during several rounds of the cell cycle. By 
geometric progression, after ten rounds 
of replication there are more than one 
thousand DNA strands lying alongside each 
other with their specific sequences and 
specific bound proteins matched. This 
forms an excellent experimental system for 
analysis. The centromere remains under
replicated and the four chromosomes of 
Drosophila are readily identified by light 
microscopy as a highly characteristic, star
like structure with the spokes radiating 
from the centromere. Unlike metaphase 
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chromosomes, these chromosomes are in 
the stretched-out, interphase condition and 
sites can be clearly identified where puffing 
due to transcriptional activity occurs. Puffs 
can be induced in certain sites by the appli
cation of specific insect hormones so that the 
process of transcription can be effectively 
visualized with respect to time [180, 181]. 

Polytene chromosomes have a highly 
characteristic banding pattern with dark 
and light bands of differing densities and 
dispositions at various points in the arms. 
This makes it possible to correlate the 
absence of a specific band with the lack of 
a specific gene function in a Drosophila 
mutant. Although it is not easy to iden
tify unique genes on ordinary metaphase 
chromosomes because of the low specific 
activity of the small amount of mRNA or 
eDNA involved leading to weak radio
autography (section 3.1.4(b )), the large 
number of binding sites make it possible to 
perform in situ hybridization successfully on 
polytene chromosomes even in cases where 
a gene has a low overall frequency with 
respect to haploid DNA content. As well as 
their use for the identification of specific 
RNA hybridization sites, these chromo
somes are extensively used in the analysis of 
the non-histone chromosomal proteins and 
Z-DNA by immunofluorescence since a 
specific antibody linked to a fluorescent 
second antibody can be used to identify the 
binding site on the DNA of the original 
antigenic protein or the presence of Z-DNA 
[182, 183]. 

3.4 EXTRANUCLEAR DNA 

3.4.1 Mitochondrial DNA 

Mitochondrial DNA is usually found in cyc
lic, double-stranded, supercoiled molecules, 
the exceptions being the linear mitochon-
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drial DNA molecules from Tetrahymena and 
Paramecium. Mammalian mitochondrial 
DNA molecules are not packaged into 
nucleosomes. They are about 15 kb long 
and can therefore code for 15 to 20 proteins. 
However some yeast ones are considerably 
larger and Saccharomyces mitochondrial 
DNA is 75 kb long. Plant mitochondrial 
DNA is much longer still. Yeast mitochon
drial DNA molecules have been widely 
studied since they are readily amenable to 
genetic analysis. 

When yeast cells are grown in the pres
ence of mutagens such as ethidium bromide, 
'petite' mutants are formed in which large 
sections of the mitochondrial genome are 
deleted with the remaining segments being 
amplified so that the DNA molecules remain 
the same size. The mutants are readily 
propagated by the yeast cells but fail to 
synthesize mitochondrial proteins. Some 
petites have been isolated whose mito
chondrial DNA contains only adenine and 
thymine [184] yet these DNA molecules are 
still able to replicate (section 6.11.4). 

Clearly, mitochondrial DNA can only 
code for a small proportion of mitochondrial 
proteins yet the organization of the mam
malian mitochondrial genome has been 
described as 'a lesson in economy' [185, 
186]. Much of the difference in length 
between mammalian and yeast mitochon
drial DNA is a result of the way the DNA is 
organized, as both appear to contain the 
same basic set of genes (section 8.5). 

Mitochondrial DNA from several mam
mals, Xenopus and Drosophila, has been 
sequenced and the sequence analysed 
[187-191]. There are genes for two ribo
somal RNAs, 22 transfer RNAs and for 
13 proteins most or all of which are involved 
in electron transport (Fig. 3.14) [185, 186, 
192, 193]. Some of these protein-coding 
regions have still only been identified as 
unassigned reading frames or URFs (section 
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Fig. 3.14 Map of mammalian mitochondrial 
DNA showing the locations of the genes. Those 
on the outside are transcribed clockwise from 
one of the DNA strands; those on the inside 
anticlockwise from the other. The arrows 
indicate the positions of the tRNA genes. NO, 
NADH dehydrogenase complex [192, 193]. 

9. 7). None of the mammalian genes contains 
introns but these are present in some yeast 
mitochondrial genes. 

The only region of mammalian mito
chondrial DNA which is non-coding is the 
D-loop region involved in the initiation of 
DNA replication (section 6.11.4). This is 
also the region at which transcription of 
both strands is initiated. Transcription 
continues uninterrupted around the cyclic 
molecule and the transcripts are then 
processed to give individual messenger, 
ribosomal and transfer RNAs. The transfer 
RNA forms the punctuation between the 
various protein coding regions and provides 
the signal for the processing enzymes 
(section 9.7). One of the proteins coded for 
by yeast mitochondrial DNA is a maturase 
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which is involved in the splicing of mito
chondrial messenger RNA [194] (section 
11.3.3). 

Although plant mitochondrial DNA is 
apparently much more complex than animal 
mitochondrial DNA it consists of permu
tations of a basic structure related to each 
other by recombination [195-197]. 

One theory for the origin of mitochondria 
suggests that they arose as symbiotic pro
karyotes providing oxidative metabolism to 
their pre-eukaryotic hosts. Throughout 
evolution most of the genes were transferred 
from the symbiont to the nuclear DNA of 
the host leaving behind only the remnants 
we find today. The fact that transfer of genes 
can occur is shown by the finding of one 
gene (subunit 9 of A TPase) in the mito
chondrial DNA of some organisms but in 
the nucleus in other organisms [198-201]. 
Since the rate of production of base pair 
substitutions in mitochondr_ial DNA is about 
10 times that in nuclear DNA it provides a 
highly sensitive tool for studying short-time 
divergences among related species (202]. 

3.4.2 Chloroplast DNA 

Chloroplast DNA is, in general, much larger 
than mitochondrial DNA, being in the Mr 
range 100 million (150kb). In contrast to 
mitochondria which have from one to ten 
molecules of DNA per organelle, chloro
plasts tend to have a very large number 
of copies of the DNA molecule in each 
organelle, in some cases greater than one 
hundred. Like mitochondrial DNA, the 
DNA in chloroplasts carries the coding 
information for essential membrane com
ponents, tRNA and rRNA [203-205]. 

Mutants similar to the petite mutants may 
be isolated but show a tendency to revert, 
possibly because of the multiplicity of copies 
of the master gene in the chloroplast. All 
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known chloroplast DNA molecules are 
cyclic and supercoiled. 

3.4.3 Kinetoplast DNA 

The kinetoplast is part of a highly specialized 
mitochondrion found in certain groups of 
flagellated protozoa such as the trypano
somes. Its DNA (kDNA) consists of an 
interlinked series of many thousands of 
cyclic DNA molecules that vary in size from 
0.6 kb to 2.4 kb depending on the type of 
trypanosome from which they are obtained. 
These components, which are known as 
minicircles, are further interlinked with a 
much smaller number of larger circular 
DNA molecules of above 30kb in size, 
known as maxicircles, in the majority of 
systems analysed. Whereas maxicircles 
appear to perform the conventional func
tions of mitochondrial DNA in trypano
somes, minicircles are microheterogeneous 
in sequence and size and appear to play a 
role in providing a template for RNA editing 
[192, 206] (section 11.8). 

3.5 BACTERIA 

Historically much of the early understanding 
of gene structure and function has come 
from the prokaryotes and from the simple 
bacteriophages which can infect them and 
grow in them. This has been largely due to 
the comparative ease with which the pro
karyotes can be grown and infected under 
laboratory conditions and the fast gener
ation time which has made the isolation of 
genetic mutants a comparatively simple 
exercise. In addition, the DNA content of 
prokaryotic cells is about one hundred-fold 
less than that of eukaryotic cells so that the 
analytical task is relatively simple. 

By far the majority of genetic experiments 
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have been performed in varying strains of 
the bacterium Escherichia coli with a much 
smaller number ·being in Bacillus subtilis, 
Micrococcus luteus and other bacterial 
species. There is a wide variety of strains 
of E. coli itself, each possessing its own 
properties with respect to susceptibility of 
phage infection and to antibiotic resistance. 
Although bacteria normally divide by binary 
fission, the transfer of genetic information 
between two types of bacteria is possible. 
Strains of bacteria which are able to donate 
their chromosome are known as high
frequency recombinant or hfr strains and 
have been widely used in the study of 
bacterial gene function. 

Bacteria which possess the full com
plement of bacterial genes are usually 
referred to as 'wild type' bacteria or proto
trophs and mutants are classified according 
to their missing functions. Thus a thr
mutant is a bacterium which requires thre
onine in its growth medium as it lacks the 
correct information to make the enzymes 
involved in threonine synthesis in their fully 
functional state. Such a nutritional mutant is 
called an auxotroph. The process of mutant 
selection is greatly enhanced if the cells 
are first grown in minimal medium in the 
presence of an inhibitor which will kill all 
the growing bacteria when only those 
mutants survive which are unable to re
plicate in the deficient medium. 

Although most bacteria carry all their 
genetic information on a single, circular 
chromosome, some possess additional, 
small, extrachromosomal elements known 
as plasmids which carry genes coding for 
functions such as drug resistance. Plasmids 
are usually comparatively small and cyclic 
and can be present in one or several copies 
per cell (section 3.6). They are used widely 
as tools in genetic engineering. For a more 
detailed description of bacterial growth and 
physiology, there are several specialized 
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texts on the subject which can be consulted 
[207, 208]. 

3.5.1 The bacterial chromosome 

The chromosome of E. coli is a single cyclic 
molecule of 4.5 million base pairs which 
has an effective circumference of 1 mm but 
must be contained in a bacterial cell with a 
diameter in the order of 1,um. As with 
eukaryotic chromosomes, the bacterial 
chromosome is associated with proteins. 
Some of these resemble the histones but 
whether they play the same role is not yet 
certain [340]. 

A complex packaging mechanism is 
necessary in order to ensure that all the 
DNA is folded within the bacterial cell in a 
manner which will not inhibit transcription, 
nor allow entanglement of the two daughter 
strands to occur during replication [176]. 
This is achieved by two main mechanisms. 

First, the DNA is folded into between 
40 and 100 loops, and second, each of these 
quasicircles is itself supercoiled indepen
dently of the others [209, 210]. Each loop is 
maintained as an independent physical area 
by DNA-RNA interactions since the loops 
are abolished by ribonuclease but not, in 
contrast to eukaryotic chromosomes, by 
proteolytic enzymes. Deoxyribonuclease 
abolishes the superhelical nature of the 
loops though limited treatment with this 
enzyme will attack only a small number of 
the loops and therefore leads to the abolition 
of only some of the supercoiling [211, 212]. 
The intact folded E. coli chromosome or 
nucleoid can be isolated in the presence of 
non-ionic detergents and high molarities 
of salt in two possible forms, free and 
membrane-associated. The free form which 
sediments at 1600-1700 S consists of about 
60% DNA, 30% RNA and 10% protein, 
the bulk of which is the enzyme RNA 
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Fig. 3.15 Diagrammatic representation of the structure of one chromosome (of the two present in the 
cell) immediately before cell division in £. coli growing at different rates [214]. 0 is the origin of 
chromosomal replication. 

polymerase (chapter 8). The membrane
bound form contains an additional 20% of 
membrane-attached protein. The exact 
nature of the membrane-attachment sites is 
not yet known, but they contain the origin of 
replication (section 6.10.1). 

3.5.2 The bacterial division cycle 

As in eukaryotes (section 3.1.2), the general 
rule in bacteria is that chromosome repli
cation (DNA synthesis) and cell division 
occur alternately. Under slow growth 
conditions (i.e. doubling times greater than 
60 min) there is a gap between completion of 
a round of DNA synthesis and cell division. 
Cell division takes place at a fixed time 
(generally about 60 min) after initiation of 
a round of DNA synthesis [213]. 

However, bacteria, under suitable con
ditions, can grow much more quickly than 
one division every 60 min and in these situ
ations DNA synthesis becomes continuous, 
i.e. it no longer occupies a restricted part of 
the cell cycle [214]. Although cell division 
still occurs 60 min after initiation of a round 
of DNA synthesis the cell does not wait until 
cell division has occurred before initiating a 
second (or even a third) round of DNA 
synthesis. This results in some newly divided 

cells having just the one copy of part of the 
DNA (the last to be duplicated) and up to 
four copies of those regions replicated first 
(Fig. 3.15). 

Protein synthesis is required to initiate a 
round of chromosome replication and hence 
an amino acid auxotroph, when starved of 
essential amino acids, will complete current 
rounds of replication and come to rest with 
one unreplicated chromosome per cell. In 
contrast, a thymine-requiring mutant, when 
deprived of thymine, cannot make DNA but 
the chromosome is brought into such a 
condition that when thymine is restored a 
second round of replication is initiated. 

3.5.3 Bacterial transformation 

Pneumococci (Diplococcus pneumoniae) 
may be classified into a number of different 
types each characterized by the ability to 
synthesize a specific, serologically and 
chemically distinct capsular polysaccharide. 
In 1928, Griffith observed that a particular 
strain of pneumococci, cultivated in vitro 
under specific conditions, lost the ability to 
form the appropriate polysaccharide and 
consequently grew on solid media in so
called 'rough' colonies in contrast to the 
'smooth', glistening colonies formed by 
encapsulated cells. If a living culture of such 
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unencapsulated cells was injected into mice 
together with killed encapsulated pneumo
cocci of type III, the organisms subsequently 
recovered from the animals were live, 
virulent pneumococci of the encapsulated 
type III. It appeared, therefore, that some 
material present in the dead type III or
ganisms had endowed the unencapsulated 
pneumococci with the capacity to synthesize 
the characteristic type III polysaccharide. 

During the next five years it was shown 
that such pneumococcal transformation 
could be produced in vitro and that a cell
free extract could replace killed cells as the 
transforming agent and in 1944 Avery, 
McLeod and McCarty [215] showed that the 
transforming principle was DNA. This was 
an experiment of fundamental importance 
in showing that DNA was the genetic 
material. 

These observations stimulated further re
search into bacterial transformation, from 
which it emerged that the reaction was not 
limited to pneumococci but could be pro
duced in a wide range of bacteria and that 
these transformations were not limited to 
changes in serological type since they could 
also be used to endow bacteria with re
sistance to specific drugs or antibiotics or 
the ability to utilize particular nutrients. 
Transformation can be demonstrated for 
any characteristic whose acquisition can be 
measured in the recipient and is made use 
of in many modern techniques involving 
genetic manipulation. 

The proportion of treated cells which may 
develop a new characteristic after exposure 
to appropriate DNA is usually small and 
some strains of bacteria are much more 
susceptible than others [339]. E. coli re
quires treatment with CaC12 in order to act 
as a recipient at all [216] whereas Neisseria 
are particularly susceptible to transform
ation (section 7.5.3). In a single population 
not all cells are competent to take up DNA 
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and this may be a result of variable cell wall 
permeability. The most appropriate time for 
transformation to occur is just after cell 
division. When pneumococci are cooled 
to a temperature at which growth is arrested 
and then rewarmed so that they start to 
divide synchronously, transformations are 
exceptionally numerous. 

The number of transformation events is 
proportional to the DNA concentration up 
to a plateau level and hence the frequency 
of transformation has been used as a 
measure of gene frequency (section 6.8.1). 
Duplex DNA enters the recipient better 
than does single-stranded DNA and the 
saturating DNA concentration is reached 
when about 150 DNA molecules of Mr about 
107 have been taken up by each bacterium 
[217]. 

Just how the transforming DNA enters 
the cell to be transformed is not fully under
stood, but it is known that the acquisition of 
the new characteristic induced by the DNA 
requires a period up to 1 hour and that for 
some time after acquiring the new DNA 
a cell multiplies more slowly than do its 
unchanged neighbours. The establishment 
of the mechanism for duplicating the new 
DNA requires still longer. The mechanism 
of the transformation reactions has been 
reviewed [218, 219]. 

Although duplex DNA is better for 
transformation, on entry into the recipient 
cell one strand of the duplex is degraded. 
The major endonuclease of pneumococcus 
is associated with the cell membrane and 
it is responsible for degrading one of the 
DNA strands following action of an enzyme 
which introduces single-stranded breaks 
every 6000 bases [220]. In E. coli, the 
recipient bacterium must be reese- other
wise the recBC nuclease degrades the 
incoming DNA. For expression, the in
coming single strand of DNA finds a com
plement in the recipient cell DNA and 
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displaces one of the original duplex strands 
in a recombination-type mechanism (chapter 
7). This integration event occurs at widely 
different efficiencies for different markers. 

It is possible to transfer more than one 
inheritable characteristic to susceptible 
bacteria in a single DNA preparation, e.g. 
one sample of DNA may carry the three 
characteristics of resistance to penicillin, 
resistance to streptomycin, and the ability 
to form a capsule in pneumococci. Such a 
sample of DNA might bring about trans
formation in 5% of the recipient cells. Of 
the cells transformed, 98% would acquire 
only one of the three characteristics, 2% 
would acquire two of the characteristics, 
and only 0.01% would acquire all three 
(this is not the case when eukaryotic cells 
are transformed - see below). Clearly, 
therefore, the DNA preparation cannot 
convey a complete set of the donor's char
acteristics to the recipient, although certain 
characteristics appear to be linked. 

An analogous somatic transformation was 
first reported for mammalian cells by the 
Szybalskis [221]. They isolated DNA from 
cultures of human cells of the strain D98S 
which contain the enzyme hypoxanthine 
phosphoribosyltransferase (HPRT) (EC 
2.4.2.8} responsible for the reaction: 

hypoxanthine + PRPP = IMP + PPi 

which is discussed further in chapter 5. The 
addition of this DNA to cultures of cells 
of the strain D98/ AH-2 which are deficient 
in the enzyme resulted in the appearance 
of HPRT-positive, genetically transformed 
cells detected under highly selective con
ditions. The transforming activity was 
abolished by deoxyribonuclease but not by 
ribonuclease. Modern methods of intro
ducing foreign DNA into animal cells are 
discussed in section A.9. 
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3.6 PLASMIDS 

Plasmids are duplex, supercoiled DNA 
molecules which range in size from 2.5 X 
106 to 1.5 x 108 daltons. They are stable 
elements which exist in bacteria and some 
eukaryotes in an extrachromosomal state. 
The large ones are present in only one or 
two copies per cell whereas there may be 
20-100 or more copies per cell of the small 
ones. They enjoy an autonomous, self
replicating status without significantly 
lowering host viability [219, 222-227]. 

There is a continuum from the self
replicating plasmid which has no means of 
transfer from cell to cell, through those 
plasmids which can be transferred (e.g. the 
F-factor - see below) and the non-integra
tive transducing phage (e.g. P1 - section 
3. 7 .8) through to the fully fledged virus 
which codes for its coat proteins and means 
of entry into a new host cell (section 3.7). 

One type of plasmid is called a sex or 
F-factor. A bacterium possessing an F-factor 
(F+) is male and the F factor induces the 
bacterium to make a tube or pilus by which 
the male bacterium becomes attached to a 
female bacterium, i.e. one not carrying the 
F-factor. When the F-factor replicates 
(chapter 6} one linear, single-stranded copy 
of plasmid DNA may pass through the pilus 
5'-end first into the female bacterium. The 
complementary strand is synthesized in the 
recipient which thereby becomes male as it 
now carries the F-factor. Soon all the cells 
in a population become F+. The presence of 
an F-factor in a bacterium excludes the entry 
of a second, closely related F-factor, but 
more than one type of plasmid may be 
stably maintained in a cell if the two are not 
incompatible. 

As well as the F-plasmid, other plasmids 
and parts of the bacterial chromosome may 
pass through the pilus and this leads to a low 
frequency of exchange of genetic markers 
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between bacteria, i.e. a male (F+) proto
troph bacterium may transfer the gene 
required for tyrosine synthesis to a female 
tyr- auxotroph. This is known as transfer 
by bacterial conjugation [228]. 

In one in 10 000 F+ cells the F -factor 
becomes integrated into the bacterial 
chromosome by reciprocal crossing over 
(chapter 7). A plasmid which can exist 
either autonomously or in an integrated 
state is called an episome. For insertion 
the F-factor breaks at a unique site, but 
this linear piece of DNA integrates into the 
host DNA at random with regard to position 
and orientation. Like the 2-prophage 
(section 3.7), an integrated plasmid loses 
its ability for independent replication [174]. 
However, E. coli mutants, defective in 
initiation of chromosomal replication can be 
rescued by integration of an F-factor which 
takes over control of initiation. The inte
grated plasmid still causes the formation of 
pili and can be transferred by conjugation, 
but now, between the leading 5'-end of the 
plasmid DNA and the trailing 3'-end, there 
is the entire bacterial chromosome which 
gets dragged along the conjugation tube, 
into the female cell. Since transfer of the 
whole chromosome takes about 60 min, 
breakage of the conjugation tube normally 
occurs before transfer is complete. When 
this occurs the second half of the F-factor is 
not transferred and so the recipient remains 
female. As the fragments transferred cannot 
replicate autonomously they are either 
lost, or are integrated into the recipient's 
chromosome. The culture thereby shows a 
high frequency of recombination of genetic 
markers and cells with an integral F-factor 
are called hfr. Because of the mode of 
integration of an F-factor into the bacterial 
chromosome, different hfr strains transfer 
the genes of the bacterial chromosome in a 
different order and with different polarity. 
However, closer study shows the gene order 
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to be circularly permuted, providing evi
dence for the linear arrangement of genes 
on a circular chromosome [229]. 

Sometimes an hfr strain may revert to F+, 
and when this occurs a section of the bac
terial chromosome may also be excised and 
be found in the plasmid (e.g. Flac contains 
the lac operon integrated into an F-factor 
which is thereby more than doubled in size). 
Such plasm ids are known as F' -factors. At 
conjugation, the bacterial gene is transferred 
from the donor to the recipient bacterium 
(cf. transduction- section 3.7.8) to produce 
a partially diploid organism and recom
bination readily occurs between the two 
copies of the gene (chapter 7). Thus in 
Flac+, lac is transferred infectiously but 
other markers are only transferred at low 
frequency. 

R-factors are plasmids which carry genes 
conferring resistance to one or a number of 
drugs. Resistance arises as the result of the 
production of enzymes which modify or 
degrade the drug, e.g. chloramphenicol 
resistance depends on an enzyme which 
acetylates chloramphenicol; ampicillin 
resistance by a P-lactamase. Resistance 
to tetracycline is acquired by virtue of an 
inability to take up the drug into the cell. 
R-factors may or may not carry genes en
coding a pilus enabling them to be trans
ferred to other bacteria. For those which 
can promote their own conjugative transfer 
it is common to find the antibiotic resistance
determining region is separated from the 
transfer region. Those R-factors not carrying 
the transfer (tra) genes can be transferred 
passively from one bacterium to another 
either by transduction or by relying on 
mobilization by a conjugative plasmid 
present in the same cell. 

When first discovered, the location of 
multiple drug-resistance genes or of genes 
coding for cognate restriction and modi
fication enzymes (chapter 4) on a single 
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plasmid was difficult to explain. However, 
it transpires that many of these genes are 
present on transposable genetic elements or 
transposons. These are discrete segments of 
DNA which have the ability to move around 
among the chromosomes and extrachro
mosomal elements, i.e. plasmids or viruses. 
Thus the ampicillin-resistance gene referred 
to above rapidly moves from one plasmid to 
another and from one location to another 
on the plasmid in the form of a 4800 bp 
fragment known as transposon 3 (Tn3). 
(The structure of transposons and mech
anism of transposition are considered in 
section 7. 7.) Transposons also occur in 
eukaryotes and the first circumstantial 
evidence for their existence was obtained 
in studies with maize [230]. 

A third group of plasmids synthesize 
chemicals ( colicins) which are toxic to 
bacteria. The larger of these colicinogenic 
factors can be transferred by conjugation 
but the smaller ones such as the Col E 
factors do not code for enzymes to bring 
about their transmission. Plasmids of 
Rhizobium and Agrobacterium carry the 
genes responsible for nitrogen fixation and 
crown gall tumour formation in plants 
[231, 232]. 

Plasmids, especially the smaller ones 
existing at high copy numbers, are used 
as cloning vehicles in genetic engineering 
(section A.8) and the presence of drug
resistance markers is helpful in the selection 
regimens used. One of the early vectors 
used was pSC101 (derived from a fragment 
of a larger R-factor), but derivatives of Col 
E1 are now in common use. Thus pBR322 
was engineered by removing some regions 
and inserting others (e.g. the tetracycline
resistance gene from pSC101) to give an 
autonomous plasmid of Mr 2.7 x 106 [233]. 

Hybrid plasmids can be constructed 
containing parts of, for example, pBR322 
and a small plasmid found in yeast (the 211 
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plasmid) or a segment of an animal virus 
(e.g. SV40). These plasmids are able to 
grow both in bacteria and in yeast or animal 
cells and have been much used in the study 
of eukaryotic gene expression (section 10.4). 

3.7 VIRUSES 

3. 7.1 The structure of viruses 

The general structure of a virus is a nucleic 
acid core surrounded by a protein coat. 
The nucleic acid may be single- or double
stranded RNA or DNA. The coat may 
consist of many identical molecules of 
protein ( capsomeres) or may be a complex 
structure such as one shown in Fig. 3.16(a). 
The protein coat protects the nucleic acid 
from damage and also may confer a specific 
host range on the potential infectivity of 
the particle. 

Viruses infect animals, plants and bacteria 
and the last are called bacteriophages, or 
simply phages. As the viruses usually lack 
any machinery to catalyse metabolism or 
protein synthesis they can only multiply 
within a host cell whose metabolism is 
subverted to serve the requirements of the 
virus [219, 234, 235]. 

Bacteriophages contain single-stranded 
RNA (e.g. MS2), single-stranded DNA 
(e.g. c/JX174) or double-stranded DNA (e.g. 
T-phages). The single-stranded DNA 
phages are either spherical (e.g. cjJX174) or 
filamentous (e.g. fd or M13) where the 
circular DNA molecule is wrapped in a 
protein coat and then formed into a filament 
of two nucleoprotein strands by bringing the 
opposite sides of the circle together. All the 
RNA bacteriophages are spherical. MS2 
consists of 180 protein subunits all identical 
except for one (the maturation protein). 

Many of the double-stranded DNA 
phages have a more intricate structure. 
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Fig. 3.16 Structure of virus particles. (a) T-even phage particle. (b) A segment of tobacco mosaic virus 
(TMV) showing the protein subunits forming a helical array [236]; the RNA lies in a helical groove in 
the protein subunits, some of which have been omitted to show the top two turns of the RNA helix. 
(c) A model of adenovirus showing the arrangement of the capsomeres and spikes. 

The T-even phages (Fig. 3.16) have a head 
(which contains the DNA), a tail (through 
which the DNA is injected into the host 
cell), and a base plate with six tail fibres 
which recognize, and attach to, sites on 
the surface of the host cell. 

Most plant viruses contain single-stranded 
RNA as in TMV (tobacco mosaic virus), but 
a few contain double-stranded RNA as in 
wound tumour virus; or double-stranded 
DNA as in cauliflower mosaic virus. The 
virus particles can be rod-shaped (e.g. 
TMV) or spherical (e.g. cowpea chlorotic 
mottle virus). 

An extensive study of TMV (for reviews 
see [236, 237)), which has a particle weight 
of 4 x 107 and is rod-shaped (measuring 
15 x 300 nm), has led to a detailed picture 
of its structure (Fig. 3.16). A helical array of 
about 2100 identical protein subunits of Mr 
17 400 surround a single-stranded RNA 
molecule of Mr 2 x 106. Cowpea chlorotic 
mottle virus is spherical and is composed of 
180 identical subunits of Mr about 20 000 
arranged on the surface of an icosahedron 
in 32 morphological units of 20 hexamers 
(on the faces) and 12 pentamers (on the 
vertices) [238]. 
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Table 3.2 Baltimore classification of viruses [239] 

Class 

I 

II 

III 

IV 

v 

VI 

Nucleic acid 

Duplex DNA 

Single-stranded 
DNA(+) 

Duplex RNA 

(+) 

Replication 

Semiconservative 

Via duplex replicative 
form (RF) 

~ ===== ~ (+) 

Via (+)strand RNA 
intermediate 

(+) -----
~ ----- ~ -----

( +) strand RNA Via (-) strand RNA 
intermediate 

(+) (-) (+) ----- ~ ----- ~ -----

(-) strand RNA Via ( +) strand RNA 
intermediate 

(-) (+) (-) 
----- ~ ----- ~ -----

(+)strand RNA Via DNA duplex 

(+) 
~-----~ 

(+) 
=====~ -----

Example 

T4, adeno and herpes 
viruses 

cfJX, minute virus of 
mouse(MVM) 

Reovirus (produces 
infantile diarrhoea) 

MS2, polio, foot and 
mouth disease virus 

Measles, 'flu and 
rabies viruses 

Leukaemia virus 
HIV 

A continuous line represents DNA; a dashed line represents RNA. 

Of the animal viruses, adenoviruses .are 
icosahedral with 1500 subunits arranged as 
240 hexamers on the faces and 12 pentamers 
at the vertices and a third type of protein 
forms the fibres which extend from each 
vertex. Many of the larger animal viruses 
(e.g. influenza virus) are surrounded by a 
lipoprotein envelope largely derived from 
host cell membranes. 

3. 7.2 Virus classification 

Viruses can be classified with respect to 
their structure or their host cell but the 
Baltimore classification is based on their 
mode of gene expression and replication 

[239]. On transcription of DNA only one 
strand gives rise to messenger RNA (chapter 
8). The mRNA-like strand is given the 
designation 'plus ( +) strand'. The com
plementary strand is called the 'minus (-) 
strand'. 

There are six classes of virus delineated 
in Table 3.2. Class I contain duplex DNA 
which may be cyclic or linear. The DNA is 
replicated in the standard semiconservative 
manner as described in chapter 6. Class I 
viruses infect bacteria, animals and plants 
and can also bring about cell transformation 
(section 3.7.9). 

Class II viruses carry a single strand of 
DNA which, upon infection, is converted to 
a duplex, replicative form (RF). A final 
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stage in the infectious cycle is formation of 
single-stranded DNA from the RF (section 
6.9). The DNA can be linear or cyclic and 
the viruses infect bacteria or animals. The 
DNA is plus strand, i.e. it has the same 
sequence as the mRNA. No minus-strand 
DNA viruses are known. 

Class III viruses include reovirus of man 
and plant wound tumour virus. The duplex 
RNA is 'transcribed' to give ( +) strand 
mRNA which later serves as a template to 
reform duplex RNA. The genomes are 
segmented, i.e. several different RNA 
molecules are present in each viral particle 
(section 9.9). 

Class IV viruses have a ( +) strand RNA 
genome. They replicate by synthesis of a 
minus-strand RNA which in turn serves as a 
template for viral, (+)strand RNA synthesis 
(section 8.4). 

Class V viruses have a (-) strand RNA 
genome which is first copied to give ( +) 
strand mRNA which in turn give rise to new 
molecules of (-)strand RNA (section 9.9). 

Class VI viruses are remarkable in that 
they have an RNA genome (( +) strand) 
which is converted first to a DNA/RNA 
hybrid and then to duplex DNA. This is 
then transcribed to form new ( +) strand 
RNA. This strategy is used by the leukaemia 
viruses and HIV (AIDS virus) and requires 
a special enzyme to reverse transcribe the 
RNA into DNA (section 6.4.8 and section 
6.14). 

3.7.3 The life cycle of viruses 

The replication of a virus can be considered 
in stages: (1) adsorption of the virus onto 
the host cell; (2) penetration of the viral 
nucleic acid into the cell; (3) development 
of virus-specific functions, alteration of cell 
functions, replication of the nucleic acid, 
and synthesis of other virus constituents; 
(4) assembly of the progeny virus particles; 
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(5) release of virus particles from the cell 
[219, 222, 234, 235, 240]. The life cycle of 
animal viruses is similar to that of phage, 
the main difference being that a cycle takes 
20-60h, rather than 20-60min. 

(1) Adsorption. Viruses will only infect 
certain specific cells, i.e. they have a limited 
host range, usually because the coat (or tail) 
will only recognize and adsorb to specific 
sites on the appropriate cell walls. The host 
range of the T-phages is a property of their 
tail fibres. Some T-even phages are free to 
adsorb to the bacterial cell wall site only in 
the presence of tryptophan; in the absence 
of this amino acid the tail fibres are folded 
back and attached to the tail sheath [241]. 
The initial reversible interaction of the tail 
fibres with the cell wall is followed by the 
formation of a permanent attachment. The 
small, male-specific phages (e.g. MS2, R17) 
attach only to the f-pili of male E. coli cells 
[242] (section 3.6). 
(2) Penetration of the viral nucleic acid 
into the cell involves a variety of different 
mechanisms. After attachment to the cell, 
the lysozyme present in the base of the 
bacteriophage T4 tail probably hydrolyses 
part of the cell wall. This allows the tail core 
to penetrate into the cell as the contractile 
tail sheath contracts and the small amount 
of A TP present in the phage tail is hydro
lysed to ADP [243]. How the DNA passes 
from the head through the tail and into 
the cell (a process equivalent to passing a 
10-metre-long piece of string down a straw) 
is not understood. 

The injection of bacteriophage T5 DNA 
takes place in two stages: 8% of the DNA 
(the first step transfer DNA) enters the cell 
and directs mRNA and protein synthesis. 
One of the proteins synthesized is required 
to complete the injection of the remaining 
DNA [244]. 

After attachment of bacteriophage MS2 
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to the f-pilus of male E. coli cells, the RNA 
leaves the phage and is then transported 
inside the length of the pilus to the cell. This 
last step requires cellular energy [245]. An 
alternative mechanism proposed for entry of 
M13 into male E. coli involves retraction of 
the pilus with the filamentous bacteriophage 
attached [246]. Replication to the duplex 
form is necessary for the bacteriophage 
DNA to be drawn into the host, and when 
entry is effected a considerable fraction of 
the capsid protein is deposited in the inner 
cell membrane [222]. 

With animal viruses, uptake mechanisms 
are simpler [240]. Thus polyoma virus 
attaches to neuraminidase-sensitive sites 
on mouse cells [247] and is then taken up 
entirely by pinocytosis and is carried to the 
nucleus where the DNA is uncoated. 
(3) Development. Once uncoated, isolated 
viral DNA will not infect cells as efficiently 
as does intact virus. Thus, following pen
etration of viral DNA into a cell, the in
fective titre drops. With bacteriophage it 
remains low for perhaps 20 min (the lag 
phase) and then suddenly rises up to a 
hundred-fold, indicating the presence of 
many new mature virus particles. During 
this lag phase after virus infection, the 
metabolic processes of the cell are being 
modified [244]. Viral mRNA directs the 
synthesis of specific enzymes, and the rates 
of host cell DNA, RNA and protein syn
thesis are altered. The viral nucleic acid 
replicates and virus constituents are syn
thesized. These different viral functions are 
divided into two groups, the early and late 
functions, which appear to be controlled 
either at the level of transcription (sections 
10.1 and 10.2) or translation (section 12.9). 
Early functions include the biosynthesis of 
enzymes required for the replication of the 
nucleic acid, and late functions include 
the formation of the virus coat and other 
constituents. 
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T-even bacteriophages turn off the 
synthesis of host cell DNA and redirect 
the synthesis of DNA precursors to fit their 
particular requirements (e.g. hydroxy
methylcytosine triphosphate is produced -
chapter 6). On the other hand, the small 
tumour viruses, SV40 and polyoma, stimu
late the synthesis of host cell DNA [248, 
249] particularly if the cells are in a resting 
state before infection [250] (section 6.10.4). 

The replication of virus nucleic acids is 
described in chapter 6. 
(4) Assembly of virus particles may be 
either spontaneous (self-assembly) or may 
involve a series of virus-directed steps [251, 
252]. More complex viruses are pieced 
together step by step. This process has been 
partially characterized for T4 [235, 253]. 
Wood and Edgar [251] have shown that 
about 45 viral genes are involved in T4 
assembly, and many of the steps have been 
characterized by in vitro complementation 
using the partially finished pieces (e.g. 
heads, tails, fibres) found in cells infected 
with different mutants under non-permissive 
conditions. Eight genes have been assigned 
to the component parts of the head, and a 
further eight implicated in the assembly of 
these components. The head, which then 
appears to be morphologically complete, 
requires the action of two more gene pro
ducts before it can interact spontaneously 
with assembled tails. The base plate com
ponents (12 genes) are assembled in two 
steps, then the core (three genes) and the 
sheath (one gene) are added by progressive 
polymerization from the base plate. Two 
gene products are required to finish the tails 
before they can be joined to the heads. The 
assembled heads and tails are modified (one 
gene) before the tail fibres are added. This 
last step requires complete tail fibres (two 
genes for components and three for as
sembly) and a labile enzyme (L). Phage 
particles assembled in vitro are active and 
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possess characteristics which vary with the 
source of the parts (e.g. the genotype of the 
head and the host range of the tail fibres). 

In vitro systems for the reconstitution of 
phage lambda particles (packaging) have 
proved very important for the reintroduction 
of cloned DNA into cells following its in 
vitro modification [255] (section A.8.2). 

The reconstitution of the rod-shaped 
TMV has been studied extensively [235, 
256, 257]. When the coat protein and viral 
RNA are mixed in the correct ionic en
vironment, virus particles are formed which 
possess up to 80% of the original infectivity. 

Attempts to reconstitute small spherical 
viruses have proved more difficult. MS2 
RNA and coat protein form morphologically 
complete particles which are not infective, 
possibly because they lack the maturation 
protei,n [258]. Cowpea chlorotic mottle virus 
can be partially degraded and reassembled 
to form particles indistinguishable from the 
original virus, and separated protein and 
nucleic acid have been mixed under con
ditions such that infectious particles are 
formed which have the same appearance, 
serological properties and sedimentation 
coefficient as intact virus [259]. Such ex
periments are consistent with the suggestion 
that the nature of the virus coat subunits 
alone directs the size and shape (spherical 
or rod) of the completed virus particles 
[260]. 
(5) Release. Interference with the normal 
metabolic processes may lead to the event
ual death of the infected cell, followed by 
natural lysis but, in some instances, it has 
been shown that the virus actively causes 
cell lysis. Bacteriophage T4 codes for a 
lysozyme [261] which digests the host cell 
wall, causing the release of the progeny 
virus particles. Bacteriophage M13 and 
related filamentous viruses do not kill the 
host bacterium but pass out through the cell 

Eukaryotes, bacteria and viruses 

membrane picking up coat protein on the 
way [222]. 

In contrast to production of obvious 
cytopathic effects, some viruses disturb 
cellular metabolism yet do not cause cell 
death. Thus lymphocytic choriomeningitis 
virus infections lead to changes in growth 
and glucose regulation and the infected 
pituitary glands do not make growth hor
mone, yet no pathological injury is apparent 
[262]. The tumour viruses cause a loss 
of growth regulation of the infected cells 
(section 3.7.9). 

3.7.4 The Hershey-Chase experiment 

In their classic experiment Hershey and 
Chase [254] showed that on infection of 
E. coli with T2 bacteriophage only the DNA 
enters the bacterium. Thus only the DNA 
replicates and it must, therefore, be DNA 
which carries the information to specify 
new virus. To demonstrate this they grew 
T2 phage in the presence of 32P-labelled 
phosphate and 35S-labelled amino acids. 
This resulted in phage containing DNA 
labelled with 32P (there is no sulphur in 
DNA) and protein labelled with 35S. 

The labelled virus was then allowed to 
infect unlabelled bacteria and the progeny 
isolated. It was found that much of the 32P 
(i.e. the DNA) was present in the progeny 
virus, but none of the 35S-labelled protein. 
Vigorous shaking of the culture within a few 
minutes of infection was found to dislodge 
the empty 35S-labelled protein coat of the 
virus from the outside of the bacteria. On 
centrifugation this coat remained in the 
supernatant fraction when the bacteria 
sedimented. The bacteria carried the 32P
labelled viral DNA which replicated and 
produced new phage particles. This shows 
that the viral DNA carries the genetic mate-
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rial and that the coat protein is not essential 
once the DNA is inside the bacterium. 

3. 7.5 Virus mutants 

The viruses provide a unique opportunity to 
characterize completely the information 
content of a functional genome. 

A mutation in a viral genome can cause 
the inactivation of a gene function. If the 
missing function can be characterized (e.g. a 
missing enzyme) then the nature of the gene, 
and the mutant, is defined. However, if the 
function is essential, the mutation is lethal 
and the mutant cannot be propagated and 
studied. The discovery of conditional lethal 
mutants [263), which Jack a gene function 
under one set of conditions but regain it 
under another set of conditions, revolution
ized the study of virus, and in particular, 
phage genetics. Stocks of conditional lethal 
mutants can be grown under permissive 
conditions and then the mutant gene func
tion studied and identified under non
permissive conditions. 

Two classes of conditional lethal muta
tion are particularly useful. Temperature
sensitive mutants [263) are not viable at the 
non-permissive temperature (e.g. 42°C) but 
grow at the permissive temperature (e.g. 
30°C). This is due to a single base change in 
the DNA causing the introduction of the 
wrong amino acid into the protein, reducing 
the stability of its configuration at the higher 
temperature. 

Amber mutants [264] of a bacteriophage 
will only grow in a permissive host which 
contains a suppressor. These mutants result 
from a single base change altering an amino 
acid-coding triplet to UAG (section 12.2), 
which is read as stop under the normal, 
non-permissive conditions. The protein is 
terminated at that point. Permissive host 
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bacteria, which suppress the mutation, have 
a species of tRNA which translates UAG as 
an amino acid and allows the protein to be 
completed. Different amino acids are added 
by different classes of permissive host. 

When two virus mutants with mutations 
in different genes infect the same cell under 
non-permiSSive conditions the missmg 
function of each can be supplied by the 
other, i.e. complementation takes place, 
and progeny viruses are formed. If the two 
mutants have mutations in the same gene, 
complementation cannot occur and no 
progeny are formed. Thus complementation 
between mutants is used to determine the 
number of complementation groups, i.e. the 
number of different genes in which the 
mutations occur. If sufficient mutants have 
been isolated for each gene of the virus to 
be represented, then the total number of 
essential viral genes can be estimated. 

The joint growth of two phages in the 
same cell can also result in the formation of 
a few progeny phage, recombinants, which 
carry genetic characters of both parental 
bacteriophages (chapter 7). A study of the 
frequency of formation of recombinants 
from parental phages carrying known 
mutations allows the construction of a 
genetic map; the frequency of recombinants 
with both genetic characters is related to the 
distance between the two mutation points on 
the genome. Such a map shows the relative 
positions of the mutations and therefore of 
the genes in which these mutations occur, 
and it can be linear or circular. 

3.7.6 Virus nucleic acids (Table 3.3) 

Viral DNA varies in Mr from a little over 106 

to more than 108 (cf. the value of 2.2 x 109 

for E. coli DNA) and, unlike the DNA of 
bacteria and eukaryotes, it can often be 
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Table 3.3 Properties of some viral nucleic acids 

Host cell 

DNA phages 
T2 E. coli 
T5 E. coli 
T7 E. coli 
). E. coli 
¢X174 E. coli 
P22 Salmonella 

RNA phage 
MS2 E. coli (male) 

DNA animal viruses 
Polyoma Mammals 
Herpes Man 

RNA animal viruses 
Poliovirus Man 
Reovirus Mammals 

Plant virus 
TMV Tobacco 

extracted from the virus without degrada
tion. Such intact DNA molecules have 
revealed a striking variety of tertiary struc
ture and some of the known arrangements 
are as follows. 

(a) Cohesive (sticky) ends 

When DNA extracted from phage A. (Mr 
30 x 106) is heated to 65°C and cooled 
slowly, its sedimentation coefficient is 37S, 
but when it is rapidly cooled its sedimen
tation coefficient is only 32S [264]. Electron 
microscopy has shown the 37S form to be 
cyclic and the 32S form to be linear. This 
behaviour is a result of the 5 '-ends of the 
DNA projecting for 12 nucleotides beyond 
the 3' -ends, the two single-stranded regions 
being complementary. These cohesive ends 
can base-pair and convert the DNA into a 
cyclic molecule which is disrupted at 65°C. 
The hydrogen-bonded, cyclic form can 
be converted with polynucleotide ligase 
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Base pairs Single- or 
(X 103) double-stranded Shape 

200 Double Linear 
130 Double Linear 
38 Double Linear 
48 Double Linear 
5.4 Single Cyclic 

39 Double Linear 

3.3 Single Linear 

5.3 Double Cyclic 
151 Double Linear 

6.7 Single Linear 
18.2 Double (segmented) Linear 

6.1 Single Linear 

(section 6.5.1) into a cyclic form with both 
strands continuous. E. coli DNA poly
merase, which adds on nucleotides to the 
3'-ends, abolishes the ability to form cyclic 
molecules. Some other lysogenic phages 
(e.g. <jJ80) contain DNA with a similar 
structure. 

(b) Terminal repetition 

The DNA of phage T7 (Mr 25 X 106) is 
double-stranded and linear, and the se
quence (about 0.7% of the total) at the 
beginning is repeated at the end of each 
molecule [265]. Treatment of such molecules 
with E. coli exonuclease III results in the 
formation of cohesive ends which can form 
circles under suitable conditions. Terminal 
repetition has been detected in the DNA 
from several phages (e.g. T2, T4, T3, P22) 
and is believed to play a role in replication 
by enabling multiple-length concatamers to 
be formed (section 6.16.3). 
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Fig. 3.17 The four possible arrangements of 
herpes simplex DNA. UL and Us are the long 
and short unique regions, both of which are 
bounded by repeated sequences. 

The genome of adenoviruses (Mr 20-25 X 

106) has a sequence of about 100 nucleo
tide pairs repeated in an inverted fashion at 
the two ends [266] and the 5'-end of both 
strands is covalently attached to a protein of 
Mr 55 000 (section 6.12). 

(c) Circular permutation 

If the linear double-stranded DNA of phage 
T2 (Mr 130 x 106) is denatured and allowed 
to reanneal slowly, circular molecules are 
formed which can be detected with the 
electron microscope [267]. These are formed 
because the phage DNA molecules do not 
have a unique sequence, but the population 
is a collection of molecules with sequences 
which are circular permutations of each 
other. The DNAs from phages T4 and 
P22 also exhibit circular permutation and 
terminal repetition. 

The genome of herpes simplex virus 
(HSV) (Mr c. 108) is remarkable in being 
made up of two parts joined in tandem. 
Each part has a region which is repeated 
at the two ends in an inverted orientation. 
As the two parts can be joined in either 
orientation there are four possible sequences 
present in the HSV virus particles [268, 269] 
(Fig. 3.17). Unlike the small animal viruses, 
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the HSV genome has the expected amount 
of the dinucleotide CpG which is deficient 
in the genome of the host and the smaller 
viruses [259, 260, 270-272]. 

(d) Nicks 

Three specific breaks have been found by 
electron microscopy in one strand of the 
double-stranded linear DNA extracted from 
bacteriophage T5 [273]. Accordingly, when 
the DNA is denatured, five single-stranded 
pieces are produced (instead of two) from 
each T5 DNA molecule. Bacteriophages 
SP8 and SP50 may also contain specific 
breaks as does the DNA from cauliflower 
mosaic virus and hepatitis B virus (section 
6.14). 

(e) Hairpins 

The smallest animal viruses (the parvo
viruses) have a linear single-stranded DNA 
genome of Mr 1.2-2.2 x 106. Some (e.g. 
minute virus of mouse - MVM) have a 
hairpin duplex at both ends of the DNA 
whereas others (e.g. adenoassociated virus
AA V) have a hairpin at one end only [274]. 

(f) Segmented genomes 

Each reovirus particle contains about 
12 X 106 daltons of RNA which, when 
extracted, is in pieces of three sizes (Mr 
2.3 x 106, 1.3 x 106, and 8 x 105), plus 50-
100 single-stranded oligonucleotides rich in 
adenine [275]. 

The virion of the RNA tumour viruses 
(retroviruses) contains two identical copies 
of the 35S viral RNA together with several 
copies of transfer RNA derived from the 
host cell (section 6.14). 

(g) Modification of viral DNA 

The DNAs of the T-even phages contain 
5-hydroxymethylcytosine in place of cytosine 
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[276] and the hydroxyl group of this base 
can be glucosylated (Table 3.4) [277]. 
Growth of the phages in a UDP-glucose
deficient host produces phage DNA which is 
not glucosylated, and such DNA is degraded 
when the phages infect the normal host. 

Table 3.4 Percentage glucosylation of hydroxy
methylcytosine in the DNA ofT -even phage [277] 

12 

U nglucosylated 25 
a-glucosyl 
P-glucosyl 
Diglucosyl 

70 
0 
5 

4657 

3973------
3906---

' ' ' \ 

T4 

0 
70 
30 
0 

' ' 
2923 

T6 

25 
3 
0 
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{This modification is considered in more 
detail in section 6.11.2.) 

The DNAs of many phages are modified 
by host-specific mechanisms when grown in 
certain strains of E. coli (e.g. E. coli K12 
and E. coli B), but not when grown in other 
strains (e.g. E. coli C). Bacteriophage 
modified by growth in K12 or B will only 
grow efficiently in the same strain, K12 or 
B respectively or in C. Unmodified phages 
will only grow efficiently in C. 

When the infecting phages fail to grow 
(i.e. growth is restricted), the phage DNA 
is degraded. The restriction/modification 
system is considered in detail in section 
4.5.3. 

\ 
\ 
\ 

' ' \ 
2275 

Fig. 3.18 Physical map and coding potential of <f>X174 DNA. The numbers refer to nucleotides 
relative to the single Pst I site. The other arrows in the inner circle show the sites of action of Hpa II. 
The open bars indicate the regions coding for the different proteins (A- K) and bars of different radii 
demonstrate the use of all three coding frames. The thick arrows indicate the C-termini of the proteins. 
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(h) Chromatin structure of animal virus 
DNA 

The small animal tumour viruses SV 40 and 
polyoma (papovaviruses) exist in the cell in 
the form of nucleoprotein particles where 
the cyclic duplex DNA molecule (5224 
and 5292 nucleotide pairs respectively) is 
wrapped around histone octamers to form 
a nucleosomal structure - the minichro
mosome (section 3.3.2). There are 21 
nucleosomes associated with the cyclic 
chromosome which, because of the presence 
of topoisomerases (section 6.5.4), is present 
in a form of minimum energy. In the cell, or 
when isolated in low-salt conditions, the 
minichromosome is highly compact. When 
the histones are removed, the isolated DNA 
is present in a supercoiled form (form I) 
with about 26 superturns per molecule (i.e. 
there is an average of 1.25 superhelical turns 
per nucleosome). A single nick in one of the 
DNA strands will convert the duplex into a 
relaxed open circular form (form II) and 
cleavage of both strands (e.g. with a restric
tion endonuclease which cuts only once in 
the genome) gives rise to linear (form III) 
DNA. 

Three forms of double-stranded DNA 
can be isolated from purified polyoma virus 
[278, 279]: the supercoiled form (21S, 
component I), the open cyclic form (16S, 
component II) and a linear form (14.5S, 
component III). However, viral DNA forms 
a minor fraction of component III which, in 
the virion, is mainly cellular DNA that has 
been encapsulated in virus particles [280]. 
Electron microscopy (Fig. 2.23) has revealed 
structures which can be clearly identified 
with the supercoiled, open cyclic and linear 
forms and the three forms are readily 
separated by electrophoresis on agarose 
gels. 

The DNA of the larger animal viruses 
(e.g. adenovirus or herpes simplex virus) 
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although not naked in the cell does not 
appear to have a nucleosomal structure 
similar to that of the host cell DNA. It is 
for this reason that the smaller SV 40 and 
polyoma virus have been used as models for 
animal cell chromatin structure. 

3. 7. 7 The information content of viral 
nucleic acids 

(a) DNAphages 

The large phages have many genes. Thus T4 
is known to have 135 genes of which 53 are 
concerned with phage assembly; 34 of these 
code for structural proteins. About 60 genes 
in T4 are not essential but enable the virus 
to cope with suboptimal conditions and 
allow it to extend the host range [222]. 

The small single-stranded phages possess 
very few genes. <f>X174 and the related phage 
G4 have eleven genes, six of which are 
concerned with coat-protein synthesis or 
assembly, one with cell lysis and the re
mainder with DNA synthesis (section 6.9). 
The combined Mr of these eleven proteins 
adds up to 262 000 which is greater than can 
be coded for by the small genome if tradi
tional concepts apply. However, in <f>X174 
the nucleotide sequence [281] shows that 
gene B is encoded within gene A but in a 
different reading frame (section 12.9.6) and 
gene E is encoded within gene D. Gene K is 
read in a second reading frame and overlaps 
the gene A/C junction (Fig. 3.18). In fact 
gene C starts five nucleotides before the 
end of gene A so, in this region, all three 
reading frames are used. Gene A' produces 
a protein identical to the carboxy terminus 
of the gene A protein: in this case there are 
two sites for initiation of translation. 

It is clear that the small bacteriophages 
make full use of their DNA and detailed 
comparisons of the nucleotide sequence of 
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the genomes of ¢X174 and G4 suggest the 
possible existence of several other genes 
[282, 283]. 

(b) RNA phages 

The small RNA phages (e.g. MS2) contain 
all their genetic information in a single 
strand of RNA about 3300 nucleotides long 
(which can code for about 1100 amino acids 
or about 3-4 proteins of average size). Four 
viral-coded proteins have been identified 
including an RNA-dependent RNA poly
merase or replicase of Mr about 50000. In 
the infected cell, the replicase is an early 
protein made about 10 minutes after in
fection, whereas the coat and maturation 
proteins are late proteins made (in appro
priate amounts) about 20 minutes later. 
Aspects of the mechanism of this control 
are considered in section 12.9. 

(c) Animal DNA viruses 

The large animal viruses such as herpes 
simplex virus (HSV) can code for more than 
100 proteins, and, as with the large phages 
(e.g. T4) many of these proteins duplicate 
the functions of host proteins. 

In general, virus diseases cannot be 
treated with antibiotics because the virus 
uses the cell's machinery to replicate itself. 
Thus any interference with virus metabolism 
automatically affects the infected animal. 
However, because the larger viruses sub
stitute their own enzymes (e.g. DNA poly
merase and thymidine kinase) for those of 
the cell it is possible to find some chemicals 
to which only the viral enzymes are sus
ceptible. Acyclovir (9-(2-hydroxymethyl)
guanine) is one such chemical which can 
be phosphorylated by the virally induced 
thymidine kinase (in contrast to the host 
enzyme). The triphosphate inhibits the 
virally coded DNA polymerase [284, 285]. 
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Acyclovir is used to treat herpes infections 
but cannot bring about a complete cure as 
the virus exhibits a latent phase in which the 
thymidine kinase is inactive. In a similar 
manner infections with HIV can be treated 
with azidothymidine which is phosphory
lated and incorporated by the virally coded 
reverse transcriptase leading to production 
of defective viral DNA. 

The other approach to viral therapy is 
immunological and many vaccines are now 
available, mainly to proteins on the virion 
coat or envelope. Recent advances in this 
field involve the use of small chemically 
synthesized viral peptides (fragments of 
viral coat proteins) as immunization with 
these minimizes the risk of side effects 
[286, 287]. 

The papovavirus genome codes for two 
(SV40) or three (polyoma) early proteins 
which are known as tumour antigens as they 
are expressed in transformed cells (see 
below). Later in infection three virion coat 
proteins (VPl, VP2 and VP3) are synthe
sized. The two (or three) tumour antigens 
are translated from messenger RNA mole
cules derived by processing a single tran
script from the 'early half' of the genome 
starting near the origin of replication. This 
region of the DNA is 2700 nucleotide pairs 
long and in polyoma codes for large T (Mr 
about 100000), middle T (Mr 55000) and 
small t (Mr 17 000) antigens. In order to 
achieve this, more than one reading frame is 
used ( cf. ¢X17 4) although all three proteins 
have the same N-terminus, showing they are 
coded for by the same reading frame to start 
with. This frame has a termination signal 
after about 600 nucleotides leading to 
production of small t antigen. RNA splicing 
(sections 11.3, 11.9) changes the reading 
frame in some of the transcripts to frame 
2 (large T antigen) or frame 3 (middle T 
antigen). 

The late region of polyoma virus (coding 
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Fig. 3.19 Physical map and coding potential of polyoma DNA. The numbers inside the inner circle 
show the polyoma DNA divided into 100 map units starting at the single EcoR I site. Other arrows show 
the sites of action of Hpa II. All other numbers refer to nucleotides measured from the Hpa II 3/5 
junction. The open bars indicate the regions coding for the various proteins- the thick arrows indicate 
the C-termini. The single line joining the open bars for the antigens indicates that these proteins are 
coded for by non-contiguous regions of DNA (section 11.3). N.B. Bars of different radii do not imply 
different reading frames. 

for the virion proteins) also extends from 
near the replication origin but in the op
posite direction to the early region. It is 
about 2100 nucleotide pairs long and codes 
for proteins requiring two reading frames. 
All three messenger RNAs have the same 
leader but splicing leads to synthesis of 
VP2 and VP3 in one reading frame (VP3 is 
identical to the C-terminus of VP2) and VPl 
in a different, partly overlapping frame 
(Fig. 3.19) [230, 271, 272]. 

Thus, like ¢X174, polyoma virus and 
SV 40 have more coding information than 
a co-linear relationship between DNA, 
RNA and protein would suggest but this is 

achieved in a somewhat different manner 
from that with the small phages. 

3.7.8 Lysogeny and transduction 
[288, 289] 

When a virulent phage infects a cell, the 
virus replicates and the cell is killed. With 
temperate phage an alternative outcome is 
possible. The cell may be lysogenized with 
the viral DNA integrated into the cell 
genome as a prophage. Prophages are either 
integrated at a specific site on the bacterial 
chromosome (e.g. A. which normally attaches 
near the gal locus of E. coli [290], chapter 
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7) or at random (e.g. phage mu which 
causes inactivation of a gene into which it 
integrates). 

The genes in a prophage are transcribed 
(in a controlled way), replicated and in
herited along with the cellular genes. Most 
of the phage functions (e.g. those involved 
in the lytic development) are repressed, but 
others (e.g. those involved in the main
tenance of lysogeny) are not. One gene 
function which is not repressed in the 
lysogenic cell confers immunity against 
further infection of the cell specifically by 
other copies of the same phage. The survival 
of virulent phages depends on a continuous 
supply of susceptible bacteria (e.g. in 
sewage, a rich source of phages) whereas 
the temperate phage can survive and re
plicate with a limited population of cells 
which are protected from further infection. 

The prophages in a lysogenic cell can 
be induced to replicate independently of 
the host by various agents, most of which 
damage DNA. This results in the phage 
DNA being cut out of the cell genome by a 
recombination event [291] (section 7.5.1). 
The DNA can then replicate and function in 
a virulent manner, resulting in cell lysis and 
liberation of a burst of progeny phage. 
Phage lambda is the most studied example 
of a lysogenic phage. In the integrated state 
only one prophage gene (c/) is expressed. 
The ci gene directs the synthesis of the 
lambda repressor which turns off all other 
viral genes while stimulating its own pro
duction. Induction inactivates the repressor 
and switches on the expression of the cro 
gene. The Cro protein switches off ci 
transcription and switches on transcription 
of the other genes involved in lytic growth. 
Lysogenic phage are induced as a result of 
treatments (e.g. uv radiation) which damage 
DNA. As described in section 7.3.4, damage 
to DNA causes activation of RecA protein 
leading to the proteolytic cleavage of lambda 
repressor. Hence repressor synthesis is 

Eukaryotes, bacteria and viruses 

no longer stimulated and Cro begins to 
accumulate in the cell. For more information 
on the regulation of transcription in pro
karyotes, refer to sections 10.1 and 10.2. 

Occasionally, on induction, mistakes are 
made in the excision of the prophage DNA 
and small pieces may be left behind or 
sections of bacterial DNA, which can 
encompass whole genes, may be excised 
along with the prophage DNA. This bac
terial DNA may be replicated along with 
the phage DNA and packaged into the virus 
particle. On reinfection of a new bacterium 
these genes may become integrated into 
the new genome. This process is called 
transduction. Thus phage A., which integrates 
next to the gal gene, may pick up this gene 
on induction to form the composite phage 
A.gal. The gal gene is then replicated along 
with A. DNA and is introduced into a new 
bacterium. If this recipient is gar, it could 
thereby acquire the ability to metabolize 
galactose. 

Some prophages (e.g. Pl [292]) are not 
integrated but remain in a stable, extra
chromosomal state like plasmids (section 
3.6). Only very occasionally are they pack
aged and virions released. This packaging 
is very non-specific, in that any DNA of the 
right length, including fragments of host 
chromosome, can be packaged (i.e. a 
'headful' mechanism). On infecting a new 
bacterium, genes of the original host are 
introduced at random and Pl is known as 
a generalized transducing phage. 

Along with transformation and conjuga
tion, transduction is one of the three ways 
in which DNA can be transferred between 
cells. Transfection is the rather inefficient 
process whereby cells may be infected with 
naked DNA rather than with intact virus. It 
involves uptake of fragments of DNA or of 
the entire viral genome and is described 
further in sections A.7 and A.8. However, 
transfection is also used to describe infec
tions with recombinant phage. 
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3.7.9 Tumour viruses and animal cell 
transformation 

Some animal viruses (tumour viruses) can 
alter (transform) the infected cell without 
killing it, so that the cell is endowed with 
new properties which are typically neoplastic 
[293-295]. For example, uninfected hamster 
cells do not form tumours when injected into 
new-born hamsters, and do not grow when 
suspended in nutrient agar, but hamster cells 
transformed by polyoma virus form tumours 
and grow in agar [293]. 

Several DNA-containing tumour viruses 
have been identified, including polyoma, 
SV40, rabbit papilloma, human papilloma, 
adenoviruses 7, 12 and 18 and some herpes 
viruses. Several lines of evidence show that 
the viral genome is present in the trans
formed cells in a stable, inheritable, inte
grated state ( cf. the lysogenic state of some 
bacteria) [296] and SV40-transformed 
mouse cells can be fused with green monkey 
cells when the hybrid cells liberate active 
SV40 particles [295, 297]. Although some 
SV40-transformed cells appear to contain 
only one copy of the viral genome per cell 
[298], others contain up to nine copies [299]. 
Although the whole of the viral genome may 
be present in the transformed cells, all but 
the early viral functions are suppressed. 

Some of these viruses can interact with 
different cells in different ways. Polyoma 
virus will transform hamster cells but will 
replicate in, and kill, mouse cells. SV40, on 
the other hand, transforms mouse cells and 
kills green monkey cells. As described in 
section 6.10.4, T antigen makes a specific 
interaction with DNA polymerase a and 
the polyoma T-antigen reacts with murine 
polymerase but fails to interact with the 
hamster enzyme whereas the SV 40 T antigen 
reacts with primate polymerase a only. This 
indicates that this interaction is required 
for virus replication and that failure to 
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interact may lead to cellular transformation. 
However, a temperature-sensitive mutant of 
polyoma [300] will transform mouse cells at 
the non-permissive temperature, 38.SOC, 
and then replicate when the temperature of 
the transformed cell is reduced to 31 oc 
[301]. This suggests that at least one virus 
function necessary for replication is not 
required for transformation. 

The large T antigen binds to the origin of 
replication of the virus and middle T antigen 
is found on the cell surface where it may 
mediate cell/cell interactions. The middle 
T antigen may be the (tumour specific) 
transplantation antigen (TST A) which 
causes rejection of transplantable tumours 
by animals previously immunized with the 
virus. The possible roles of T antigen in 
transformed cells have been reviewed [302, 
303] and it is clear that SV 40 large T antigen 
interacts with and stabilizes a cellular 
protein known as p53. This interaction may 
be enhanced when the T antigens cannot 
interact with DNA polymerase a and this 
could lead to a depletion of free p53 in the 
cell. In a similar way, the EIA protein of 
adenoviruses can bind and inactivate the 
product of the retinoblastoma gene. These 
two cellular proteins are antioncogenes 
which act to regulate cell proliferation 
and so their inactivation leads to the un
controlled growth typical of tumour cells 
[304-306]. 

The leukaemia viruses and the sarcoma
viruses are closely related RNA tumour 
viruses or retroviruses. The leukaemia 
viruses are a natural cause of leukaemia 
and the sarcomaviruses transform cells in 
tissue culture. The structure of the genome 
of these retroviruses, together with the 
mechanism of their conversion into the 
DNA duplex proviral form, is shown in 
Fig. 6.35. They code for three enzymes 
only: gag, pol and env; but integration into 
the host genome is essential for their re-
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plication. Integration (section 7.7) is often 
accompanied by the enhanced expression of 
adjacent genes which, if these are cellular 
oncogenes, will lead to cell transformation 
(308-311]. 

Some retroviruses (e.g. Rous sarcoma 
virus of chickens) have incorporated into 
their RNA genome the transcript of a 
cellular oncogene (c-one) which is trans
ferred from cell to cell in an infectious 
manner. This gene is now known as a viral 
oncogene (v-onc) and may be identical 
to the cellular homologue or it may be a 
shortened or mutated version of it. Retro
viruses carrying a v-onc gene always produce 
tumours on infection, although they are 
usually themselves defective as the v-onc 
gene may replace part of the env gene. It is 
necessary to coinfect with a non-defective 
virus to maintain these viruses in the lab
oratory - they do not persist in nature. 

It is by hybridizing v-onc sequences to 
cellular DNA that a series of more than 20 
c-one genes ~ave been isolated (312] and 
this is contributing greatly to our increasing 
understanding of cellular growth control 
and cancer (313]. 

3.7.10 Viroids and pathogenic RNAs 
[314, 315] 

Viroids are much smaller than viruses and 
consist of a short strand of circular RNA, 
with considerable secondary structure, and 
nothing more. They infect higher plants 
causing diseases such as potato spindle 
tuber disease {PSTV) and cadang-cadang, a 
disease of the coconut palm. Variants exist 
{known as virusoids and satellite RNAs) in 
which the circular form, or a linear version 
of it, are encapsidated with the intervention 
of a helper virus. Hepatitis delta virus is a 
similar satellite of human hepatitis B virus. 

The RNA is in the form of a cyclic mole-
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cule which may be as small as 246 nucleo
tides up to the 1700 nucleotides of the 
hepatitis delta virus. The RNA does not 
code for any protein {hepatitis delta viral 
RNA is the exception) and shows a high 
degree of intrastrand base-pairing, forming 
a hammerhead structure with self-cleaving 
properties. Replication involves the host 
RNA polymerase acting by a rolling circle 
mechanism (section 6.9) to produce first (-) 
strand concatamers (which may or may not 
be circularized) followed by ( +) strand 
concatamers which are self-cleaved and 
ligated to regenerate the infectious RNA 
(316]. It is possible that the pathogenic effect 
of these RNA molecules lies in their ability 
to catalyse cleavage of other RNAs (e.g. 
mRNA). 

The hepatitis delta virus is slightly dif
ferent in that, although it replicates by a 
rolling circle mechanism, this requires a 
protein encoded by part of the antigenomic 
RNA. This RNA appears to be a short 
'transcript', also synthesized in the nucleus 
by the host RNA polymerase [317]. 

3. 7.11 Prions [343] 

These are slow 'viruses' producing diseases 
such as scrapie in sheep and Creutzfeld
Jacob disease and Kuru in man and bovine 
spongiform encephalopathy (BSE) in cattle 
[318-320]. They may also be the cause of 
Alzheimer's disease [321]. They are of 
particular interest as they have not been 
shown to contain any nucleic acid [322]. 
Rather they may contain nothing but a 
single glycoprotein of Mr about 30000 which 
aggregates into rods present as amyloid 
plaques in the brains of infected animals. 

The protein, PrP, is encoded by the host 
and the time of onset of the disease differs in 
animals containing different variants of PrP 
[323]. The protein is expressed in both 
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normal and infected brains, but not in 
identical form in that amino acid poly
morphisms are present which affect the 
structure of the protein. 

The nature of the infectious agent is in 
doubt. The evidence for the lack of a nucleic 
acid component in prions has been criticized 
on several grounds [327, 328] but it now 
seems clear that PrP from infected brain 
contains no nucleic acid and is capable of 
causing the disease. Various intriguing ways 
in which a protein could be a self-replicating 
agent are reviewed by Prusiner [322] and 
Brunori and Talbot [324]. 
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