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Now some parits are the specigl instrument of an
sction; others have been so oonsﬁituted that it
seems as if the action could not take place
without them; others havé been laid down in order
thst the action mayAbe‘better performed; and still
others have been created for.the protection and

pregervation of the whole.

(FPabricius, 1621)
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ABBREVIATIONS

The standard sbbreviations, as recommended by the
Bditors of the Biochemical Journal (Biochem. J. (1973) 131,
1-20) are used throughout this thesis with the following

additions i~

dA-rich A region within a DNA molecule where

dC-rich : one of the DNA strands is considerably
region

aG-rich enriched for a particular nucleotide,

dl-rich as specified.

A region within native DNA which is
dA.dT-rich region ' A
: considerably enriched for dA.dT base-pairs

A-rich
b region within an RNA molecule which
C-rich
region is considerably enriched for a particular
G-rich
nucleotide, as specified.
U~-rich ‘

Deoxyhomopolymers are sbbreviated so as to specify the sugar
regidue e.g. poly(dA), poly(dG), whereas the sugar
residue of ribohomopolymers is not specified e.g.

poly(A), poly(G).

BSS balanced salt solution

HAP hydroxylapatite
_HnRNA heterogeneocus nuclear RNA

PPLO pleuro~pneumenia like organisms
rDNA  the genes for ribosomal RIA

RNase ribonuclease (E.C.2.7.7.16)
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S8C

0.1 x 58C,

2 x S38C

etc.

godiwn dodecyl sulphate

0.15 M NaCl - 0.015 M trisodium
c¢itrate pH 7.0

multiples of the above

composition of USC
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SUMMARY

The presence of deoxyadenylate-rich (dA-rich) and
deoxyguanylate-rich (dG-rich)‘reg%bns in mammalian DNA has
been demonstrated by hybfidisation with [3H] poly(U) and
[3u] po1y(C).

For BHK-21/C13% cells, the maximum levels of these
homopolymer-rich regions, as detected by the hybridisétion‘
technique, are about 0.41% of the DNA for dA-rich, and 0.1%
of the DNA for dG-rich regions. Since the hybrids are
largely sensitive to digéstion with RNase, it is probable
;’that the majority .of hybrid molecules contain mismatchedA
base-pairs. 0.13% of the DNA consists of dA-rich regions
‘ranging in size from 25-130 nucleotides long and containing

about 2-6% of bases other than adenine. On the other hand,
| dG-rich.regions less than 40 nucleotides long comprise
0.07% of the DNA énd contain 10-30% of bases other than
guanine,

Exhaustive RNase digestion of the hybrids enables
detection of pure deoxyhomopolymeric regions in the DNA.
Pure sequences of poly(dA) of average size about 31 nucleo-
tides long account for 0.008% of BHK-21/C13 DNA, whereas
poly(dG) sequences about 17 nucleotides long comprise
0.0016% of the- DNA. | )

The organisafion of these sequences wifhin'the genome
- has been investigated. Both dA-rich and dG-rich regions
are present within DNA sequences of widely varying base
composition., Extensive sheariné of the DNA is requirea to
produce‘some enrichment for dA-rich seQuences in the A + T

rich fraction, although dG-rich sequences are slightly
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eﬁriched in the G + C rich fraction of even unsheared DNA.
The buoyant density of hybrid molecules was found to be
gsignificantly greater than that of the unhybridised DNA
-only when highly sheared DNA was used. Furthermore, dA-
rich and dG-rich regions were shown to be associated with
rapidly, intermediately, and slowly renaturing DNA sequences.
These findings all suggest that the dA-rich and dG-rich
regions have a widespread distribution throughout DNA
‘molecules. The pure poly(dA) and poly(dG) sequences also
appear to be scattered throughout DNA molecules. In gitu
hybridisation studies with [34] poly(U) further suggest
that the dA-rich regions are not localised to any particular
chromogome or to any specific region of the chromosomes.
Analysis of DNA from a number of different species has
shown that, in general, the dA-rich and dG-rich regions are
present to a much higher level in mammalian DNA than in
'>bacterial, bacteriophage, and mammalian viral DNAs.
Evidence for the existencé of A-rich, U-rich and G-rich.
RNA species in BHK-21/Cl3 cells has also been obtained.
“The characteristics of the homopolymer-rich regions in

"DNA suggest that the dA-rich and pure poly(dA) sequences

are more likely to have aAsignificant role than dG-rich and
poly(dG)Asequences. The possible funcfions of these unusual

deoxynucleotide sequences are reviewed.



SECTION I INTRODUCTION

A. General

The structure of DNA has intrigued scientists for many
years. Desgpite the considerable advances which have been
made in the past 20 years, little is still known about the
organisation of nucleotide sequences within each DNA
molecule, especia’ly n higher organisms. This is primarily
- due to the enormous complexit& of DNA, there being about
6.5 x 109 base~-pairs per diploid mammalian genome (Davidson,
1972). Besides those DNA sequences which give rise to
particular proteins, there exist other types of sequence
-in mammalian DNA, especially regulatory sequences and
. possibly non-functional sequences (Comings, 1972). The
present work represents a study of a particular class of DNA
sequences in the genome of animal cells -~ those which consist
very largely of just one type of nucleotide. It is hoped
that studies of this type will lead to a greater understand-

ing of the structural organisation of the mammalian genome.

B. The structure of DNA

' The discovery of the doubie-stranded nature of DNA by
Watson & Crick (1953) has been of fundamental importance in
the development of our knowledge of the mechanism of DNA
replication and transcription. They proposed that the DNA
molecule is double-stranded. and in the form of a right-
handed helix. The two polynucleotide chains, which are‘of
opposite polarity, are wound around the same axis and held
together by hydrogen bonds between the bases, adenine in

one strand always pairing with thymine in the other, and



~guanine always pairing with cytosine. These specific base-
pairing mechanisms readily suggest methods by which the
sequence of nucleotides in the DNA can be faithfully
replicated prior to cell division', and by which appropriate
regions can be transcribed into RNA (uridine in RNA base-
pairs with adenine in DNA). In their original model,
Watson & Crick further suggested that the base-pair is
horizontal i.e. at 90° to the axis of the helix. It is,
however, now realised that the secondary structure of DNA,
as measured by X-ray fibre diffraction, depends-to a large
extent upon the salt concentration and humidity at which
the studies are performed (Table I.1).

The B structure of DNA ih fibres of 92% humidity is
believed to correspond most closely to the structure in
solutions of low ionic strength (Tunis-Schneider & Maestre,
1970). This structure is very similar to the original
Watson-Crick model and is shown in Fig. I.1.

Not only does the secondary structure of the DNA
depend upon the salt concentration and the humidity, but it
also depends upon the base Qomposition of the DNA. Thus
X-ray scattering studies on DNA in solution demonstrate
that although DNA of average base composition is normally
in the B form, very A + T rich DNA does not seem to adopt
this form'(Bram, 1971). Moreover, analysis of DNA structure
by fibre diffraction (Bram & Tougard, 1972) and infra-red
spectroscopy (Pilet & Brahms, 1972) has demonstrafed that
whereas DNA of average base composition readily adopts'the
A form at low salt concentration or low humidity, very A + T

rich DNA only very rarely takes up the A configuration.



Table I.l. Dimensions of the different forms of DNA

Angle between

 Residues perpendicular
DA Pitch per turn  to helix axis
and bases
A form, Na salt,
© 75% humidity 1 28.15 11 200
B form, Na salt, .
92% humidity 54.6 10
B form, Li salt, 1 :
66% humidity - 33.7 10 20
¢ form, Li salt, ,
66% humidity 31.0 9.3 60
DNA-RNA hybrid,
Na salt,
75% humidity 28.8 11 ~ 200
Poly[a(a-T)],
Li salt,
66% humidity 3%.4 10

From Davies (1967)



|::J
e
fa

(Q IDlO

The secondary structure of DNA

(A) Molecular model of a DNA double helix, showing
the two spirsel grooves on the surface of {the

molecule.
(B) Diagram of a DNA double helix in the B form.

(From Dupraw, 1970)






The ability of a region of DNA to take up the A configuration
may be important since RNA does not adopt the B configuration
(Davies, 1967) and DNA-RNA hybrids exist in the A form
(Milman et gl., 1967). -Thus, whén a DNA sequence is trans-
cribed into RNA, the DNA molecule must presumsbly adopt the

A form (Milman et al., 1967; Bram, 1972). If it cannot take
up the A configuration tpen it may never be transcribed

(Bram, 1972).

C. Chromosome structure

Besides the highly organised double-helical secondary
structure of DNA, it is also evident that the overall
packaging of the DNA into the nuclei of mammalian cells
involves considerable folding of the DNA molecule. 1In this
"way, the total length of DNA per diploid human nucleus,
about 174 cm (Dupraw, 1970) can be organised inside a
nucleus only 5-10 P in diaemeter. The basic unit of this
further level of organisation is the chromosome, there
being 23 pairs of chromosomes in the diploid human cell.
‘Chromosomes show considerable heterogeneity of size and
shape {Dupraw, 1970). Vieﬁed by light or electron
microscopy they are seen to be composed of fibres which are
folded ir sery comp.=x w o (Fig. I.2).

1. omponents of chromosome fibres

a)  DNA

DNA forms the essential backbone of the chromoscme
fibre (Dupraw, 1970; Huberman, 1973). Thus, hydrolysis wi -
proteolytic agents does not affect the size of the DNA
recovered, so there are probably no non-nucleotide "linkcen®

in chromosomal DNA (Huberman & Riggs, 1966). Bach fibre mzy



Pig. I.2.

Electron micrograph of a human chromosome

Human chromosome 12, about 100,000 x magnified.

(From Dupraw, 1970)







contain just a single DNA molecule which is folded in a
particular way. Evidence for this comes from attempts to
isolate DNA of very high molecular weight. For example,

DNA molecules have been isolated from Drosophila melanogaster

which are at least half as long as would be expected if each
chromosome contained only a single DNA molecule (Kavenoff &
Zimm, 1973).
b) Histones

Histones are basic proteins bound to the DNA of the
chromosomes in most eukaryotic organisms. Histones have
been classified‘into five main groups depending largely upon
the amino-acid composition. A number of different nomen-
clatures have been proposed for these histone fractions
(Huberman, 1973). The complete or partial amino-acid
sequence of a representative of each class is known (Iwai
et al., 1970; De Lange et al., 1969, 1972; Ogawa et al.,
1969; Rall & Cole, 1971; Sugano gt al., 1972).. One important
feature of these sequences is the non—uniform distribution
of basic amino-acids, nearly all of them being crowded into
one half of the molecule. Such a region therefore has a
high concentration of positive charges and may be the region
vwhich interacts with negatively charged phosphate groups on
DNA.
¢) - Non-histone proteins
- Those proteins which are associated with chromosomal
material but are not histones are called non-histone proteins.
They are a much more heterogeneous group than the histones.
Analysis by polyacrylamide gel electrophoresis reveals
gome 10-30 major species together with very many'minor

species (Blgin et al., 1971; Teng et al., 1971). Unlike the



histones, the amount of non-histone protein can vary
considerably, both from one cell type to another (Mirsky &
Ris, 1951) and at different stages in the cell cycle
(Huberman & Attardi, 1966). The bulk of the non-histone
protein fraction probably has enzymic activity e.g. DNA
polymerase (Patel et al., 1967), RNA polymerase (Weiss,
1960; Huang et al., 1960), protein methylase (Sekeris et al.,
1967; Burdon & Garven, 1971), protein phosphokinase
(Kleinsmith & Allfrey, 1969) and many more (Elgin et al.,
1971). As discussedAlater, the minor species of non-histone
protein probably have a regulatory role (Introduction,
Section I.F.2.b.ii).

2. The dimensions of chromosome fibreg

Since the‘structure of chromosome fibres varies
.dependihg upon the method of preparation, there is
cqnsiderable disagfeement about the specific dimensions of
these fibres (Huberman, 1973). Measurements of diameter
range from 30 R (Zuvay & Doty, 1959; Solari, 1971) to as
much as 500 & (Dupraw, 1970). Which value (or values)
corresponds to~£H§>;g vivo structure of the chrémosomes is
8till uncertain. One study which should be mentioned is
that of Davies & Small (1968) who suggested, on the basis
of electron micrographs of thin tissue sections, that
certain regions of the chromosomes consist of fibres about
130 & in diameter, each fibre being composed of a coil of
thinner material 20-40 & thick. These conclusions are
supported by X-ray diffraction data, from which it was
interpreted that the chromosome consists of a supercoil of
the DNA duplex with a pitch of 120 & and a diameter of
about 100 & (Richards & Pardon, 1970; Pardon & Wilkins, 197é).
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Supercoiling within chromosomal fibres

A model for the mechanism by which DNA is tightly
packed within chromosomal fibres, first by supercoiling to
form a thin fibre, and then by supercoiling again tolform
a thicker fibre. The DNA molecule is held in its super-
coiled configuration by histones and peghaps non-histone
proteins, which are shown hypothetically¥as wedge-shaped

molecules with two binding sites each.

(After Dupraw, 1970)







This would condense the DNA by a factor of 2.8:1 along the
fivre. | _

This model may not be sufficiently ordered to broduce
the degree of condensation necessary to ?ackage the DNA,
since Dupraw & Bahr (1969) have calculated-that the DNA
packing ratio (DNA length : fibre length) in interphase
chromosomes is 56:1. They propose that this degree of
~ packing can be most easily obtained if the chromosome
consists of a supercoiled supercoil of DNA (Fig. I.3). To
account for the differences in fibre diameter observed
using the same method of“preparation (Dupraw, 1970), the.
extent of supercoiling may be different at different

regions of the chromosome.

.D. -Heterogeneity of DNA sequences

There is about 700 times more DNA in the haploid genome

of mammals than theré”is'in the genome of Escherichia coli.
The DNA of E.coli consists of a fairly homogeneous collection
of about 4000 genes, most of which are present as single
copies (Brittén & Kohne, 1968; Laird, 1971). However, the
much larger genome of higher organisms is not -a comparable
homogeneous mixture of many more.genes, but rather is
composed of a very heterogeneous collection of different
femilies of DNA sequences. This heterogeneity of DNA
§e§uences has been observed in three main ways.

1l. Differences in mean base composition

In 1961, Kit observed that when DNA from a number of
different animals was centrifuged to equilibrium in CéCl,
satellite peaks of varying buoyant density and size were

- Obtained. These satellite peaks were therefore composed of



DNA with a mean base composition different from main band
DNA (Schildkraut et al., 1962). One of the most extensively
studied satellites is mouse satellite DNA which comprises
about 10% of the genome (Kit, 1961) and has a base composition
of about 34% G + C, in comparison to 42% G + C for main band
DNA (Flamm et al., 1967). When this satellite was isolated
by preparative ultracentrifugation, it was observed to
renature very rapidly (Walker & Mclaren, 1965). On the basis
of the kinetics of reassociation, it has been estimated that
mouse satellite DNA is composed of a basic unit of 3%00-400
nucleotides, repeated about 106 times (Waring & Britten, 1966;
Flamm et al., 1969). However, sequencing studies suggest
that the repeating.unit is only 8-1% bases long (Southern,
1970). This overestimation of sequence length by renaturation
.data is probably the result of mismatching of bases, since
the repeating units, although very similar, are probably not
identical (Southern, 1970, 1971; Sutton & McCallum, 1971).
For a family of sequences to occur as a distinct
satellite; no# only must they have a base composition
distinect from that ofrthe mgin band DNA, but the sequences
must also be clustered together. If they were interspersed
within larger blocks of average base composition, they would
not separate out as a unique band.

2. Differences in the degree of repetiﬁion of sequencés

Heterogeneity in the eukaryotic genome can also be
classified on the basis of the degree of repetition of the .
sequences. Britten & Kohne (1968) were first to demonstrate
that DNA of higher organisms is composed of three main
classes - highly repetitious, moderately repetitious and

non-repetitious sequences. This conclusion was based upon



studies of theﬁféie of reassociation of DNA whi€¢h had been
sheared to short pieces of about 500 nﬁcleotides long and
then denatured. The rate of renaturation is expressed in
terms of "Cgyt" wvalues, in which “Cy" is the initial
concentration of DNA in moles of nucleotides per litre and
"t" is the time in seconds. Cgt values are expressed on a
logarithmic scale ranging from 104 to about 10%. DNA
renaturing at low Cot values (104 to 10-1l) is defined as
being composed of highly repetitious sequences (usually
about 15 - 40% of the total), DNA renaturing at high Cot
values (greater than 103) is minimally or non-repetitious
(usually more than 50% of the total), wheréas DNA renaturing
at intermediate Cpt values (100 to 102) is moderately
 repetitious (Fig. I.4) (Britten & Kohne, 1968; Laird, 1971)
' The proportion of DNA in each of these classes varies
congiderably in different species.

Types of rapidly renaturing DNA

a) Satellite DNA sequences :
As discussed above, these are clustered, highly

repetitive sequences which, by virtue of their distinct
base composition, can be separated from the rest of the DNA
" by centrifugation.
b) Hidden satellite sequences

- Some families of clustered repetitious sequences may
be hidden within the main band of DNA after centrifugation
in CsCl because they have the same mean base composition as
main band DNA. Such "hidden satellites" may be detected by
centrifugation in caesium sulphate containing 51lver or

mercury salts (Corneo et al., 1970, 1972).



Pig. I.4.

The kinetics of reassociastion of DNA

Denatured DNA samples of average size 500 nucleotides
long were incubated at 60°C for various periods in Q.lé M
phosphate buffer and then were passed over a hydroxylapatite
column. Crosses refer to E.coli DNA. Other points were

obtained with calf-thymus DNA.

(From Britten & Kohne, 1968)
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¢) Other repetitious sequences

About 30-40% of the DNA of higher organisms consists
of repeated sequences. At legst some of these sequences
are closely clﬁsté;;;ﬁ<see above). The exact arrangement
of the remaining repetitious sequences is a matter of some

controversy. Davidson and coworkers (1973%) have analysed

DNA of Xenopus laevis by measurement of reassociation rate

.‘of-sheared DNA fragments of different sizes, ﬁéing hydroxyl;
apatite to distinguish between denatured and partially
reassociated sequences. On the other hand, Thomas and
coworkers have studied DNA fragments (mainly from Drosophila

polytene chromosomes, but also from mouse liver and Necturus

erythrocytes) for their ability to form ring structures after

treatment with exonuclease ITI, an enzyme which degrades DNA
.sequences from both 3' ends (Richardson, 1966; Lee & Thomas,
1973; Pyeritz & Thomas, 1973; Bick et al., 1973; Thomas et
al., 1973). Both groups of workers agree that repetitious
sequences are widely distributed in DNA molecules. The
essential difference in their models can be summarised as
follows:~- Davidson et al. (1973) consider that 50% of DNA
consists of closely interspersed repetitious (300 * 100
‘nucleotides long) and non-repetitious (800 X 200 nucleotides
‘ 1ong).sequences,.so thgt the repetitious sequences comprise
30-40% of each unit length of repetitious plus non-
fepetitious sequence i.e..the repetitious sequences are not
clustered (less than 8% of Xenopus DNA was thought to be
| closely clustered). Thomas and coworkers, however, suggest
that 50% of the DNA consists of regions in which about 80%
of the total length consists of tandemly repeating sequences

i.e. all the repetitious sequences of one type are densely

gy



clustered into one region. At the present time, it is
ditficult to reconcile the differences in these models,
and further work is clearly required to resolve this problem.
As is discussed 1atér, which of these models is correct may
be of importance in understanding the mechanism of control
of transcription (Introduction, Sections I.F.2.b.v, and I.G).
~d) Foldback DNA

On some occasions, almost instantaneous renaturation
occurs. This suggests that some sequences may not have to
find egch other inrsolution, because they are already attached
perhaps by a single strand folding back on itself and
renaturing with a similar but reversed repeat. This has been
termed "foldback DNA" (Britten & Smith, 1970).

3. Differences in timing of replication of DNA

gsequences

When wrnmmalian cells are synchronised in tissue culture
and pulse~1abélled at different times during the S period,
DNA which replicates early is relatively G + C rich (about
43.6% G + C), whereas DNA which replicates late is
relatively A + T rich (about 38.7% G + C) (Tobia et al.,
1970; Bostock & Prescott, 1971; Flamm et al., 1971).
" Furthermore, when synchronised Chinese hamster cells are
pulse-labelled at short intervals through S phase, the
pulse-labelled DNA frequently shows one or more subcomponents
whilst control DNA from unsynchronised cells does not (Comings,
1972). 'This suggests that within main band DNA there are |
- gseveral families, each family having a similar base - .

composition:and replicating at similar times.



E. RNA of eukarvyotic cells

Eukaryotic cells contain a wide variety of RNA species
of sizes ranging from about 2.5 x 104 to at least 107
~daltons. These RNA molecules arise by transcription of
particular regions of DNA by the enzyme RNA polymerase
(E.C.2.7.7.6), of which there are at least three main types
in mammalian cells (Roeder & Rutter, 1970; Horgen & Griffin,
1971). Extensive work has recently been directed towards
establishing the nature of the genes for thege wvarious RNA
species, and how the immediate transcription products are
modified to produce mature RNA (Burdon, 1971b).

1. Ribosomal RNA

Ribosomes, which are small_ribonucleoprotein particles
found in the cytoplasm of eukaryotic cells,:are an integral
‘component of the protein synthesising machinery of the celi.
They consist of a large and a small sﬁbunit, the chemical
composition of each being aepproximately 50% RNA and 50%
protein. The RNA component of the large subunit has a
sedimentation value of about 285 (about 1.4 x 10° daltons)
and that of the small subunit is 188 (about 0.7 x 100
daltons) (Darnell, 1968). Associated with the large subunit
is a 58 RNA Speéies 120 nucleotides long (Brownlee et al.,
1968); Moreover, a 5.85 component (previously known as 78
RNA) may be associated with 28S RNA by hydrogen bonding
(Pene et al., 1968; Rubin, 1973).

The base composition of 28S RNA is 63-67% G + C, and
~ of 185 RNA is 53%-58% G + C (Birnstiel et al., 1968; Maden,
1971), whereas the average G + C content of most mammalian
cells is about 40-42%G + C. Since the genes for 185 and

28S ribosomal RNA are clustered at the nucleolar organiser



region of the chromosomes in Xenopus laevis, this abnormal

base composition has allowed the isolation and analysis of
these genes (Birnstiel et al., 1968; Brown et al., 1972).
There are aboﬁt 400-500 repeating units of ribosomal DNA
per haploid set of chromosomes (Birnstiel et al., 1968
Brown & Weber, 1968), the 28S and 18S genes being separated
from one another by a spacer region of even higher G + C
content (69-73% G + C), which is transcribed at the same
time as the 285 and 18S ribosomal DNA (Dawid et al., 1970).
Each tr;nscription unit (28S rDNA + spacer + 18S rDNA) is
separated from the next by a further spacer region which is
not transcribed (Reeder & Brown, 1970; Brown et al., 1972).
The immediate transcription product is a large RNA species,
458 in HeLa cells (Weinberg et al., 1967) which is then
'modified by a series of cleavages of the polynucleotide chain,
and methylation of particular nucleotides, to produce the
mature 28S, 185 and 5.85 RNA species which are tpansferred
to the cytoplasm (Weinberg & Penman, 1970; Maden, 1971).

58 RNA is also G + C rich (about 58% G + C), but the
genes for 55 RNA are not associéted with the nucleolar
organiser (Brown & Weber, 1968; Brown et gl., 1971). There
are gbout 24,000 genes for 55 RNA per haploid genome of

- Xeno ﬁs, these genes being clustefed together, but separated

from one another by non-transcribed spacer sequences which
are very A + T rich (about 30% G + C) (Brown et al., 1971).

2. Transfer RNA

The RNA species which provides the adaptor mechanism
by which the four letter alphabet of the nucleic acids is
translated into the twenty letter alphabet of proteins, is

transfer RNA (tRNA) (Crick, 1958). tRNA has a complex




secondary structure and contains a high proportion of
modified bases. Many tRNA molecules have now been sequenced
(Holmquist et al., 1973). _
TransferuRNA‘iéwé}nthesisedsby transcription of tRNA'
genes of which there are about 8000 per haploid mammalian‘
genome (Birnstiel et al., 1972; Clarkson et al., 1973;
Shenkin, unpublished results). There are about»40 species
of tRNA and hence an average of 200 genes for each individusal
tRNA species (Birnstiel et al., 1972). These genes together
with spacer DNA,‘also are clustered within the DNA (Clarkson
et al., 1973). The transcription product of the tRNA genes
ig, as for rRNA, a precursor of the final mature tRNA species
(Burdon et al., 1967; Bernhardt & Darnell, 1969). The
conversion of the precursor species to mature tRNA takes
- place in the cytoplasm and involves shortening of the .
polynucleotide chains and modification of bases (Burdon &
. Clason, 1969; Mowshowitz, 1970; Smillie & Burdon, 1970).

%, Messengér RNA and heterogeneous nuclear RNA

Certain regions of DNA specify, by their base sequence,
the amino acid sequence of particular proteins. These
regions are known as structural genes. The mechanism by
which the nucleotide sequence of the DNA is decoded in this
way,'involves the synthesis of an intermediary RNA species,
known ag messenger RNA (mRNA) (Crick, 1958).
. The demonstration of mRNA in eukaryotes has proved much
more difficult than in prokaryotes. Analysis of RNA synthes-
- ised in eukaryotic cells during very short incubations with
- radioactive préCursors (less than 30 min) shows that most

of the radioactivity is found in the nucleus in a collection

of RNA molecules of variable size, ranging frdm'éo—ioo S by




sedimentation value or about 1-10 x 100 daltons in molecular
weight (Houssais & Attardi, 1966; Warner et al., 1966;
Darnell, 1968; Holmes & Bonner, 1973%). This RNA species
is known as héterogeneous (or heterodisperse) nuclear RNA
(HnRNA). However, a small proportion of the radiocactivity
is found in the éytOplasm, assoclated with ribosones
(Darnell, 1968). -It is now clear that this ribosome.
associated RNA is, indeed, the mRNA of eukaryotes (Darnell,
1968; Williamson, 1972; Darnell et al., 1973).

One current problem is whether HnRNA is a precursor of
- mRNA. About 90% of HnRNA'molecules turn over in the nucleus:
and thus cannot be precursors of mRNA (Scherrer & Marcaud,
1965; Soeiro et gl.; 1966). Moreover, mRNA molecules, being
of average sedimentation value about 16-18S are very much
"smaller than HnRNA molecules (20-1008) (Darnell, 1968;
Holmes & Bonner, 1973). On the other hend, a number of
lines of evidence suggest that a small fraction of HnRNA
molecules are preéursors of mRNA:=-.
(1) The base composition of mRNA is approximately the
same as that of HnRNA (about 45% G + C) (Darnell, 1968).
(i1) In cells transformed by small DNA viruses, virus
.specific RNA is found in the nucleus as part of high
molecular weight HnRNA molecules which also contain cellular
sequences (Wall & Darnell, 1971), but in the cytoplasm, the
virus specific mRNA molecules are smaller and are.uniform
in size (Lindberg & Darneil, 1970; Darnell et al., 1973).
(iii) Hybridisation of HnRNA to DNA can be partially -
inhibited by cytoplasmic mRNA, whereas hybridisation of
mRNA can be completely prevented by HnRNA (Arion & Georgiev,
| 1967;‘Georgiev et al., 1972). Other étudies, in which HnRNA

L4



from reticulocytes was hybridised against a complementary
DNA copy of haemoglobin mRNA, and in which HnRNA isolated
from erythroblasts or myeloma cells was injected into

Xenopus oocytes, also suggest that these HnRNA 8pecieé
contain the mRNA sequences for hasemoglobin and immuno-
globulin (Melli & Pemberton, 1972; Stevens & Williamson, 1972,
197%; Williamson et &l., 1973). These conclusions, however,
depend upon the HnRNA preparations being absolutely free
from contamination with mRNA, a criterion which has not yet
been established (Lane et al., 1973).

(iv) The 5' terminal triphosphate group which is'present

on large HnRNA molecules is lost during the production of
small HnRNA species (Georgiev et al., 1972).

(v) A sequence of poly(4), about 150-200 nucleotides long,
'is present at the 3' end of certain HnRNA molecules (Edmonds
& Caramela, 1969; Edmonds et al., 1971; Darnell et al., 1971a,
b, 197%; Mendecki et gl., 1972, Greenberg & Perry, 1972;
Jelinek et al., 1973; Nakazato et al., 1973). The larger
the HnRNA molecule, the higher the proportion of molecules
containing a poly(A) segment (Jelinek et g;;, 1973).

However, only‘about 20-40% of even very large HnRNA molecules
contain poly(A) (Greenberg & Perry, 1972; Jelinek et al.,
_1973); By contrast, almost all mRNA species (with the
exception of histone mRNA) have a poly(A) sequence, also
iSO-ZOO nicleotides long, at the 3' end of the molecule

(Lim & Canellaekis, 1970; Lee et al., 1971; Edmonds et al.,
1971; Darnell et al., 1971a, b, 1973; Adesnick et gl.,‘1972;
Molloy et al., 1972a; Greenberg & Perry, 1972; Molloy &
Darnell, 1973; Nakazato g§~§;., 1973; Jelinek et al., 1973).

It has therefore been sugéeéted that & portion of certain



HnRNA molecules, containing the 3' end (and therefore the
poly(A) sequence) may be transferred to the cytoplasm as
mRNA (Darnell et al., 197la, 1973). .

Thus the overall evidence at' present strongly suggests
that a proportion of HnRNA molecules do serve as precursors
for mRNA. The role of those HnRNA molecules which are not
precursors for mRNA, and of the very large portion of each
precursor molecule which is lost during maturation to mRNA
is still uncertain. It is possible that such regions may
play some role in the control of transcription (see Section
I.F.2.b.v).

4. Other RNA species

In 1965, Huang & Bonner identified a species of RNA
which was associated with chromosomes. This RNA was thought
to be cbvalently associated with histones, was on average
%30-40 nucleotides long, and had a very high content of
. modified bases (Huang & Bonner, 1965; Holmes et al., 1972).
Many workers, howéver, have now suggested that this chromo-
somal RNA may not be a separate class of cellular RNA, but
rather it is défi%éd by degradation of tRNA, rRNA or HnRNA
(evidence reviewed by Weinberg, 1973). .Conclusive evidence
for the exact nature of chromosomal RNA is still therefore
required.

Nuclei of eukaryotic cells also contain a small amount
of low molecular weight stable RNA species of largely unknown
functioﬁ, and mitochondria contain a small subsystem of tRNA,
rRNA and mRNA capable of synthesising a limited number of
proteins. Reviews of this nuclear RNA (Weinberg, 1973) and
_ mitochondrial RNA (Borst & Grivel, 1971; Hirsch & Penman, 1973)

have been recently published and these species will not be



further considered here.

F., Control of prdtein synthesis : ;

Differentiated cells have a characteristic phenotype,
~ which reflects a particuiar pattern of gene activity. The
differential genetic expression which produces these various
protein patterns gt different stages of development and in
different tissues maj iﬁ?olve the regulgtion bf“%he‘synthesis
of the particular proteins at any of a number of stages.
(1) Differences in the number of gene copies present _.
(2) Differential RNA transcription
(3) Non-random stabilisation and maturation of potential
mRNA species within the pool of HnRNA molecules
e.g. poly(A) addition (see Section I.E.3)
(4) Regulation of the transport of "mature" potential
mRNA from the nucleus td the cytoplasm
(5) Differential stability of mRNA within the cytoplasm
(6) Modulation of the translational efficiency of mRNA-
ribosome complexes involved in protein synthesis
(7) Differential stability of the protein products.
Of particular relevance to the current work are headings
(1) - (3) above. The other topics will not be reviewed here
(see Wainwright, 1972). |

1. Differences in the number of gene copies

Alteration in the amount of a particular type of RNA
could clearly be obtained if the number of copies of the
genes involved was able to vary. It has, however, beén
believed for many years that as a general rule, all thé
somatic cells\of an individual organism contain identical

genomes (e.g. Sturtevant, 1951; Davidson, 1972). Some



evidence for this comes from the constancy of DNA content
and base composition (Davidson, 1972), and from the
similerity in hybridisation properties of repetitious DNA
sequences from different mouse tissues (McCarthy & Hoyer,
1964; Tobler, 1972). However, the most convincing evidence
for constancy of DNA is the demonstration that nuclei from
both developing and mature tissues can support normal
development of enucleate eggs (Gurdon & Uehlinger, 1966;
Laskey & Gurdon, 1970). These nuclei must therefore contain
all the essential.genes present in the original fertilised
egg from which the donor orgaenism developed. Furthermore,
if alteration in the number of gene copies were responsible
for changes in the amount of a protein synthesised, then it
would be expected that tiésues producing large amounts of a
particular protein would have many copies of the appropriate
gene., The evidence currently available suggests that thisv
is not the case - for example, reticulocytes probably
contain only one'gene for haemoglobin per haploid genome
(Bishop et al., 1972; Harrison et al., 1972; Bishop &
Rosbach, 1973), and silkworms probably have only 1-3 copies
of the gene for silk fibroin per haploid genome (Suéuki et
al., 1972). | |

It should, however, be pointed out that ceftain rare
~ exceptions to this general rule are known. In particulér,

a marked reversible alteration in the genome in certain

differentiating systems occurs, resulting in selective gene
amplification. One example of this is the amplification of
genes for rRNA in Xenopus lasevis. Somatic cells contain
only one nucleolar organiser, comprising about 400-500 genes

for 285 and '18S RNA per haploid genome (Birnstiel et al.,

it



1968; Brown & Weber, 1968), whereas ococytes contain about
600-1600 copies of the nucleolar organiger (Brown & Dawid,
1968; Perkowska et al., 1968; Gall, 1969). These extra
copies of rDNA are non-chromosomal and form a cytogenetically
distinct nuclear cap.

2. Differential RNA transcription

a) Control of transcription by the functional state of

RNA polymerase

Control of transcription by RNA polymerase has been
particularly actively studied in:bacterial cells, where it
has been shown that the RNA polymerase consists of several
subunits - a,PB'w o (Iravers & Burgess, 1969; Travers, 1971).
The f subunits are involved in binding to DNA (Travers, 1971)
whereas o factor is regquired for initiation of transcription
(I'ravers & Burgess, 1969). Moreover, othér factors e.g. rho
(Roberts, 1969) and psi (Travers, 1971) have been identified
and shown to modify RNA poiymerése activity in E.coli.
Relatively little is still known about the exact subunit
strﬁcture and the roles of subunits of eukaryotic RNA
polymerases (Kedinger et al., 1972).

b) Control of transcription by the functional state

of the DNA

Although the DNA content of all cells in the mammalian
organism is probably identical (see above), each cell
synthesises its own specific pattern of proteins; and in
gome cases particular proteins are synthesised only in
certain cell types e.g. trypsinogen and chymotrypsinogen in
the pancreas, or peptide hormones in the anterior ‘pituitary
gland. It is becoming increasingly clear that this control

is achieved by "switching-off" the genes responsible, in




cells not synthesising particular proteins (Dupraw, 1970;
Comings, 1972). This switching-off mechanism is believed
to involve a process of masking of the appropriate region
of DNA, whereas "switching-on" réquires a reversal of thié
process. How, in molecular terms, might this be obtained?

In nuclei of eukaryotic cells, long DNA molecules occur
complexed with histone proteins, non-histone proteins and a
small amount of RNA. This complex is known as chromatin.
Whether or not a region of DNA is transcribed into RNA
probably depends to'a large extent upon the interaction of
these various elements in chromatin. .

(i) The role of histones

That histones might have a role in regulating gene
expression was suggested more than 20 years ago (Stedman &
Stedman, 1950). Evidence for this has come from the
ability of histones to inhibit transcription of DNA (Huang
‘& Bonner, 1962; Paul & Gilmour, 1968; Bonner et al., 1968;
Spelsberg & Hnilica, 1971). Some results have implied that
lysine-rich -(Barr & Butler,“l963; Huang et al., 1964) or
arginine-rich (Allfrey et al., 1963; Holoubek, 1966)
histones may be more effective as tenmplate inhibitors.
These conflicting reports may well represent differences in
. experimental technique (Allfrey & Mirsky, 1963; Smart &
Bonner, 1971). Two interesting observations regarding
lysine-rich histones should however be made. First, removal
of lysine—fichuhistéﬁem(together with some acidic protein)
leads to stimulatioﬁ in transcription of repetitious DNA
sequences (Georgiev et al.,.1966). Secondly, Koslov &
Georgiev (1970) observed that the RNA synthesised on

chrométin was of relatively short chain length, but after



removal of lysine-rich histones, the chains were as long as
those synthesised on DNA. Lysine-rich histones may, |
therefore, prevent the movement of RNA polymerase along
DNA molecules:—fébégzgisus DNA géquences being particularly
- affected.

It is most unlikely that there is sufficient
heterogeneity within the histones to allow for specific
’répression of individual genes. There are ohiy 5 main
classes of histones. These may display some microhetero-
geneity due to acetylation, methylation, and phosphorylation
(Elgin et al., 1971;'00mings, 1972). However, acetylation
does not seem to alter the association of the histones with
DNA (Allfrey et al., 1964; Clarke & Byvoet, 1969), or the
degree of suppression of RNA synthesis (Clarke & Byvoet,
1969). The role of acetylation is therefore not clear.

The role of methylation ié also unresolved, although it is
of interest that a chromatin preparation which catalyses

- methylation of histones will also bring about the
methylation of certain cytosine residues in DNA (Burdon,
1971a; Burdon & Douglas, 1974).

| Phosphorylation may well, however, play some role in
regulating the effect of histones. Histone kinases whose
‘activity can be modulatedlby CAMP are present (Langan, 1969)
and phoéphorylation of lysine-rich histones modifies the
binding of the histone to DNA.(Adler et al., 1971).

In summary, the relative lack of heterogeneity of the -
histones, together with the infrequency of amino-acid °
substitution with evolution (De Lange et al., 1969) and the
fact that histones of genetically active and inactive

_chrométin (S%? below) are very similar,  lead to the



conclusion that histones are non-specific repressors of
gene activity rather than specific repressor molecules.

It should perhaps also be mentioned that chromosomal
RNA has been implicated-as a typé of control element (Huang
& Huang, 1969; Dahmus & Bonner, 1970). However, as
discussed earlier, the very existence of chromosomal RNA
is still very much in doubt. Understanding the possible
role of any chromosomal RNA must await its more accurate
characterisation.

(ii) The role of non-histone proteins

It now appears much more likely that specific
modulators of gene activity are to be found in the non-
histone protein fraction of chromatin (Paul, 1971). “The
regulatory proteins in fhe non-histone protein fraction are
probably individually present in much smaller amounts than
those with enzymic or structural functions but they show
much greater variability (Elgin et agl., 1971; Comings, 1972).
Evidence which supports this concept comes from the hetero-
geneity -of the non-histone proteins (Elgin et al., 1971),

- from the species and organ specificity of their electrophoretic .
pattern (Platz et al., 1970), from the metabolic activity of

the fraction, and from the fact that-nonnhistone proteins
‘respond to hormoné administration (Comings, 1972). - -
Reconstitution experiments have providéd much of the fine
Evidence for the role of non-histone protein in stimulating
gene expression (Paul & Gilmour, 1968; Gilmour & Paul, 1969,
1970). The specificity of the interaction of non-histone
protein with DNA has been demonstrated by hybridisation

studies on the RNA produced from reconstituted chromatin

(Gilmour & Paul, 1969, 1973). EKarly experiments of this type

</



only detected the synthesis of RNA from repetitious seqqénces
of DNA (Gilmour & Paul, 1969). However, recently acidic
proteins from foetal mouse liver have been shown %o
interact with iiver or brain chrdmatin so as to permit
synthesis of mRNA for globin,'a messenger species which is
known to be transcribed from unique sequences in DNA (Gilmour
& Paul, 1973; Harrison et al., 1972; Bishop & Rosbach, 1973).
It would therefore appear that a non-specific
inhibition of template activity is produced by the histones.
This can, however,Abe modified by particular non-histone
proteiné s0 that specific RNA sequences are synthesised.

(iii) Euchromatin and heterochromatin

It is of interest to consider how these effects might
be brought about. Thin-sectioned interphase nuclei generally
reveal the chromatin in two distinct states (a) relatively
diffuse, finely filamentoué euchromatin which is active in
incorporating DNA or RNA precursors (Hay & Revel, 1963%;
Littau et al., 1964) and (D) compact, granular heavily-
staining heterochromatin which is synfhetically almost inert
(Heitz, 1933; Frenster et al., 1963; Dupraw, 1970). The
'relative amounts of euchromatin and heterochromatin varies
considerably in1different species but on average 10-20% of
the chromatin is heterochromatin.

DNA content of euchromatin and heterochromatin

1) Satellite DNA is highly enriched in constitutive

heterochromatin i.e. heterochromatin occurring in the homo-

logous portions of both homblogous chromosomes (Pardue &
Gall, 1970; Jdones & Robertson, 1970; Mattoccié & Comings,

| 1971; Yasmineh-& Yunis, - 1971). However,.by no means all

of the repetitious DNA is localised to the heterochromatin.
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Thus, RNA synthesised from'repetitious DNA sequences has
been shown to hybridise in situ with euchromatic portions

of the chromosomes (Arrighi et al., 1970; Hennig et al.,
1970; Jones & Robertson, 1970). ‘'This observation is 6f
considerable importance as regards the possibility that
repetitious sequences might serve as control elements in
transcription, and woyld“therefore be expected to be present
in euchromatin (Section I.F.2.b.v).

(2) Main band heterochromastic DNA is relatively A4 + T rich
whereas euchromgstic DNA is relatively G + C rich (Mattoccia
& Comings, 1971). The significance of this is uncertain but
it may be related to the late replication‘of heterochromatin
(Comings, 1972). — —— -

The differences in genetic activity of euchromatin and
heterochromatin are probably related to the compactness of-
the chromatin fibres. Heterochromatin has a greater fibre
dismeter than euchromatin (Dupraw, 1970). In this respect,
it is signifiéant that there is considerably more non-
histone protein in euchromatin than in heterochromatin

(Dupraw, 1970). The condensed heterochromatin is likely to
be associated with very tight packing of the DNA, such as
in a supercoiled supercoil configuration (Fig. I.%) (Dupraw,
'1970). Such a structure would provide little room for the
activity of large globular polymerase molecules (60-100 2
in diaméter).

(iv) - Models of chromosome structure and their

relationship to gene activity

Although euchromatin as a whole is genetically active,
only particular regions of it are transcribed at any one

~time. How is activity of euchromatin controlled? It seems



likely that one can extend the argument presented above for
the inactivity of heterochromatin. Many workérs have now
suggested that the DNA of euchromatin consists of |
alternating rééidné;éf"tightly compacted and loosely
compacted nucleoprotein (Dupraw, 1970; Crick, 1971; Paul,
1972). This has been concluded from studies on the
characteristic banding patterns of the polytene chromosomes
of‘diptera, the band regions contgining high concentrations’
of DNA and histones. Histones reduce the pitch of the DNA
helix (Bram, 1971) and therefore cause tightening of the
helix. This may well induce supercoiling of the nucleo-
protein complex. For transcription of a segment of DNA to
take place, some modification of this compact structure would
‘be necessary to allow access of an RNA polymerase molecule.
Two recent models of how this might be achieved will be
- briefly discussed. l ~

Crick (1571) has suggested that the coding sequences
of the DNA are in the interband regions, the compact region
providing the recognition sites for control elements. He
speculates that such a binding site might be produced in
the compact region if hairpin regions of supercoiled DNA
could be partially unwound, perhaps by the'binding of histbnes
to neighbouring regions in the DNA, so that some single-
stranded DNA is produced.at the tip of the loop. Evidence
for the existence of such single-stranded regions in DNA is
currently lacking (Levy & Simpson, 1973) although there have
been two recent reports of ﬁhe isolation of single-stranded
DNA from eukaryotes (Tapiero et al., 1972; Amalric et al.,
1973). o o

On the .other hand, Paul (1972) hasg sﬁgges{;a thét the

At



binding site férnﬁNA polymerase is near the band-interband
junction, and that transcription moves'into the band region
from the initiation site. ' Binding of some polyanionic
substance, perhaps a non-histone'protein, to a site closely
linked to the promoter would be expected to cause a local
reduction in supercoiling of the DNA by competing with DNA
for some of the positive charges on the histones. RNA
polymerase would then be able to approach the promoter, RNA
synthesis could proceed, and the nascent RNA (also a polyanion)
would cause further unwinding of the adjacent compact
nucleohistone.

(v) The structure of the operon in eukaryotic cells

The organisation'of the transcriptional unit and the
associated control sequences in eukaryotic DNA can now be
considered. The concept of the operon (Jacob & Monod, 1961)
provided a unified interpretation of regulatory phenomensa
in prokaryotes. They proposed that each operon, containing
one or more structural genes, is controlled by an operator
- sequence. in the adjacent DNA. When & protein repressor molecule

(synthesised from a regulator gene) is bound to the oberator,
_IRNA polymerasé is prevented from transcribing the structural
genes. Transcription of the structural genes may be induced
by the binding of some activator molecule to the repressor,
which prevents it from binding to the operator. This model
is so simple and so elegant that it has been considered as
the basis of most models of the operon in eukaryotes.
However, the model in eukaryotes should also provide a role
for repetitious and unique DNA sequences, for. the existence
of lérge HnRNA molecules which are degraded in the nucleus,

‘and should provide a mechanism for integrated control of
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several different genes in response to a single stimulus
e.Zg. a hormone.

(1) The model of Britten & Davidson

. The first model to .include & role for the repetitious
sequences in DNA was proposed by Britten & Davidson (1969).
They suggesfed that producer genes (i.e. structural genes)
are controlled by a number of receptor genes (i.e. operators).
Similar receptor genes may be found associated with a number
of different producer genes. The receptor gene, which is
normally switched-off by binding of histones, can be
switched~on by combination with an appropriate activator
molecule. They proposed that the activator molecule may be
HnRNA or chromosomal RNA, but their model could also
accommodate its being non-histone protein (see above). The
activator species is produced from integrétor genes, which
themselves are under control of a sensor gene, which
responds to the inducing stimulﬁs. Several integrator genes
may be associlated with'a single sensor gene and gsimilar
integrator genes méy be controlled by different sensor genes.
Thus by stimulation of a large number of integrator genes,
.a single stimulus can lead to integrated activation at a
1arge number of recgptor genes and hence producer genes.

The elements of the integrator genes ahd'receptor genes are
therefore repetitive sequences of DNA. This model is clearly
: bonsistent with the data of Davidson et al. (1973) who
suggested that repetitious DNA sequenoes‘(i.e. control
sequences) are interSpersedbamong unigque sequences (i;e.
structural genes). However, this model alone does not
provide a convincing role for large HnRNA molecules which

are dégraded within the nucleus.



Fig. I.5.
The structure of the transcriptional unit in‘-

eukaryotes (after Georgiev, 1969; Georgiev et al., 1972)

P, promoter; ' a}----8n, acceptor sites; ap=—==8at,
other service sequences; 81-=---Sp, structural genes.
I+ should be noted that the post-transcriptional addition
of poly(A) to HnRNA and mRNA molecules is not included in
this model. |
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(2) The model of Georgiev

Georgiev (1969) has proposed a mechanism for the
regulation of gene transcription baesed upon a model of a
giant compound operon. -He suggested that the giant HnRNA
species are polycistronic transcripts from compound operons
(Fig. I.5). Each operon is composed of an "acéeptor" region
containing a series of regulator gene loci, and an '
informative zone of contiguous structural genes. RNA
polymerase, which binds to a promoter adjacent to the
~acceptor regions, is only free to transcribe the operon if
no regulatory proteins have bound to any of the acceptor loci.
Transcription of any of the structural genes Qould require
prior transcription of the entire sequence of regulator
gene 16ci. Once completed, the gilant HnRNA molecule is
released, the non-informative portion is degraded and

individual mRNA species are excised and transported to the
cytoplasm. This model certainly would account for the turn-
over of high molecular weight HnRNA. Moreover, the
demonstration that the 5' ends of giant HnRNA species are
transcribed from-ré;;t;five regions in the DNA (Georgiev et
'gl., 1972) would be consistent with Britten & Davidson's
proposal (1969) that repetitive sequences are important in
integrating control of farious operons. Georgiev et al.
‘(1972) further suggested that regions at the 3' end of MRNA
holecﬁles are also transcribed from repeated sequences which
may represent more control elements. One aspect of Georgiev's
model for which there is still little experimental evidence
is the concept that HnRNA is polycistronic (Darnell et al.,
1973). With this proviso, Georgiev's model, when considered

in the ligh%: of Britten & Davidson's proposals for sensor,



integrator, and receptor genes, represents a useful working

model for further consideration of the mammalian genome.

G. Functional gene number in eqkaryotes

| It is clear from the above discussion that by no means
all of the DNA is informational, some of the DNA being
required for control _purposes. The exact amount of
informational DNA in eukaryotes is, however, unknown. A
reasonable estimate could be obtained if the number of genes
were known.

1. Estimgtion of gene number

The number of genes in the Drosophila genome can be

estimated from the number of bands in the polytene chromo-
somes, since genetic studies strongly suggest that each
band 4+ interband region corresponds to a single gene (Muller,
©1967; Shannon et al., 1970; Thomas, 1971). This gives a
value of about 5000 genes, and if there were on average
1000 nucleotide-pairs per gene, this would correspond to
about 5% of the Drosophila genome being informational
(Thomas, 1971).

Another method of estimating the number of gene; is by
consideration of the number of mutations per generation.
On average, each structural gene sustains a deleterious
mutation in 102 generations (Muller, 1967). On this basis,
it has been calculated that the maximum number of functional
genes in the human genome is about 3-4 x 104 otherwise the
genetic load would become intolerable (Muller, 1967; Ohno,
1971; Ohta & Kimura, 1971). If the average gene size is
1000 nucleotides long, then only 3-4'x 107 nucleotides

~ would be informational out of a total of 3 x 109 nucleotide



pairs per haploid genome i.e. about 1% of the total. By
comparison of mutaﬁion rates of nucleotides and amino acids,
Ohta & Kimura (1971) have further argued that only about 6%
of the sequenoés in mammalian DNA can be under the intensive
selection that has characterised the evolution of cytochrome ¢,
globin chains, and histones. These estimates of gene numbér
may be low if different regions in DNA are subject to
different mutation rates (Cox, 1972), or if only a proportion
of genes when mutated are capable of producing a lethal
'morphologicél phenotype (O'Brien, 1973). Thus, a minimum

of about 1% but probably somewhat more than 10% of the DNA

is informational.

It shouldﬁbgwpointed out that the proportion of
informational DNA clearly differs in différéntwgﬁeéiés. For
example the salamander Amphiuma contains about 26 times as
much DNA per haploid genomé as man, but does not show more
genetic polymorphism (Comings & Berger, 1969). It is |
therefore probable that most of this extra DNA is non-
informational. | |

2. The master-slave hypothesis

One model of the eukaryotic genome which would account
for the apparently excessive amount of DNA is the master-slave
hypothesis (Callan & Lloyd, 1960; Callan, 1967; Thomas, 1971).
In this ﬁidel, genes are.thought to be arranged as a series
of téndemly repeating copies, each set of genes consisting
of a master and a number-of slaves. An important feature
is that the nucleotide sequence in the slave genes should
be kept constant by periodic checking of the sequence against

that.of the master. One implicatiqn of the model is that it

could provide a mechanism by which the repetitious genes for



ribosomal, transfer and 53 RNA species (at least) could
maintain similar sequences.

Some evidence for this model has been obtained by
Thomas and coworkers (Lee & Thomgs, 1973; Pyeritz & Thomas,
197%; Thomas et al., 1973) (see Section I.D.2.c). They have

concluded that about 50% of each chromomere of Drosophila

consists of repetitious sequences arranged in tandem i.e.
about 15,000 nucleotides which would correspond to 10-20
copies of a particular gene. The important corollary to

this conclusion is that the essential genes of Drosophila

should be found in slightly repetitious DNA. Results
obtained by measurements of reassociation kinetics have,
however, suggested that most essential genes are found in
unigque sequences of DNA (Léird, 1971;‘Harrison et al., 1972;
Suzuki et al., 1972; Bishop & Rosbach, 197%; Davidson et al.,
1973). Purther work must therefore be directed towards
establishing the exact number of copies of individual genes.

B Péssible roles of non-informationsl DNA.

If one disregards the master-sla&e hypothesis for want
of definite evidence, it can be concluded from the above
'discussion that more than 80%'of the DNA of eukaryotes may
be non-informationsl. If so, a number‘of roles can be
postulated for this DNA.
(a) It may serve as control sequences in DNA, in regulating
%ranséription of informational DNA. As Paul (1972) has
pointed out, quite large stretches of DNA might be required
to act as binding sites for regulatory proteins, if a ‘large
~destabilising effect is requiredbtoiopen'up the superhelix.
However, such control sequences ﬁay'well be under similar

selection pressures as informational sequences (Thomas, 1971;
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Cox, 1972), and their level will therefore be included in

the content of essential DNA sequences as estimated by
geﬁetic"studies.

(b)  They might be transcribed into HnRNA sequences which
are turned over in the nucleus. The transdript might include
copies of regulatory regions in DNA (Georgiev, 1969; Georgiev
et al., 1972), or alternatively, copies of some DNA sequences
of no known function (i.e. transcribed "junk" DNA) simply by
their proximity to the informational DNA (Comings, 1972). 1In
either event, the proportion of each HnRNA molecule which is
informational is still not known. However, assuming the
initial transcription product may be a giant HnRNA molecule
of about 30,000 nuclebtides long (Georgiev et al., 1972;
Holmes & Bonner, 1973; Darnell et al., 1973), if it were
monocistronic only about 3% (1000 nucleotides) would be
informational.

(c).' At least some of the non-informational DNA is probably
not transcribed and is ofyno known function. Heterochromatic
DNA, includinghmost_§éﬁe;lite DNAs, would be an example of
this type. However, heterochromatin rarely constitutes more
.than 20% of the genome (Comings, 1972). Another example
would be non-transcribed spacer DNA‘(Brown et al., 1971,
1972). Such DNA sequences may be conserved simply because
they are interspersed between useful genes. N

-

4, Differences in base composition between

informational and non-informational DNA

Utilising the amino-acid sequences of a number of known
mammalian proteins, and assuning a random use of the various
codons for a particular amino-acid, it can be calculated

that the base composition of that portion of the genome
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which is informational is about 44-48% G + C (King & Jukes,
A1969; Comings, 1972). It should be pointed éﬁf that this |
calculation may be invalid since certain codons may be under-
represented (Elton, 1973%). However, these values are in good
egreement with the base composition of mRNA and HnRNA
(Darnell, 1968). By contrast, the G + C content of the DNA
as a whole is 40-42%. These results suggest that non-
informational DNA may be relatively A + T rich. The reason
for this is currently unknown. One possibility is that
methylation of cytosine residues might be an important
characteristic of essential, transcribed and translated DNA
(Comings, 1972). If deamin