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SUMMARY

Studies of the composition of cellular RNA populations have
indicated that very considerable shifts in phenotype, such

as maturation along a given differentiation pathway, the
induction or cessation of growth, the expression of specialised
physiological functions, or carcinogenic transformation,

are marked by essentially quantitative rather than qualitative
changes in gene expression. Fufthermore, these phenotypic
alterations seem to be brought about by a complex interaction
of regulatory events, operating at multipie sites in the
pathway of mRNA synthesis. The rates of transcription, post-
transcriptional processing, nucleocytoplasmic transport,
cytoplasmic mRNA turnover and recruitment into translationally
active polysomes all appear to be subject to sequence-selective
controls whose specificity varies according to the

physiological context.

In this study, the poly(A)” mRNA and hnRNA populations of

rat liver and hepatoma (HTC) cells have been compared by
various hybridisation methodologies (single-copy DNA saturation,
kinetics of cDNA cross-hybridisation, titration against

cloned cDNAs) in order to characterise the extent to which
post-transcriptional controls determine the overall patterm

of relative mRNA abundances. The results indicate'that the.
two cell-types transcribe essentially the same sequences,

and express the same set of genes on their polysomes. However,
their patterns of relative mRNA abundances are radically
different. Liver expresses a set of superabundant, presﬁmably
differentiation-specific mRNAs, encoding both secretory and
intracellular products, which are orderé of magnitude rarer

in HTC cells. No such dramatic difference in mRNA frequehciés
is evident in the opposing direction; however, a considerable
number of mRNAs at intermediate abundance in liver are
modestly increased in concentration in the hepatoma. ' The
superabundant liver mRNAs which are depleted in HTC cells

appear to be regulated mainly at a post-transcriptional level,
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since the disparity in their concentrations in hnRNA in the
two cell-types is much less striking (3—fold, on average,

as compared with 100-fold at the level of polysomal mRNA).

Two other aspects of post-transcriptional selection in rat
liver emerge from the results. A large proportion of the
poly(A)-adjacent sequence complexiterf hnRNA is unrepresented
on the polysomes. This mayv represent a qualitative control
mechanism, defining the characteristic expressed "gene set"

of a committed cell, a control which seems to function
unaltered in the hepatoma. Liver hnRNA also contains a
population of relatively abundant poly(A)—adjacent sequences
whose levels on the polysomes appear to be post-transcripticnally

suppressed.

In order to obtain more detailed information on the levels

at which mRNA abundances are generated and modulated between
cell-types'and to gain insight into the mechanisms responsibtle,
it is necessary to develop in vitro systems which maintain

the physiological specificity of gene regulation in vivo.
The-clear—cut, post-transcriptionally determined differences

in mRNA abundance, both within and between the cell-types
considered here, provide a set of convenient and sensitive
assays for the degree to which post-transcriptional selectivity

is preserved in isolated nuclei.

A system was therefore developed, based on detergent-treated
HTC cell nuclei, incubated in the presence of cytosol protein.
The medium used for the incubations supported ATP- and
cytosol-dependent transport of prelabelled mRNA and rRNA

and maintained nuclear integrity. The composition of the
population of polyadenyvlated molecules transported from
(unlabelled) nuclei was investigated by various hybridisation
methodologies. Despite low levels of both non-specific
leakage, and possible release of residual adherent RNA-of

cytoplasmic origin, the bulk of in vitro-transported
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poly(A)+ RNA could mnot be explained as being due to either
of these artifacts. Its pattern of relative abundances
indicated that highly sequence-selective processing and/or
transport mechanisms are able to operate in vitro. Liver
cytosol was found tTo have mo effect on the specificity of
mRNA transport from isolated HTC ceil nuclei, even when
highly sensitive assays (both heterogeneous and clomned cDNAs)
for post—transcriptionally regulated messengers were used.
This cannot be formally intsrpreted until the precise degree

of physiological equivalence of the system is established

which must await a more precise characterisation of the

relative contributions of intranuclear and cytoplasmic

events to polysomal abundances in vivo, using cloned cDNAs.

The results are discussed in terms of their implications for
post-transcriptional gene control mechanisms, in relation to

development, growth, differentiation and carcinogenesis.
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1. PREFACE

A major goal of molecular biology is the elucidation of the
mechanisms of selective gene expression. In eukaryotes,
where structural genes are separated from the site of their
expression (polypeptide synthesis) by a cascade of physical
and functional barriers, there exist many loci at which gene
expression could be, and is, regulated. Such an arrangement
allows for considerable biological sophistication in:the
response of individual cells to changes in their immediate

environment, and in their ability to participate effectively

.in the integrated responses of the whole organism. It also

facilitates a developmental programme which is both orderly
and flexible. This complexity, however, greatly complicates
the task of molecular biolozy in identifying those levels in

the pathway of cellular information flow at which controls

. actually operate, how they are inter-related, and by what

mechanisms they are brought about.

These questions, and the contribution to their resolution of

.molecular hybridisation methodology, are the broad subject

matter of this thesis. More particularly, attention is
focussed on gene regulation at the post-transcriptional level;
its nature and extent and the mechanisms by which it may be
brought about. In the first instance this involves studies
of the informational content of nucleic acid sequences found
in various cellular compartments in vivo. Not only does this
directly provide data relating to the levels at which gene
controls are exerted. It also supplies assays for the degree
to which the specificity of gene control mechanisms can be
accurately reproduced in vitro. Adequately characterised

in vitro systems are an essential tool for the detéiled
investigation of these mechanisms. The experimental wofk
which will be described comsists of an analysis of cellular
RNA populations in a biological system considered potentially

fruitful for studies of post-transcriptional control, namely
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rat liver and hepatoma cells, and the-application of the

findings to measuring the physiological equivalence of RNA
processing and transport in isolated hepatoma nuclei, with
a view to defining the influence of tissue-specific factors

on post-transcriptional regulation.

The choice of this particular experimental system was to some
extent arbitrary, being govermed largely by technical features
which make it particularly suitable for this type of
investigation. The results are discussed, therefore, against

a wider backcloth of findings in disparate biological systems,

" emphasising their relevance to gene control mechanisms in

general. The justification for this derives from the

observation that the principles underlying gene organisation

and expression amongst metazoans and metaphytans appear to

be quite genefal.

In order to place the experimental work in its proper context,

the Introduction is set out as follows. Firstly, the various

.steps in the pathway of the expression of a eukaryotic gene

will be briefly surveyed, together with the evidence from
genetic, biochemical, cell biological and ultrastructural
studies that any of them might function to control relative
gene activity. The results of molecular hybridisation studies
of cellular RNA populations will then be presented, following

a concise description of the technologies used. The signifi-
cance of these findings will be discussed in terms of the
relative importance of transcriptional and post-transcriptional
controls in determining the qualitative and quantitative
composition of polysomal mRNA, and in terms of how altered
specificity at various levels may correlate which particular
changes in phenotype. The next section séts out ﬁo evaluate the .
various strategies which have been adopted, in the counstruction

of in vitro



systems capable of reproducing the specificity of the gene
control mechanisms inferred from in vivo studies. Particular
emphasis will be placed on the use of hybridisation assays,
and their suitability for this characterisation. Finally,
the rationale for the choice of this particular experimental

system will be presented in somewhat greater detail.



2. INTRODUCTION

2.1 Levels of control of eukarvotic gene expression

The steps in the synthesis of a polypeptide encoded in the
nuclear DNA of a eukaryote may be traced as follows:-

firstly a specific region of DNA is transcribed, the efficiency
of which depends on the primary sequence of the DNA as well

as upon its structural configuration, and the specificity of
the transcription machinery; secondly, the RNA transcript

undergoes a series of processing reactions which alter its

.covalent structure, and which result in its interaction with

proteins and perhaps other RNA species; thirdly, the processed
transcript is translocated to the cytoplasm where, finally,

it is translated on the polysomes until it is degraded by

the action of nucleases. Since the experimental work which
will be described is principally in the area of post-
transcriptional control, transcription and post—transcfiptional

events will here be considered separately.

2.1.1. Transcriptional control

Control at the level of the DNA sequences available for
transcription can be envisaged as taking various forms. An
extreme model would postulate somatic re-organisation,
including gene deletions, amplifications and re-arrangements
as being responsible for differential gene activity during
development. A number of classical experiments would seem to
rule out such somatic plasticity of the genome as a general
mechanism. The regeneration of entire plants from single
cells derived from differentiated tissues (1), or the re-
programming of somatic nuclei from adult frogs by serial
transplantation into enucleated eggs (2), indicate that the
germ-line state of the DNA is preserved in many cell-types

during development. The low frequency of such re-programming



events, however, implies that differentiation does involve
profound alterations in the structural organisation of the
genome, vhich are not easily reversed. These may include,
for example, the pattern of base modifications, the packing

of the DNA, or its interaction with regulatory macromolecules.

Hybridisation studies, of the frequency and organisation in
different tissues of particular structural genes, have A
confirmed that gene re-arrangements are used only infrequently
as a mechanism of selective gene control. For example, the
restriction patterns of rat albumin and a-fetoprotein genes
in liver and hepatoma are indistinguishable (3). However,
isolated examples of gene amplification may be cited, both
in normal development, for example ribosomal genes during
amphibian oogemnesis (4) or chorion genes in Drosophila (5),
and in response to a selective pressure, such as applies in
the case of the dihydrofolate reductase gene in mouse cells
cultured in the presence of methotrexate (6). A number of
instances of gene re-arrangement are also known. Pathogenic
trypanosomes are able to express movel surface antigens by
duplicating the relevant gene and transposing it into an

expression site (7). A similar mechanism is responsible for

mating type selection in yeast (8). Deletions during lymphocyte

differentiation are responsible for the clonal expression of
a given pair of immunoglobulin variable region genes, by
means of somatic recombinations which transpose them adjacent
to constant region genes of the appropriate class, forming
single transcriptional units (9). Such mechanisms are also
associated with the progressive switching in immunoglobulin
heavy chain class (10, ll), and in part with the generation
of antibody diversity, by virtue of the 'stutter' in the
joining of Vy, D, and J, gene segments (12, 13). Trans-

locations involving palindromic elements during sea urchin

embryogenesis (14) and gene amplifications during chick



‘development (15) have been postulated on the basis of DNA

re—-association studies.

In interphase nuclei, DNA is compacted into an orderly
structure, chromatin (16), by virtue of its interaction with

a protein matrix (17), and at a lower order of structure is
wound around histone core-particles called nucleosomes (18).
Both biochemical and ultrastructural studies indicate that
gross changes in this orderly structure accompany alterations
in the pattern of transcription. Pulse-labelling and electron

microscopy have shown that highly condensed regions (hetero-

‘chromatin) are transcriptionally inert (19), whilst actively

transcribed sequences differ in their arrangement of
nucleosomes from untranscribed sequences, both in amphibia
(20) and insects (21). Structural changes in chromatin are
correlated with hormonally-induced developmental changes in
gene expression in insects (22): .the induction of new
transcriptional activity is accompanied by the formation of
new puffs at specific loci in polytene chromosomes (23),
where RNA polymerase, as detected by immunofluorescence,
rapidly becomes re-located (24). Puffs induced by heat-shock
in Drosophila are the sites of specific transcription of

heat-shock mRNAs, as shown by in situ hybridisation (25—27).

The differential nuclease-sensitivity of expressed and un-
expressed genes supports the idea of gross structural controls
on transcription. For example, hybridisation studies have
shown that DNAse I preferentially digests globin genes in

hen erythrocyte nuclei but not oviduct nuclei (28), and
ovalbumin genes in oviduct but not erythrocytes (29). The
assay may be made semi-quantitative by examining the rate of
digestion of specific restriction bands in a blot hybridisatioh'
(30, 31), which has indicated that ovalbumin in oviduct is
more susceptible to digestion that globin in erythrocytes

(30). Genes in the expressible state also contain specific
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sites hypersensitive to nucleases (32—35). These sites
have been postulated as having a directive role in nucleosome
phasing, allowing recognition of promotor sites (35~37).
The property of preferential digestion applies to the entire

set of sequences tramnscribed into nuclear RNA (28, 38),

including the very rarest mRNA sequences (39, QO), which in

chick oviduct are similar in sensitivity to ovalbumin (40).
The switch from embryvonic to adult 3-globin expression in
chickens is accompanied by a decrease in the nuclease-
sensitivity of the embryonic gene, whilst the adulf B-globin

gene is nuclease-sensitive throughout development (31). The

-local configuration of chromatin may therefore earmark genes

as 'transcribable'!, perhaps during cell commitment, with the
activation of a particular transcriptional promotor during
subsequent cellular maturation. Hence, the globin genes

are equally DNase I-sensitive before or after DMSO-induction
of globin mRNA synthesis in Friend erythroleukaemia cells
(41), or indeed, in non-inducible, and even non-erythroid
hematopoietic cells (41). The use of DNase II as a probe,
however, has given a contrary finding (42). DNAse I-
sensitivity appears to be conferred by a class of non-histone
chromosomal proteins, specifically high mobility group
proteins 14 and 17 (43), which are capable of specific

interaction with 'active! nucleosomes, in chromatin recon-

..struction (hh). Transcriptionally active genes are also

associated with a more highly acetylated histone fraction
(45, 46), which may facilitate their recognition by the high
mobility group proteins. The length of nucleosome-associated
DNA however is invariant within a given cell-type, between
transcriptionally active and inactive regions of the genome
(47). DNAse I preferentially releases at least one protein -
other than-RNA.polymerase from Drosophila puffsr(AS).
Specific érotein—DﬁA interactions involved in this coarse.
level gene control are also implied by the finding that

unique, messenger-complementary sequences are highly enriched



in the fraction of sheared rat liver DNA which associates

in vitro with non-histone proteins from liver (h9). Many

of the effects of steroid hormones on avian and mammalian

gene activity appear to involve local modifications in
chromatin structure (50), leading to altered transcription.
For example, there is an increase in the number of sites
available for initiation by exogenous RNA polymerase following
estrogen treatment of chick oviduct (51). The enhancement

of chromatin properties indicative of transcriptional

activity (46,52,53,54), by in vitro histone acetylation, is
further evidence for the dependence of transcription on

chromatin structure. .

Sensitivity to nucleases extends well beyond the boundaries
of individual transcriptional units (55), supporting the idea
that chromatin is organised into large transcriptional
'domains'! subject to coarse regulation. This hypothesig is
also favoured by the observation that some groups of
structurally and/or functionally related genes are clustered
in the genome often in the order of their developmental
expression such as the human P-like globins (56), three

chick genes (ovalbumin, !'X' and 'Y') co-ordinately expressed
under hormonal control in stimulated oviduct (57), and at
least one group of Drosophila heat-shock genes (58). A
domain theory is an attractive explanation for the phenotypic
manifestations of some of the thalassemia lesions; for
example, in 3 thalassemia, a deletion in the human B-like
globin locus far from the B-globin gene suppresses all
transcription of the B gene, as well as the ¥ and 4 genes.
Co-ordinately regulatéd genes in Aspergillus (59), and co-
expressed families of silkmoth chorion genes (60) are also
clustered. However, these chromosomal .clusterings may
represent: the evolutionary histories, rather than the current

modes of expression, of co-ordinately functioning genes. It
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‘is noteworthy that other sets of simultanecously expressed

genes, such as the a and B globins, can be totally unlinked

(61).

Another possible gross mechanism of transcriptional control
is selective methylation of cytosine residues in DNA. The
extent of methvlation of the chick ovalbumin and human B-like
globin loci has been studied by blot hybridisation to DNA
digested with methylation-sensitive restriction endonucleéses,
which has shown a consistently low level of methylation in

tissues expressing a given gene, with a variable level in

other tissues (62, 63). The sequences found in the methylated

and unmethylated compartments of the sea urchin genome,
however, do mnot alter dramatically during development, with
transcribed genes found always in the unmethylated DNA (64).
Beyond such a gross control exerted at the level of the
transcribability of chromatin, transcriptionm may be modulated
at the initiation, elongation of termination steps of RNA
synthesis, by the interaction of specific effector molecules
with the DNA. Such mechanisms are well documented in pro-
karyotes (65-67). The variable packing of transcriptional
complexes on chromatin, as visualised by electron microscopy
(68), suggests that different genes are transcribed at )

different rates. Xumerous pieces of indirect evidence support

the view that switches in the pattern of gene expression may

be effected by changes in relative transcription rates. For
example, the RNA polymerase inhibitor w-amanitin blocks the
alteration in mRNA translational template activities which
occurs in imbibing wheat embryos (69), and actinomycin D
prevents the induction by interferon of translation-regulatory
enzymes in mouse L cells (70). Studies of the composition of
cellular RNA populations (discussed in Section 2.3) also ‘
contribute powerfully to the evidence for qualitative and

quantitative control of transcription.
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2+1.2. Post-transcriptional control

Since almost all the evidence for post-transcriptional

regulation of relative gene expression derives from hybridisation

studies of RNA populations, this section will merely delineate
the possible loci at which control may be exerted, and indicate
a number of observations which indirectly support the notion
that post-transcriptional processes play a major role in

controlling gene activity.

The superinduction of glucocorticoid-inducible hepatic enzymes

'(71), or a2u globulin (72) by actinomycin D, or of interferon

mRNA by DRB (73), both agents which block transcription, has
been taken to imply that these genes are subjected normally
to post-transcriptional 'repression'. This control could be
exerted at any of the many processing steps on the pathway
from primary transcript to mature mRNA. These include the
excision of non-coding regions_by trimming and/or splicing
(74), the capping of the 5' end (75), poly(A) additiom to

the 3' end (76), association with nuclear proteins (77)

and base modifications (107). The fact that a large proportion
of hnRNA turns over entirely within the nucleus (more than

90 percent in the case of resting human lymphocytes (78))
strongly suggests that some transcripts are selectively
processed whereas others are preferentially degraded. However,
since many mRNAs are transcribed into much larger precursors,
as evidenced by kinetic labelling studies (79), electron
microscopic visualisation of transcription complexes (80)

or u.v. target size determination for the inhibition of mRNA
synthesis (81), the extent of sequence selection during

processing remains uncertain.

The addition of a cap at a particular site, which is an early
processing event (82) may indirectly influence the relative
levels of different mRNAs, since the extent of secondary

methylation at the cap-adjacent nucleotide, itself a probable
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determinant of relative mRNA stability (83), varies according
to the precise sequence selected for cap addition (83).

The blocking of polv(A)' mRNA formation by the polyadenylatlon
inhibitor 3' deoxyadenosine (cordycepin) (76) has been taken
to indicate a selective role for poly(A) addition, although
the drug may have other effects (84). The extent of
conservation of poly(A), and by implication poly(A)—adjacent
sequences, remains disputed (835-88), although in the case of
the 3! co-terminal sets of late adenoviral mRNAs there is

good evidence for poly(A) conservation between nucleus and

cytoplasm (89) which, moreover, determines the relative

- abundances of these messenger families. It remains unclear

whether poly(A)~ mRNAs are processed via an alternative
pathway, or whether, as is apparent in at least some cases
(90) they are de-adenylated cytoplasmically. PolY(A) may
also function as an indirect determinant of messenger
abundance by stabilising mRNAs to.whiéh it is attached, as
is demonstrable for globin mRNA and histone mRNAs (91,92)

in Xenopus oocytes, although not for human interferon mRNA
(93). The rate of poly(A)—shortening is correlated with the
lifetime of late adenoviral mRNAs (94).

The possible importance of splicing as a control point in
processing has been deduced from hybridisations and gene
transfer studies, and will not be discussed in detail in

this section. Genetic studies on yeast mitochondrial genes
suggest that splicing efficiencies are dependent on trans-
acting factors, encoded in this case within the genes
affected (95). Early deletion mutants in SV4O, entirely
within introns, alter the relative levels of products encoded
in alternatively spliced mRNAs, suggesting that the frequency
of splicing depends on the structure of the tramnscript as a
whole (96). Since the way in which an RNA chain folds
depends critically upon its primary sequence (97), the exact

sites of transcriptional initiation and termination and the
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sites of capping, polyadenylation, and particular splicing
events, may profoundly alter its stability, by exposing or
shielding particular sequences from nucleolytic attack,

both during processing and after export to the'cytoplasm.

An additional potential control level may be the interaction
of mRNA precursors with nuclear proteins, to form RNP

complexes containing ubiquitous. and tissue-specific proteins
(77,98). The non-random organisation of RNP complexes along

nascent RNP fibrils (99), which by‘implication is sequence-

specific, suggests that the rate of formation of these

complexes may govern the relative processing efficiencies of
different transcripts. Most information relating to nucleo-
cytoplasmic transport has come from in vitro studies (see

Section 2.4.4). Once in the cytoplasm, a messenger may remain

. untranslated in the form of an mRNP, distinguishable from

actively translated mRNPs by its protein composition (100),
or it may be recruited into polysomes, or it may be degraded
by nucleases. Selective translation can be envisaged as the
result either of preferential stabilisation or of the action
of mRNA-specific tramslation factors; or of variation in the
availability of a common factor required in the rate-limiting
step of translational initiation, as proposed by Lodish (lOl).
Such a mechanism would exploit differences in the affinity
for this factor of different mRNAs. The existence of mRNA-
specific factors has been documented only in the case of
myosin mRNA in chick embryonic muscles (102). Shifts in the
relative efficiencies of translation of different mRNAs have
been reported in the early development of the clam (103),

the mouse (104) and Dictyostelium (105), and in response to
the plant hormone abscissic acid in aleurone‘layers of

germinating barley seeds (106). Other than those already

mentioned, factors which may influence relative mRNA stabilities,

include internal base modifications (107), interactions with
membranes (109), translation efficiency (108) and sequence-

specific endonucleases.
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Tobin has proposed (110) that the stochastic nucleolytic
degradation of a given mRNA or its precursor should be
regarded as being in competition, at every step in the
pathway of its expression, with further useful processing.
Viewed in these terms, the rate of synthesis of any poly-
peptide is a complex function relating to the efficiency of
each processing step, coupled with its effect on both the
stability and subsequent processing efficiency of the product.
A simple mathematical treatment, based on available data on

the synthesis and decay rates of well-characterised mRNAs

(110), leads to the conclusion that the observed differential

rates of polypeptide synthesis can only be explained as the
result of a cascade of selective mechanisms, operating at
maltiple levels in the pathway of gene expression. The
detailed elucidation of exactly which steps are regulated,

and their relative contributions, as well as by what mechanisms
regulation is brought about, have required the development

of techniques for analysing the informational composition of
nucleic acid populations in the cell. The successful approach

has been that of nucleic acid hybridisation.

2.2. Nucleic acid hybridisation methodology

2.2.1. The theoretical basis of hybridisation reactions

The property of single-stranded nucleic acid molecules of
complementary sequence to base-pair (hybridise) with one
another in solution has made possible a detailed analysis

of eukaryotic gene structure and genome organisation, and of
the expression of genetic information in RNA at various levels
in the cell, leading to important conclusions regarding
eukaryotic gene control mechanisms. Before evaluating the
results of these studies it is useful to comnsider the
theoretical basis of molecular hybridisation, the types of
information which can be derived from different experimental

approaches, and the limitations in interpretation of
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experimental data, which are not always scrupulously

respected.

The reassociation of a perfectly homogeneous preparation of
denatured DNA is theoretically a second-order reaction, whose
rate-limiting step is the formation of 'nmucleation centres!?!,
short regions of perfectly matched duplex from which duplex
formation proceeds by a rapid 'zippering-up' mechanism (111).
Second~order kinetics are obeyed experimentally by dilute
solutions of purified bacterial or viral DNA (111-114).

The rate constant for such a reaction is a function of
temperature, ionic strength, base composition, DNA fragment
size, and the presence of denaturants such as formamide.
Under a varietyv of ionic conditions optimal reaction rate

is obtained at a temperature 250 below the melting temperature
(Tm) of the given DNA (115), defined as the mid-point of the
temperature-absorbance transition. Under these conditions,
duplex formation is minimally impédéd by the formation of
intrastrand secondary structure. High ionic strength favours
duplex formation and increases Th by screening the phosphate
groups of the polynucleotide. Tm is approximately a function
of the logarithm of ionic strength (116), and is inversely

related to the ionic radius of the cation used (117). At

-very high ionic strengths, the stabilising effect of

increasing cation concentration tends to drop off. The base
composition affects Tm's, and hence relative reassociation
rates at a given temperature, by virtue of the enhanced
stability of G-C pairs: in SSC, for example, Tm increases

by 0.41° per mole per cent G-C (118). T, is also affected
by the distribution of G-C-rich tracts along the molecule,
which are potential micleation centres (111). The dependence
of reassociation rate on fragment size, is due to the fact
that in longer molecules each nucleation event leads to the
tzippering-up' of a larger mass of DNA (115,119). The
duplex-destabilising effects of denaturants such as formamide,

which lower the effective Th, allow the rate-enhancing effects
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of high ionic strengths to be exploited at much lower
temperatures, significantly reducing thermal degradation of
nucleic acids due to strand scission or depurination (120).
Such denaturants stabilise single-stranded nucleic acids by
increasing the hydrophobic character of the solvent (121).
Similar arguments apply to the hybridisation of complementary
RNA and DNA sequences. Since formamide stabilises single-
stranded DNA more than single-stranded RNA, high formamide
conditions may be used to favour RNA-DNA hybridisation over

DNA-DNA re-association (122).

One of the main causes of deviation from ideal second-order
kinetics is aggregation which occurs at high DNA or RNA
concentrations, and at high ionic strengths (123). The
apparent decfease in the rate of reaction in the latter stages
of hybridisation can be traced to an additional second-order
component, operating at high nucleic acid concentrations,

which represents the formation of true duplexes from previously
aggregated molecules (112). This is of particular importance
in the use of hybridisation methodology to study the
composition of extremely diverse mixtures of nucleic acids.
Although the concentration of each individual reacting species
may be very small in such a mixture, the total DNA or RNA
concentration required to achieve complete reaction is such
that aggregation effects are unavoidable. There is considerable
uncertainty attached, therefore, to the meaning of the kinetic

parameters relating to the final stages of such reactions.

The number of different species present in a heterogeﬁeous
mixture of DNA sequences can be deduced from the reacfion
kinetics of DNA re-association. Since the reaction rate for
any given pair of complementary sequenceslis dependent on
their concentration, the number of different species present
in a complex mixture is inversely proportional to the
reaction half-time (124). Since the range of sequence

diversities encountered far exceeds the practical range of



reaction times, a more useful parameter is Cot, being the
product of the starting DNA concentration (Co, expressed in
moles per litre of nucleotide) and time (t, in seconds) (12%4).
The value of this parameter at which the reaction is half
complete (Cotl/Z ) is a direct measure of the diversity of
sequences present in a given DNA sample, usually denoted

as its base sequence complexity and expressed in nucleotides
or in nucleotide~pairs, or in Dalton equivalents by reference
to a kinetic standard of known complexity, such as E. coli
DNA (125). This assumes, however, that all sequences are

equally represented in the DNA sample, which is not the case

for most eukaryotic DNAs. Here reactions are found to span

far more than the 2 log units of Cot predicted for an ideal
second-order reaction, indicating the presence of sequences
in the population reannealing at different rates due to their
different relative frequencies in the genome. By resolving
such reactions into ideal components, the existence of highly
and moderately repetitive genome elements has been deduced
(12h). The slowest reassociating component generally
represents sequences present once per haploid genome, which
are usually called unique or single-copy, although this

class does include, in practice, poorly cross-reacting
members of ancestrally related gene families, such as the
vertebrate hemoglobins (126). Gene reiteration frequencies
may be deduced from the sequence complexities of the wvarious
components, the proportion of the total DNA for which they
account, and the overall haploid DNA-content. Repeated DNA
sequences are also distinguishable from single-copy DNA by
virtue of the thermal instability of the duplexes they form
in hybridisation reactions, which is the result of base-
mismatching (1 percent mismatch lowering Tm by 1° (127))
between diverged members of given families of repeats (124),

despite the presence of some truly re-iterated sequences.
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2.2.2. Saturation hvbridisation using single-copv DNA probes

In order to determinelthe proportion of unique genomic
sequences transcribed into a given RNA population it is
necessary to isolate this unique fraction of the genome.

(Early studies of transcriptional activity based on competition
hybridisation with DNA immobilised on filters or in agar
(128,129) were inadequate for this purpose, since the

effective Cot values reached are muach less than in free
solution (130), and almost all hybridisation is of transcripts

of repetitive genes). The isolation of single-copy DNA may

" be accomplished by partial re-association followed by hydroxy-

apatite chromatography (131—134), such that the unhybridised
material is free of reiterated sequences by criteria of
thermal stability of the duplexes it forms (131,133) and its
hybridisation kinetics in vast total DNA excess (133,134).

Labelled single-copy DNA probes have been prepared in vivo orﬁn

'gap' translation using E. coli DNA polymerase I ( 140,145 ).
Such probes, if of sufficiently high specific radioactivity,
may be hybridised in vast RNA excess, such that self-annealing
of the probe does not significantly remove sequences from

the reaction. The proportion of single-copy genomic sequences
represented in the unknown RNA may be simply computed from

the saturation hybridisation level, corrected for the probe
reactivity (132,13h,137,138) and for sequences in duplex

due to DNA-DNA reaction. This can be accomplished using an
assay method capable of distinguishing directly between
RNA-DNA and DNA-DNA hybrids, such as thiol-sepharose
chromatography, using mercurated RNA (139,140), or alternatively,
by prior treatment of aliquots of the hybrid-containing
solution with RNase (138). .

The reliability of saturation estimates of sequence complexity
(see Table 1) depends critically on the purity of the RNA

sample, since only modest levels of contamination by weight
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Notes:

(l) Total, denoted T, poly(A)+, denoted A+, or poly(A)_,
denoted A-.

(2) Total (T), Polysomal (P), Cytoplasmic (C) or Nuclear (N).

(3) saturation (3) or Kinetic (x).

Where saturation estimates are not quoted in nucleotides
in the original reference, calculation is based on
consensus (or most recently published) estimates of
unique sequence complexity of the organism concerned.

(4) Percentage of sequences at mass fraction > 1 percent in
the population (abundant sequences).

-(5) Percentage of sequences at mass fraction < 0.02 percent

in the population (rare sequences).



(for example of polysomal by the much more complex nuclear
RNA) can lead to serious overesiimates. The effect of
cellular heterogeneity in the biological source material
must also be considered. Since the vast bulk of both nuclear
and cytoplasmic sequence complexity in RNA is at fairly
uniform relative abundance, such contamination effects are
easily detected by the failure to conform to the expected
single-component first order kinetics (in vast RNA-excess),
or the failure to achieve a satisfactory plateau level of
hybridisation. In many instances, the deviation from ideal
first-order kinetics is slight, and a reasonably accurate
estimate may be derived of the proportion of the RNA mass
which represents the complex class of sequences driving the
reaction. For example this is approximately 8 percent of
the total in the case of sea urchin blastula polysomal mRNA
(178). In other cases, however, it is evident that the
complex class of sequences is so rare in the driver that the
reaction nmever reaches completion, or worse, an insufficient
RNA excess is achieved. The development of techniques for
purifying complex populations away from the bulk of simpler
sequences (especially rRNA and its precursors) has greatly
decreased the technical problems associated with this method.
These include puromycin or EDTA-induced release of mRNPs
from polysomes (137), and oligo(dT)-cellulose chromatographic
purification (196) of polyadenylated nuclear and polysomal
RNAs (161,165). These purified fractions contain a much
higher content of the heterogeneous sequences driving the
single~copy DNA reactions, so that the Rot values (where

Rot is the counterpart of Cot for an RNA-driven reaction)

at which saturation is achieved are much more easily obtain-
able in solution. Saturation values obtained without using
such purification procedures (for example in Refs. 132, 134
or 165) must therefore be treated as minimum estimates, to
which is attached considerable uncertainty. Much of the’
data in the literature, relating to comparisons of single-
copy sequences expressed in different RNA populations, have

failed to take account of these uncertainties. Although
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technically more reliable, complexity estimates using poly(A)+
or other enriched mRNA preparations do suffer the uncertainties
resulting from the possible exclusion of a significant set

of sequences by the purification method itself. This is
particularly important, since it is clear that poly(A)~

mRNAs may constitute a distinct and significant set of
sequences (see Section 2.3.3). Once again, these difficulties

have often been overlooked by investigators.

The reproducibility of complexity estimates by this method,

.especially where care has been taken to account for the

possible contribution of very rare sequences, suggests that
it has general validity. Particularly striking are the
relative complexities of nuclear and cytoplasmic or nuclear
and polysomal RNAs which show a similar relationship across
the phylogenetic spectrum (see Table 1). The biological
significance of this and other findings will be discussed
subsequently. A number of points may be made here in .
relation to the methodology. Firstly, as indicated by Kiper
(188), the interspersion of unique and repetitive elements

in eukaryotic genomes (198,199) means that randomly sheared
single-copy DNA prepared by partial re-association, will be
enriched in those unique sequences which occur in long tracts
uninterrupted by repetitive elements. This may enrich for

or deplete mRNA sequences in the probe, depending on whether
coding sequences are or are not preferentially associated
with repeats. If the single-copy probe is depleted of coding
or non-coding sequences, the saturation values of single-copy
DNA hybridisation will not represent the true sequence
complexities of the RNA samples under investigation. This
may be particularly serious for estimates of RNA complexities
