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Summarz

Cell differentiation is correlated with the
differential activity of genes in a given cell (and
by dmplication in a functionally defined wmixture of
cell types, i.e. a tissue), One of the topics of
ma.jor importance in differentiation is concerned with
the proportion of the genowe which is active in RNA
synthesis, i,e. the relative amount of genomic
information which brings about the morphological

changes characteristic of adult tlssues.

The template specificity of isolated chromatins
in supporting RNA synthesis was studied in order to
clarify the relationship between genomic cxpission
and organ specificity. The molecular hybridization
technique was used for RNAs transcribed in vitro from
several mouse chromating., This technique provides a
sengitive method fox distingulshing between various
populations of RNA molecules. It was found first
that different populations of RNA molecules examined
are not only distinguishable but also show large
differences among them and second, that only a part
of the genome was active in transcyiption. By
competition experiments it was found that the RNAs

produced by chromatin in a cellefree RNA system were



similar to RNAs isolated from the whole homologous
tissue, This provides evidence that the template
gspecificity associated with chromosomes in vivo is
retained by isolated chromatin. A particulax feature
of this study is the high degree of reproducibility
of the hybridigation values for each tissue and the

dissimilarities displayed by the different tissues.

When DNA from mouse kidney was used as template
in a cell free system and the RNA produced was
annealed, then the amount of hybridization was almost
three times greater than the hybridization which
occurred when chromatin was used as template. From
these results it appears that many of the genes in
animal somatic cells, which are considered as being
in a completely differentiated state, are in fact
inactive in supporting RNA synthesis, the inactivation
pattern of the genome in such cells being distinctive

for each tissue,

The mechanisms which control cell division in
mamnalian organs are not understood. Various
experimental models have been used to study this problem.
The cases undey investigation include in vivo models,
i.e,'induction by folic acid of RNA synthesis in

mouse kidneys and the appearance of new species of RNA



in mouse kidneys after the ligature of one ureter.
Studies have been made on the effect of follic acid
administration in stimulating changes in the in vitro
RNA synthesis such that new kinds of RNA molecules
appeayr in mouse kidney at specific times after the
treatment. The ability of kidmey chromatin in
supporting RNA synthesis has been studied in untreated
(control) and treated animals. It was found that
folic acid changes profoundly the template activity

of the isolated chromatin from mouse kidneys., RNA
transcribed from chromation at early stages hybridizes
with twice as much DNA as RNA transcribed from normal
chyomatin. By competition experiments it was counfirmed
that the cell free system proeduces the sawe RNA species
ag avre found in vivo which indicates that the integrity
of the chromatin is maintained during isolation.
FPurthermore, the experiments showed that new kinds

of RNA molecules are transcribed from kidney chromatin
after the early hours of folate. The transcriptional
activity of the genome eventually fallas to the control

level after two days.

Another method for stimulating the appearance of
new species of RNA in mouse kidneys is to ligate one
ureter. The template activity of chromatin from the

ligated kidnmey has been investigated from =mero hours



until %8 hours. The maximum hybridization efficiency
(twice the control) is exhibited at 36 hours while RNA
transcribed from chromatin isolated at early stages
hybridizges with as much DNA as RNA +transcribed from

normal chromatin.

The purpose of these experiments has been to
compare the template activity of chromatin isolated
at various times after the ligature of one ureter
with those obtained after folic acid treatment in
mice and to determine if the same control mechanism
operates in both phenomena. The relationship

between these two systems is discussed,
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INTRODUCTION

Cell differentiation is correlated with the
differential activity of genes in a given cell, and
by implication in a functlonally defined comwbination
of cell types, i.,e, a tissue, The state of
differentiation is characterised by the fact that
only a distinct part of the information encoded in
the genome of a given tissue is expressed. One of
the major problems in cyvtodifferentiation, is how
developing cells acquire specific blochemical
characteristics and furthermore the mode in which these
are linked to morphological changes and cellular

functions.

Cytodifferentiation is manifested in the production
of RNA molecules. We can therefore predict that the
population of RNAs in a differentiated cell is
characteristic of the functional operation of that cell.
The validity of this prediction is supported by the
findinge of several investigators who have astudied the
pattern of RNA synthesised either in mammalian tissues
or at different stages during the course of
differentiation. It has also been proved that an
altered pattern of gene expression is underlain by

the state of de-differentiation and that this



alteration is displayed by cancer cells.

In the following pages some agpects of these

problems will be discussed.

1. Messenger RNA

The ribosome and transfer RNA molecules have roles
to play in the synthesls of every protein, but the
actual dictation of amino acid sequence ié accomplished
by the mRNA, Many events of interest in aniwal cells
are expressions of changing patterns of protein
synthesis, e.g. differentiation, cell division and
regeneration, and these must vrevolve around the
availability of mRNA, Consequently to understand
these proocesses in molecular terxms, it clearly would
be desirable to follow mRNA from its synthesis to its
utilisation and ultimate destruction. Although much
effort has gomne into attempting to study mRNA in animal
cells, very little concrete knowledge about this RNA
has been uncovered., Various cwyriteria, based on the
properties predicted for mRNA, have been used in
identifying an RNA fraction as mRNA. Unfortunately

a problem is common to all these criteria, that not one



of them is unique for mRNA.

The definite characterisation of an RNA as mRNA
would involve the isolation of a unique cellular RNA
that had been wmade on a DNA template, and the
demonstration that this RNA could direct the synthesis
of a specific protein, Very recently, Laycock and
Hunt (1969) and Labrie (1969) were able to isolate
an RNA from rabbit reticulocytes with the properties
of haemoglobin messenger, which was able to stimulate
in a cell free system of Escherichia coli, the

synthesis of wrabbit globin,

Molecular Weight

Although a unique mRNA would clearly be expected
to have a unique molecular weight, heterogeneilty of
moleculay weight is expected foir the total mRNA of a
cell (Jacob and Momod, 1961). <In gemeral sucrose
density gradient centrifugation has been used for
size determination. Early work suggested that the
sedimentation constants of bacterial mRNA range
between 6S and 14S, but newer techniques designed to
avold extensive degradation, give values of up to
3058 (Spilegelman and Hayashi, 1963). Similar results
have been obtained with animal systems (Staechelin

et al., 1964; Munvo et al., 1964; Henshaw et al.,
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1965). Additional technical problems avrise from the
iateraction of mRNA with rRNA in prescence of Mg**
(Mongiier et al., 1962; Matus et al., 1964; Millar

et al., 1965), from the binding of mRNA to ribosomes
(Brenner et al., 1961L; Gros et al., 1961) and from
contamination with polysaccharides (Martinez et al.,
1965). Furthermore, although rRNA and tRNA ave
readily distinguished by their characteristic molecular
welght, the same is not true of precursors of rikkNA

(Girard et al., 1965; Stevens, 196%5).

Size of RNA

Sedimentation velocity is the most common property
determined on an isolated RNA sample. Although very
accurate conclusions about the meolecular weight of
various RNA species cammot be obtained by sedimentation
velocity experiments (eg. the sedimentation rates of
different types of RNA reapond'differently to changes
in ionic strength of the suspoending medium) it is
possible by mone sedimentation to assess the range of
molecular weights and the homogeneity of an RNA sample.
SBucrose gradient zome gedimentation analysis has
therefore become a standard technique for analysing

and preparing RNA (Britten et al., 1960).




A yrecent addition to the techniques which separate
single astyranded RNA molecules largely on the casis of
chain length, is acrylamide gel electrophoresis of RNA
(Loening, 1967). This technigue offers technical
advantages of speed and superior—resolution between
RNA species of very similar sizes, but for preparative
purposes the density gradienit techniques are still more

widely employed.

Base Composition

The suggestion that the base composition of mRNA
should refiect that of the cellular DNA has come mainly
from work on bacterial systews (Hayashi et al., 1961;
Bolton et al., 1962). Conclusive proof of this
complementarity has not been obtained from animal
tissues, in spite of the fact that many attempts have
been made to establish such a relationship between the
rapidly labelled RNA and homologous DNA by DNA-RNA
hybridization (Hoyer et al., 1963; McCarthy et al.,
196h; Scherrer et al., 1963). All these experiments
point to the fact that the mRNA represents a rather
small propoxtion of the total DNA in auny given system,
and that poses limitation against equivalence of base

composition,




In animal cells, if the radioactive species is
labelled with 32P, the base composition can be
determined by assaying the distribution of 32P among
the four ribonucleotides released by alkaline
hydrolysis, The messenger fraction of Hela cell
polysomes (Penman et al., 1963) was found to have a
base composition more similar to the correspondiling
DNA than that of ribosomal RNA, On the other hand,
several workers (Munro et al., 1964; Ishikawa et al.,
1964) claimed that a distinct dissimilarity was shown
between the polysomal mRNA of rat liver and both rat
DNA and »RNA. The base composition of the isolated
"messenger" appears to depend to some extent omn the
fractionation procedure employed (Sibitani et al.,

1962).

Georglev et al,, (1963) isolated RNA after
injection of miniwmal concentration of actinomycin D
in order to block mainly the syunthesis of vRNA species
while the mRNA synthesis is unaffected. The base
composition of the rapidly labelled materxrial from rat
liver nucleus and cytoplasm revealed the presence of
"DNA-like RNA"™ in both instances. Fractionation
of the rapidly labelled RNA of mouse liver by DNA-RNA
hybridization (Hoyer et al., 1963) showed that neither

the hybridized nox the unhybridized RNA resembled the




overall DNA comwmposition. Thus gimilarity to DNA igs

not necessarily a criterion for complementarity.

In the differentiated tilssues of higher organisms,
overall base ratio equivalence of total DNA and mRNA
may unot occur, for the reasons that a limited region
of the DNA in highewr organisms functions in producing
complementary RNA, The composition of this region
may not reflect the average DNA composition (MecCarthy

et al., 1964; Bolton et al., 1964),

Stability

The kinetics of induction and repression of
bacterial enzgymes indicate that the coxresponding
wRNAs are unstable relative to the life of a cell
(Jacob and Momod, 1961). On the other hand,
mammalian retic¢ulocytes synthesise globin in the
absence of RNA synthesis, suggesting that stable mRNA
also exists (Moldave. 19653 Lipmann, 1963). Recent
results support the view that all types of cells may
produce both stable and unstable mRNA and, further,

that other types of RNA may turn over rapildly.

Therefore, instability is not sufficient for the
characterisation of an RNA fraction as mRNA, The
pulse=-labelling of RNA was used for the determination

of mRNA stability. A rapid rate of turnover implies



that at any given time mRNA will represent a high
proportion of newly synthesised RNA, although it is

a small proportion of total cellular RNA,. Thus, a
brief pulse of radioactive precursor is expected to
label mRNA preferentially (Brenmer, 1961; Gros,
1961). However, two problems arise in the
interpretation of such experiments: a) relatively
stable mRNA will not be labelled during a brief pulse
and may escape detection and b) all pulseelabelled
RNA is not mRNA, In bacteria (Schaechter et al.,
19653 Armstrong et al., 1965; Leive, 1965) and in
animal tissues (Girard et al., 1965; Schgrifr et ale.,
1963; Georglev et al., 196k; Yoshikaﬁ%pgzkgi.. 1965)
a large proportion of pulseelabelled RNA is relatively

stable and appears to represeunt precursors of rRNA.

The portion of the pulseslabelled RNA that is
rapldly degraded when labelling is stopped, is considered
to be mRNA, although bacterial rRNA may be stable under
certain experimental conditions (Levinthal et al,, 1963)
and may be unstable under others (Wade et al., 1964)
and be degraded relatively rapidly. Similarly, liver
rRNA has a halfelife of only about five days which is
not a long time im a relatively long-lived cell (Loeb

et &lc, 1965)0



The rvesults of experiments dealing with mRNA
stability come from several cases. The half-=life
of pulseelabelled RNA is of the order of 1 to 2
minutes im Bacillus subtilis (Hartwell et al., 196M4;
Levinthal et al., 1962) and in Escherichia coli (Leive,
1965). In these experiments actinomycin was used to
halt additiomnal RNA synthesis., In the Escherichia
coli experiments, the halfelife correlated well with
loss of ability to support amino acld incorporation
in vive (Levintbal et al., 1962). The halfelife of
the mRNA of f =galactosidase of Bscherichia cold
has been estimated of about 2 mivnutes, using
actinomycin D (Leive, 1965). Similarly, for the
tryptophane in Escherichia coli, it is 2 » 3 minutes

(Baker amd Yanofsky, 1968).

In mammalian liver (Stachelin et al., 196k;
Munro et al., 1964; Henshaw et al., 1965; Trakatellils
et al,, 1964) in HeLa cells (Girard et al., 1965) and
in a mouse adenocarcinome (Trakatellis et al., 1965)
an RNA that can be partly distinguished from RNA is
indeed labelled wrapidly, and is therefore tentatively
deasignated mRNA, In mouse liver, the time required

to veach a steady state level of label in material
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hetween 5 and 208 indicates a halfe-life of two hours

for wRNA (Trakatellis et al., 1964). Lounger half-lives
for liver mRNA are obtalned 1f actinomycin D is used

to stop RNA synthesis and mRNA i1s then assayed by the
loss of polysomes, by the degradation of pulsce
labelled polysomal RNA, or by the ability to suppowrt
amino acid incorporation (Trakatellis et al., 1964;
Revel and Hiatt, 1964); values from 12 hours
(Trakatellis et al., 1964) to three days (Revel et al.,
1964) have been repoxted. Similar discrepancies
between the rate of labelling of mRNA and actinomycin
D experiments were found with a mouse mammary

adenocarcinoma (Trakatellis et al., 1965).

Tgtimates of the half~lives of the cowrresponding
mRNAs have been obtained from studies of the rate of
synthesis of specific proteins after treatment of
animals with actinomyecin D3 values ranging from several
hours (Pitot et al., 1965; Bloom et al., 1965; Bekhor
et al., 1965) to a day oir more have been reported

(Spector and Kinoshita, 1965; Greengard et al., 1965),



2. Transcrdption of the genetlc code

Transeeiption da the enpywatic synihesis of RNA
by a process in whioch the bapes in DNA gpoedify the

sequence of bases in the BNA, This procesp provides

for the aynthesis of mRNA as well as Tor the synthesis

of ¥RNA and tRNA (Splegelmen ot al., 1963; Robinson
et al., 1964). The teorm "polymerases" has boon

used to demote exngynes capable of catalysing
transordiption, The oynthesds of infecticus viral
RNA by a purilied polywmerage is conclusive pioof that
these onmymes can copy thoeliir respective tomplates
Paithfully (Spiegelwan et al., 1965). The wechanism
of tyoanscription wmust accountt for the specificity of
the Ypelymoerases' and for the dnitdiation, polaritly
and esymmetyry ofF transeription, ap well as for

torminatlon apd releaso of the product,

Mechanism of transoviption by RNA nolymorase

A)  Polywerxase specificity:  DNA dependent

polynerases from bacterlia are able to transeciribe a wide

variety of maturally ocourving (Chamberlim and Beyg,
1962; Pox ot al., 1964) and systhetic {(Chamberlin et
ale, 19633 Falachi ot al., 196733 Nishimura et al.,
1964 ) DNA and RNA tewmplates. Lespite the lack of

ppoecificity fTor template exhiblited by various

11
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bacterial polymerases in vitro, other experimeunts
suggest that polywerases way show a high degree of
template specificity in vive (Baltimore et al., 1963;

Weissmann et al., 1963).

The styrongest evidence favouring the highly speecific
nature of polymexrases comes from the studies of Spiegelman
and coeworkers (Spiegelman et al., 1965; Haruna et al.,
19633 Haruna and Spiegelman, 1965) on the RNA dependent
polymerases which arise following infection of Escherichia
coli with edither of two different RNA phages, Under
sultable conditions, each of the enmywes exhibits a
template speciflceity for homologous phage RNA; heterologous

RNA on the other hand is inactive as template.

A DNA~dependent polymerase differing from that
usually present in the intact rat liver appears to be
dinduced by partial hepatectomy (Tﬁukada et al., 1965). '
These experiments indicate that specificity may be

shown by polymerases.

B) Initiation and formation of a ternary complex: The

mRNA concept itself, as well as the existence of opevrons
{(Ames et al., 1964) suggest that transcription commences
at particular points of initiation on the genome and

proceeds to specified ends, An initiatlon site implies
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the intervaction of the polymerase with a specific

site on the DNA and subseqguent synthesis of RNA from
that point only. DNA«dependent polymerases interact
strongly with DNA, The irrveversible formation of
complexesn between DNA and DNA-dependeunt polymerase has
been demomstrated im vitro (Bremer et al., 1964; Berg

et al., 19653 Tox et al., 1965).

Newly synthesised RNA 18 also bound to the DNAw
polymerase complex in vityo and can be released by
treatwent with SDS (Bremer et al., 1964) or with
polyamines (Fox et al., 19635). The binding of the
RNA preoduct to the DNA-polymerase complex occurs
carly in the course of syithesis, and thereby explains
the very limited RNA synthesis generally found in
such reactions (Bremer et al., 1964; Berg et al.,
1965). Richardson (1967) has found that im T7 DNA
the nuwmber of binding sites for the polymerase is
approximately 50. Direct evidence foxr the formation
of template-engyme complex has been provided by
electrommicrographs (Fuchs et al., 1964; Bladen et
al., 19653).

When synthetic coligodeoxyribonucleotides are
employed as templates then the interaction between

polymerase and template is readily reversible



1h

{(¥ishimura ot al., 1964; Mebhwotre and Khorana, 1965).

The chemical nature of the iunitiation siltes on
DNA ie unkuown, However, pelevant experiuents
utilising Bacherichia coll DNA«gdependent peolymerase
haove shown that the 3'«0H onds of the template may be
invoelved in the binding of polymoerase, because in the
DNA-~polymerase cotiplex they ave unavallable to other
engymes (Berg et al., 1965). However, the chain ends
themgolves are probably not yoguired for initiation
siuce the »ing form of @X-17h DNA is a templaie fow
the polymerase {Hﬁyaﬁni et al., 196l; Bassel ot ale.,
196k  Sinosheimer ot al., 1964), Denatured DNA
containg wore binding sites for polymerase than the
eguivalent awount of native material (Berg et al.,
19653 VWood ot al., 1964; Moitra et al., 1965).
I+ has beon suggested that uppaired regions iw doublew
stranded tomplates may act as inditiater sitea Top
tranesceription (Maitwra et al., 1965). fnds of chains

may act as dndsiator sites as well.

The fact that polymorase binds to howmopolymers
was taken asp indication that a gpecific spequence is
not wwquifeﬂ for binding. Howeveyr, recent evidence
indicates that RNA synithesids with Escherichia coli

pelymerase starts pireferentially with purine presiduwes
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(Bremexr and Konzxad, 1965).

C) Synthesis of RNA chains occuys in a fixed divection:

In bacteria, genetic information can be expressed in a
polarised mamneyr starting at the operator end of an
operon (Jacob and Momod, 1961; Ames et al., 1964),
Evidence obtained with the tryptophane operon suggests
that transcription also starts with the operator end

and is polarised (Imamoto et al., 1965; Yanofsky, 1968).
The chemical polaxity of transcription with Escherichia
coll polymerase Is such that chain synthesgis starts at
the 5'~0ﬁ end of the nmew RNA and proceeds stepwise to

the 3'«0H end (d.e. left to right) Goldstein et al.,
(1965). Assuming that copying proceeds by antiperallel,
Watson«Crick type base pairing, chain synthesis starts

by copying the 3'«0l end of the template.

D) Only ome strand acts as a templates It appeared

that transcription in vivo wasg asymmetxric while purified
polymerases coplied both strands of the template in vitro
(stent, 1965). That was a paradox, but now asymmetric
synthesls has been demonsirated in vityro as well.

When intact molecules of T4 DNA ave used as in vitro
templates, the DNA sitrand which is copied is the same

as that copiled during in vivo viral replication, The

general conclusion that purified DNA-dependent polymerases
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carry oult asymwetyxic transcription if the DNA template
is in mative conformation and if its length dis not
excespively short, has been confiymed (Luria, 1965;
Green, 1964). Restriction of copying to a single
chain of a double~stranded template is demonstreble

in model systems, (Nighimura and Khorana, 1965).

It has to be emphasised that all the in vivo and
in vitro work indicating asymmetyic or so called single-
stranded transcription has involved the use of viruses.
ILf the gemnetic inforwmation is always on only one strand
of the DNA, and if all the polymerases of the cell
operons show the sawme polarity, then all the operons
should be oriented in the same divrection. However, in
Salmonella typhimurdium the histidine and
tryptophane opexong ave oriented in one direction on
the genome, but the leucine operon has the opposite
polarity (Hartman, 1965; Sandewvson, 1965; Margolin,
1965). Favthermove, transformation studies in B,
subtilis show that two linked markers (histidine and
tryptophane) are expressed together evenm if they awe
piresent on opposite strands of the transforming DNA
(Bresler et al., 1964), It may be that in diffevent
reglons of a bacterial chromosome, differvent strands

serve as template for transcription.




E) Size of RNA molecule trangcribed: The co=oprdinated

control of groups of related cistrons may be expressed
by transcribing euntire operons as single wRNA molecules,
i.e. polycistronic messengers (Jacob et al., 1961;

Ames et al., 1964.) Deletion mutants in the
tryptophane operon of Escherichia coli produce mRNA
that is swaller than mRNA from strains possesgsing the
intact operon (Imamoto et al., 1965). This is further
evidence for the hypothesis that the size of the mRNA

produced, is determined by the size of the corresponding

DNA unit,

) Genetic signals for stopping the svnthesis of RNA

molecules: A specific termination mechanism must

exist in order to explain the copying of DNA in RNA
units of certain sizes as well as for the release of
completed mRNA from the template~polymerase-RNA complex,
One possibility is that the entire length of the mRNA
may be involved in the ternary complex until
transcription is complete, and then the whole molecule
would be released. Another posslibility is that the
agsociation with the complex may involve only a few
bases close to the growing end of the mRNA chain
(Chamberlin and Berg, 1964) leaving the completed

portion of the mRNA free for other interactions, This

17
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latter alternative is supporied by the fact that in
the complex hetween newly synthesised RNA and phage
gx174 DNA, the ribonucleasceresistant portion of the
RNA coxrresponds to the growing end of the chain

(Hayashi, 1965).

One favourite hypothesls envisages the ribosomes
as an active participant in the separation of mRNA
from the DNA template (Wood and Berg, 1964; Bremer,

19653 sSteut, 1965; Byrne, 1964; Chamberlin, 1965).

G) Mechanism of in vitro DNA transcription by RNA

polymerase: In vitro studies have shown that when

the template is mative DNA, RNA synthesis by DNAw
dependent polymerase involves a conservative mechanism,
thereby preserving the double helix of the template
(Harwitz, 1963; Chamberlin et al., 1962). When single
stranded DNA is used as the template, the product
appears initially in a DNA « RNA hybrid (Bassel et al.,
1964; Sinsheimer et al., 1964; Chamberlin and Berg,
1964).

The hybrid product may also serve as template and

appears to function by a mixture of conservative and
semicongervative replication (Sinsheimer et al., 1964;
Chamberlin and Berg, 1964). In conservative replication

on a doublee-stranded template, the strands of DNA may be
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gseparated over comnservative short regions to allow
RNA synthesis by base pairing (Chamberiin and Berg,
1964; Hayashi, 1965; Chawberlin, 1965; Jehle,

1965).

The release of singlee-stranded RNA involves the
competition between two polynucleotide strands, for
complementary interaction with a third, but DNA « RNA
hybrids formed from unatural nucleic acids are
generally less table than homologous double~stranded

molecules (Chamberlin, 1963).

3. Evidence of the existence of mRNA in cvtoplasm

The occurrence of mRNA in the cytoplasm was
demonatrated soomn after its observatiou in cell nucleidi,
when Hoagland and Asconas (1963) showed that the poste
microsomal fraction of cytoplasm contains RNA capable
of stimulating amino acid incorporation into isolated
ribosomes. This RNA has sedlwentation coefficients
of about 6 - 148, Stimulation of amino acid
incorporation by cytoplasmic RNA was also observed

by others (Barondes et al., 1962; Lang et al., 1964).

Penman et al., (1963) isolated pulse-labelled
RNA frowm polysomes and found that this RNA sediments
in the region of 6 « 148 and has a sedimentation

behaviour different from that of ribosomal RNA. The



base compesition of this RNA differaed frow that of
pibosomal RNA, but Jdid ot coeyvespond exactly to the

hnse composition of DNA,

Several newvly forned RNEA conponenis are alseo
contoilned in the oytoplasm of onrly embryos with
sedimentation consbonts between 6 - 3%5% which are not
ddoentieal to ribosomal ANA aspocies. These RNAs
canpet Lo RNA precursors since soarly embryes do oot
synthesis: PrHNA at all. In additdion it had been shown
by Spirin and Nemey (AD65) that these RNA components
can be hybridizod with DNA and therefore may e

regardod as oeytoplogmic mHENA.

Iin srder to detect evioplaswmic oA, Samapina
(196h) usec selective suppression of R-ANA synthesis
by smelld doses of actinomyain, Under these conditions,
procitically all newly forsed cellular RNA is DNA-Likeo,
This method permitied the domopetration of the presonee
0F D-RRA pot only in tho nuelous but slso in the
eytoplosm of the animal coll. ITdentity nf paxt of
the chromosomal D-RNA and oytoplagmie oRNA is shown
by competitive relatlions betweeon thom dn hybrildization
experimonts (Homardna and Georgiov, 1965). 211 these

faets dnddecate that the eyvteplasm of animal cells really



containg wlRNA,

The finding of wmRNA dn c¢yviteplasm together with
its vomplementarity with DNA and the ddentity of its
base seguences with those of newly formed chyomosomal
wiNA, proves the exidstence of the transport of mRNA

from chromoscowes to the ecytoeplasm,

In oyxdey to appyoach the problem of transport
machanism, the nature of oRNA containing muecleoprotein
from various subcellulay fractions has been studied,
Hoagland and Asconas (1963) found that a part of the
activity stimulating aming aeid incorporation is
present in a fraction of rat liver homogenate sediwented
for 8 hours at 105,000 z g, i.¢, in particles lighter

than ribosomes.

spirin (19653) desepribed in embryomic cells a
gpecial elass of partieles containing mRNA,. Those
particles were called "iunformosomesg®, Informosomen
contain several components wilth discrete gsediwentation
cpefficienta, and cueh component contaivns o RNA with
a definite wolecular wolght (Newer et al., 1965).
Ultrecentrifugation in CsCl dengity gradients givos RNA
contents in infoxmosomes of about 25 « 40% and
sedinentation constent abount 458, It hos been suggesited

that informosomes ave a2 foym of congervation of mENA

o]
el



when it does not partieipate in protein synthesdis.

The fact that they contain wRNA is evidemced from their
template activity and hybridizability with DNA (Henshaw
et al., 19653 McConkey, 1965). Similar particles
were found after infection of Hela cells by vaccine
virus, In this case these particlas contained mRNA

0y
%{ &{ and possibly an 188 rRNA (Jockl%; et al., 1965).

Thus in the cytoplasm of animal cells, mRNA is
incorporated into special ribonucleoprotein particles
of yet unknown nature. These particles may be a

transport form of mRNA,

4, Tunction of rapidly labelled cellulax RNA

Preparation of total cellular RNA including the

nucleochromosomal have been studied, after pulsecw
labelling cells with radicactive RNA precursors, by
means of ultracentvifugation in sucrose grédienta
(Scherrer and Darnell, 1962; Hiaﬁt,v1962). Such
newly formed pulse«labelled RNA which is localised

in the nucleochromesomal complex has sedimentation
properties differing from those of the pre-existing
cellular RNA, The latter consists of three components:
the ribosomal RNA peaks with sedimentation coefficients

28 = 308 and 16 « 188 and the tRNA with sedimentation



coefficients 48. The newly formed RNA is concentrated
in "heavier" yregions, Most authors have observed two
peaks with gediwentation coefficients Ly - 508 and

30 =~ 358. A variable amount of RNA was found imn the

more slowly sedimenting region (25 -~ 308).

After longeyr labelling times, the relative
proporitions of these peaks decrease and the label
accumalates in the rRNA and IRNA regions. The detadlls
of this distribution pattern vary somewhat according
to the source and method of isclation of RNA, but the
general dypamics of radioaectivity "flow" are similar
(Rake and Graham, 1964; Tamaoki and Mueller, 1963).
The base composition of the rapldly labelled cellulaw
RNA ig intermediate between that of DNA and »RNA but
is usually closexr to that of p-RNA, It follows that
the rapidly labelled cellular RNA, synthesised in the
nucleochromosomal apparatus, is a mixture of DeRNA

and ReRNA molescules.
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Experiments on Ehrlich ascites cells with subsequent

gradient centrifugation and amalysis of the fractions
gave the following results (Georgiev et al., 1963).

The tetai nucleochromosomal RNA shows the 18 and 288
peaks of the preformed RNA, and three peaks of newly

formed RNA with sedimentation coefficlents about 45,



35 -« %0 and 25 - 308. Hot phenol fractionation of
nuclei separates these components. In a fraction
extracted at 40°C comtaining ReRNA 1 only, only one
peak of newly formed RNA is found (35 - 40S component).
Its base composition corvesgponds exactly to that of
PRNA., The preformed RNA of this fraction is found
mainly in the 288 zone and to a lesser extent in the
185 =zome.

The fraction solubilised at 65°C and containing
only DeRNA 2 (both newly formed and preformed) contains
hetexrogeneous labelled material with a maeximum of
label at 25 - 3083, On the other hand, the main part
of the pyreformed D-RNA hasg the sedimentation
coefficient of rRNA (approx. 188); this is why the
sedimentation pattern of bulk nucleohcromosomal RNA is
similar to that of rRNA. Thus newly formed and
preformed D«RNA also differ in sedimentation

characteristics.

1 R«RNA: an RNA having the base composition of
ribosomal RNA and probably contalning the same
nmacleotide sequences.

2 D=RNA: an RNA with the base composition of
cellular DNA including mRNA (informational RNA)
ags well (Bolton and McCarthy, 1962).

oh
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The RNA fractiom extracted at 55°C contains a
mixture of D-RNA and R-~RNA. Sedimentation analysis
reveals two labelled components, These peaks are
well sepavated and their analysis is feasible. The
peak having a sedimentation coefficient of 458 ia
R-RNA, while the 25 »~ 308 material is D-RNA didentical
with the 25 « 308 material of the 65°C fraction.

The conclusions drawn f£from the bagse compositions
of the fractioms are confirmed by hybridization
experiments (Perry et al., 1964). R-RNA has a very
low ability to hybridize with DNA, and unlabelled
purified D=RNA does mnot compete with them for binding
sites, while purified ¥RNA does, On the other hand,
25 = 308 radlioactive D=-RNA from the above mentiowned
fractions effectively hybridizges with DNA and
hybridigation is suppressed by the addition of
unlabelled D-RNA but not of rRNA,

Penman (1966) found similar results using labelled
Hela cell nuclei. BSedimentation analysis of the RNA
extracted, shows a peak in optical demnsity at 458 and
a larger peak that sediments about 30S. The RNA in
the 308 region is shown to be polydilisperse and contains
358 and 288 RNA. It was shown that 458 is cleaved to
form 168 RNA which emerges immediately into the
cytoplasm, and 3585 which romains in the nucleus, The

358 RNA undergoes a transitiom to 288 and then enters
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the cytoplasm.

The evidence foyr DNA=like RNA in the nucleo=
chromosomal complex of animal cells leads to the
suggestion that this type of RNA corresponds to newly
formed mRNA., Hybridizability of RNA {from animal
cells with the homologous DNA was first demonstrated
by Hoyer et al., (1963) using DNA-agar columns. It
has been shown that newly Tormed RNA binds to DNA
much more effectively than does preforwmed RNA, and
that nuclear RNA hyvbridizes better than cytoplasmic.
Another éharacteristic of mRNA is its ability to
stimalate protein synthesis ou ribosomes (Nirenberg
et 51., 1961). Brawerman et al., (1963) prepared an
RNA fraction enriched with DeRNA fwom rat liver nuclei
and demounstrated that it has a greater stimulating
activity tham the rest of the nucleaxr RNA., It was
also diyvyectly shown that D-RNA from rat liver and
Ehrliich cell nuclei prepared by the hot phencl method
is many times more effective in the stimulation of
protein synthesis in the Nirenberg system, than is
cytoplasmlc RNA or nuclear RRNA (Lang and'Sekeris,
1964). All these chavacteristics are indicative of
the fact that chromosomal D-RNA is, or at least

contains, newly formed mRNA of animal cells (Samarina
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et alcp 1965)0

A metabolic heterogeneity of chromosomal D-RNA
means that its diffevent components are synthesised
at essentially different rates (Samarina et al.,
1965). Consequently, at early times the specific
‘activity of the heavier D-RNA components is considerably
higher than the specific activity of the main 18S peak.
Only at longexr labelling times does the radioactivity
curve begin to follow the curve of UV absorbance,
Several explanations for this phenomenon have been
proposed,
1. D=RNA is synthesised in chromosomes as a relatively
long chain { > 308), which is later split, still im

chyromosomes, into shorter fragments (about 188).

2. Chromosomal D-RNA is heterogeneous not ounly
metabolically but also functionally. Besides the
usual wRNA synthesised in chromosomes and migrating
to the cytoplasm, there is a speclal class of D-RNA
functioning in chromosomes themselves at the site of
its synthesis. One may suggest that this RNA bears

certain regulatory functions.

The following hypothetical scheme of interaction
between different D=-RNA classes was proposed by

Georgiev:
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heavy vapidly DuRNAl échvomosomal 2mRNA of cytoplasm
labelled 185 DeRNA and nuclear sep
DwRNA
D~RNA,, (functioning and tuwrning over
in chromosomes
On the other hand Scherrer et al., (1963) suggested

the following course of R-RNA conversioms: R-RNA, (458)

— R-RNA, (35 - h0S) —— =RNA, (28 - 308) and

rRNAL (16 - 188).

Similar conclusions were drawn by Rake and Graham (1964).

Trangport of n-RNA to the cytoplasm

A) m-RNAS The main form of mRNA in the cell nucleus
is as a specific nucleoprotein particle with a
sedimentation constant of 308, These particles differ
from ribosowal subunits in that they have a base

composition of the AU type.

It has now been established (Samarina et al., 1968)
that 308 particles are monomers of a more complex
polysome~like structure. Such a structure is formed
by a long D«RNA strand and a numbeyr of globular protein
particles bound to it and tightly packed along the
DeRNA strand, These complexes occupy a wide mone in
sucrose gradients between 308 and 2008, In the
electron microscope, one finds the 308 peak contains

only single monowmers; the U558 peak dimers; the 558 to



608 peak trimers and so on. Treatment with small
amounts of RNase quantitatively counverts large
polyparticles into the 308 particles. The buoyant
denslty and the pirotein composition of mono- and
poly-particles avre the same. They are very
different from those of ribosomes, The
sedimentation coefflicient of RNA isolated from
particles is related to the nuwmber of monomers

in the complex.

Lt was calculated by the authors that omne
protein particle is bound to an RNA strand having
a MW of about 2 x 105. The name "“"informofer” is
suggested for monomeric protein particles. These
studies explain how mnewly formed long chains of
DeRNA with a very high MW of about several
millions can be bound to a number of protein 308
particles located along the molecule. Such
nuclear D-RNA-containing particles were obtained

in the presence of RNase inhibitor.

B) rRNA: Data on the transfer of rRNA from the
nucleus to the c¢yvtoplasm after pulse labelling,
have been obtained by studying the RNA metabolism

in the HeLa cell nucleus (Penman, 1966) as well as
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the cytoplasm alone (Girard et al., 1965). Thus it
wag shown that about 30 minutes later, aftexr the
begimning of the incorporation of the radiocactive
precursor, the 168 ribosomal component begins to
appear in the cytoplasm in the form of a 458 ribosomal

subunit.

288 RNA first appears in the cytoplasm in a 608
ribosomal subunit about 60 minutes after the beginning
of labelling. These observations have been
interpreted to mean that, unlike messenger RNA,
ribosomal RNA is delayed in the nucleus after
synthesis, presumably because of the time required for
its evemtual incorporation into a functional ribosomal
subunit. Part of the delay can be accounted for by
the time required for the original 455 RNA to complete

ite transition to 1685 and 28S components.

5. Chromatin

Composition: The genetic material of mammalian cells
consists of DNA with which is associated RNA and
protein, both histone and non-histone, the whole being

known as chromatin.

Analysis of several chromatins from organs show



that they vary greatly with respect to their total
protein : DNA ratios and RNA:DNA ratios (Dingman

and Spowrm, 1964). Highest values for both these
measurements were obbtalned in chromatin from whole
embryos, and the values declined with increasing age

(of the embryos).

In view of the current interest in histonea as
possible regulators of genetic transcription, the
histone:DNA ratio was determimned for each type of
chromatin. Within the evrror of experimental
measurement, there were no significant differences in
the histone:DNA ratio of the various types of chromating
a mean value of 90i8 pg of histome per 100 pg of DNA
was found, Dingman and Sporn (1964) showed that a
linear plot was obtained for all the different kinds
of chromatin they enalysed (brain, liver and
erythrocytes from chicken) when the RNA:bNA ratio and
the total protein:DNA ratio were plotted for each type
of chromatin, As noted above, the histone:DNA ratio
was a constant for all types of chromatin examined,
while the total protein:DNA ratio varied markedly.
Since the histone:DNA ratio was a constant, it is the
non-histone-protein:DNA ratio which varies markedly

with age and cell type and which is positively



govrelated with the RNA:DNA ratio of the chromatin.

Cell differentiation in lairval diptera is reflected
in alterations in the functional activity of specific
regions of the gemetic apparatus (Dingman awnd Sporn,
1964; Beerman, 1963; Cooper, 1959; Clever, 19063;
Schueiderman and Gilbert, 1964), These changes in
functional activity can be observed cytochemically in
specialised somatic cells having giant interphase
chromosomes and are assoclated with distincet changes
in the composition of the interface chromosome,
Specifically, with induction of activity there is
marked swelling or puffing of the chromosomes (Besrman,
1963), accumulation of RNA (Cdsirom et al., 1962; Swift,
1962), an apparent increased synthesls of ribonucleic
acid (Pelling, 1959), and accumulation of non-basic
protein (Beerman, 19633 Swift, 1962). Moreover, the
negligible amount of RNA and the low amount of none
histone protein present in the mature erythirocyte
chyomatin, are precisely what would be expected of this
inactive interphase chromatin (Cameron, 1963).
Furthermoxre, if both RNA and non-histone protein are
characteristically located together in active regions
of the vertebrate interphase chromosome, then one might

expect to find a gquantitative relationship between the
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amount of RNA and the amount of non-histone protein
in isolated imterphase chromatin. According to

Dingman and Sporun's data such a relationship exists.

Convinecing evidence for this comes also from the
work of Mayrushige (1967) on analysis of chemical
composition of sea urchin embryo chromatin, Two
kinds of chyomatin were studied, namely blastula
chyromatin and pluteus chrowatin, The pluteus
chromatin containa: a) twice as much RNA as does
blastula, b) less histones than does blastula and
c) twice as much non-histone protein as does blastula
chromatin, Furthermore, they found that chromatin
isolated from pluteus is movre active in support of
RNA synthesis in vitro than chromatin from blastulae,
FPurthermore, Marushige and Dixon (1969) atudying the
template activity of chromatin from trout testis
undeprgoing spermatogenesis, found that the deciease
in template activity observed in later stages of
maturation is accompanied by an increase of histone
content and a decrease of non-~histone proteinm content

in chromatin.

Whether the RNA:DNA ratio, the nonshistone protein:

DNA ratio or both could be used as a quantitative
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measure of the number of active loci in interphase
chromatin remains to be determined. However, Paul
and Gllmour (1968) have recently suggested as a
result of the DNA-RNA hybridisation studies, with
RNA made on nucleoprotein templates reconstituted
from various combinations of chromosomal components,
that active regions of the genome may be determined

by certain none-histone proteins,

Physical properties: The ultra-violet absorption

spectra of chromatineg shows an extinction maximum at
259mu and an extinction minimuwm at 237 to 240 wu.

The spectral ratiog of amny particular type of chromatin
are a function of its total mucleic aclid and total
protein content. The Egéo‘ Ezso vatio is a particularly
sensitive index of the relative proportions of the

two counstituents (Mirsky et al., 1946). The higher

the Ezéos E230 ratio, the greater is the nuclelc acid
content,

Another characteristic is the change in extinction
as a Tunction of temperature, The midpodint of the
total extinction change (Twm) din 0.2mM trisodium EDTA
accoxrding to Dingman and Sporn experiments, was

4l - 4200 for chicken DNA, 76 = 78°C for erythrocyte

chromatin and 76 « 79“0 for brain chromatin. The
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reversibility of the extinction on quick cooling from
9500, wag much greater for chromatin than it was for
DNA., This effect is presumably the resgult of protein
which partially prevents irreversible separation of
complementary DNA strands. The thermal profiles did
not appear particularly sensitive to the different
quantlities of RNA and non~histone protein associated
with different chromatins (Marushige, 1967). Quite
probably the major determinant of the Tm in these
preparations was the amount of highly basic proteins
present (Mandel, 1962; Tabox, 1962), On the othewr
hand, Bommer and Huang (1963) have described for the

pea embryo chromatin a "twoestep" melting profile,

Sedimentation velocity and analyses by zone
centrifugation in a sucrose gradient were performed
by Dingman and Sporn (1964) on brain, liver and
exrythrocyte chiromatins, All three chromatin
preparations sedimented in a single, but relatively
broad, wmone ranging from 10 - 40S. This low
sedimentation velocity and peolydisperse pattern
probably is the result of the shear to which the
prepavrations were subjected inm the process of

solubilisation,
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6. Transcription of Chromatin

Repressed and active Chromatin

The presence of nonetranscribing DNA regions can
be demonstrated by electron microscope autoradiocgraphy.
Chromosomal DNA of eukaryvotic cells exists as a cowplex
with proteins and perhaps with RNA. This complex is
called chromatin and it has two states: condensed and
extended, At metaphase of mitosis, all of the
chromatin is condensed, and the chromosomes, as small
and discrete as they can ever be, are moved about on
the mitotic apparatus. This condensed chromatin is
not transcribed, and metaphasic cells are deficient
or totally lacking in RNA synthesis (Robbins and
Scharff, 1966).

The interphase nucleus contains tramscribing DNA,
but it also contains some condensed chromatin
(*heterochromatin®) along with the extended, fibrillar
"euchromatin®, The inactive fractiom of the genome
is wainly present in condensed chromatin masses and the
experiments of Littau et al., (1965) indicate that in
such masses dense packing of the individual
nucleoprotein fibres results from fibre cross-linking

by lysineerich histones. In the calf thymus nucleus




the lysine-rich histones amount to only 20% of the
total histone coxitent, If the lysine«~rich histones
ayre selectivély extracted from the nucleus the
condensed chromatin unrééela and its characteristic,
heavily clumped form opens ups 'by adding baclk to
guch extracted nuclel exogenous, lysine-rich histones

the condemsed form can be experimentally re-established.

Buchromatin is shown by accumulation of new,
radiaac%ive RNA thereon to be the site of RNA synthesis
(Frenstexr 1965;1966), Heterochromatin immédiately
adjacent to labelled euchyromatin is conspicuously
Jacking of radioamctive RNA., Extensive studies of this
kind have been dome on isolated calf thymus Lymphocytes
(Littau et al., 1964). The patio of euchromatin to
heterochramatih varies greatly among the several somatic
cell types and, din particular, the amount of condensed,
apparently none-functional chiromatin increases in the
nuclei of cells which are kuown to be in the process of
restricting their vrange of transcription. Such cells
(e.g. erythroblasts) ave also narrowing the range of
proteins in synthesis, and are undergoing
cytodifferentiation. This dndicates that different
cell types use different fractions of the genome.

Bvidence of this cowmes from the fact that differventiated
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cells make some characteristic proteins not made by

othey differentiated cells,

Bpecifically restricted priming efficiency inm chromatin

Support for the existence of a mechanism, which
would explaln the inactivation of genes during
development, has been obtained from studies on the
capacity of the puffs of the giant chromosomes of
larval fruit flles to support RNA synthesis at a high
rate, This high rate of RNA aynthesis is restricted
to the puffs, (Pelling, 1964) which constitute the
euchromatin parte of these chromosomes, In areas
of gilant chromosomes in which thewre is mno evidence
for puffing there is no evidence for RNA synthesis,
Moreover, Edstrom and Beerman (1962) found from base
analysis studies of RNAs dexrived from puffs on the
same Chironomus chromosome, that these RNAs have a
DNA=like cowmposition that is unique for each puff.

The suggestion they made was that each puff synthesises
a specific mRNA. Beerman (1961) had described a case
in which the corwvelation between puffing and gene
activity was quite clear. This speculation has led

to the suggestion that a large part of the chromosome

might be masked, and has led to attempts to isclate



chromosomal material (chromatin) for testing the

masking hypothesis in viirc.

Several workers claimed on the basis of simple
kinetics that the priming activity of chromatin was
considerably lower than that of free DNA {from the
same Source. For example Bonner et al., (1962;1963)
following the time course of polynucleotide synthesis,
found that the priming activity of chromatin from
pea seedlings was considerably less than that of the
Gorr@éponding free DNA, They proposed that wmost of
the DNA in chyvomatin was unavailable fox priming by

virtue of masking, effected probably by histones.

Pindings similar to those mentioned above have
been reported by Frenster et al., (1963) in
lymphocytes, Flickinger et al., (1965) in awmphibian
embryos and Marushige and Bommer (1966) for liver
chromatin. A point that may render the validity
of this finding questionable, is that animal chromatin
preparations are, as shown by Sonneberg and Zubay
(1965) iunsoluble in solutions of low ionic strength
such as those used in reaction mixtures. Any
kinetic study of a reaction in which even one of the
reactante is insoluble is invalid umnless this fact isg

taken into account in the analysis of the data. The
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same authoxs found moreovey that if chromatin was
gonlcated its solublility was enhanced. However,
chromatin is undoubtedly a lesg efficient primer for
RNA synthesis than the corresponding free DNA in a
cell free system, its priming activity for calf thymus
being approximately 10% of that shown by free DNA as

found by Paul and Gilmour (1966).

The guestion arising comsequently is whether the
priming activity of the DNA in chromatin is attributed
to a genomic part constituting a specifically distinct
subset of genes present, or is due to the action of

all the genes at a reduced rate.

The studies on the puffs of glant chyomosomes from
lLarval frult flies, that were mentioned before, may be
congldered as providing evidence for the first
alternative, This question, in the case where chromatin
is 10% as effective as the corvesponding free DNA,
might otherwise be asked: whether only 10% of the genes
present are transecribed with 100% efficiency or all
kinds of genes present are transcribed with 10%

efficiency.

The woxrk of Paul and Gilmour (1966a) has provided
a conclusive answer to this question. Using the
molecular hybridimation technigue of Gillespie and

Spiegelman (1965) for RNAs transcribed im vitro from



free DNA, intact chromatin and sonicated chromatin
from calf thymus, they found that only about 10% of
the DNA in chromatin was available for transcription.
This provides direct evidence for a specific
inactivation of 90% of the gemes present in chromatin,
They also showed that sonicatiown increased the priming
activity of the chromatin, this being presumably due
to an alteration of its structure, By competition
studies they found moreover that the RNA produced by
chromatin in a defined cell free system was identical
toe RNA isolated from the whole calf thymus tissue,
This provides evidence that the pattern of gene
inactivation is faithfully conserved during isolation

of the chromatin.

7. Pattern of mRNA associated with change in state of
differentiation

It has been egtablished as a generally valid
concept that except for genes such as for rikNA and
tRNA, the action of each geune or group of identical

genes is expressed by an mRNA,

A question c¢losely related to the absolute
proportion of the genome active, 1s the relative amount
of genomilc information involved in changes in the

pattern of gene activity, which are associated with
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changes in the state of differentiation, An example
is tissueegpecific hormone response. Studies by
Kidson and Kirby (1964) using countercurrent
dietribution demonstrate that the effect of cortisone
on the pattern of mRNA synthesis in the liver nucleus
is extremely variable. Cortisone treatment appears

to result im a quantitatively enormous change in the
apectrum of wmRNA molecules in synthesis, a change
which clearly affects a significant proportion of the
activity taking place in the liver cell genonme. The
spectrum of RNAs changes markedly within 5 minutes
from the time of hormone addition. In the same study,
parallel results are obtained with various other
hormones as well, i.e. testosterone (to which male

and female liver react differently) and the non-steroids
thyroxin and insulin., Means and Hamilton (1966)
report that within 2 wminutes of estrogen treatment

the nuclear RNA of uterine cells increases in specific

activity as much as 40%.

It is consequently predictable that the population
of RNA messages in a differentiated cell is
characteristic of the functions operating in that cell,
The general validity of this conclusion is supported by

the results of sevexral authors who have attempted to
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study the patterns of mRNA synthesis in mammalian tissues.
Kidson and Kirby (1964) using counter current distribution
profiles of RNAs extracted from mouse liver, kidney and
spleen, after a sivgle tritiated uridine pulse, found

both considerable differemces and similayities in the
mRNA population of these tissues. These results suggest
the existence of active gemnes that are unique, besides
those in common, in differentiated animal tissues.

But factors such as different vates of absorption (uptake)
and utilisation of uridine by these different tissues

may obscure the ploture.

McCarthy and Hoyer (1964) used the DNA agar
technique foy the comparison between RNAs synthesised
in mouse kidney and liver, which have received a pulse
label. By competition studies they were able to
indicate that the populations of RNA molecules examined
were not only distinguishable but showed large
differences among them, A point that is worth
mentioning in comnection with the above work, is that
RNAs extracted from tissues which have been exposed to
a pulse label contain labelled heavy »RNA precursors
besides a large amount of unlabelled rRNA, Thus it
becomes particularly difficult to determine the true

specific activity of the messenger fraction. In order



to overcome this difficulty they prepared labelled
"messenger" RNA from mouse Lw-cells in culture as well
as from a primapry culture of kidmney cells. The Lecells
were exposed to 32?0& for three days, the kidney cells
to 1“Gnadenine for 24 hours. When they competed out
these RNAs with cold RNAs f{rom the homologous tissues
as well as from heterclogous, in this case mouse spleen
and liver, they found that the best competitor was

the RNA from the homologous source, while spleen and
liver RNA compete less well and to very different
extents. Again this evidence was interpreted to point
to large differences in the population of RNA wolecules

from these two tissues used as competitors.

In the case of the RNA iscolated from culture of
kidney cells, the fact that the in vivo RNA isolated
from kidneys was the best competitor, suggests that
the genomic control is mnot rapidly lost when the cells

are transferred to culture conditions.

Paul and Gillmour (1966, 1968) using the molecular
hybridization technique of Gillespie and Spiegelman
(1965) for RNAs tranmscribed im vitro from chiomatins
from calf thymus, rabbit bone marrow and thywmus, found
that only a part of the genome was availlable for
transcription, By competition studies under saturating

RNA conditions, the same authors Ffound moreover that the
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RNA from the tissue homologous to the chromatin was
the most effective competitor. RNA from heterologous
tigsue gave only partial competition. This was
considered as suggesting that certain genes unique

for each specific type of chromatin are active in RNA
synthesis relevant to tissue function, The
inactivation pattern of the genome is distinctive

for each tilssue exactly as the theory of variable gene
activity necessitates, Uprsprung et al., (1968)
arrived at the same conclusion using mouse tissues.
From the results of Paul and Gllmour as well as the
results of Ursprung et al., 1t seems clear that
differentiated animal tissues are characterised by a
considerable degree of specificity that is reflected

in the mRNA pattern.

The specificity is attained as a cevtain tissue
approaches its £inal diffevrentiated state and the

nunber of active genes becomes more restricted,

Experiments by Church and McCarthy (1967) suggest
that a very large fractiom of the gene activity in a
given cell type may undergo change in the course of
diffeventiation. These experiments concern changes
in gene function associated with liver regeneration

and live embryogenesis in the mouse. Competition
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curves were obtained using unlabelled RNAs extracted
from embryonic liver of mice at 14, 15 and 17 days of
gestation and from adult mice added to a

hybridizing mixture of mouse DNA and pulse~labelled
RNA extracted from 14, 15 and 17 day embryonic liver
or from adult liver; the results demonstrate that
remarkably large-scale alterations in the pattern of
gene activity accompany liver differentiation. Thus
within only one day of development, some 70% of the
apparent homology in the liver RNA populations has
digappeared, Changes of this wmagnitude also

distinguish ewbiryonic from adult liver RNA,

A further experiment by the sawme authors concerns
liver regeneration. Here it is shown that the
patterns of gene activity in regemerating liver remain
constant for less than one hour after hepatectomy.

As early as 1 hour after the operation the RNA in the
surviving lobe appears to be many times more effective
a8 a competitor to labelled 1 hour RNA than is RNA
from the liver of shameoperated animals,. By six
hours, a sigpificant portionm of the informational

RNAs synthesised during the first three hours as a
result of hepatectomy have almost disappeared, As

regeneyration continues, the distribution of RNA



molecules in the liver continues to alter, Just as it
does in the developing embryonic liver, Some of the
genes agtive in regemevation in fact appear Lo be the

same as those which function in liver neogenesis.

In a general sense it is clear that a very large
nuwber of gemes mwmust be involved in differentiation.
The rate of metabolic and cytologiecal changes,
underlying morphogenetilc processes such as gastrulation,
where cytodifferentiation is considered to be initiated,
or ewbryonic induction, is so great that no other
supposition is likely. Direct comparisons of the
patterns of geme activity at successive stages of

embryogenesis have demonstrated this to be the case.

Denis (1966) studying the embryogenesis of
Xenopus has performed competition hybridization
experiments and he found that the degree of competition
increases as the newly synthesised labelled RNA and
the unlabelled competing RNA preparation are drawn
from embryos at closer stages of development, Thus
labelled RNA from the swimming tadpole siage is not
competed at all by RNA from blastulme, foxr example,
while RNA frowm gastirulae, neurulae and tall-bud stage

embryos competes with increasing success. Similarly,
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the hybridization of RNA synthesised during
gastrulation is not affected by the presence of
blastular RNA, pointing to the novelty of the gene
agtivity patterns which start at gastrulation. On
the other hand, RNA from neurulae competes with the
gastrular labelled RNA better than RNA from later
stages. From these experiments it was concluded
that some genes (or members of internally homologous
families of gemes) are functional throughout
embryogenesis, from gastrulation ong that some ave
funectional in gastrulation and meurulation but are not
functional at later stages; and that 1n each later
stage a certain group of genes (or families of genes)
is functional for a while but is later repressed as
development advances. One weak point about Denis!
work dis that his experiments were not carried out

under saturation conditions.

Another study employing hybridigation to investigate

changes in the spectrum of gemes functional during

amphiblan embryogenesis has been reported by Flickinges

et al., (1966). CEwnbryos are bisected at the blastula
stage iunto animal and vegetal halves, and the RNA is
extracted after 24 hours labelling period, Their
results constitute a demonstration that partially

different sets of genes are functional in the animal

48



k9

and vegetal halves during the 24 hour labelling period,
for in this case addition of the RNA preparation other
than that used to presaturate the DNA results in an
increase in total hybridization, while the controls
show no increase, These data support the view that
the basic regulatory phenomenon in early embryonic
differentiation is the regulation of pattermns of gene
transcription, as IFlickinger pointed out, since
different genes are evidently active in embryonic

tissues undergoing different courses of differentiation.

Conclusions drawn from Glisin et al., (1966) and
Whiteley et al., (1966) from thelr studies on sea
urchin embryvogenesis are essentially similar to those
from Denis! work with Xemnopus. Glisin et al., carried
out competition experiments under saturating RNA
conditions. Their results indicate that asg development
progresses some of the early genes active in both
cogenesis and cleavage are shult off and {the RNA they
have produced is degraded, since unlabelled gastrular
and prism stage RNA fails to compete as efficiently
with newly synthesised blastular RNA, The results
obtalned by Whiteley et al., correlate well with these
conclusions, although thelr competition experiments
are carried out inm the presence of excess DNA, and are

consequently more likely to measure changes in relative




frequency (l.e. number of copies) of the more common
RNA species present, as well as qualitative changes

in the spectrum of RNA's available.

8. Selective gene expression

Most of the information about selective gene
action has been obtained from studies made in
bacterias; siwmilar studies din cells from multicellulayp
organisms have encounnttered particular difficulties.
Clarification of the mechanisms underlying this
phenomenon in multicellular organisme 1is necessary for
the understanding of cytodifferentiation, and this

problem is usually approached in the following way.

In addition to direct investigation of possible
mechanisms in cells of higher organisms, studies have
been made with bacteria in order to define possible
similarities that exist between them regarding
differential gemne expression and its control. Thus
it can be found to what extent explanations accounting
for gene conirol in bacteria might be valid for gene
control in cells of higher organisms. Therefore, it
is necessary to present an account of the existing
evidence demonstrating peculiarities and points in
common, between enzymic adaptation as occurs in microe

organismsg, and cytodifferentiation which establishes
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selective gene expression in cells of higher organisms.

Engzymic adaption

Studies in micro=orgaiisms: Accoxding to the model

established by Jacob and Monod om the induction of
p =galactosidase in Escherichia coli, regulation

continues only as long as the repressor is present,
being associated reversibly, with the operator gemne

of the respective operon.

In enzymic adaptation the gene product may already
exist in very small concentrations and is simply
increased by induction. Differentiation however, is
characterised by the appearance of a new protein which
was previously absent from the cell. The gene control
mechanism however, may be universal throughout the
gpectrum of biological organisms, being flexible enough
so as to leave considerable freedom for deviations.
Some data obtained from studlies on bacterial
pseudodifferentiation should be mentioned in this
context, because they show similarities to
eytodifferentiation. This phenomenon has been
observed im the case of‘ﬂ-galactosidase induction in
the wild type of Escherichia coli. An increased
amount of the inducer is necessary for initiation of

the induction vwhich then continues even 1f the
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concentration of inducer is extensively decreased.
This is explained by the finding that f=-galactosidase
is induced simultaneously with permease whose presence
facilitates the penetration of inducer iIinto the cell.
Furthermore, the presence of a permease renders the
concentration of inducer within the cell independent
of that in the mediuw where it may have been decreased;
thilis results in continued induction of both the
permease and ﬁ-galactosidase. in this situation the
level of the permease is regulated by a kind of
positive feedback, The poilnt to be ewmphasised here
is that ,ﬁngalactosidase and the permease are under

independent structural conirol.

Another instance where similaritics with

cytodifferentiation have been observed iu micro-organisms

is that reported by Pollock (1963) where induction of
pendcillinage in Bacillus cerecus continues after
removal of the inducer (penicillin) that had been

briefly applied to the cells previously.

In the case of am inducible enzyme such as
f ~galactosidase of Escherichia, a mutant lacking the
repressor will form the engyme constitutively. For
a repressible engyme, the analogous mutant would be

expected to be a recessive nonerepressible strain.,
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Several exaaples of such mutantvs have, in fact, beon
obtained in Escherichisa coll. For example, the
formation of all the engymes involved in the conversion
of anthranilic acid to trypbtopbane is veprossed by

the additiom of tpeyptophane {to the growth medium, but
Cohen and Jacob were able to isolate a nmtant which
formed these engymes whether tryptophane was presont
or not. Agein, Gorini (1961) has described a mutent
on which the formation of rll the enzymes concerned

in arginine synthesis occuyr, irrvespective of the
presence of arginine in the meodiumg these engymes
are yrepressed by arglaine in the ceriginal wild type
strain, In Loth these examples the muitation supposed
to cause logs of vepressoyr is relatlvely distant Lrom
the genes controlling the structuves of the ensymes
whose formation ds derepressed,. A change from
induction to pepression depends on a change in the

ragulotory gone.

These findings provide support Ffor tho widely
held assumption that induction and repression represent
the opevation of very similar regulatory mechanisms
{Jacob ama Momod, 1961la, 1961ibg Cline and Bock, 19663

Vogel and Vogel, 1967).

the eperon structure: In bacteria the enzymes that
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determine a single metabolic pathway are olten
determined by a group of clustered genes that
constitute a genetic unit of fTunction. Such a unit
of function has been called an "operon™ by Jacob and
Monod (1961). An operom will be defined as a group
of comntiguous structural genes showing coe-ordinate
expression and their closely assocliated controlling

slites,

Controlling sites are elements whieh determine
the expression of only those genes to which they are
attached, This definitlioun is similar to the
oviginal usage of the terwm (Jacob et al., 1960). It
does not presuwe any pariticular wmechanism of
regulation, and it includes operons consisting of only
a gingle gene as well as operons whose rate of
expression does not appear to be subject to any

specific regulatovyy process.

Relative locations within aun operoun have been
described as either “proximal" or “distal®™, these
terms veievring respectively to whethey a given gene
oy point within a gene is closer to opr favther away
from the controlling sites of an operon. Most of the
well chavacterised operons are under the control of

regulator molecules coded for by distinct regulatory



genes. Although some of these regulatory genes are
closely linked to the operons they control, their mode
of actlion does mneot require any such linkage and
therefore they are not considered to be part of the
OPperor. In cases where the operon is subJject to
control by regulatory genes, there is included amongst
the controlling sites an operator region, which was
defined as the site of action of the regulator. Again,
this definition of an operator is a general one and
includes no agssumptions about the mechanism of
regulator action, The controlling sites must include
regions which are involved iun the initiation of
trangscription and translation. The term "promoter"
was used to refer to a site which serves to initiate

transcription of an operon.,

There is evidence that the promoter is separate
from the operator region. Ippen et al., (1968) have
reported that the operator inm the lac operon in
Ischerichia coli has been mapped between the promoter
and the first structuvral gene. Since present evidence
does not suggest that any of the product controlling
sites are tramslated into a protein molecule, these
sites are not called genes. The term gene 1s reserved

for a region which codes for a functional cytoplasmic
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product.

The "effectort is the compound, usually a small
molecule, which acts as the physiolbgical signal to
alter the rate of specific engyme synihesis in response
to changes iun the environment of the cells. "Inductlion"
and "repression" refer, respectively, to stimulation
or ivnhibition of the asynthesis of specific engymes in
response to the addition of a compound presumed to

increase the effector concentration in the cell.

The initial process by which a gene is expressed
as a protein, is the transcription of the gene into
a single stranded molecule of mRNA complementary to
the base sequence in one of the DNA strands of the
gene (Hayashi et al., 1963; Marmur and Greenspan,
1963; Hall et al., 1963; Hayashi et al., 1964).
This mRNA 1s symthesised in the 5' to 3% direction
(Shigeura and Boxer, 1964; Bremer et al., 1965;
Goldstein et al., 1965). Ribosomes, tRNA and a variety
of engymes cowoperate to translate the unstable mRNA
into protein, this tramslation also proceeding in the
5! to 3' directiom (Trach et al., 1966; Wahba et al.,
1966; Streisinger et al., 1966; Brammar et al., 1967).
In operons in which both the location of the controlling
sites and the direction of transcription or translation

are known, the controlling sites are at the extremity




from which transceriptlon and translation begin
(Yanﬂfsky et al., 19643 Imawoto and Yenofsky, 1967;
Katze et al., 19663 Brown et al., 1967). This
location suggests that specific regulation invelves
contrel of the dnitiation of either transcription or

translation.

Deviations fyom the opoprow sirugture as degeribed in
the Jacob=Monodts model: While several oxamples are

known where genes of related function are co-ordinately
gontrolled in an eoperon, it is almost as easy to fiud
oxnmples of blosynthetic sequences to which the opevown

motel seemsn net to apply.

The besgt known case is periaaps that of aprginino
synthesis in Hscheyichis coli. Avginine is synthoeslised
thyough seven chewmicgal steps stnrting with glutemic
acid, sach atep bheing catalysaed by a different engywne.
Gowrini (1961) has shown that these enzymes ave controlled
by genes only two of which sve closely linked, the
repainder beilng scattered wound most of the genetic
MELD o In spite of this, the ocnzymes are, at lLeast in
some sitirains of Dschevichia coli, subject to a common
repression by arginine, The yepression in this case
does not, however, scem o be co-ordinatad as botween
the different ongymess 1t seceme to aet much moxe

strongly on some engymes of the avginine series than
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on othevrs.

In ordey to interpret this situation they proposed
(Maas, 196i and Vogel, 1961) that the easiest way of
bringing the arginine case into line with the operon
hypothesis, is to regard each isolated arg gene as
ax independgnt operon with its own operator. A common
vepressoy might then act on ail the operators but not
necessarily to the same extent in each case. The
idea of a common represgoir is suggested by the existence
of matants in which at least several of the engymes
have becowme siwmulbtaneously nonerepressible by

arginine (Jacoby and Gowini, 1967; Gorini, 1961).

It is 8till somewhat difficult to see why sowme
biosynthetic sequences should be vegarded according
to the opereon pattern and others in a less cow-ordinated
WET . It may be that when a soet of enzymes is
exclusively concerned with the synthesis of a. single
substance, so that theyre is no possibility of any
membey of the set having a function in the cell not
shared by the others, then they are best controlled
by a block of genes subject to strictly coe-ordinated
regulation. However, if some enzymes cf the set
have functions mnot shared by the others, perhaps

through their being involved in breakdown as well as



biosynthetic reactions, then it may be to the advantage
of the organism to be able to regulate their levels
independentlﬁ, and so a looser kind of coe-ordination
way have become established during evolution (Fincham,

1965).

Control mechanism: The cowordinated expression of
the genes in an operon camn be explained by two
postulates: a) that all of the proteins coded for by
a particular opervon are translated from a single
polycistronic wRNA molecules and b) that the
regulation of operon expression occurs at the level
of syuthewsis of this mRNA (Jacob and Monod, 196la,
1961b; Mawtin, 1963). Thus the genes of an operon
are elthexr expiressed, or not as a unit, Both of
these postulates are strongly supported by studies
on the gsynthesig and size of mRNA in a nuwwber of

svyastems.,

Biochemical evidence that operon mRNA is
polycistronic, reasts largely onm the demonstration
that in the three operons exzamined (hia, lac, try) the
size of the specific mRNA dis about that necessary to
caryy the infovmation from all of the genes of the
operon (Guﬁtman and Novic, 1963; Imamoto et al., 1965).

Studies on the average size of lac polysomes are
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consistent with the synthesis of a single polycistronic
wRNA for the lac operom (Kiho and Rich, 1965). In
addition, the genetic evidemce that all of the
controlling sites of am operon map at one end of the
operon shows that independent initiation of mRNA
synthesis at the beginning of each gene does not occur

under normal conditions.,

It has been found that under cexrtaln chemical
conditions the initiation of tramscriptiom can start
at internal sites of Escherichia coli (Imamoto, 1968).
The regulation of the amounts of specific operon mRNiAs
in the bacterial cell has been examined by doublew
labelling techniques and by RNADNA hybhridization

exXperiments,

In four operons the amount of operonegpecifilc
mRNA rises when the operon is expressed, and for three
of these operons there is a good correlation between
the amount of specific mRNA and the degree of
expression of the operon (Maxtin, 1963; Attardi et

al., 1963; Hayashi et al., 1963; Imamoto, 1965).

In three opevous lac, his and gal, the appearance
of the engymes after induction or dewxepression is
sequential, the product of the more proximal genes

appearing before that of the more distal ones (Alpers
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and Tomkins, 196%; Leive and Kollin, 1967; Kepes,
1967). This sequence is entirely consistent with
the evidence that both transcription andtranslation
proceed from the proximal to the distal genes of an

operon.

Which of these two processes is primarily
respongible for giving the sequential appearance is not
known. In the his operon, the sequential appearance
is replaced by simultaneous appearance of all enzymes
under some experimental conditions (Berberioh, 1966,
1967). These alternate modes of appearance of the
engymes suggest that under some conditions initiation
of translation of the reglons of the mRNA corresponding
to distal genes may occux independently of translation

of the proximal genes.

The apparent sequential translation of operon
mRNA does not, in general, result in decreasing amounts
of distal gene products. In three operons (his,
try, gal) there is an equimolar synthesis of monomeric
protein subwunits Irom several of the gemnes including
the most distal and the most proximal ones (Imamoto and
Yanofsky, 1966; Wilson, 1966). The only operon for
which this is not the case is lac, where the synthesis

of the distal engywe, acetylase, is tene«fold less than



that offg-galactosidase even though these two enzymes
seem to be subjected to coeordinate comntrol (Zabin,
1963). Reduced expression of the acetylase may be
related to the fact that this engyme is not essential

to the pathway determined by the lac operon (Fox et al.,

1966).,

9. Evidence for the conservation of genetic
material during differentiation

The tissues of the adult organism differ essentially
from one another in the protelns they contadin.
Information concerning the structure of each individual
protein is contained in the DNA of each cell. In any
one tissue, only a given Traction of the information
enclosed in the DNA ie transcribed and translated into
protein; wvhevreas in another tissue, a different portion
of the genowe is expressed, This is known as
cytodlfferentiation. A mechanism wmust, therefore,
exist in each cell whereby a definite part of the
genome is seclected for translation into proteins;g this
could occur eithexr by selectively destroying the
unwanted genes in differentiated cells ox by masking
the uwnwanted genes so that they are conserved but

incapable of expression.

Examples which follow the firsgt kind of mechanism

come from studies in cextaln invertebrates, wnamely,
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the horse nematode, Ascaris (Wilson, 1925) and the gall
midge, Mayetiola (Whi%e, 1950) in which diffeventiation
is achieved by the selective loss of genes, Only the
goerm cells of these specles contain the full chromosome
complement, Another example which follows a similar
mode of differentiation is provided by the mammalian
erythrocyte. In most species mature erythrocytes are
formed by the extrusion of the reticulocyte nucleus.
However, these are thought to be extrewe forms of
differentiation on the basis of evidence councerning the
qualitative and quantitative estimation and
characterisation of DNA in other differemntiated animal
tissues, All of these examples shavre a common
characteristic: they awve irrevergible as far as the

Tfate of the cells involved is concerned,

The general rule in wost animals is that the full
chromosome complement as ddentified morphologically, igs
presevved in every tissue, Chemical amnalysis of the
total DNA content of different tissues of a particular
species indicated a constant DNA content in normal
diploild nuclei of a varlety of cell types, within the

liwmits of accuracy of the method,

Studies of hybridization of DNA from different

mouse organs with DNA from total mouse embryo by McCarthy
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and Hoyer (1964) and in Xenopus by Denis (1967) shows
that there are not any distinguishable differences

in DNA polynucleotide sequences in all organs of the
mouse. Inaccuracies of the method less than 1% would
8tdll permit great differences among the tissues to be
undetectedf These cases are not proof that alterations
do not take place in the genes of the several tissues
which have been studied; but in some cases there is
gtrong evidence that the total genetic complement

remains in differentiated cells.

The most convincing evidence 18 provided by some
experiments dome by Gurdom (1962 a, b; 1966). It was
shown that transplantation of an intact nucleus from
the intestinal epitheliuwm of a tadpole to an egg in
which the nucleus has been inactivated by radiation,
can permit the egg to develop quite normally into an
adult, This experiment provides strong evidence
that some intestinal epithelial cells contain all the
genetic matexrial necessary for the normal development

of a toad.

Another indication that cytodifferentiation in
animals can proceed without any change in the genetic
composition comes from the work of Hadorn (1965) on

insect larvae. FMarthermore, these results demonstrate
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that diffeprentiation need not involve drreversible
changes in any significant part of the genome and
irreversible gene inactivation mechanisms cannot be
regarded as the fundamental cause of differentiation.
A particularly relevant finding for plants is that

of Braun (1959) who showed that a single somatic cell
of tobacco is potentially able to give rise to an

entive tobacco plant.

The experiments on nucleay transplantation in
amphibia as well as the axperiménts from plant tissue
provide conclusive evidence that differentiation may
occur without any qualitative change in the DNA within

the nucleus of the cell.

Given the depemdence of functional cell character
on the cell genome and the equivalence within any one
organism of these genomes, one is led directly to the
proposal that selective variation in gene activity
lies at the 100t of the differentiation phenomenon.
Thus the small fraction of the organism's (or cellt's)
genetlically borne capeabilities which actually materialise
in any oue cell type must indicate the resivriction of
gene expression to only the appropriate small fraction
of genes needed to direct that cell's apecial behaviour,

The vrest of the genome in the cell is to be regarded as



repregsed, i.e. inhibited from synthesilsing RNA, These
two corollaries, that only a small portion of the

genome is active and that in any differentiated cell
most of the gemome is repvessed (reversibly), follow,.
necessarily from the varlable gene activity theory of
cell differentiation. The seaious proposal that
variable gemne activity could underlie differentiation
can be considered to date from the writings of Mirsky
(1951; 1953) Stedman and Stedman (1950) and Somneborn
(1950).

10. Characteristics of differventiation

During cell division of an embryo, each daughter
cell receives an identical set of chromosomes and
presumably therefore an identical set of hereditary
potentialities. Yet these daughter cells commonly
follow their own independent pathways of development
until finally at late stages of differentiation they
exhibit remarkably different phemotypes (Bell, 1965;
Locke, 1963). Thus identical genotypes give rise to
considerably different phenotypes, as different as nerve

and muscle and pigment cells. This process is known

as cell differoentiation.

One of the major problems of differentiation is

bow developing cells acquire aspecific biochemical
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characteristics, and how these are linked to
morphological development and cellular function (Harris,
1964; Mazia and Tyler, 1963). Though it is believed
that the entire complement is contained in the
differentiated cells (except for the extreme cases
which have been mentioned before) each specialised cell

contains characteristic amounts and kinds of proteins.

A classical example is the erythrocyte and
its precuxrsoy the reiticulocyte which produces
principally a single protein, haemoglobin, It
may be concluded that in.the precursoxr cells of
the erythrocytes, the genes for making hacmoglobin
are "turmed on", to produce the mRNA for the
production of haemoglobin. Contrarywise, in other
specialised cells of the sawe organism, no haemoglobin
is produced although other proteins are. Wilth the
new concept of kmnowledge this can be interpreted
that in these other cells the genes for making
haemoglobin are inert, and do not make their mRNA,
The presence of partially diverse RNA populations
specific to given differentiated cell types and to
given states of differentiation represents a direct

verification of the variable gene activity theory of
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cell differentiation 1.e. in liver regeneration
(Thaler and Villee, 1967) and in hormone response

(0'Malley et al., 1968.)

Thus in differentiating vertebrate cells, we
find mechanisme vesponsible for the acquisition and
loss of functional characteristics. However, unlike
the bacterial cell, the stimuli that inditiate and
establish these alterations in developing vertebrate
cells cannot be attributed to obvious environmental
changes and are not as well understood as in bacterial

cells.

However, several instances have been reported
where animal cells demonstrate reversible enzymic
induction in a2 mode similar to pscecudo=-differentiation.
Such appears to be the case with glutamyltransfevase
in Hela cells and strain L cells in continuous culture

(De Mars, 1958; Paul and Fottrell, 1963).

Another example of mammalian enzyme which behaves
in a simllar way as the adaptive phenomena in bacteria
is tryptophanepyrrolase. In rat and mouse liver the
specific activity of this enzyme can be substantially
increased elther by cortisone treatment or by Ffeeding
excess btryptophane (Knox and Auerbach, 1955; Xnox,
1956). The mechanism involved in the control of this

engyme is more complex than those postulated in micro-
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organisms. It has emerged thoat different inducers
operate at different stages of protein synthesisj
the level of the enzgyme results from several

simul taneously operating factors.,

Another example is the stimulation of tyrosine
aminotransferase synthesis by dexamethasone phosphate
(adrenocortical steroid) in HTC cells (Granner et
al,, 1968), Thedr result had suggested that the
steroid-induced increase in tyrosine aminotransferase
activity in these cells is due to a faster rate of
enzyme synthesis, In this work the antigen-antibody
precipitin reaction was used to study if the induction
could be attributed either to an increased amount of
engyme protein ox to an activation of pre-~existing
enzyme® molecules. Tmmmotitration studies show that
the increase in engymic activity does not result from
the eonversion:of an immunologically cross-reacting,
catalytically inactive precursor to active enzyme.

In addition, using the antibody, the rates of amino
acid incorporation into tyrosine aminotransferase in
induced and uninduced HTC cells were compared, and
the results show that the dexamethasone increases the
rate of tyrosine aminotransferase synthesis by a

factor of 15 to 30 over the uninduced control.
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Although differences between the two control
mechanisms are undeniable, the existing similarities
are considerable enough so that cautious extrapolations
might be made from studies on micro-organisms to the
situation in cells of higher organisms, One of the
questions of major importance in differentiation, is
concerned with the mechanisms by which differentiated
cells maintain their characteristics in the wmature
organism, Adult cell types in animals do not ordinarily
alter thelr functions except during degemneration or in

dedifferentiation in consequence of tumorogenesis,

The masking hypothesis has been proposed as a
possible mechanism for the explanation of inactivation
of genes. Bvidence for such a mechanism has been
obtained from studies on the giant chromosomes of
certain insects, where development is accompanied by
intense RNA synthesis at localised specific regions
of the chromosome (Beerman, 1959; TBdstrom, 19623

Becker, 1959; Clever, 1966). - ’

11. Cell proliferation

There are several populations of cells which under
ordinary conditions, display & very slow DNA synthesis
and proliferating activity, but which can become very

active when exposed to the proper stimulus. If these



populations of cells are stimulated, first they
enter a DNA synthesis phase which is followed by a

wave of mitosis.

These situations are referred to as wmodels of
stimulated DNA synthesis and their interest lies in
the fact that one can follow the steps structural or
functional leading from a quiescent state to DNA
synthesis and cell division. The cases which will
be discussed include mainly in vivo models, i.e. a
single application of stimulus in mammalian tissues
o organs. All these models have in common a pre-
replicative period, that is, a lag time varying from
12 hours to a few days, between the application of

the stimulus and the onset of DNA synthesis,

There 18 evidence that a very early increase of
RNA synthesis is predominant during the first hours
after the application of the stimulus. Fukioka and
Lieberman {(1963) were the first to demonstrate an
increase of RNA synthesis almost immediately after
partial hepatectomy. This increase, reaches a maximum
of about 80% above the control within the first 5
hours., The increase in RNA synthesis is accompanied
by a doubling in RNA polymerase activity which reaches

a maximum after 12 hours of partial hepatectomy
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(Tsukede and Lieberman, 1964). A prompt increase in
RNA synthesis has been shown in spleen cells after an
injection of erythropoetin (Hodgson, 1967), in
eptrogen stimulated rat uterus (Hamilton, Widwell and
Tata, 1965; Means and Hamilton, 1966) and in
phytohemagglutinin~stimulated lymphocytes (Mueller and
Le Mahieu, 1966).

Malt and Mueller (1967) showed that after
nephrectomy the production of both nuclear precursors
of rRNA and mRNA was observed. Estimates of mnRNA
were inversely related to the estlimates of nuclear rRNA
and to mitotic activity. Malt et 2l., (1969) reported
the presence of labelled giant HnRNA (108 - '708) during
a pulse~label after uninephrectomy and its
disappearance after 60 minutes. They suggested that
the decrease within an hour after uninephrectomy is a
counsequence of faster metabolism of the HnRNA:; this
phenomenon is probably related to the "switch-on' of
renal RNA synthesis that is also responsible for the

compensatory hyperithrophy.

Very recently it has been observed that within 12
hours after a single injection of follic acild there is
an increase of about 200% above the control of the
nuclear RNA synthesis, in rat kidney (Threlfall et al.,

1969). Basiec nuclear proteins (histone-like) are also
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increased after folic ecid with a maximum after 26
hours of treatment. These early changes in RNA
synthesis have been suggested by many authors as
gene activation, an hypothesis which has not yet
been rigorously proved. Perhaps good evidence in
this respect is the finding of Lieberman et al.,
(1963) that the stimulation of DNA synthesis is
inhibited by very small doses of Dactinomycin in
regenerating liver and in primary explants of rabbit

kidney cells.

More support for this hypothesis comes from
the work of Church and McCarthy (1967) who investigated
the appearance of new RNA specles in the mouse liver
after partial hepactectomy. They claiwmed that new
speciles of RNA were synthesised as early as 1 hour
after hepatectomy and that othex speciles appeared at
later times, while the species synthesised in fthe
early hours were discontinued. They interpreted
their results as indicating that regenerating liver
RNA dis the result of reactivation of genes repressed

in adult liver.

It is reasonable to assume that part of the RNA
synthesis during this period consists of ribosomal

RNA, probably necessary for the growih of cells prior
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to division and part of the RNA consists of template
RNA for the synthesis of new enzymes mnecessaxry for
DNA synthesis, such as thymidine kinase, thymidylic
kinase, DNA polymerase, deoxycytidylate deaminase

and others.

The first assumption is supported by the finding
that the newly synithesised RNA is mostly ribosomal
(Blnom, Torado and Green, 19663 Drew and Brawerman,
1967). The second assumption is supported by the
observation that actinomycin D given at this early
period blocks the appearance of DNA polymerase
(Fausto and Van Laucher, 1965), thymidine kinase
(Lieberman et al., 1963) deoxycytidylate deaminase

(Holtzer et al., 19064).

However, other proteins must be synthesised

at this time. Majumbare et al., (1967) have shown
that partial hepatectomy increases the vrates of
synthesis of serum albumin and fibrinogen, proteins
that are formed mainly or entirely by the livern.
Mueller and Le Mahieu {1966) showed that
phytohemagglutinin-stimulated lymphocytes synthesise
J -globulin. An accumulation of proteins in the
lamen of kidney tubules stimulated by folic acid

has been obserxrved by Baserga and Thatcher (1963).
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Changes in the ENA and protedin synithoesis seem to be
the mest prowingnt cvents in the flyst few hours of
the preveplicntive porled after she opplication of

o obdmmlius.

Any dnformntion of the Teate of the stimuluo con
Bhaverw Light on the pyrocess of DEA synthesis and
sapaeianlly to the reguloetory woechounlswms which pireceds
it amd eontyel 4. Thig of course is not possible
widir the regenerating 1iver but 4t is feasible in
model syetems stisulated by chesionl meawns,
sepeoinlly when 4% ds o ohenieally purified compound,
suveh as folie aecldd, esivogen or isovprotorencl. The
stlmulntory setlvity on UNLA synthosis of Toelic aclid
{(Threlfall, 1948) and lsopreterencl has bewn recaubly

dlanovarad.

The provalent hyvpotheaio on the mechondise of
stimuloted-DHA svnthesis de thot of pgone aebtivoition,
Tt de moinly boasad on the thooyy thoat DA oynthesis
depends obn activetlion of £ poritlien of the mowssiion
genoms that diveeivly controls tho wrepliecation of
thie onbive penome {(Bosoven, 31968), Conaoguently,
thoe stderive Fer DNA pynthesle potlvates o segmentd
off the genowme, whieh weugponds by making RUA nocosssory
for ceding she various cusymes regulred foer DNA

synthosds ond cell division.
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12. Methodology of hybridization

Recently the DNA-RNA hybridization techulqgue is
applied to the analysis of differential gene transcription
in simple and complex organisms. Several methods
developed for the detection of hybrid formation will

be described.

The first successful demonstration for hybrid
formation between DNA-RNA was reported by Hall and
Spiegelman (1961). They showed that the RNA is able
to form & bybrid molecule with the DNA reglon on which
it hes been transcribed during a slow cooling of the

mixture.

Volkin and Astrachan (1956) had shown that RNA
formed after infection with bacterdiophage T2 possessed
an apparent base ratio analogous to that of T2~-DNA.
Nomura et al., (1960) confirmed this observation and
in addition they offered evidence for the existence
of a "T2=gpecific RNAY" which was different from the
bulk of the Eschevrichia coli RNA in electrophoretic

mobility and average sedimentation coefficient.

Hall and Spiegelman (1961), in order to examine
the complementarity of sequences between T2~specific

RNA and T2-DNA, extracted RNA from Escherichia coli
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after infection with T2, and that was hybridized
with the homologous T2-DNA. They showed that the
RNA is able to form a hybrid molecule with the DNA
region on which it has been transcribed, during a
slow cooling of the mixture in 2 solution of 0.03M
sodium citrate and 0.3M NaCl at a pH of 7.8. When
the temperature reached 2600 (starting temperature
65°C) the solution containing denatured DNA and RNA
was removed and brought to a density of 1.7k g/ml

by adding sultable amounitas of CsCl and Water.
Undenatured DNA wes added to the solution as a
rveference marker, The solutions were centrifuged
at 93,000 r.p.m. in the 8W-39 rotor at 25°C for five
days. The CsCl density gradient centrifugation
permits a clear separation of BHmTZ DNA from 32P-RNA
and provides therefore a tegst for interactions leading
to the formation of RNA-DNA hybrids. Comparison of
the profiles of 3H and 32P obtained showed clearly
that slow cooling of the single stranded DNA and RNA
produces & new peak of 32P which contains a DNA-RNA
hybrid having approximately the same denslty as
denatured T2-DNA, Thus the complex does in fact
contain considerably more DNA than RNA, as 4t must be

for complexes having a definite structure. The
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DNA:RNA L5 in bhybrid. That this interaction is unique
to the homologous pair is shown by the virtual absence
of such complexes when T2-sgpecific RNA is slowly

cooled with heterologous DNA,

In attempts to £find out 1if the DNA contains
sequences complementary to homologous ribosomal RNA
Yankofsky and Spiegelman, (1962) used the technique
desgcribed above, but they introduced a new technique,
that is the dependence on the resistoence of hybrids
to ribonucleasge for discrimination between chance
pairing inveolving vregions not completely complementary

and specific hybridization,

Bautz and Hall (1962) used phospho-~cellulose
acotate to immobilise denatured T& phage DNA. The
mechanism in this attachment involves covalent bond
formation between the glucosylic hydroxyls of the
DNA and phosphate groupse on the cellulose. The use
of this method is thus limited, since only some

bacterlophages contain glucosylated DNA.

Bolton and McCarthy (1962) used & new device
for immobllising any high molecular welght DNA, by
physical entrapment in cellulose acetate gels or in

agar gels. Cellulose ecetate or agar were mixed
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with denatured T2-DNA and washed with 2 x 88C at
60°C, Trapping of DNA was between 50 - 100% of the
input. Incubation of 50 pg labelled T2-specific

RNA in 2 x S8C with DNA-cellulose acetate or DNA-agaw
containing 0.5mg DNA, were carried out at 60°c for

15 minutes either in a thick slurry in a screw top
vial or in a chromatograph tube heated by circulating
water. After incubation the preparations heated in
vials were transferred to chromatograph tubes heated
at 60°C. The columm was washed with ten oxr more H5ml
aliquots of 2 x 88C in order to wash away the
unabsorbed material. The contamination was reduced
to 0.01% of the total. The bound nucleic acid was
then recovered by reducing the salt concentration to
0.01 x $8C, raising the temperature to 75°C and

collecting the fractions.

Nygaard and Hall (1963; 1964) have described a
technique for the formation of RNA-DNA complex. This
method is based on the observation that the
nitrocellulose filters in salt solutions can absorb
denatured DNA but not native DNA or RNA. Reaction
mixtures were prepared by mixing RNA, DNA which had

been heat denatured, and KCl to a final concentration
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of 0.5 M in a total volume less than 1lml. The mixture
was heated at 67°C for 1 - 2 hours and then cooled in
ice. 3mls of 0.2 M KCL containing 5mg/ml ribonuclease
were added and incubated for 30 minutes at 37°C.  The
solutions were then passed through nitrocellulose
filters, previously soaked in 0.5 M KC1l for 30 minutes.
The filters were then washed with 60 mls 0.5 M KCi,
dried at room temperature and counted with scintillating

solution and counted.

The above mentioned conditions were found as
optimal conditions according to theilr kineitic experiments
using T2-DNA and "T2-specific RNA® (RNA from Escherichia
coli after infection with T2). The maximum amount
bound was approximately 0.3 ng RNA/Fg T2 DNA. This
is consistent with the complex being one-strand RNA
and one~sgtrand DNA, provided that ceritain regions of
the T2 DNA do not participate in the reaction. Hall
et al., (1963) have shown that only 50% of the
polynucleotide chaing of denatured T2 DNA are capable

of binding T2 RNA.

One disadvantage of the liquid hybridization
technique has been pointed out, namely, the occurrence
-
of DNA{E&A reanmesaling which reduces the opportunity

for formation of RNA-DNA hybrids. As it has been
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pointed out by Nygaard and Hall (1964) the DNA~DNA
reannealing takes place under the same conditions

as the formation of RNA-DNA hybiid.

Gillespie and Spiegelman (196%) described the
following method where DNA is immobilised irreversibly
on filters thereby reducing the risk of DNA~DNA
re-agsociation. DNA was denatured by the alkalil
method and immobillised on mnitrocellulose filters by
passing it through the filters. The DNA was
previously diluted in 2 x SSC and the filters were
presoaked in 2 x 88C for 1 minute. The filters
were then washed from both sides with 100 mi of 2 x
88C and wevre subsequently dried at room temperature
for at least four hours and at 80°C for another 2
hours in a vacuum oven. Hybrids were formed by
immersing the filters in vials containing labelled
RNA in 2 x 88C or 6 x 88C. Annealing was carried out
at 67°C for 18 hours after which the vials were
chilled in an ice bath. The fllters were then
washed on both sides with 50ml 2 x SSC. RNA not
completely complexed is destroyed by immersing the
filters for 1 hour at room temperature in 2 x 88C
containing 20pg/ml of heated pancreatic RNase.

After RNase treatment the filters were rewashed on
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each side as described above. TMnally, the filters

were dried and counted.

Church and McCarthy (1967) claimed that the
stability of the DNA-RNA hybrid is strongly dependent
on ionic strength. They presented data in which
thermal dissociation of the hybrid was studied at
two different salt concentrations (2 x S8C and 0.5
x S8C) with or without RNase. From their results
they suggested that whether oy not RNase is used,
the mean stability of the hybrid is the same and

not higher when RNase was used.
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MATERIALS

Unless otherwise stated, British Drug Houses (Analar

grade) supplied all reagents for chemical solutioms.

LIsotopes

3H uridine carriexr free BZP-orthophosphate were

supplied by the Radiochemical Centre (Amersham, England).

Nucleic acids and precursors

Nucleoside triphosphates, ATP, GTP, CTP and UTP
were obtained from Koch Light Limited. Highly polymerised

yeast RNA was supplied by British Drug Houses Ltd.
Ingzymes

Crystalline pancreatic ribonuclease (bovine) was

obtained fyrom Sigma Chemical Company. Stock solutions
of 2mg/ml in water pH 7.0 were first heated in boiling
water for 10 minutes to destroy any deoxyribonuclease

activity, and stored frozen.

Deoxyribonuclease I was prepared electrophoretically

by Worthington Biochemical Corporation. Solutions of
M
img/ml in O.OEKglycine were stored frozen.

Pronage from Calblochem. was supplied as a powder
which was dissolved in water to a concentration of

500 g/ml. The solution was autodigested at 37°¢ for
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2 hours prior to use to destroy any nuclease activity.

Preparation of macaloid

Macaloid, a purified be&tonite (sodium magnesium
lithofluorosilicate) is a potent inhibitor of ribonuclease
activity (Stanley et al. 1965). It was a gift from the
Baroid Division of the National Lead Company, Texas.
Macaloid was further purified by blending a 5% (w/v)
suspension in water and dialysing for two consecutive 24
hour periods against 25 x volumes of distlilled water.

It was stored at -1500.
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METHODS

1.1 Preparation of nucleil

1) Citric acid method:

The chopped tissue is hemogenised for 1 minute in
20 volumes (w/v) of 0.025 citric acid using a Potter=-
Elvehjem type homogeniser fitted with a teflon pestle.
The homogenate isa filtered through two layvers of terylene
gause and centrifuged at 2500r.p.m. (approx. 1500g) Ffor
10 minutes. The supernate is discarded and the nuclei
are washed three or four times in 20 volumes of 0.025M
citrie acid until the supernate 1s clean. The entire
procedure was carried out at 0 = 300. The purification
of the final preparation was tested by stadining with

brilliant cresol and viewing under a microscope.

2) Sucrose method:

The tissue is homogenised in 10 volumes of 0.33M
sucrose; l4mM CaCl, using the same type of homogeniser
as in method I. The homogenate is filtered through two
layers of terylene gause. It 48 centrifuged at 2000r.p.m.
(900g) for 10 minutes. The pellet is resuspended in

0.25M sucrose; I3ImM CaCl, and centrifuged at 2000r.p.m,

2
(1000g) for 15 minutes. The pellet is suspended inm 3ml

of 0,25M sucrose; I3mM CaCi? and 15ml of 2.4M sucrose



BmM CaClz is added, It is centrifuged for 1 hour at
3700r.p.m,., in 8 x 25 rotor. The pellet is resuspended

in 0,25 sucyrose; 3SmM 0&012.

3) The Triton X-100 method:

The tissue is homogenised in 9 volumes 0.25M sucrose;

2uM MgCl, using the same homogeniser as in method I,

2
The homogenates were filtered through a single layer of
coarse cheese cloth, After centrifugation of the

filtrate at 2000r,.p.m. (1000g) for 15 minutes the sediments
were resuspended in a solution containing 0.5% (w/v)

Triton X-»100; 0.25M sucroge; 1lmM MgClz. Two washings
with the detergent solution were required to obtain a
satisfactory nuclear preparation, The final nuclear

pellet could be resuspended in 0.25 sucrose; 1ImM MgClz.

The entire procedure was carxried out at 0 = 300.

1.2 Preparation of chromatin

The nuclei were suspended by slight homogenisation
in 0.15M NaCl; O1lM Tris«~HCL pH 7.5. After 10 minutes
in ice the material was pelleted at 2000g for 10 minutes,
The pellet was suspended in distilled water. Vater
washing was continued until a viscous gel was formed.

This wmaterial constitutes chromatin.,
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2. The DNA dependent RNA polymerase Lrom Micrococus
lyvsodeikticus

2.1 The purification and properties of RNA polymerase

RNA polymerase was purified from M. lysodeikticus by
the method of Nakamoto et al. (1964). A 30g batch of
spray=dried cells fyrom Cambrian Chemicals or Sigma Chemical
Co. was suspended by Waring blender in 300mls 0,.01M tris-
HC1L pH 8 and centrifuged down at 20,000g for 10 minutes.
The pellets were suspended im 600mls, 0.2M sucrose;
0.01M tris-HCL pH 8 at 3000, 200mg of crystalline lysosyme
added and the suspension incubated at 30°C for 45 minutes.
After 15 minutes, l.5mi O,1M MgCl2 were added with
rigorous stirring, and likewise after 45 minutes, 4,5mls
0.1M MgClz added. The lysate was diluted with an equal
volume of ice cold water and stirred thoroughly. A
viscous gel formed and was allowed to gtand for 10 minutes

in ice. All subsoegquent were carried out at 0 = QOC.

120mls 10% (w/v) streptomycin sulphate (Glaxo Labs.)
were slowly added to the iysate with continual stirring.
The whole procedure took 20 minutes and was accompanied
by a moticeable dyrop in viscosity. After standing for
10 minutes the precipitate was collected by centrifugation
at 20,000g for 10 minutes. The supernatant was decanted

and the pellets rinsed with 1O0Omls distilled water. The
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pellets were washed by light howmogenisation in 200mls
0,001M tris~dHcl, pH 8; 0,2M sucrose; 0.1 per cent
streptomycin sulphate; 0.25M Mgﬂlg, mixed for 10 minutes
and centrifuged at 20,000g Tor 10 minutes. The superm
natant was discarded and the pellets rinsed with distilled

water,

The pellets were suspended in 180mls of a solution
containing 2mis 1M potassium phosphate buffer pH 7.5;
2mls O.1M MgClE; 20mls 2M sucrose by homogenisation.
After sugspension 8mls of 1M potassiuw phosphate buffer
were added slowly with stirring. The solution became
very viscous and was left for 10 minutes before slowly
adding 10mls of 10 per cent streptomycin sulphate as
before, After mixing for 1O minutes the supernatant
wag collected by centrifugation at 30,000g for 30 minutes
and then further centrifugation in the MSE 50 30 head
at 80,000g for 120 minutes. The supermatant was decanted,
carefully avoiding the loosely packed sediment, and its

volume measured.

From a 2.5 per cent (w/v) unneutralised protamine
sulphate (Sigma Chemical Company) solution, an amount
equlvalent to ome~fifth the volume of the above supernatant
was set aside. Assuming that the molarity of phosphate

in the supernatant was 0,05, enough LM phosphate buffer
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was added so that after the addition of protamine
sulphate the final phosphate molarity was 0.18M. The
protamine sulphate was then added dropwise with countinuous
stirring and after 10 minutes the precipltate was
collected by centyrifugation at 20,000g foxr 10 minutes.
The pellets were homogenised inm 30mls 0.2M sucrose; 0.3M
potassium phosphate, mixed for 10 minutes and centrifuged
at 20,000g for 10 minutea. The supernatant was retained
and the pellet re~extracted with 15 mls of the same
bhuffer. To the combined extracts, 2 volumes of cold

0.1 per cent (w/v) protamine sulphate wexre added dropwise
with stirring. The extracts were mixed and centrifuged
as before, The supernatant was discarded and the

pellet homogenised in 10mls 0.2M sucrose; O0.1U4M potassium
phosphate pH 7.5, After 10 minutes, pellets were
obtained by centrifugation at 20,000g for 10 minutes,

and homogenised in 1Omls 0,2M sucrose; O0.3M potassium
phosphate buffexr pH 7.5. After mixing for 10 minutes,
the supernatant was collected by centrifugation at
20,000g foxr 10 minutes. The pellet was rewextracted
with Bmls of the same buffer and cowbined with the

previous extract.

The protein concentration of the extract was

adjusted to approximately 6mg/ml by extracting medium



21

{by E260/E2B0 wethed). Saturated ammonium sulphate
gsolution, satuarated at Ooﬁ. was added dropwise to 40 pexr
rent saturation, After 30 minutes at 0% the precipitate
was colleoted at 20,000z for 10 mimtes. The pellet

was digsolved in 0,14 tris-HCl pH 7.5, sw equal volumo

of glycerol added, aund the solution stored at -20%¢,

The emsyme retalned moat of 1lits original activity under

these conditions,

T™he vsual specific petivity of the engyme at this

stage was about 200 units/mg protein.

2.2 Ihe quantitative asgey Ffor polyuerape activity

Assay conditions were essentially those of Nakamoto
et al. {1964), Incubations were carried out at 37°C
for 10 winutes in cenitrifuge tubes containing 50 pmoles
trig-lCl, pil 7.5; 1.250 woles Mmcig; 100pg oali thymus
DNAs  2.4p moles each of GTP, CTP, ATP, and labelled
urp (3ﬂnﬁTP added to glye 0,5 - 2 x 106me per p mole)
and O.4 » O,%5mg enzyme dn a total volume of O, 5mi.

The yescitlon was terminated by placing the tubes in loe
apd adddng O.1ml %0 per cent TCA, folliowed by Tmls

5 por cent TCA, Where small aswounts of material were
present, O.50g bovine seraw albuwin wes added as carvier,
hefore precipitation, After stending in fece For 10

minutes the precipliate war collected by centyifugation



at 2,000g for 10 minutes. The supernatant were
discarded and the precipltatesz washed three times din
5 pexr ceut TCA, The precipitates were trapped on
Milidipove filters and counted in a scihtillatinn

counter.

A unit of activity is defimned as the amount of
enzywe which catalyses the incorporation of mp mole
of UTP into acideinsoluble material during 10 minutes
" dncubation at 3700,

2.3 A gualitative agsay for ribonuclease and
polvnucleotide phosphorviase activities

Reagentgs

1) Stock yeast RNA solution: A solution
contalning 5mg RNA/ml in 0.1M tris-HCL pH

7.53 1mM magnesium sulphate.

2) VWorking RNA solution: dilutiom of
1 volume of the stock solution with 9

volumes of distilled water.

3) RNA precipitant solution: 2.5g of lanthanum
nitrate in 125mis of 5M HCl and byringing

the voluwme to 500wl with absolute ethanol.

4) Ribonuclease solution: 2mg ribonuclease/ml

in O0.1M tris-HCl buffer.

92
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5) 1.0M potassium phosphate buffer pH 7.4,
required for the detection of the presence

of polynucleotide phosphorylase,

Procedure:s

Tubes were set up according to the following scheme:

BSet of Sample to RNase IM potassium O.1M tris-HCL

tubes be tested soln phosphate pH 7.4
pH 7.4

Rlanks 0,00 .01 0.15 0.135

Samples 0.05 0.00 0.15 0.130

RNasge

e eg 0400 0.01 0.15 0.134

In each tube 1.5ml of RNA solution (0.5wg/ml) was added

and were incubated at 3700 for 90 minutes, The incubation
was terminated by placing the tubes in ice and adding

3.0m1 of cold RNA precipitant solution, The content of
each tube was mixed thoroughly and filtered through
Whatman No., I filter paper. RNA is precipitated as the
lanthanum salt but hydrolised nucleotides pass through

the Tilter and contribute to the 0.D 260 reading of the

filtrates.

The reading for the blanks and for samples containing

no detectable ribonucleolytic activity was about 0.2 0.D.
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The absorbancy of ribonuclease standard solution is a
measure of the ribonucleolytic activity of the samples

under test,

Fe Preparation of RNA

3.1 Nuclear RNA

Whole cell RNA was prepared from finely chopped
tissue by homogenising for 2 minutes in a mixture of 6%
(w/v) sodium 4 - aminosalicylate and phenol=-me-cresol
mixture (15 vol, of each solution), The phenol-cresol
mixture: phenol (detached cyrstals) 500g, mecresol 70ml,
water 55wl and 8B-~hydroxyguinoline 0.,5g. The mixture was
stirred for 20 minutes at 20°C and then centrifuged at
6000g for 30 minutes at 5°¢ and if any emulsion remained
in the upper phase this was removed and centrifuged
again. Sodium chloride (3g) was added to each 100ml
of the clear top layer, which was then re~extracted
with 0.5 volumes of phenol-cresol mixture for 10 minutes
at 20°C and then centrifuged at 8000g for 10 minutes at
500. The aqueous phase was renmoved and mixed with
2 volumes of ethanolem=cresol (9:1 v/v) and the mixture
allowed to stand for 30 = 60 minutes at 2000. Where
nuclear RNA was required the above procedure was carried

out on a nuclear pellet.



The resulting precipitate was centrifuged at 600g
for 15 minutes and the pellet dissolved in a convenient
volume of 0,.01lM Tris-HClL pil 7.5 0,001lM Mg012 and
treated with 20 Pg/ml DNase for 15 minutes at 3000.

The reaction was terminated by shaking with an equal
volume of phenolcresol as before. To the agueous phase
was added 0,25 volumes 6M potassium acetate; 0.3M NaCl
with thorough mixing; followed by 0.25 total volumes
100% ethanol. After mixing the solution was left at
~209C for 60 minutes., The precipitate was collected

by centrifugation at 2000g for 15 minutes and washed

thoroughly in 100% ethanol.

Finally the pellet was dissolved in 15 volumes
0.01lM sodium acetate; O0,01lM NaCl; 0.001M MgCl2
PH 5.0, An equal voluwe of 100% ethanol was added
drop by drop with much stirring and the solution left
at «20°C for at least 2 hours. The precipitate was
centrifuged as before and the precipitation step
repeated until a pinkish trxranslucent pellet was

obtained,

The final product was dissolved in 0.01M Tris~HCL
pH 7.53 0.001lM MgClp and the concentration determined
from the absorbancy at 260mu, An absorbancy of 22 0.D,

was taken being equivalent to lmg RNA/wml.



3.2 Preparation and isolation of in vitro
synthesised RNA

A modified procedure, not employing precipitation
steps, was devised for the isolation of RNA synthesised
in a cell-free system. Incubation mixtures were set up
to contain the following components in a final volume
of Zml. 150p moles Tris-HCL pH 7.5 7.5p moles MnClZ;
50 to 100 Welss units RNA polymerase; 2.4p moles ATP;
2.4p moles CTP; 2.4p moles GTP; 2.4p moles Yu ure
(b to 20 =x 106 dpm/min/p mole; 100 to 500 pg DNA, as
whole DNA or chromatin. Chromatin does not dissolve in
the reaction mixture but can be obtained as a fine
suspension by mixing 1t rapidly with the othexr reagents.
The reaction mixtures were incubated at 3700 for 1.5
hours, and the reaction was terminated by placing the
tubes din ine. The mixtures were treated with 20ug
DNase/ml at 37°C for 15 minutes. The solutions were
shaken with phenol containing 0.1% 8 - hydroxyquinoline
and centrifuged at 2000g for 10 minutes. This step
was repeated until no interface remained. The extract
was then dialysed overnight against 0.01lM Tris~HC1L pH

7.5; 0.001 M Mg012 and 0.05% bentonite or macaloid.

26

The dialysate which contains the in vitro synthesised

RNA was lyophililised and the resulting powder was dissolved



in a convenient volume of 0.01M Tris-HCl pH 7.5;3 0.001lM

3.3 Determination of radiocactivity

Radioactive RNA precipitates were counted by omne of
the two methods O0.iml of NCGS (Nuclear Chicago Solubiliser)
was added to the precipitate and left at room tewmperature.
Wﬁen the precipitate was completely dissolved O.hml water
and 5.5mls dioxane scintillator was added and the sample
was left in the cool and dark overnight and then counted.
Alternatively, after the initial precipitation with TCA,
the precipitate was collected on a Millipore filter (pore
diameter 0.h5p.) and washed with three successive portions
of B per cent TCA, The filters were dried thoroughly
at 5000 and placed in 5ml toluene scintillator fluid
(0.42 pexr cent PPO; 0.021 per cent POPOP in toluene).

Corvection fTor counting efficiency were applied using

standard guench data.

L, Preparation of DNA

DNA was prepared by a modification of the method
described by Marmur (1961) and of Key et al. (1952).
Nuclel are prepared according to the eitric acid method.

The nuclear pellet was neutralised by adding a convenient

97
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volume of 0,.5M tris-HC1 pH 7.4. 10 volumes (v/v)
0.15M NaCl; O.1M é%%A pH 8 were added. In some cases
whole embiyo DNA was prepaved, by first decaplitating
the animals and homogenising in 10 volumes 0.15M NaCl;
0,.1M EDTA for 2 minutes using a Waring Blender. The

homogenate was filtered through two layers gause.

10% sodiuwm leuryl (or dodesyl) sulphate (w/v) was
added to the suspension to give a final concentration of
2 per cent in 1 x 88C and stirred at room temperature

for 60 minutes.

5M sodium perchlorate (or chloride) was added to
a final concentration of 1M and the mixture was stirred
for another 60 minutes at room temperature. The
reaction was terminated by adding an equal volume of
chloroform-octanol (24;1) and shaking the wixture gently
for 1% winutes,. After centrifugation for 20 winutes
at 10,000g the aqueous phase was pippeted off, This
step was repeated until no protein interface remained
To the aqgqueous phase, 2 volumes re-dilstilled ethanol
was added and the DNA precipitate was collected on a
glass vod. The DNA was redissolved in 50mls 0.01 x
58C made up to 1 x 85C in solution Ribonuclease was
added to a final concentration of 50Pg/m1 and incubated

at 3700 for 30 minutes, Following vibonuclease



digestion pronnse was added to 50pg/ml incubated at 37°¢
for 2 hours. The incubation was terminated by shalking
the mixture with an equal voluwe of chlorofeormi octanol
{(2h:1) and this treatment was repeated vntil ve protein
interface i present. The DNA from the agueous phase
wae preciplitated by the addition of 2 volumes ethanol

ns before, and dissolved in 4%m1 0.01 x 88C. Smls of
2 sodium meetatey 00.001M BDTA waes ndded with wixing

followed by a half veolume isopzropyl alechol.

The precipltated DNA was spooled on o glass rod and
then washed successively in 75% and 95% othamel. Finelly,
thig precipltate 1e dissolved in 0.0L x 88C; G.15 NaCl

and sbtored at «20°C.

-

5. Quantitative estimptions

5.1 The guantitative estiwmation of DNA

This is based on the wothod of Burton (1956) whieh
relies on the blue colour produced by the veaction of

diphenyinmine with decoxypontoeses.
Reagentss
A. Re~distilled acetaldehyde (BDH)

B. 1.5¢ diphenyiamine in 1.%5ml concentyrated

sulphuric acid and 100mls glacial acetic acilid.



C. Standard sdlution of deoxyribose in water

at IOOPg/ml.

P. VWorking diphenylamine reagent was made up
on the day of use by addition of 1.0ml of a

1.6 per cent pollution A to %Omls of B.

Procedures

DNA was extracted from materials by heating for
15 minutes at 70°C in a total volume of 2mls 1M PCA.
The supernatant was removed by cemntrifugation at 850g
for 10 minutes and the extraction procedure was repeated
onn the precipitate. The two supernatants were combined.
Standard solutions contained up to 100ug deoxyribose

in a total volume of 4mls 1 N PCA were made.

2mls of reagent D were added vo one ml of the
supernatant or the standard solution and the tubes were
incubated at 7000 foxr 1 hour. The absorbancies were
then read at 600mp against reagent blanks using a
Unican SP 800 spectrophotometer. Standard curves were

linear.

lpg deoxyribose was taken to be equal to 6.2ug

of DNA.

100
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5.2 The guantitative estimation of RNA

This method was based on the orecinol procedure

described by Mejbaum (1939) and modified by Slater (1956).

Roagentss

A. 0.1 per cent {(w/v) solution of ferric
chloride hexahydrate in concentrated

hydrochloric acid.

B, 10 per cent (w/v) solution of oxcinol
(3,5, dihydroxytoluene) in re~distilled

absolute ethanol.

C. Standard D-ribose solution (L. Light
and Company) in water at a concentration

of 10ug/mi.

Procedures

Samples are diluted in KOH in final concentration
0.3 N KoH, The mixtures incubated at 35 - 3700 for
2 hours, cooled in lce and then equal volumes of 2N PCA
were added. The pellet was removed by centrifugation
at 850g for 10 minutes. To the 3mls of the supernatant
containing up to 130pug of RNA, 3mls of A were added.
Standards containing up to 30Pg of Dwribose were similarly

set up., 0,3mls of B were added and the samples heated



in a boiling water bath for 4% minutes. After quick
cooling the absorbancies at 670mp were recorded using a

Unican SP 800 spectrophotometer,

lpg of D-wibase was taken to be equivalent to

h.56pg of RNA.

5.3 The quantitative estimation of protein

Protein content was estimated by the colorimetric
method of Lowry et al. (1931) which is dependent on the

presence of aromatic amino aclds.

a) The Lowry Method

Reagent A: 2g of Analar sodium carbonate in

100mls of 0.1 N NaOH.

Reagent B: 0.5g Analayr copper sulphate and
1.0g sodium citrate in 100mls

distilled water.

Reagent €C: was prepared by mixing 50mls of
Reagent A with Iml Reagent B just

priox to use,

Reagent D: Folin Ciocalteau (BDH) reagent
diluted with water to give a
solution approximately 1M with

respect to HCL.

102
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In lml aliquots of solution (25 - 1L50pg protein/ml) were
added, 5ml Reagent C followed 1O minutes later by 0.5ml
Reagent D. After standing at room temperature for 1
hour the optical density at 750mp was measured on a
Unican SP 800 spectrophotometer, A calibration curve

was also determined with O «~250pg bovine serum albumin.

b) The Bromosulphalein Method

The Bromosulphalein reagent ls 1lml 5 per cent (w/v)
sulphobromophenolphthalein Na Salt (Koch-Light) in 100mi
1IN HC1l and 50mls 1M Citric acid and distlilled water to
250mle final volume. 0.1ml sawmples of protein (1520
0D wnits/ml at 260:11}1) were mixed with 0.lml 0.5 N HC1l and
left for 1 hour at 0°C with shaking. The supernatant
was collected by centrifugation at 2000g for 10 minutes
and the precipitate was mixed with 0.2ml 0.25 N HC1 foxr
another hour. The pupernatants which contained the
histone component were pooled. 0.8ml of 0.5 N NaOH was
added to the precipitate and 0.4ml IN NaOH added to the
supernatant. After incubation for 1 hour at 3700 Iml
of bromosulphalein reagent was added and the solutions
left at 0°C for 10 minutes, The solutions were then
centrifuged at 2000g for 1% minutes and 0,5ml of the

supernatant was added to 3.5ml 0.2 N NaOH,
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The absorbancies were vead at 580mu and calibrated

against 0 ~ 40Oug bovine serum albumin.

6. Preparation of polyacrylamide gels

7N

&éznhg acrylamide was diluted in 10Omls of a buffexr
containing 4.8% Tris; 2.1 per cent Sodium acetate and
0.74 per cent EDTA (pH 7.8) and 0.012g bisacrylamide was
dissolved in the above solution. 0.008mls initiator
of the polymerisation (N! N, N! N! tetramethylene
diamine) was added followed by 0.08mls 10 per cent amuonium
persulphate (catalyst). Using pasteur pipette the
polyacrylamide solution was added to stoppered glass
tubes and 0,.1lml distilled water was layered on the top of
each. Geles were left to polymerise at voom temperature.
When the polymerisation was over the stoppers were
removed and adequate buffer was added to each reservoir.
To vremove catalysts etec. it is necessary to apply voltage
to the gels for 1 hour {(# m A per tube). The samples
were in 3 per cent sucrose in TEM buffer and were added on
top of each gel. Voltage was applied for 45 - 60 minutes.
FPinplly, the giis vere removed from the tubes and put

b Ul
E%ikinto to%ﬁidin@Laolution 0.2 per cent for one hour.

If it was desired to scan the gels in the c¢hyomoscan,
then at the end of the run the gels were put at distilled

water for 1 hour in ovder to remove the BEDTA.
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1. Principles of hybridization technique

The analysis of selective gene transcription may
be conveniently underitaken by employing techniques of
DNA~RNA. hybridization. Thie method 1is based on the
ability of RNA to form a hybrid molecule with the DNA
region on which it has been tranacribed.(ﬁall and
Splegelman, 1961). In studies of viral and bacterial
RNA hybridization, convincing evidence has been
presented showing that ﬁngalactosidase mRNA will
combine specifically with the DNA of the lac operon
(Hayashi et al., 1963) and galactokinase mRNA with
DNA of the gal operon (Attardi et al., 1963) suggesting

a locus-specificity.

Quite recently, similar approaches have been
used for the analysis of transcription in higher
organisms. There is however, & difficulty in
demonsitrating locus specificity due to the complexity
of the genomes of higher organisms and to the existence
of many partially velated sequences in the DNA,
These suggest that such specificity may be difficult

to achieve.

At a given temperature, hybridization veactions
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proceed more rapidly and to a greater extent at higher
salt concentrations (Nygaard and Hall, 1964; Gillespie
and Spiegelman, 1965). Thus it has been the practice,
in recent studies of hybridization reactions with
mammalian nucleic acids, to use salt concentrations

in the range of 6 x 88C. It may be that increased
reaction is to some extent attributeble to decreased
specificity. Using more stringent conditions, i.e.
lower salt concemntration or higher temperature it is
possible to achieve locus specificity in homologous

reaction.

Since the hybridization reaction is a collision
phenomenon, it is advantageous to have the RNA molecules
as concentvrated as possible. Consequently, the
veolume of RNA solutlon in which the filters are soaked
muat be kept to a minimum but still large enocugh to
wet effectively the Tilters and not to change by

evaporation during the incubation.

The rates of weaction in the case of DNA;%NA
duplex formation for mammalian DNA ave too high to be
consistent with locus specificiliy, Similaxr results
are to be expected with DNA~RNA hybridization
reactions (Church and McCarthy, 1967 a, b). Since

the wammalian genome is much lavger than that of a
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bacterium in terms of nucleotide sequences, rates of
reaction should be lower. Howevey, this is not the
case and reactions of bacterial and mammalian nucleic

acids display similar rates.

MeCarthy and McConaughy (1968) suggested that for
the case of DNA-RNA duplexes, under some conditions,
the high rate of reaction is a direct consequence of
partial redundency in nucleotide sequences in mammalian
DNA . Thus under conditions wheve bacterial DNA
uwndergoes true renatuvation, mammalian DNA forms
migpaired structures. Under more stringent conditions,
these structures ave selected against and the rate of
regction by mouse DNA is much lower than for bacterial
DNA . Corresponding comparisons of DNA-RNA hybrid
formation give analogous results. Data reported by
Church and McCarthy {(1968) show that between 60 and
75°¢ the reaction rate for B. subtilis RNA decreases
40% while in the case of mouse RNA the decrease is
about 7%%. The high rate of reaction by mouse RNA
under conditions of moderate stringency may be explained
by lack of locus specificity. This is the result of
RNA molecules reaciing with DNA of similar, but not
identical; genetic regions. This explanation is borne

out by the decrease in rate when reaction conditions
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are made more stringent so that great base homology

is necessavy to form stable reaction products. Two

hasic methods which allow the RNA to anmeal specifically
with the DNA have been employed.

1) The annealing procedure which can be carried out

by mixing RNA and DNA in liquid at an elevated temperature
and a chosen salt concentration (Nygaard and Hall, 1963)
and

2) The immobilisation of single stranded DNA to a
membrane {fllter prior to exposure to RNA (Gillespie

and Spiegelman, 1965).

1.1 Ligquid hybridigation using nitrocellulose membranes

This technique as described by Nygaard and Hall
(1963) is based on the observation that the nitro-
cellulose filters (MF50 filters from Sartorius
Membranfilter, Gottingen or Schleicher and Schuell,
Keene N.H. 27um, type B-6) in salt solutions can absorb
denatured DNA but not native DNA or RNA.

The hybridigation system was tested using DNA
prepared from calf thymis, asclte c¢cells and rat iiver
chromatin, Samples of DNA (0.2 - 0.5 mg/ml) were
denatured at 100°C Ffor 10 minutes and then cooled
reapidly in ice. 3H«1abelled RNA was prepared in vitro

using M. lysodelkticus RNA polymerase with calf thymus



DNA and rat liver chromatin as primers. Labelled
RNA was extracted from Landschutz ascites cells using
Sﬂnuridine.

Hybridimation mixtures containing denmatured DNA,
KCl inn a fimal concentration 0.5M and RNA in a total
velume of 0,15ml wero heated at 60°C for 1L - 2 hours,
and then ecooled in ice. mls of 0,.5M KC1l containing
15ug ribonuclease were added and incubated at 3700.
After 15 minutes the solutions were passed through
nitrocellulose filters, previously soaked in 0,5M KC1
for 30 minutes. The filters were then washed with
60mls 0,5M Kel dried at room temperature and counted
in tolueme scintillator,

Incubations containing RNA but no DNA were run
as controls.

1.2 The RNA saturation curve

Saturation curves are determined by hybridigzing

exhaustively a constant awount of DNA with increasing

amounts of labelled RNA, The objective of exhaustive

hybridization is the complete uptake into hybrid
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complexes of all the RNA molecules which are complementary

to specific groups of genes. Hybrid formation is

then a function of RNA concentration and can be

graphilcally expressed by an asymptotic curve. At infinite
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concentration, a theoretical maximum is obtained

and the DNA is saturated with RNA,. Complete
saturation is mnever obtained experimentally but it

can be calculated if we used a plot which glives a
straight line, i.e. a double reciprocal plot of hybrid
formation versus RNA input. This is shown in figures

2 and 3.

As for the evaluation of data obtained from
hybridization experiments it should be always taken
into account that, as found by Britten and Kohne
(1966), in higher organisms and under the conditions
used for RNA-DNA hybridization experiments, this
method i3 mot sensltive enough to detect that part
of the genome that occurs in only a few coples
besides the so~called fast and intermediate genomic

portions.

The theoretical saturation value obtained for the RNA,
3H~1abelled,syn%hesised in vitro on a DNA template
isolated from calf thymus nuclei (figure 1), is
equivalent to about 26%, t1-RNA synthesised in vitro
using rat livexr chromatin as template gives a 5% (figure
1) and 5.8% for RNA isolated from ascites tumour cells

labelled with 3H~uridine in culture (figure U).
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Figure 2

(a)

Double reoiprocal plot of data of RNA made

from calf thymus Dliie At infinite con-

contrations of RNA represented by the

intéroapt'on‘the ordinate, approximately
265 of the TNA existe as hybrid.

Figure 3
(»)
Touble reciprocel plot of data of RNA made
#rom rat liver chromatin, I% im predicted

thet at saturating concentrations of RWA

only 5% of the DNA exists as hybrid.
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Kinetics of hybridimation of increasing
amounts of in vivo “H-labelled Landechubz
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Figure 5

Double reoiproeal plot of the data of
figure 4+ At saturating concentraticns
of A only 5.8% of the DiA exisﬁalaﬁ
hybrid.
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1.9 Hybridization with immobilised DNA

One disadvantage of the ligquid hybridization technique
has been pointed out, namely, the opportunity for
DNA-DNA reannealing to proceed and thereby reduce the
opporitunity for formation of RNA-DNA hybrids.
Gillespie and Spiegelman (1965) described the following
method where DNA is immobilised on the filter thereby

reducing the risk of renaturation.

Denaturation of DNA

Two precedures were usefully used.
a) Puare DNA was dissolved in distilled water at a
concentration of 30 - hOpg/ml and adjusted to pH 12.%
with 10 N NaOH. After standing for 10 minutes, the
solution was meutralised with HC1l and the degree of
hyperchromicity at 260 mp determined.
b) Pure DNA was dissolved in distilled water at a
concentration of 30 ~ 40 Fg/ml and the sample heated
in boiling water for 10 minutes,
After quick cooling in ice, the hyperchromicity at

260 mp was recorded.
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Preparation of filters

Nitrocellulose filters were pre~soaked in 4 x 88C
for 2 - 3 hours and washed in 20mls of the same
solution. The required amounts of denatured DNA were
passed through the filters in Smls. 4 x SSC. The
filters were then washed on both sides with 20mls
h x 8SC. After drylng at room temperature for at
least 4 hours the filters were baked for two hours

at 80°c.

Hybridization techunique

Hybrids were formed by immersing the filters
(13mm diameter) in vials contalning labelled RNA in
h % 88C in a final volume of 0.2ml. Later a micro-
technique, using 60 -~ 90pl of hybridization mixture
was used. The filters were allowed to soak up the
mixtures and were then immersed in liquid paraffin
during incubation. Identical results wevre obtained
with the two methods. Annealing wes carried out at
6500 for 18 hours, after which time the reaction
mixtures were cooled in ice; the filters were then
washed on both sides with 20mls 4 x 8SC and treated
with 20pg/m1 ribonuclease in 2 x SSC. After 1 hour

in room temperature the filters were washed as before
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on both sides, dried and counted in toluene

scintillator in a Nuclear Chicago counter.

Retention of DNA on the filters

Labelled DNA (specific activity 3420dpm/5pg) was
prepared from Landschutz ascites cells using
aﬂauridine. Samples were denatured and immobilised
on filters on a concentration of Spg per filter.

These filters were either subjected to complete
hybridization and washing procedure or were immediately
dried and counted. In one set non-radioactive RNA

was included in the hybridization procedure. Table

I shows that immobilised DNA is retained on the

filters throughout the procedure.

The significance of time in the drying and baking
procedure of filters

Pilters in which a known amount of the above
mentioned radioactive DNA was immobilised, were air
dried and baked for different times in order to
determine the best conditions forxr complete retention
of the DNA. Table 2 shows that the 4 hours air
drying and 2 hours baking at 80°¢ are as satisfactory
as the overnight drying and 1 - 4 hours baking

conditions.

Time course of hybridization

The time course of hybridigation of S5ug calf



TABLE I
RETENTION OF IMMOBILISED DNA ON NITROCELLULOSE
FILTERS
Treatment Aixr Baking Recovery
Drying
None 4 hours 2 hours 3352, 3250
Hybridigation in over
L x 88C night 1 hour 3308, 3080
Hybridization in over
I x 8sC night 2 hours 3238, 3185
Hybridigation in
h x 88C L hours 2 hours 3223, 13276
Hybridization in
88C + denatured DNA L hours 2 hours 3217, 3186
Hybridization in 4
x 88C + cold RNA k nours 2 hours 3323, 3186
TABLE
THE EFFECT OFF TIME IN THE DRYING AND BAKING
PROCEDURE 0OF FILTERS
Treatment Air Baking Recovery
Drying
None b hours 2 hours 2000, 73010
Hybridization in over
b x 88C night 1 hour 2780, 2860
Hybridigzation in over
h x s8¢ night 2 hours 2788, 2906
Hybridization in
h % 8scC Ik hours 2 hours 2817, 2837
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thymus DNA with 20ug JH-1abelled RNA made in vitro
from calf thymus chrowmatin in 0.2mls is shown in
figure 0. The maximum of hybridization is achieved

in 16 hours and remainsunaltered up to 24 hours.

1.4 Competition hybridization experiments

In ovder to demonstrate that the activity of an
RNA associated with the DNA - (from a saturation curve)
- 48 specific, competitive hybridigzation experiments
were carried out. This consisted in hybridizing a
congtant amount of DNA and labelled RNA as before in the
presence of increasing amounts of non-~radioactive RNA
(competitor). If the radioactive RNA and the
competitor are the same, the latter will progressively
replace the former in the hybrid and an apparent
decrease in the percentage of binding will ensue.
Complete displacement of labelled RNA can only in
theory be obtained at infinite concentrations of the
competitor. If the RNA's under comparison have no
nucleotide sequence in common the addition of increasing
amounts of cowmpetitor RNA will have no influence on

the hybridization of the radiocactive RNA with DNA.

The curve obtained by diluting a given amount of
labelled RNA by increasing amounts of identical,

non-labelled RNA should be linear in a double



i Fig‘ﬁ;'e 6 ’ |
Time course for the hybr:ldisation of 10pe
of BH«‘RM nada in vitro from calf. thymua |
DRA with Spp denatured calf thymus D4,
‘immebilised on nitrocellulose filters by
he méthad_ of Gillesplie and Espiegplman.
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logarithmic plot and drop with a hﬁo angle provided
that all the complementary sites in DNA are saturated
by the reference RNA (Denis, 1967). If the amount
of labelled RNA used is insufficient to occupy all
the complementary sites of DNA, more RNA becomes
bybridized with DNA when increasing amounts of
competitor RNA are added. Im nonsaturating conditions,
two contradictory factors are thus acting. On the
one hand, the isotope dilution produced by the
competitor RNA results in an apparent reduction in
the percentage of hybridizgzation; on the othexr
hand, the addition of increasing amounts of RNA tends
to increase the total amount of RNA (labelled and
non-labelled) that hinds to DNA, As a result, the
slope of the dilution curve will be lower than 45°,
(Denis, 1967).

The displacement of labelled RNA from the DNA
by the unlabelled RNA is expressed graphically by a
second order reaction if the remaining awount of
hybridized labelled RNA for a given input ratio (of
cold over hot RNA) which is expressed as a fraction
of the amount hybridismed in the complete absence of
unlabelled RNA is plotted vs. the input ratio.

A prediction of the extent of homology can be
made, from a double reciprocal plot of diminution of

radioactiviety (Xo = X) versus the concentration of
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unlabelled RNA, where Xo is the activity imn the
presence of labelled RNA alone, and X the value
obtained on the addition of unlabelled RNA. The
expressgion of this empirical funmction yields a
styraight line and the Y lntercept represents the

percentage of competition,

2. Evidence that cilitric acid preparation of nuclei
does not affect the integrlity of nuclel

Liver nuclei were prepared with the three diffevent
methods, mentioned under materials, and EM pilctures
were taken from all the three different preparations.
(Plate IL). As it can be observed, the nuclei retained
thelr characteristic shapes equally well when prepared
by either c¢itric acid or sucrose and the amount of
cellulax debris attached to nuclear wmembranes is
negligible, On the other hand preparation of nuclei
with Triton X-«100 gave poor yields, large amounts of
cellular debris attached to nuclear membranes and
large amounts of debris lying free.

Another point that had to be imnvestigated was, to
find out if the citric acid had any effect on the
integrity of the chromating in other words to see
if the citric acdd removes a part of the histones

bound to the chrowatbin, In ordexr to answer this
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problem, the following experiment was carried out.
Pirst, histones were extracted from liver chromatin
with 0.25 N HC1 as described under materials, then
were dialyaedlover night against distilled water and
lyophilised. EOpg of this sample dissolved in 5M
urea was run in a 20% acrylamide gel as control.
Second, liver tissue was homogenised in 0,025 M citric
acid and the supernatant was kept. The pellet was
rehomogenised in citric acid and the second and third
supernatants were combined with tﬁe first. This
mixture was centrifuged for 1% hours in 105,000g and
the supernatant was dialysed overnight agailnst
distilled water. The dialysate was lyophilised and
a sample of 45pg was dissolved in 5M urea and run in

8 20% acrylamide gel, as before.

Comparison of the two patterns shows that during
citric acid preparation of nuclei there is no loss of

histones. (Plate 4.)

2.1 Nueclei isolated by sucrose method

The effect of the procedure for isolation of

nuclei and the possible consequences on the integrity

of the chromatin prepared from those nuclel were tested.

Kiduney nuclel were prepared by Chauveau's sucrose methed

as well as by the citric acid method, and chromatin was
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prepared ags outlined under Methods. Identical in
vitro incubations were set up using these two
chromatin preparations as template for RNA gynthesis.
The RNAs vielded were hybridized with denatured mouse
embryo DNA and the saturation levels were calculated.
(Figure 7). it was found that at saturation both

preparations give identical values. (Figure 8).

This was considered as evidence that the citric
acid method does not interfere with the template
activity of the chromatin by removing selectively part
of the histones bound to chromatin, The ecitric acild

was used for all subsequent preparations,

3. In vitro RNA synthesis with chromatin as template

From the results of several authors it appears
gquite clear that most of the gemnes in the nuclei of
animal somatic cells which are consldered as being
in a complete differentiated state are inactive

and unavailable for transcription.

In support of the more general validity of this
conclusion drawn from the work of Paul and Gilmour
(1966 a, b3 1968) come the results obtained from
studies done on wmouse tissues. The template activity

of isolated chromatins in supporiting RNA synthesis
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was studied in order to clarify the relationship

between genomic expression and organ specificity.

3.1 Chemical composition of chromatin

Determinations of DNA, RNA and protein were
carried out according to the methods already outlined.
lml aliquots containing 15 - 20 optical density units
at 260mp were treated with lml at 0.6 N KOH for by
hours at 37°C. 2mls of 2 N PCA were added at 0°C
and the precipitate centrifuged down at 2000g for 10
minutes. The hydrolysed RNA present in the
supernatant was estimated by the orcinol method.

The precipltates were extracted twice with 1 N PCA
at 7000 for 15 minutes. Residual material was

pelleted and the supernatants combined. lml aliquots

were assayed for DNA by the diphenylamine method.

Estimation of basic and acidic proteins was
carried out as follows: To 0.75 ml aliquots of
chromatin, 0.25ml 1 N HCl was added. After 1 hour at
0°¢ the supernatant was collected by centrifugation
at 2000g for 10 minutes and the pellet re-~extracted
with 0.25 N HC1. The supernatants were combined.

To the precipitate 1M PCA was added and the DNA was

extracted as mentioned above. To the resulting
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precipitate (free of DNA) 0.5 N NoOH wes added.  The
proteins were estimated by the Lowry method as

described under Methods.

The results obtained for chromatins from various
sources are shown in Table 4. While the RNA/DNA and
acidic protein/DNA ratios are variable a fairly
constant figure of approximately unity was found for
bagic protein/DNA irrespective of the chromatin source.

3.2 The properties of template activitvy of chromatin
for EBNA synthesis

The consequence of omitting various components
of the assay system was examined, The results arve
shown in Table 5. Although putrescine was not found
to be essential for wctivity, 1ts presence caused a

2 - 5 fold increase in activity.

The metal ion reauirement

RNA synthesis in the presence of variable concen-
trations of mangenese oxr magnesium was examined.
Manganese ions are more effective than magnesium ilomns,
the former exhibiting 2 sharp optimum around 3mM wherecas
the latter appears to be effective over a broad con-
centration range above 3wM but at a lower level. In
all subsequent wveactions manganese chloride was present

at a final concentration of 2.,5mM,
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TABLE 5

GENIERAL CONDITIONS FOR RNA
SYNTHESIS DIRECTED BY MOUSE
KIDNEY CHROMATIN

Assay conditions mp Moles UTP
incorporated/10 mins

Complete system with 16mM

putrescine h.5
Omit putrescine 1.7
Omit ATP, GTP and CTP 0.20
Omit manganese 0.04
Oomit chromatin 0.03

Omit ensyme 0.45
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Time course Ffor RNA synthesils

The time course of RNA synthesis directed by mouse
kidney chromatin was determined under the standard
conditions used, Samples were incubated for varying
times and the reaction terminated by the addition of
O.1lml of BO per cent TCA. The reaction is lineaxr for
the first 15 minutes, but after this period of time the
rate diverges from linearity and at about 90 minutes
reaches a plateau. Further incubation results in a

decline in the rate of RNA synthesis.

L, Template activity of DNA in chromatin

DNA was prepared from a whole mouse enmbryo, by

the method described previously. 250 - 300pg DNA were
added to a cell«free incubation mixture of 3mls.
Identical incubation mixtures containing 500pg chromatin
as template from mouse liver, kidney and spleen were

also set up. After incubation at 3700 for 90 minutes
the reaction was terminated by cooling. The RNA

was extracted as described under Methods. An additional

step was introduced into the procedure of its isolation.

In order to remove unincorporated ribonucleotides
and unhybridizable oligonucleotides from hybridizable

RNA, the aqueous supernate resulting from vepeating phenol
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troeatoents wap epplied Bo o Jlem x 1@&3 aolum of
Plogel ¥90 {Colblochen Limdlted., Lendewn), ognilibroted
in 2 ® S8C ot wroom tonpernturs. The veluwwe of the
suppernatont was roduced toe Imd by ivepbylisation and
epplied to the celupm. Lt was found thot three distinet
fractions weire eluted Lrom the eolumn by Purther
elution with 2 x 834, In erder of olution thepe
woras Acideprogsipitoble pelymnclostides, phenel pud
acldesoivble oligonucleotiden. The amount of HHA
pynthesised uadoyr the used conditlons wns determined
feon bhe roadicactivisy of materdial procipitablo with
%% w/v triechleovonostle aeld, Oligonueleatide
matorial s well as phenel vere detocted by thedw
ultravioelet spoetia. The mepsurad roadioanctieity wae
indeed coptoined 1p 004 and this fraction wae usaed

in she bhybridisotion sdxture. The miniwon sizes of
REA which would otill hwbridige with denasturod DNA
ore 90 sueleotides av 47°C {(34llenpie and Splegelinoe,
LOEL), The sizes of RHA produeced by the veliofroe
AA-synthosledug syston were mueh morae groatoy thon
the mindsmm e 16 wos oslbimpied by the pattern they

vavoslod in pelyvecryiamide gels.

Hybridizsation of thoe RNA preduct wos carvlied outd

acvcording to Gillespio amd SHplegolwan (190%). 19%un



filters containlng 5ug of denstured whole mouse embryo
DNA weore incubated with inerecasing amounts of
synthetio BRNA in I x S88SC. The ordinary used ratilos
of DNASRNA was L 1 7 - 10, As only 0.03 » 0.%% of
the total DNA (Merits, Schulze; Overby, 1966) can
geirve s binding sites for riboscmal BRNA interacilons
between DNA and »RNA were negliglible at the ratios

of DNA:TNA used in these experdments ond any Ri¥ase-
registont radicactivity trapped on the ndtrocollulose
£ilters counld pafoly be atiributed to hybrid formation

between the so-called mRNA and DNA,

The extent of hybridization es a funcition of RNA
input ig shown in Pigurse 9. A double reciprocal
plot of this data permitted the svaluotlon of
sabturation value (figure 10). Enowing the specific
activity of the synthetic RNA the percenbtage of the
mougse genome that appears to have been used as toeuplate

in thie cane has besn Found to closely approximate 20%,

Hhen complementaxy RNA was gsynthesised on «
ohromatin template from the three tlssues already
mentioned, 1% was found that only & part of the genowme
restricted to approzimately 3.5%, 5,%% and 7,5% for
livey, spleoen and kidney respectively was pvaillable

for transcription. (Figure 11). These values moy
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be considered as suggesting the possibility that
certain genes unique for each specific type of
chromatin are active in RNA synthesis relevant to

ﬁiasue_function.

A fact worth mentioning is the high degree of
repyroducibility of the hybridization values displayed
by labelled RNAs, characteristic for each tissue, when
hybxridized to DNA. Populations of RNA molecules
prepared from the same tissue but from different
groups of animals gave the same percentage of hybrid
with stendard deviation of = 0.2%. The results shown
in Table 6 indicate the high reproducibility of the

hybridization method emploved.

For the evaluation of the data obtained from
hybridization experiments it should be always taken
into account that, as found by Brittem and Kohne, in
higher organisms and under the conditions used for
RNA-DNA hybridization experiments, this method is not
sensitive enough to detect that part of thegename that
ocecurs in only a few coples besides the so~called fast
and intermediate genomic portions. Furthermore, the
relation between “genes" and "annealing sequences" ig

not known in this system.



TABLE 6

SATURATION DATSH

No. of Liver Kidney Spleen
experiments :
1 3,3 7 5,5
2 3.3 7:5 6,0
3 3,57 7,6
b 3.4 7,6
5 3,2 7,4
6 3,5 7
7 7,2
8 7.2
9 7,0
10 7,6

11 7,4



h,1 DBvidence for restriction of template activity
in different tissues

Competitive hybridization was used to test
whether RNAs prepared in vitro from mouse kidney,
liver and spleen chromatins were homologous first
with natural RNAs from the homologous tissues and
second to show the degree of similarities and
differences with natural RNAs from the heterolegous
tissues. Chromatin and natural RNA were prepared
from the corresponding nuclei and Bﬁnlabelled RNA

was synthesised in vitro using the chromatin as

126

template. The saturation kinetics of these synthetic

RNAs are shown in Pigure 11.

Competitive hybridization experimenta were
carried out in which the competed (1abeiled) RNA
is present at a constant and saturating level while
the competitor's concentration - homologous or
heterologous - is constantly increased. M.gure 13
shows the competition effect when BH-RNA from kidney
chromatin was challenged with natural nuclear RNAs
from kidney, liver and spleen. The RNA from the
tissue homologous to the chromatin was found to be
the most effective competitor. By constructing a
double reciprocal plot it can be shown (figure 14)

that at excessive concentration of unlabelled RNA
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all the labelled material is excluded. Thus within
the limits of the hybridization technique, the
template specificity associated with the genome in
vivo is retained by isolated chromatin. On the
other hand, RNA from heterologous tissues is only
partially competitive. This may suggest that a part
of the labelled RNA molecules hybridizable under
these conditions are essentially unrepresented in
the heterologous mouse tissues. By these criteria
both liver and spleen RNA are easily distinguishable
from the RNA obtained from kidney and they must be

different fyrom one another.

Pigures 15 and 17 present the results obtained
when the same experimental system was applied for
3H~RNA from spleen and liver and challenged with
homologous and heterologous natural nuclear RNAs.
Since the competition by the homologous natural RNA
is essentially complete, the synthesising system
in vitro has not generated any RNA molecules which
are not normally prescent in the intact tissue,

These results suggest the existence of active genes

that are unique besides those in common in

differentiated animal tissues. This may be

considered as a further evidence in support of the
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view that differentiated animal tissues are
characterised by a considerable degree of specificity

that is8 reflected in their RNA pattern.

Changes in the conditions (salt and temperature)
can give quite different estimates of the similarity
between dilfferent populations of RNA molecules. The
wore stringent the conditions the more differences
appear (McCarthy and McConaughy, 1968). However,
it is evident from the gpecificity of such reactions
that competition experiments will always provide a
minimum estimate of the extent of difference, sBince
the existence of related sequences limits resslution.
Two different RNA molecules present in the various
tissues will, under most conditions, be able to compete
for a DNA site which is sufficiently similar in base
sequence, but which may mnot be concerned with their
synthesis or be strictly complementary to either one,
This effect is wreduced at higher temperatures ox
lower salt concentrations, but will still be operative
under most conditions normally used. Thus, even the
estimate of approximately 70% difference between
kidney and liver RNA at 67°C and 4 x SSC may be a
minimal estimate for those RNA molecules actually
hybridizmed; Table 7 presents data from the competition

reactions performed under stringent conditions.



Liver - Liver

Liver =~ Kidney

* Liver - Spleen

Kidney
Kidney

Kidney

Spleent
Spleen

Spleen

Kidney
Liver

Spleen

Spleen
Kidney

Liver

TABLE

COMPETITION FEXPERIMENTS

7

66%
524%
56%

100%

-

72, 5%

100%
7L, b9
62,5%

100%
66%

80%

1.00%
77%
66%
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h,2 Competition experiments by preincubation

Then hybridization competition experiments were
carried out using the preincubation technique
recommended by Riggsby and Merriam (1968) it was
found that the preincubation with unlabelled RNA
was unable to block DNA sites on nitrocellulose
filters which might subsequently accept labelled
RNA molecules. In order to clarify the situation

the following experiments were performed.

First, mouse embiyo DNA was immobilised on
filters (5pg/ml) and preincubated in & x SSC for 17
hours at 67°C. The filters were washed with cold
b x 88C and incubated for a further 17 hours with
increasing amounts of in vitro labelled RNA from
mouse kidney oxr liver in order to establish at what
concentration saturation occurs under the conditions

used. (Pigures 19 and 20).

Second, fixed amounts of unlabelled RNA (120pg)
from mouse kiduney or liver were preincubated with
the DNA fillters in & x 85C for 17 hours atb 6700. At
the end of the preincubation the filters were washed
with cold 4 x $S8C and incubated for another 17 hours
at 6700 with increasing amounts of labelled RNA

(up to hOpg) homologous or heterologous to the
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unlabelled RNA. In both cases, first and second,
the incubation was terminated by cooling, the fillters
were washed on both sides and treated with 20Pg/m1
RNase in 2 x 88C. The following results were
obtaineds

Preincubation with homologous unlabelled kidney
RNA inhibits hybridization between DNA and the
corresponding types of labelled kidney RNA only dout
70% (figure 19). On the other hand, competition
was not demonstrated when pre-incubation with cold
RNA was followed by subsequent incubation with
heterologous labelled RNA. The values obtained
were of the same order of magnitude as those observed
when the labelled RNA was incubated either in the
absence of unlabelled RNA during the preincubation owx
when no preincubation was applied. (Figures 21 and

22).

These results may be due to a dissociatlon of the
unlabelled RNA/DNA complex during the subseguent
annealing with labelled RNA, Brelka and Junghahn
(1968) arrived to the same conclusions using rat liver

D=RNA and R~RNA.
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5. Synthesis of RNA by chromatin isolated from
folic acidetreated mouse kidney

It has been found that a functionally defined
population of cells undeyr orvdinary conditions, displays
a very slow RNA-DNA synthesis and proliferating
activity as well but which can become very active when

exposed to the proper stimulus.

Recently it has been demonstrated that folic
acid injected in rats increases the RNA, DNA and
protein synthesis in the kidneys and a rapid cell
proliferation follows (Threlfall et al., 1968)., To
establish the time of RNA synthesis in the strain
of mice used studies were made after a single
injection of folie acid. A rather simllar pattern
of response was revealed, BHnuridine was injected
at a dose. of 20me¢/30g body wt. 60 minutes before
removal of kidneys. The total amount of RNA was
estimated by the orcinol method and the radioactivity
in RNA was estimated by liquid scintillation counter.
Bﬂnthymidine was injected at a dose of 20pc/30g body
wt, 60 minutes before removal of the kidneys and the
total amount of DNA was measured by the
diphenylamine method. The radiocactivity in DNA was

estimated by liquid secintillation counting.
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RNA synthesis increases from 3 hours to reach a
maximum at 9 hours before declining to normal levels
at 48 hours. The increase in the rate of DNA
synthesis commences at about 30 hours and reaches a
maximum at 40 hours (Paul et al., in press). Thus
the folatew~stimulated kidney represents a potentially
valuable system for the study of some of the factors
involved in cell division, Up to mow mno attempts have
been made to compare the populations of RNA wolecules
synthesised after treatwment with chemical cowpounds
with that of the wnormal tissue. Since RNA molecules
are the phenotypic expression, alterations in gene
function often involve the appearance of new species
of RNA. For the investigation of the mechanism
providing for the regulation of transcription the
state of mouse kidney chrromatin has been studied

after folate administration.

Studies will be presented on the effect of folic
acid in stimulating changes in the in vitro RNA
synthesis such that new kinds of RNA molecules appearx
at various times after the treatment. The
hybridization technigue provides a sensitive method of
distinguishing among various populations of RNA

molecules,
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Povikon
Male poptien strain mice welghing up to 30g were

uged. Polic acid was dissolved in 0,3M sodium
bicarbonate at a concentration of 25mg/ml. This
solution was injected intraperitoneally at a dose of
5mg/30g body wt. 1 hour, 2, 3, 6, 12, 24 and 48
hours after folate inmjection the mice wevre sacrificed
and the nuclei were isolated from the kidvneys using
the citric acid method, Nuclel from control animals
were isolated as well. Chromating were prepared from
a part of nuclei and used as templates for the

Sﬁglabelled RNAs. I'rom the

in vitro synthesis of
remainder of the nuclei, for some cases, natural RNA
was extracted, Hybridigation of the BH—RNAS with
Spg of denatured whole mouse embryo DNA was carried

out by the Gillespie and Spiegelman (1965) molecular

hybridization technique.

5.1 Hybridization of the various RNAs after folic
acld treatment

The distribution of various classes of RNA molecules
in the labelled populations were analysed by calculating
the fraction of DNA hybridized as a function of the
amount of RNA present. Folic acid changes profoundly
the template activity of the isolated chromatin from

mouse kidneys,
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BNA from folic aclid itreated kidneys displayed
considerably higher hybridization efficilency than
RNA from normal kidney (Figurea 23, 25 and 27).
This was more pronounced with RNA preparations from
earlier periods in the folate response. Thus the
hybridization efficiency of RNA after 12 hours is
intermediate between that of normal kidney and 3

hour preparation,

By constyucting a double reciprocal plot of the
data obtained from eight different in vitro labelled
RNA preparations 1t is clear that the hybridization
efficlency is highest at the early timesg aftexr the
folate treatment and declines steadily to approach
that of normal kidney after 48 hours. (Figures 2k,

26 and 28).

The RNAs produced from the different chromatin
preparations may differ in the synthesis of a larger
variety of different nuclear molecules which would
increanse the hybridization since more sites on the
DNA would be saturated. Possibly the resulting
differences in distribution may be attributed to a
response to folic acid treatment which may well
involve synthesis of a greater quantity and a wider

diversity of RNA molecules.
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5.2 Comparisons of RNA populations after folic acid
administration

Qualitative changes in the kinds of RNA present
in normal kidney and during the folate period were
examined by competition experimenis between labelled
and unlabelled RNA isolated at specific times. This
allowed the identification of characterisitic species
of RNA present only at specific times. The curves

at figure 29 and 31 illustrabte these comparisons,

The competition curves presented at figure 29
show the reaction ol BH-labelled RNAs from normal
and different stages, in competition with increasing
amounts of unlabelled competitor RNA from untreated
tissue, As it dis illustrat#d a small part of the
population of molecules from normal RNA is also
present in all stages of folate treated kidneys, On
the othex hand, the normal natural RNA does not
contain representatives of all the types of RNA

molecules synthesised in the treated animal,

Pigure 31 shows the competitive activity of 3
hour cold RNA after folate with synthetic 3HnRNA
from normal and treated kidneys. The homologous
RNA displaced most effectively while the RNA s from
later stages are partially displaced, RNA made by

six hours or later shows decreasing competition
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efficiency. This displacement is wminimised by the
h8~.hour treated kidney which coincides with the

control. RNA from various times after the adwministration
becomes progressively less similar to the RNA

synthesised by 3 hours, These results indicate that
a'aignificant proporition of the in vitro RNA

transcribed during the early stages has disappeared by

43 hours.

5.3 Relation between RNA synthesis in the in vivo
and _in vitro system

Experiments using RNA extracted from kidney
nuclel after folate treatment at the same specific
times as the jn vitro ones were performed by Kohl
& Threlfall (inm prepavation). The nuclear RNAs
were made pradlioactive by chemical introduction of
'Bﬁmmaﬁhyl groups and the formamide hybridization
technique was applied. These RNAs were intercompared
in order to establish the temporal relation of the
appearance of mnew kinds of RNA molecules at various
times., RNA saturation curves were obtained and the
proportion of the genome synthesising RNA at a given
time was established. Similar pattern of saturation
values was obtained as the one in vitro; the only
difference was that the maximum hybridization efficiency

(o€ about 15%) was displayed by the 6 hour isolated
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nuclear RNA while the same percentage was found to

occur at the 3 hour preparation in the 1in vitro system.

One possible explanation for this discrepancy
observed between the two systems may be that, in the
in vitro system the part of the genome that is
temporarily unmasked is transcribed by the excess of
exogenuously added polymerase at a higher rate than
by the corresponding engodenous enzgyme alone, given
that the tissue is not in the metabolic state
characteristic of the adult kidney. Ags a result at
3 hours after folate administration the in vivo system
shows a minor divergence suggesting that some of the
RNA transcripts are still absent or are not present
in such abundance at this stage of regenerating kidney.
The accumulation of all the new kinds of RNA in the
in vivo system characteristic for this stage would be

manifested within a lounger time period.

If this can be comsidered to be the case then the
kinds of RNA molecules produced by the 3 hour cell
free system must be more similar to the types of RNA
molecules present at the 6 hour in vivo system than

with the 3 hours one.

In order to establisb the validity of this

explanation the following experiment was performed,.



IH-RNA synthesised in vitro on a chromatin template
isolated at 3 hours after folic aclid treatment was
competed out with increasing amounts of cold RNAs
isolated from kidney nuclei at 0, 3, 6 and 24 hours
after folate administration. It was found that the
RNA isolated from kidney nuclei after 6 hours was
the most efficient competitor for sites of the DNA
in competition with the 3 hour im vitro synthesised

RNA, (Pigure 34).

The evidence provided by this_competition
experiment leads to the conclusion that a lag time
exlists between the appearance of the same kinds of

RNA in the in vitro and in vivo system.

5.4 The effect of the presence of folic acid during
the iscolation of nucleil

Folic acid is precipitated along with nucleil
isolated by the citric acid method. The possibility
that it might have a direct effect on transcription
from chromatin was therefore investigated, Three and
six hours after folate administration the kidneys were
removed and nuclel werxre prepared by the eitric acid
and Chauveau sucrose method. The second method
yvielded nuclel free of folic acid contamination,

Prom both nuclei preparations chromatin was isolated

138
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and wsgd as o tonplate ip the eéll froe systom for
the proparation of laboellod BNA, The RNAS woere
hybywiddped te the same amount of denatured HOUeD
ewmbrye DA and the resulis are shown in figure 35,
1t ds opperent thos tho method of iseliation did net
affent the template activity of thoe chromatin, The
BiAs both displayed the same hybridlsation efficleonocy
and no diserimination bHeiween thoe two lobelled
praparations could bhe observod, That was true fop
both cases, i.e. threo and six houy proparation

{Piguve 96).

Thoese rosults must be considercd as supporting
the viey that Jdurdng the woashliag, with 0.1 tris
W T8 0,158 HaGl buifer, of the muelael dasolated by
eitple aedd the felanto is dissslved and completely

rewmoved Trom the puclenr pelles,

in
»
W

The eoffect on tho template sctivity of exogenously
added Tolle asid

In grder to oxclude the possibdility that the
results obtadned from the felie nold expepriments wopre
due to an aviefacs, the offect of folute was ozxauvinod
windoer 4n yiixe conditions.,  An amount of folic achd
equivalont to that incorporated by tho tissue in vive

as ealeulated spoctrophotesmaterienlly, wis added in the
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TABLE 8

ABILITY OF RNA-POLYMERASE IN INCORPORATING
S4.uTP INTO RNA IN THE PRESENCE OF FOLIC

ACTID
Assay conditions Percentage of
the complete

system
Complete system 1240 100
Complete system + 1lOug foliec aecld 1210 07,6
Complete system + 20pg folic acid 1207 27,3
Complete aystem + 4Oug folic acid 1217 98,1

Complete system + SOPg folic acid 1209 975
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in vitro RNA synthesising cell free system.

It was found that whenever folate was exogenocusly
added in the incubation mlxture the RNA yielded had a
lower ability for hybridization with the DNA, Two
separate cases were investigated, In the first case
chromatin was used as template and folic acid was
added in a concentration of 0.08mg/ml of incubation
mixture. In the second case DNA was used as template

and an equivalent amount of folic acid was present,

It was found that in both cases the RNA product
exhibited a restriction in hybridization of almost
4o% (figure 37 and 39). The comsequences of these
findings avre that the added folic acld interferes
gpecifically either with the exogenously added RNA
polymerase or with the template itself, In order
to answer this question the following experiments
were performed, Firstly, the ability of RNA
polymerase in incorporating 3H~UTP into RNA was
examined in the presence of various amounts of folic
acid, Ags it can be seen from Table 8 no apparent
difference was detected between gmero input of folic
acid and 0.08mg/ml of incubation mixture. Secondly,
an in vitro RNA synthesising system was set up with

DNA as template and various amounts of folate
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(0 = 0.08mg/ml). From figure 41 it is obvious that
as the amount of added folic acid increases the in
vitro synthesised RNA has a reduced ability for
hybridization with denatured DNA. Howevey, this
restriction is not directly proportional to the folate
input, a fact which suggests that the folate has a

speclfic effect on DNA,

If that was not the case then the restriction
would be directly proporitional to the folic acid
input; as a result a stralght line would be obtained
indicating that the folate has a non specific effect
on the template.

6. The effect on the template activity of chromatin

isolated Ffrom mouse kidney after ligation of one
ureter

The mechanisms which control cell divisdion in
mammallian organs are not understood. Various
experimental models have been used to study this
problem; among these has been investigation of the
mitotic response in the kidney following surgical
removal of the contralateral organ (compensatorv
hyperplasia) and investigation of the hyperplastic

response to a single injection of folilc acid in the

animal.
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fAmether wethod of stdoulating cell prelifoyation
in the kidney 1 to ligate oo uretor. An incronse
d1 mitotic flgures hos boon reporitod In thoe obsiructed
pat kddney 48 hours ofter uretoral ligation with o
mozduay of mitetde rospense at 7R hours (Benites and
Shalin, 1964},  In thde cpse both kidpeve semained in
adtu, The rate of DNA synthesis in the ligated

kidney veaches o maxioun at 48 honvs,

The purpose of the saporinents reported hero has
oon o gompoere the tomplateo activity of hidney
ohromatin ieolated at wvarious times afitor ligotion of
one wreter with those obteined after folic acld
tyoatnent 1 mice and te deternine A the same control

wmechanisn may osperate as a resuvlit din both pheponens.

Made Porten sityadn miee welghlng up to 30g wereo

BSG . These anisals were subjected to ligation of

1h2

the ledft or »ight uwwobor, For ecach greuvn Pour kidnovs,

two of whioh ware llgated in the left and twe ip the

Picht nwretow, woere poalod, Two kinds of controls weye

nEed, The £first consiolsd from the ponohstruciod
kidneyra of ligated endunlies; the secend from kidneys
0% norasl animola. Theee, s8ixy twelve, twenty foux,
thirty six and Porty olghit hours after the ligation

thie mice wero sacrificod smd dhe puelei weoere isolatod
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from the kidneys using the citric aclid method,
Chromatins were prepared from nuclel and used as

SH-labelled

templates for the in vitro synthesis of
RNA in the synthesising cell free system.
Hybridization of the in vitro RNAs with 5upg of
denatured whole mouse embryo DNA was carried out by

the molecular hybridization technique (Gillespie

and Spiegelman, 1965).

6.1 Hybridization of the various RNAs after ligation
of one ureter

Direct comparisons were made between the labelled
RNAa synthesised on chromating isclated at specific
times after the ligation. It was found that
ligation changes the template activity of the isolated
chromatin Lfrom mouse kidneys, but the change occurs
geveral hours later than that exhibited by chromatin
from folate~treated animals, As a result, RNAs from
ligated kidneys displayed higher hybridization
efficiency after 12 hours than RNA frowm normal kiduney
(Figure 42). The maximum was attained after 36 hours,
while at the early times after ligation no response
was detected (Figures 44 and 46). Numerical
estimation of the actual percentage of hybridization
efficiency was caleculated by constructing a double

reclprocal plot (Fligures 43, 45 and 47).




1hl

The RNAs produced from the different chromatin
preparations display considerably different
hybridization efficiency which increases with the
time after the ligature. This may be an indlication
that different kinds of nuclear RNA molecules ave
synthesized as a response to the ligation of one

ureter.
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DISCUSSTON

Proposed mechanisms for achlieving the
differentiated state

DNA reiteration

Hybridization

Principles of thermal reassociation
Conditions for thermal reassociation
Rate of reassociation of DNA

Interpretation of DNA/RNA hybridization studies
with mammalian nucleic acids

Saturation of DNA with RNA

Evidence for restriction of DNA template
activity in avimal cellas

The effect of folic acid administration on the
template activity of kidney chromatin

Changes in the tewmplate activity of kidney
chromatin after ligation of one ureter
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1. Proposed mechanisms for achieving the differentiated
state

There is abundant evidence that most of the
DNA in chromatin of somatic cells is not ordinarily
transcribed (Paul and Gilmour, 1966 b; Marushige
and Bonner, 19663 Marushige and Ogaki, 1967) and
that the fraction that is transcribed differs from
one cell type to another, The establishment of
this concept depended on evidence indicating that
the cells of an organism geunerally contaln identical
gonomes (McCarthy and Hoyer 1964; Gurdon 1962).
What then is the molecular mechanism of masking
and how is the process by which the correct genes
are selected to be inhibited (and/or activated)?
At this point it is necessary to consider the
question of how the funectiomal state of the genome

in the embryonic cell is achieved,

Three possible mechanisms will be discussed., First,
the active portion of the DNA may be the result of

selective derepression of the genome, the rest having
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been wholly in a latent state d.e. cytodifferentiation
proceoeds by selective derepression of genes. Second,
it represents the cistrons having remained active,

the rest of them having been repressed during
development i.e., cytodifferentiation proceeds by
selective repression of genes. Thirdly, a combination
of the two possibilities may exist according to which
differentiation proceeds by selective derepression

and repression of certain genes respectively.

Bvidence for derepression (otherwise defined as
activation) of specific gemes is found in the work
of MeCarthy and Hoyer (1964) and Denis (1.967). They
compared the DNA s extracted from several tissues pf
the mouse and of Xenopus respectively and could not
detect any difference in the nucleotide sequences that
make up the various DNAs tested. If DNA is really in
exactly the same state in all cells of the organism,
the gemetic information could be selected in the
following way: only the region of the genome to be
expressed would be accesgsible to the transcribing
enzymes; the other reglions would be covered or

repregsed,

Evidence for repression of specific genes comes

from the work of Denis (1967). He reports that, as




a certain tissue approachesg its final differentiated
state, the number of active genes becomes more
restricted. support for the existence of such a
mechanism comes from the work of Church and McCarthy
(1967 a, b) with regemerating liver, which as they show
behaves in a closely similar manney to developing
liver with regard to genomic expression, In this
case the RNAs synthesised during the first 3 hours

are guantitatively greater and very different from

the normal RNAs. As regeneration proceeds the RNA
population alters significantly and the disappearance
of previously present RNA molecules is accompanied

by the appearance of new ones, Jjust as happens in the
developing embryonic liver. Nonetheless, some of

the genes remain active throughout the regeneration
process. This observation suggests that the whole
phenomenon can proceed by selective derepression and
ropression of certain geneg respectively. In support
of this kind of mechanism comes the work of Denis
(1965) on the evolution of genomic expression during
embryonic development of Xenopus laevis, He has
found that gené expression is of a generalised type

at gastrula stage, where cytodifferentiation is
considered to be initiated, Some of the genes appear

to persist, remaining active in the adult organism

148



taken as a whole. Additional evidence in support of
this mechanism comes from the work of Glisin et al.,
(1966) on gene activity during early stages of sea

urchin development.

The only way to explain the results obtained
from the studles on cytodifferentiation, is to assume
the existence of at least two classes of mRNA with
different decay rates (Denis, 1967). The
differentiated embryo would synthesise both shortelived

and longe-lived mRNAsg,

The DNA in chromafin is complexed, as has already
been mentloned, with protein and also some RNA, One
of the two kinds of proteins are the histones. Now
it is very likely, that histones are the molecules
responsible for the inhibition of RNA syunthesis in
most of the genome of higher cells, but serious
difficulties arise in attempting to assign to higones
the selective role of chemically specifying the genes
they are to inhibit. Histones bind to any DNA (or
to any other acid polyanion) and thevre is mno evidence
that histones possess the ability to recognise and
selectively bind to any particular
polydeoxyribonucleotide sequences (Johns and Butlew,

1964), Furthermore, histones appear to include only

iko




150

about five common varieties through phylogenetically
different species (Bonner et al., 1968) as well as
ontogenetically different tissues in a given organism
(Beeson et al., 1967) im rat liver, kidmey, brain,
heart and lung,. Similarly, histone fractions Fl,
F2a, F2b and '3 are completely ddentical in normal

and in regemnerating rat liver.

There have been several proposals for resolving
this impasse, Allfrey et al., (1964) have suggested
that chemical modifications of histome, in particular
acelylation, could somehow confer enough diversity on
the histone populations to permit chemical recognition
by them of the required nuwber of individual genetic
gites. Histone acetylation takes place after the
histone molecule is asgsembled, and it occurs in the
chromatin, rather than elsewhere in the nucleus.
Allfrey et al. have shown that acetylated arginineerich
histone in vitro is a less effective inhibitor of the
RNA polymerase reaction than is nonacetylated histone.
In subsequent studies Allfrey et al., (1966) have
accumulated evidence indicating that change in the
state of histone acetylation i1s cerrelated with
change in the state of geme activation im a nuwber of
in vitro systems. These findings demonstrate a

tight corvelation between histone acetylation and




genomlc activation, but the nature of the connection
between these events is still unknown. The amount
of possible dincrease in histone diversity iresuliing
from histone acetylation seems too limlited, giliven
that the acetyl groups are present as N - terminal
derdivatives, to permit the hypotheais of selective

gene rvecognldtion by a population of specific histones,

If it is concluded that histones in their various
forms function as inhibitors of RNA synthesis, as
essential structural elements of chromatin, and as
facilitators of genomic activation, but not as the
clstrone~gspecifying selective agents in genowic
regulation, then anotheyr class of molecule must be
implicated din order to account for the latter aspect
of regulation in higher cells. The molecules
responsible for recogunition of the genomic sites to
be activated or repressed could be nonhistone
chromatin proteins, or other proteins, oxr they could
be moneprotein macromolecules, the most likely of
which is probably RNA. Furthermore, it would be
necessaxy that these molecules present a considerable
change in their turmover rate in those developwental
steps involving switching %“oun" of genes. Such a

finding has been demonstrated with the acidic proteins

151



by Dingman and Sporn (1964) in studying several
developmental stages in chicken embryo; also
Marushige found the same with developing sea urchins

and spermatogenesis in trout.

Frenster (1966) proposed that the recognition
is RNA wediated. Thls polyanion partially displaces
histones frxrom the DNA by forming polyanion-histone
complexes within active euchromatin, The DNA then
undergees spontaneous strand separation and the one
styrand is stabilised by hybrid formation of
devrepressor RNA species specific for single gene
loci with a single DNA styrand at such a locus,. The
remaining DNA strand at the gene locus is then free
to seyrve as a template for geme gpecific and strand

specific mRNA synthesis.

The non-histone chromatin proteins bind to DNA
and histone, turn over rapidly and may (oxr may not)
be present in great diversity. Paul and Gilwour

(1968, 1969) have recently presented experimental

data, which suggest that the gualitative specification

of that portion of the genome which is inhibited
from transcription by histones, actually depends on

the non-histone proteins present in the chromatin.

Thus, according to hybridization experiments, a normal

152

spoectrum of RNA molecules is synthesised in recomstituted
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chromatin, formed by adding the non-histone proteins
of calf thymus nucleli plus calf thymus histone to

DNA, while DNA plus histone alone results in a totally
inhibited preparation,. In addition when DNA was
combined with pellicle residue, the RNA made from

this nucleoprotein annealed with the DNA to the same
extent as the RNA made when dehistoned chromatin was
used as primer. it was then suggested that the
pellicle residue contains a factor that restricts

transcription in dehistoned chromatin.

A model based on the experimental findings was
reported by the authors, According to this model
the pellicle residue factor was thought to establish
a stereospecific relationship with DNA in consequence
of which a) it represses transcription of some
sequences and b) it prevents the nonspecific
transcription of some sequences caused by histones
(Paul and Gilmour, 1968). The role of histones
according to this model is quite passive. This
situation has similarities with the bacterial
repressors, since both the selective and inhilbitory

functions are performed at one and the same time,.

The molecular species which must selectively

recognise a particular genetic site must possess the
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propefity of binding (reversibly) with given sequences
of genetic DNA, and under normal conditions mnot with
other DNA sequences. Various precedents exist forxr
specific molecular recognition between proteins and
polynucleotide sequences. These include a) the
specific recogniﬁion and reversible binding to the
appropriate tRNAs on the part of amino acid activating
engymes bh) the binding of engymes which alter certain
nucleic acids but not others, e.g. the methylating
enzymes affecting ribosomal RNA and e¢) the repressor
proteins for the Escherichia coli lac operon (Gilbert
and Maller-Hill, 1966) and the 7 phage (Ptashne, 1967).
These examples, particularly the last, prove that
specific polynucleotide~protein recognition and
bin&ing are possible, and therefore a theory of
selective gene recognition mediated by specific
proteins is feasible,. One problem which emerges, is
that the acidic chromosomal proteins of animal cells
are highly insoluble in neutral solutions of dilute
salt and it is difficult to envisage free association
with or dissociation from DNA in the nucleus of the

living cell.

The none~histone fraction contalns both acidice
proteins and RNA, Recent claims have been made that

some of this RNA is a very important factor in the



recognition process, Recently Bonmer et al., (1969)
reported their resulte on the control of specificity
in pea cotyledon chromatin. Their conclusions were
identical to the results of Paul and Gilwour (1968,
1969). The same authors have also shown that
chromatin centains an associated RNA of a special
class, which they call chromosomal RNA, The
occurrence of this RNA in a number of aniwmal and
pPlant tissues has been reported. According to these
authors the integrity of this RNA 1s of crucial
dmportance for faithful reconstruction of specificity.
They claim this on the basis of the findings that
when this RNA was degraded, by ribonuclease or by
zinec nitrate, hardly any of the RNA made from this

chromatin resembled pea cotyledon RNA,

Huang and Huang (1969) describe almost identical
experiments with chick embryo chromatin. They also
degrade the chyromosomal RNA and also concluded that
its removael abolishes the ability of chrowatin to
reconstitute faithfully. Their argument is that
gpecificity of masking still exists after yremoval of
chromosomal RNA but thig is not the appropriate chick

embryo specificity.

Recent studies by Bommerxr et al., (1969) have been
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made on the nature and properties of the chromosowmal
RNA., They found that it is a particular class of

RNA distingulshed by short chain length (40 - 60
nucleotides in length in different organiswms, (Huang
and Bonner, 1965; Dahmus and McConnell, 1969) that

has a high (8 - 10%) comntent of dihydropyrimidine
(dihydrouridylic acid in pea, cow aund chick,
dihydroribothymidylic acid in rat,)and is associated
with DNA in the chromosomes of higher organisms.

In such chromosomes, chromosomal RNA is on the omne

hand bound to DNA in RNase-resistant form (Bonner

et al., 1961) and on the other hand is bound covalently
to acidic proteins and by hydrogen bonding to histones.
They have shown that this RNA is sequence~heterogeneous
and hybridizes to the extent of 3 - 5 per cent
denatured or mative DNA, the exact percentage depending
upon the organism involved (Dahmus et al., 1969;

Bonmer et al., 1967). The chromosomal RNA, unlike
messengeyr RNA, possesses the ablility to bind to

native DNA, and from the experimental evidence
available it was suggested that this lnteraction is in
part at least by base palring. Thus the interaction
is considered by the authors as specific for homologous
DNA, 1mplying sequence specificity. Evidence for

this comes from the data that homologous (rat) DNA

156
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hybridizes with 3,2% as much chromosomal RNA while
heterologous DNA (calf) retains only 1.2%, and
Escherichia coli DNA retains 0.0%. The complex is
formed only under the soe~called hybridizing conditions
(44 urea, 1 x SSC, for 24 hours at 1°¢). The complex
once formed can be destroyed by melting, as can duplex
nucleic acid structures, The property of chromosomal
RNA to form hybrid with native DNA was attributed in
the uniformly high content of dihydropyrimidine in
the chromosomal RNAs of all creatures, and of all

organs of all creatures yvelt studied.

Since hybridization of chromosomal RNA is not
influenced substantially by the presence of whole
cytoplasmic RNA, the sequences characteristic of
chromosomal RNA must be confined to the nucleus.
Chromosomal RNA resembles in this respect the nuclear
RNA of Harris et al., (1963), which turns over rapidly
within, but does not appear to escape from, the nucleus.
In Lecells Shearer and McCarthy (1967) nhave shown most
of the gene activity (qualiﬁatively speaking in terms
of apparent diversity of gemetic infofmation) is in
fact the synthesis of RNAs confined +to the cell nucleus,
and in addition hybridimes with ca. 4.4% of nuclear
DNA. Furthermore, this RNA is mnot homologous to

cytoplasmic RNAs. Shearer and McCarthy (1967) and
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Attardi et al.,, (1966) have suggested that these RNAs

serve a regulatory function,

If the nuclear RNAs do serve a regulatory fuunction,
their high turnover rate can be interpreted in terms
of the responsiveness to the interaction between the
outside environment aud the wvegulatory machinery.
The nature of the relatlons between environment and
regulatory genomic elements is at present a most
obscure matter, Equally obscure are the mechanisms
by which the products of regulatory genes might
function. We do not even know, for example, whether
the RNAs confined to the cell nucleus are used in vivo

ag templates for protein synthesis.

A curious speculation asuggests itself in this
connection, viz., that the presence in higher cell
genomes of a large amount of genetic material which
is intermally redundant, is related to the putative
regulatory function of much of the animal cell genome.
Thus the genome could be organised as a series of
overlapping and interlocking groups of genes with
partial complementarity among them serving as the
primitive structural base for selective recognition
among the regulative and structural elements, orx

among the various regulative clements (Britten and
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Davidson, 1969), Other hypotheses as to the
significance of the internally redundant sequences
of higher cell genomes include the possibility that
these sequences represent amplifications of the
genetic potential to synthesise certain much needed
RNAs. Ivrvespectively of whether or not there ig
any fundamental link between the presence of neare
homologous gene Tamilies and the putative regulatory
functions that have been attributed to the animal
cell genowe, it seems clear that both features exigt
and that both must affect the basic stiructure of

the gewnome,

2. DNA reiteration

The complementary structure of DNA plays a
fundamental role in the cell. Matching of complementary
nucleotide sequences is probably involved in genetic
recombination as well as in other events of cellular

recoguition and control.

Separated complementary strands of purified DNA
recognise each other, and under appropriate conditions
they specifically reassociate in vitre (Marmur et al.,
1963; 1960; Warner, 1957). The reassociation of
various DNAs follows the time course of a second

order reaction. The rate of reassociation of the
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complementary strands of DNA of viral and bacterial
oprigin is inverscly proporiional o the DNA content
por cell (Brittem and Kohme, 1966), However, a lavge
froction of the DNA of hilgher ergoniesms roassocliates
muech more rapldly them would be predicted from the
LNA content of cach coll (Boltomn, 196%; Varing and
Britten, 1966), Another fraction appears 1o
roassociate at the expected rate,. It was conclinded
that cextaln segments of the DNA are repeated hundreds
of thousands of timos, A atudy of a number of
speciles indicates that vepeated sequernees occur
widely and probably universasally in the DNA of higher

organismea,

It unow seemg woll esithablished that the wmommalien
gonome can genervally be divided, with ceptain
asgumptiony, into three categorios based on the rate
of DWNA voassociation: Lfirst, the rapldly reanvealing
Tractions whlch vreassccliate within wminutes at ordinary
coneentrations, sccond the intermediate fraction,
whiech takes hours to wveassociate, and thirdly the
slovly reannesling fraction which roguires days ox
wvaeeks to reanneal im vitiro and wnecessitates high
concentrations, In the wouse the Fivet accounts for

10, The rate 0f reassoclation of +this Cfraction is
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very much faster than that calculated from the
respective genome sige. This fraction has the
reannealing rate predicted by extrapolation of
bacterial or viral rates. This fraction represents
DNA molecules which are present in the genome in
approx. 1 x 106 identical or mnearly identical copies.
The second fraction accounts for 20% of the genome
(approx. 1,000 -« 100,000 copies per genome) and the

third for 70% which includes the unmigue DNA sequences.

The first class of DNA molecules (fast) which
can reassociate with each other is called a fawmily,
since the similarity but not complete identity in
sequences, implies a common origin. The nuclear RNA
from all mouse strains (Kit, 1961; TFlamm et al., 1966)
and mouse tissues thus far investigated, exhibits two
distinct DNA bands when centrifuged to equilibrium
in CsCl density gradients. The principal band
(main band) which comprises 90% of the nuclear DNA,

is found at a buoyant density 0.0lg cm"’3

higher than
the minor component, or satellite band, as it is
generally called. I'rom the reassociation kinetics
of the fast fraction in the mouse it was calculated
that the length of the repeating, closely similar,
sequence is about 300 base pairs. 8ince the M.W,.

of the satellite DNA molecule in the mouse is 5 x 107
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daltons, ceach molecule maust consist of about 200

units of these repeating sequences.,

The proportion of the genowme of higher organisms
represented by the intermediate DNA fraction varies
guite widely, even awmong Vertebrates. In the mouse,
it makes up 20% of the genome, in the ox, 40% and in
Salmon and Amphiuma 70%. It has been suggested,
that this DNA consists of families of related
sequences, and that there may be varying numbers of
copies of a gpecific sequence which are exactly
idéntical to each other. If this i1s the case, it
would be necessary to postulate a mechanism to explain
why ldentical copies of the same seguence are not
allowed to diverge by mutation during evolution,
and even more, how the products of such genes can
display simple Mendelian inheritance, when there
should be, theoretically, as many possible alleles
as there are copies of the gene. Callan et al.,
(1967) have postulated several such mechanisms, all
based on a Master/Slave hypothesis, According to
this hypothesis there is a Master copy of the sequence
against which all of the Slave copies are checked for
agreement each cell cycle in the germ line at least,
Mutations in the slave copies would be corrected to

agree with the Master copy; any mutation in the Mastewr



163

copy would be passed on to the Slaves. Bvidence
for this hypothesis derives mainly from cytologilcal
studies. RNA sequence work supports Master/Slave
hypothesis for a limited number of RNA species
(Williamson and Brownlee, 1969) but there could be

a simple genetic reason.

These studies have revealed new properties of
the DNA of higher organisms which must be attributed
to the repetition of nucleotide sequences. In
general more than ome third of the DNA of higher
organisms is made up of sequences which recur
anywhere from a thousand to a million times pexr cell.
Thus the gemnetic material is not emtirely a
coliection of unique and unrelated geneos. A minor
degree of sequence repetilition is to be expected
from studies of protein sequences (Brew et al., 1967).
The haemoglobin group shows similarities in sequences,
and these point to a common origin of part or all
of their structural gemnes. Trypsin and chymotrypsin
also show similarities. There is evidence that,
in some cases, different segments of the amino acid
sequence of a given protein may have arisen by

duplication and insertion of an earlier short segment.



o additdon te penetie evidencs, boanding patierns in
pelyviens ehroposemes show that gono dupliention ooocuxs.
Coritadn minoy classos of DNA probobly counsist of
many copleos of a shore segment, Such appenys to
be the easo with ribosomal gones {(Attardi ot al.,
1265  Ritossn et al., 1966) and in certein cells,
ot least, thousends of sdumilar, £ not idensiecel,
coples of mitochondrinl DNA (Borst ot al., 1967).
Suoh classes of DHNA do nod nalke np mere thoen o awall
poareent of the %otal DNA and eompavred to the bulk
of thoe vepeatod sogueonces, bhave a relatively low

ropasition freguency.

The fawmilics of yepested seguonces rango fromn
avoups of alwmest ideniiecol coples {v.z. wouse savellite
LNAY to groups with suffigiont diversity.,  Yhon
sneh stronds reassspisto thoe resalting poaly is of
low gtability. It anems lilkely that this sitoetion
gan obhly avise fropmanyfold Juplication of an
exdating nuelootide goguance. ¥4 th the passage of
tdwe apd the egcuryones of mulatlons and
tranglocation of segments the numbor of a Tewily
giverge from one anothaer in nueleotide gequonos to
produce o Famdly of similar but pot ddoenitlionl

BHQUONCHS o



The extensive studies of Hoyer et al., (196h;
1966) using the agar technique supply a measure of
the repeated sequences held in common awmong different
specieg. The reassociation conditions standard forxr
the DNA~agar technigue utilise low concentrations of
DNA and relatively short time so only repetitious
DNA fractions will reassociate appreciably under
these conditions, These measurements were carried
out at different. temperatures (Hoyer et al., 1966)
and the results were correlated with the peiod of
time after divergence of the lines leadiung to the
newer species (Hoyer et al., 1964). The melting
temperature is low 1f strands of DNA frowm different
species ave rveassociated. The reduction of thermal
atability is proportional to the period after

divergence of the species.

Britten and Kohne (1968) considered this ase
evidence that the members of families of repeated
sequences in the DNA of a species slowly change in
nucleotide sequences. The degree of divergence
can be taken to be a measure of the age of the family,
and it is of dnterest in relation to the history of
evolution of the species (Brittem and Kohne, 1968).

lLarge, closely similar families are considered by
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these autbors as eveolutionarily young; while greetly
diverged families as evolutionarily old. Thus
families are produced in a tiwme short compared to the
time required for their divergence (a few hundred
million years). They suggested the term saltatory
replication to describe this hypothetical event by
which a family of hundreds of thousands of similar
nucleotide seguences is produced in the DNA of an
organism, There is a certain amount of evidence
that at least some of these repeated sequences are

genetically expiressed,

Pulse labelled RNA (presumptive messenger) has
been hybridized with the DNA of higher organisms
(Church and McCarthy, 1967, a by Brown and Gurdon,
19663 VWhitely et al., 1966; Denis, 1966 a, b;
Glisin et al., 1966). Since they were successful
in detecting hybrids at all under the conditions they
used, it maybe inferred that this hybridizing RNA
is complementary to families of repeated RNA sequences.
In the course of embryonic development and during
liver regemeration (Church and McCarthy, 1967 a, b;
Denis, 1966 a, b; Glisin et al., 19663 Whitely et
al., 1966) changes occur in the patterns of types
of hybridizable pulse-labelled RNA, These results

suggeat that during the course of differentiation



different families of repeated sequences are expressed
at different stages.

Hybrids between RNA and non-repeated DNA
sequences of higher ovganisms would not be expected
to occur under such conditions for the reasons
explained eawrlier in this section. A good working
hypothegis is that repeated sequences commonly occur
in structural genes, In any case, transcription as
complementary RNA 1ls direct evidence for the genetic
function of at least some of the repeated sequences.

Studies on the capability of the first fraction
to hybridize have revealed conflicting results.
Harel et al., (1968) have shown that rapidly labelled
RNA of high molecular weight from mouse liver, kidney
and L cells is hybridizable with purified wmouse
satellite single DNA strands, and especially with the
iight one (rich in deoxyademylic acid). They had
assumed that the light strand seems to be replicative.
On the other hand, Flamm et al., (1969) presented data
supporting a completely different situation. They
studied the ability of mouse labelled satellite
single DNA strands (heavy and light) to reassociate
with several unlabelled mouse tissues, namely liver,

kidney and epleen, In none of these experiments is
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there any evidence of RNA sequences complementary
to mouse satellite. They confirmed these results
by bhanding unlabelled single DNA strands with

BaPﬁlabelled RNA from mouse Legells.

It had been suggested that the RNA population

made from repeated DNA sequences may have some role

(perhaps regulatory) otheyr than as messengers carrying

structural information for protein synthesis. Walker
(1968) proposed that the reiterated parts of the
mougse satellite DNA have been preserved during
evolution because it was functionally mecessary and
he discussed the hypothesis that, these similawr
sequences avre "housekeeping' sequences concerned with
chromosomal rxecognition and folding; a large number
of blocks of similar sequences may be reqguired for

these purposes.

3. Hybridization
The technique widely used for the detection of

genetic relationship between DNA and its transcription

products, i.e. mRNA, »RNA and sRNA, is based on the

amount of labelled RNA specifically bound to DNA
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under conditions of thermal rematuration of the hybrids.

The amount bound under these conditions is considered

to be a measure of the molecular homology between the
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DNA and its transcription products.

At the present time, the only reasonable approach
to the investigation of sequences of large RNA
molecules, which are indistinguishable by the
previously mentioned chemical tests, is to compare
their ability to hybridize with DNA, This phenomenon
enables us to decide whether the mRNA present in a
given tissue is transcribed on the sawme ox omn
different DNA sites compared with the mRNA present in
anothexr tissue. The hybridization technique between
DNA and RNA was used 1in an attempt to describe the
changes in gene activity that occur during

cytodifferentiation.

The first demonstration of hybrid formation was
reported by Warner (1957). Complementary ribopolymer
palrs were shown to form a helical paired structure
when mixed in solution. Marmur et al., (1960) showed
that when DNA was dissociated into two strands, the
physical properties and biological activity of double
stranded DNA were restored by incubation under
appropriate conditions. It was shown by Hall and
Spiegelman (1961) that virus specific RNA, made by
bacteria during viral infection was able to palr with

the viral DNA,
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Several technigues were developed for the
immobhilisation of single stranded DNA in cellulose
(Bautz and Hall, 1962), in agar (Boltom and McCarthy,
1962) and on mnitrocellulose filters (Nygaard and Hall,
1963, 1964; Gillespie and Spiegelman, 1965). Tt
then became possible to assay the reassociation of
radioactively labelled single-stranded fragments of
DNA or RNA with the immobilised DNA, Another useful
technique for measuring reassociation depends on the
fact that double~stranded DNA or hybrid can be
separated from single stranded DNA on a calcium
phosphate (hydroxyapatite) column {Bernardi, 1965;
Walker and McLarem, 1965; Miyazawa and Thomas, 1965).
Reassociation can be followed by passing samples
through hydroxyvapatite and determining the amount
adhexring to the column, Reassociatlion of the DNA
of vertebrates was observed by Boltonm et al., (1963
1964); Hoyer and McCarthy and Bolton (1964). The
extent of reassoclation between DNA strands derived
from different species was shown to be a measure of
the evolutionary relation between the species (Hoyer
et al., 1964).

3.1. Principles of thermal reassociation

The principal conditions for renaturation of the

hybrids are thermodynamically the same as those employed
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for the reassociation hetween two complementary single
DNA strands (Nygaard and Hall, 1964). To initiate
renaturation, the complementary regions on the two
strands have te collide in the proper steric
orvientation, forming a hydrogem<bonded "nucleation"
centyre, Once such an event occurs, the "gipping up"
of the remaining portions of the DNA will proceed on

either side of the nucleation centre,

Partially reassociated sgtrands often implies
either a) that a fragment of a complementary strand
is lost or D) metastable states of the strands
caused by a mismatching between the repetitive sequences
on the strands with resulting loop forwmation (a) or

the formation of duplexes wilth mon bhase paired regions.

N4
a b

Both of the later forms can wreturn to a thermodynamically
more stable vegulaw double helix when exposed for a

sufficiently long time to reassociation conditions.

3.2 Conditions for thermal reagsociation

The conditions for successful and rapid reassociation

are mainly three (Szybalski, 1967). First, elevated



toemperatures which will weaken initra-stranded
secondary structure, increase the mobillity of single
gtrands and favour their unfolded conformation. The
temperature mast lie below the point of tramnsition

on the curve at which melting of the hybrid starts
and this is about 25°C below the Tm. Second, an
optimum concentration of the complementary strands

i required, leading to freaquent bimolecular
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collisions, Third, a moderately high salt concentration

(e.g. 0.3 = 0.35M NeCl) which will neutralise the
‘—negétiva charge on the phosphate groups and decrease
the electrostatic repulsion between the strands.
Below 0,01lM sodium ion the renaturation reaction is

effectively blocked,

When DNA strands oxr DNA/RNA hybiyids which are
gimilar but not identical reassociate with each other,
the resulting palr has reduced stability. At a
given cation comncentration it will dissociate at a
lower tempevrature than a perfectly complementary or

native double stranded molecule.

The temperature and salt concentration during a
reagssociation incubation establish a criterion of
precision in that paivxs are Formed only if they are

stableabove the incubation temperature. Thus the



incubation temperature determines which set of
sequences will reassociate, and controls the

resulting melting temperature.

3.3 Rate of reassociation of DNA

Much of the evidence for repeated sequences
depends on measurements of the rate of reassociation.
It has been estimated that these families or repeating
sequences in mawmmalian DNA may coniprise as much as
30% ox more of the base sequences (Britten and Kohne,
1966, 1968). The remaining DNA sequences are
presumably unigue and RNA molecules synthesised on
these agites will, under standard conditions, entex
into DNARNA interaction only if thelir concentrations

are sufficiently great,.

The reassociation of a palr of complementary
sequences results from theixr collision and therefore
the rate depends on their concentration. The
product of the DNA or RNA concentration and the time
of incubation is the controlling parameter for
estimating the completion of reaction. Britten and
Kohne (1968) call this parameter Cot. Co: is the
initial concentration of the veactants and t; is
time of incubation in seconds. When they plotted

their date with Cot in one axis and %; in the other,

which is the fraction remaining single stranded at
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any time after the initiation of the reaction, they
found that the progress of the reaction follows an
ideal second order reaction. The formula they used
in order to repregsent the progress of the reaction
is the one applied when the initial concentrations

of both reactants are the same, and this is:

C 1
Co =~ 1 ¥k Cot (1)

Where K 1s the vrate constant of the reaction. The
vinits of the k are litre x mole -1 X sec "1. The

units cam be found by rearrvangement of the equation

(l) as C(l + It Cot) = Coy, C + C (kCot) = Co,

Co = C

Clk. Cot = Co - C and k = C Cot

Under conditions in which the reaction is observed
to Tollow secondeoxdexr kinetics, the rate limiting
event magt be a "nucleation” event, that is, the
formation of one oxr few correct base pairs at some
points along the strands. The subsequent zipping
reaction in which the rest of the base palrs
subsequently form must be fast, otherwlise the overall
rate of formatiom of base pairs as wmeasured by optical
absorbance would be kinetically firste-order (Davidson,

1968).

The half life of a seconde~order reaction is Ffound
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from equation (1) by setting C = %2 when % = T and
1
T = %6o

The half life‘is thus inversely proportional to the
initial concdﬁtration under fixed conditions for a
particulax DNA, Furthermore, one would expect for
a ‘glven total DNA concentration that the time measured
for the reassociation of one half of the DNA is Jjust
proportional to the numbexr of different fragments
originally present for a given DNA concentration.

The DNA of a small virus (SV-40) cut to one tenth of
its original length, yields 10 different fragments,
each 1200 nucleotides long. The phage Th has 35
times as much DNA and yields 350 different fragments
of the same size. If the fragmented preparations

of DNA are adjusted to the same total concentration
under condlitions suitable for reassociation, it is
observed that the T4 viral DNA takes 35 times as long
as the SV - 40 DNA for one-half of the pieces to
become reassocilated. From reassociation rate
measurements, it is thus possible to determine the
number of different nucleotide sequences present in
the genome of a particular species by comparing its
DNA reassociation rate to that of an appropriate standard
DNA.. It appears that the Cot required for half

reassociation of DNA is proportional to the genome
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agize, This is ownly true, however, in the absence

of repeated DNA sequences.

L, Interpretation of DNA/RNA hybridization
studies with mammalian nucledice acids

Although the basic methodology for studies of
mammalian DNA/RNA hybrid formation is similar to that
used in studies of viral and bacterial nucleic acids,
it is quite obvious that interpretation requires some
careful consideration. Thue, where the salt
concentrations are high, the nonspecies specific backe
ground binding is grossly magnified, and locus
specificity must be minimal. Thus, if adquate
precautions are taken, it seems that wammallan RNA
will dntevact with specdfic base sequences in DNA,
just as im the case for RNA derived from lower

oirganisms.

From a conaideration of the appavent complexity
of mouse DNA for instance, it is obvious that the
rates of reaction, similer to those with bacterial
nucleic aclds, are altogether too rapld to be
associated with complete locus specificity. Again
the fact that these rates fall rapidly with increasing
tempevature, suggests that a given RNA molecule may

react with many DNA sites having base sequences
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related to those of its parental gemnse. This
gelection of potemtial reactlion sites will be reduced
as more styingent criteria of hybrid formation, such
as increased temperature or reduced ionlc strength,

are applied (Church and McCarthy, 1968).

In the face of the question as to the usefulness
and appropriateness of this technique as a wmeans of
analysis of RNA synthesis in higher cells, it is
perhaps best to counsider the method as a chemical
fractionation scheme., The immobilised DNA molecules
may be regarded as a chromatographic material containing
a large number of different binding sites, each
possessing differential affinlity for a different group
of RNA molecules. The technlque may then be seen
as one of considerable flexibility and more sensitivity
that any others currently available, Ag dn all othevr
fractionation methods, it is very difficult to prove
identity since thls may be confused with lack of
resolution. From this point of view, it is apparent
that differences among RNA populations way often be
demonstrable, although the failure to detect
differences does not establish identity (Church and
McCarthy, 1968). On the other hand, it is ju$£ifiab1e

to draw couclusions as to differences amomng populations
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of RNA molecules, although again, as with chromatoe
graphic or molecular weight separations, these will
be minimal estimates of the real extemnt of

digssimilarity.

Thus the wmethod has been shown to be a valuable
one foir the detection of systematic transcriptional
changes in embryonic or regeunerating systems (Glisin
et al., 1966; VWhitely et al., 196635 Church and
McCarthy, 1967 a, b) or differential distribution of
RNA within the cell (Shearer and McCarthy, 1967) and
transcriptional diffevences among different tissues

(Paul and Gilmour, 1966, 1968; Ursprung et al., 1968).

h,1 Saturation of DNA with RNA

Yankofsky and Spiegelman (1963) demonstrated
that hybridlization reactions may be used to measure
the fraction of DNA concerned with a particular gene
functiomn, Thus, saturation of bacterial DNA by
ribosomal RNA allows am estimate of the number of
cistronsg specifying this type of RNA, In cases where
cells of higher organisms are involved, this kind of
assay is potentially extremely useful for estimating
the fraction of the genome functioning in a given
type of differentiated cell or in an ewbryo at a

certain stage of development.
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In view of the question of locus specificity,
Church and McCaxrthy (1968) have attempted to assess
the validity of the hybridization method by comparing
bacterial and mammalian reactions under similar
conditions. They reported that the results obtained
with B. subtilis are consistent with the general rule
that in bacterial systems the same extent of
saturation occurs over a wilide range of temperature
conditions (60 - 67°%¢), Presumably, in these cases,
the predominant reaction is one between an wmRNA
molecule and one gtrand of the DNA of its parental
gene (Hayashi et al., 1963; Attardi et al., 1963).
The results with mouse RNA pyresent a great contrast
and are moxe consistent with an actual difference
in the fraction of DNA which can be titrated at the
various temperatuires. a8 the temperature is increased,
the demands on complementarity of base gequence are
increased and thus the chances for cross-reaction
among RNA and DNA molecules vepresenting different
genetic sites become more restricted. The thermal
denaturation profiles of DNA/RNA hybrids have a broad
range of thermal stablility which is highly dependent
on the wreaction conditions used for their Fformation.

Denis (1966) has demonstrated the variable stability
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of awphibian DNA/RNA hybrids.

Church and McCarthy (1968) show that the
stabilities of DNA/RNA hybrids are directly proportional
to the different temperatures of incubation used
during the hybrid formation. Moreover, they show
that the thermal stabilities of the products do mnot
tend to overlap with those of hybrids formed at a
higher or a lower temperature. It 48 readily
apparent from data presented in the studiles obtained
from competition reactions (Table 7) performed undex
stringent conditions, that the hybridized RNAs from
mouse spleen and mouse kidmney, for example, are
different in at least 70% of their component molecules.
The parameters of temperature and ionic strength both

govern specificity,

5. Lvidence for restriction of DNA templde activity
in animal cells

Cell differentiation is closely associated with
the differential activity of genes in different
tissues (Kidson and K%ﬁbby, 19643 MeCarthy and Hoyer,
19643 Paul and Gilmoﬁr. 1966, 1968; Ursprung et al.,
1968). The differentiation of cells is manifested
in the production of RNA which acts as an intermediate

between the genome and the protein-synthesising apparatus.
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One of the topics of major importance in
differentiation is concerned with the proportion

of the genome active i.e., the relative amount of
genomic information involved in changes in the pattern
of gene activity which are associated with changes

in the state of differentiation.

The template specificity of isolated chromatin
in supporting RNA synthesis has been studied to
answer that question. Paul and Gilmour, using rabbit
bone maryow and thymus chromatin in a defined in
vitro system, were able to show by the molecular
hybridization techmique that the inmactivation patterns
of the genome ig distinctive for each of the two
tissues, and only a part of the genowe restricted to
7:5% and 5% of rabbit bone marrow and thymus
respectively, was available for transcyiption. By
competition studies the same authors also found that
the RNA produced by chromatin in a cellefree RNA-
synthesising system was identical te RNA isolated
from the whole homologous tissue. This provides
evidence that the template specificity assocliated
with chromosomes in vivo is retained by isolated

chromatin.
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The present study is a further attempt to
establish the applicability of molecular hybridization
technique in the study of mechanisms of differential
gene expression in animal tissues. In this study
the chromatin from different mouse tissues has been
isolated and used in a cell«free RNA synthesilsing
system to study the effect of cell differentiation
on the patternm of RNA synthesis. This type of
system has certain advantages over that which uses
in vivo labelled RNA, The RNA produced is highly
and uniformly labelled and of known specific activity.
On the other hand, RNAs extracted from tissues of
animals which have received a pulse~labelling, contain
labelled heavy rRNA precursors, besides a large
amount of unlabelled rRNA. Thus 1t becomes particularly
difficult to determime the true specific activity of
the messenger fraction, The in vitro system also
has the advantage that all RNAs are probably transcribed
at the same rate, and are not subject to differential
turnovers as is found in in vivo conditions (Harris,
19633 Paul and Struthers, 1963). Competition
experiments with natural RNA also support the validity

of the system,

The purpose of this work was to determine the

kinds of RNA synthesised by chromatin using exogenous



RNA polymerase in thé priming incubation mixture of
different wmouse tissues. It was found that
different populations of RNA molecules examined are
not only distinguishable but also show large
differences between them, Mouse livey produced less
hybridizable species of RNA than mouse kidney (Pigure
i1). When DNAs from mouse kidney or whole embryo
were used as templates and the RNA produced was
annealed, then these RNAs hybridized to the same
extent and the awmount of hybridigation was almost
three times greater than the hybridization which
occurred when chromatin was used as template (Figures

9 and 11).

It appears that most of the genes in the nucleus
of animal somatlc cells, which are considered as
heing in a completely differentiated state, are in
fact inactive in supporting RNA synthesis, the
inactivation patterm of the genome in such cells
being distinctive for each tissue, Furthermore,
it seowms clear from these results as well as from
the results of Paul and Gilmour (1966 b) that the
structural organisation of the chromosome accounts
for the specificity of transcription associated with

specific cell +types. Moreover, these results may



he congidered as suggesting the possiblility that
gertaln genes unique for each specific type of
chromatin are active in RNA aynthesis relevant to
tigsue function, It is therefore possible to
estimate that fraction of the DNA which is responsible
for the particular state of differentiation of any
cell from those BRNA molecules which are most common

in that cell.

Evidence supporiting this conclusion has also
been obtained from compeitition experiments in which
labelled RNAs synthesised in vitro on a chromatin
template from mouse kidmney, liver and spleen were
competed by unlabelled RNA isolated from the
respective tissue. In each case the RNA from the
tigsue howologous to the chromatin was the most
effective competitor; RNA from the heterologous
tissue gave only partial competition (Figures 13,
15 and 17). These findings make isolated chromatin
an interesting assay system for the study of gene
functiomn. For they mean that chromatin retained
its develepmental integrity after isolation.

From the competition experiments it seems clear
that this system will provide aun excellent assay

for investigating the mechanism involved in

184
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establishing and maintaining this specificity that

is reflected in the RNA pattern.

6. The effect of folic acid administration on the
template activity of kidney chromatin

A good deal of literature has accumulated on the
sequence of metabolic events in the kidney which
follow folic acid administration both in the rat
and the mousé. Mos't research has concentrated on
a search which can be related to cell proliferation

for changes in nucleic acid metabolism,

Thus a new approach to an understanding of the
control mechanism has involved studies of the rate
and gquality of RNA synthesis in the twreated kidney.
Threlfall et al., (1968) established that increased
RNA labelling occurred after treatment in rats, and
Paul et al. (in preparation) have studied the
incorporation of 3H-uridine into RNA for the first
2L hours after folic acid administration. The
kidney control mechanisms cannot be fully understood

from studies of the rate of RNA synthesis alone.

The present work is an attempt to clarifly the
qualitative changes in RNA synthesis by means of the

moleculay hybridization technigue, By this method



it ie possible to follow the sequential synthesis

of new groups of RNA molecules after folate treatment.
Within the first hours after treatment there is a
profound change in the template activity of the
treated kidney chromatin, Almost £ifty pexr cent

of the RNA molecules labelled at that time are
epgentially absent in the kidney of normal animals.
On +the other hand, as is shown by the competition
experiments between RNA from treated kidmey, and
noyrmal kidney RNA as competitor, all of the
hybridizable RNA molecules present in normal kidney
are not present in the treated tissue although

some may still be synthesised but in small abundance.
It should be emphasised that the greatest differemnce
in the distribution of RNA wolecules is observed

at the early stages after folate administration.

At later stages, therve appears to be a sequential
loss of various types of RNA molecules characteristic
for the early times. RNAs disolated at later times
are less offectively competed out by the RNA
isolated at 3 hours. Thus many RNA molecules are
actively synthesised during the {first three hours
but are not produced at later times. Their absence
at later periods indicates that the process is

mediated by short-lived RNA molecules. Most of the

186



137

RNA molecules synthesised duyxing the early times
must have a shorter life than those present in
normal kidney. Since RNA isolated at 12 hours is
alveady deficient in some molecules, this suggests
that the 12 hour stage synthesises species of RNA
 thet are elther absent at the 3 hours or present in
very low concentration, This indicates that their
half-lives must be of only a few hours. When
normal 3H~RNA was competed by RNA isolated at 3 hours
there was very little displacement (Paul et al., in

preparation).

The overall effect of folic acid in stimulating
changes in the in vitre RNA synthesis can be
summarised as follows: kidney "regeneration" ig
assoclated with the appearance of short lived RNA
molecules, the synthesis of which commences after
the first hours of foliec aclid adminstration. The
process implies the disappearance of some RNA species
and the synthesis of new molecules which did not
exist during early hours. Support for this aspect
comes from results using in vivo RNAs isolated after

folic acid treatment (Paul et al., in preparation).

At this point there is a discrepancy between
the results obtained from folic acid treated kidneys

and the results described by Church and McCarthy



(1967) whe studied the regemeration process in mouse
livewx, Thelr vresults show that the population of
RNA species charactevristic of mormal liver continues
to be present in the hepatectomised tissue throughout
regeneration, This observation is supported by
their finding that, wusing the same RNA/DNA ratio,

all the competing RNAs isolated from ecarly stages up
to 48 houxrs after hepatectomy compete out the

labelled RNA isolated from normal liver equally well.

A thought that is worth mentloning, is the fact
that the concentrations of RNA species characteristic
of the normal livex are differvently represented 1n
the different stages, i.e. in the 1 and 3 hour
preparations, these RNA specles make up only a small
fraction of the total RNA, The fact that all the
different prepavrations cowpete out the labelled

normal RNA at the same rate is a paradox,

Some podiunts which are gquite diffevent from the
procedure used in the folic¢c acid experiments will be
mentioned, PMirst, Chuvrch and McCarthy used an
RNA/DNA ratio of 0.33. This ratio is quite low
and the probability of an appreciable proportion of
ribosomal RNA being bound i1sg not negligible, given

that only at high levels of RNA the less abundant
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classes of molecules account for the hybridized RNA,
Second, the RNAs extracted from a whole tissue which
have received a pulse label contain labelled heavy
rRNA precursors besides a large amount of unlabelled
rRNA. Thus it becomes particularly difficult to
determine the true specific activity of a mescenger
fraction. Besides, factors such as different rates
of uptake and utilisation of 32P at these diffevrent
stages may obscure the picture, Moreover, Church
and McCarthy do not plot saturation curves for the
different stages, so it is mnot clear if the awount
of labelled RNA used in theixr competition experiments
was at a concentration approaching that requlred to
saturate the DNA sites. Under non-saturating
conditions Denis (1967) claims, as wag mentioned
uwnder Section XII, the resulis of competition
experiments are not clear cut. These are several
reasons which may account for the discirepancy

observed.

Another point that has also to be mentioned here,
ig that in competition experiments between labelled
RNAs from folic acid treated animals and unlabelled
competitor 3 hour RNA, reaction was mnot carried out
to coupletion. There is a small possibilility that
if this was done, them the RNAs isolated at different

times after folate treatment would be competed out by
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the competitor RNA isolated at 3 hours to the same
extent but at different wrates,. The wratio of
RNA/DNA used is such that the hybridization of
ribosomal RNA makes up a negligible amount of the
total, while nuclear RNA would hybridize with high
efficiency. The use of the term "wessenger-~-RNAY

ig not a gtrict one since the role of the hybridized
RNA molecules as templates in cytoplasmic protein
synthesis bas not been demonstirated. Conceivably
othey kinds of RNA molecules are preseunt and
syntheslsed in response to folate adwinistration.
Penman's experiments (1966) suggest the existence of
rapidly labelled RNA molecules in Hela cells which
never pass from the nucleus to the cytoplasm, Thus,
although some of the new RMNA transcripts may be
messengers for specific cytoplasmioc protein
synthegis, others may function within the cell nucleus.
It idg not possible to attribute cellular functiions
to the mew RNA species although it is e&ident that
many changes occur after follc acid treatment forx
which RNA synthesis may be necessary, Nuclear
proteins are increased after folate (Threlfall et
al., 1969) and these changes are related to the shift

in metabolism for cell proliferation.
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Nueclear RNA molecules for the specification of
these proteins might be among those which appear more
abundantly after the administration. Mitotic
activity in the kidneys commences during the second
day after folate administration in the mouse and
reaches its maximum at 30 hours (Baserga et al.,
1968). In the rat the mean maximum wave of DNA
synthesis in the outer medulla was attained at 24
hours followed by DNA synthesis in the cortex with
a maximuw at 36 hours (Threlfall et al., 1968). The
overall rate of DNA synthesis in the rat kidney
reaches a maximun at 30 hours. Mitotic activity
commences after the first day and reaches a maximum
at 48 hours. In the mouse incorporation of
3H~thymidine into DNA showed a peak at 40 « 42 hours
after treatment, which is about 10 hours later than

in the rat.

It is clear that a profound change in the
metabolic activity of a tissue such as kidney after
folic acid administration does involve gross changes
in transcription, These new RNA molecules have a
very limited liftime so they provide the means of
control for a transitory vesponse quite analogous

to the synthesis of unstable mRNA for emzyme induction



in bacteria.

7. Changes in the template activity of kidney
chromatin after ligation of one ureter

The mechanisws involved in normal cell division
in mammalian organs are not well understood because
gtudies in multicellular organisms have encountered
particulayr difficulties. Nonetheless, clarification
of the mechanism underlying this phenomenon in
higher organisms is necessary for the understanding
of cytodifferentiation; this problem is usually
appraached'by studying various experimental model

gsystems.,

Several iuvestigators have found that tissues
with a very slow DNA, RNA and proliferating activity
can display, if they are exposed to the proper
stimalus, a high rate of DNA and RNA synthesis
followed by an increase in mitotic activity. These
situations provide model systems; their importance
lies in the fact that one may follow the functional
steps which lead from a quiescent state to RNA and

DNA synthesis, and cell divisdion. The case undewx
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investigation refers to the induction of hydronephrosis

in mouse kidneys and the appearance of new kinds of

RNA that follows.
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Several studies have been made on the sequence
of metabolic events which follow ligature of one
ureter, particularly in the rat. It was found that
DNA synthesis and mitotic activity in the cortex of
the kidney with ureteral obstruction was
significantly increased. The mechanism by which
DNA synthesis and mitosis are stimulated following
ureteral ligation is unknown. The proliferative
response commences before there is any histological
evidence of necrosis in the remnal cortex and it is
therefore unlikely that the initial response is due
to cell loss (Benitez and Shaka, 1964). Local
tengion ag a stimulus to local mitosis has been
discussed by Abercrombie (1957), and Tox (1957)
proposed that distention of the renal pelvis and
tubules was the gtimulus to cellular proliferation
in the obstructed kidney. A good example is the
proliferative response of the endometrium and
myometrium following distention of the uterine lumen,
a response independent of ovarian hormonal

stimulation.

Benitez and Shaka (1964) found no increase in
DNA synthesis or mitosis in the renal cortex of the

unobstructed kidney following ligation of the
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contralateral ureter. The failure of the kidney
on the unobstructed side +to respond in the early
stages of unilateral hydronephoresis made it nighly
improbable that a humorel factor was the stiwmulus
for the cellular proliferation on the obstructed
side, Though the stimulus is unknown, it 1s more
likely that the stimulus is a local one, arising

from alterations within the organ itself,

Most of the literature dealing with this
phenomenon has concentrated mainly on a search
for DNA synthesis and prolifersation activity. Thus
one approach to an understanding of the kidney control
mechanism has involved studies regarding the
appearance of new speclies of RNA in mouse Lkidney

after the ligation of one ureter.

The purpose of these experiments has been to
follow and compare the populations of RNA molecules
synthesised during these stages with that of normal
tissue. FFor the investigation of the mechanism
providing for the regulation of transcriptien, the
ablility of mouse chromatin in supporting RNA synthesis
has been studied in control and kidneys with ureteral
obstruction. Quantitative changes in the RNA

populations present in the ligated kidney during the
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induction of hydronephrosis were examined by
calculating the fraction of DNA hybridized ms a function
of the amount of RNA present,. The efficiency of
hybridization of RNA isolated at various stages after
ligature increases steadily up to 36 hours. The
percentage of hybridigation at 36 hours coincides
numerically with the one obtained from the 3 hour

in vitro system after folate treatment, At 48

hours there appears to he a decrease in template
activity of the chromatins isolated from ligated

1{:1(311 eys.,

As it can be seen, the response of ureteral
obgtructed kidney is a slow omne in contrast with the
responge of kidneys to follc acid administration.
However, the numerical estimation of the part of the
genome synthesiging RNA, Judged by the saturation
values obtained, is the same in the two phenomena.
This may be an indication that the two mechanisms are
quite siwmilar. To test accurately the similarity
between the two mechanisms competition experiments
are required betweenm RNAs isolated from folate
treated animals and RNAs from kidneys with ureteral
obgtruction. These studies will establish if the
proportion of the information enclosed in the genome

is identical in both cases.



Summary

Cell differenmtiation is correlated with the
differential activity of genes in a given cell (and
by implication in a functionally defined mixture of
cell types, i.e. a tissue). One of the topica of
major importance in differemntiation is concermed with
the proportion of the genome which is active in RNA
synthesis, i.e. the relative amount of gemnomic
information which brings about the morphological

changes characteristic of adult tissues.

1) The template specificity of isolated chromatins
in supporting RNA synthesis was studled im order to
clarify the relationship between genomic expression
and organ specificity. The molecular hybridization
technique was used for RNAs transcribed in vitro from
several mouse chromatins, This technlque provides
a sensitive method for distingulshing boetween various
populations of RNA molecules. It was found first
that different populations of RNA molecules examined
are not only distinguishable but also show large
differences among them and second, that only a part
of the genome was active in transcription. By
competition experiments it was found that the RNAs

produced by chromatin in a cellefree RNA system were
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similar to RNAs isolated from the whole homologous
tissue, This provides evidence that the template
specificity associated with chromosomes in vivo is
retvained by isolated chromatin, A particular
feature of this study is the high degree of
reproducibility of the hybridization values for each
tissue and the dissimilaritlies displayed by the

different tissues.

2) VWhen DNA from wmouse kidney was used as template
in a cell free system and the RNA produced was
annealed, then the amount of hybridization was almost
three times greater thanm the hybridization which
occurred when chromatin was used as tewmplate. Prom
these results it appears that many of the genes in
animal somatic cells, which are considered as being

in a completely differemtiated state, are in fact
inactive in supporting RNA synthesis, the inactivation
pattern of the genome in such cells being distinctive

for each tissue,

3) The mechaniswms which control cell division in

mammalian organs are not understood. Various

experimental models have been used to study this
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problem, The cases under investigation include in vivo

models, d.e. dnduction by folic acid of RNA synthesis
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in mouse kildneys and the appearence of new species of
RNA in mouse kidneys after the ligature of one ureter.
Studies have been made on the effect of folic acid
administration in stimulating changes in the in vitro
RNA synthesis such that new kinds of RNA molecules
appear in mouse kidney at specific tiwmes after the
treatment. The ability of kidney chromatin in
supporting RNA synthesis has been studied in untreated
(control) and treated animals. It was found that
folic acid changes profoundly the template activity
of the isolated chromatin frowm mouse kidneys. BENA
trangscribed from chromatin at early stages

hybridizes with twice as much DNA as RNA traunscribed
from normal chromatin, By competition experiwments

it was confirmed that the cell free sgsystem produces
the same RNA species as are Ffound in vivo which indicates
that the integrity of the chromatin 1s maintained
during isolation. Furthermore, the experiments
showed that new kinds of RNA wmolecules are transcribed
from kidney chrowatin after the early hours of folate.
The transcriptiomnal activity of the genome eventually

falls to the comtrol level after two days.

4) Another method for stimulating the appearance

of new species of RNA in mouse kidneys is to ligate
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one ureter, The template activity of chromatin
from the ligated kidney has been lnvestigated from
zero hours until 48 hours. The maximum hybridization
efficiency (twice the control) is exhibited at 36 hours
while RNA transcribed from chromatin isolated at early
stages bybridizes with as much DNA as RNA transcribed
from normal chromatin.

The purpose of these experiments has been to
compare the template activity of chromatin isolated
at various times after the ligature of one ureter
with those obtalined after folic acid treatment in
mice and to determine 1f the same control mechanism
operates in both phenomena, The relationship between

these two sygtems is discussed.



RNA
DNA

ATP,

mRNA
rRNA
tRNA
nRNA
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ABBREVIATIONS

and UTP

Ribonucleic acdid
Deoxyribonucleldec acid
Pyrotriphosphates of
adenosine, cytosine,
suanosine and uridine
respectively
Messenger RNA
Ribosomal RNA
Transfer RNA

Nuclear RNA

Ethylenediamine tetraeacetic
acid (versene)

2 e amino - 2 -
(hydroxymethyl) = propane =
1:3=diol

Perchloric acid

Trichloroacetic acid

Saline Sodium Citwrate
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