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The tec] mi cue of ENA-PNA molecular hybrldizatian was adopted for 
invest! sating the regulation of protein synthesis at the genome level in
differentiated animal cells. In prclimnaiy experiments, attempts were made
to assay aazaaallan HU-EHA complexes by neons of methylated albir JLn-Id.esolguhr 
chrocatography, Sephadox G-200 chromatography end by selectivo adsorption 
on nitrocellulose filters. The latter technique proved to be the nost convenient 
for the present siaadies, especially when the IttfA was inaobilisod to the j
nitrocellulose filter prior to hybridization with UFA.

Using this teclmique for the hybridisation of in vivo labelled *^C- rat 
kidney fflA to homologous ISA it was found that under conditions of majdLaam
hybridization only %  of tho IHA foraed hyl rids :&th the HIA* Thi::- result was
token as evidence for tho restriction of EEA template activity in animal cells*
In an attempt to detect tissue specific ISfAs in vc-rious rat organs, comparisons 
were made of the rapidly ̂ %-labollcd HJA fractions of rat liver, kidney an 
pancreas by competitive hybrid!sation against unlabollod rat kidney yRA. 
Differences were observed in the hybridization kinetics of tho I®As froei each 
organ* As it was not possible to determine tho real specific activity of 
rapidly labelled FJIA from in vivo labelling experiments, it was concluded 
that the observed differences in conpeti tivo hybrid!cation kinetics of thoso 
IHTAs could bo duo either to absolute differences in KNA types or due to 
differences in the specific activities of the EH As isolated from oach organ*

Tho difficulties associated with tho use of Ir, vivo labelled ISAe could 
be avoidod by synthesising tho PHAs in vidro from chromatin primers with tha v 
EKA polymerase of IHcrococctu lj -odoikticus* MPMtBcnts in which tho ISA 
synthesised in vitro fro i calf thyme end rabbit lirjunz m l  bone marrow

S I L *obsse tint vac hybridize! to hocolo jeuo ISA, ŝ iojcti that tho toaplate



activity of the isolated chromatin w & restricted to 5-̂ lOJt of the total IRA* 
Competitive hybridization oxperimonta chov/ed that the I3!A synthesised in vivo 
from calf th’Tiuc chromatin was quali Uilively identical to that synthesised 
in the in vitro system* This waa also oonfizmod with the KNAS synthocisod 
in vivo and in vitro from rabbit bono marrow. chromatin* It was conclu led that 
the restriction of IRA template activity found in v~fvo in anioal cells is
also a property of the isolate., dirooatin*

In further competitive hybridisation experiments, the HE As synthesised 
in vivo from rabbit thymus and bane marrow were compared separately" with the 
If!As synthesicod in yifro from rabbit thymus end bono narrow chromatin • 
Evidence was provided for the existence of rualitr.tivc differences in tho IRA

populations of tho two tissues, .his suggests that the restriction of IRA
template activity in differentiated cells is organ specific*

Investigations into tho nature of tho specific restriction of template 
activity in calf thymus chrooatin suggests I that protoin ionic ally bound to 
IRA is responsible for the restriction* Un or specified conditions it .im found 
pocaiblo to reconstitute diroaatin from crude IRA, hii cone and non- .istone 
fractionB* Tho xmclooliistone obtainocl by reconetituting IRA with the histono 
fraction alone, could not direct the in vitro cyntfaosis of any IRA capable 
of hybridising to calf thymus IRA* On the other hand, nucloohi.itono 
reconstituted from IRA in the prooenco of both histon© and ncn-iisione 
fractions resulted in a specific part of the IRA being available for rsno- 
cripiion*Tho magnitude of this unrestricted portion was four..1 to be the zc&c 
as that of whole chromatin* Those results suggest that ’More exists in calf 
tliymus chromatin a non-histone fraction responsible for conferring tho 
specific restriction of IRA template activity*
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1. INTRODUCTION

It is currently thought that sequencet of nucleo
tides in the DNA of chromosomes specify sequences of 
amino acids in proteins. However the question of how 
proteins are preferentially synthesized has recently 
attracted attention. This problem is particularly rele
vant in cytodlfferentlatlon in higher animals, where 
certain cells are characterized by the specific proteins 
they synthesise•

The following pages are concerned with some aspects 
of the mechanism of protein synthesis and how specific 
protein synthesis might be achieved in animal tissues.

1.1 The working model for protein synthesis.
Detailed information concerning the individual re

actions of protein synthesis has appeared in recent reviews 
(Moldave, 19651 Schweet and Heinz, 1966). Evidence has 
accumulated in support of the following model for protein 
synths si s•

Individual amino adds ar# activated in the presence 
of specific enzymes, aminoacyl t-RNA synthetases, to form 
enzyme bound aminoacyl adenylates (Hoagland, 1955t Hoag- 
1ang at ad., 1957l Klngdon at al., 1958| Do Moss et al..



1956 and Zachau ot al.. 1958)* Each amino a d d  la thought 
to have a specific activating enzyme (Schwset et al.. 1958t 
Berg and Ofangand, 1958) Herve and Chapeville, 1963)t

Enzyme bound amino adds are transferred to specific 
accsptor RNA molecules, transfer RNA, where they are com- 
plexed to the adenosine moiety of the terminal cytidylyl- 
oytldylyl-adenylate sequence* The suggestion by Hoagland
(1959) that transfer RNAs are responsible for the location 
of atnlno adds in their correct positions in the polypeptide 
chain as directed by messenger RNA, has boen substantiated 
by Chapeville et al* (1962)* Several workers have eluci
dated the base sequence analysis of specific transfer RNAs; 
however it has not yet been possible to account for the 
functional properties of the molecule in terms of its 
primary structure (Holley et al>. 1965) Zachau, at al»* 1966).

Amino acyl transfer RNA complexes are aligned in 
specific positions determined by the nuoleotide sequence of 
a template which is thought to be messenger RNA* During 
the formation of nascent protein, aminoacyl t-RNAs are 
specifically aligned in relation to the growing peptide 
chain, the C-terminal end of which is linked to t-HNA* The 
a— amino group of the Incoming amlnoacyl t-RNA reacts with 
the carboxyl carbon of the bound psptidyl t-RNA on ths 
ribosome surface resulting in the formation of a new peptide 
bond and the release of the t-RNA molecule that was pre



viously attached to the end of the nascent chain* The 
polypeptide chain which now contains an additional amino 
acid residue, is linked through the new amino acid to its 
corresponding t-RNA* The incorporation of amlnoacyl 
moieties requires glutathione and two enzymes* By repeti
tion of this reaction the polypeptide chain grows from its 
N-terminal to its C— terminal residua*

According to this model the sequence of amino adds 
la determined by the sequences of ribonucleotides in the 
messenger RNA which la in turn specified by the sequences 
of deoxyribonuoleotldes in the DNA* The transcription of 
complementary polyribonucleotide sequences from DNA is 
mediated by a DNA dependant RNA nucleotidyl transferase 
(E*C* 2 . 'That DNA acts as a repository of information 
for protein synthesis has been suggested by a number of ob
servations* Perhaps the strongest evidence comes from 
studies on bacterial transformation (Hotchkiss, 1955; Hotch
kiss and Weiss, 19561 Chargaff et al*, 1957, and Maraur and 
Hotchkiss, 1953)* Further proof has come from studies in 
which the effects of mutations have been correlated with 
changes in protein struoture* Yanofeky et al *, (196(f) 
examined mutations in a segment of the A gene and A protein 
of the enzyme tryptophan pyrrolas# of E*coli and demonstrated 
a linear correspondence between the two structures*

Colinearity between gene and protein in animal tissues



has bsen suggested from invest!gatlore on tha amino aold 
sequence in abnormal human haemoglobins* In patients with 
sickle-cell anaemia the amino acid valine replaces glutamic 
acid at one position in the o-globln chain of normal haemo
globin* This change is thought to correspond to a sub
stitution of adsnins for thymine at the appropriate point 
in the DNA chain (Ingram, 1961a, b)•

The nature of the coding mechanism has been elucidated 
by Crick et al * * (19 6 1) from acridlne Induced mutations in 
rll locus of the phageI4 . This locus has not yet bsen assoc
iated with the production of a specific protein, however the 
findings suggest that the code is composed of non-overlapping 
base triplets and is degenerate*

It has also bsen argued that the metabolic stability 
of DNA as compared with other cellular constituents supports 
its genetic function* Experiments of Healy et al*, (1956) 
and Thom son et al* * (1958) with tissue cultured cells
suggest that the DNA remains stable despite repeated cell 
division* The work of Msselson and Stahl (1958) on DNA 
replication in rapidly dividing E*coll cultures, provides 
a mechanism whereby the genetic material is passed on to 
daughter calls Intact, by a "semi-conservative" mode of 
replication*



1*2 Messenger RNA*
The importance of messenger RNA*

The concept of messenger RNA (m-RNA) occupies a 
central role in protein synthesis* That RNA might act 
as a template for protein synthesis is not a new idea 
(Brachet, 1955)) however it has yet to be demonstrated 
unequivocally that an RNA fraction acta as a messenger 
in eukaryotes* By definition m-RNA is a polyribonucleo
tide which determines the sequences of amino acids in a 
polypeptide chain* It acts as a carrier of information 
of the genome and when the genome is DNA the base sequence 
of the messenger duplicates the base sequence of the DNA*
In certain viruses, however, RNA serves both as the carrier 
of genetic information and as messenger* Definite 
characterization of a messenger RNA would be achieved by 
isolating a unique cellular RNA that had been transcribed 
from a DNA template and the further demonstration that 
this RNA could direct the synthesis of a specific protein* 
This condition has not yet been satisfied with animal 
messengers and other criteria are often used* These ore 
discussed in the following sections*
Detection of m-RNA*

The experiments of Cohen (19&8), Volkln and Astrachan 
(1956), and Brenner (19 6 1) on phage Infected bacteria, 
demonstrated that on infection net synthesis of HNA was



stopped abruptly while a small fraction was found to turn 
ovsr rapidly* The interpretation that this fraction 
represented phage specific messenger RNA developed largely 
from the consideration of enzyme induction and represalon 
in bacteria by Jacob and Monod (l96l)« Thus the rapidly 
formed RNA in phage infection wae not considered peculiar 
to phage infected cells but rather reflecting a more 
general sequence of events*

Assuming a rapid turnover, then, at any given time 
messenger RNA should represent a high proportion of the 
newly synthesized RNA, although it only constitutes a 
•mall proportion of the total cellular RNA* Brief expos
ure to radioactive RNA precursors should then preferen
tially label messenger RNA* This so-called pulse labelling 
technique has been used extensively in the detection of 
messenger in bacterial and animal cells* Gross st al* *
(1961) and Risebrough et al* * (1962) detected ouch an RNA 
fraction in uninfected i£*ooll cells* The idea emerged 
that protein synthesis in the bacterial odll is controlled 
by the flow of short lived RNA molecules from the genes 
to the sites of protein synthesis, and prompted the search 
for a similarly unstable RNA fraction in animal cells* In 
early experiments, Slmlnovltoh and Graham (1956) and Labaw 
ct al* * (i960) reported that when cultured oells were 
exposed to radioactive phosphorus and subsequently trant-



forred to non-lsotopic medium, there appeared to be no 
loss of activity from the RNA, implying that in animals 
messenger RNA is stable* Watts and Harris (1959) demon
strated that in the mammalian macrophage some of the RNA 
was rather unstable and that breakdown products were 
rapidly re-Incorporated if they were not displaced from 
precursor pools by unlabelled precursor* Since then, 
there have been numerous reports of rapidly labelled RNA 
in higher cells, e*g* in cultured cells by Scherrer and 
Darnell (1962), Tamaokl and Mueller (1962), Perry (1962), 
Paul and Struthers (1963) and Harris (l96fia, b), in sheep 
thyroid by Seed and Goldberg (1963) and in rodent liver by 
Munro and Korner (196(1) and Iloyer et al *, (1963)*
The stability of m-RNA*

The stability of RNA in general can ba deduced by
following the decay rate of pulee labelled material in
cells after the addition of an inhibitor such as actlno-
mycln D which specifically blooks further RNA synthesis*
m-RNA stability can bs studied by observing the effect such
treatment has on the subsequent rate of protein synthesis*

Using B subtil!a* Levlnthal et al*. (1962) found that
pulee labelled RNA had a half life of about 2 minutes, and
from a different approach Kapea (1963) determined a mean
half life of 1 minute for 0 galactosldase specific m-RNA by
following the Induction of ft galactosidase in B*coll cells



exposed to a pulse of Inducer* Such results with bacterial 
eystasia are In accordance with the prediction of Jacob and 
Monod (196I) concerning the control of protein synthesis 
by short lived messengers* The occurrence of stable 
bacterial messengers has been reported by Harris (l96lic) 
and Oause and Lalko (1962)*

Tho fate of rapidly labelled nuclear RNA following 
aetinomyoin treatment has been studied in animal cell cul
tures by several workers (Harris, 1959; Watts and Harris, 
1959; Harris, 1963a) Hiatt, 1962) Paul and Struthors, 1963) 
and Lleberman et al* * 1963*) Using concentrations of 
actinomycln which completely inhibit RNA synthesis it is 
apparent that touch of the rapidly labelled material under
goes breakdown to acid Insoluble products within ths nucleus* 
Harris (l96lia) maintains that in HeLa cells and rat connec
tive tissue cells, breakdown le not commensurate with the 
observed rate of protein syntheeie within the cells, and 
concluded that the rapidly labelled RNA le devoid of 
template function* On the other hand, Hiatt ot al*. (1963b) 
demonstrated rapid uptake of labelled orotic acid into the 
RNA of rat liver nucleus and cytoplasm and further showed 
that these fractlone produced considerable stimulation of 
amino acid incorporation in an E*ooli coll free protein 
synthesizing system* Treatment with Actinomycln D did not 
reduce the stimulatory affect of the cytoplasmic RNA,



suggesting that the template was also stable (Revel and 
Hiatt, (196b)* In support of this view Reich et al. (1962) 
have shown that in mouse fibroblasts concentrations of 
actinomycln which inhibit RNA synthesis permit continued 
protein synthesis for at least 12 hours after administration* 
Goldstein et al*, (i960) using cultured amnion cells and 
Himmerling (1953) using the unicellular alga Acetabularla 
found continuing protein synthesis in the cytoplasm for a 
considerable length of time after removal of the nucleus*
There are numerous other systems in which protein la syn
thesized in the absence of RNA synthesis, e*g* in reticulo
cytes (Marks et al*f 1962)1 in sheep thyroid (Seed and Gold
berg, 1963)1 and in fertilised sea urchin eggs (Gross et al*. 
196li).

Information about the stability of messenger RNA has also 
come from studies on polysomes in animal cells* In mammalian 
liver and reticulocytes and in bacterial systems, evidence 
suggests that protein synthesis is carried out by ribosomes 
linked together by messenger RNA to form polyribosomesf 
Warner et al*. (1962)1 Marks et al.. (1962)| Wettsteln et al*, 
(1963)$ Glerer (1963)1 and Spy rides and Llpmann (1962). Elec
tron micrograph studies on polyribosomes coupled with their 
ability to promote the incorporation of amino acids has also 
provided evidence for their participation in protein synthesis! 
Rlfklnd et al*.(19 6M 1 Staehelln et al*.(l963)i Mathias et al*. 
(1962|)| and Slayter et̂ jal •, (1963) .

9.



Several worker® have shown that brief exposure of 
animal cells to radioactive KNA precursors results in the 
appearance of labelled RNA in the polysomes* In HeLa 
colls the rapidly labelled component of the polysomes has 
sedimentation character!sties distinct from those of the 
28S and 16S rlboeomal RNAs (Penman et al». 1963)* After 
blocking further synthesis of HNA by actinomycln treatment 
and following the deoay rate of polysomal protein synthesis 
it was concluded that the messenger component of the 
polysomes had an average half life of about 3 hours* 
Staehelin et al** (1963) arrived at a similar figure by 
following the disintegration of polysomes in rat liver 
after administration of sublethal dosos of actinomycln to 
whole animals* Using the same teohnique, Trakatellls ■ t 
al ♦, (l96?»a) arrived at a half life of 10 hours for poly
somal messenger in rat liver* However in a further exper
iment, under steady state labelling conditions, it was 
concluded that messenger RNA had a half life of about i| 
hours (Trakatellls «#t al*. 196hb)« Staehelin et al*. 
(196k) arrived at a mean half life of 2 hours for rat liver 
polysomal mossenger by studying the specific activities of 
polysomes after administration of radioactivo phosphorus 
to whole animals*

However, as mentioned previously, there are examples 
of much more stable mossenger RNAs in animal systems*



Scott and Bell (l96h) examined the effect of actinomycln 
D on the protein synthesising capacity of polysomes from 
various chicken embryo organs* In specialized tissues 
like ocular lens, protein synthesis is largely unaffected 
even after 2h hours* exposure to actinomycln D, while in 
liver and smooth muscle complete cessation of protein 
synthesis occurred within several hours* The suggestion 
is made that in tissues which are committed to the synthesis 
of a restricted number of proteins, o*g* ocular lens (Reader 
and Bell, 1965), reticulocytes (Marks st al*, 1962), and 
feathers (Humphreys et al*« l?6l»), messenger RNAs may be 
essentially stable, while in other tissues such as liver 
shorter lived messengers are present*

As well as inter-tiseuo differences in messenger 
stability, evidence has also been found for a spectrum of 
messenger stabilities within the same cell by Seed and 
Goldberg (1963) with sheep thyroid, Scott and Bell (1962*) 
with certain chicken organs, Reich ot al«. (1962) with 
mouse fibroblasts, and Pltot et al*. (1965) with rat liver*

1*3 Tho function of rapidly labelled nuclear UNA
in Animal Cells*

Tho fact that actinomycln D prevents the incorporation 
of precursor into both nuclear and cytoplasmic RNA in the 
intact cell has been considered by some authors as evldenoe 
that all cytoplasmic RNA originates in the nuoleus (Merits,



19631 Tamaoki and Mueller, 1962). Thus in the preceding 
section it was tacitly assumed that the rapidly labelled 
polysomal material was messenger RNA derived from the 
nucleus*

The fate of rapidly labelled nuclear RNA is however 
complicated by the difficulty of demonstrating unequivocal 
transport of labelled material from the nucleue to the 
cytoplasm and also by ths fact that soms of the rapidly 
labelled RNA may function ae precursors of rlbosomal RNAs*
Transport of nuclear RNA to the cytoplasm*

The studies of Watts (1964^ in HeLa cells has shown
that a considerable proportion of the rapidly labelled 
nuclear RNA is broken down in the nucleue with a half life 
of 15 to 20 minutes* Harris (1963, 1962*a, b) maintains 
that in animal cells very little of the nuclear material 
le transferred to the cytoplasm but is degraded in situ*
In contrast, Scherror and Darnell (I962) and Scherrer et al 
(1963) found that only 30 per oent of the rapidly labelled 
material is broken down* The fate of the remainder was 
followed after adsd.nl strati on of actinomycln D and it was 
claimed that most of the label was transferred to the 
cytoplasm as 16S and 28s rlbosomal RNAs via an unstable 
b5S intermediate* Girard et al*. (196ft) and Penman et al * 
(1966) obtained similar results using this approach.

However, Harris (l96!»b) disputes the interpretation



of these results end points out that if one omits to 
"chase* labelled material from precursor pools subsequent 
to actinomycln treatment then continuous incorporation of 
label occurs both in nucleus and cytoplasm* The result 
obtained simulates a precursor product relationship of the 
type found| however Harris maintains that if care le taken 
to "chase* then complete breakdown of labelled RNA occurs 
within the nucleus* Paul and Struthers (1963) also ob
served that if precursor pools are furnished with a con
tinuous supply of labelled precursor then residual drug 
resistant Incorporation occurs* Such results emphasize 
the difficulties associated with following the fate of 
rapidly labelled nuclear RNA subsequent to its synthesis* 

Georgiev et al*. (1963) on the other hand, found that 
with Ehrlleh ascites and human amnion cells cultured in 
vitro, actinomycln not only inhibited further nuclear RNA 
synthesie but also prevented the appearance of labelled 
RNA in the cytoplasm* Furthermore, breakdown of nuclear 
RNA as described by Harris was not found* In rat liver 
nevertheless actinomycln treatment leads to a decrease in 
the activity of nuclear RNA with a corresponding Increase 
in the activity of cytoplasmic RNA* These results were 
taken to demonstrate transport of RNA from nucleue to 
cytoplasm in rat liver, but Georgiev et al* also suggested 
that differential response of eome cells to actinomycln D



treatment might also complicate the issue*
Relationship between nuclear and cytoplasmic RNA*

Although some of the rapidly labelled nuclear RNA
appears in the "messenger" fraction of polysomes after 
a few minutes, evidence has been presented that a consider
able proportion is also converted to cytoplasmic rlbosomal 
RNA by a much slower process* The attempts of Scherrer 
and Darnell (1962), Scherrer et al*. (1963, Girard (l96fc), 
Penman (1966), end Georgiev et al*. (1963) to demonstrate 
this relationship have been mentioned in the previous 
section* More convincing evidence has come from the 
autoradiographic studies of Perry et al*. (1961) and Perry 
(1962 and 1963)* By treatment of animal cells with 
ultraviolet irradiation or minimal dosages of actinomycln 
D, nucleolar RNA synthesis was inhibited without affecting 
extranucleolar RNA synthesis* Under these conditions the 
synthesis of cytoplasmic rlbosomal RNA le suppressed* In 
further studies Perry (l962|) compared the nuclear RNA of 
actinomyoln treated end untreated L cells by DNA molecular
hybridisation* It was concluded that the poor hybridising

* 4

capacity of nucleolar RNA as compared with total nuclear RNA 
was due to the presenoe of rlbosomal sequences in nucleolar 
RNA* An attempt was made to establish the Identity of 
the rapidly labelled l$5S RNA component of the L cell by 
competitive hybridisation against the nuoleolar and total



RNA preparations* The results were rather inconclusive 
as the partial actinomycln treatment did not inhibit 
nucleolar aotivity completely! however it would appear from 
competition data that at least part of the rapidly labelled 
nuclear RNA la converted to rlbosomal RNA with preserva
tion of base sequence end is not rapidly degraded and re
utilised*

Reoent evidence suggests that the rapidly labelled 
nuclear RNA may actually associate within the nucleus to 
form precursor particles which then migrate to the cytoplasm 
and eventually form ribosomes* Thus Tamaoki (1966) des
cribed a &5S particle in the L eell nucleus comprising both 
RNA and protein* The formation of these partieles pre
ceded the formation of ribosomes, and it was shown by actlno- 
myoin administration that the disappearance of labelled 2i5S 
RNA was accompanied by a concomitant appearance of label 
in the ribosomes* Girard et al *, (1965), McConkey and 
Hopkins (1965), Reetow and Kbhler (1966), Latham and Darnell 
(1965b), Henehaw et al** (1965) and Joklik and Becker 
(1965a, b) have also described this particle in animal 
cells and in some instances particles of around 60S were 
observed* The available evidence suggests that 2»5S
particles contain the 18S rlbosomal RNA* Restow and 
Kdhler have shown that, by treating KB oells with actlno- 
mycln D subsequent to a pulse of radloaetlve precursor



labelled li5S particles are incorporated directly into 
polysomes* The nature of the 60S particle le lese clear* 
Several authors havs found both 28S and 16S rlbosomal RNA 
speciss present (McConkey and Hopkins, 19651 Restow and 
Kdhler, 1966)t however the similarity to mature 7bS ribo
somes makes isolation and characterisation difficult* 

McConkey and Hopkins (1965) isolated the rapidly 
labelled RNA of fi5S particles from HeLa cell cytoplasm 
and provided evidence from sedimentation and hybridization 
data for the presenoe of an RNA species distinct from 
rlbosomal RNA* These authors suggested that messenger 
RNA was also present in l«5S particles in addition to 18S 
rlbosomal RNA* The formation of such a complex as a 
first step in polysome assembly would provide a mechanism 
for the transport of messenger to the cytoplasm* Similar 
results were described by Okamoto and Takanaml (1963) in 
bacteria where messenger RNA appears to complex with the 
smaller 30S rlbosomal subunit prior to the formation of 
polysomes* Additional support for this schems was pro
vided by Hsnshaw et al«* (1965) who demonstrated that 
1 bC-labelled polyurldyllc a d d  is capable of binding to 
U5& particles of rat liver* Perhaps the strongest 
evidence comes from the studies of Jokllk and Becker (1965b) 
on vaccinia infection of HeLa cells* Almcst immediately 
after the synthesis of viral messenger RNA in the host



cytoplasm it attaches to N5S particles*
Spirln ct al», (l96*i) and Spirin and Nemer (l965) 

have described similar particles in fish and urchin embryos 
which contain an RNA fraction capable of stimulating amino 
acid Incorporation in a call freo system* These particles 
which are thought to contain the "maternal" messenger RNA 
in the unfertilised egg, become aotlve in protein synthesis 
when fertilization takes place* Monroy et il»* (1963) haye 
shown that if polysomes taken from eggs prior to fertiliza
tion are treated with trypsin they aro then capable of 
supporting high levels of protein synthesis*

The concept of a subribosomal particle containing 
messenger RNA is an attractive solution to the problems of 
messenger transport and protection but there is as yet no 
conclusive evidence to suggest that the non-rlbosomal compon
ent is in fact messenger RNA* The implication that very 
little free messenger exists in the cytoplasm is supported 
by the work of Samarina (196*1) who found that of the "DNA- 
like RNA" in rat liver cytoplasm only about 15 per cent 
existed free while the remainder was complexed in ribonucleo- 
prot©in particles* It is not certain whether the supposed
messenger is complexed within the nucleus or the cytpplasm, 
however the possibility that such particles might be formed 
at the site of transcription on the DNA has been 
suggested by the findings of Byrne et al * * (196*1) who



showed that ribosomes could complex with T2 UNA In vitro 
providing that RNA synthesis was taking place*

lib Other criteria for messenger RNA*
Molecular weight *

Numerous attempts have been made to estimate the 
molecular weight of the rapidly labelled RNA of animal poly
somes by sucrose gradient sedimentation* In general a 
heterogeneous spectrum of molecular weighta appears in this 
fraction* Munro and Komer (196*4) found that the messenger 
RNA of rat liver microsomes had a sedimentation coefficient 
of between (9 and 18S* Similar observations have been 
reported by Staehelin et al*. (196*4), Trakatellls et al*. 
(196*1), and Ogata et al** (1963) with rat llveri by Penman 
et al * * (1963) with HeLa cells, and by Kruh et al*. (l96tfb) 
with rabbit reticulocytes*

Although a unique messenger RNA might well have a 
unique molecular weight (Dum y  and Marbalx, 1965) the above 
results emphasise the heterogeneity of total measenger RNA 
of the cell* Tho poly-dlsperse nature of the RNA renders 
molecular weight determinations a rather unsatisfactory 
criterion for messenger* Size distribution can also be 
affected by complications such as degradation (Hlgashi and 
Busch, 1965)1 association of messenger RNA with rlbosomal 
RNA under certain conditions (Staehelin et al*. 196*i)| and 
with Polysaccharides (Martinez et al * * 1965).



Base composition*
The suggestion that the base composition of messenger 

RNA should reflect that of the cellular DNA has come mainly 
from work on bacterial systems (llayashl and Spiegelman, 1961 
Bolton and McCarthy, 1962)* No conclusive proof of this 
complementarity has been offered in animal systems, although 
attempts have been made to establish such a relationship 
between the rapidly labelled RNA and homologous DNA by DNA- 
RNA hybridization (Scherrer et al* * 1963j McCarthy and Hoyer 
196!u and Hoyer et al *, 1963)* From these experiments it 
is apparent that the messenger RNA represents a rather small 
proportion of the total DNA and might argue against equi
valence of base composition*

32In animal cello the base composition of P rapidly 
labelled polysomal RNA has been determined by nearest neigh
bour frequency analysis* Penman et al* * (1963) concluded 
that the messenger fraction of HeLa oell polysomes had a 
base composition more reminiscent of HeLa DNA than that of 
rlbosomal RNA* However, Munro and Korner (196*1) showed 
that there is a distinct dissimilarity between the polysomal 
messenger of rat liver and both rat DNA and rlbosomal RNA* 
Ishlkawa et al * * (196*1) and Brawerman (1963) arrived at 
similar conclusions from analysis of messenger fraotlons 
Isolated from rat llvor* Sibltanl et al.. (1962) also 
described a method for the Isolation of rapidly labelled



UNA from calf thymus nuclei and demonstrated a consider
able resemblance to the base composition of thymus DNA*
The base composition of the Isolated "messenger" appears 
to depend to some extent on the fractionation procedure 
employed* Where nuclei aro taken as the source of rapidly 
labelled RNA, complications will also arise due to the 
presence of rlbosomal precursor species*

Georgiev et al.. (1963) attempted to circumvent those 
difficulties by injecting minimal concentration of actlno- 
mycln D into rats* Under these conditions it is maintained 
that a partial block of RNA synthesis occurs, mostly to the 
detriment of rlboeomal species, whlls messenger RNA synthesis 
is unaffsoted* The base composition of the rapidly labelled 
material from rat liver nucleus and eytoplasm revealed the 
presence of "DNA-like RNA" in both instances*

Hoyer et al*. (1963) also attempted to fractionate the 
rapidly labelled RNA of mouse liver by DNA-RNA hybridization* 
Neither the hybridized nor unhybrldlzed RNA resembled the 
overall DNA composition* Thus similarity to DNA is not 
necessarily a good criterion for complementarity* Further
more, if only a limited region of the DNA in liver cells 
functions in produelng complementary RNA the composition of 
this region may not reflect the average DNA composition*
Other examples of disparity between base composition of the 
hybridized HNA and the DNA are known, and are typified by



tho hybridisation of rlbosomal RNA (Yankofaky and Spiegel- 
man, 1962a, b)•
A l  vj^ro gtiwulatlon of protein synthesis*

There is a considerable body of evidence to implicate 
polysomes as the sites of in vivo and in vitro incorporation 
of amino acids into proteins (Rlfklnd et al.. I96I1; Staehelin 
ot al.. 19631 Mathias et^al.,'19 6<h Schaechter et al • « 19631 
Slayter et al *. 19631 Marks et al>. 1963J Henshaw et al *. 
1963; and Seed and Goldberg, 1963)*

The discovery by Matthael and Nirenberg (1961) that 
synthetic messenger RNAs can direct the in vitro incorporation 
of specific amino acids into protein provided a means for 
testing natural and synthetic messengers as templates for 
protein synthesis* In experiments with bacterial ribosomes 
it has been shown that tho presence of polyurldyllc acid gives 
rise to a spontaneous formation of polysome-like aggregates 
in which virtually all the activity for phenylalanine incor
poration is concentrated (Barondes and Nirenberg, 1962;
Spyrldes and Lipmann, 1962)* Ribosomes from Ehrlich ascites 
cells (Pedersen et al.. 1963), rat liver (Henshaw et al*» 1963) 
and rabbit reticulocytes (Weinstein et al*. 1963), normally 
inert in in vitro incorporating systems, can be stimulated to 
Incorporate phenylalanine in the presence of polyurldyllc 
acid* The implication that synthetic messenger RNAs were 
assuming functions normally ascribed to in vivo messengers



led to the search in animal cells for RNA fractions capable 
of stimulating amino a d d  incorporation* Brawerman et al *. 
(1963) described stimulation by an RNA fraction from rat 
liver nuclei and Hiatt et al*. (1963b) obtained stimulation 
from cytoplasmic as well as nuclear fractions of liver* In 
the final analysis however the RNA in question must be shown 
to direct the synthesis of a specific protein* This criter
ion has been met in several investigations* Nathans et al*f
(1962) were able to demonstrate that oollphage f2 RNA is 
translated into f2 coat protein by the E>coli cell free 
system, and Schwartz et al*. (1965) confirmed these data 
using a cell free system from Euglena gracilis* The messenger 
role of the RNA from collphage MS2 (Nathans, 1965) and 
satellite tobaooo necrosis virus (Clark et al*. 1963) has 
been shown to act in a similar manner* Hall et al*. (1965) 
isolated the messenger RNA for gramicidin S and demonstrated 
the synthesis of this antibiotic by adding the RNA to a B 
brevis cell free system* On the other hand, Aach et al*(l96*i) 
found that the protein synthesised in the E*coll system under 
the direction of TMV RNA was not a TMV-speclflo protein*

In animal systems the quest for the in vitro synthesis 
of a specific protein has to a larga extent concentrated on 
the enucleate mammalian reticulocyte beoause of the stability 
of the messenger RNA and because most of the protein synthe
sized in these cells in haemoglobin* Brawerman et al*.



(1965) showed that tho protein synthesized upon adding 
reticulocyte RNA to the S.coll cell free system exhibited 
a valine to lsoleuoine ratio which approached that of 
globlnt however in a similar study Schaeffer ot al». (196(1) 
reached a contrary conclusion* Drach and Llngrel (1966) 
presented evidence that tha stimulation obtained when rabbit 
reticulocyte RNA was added to the E*coli system was due to 
the enhanced synthesis of coll-type protein rather than the 
synthesis of haemoglobin* The suggestion that the bacterial 
and mammalian components might be incompatible in the cell 
free system led some investigators to use homologous mammalian 
cell free systems* Arnstein et al*. (196(1) demonstrated the 
synthesis of haemoglobin in a rabbit reticulocyte cell free 
system in which RNA from polysomes was added to reticulocyte 
ribosomes* However the ribosomes alone were oapablo of 
Incorporating amino acidst therefore it is not clear whether 
the mossenger fraction was stimulating de novo synthesis or 
whether the in vivo synthesis of Incomplete haemoglobin 
chains on the ribosomes was being completed during in vitro 
stimulation* Kruh et al*. (196(1 a, b) carried out similar 
experiments with rabbit reticulocytes but failed to distin
guish between stimulation and de novo synthesis* This draw
back of homologous systems was demonstrated by Knopf and 
Dlntzls (1965) who concluded that only about 1 per cent of 
the observed stimulation was attributable to de novo protein 
synthesis*



Additional complications in cell free systems from 
homologous or closely related species are seen from the 
results of Lamfrom (19 6 1) who found that the type of haemo
globin formed corresponded in part to that of the ribosome 
donor and in part to that of the supernatant donor in a 
cell free system employing rabbit and sheep components*
Kruh et al*. (19 6 1) and Shapira ot al*. (1966) present 
similar results mainly using rabbit and guinea pig*

Thus to date there are no conclusive experiments which 
demonstrate de novo synthesis of a specific animal protein 
in an in vitro system* Until this condition is satisfied 
the evldenoe for messenger RNA in animal cells will remain 
largely circumstantial*

1*5 The enzymic synthesis of RNA on DNA templates*
RNA polymerase*

The messenger RNA hypothesis provides a specific model 
for the genetic control of protein synthesis, the central 
feature of which le the transcription of DNA nucleotide 
sequence into complementary sequences in the messenger RNA* 
Within recent years numerous systems of bacterial, plant and 
animal origin have been described that catalyse formation of 
polyribonucleotides fflrom adenosine, guanosine, cytosine and 
uridine 5'~triphosphates* The enzyme catalysing this reaction, 
RNA nucleotidyl transferase (E.C* 2*7*7*6) or RNA polymerase 
has been Isolated in soluble form from a number of bacterial



sources (Fuchs et al *, 196*i; Chamberlin and Berg, 19621 

Furth f t al *, 1962; Nakamoto et al.. 196*; t Stevens and Henry, 
196*i)« Till recently the only animal sources of soluble RNA 
polymerase were embryonic (Furth and Loh, 1963) neoplastic 
tissues (Furth and Loh, 196!$) and rat teetle (Ballard and 
Williams-Ashman, 196*1)» Most animal RNA polymerases appear 
to be Inseparably bound to the cellular DNA giving Insoluble 
aggrtgatea (Weiss, I960; Busch et al.. 1962; Hho and Bonner, 
1961; Hancock et al.. 1962; and Gorskl, 196*1)* In general, 
animal cells are rather poor sources of RNA polymerase, con
sequently most of our knowledge concerning the mechanism of 
transerlptlon has come from studies with bacterial enzymes*
The transcription of DNA templates InJCljgfl*

The reaction by which RNA polymerase catalyses the 
synthesis of RNA from a DNA template can be summarised by 
the following equation;

nj ATP * n2GTP ♦ n3CTP ♦ n^UTP ̂  ( AMPnl-(»lPn2 -
DNA

♦ (n^ ♦ n2 ♦ n3 e n;,) PP*

The speculation that DNA might serve as a template for 
the polymerization of ribonucleotides into a complementary 
RNA was confirmed by studies from a number of different 
groups (Weiss and Neicamoto, 1961; Furth et al*« 1961; Geldu- 
schek et al*. 1961; Hurwitz et al*. 1962| Chamberlin and 
Berg, 1962)* These results show thats



(a) When different DNAe are used as primers the base
composition of the RNA product always resembles 
that of the primer used*

(b) The nearest neighbour frequencies for the 16 possible
base pairs in the RNA formed are remarkably similar 
to the frequencies in the DNA primer*

(c) DNA—RNA hybrids can be formed only when the RNA
product is hybridised with the DNA which served to 
direct its synthesis*

Further evidence has come from the use of synthetic 
polydeoxyribonucleotides as primers in in vitro systems* 
Chamberlin et al*. (1963) and Furth et al*.(l96l) showed that 
when poly d*AT* is used as primer for the E* coli RNA poly
merase the product of the reaction, poly r*AU, contains a 
regularly alternating sequence of AMP and UMP residues*

Native RNA has been shown to act catalytlcally in in 
vitro reactions (Stephens, 196l| Chamberlin and Berg, 1962)* 
Also the primer remains unaltered after the reaction, as 
judged by buoyant density and transforming ability (Geudu- 
schek et al*. 19611 Hurwitz et al * f 1962)* Evidence 
suggests that the template sequences are copies in a fully 
conservative manner with the product existing as template 
free RNA (Gelduschek et al*. 1961| Hurwitz et al*. 1962; 
Chamberlin and Berg, 196(4)*

There is some uncertainty as to the mechanism of attach-



aent of the polymerase to DNA* It has been suggested that 
the enzyme Interacts with a specific site or initiation 
point on the DNA and subsequently synthesizes RNA from that 
only* Bremer and Konrad (196(1) reported that the Th 

genome had at least 50 starting points for RNA transcription* 
The fact that heat denatured DNA is capable of acting as 
primer and that it binds very strongly to the polymerase 
(Wood and Berg, 196*11 Maitra and Hurwitz, 1965) has led to 
the suggestion that Impaired regions in the native primer 
may act as initiation points* However studies with synthetic 
homopolymer primers suggest that a specific initial sequence 
is not required (Fox et al*, 1963 ) for binding* Nevertheless 
the lack of this requirement does not rule out the possi
bility that a specific sequence is involved* Indeed, recent 
evidence indicates that RNA synthesis with the E * coli poly
merase starts preferentially with purine residues (Maitra 
and Hurwitz, 19651 Bremer et ml*. 1965)*
Other enzymic amtheses of polyribonucleotides*

In addition to the DNA primed reaction requiring all 
four ribonucleotide triphosphates, several workers have 
described the formation of homopolymera where only a single 
triphosphate is present (Chamberlin and Berg, 1962; Goldberg 
et al*. 1962; Fox and Weis, 196(|| and Stevens, 196(1) • Also 
some RNA polymerases are capable of catalysing RNA synthesis 
in the presence of RNA primers (Fox et al.. 196(11 Krakow



and Ochoa, 1963)* This reaction appears to be analogous 
to the DNA primed reaction, the product being complementary 
to the primer used. The presence of RNA dependent RNA 
polymerases has also been demonstrated during the infection 
of bacterial cells (Veissman et al.. 19631 August et al.. 
1963, and Spiegelman and Doi, 1963) and animal cells (Balti
more and Franklin, 1963) with various RNA viruses. On 
infection the incoming viral RNA is thought to act as 
messenger for viral specific proteins including the poly
merase, which then promotes the synthesis of more viral RNA.f

The eafeal^eAs of polyribonucleotides from individual
\

nucleoside 5* mens phosphates or from mixtures of the four
Anucleoside 59 monophosphates has been demonstrated by the 

enzyme polynucleotide phosphorylase• Here the presenoe of
primer is stimulatory but not obligatory (Gnmberg-Manago,
1 9 6 3).

1.6 Differentiation and the problem of specific
protein synthesis.

Previous sections have discussed the phenomenon of 
protein synthesis in terms of information flow from the 
genetic material of the oell to the final protein molecule. 
Messenger RNA is thought to be an Important lnteraedlate in 
the transfer of information.

Although this scheme explains the mechanics of protein 
synthesis it is less clear how the synthesis of specific



proteins can be brought about in animals, where the develop
ment of an embryo from a fertilized egg is accompanied by 
the sequential appearance of cells with characteristic 
morphological and functional properties* As a result of 
this process, known as cytodifferentiatlon or cell differen
tiation, it can be shown that certain cells possess specific 
proteins which are not to be found in other cell types* For 
example, haemoglobin synthesis la a feature of reticulocytes 
as is insulin of pancreas and myosin of muscle tissue* The 
fact that different proteins arise in cells which were 
originally derived from a common precursor poses the problem 
of how this comes about* It is assumed that the synthesis 
of specific protein in certain cells is due to selective 
expression of the genetic material in these cells* The two 
most obvious mechanisms for effecting this would bet

(a) to destroy selectively that part of the genetic
material which la redundant in the differentiated 
cell*

(b) to mask the redundant regions of the DNA eo that
they are incapable of expression*

Differentiation by chromosome deletion*
In certain invertebrates, namely the gall midge Maye—

tlola (White, 1950) and the horse nematode, Asoaris (Wilson,
1925) cytodifferentiatlon is achieved by the selective loss 
of genes* Only the germ cells of these species contain



the full chromosome complement* Another example of
differentiation by this method is exemplified by the 
mammalian erythrocyte* In most species mature erythro
cytes are formed by the extrusion of the reticulocyte 
nucleus* However it is generally believed that theae 
examples are extreme forms of differentiation on the basis 
of evidence oonceming the qualitative and quantitative 
character!atloa of DNA in other differentiated animal 
tissuea*
The qualitative and Quantitative character!atlea of DNA*

In general the chromosome sot or karyotype is constant 
for the somatic cello of the individual and for all indiv
iduals of the species (Brachet, 19hi). The nuclol of 
diploid somatic cells from tissues of a given species 
usually contain constant amounts of DNAf except for sperm 
cells which contain the haplold number of ohromosomes and 
henoe half the amount of DNA of somatic cello (Bolvin ot al., 
19!|8| Mir sky and Rlsf 19U9, 1951| Davidson and Leslie, 1950| 
Vendrely, 1955)* Other exceptions also exist; for example 
polyploid cells are found in rodent liver (Swift, 1950; 
Thomson et al*» 1953) end in human liver (Swartz, 1956).

This evidence suggests that within the limits of 
chemical analysis the cellular DNA content of the tissues 
of a particular species is constant; however it reveals 
nothing to suggest that the genetic complement of these



tissues is also equivalent. Several workers have argued 
that the genetic complement le preserved throughout the 
different1sted tissues of an organism.

In the experiments of McCarthy and Hoyer (I96I1) DNA 
molecular hybridisation was used to compare the nucleotide 
sequences in DNA from a variety of mouse organs with those 
of whole mouse embryo DNA, which presumably contains se
quences representative of every mouse cell. The results 
suggest that within the sensitivity limits of the method, 
the DNA molecules in all the mouse organa examined are 
identical•

More definitive results have been obtainod in amphibia 
using the technique of nuclear transplantation aa laid down 
by Briggs and King (i960). In these experiments the nucleue 
from a blastula or more advanced Kana embryo was transplanted 
into an egg the nucleus of which had been previously removed. 
The extent of subsequent development of tho egg was then used 
as a measure of the morphogenlc capacity of the nucleus. It 
was found that nuolei from early stages (up to blastula) 
could give rise to normal tadpoles| however if nuclei from 
later stages were taken (e.g. gastrula) most of the trans
plants showed abnormalities and ceased to develop. It was 
concluded that once the nuclei had progreased to a certain 
stage along a given developmental pathway they were Incapable 
of initiating normal developmental processes. Hennen (1963)



on the other hand, found that kazyotyplc abnormalities 
account for the irreversible restriction of potency of 
nuclei transplanted into the egg cytoplasm of other species* 
He suggested that the result of Briggs and King may be a 
consequence of the experimental procodure rather than of 
normal differentiation*

Gurdon (1966) carried out similar experiments with 
Xenopus which are also contrary to those of Briggs and King 
(i960)* In this case, nuclei which had been removed by 
microdlasection were transplanted into eggs whose nuclei 
had been inactivated by ultraviolet irradiation* In some 
instances the eggs developed normally to produce embryos 
with the characteristics of the nucleus donor* In one such 
experiment the nucleus taken from an intestinal mucosal cell 
of a swimming tadpole eventually developed into a complete 
frog*

This evidence strongly suggests that in differentiated 
cells redundant genes are conserved and though they are 
inactive they can be made to function by exposure to the 
appropriate environment*
Differentiation by gene repraesion*

Jacob and Monod Theory* Consideration must therefore 
be glvon to mechanisms which regulate expression of genes 
without tho genes being altered. The mechanism proposed by 
Jacob and Monod (19 6 1) for the control of protein synthesis



in bacterial cells has attracted much attention and has 
been recently reviewed by several authors (Ames and Martin, 
196tif Stent, 196(» 1 Jacob and Monod, 1963).

In this scheme it is proposed that certain genee, 
regulating genes, make products that can act through the 
cytoplasm to prevent the functioning of other genes* These 
other genes are organised into operons, with operator genes 
behaving as aocepters for the repressor* Evldenoe for the 
existence of represeore has come from the isolation of R- 
mutants which are Incapable of synthesising repressor and 
which synthesize 8 galaotosldase constltutlvely• On mating 
with an Re or inducible strain the heterosygotes, in 
which Re is dominant, ahow the normal (inducible) type of 
behaviour (Pardee et al* * 1959)* Recently Gilbert and 
Mttllor-Hlll (1966) iaolated the lactose repressor of E ■coli 
by virtue of its affinity for a 8 galactoside inducer* It 
appears to be a protein of molecular weight around 200,000*

Although this theory accounts for many aspects of 
enzymic adaption in bacteria and animala it la leaa satis
factory in providing a solution to the problem of differen
tiation in animal cells* In enzyme induction the continual 
presence of inducer is necessary* Often the effect of 
induction is only to produce an increase in the concentration 
of an enzyme already present in very small amounts* More
over, induction ie generally a reversible phenomenon and



ceases on removal of Inducer*
Cytodifferentiatlon on the other hand is generally a 

permanent change and may be initiated by brief exposure 
to stimuli at a specific developmental stage* Pollock 
( 1963) has reported an exceptional case of pellicillnase 
Induction in B*subtills which is more reminiscent of cyto
dif ferentiatlon• Here, a brief exposure of inducer was 
sufficient to propagate a continuous synthesis of enzyme*
The most striking difference between the two phenomena is 
that enzyme induction is reversible whereas cytodifferen
tiatlon is generally an absolute static condition* Whereas 
low levels of enzyme may exist in the cell prior to induc
tion, in tho differentiated cell certain proteins are 
completely absent* It may be the case that a Jacob-Monod 
control system may operate in animals on those parts of the 
genome not subject to permanent repression* However, 
there are again certain differences between bacterial and 
animal systems* The efficacy of the control in bacteria 
relies on the short half life of mRNAi however in animal 
cells mRNA is considerably more stable* Also animal proteins 
are in general lese stable then bacterial proteins* If this 
type of control does operate in animal cells the kinetics 
and details of the mechanism may differ substantially from 
those postulated for bacteria*

Cytodif ferentiatlon therefore demands a permanent mode



of genetic repression, since some genes of tho differen
tiated cell are destined to remain Inactive for the re
mainder of its life cycle* McCarthy and Bolton (196b) 
found that very little of the B*coli genome is not trans
cribed in vl/o. suggesting that this type of repression is 
not found in bacteria* For these reasons it has been 
proposed that differentiation in animal cells necessitates 
a special type of mechanism*
The masking hypothesis.

In earlier investigations Stedman and Stadman (1950)
suggested that histones associated with DNA might function 
as gene regulators, although there was no evidence to 
support this at the time* Within recent years however 
some evidence has been obtained which suggests that masking 
may occur in animal cells*

Diptoran chromosomes* Probably the strongest evidence 
to support the masking theory has come from studies on tho 
giant chromosomea found in larval Diptera* In the polytene 
chromosomes of Dlpteran salivary glands, which have attracted 
most attention, repeated DNA replication in the absence of 
mitotic segregation results in a multi-stranded chromosome 
in which the individual chromosomes appear as transverse 
bands* These structures are subject to localised swelling 
or puffing at various loci along the chromosome length 
(Swift, 1962) and it has been shorn that this is a highly



specific phenomenon, a given tissue being characterized 
by a unique pattern of puffing during the course of its 
development (Beerman, 1952; Breuer and Pavan, 19551 Kroeger 
I960| Clever, 1962; and Polling, 196b)•

Beerman (1959) has argued that the time and tissue 
specific puffing of certain chromosome bands provides 
eytological evidence for differential gene activity*
Evidence in support of this hypothesis has come from auto
radiographic studies of Polling (1959, 196b) which demon
strate that tritlated uridine was aotively incorporated 
into puffed regions of the chromosome* Unpuffed regions 
were inactive*

Using elegant microanalytical methods, Edstrom end 
Beerman (1962) found that the base composition of RNA 
derived from puffs on the same Chironomus chromosome was 
characteristic, was highly asymmetrical and had a high 
adenine content* The suggestion was made that each puff 
synthesizes a specific messenger RNA* Beerman (19 61) des
cribed a case in which the correlation between puffing and 
gene activity is quite clear* In Chironomus tentants the 
salivary secretion lacks a certain kind of granule which 
is found in other species* This deficiency is not found 
in crosses with normal species, and is accompanied by the 
appearance of a new puff not present in homologous C*tentane 
chromosomes* Further evidence of the specific nature of



puff formation has come from Clever (1966) who demon
strated that in vitro treatment of chromosomes with the 
Dipteran pupating hormone ecdysone produced the same puff
ing patterns observed in the Intact larva*

Repressed and active chromatin* Although puffs have 
not been detected in the chromosomes of higher animals, 
evidence suggests that the chromatin exists in condensed 
(heterochromatic) and uncondensed (ouchronatio) states 
within the nucleus*

Frenster et al*« (1963) described the occurrence of 
heterochromatin and euohromatln in the interphase nuclei 
of calf thymus lymphocytes* Previous studies (Allfrey 
and Mirsky, 1962; Allfrey et al*, 1963) suggest that up to 
80 per cent of the DNA is present as heterochromatin* 
Electron micrographs show heterochromatin as condensed 
agglomerates while euchromatin exists as extended fibrils* 
Norever it was found from isotope Incorporation that the 
bulk of the rapidly labelled UNA of the nucleus was assoc
iated with the euchromatin while heterochromatin appeared 
to be less active in the RNA synthesis*

Support for this concept has come from investigations 
on the heterochromatic sex chromatin described by Barr 
(l9b9) in female mammalian cells* In normal females one 
of tho two X chromosome! is heterochromatlc* In humans 
with multiple X chromosomes only one of the X* s is euchro—



matte while the remainder become he tero chromatic > The
evidence suggests that the he tero chromatic chromosomes 
possess genes which are unexpressed in the cell phenotype 
(Lyon, 1961| Russel, 1961).

Additional evidenee is provided from studies on the 
mealy bug* Here the paternal chromosome set becomes 
heterochromatic early in development and le discarded 
before sex oell formation (Brown and Nur, 196b). Only the 
euchromatlc maternal chromosome set is transmitted by males 
to their offspring* Autoradiography has also shown that 
RNA transcription takes placs from euchromatlc and not 
heterochromatic chromosomes of the mealy bug (Berlowits, 
1965).

Suppression of RNA synthesis ^  It has been
suggested that the behaviour of chromatin in in vitro RNA 
synthesising systems provides evidenoe for the masking 
hypothesis* Huang and Bonner (1962) and Bonner et al*.
(1963) reported that pea embryo chromatin was a much less 
efficient primer for RNA synthesis than pea DNA and Implied 
that this resulted from masking of DNA in the chromatin* 
Similar conclusions have been made by Dahmus and Bonner 
(1965) and Marushige and Bonner (1966) with liver chromatin, 
Frenster et al*« (1963) with thymus lymphocytes. Barker and 
Warren (1966) with rat uterus, Fllcklnger et al., (1965) 
with Rana plplens, and Kim and Cohen (1966) with tadpole



liver, using rates of KNA synthesis as a criterion for 
template activity*
Rationale behind the present approach*

Tho present work describes attempts to establish the 
existence and nature of masking in the DNA of animal tissues* 
It is assumed that the control of specific protein synthesis 
is exerted at the transcriptional level*

If the masking hypothesis is valid then the chromatin 
of animal cells should contain some DNA sequences which are 
active and some which are inactive in RNA synthesis* Several 
experiments were mentioned in the previous section in which 
comparative rates of RNA synthesis from DNA and chromatin 
primers were provided as evidence for masking* This con
clusion was criticised by Sonnenberg and Zubay (1965) who 
pointed out that the rate of RNA synthesis from chromatin 
could bo affected by the insolubility of the primer in the 
aesay system* They strengthened their argument by demon
strating that if the chromatin was solubilised by soulcation 
then its priming efficiency was markedly lnoreaeed* Clearly 
rate kinetics are unsuitable criteria for masking* A more 
conclusive approach would be to compare the DNA sequences 
Involved in RNA transcription and not the absolute amounts 
of RNA synthesized*

DNA molecular hybridization offers a direct method for 
testing the validity of the masking hypothesis* The aim



of preliminary work was to adopt a suitable hybridisation 
technique and to develop a system for the synthesis of 
chromatin primed UNA*
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Unless otherwise stated, British Drug Houses (Analar 
grads) supplied all reagents for chemical solutions*

Isotopes*
and 1̂1 •nucleoside triphosphates were obtained from

Schwartz Hioresearch Inc, (Orangeburg, N.Y,), -*,i uridine,
12 lfacarrier free J P*orthophosphate, O*sodium formate and

12P-cyanonthyl phosphate were supplied by the Radiochemical 
Centre (Amershan, Ungland),

Nucleic acids and precursors*■ mi— —  ii ■ — « mi i— — — — — —

Nucleoside triphosphates, ATP, GTP, CTP and UTP were 
obtained from Koch Light Limited, (Colnbrook, England),

Highly polymerized yeast RNA was supplied by British 
Drug Houses Limited,

Enzymes*
Crystalline pancreatic ribonucleas* (bovine) was ob» 

talned from Sigma Chemical Co, Stock solutions of 2 mg/ml 
in 0,01 M tris-HCl pH 7«5i 0.001 H MgCl2 were first heated 
in boiling water for 10 minutes to destroy any deoxyrlbo* 
nuclease activity, and stored frozen.

Deoxyribonuclease I (E,C, a§7»7»l6̂  was prepared

electrophoretically by Worthington Biochemical Corp* (Free*

2,1 Materially*



hold, N.J.). Solutions of 1 mg/ml in 0.01 M tris-HCl 
pH 7 *51 0*001 M MgCl2 wars stored frozen* Incubations 
always contained 0.001 M MgCl2*

Pronase from Calbiochem. was supplied as a powder 
wliicn was dissolved in water to a concentration of 500 jig/ml. 
Stock solutions were autodigested at 37°C for 2 hours prior 
to use to destroy any nuclease activity.
Preparation of bentonite.

Crude bentonite from British Drug Houses Ltd* was 
homogenized in 20 vols* (w/v) water and centrifuged at 
15»000 g* for 25 minutes to give a pellet consisting of an 
upper yellow and lower brown layer* The former was removed 
and suspended in a volume of 0*1 M fi.D.T*A* pH 7*5 equal to 
that of the original homogenate* After standing for l|8 
hours the material was centrifuged as before. The sediment 
was suspended by homogenization in a volume of 0.01 H sodium 
acetate equal to half the volume of the original suspension* 
The concentration of this suspension was determined by 
noting the wet weight of sediment obtained after oentrifu* 
gation of a known volume at 15t000 g. for 25 minutes*
Preparation of UT *2P.

(3^P)UMP was prepared from ^ P  cyanoethyl phosphate
by the method of Tener (1961) and was phosphorylated by the
method of Smith and Khorana (1958) to yield (a *2P)UTP*

12P cyanoethyl phosphate was dissolved in 20 ml. 20 per



cent (v/v) acetic acid and passed through a Dowex-50*H* 
column ( 8 x 2  cm.). The effluent was taken to dryness 
and redissolved in 10 ml* anhydrous pyridine to which iso* 
propylidino uridine had been added in the ratio of lm mole 
lsopropylldlne uridine to 0*5 ■ moles cyanoethyl phosphate*

The solution was concentrated to an oil in vacuo at 
bO°C* 10 ml* anhydrous pyridine was added and the solution 
again concentrated to dryness* The process was repeated 
once more and the residue was dissolved in 5 ml• anhydrous 
pyridine and dlcyelohexylcarbodllmide (DCC*) in the proportion 
2*0 m mole DCC to 1 m mole lsopropylldlne uridine*

After 20 hours at room temperature the well stoppered 
flask was opened and the reaction terminated by the addition 
of 10 ml* of water* After 1 hour the mixture was concen
trated to dryness in vacuo* The residue was hydrolysed for 
90 minutes in 10 per cent (v/v) acetic acid (2|0 ml) at 100°C 
to remove the lsopropylldlne group and cleave phosphoamide 
bonds* The acetic a d d  was removed by evaporating the 
solution to dryness, the last traces being removed by adding 
10 ml* of water and re*evaporating* The residue was heated 
at 60° for 90 minutes with l|0 ml* 9 N ammonium hydroxide to 
remove cyanoethyl groups, and the ammonia removed by ooncen* 
tratlng the mixture to dryness* 10 ml* of water was added 
to the residue and the Insoluble DCU was removed by flltra* 
tion under reduced pressure*



The precipitate was washed with a email volume of 
water and a sample of the filtrate taken for paper chroma
tography of the reaction products* The precipitate was 
then washed very thoroughly with 200 mis water* Descend* 
ing chromatography was performed on Whatman No*l chroma
tography paper using UMP, uridine and lsopropylldlne uridine 
as markers* The chromatogram was developed for 18 hours 
in an ammonium isohutyrate system containing 100 mis iso- 
butyric acid, 55*8 mis* water, k»2 mis* 0*88 NH^OH and 1*6 ml 
0.1 M veraene* Ultraviolet absorbing spots were scanned 
for radioactivity*

The combined filtrates were diluted to about 250 mis 
then applied to a Dowex—1—Cl* column and washed with water 
until the extinction at 262 mp was less than 0*05* The 
32P UMP was aluted with 500 mis. 0.03 N HC1, the total 
extinction determined and the yield of UMP calculated* The 
eluate was concentrated to an oil in vacuo at ti5°C*

The reaction mixture for UTP synthesis contained the
12following components for each lOO pinoles of P UMPi- 

1*2 ml* tri-n- butyl amine, 6 mis* pyridine, 0*2 ml* 85 per 
cent (v/v) phosphoric acid and 3 g* DCC** The mixture 
was allowed to stand at room temperature for (18 hours* At 
the end of the reaction a thick precipitate of DCU had 
formed* The flask was shaken and left for 1 hour in ice*
The DCU was filtered off under reduced pressure and washed



with water* The eluate was extracted with four 50 ml* 
portions of ether to remove pyridine and the ether washes 
extracted with two 10 ml* portions of water, these being 
added to the main aqueous phase*

The combined aqueous phase was concentrated at b0° 
in vacuo* The material was applied to a Dowex-50-Na* 
column ( h x 10 cm*) to remove tri-n- butyl amine* The
uridine derivatives were eluted by washing with water until 
the extinction of the eluate at 262 mp was less them 0*05* 
The total extinction of the eluate at 262 mp was determined 
and the yield of uridine derivatives calculated* The 
effluent was diluted to 1 litre and absorbed on Dowex-l-Cl* 
column (2 x 20 cm*). The column was washed with water 
until the extinction was less than 0*05* Gradient elution 
from the Dovex-1-Cl• column was then carried out with 1*3 
litres of 0*01 N HC1 in the mixing vessel and 2 litres of 
0.3 H LiCl in 0*01 N HC1 in the reservoir* The eluate was
collected in 20 ml* fractions which were scanned automatl-

12cally for radioactivity* The fractions containing a p UTP 
were pooled and the total yield determined* L1C1, HC1 and 
inorganic phosphate were removed on an activated charcoal 
column which was prepared in the following manner* The 
charcoal column (l x 10 cm.) was washed with ethanol 
ammonia (70 per cent v/v aqueous ethanol containing 10 mis* 
concentrated ammonia per litre) until the extinction at



262 mp fell to less then 0.1. The column was then washed
with water, 0*01 M NaHCO^ and finally with 5 column volumes
of 1 V HC1. The column was then resuspended in water, fine
particles were decanted off and washing was continued until
neutral* The column was then repacked*

12The cl P UTP fraction from the Dowex-l-Cl1 column wqs 
absorbed on to the charcoal column and water washing carried 
out until no chloride ions could be detected in the effluent 
Washing was oontlnued with small volumes of 0*01 M NaHCC>3 

to remove inorganic phosphate until ultraviolet absorbing 
material began to appear in the eluate* The column was 
allowed to drain and then washed with 2 column volumes of 
water*

32a P UTP was sluted with about 1 litre of ethanol
ammonia and was concentrated in vacuo at 25°• The material
was redlssolved in water, passed through a small Dowex-5^*
Na+ column and checked for purity by chromatography as above

32The amount of (a P) UTP in the final eluate was 
estimated spectrophotometrically* Assuming a molar extinc
tion coefficient at 262 mp of lo\ the concentration of the 
solution was adjusted to 10 p moles/ml and stored at -15° 
in 2 mis* aliquots*

2*2 Methods*
Preparation of citric acid nuclei*

Nuclei were prepared by homogenizing chopped tissue in 
20 volumes (v/v) 0*025 H citric a d d  at 0°C for 90 seconds*



The homogenate was strained through a layer of muslin, 
centrifuged at 2,000 g* for 10 minutes and the pellet homo
genized in citric acid as above* Washing was continued 
until the supernatant was virtually clear* The purifica
tion of the final preparation was tested by staining with 
brilliant cresol blue and viewing under a microscope* The 
pellet was either used immediately or stored at -20°C until 
required*
Preparation of RNA*

Whole cell RNA was prepared from finely chopped tissue 
by homogenising for 2 minutes at room temperature in 10 
volumes (v/v) of a buffer containing 0*015 M tris-HCl pH 7 *81 
1*5 per cent sodium dodecyl sulphates 0*015 M sucrose| 0*015 
per cent bentonite, and 0*75 per cent naphthalene dlsulpho- 
nate* Where nuolear RNA was required the above procedure 
was carried out on a nuclear pellet which had previously been 
neutralized with 0*5 H tris-HCl pH 7»5»

An equal volume of re-dlstilled 90 per cent phenol con
taining 0*1 per cent 8-hydroxyquinollne was added and the 
mixture shaken at room temperature for 5 minutes* After 
centrifuging the emulsion at 2,000 g* for 10 minutes, the 
aqueous phase was removed and re-treated with phenol until 
no protein interface was discernible* Three volumes of 
cold re-distilled ethanol were then added to the aqueous 
phase, mixed thoroughly and left at -20°C for 30 minutes*



The resulting precipitate was centrifuged at 600 g* 
for 5 minutes and the pellet dissolved in a convenient 
volume of 0*01 M tris-HCl pH 7*5l 0*001 A MgSOj, and treated 
with 20 pg/ml deoxyribonuclease for 15 minutes at 30°C* The 
reaction was terminated by shaking with an equal volume of 
phenol as before* To the aqueous phase was added 0*25 
volumes 6 M potassium acetate| 0.3 N NaCl with thorough 
mixing, followed by 0*25 total volumes 100 per cent ethanol* 
After mixing the solution was left at -20°C for 60 minutes* 
The precipitate was collected by centrifugation at 2,000 g* 
for 15 minutes and washed thoroughly in 100 per cent ethanol

Finally the pellet was dissolved in 15 volumes 0*01 A 
sodium acetatef 0*1 M NaCl| 0*001 M MgCl2 PH 5*0, mixed 
slowly with an equal volume of 100 per cent othanol, 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 translucent pellet was ob
tained*

The final product was dissolved in 0*01 M tris-HCl 
pH 7•51 0*001 M MgCl2 *nd the concentration determined from 
the absorbancy at 260 mp* An absorbancy of 22 was taken 
as being equivalent to 1 mg* RNA/ml•
Isolation of synthesised RNA,

A modified procedure, not employing precipitation steps 
was devised for the Isolation of HNA synthesized in a cell-



free system.
The RNA synthesis vrs terminated by centrifuging the 

incubation mixture at 0"C at 209000 g. Tor 15 minutes on 
a Spinco Model L preparative centrifuge to remove fine 
particles of material. The supernatant was treated with 
20 M-g/nl deoxyribonuclease for 15 minutes at 30°C and the 
solution then shaken with an equal volume of pheno1/hydroxy- 
quinoline for 5 minutes. The aqueous phase was removed 
and phenol treatment repeated until no interfaclal material 
was present. The aqueous phase was extracted twice with 
2 volumes ether to remove traces of phenol, the ether then 
evaporated off by a stream of nitrogen gas and the solution 
dialysed overnight against 0.01 M tris-HCl pH 7•5I 0.001 M 
MgCl2l and 0.3 per cent bgntonite to remove unincorporated 
nucleotldos. The remaining 41 ally sate contained the in vitro 
synthesized RNA.
Preparation of An__vivo labelled RNA.

(a) Pr>p»ratlon of whole call RHA from rat
kidneys. A 200 g. male rat was injected in t rape ri tone ally 

1with 300 pc O  sodium formate in isotonic saline, and left 
for 18 hours without water in a fume cupboard. After this 
time, the animal was killed by cervical dislocation, the 
kidneys removed and Immediately processed as described in 
Section 1.2. The final product had a specific activity of 
220 dl sin tegrat ion s/mi nute/|ig UNA.



(b) Labelling of Landschutz cells. C- Landschutz 
ascites tumour RNA and RNA were prepared by injecting 300

1 l  C«MiiAymicro curie e of ,4C- sodium formats into the pemifcomeum of 
a mouse suffering from a well-established Landschutz tumour 
After 18 hours the mouse was killed, the cells harveeted 
and RNA and DNA prepared as described in Sections 1.2 and 
1*5 respectively.

Specific activities of the final product were 12,000 
d.pa/dg and 100,OOOdj&qiffcg for RNA and RNA reapectlvely.

(c) Preparation of rapidly labelled RNA from rat tissues
Three male rats (200 g. each) were injected intraperiton-

32eally with fc millicuries of neutralized P-orthophosphate. 
After 1 hour the animals were killed and the livers, pan
creases and kidneys immediately removed and homogenized in 
citric acid, as in Section 1.1. Nuclei were then frozen 
at -20°C and RNA later isolated according to Section 1.2. 
The specific activity of the isolated material, which also 
contained a predominance of unlabelled rlbosomal RNA, was 
between 200 and 300 counts/mlnute/iig RNA.
Preparation of DNA.

DNA was prepared by a modification of the method des
cribed by Mannur (1961). Where individual tissues were 
used as starting material, citric acid nuclei were first 
prepared (Section l.l).

After neutralization with 0*5 M tris-HCl pH 7*5,



10 volumes (v/v) 0*15 M NaCl; 0.1 M KDTA pH 8 were added 
and the purification continued as before. In some casee 
whole embryo DNA was prepared, by first decapitating the 
animals and homogenizing in 10 volumes (w/v) 0.15 H NaClj 
0.1 M EDTA for 2 minutes using a Waring Blender. The 
homogenate was then strained through muslin.

10 per cent sodium lauryl sulphate was added to the 
saline/KDTA suspensions to give a final concentration of 
2 per cent, and stirred at room temperature for 60 minutes. 
5 M sodium perchlorlate was then added to 1 M final con
centration and the mixture shaken with an equal volume of 
chloroform/ootanol (2tiil v/v) for 30 minutes.

After centrifuging the emulsion at 10,000 g. for 
10 minutes the aqueous phase was removed and the chloro
form treatment repeated until no interface remained. The 
nucleic aclde were precipitated by the addition of 2 
volumes re-distilled ethanol. The precipitate was 
collected by spooling, re-dissolved in 0.01 x SSC, made 
up to 1 x SSC on solution. Ribonuolease was added to
a concentration of 50 pg/ml and incubated at 37°C for 30 

minutes. Following ribonuclease digestion, pronase was 
added to 50 pg/ml and incubated at 37°0 for 2 hours.

Chloroform/ootanol treatment was carried out until no



interface was present and the DNA precipitated and re
dissolved in 0.01 x SSC as before. A ninth volume of 
3 M sodium acetatef 0.001 M EDTA was added with mixing 
followed by a half volume of isopropyl alcohol. The DNA 
was spooled, washed in 70 per cent and 95 per cent ethanol 
and finally re-dissolved in 0.01 x SSC. Solutions were
stored frozen at -20°C.
Determination of radioactivity.

was measured in a nuclear Chicago gas flow counter
fitted with a micromil window. This gave an efficiency of
almost 50 per cent with a background of 15*18 counta/minute•
Precipitates containing radioactive RNA were dissolved in
1 ml 22 M formic a d d  and 0.5 ml. plated on steel planchettes.
The samples were then dried under heating lamps and counted.

?Hf and very small amounts of ^2p were detected in
a nuclear Chicago 725 liquid scintillation counter or a
Packard Trlcarb scintillation epeotrometer. For material
in aqueous solution, samples were made up to 0.5 ml. in
water and 8 mis of dloxane based scintillator fluid added.
This solution consisted of 0.7 por cent 2, 5**diphenyl-oxasolyl
(PPO)i 0.03 per cent 1,4 bis ( 2-( 5-( phenyl-oxazolyl) ) benzene
(POPOP) and 10 per cent naphthalene in 1,4 dloxane.

Radioactive RNA precipitates were counted by one of
two methods. One drop of 22 M formic acid was added to the 
precipitate and left at 100°C for 30 minutes. When the



53.

formic aeld had almost evaporated, 0.5 ml. water was 
added and the sample counted in 8 mis* dloxane scintillator* 
Alternatively, after the Initial precipitation with TCA, 
the precipitate was collected on a Milllpore filter (pore 
diameter 0**i5 M-) and washed with three successive portions 
of 5 Per cent TCA saturated with sodium pyrophosphate• The 
filter was dried thoroughly at 50°C and placed in h ml. 
toluene scintillator fluid (0*2|2 per cent PP0| 0*021 per 
cent POPOP in Analar toluene)* Corrections for counting 
efficiency wore applied using standard quench data*
The quantitative estimation of protein*

Protein content was estimated by the colorimetric 
method of Lowry et al*. (1951) which is dependent on the 
presence of aromatic amino acids* In cases of protein low 
in these amino acids (e*g* histones) the bromosulphalein 
method was used*

(a) The Lowry method* Reagentsi
Reagent Ai 2 g* of An alar sodium carbonate in 100 mis*

of 0*1 N NaOH*
Reagent Bi 0.5 g. An alar copper sulphate and 1*0 g* 

potassium tartrate in 100 mis* distilled water*
Reagent Ci was prepared by mixing 50 mis* of Reagent

A with 1 ml. Reagent 13 Just prior to use*
Reagent E i Folln Ciocalteau (BDH) reagent diluted with 

water to give a solution approximately 1 H with respect 
to HC1*



0.2 ml* aliquots of solution (25*250 tig protein/ 
sample) were added to 3 mis. Reagent C9 followed 10 minutes 
later by 0.3 ml• Reagent E. After standing at room temp* 
erature for 1 hour the optical density at 750 mp. was 
measured on a Unlearn SP 500 spectrophotometer. A call* 
bratlon curve was also determined with 0*250 p.g bovine 
serum albumin (Armour Pharmaceutical Co.Ltd.).

(b) The Bromosulphaloin Method. The liroraosulphaleln 
reagent is 1 ml. 5 per cent (w/v) eulphobromophenolphthalein 
Na salt (Koch-Light Ltd.) in 100 mis. 1 N HC1 and 50 mis.
1 M citric acid in 250 mls. distilled water. 0.1 ml. 
samples of protein (15 -20 OD units/ml at 260 mp) were mixed 
with 0.1 ml. 0.5 M HC1 and left for 1 hour at 0°C with 
occasional shaking. The supernatant was collected by 
centrifugation at 2,000 g." for 10 minutos and the precipi
tate washed with 0.2 ml. 0.25 N HC1• The supernatants 
which contained the histone component were pooled.

0.8 ml. of 1 M NaOH was added to tho precipitate and 
0«2| ml. 2^ NaOH added to the supernatant. After incubation 
at 37°C for 1 hour 1 ml. of bronosulphaleln reagent was 
added and tho solutions left at 0°C for 10 minutes. The 
solutions were then centrifuged at 2,000 g. for 15 minutes 
and 0.5 ml. of the supernatants addod to 3*5 mis. 0.2 M NaOH. 
The absorbanciee were read at 580 and calibrated against 
0-h00 jig bovine serum albumin.



The quantitative estimation of DNA.
This was based on the method of Burton (1956) which 

relies on the blue colour produced by the reaction of 
diphenylamine with deoxypentoses.

Reagentsi
A. Re-distilled ncotaldehyde (British Drug Houses).

1.5 S diphenylamine in 1.5 ml* concentrated 
sulphuric acid and 100 mis glacial acetic acid.

C. Standard solution of deoxyribose in water at
100 pg/nl.

D. Working diphenylamine reagent was made up on tho
day of use by addition of 1.0 ml. of a 1.6 per
cent solution of A to 50 mis. of B«

Procedure) 1
DNA was extracted from materials by heating for 15 

minutes at 70°C in a total volume of 2 mis. 1 M PCA., remov
ing the supernatant obtained on centrifugation at 850 g for 
10 minutes, repeating the extraction procedure and combining 
the supernatants. Standard solutions contained up to 100 pg 
deoxyribose in a total volume of !| mis. 1 PCA.

2 mis. Reagent D were added and the tubes incubated at
30°C for 16 hours in the dark or at 70°C for 1 hour. The
former procedure, unlike tho latter, often gave cloudy 
solutions1 therefore Incubation at 70°C was generally em
ployed. The abeorbanciee of the solutions were then read



at 600 mp, against reagent blanks using a Unicom SP 500 

spectrophotometer. Standard curves were almost linear;
1 pg deoxyribose was taken to bo equal to 6.2 pg of DNA.
The quantitative estimation of RNA.

This method was based on the orcinol procedure des
cribed by Mejbaum (1939) and modified by Slater (l9.v*>). 

Reagents*
A. 0 .1 per cent (w/v) solution of ferric chloride

hexahydrate in concentrated hydrochloric acid.
B. 10 per cent (w/v) solution of orcinol (3# 5 dihydroxy-

toluene) in re-distilled absolute ethanol.
C. Standard deoxyribose solution (L. Light A Co.) in

water at a concentration of 10 pg/ml•
Procedure 1

To volumes of 3 mis. containing up to 130 pg of RNA,
3 mls. of A were added. Standards containing up to 30 pg of 
deoxyribose were similarly set up. 2 ml0• of B were added 
and tho tubes heated in a boiling water bath for l»5 minutes. 
After quick cooling the abaorbancies at 670 mp were recorded 
using a Unlearn SP 500 spectrophotometer. 1 pg of rlbose was 
taken to be equivalent to li»56 pg of RNA.
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1*1 Hybrid!gation techniques*
Methodology*

The principles involved in DNA molecular hybridization 
can be summarised as follows* If native DNA is denatured 
by heat and allowed to cool slowly from 100°C9 base pairing 
is re-established between complementary regions and most of 
the material is restored to its original native form* If 
this process is allowed to take place in the presence of 
homologous RNA9 DNA-RNA hybrids are formed in addition to 
DNA re-naturatlon* In practicet DNA is first denatured 
either by heating to 100°C and cooling rapidly to prevent 
renaturatlon or, by the addition of alkali to pH 13 and 
subsequent neutralisation* Samples are then incubated in 
a solution of high ionic strength containing radioactive 
RNA and maintained at an Intermediate temperature such that 
complementary sequences can associate and dissociate at 
random* At equilibrium the mixture is cooled rapidly and 
the hybrids separated out and estimated* Several methods 
have been devised for doing this*

Initially Hall and Spiegelman (19 6 1) employed caesium 
chloride equilibrium gradient centrifugation to separate 
DNA-RNA hybrids from unhybridlsed material* Yankofsky and 
Spiegelman (1962a) exploited this techniquo to identify 
small complementary segments (less than 0*1 per cent of the 
DNA) by introducing ribonuclease treatment before centrl-



fugation# This procedure removes adventitious RNA but
leaves hybridised RNA unaffected* Less laborious tech
niques have been devised by Bauts and Hall (1962), Bolton 
and McCarthy (1962) and Britten (1963) in which denatured 
DNA is trapped in columns of inert material* After hybrid
isation the unbound RNA is simply removed by washing the 
columns* Other ohromatographic methods in which DNA is 
not Immobilised wero introduced by Attardl et al*f (1965) 
using Sephadex and by Hayashi et al*. (1965) using methy
lated albumln-kelselguhr (MAK)*

Nygaard and Hall (1963) discovered that nitrocellulose 
membranes strongly bind single stranded DNA9 alone or along
with any hybridised RNA, but not unhybridised RNA* Gllles-

*

pie and Spiegelman (1965) later modified this method by 
first Irreversibly binding the denatured DNA to the membranes 
by heat* Hybridization is then carried out with DNA immob
ilised in situ*

In the present study MAK and Sephadex chromatography 
were explored* However, the advent of the membrane tech
niques provided more convenient methods for handling large 
numbers of samples*
Fractionation of mammalian nucleic acids on MAK•

Using columns of methylated albumln-kleselguhr, Mandol 
and Hershey (i960) and Sueoka and Cheng (1962) achieved 
separations of bacterial DNA and RNA on the basis of size



base composition and degree of Intramolecular hydrogen 
bonding* In neutral solution nucleic acids form salt 
linkages with the charged groups on the albumin and can 
bo eluted by increasing salt concentrations*

The preparation of methylated serum albumin* 50 g* 
bovine albumin (Armour Pharmaceuticals) were dissolved in 
methanol containing Z|*2 mis* concentrated HG1* The mixture 
was left in the dark at 37°C for 5 days with intermittent 
shaking, after which time the precipitate was colleoted by 
centrifugation at 5# 000 g* for 10 minutes, and washed twice 
with ether* The preolpltate was dried in air and then in 
vacuo over solid KOH* The residue was powdered and stored 
over silica gel at -10°C*

The preparation of MAK* 20 g* kieselguhr (Hyflo 
Supercel, Koch-Light) was suspended in 100 mis* 0*1 M NaClt 
0*05 M NaP0|j buffer pH 6*8, boiled to expel air and cooled*
5 mis* of a 1 per cent (w/v) aqueous solution of methylated 
albumin was addsd drop vise with stirring, followed by 20 mis 
additional buffered saline* This stock suspension could be 
stored at 0°C for several wweks* On the day of use, 6 g* 
kieselguhr was suspended in fiO mis* buffered saline as above 
and 10 mis* stock MAK was added*

Preparation and operation of MAK columns* A standard 
column (2 cm* diameter) was prepared by layering !| mis* 
stock MAK suspension, expressing the excess buffer by gentle



air pressure, and packing the material by passing through 
another !| mis* 0*1 M buffered saline* ft mis* of the weaker 
suspension were thon layered in the same fashion and finally 
the column wa6 topped with 1 ml* of a 10 per cent (w/v) sus
pension of kieselguhr* The column was washed with 0*1 M 
buffered saline until the optical density of the effluent 
at 260 mp was less than 0*05*

The nucleic acid sample was then diluted to 25 pg/ml* 
with 0*1 M buffered saline and passed through the column 
under pressure* The material was fractionated by passing 
an increasing gradient of buffered saline (0*1 A - 1*5 M) 
through the column at a rate of 1 ml/minute* Fractions 
were monitored at 260 mp and salt concentrations determined 
from refractive indicos using an Abbe refractometer*

The behaviour of mammalian DNA and RNA on MAK* Table 
1 summarises the results obtained with various DNA and RNA 
preparations* In general, animal total RNA preparations 
gave two peaks| transfer RNA between 0*3 - 0*5 M NaCl, and 
rlbosomal RNA between 0*6 and 0*8 M NaCl* In the case of 
Landschuta HHA partial separation of rlbosomal species was 
obtained* These results are similar to those obtained 
with m a m  all an RNA by Yoshikawa-Fukada et al*. (1965)*
Hershey and Durgi (i960) and Kano-Sueolca and Spelgelman
(1962) found similar results with B»coli RNA except that 
better resolution of rlbosomal RNA is obtained with bacterial 
material•



fable 1

THE BEHAVIOUR OK MAMMALIAN NUCLEIC ACIDS
ON MAK COLUMNS•

PREPARATION PEAK MOLARITY NaCl• 
Ranee Peak Max.

RECOVERY

Rat liver RNA* 1.
2.

0.30-0.*|0
0.60-0.80 0.35

0.76 IOO#

Landschutz Ascites RNA. 1. 0.30-0.50 0.38
2.
3.

0.65-0.85 0.72
0.78

IOO#

Native calf thymus DNA. 1. 0.56-0.78 0.65 75#
Denatured calf thymus
DNA. - - — 0

Sonicated, denatured
calf thymus DNA. 1. 0.30-0.60 0.!»3 82#

Denatured Landsohutz
DNA. - - - 0
3 min. sheared and
10 min. sheared, de
natured Landschutz DNA

1. 0.30-0.75 0.60 60#



Native DNA could be recovered from MAK with 75 per 
cent efficiency| however on denaturation the DNA was ad
sorbed very strongly to the column. Shearing for 3 minutes 
in a Waring blender Improved the recovery of denatured 
material•

Since ahoared DNA eluted between transfer and rlbosomal 
RNAs, an attempt was made to hybridize whole cell Landschuts 
^C-RNA with sheared DNA and to separate the hybrids. 250 pg. 

of DNA and RNA were heated at 63°C for 60 minutes in 1 ml. 
of 0.5 M KC1, cooled, diluted to 25 pg/ml. and applied to 
a MAK column. The elution pattern obtained (Figure l) gave 
the peaks expected for transfer and rlbosomal RNAs and de
natured DNA, with substantial quantities of radioactivity 
associated with the DNA peak. However the recovery of DNA 
was still only 60 per cent, and could not be Improved by 
longer periods of shearing. With bacterial DNA however 
it is possible to obtain complete recoveries of denatured 
material by shearing (Hayaahl et al•. 1965i Mandel and 
Hershoy, 1960} Hershey and Burgl, i960).

As this approach did not lend itself so readily to 
the fractionation of mammalian material as it did to bac
terial material, it was decided to investigate alternative 
methods of hybrid detection.
The isolation of hybrids on Sephadex 0-200 columns.

A method of Isolating hybrids using Sephadex ohronato-



Figure 1 •
The separation of  ̂** C-Lands chut s KNAV Land*

schuts DNA and DNA*RNA hybrids on a column of
methylated albumln*kleselguhr. 250 \x& of labelled 
RNA and 250 |ig sheared DNA were hybridised for 60 
minutes at 63°C and applied to the column in 0.17 M 
KC1 • On edlutlon with increasing concentrations of
NaClf threo peaks were obtained! at 0.2 H# 0*3 Mf
and 1 M corresponding to t*RNA, DNA*RNA hybrids and 
rlbosomal RNAs respectively. Only 6o > of the 
input DNA was recovered from the column.
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graphy was described by Attardl et alt. (1965) and by 
Scherrer (1965)* Hybridization was carried out in 0*5 M 
KC1 as before and the mixture treated with ribonuclease 
to reduce unhybridised KNA to small fragments* On 
chromatography the DNA, with associated RNA, appears at 
the solvent front while the degraded UNA is retarded in 
the gel•

A G-200 column (60 x 1*5 cm*) was equilibrated with 
0*5 M KC1 at a flow rate of b mis*/hour* In preliminary 
experiments denatured rat kidney DNA (liOO pg*) was mixed 
with * C-labelled whole rat kidney RNA (150 ug*) in 0*2 M 
KC1 and incubated with 50 pg*/ml* ribonuclease for 60 
minutes without prior hybridization* The mixture was 
then restored to 0*5 M KC1 and passed through the column* 
Every other fraction was collected, monitored at 260 mp, 
and an equal volume of 10 per cent TCA added* After 30 
minutes at 0°C the precipitates were collected and washed 
on Millipore filters* Figure 2 shows that under con* 
dltions whero no hybridization takes place, no contamina
tion of the DNA peak with RNA takes place* Figure 3 
shows the result obtained when this procedure was applied 
to samples that had previously been Incubated at 63°C for 
60 minutes in 0*5 M KC1* A detectable amount of radio* 
activity was recovered under the DNA peak corresponding 
to 2*8 pg* RNA/hOO pg* DNA* However before absolute



The separation of *$00 pg rat kidney DNA and 
150 pg ^C-rat kidney RNA on a Sephadex G-200 
column, without prior hybridisation* The mixture 
was incubated in 0*2 M KC1 with 50 pg/ml* ribo
nuclease for 60 minutes at 30°C, applied to tho 
column and eluted with 0*5 M KC1* The individual 
fractions were precipitated with 10^ cold TCA, 
passed through MF 50 filters, dried and assayed 
for radioactivity*

Figure 2*

Figure 3*
l*iThe separation of rat kidney DNA and C-kldney 

RNA on Sephadex G-200* The conditions were identical 
to those of Figure 2, except that the mixture was 
hybridized at 63°C for 00 minutes prior to ribo
nuclease treatment*
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estimations of percentage homology between RNA and DNA 
can be made, conditions must be such that the DNA is 
saturated with RNA* In the above trial experiment, this 
condition was probably not fulfilled* If a more rapid 
technique could be employed first to determine saturating 
condition*, then a precise determination of homology could 
be obtained by this method*
Liquid hybridization using nitrocellulose membranes*

This technique as described by Nygaard and Hall (1963)
relies on the properties of nitrocellulose filters 
(Schleicher and Schuell, Keene, N*H* 27 mm*, type B-6, or 
MF 50 filters from Sartorius Membranfliter, Gottingen) 
which in salt solutions can adsorb denatured DNA but not 
native DNA or RNA (Table 2)*

The hybridization system was tested using DNA pre
pared from calf thymus and polyoma virus* Samples of DNA
(0*2 - 2 mg*/ml.) were denatured at 100°C for 15 minutes

3and then cooled rapidly in ice* H-labelled RNA was pre
pared in vitro using M.lysodeikticus RNA polymerase with 
thymus or polyoma DNA primers* Hybridization mixtures 
containing DNA and RNA in a final volume of 0*15 ml* 0*5 M 
KC1 were heated at 60°C for l-?i hours and then cooled in 
ice* 3 mis* of 0*5 M KC1 containing 15 p.g* ribonuclease 
were added and Incubated at 37°C* After 15 minutes the 
solutions were passed through nitrocellulose filters, pre-



Table 2

THE ADSORPTION CHARACTERISTICS OF MAMMALIAN 
NUCLEIC ACIDS ON NITROCELLULOSE FILTERS.

AMOUNT AND TYPE OP 
PREPARATION

'ft RETAINED N Y  
FILTER IN 0.5m KC1.

20 p.g* native rat 
kldnay DNA* 10*5

20 (ig* denatured rat 
kidney DNA* 100.0

20 pg* rat kidney RNA* 0
m



viouely soaked in 0*5 M KC1 for 30 minutes* The filters 
were then washed with 60 mis* 0*5 M KC1P dried at room 
temperature and counted in toluene scintillator* Incuba
tions containing RNA but no DNA were run as controls* Back
grounds of less than 1 per cent of the input activity were 
normally obtained*

The effect of incubation time on hybrid formation*
Figure fi shows the effect of increasing the time of incuba
tion on the hybridization of 100, 10 and 1 fig. calf thymus 
DNA and constant amounts of ^ii-labelled RNA* For each DNA 
concentration the amount of RNA hybridized fell off with 
time* The possible reasons for this are discussed later*

The specificity of hybrid formation* The specificity 
of the method was tested by incubating thymus RNA with 
samples of polyoma DNA* The results of Figure ti indicate 
a small but detectable level of activity* Control samples 
which contain no DNA give considerably lower levels, suggest
ing that there is either a small degree of homology between
the DNA or RNA or that mechanical trapping of RNA occurs
when the DNA is adsorbed on the filter*

The RNA saturation curve* Saturation curves were
determined by hybridizing a constant amount of DNA with 
increasing amounts of labelled RNA* Hybrid formation is 
then a function of RNA concentration and can be described 
graphically by an asymptotic curve. At infinite concen-



The effect of increasing times of incubation on 
the hybridisation of constant amounts of synthetic 
calf thymus RNA (13 pg/0.15 ml*) to 100, 10, and 1 
of denatured calf thymus and polyoma DNAs by liquid 
hybridisation technique*

Figure k•
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tration, a maximum is obtained and the DNA ie saturated 
with RNA* Although complete saturation is never obtained 
in practice it can be estimated from a double reciprocal 
plot of hybrid formation versus RNA input* Thin principle 
is shown in Figures 5 and 6* Increasing amounts of polyoma 
RNA were hybridized with 10 ug* polyoma DNA* The theorem 
tlcal saturation value obtained from Figure 6 is equiva
lent to about 5 M-6* polyoma RNA*

The DNA saturation curvr♦ Hybridization of constant 
amounts of polyoma RNA (5 MS*) and variable amounts of DNA 
gives a response resembling a saturation curve (Figure 7)* 
Over a restricted range of DNA concentrations, a constant 
amount of RNA hybridized with DNA, thereafter the plot 
deviates from linearity* It is possible that above a 
certain DNA concontratlon, hybrid formation substantially 
alters the concentration of free RNA in solution, and that 
this accounts for the pseudosaturation curve*
Hybridization with immobilised DNA*

One disadvantage of the previous method is that DNA 
renaturation can Introduce quantitative errors when deter* 
mining saturating values* Gillespie and Spiegelman (1905) 
described the following method where DNA is ironobillsod on 
the filter thereby reducing the risk of renaturation*

Denaturation of DNA* Pure DNA was dissolved in 0*01 
x SSC (l x SSC is 0*15 *1 NaCls 0*015 Ni tri*®odium citrate)
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kinetics of hybridisation of 5 ^  in vitro 
synthesised polyoma RNA to increasing amounts of 
denatured polyoma DNA*

Figure 7*

Figure 8*
Time course for the hybridization of 20 pg 

rat kidney RNA idth 100 pg denatured rat kidney DNA, 
Immobilised on nitrocellulose filters by the method 
of Gillespie and Spiegelman*
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at t\ concentration of 25 pg*/nil. and adjusted to pH 12*5 
with 10 N NaOH. After standing for 10 minutes, the 
solution was neutralised with HC1 and the degree of hyper- 
chromicity at 260 mp, determined. Denaturation was also 
monitored by passing a sample of DNA in 6 x SSC through a 
filter and determining tho amount retained. Any batch 
which did not exhibit 95*100 per cent retention was dis
carded •

The preparation of filters* Nitrocellulose filters 
were pro-soaked in 6 x SSC for 1 minute and washed in 20 mis* 
of the same solution. The required amount of denatured DNA 
in 5 mis. 6 x SSC wore passed through the filters, which 
were then washed on both sides with 50 mis* 6 x SSC* After 
drying at room temperature for at least f* hours the filters 
were vacuum desiccated for 2 hours at 80°C*

Hybridization technique* Hybrids were fonaod by 
immersing the filters in vials containing labelled UNA in 
6 x SSC* Initially, volumes of 1—2 mis* were employed| 
however laterally this was reduced to eoonoralse on RNA*
For thl6 purpose small nitrocellulose filters (13 mm* dia
meter) were employed in a final volume of 0*2 ml* (semi
micro method) or 0*05 ml* (micro method)*

Annealing was carried out at 65°C for 18 hours, aftor 
which time the vials were chilled in ice* The filters were 
removed, washed on both sides with 50 mis* 6 x SSC and



treated with 20 pg./m1. ribonuclease in 2 x SSC. After 
1 hour at room temperature the filters were washed as 
before on both sides, dried and counted in toluene scinti
llator*

Retention of DNA on the filters* Labelled DNA
(specific activity 12,500 cpm/pg) was prepared from Land

isschutz ascites cells using C-sodium formate* 13 pg. 
samples were denatured and immobilised on nitrocellulose 
filters and one set subjected to the complete hybridization 
and washing procedures* Table 3 shows that immobilised 
DNA is retained on the filters throughout the procedure*

The effectiveness of washing and ribonuclease steps*
The effectiveness of the working—up procedures was tested 
by incubating duplicate filters containing 10 pg* rat 
kidney DNA with 1I«0 pg* ^^C-rat kidney RNA and subjecting 
them to complete or partial treatments* Table h shows 
that both washing end rlbonucleaee steps are necessary for 
the exclusion of adventitious label and for reproducibility* 
It is also of interest to note that ribonuclease treatment 
does not completely prevent hybridization*

Time course for hybridization* Figure 8 shows the 
time course of hybridization of 100 pg* rat kidney DNA 
with 20 pg* ^^C-rat kidney RNA in 2 mis* At this low 
concentration of RNA at least 17 hours are required for 
maximum hybridization*



RETENTION OF IMMOBILISED DNA OH NITROCELLULOSE FILTERS.

T a b l e  3 ,

TREATMENT OF DNA FILTERS d i s i n t e g r a t i o n/m i n u t e/
FILTER

None 12 3# 335 
13 2, 79*1

2h hr* Incubation at 63°, 
washing, ribonuclease, 
washing.

136, *»19 
1 3 *, 680

Table h.

THE EFFECT OF VARIOUS TREATMENTS OH THE 
LEVELS OF HYBRIDIZATION*

TREATMENT OF FILTERS
DISINTEGRATION/MINUTE/

FILTER

Completes Wash, ribonuclease, IhO
wash* IkO

Ribonuclease treatment, but 170
no washing* 192

No ribonuclease treatment, 300
but complete washing* 3*i*i
RNA treated with 1»0 }ig* ribo 9*inuclease before hybridisation, 78
otherwise complete*



Saturation and competition kinetics of rat kidney RNA*
i  ftThe affect of hybridising increasing amount a of Orat kidney 

RNA to 100 jig* rat kidney DNA ia shown in Figures 9 and 10* 
From a double reciprocal plot9 a saturation figure equivalent 
to 6m 5 jig* HNA/100 )uug« DNA was predicted* This suggests 
that of all the sequences present in kidney DNA only a re
stricted number are represented in the total RNA of the 
kidney cell*

Xn order to demonstrate that the activity associated 
with the DNA is specific9 a competitive hybridization exper
iment was carried out* Here constant amounts of kidney 
DNA (100 jig*) and ^'c-kidney RNA (35 Ug* 1 were hybridised 
as before but in the presence of Increasing amounts of 
unlabelled RNA prepared from rat kidney* Figure 11 illus
trates the displacement of labelled RNA from the DNA by the 
unlabelled RNA* Complete displacement of label (denoting 100 
per cent homology between the two RNAs) can in theory only 
be obtained at infinite concentrations of the unlabelled 
material* However a prediction of the extent of homology can 
be made from a double reciprocal plot of diminution of radio
activity (x0 - X) versus the concentration of unlabelled KNAP 
where XQ is tho activity in the presenco of labelled RNA alone, 
and X the value obtained on the addition of unlabelled RNA*
A linear plot is obtained (Figure 12) which cute the ordin
ate at an Infinite concentration of competing RNA* For 
complete competition, the value of X becomes zero and
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Kinetics of the competitive hybridization to
IIIdenatured rat kidney DNA of in vivo C-labelledt

kidney RNA and unlabelled kidney RNA* Each filter 
contained 100 |ig DNA and was hybridized to 35 pg 
labelled RNA in the presenoe of increasing 
concentrations of unlabelled RNA*

Figure 11.

figure 12•
Double reciprocal plot of the data of Figure 11* 

At infinite concentration of unlabelled RNA it is 
predicted that less than 10% of the hybrid would 
be labelled*
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1/Xo - X equals tha reciprocal of the activity In tho 
absence of competing material • The theoretloal value ob
tained from this experiment gave Xq a If#3 dpm* compared 
with an experimentally determined value of 160 dp«i» VIthin 
the limits of the method 90-100 per oent homology exists 
between the two RNA preparations*
An attempt to detect tissue specific RNAs in rat organs*

An attempt was made to detect tissue specific RNAs In
rat kidney^ liver and pancreas using this hybridisation tech
nique* Current theory suggests that such a difference
might reside In the messenger RNA fraction of these tissues*

32After short term labelling of a rat with P-ortho phosphate
as described In the methods, RNA was prepared from the 
nuclei of these organs* Because these preparations contain 
large amounts of unlabelled nuclear rlbosomal KNA it was 
Impossible to determine the true specific activity of the 
messenger fraction*

Figure 13 shows the saturation kinetics obtained when 
increasing concentrations of these RNAs were hybridized 
with 20 pg* rat kidney DNA* Even at high Inputs of RNA 
saturation of the DNA Is not achieved* In addition It was 
not found possible to express the saturating levels of radio
activity In terms of percentage homology since the true 
specific activity of the messenger fraction was unknown*
The saturating levels of activity determined from a double



Kinetics for the hybridization of 
increasing amounts of in vivo. rapidly
labelled RNAs from rat pancreas, liver and 
kidney with 20 pg denatured rat kidney DNA*

Figure 13«
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reciprocal plot (Figure 1U) shows differences in the 
saturation levels of pancreas RNA and fcldney and liver 
RNA* This difference could be real or could be due to 
a difference in the specific activities of the RNAs 
synthesised in the organs* Neither possibility could be 
readily distinguished*

It was hoped that any differences in the messenger 
fractions of the RNAs would be detectable by competitive 
hybridization* Unlabelled reference RNA was prepared 
from rat kidney nuclei and added in varying concentrations 
to hybridization mixtures containing near saturating 
amounts of labelled RNA in the presence of 20 pg* kidney 
DNA* The displacement of pancreas, liver and kidney 
rapidly labelled RNAs from DNA by unlabelled kidney RNA 
is shown in Figure 15* The curves suggest that differ
ences may exist* This is also shown in the double recipro
cal plot of Figure 16* For complete homology the inter
cept on the ordinate is unity* As might be expected, 
kidney RNA shows the greatest homology while pancreas and 
liver RNAs are less homologous* Vhereas the hybridization 
technique of Gillespie and Spiegelman was found to be the 
most convenient for the present studies, the use of in vivo 
labelled RNAs presented a number of difficulties, which 
will be discussed later along with the above results* It 
was therefore decided to set up an in vitro RNA synthesising



Double reciprocal plot of the data shown 
in Figure 13*

Figure 111*
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Competition experiment between unlabelled rat 
kidney RNA and ^2P-rapidly labelled RNAs from rat 
panereas (o — —  o), liver (x — —  x), and kidney 
(e —  e) • Each filter, containing 20 \ig denatured 
rat kidney DNA, wae Incubated with constant amounts 
of the labelled UNA under test in the presence of 
increasing concentrations of unlabelled kidney RNA*

Figure 15*

Figure 16*
Double reciprocal plot of the competition data 

shown in Figure 16* For complete homology between 
labelled and unlabelled RNA the Intercept on the 
ordinate at infinite concentrations of unlabelled 
RNA should be 1*
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system In which the chromatin from the tissues of Interest 
acted as primer for the RNA polymerase of M*lysodeikticus* 
Aspects of this system are described In the following 
sections*

3*2 The DNA dependent RNA polymerase of Micrococcus
lysodeikticus*

The purification and properties of RNA polymerase*
RNA polymerase was purified from M • lysodeikticus by 

the method of Kakamoto et al ♦, (196b). A 30 g* batch of 
spray-dried cells from Cambrian Chemicals Ltd*, London, was 
suspended by Varlng blender In 300 mis* 0*01 M tris-HCl, 
pH 8, and centrifuged down at 20,000 g* for 10 minutes* The 
pellets were suspended In 600 mis* 0*2 M sucroset 0*01 M 
tris-HCl, pH 8, at 30°C, 200 mg* of crystalline lysosyme 
added (L* Light and Co*) and the suspension Incubated at 
30°C for Ii5 minutes* After 13 minutes, 1*5 ml* 0*1 M 
MgCl2 were added with vigorous stirring, and likewise after 

minutes, li*5 mis* 0*1 M MgClj added* The lysate was 
diluted with an equal volume of ice oold water and stirred 
thoroughly* A viscous gel formed and was allowed to stand 
for tO minutes In Ice* All subsequent steps were carried 
out at 0 - li0C*

120 mis* 10 per cent (v/v) streptomycin sulphate 
(Glaxo Laboratories, Kngland) were slowly added to the 
lysate with continual stirring* The whole procedure took



20 minutes end m s  accompanied by a noticeable drop in 
viscosity* After standing for 10 minutes the precipitate 
was collected by centrifugation at 20,000 g* for 10 minutes* 
The supernatant m s  decanted and the pellets rinsed with 
10 mis* distilled water* The pellets were washed by light 
homogenisation in 200 mis* 0*001 M trls-)ICl, pH 8f 0*2 M 
sucrose s 0*1 per cent streptomycin sulphate t 0.25 M MgCl2f 
mixed for 10 minutes and contrlfu&od at 20,000 g* for 10 
minutes* The supernatant was discarded and the pellets 
rinsed with distilled water*

The pellets were suspended In 180 ials* of a solution 
containing 2 mis* 1 J! potassium phosphate buffer pli 7*5 i 
2 mis* 0*1 M MgClgi 20 mis* 2 M sucrose by homo geni sat Ion* 
After suspension 8 mis* of 1 M potassium phosphate buffer 
were added slowly with stirring* The solution became very 
viscous and was left for 10 minutes before slowly adding 
10 mis* of 10 per cent streptomycin sulphate as before*
After mixing for 10 minutes the supernatant m s  collected 
by centrifugation at 30,000 g* for 30 minutes and then 
further centrifugation in tho Spinco 30 head at 80,000 g* 
for 120 minutes* The supernatant was decanted, carefully 
avoiding the loosely packed sedLment, and Its volume meas
ured*

From a 2*5 pwr cent (w/v) unneutralised protamine 
sulphate (Sigma Chemical Co*) solution, an amount equivalent



to one-fifth the volume of the above supernatant was set 
aside* Assuming that the molarity of phosphate in the 
supernatant was 0*05 £i, enough 1 M phosphate buffer was 
added so that after the addition of protamine sulphate the 
final phosphate molarity was 0*1(| M . The protamine 
sulphate was then added dropwlse with continuous stirring 
and after 10 minutes the precipitate was collected by 
centrifugation at 20,000 g* for 10 minutes* The pellets 
were homogenised in 30 mis* 0*2 H sucrose t 0*30 ^ potas
sium phosphate, mixed for 10 minutes and centrifuged at 
20,000 g* for 10 minutes* The supernatant was retained 
and the pellet re-extracted with 15 mis* of the same 
buffer* To the combined extracts, 2 volumes of cold 
0*1 per cent (w/v) protamine sulphate were added dropwlse 
with stirring* The extract was mixed and centrifuged 
as before* The supernatant was discarded and the pellet 
homogenised In 5 mis* 0*2 M sucrose s 0*3 M potassium 
phosphate pH 7*5* After 10 minutes, pellets were obtained 
by centrifugation at 20,000 g* for 10 minutes, and homo
genised In 10 mis* 0*2 M sucrose i 0.L& M potassium phos
phate buffer pH 7*5* After mixing for 10 minutes, the 
supernatant was collected by centrifugation at 20,000 g* 
for 10 minutes* The pellet was re-extracted with 5 mis* 
of the same buffer and combined with the previous extract* 

The protein concentration of the extract wae adjusted



to approximately 6 mg»/nl. with extracting medium*
Ammonium sulphate solution, saturated at 0°C9 was added 
dropwlse to f|0 per cent saturation* After 30 minutes 
at 0a<C the precipitate was collectod at 20,000 g* for 10 
minutes* The pellet was dissolved In 0*1 M tris-HCl 
pH 7*5| an equal volume of glycerol added, and the solution 
stored at -20°C* The enzyme retained most of Its original 
activity under these conditions*

Table 5 shows a typical purification using the des
cribed method* The original lysate and the ammonium 
sulphate preolpitate are the only stages free of protamine 
or streptomycin* Since theso substances Inhibit poly
merase action by the precipitation of DNA primer, assays 
were only carried out on these stages* Spermidine phos
phate, which produces a twofold stimulation of activity, 
was not added to the assay* This can account for the 
discrepancy In total units of enzyme recovered as compared 
with the purification data of Nakamoto et al*, (l96h). The 
usual specific activity of the enzyme at this stage was 
about 200 unlts/rag* protein*

The presence of ribonuclease and phosphodiesterase 
In the preparation was tested for by incubation with 
aliquots of f>*ooll transfer RNA In 2 mis* After 30 min
utes at 30°C, U mis* of a solution containing 1 g* lan
thanum acetate s 150 mis* ethanol t 50 mis* 5 N HC1 were



THE PURIFICATION OF M .LYSODEIKTICUS RNA POLYMERASE 
USINQ THE METHOD OF NAKAMOTO ET AL. (1964)•

Table 5.

VOLUME 
ml •

TOTAL UNITS
TOTAL
PROTEIN

««•
SPECIFIC 
ACTIVITY 

. unite/mg.. „
Cell lysate 1200 10,500 5520 1.9
Ammonium sulphate 
precipitate 6.5 1CV* 32 40

f

261

Tabl9 6.
AN EXAMINATION OF PURIFIED POLYMERASE FOR HIBONUCLEASE

AND PHOSPHODIESTERASE.

DUPLICATE
SAMPLES

tig POLYMERASE 
PREP/INCUBATION

INCUBATION
TIME ADDITIONS

OPTICAL 
DENSITY AT 
260 mu.

1. None 0 mine. O.O&bKPOj, 0.20
2. None 30 mine. 0 • 02mKPOp, 0.19
3. None 0 mine. None 0.20
4. None 30 mine. None 0.20

5. 350 pg. 0 mine. 0.02mK.P0(| 0.21
6. 350 pg. 30 mine. 0.02mKPO[| 0.20

7. 350 pg. 0 mine. None 0.22
8. 350 pg. 30 mine. None 0.23



added, and the sample filtered through Whatman No. 1 
filter paper. The eluate a were monitored at 260 mu and 
compared against a reagent blank. Assays for phosphodl- 
esterase require the presence of 0.02 M potassium phosphate 
pH 7*5 which functions as an activator. Table 6 summar
ises the results obtained. Neither ribonuclease nor 
phosphodiesterase activity could be detected. The ammonium 
sulphato fraction was therefore used for in vitro studies 
without further purification.
The quantitative assay for polymorase activity.

Assay conditions were essentially those of Nakamoto 
et al.. (1964) except for the prosence of spermidine. In
cubations were carried out at 30°C for 10 minutes, in conical 
centrifuge tubes containing 50 pinoles tris-HCl, pH 7*5 *
1.25 pmoles MnCl2i IOO pg. calf thymus DNA 1 400 pmoles 
each of OTP, CTP, ATP, and labelled UTP (32P - UTP or ^H-UTP 
added to give 0,5 • 2 x 10“ dpm. per pinole) and 0.1 - 0.5 mg. 
enzyme in a total volume of 0.5 ml.

The reaction was terminated by placing the tubes in 
ice and adding 0.1 ml. 50 per cent TCA, followed by 3 mis.
5 per cent TCA saturated with sodium pyrophosphate. Where 
small amounts of material were present, 0.5 mg. bovine serum 
albumin was added as carrier, before precipitation. Aftor 
standing in ice for 10 minutes the precipitates were 
collected by centrifugation at 2,000 g. for 10 minutes.



The supernatants were discarded and the precipitates washed
32three tines in 5 Per cent TCA. Where P-UTP was used, 

the precipitates were assayed in a gas-flow counter as 
described in the Methods* For -UTP, precipitates were 
trapped on Mlllipore filters and counted in a scintillation 
spectrometer*

A unit of activity is defined as the amount of enzyme 
which catalyses the Incorporation of lmy, mole of UTP into 
acid-insoluble material during 10 minutes* incubation at
30°C*
The properties of M*lysodeikticus polymerase*

The effect of omitting various components of the assay 
system was examined* The results are shown in Table 7*
No significant activity was detected when polymerase, mangan
ese or nucleoside triphosphates were omitted* Small amounts 
of activity were detected in the absence of DNA* Although 
putreseine was not found to be essential for activity, its 
presence caused a 2-3 fold increase in activity*

The requirement for a divalent cation* The activity of 
the polymerase in the presence of variable concentrations 
of manganese, magnesium, and calcium chlorides was determined* 
The results (Figure 17) show that manganese and magnesium 
are effective activators, manganese exhibiting a sharp opti
mum around 3 J£h whereas magnesium appears to be effective 
over a wide concentration range above 3 mM. but at a lower



QEWR1UL CONDITIONS FOR POL.YMBRA3E ACTIVITY.

Table 7.

ASSAY CONDITION
mp, MOLES UTP 

INCORPORATED/10 rains.

Complete with 16mM putrasoine W M
Omit putreseine 1.73
Unit ATPf OTP and CTP. 0.22
Omit manganese O.Ofi
Omit DNA 0.12
Omit ensyme 0.023



The effect of various divalent cations on 
the activity of M.lysodeikticus polymerasei 
manganese chloride (e —  •), magnesium chloride 
(o —  o)9 and calcium chloride (x x).

Figure 17*
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level. Calcium ions vers found to bs completely inhibi
tory#

The activity of the polymerase in mixtures of mangan
ese and magnesium ions was also determined# Vith a basal 
concentration of 2#5 mM manganese chloride, the ensyme was 
assayed in the presence of additional magnesium chloride 
over a range of 0 - 50 mM final concentration# Figure 18 
shows that apart from a small initial stimulation at very 
low magnesium concentrations, the combined effect of both 
cations is inhibitory# When a basal concentration of 
10 mM magnesium chloride and variable concentrations of 
manganese chloride were employed (Figure 1 9 )v it was found 
that optimal activity occurred at 2#5 mM * No advantage 
could be found in using both cations together in the assay 
In all subsequent reaotlons manganese chloride was present 
at a final concentration of 2#5 mM *

The requirement for DNA primer# The dependence of
the polymerase on DNA primer is shown in Figure 20# 3#3

units of ensyme were added to assays containing calf thyrau
DNA over a range of 0 - 100 pg# Saturation of the enzyme
was obtained at about 30 pg#/0#5 ml# From a double
reciprocal plot (Figure 21) a V _ of 3.3 mpmoles and amax
Km of 3 pg* was predicted#

Time course for the polymerase reaction* The time 
course for the polymerase reaction was determined under



The effect of a combination of magnesium and
> ,

manganese ions on the activity of M*lysodeikticus 
polymerase* Each assay oontalned a final concen
tration of 2*5 mM manganese chloride, in the 
presence of varying concentrations (o - 50 

magnesium chloride*

Figure 18*

Figure 19*
The effect of a combination of magnesium and 

manganese ions on the activity of M*lysodeikticus 
polymerase* Each assay contained a final concen
tration of 10 magnesium chloride in the presence 
of varying concentrations of manganese chloride 
(O - 8 m M ) •



mp.
 m

ol
es
 
UTP

 
in

co
rp

or
at

ed
/a

ss
ay

. 
mji 

mo
le
s 

UTP
 

in
co

rp
or

at
ed

/a
ss

ay
#

Figure 18,

1 0 20 30 UO
mM MgCl2 ( + 2,5 mM MnCl2)

Figure 19•

mM MnCl2 (^ 10 mM MgCl2)



The requirement of M*lysodeikticus polymerase for 
a DNA primer* Approximately 3 unite of polymerase 
were Incubated for 10 minutes in the presence of 
increasing amounts of calf thymus DNA* Maximum 
velocity was attained at about 50 pg DNA/0.5 nil*

Figure 20.

Figure 21•
Double reciprocal plot of the data shown in

Figure 20* A V * 3*3 mp moles and a K_ m 5 pgmax * *
was predicted*
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standard conditions using a saturating concentration of 
DNA* Assays ware Incubated for varying times and the 
reaction terminated by the addition of 0*1 ml* 50 par cent 
TCA.

The reaction was found to ba linear for the first 
15 minutes (Figure 22) # after which time a gradual decline 
in the rate of RNA synthesis occurred*

The effect of salts on polymerase action* It was 
found that polymerase activity is remarkably sensitive to 
the concentration of tris-HCl buffer used in the assay 
(Figure 23)* This effect was also noted with lithium, 
potassium and sodium chlorides and also for arginine and 
lysine hydrochlorides* In all cases 0*1 M tris-HCl was 
present and the activities in the presence of the various 
salts expressed as a percentage of the activity obtained 
with 0*1 M tris-HCl alone* Harked inhibition occurred 
when the total ionic strength of the assay exceeded about 
0*2 M.

1

3*3 Chromatin*
The preparation of chromatin*

Chromatin was prepared from mammalian tissues by one 
of the three methods described below* In essence the 
procedure adopted was first to isolate clean nuclei from 
cell homogenates and to remove soluble nuclear material 
with isotonic buffer* On further washing in a salt-free



Time curve for the in vitro incorporation of 
^P»UTP into polyribonucleotides by M*lysodeikticus 
polymerase* 1 unit of polymerase was incubated with 
a saturating amount of calf thymus DNA for the 
varloue times indicated*

Figure 22.
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The effect of various salts on ths activity of 
M*lysodeikticus polymerase* The activity of the 
polymerase in 0*1 M Trls/klCl, pH 7,5 is taken as 
IOO* and the activities observed in the presence 
of additional salts expressed as a percentage of 
this figure•

Trls/HCl, pH 7«5| A — — A ; KClt e —  et 
NaCI, o —  o | arginine/HClt pH 7*5, □ — * □ 1 

L1C11 x —  x 1 lyslne/KCl, pH 7 .5, 4 — — A

Figure 23«
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medium the chromatin swelled to give a viscous gel* The 
success of a preparation was assessed by the ability of 
the material to gel during the final stages*

Method A * Nuclei were prepared by the citric acid 
procedure already described in the Methods Section* Wash* 
ing was continued until a clear supernatant was obtained*
The nuclei were then suspended in 0*2 M potassium phosphate 
buffer pH 7« After centrifugation at 2fOOO g* for 10 min— 
utes9 the sediment was washed in 0*001 M EDTA* The gel 
which formed was centrifuged at 10f000 g* for 15 minutes* 
Finally the resulting pellet was dissolved in distilled 
water* This material constituted chromatin* Although 
this method worked well with calf thymus, considerable 
difficulty was encountered in preparing chromatin from 
other tissues such as rAt liver and kidney* The follow
ing method was found to give reproducible results with all 
tissues examined*

Method B, Citric acid nuclei were suspended in 0*15 M 
NaCl i 0*1 M tris-HCl, pH 7*5 by light homogenisation* After 
10 minutes in ice, the material was centrifuged at 2,000 g* 
for 10 minutes and the pellet taken up in distilled water* 
Water washing was continued until a viscous gel was formed* 

Method C * A third method, avoiding the use of extreme 
pH values, was devised for comparative purposes* The 
tissue was homogenised in 20 volumes (w/v) distilled water



and left for 10 minutes at 0°C* The sediment obtained 
after centrifugation at 2,000 g* for 10 minutes was re
homogenised in water and filtered through muslin* The 
nuclear pellet was then suspended in 0*15 M NaCl for 10 
minutes and centrifuged as before* Finally the material 
was washed in distilled water until gelation occurred*
borne chemical and physical properties of chromatin*

Chemical composition of chromatin* Determinations of
DNA, RNA and protein were carried out according to the 
methods already outlined* For facility in pipetting, 
chromatin gels were first sonloated to abolish viscosity*
1 ml* aliquots containing 15 - 20 optical density units at 
260 mp were treated with 1 ml* of 0*6 N KOH for 2 hours at 
37°C* 1 ml* of 1*5 N PCA was added at 0°C and the pre
cipitate centrifuged down at 2,000 g* for 10 minutes* The 
hydrolysed UNA present in the supernatant was measured by 
the orcinol method* The precipitates were extracted twice 
with 1 N PCA at 70°C for 15 minutes* Residual material 
was pelleted and the supernatants combined* 1 ml* aliquots 
were assayed for DNA by the diphenylamine jnethod•

Estimation of basic and residual protein was carried 
out as follows* To 0*1 ml* aliquots of chromatin, 0*1 ml* 
0*2 N HC1 was added* After 1 hour at ooc the supernatant 
was collected by centrifugation at 2,000 g* for 10 minutes 
and the pellet re-extracted with 0*2 ml* HC1* The super-



natnnte were combined and 0*li ml* 2 H NaOH added* 0*8 ml• 
1 N NaOH was added to each precipitate* After Incubating 
the samples at 37°C for 1 hour protein was estimated by 
the bromosulphaleln method as previously outlined* The 
results obtained for chromatin from various souroes are 
shown in Table 8* While the RNA/ONA and acidic protein/ 
DNA ratios are variable a fairly constant figure of around 
unity was found for basic protein/DNA irrespective of the 
chromatin source*

The solubility of chromatin in salt solutions* The 
effect of salt on the solubility of calf thymus chromatin 
was investigated by adding various amounts of concentrated 
ammonium sulphate solution to 1*3 *g« of chromatin in a 
final volume of 2 mis* After being thoroughly mixed and 
left in ioe for 10 minutes the solutions were oentrifuged 
at 2,000 g* for 10 minutes* The supernatants were then 
analysed for protein by the Lowry method and for DNA by 
the dlphenylamine method* The results were expressed as 
percentage of the original material remaining in the super
natant* From the results shown in Figure 2fj, it would 
appear that chromatin is least soluble at physiological 
salt concentrations* As the ionic strength is Increased 
the DNA-proteln salt linkages dissociate and the DNA is 
solubilised while the protein tends to precipitate out*
Some DNA may also eo-precipitate with the protein*
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The solubility of ehromatin in i n e m s i n g  
coneant rat ions of anoniua sulphate* 1*3 mgs* 
of calf thymus chromatin was treated with 
ammonium sulphate solutions at the concentrations 
shown and the degree of solubility determined by 
analysing the supernatants for DNA and protein*

Figurt 2H•
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Melting profilos of chroaatin. Malting profiles 
were carriad out using a Unicam SP 800 spectrophotometer 
equipped with a call block9 the temperature of which could 
be raised to 100°C by an electric heater. DNA and 
chromatin solutions in 0.01 x SSC wars diluted to 0*5 OD 
units at 260 mp and readings taken for every 5° increment 
in temperature* Headings at 300 mp were also taken to 
check for light scattering*

Typical molting profiles for calf thymus DNA and 
chromatin are shown in Figure 25* Both preparations gave 
35 - ftO per cent hyperchromicity at 260 mp with no detect
able light scattering at higher wavelengths* In the 
absence of salt however, chromatin precipitates on heating, 
producing a spurious hyperchromicity by light scattering*

The melting temperature for calf thymus DNA and 
chromatin (l*e* the tomperature at half maximum hyper- 
chromlclty) was found to be 6l° and 83° respectively* The 
presence of the protein component in chromatin appears to 
stabilise the DNA double helix against thermal denaturatlon* 

3*ft Chromatin primed RNA synthesis jin vityy• 
Experiments in which in vivo synthesised RNA is 

hybridised to homologous DNA suggest that in differentiated 
tissues only a small part of the genome is functional*
Huang and Bonner (1962) suggested that this was achieved 
by the masking of non-functional parts of the genome and



The melting profiles of calf thymus DNA and 
chromatin* Purified DNA in 0*01 x SSC, e —  e 
whole chromatin in 0*01 x SSC, o — * o 1 whole 
chromatin in water, x —  x*

Figure 25•
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that this control was preserved in the isolated chromatin* 
As already mentioned in the Xntroduction9 several other 
workers have supported this claims however in all cases 
the rates of in vitro RNA synthesis have been used as a 
criterion for restricted template activity* A more mean* 
lngful criterion is provided by molecular hybridization 
in which the sequence homology of the synthesised RNA can 
be determined directly* The following sections are 
devoted to testing this hypothesis*
Rate studies on vitro RNA synthesis*

Using conditions de scribed 9 RNA polymerase was incu
bated with 100 pg* calf thymus DNA or chromatin for varying 
times* Figure 26 shows that the initial rate of RNA syn
thesis from DNA is much higher than that from chromatin* 
Sonnenberg and Zubay (1965) suggested that this difference 
might be due to the relative insolubility of chromatin 
under the incubation conditions* Solubilisation was 
achieved by aonlcatlon for 60 seconds in a MSB ultrasonic 
disintegrator* The effectiveness of chromatin as a primer 
was enhanced almost two-fold by this treatment; however it 
was still considerably less efficient than DNA* DNA is 
also rendered a more effective primer after sonlcation; 
this might result from a reduction in the viscosity in the 
incubation medium.



The rates of RNA synthesis In vitro with M. 
lysodeikticus polymerase and as prlmersi calf 
thymus DNA9 e — ’ e f sonicated calf thymus DNA9 
o —  o t whole chromatln9 A — A ; sonicated 
chromatln9 A — A • 10 pg DNA as DNA or chromatin
was incubated with polymerase for the times 
shown*

Figure 26*
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Template activity of DNA in chromatin*
The previous results suggest that factors other than 

solubility are responsible for the diminished rate of 
transcription* Some authors have concluded that this is 
because the template activity of DNA in chromatin is re
stricted in some wayi however it is not valid to draw such 
a conclusion purely from priming kinetics* To clarify 
this point9 hybridization tests were employed to establish 
whether the RNA formed on chromatin templates is represen
tative of all or only a few of the total available DNA 
sequences*

Chromatin was prepared from calf thymus by Method A 
and DNA also prepared from the same nuclear preparation as 
described previously* Samples were sonloated in 0*01 x 
SSC as before and 1 ml* aliquots containing 50 }ig* DNA 
added to cell free incubation mixtures of 3 mis* Identical 
incubations containing unsonicated primers were also set up* 
After incubation at 30°C for 5 hours the reactions were 
terminated by freezing* The RNA was later extracted as 
outlined in the Methods Section* Xn each case the amount 
of RNA obtained was 2 - k times greater than the primer 
input*

Hybridization of the RNA products was carried out 
according to the method of Oillespie and Spiegelman (1965)* 
Each 27 nan* filter containing 1 of denatured calf thymus



DNA was incubated with varying amount a of synthetic RNA 
in a final volume of 2 mis. 6 x SSC. The extent of hybrid
ization as a function of RNA input is shown in Figure 27* A 
double reciprocal plot of this data (Figure 28) permitted 
the prediction of saturation values. The regression ob
tained with whole and sonicated DNA preparations were 
identical and the results were combined to calculate the
regression y » 0.688 ♦ 0.031x. Knowing the specific

3activity of the H-UTP in the incubation mixture9 it was 
calculated that O.ti - 0.5 pg* of RNA were bound to 1 )ig.
DNA at saturation. On the other hand, RNA transcribed 
from whole chromatin reached saturation at a level which 
corresponded to about 10 per cent of the saturation level 
for RNA transcribed from DNA. Using this criterion it was 
concluded that 90 - 95 per cent of each DNA molecule is 
"masked" in chromatin. It was also noted that sonlcatlon 
of chromatin increased the amount of DNA available for trans
cription.

Those observations were later confirmed with rabbit 
tissues. Figures 29 and 30 show a similar experiment using 
chromatin primers from rabbit thymus and bone marrow and DNA 
from whole rabbit embryos. Again RNA prepared from embryo 
DNA saturates around U7 per cent of the DNA while thymus 
and marrow primed RNAs saturate !*.7 and 6.8 per cent respec
tively of the DNA.
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Double reciprocal plot of the data shown In 
Figure 27* Both DNA and sonicated DNA results 
were combined to give tho regression y a 0.688 
♦ 0.031 x. From this It was calculated that 
about O.lf to 0.3 tig RNA would be bound to 1 pig DNA 
at saturation. RNA transcribed from whole 
chromatin reached saturation at a level corree* 
ponding to about 10*t> of that for RNA transcribed 
from DNA. RNA prepared from sonicated chromatin 
saturated about twice as much of the DNA.

Vigun 28*



Figure 28.
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Kinetics of hybridisation to rabbit embryo DNA 
of ^H-RNA made in vitro by M•lysodeikticus poly-* 
■erase in the presence of rabbit thymus chromatin, 
z —  x | rabbit bone marrow chromatin, e e |
and rabbit embryo DNA, o o• The filters were
loaded with 1 pg denatured rabbit embryo DNA and 
the -Hl-HNA preparations were incubated with 
individual filters at the concentrations shown*

Figure 29.
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Double reciprocal plots of the data ahovn in 
Figure 29* The percentages of the DNA existing 
as hybrid when each RNA preparation saturates the 
DNA was predicted from the intercepts on the 
ordinate as follows) thymus chromatin, fc«7£t 
bone Marrow chromatin, 6.8>j DNA, H7*£•

Figure 30.
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Comparison of and 4S-J£L&Jl2. synthesised RNAs*
In order to determine whether the ANA formed in vitro 

from chromatin primers is the same as that formed by the 
tissue in vivo the following experiments were performed* 
Nuclei were first prepared from calf thymus using citric 
acid. A fraction was used to prepare chromatin| natural 
RNA was prepared from the remainder. The chromatin was 
used to prime the synthesis of RNA in vitro. Constant, near* 
saturating amounts were hybridized to 1 pig. of thymus DNA 
in the presence of increasing amounts of unlabelled natural 
RNA. Figure 31 shows the displacement of labelled hybrid 
from the DNA by the unlabelled RNA* By constructing a 
double reciprocal plot it can be shown (Figure 32) that at 
infinite concentrations of unlabelled RNA all the labelled 
material is excluded. To exclude artefacts, RNA from B.coli 
was also used for competition. As shown in Figure 31, it 
did compete with some of the labelled rafcterial; however 
analysis of the linear regression derived from the data 
Indicate that only a small part of the RNA was affected. 
Figures 33 and 3^ show the results from a similar experiment 
in which tho RNA synthesised in vitro from rabbit bone marrow 
chromatin was compared with natural RNA from rabbit bone 
marrow nuclei. Again complete exclusion of labelled RNA 
was predicted at Infinite concentrations of unlabelled RNA, 
suggesting that tho in vivo and in vitro synthesised RNAs are 
qualitatively identical.



Test for homology between calf thymus RNA and 
^H-RNA made in vitro with a calf thymue chromatin 
primer. Annealing mixtures contained 1 pg. de
natured calf thymus DNA, a near saturating amount 
of synthetic chromatin-primed ^H-RNA and varying 
amounts of natural thymus RNA.

Figure 31.



Figure 31

pg Competing RNA.



Double reciprocal plot of the data ah own in 
Figure 31* Extrapolation to infinite concen
trations of unlabelled RNAs gives 1/Xo-X values 
of 2670 d.p.n* for natural thymus RNA and 700 
d*p*m* for E.coli RNA* The experimentally 
determined value for X<> was 2705 d*p*m** From 
these figures it was concluded that natural calf 
thymus RNA fluid ^H-RNA synthesized in vitro from 
calf thymus chromatin was at least 9Ĥ > homologous 
while homology between E*coli RNA and 3h*RNA was 
only 25^•

Figure 32.
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Competition experiment between natural rabbit 
bone marrow RNA and a synthetic 3h»RNA made in 
vitro with rabbit bone marrow chromatin as primer* 
Filters containing 1 pg denatured rabbit embryo 
DNA were incubated with 25 pg synthetic ^H-RNA 
in the presence of unlabelled natural RNA at the 
concentrations shown*

Figure 33 •



Figure 33®
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Double reelproool plot of the data shown in 
Figure 33* At infinite concentration of un» 
labelled KNA it le predicted that not sore than 
yjL of the hybridized HNA would be labelled.

Figure 3*i •
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Other control ixpori«entf»
To exclude the possibility that the behaviour of 

chromatin in vitro is an artefact of the experimental pro- 
cednre, the following control experiments were carried out.

The effect of the isolation procedure of ohromatin on 
its template activity is shown in Figures 35 and 36* Thymus 
chromatin was prepared by Method B and also by Method C, 
which is more physiological in nature. Identical in vitro 
incubations were set up using these preparations and the 
saturation kinetics of the products determined. Although 
Method C gives a product which saturates the DNA more 
rapidly, it is clear from the double reciprocal plot (Figure 
36) that at saturation both preparations give identical 
values. Method U. was used for all subsequent prepara
tions.

It was found that chromatin could be readily dispersed 
in the incubation medium by very light homogenisation. It 
was of interest to determine whether this treatment altered 
the behaviour of the chromatin. Two incubations were set 
upf in one case the chromatin was dispersed by homogenisation, 
while in the other case partial dispersal was achieved by 
gentle swirling. Figures 37 and 38 show the saturation 
kinetics for the RNA products. Both preparations were found 
to give identical saturation values.

The significance of differences in the initial rates



Figure 35#
Hybridisation to calf thymus DNA of ^H—RNA 

synthesised in vitro from calf thymus chromatin 
prepared by Methods H and C. The RNA prepara
tions were Incubated with 3 denatured calf 
thymus DNA/filter in 2 mis. at the concentrations 
shown.

Figure 36.
Double reciprocal plot of the data shown in 

Figure 35* At saturation both RNA preparations 
hybridised with about 5^ of the DNA.
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Figure 37•
Hybridisation to calf thymus DNA of 3h-RNA 

synthesized in vitro from calf thymus chromatin 
which had been dispersed in the incubation mix 
either by light homogenisation or by gentle 
swirling* Hie RNAs were hybridized to 3 p.g 
denatured calf thymus DNA/fllter in 0*2 ml* at 
the concentrations shown*

Figure 38*
Double reciprocal plot of the data shown In 

Figure 37• At saturation both RNAs hybridised 
with about 5> of the DNA*
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of hybridization of idontlcal RNA preparations will be 
discussed later.
The restriction of template activity in different organs. 

Competitive hybridization was used to test whether
RNAs prepared in vitro from rabbit thymus and bone marrow
chromatins were homologous, first with natural RNAs from
the homologous tissues and second with natural RNAs from
heterologous tissues*

Nuclei were prepared from thymus glands and bone
marrow of *i-6 month old rabbits* Chromatin and natural
RNA was prepared from each, and RNA was synthesised in vitro
from the chromatins* The saturation kinetics of these
synthetic RNAs are shown in Figures 29 and 30*

Competitive hybridization experiments were set up in
which saturating amounts of each chromatin primed RNA was
hybridized with DNA in the presence of Increasing amounts
of homologous and heterologous natural RNAs* Figure 39
shows the competition effect when H—RNA from marrow chromatin
wae challenged with natural RNA from marrow and thymus nuclei*
Marked competition was obtained with the homologous RNAt the
line extrapolated to zero indicating complete homology (Figure
111)* On the other hand, when the same labelled marrow RNA
was hybridized in the presence of natural thymus RNA the
competition curve was less steep and did not extrapolate to
zero* Figure bO presents the results obtained when the



Test for homology between natural rabbit bone- 
■arrow or thymus RNA and ^JWINA made in vitro 
with a rabbit bone-marrow chromatin primar* Anneal
ing mixtures contained l*t| pg rabbit embryo DNA,
50 pg synthetic bone—morrow 3u-rna. T o each 
annealing mixture was added varying amounts of 
competing RNA, either natural bone-narrow RNA or 
natural thymus RNA*

Figure 39*
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Tcot for homology between natural rabbit 
thymus or bono-aaarrow RNA and *\i-RNA made in 
vitro with a rabbit thymus chromatin primer* This 
was a  complementary experiment to that shown in 
Figure 39* The conditions were identical except 
that the synthetic RNA was made with thymus 
chromatin Instead of bone-marx'ow chromatin*

Figure 1*0 •
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Double reciprocal plot for tho competitive 
hybridization between -^H-RNA from rabbit bone- 
marrow and natural RNA a from rabbit bone-marrow 
and thymus (data taken from Figure 39) • By 
extrapolation to tho ordinate it can bo predicted 
that at infinite concentrations of bone»raarrow 
and thymus RNA, 8$ and 309® respectively of the 
original 3h bone-marrow RNA remains as hybrid*

Figura M*
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Double reciprocal plot of the competition data 
ehovn in Figure bo. At infinite concentrations 
of natural thymus and bone—marrow RNA, 10*> and 
38>» respectively of the original ^Tl-thymus RNA 
remains as hybrid.

Figure F|2.



^H
-h
yb
ri
d 

di
sp
l 

ac
ed

Figure

lo3 x M-g RNA



experimental system was reversed* In this case it could 
be demonstrated that natural thymus RNA and labelled RNA 
made in the presence of thymus chromatin were completely 
homologous* Natural marrow RNA on the other hand, com
peted less effectively (Figure Jj2).

It was concluded from those experiments that in rabbit 
thymus and bone marrow chromatin some common sequences are 
readily available for transcription by the Mlcrococcal 
polymerase; in addition in each type of chromatin unique 
sequences are available for transcription which are not 
available in the other*

3*5 The nature of the restriction mechanism in chromatin*
The results obtained with chromatin in the in vitro

system suggest that the restriction of template activity is 
an Inherent property of tho Isolated chromatin* The follow
ing sections describe experiments in which the nature of 
this restriction was investigated* Initially the effect 
of removing proteins from chromatin was investigated and the 
conditions required for reconstitution of chromatin were 
sought* In later experiments attempts were made to re
constitute chromatin from DNA, histone and residual fraction 
using this Information* In all cases thymus chromatin was 
usod* The degree to which modified or reconstituted 
chromatin corresponded to natural chromatin was determined 
from the hybridization kinetics of the labelled RNA eynthe—



si sod in vitro using these materials as primers*
The effect of degradation of chromatin on its template 
activity*

Calf thymus chromatin was subjected to a number of 
degradative procedures as follows!

(a) Chromatin (500 tig/ml*) was dissolved in b M caesium 
chloride, final concentration, and centrifuged in a MSS
50 SV 30 rotor at 170,000 g* for l» hours* Tho protein 
component of chromatin dissociates from the DNA under 
these conditions and floats to the meniscus to form a 
pellicle* This was discarded and the DNA Isolated from 
the caesium chloride solution by the addition of 1 volume 
water and [| volumes absolute alcohol* This material con
stituted deprotelnlsed chromatin*

(b) Chromatin (500 pg/ml*) was treated with 0*25 N HC1, 
final concentration, at 0°C for 1 hour* The suspension 
was centrifuged at 2,000 g* for 10 minutes* The super
natant wtich contained the hi stone component was dlalysed 
againr.t distilled water until free of acid and stored frosen 
for later use* The precipitate, which consisted of DNA 
combined with the residual or non—histone component, was 
washed until neutral in 0*15 M NaCl 1 0*1 M Trls/HCl pH 7*5, 
centrifuged at 2,000 g* for 10 minutes and resuspended in 
distilled water* The resulting gel constituted dehistoned 
chromatin*



(c) A sample of chromatin was dlalysed against 2 M NaCl 
for 16 hours, then against 0*6 M NaCl for 2U hours, and 
finally against water for 2!| hours* The reconstituted gel, 
salt dissociated chromatin was pelleted by centrifugation 
at 2,000 g* for 10 minutes*

Labelled RNA was synthesised in vitro using 500 pg* 
of deprotelnised chromatin, dehlstoned chromatin, salt dis
sociated chromatin and natural chromatin as primers* The 
RNA products were hybridized with 5 pg* calf thymus DNA and 
saturation levels determined (Figures ft3 end hU) •

Removal of protein from chromatin results in a fj- to 
5-fold increase in template activity; however removal of 
histone3 alone only produced a 2- to 3-fold Increase over 
that of normal chromatin* Tho restriction of template 
activity in chromatin appears to be due to the presence of 
protein* Neither tho histone nor the residual protein is 
wholly rosponsible* Dissociation of these proteins by 2 M 
NaCl and subsequent re-asaociatlon by dialysis, gave a 
product which did not exhibit the same properties as the 
natural chromatin* This primer possessed about 50 per cent 
more template activity* It was concluded that, either the 
conditions for re-association were not correct or that the 
dissociated proteins did not possess the specificity neces
sary for faithful re-association* The first of these 
possibilities was investigated further by studying the
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reconstitution of chromatin with dehlstoned chromatin and 
histone•
Conditions required for the reconstitution of chromatin*

Histono was reconstituted with dohistoned ohromatin in 
two ways* In both cases a two-fold excess of histone over 
DNA was present* Firstly, an excess of hi9tone was recon
stituted with dehistoned chromatin in water* The resulting 
gel was collected by centrifugation and suspended in dis~ 
tilled water* Secondly, tho two components were mixed in 
2 M NaCl, dialysod against 0*6 M NaCl ovornight at 0°C* and 
then against 0*h M and 0.2 N NaCl for 3 hours each* The 
precipitate was collected by centrifugation at 2,000 g. for 
10 minutes and washed with distilled water until gelation 
occurred•

Labelled RNA was synthesised with each chromatin as 
primer and the saturation kinetics of the products determined 
by hybridization with 5 M-G* thymus DNA (Figure ff5). The 
saturation value obtained with the RNA from the gradient 
dialysis method was identical to that of natural chromatin* 
Reconstitution in water however gave a product with a consid
erably higher template activity. When a sample of this 
chromatin was ro-equilibriatod overnight against 0*6 M NaCl 
and then through 0*fi and 0*2 M NaCl as before, the chromatin 
then behaved in the same fashion as natural chromatin (Figure 
J|6) •

92.
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From Figure U'j it is soon that the initial rates of 
hybridization of the synthetic chromatins is higher than 
that of the natural chromatin* However a double reciprocal 
plot of these data (Figure ltd) shows that the saturation 
levels are identical* Possible reasons for tho initial 
difference in rates are discussed later*

From these experiments it was concluded that chromatin 
can be reconstituted from hletone and dohistoned material 
if a suitable excess of histone is present and if the re
constitution takes place in a slowly decreasing salt grad
ient •
The fraotionation anu reconstitution of chromatin*

in further experiments, attempts were made to recon
stitute chromatin from DNA and proteins from a crude fract~ 
ionation of the caesium chloride pelliclo* Chromatin was 
dissociated in caesium chloride as before and DNA recoverod 
from tho solution by alcohol precipitation* This tiiao the 
pellicle was retained and dissolved by nomogenisatlon in 
1 A NaCl* About 70~30 per cent of the material remalnod 
in solution after centrifugation at 2,000 g* for 10 minutes* 
This supernatant (l mg* protein/ml*) was then acidified with 
concentrated acetic acid to a final concentration of 0*25 If, 
left in ice for 10 minutes, and then centrifuged at 2fOOO g* 
for 10 minutes* The pelleted material was dissolved in 
1 M NaCl i 0*1 H trls—HC1 pH 8 and oonatituted the "acidic"



fraction* The supernatant or "hist one ** fraction was 
adjusted to neutrality with 1 N NaOH and both fractions 
stored at ty°C*

Reconstituted chromatins were prepared by gradient 
dialysis of DNA with a two-fold excess of acidic and 
histone fractions either separately or together* A similar 
reconstitution was set up with DNA and the unfractionated 
pellicle* Synthetic RNAs wore made in vitro using these 
primers and also natural chromatin, DNA and sonicated de
hist oned chromatin* Hybridization of the RNA products to 
5 pg* thymus DNA is shown in Figures li7 and 1*8* When the 
unfractionated pellicle is reconstituted with DNA, the 
chromatin obtained behaves in the same way as natural 
chromatin* When an excess of histone is reconstituted with 
DNA a complete restriction of template activity occurs*
Even though polyribonucleotide was formed from this primer 
in vitro, none of the material hybridizes with calf thymus 
DNA* It is thought that this material RNA may represent 
homopolymer* On the other hand, when the acidic fraction 
is present with DNA and histone a spocific part of the DNA 
remains available for transcription* The magnitude of this 
restricted region is comparable with that of natural chroma
tin# Although the initial rates of hybridization are 
slightly higher the saturation values for both RNAs are the 
same* Reconstitution with the acidic fraction alone pro-
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Double reciprocal plots of the data shown in 
Figure Ji7* The following percentages of DNA. as 
hybrid at saturation with each RNA vore predictedt 
whole chromatin, DNA+ pellicle proteins and DNA ♦ 
histone fraction ♦ addle fraction, 5^i DNA ♦ 
acidic fraction, 12^; sonicated dehlstoned 
chromatin, 25^1 DNA,

Figure ?t8«
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95

duces a chromatin with a substantially higher template 
activity* This result is similar to that obtained pre
viously with dehistoned chromatin* It is interesting to 
note that if sonicated dehistoned chromatin is used as 
primer9 the template activity is greater than that expected 
for the unsonicated material but still less than that of 
free DNA* This suggests that the restriction obtained 
with DNA in combination with the acidic fraction or with 
dehistoned chromatin may be real and not due to steric 
offeet s*

Finally, one important control experiment was carried 
out* The acidic fraction of the pellicle is nearly always 
contaminated with a small amount of DNA* The results might 
then be explained by Inadequate fractionation of the DNA 
in such a way that the genes transcribed in the cell in 
question are concentrated in this fraction* To test thlsp 
DNA was isolated from the pellicle preparation and compared 
with whole cell DNA by annealing with labelled RNA synthesised 
from thymus chromatin* No difference between the two DNA 
preparations could be detected using this criterion, (Figures 
*s9, 5 0).



Figure h9•
Kinetics of hybridisation of ^H-RNA synthoolsod 

In vitro from oalf thymus chromatin, with DNA Iso
lated fro i tho pellicle proteins, t —  ft and from 
ths caesium chloride solution, O —  o , of a typical 
gradient run* Filters containing 5 Mg of each DNA 
preparation were hybridised with varying concentra
tions of the ^H-KNA preparation as shown.

Figure 50*
Double reciprocal plots of ths data shown in 

Figure h'J • The ll»RNA was found to hybridise with 
each DNA preparation to tha same extent. At satura
tion with KNA It was predicted that of both DNAs 
existed as hybrid.
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ti* Discussion*

(i.l Hybridization techniques*
MAK chromatography*
Sephadex chromatography*
Liquid hybridisation using nitro

cellulose filters*
Hybridization with immobilised DNA*

?i*2 Assumptions and criteria*

t|*3 The restriction of DNA template activity 
in animal cells*

l|*J» The relationship between cellular HNA 
and DNA*

ty*5 Symmetry of in vivo and in vitro trans
cription*

If *6 The nature of the masking mechanism*



Most of the available Information on hybridization 
has come from work with bacterial and viral systems* In 
the present work a preliminary survey of some of these 
methods was carried out with a view to experimentation 
with mammalian materials* The relative merits and de
merits of each are discussed in the following sections*
MAK chromatography*

Whereas mammalian UNA could be recovered quantita
tively from MAK columns only partial recoveries were ob
tained with native and denatured animal DNAs* The obser
vations of Hayashi et al * (i960), M and el and Hershey (I960), 
and Hershey and Durgl (i960) that non-mammalian DNA could 
be quantitatively recovered if the material was first 
sheared, did not appear applicable to either calf thymus 
or Landschutz DNA* After shearing, 20 per cent and >|0 
per cent respectively of the material was irreversibly 
bound to the column* Where only partial recoveries are 
found it is difficult to ascertain whether all types of 
DNA molecule are affected or whether selective retention 
of certain species occurs* In view of this, it was 
decided to abandon MAK chromatography for the fractionation 
of hybrids and to examine other alternatives*
Sephadex chromatography*

Chromatography on Sephadex G-200 was found to give

h.l Hybridization techniques*



a good separation of hybridised DNA from unhybridised 
material with quantitative recovery of DNA* The assoc
iation of adventitious label was eliminated by ribonuclease 
treatment after hybridization and TCA precipitation of the 
individual fractions after chromatography* This procedure 
however was too laborious for kinetic studies requiring 
numerous point determinations*
Liquid hybridisation using nitrocellulose filters*

The preferential adsorption of denatured DNA and
DNA-RNA hybrids by nitrooellulose filters offers a more 
convenient method for hybrid detection* Liquid hybridiza
tion using RNAs synthesised in vitro from DNA primers show 
that the hybridization reaction is socond order, the rate 
being dependent on both DNA and RNA concentration (Figures 
3 and 6)* For a given set of conditions, maximum hybrid
ization is attained within 1 hour; however the levels of 
hybridised RNA were found to fall off gradually with time* 
This was also observed by Gillespie and Spiegelman (1963)* 
Nygaard and Hall (l96!«) found that when T2 DNA was incubated 
in the absence of T2 RNA it lost its capacity to hybridize 
with Tg RNA in subsequent annealing tests* This suggests 
that DNA-DNA interaction also takes place during incubation* 
Under tho incubation conditions used (60°C in 0*3 M KCl) 
any denatured DNA which renatures will give stable double 
helices* Over prolonged incubation times, the relative



concentration of denatured DNA would do crease* This
possibility is not entirely supportod by the results of 
Figure U9 as the rates of decline do not alter signifi
cantly with the concentration of DNA* Another explanation 
of this phenomenon is that the hybrids formed during short 
incubations are not entirely specific* Non-homologous 
regions of RNA would bo rendered ribonuclease resistant* 
With longer equilibration times, these regions might be 
eliminated or rendered susceptible to ribonuclease* The 
possibility of DNA renaturation complicates the quanti
tative interpretation of results, since the exact concen
tration of denatured DNA may not be known*
Hybridization with immobilised DNA*

The problem discussed above was not found to occur
if the denatured DNA was first immobilised on the filter* 
The time course shown in Figure 8 does not exhibit any 
tendency to fall off* With immobilised DNA however the 
time required to reach equilibrium is considerably longer* 
This may be due to the fact that immobilised DNA molecules 
are not capable of random collision within the medium* It 
is also possible that the equilibrium tlmo for the liquid 
method is artificially short since DNA renaturation is 
constantly removing denatured DNA from the reaction*

Removal of adventitious label was achieved with ribo
nuclease* Some authors maintain that this gives low



estimates of hybridal however omitting ribonuclease ie 
equally likely to produce high estimates* Whether or not 
this is tho case does not radically alter the conclusions 
of the experiments, since in most cases these are compara
tive* Caution must however be exercised when drawing 
conclusions from absolute figures*

*2 Assumptions and criteria*
The quantitation of hybridization data depends largely 

on the mathematical treatment of the results* As an 
accurate determination of homology between DNA and RNA 
can only be drawn from saturating conditions, it was found 
necessary to predict those levels from non-saturating data 
by the use of double reciprocal plots* This treatment 
assumes that the hybridisation reaction is analogous to 
adsorption and that it is freely reversible* On the other 
hand, it is possible that hybrid formation is only rever
sible when short sequences of homologous bases in the RNA 
are paired with those of the DNA* With longer sequences, 
the frequency with which all base pairs dissociate simul
taneously may be so rare as to make the hybrid essentially 
stable* For the present purpose a reversible situation is 
assumed*

klDNA ♦ RNA   ...» DNA I RNA
k 2

Application of the Law of Mass Action to this reversible 
reaction enables an expression to be derived for the velocity



of hybrid formation (v) .
V • RNA
K 4 RNA

where K ■ TT“ K2
RNA =r the oonoentration of RNA reacting with DNA*
V ■ tho maximum velocity attained when the DNA ie 

saturated with RNA*
It follows that from a plot of l/v vsrsus l/RNA then

1 K 1
v * V . RNA v

The value of V can be estimated from the intercept of the 
straight lino on the l/v axle, i*e* when l/RNA » 0 or RNA ■< 
In practice the rates are expressed as the extent of hybrid 
formation that takes place when varying concentrations of 
RNA roact with a constant amount of DNA* In this way RNAs 
which hybridize at different rates can be compared directly 
by their valuos of V and theoretical estimates for percen
tage homology with DNA determined*

In tho present work competltivo hybridization le used 
extensively to determine sequence similarities and differ
ences in two RNA populations* Competition is envisaged as 
follows* When hybridization takes plaoe between a saturat
ing amount of labelled RNA and homologous DNAt but in the 
presence of an equal amount of homologous unlabelled RNA, 
the DNA becomee saturated with RNA of half the specific
activity of the original RNA* The presence of an equal 
amount of heterologous RNA should not affect the specific



activity of homologous sequences and no competition will 
take place* When the two RNAs contain identical comple
ments of species, then at an infinite concentration of 
unlabelled RNA (where the specific activity ■ o) all 
labelled RNA is excluded from hybridisation* In practice 
this situation is never attained, but can bo tested for 
as already described, from a double reciprocal plot of 
displacement of label versus coneentration of unlabelled 
RNA.

The validity of competition as a criterion of homology 
may be questioned on the grounds that all RNAs whether 
homologous or not may compete to some extent. This 
suggestion might be supported by the findings of Figure 
31, where whole cell E.coli RNA was found to compete with 
about 20 per cent of the labelled synthetic RNA formed from 
calf thymus chromatin. It is also possible that there are 
similarities in some of the proteins of E.coli and calf 
thymus, however as yet further experiments have not been 
carried out to teet whether this Is genuine homdogy or whether 
it is due to non-epeclfic interaction. Perhaps the best 
evidence to suggest that non-specific interaction is very 
low in the system comes from the hybridization data with 
RNA from synthetic chromatin primers (Figure h7)• When 
the RNA produced from chromatin comprising DNA and excess 
histone, no hybrldlzable RNA was detected even though the



system had synthesised considerable amounts of polyribo
nucleotide •

The restriction of DNA template activity in 
animal cells.

From the evidence that all tissues of a given organ
ism contain the same DNA complement and that character
istic proteins are peculiar to certain organs and not 
others, it has been proposed that transcription of DNA 
in differentiated animal cells le restricted to specific 
regions of the genome. This hypothesis can be tested
directly by the use of molecular hybridization. In the

Ihpresent work hybridization of C-rat kidney RNA to rat 
kidney DNA (Figures 9 and 10) shows that only about 6 par 
cent of the DNA hybridizes at saturation.

Some authors have attempted to show that the restric
tion of template activity is an Inherent property of the 
isolated chromatin by examining the kinetics of RNA trans
cription from chromatin in vitro. Figure 26 shows ths 
type of result obtained. Experiments relying on this 
criterion should be interpreted with oaution since a lower 
rate of transcription from chromatin as compared with DNA 
does not necessarily imply a restriction of template activity. 
In fact, Sonnenberg and Zubay (1965) suggested that the 
relative insolubility of chromatin in the in vitro con
ditions wae responsible for the difference. However the



point in question is not whether less RNA is transcribed
from chromatin but whether less of the specific nucleotide
sequences of the DNA are transcribed* The hybridization 

Jkinetics of H-RNA synthesised in vitro from calf thymus 
and rabbit thymus and bone marrow chromatins (Figures 28 
to 30) show conclusively that the DNA template activity 
in chronatln is restricted* This conclusion is also 
supported by tho hybridization studios of Georgiev ot al*» 
(1966)* Only 3 • 10 per cent of the total DNA is avail* 
able for transcription in the chromatins so far examined* 
Solubilisation of the chromatin by sonication produced a 
specific inorease in the template activity, however 80 per 
cent of the DNA in the chromatin was still not transcribed* 
This suggests that insolubility is not the reason why 
chromatin is a less efficiont primer* The explanation 
of the specific increase in template activity produced by 
sonication is not clear*

Justification for tho assumption that the RNA trans* 
crlbed in vitro from chromatin is qualitatively the same 
as that formed in vitro is provided by competition experi* 
ments where synthetic RNAs primed by the chromatin of a 
given organ was toetod against natural RNA from tho same 
organ (Figures 31 to 3*0 • Here it is possible to show 
complete homology between in vivo and in vitro RNAs from 
calf thymus and rabbit bone marrow as judged by this cri
terion*



Further experiments were carried out to test the 
hypothesis that if the restriction of template activity 
is related to the etate of differentiation of a tissue, 
then the RNA synthesised from the chromatins of different 
organs of an animal will also reflect this difference*
In this work two widely differing rabbit tissues were 
ueed* In both cases where the labelled RNA formed in 
vitro wae challenged with natural RNA from the eame tissue, 
ths eompstitlon observed was greater than that obtained 
with natural RNA from the other tissue* This worosslng 
over" effect lends weight to the argument that the differ* 
enees in the competing abilities of the RNAs are due to 
qualitative differences in the RNA populations* From 
Figures 39 and kO it is seen that this difference is more 
marked when labelled marrow is used as the test material* 
This is interpreted as meaning that there are more unique 
species transcribed from marrow than from thymus chromatin 
and is consistent with the observed differences in the 
saturation levels of the two RNAs (Figure 39)* The double 
reciprocal plot of these data also support the qualitative 
conclusions* With homologous labelled and unlabelled 
RNA competition is almost complete at infinite concentra
tion! of unlabelled natural RNA, while with heterologous 
unlabelled RNA only partial competition is achieved* The 
scattered nature of some of the points makes accurate



extrapolation difficult* In some oases this might be 
due to the shallow bl-phasic nature of the competition 
curves* Such a response might be obtained from compe
tition between RNAs which differed significantly in tho 
relative proportion of the various RNA species present*

This type of system has certain advantages over 
that which uses In vivo labelled RNA* The RNA obtained 
is highly and uniformly labelled and of known specific 
activity* Attempts to detect inter*-tissue differences 
with rapidly labelled RNA from rat tissues was hampered 
by the fact that the specific activity of the labelled 
fraction was not known* Differences in hybridization 
levels could eithor be due to absolute differences in the 
amounts of RNA hybridized or simply a reflection of differ
ences in the specific activity of the precursor pools 
within tho tissues (Figures 13 to 16)* The in vitro 
system also has the advantage that all RNAs are probably 
transcribed at the same rate, and are not subject to 
differential turnover as is found in in vivo conditions 
(Harris, 1963, 196fca, bj Paul and Struthers, 1963)* On 
the other hand, this in vitro system is highly heterolo
gous with regard to the source of materials; however the 
evidence suggests that the Microcoocal polymerase does not 
show any preference for DNA of a particular source (Fox 
et alit 196*1 )• Competition experiments with natural RNA 
also support the validity of the system*



h*U Ths relationship between cellular RNA and DNA*
The results of the previous section give rise to a 

number of questions which will be discussed further*
Hybridization of whole organ RNA or in vitro chromatin 

primed RNA consistently gave figures of 5*10 per cent of 
the available DNA being transcribed* It is presently 
thought that the synthesis of all RNA species in cells is a 
DNA dependent reaction Involving RNA polymerase. It is 
possible that DNA independent amplification of individual 
speoies may take place subeequently; however, even if this 
is so, the DNA of the cell should oontaln sequences comple
mentary to each RNA type* It should therefore be possible 
to account for the 5*10 per oent of transcrlbable DNA in 
terms of the individual RNA species within the cell*

Several groups of workers have examined this problem 
using DNA molecular hybridization* Y a n k ofsky and Spiegelman 
(1962a, b| 1963) obtained evidence for sequences in E * coli 
and B*megaterium that were complementary to their respective 
23S and 16S rlbosomal RNAs and established that each is 
derived from unique DNA sequences* From saturation kinetics 
it was calculated that only 0*3 per cent of the total genome 
specifies rlbosomal RNA* Similar studies have been carried 
out with pea plants (Chlpchase and Blmstlel, 1963), Insects 
(Vermuelen and Atwood, 1965) and with mammals (McConkey and 
Hopkins 196!|t Perry et al*, 196b).



Hybridisation of E*coli transfer RNA with its homo
logous DNA by Giacomoni and Spiegelman (1962) and Goodman 
and Rich (1962) revealed that only 0*02 per cent* of its 
sequences were specific for transfer RNA*

Hybrid formation has also been detected between supposed 
messenger RNA and homologous DNA in a number of bacterial 
and animal systems (Hoyer et al*. 19631 McCarthy and Hoyer, 
196*h llayashl and Spiegelman, 1961 f Bautz and Iiall, 1962)* 

McCarthy and Bolton (1 9 6I1) attempted to fractionate the 
rapidly labelled RNA of 15*coli by hybridization* The iso
lated messenger represented about 1*5 per cent of the total 
cellular RNA| however from hybridization data it appeared 
that nearly 50 per cent of the sequences present in the DNA 
were represented in this fraction* Figures are not avail
able for the hybridization of supposed animal messenger with 
DNA* In the present work attempts to obtain saturation 
figures for rapidly labelled RNA from a number of rat tissues 
proved impossible as the true specific activity of the 
material could not be determined*

Obviously rlbosomal and transfer RNA cistrons account 
for a very small proportion of the DNA in bacterial cells*
If the same is true of animal cells then the nature of tho 
bulk of the hybrldlzable RNA becomes obscure* There is as 
yet no evidence to suggest that this material represents 
animal "messenger11*



fr*5 Symmetry of ImvlYfl. and injeitrg. transcription*

One aspect of UNA polymerase action which is pertinent 
to the present work is the question of whether the asymmetry 
found in vivo also prevails in vitro*

Roth (l96h) suggested that single stranded transcription 
was more likely than double stranded copying* Otherwise, 
complementary proteins would be found and the chance that 
two such proteins should possess discrete biological activ
ities is somewhat remote* Single stranded copying would 
also be of survival value to an organism, as a single base 
pair mutation would affect only one protein* Evidence to 
support this concept has come mainly from in vivo studies 
with bacteriophage*

Bauta and Hall (1962) isolated Tg specific messenger 
RNA and determined its base composition* The result sug
gested that transcription takes place from a single T2 DNA 
strand* The genetic Studies of Cham» and Benzer (1962) on 
rll mutants of T|, phage provide additional evidence* It 
was found that mutant phenotypes could be partially reversed 
by treatment with 5~fluorouracll • Their explanation is 
consistent with single strand transcription in which the 
analogue is Incorporated into the RNA at the point of muta
tion on the DNA* The modified messenger then functions in 
the same fashion as wild type messenger RNA*

Hayashi et al* (1963b) presented further evidence from



work on E*coli cells infected with OX 17h phage* These 
workers made use of the fact that the mature form of OX DNA 
is single stranded, whereas the replicating form which is 
an intermediate in the synthesis of mature DNA is double 
stranded* It was found that the ph*ge specific RNA pro
duced on infection was capable of forming hybrids with tho 
replicative form but not with the mature DNA*

Other investigators have carried out similar experiments 
with certain phage which possess DNA strands of sufflciently 
differing base composition to permit their separation by 
physical means* Guild and Robison (1963) separated the 
strands of pneumococcal transforming DNA by centrifugation 
in caesium chloride* One of the isolated strands, the 
lighter of the two, contained the information for conferring 
resistance to the drug Novobiocin* When the two strands 
of DNA were assayed for transforming activity it was found 
that the lighter strand conferred resistance Immediately on 
uptake, while the other strand required approximately one 
generation time before resistance was expressed* The infer
ence is that the lighter strand is transcribed immediately 
as if it were native DNA, while the heavier strand required 
to go through replication before the relevant information 
for transcription was available*

To echini-Valent ini et al, (1963) separated the strands 
of phase a by chromatography on methylated albumin-kieaelguhr



and showed that the phage specific RNAsynthesised on in-
rn aaatjy

fectlon of B,subtitle cells was capable of hybridising with 
only one of the two strands* In an analogous experiment 
Greenspan and Maraur (1963) found that the RNA of SP8 bact
eriophage was complementary to only one DNA strand*

Evidence that messenger RNA of K*coli is transcribed 
from only one strand of DNA has been presented by McCarthy 
and Bolton (196*1) • Purified messenger from pulse labelled 
cells was capable of hybridizing with almost 50 per cent of 
the available DNA* No evidence for complementarity within 
the population could be detected from thermal denaturation 
data*

The available evidence therefore indicates that in 
bacteria and bacteriophage Infected cells, only one strand 
of the DNA serves for transoription* However, recent evi
dence from in vitro studies of DNA primed RNA synthesis are 
at variance with the in vivo results*

Gelduschek et al*(l962) found that the RNA formed in a 
cell-free system containing T2 DNA and Micrococcus lysodlek- 
ticus polymerase possessed the same overall composition of 
the DNA primer and moreover showed a considerable degree of 
self-complementarity as judged by RNA-HNA hybridization* 
Hayashl et al, (l963e) compared the synthetic RNA obtained
when the vegetative and replicative forms of OX 17*i DNA were 
used as primers for K * coli polymerase* It was concluded that



when the replicative (double stranded) fora was used, the 
vegetative strand was not the sole primer, but that both 
strands probably participated* Chamberlin and Berg (1962) 
arrived at a similar conclusion using the same system*

However several investigators claim to have demonstrat
ed transcription from a single strand of native DNA primer 
in a cell-free system* Green (1963) and (196*1) demonstrated 
that the product obtained from the action of E*coli polymer
ase on Tjj DNA possessed a high degree of homology with in 
vivo synthesised Tj4 RNA* Moreover if the DNA primer was 
heat denatured or sonicated then this selectivity was lost 
and transcription took place from both strands* Using the 
same system Luria (1965) has shown almost complete homology 
between in vitro and in vivo synthesised Tjt RNAs*

The necessity for Intact primer was further demonstrated 
by Hayaahl et al * (I96I1) who isolated the circular repli
cating double stranded DNA of OX 17*t* Synthetic RNA was 
then made in vitro with E*coll polymerase using as primers 
intact DNA circles, sonicated olrcles and mature single 
stranded DNA* Nearest neighbour analysis of the products 
was consistent with single stranded transcription from in
tact circular DNA, however sonication led to double stranded 
copying* Also the RNAs from intact and ruptured DNA 
primers was capable of hybridizing with the replicating 
form of the DNA| however when the RNAs were challenged with



the mature single stranded DNA, only the RNA made by 
the symmetrical transcription of sonicated DNA showed any 
degree of competition. Hayashl «»t al» (106F») therefore 
suggested that symmetry is dependent on the physical 
integrity of the DNA primer, and that in the earlier 
studies of Qeidusehek et al. (196?), Chamberlin and Berg
(1962) and Hayashl et al, (1963a), this condition was not 
satisfied•

On the other hand, Gelduschek et aJ ♦( 1.96h ) examined the 
RNA formed from phage a DNA in the presence of crude D. 
megaterium polymerase and demonstrated that the product 
was complementary to the heavier DNA strand. In contrast 
to the results of Hayashl et al. (196*1) with OX 17*1 DNA, 
when the primer was sheared by light mechanical stress, 
the product remained asymmetric. However if the primer 
was heat denatured then asymmetry was lost, but could be 
restored if the primer was subsequently renatured. It was 
concluded that single stranded copying was dependent upon 
the native conformation but not on the continuity of the 
DNA primer. The fact that the purified polymerase from 
Micrococcus lysodlektlcus was incapabls of asymmetrical 
transcription even in the presence of Intact DNA, lod 
these authors to suggest that the touroo and degree of 
purification of the enzyme might affect the symmetry of 
the product.



In further studies Colvlll et alt (1965) described 
essentially asymmetrical RNA synthesis from phage a DNA
using crudo polymerase extracts from a variety of bacterial
sources, thus showing that hotsrology of components was
not a decisive factor. The effect of purification of E •
coll polymerase on its ability to copy asymotrlcally was
also determined. This property appears to be an intrinsic
feature of the enzyme and is not altered by the purification
procedure. However the fact that only partial asymmetry
is shown when certain other DNA primers are used, raises
the question of whether the ensyrao is ths only determinant.

In the present work using stage V TINA polymerase from 
M'lysodiektlcus, hybridization of DNA primed RNA never 
gave saturation levels greater than 50 per cent. This 
would be the result expected for the hybridization of RNA 
transcribed from only one DNA strand. However more direct 
evldenoe is required slnoe saturation values per so do not 
justify this conclusion. Indeed the available evidence 
suggests that this polymerase is not capable of asymmet
rical transcription. The possibility that the experimen
tally determined saturation levels of 50 per cent are 
fortuitous artifacts of the working-up procedure must be 
considered* The use of ribonuclease treatment for the 
removal of adventitious RNA contamination could be respon
sible for low estimates of homology, such that the satur—



at ion levels for DNA primed RNA are in reality nearer 
100 per cent* Some workers (e.g. Shearer and McCarthy, 
1967) have abandoned ribonuclease treatment because of 
this argument, however this could equally result in over
estimates of homology*

One piece of evidence which suggests that single 
stranded transcription takes place from chromatin primers 
using the Mlcroooccal polymerase, comes from competition 
experiments in which the in vitro synthesised RNA was 
challenged with natural RNA Isolated from the same tissue* 
In these experiments complete homology between the two 
RNAs was predicted, whereas only 50 per cent homology 
would be found if both DNA strands were transcribed from 
chromatin in vitro* It is possible that asymmetrical 
transcription occurs when whole chromatin is used as prime 
but that this specificity is lost when purified DNA is 
used •

81*6 The nature of the Masking machsnlBia*
Studies with histonss*

Studies on the chromatin of animal tissues have shown 
that the DNA of the nucleus is associated with histone, 
residual proteins and small amounts of RNA* Dlngman and 
Sporn (196ft) characterised the chromatins from various 
chicken organs and concluded that while the ratio of total 
protein to DNA may vary widely from tissue to tissue, the



histone to DNA ratio is essentially constant* In many 
cases the am emit a sf histone and DNA are present in equal 
amounts* These results are in general agreement with the 
analyses of oalf9 rabbit and rat chromatins described in 
Section 3*3*

That the function of basic histones in chromatin la not 
simply a matter of neutralising the aeidio phosphate residues 
in tha DNA is suggested from examination of tryptic paptldes 
of histonea by Phillips (l96fc), who showed that the basic amino 
acids of hi atone s are not equally spaced throughout the molecule 
but occur in an Irregular fashion*

Since the original suggestion of Stedman and Stedman (1900), 
the possibility that hlatones might be responsible for masking 
has attractod considerable attention* Hiatonaa can readily 
ba extracted from tissues and fractionated by a variety of 
physical techniques*

Suoh studies have shown that there are about 28 histones 
divisible into five main groups* The relative content of the 
basic amino adds arginine and lysine within each molecule is 
often used for classification purposes (Bonn or and Tso, 19b*i)« 
Some protagonists of the masking hypothesis maintain that there 
is a relationship between the oheniical and biological charac
teristics of the hlstones* In the experiments of Allfrey £t 
al• (1963) the effect of adding various histone fractions to 
thymus nuclei synthesising RNA in vitro was studied* It was



found that the arginine rich hi et ones produced the great
est inhibition of RNA synthesis while the lysine rich 
hlstones were the least effective* Llau et al* (1965) 
carried out similar experimenta in which hiatonea were 
added to isolated nucleoli in a cell-free RNA synthesising 
system* In this oase the lysine rich hlstones appeared 
to be the most inhibitory* Huang et al♦ (196*1) came to a 
similar conclusion from examining the priming capacity of 
synthetic nucleohistones prepared by reconstituting specific 
histone fractions with DNA*

In addition Huang and Bonner (1962), Allfrey et al♦ 
(1963) and Llau et al* (1965) have ehown that the removal 
of proteins from chromatin by chemical or enzymic means 
greatly enhances lte priming oapacity* Hindi©y (1963) 
described results in which increasing salt concentrations 
were used selectively to remove histonee from chromatin* 
Removal of very lysine rich histonem did not produce marked 
changes in priming capacity, however removal of slightly 
lysine rich and arginine rich hlstones resulted in a con
siderable increase*

From these in vitro studies it has been concluded that 
hlstones can exercise a regulatory effect on RNA synthesis 
and that some hlstones are more effective regulators than 
others* In many cases the differences in the rates of RNA 
synthesis have been equated with differences in the template



activity of the DNA* As already mentioned this may not 
be a valid assumption since the rates of RNA synthesis 
may be affected by a number of factors* The results of 
Section 2 show that the Miorococoal polymerase is extremely 
eensitlve to the presence of salts* The amino adds 
arginlno and lysine are most effeotlve inhibitors of poly
merase action and it is conceivable that hlstones might 
have a similar effect, distinct from that of complexing 
with the DNA primer*

In the present work the effect of removing proteins 
on the template activity of chromatin was ascertained by 
molecular hybridization* The results support the conoept 
that masking of the DNA is due to the presence of protelnei 
however it was noted that neithar the hlstones nor the 
residual material was wholly responsible for this* In the 
work of Georgiev et al* (1966) hybridization has also been 
used as a test for the template activity of Khrllch ascites 
cell chromatin* Treatment of this chromatin with increas
ing concentrations of salt produces a regular increase in 
its template activity, while the RNA with the greatest 
hybridizability is produced from chromatin extracted with 
0• to 0*6 M NaCl* The extracted material appears to 
consist of lysine rich hlstones and non-hlstone protein*
The gpecificity of the hlstones*

If the hlstones possess the necessary specificity to



interact with specific regions of the DNA then one might 
expect to find different types of hlstones in different 
tissues* However examination of hlstones from s wide 
variety of animal and plant sources reveals that the 
spectrum of hlstones found is qualitatively much the same 
(Hnlllca et tl»f 1962| Neelin, 19611 Lindsay, 196**, Bonner 
and Tso, 196**) • There are a few exceptions to this rule* 
Neelln (196I1) showed that nucleated erythrocytes contain 
substantial amounts of a histone not present in other 
chicken tissues* Cruft (1966) described a species of sea 
cucumber whose eoraatic nuclei are devoid of histone*
Sperm cells are also unusual in that histone is replaced 
by protamine*

Experiment* in which chromatin la reconstituted by 
the interaction of histone and DNA suggest that, while 
there are marked differences in the affinities of some 
hlstones for DNA (Huang ot a? *, 196*11 Johns and Butler, 
196*15 Butler and Johns, 196*1) there is no evidence for 
specific interaction between hlstones and parts of the DNA 
which are different in base composition (Johns and Butler, 
196*i)*

Lack of specificity within the hlstones is also appax*» 
ant from the in vitro studies of Huang and Bonner (1962) 
in which almost complete cessation of RNA synthesis was 
obtained by the addition of excessive amounts of histone



to DNA* This is in agreement with the results described 
in Section %  where calf thymus combined with excess 
histone gave a chromatin from which no hybridlsable RNA 
was transcribed* This would suggest that the hlstones 
do not possess the specificity to effect the type of re
striction found in chromatin but that they act as general 
masking agents*
The specificity of masking*

Some workers have attempted to circumvent the problem 
of non— specificity of the hlstones by proposing that they 
are modified in such a way that they behave specifioally* 
Huang and Bonner (1065) found that pea chromatin contains 
a peculiar type of RNA rich in dihydrourydllio acid* They 
suggested that it acts as a linker between hlstones to form 
specific complexes* Similar ovidonce has been obtained 
by Benjamin (1966)1 however Commonford and Delihas (1966) 
failed to detect any such RNA in liver* Another sugges
tion is that the hlstones are chemically altered by acetyl— 
ation, methylation or phosphorylation, thereby conferring 
specificity (Pogo, 1966; Kleinsmith, 1966a, b; Allfrey et 
3}*, 196**).

Alternative theorios propose that hlstones are general 
rather than specific masking agents and that the relevant 
parts of the DNA in the chromatin are kept unmasked by 
specific counter ions* Both the acidic or residual proteins



and the RNA components of chromatin have been assigned 
this function* Studies on Drosophila puffs have shown 
that whereas the DNA to histone ratio does not alter be
tween puffed and unpuffed regions (Swift, 196*1) there is 
an enrichment of acidic proteins in the puffs as compared 
with the rest of the chromosome (Clever, 196**). Although 
a good deal is known about the chemistry of the acidic 
proteins (Busch, 1965) relatively little is known about 
their biological function.

Fronstor (1965a, b) has described a scheme whereby 
the DNA in chromatin is maintained in an unmasked state 
by hydrogen-bonding with specific RNA molecules* Here tfca 
base sequences in the RNA provide the necessary specifi
city*

In this work, evidence suggests that the hlstones are 
general, non-specific masking agents* Reconstitution 
experiments in which histone is recombined with dehistoned 
chromatin or with DNA and the acidic fraction, point to the 
non-histone component as the agent responsible for con
ferring specificity* The active factor in the acidic 
fraction is not known, however in this connection it is 
interesting to note the results of Ptashne (1967) who 
Isolated tho product of tho repressor gene of phage X .
This repressor substance appears to be an acidic protein 
which combines specifically with a site on thfc DNA* In



this case ths combination of rsprsssor and DNA zorvee to 
biook transcription* Results obtained with dshlstonsd
chromatin and nucleohlstone rsconstituted from DNA ♦ 
addle fraction demonstrate that ths non-hist on# fraction 
is capable of rsstrioting template activity as well ae 
conferring specificity for the maeking reaction* Theee 
results also suggest that the molecules responsible for 
masking are combined to DNA by salt linkages*

As noted in previous experiments, some RNA prepara
tions showed differences in the initial rates of hybrid
ization although double reciprocal plots indicated the 
final saturation levels to be identical* This is thought 
to be due to varying degrees of homopolymer synthesis by 
the Mlcrocoocal polymerase in the presence of nucleo- 
histone primers*

Finally under the conditions employed in this last 
experiment, any protein bound covalently to the DNA would 
appear in the pellicle ae an undissociated complex* The 
possibility that this material might represent the unre- 
prnssed parts of the DNA while the repressed DNA sertlmented 
in the caesium chloride, was rejected by leolatlng DNA 
from both fractions and demonstrating that they gave 
Identical saturation kinetics when hybridized with chromatin 
primed RNA*



5* S U M M A R Y .



1. A survey of some of the available hybridization 
techniques was carried out with a view to experimentation 
with mammalian materials* Methylated albumin — kieselguhr 
chromatography was found to be unsatisfactory, as it con
sistently gave poor recoveries of denatured DNA* Sephadex 
fi— 200 chromatography on the other hand gave a clean and 
quantitative fractionation of DNA and DNA-RNA hybrids from 
hybridized material, but was not convenient for numerous 
point determinations* The most satlsfactory results were 
obtained with the nitrocellulose filter techniques of 
Nygaard and Hall (1963), Gillespie and Spiegelman (1965)*
The latter was adopted for further studies* Some of ths 
practical and theoretical aspects of hybridization are 
discussed*
2* In preliminary hybridization experiments, RNA from
rat tissues was labelled in vivo* Using this material it
was shown that only about 7 per cent of rat kidney DNA
hybridized with labelled rat kidney RNA when the DNA was
saturated with RNA* This was taken as evidence for the
restriction of DNA template activity of rat kidney chromatin
in vivo* In an attempt to detect differences in the so-
called messenger RNA populations of rat kidney, liver and

32pancreas, the tissues were pulee labelled with P-ortho- 
phosphate and RNA prepared from the nuclei* Hybridization



of these preparations to rat kidney DNA and also compe
titive hybridization against unlabelled kidney RNA re
vealed apparent differences in the hybridization kinetics 
of the rapidly labelled RNAs* It was not possible to 
ascertain whether thie was due to genuine qualitative 
differences in the RNA species, or whether it merely re
flected differences in the uptake of Isotope by the pre
cursor pools of each tissue*
3* The problems associated with the use of in vivo 
labelled RNA were resolved by synthesising the RNA In 
vitro from chromatin primers with the RNA polymerase of 
M.lysodiektlcue* Investigations were carried out to 
characterise the components of the in vitro system*
*< • Experiments in which tho RNA synthesised in vitro 
from calf thymus and rabbit thymus and bone marrow chroma
tins, wae hybridized to homologous DNA, showed that the 
DNA template activity of Isolated chromatin was also re
stricted* Competitive hybridization experiments were 
employed to show that RNA synthesised In vivo and in vitro 
from calf thymus and rabbit bone marrow chromatin were 
qualitatively identical* Using this technique comparison 
of the RNAs synthesised in vivo and in vitro from rabbit 
thymus and bone marrow chromatins provided evidence that 
qualitative differences exist in the RNA populations sf



the two tissues* The bearing of this result on current 
theories of differentiation le discussed*
5* The nature of the specific restriction of template 
activity in calf thymus chromatin was investigated* Pre
liminary results suggested that lonlcally bound protein 
in the chromatin was responsible for the restrletlon* 
Experimental conditions were sought for the reoonstltution 
of calf thymus chromatin from erode DNA, histone and non
histone fractions* The degree to which the reconstituted 
chromatins resembled whole calf thymus chromatin was 
determined by comparing the hybridization kinetios of the 
RNAs synthesized from these primers in vitro* It was con
cluded from these experiments that the histone component 
of chromatin was capable of restricting template activity 
completely, in a non-specific manner* Reconstitution in the 
presence of the histone and the non-histone fraction (either 
as total chromatin proteins or as isolated fractions) re
sults in a specific portion of the DNA being available for 
transcription* The magnitude of this unrestricted portion 
was found to be the same as that of whole chromatin* The 
nature of the factor present in the non-histone frootion is 
unknown, however it was noted that as well as conferring 
speeiflclty for the masking mechanism, thla material was 
also capable of restricting DNA template activity to some 
degree*



Abbreviatipng*

RNA
DNA
AMP, CMP, GMP and UMP, 
ATP| CTP, GTP and UTP.

t RNA 
poly rN• 
poly dN

*i*

EDTA

Tris/

PCA
TCA

Ribonuclolc acid*
Dooxyribonucleic acid*
The 5*-phosphates and ths 5 '- 
pyrotriphosph&tes of adenosine, 
cytoiiine, gu&ncsins and uridine 
respe ctively•
Transfer RNA*

polymer of ribonucleotide N. 
3'-5' polymer of deoxyribonucleo
tide N*
Inorganic orthophosphate and pyro- 
pho sphat e *
Ethylensdlamine tetra-acetic a d d  
( versene) •
2-amino-2-(hydroxymethyl)-propane- 
lt 3-diol.
Perchloric acid*
Trichloroacetic acid*
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