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And as no chymiqtie yet tli'Elixar got, 
Blit glorifies his pregnant pot,
If hy the way to him befall
Some odoriferous thing, or niedxcinall

Bonne, Loves Alchymie 
Lines 7 - 10
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P.I. s- post infection
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SDS - sodium dodecyl sulphate
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UoV. " ultraviolet
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Cop ©in * := counts per minute
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INTRODUCTION

I, G M M A L . INTRODUCTION

The study of RNA metabolism is complicated due not only to the 

large number of different RNA species but also to the fact that most (if not 

all) of these species are produced via a series of larger precursor molecules, 

which may appear in different compartments of the cell*

Tlie infection of the mammalian cell, whilst introducing new factors 
in terms of the expression of the virab genome, may simplify the study of 

some aspects of host R M  metabolism by the viral suppression of some host 
functions; only a fraction of the host RRA, and viral RNA, needed for the 
less complex demands of the virus may be synthesised after infection*

In this thesis, some effects of pseudorabies virus on RNA metabolism 
are studied* The cells used are tissue culture cells, where the experi

mental conditions can be carefully controlled* Pseudorabies virus was 
chosen as the infecting virus because its biology and its effect on cellular 

protein and NNA synthesis have all been well characterised; also it replicates 

in the nucleus and the production of its RNA is in the nucleus, hence 
mimicking normal cell RNA production,, This introduction outlines the current 

knowledge of these topics.

H e  G M E RAL NATURE OF RNA

Ic Chemical Structure of RNA
II«lc(i) Basic Chemistrys RNA is a generic term indicating groups of 

non-branohed polymers of the same basic structure, the units of which are 

ribonucleoside monophosphates* There are fom: commonly occurring purine or 

pyrimidine bases in RNA - adenine, guanine, cytosine and uracil (Fig* l)*
The bases occur in non-random sequence bound to the G-1 of ribose; the 
ribose molecules are joined to neighbouring ribose molecules via a 3’-5’ 
phosphodiester linkage* The polymer thus formed has a sugar-phosphate 

backbone/ * * *
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Figure 1. The chemical formula of a polyribonucleotide, showing

the structure of the four main bases (from Watson, 1970)
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backbone (Pig«I*), It is an important featnre of RNA chemistry that the 

2® -OHgroup on the ribose is not eoterifieds Thus RNA Jo susceptible to 

alkali digestion^ forming a mixture of 2® and 3 - ribonucXeoeide monophosphates, 

via the intermediate cyclic 2®^ 3« ribonucleoside monophosphates (brown &

Todd, 1955),
Minor bases and nu.cleoeldest Apart from the four main bases, 

small amounts of other bases ooour in RNAo Many of these bases are 

methylated derivatives of the four major bases; the methyl group is 
attached either to tlxe base or the 2®-OH position of the ribose moiety 
(Table X)* The presence of a methyl group on the 2®-0-rlbose position 

confers alkali-resistance on the phosphodiester liitoge from the 3® ■“O-ribosa 

position,

II,2* bb5.quit;y and Riversity of RXÏÂ species.

All living matter (with the possible exception of the RRA-containing 
viruses) contains at least one species of RNA, M A  is the genetic material 

in the case of the M A  viruses.

Probably all cellular M A  is transcribed from D M  by the enzyme M A -  

dependent RNA polymerase. The main species of RNA, occurring in all cell 

tjrpes, are the following? ribosomal RM^ messenger RNA and transfer RNA,

In mammalian cells the following RNA. species also occuri heterogeneous 

nuclear RNA, mitochondrial RNA, chromosomal RNA and small muclear RIXA,

III. RNA IN PROKARYOTIC AND _ MKARYOTIC _
ON MAMALXAN CELLS.

a iT/tpwarktX wtTTW etO-K s.’SBîCT»

ITI.lc General Biol,.™
The distribution of the various RNA species in eukaryotic? cells is 

diagi'ammaticslly shown in Fig. 2. The main difference between bacterial 

and eidcaryotlc cell types is the compartmentalisation of the eukaryotic 

cello
IIIo 2. Ribosomal RNA. /...



Table 3

baae,^ and A l l -om Lov;j 1970)

l)ihy dr ouxac i .1 
5“liyd roxynrac il 

2™thioura,cil
4-thloaracil
1 g 9”d.iribosyluracil
5“ribosylux'acil
2-th1o cy t o s ine
U^-acetylcytosine
h^-aminoacyladenine
2M -ribosylguanine 
%N -ribocylguanine

Orotic acid
Hypoxanthine
Xanthine

Pseudouridine
2^(-5^)-0-ribosyl-adenine
2 ethyl adenosine

2 t hyl cy ti dine

thylguano sine 

2 ̂.-O-rnethyluridine 
2 thylpseudouridine
7-m e thy1xanthine
l-me thylhypoxan thine

1-me thylurac11 

3'"rne thylurac 11

9-methylurac11 (thymine)
5"“hydroxyme thyluracil 
5-methylaminoniethyl'-2-™thiouracil 
5“ine thyl cy t o s ine 

thylcytosine 
5-methylcytosine
5-”hy cb?o.xynie thyl cyt o s in e

t;
6-'amino-"N -methylforraamidO'-isocytosine 

thylcyt o s ine
1 -me thyl ad eri ine
2-me thy], adenine
7-methyladenine 
6-me thylad en in e
6-dimethyladenine

s N̂ '“dimc thyl.adenine
1-me thyl o thyl ad enin e 

1 -Zf-^,£pon t e nyl adenine 
d^-^L-isopontenyladenine
2-methylthio-H^«isopentenyladenine 
1-methylguanine
7-me thylguanin e 

2h ■ -m e th yl ̂pianino
s N^-dirne thyl gu.anine



III. 2.
Ribosomal RFA molooulco aro the speoieo of ERA wlilch complex with 

cpecifio proteins to form the ribonuoleoproteia units called ribosomesn 

There are three classes of ribosomess 80S ribosomes in eukaryotesy 70S 

ribosomes in bacteria and ribosomes in organelles; the latter

two types have many sim-il£irities (see section 111*7)* Ribosomes from 
all species are composed of two dissimilar ribcnucleoprotein entities* 

Each subunit has one main species of RKA; the larger subunit has also 

one molecule of 93 RHA andy in some eukaryotes, also one molecule of 

RFA (see section III.2*(ill)), A difference between proka.:cyotes and 

eukaryotes is in the production of their riboaomal RRAs; in the anima,! 

cell there is a, complex sequence of larger ephemeral precursor molecules y 

which ore specifically trimmed into shape* This will be discussed in 

Section 111*2*(ii)*

111*2* (i) The stimicture of high mQ.lecuJ.ar weight pribosomeil ERA «

a) Sise*

The two high molecular weight rRFA components in the bacterial 

ribosome are 23S and 18S HNAsj corresponding to a molecular weight of 

about 1*1 and 0*99 million daltons respectively* All eulcaryotic 
organisms have a similar low molecular weight rRHA of 185 (0*% million 
daltons); the larger rRïïA increases in sice in relation to the 

evolutionary?' position of the organism from 2.5-285 (lc-4™lo9 million 

daltons). The molecular weights of the two major rRNA components from 

many species have been determined byr Loening'p 19&8*

III* 2*(i)b) Hucleotide,composition.

"̂ he nucleotide composition of the two major rRFA 

species has been smnmarised, and analysed by Amaldly I969* The G+G 

content, especially of the larger rRRA species, increases on ascending 

the/..,



the evolutionary scale (as does sise), the range being from 40/ Oh-G in 

certain invertebrates to 67/ CH-0 :l,:a mammalian rBNA. In mmomalian cells 

tbo 285 M A  has a higher G4-G content than the 18S RNA eg* 67/ and 99?̂' 

resjpactively in KeLa cells (ibiialdi & Attardi, I968) ; it should he noted 

that g as the (rf-C content of mammalian DFA Is 40"447^ÿ rihosomal HNA is not

"hKA-llke" * Another change in ascending the evolutionary scale is aji

increase in secondary structure (AmaJdi, I969)»

Pseudouridines- The major rEFA components contain a low proportionk.*ut.^'ajnr£.v,^vV* J. lU A

of unusual, nacleotidesc Psoudouridino is present in small amounts in both
II

bacterial and eixlcaryotio cell rRNA (]>ubin & Gimlap, 19f>7? Amaldi &

Attardij, I968) ; there is more paeudomridlne in animal cells than in 

E cCol̂ i* eg*, in HeLa cells there is I d  and lo5 moles/ pseudouridine in 
28S and 188 M A  respectively*

Methylated nucleotides?» All known men or rEHA species Imve methylated 

componentso Bacteria have most of their groups on various bases,

the remaining few being 2^-0-vAothyl riboso substituents (Babin & (Ifhilap, 

1967 p Pel Inez' & Sanger*, I968), Animal and plant cells have about 12 and 

18 methyl groups pez" 1000 nucleotides in 288 and 188 M'A respectively, 

which is a rather higher level of metiylation than occurs in bacterial 

r M A  (Vaughan , 1967p. Wagner, Penman & Ingram, 1967? Bane &

Tainaoki, 1967)0 The figures for distribution of the metl)yl label in 

mammalian cells vary from about 50 »» 80/ being ZS-O-methyl ribose (Brown 

& Attaz'di, 1965? Iwanami & Brown, I968), the rest beiïig methylated bases 

(Table l). The addition of methyl gz'oups is an integral part of the 

mat'uration of rRNA (see next section)*

111*2, (ii) ' MsAuration and metabolism of h W i  molecular weiglit ribosomal 
M A

The production of r M A  differs considerably in bacterial and mammalian 

cells* In bacteria, the two major r M A  species are synthesised separately, 

and/*,.



and the primary transcription product Is believed to be only slightly 

larger than the mature species (Hecht & Woesc, I96Û; A.ttardi & Amaldi, 

1970) y in MamaliûB cells both major r M A  species have a much larger,, 

common precursor; also matui.’ation takes place in a specialised organelle, 

111*2. (ii) , a) c. The maturation seipuence in marmiaXian cells*

The maturation process of rlbosomal M'A can be summed--Dp as follows? 

453 RHA is the common rRNA precursor and it is formed in the nucleolus ; 

it is subsequently methylated and cleaved to form 288 ENA and 188 M A  via 

a series of larger, ephemeral intermediates; 458 RITA and all the other 

intermediates exist in riboriucleoprotein complexes. The sequence of 

events producing mature 288 and 188 RNA, and some of the evidence for the 

scheme, dte detailed below.

Kinetic evidence obtained by various workers using HoLa cells (see 

summary and discussion by Darnell, I968) showed that a short pulse«la,bel 

of radioactive RNA precursor does not label the stable 288 and 188 RFA 

species but labels two other main species* One of these is s, very large, 

hetez'odisperso micleopXasmic species (see section 111*4)§ the other is 
a discrete species, 453 RNA, located in the nucleolus (Schemer, Latham & 

Darnell, 1963? Penman, Smith & Holtzman, 1966), On introducing a longer 

pulse-label (of about 20min) a 328 RNA peah of radioactivity also appears, 

at the sane time as the 188 IINA peak; only later does the 283 RNA peal'c 

appear* The precursor-product relationship 'between 458 RNA and 283 and 

188 RNAs suggested by this is confirmed by the use of actinom,yGin D 

(Girard, Penman & Darnell, I964? Perry & Kelley, 1970), The development 

of polyacrylamide gel electrophoresis (Loening, I967) permitted the 

resolution of other rRNA precursors apart from 458 and 328; these species 

are 418 and 208 RNAs, which az'e normally present in ve.ry small eunounts but 
9,0cumulate in poliovirus-infeoted cells (Weinberg et al,, I967)? the 36S 

and 24s species which are also found are probably artefacts due to aberrant 

cleavage - see Fig\3, ■
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Figure The maturation of ribosomgJ. RNA' (from Maden, 1970)

This is a possible arrangement for xibosoinal and non-ribosomal 
sequences in mammalian (HeLa) cell ribosomal precursor RNAs, where the 
heavy lines represent the conserved ribosomal sequences. The sequence 

of events is as follows
1* Removal of A and A ^ > 418 (containing 288 and IBS RNA sequences).

2o Cleavage at H »— ->52S RNA -i 208 RNA ,
Aberrant cleavag'e? Cleavage at B before removal of A and A^ >$68 -i-

24s RNAs,
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In the scheme for production of 2BS and. 108 RNAs, two other RîTA 

species also appear, 78 RNA and 58 RNA (Figo^)^ ■ 78 originates dinn.ng

the development of 288 MA, .from the same precursor? while 58 RNA hae 

a completely separate origin (see section IXI*2.(iii)/

The precursors of rRNA have been studied with regard to molecular 

vmight (McConkey & Hopkins, 1969)î base composition (Scherrrrr et al,* 1963; 

Willems et al « * 1968), pseizdouridine formation (Amaldi & A.ttardi, I968;

Je auteur, Amaldi & Attardi, I968) and. nietliylation (Burdon, 1966; Wlignor, 

Pem\an & Ingram, I967? Vaughan et al* <, I967? Weinhexy: et al*? 1967? 

Weinberg & Penman, 1970; Maden, Salim & Summers, 1972)* Such studies 
have not only characterised, these RITA species but have also confirmed 

the precursor«*prodiict relationship detailed above and in Pig* 3 * These 

studies have shorn: that 458 PFA is the £îubfitra,te for méthylation and 

pgeudouridine formation; the regions excised during the non-conservative 

tra.ixBition of 458 RNA to the mature 288 and 188 ribosomal RNAs are methyl- 

poor, pseudoinuldlne-poor and G^O rich*

111.2.(ill) Ribosomal RNA - lowp molecular weight species.

There are two low molecular weight ribosomal KN.A species, 58 RFA a.nd 

78 RNAo Their origin is completely different, and so they will be discussed 

separately in the next two sections.

111.2.(ill),a). 78 RFA,

This species of RNA, which is 130 nucleotides long and has a nucleotide 

composition of 56-58!o G+C, has been described by Pen©, Knight & Darnell, 

1968, Weinberg & Penman, I968 and Prestayko, Tonato & Busch, 1978' It is 
not found in bacteria, and occurs in mauimalia.n cells hydrogen-bonded to 

288 RNA, 78 RNA has been sho^m to deri.ve from 458 RNA, but it is not 

released from 458 RNA by techniques which disrupt l^drogen bonds; 78 R1ÏA 

is believed to arise in the transition from. 328 to 288 RNA as shown in

Pigo3o
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IIÏ*2«(i:li)c. h)o 58 RNA*

The major ribosomal Buhunit from almost all bacterial and cnilcarjotio 

ey8terns studied contains in a 1?1 molar ratio pox" subunit a low molecular 

weight RNA species with e. sedimentation coefficient of 58 (Qalibert et al,,

1965)0 A large amount of work has been carried out on the structure and 

synthesis of 58 RNA; because of its particular relevance to this thesis, 

vai'ious aspects of this work will be discussed in some detail0 

litrupture of 58 RNAs 58 RNA - from all sources - contains no methylated 

bases or pseudouxidiiie (Galibert et_^., I965? Brownlee, Sanger & BaiTell,, 

1967)* The GtC content has been reported to be 5Q'“6C>/ in mammalian cells 

(Forget & Weissman, I967&I Hatlen, Amaldi & Attardi, I969) and 64/ in 

F.Coli (Brownlee et al*, I967)* 58 RNA has been completely sequenced in

(Brownlee, Sanger & Bsrrell, I967 and I968) and in KB cells (Forget 

dîV/eifismaai, 1967b)* The sequence from two mouse cell lines is probably 

identical to the human (KB) 58 RNA (Williamson & Brownlee, 1969)* The 58 

RNA from KB cells is 120 or 121 nucleotides long (there is sometimes an 

extra nridylic acid residue at the 3® -terminus); if, in addition to 

Watson-Crick base-pairing one accepts occasional base “-pairing of guanylio 

acid to uriciylic acid, then long sequences of complementary" nucleotides 

can be identified within the molecule, a,nd .Raaclcê l968 has proposed a 

cloverleaf conformation for 58 M A  similax to that generally accepted for 

4S RNA (Fig.4 ).
It is of interest that, even although the bacterial and mammalian 58 

RNA molecules are different, all the 58 RNAs sequenced so far have two 

sequences present (UGAA.C and GAAU) which are complementary in an 

antiparallel fashion to the tetra-nucleotide GT̂ JG found in all known 

tRN'As; this implicates 5*8 RNA in the binding of the tRNA to the ribosome 

(as has already been suggested from other evidence for EhCgli by Siddiqux

e # D
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& Hosoka.vm, I969)* The fact that the sequences of 5S RM. from man and 
mouse are probably identical (Williamson & Brownlee, 1969) implies ex 

strong selective pressure in favour of the conserved sequence and again 
suggests a functional significance for 58 RNA.

Anothei' interesting feature of 5*8 RFA is that HeLa cell 58 RNA has 

alternative 5G"termini: pG, ppG or pppG (Hatlen, Amaldi & Attcrdi, I969)«

The release of 58 RFA from the 
bacterial ribosome can be achieved by mild treatment with EIXÜA (Siddlqui 

& Hosokawa, I969) but stronger methods are required to release 58 RNA 

from the inammalian ribosome (Knight & Darnell, I967? Zehavi-Wiliner,

3.970). Although it was formerly believed that 58 R M  is released as the 

free ribonucleic acid (Zehavi-Willner, 1970) recent evidence suggosts that 

58 RNA is removed as a ribonuoleoprotein sed;bnenting at about 78? the 

protein component having a molecular weight of about 35? 000 dal tons (BloWl,

1971)0 There is a concomitant drop in S value of the large'r subimit, which 

is too big to be se counted for by the loss in mass, and is therefore 

probably the result of confirmational change; this resulting subunit is 
also biologically inactiveo

Synthesis of 58 31M in bacterial ce3.1ss 58 RNA in EhColi is believed to 

be first transcribed in the form of a longer polynucleotide (Monier* et al., 

1969? Doolittle & Pace, I970)? and it is probably cleaved to form mature 

58 RNA ai'ter the entry of precursor into the 5OS subunit (Monier et al,,

1969)*
Synthesis and distribution of 58 RNA in maiomalian cells? This is the one 

species of ribosomal RNA that does not derive from 458 RNA, and it is 

synthesised in the nucleoplasm. This conclusion has been based on evidence 

from various sources; these have ino3.uded the use of anucleolox mutants 

of/* ® c
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of (’Brown & V/ebor,. 1968), gene amplification studies in
Xono-mis laevis (Brown & Da?;id, I968) and studies on the differential 

offecto of aotinomyein D on. various PITA species (Burdon, Martin & Lai,

1967; Perry & Kelley, I968, I970).

Although 58 RITA is synthesised in the nuoleoplasm, it becomes rapidly 

associated with 458 RITA in the nascent ribosomal particle (Vlarner & SoelrO; 

1967)* The molar ratio of 58 RNA to 288 RNA is Itl in polyribosomes, 
cytoplasmic ribosomes, the larger ribosomal subunits and in nuclear 50S 

subunits, and there is no 58 RNA. associated with the small ribosomal 

Bubun.it (Knight & Darnell, I967)? the nuclear 58 RITA is chemically 

indistinguishable from cytoplasmic 58 RNA (Knight & .'Darnoll, I967)*

Kinetic data (Knight & DaxDoll, I967) and direct measurement 

(Weinberg & Penman, I968; Perry & Kelley, I960) have established that in 

the nucleus there is a large "pool" of 58 ENA.

IÏ1.3 * Trans fer RNA,

The existence of this p̂?ou.p of RNA molecules was first postulated by 

Crick, 1955 who proposed the existence of "adaptor" molecules to interact 

Specifically with both aniinoacidB and the messenger RNA. About I5/  of 
the cell RITA occurs as tRNA molecules, which sediment at around 48 and 

which function in protein biosynthesis as specific transporters of the 

amino acids. In all cell types, tRNA is a mixture of RITA molecules of 

molecular weight 25,000 » 30,000 corresponding to chain lengths of 75 "*

85 nucleotides (Phillips, 3.969)* Transfer RNA is found iYee in the 

cytoplasm and also attached to the ribosomes (eg. Holder & Lingrel, 1970? 

Fig* S)»

111.3,(i) Stiuicture of, tRNA
tRNA contains a high proportion of atypical nucleotides such as 

methylated nucleotides, diiydrour idylle acid, thiouridylio acid, 

pseudouridj’lic acid and others which will be discussed in section

111.3.(ii) /...
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111*3*(ii) (maturation of tRNA). The compléta primary struotm^e of 

several tRNAs from bacteria, yeaot, plant and mammalian cells hae been 

obtained (Zonlaau, 1969? Phillips, 1969)= The first complete sequence 

of a transfer RNA was obtained by Holley et al,,1965 for tRNA'^^^ from 

yeast. The cloverleaf structure which lie proposed for it has proved 

ojnenable to the primary sequence of all Imown tRNAs, and this alone suggests 

that the cloverleaf model is substantially correct, A generalised structure 

from 0ramier, 19?1 is given in
Note tb.at in this cloverleaf structure all the unusual bases occur in 

the impaired regions; this is especially obvious on cooiparioon of a few 

complete structures (eg, Zochau, I969). This may have structural 

Bignificance since it is the non-paired regions which can move or bend 

when the molecule is in solution giving the tertiary structure of tRNA.

Many methods have been used to obtain a knowledge of the tortlazy structure 
of tRNA, ego physioal methods (Henley 1966; PilZ et; al,, 1970)

and chemical modification, methods (Zachau?I969 for several examples).
Using such evidence several models for the tertiary sti'uctur’e of tRNA have 

been proposed; six of them have been detailed and critically discussed by 

Cramer, 1971  ̂ Fig* 6 is a diagram of one of the proposed structures of 
tRNA.,

Only recently have or̂ '̂ stals of tRNA been available (Hampel & Bock,

1970) and this, especially with the development of isomorphous derivatives, 

should yield usefi.il information about the tertiary structure of tRNA, 

IIIe3(ii) Maturation of tRNA
a) Mcaturation of tRNA in mammalian cells

There Is now a substantial amount of evidence to show that tPNA has a 

longer precursor RNA molecule; the conversion of this moleciûe to the 

mature/..*
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Figure 6
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Figure 6. A proposed tertiary structure for tRMA (from Cramer, 197l)
a) Schematic drawing

b) Detailed structural model



mature tRNA involves scission of the molecule and also modification of 

certain of the nucleosides «

The first evidence for a loxoger precursor to tRNA (pre-iRNA) was 

obtained in Krebs 2 ascites tumour cells (lal & }3urdon, 1967? Burden,

Martin & Lal, 1967? Burdon, 19o7^0and pre-tRIA has since been demonstrated 

in HeLa cells (Bernhardt & Darnell,, I969)? in human lymphocytes (Kay &

Gooper, 19&9) and also in insects (Eg^iiasi et ale? 1969)? pi'G«=tR.NA also 

occurs in bacteria » see section III,3.(ii) b)« When mamm-alian tissue 

culture cells are labelled for very short periods (5 ™ 10 min ) with 

radioactive nucleosides and the cytoplasmic M A  is extracted and fraction

ated, the labelling pattern does not correspond to the absorbancy pattern ; 
in the low molecular weight region only 58 RNA and a rather heterogeneous 

new peaJz, termed eluting between ’pS and 48 RNAs appear*■ When

longer labelling times (say 30 min ) are used, this RÎTA peak shifts

and coelutes with 48 RNA (Lal & Bux'don? 1967s Bernhai^dt & Darnell? 1969), 
This suggests a precursor-product relationship between "4 8̂ " RNA and 48 

RNA, and such a relationship is confirmed by a "pulse-chaso" experiment 

using actinoirycin Ï) (Lal & Bur don, I967) «

It was possible that the "4&8" RNA has merely a different conformation 

than 48 RNA, but is not longezu That this is partly time is shown by the 

fact that heating cytoplasmic RNA at 60^ for 5miu in the presence of 

0c02M MgGIp causes the"4t8"RNA to elute in a position somewhat closer to 

4s RNA, but not exactly in the 48 RNA position (Burdon, 1967a)* The 

suggestion that the maturing process of "44'8"~—>48 RNA involveo scission 

of a larger molecule was confirmed by the ability of a cell-free cytoplasmic 

extract, in the absence of cofactors, to convez't i%: vitro partially^pux’ifled 

lU'e-tRNA to a species that co-elutes ?/ith 48 RNA, releasing about 31 

nucleotid.0 residues (Smillie & Bur don, I970) ? the product is undermethylated 
and deficient in pseudouirldine® Similar results have been reported by 

M owe h 0 wi tẑ l 970*
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Location of pro-tBLAg Precursors to tRNA have been located in the soluble 

fraction of the cell Bop only end not associated with protein (Burdon & 

Clason.j 1969) ; l):i this respect it is of interest tha,t t M A  transmethylase 

activity also appears predominantly in the cell sap (Burdon^ Martin & Lal, 

1967). This is in contrast to ribosomal ENA, which does not appear in the 

cell sap until fully methylated (Weinberg ; 19^7)* Tims

pre--tRïïA does not eeem to acoimrnd.aio in the nucleus after it is transcribed 

but immediately migrates to the cytoplasm. (Weinberg & Penman, 19c8)o Tho 
maturation process of tRNA is diagTanmiatical.ly illustrated in Fig,.7?

Ill, 3t (ii) b) Matriration of tRNA in bacterial cells.
The evidence for precursors of tRNA in mammalian cells rests chiefly 

on the kinetic evidence described in the previous section (lll,3,(ii) a))< 
In bacterial cells, it ha.s not been possible under normal conditions to 

show the presence of a short-lived tRNA precursor (because of the 

extremely brief pulse-labelling period that would be necessary), Hov/ever, 

indirect kinetic evidence for tRNA precursors in bacteria has been 

obtained using rifampicin to measure the time taken to transcribe the 

primaiQf gene product (Vickers & Midgley, 197l)» Much work has been done 
using the bacteriophage ̂ 80 carrying the gene for tyrosine tRNA
and various mutants of this gene; tyrosine pre-tRNA. has been isolated 

from E,Coli and sequenced (Altman, 1971? Altimn & Smith, 1971)* The 
characteristics of this precursor are compatible with what is known about 

pre-tRNA in mammalian cells, regarding kinetics of maturation and the fact 

that it is likely to be the unmodified polynuclootide chain that is the 

substrate for cleavageo

Tyr SNjpx pre-tRNA has a long extra sequence at the 5® -end of 38 

nucleotides, terminating in pppG-j at the 3® -end there seem to be only 
three/,,«
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three nucleotides beyond the CCA terminus vi% It is of interest

that the CCA terminus seems to be part of the primar-y trou script ion product, 

contrary to what has been generally believed (section Illo$o(ii)e))c

Recently, in vitro synthesising systems Imve been used successfully,

Ike da (1971 ) has synthesised in vitro the precursor tllRA. which Altman 
isolated from the in vivo system. Also, the DKA-dirocted cell-free 
synthesis of biologically active tRNA has been described (Zubay, Cheong & 
Gefter, 1971) and this may well be a new fruitful approach for probing the 
mechanisms of tRNA synthesis,

IIIo3o(ii)c), Méthylation of tRNA
Transfer RNA has a very high proportion of unusual nucleotides; more 

than thirty different types are known, most of which arc derived from the 

four main nucleotides throug’h méthylation of the C, 0, or N on the base ; 

méthylation of the ribose in the 2*-OH position also occurs and mono- ond 

di-derivatives are also found (see Table X), Net méthylation of nucleotides 

in unfractionated tRNA is 2,5 7%f 80 - 90/6 of this being base modification,
unlike ribosomal RNA (Lane & Tamaoki, 1969)0 The major species of methylated 

nucleosides in both HeLa and mouse 1. cells are 1-methyl adenosine, 1-methyl 
guanosine, N'-methyl uridine (thynidine) and, in smaller amounts, 1-methyl 

hypoxaiTthine, -̂-'iT̂ ethyl cytosine and 3-methyl uridine (iwanarni & Brown, I968).

Méthylation occurn at polynucleotide level (see Fig, 7), the donor 
being the methyl group of methionine - even for the formation of ribothymine 

(thymidine), and various studies were performed on the méthylation process 
of tRNA even before it was realised that there is a larger precursor.

Since it is known that methylo,tion occurs at polynucleotide level, 
the question arises whether pre-tRNA is methylated or not. Labelling 

studies have shown that pre-tRNA is unde niie thyl a, te d and that if méthylation

r s/ c ft Û
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is suppressed methyl-deficient 4S Iihf accumulates which can subsequently 

be methylated on restoring methionine (Lal & }3urdon, 1967; Bernhardt & 

Barnell, 1969).̂ This differs from the situation observed in the 

maturation of ribosomal EHA where unmethylatod ribosomal precursor RNA 

is completely degi'aded (Vo,ughan » 1967 )*

Thus it seems that méthylation, although it occurs during the 
processing of pre-tRNA, is not a prerequisite for the production of ”4S 

RNA”, since undormethylated 4S RNA can subsequently be methylated* However, 
for true biological activity as transfer RHA, méthylation is almost 
certainly necessary (Capra & Peterkofsky, I968; Stern ejR^al,, 1970)*

III, 3o (ii) d). Pseudouridine formation in tRNA

All tRNA8 contain pseudouridine (- 5 ribouxaoil) which is the
most frequently occm?ring minor nucleoside. In animal cells there are

about three pseudouridine residues per tRNA molecule, which is more than 

occurs in yeast tRNA, vAiich in tiu:n is more modified tlian bacterial tRNA, 

but even T4 phage-induced tRNA. contains some pseudouridine (Daniel, Sarid & 

Littauer, 1968)* Pseudouridine formation is believed to be a post- 

transcriptional ensymically-catalysed event (Johnson & Soli, 1970)« 

Pseudouridine formation in pre-tRlRi and tRNA has been studied and, like 
méthylation, conversion to pseudouridine occurs during maturation of pre-tRNA 
but is not a prerequisite of maturation (Smillie & Burdon, 1970; Mowshov/itz,
1970).

Ill, (ii) e). The CCA terminus

It is believed that the 3''"terminal trinucleotide sequence -CCA^^ 

which is common to all tRNA molecules is missing in the newly-formed 

tRNA, since in both animal cells and microorganisms there is an enzyme 
which / * o 0
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which attaches the three nucleotideo on to tRNA in. a DNA-independent 

reaction, (eg* Deutsche?, 1972),

The -CCA sequence also seems to he absent from some tRNA. oistrons 

(Daniel, Sarii & Litiaiicr, 1970)o However, tyrosine pre -tRNA from 

E 6Coll which has been sequenced by Altman & Smith, 1971 contains the 

trinucleotide sequence OCA close to the 3®'" teiminus as part of the 

primary transcription product^

111 * 3 * ( i i ) f ) * Other of tRNA
There are several other modifications of tRNA which a.re believed 

to take place at the polynuc1eotido level, eg* thiolation, formation of 

isopentenyl adenosine and formation of dihyd.rouridine; the (ra,rx’eirt 

know3..edge of the biosynthesis of these modified nacleôsides has been 

summarised by 8611, 1971°

111 o 4 * *

III * 4 * (i)* S;b.n.ic tu.re .and gynt ho b i.s

As discussed in section 111*2(11)? when mammalian colls are labelled 

for a short time, two types of nuclear high molecular weight RNA become 

labelled. One is ribosomal precursor HNA - a homogeneous 458 peal:; the 

other consists of heterogeneous nuclear SNA ( hhHMA) of a very high 

molecular weight* This hnS-NA has the following characteristics which 

distinguish it from ribosomal precursor RNAo It has a heterogeneous 

sediment at ion profile of 20'̂ ---80S (Warner et__a].,* ? 1966; Llndberg & 

Darnell, 1970); it has a nucleotide composition of 44/ G-:-C (Soiero, 
Birnboim & Darnell, 1966) ; it has a rapid rate of labelling and it turns 
over rapidly (Warner et_a_l,, I966) ; it is unstable in actinomycin^treated 

cells, unlike ribosomal precursor (Girard et al,, 1964, Warner et al,,

1966); it is la/rgely found in the nucleoplasm while all of 498 RHA is 

nucleolar (Soiero et al, 1966),



Ill* 4« (ii)
HrJiHA must either be a precursor of another RNA fr0/otio.n (because 

of its transitory appearance) or else become dograded without 3.eaving the 

nuc3,eus* Soiero pt jd;, 1968a calculated that only about 10/ of hnrLNA is 

exported to the cytoplasm, the rest being degraded. The only cytoplasmic 

fraction which could logically derive from hnllNA (because of its G-f-C 

contont) is cytoplasmic messenger RNA, Recent results using a variety of 
techniques have substa.nti.ated this conclusion eg, the presence of 

0 0 val e%it ly « bound poly A sequences in both typos of RNA (Edmonds? Vaughan 

& Hakazato? 1971; Darnell? Wall & Tushinski, 1971; section HID)) 

also molecular hybridisation data (bindberg & Darnell, 1970; Da,r.ool„!. ^  

ale? 1970? Georglev ,et_al,? 1972; Molli & Pemberton? 1972)*

III, 3. ^ISSSongerJgWA

The oonoept of messenger R M  was developed by Jacob & Monorl? .1961a 

before the experimental demonstration; they conceived of it as an 

unstable direct carrier of genetic information between DM. ani the 

protein«s;yTathesising apparatus, The rARNA is a tranBOxn.pt of the l’o,formo.tion 

of the D M  which is translated into protein on the ribosome,

III, 3" (i) *
Since the messenger is the carrier which brings the information to 

code for protein? there must be a, largo number of D':ossen.gex" FiliAs, This 
means that mRNA is heterogeneous and this? together v/ith the instability 

of the bacterial messenger? its small proportion of the cell R M  (2 >» 3/) 
and the short labelling time necessary to distinguish )aMA from r R M  hae 

made study of the messenger difficult. Initial problems were overcome by 

the use of HColj^ infected with the T-even bacteriophages; in such cells 

host RNA synthesis stops and. no M A  except phage-specific M A  is made; thus 

longer labelling times could be used (Brenner, Jacob & Me<ye:lson? I96I;

Gros/,,,
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Gros et a'U? 1961b), The messenger was originally identified as suoh 

si.noe its base oomposiüion is similar to that of the infecting nbnis 

M A  (Gros et ah? 1961a)? mul it hybridises to virus M A  (Hn31. &' liCKiRiTjïïïsaL’ïo r * if ff t* \

Sx^iegleman? 1961), Results showing the existence of mRNA were also 

obtained froDi tmmfacted EoGoli (Gros et al. ? 1961a)* Attachment of 

the messenger to 70S ribosomes and stimulation of the rate of labelling 

of mRNA during enzymic induction were also shown (Gros £t,^-* ? 1961a),
The méthylation of EoGoli m M A  frcom uninfected or TA bacteriophage^V * t-,pLvT,w*: ft * J-

infected, cells is negligible; this lack of mstliylation seems to be a 
general property of mRNA in both the infected and uninfected cell 

(Moore? 1966),

Transport of niRNA is believed to be as a messenger M A  - ribosome 

complex? probably with the mRNA attached to the 3OS ribosomal subunit 

(Byrne et al*? 1964? Bladen et al* ? 1963? Mmigiarott1 & Schlessinger?'  ̂ • • l4Vt«-fcTci.«vci-aiirta ' » r f v<J t

1967).
Ill, 5*(ii) The messenger 5.n ei’kEiryotes,

The same difficulties of heterogeneity and turnover that complicate 

the studj'' of bacterial mRNA have also beset the study of mRHA in eiLkaryotic 

cells - except that at least some eukaryotic raMA is more stable (Revel 

& Hiatt? 1964? Pitot e'b al, ? I963? Suzuki & Brown? 1972) « These 

difficulties have been minimised by the use of a ’’model” system - tho 

avian and mammalian erythrocyte where 90/ of the cell protein is globin. 
Several ĝ roups of workers have isolated an 8 - lOS RNA with inRNA 

characteristics? but so far only four groups have shown that their 

"messenger" can direct the synthesis of a specific protein in a cell-free 

system (Laycock & Hunt ? 1969? Lockard & Lingrel? I969; Pemberton ,e;L 

? 1972? Suzulci & Brown? 1972)* The presence of covalently-bound poly 

A sequences seems to be a general phenomenon of eukaryotic niHNA (him? 

Canellakis & Canellakis* 1969, Him & Canello.kis? 1970? Edmonds et al, ?

I97I;/,,.



Darnell ? 1971 , 1971 ; Burr & Diijgral ? 1971)*
The mammalian mRNA is believed to be transported as ri.bonucleoprotein 

(Spiripf 1969? Scherrer , 1970? Fsxferïaan ? 1971; Haakas?

1971; Sohochetman & 1972); it migrates from nucleus to cytoplasm

where it la believed to become attached to the 409 ribosomal aalranit 
(Holder & Lingrel? 19?0)*

III* 6 , bow molecular weight rmc.lear BNA.

Apach, froïü ribosomal precursor' P1ÎA and ImMAj the nucleus contains 

another class of M A  molecules which were not resolved until tlie use of 

acrylamide gel electrophoresis (Knight & Darnell? 1967), Mine small 

molecular weight monodisperse RMA species have been reported in the 

nucleus of HeLa cells Ity Weinberg & Peninan.p I968? I969* TXiey ore homogen

eous species and their size range is 100 260 nucleotides; their GHO

content is 47 54/; they are all metJgylated; they are all stable or

have long half-lives; some are nucleolar? some are also found in the 

nucleoplasm? but none are cytoplasmic or cytoplasmic RITA precursors; 

their synthesis is unrelated to LM'A synthesis ; use of actinoniycin? 

actidione and cordycepin have shown that they are not ribosomal precursor 

R M  or hnRNA cleavage products (Weinberg & Penman? 1968? I969)* Similar 
species of RNA Xiave been found in mouse fibroblast cultures (iTl)? in the 

developing chick embryo brain axid in L ce31s (Weinberg & Penman? I96B) 
and in the Movikoff hepatoma (Prestayko ? 1970)? where one species

has been partially characterised and shown, to consist of at least three 

components (Ro-Choi et al,? I970), Thus tXiere are at least nine of these 

nuclear species and they probably represent a general phenomenon of 

eulcsryotic cells. Their function is imknown and may be tliat of control ? 

but the fact that they are present in very different amounts suggests that 

they may Xiave different fi,motions (Weinberg & Penman? 1969),
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HI, 7' Mitochondrial RNA

Tho ndtrochondrion has its own complement of DNA which is believed 

to he completely transcribed to give mitochondrial RNA (Aloni & Attardi? 

197'la.), In the HeLa mitochondrion there are mitochondrial ribosomes of 

35 ™ 60S (Attardi & Ojala? 1971? Brega & Vesco? 197l)* The heavy and 
light sutanits contain one molecule each of l6S and 12S RR'A respectively 

(brega & Vesco? 1971) and these RNA species are metlxylated (Attardi &

Ojala? 1971)f The mitochondrial ribosomes do not contain 5S RNA (Zylber 

& Penman? 1971? Lizard! & Luck? 1971) and this fact? together with their 
smaller size? are main differences between mitochondrial, and bacterial 

ribosomes* However? these two types o.f ribosomes are similar in their 

antibiotic sensitivity (Attardi & Attardi? 1971) and in their use of 

forayl methioiryl tFûFA for initiation (Smith &■ Marker? 1968)*

One molecule of mitochondrial DHA has genes for 1 molecule of 168? 

one of 128 a.iid about 11 molecules of 4^ RHA. (Aloni & Attardi? 19T1L for 

HeLa cells; similar results have been, reported for the mitochondria of 

Xenopus laevis by Dawid? I969)«

Two classes of mitochondrial-specific 48 RNA (A and B) can be 

separated by gel electrophoresis; 48 RNA A is methylated and heterogeneous 

and may be a class of tRNA? but 48 RN-i B is probably not tRlTA since it 
contains no methyl groups and is also more homogeneous than tRIWi (Knight 

& Sugjyama? I969? Knight? I969)*

III* 8« Chromosomal RHA

Chromosomal RNA is a class of RNA 4O-6O nucleotides long? which 

associates with chromatin? described in a wide variety of euk.ai'̂ '-otio 

tissue by Bonner’s group (Huang & Bonner? I965? Huang? I967? Bonner 

& Widholm? I967? Shih & Bonner? I969) ? it has been postulated to be 

involved in gene regulation (Bekhor, Kmig & Bonner? I969? Huang & Huang?

1969? Z* * o
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Mayfield 8z Bomier? 1972), Recent doubt has boon cast on this work ? and 

chromosomal R M  maj'’ only be tRîFA tightly bound to protoin (Hoyden &

Zachau? 1971)? v/ith no specific function*

Illo 9* RNA and Protein Synthesis

Since most of the ENA species discussed above participate in protein 

synthesis, any resumi would be incomplete without mentioning this function. 

Messenger ENA ? transcribed from the DNA? becomes attached to tho minor 

subunit, of the ribosome? where it codes for incoming amino acyl tRNAs? 

v/hich attach themselves to the major .subunit; the peptidyl transferase 

enzyme which catalyses the formation of a peptide linkage between adjacent 

animo acids is also believed to be located on tb.e larger subunit. The 

mRNA is transcribed from the 3 ® te.rmim:is to the 3®'* terminus and 

translated in the same direction. This is suDmarised in Fig* 8- from 

Lehninger? 1970=

IT. TIRÏÏSES AND TIEHR , EFFECT O.N. CELLMAR miABOLISM 

IVoXo G-enco:sl Nature of Viru.ses*

IV*lo(i) Basic Vinis characteristles

Viruses are basically infective nucleoprotein entities? which can 

replicate only within cells. Thus a primary classification of viruses 

is by the nature of the hosts they infect - bacterial? plant? animal? 

etCo The mimal viruses can be subdivided into DNA or RNA-containing 

viruses depending on which nucleic acid forms the genome,

IV.l,(ii) The,DNA-containing animal viruses.

The DNA-containing animal viruses are of especial interest in that 

their DNA has to be transcribed into messenger RNA v/hich then has to be 
translated into protein in a manner anadagous to the uninfected cell*
The/ * *,
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The hHA-containing viruses, together with their main characteristics, 

are summarised in Table 2 

lVoln(lii) The Herpesviruses

The herpesvlriTees are a group of viruses with the following 

characteristics» They are large, enveloped, DHA-containing animal 

viruses, with double-stranded KïA enclosed within an ieosahedral oapsid 

of l62 cspsomores, and they multiply in the nucleus<> The herpesvirus 

group includes the following viruses? pseudorabies virus (PRV) j herijee 

simplex virus (ESV) types I and 11, equine abortion virus (EAY), B virus, 

varioella-i-^oster, Lucke virus,
Throughout the experimental work of this thesis, the virus used was 

pseudorabies viruso Kucl). less is known of the biochemical effects of 

this virus than is known about horpegAimplex virus (type l), which is the 

most w'idel,y studied herpesvirUwS» Thus the basic biochemical characteristics 

of these two viruses are now outlined since comparison of these viruses 

occin:s in the '^Discussion,"

a) DM»-donsity

The buoyant density of the D M  of RSÎ-I and PEV has been reported by 

several workers (Russell & Crawford, 1964» Plummer ef_pl, 1969, 

Subak-Sharpe & Hay, 1969; Subak-Sharpe , 1966a; Graham e t ?

1972)0 The reported buoyant density of HSY-I DNA is in the range 1„729 

1/727 and tha.t of PEV is 1*727 - 1*733 ; wherever the same group of workers 
have studied both DNAs together, that of HSV-I is always lower than that 

of PR7.

b) DMA - base content

The Gh-G content of th.e DHAs from ESV-I and PRY have been calculated 

from the buoyant density to be 66^ and 74̂  ̂respectively (Russell &

Crawford, /«,,
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Cra'v.'ford, 196à; Subak-bharpe ■> ? 3 966a) and from hase composition

analysis to bo 70 and 77%%^Bpectively (Graham ot_al, 1972); despite 

this difference in. G + C content between the two T'bAs, the dou3)let 

frequency of the bases is very similar (Subalo“Sharpe et^al«, 1966a).
Very recent results obtained by Bronson ejt_alt, 1972 using molecular 
hybridisation techniques have shown that the homology between HSY-I 3Jid
PEV D M  can 3;e, at most, only 9%,

c ) BNApmo'J. e crJ. ar wei phi
The molecular weight of the D M  of both HSV-I and PEV has been 

reported to be 6By;)£̂ '̂ dabtons by Russell and Crawford, 1964, although 

Kaplan & Ben-*Porat, I964* report a value of 70^/(?^or PEV., wh 13.e Becker,
& Sarov, 1966^ using electron microscopy, have established a value of 

lOQŷ llPfox the molecular weight of the BNA of HSV-1,

d) Blo.lop:y

The infectious cycles of IISV-I and PRY vary according to the cell 

type infected, but the cycle of P R V  tends to bo £̂ .omev/hat shorter (e^gw 

at low multiplicity of infection in EK cells, the eclipse phase of H8V-I 

and PRY is 10 hours and 6 hours respectively (Plummer et al*. 1969)#
The difference in eclipse time between these two virusos isj. however,
slight compared to the long eclipse of raaxry other herpesviruses (Plummer 

, 1969) «. Both vi ruses multiply in the same wide spectrum of colls 
(Plummer et al^, 1969)0

e) A n tigenic i ty

Antiserum to HSY-1-infected RK cells does not neutralise PRY 

(Kaplan & Yatter, 1959? Watson et al., 1967) but there may he one 
common antigen (Watson et al», 1967)®

f) / ...
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f )  P ro te in s  producod P ..le

Gel electrophoresis of proteins produced after infection of cells 

with PRV or HSV-I produced very different patterns (Kaplan, Shimono & 

Ben-Porat, 1970), and this tends to support the antigenic evidence „
I T , 2  ̂ Rep‘!„i.Çabion o f  PllT

IT®2»(i) Infective ovole^of,PRV

The infective cycle of PRY has been summarised by Pemior, 1968*
PRY enters the cell, becomes imcoatod and viral DMA replicates in the 

nucleus between 2 *■- 8 hours P.I.; viral structural proteins are formed 

between 2*9 - 10 hours PcXr., non-structural proteins (including viral- 

induced on%ymes) between 1 - 6 hours Pd* and mabmre virions at 9*“30 

hours Polo (iCa,plfin & Ban-Porat, 1963? Karaada & Kaplan, 19691 Kainade> 

et aloa 1966)0 The virus DBA complexes with protein to form the nucleoid 

of the virus; on this structure the oa.psomeres form the caps id; the 

virus membrane is formed as the virus proceeds from nucleus to cytoplasm 

and the complete virion is then released from the cell (Bydiskio, 1969?

1970).
IV«2.(ii) Effect of PRY on RR'A metabolism

Kaplan & Ben-Porat, 1960, showed that infection of PRY caused a 
sharp decrease in the uptake of ^^0 -uridine into total RRA; this 
result has been confirmed by a very recent report from the same laboratory 

(Eakusaxiova et al*, 1971)? ajid is a similair finding to that reported by 
other workers using HSY-I (Roiaman et al., 196b ; Hay et al,, I9665 

Planfigan, I967)* The decrease of overall ERA synthesis after infection 
is the resultant of two main effects? decrease in host function 

(especially in rRlIA synthesis) and gradual increase in the synthesis of 

viral-specific M A  (presumably mostly viral messengers). The synthesis
ano.y7 Of,



34

and 'metabolism of various species of M A  after infection by HSV-X will

now be discussed®

rv® 2, ( ii) « a) Ribpsoraal JIÏÏA

Ribosoiral RRA synthesis declines sharply after infection (Hay ejy„alc, 

1966; Wagner & RoisDian, 1969a); it reaches about IQï/o of the uninfected 

cell level by 9 hours P,Io, and the decline in 288 and 183 MA- synthesis 

is identical (Wagner & Roissman, 1969a) ® However 458 M A  synthesis is 

not affected as grceafly as mature rRKA (Hay* et ̂ aX®, I966; Wagner & 

Roi5!iman, 1969a) and this is acoounted for by a decrease in the rate of 

maturation of 458 ERA and also by abortive processing of 458 RHA to 
oligonuGlootides (Wagner & Roisman, 1969a)® Similar results have 

recently been demonstrated after infection with PRY' (RaMsanova et^vl®,

1971)* Aberrant processing of ribosomal RHA precursors in poliovirus- 

infected cells has been reported (Weinberg et al,, I967? Weinberg & 

Penman, 1970? section 111,2,(11)®a) )*

IY c 2, ( ii ), b ) Mes songer, R M

The herpe^ï viiTis-infected. cell is an excellent system in which to 

study m P M  production, since host R M  is greatly depressed and probably 

most of the vlral-speoified ERA is informational., and yet the transport 

problems of the R M  from nucleus to cytoplasm remain®

Yiral-speoifio M A  (i®e, RÏTA hybridising specifically to virus DM) 

in HSY«infected cells was first identified by Hay et al., I966. who found 

that most radioactive RIIA precursor was incorporated into a heterogeneous 

RRA species with a sedimentation constant of about 208; Flanagan, I967 

also reported viral-specific MA, suggesting a rather higher 8-value; 

Wagner & Roigman, 1969a, b isolated vlral^apecific R M  of 10-483 (with 

a peak at about 208) from the polysome fraction of HSV-daifected cells® 

The/,« *



The fact that this species of RITA appearing in EjoV-infeetcd cells is 

large, viral-apecifie and polysome-aasociatcd strongly implies that 

it io viral messenger; thus a similar species (or a larger precursor) 
should he located in the nucleus, and viral-specific nuclear RE'A has 

indeed been found (Wagïier & Roiamsu® I969 a,b). This nuclear RlIA has 

a greater 8-value than the viral-specific messenger (lO-SOS), with a 

significant proportion greater than 508; this large si/ae is not due to 

aggregation (Roiaman ©t al®, 197'0) and must represent the transcription 

product of at least 10̂  ̂of the vira], go non,.e (Vfegnê ? & Rois/canj 1969b), 

The transport of viral m R M  differs somewhat from, host rxJ'ihA since 

c.yclohexiiaide abolishes the transport of viral-speci:fio but not host- 

specific mRilA to the oytoplasn/Roigman et_fM, 1978); and it is possible 

that viraj.-specif io W I M  "in transit" lingers in the nucleus icatlior than 

in the cytoplasm (Roizman , 19?0),

Further evidence for the transport of viral-speoi.fio sequences from 

nucleus to oytop].asrâ has recently been obtained in cells inflected with 

another nuclear-replicating virus, adenovirus® Isolated nuclei from 

adenovirus-infected cells release viral-specific RHA into the medium (in 
the presence of ATP and on Aïï̂ -generating system); this RITA is released 

8-s two ribonucleoprotein complexes, the larger of which contains RITA 

resembling viral mRHA (Raskas, 197l), the nuclear and polysomal 

adenovirus-specific RîTAa both contain poly A sequences (Philipson et 

ale, 1971)0 Thus it seems that the adenovirara^specific IMA haa most of 

the characteristics of hnRlTA. and mRlTA discussed in sections III. 4 and 

111*9? and it is niost probe.ble that viral-specifio RTTl produced after 
infection with ÏÏSY-I is of a similar nature,
IV,2.(ii).o). 48 R;MA

The decrease in 43 ERA s;>mthesis after infection l)y HBY’-I is less 

than/o,,
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thar the decrease in rRNA synthesis (Hay 966; V/agiie:r & Roiziiian,

1969a)® Similar results have recently been reported for 4S RhA synthesis 

in PRV-infectcd cells (Rahusanova et alcJ97-0« On the basis of the 
large difference in G -I- C content of the DNA , and especially the large 
difference in CpG doublet frequency, it was postulated that new viral 
tRNAs would be needed after infection with IISV (Subak-Sharpe et al®, 1966b)® 
However, altiiough it is possible that there are changes in the tRM  

population after infection, this is probably not due to viral-coded tRNAs 
(Morris, Wagner & Roizman, 1970)® Changes in the tRMA population to 
meet a new need have been reported for adenovirus-infected cells (RasK.a, 
Frohwirth & Schlesinger, 1970) but again these tRNAs are not virus- 
hybridiêable; a very recent report has shown that there are alterations 
in at least two amino-acyl tRNAs after vaccinia virus infection of HeLa 

cells (Clarkson & Runner, 1971)*

IVo2e(ii)od) Other species of RNA produced P.I®

In various infected systems the virus produces new species of 
RNA of unknown function® The best characterised of these produced, by a 
nuclear-replicating UNA virus is the so-called "VA-RNA" studied by Weissman 
and his cnujorkers in adenovirus-infected cells (Rose, Reich & Weissman, I965 

Reich, Forget & Weissman, I966; Forget & Weissman, 1967a; Ohé, Weissman 

& Cooke, 1969? Ohé & Weissman, 1970)* *’VA“-RNA*' is found free in the cell
sap of infected cells; isolated nuclei will synthesise and export this 

RNA in the presence of all four nucleosides triphosphates and an ATP- 
generating system (Ohb, Weissman & Cooke, I969)*

It is possible that such species of RNA are produced after 
infection with herpesviruses®
IV.2®(ill) /
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IV7 2 ® ( iii) flff act of PRY on other rno oiv>molecu] on «

More Y/ork has been performed on the effect of I-J.IY on M A  end protein 
oynthcBis than on RNA synthesis and so th.e effect of PRY - with some 

reference to other herpesviruses - io very luA-efly sn.mn\arised here. 
IY.2,(iii)»a) DMA

Infection of exponentially-growing cells with PRY causes a declino 

in total UNA synthesis, measured by incorporation of radioactive thymid-jrj.e 

(Kaplan & Ben-Porat, 1963? Ben-Porat & Kaplan, 1965)? this is similar to 

the effect of HGY on !DNA. synthesis (Roiaman & Roano, I964) ® Win on cells 

are in the stationary phase of growth, PRY causes an increase in DNA 

synthesis, duo to synthesis of vlra/I PNA (Ben-Porat & Kaplan, 1963)®
Recent results using synchronised cells have shown that in PAY-infected 

cells there is a relationship between viral DNA synthesis and cell B-phase 

(hamrence, 1971) while in HSY-infectecl cells there is no such relationship 

(Cohen, Vaughan & La^vrence, 1971) » but the question remains open for PRY, 
'H’o 2 * (ill).. b) Protein

Protein-raetabolism in the PRY-infeoted cell has been fairly 
extensively studied, especially by Kaplan, Ben-Porat and their co-workers, 

Overall protein synthesis decreases only slightly after infection (Hamada 

& Kaplan, I965); however, overall glycoprotein synthesis is strongly 

decreased (Ben-Porat & Kaplan, 1978), as is histone synthesis (Stevens, 

Kado-BoXl & Haven, I969), and cell-specific protein Bjuithesisi decreases 

steadily throughout the infectious cycle (Haviada & Kaplan, 1965)«

New viral-specific proteins are produced after infection and can be 

paxtialXy separated by polyacrylamide gel electrophoresis, with a main, 

peak at about 120,000 daltons which is not due to aggregation (Shimono, 

Ben«Porat & Kaplan, 3-969)* These proteins msS.de after infection have a 

different amino acid content than host proteins; they have moro arginine 

and/ ®.,



and less lysine, phenylalanine, isole'ncine, tyrosine and methionine than 

host proteins, as would ha expected from the differences in hase coHiposition 

and doublet frequency between viral and host M A  (Subak-Sharpe ejgjü * 1966a) 

There are two types of proteins made after infection -- structural and 

non~3txuotura.l proteins® The structural proteins begin to be synthesised 

about 3 hours and their production gra.dua,lly increaeos tlirough.out the

cell cycle (Hamada & Kaplan, 1963)? they are synthesised in the cytoplasm 

and transported to the nucleus for assembly into vi.rus particles (Ben-Porat, 

Shimono & Kspla.n, 1969)? inhibition of viral D M  synthesis does not affect 
the synthesis of these proteins and affects their transport to the nucleus 

only slightly (Ben-Forat 1969)5 arginine deprivation prevents the

transport but still al.lows these- proteins to be synthesised (Mark & Kaplan,

About 33^ of these structural proteins do not become assembled into 
the virion (Haiaada & IC.axflan, I963)® Virions extracted froY; the nucleus 
have lov/er infectivity than raatxire virus x)articles (Ben-Porat, Shimono & 

Kaplan, 1970); this is believed to be due to the lack of two glycoproteins 

which are supposed to become associated with the virion en route from 

nucleus to cytoplasm (Ben-Porat et_^* s 1978; Bon-Porat & Kaplan, 1970)». 
Five nuclear proteins synthesised after infection are acld-extraotablc-î 

(although not histories) and four of them are believed.to be structural 
proteins (Stevens et al** I969),

The non-structural proteins begin to appear immediately after infection 

and their synthesis reaches a peaJx between 4 7 hours Pel* (llamada & Kaplan,

1963); presumably these proteins include a variety'' of v:hml-induced enzymes 
essential for the synthesis of viral components, e&g* the arginine-requiring 

protein required for the transport of structural proteins to the nucleixs 

(Mark & Kaplan, 197-7) and possibly the vi:md own enzymes for DMA 

transcription/® « *
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transcription^ as oc c m  s in HSV-i.nf acted cells (Keir et  ̂ 1966)®

There has boon an intensive study of various enz-yoos produced after 
infection with HSV--I and there is now very good evidence thaL the following 

enzymes are coded by the virus: DNA polymerase (Kcir ? 1966),
thynidine kinase (Klemperer £t_aA®, 196?) o.nd DNa.se (Morrison & Keir, I96O)

Yo Aims of the present project

As this "Introduction" has shown, the diversity of RNA species 

in the mammalian cell is very large, and the problems concerning their 

production and control are great. As this "Introduction" has also 
indicated, when a large animal virus infects a cell it proceeds to take 
over the control and production of 8.11 cell macromoleoules, including RNA® 
Thus it X'/as hoped, that investigation of the effects of pseudorabies virus 
on cell metabolism would not only prove valua.ble as a study of viral 
metabolism, but might also provide some information on the control and 

production of some species of cellular RNA®



40

I® ViruR ■

The pseud or abi es virus (pflV) uaed was derived by 3% p.Taq.uo 

purification from a stock preparation of PEV (fhplan & Vatter, 1959)? oj-xd 

a sample was kindly gifted by Dr® W® Shepherd, Institute of Virology, 

University of Glasgow*

II* Tissue culture cells

DHIC->2l/ci3 cells were a continuous line of hamster fibroblasts 
described by Macpherson & Stoker, 1962®

III. R adi ochemic8.1s

M l  isotopically--labelled compounds used were obtained f.rom the 
Radiochemical Centre, Amersham, Bucks., England*

IVc Po3.yaGry.lamide gel materials

Acryl8,m.lde, bisacrylarnide (methylene bisacrylaitiide) and Tcmod 
.1 1-tetra methylene diamine) were obtained from Kooh“My4it 

Laboratories Ltd®, Colnbrook, Bucks*, England; the acrylamide was 

chior oform-pircifled as described by Loaning, I967® Ammonium persulphate 
was obtained from BDH, Poole, .England®

V* Chemicals for liquid scintillation counting

1,4 diozan and PPO(2,3 diphenylo.zasole)‘?:ere uurchased from Koch- 
Light Laboratories Ltd®, Colnbrook, Bucks,,naphthalene and byramina 

bydrozide (iM in methanol) XTozn Nuclear Enterprises Ltd,, Sighbhlll, 

Edinburgh, 2-mGthox5'-ethaxiol and hydrogen peroxide (lOO volumes) from BDH 
Bioohomicals Ltd®, and cellulose acetate membrane filters (2«5cm diameter 
45p poze size) from Sartorius-MembranfjItor GMBH, 34 Gottingen, VA Germany.
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V I Mi s c o l I aue o\.i s
Ail ofcîier chemicals uatïd were, wherever possible, "Arialar" grade or 

its equivalent and were purchased mainly from BDH Bioohernicctls Ltd,,

Poole, Dorset or Sigma CbeniicaJ. Co®, London, Non id et P40 v/as .provided by 
Shell Chemical Co., London* Sephadez Cl00 was bought from Pharmacia Ltd®, 

Uppsala, Sweden, nucleotides, nucleosides and comorcial 4S PHA from 
Calbiocheixi Inc., Los Angeles, or Sigma Chemical Co*, Lone]on, actinomycin 

D from Merck, Sluzcpe and Doluna, UiStA® or Ca.lbiochc?/3, Visking
dialysis tubing from The Scientific Instrument Centre Ltd*, London, Chance 
Noo 1 glass covorslips (l3mm diameter) from Macfarlane Robson Ltd,, Glasgow. 
AR.IO fine grain autoradiographic stripping plates and Kodirex film from 

Kodak Ltd*, DePeX from George 14 Gux-r, Ltd®, London, VJhatmon No.l 2o3cm 
filter paper dises, chromai;ograpliy- paper and DEAE-ccllulose
chromâtography paper (DE 81) from ILReeve Angel & Coo, Ltd®, London, T 1 
ribonuolease from Sankyo Go,, Ltd®, Tokyo, and cellulose acetate paper from 
Oxoid Ltd,,, London*

VII * it ion of media

Eagle's medium* A modification of Eagle's medium (Pusby, House & 

Macdonald, I964) containing- 100 units/ml Penicillin and 100pg/ml 
Streptomycin (Gla.xo Laboratories) and 0*002^ (V//v) phenol red was used*
The vitamins and amino acids were obtained from Flow Laboratories, Irvine, 
Ayrshire*

T'ryptose phosphate broth consisted of a 2*95/ (w/V) solution of 
trypi:ose phosphate broth in distilled water, and was purchased from Difco 
Bacto Laboratories, East Molesey, Surrey, England.

ECIO growth medium was composed of 9C//0 (v /v ) Eagle's medium a.nd 10’/ 
(¥/?)/...



(v/v) c alf s 0 rum (PIow Lab orat or i es).
ETC growth medium was compiosed of 8o/ (v /v )  Eaglo's medium, 3.0/ (v /v ) 

tryptoae phosphate hroth and 10/ (v /v )  calf serum.
PCI medium was composed of 99/ (v/v) Eagle's medium and 1/ (v/v) c M f  

serum,

VI11.
KSB (reticulocyte standard buffer) v;as composed as described by 

Weinberg & Penman, 1968s lOmM HaCl, 10;nîû tx’is-HGl, 1,3mM MgCl^, pH to 7*4 
with HGl, Macaloid was routinely added to a final concentration of

Hypotonic buffer was a eolution of lOmM KOI, lOmM triS'-KCl, 1 *3mM 

MgCl^j pH to 7o4 with HClo MacFfXoid was routinely added to a final 
concentration of

(standard saline citrate) was a solution of 0/15M Ka,Clj 0*015M 
sodium citrate, pE to 7*8 with ÏÏC1,

4%80G was a solution of 0*6M NaCl, 0*06M sodium citrate, pH to 7*8 
with HCl,

MS(a) (phosphate-buffered saline (a)) was a solution of 0^17̂  HaCl, 
3n4mM KGl, lOmM and 2raM KHgPO, , pH 7.4 (Dulbecco & Vogt, 1954)*

I)i oxan->based bc intill at or consisted of lOOg naphthalene and T.OgPPO 

per litre of 1,4 dioxmi,
'T olu en o-b as e d sc in t i 1 la t or consisted of 0*5/ (w/v) PPG in "Analar" 

toluene,

^ 7uons/rj^thoZ7ietîu^^^ was composed of 30/ mothoxyethanol,
70/ toluene-based scintillator (V/v),

BSS (buffered salt solution). The stock solution consisted of 68g NaCl, 
4g KCl, 2g MgGO .7% 0, l»4g%a H?PO,, 3.93g CaCl^.GH^O, I5 ml phenol red l/̂A}. c ii /-I- c (Z

diluted to 1 litroe This was further diluted 10-fold for use*
Macalold/,«,
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Macaloid. was provided by National Lead Co*, Houston, Texas® A 

solution of 2*5g in lOQml of distilled water was made up, sonicated for 

3 - Amin., and dial,y seel overnight againct distilled water; this resulted 

in a pellet (discarded) and a clear supernatant fluid which was sterilised 
by autoclavlng, and was diluted 1000-fold for use* This stock solution 

was briefly sonicated every time before removing aliquots for dilution* 

Formol ealline (l0̂ f> (v/V))* consisted of 4/ (v/v) formaldehyde in 
85mM NaCl, O d M  Na.pSÔ  , and was diluted ten-fold for use*

Giemsa stain, A loh/ (%/v) suspension of Giemzsa (George 14 Gurr Ltd*® 
London) in glycerol, heated at 36^̂ for 90 - 120 rnin and diluted with an 
equal volume of methanol was used as stock (.Lacis, 1956)».

Water-saturated phenol was prepared by distilling phenol into distilled 
water* 8™ Hydroxyquinoline (to a concentration of 0*1/ (w/?)) was always 
added to the stock phenol as mci miti-oxidant*

Toluidine blue was obtained from BLH Biochemicals Ltd*, Boolo and wa-s
used as a 0*05/ (w/v) solution in distilled water*

Blue d ext ran was purchased from Pharmacia Ltcl»s Uppsala, Sweden and 

v;as used as a 0* 5/ (w/v) solution in SSC*
Bromophenol blue was supplied by Eastman Kodak Go** Rochester, R4Yo 

as a Col/ (w/v) aqueous solution and. was diluted ten-fold in distilled 
water for use*

X / TCA was a solution of x/  W/v of trichloroacetic acid in distilled 
water.

Amfiz solution contained 20/ (v/v) concentrated Amfix (May & Baker, 
Ltd*, Dagenham, .England) in distilled water.

LI9b developer contained the following; 72g Na^SO^, 48g HagCO^,
4g K13r, 8*8g I'lydroquinone, 2*2g Mctol (Kodak Ltd*, London) to a total 
volume of 1 litre*

Gelatine-chrome alum/*..
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Gelotine-chromo alim consisted of gelatin, 0,5g chrome alu.m 

(0rK(8O/|)p* l2Ej^0)y 5̂ 3. o;C formaldehyde (40/ V/V solution) and 1 ml 

Photo-Flo (Kodak Ltd*, London) in a total volume of 1 litre*

83}S {20}o V(/v) wa.s a solution of ethenol-reorystalltsed sodium 

dodecyl (laairyl) sulphate in distilled water®

Heparin was obtained from Sigma Chemical Co*, London* The stock 

solution was a lOmg/ ml solution, in (histilled water, which was sterilised 
by filtration®



43

METHODS

I* Biological

I pi* Growth of cells» The BHIv-2l/C13 cells used throughout this study 
were grown o,nd maintained in ETC at 57^ in rotating ( 1 rap^m*) 80 oz 
roller Dottles (hurlers), gassed to give an atmosphere of 5% CO^, 95% 
air* Cells were not used beyond a passage number of 12 •- 15 (Shedden & 
Wildy, 1966)0

lolo(i) Normal experimental use* Cl5 cells, which had been passed at 
least twice in EClOp were seeded at 50 - 40 x 10^ cells per burler in 180 ml 
ECIOy gassed, maintained at 57^ and were used 2 - 5  days later, when nearly 
confluent (approximately 80 x 10^ cells per burler). From time to time 
Roux bottles were used in place of buxiers. Some experiments were 

performed using 50 mm plastic Petri dishes which were seeded at 5 ™ 4 % 10^ 
cells per dish; in this case incubation was carried out at 37^ in a 

humidified incubator flushed continuously with 5% 00^, 95% air, 
lolp(ii) "Resting" cells* Cl3 cells in which metabolic function wo,s 

depressed was obtained by serum-d.epletion using the method of Fried & Pitts, 

1968 as modified for GI3 cells by Nicholas & Pitts, 1971* Cl5 cells were 
seeded in 100 ml ECIO at 10 - 20 x 10^ cells per burler; about 10 hour’s 
later the cell sheet was washed with Eagle's medium and then the medium 
was replaced with 100 ml SCI, These cells were used 5 ” 6 days later.
In some experiments 58 mm plastic Petri dishes were used, and the cells 
were then seeded at 1,3 10^ cells/plate; Roux bottles were also used,
seeded at 4 % 10^ cells/Roux, In these cases the amounts of medium used 
were appropriately scaled dovm,

1*2, Grovrth of pseudorabies virus,

I.2o(i) Production of PRV stocks. The virus (sec Fig* 9) was propagated as 
follows, / , ,0
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Pigurce 9

Electronmicrograph of the supernatant preparation of 
Pseudorahies virus used throughout most of the experimental 

work of this thesis (50*000-fold magnification)*

(inset ~ 128c000-fold magnification)

a = "full" enveloped particles (inset shows individual capsomeres)
h ~ "full" enveloped particle (8tain has not entered because of

extra proteins between envelope 

and capsid) 

o = "partially full" enveloped particle 
d — "empty" enveloped particle
e - "empty" unenveloped particle®

"Pull" or "empty" denotes presence or absence of nucleoprotein 
within the capsid*

(ElectronmicrogTaphs prepared by Mr. H, Elder)
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follows. Kewly-confluent 013 cell cultures, maintained in ETC, were
infected in 20 ml ETC at a multiplicity of 1 pof*u«/300 cells* The virus 

innoculum was allowed to adsorb to the cells for 1 hour at 37  ̂as the 
burler rotated. After adsorption, the 20 ml ETC was removed, 100 ml of 

ETC medium was added and the cultures were rolled at 37° for 27'*'36 hours.
The cells were then harvested aseptically by shaking the bottle to 
dislodge the cells into the medium, the excess medium being removed by 
centrifugation for 10 min at 600 g. This medium contained the supernatant 
virus which was concentrated by centrifugation at 15,000 g for 1*5 hours, 
and. resuspended in 1 ml PBS(a) for each original burler used; gentle 
sonication male the suspension uniform, and it ŵ as dispensed into 1 ml 

aliquots and stored at -70^* The cell pellet contains the cell-associated 
vims which was released by resuspending i t in a small volume of PBS (a)

(2-3 "]1 for every burder used initially) and disrupting the cells by 

sonication or by 3 cycles of freezing and thawing, and then re-centrifuging; 

the resulting supernatant contained the cell-associated virus, which was 
dispensed and stored at -70^* The tŵ o fractions were occasionally combined 
for experimental work, and always for virus production*

Ic2*(ii) Plaque assay for PRY. PRV was assayed by infecting cell sheets 
with dilutions of PRV and counting the resulting plaques produced. Newly- 
confluent monolayers of CI3 cells in a series of 50 mm Petri dishes (seeded 
at 4 z 10^ cells/dish 18 hours previously) were infected with various 
dilutions of PRV in 0*2 ml ECIO* After 1 hour of adsorption at 37°y 4 ml 
ECIO was added and incubation continued; two hours after adsorption,
50 pg/ml hopaurin was added to the medium to prevent vertical transmission 
of virus* After 28 hours' incubation at 37°p the cell sheet wa,s washed 
with/ o o o
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with PBS(a.)j fixed with fomol-aaI.ine per dish (30 min at room

temperature), and stained with 0*5ml Geimsa stain per dish (X horn: at room 

temperature)* Plaques were counted under a microscope at low magnification 

after excess stain had been removed with wa.ter«

I*2*(iii) Infection of cells with, PRV for exoeri)nental use. Medium was 

removed from the cell sheet of nearly-confluent C13 cells in ECIO, and 20ml 

fresh. ECIO containing 20 p.fhu*. PRY'/cell was added to each burler* After 

1 hour adsorption a,t 37°? the medium wag jr’emoved and replaced with 50-100ml 

fresh ECIO. If cells were "resting", infection took place using a small 

portion of "used ECI" i,e,, mediim removed from the "resting" bur1ers, and 

at the end of the adsorption period, the replacing; medium was also "used 

ECl".

II* Biochemical*

II»1* Cell fractionation procedures

11.1,(i) Preparation of cell qytoplagm for RNA extraction* The cells 

were harvested by removing the medium, washing the cell sheet with, ice- 

cold BSS, and then scraping the cells with a rubber bl.acle into ice-cold 

BSS* The cells were then centrifuged at 600g, resuspended in BSS and 

centrifuged once more* Prom the resulting washed cell pellet, the cytoplasm 

was obtained in one of tvzo ways*

II*(i).a) Homogenisation procedure. The cell pellet wag resuspended in 

2x packed cell volume of hypotonic buffer or RSB and allowed to swell at 4° 

for 10 min* The cells were then disimpted with 20 strokes of a Potter 

homogeniser (operated manually), the disruption being monitored 

microscopically* The nuclei were removed by centri.fugation for lOinin at 

lOOOg a.nd the resulting supernatant fluid was used as cell cytoplasm*

11.1,(i)ob) Ronidet PAO procedure* The cell pellet was resuspended in 

2,0ml RBB -t- 0*5/ (y/y) Konidet P4O for each 4^10  ̂cells (1*0*, about 4^1

P0D.'/ 0 « «



per bmrler) and was agitated with a "Vortex" mixer for 5 sec, and 
centrifuged at 1000 g to precipitate nuclei and yield the supernatant 

cytoplasm» This was the method used by Wagner & Roizraan, 1969a for 

herpesvirus-infected cells and was first described by O'Brien, I964» 

Ilcle(ii), Fractionation of cell cytoplasm. The cytoplasmic fraction, 
prepared as described in section 11*1,(i) was centrifuged at 40,000 g for 
10 min to remove mitochondria* The supernatant was then removed and 
centrifuged at 105,000 g for 1-16 hours to deposit the ribosomes; the top 
three-quarters of the resulting supernatant was used as the cell sap 
fraction*

11*2* Preparation of ENA

All glassware used in the preparation of RNA was either flamed, 
alcohol-washed or autoslaved at I5 p*s*i* for 5O min before use. All 

solutions and media were sterilised by autoclaving or filtration, and 

dialysis tubing was boiled for I5 min in dilute EBTA, and rinsed with 

sterile water followed by dialysis buffer before use. These precautions 
are essentially those described by Burdon, 1967b to prevent nuclease 
degradation of ENA*

11,2*(i) Cytoplasmic RNA* Cytoplasmic RNA was prepared by one of the 
following two procedures*
11*2*(i)*a) "Cold phenol" technique* The washed cell pellet was extracted 
directly with 5 hil v/ater-saturated phenol -i- 5 ml 0*05M aimnoniuin acetate 
(pH 5«l) per burler. The solution was mixed well using a "Vortex" mixer, 
and the RNA was prepared from it as in (b) below. This method, essentially 

that described by Burdon at al*, 1967a for uninfected Cl3 cells, gave an 

identical cytoplasmic RNA profile to that obtained using the method of (b) 
below, but was not used for infected cells because of the possible fragility 
of their nuclei*
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ÏIo2,(i)*b), The cell cytoplasm was prepared (Section 11*1.(i)a,b) 

and then exT-ractod with an equal volume of Y/8i;er-aatiirated phenol; 

this was shaken vigorously or agitated on a "Vortex" mixer and 

centrifuged at 9?000g for 5 iiiin* The euperneitant fluid y/&s removed, 

macaloid was added to a, concentration of 2o5b)^6 (Vj/ir), and it was 

then re-extracted with phenolo The I'esuiting supernatant was made 

2/ (w/v) with respect to sodium acetate, and then two volumes of 

ethanol were added* The resulting solution was maintained at -20^ 

to allow précipitât ion of the MA, which was then centrifuged out at 

1200g for 3.0-30mino The M l  pellet was then washed hy re suspens ion 

in 2/ (w/v) sodium acetafe/ 677̂  (v/v) ethanol, and recentrifu_gation.

11*2.(ii) Cell sap M l  was prepared hy extracting the ooll oap 

fraction (section 11*1*(ii)), with an equal volume of phenol as 
de scribed in II* 2 *(i)* h)*

lie2c(iii) Ribosomal MA. The r-ibosomal pellet (from section. 11*1*(ii)) 

was resuspended in l-2ml RSB for each original bui'ler used* This 

solution v/as made 0«5/ (%/v) with respect to ethanol-purified SDS and 

was then extracted twice with an equal volime of water-saturated phenol; 

the BNA was then pelleted and washed with 2̂f? (Vv/V) sodium acetate / 67/ 

(v/v) ethanol as described above (11*2.(i)). This method prepared 

"total MA" from the ribosomes*

To prepai'e low mo le oui. ar weight M A  from the ribosomes, the ribosomal 

RNA pellet was extracted as follows* To the washed ribosomal RNA pellet 

was added l*Oml ice-oold IM NaOl* This was agitated in a "Vox'tex" mixer, 

maintained for 1 hour at 0-4°? mixed once more and centrifuged at I200g 

for lOffiin at 4°« The supernatant was removed and the pellet was 

extracted/..*



extracted once more with IM EaGl* The combined supernatants

contained tliev low molecular vfeight ribosome-associated MA; this MU. 

could be precipitated by the addition, of two volumes ethanol*

IIo3c Fractionation techniques fo;c TiM

IIc3c(i) Sephade.x GlOO column chromatography® The RNA preparation, 

dissolved in a, maxlmim volume of 0*5ml SSC made lOfo (w/v) with respect 

to sucrose, v/as applied to a, lo5om % 80cm column of Sephades G-lOO 

(Oali.bert et al., 1965) which had been swollen as described by the 

makers and, from which the "fines" had been decanted; the void volumo 

of the column had been determined by using of 0*5/ blue dextran

(in 10/ V//T) sucrose)» The RNA was eluted from the coltmm at 4° under 
gravitational pressure and the eluato was collected in 1ml fractions 
which were measured for s.bsorbancy at 260nm* Radioactivity was 

determined by adding TOpg heat-denatured DNA and 0,2ml of 90/ TCA to 
each sample, maintaining the samples at 4° for lOmin, and then 

precipitating each simple on to a Sartorius membrane filter under 

suction; each membrane vms then washed three times with 5/ TCA, placed 

In a scintillation vial and dried overnight at 37°» Ten ml of toluene- 

based scintillator v/as added to each vial and the sajnples were counted 

in a liquid scintillation counter*

II»3«(ii) Polyp-cïrylimide gel electrophoresis. Polyacrylmriide gel

electrophoresis was carried out as described by Loening, I967 and I969»
The buffer used was 36mM tris-HCl, 30mM RaKPO. and linî<S EDTA,pB.m7,8,4
Gels of 10/ (v//y) ac.ryXamide and of 2,®5/ (v/v) aorylamide were used; in 

the former case the concentration of blsacryla.mide was 2<,5/ and in the 

latter case 5/ that of the acrylamide» The gels contained Oo33/ (v/v) 

Temed ,
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Terne d and 0,025/ (Vi/?) ammonium persulphate* The gels were run in 
perspex tubes 10cm long and of 6.0mm internal diameter, 2wl of gel 
mixture was added to each tube, giving gels 6cm long. The M A  sample 
was applied to the top of the gel in a total volume of 10-200/rl as a 

10̂(> (vV/Y) sucrose solution and 2q,ul 0» 01/ (w/v) bromophenol blue was 
added as marker. The gels were run for 10min at 2ma/gel and there

after at 5iïia/gelo The 10/ gels were run until the bromophenol blue 
reached the foot of the gel (6cm) while the 2<,5/ gels were run until 

the bromophenol blue reached from the top of the gel*
After electrophoresis, the gels were either stained, in 0,05 ô 

Toluidine blue (Mclndoe- & Mimro, I967) and destained in running water, 

or scanned at 260ïm in a Gilford recording spectrophotometer. The gels 

were then frozen in Drikold, sliced in 1mm slices and prepared for 

counting as follows* If the isotope used was then the method used 

was a modification of that described by Tishler & Epstein, I968, The 

slices were placed in a. scintillation vial and dried at 60° for 1 hour, 
0,3ml of hydrogen peroxide (lOO volumes) was added to each vial and the 
vials were capped and shalien; the slices usually dissolved, after 

incubation for 6 hours at 60°* Then 10ml toluene/methoxyethaîiol 
scintillator was added to each vial and the samples were counted on a 

liquid scintillation counter.
1AIf the isotope used waa G or " ‘P, then each gel slice was placed 

on a. 2*5cm ¥/hatman N o d  filter paper disc and dried before counting in a 
gas-f1ow 0ount er *

IIo3o(iii) Sucrose gradients » M A  in 0*5^1 of 4/ (w/v) sucrose was 

layered on top of 5-20/ sucrose gradients which were centrifuged at 

90,000g for 3o5 hours in a swing-out rotor. The fractions were collected 

dx'‘opv?ise/, ,  *
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dropviise into scintillation vials (0@3 ml per fraction), and diluted 
with 0o2 ml distilled water for estimation of absorbancy at 260 nm; 
then 10 ml dioza.n-based scintillator was added to each vial and the samples 
were coirated in a liquid scintillation counter,

11 * 4 0 Radioactive labelling and counting of RNA and DNA.

Three isotopes were used to label RNA, ^Il-uridine (uridine-5"”‘̂H) ? 
^'^G-uridine (uridine-2-^^'C) and as inorganic phosphate; in 

méthylation studies, h-methionine (methyl-"^H) was also used 'bo label the
Xmethyl groups of RNA, Of these isotopes, only uridine-5"" H is a specific 

label for ERA (Hayhoe & Q.uag;lino, 1965) ? hence,when the level of
Xincorporation into total unfractionated RNA was required,uridine-5^ % was 

the isotope used. Only thymidine (methyl-^H) was used to label DNA.

Samples we]?e normally prepared for counting in a liquid 
scintillation counter; o, Phillips Liquid Scintillation Spectrometer v;as 
normally used and, from time to time, a Nuclear Chicago Series 725» The 
scintillators used were toluene-based scintillator, diozan-based 
scintillator or toluene/me thoxy e th.anol scintillator o,s described above, 

and efficiencies were determined by the external standard or channels 
ratio method, depending on whether the sample was homogeneous or not. 
"Double-labelled" samples or '^H/^^P) were counted by adjustment

of the channels in the scintillation counter to obtain an upper energy 
channel which measured or ^^P only. Samples labelled with only 

or only were counted in a Nuclear Chicago ga,S'«flow counter (9So7% 
he1ium/l®5/o butane),

Incorporation/ » * *
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Incorporâtj.on of radioisotope into RKA or DNA in total ce] Is. The 

procedure used for counting isotopically^labelled fractionated IdJA has 

been described in section 11^3<» The estimation of incorporation of 
labelled precursor into HhA or IMA in total cells will now be described» 
Cells were grown to confluence in 3G mm plastic Petri dishes and were 

labelled with ^H-uridine (uridine-b-^h) or thymidine» The cells 
were prepared for counting in one of two ws.ys t

(i) TCA precipitation method» The cell sheet was washed with
ice-cold PSSj. and the cells were scraped off into TCA to give a final 

concentration of 10% TCA with 250 pg bovine serum albumin (BSA) added

as coprecipitant; the cells were thon washed three times with 5% TCA
at 0° and drained well (overnight), 0»5 ml hyajmine was added to the
samples which were agitated in a "Vortex" mixer and incubated at 37° 
for 1 hour, 10 ml toluene-based scintillator was added to each sample 
for counting in a liquid scintillation counter,

(ii) Coversiip method. In this method, the coll sheet was seeded 
oy|^ three x Ip mm glass coverslips per 5^ mm Petri dish; the coverslips 
had been prepared by being bailed in dilute NaOH for 20 min, washed well 

with water and finally ethano].. aud sterilised in an oven at 120°,
After the labelling>period the coverslips were removed and placed in 

formol-saline overnight, and then washed well in ice-cold 10% TCA 

(twice) and finally in ice-cold H^Oo The coverslips were then placed 

in a scintillation vial with 10 ml toluene-based scintillator and 

counted in a liquid scintillation counter. If desired, the coverslips 

could be removed after being counted, washed in PPO-free toluene, dried 

and used for auto-radiography, as described in section 11,9»
Aliquots/ ,,,



T'rom time to time ali.quoto of a preparation of 

isotopicalXy-labelled. M A  were counted^ This was achieved by 

precipitation of the sajnple on to a Bartorius membrane aa described 

in section II»3p(i)

H h 5»(i) Protein eetiïïmitipn wao cotried out using tho method of Lowry 

et_ al», 1951; uaiiig bovine serum albumin (liSA) as standard,
IIc.5»(ii) PPA was estimated by :ita abooxi/ancy at 258djii

(40/ag' Rtr/i/ml gives an absorbanoy of 1*0),

lie60 In vitro incubâtlone

IXe6e(i)e « All the following prooedui’-es were

carried out at 4'̂® Burler-a of mock-infected, or PRT-infected colls were 

harvested at 5 hours Pdt by scraping into .Ice-cold PBS(a); the cello 

were washed by centrifugation and re.susperu!ion in PBS(a) and .finally in. 
5mM 2tUi)io;rcaptoethar!i.ol/20raM trie-EG] buffer pH 8,0, The cells were 

then .7?esuepen.dod :uj. 4 volumes of this buffer and homogenised (20 

strokes in e. Potter homogeni sei operated manually) r. The resulting 

lysate foimied the crude cell extract vdiich was normal].y used without 

centrifuging out the large particulate material. The protein concen

tration of the extract was measured and. t)io extract wag used, within a 

few hours of its preparation and without its ha-ving been frozen,

IIc-6., (ii) Assay condition.'? fox” in^lfitro incubation studios, 

was incubated at 37° w'ith 2,0mg (protein) of the above extract in a 

total volume of loOml, F.rom time to time other cofactors were supplied 

as described in the ‘’Results'* sectioiu After the desired incubation 

period, tie reaction mixture was extracted twice with an equal volume of 

water-sa/turated/, »,
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wate:r-so,turated phenol and RNA was prepared as described in section 
11,2.(i),b).

11,7» Elution of JiM from gels» RNA wag eluted from 10% polyftcrylamido 

gels by a modification of the method described by Marcan.d  ̂ 1971»

The gel slice was; incubated overnight at 60° in loOml (sterile) /xSSG 

pH 7*0 to which rnacaloid had been added to give a concentration of 

(w/y)» The salt was then removed by dialysis against two 

changes of distilled water or by diluting the solution 4»= 5 fold with 

distilled water; commercial 48 RHA was then added as ooprecipita.nt, 

and the RHA was precipitated in 2̂ o (w/y) sodium acetate/67% (y/y) 

ethanol„

11,8. Hucleotid.e analysis o,f RRA. The nucleotide content of RFA was 

determined by the method of Sebring & Salsraan, I964» P-labelled 
M A  was eluted from gels as described above (section 11,7) precipitated 

with l,Omg commercial 48 MA, washed twice in a 3:1 ethanol?ether 

mixture, desi.cca;bed for 3Û min in vacuo and hydrolysed for 18 hours with 

0.25ml O.3H ROH at 37° and the pK adjusted to pH 3^5 (2,5=4o5) with 
perohlOP-ic acid; the pellet of KGIO^ was removed by centrifugation at 

0° and the supernatant was recentrifuged. This supernatant was applied 

to a sheet (46cm x 57cm) of Vvliatman 3#I paper and olectrophoresed in 

pyi?idine-acetate-Bid'A buffer pH 3o5 (l6ml pyridine, 17ml glacial acetic 

acid, 18,5g disodium EHTA, water to 5 litres); electrophoresis was 

carried out at 300V for 20min and then at 3kY for 2.75 hours. The 

dried electropherogranis were then aut00laved for 15min at room temper

ature to remove pyridine and the nucleotides were located under 

ultraviolet/,..



ultraviolet light. The spots were cut out from the paper, placed in 

10ml toluene-based scintillator in scintillation vials, and counted 

in a liquid scintillation counter.

11,9* Autoradlographj, Determination of the percentage of cells in a, 

given culture incorporating " H«thyinidixie was performed by the method 

of Subak-Sharpep Bürk & Pitts, 1969* Cells in 50mm Petri dishes 

were seeded over 13mm glass coverslips; ^H-thyiuidixie was used to 

label the cells, and after the labelling period the coverslips were 

fixed and TCA-washed as described in section 11.4,(11), iifter being 

dried the glass coverslips were mounted with DePeX (cells uppermost) 

on 0.0-Ima gla.as microscope slides which had been degreased in ethanol 
and coated with a film of gelatine-chrome aima. The slides were 

covered with AR.IO stripping film and exposed for several weeks before 

being processed. The autoi’adiographs were developed in D19b for 5min, 

rinsed in water, fixed with Anifix (no hardener) for 4î1‘̂î̂  and rinsed 

again with water. They were immediately stained with Giemsa (freshly- 

diluted Is20 (?/?) in water) for 5%un, rinsed with water and finally 

dried in air.

Microscopic examination revealed that cells which had incorporated 

' H-thymidine had silver grains over their nuclei.

II. 10, Finder■Drinting of RITA, "Fingerprints” of Ti ribonuclease 
32digests of P-labelled RFA were obtained essentially as described by 

Sanger, Brownlee & Darrell, I965 with the slight modifications 

described by Salim, TTillianson & Maden, 1970 and Maden, Salim &

Summers, 1972, The T 3 ribonuoleaes digestion was carried out at a 

ls20 enzyme to substrate ratio in. 5 - 2 0 1  total volume for 30min at 37°*



RESULTS

7- » Studies on incorporation of '̂ H-'uridj.ne into _ tot at cell RNA

51,10 Effect of uridine concentration on uutake of H-uridine.

Before investigating the production of REA in uninfected and 
infected CIJ cells, the effect of uridine concentration in the medium on 
the uptake of ^H-uridine was examined; this aspect .of RlIA metabolism wa,s 
investigated since it was proposed to use isotopically-lahelled uridine 
throughout these studies as a measure of REA synthesis as described in 
"Methods", II.4.

Plates of Cl5 cells were set up as described in "Methods", Irl.(i) 
and then labelled for JO min with '̂ H-ux'idine (uridine - 5 - Ĥ.) in the 
presence of amounts of unlabelled uridine varying from 0.2 pM to 2J |ilh 
The incorporation of isotope into total RFA was measured by TCA precipitation 

of the cells ("Methods", IXo4*(i))« The results of such an experiment are 
shown in Fig® 10, which indicates that, between about 1.0 pM and 6,0 pK 
uj?idine, incorporation of radioisotope is independent of the molarity of 
uridine in the medium» A similar independence of incorporation from molarity 
of uridine at this level of uridine was also observed for ^^'C-uri.dine.

The effect of intracellular pool size at this "plateau" level, of 

m.’idine (icO •- 6.0 |.iM) was next examined. Different amounts of "^H-uriaine 
were added to the medium while maintaining a constant molarity of uridine 
in the medium. If pool size is negligible relative to the amount of uridine 
added, the incorporation of label should increase by the same factor that 
isotope in the medium is increased. The results of such an experiment when
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Figure 10 

%Incorporation of M-urddine into total cell RFA a,t 
yard oua uridine concentrations

50 mm plastic Petri dishes of 01J cells were set up 
("Methods", Iol,(i)) and when almost confluent were each labelled 
for 30 rain with 1 pCi/rnl of ^H.-uridine (uridine-J-T) in the 
presence of unlabelled uridine varying from 0o2 pM - 25 pM,

At the end of the labelling period the cells were scraped off, 
TCA“precipitated and hyamine digested; the radioactivity was 
determined by liquid scintillation spectrometry ("Methods", II«

4c (i)).
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Table J

Effect o n  i n c Q r p Q r a t i o n  i n to total RNA of v a r y i n g

amounts of ^H-uridine at constant molarity of uridine (2®7 pM)

pOi/ral of 
H-uridine added

1

Incorporation
(dop.mo X 10

24.8

99.7

220.8

Incorporation is expressed as dop,m, incorporated into ÎÜM, 
obtained as described in the legend to Fig® 10.
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the medium concentration of uridine is equivalent to the "plateau" level 

of Fig. 10 (in this case 2^7 pt'O is shown in Table J® This indicates 

that, as the ojnount of added label increases, so does the amoimt of label 

incorporated, by a similar factor. Hence at this concentration of uridine 

in the medium, the effect of the intracellular pool of uridine on incorpor
ation of labelled uridine is negligible.

Thus this "plateau" level of around J fiM uridine was used in 
subsequent experiments and was adjusted from time to time for experiments in 

which longer labelling times were used; however, the concentration of 6 pM 
(the ïïiaximuîTj concentration on the "plateau" in Fig® lO) ŵ as never exceeded.

%I.2. Uptake of ^H-uridine into PITV-infected cells.

To investigate incorporation of tritia ted uridine into total RNA 
in the PRV-infected cell, plates of GIJ cells were set up and infected or 

mock-infected with PRV, as described in "Methods", I.l. At various times 
after infection, the cells were labelled for 1 hour with uridine - 5 - 

and harvested immediately after labelling ("Methods", 11,4» (ü)) * The
results are given in Fig. 11, which shows thafc the incorporation of ^H-uridine

into UFA decreases steadily after infection, and reaches 15% of the mock- 

infected (or uninfected) level after 5 " 6 hours.

II. Cytoplasmic RFA synthesis in exponentially-growing uninfected and 
PRV-infected cells.

11.1. In y:Lyo_ labelling studies of exponentially-growing cells,

11.1.(i). Sephadex GlOO column chromatography,

A commonly-used method of separating the low mole cud. ai.' weight
species of RFA from the larger species is by gel filtration on a Sephadex GlOO
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at various times aftcj- PRV-infcction

50 mm plastic Petri dishes of 01$ cells were set up, seeded 

over 5 15 mm glass coverslips per disho Plates v/ere either mock-

infected or infected with PRV at 20 p«fcUc/cell, and were labelled for 
1 hour periods from 1 - 5  hours P,!* with 1 pCi/ml of ^H-uridine 
(uridine - 5 ™ At the end of the labelling period the coverslips

were removed, fired and counted (’’Methods”, IIo4« (ii))<> The plates 
were set up in duplicate, and hence 6 coverslip results were obtained 

for each point; the figure graphed is the average of the 4 median count?
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column (see - "Methods” , II..5«(i); Galihort ot al«, 1965)̂  A typiccd. 
separation of cytoplasmic RNA on such a ooluim is shown in i'igo 12; there 
are three peaks of absorhancy at 260 nin® The first, eluting between 
25 45 ml elutes with the void volume (obtained by the use of Blue Bextran --

"Methods”, II*$o(i)); the second peak elutes between ^0 - 60 ml and the 

third between ']0 - 90 mlo The three pea.ks are respectively the two 
largest ribosoraal RNAs (also messenger RRA), 5̂) RRA and 4t> RNA (Oalibert 
et alc s 1965)e It can be seen from Pig» 12 thab, in our hands at least, 

the separation of 58 RhA from ribosomal RhA is poor. However, this method 

does allow large amounts of RKA to be separated, and this is especially 
convenient if incorporation of radioisotope is low.

Earlier work using Sephadex GIOG chromatography (Shepherd, 1969)
%had shov/n. that the elution profile of cytoplasmic RNA labelled wJ.th H-urid.ine 

for 50 min periods was considerably changed by infection with FRY at any t:l me 
from 1 - 7  hours It was decided to repeat this experiment as a
preliminary to characterising the nature of these changes in RNA synthesis 

induced by PRY-infection, Cells were labelled at 5 hours P,Ie since by 
then host DNA synthesis has virtually ceased (Kaplan s,nd Ben-Porat, I969), 

virus DNA synthesis is well under way (Kaplan and Ben-Porat, 1969, also 

Eigo 41) o.nd progeny virus have begun, to appear inside the cells (Sydiskis, 

1969); similar results have been obtained in this department,

Thus PRV-infected cells were labelled for $0 min v/ith Ü-uridine 
at 5 hours P«I,, while mock-infected colls were labelled for 90 min with 
^^G-uridine; these cells were then harvested together and cytoplasmic RNA 

was prepared ("Methods”, II«l,(i)a and IIo2e(i)b) and fractionated on a 
Sephadex GlOO column, The results are shown in Pig, I9 and reveal that,
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Figure 12,

Sephadex GlOO column chromâtop;raphy

hurler8 of 015 cells were harvested, the cytoplasmic 
fraction v/as prepared ("Methods”, Ilolo(i)a) a.nd R M  was extracted from 

it by phenol-extraction ("Methods", II«2c(i)b), and was chromatographed 
on a lo5 % 80 cm column of Sephadex GlOO ("Methods", 11^5*(l))* 8SG 
Was used as eluant and 1,0 ml fractions were collected. The absorhancy 
at 260 nm of each fraction was measured on a SP 500 spectrophotometer.
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Figure ‘lb

30 min pulse-Iabel of PRV-infected and uninfected cell cytoplasmic 
RNA chromatographed on a Sephadex GlOO column

Nearly-confluent burlers of 013 cells were infected or 
mock-infected and 5 hours P*I. were labelled for 30 rain with

14n■̂ H-inridine or '̂"’’C-uridine respectively. The burlers were harvested 
together with unlabelled cells. Cytoplasmic RNA was prepared by 
pelleting the nuclei and phenol-extraction ("Methods", II@2,(i)b) 

and was fractionated on a 1,5 ^ 80 cm Sephadex GlOO column ("Methods",

II.3°(i))* 8SG was the eluant and 1,0 ml fractions were collected, 
their absorhancy at 260nm estimated on a SP5OO spectrophotometer, 

and the d*p,m, in each fraction obtained by TCA precipitation of the 
fractions on to cellulose acetate membranes and subsequent liquid 
scintillation spectrometry.

 , absorhancy at 260nm
from H™uj_____
(PR,V“'infected cells)

ÿ ^^C d.pym. from ^^G-uridine
(mock-infected cells)

3 3, XÎ d,p,mo from ^H-uridine
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after a $0 min puJ.se--labe.l̂  the position of tho three peaks of radioactivity 

in tho uninfected cell KNA is very similar to the absorhancy jjrofile, i,e* 

there are peaks of rRNA, RNA and 4S R.NA ; the only radioactive peak 
which does not correspond exactly in position to that of the absorhancy is 

that of 4-S RNA„ vdiich is very slip,htly displaced towards the positiono 
This slight displacement is probably owing to the very small amount of 
pre-tRNA labelled after ^0 min in uninfected CI5 cells (see "Introduction", 

IIXc':5o (ii)a; also Smillie, I970) <> There are, however, large differences 
in the relative amounts of isotope in the three peaks, notably the rRNA is 
present in a small amoimt relative to 5S RNA and 4-S RNA« This is to be 
expected since the processing of ribosomal RKA from nucleus to cytoplasm is 

slow - about 50 min for 18S and longer for 288 (Penman et al0, 1^66; Penman, 
1966; Pig. 48).

The radioactive profile of the infected cell RNA is very different 

from that of the uninfected cell RNA; it contains rRNA but the material in 

the low molecular weight region is very poorly fractionated. Most of the 

material elutes between the $8 cind 4^ RNA absorhancy peaks and only a very 
small fraction of material coelutes with 4S RNA; there is a sharper 58 RNA 
peak in the infected cell RNA than in the uninfected cell RNA. One further 

difference between the infected and the uninfected pulse-labelled profiles 

in Fig. 15 is the relatively even smaller amoimt of rRNA present in the 
infected cell; this is due to the strong inhibitory effect of pseudorabies 
virus on rRNA synthesis and will be discussed later.

Thus Fig. 13 shows that PRV-infection causes marked changes in the 
synthesis of cytopj.asmic RNA species, especially in the region of 58 to 48 

RNA. These differences in elution profile between the infected emd uninfected
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Top of gel

uw-'-absor'blng 
material but 

not RKA

Figure 14o Absorbancy trace at 260 nm of a 10% polyacrylamide
gel electrophoretic separation of cell cytoplasmic RNA

Cytoplasmic RNA was prepared from 015 cells (’’Methods" ̂
II.2,(i)b) and was electrophoresed on a 10% polyacrylamide 

gel ("Methods"y 11,5,(11)), The absorhancy trace at 
260 nm was obtained using a Oilford model 2/jO spectro
photometer with a linear transport attachment (model 24IO),



(1

cytoplasmic HNA must be due to the effect of PRV-infoctlon since the 

"double-label" technique ensured that the method of preparation was 

identical; (by "double^label" is meant the use of two different isotopes 
of the same radioactive precursor - here -̂ ih-uridine and '̂̂ C-iiridirie for 

the infected and uninfected cell respectively). Differences due to 

isotope effects were excluded by reversing the labels in a subsequent 

experiment in which '̂ "̂ 'G-uridine was used to label infected cells and 

^H-uridine was used to label uninfected cells. Artefacts due to J.sotope 
differences wore further ruled out by subsequent experiments in which 
"^H-uridine wa.s used to label both infected and uninfected cell cytoplasmic 
RNA (section IIol, (iii)etc<. ) ,

Investigation of the differences in RNA thesis between the 
infected and the uninfected cell - especially of the striking differences 
in the low molecular weight region - is complicated by the poor .resolution 

by Sephadex GlOO colunns of 5S RNA from rRNAy and of the region between ^5 
and 4S RNA, Thus, to achieve better resolution, 10% polyacrylamide gels 

(Loeningj. 196?) were used to fractJ.onate RNA in all subsequent work on low 

molecular weight RNAs *

IIol*(ii)o Calibration of the 10% polyacrylamide gel system.

The separation of a cytoplasmic preparation of RNA (prepared as

described in "Methods", 11,2» (i)) is shov/n in Fig, 14, in v/hich absorhancy 

at 260 nm is measured in the intact, unstained gel ("Methods", Il*5«(ii))« 
There are three peaks. The 28S and 183 rRlTAs do not enter a 10% gel; they 
remain on top of the gel and are hence liable to be lost in the processing 
of the gel, making their quantitation difficult. The smaller species of
RNA do enter the gel, and it can be seen that there is good separation
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between 53 and 43 RM, v/hich v/ere identified by reference to published 

data (e»g, Looning, I966); the identity of 4S RKA v/ith the 43 TiilA peak of 
Sephadex GlOO column chromatography v/as independently confirmed in a 
subsequent experiment (Fig, l6b)«.

Choice of isotope for future experiments, V.bile there are clearly
advantages in the interpretation of results from experiments in which a

double-label technique (as in Fig, I3) has been used, we had experienced low
levels of radioactivity from '̂ '"̂ C-ucidine incorporation. This v/as the resul.t
of : (a) the low specific activity of ^^'C-uridine preparations commercially
available, and (b) the decrease in RNA. synthesis after PRV-infection. Thus

%it was decided that in the following series of experiments Il-uridine should 
be used to pulso-label both infected and uninfected cell cytoplasmic RKA; 
this necessitates that the material is worked-up and electrophoresed 
separately. To facilitate comparison of gels, cytoplasmic RKA labelled to 
equilibrium with ^^C-uridine v/as prepared (Fig» 15) y en.d v/as co-electrophoresed.

Xroutinely with the sample of "^H-labelled RKA, This "double-label" technique
Xallov/ed the radioactive elution profile of the ''̂ H-RKA to be comp/ired directly 

v/ith this interna.! ^^'C-marker RKA, and circumvented the difficulty of relating 
the absorhancy trace to the dopnm, obtained .from each gel slice. In addition, 
in later v/ork it became important to be able to pinpoi.nt the exact relative 
position of the radioactivity and absorhancy pealcs.

The gel profile of the ^'^C-marker RKA fractionated on a lO/b 

polyacrylamide gel is shov/n in Fig* I5. The material v/as prepared by 
labelling cells with '"^^C-uridine for 20 hours (i»e, for about one Cly cell 

generation). This long incubation gives rise to radioactively-labolled RKA 

equivalent to the absorhancy profile shov/n in Fig» I4, as comparison of the
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Figure 15 ^^C^internal marker RFA electrophoresod on a 10%

polyacrylamide ael

One nev/ly-oonfluGiit burler of CI3 cells was labelled for 20 hours 
with^^C-uridine (0o25 pCi/ml) and RKA was extracted by the "cold 

phenol'' te clinique ("Methods", II.2e(i)a) and dissolved in 2*0 ml 

distilled water* 100 pi was electrophoresed on a lÔ t polyacrylamide 

gel, which was sliced, and the slices were counted on a gas-flow 
counter ("Methods", II,3,(ii)),
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two figures indicates. It should he pointed out that tho ^^C-markor RKA 
is so highly labelled that the amount added to each gel has d.p.iru but no 
absorba.ncye Thus absorhancy traces of the sample RKA alone can be obtained 

even when the internal ^̂ "(kanaxTcer is co-electrophoresed.

To confj.i’m that the larger (in sioount) of the two peaks which 
enters the gel is indeed 4S RKA, the pooled 4S RKA fractions from a Sephadex 
GlOO column of 013 cell cytoplasmic RKA labelled with ^R-uridine for 2 hours 
were prepared (Fig. Ida)* This pooled 4S RKA material v/as co-nloctrophoresed 

with the ^'^C-marker RKA and the result of this is shov/n in Fig* l6b* It is 

clccu: that RKA from Sephadex GlOO is identical to tho peak designated as 
48 RKA on 10% polyacrylamide gels, since the two peaks exactly coincide*

Once more, comparison of Figs. l6a and l6b shows that the 

separation of the lov/ molecular weight RKA species afforded by 10% poly
acrylamide gel electrophoresis is superior to that obtained by Sephadex GlOO 
column chromatography*

II*lo(iii). 10% polyacrylamide gel electrophoresis of pudse-labelled RKA.

Kow that the labelling and fractionating systems had been 
satisfactorily worked out, RKA metabolism in the 1-RV-irifected cell could be 
investigated*

Infected and mock-infected cells were pulse-labelled at 5 hours

P*Ia v/ith Jl-uridine and the cytoplasmic RKA was prepared in an experiment
similar to that described earlier (section II.l*(i)); the tv/o samples of 
5 14H-RNA v/ere co-electrophoresed separately with the 'C-internal marker* In 
this experiment a 45 min pulse-labcl wa,s used instead of a $0 min label in 
order to decrease the already very small amount of pre-tRKA in the uninfected
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Figure l6a.

Sephadex GlOO column chromatography of uninfected cell cytoplasmic 
RFA labelled with H-uridine for 2 hours

Fearly-conflnent burlers of 013 cells were labelled with
%H-uridine for 2 hoursj RFA was then prepared and chromatographed 

on a Sephadex :GlOO column as before (Fig* 13), The fractions 
indicated by hatching were combined, and the RNA was precipitated 

from them by 2% sodimi acetate/67% ethanol and resuspended in a small 

volume of distilled water*

absorhancy at 260nm

Î ÏÏ do p.m. from "̂ ll-uridine,

Figure l6b«
polyacrylamide gel electrophoresis of column-purified AS RNA

7The sample of •'̂ H-RKA prepared as described above wa,s 

co-electrophoresed on a 10% polyacrylamide gel with 20 p.l of 
^^G-internal marker. The gels were run, sliced and counted on a 

liquid scintillation counter as described in "Methods", 11*3,(11)*

3 3, d*p,.nu from H-uridine
j dp.m. from internal marker
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cell cytoplasm. The results from this experiment are shov/n in Fig. 17a and h. 

It can he seen that after a 45 min label the ïi'M from uninfected coll 
cytoplasm electrophoreses in a very similar manner to the internal '‘’C'-marker 

with only a very small amount of material between 5S and /jS, i*e* after 45 miU; 
the low molecular weight cytoplasmic HKA of uninfected cells has been labelled 

almost to equilibrium. In the infected cell, hov/ever, the 45 min-1abetled 
cytoxlasmic RKA gave a polyacrylamide gel electrophoresis profile similar to 
that obtained on a Sephadex GlOO column (Fig* 13)s the characteristics of 
the profile are a relatively large 58 peak, a grcea/b deal of material between 
58 and 48, and very little material in the 48 position* The material 
between 58 and 4-S (Fig* 17b) consistently eluted as two main peaks, wliich 
have been designated throughout these studies as peak I (closer to 5S) and 
peak II; peak II often contains s, second minor peak*

The total drp«mo incorporated into rRl'Z, 58 RNA, 48 RFA and peaks 
I -I- II are tabulated in Table 4« The small amount of material between 58 
and 4-8 in the RKA from uninfected cell cytoplasm is tabulated as 1 *f II for 
purposes of comparison only* Tho table shows that rRRA production is very 
strongly inliibited by PRV infection, 48 RNA synthesis is less inhibited and 
58 RNA synthesis is even less inhibited*

3In the uninfected Cl3 cell, H-labelled RNA appears between 58 and 
48 after very short incubations (about 5 10 min) with ^H-uridine precursor;
this material has been shown to be the precursor to tRKA ("Introduction",

III*3,(it)? Smillie and Burdon, 1570)« In the uninfected Cl3 cell, the 
maturation of this precursor is rapid and so a short pulse-label is necessary 

to label this precursor rather than 48 RNA; hence a 45 ^̂ io label (Fig. 17a) 
shows only a very small amount of material that could be pre-tRNA* Now,



Figure 17

Coi'iTparison of -uni n f e c t e d  an d  i n f e ct e d  c ell cy t o p l a s m ic RNA 
e l e c t r o p h o r e s e d  on 1 0 %  p o l y a c r y l a m i d e  gels

Nearly-confluent burlers of CIJ cells were either (a) 
mock-infected or (b) infected with FRY, and at 5 hours P.I* were 

labelled for 45 min with ^H-uridine (3dCi/ml)o The cytoplasmic 
RNA was prepared by phenol-extraction of the cytoplasmic fraction 
("Methods", II«,2«(i)b) and an aliquot of each sairiple was 
co-electrophoresed with 20[il of internal rnaxker on 10% 

polyacrylamide gels, which were run, sliced and counted as described 

in "Methods", 11*3'(ii)*

3 3*, H d*pome from "^H-uridine

do p.m. from internal marker.
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Table 4

\ U A

Incorporation of ^H-uridine into cytoplasmic RNA species 
in uninfected and PRV-infected colls during a 45 min

pulse-label

Uninfected (d.p.m. x 10 

Infected (d.pnri. x 10°"̂ )

Data taken from Pig* 17»

rRNA

257

58
10.5

I + II 
17.8

48

48 «4

I + II 4 48. 
66.2

21 5.7 14,0 7,7 21.7

8 54 79 16 55



it is known - that PB.V decreases overall RNA synthesis af ter infection 

(Figs 11) j and that /|8 RhA synthesis is decreased to 16̂ 0 by  ̂hours P«Ia 

(Table /]), a reason for this decrease might bo a retardation oT the rate of 
maturation of pre-tRhA» If this were the case, then %-)re-tRNA would romain 

labelled in the infected cell after longer labelling times than it does in 

the uninfected oell«, Thus the material between and 4o TŒA (designated 

as I and II ) in the infected coll cytoplasm could be pre-thilA; the final 
column in Taible 4 indicates what would be tho true level of "4S JîhA-̂  in the 
infected cell if I and II were precursors to tRRA* This then suggests that 

we can distinguish two effects of PRV on 45 RKA synthesis: (a) inhibition
of maturation of pre-tRPA, and (b) a decrease in the synthesis of pre-tRRA,

Gel electrophoresis of briefly-labe'l led RNA from uninfected colls. The 
following series of experiments was designed to examine the material 
designated I -1- II in the PRV-infected cell, and to try 1;o determine :i.f this 
material behaves as pre-tRRA,

It seemed important at this stage to establish the electrophoretic 

properties on 10%  polyacrylamide gels of material known to contain a high

proportion of pre-tRNA* Thus uninfected CI5 cells were pulse-labelled for
%b liiin and for 10 min with H-uridine; this length of label in CI3 cells is 

known to produce predominantly pre-tRMA rather than tRNA (Smillie and Surdon, 

1570? Smilliej 1970)^ The cytoplasmic RiJA from these experiments was 

prepared on described in "Methods", II«2,(i)«b and electrophoresed separately 

on 10̂ 6 polyacrylamide gels with the ^̂ 'C-rnarker RRA. The results are shown 
in Pigs, 18a and b, Tho 5 min pulse-labelled RKA (Pig, 18a) shov/s material 
predominantly between 5S and 45* it appears as twn main peaks, possibly 
analogous to peaks I and II of uninfected coll cytoplasmic RKA« The 10 rnin
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Figure 18,

Uninfected cell cytoplasmic RRA labelled for 8 min and for 

10 min electrophoresed on lÔ o polyacrylamide gels

Rearly*“Confluent Cl3 cells were labelled for (a) 5 min 
and (b) 10 min with ^H-uridine (5|iCi/ml) and the cytoplasmic ERA 
was prepared by phenol-extraction of the cytoplasmic fraction 
("Methods", II»2o(i)b)a An aliquot of each sample was electro- 

phoresed on 3.0̂ 6 polyacrylamide gels with 20pl internal marker5 

the gels were run, sliced and counted in a liquid scintillation 

counter as described in "Methods", IIob°(tt)°

j, dop«m, from ^E-uridinedop«m, from
I4n 14

9 C depum* from 'C-internal marker,
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labelled RNA (Fig. 18b),in contrast,contains a significant amount of 4S IlM, 
but over half the material smaller than 3S RHA electrophoreses between 5S 

and 4S “ also as two peaks. A 5 niin or a 10 min pulse-label of uninfected 
Cl3 cells has been reported to produce predominantly pre-tRM in the low 
molecular weight cytoplasmic RNA fraction, eluting as one peak from a Sephadex 
0100 column (Smillie and Surdon, 1970; Smillie, 1970). The superior 
resolving power of the polyacrylamide gel system has probably enabled this 
peak to be fractionated into two species.

Gel electrophoresis of pre-tRNA from uninfected cells. Since the presence 
of two peaks in the pre-tRNA region is novel, it was decided to electrophorese 
on the 10% polyacrylamide gel system material' established to be pre-tRNA by 
the criteria used by Smillie and Surdon, 1970, but which appeared as a single 
peak on GlOO Sephadex,

Pre-tRNA from uninfected Cl3 cells was kindly prepared by Dr. J, 
Smillie by labelling CI3 cells for 10 min with ^R-uridine, preparing cytoplasmic 
RNA ("Methods”, 11,2,(i)*a), and fractionation of the RNA on a Sephadex GlOO 
column. Fractions were taken from the column as indicated in Fig, 19a to 

correspond to partially-purified pre-tRNA. This material can be converted to 

4s RNA in vitro (Smillie and Rurdon, 1970s similar results have been reported 
by Movfshov/itz, I970). This partially-purified pre-tRNA was co-electrophoresed 
on a 10% polyacrylamide gel with internal marker. The result is shown in 
Pig. 19b,, and it is clear that the single diffuse peak of pre-tRNA on a GlOO 

column has been resolved on the lÔ 'o polyacrylamide gel into two main peaks, 
electrophoresing between 5S and /[S RNA. These two peaks of pre-tRNA appear 
on the gel in a similar position to the material designated peaks I and II 
observed in the infected cell cytoplasm after a 5O or 45 min label. If then 
this infected cell RNA is pre-tRNA, its appearance after a 30 - 45 min pulse-



Figure 19a

Sephadex -GlOO column chromatography of uninfected cell cytoplasmic 
RNA labelled with '^H-uridine for 10 mins

Nearly-confluent burlers of CI3 cells were labelled with 
^H-uridine for 10 mins; the cells were harvested and RÎ'îA prepared 

by the "cold phenol" method ("Methods", II,2#(i)a) and chromatographed 

on a Sephadex GlOO column, and the hatched fractions combined as 
described in Fig. l6a.

, absorbancy at 260 nm
X X, H d.p.m. from H-uridine.

10% polyacrylamide gel electrophoretic separation of partially-

purified pre-tRNA

XThe sample of '̂ H-RNA prepared as described above was 
co-electrophoresed on a 10% polyacrylamide gel with 20pl of 

■'V ̂ C-internal marker. The gels were run, sliced and counted in a 
liquid scintillation counter as described in "Methods", II.$,(ii),

X X, H d.p.m. from H-uridine
 , d.p.m. from ^^C-internal marker.
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label could be explained by a retardation of the maturing process. This 

hypothesis was tested by the following series of experiments designed to 
examine the kinetics of production of low molecular weight cytoplasmic RKA,

Time-course of cytoplasmic RKA from the infected cell. The kinetics of 

appearance of this 4 to 53 material in the infected cell was investigated. 
Infected cells were labelled for various lengths of time at 5 hours P.I. with 
^H-uridine. The cytoplasmic RKA was extracted ("Methods", II.2,(i)b) and 
co-electrophoresed with the ^'^G-marker RKA. The results obtained from 
pulse-labelled periods of 10 min, $0 min, 45 min and 2 hours are shown in 
Fig. 20. In all cases there are 53 and 43 RKA peaks and also, between 53 
and 43, the two peaks designated as peaks I and II, After a 10 min pulse- 

label (Fig. 20a) there is a distinct 53 RKA peak, peak I, peak II and
virtually no 43 RKA. As the length of labelling time is increased the
amount of label in peaks I and II increases and the 43 peak also increases, 

eventually becoming the most highly labelled low molecular weight RKA species 
in the cytoplasm; in addition, at these longer labelling times there is 
more peak II relative to pealc I than in the samples pulse-labelled for 
shorter times.

These results suggest that there may be a flow of labelled Ri\iA 

from pealcs I and II to the 43 position, or possibly from peak I to peak II to 
48, This does suggest a 43 RKA precursor function for peaks I and II, 
although these results could be explained by brealcdown of peaks.I and II and
réutilisation, coupled with separate synthesis of 43 RKA, These possibilities
are examined in the next series of experiments using actinomycin D and also 
in the in vitro chase experiments described in sections 11,2 and III.2,

The results of Fig. 20 also show that, if there is a maturation of



Figure 20

Time-course of infected cell cytoplasmic RKA

Newly confluent burlers of GI5 cells were infected with 
PRV, and at 5 hours P.I. were labelled for (a) 10 min, (b) 50 min,
(c) 45 min, and (d) 2 hours with ^H-uridine (5pCi/ml), Cytoplasmic 
RNA was prepared by phenol extraction of the cytoplasmic fraction 
and electrophoresed on 10% polyacrylamide gels as described in Fig.. 17*

% X, d.p.m. from H-uTidine

, d.p.m. from ^^C-internal marker.
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peaks I and II to 4S in the PEV-infected cell, it is much slower than in 

the uninfected cell, In Pig. 20 there is virtually no 4S RNA after a 
10 min label, while there is a substantial amount in the uninfected cell 
(Pig, 18b); in fact, this infected cell 10 min-labelled material is very 

similar to the 5 min-labelled--material of the uninfected cell (Pig. 18b).
In these present results (Pig. 20) the amount of peaks I and II reaches a 

maximum between 30 - 45 min, and distinct amounts of peaks 1 and II remain 
after a 2 hour label; however, in the uninfected cell a pulse-label of 
2 hours gives a radioactivity profile virtually identical to that of the 

absorbancy trace (see Pig. I6a) and even at 45 min the labelling pattern is 
veiy similar to the ^^C-marker (see Pig. 17a).

One additional feature of the labelled infected cell RNA (Pig. 20) 

is the high level of 5s RNA relative to the amount of 4S RNA, This will be 

discussed and investigated later,

Purther studies on peaks 1 and 11 by use of actinomycin R . The investigation 
of the nature of the RNA in peaks 1 and 11 was continued by studying their 
behaviour in the absence of new RNA synthesis. If peaks 1 and 11 are 
labelled for a period with H-uridine in vivo and then RNA synthesis is 
prevented, the fate of the labelled RNA can be followed; if they are 
precursors to tRNA then,after a suitable length of time,the radioactive label 

incorporated into peaks 1 and II should appear in the position of 4S RNA.
New RNA synthesis can be prevented by the use of 5 pg/ml actinomycin D in 

the medium (Perry and Kelley, I968, I970).

Thus two burlers of CI5 cells were infected with PR,V and at 5 hours
%P.I. both were pulse-labelled for $0 min with H-uridine. One burler was 

harvested immediately, while the other burler was "chased" for $0 min.
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The "chase".conditions consisted of replacing the medium with fresh medium 
containing 5 pg/ml of actinomycin D to prevent new RNA synthesis; the 

new medium also contained 20 times the previous level of unlahelled uridine 
to dilute out the radioisotope in the cellular uridine pools. Cytoplasmic 

RNA was prepared from both burlers ("Methods", 11,2,(i)b), and co-electro

phoresed on 10% polyacrylamide gels with ^^C-marker RNA; the results of 
the $0 min pulse-label and the $0 min pulse-label followed by a $0 min "chase"

are shown in Pigs. 21a and b respectively. Pig, 21a - which gives the

result of a $0 min pulse-label of infected cell cytoplasmic Rl̂ A - resembles 

previous Pigs, 17b, 20b and 20c showing similar 50-45 min labels, although 
in this case peak 1 has separated more clearly than before from 5S RNA,
It is of interest to note that there appears to be a slightly smaller 
relative amount of 40 RNA in this experiment than appears, for example in
Pig, 20b; the most probable explanation for this would be an effective
incubation time slightly shorter than 50 min.

The 50 min-labelled infected.cell cytoplasmic RNA "chased" for 
50 min is shoivn in Fig, 21b. This indicates that the amount of material 
in the 4S RNA peak has increased during the "chase" while the amount of 
label in peaks I and II has decreased. This result strongly indicates

that peaks I and II are precursors to 4S RNA, Note also that there has 

been a small decrease in the amount of 5S RNA,

Tabulation of the counts in each peak is shown in Table 5» peaks 
I and II are taken together because of the difficulty in resolving these 

two species accurately, (it should be noted that species 1 is imperfectly 

resolved from 5S RNA, as is species 11 from 4S RNA; hence a degree of error 

may thus arise when calculating the counts per peak). This table shows



Figure 21.

In vivo' 50 min-chase"of infected cell cytoplasmic RNA

Two nearly-confluent burlers of 013 cells were infected 

with PRY* At 5 hours P.l. both burlers were labelled with 3nCi/ml 
of ^H-uridine (final concentration of uridine = 1 jiM) for 30 min.
One of the burlers was then harvested (a) while the other was "chased" 
for 30 min before harvesting (b). "Chase" conditions consisted of 
replacing the medium with fresh medium containing 5 |ig/ml actinomycin D, 
20 pM with respect to uridine.

Cytoplasmic RNA was prepared from both these samples and 
electrophoresed on 10% polyacrylamide gels as described in Pig. 1?.

3 3, d.p.m. from H-uridine
, d.p.m, from ^^C-internal marker.
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Table 5
Incorporation of ^H-uridine into low molecular weight cytoplasmic 

R M  species in PRV-infected cells during a 30 min pulse-label and

a subsequent 30 min "chase"

<ut)•iH
rHW

(NIO
rH

PU

>
o
?oHIrH

5S I + II 4S I + II + 48 Total
d.pom.

50 min 
pulse-label

1410 3855 1550 5405 6815

30 min pulse- 
label + 30 min 

"chase"
1280 2640 2190 4330 6110

Data talcen from Fig, 21.
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that the labelled material in the 4S region increases by 40%, and this is
paralleled by the fall in the amount of peaks I and II. The overall

recovery of counts is 90%. This suggests that some labelled material may 

have been lost in the processing of I and II to 4S, as occurs in the 

maturation of pre-tRNA in the uninfected cell (Smillie and Surdon, 1970). 

Clearly, the appearance of labelled material in the 4S RNA region can not be 
explained simply by a breakdown of labelled material and its subsequent 
réutilisation.

This result indicates that at least a, portion of the RNA in 
pealcs I and II moves into the 4S position, but that about 70% of the 
material in peaks I and II still remains after a 50 min "chase". Thus, a 
similar experiment to that described above was performed using a longer 

"chase" period. If peaks I and II are precursors to 40 RNA, then a longer
'bhase"period should result in a greater loss of material from peaks I and II

and a corresponding increase in the amount of 40 RNA.

The pulse-labelling period used was 45 min and the cells were 
"chased" for 1 hour. The results of this experiment are shown in Fig, 22,

and the counts in each peak are tabulated in Table 6, The 45 min pulse-

label of infected cell RNA gives the now familiar pattern of a sharp 50 peak, 
peaks I and II, and a 40 peak. After the one-hour "chase", about 87% of 
the counts in these low molecular weight species are retained but have been 

markedly redistributed such that once more there is a, large increase in 4S

RNA with a concomitant decrease in species I and II,

There is also apparently a decrease in this amount of 58 RNA.
This will be discussed later.

Correlation of data from "pulse-chase" experiments. Fig. 25 is an attempt
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Figure 22.

In vivo 1 hour "chase" of infected cell cytoplasmic RNA

Tv/o nearly-confluent burlers of C15 cells were infected 
with PRV. At 5 hours P.l. both burlers were labelled with PpCi/ml 
of ^H-uridine (final concentration = 1 pM) for 45 min. One of the 
burlers was then harvested (a), while the other was "chased" for 
1 hour before harvesting (b), "Chase" conditions were as described 

in Fig. 21.
Cytoplasmic RNA was prepared from both these samples and 

electrophoresed on 10% polyacrylamide gels as described in Fig. 17.

 ̂ 3- H d.p.m. from- H-uridine
-f ^^C d.p.m, from ^"^C-internal marker.
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Table 6

Incorporation of '" Ĥ-uridine into low molecular weight cytoplasmic RNA 

species in PRV-infected cells during a 45 min pulse-label and a
subsequent 1 hour "chase"

Data taicen from Fig. 22.

58 I + II 48 I + II + 48 Total
d.p.m.

45 mi#
pulse-label 14750 40200 . 20550 60550 75500

45 min pulse- 
label 4 1 hour 

"chase"
6400 26100 55350 59990 66590
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Length of pulse-lahel (min)'

0.8

0,6

I + II0.4

0.2

45 min + 1 hour "chased10 50 45 120
Length of pulse-lahel (min) .

Composite figure of cytoplasmic RNA synthesis in the 
uninfected and PRV-infected cell

a) Cytoplasmic RNA synthesis in the uninfected cell 
h) Cytoplasmic RNA synthesis in the PRV-infected cell.

Data taken from Pigs. 15, 17» 18, 20 and 22.
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to correlate some of the above data into a composite picture of the 

behaviour of cytoplasmic low molecular v/eight RNA before and after infection 

with PRV, The "total" number of counts is taken as the sum of 58 4- I + II +
4S, and the fraction of counts in any one species is related to this "total",

plotted against length of time of incubation of the cells with radioactive 
uridine. Peaks I and II are summated throughout for convenience, and to
avoid the difficulty of separation of these closely electrophoresing species.

The difficulties in calculating the counts per peak discussed in relation to 

Table 5 must also be borne in mind here.

Pig, 25a refers to uninfected cell RNA, The labelling times of 

5 min, 10 min and 45 min are taken from Figs, 18a, 18b and I?a respectively. 

The last time^point is 20 hours, taken from the ^^C~marker (Pig, I5) where 
the equilibrium state almost certainly has been reached. The fraction of 

counts in 48 increases with time and the fraction of counts in I +, II 
decreases.- as is expected in a precursor-product relationship. The level 
of counts in 58 is virtually constant except at 5 min when it is slightly 

elevated.

Pig. 25b is the composite graph of infected cell cytoplasmic RlîA.
In the infected cell it is practically impossible to label to equilibrium 

for two reasons: (a) PRV has a short lytic cycle, and (b) the amounts and
types of the various RI'TA species in the infected cell are not constant but 
change throughout the infectious cycle. Hence,in Fig. 25b the final time* 

point is not a long label but the 45 min label + 1 hour "chase", taken from 

Pig, 22b, The infected cell pulse-label times of 10, $0, 45 ond 120 min 
are taken from Pig, 20. In the composite graph the amount of label in 

peaks I and II rises initially and then gradually falls, while 48 RNA climbs
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gradually. 58 R M  has an initial fall and rise and then levels off.

This suggests that the flow of material could be 58— > (l 4- II)>— >48, 
raising the possibility that part at least of the infected cell 58 ENA is a 

tRNA precursor; another possibility is that peak I overlaps into the 58 
RNA position. These possibilities, and further discussion of 58 RNA in 
the infected cell, will be more fully considered later.

Comparison of the two sets of graphs (Pigs. 25a and b) shows that 

the relative amounts of the various RNA species is almost the same after 
about 15 rain pulse-label in the uninfected cell as at about 100 min in the 
infected cell - see positions indicated by arrows. This lends weight to 
the suggestion that the production of mature 48 RNA from species I and II in 

the infected cell is slowed down, relative to the uninfected cell.

11,2. In vitro incubation studies.

As a result of the work discussed in the previous section (ll.l. 
(iii)), it appears that one effect of PRV infection of Cl5 cells is to slow 
down the production of mature 48 RNA from precursor species. The extract 

of CI3 cells which matures tRNA contains nuclease activity (Smillie and 
Burden, 1970); an endonuclease jjerforms this maturing function in bacterial 
cells (Altman and Smith, 1971)* Retardation of maturation of the infected 
cell 48 RNA could occur in one or both of the following ways : PRV-infaction
could inhibit production of host cell "maturing" nuclease, or it could 

produce an inhibitor of the host cell "maturing" nuclease. In either case, 
it should be possible to show that an extract of uninfected cells can mature 

pre-tRNA in vitro whereas an extract of infected cells should be unable to do 

so. Thus it should be possible to show a difference in "maturing ability" 

of uninfected and infected cell extracts, by incubating ^H-Iabelled precursor
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RNA with cell extracts and electrophoresing the RNA after incubation.

The following in vitro incubation reaction mixture was used,

1 ml contained
5 |i moles 2̂  -mercaptoethanol

20 p moles tris-HCl pH = 8,0

20 p moles MgOl^
10 pg heparin 
200 pg ^H-RNA

Crude cell extract containing 2,0 mg protein,

Mercaptoethanol was used to prevent oxidation of enzymic thiol 

groups; magnesium chloride was added to provide the correct ionic strength 
for tRNA secondary structure; heparin was added (hopefully) to prevent 
non-specific RNase degradation; the preparation of the cell extract was 
as described in "Methods", II,1,(iii).

In this first in vitro experiment 10 min-labelled uninfected cell 
cytoplasmic RNA was used since this is knovm to contain a, large amount of 

pre-tRNA which matures to tRNA in conditions similar to those described 
above (Mowshowitz, 1970; Smillie and Surdon, 1970), The incubation was 
carried out for 1 hour with infected or uninfected cell extract, and the 

RNA was re-extracted and co-electrophoresed on lÔ o gels with ^^C-marker,

The results are shovai in Pig, 24* Pigs. 24a and b show that material 

between 5S and 48 has moved almost exactly into the 48 position and that 
there is very little difference in the effect of the uninfected and infected 

cell extracts. This can be seen in Pig. 24d where the graphs have been 

superimposed by alignment of the 58 peaks of the ^^C-internal marker.

Pig. 24c shows the non-incubated 10 min-labelled infected cell RNA. As
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Figure 24.MW#:", w' IP II 1̂ 11 & #Hi#

Effect of in vitro incubation with PRV-infected or uninfected cell

extracts on cytoplasmic RNA from uninfected cells labelled for 10 min
with ^H-uridine

Cytoplasmic RNA from uninfected 013 cells labelled for 

10 min was prepared as described in Pig. 18b, 200 pg aliquots of the
H-RNA were then incubated for 1 hour with cell extracts obtained from 

uninfected or PRV-infected cells ("Methods", 11,6,(i)), in the 1,0 ml 
reaction mixture described in the text; RNA was then extracted from 
this mixture ("Methods", 11,6,(ii)), polyacrylamide gels were
run of (a) extracted RNA from incubation with infected cell extract,
(b) extracted RNA from incubation with uninfected cell extract and (c) 

of 200 pg of the ^H“R1\JA which had not been incubated, 20 pi of the 

^^C-internal marker RNA was co-electrophoresed with each sample and the 
gels were inn, stained with toluidine blue, sliced and counted by liquid 

scintillation spectrometry ("Methods", II.3,(ii)), (d) is a composite

graph of (a), (b) and (c) dravm by alignment of the 58 peak of the 

internal marker RNA,

, d,p,m, from ^H-RNA 
, d.p.m. from ^"^C-marker RNA,
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someiimes occurs^peak I is barely present although there is a distinct 
shoulder on pealt II. This could be because peak I is unstable or because 
the labelling period was longer than usual and most of peak I had become 

peak II or 4S RM.

Nonetheless, it is quite clear that the material between and 
4S does move towards the 48 position producing a single pealc with a discrete 

leading edge, i.e. there seems to be little evidence for non-specific 

breakdown or production of material smaller than 4S RM.

Fige 24 shows that maturation of the material between and 48 in 
the uninfected cell (pre-tRNA) does indeed occur in vitro but shows no 
difference between the uninfected and infected cell extract. This may be 
beca,use uninfected cell RNA was used; it is possible that the postulated 
inhibitor of maturation affects RNA made after infection only. Hence the 
above experiment was repeated using 45 min-labelled infected cell RNA.
The same buffer conditions as described above wore used, since they have been 

shown to allow maturation of the 10 rain labelled RltA from uninfected cells 

(Fig. 24). Thus the results shown in Fig. 25 were obtained.

These results show that after a 1 hour incubation of 45 min- 

labelled infected cell RNA with either cell extract, the bulk of the material 

between 58 and 48 now elutes as one diffuse peak much closer to 48 although 
not exactly in the 48 position. In this experiment there does seem to be 

a slight difference in the effect of uninfected and infected cell extracts. 

The new "4S" peak after incubation with infected cell extract has its peak 
four slices to the left of the 48 marker and a shoulder in the true 48 ItNA 
position. The new "48” peak after incubation v/ith uninfected cell extract 
has its peak only two slices to the left of the 48 marker and the leading
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Effect of in vitro incubation with PRV-infected or uninfected

cell extracts on cytoplasmic RNA from PRV-infected cells labelled
for 45 min with ^H-uridine.

Cytoplasmic RNA’ from PRV-infected cells labelled for 
45 min at 5 hours P.l. with ^H-uridine was prepared as described 
in Pig. 17b. 200 pg aliquots of this ^H-RNA were then incubated
for 1 hour with cell extracts from uninfected and PRV-infected cells, 
and the RNA was extracted and electrophoresed on 10% polyacrylamide 
gels, as described in Fig. 24. Thus gels were obtained of (a) RNA 

incubated with infected cell extract, (b) RNA incubated with uninfected 

extract, (c) RNA which had not been incubated. (d) is a composite 

graph of (a), (b) and (c) dravm by alignment of the 58 peak of the 

^^C-internal marker RNA.

d.p.m, from ^H-RNA

, d.p.m. from ^^C-marker RNA.
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edge is almost exactly coincident with the 4S marker.

The results shovm in Fige 25 indicate that the uninfected cell 

extract has moved the material between 5S and 4S slightly further towards 

4S than the infected cell extract. This could be explained if the infected 
cell extract had incomplete inhibition of maturing ability which would be 

largely overcome by the long (l hour) incubation; this hypothesis would seem 

reasonable since production of 4S RNA from precursor species is not 
completely inhibited in vivo but simply retarded,

Time-course of'bhase"in vitro. Thus, for the above reasons, was

incubated for short periods of time with infected or uninfected cell extract, 
and a time-course of ”chase" in vitro was performed. In this series of 
experiments the incubation conditions were slightly altered, 1 ml of 
reaction mixture contained

5 p moles 2'-meroaptoethanol 
20 p moles tris-HCl pH - 8.0 

20 p moles MgCl^
5 p moles ATP 

20 p moles methionine 

200 pg ^H-RHA
Crude cell extract containing 2,0 mg protein.

The heparin was omitted because of its unknown effect on enzyme 

activity and on the postulated inhibitor. ATP and methionine were added 

because méthylation may be involved in maturation - even although maturation 
is not dependent on méthylation (Bernhardt and Darnell, 1969); also the 
postulated inhibitor may need ATP as a cofactor.

The results of incubating the 45 min-infected cell RHA for
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0, 10 min and 20 min and re-extracting the R M  and electrophoresing it 

with ^^C-internal marker are shown in Fig. 26,. For clarity the graphs • 

have been superimposed by alignment of the 5S RFA peak of the internal 

marker,

The results of incubation show a gradual progression of material 

from between 5S and 4^ RNA towards the 48 position after incubation with 
either infected cell extract (Fig. 26a) or uninfected cell extract (Fig. 26b). 
Once more there is no significant difference between the H-RMA incubated 
with infected and uninfected cell extracts; even after only 10 min 
incubation both samples have moved towards 48 at an identical rate (Fig, 26c).

However, this in vitro time-course does show a gradual progression 
of the material between 58 and 48 towards the 48, and there is negligible 
degradation beyond 48. This tends to confirm that the material in peaks I 

and II in the infected cell is indeed precursor to 48 RM, and supports the 

conclusions reached from in vivo"chase"experiments.

In vitro incubation of column-purified pre-tRM. A further attempt to show 

a difference in maturing ability between infected and uninfected cell 

extracts was made by using as substrate the Sephadex GlOO column-purified 
pre-tRNA from uninfected cells. This is the material described in Fig. 19; 
we felt that the effect of the extracts on material known to be partially 

purified pre-tRM should give unequivocal results. This material was 
incubated with infected and uninfected cell extracts for 1 hour. ]. ml of 
reaction mixture contained :

20 p moles tris-HGl pH = 7*5 
10 p moles MgOlg
Crude cell extract containing 2.0 mg protein 

^H-pre-tRNA.



Figure 26.

Time-course of chase in vitro of infected cell cytoplasmic R M
7labelled for 45 min with H-uridine.

Cytoplasmic R M  from PRV-infected cells labelled for 45 min
5at 5 hours P.I. with •'̂ H-uridine was prepared as described in Pig, 17b.

200 jig aliquots of this ^H-RNA was incubated with uninfected and 
infected cell extracts as described in Fig, 24 except that the incubation 

times were 0, 10 and 20 mins, R M  was extracted from the reaction 

mixtures and was electrophoresed on lÔ o polyacrylamide gels as described 

in Fig, 24,
Composite graphs were dravni by alignment of the 58 peak of 

the ^^'C-marker RFA, the position of which has been indicated on each graph.

(a) Composite graph of R M  incubated for 0, 10 and 20 min with 

infected cell extract,

(b) Composite graph of R M  incubated for 0, 10 and 20 min with 

uninfected cell extract,
%------------ , d,p.m,, 0 rain incubation

--------- —  , d.p,m,, 10 min incubation
d.p.m., 20 rain incubation 

-  ̂ ^4q &.p,ra. from ^^C-raarker RRA

(c) Composite graph of RRA incubated for 10 rain with infected

and uninfected cell extracts,
%, dop,m. after incubation with infected

cell extract

, d,p,m. after incubation with uninfected
cell extract.
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These are similar to the conditions used by Smillie and Burdonj 

1970 Tor maturation of pre-tRKA. The results are shovm in Pig, 27« On 
incubation the tv/o peaks between $S and 4S disappear, to be replaced by a 
single peak which almost, but not quite, co-electrophoreses with the 
^^C-internal marker; comparison of the results of uninfected and infected 
cell incubations (Fig. 27d) shows no significant difference in the effect 
of the tv70 extracts. This experiment does demonstrate clearly that here 

it is indeed the material between $S and 4S RITA that forms 4S ERA on 
incubation. This is clear both because there is no ERA in this experiment 
other than 4*"5S ERA and also because the recovery of this material after 
incubation was greater than 90/6, It seems that for some reason it is not 
possible to reproduce in vitro the effect of inhibition of maturation of the 

material between and 4S RI'̂A in the FRV-infected cell; possibly this is 
due to the disruption of the intracellular organization in the preparation 
of the extract. Another explanation is the possibility that,in the in vitro 

conditions used, too much precursor ERA is being supplied for the postulated 
inhibitor to prevent its maturation. It was thus reasoned that decreasing 
the amount of added ^H-RRA may give the inhibitor the opportunity to act.

For this reason an in vitro incubation was performed at the normal H-ERA: 
protein concentration and at a lower '̂ H-Rl'ïA ; protein concentration.

Further studies on the in vitro maturation process. The specific effect 
of the extract was studied by incubating ^E-ERA under the following 
conditions;- a) with buffer only for 40 min; b) with extract for zero 
minutes; c) with a high ^H-RRA:protein ratio for 40 min; d) with a low 
"^H-ERAjprotein ratio for 40 min.

The in vitro conditions described in the "chase" in vitro were



Figure 27.

In vitro incubation of partially-purified pre-tRNA with uninfected

and FRV-infected cell extracts

^H-labelled pre-tRNA from uninfected Cl$ cells was partially 

purified as described in Fig, 19* Cell cytoplasmic extracts from 
uninfected and PRV-infected cells were prepared and incubated for 
1 hour at $7° with this partially-purified pre-tRRA; the RNA was then 
extracted and electrophoresed on 10% polyacrylamide gels, as described 

in Fig. 24.
Thus gels were obtained of (a) pre-tRNA incubated with 

uninfected cell extract, (b) pre-tRNA incubated with RRV-infected cell 
extract, and (c) pre-tRNA which had not been incubated. (d) is a 
composite graph of (a) and (b), drawn by alignment of the $8 peak of 

the "̂̂ C-raarker RNA.

, d.p.m. from ^H-RNA
-, d.p.m, from ^"^G-marker RNA.
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used (p, 105) with the following amounts of HNA.

a) buffer only - 40 [ig
b) zero incubation - 40 \ig ^H-RRA
c) high '̂ H“HNA: protein - 200 (ig ^H-RbJA

d) low R̂-R1\TA : protein - 40 \ig '̂ H-RNA*

7)In this case the H-RRA used as substrate was infected cell 
cytoplasmic RNA labelled for $0 min from 5 ~ 5*-5 hours P.l. The results 
are shown in Pig. 28, The results were so similar for the uninfected and 

infected cell extracts that only the results using infected cell extract 
are shovm. The results obtained after incubation of ^H~RRA with buffer 

for 40 min or zero min incubation with extract were also virtually identical,
and thus only the 40 min buffer-incubated sample is shown.

The results are corrected for the different amounts of d.p.m, used
in varying the amount of '̂ H-RNA and hence the different graphs can be
directly compared. In this experiment the d.p.m. were rather low and this
accounts for the uneven radioactive profile.

I' This experiment shows that incubation of 30 min labelled infected

cytoplasmic RNA for 40 min with buffer did not produce any H-ENA in the 48

position. Incubation with cell extract produced movement of this material

tovjards the 48 RNA position. Incubation with a low R-RNAiprotein ratio
5caused more movement than a higher H-RNA:protein ratio. This result would 

be compatible with a situation in which a specific, probably enzymic, process 

causes maturation of a precursor to 48 RNA, and this result also demonstrates 

that it is a. specific effect of the cell extract which is causing maturation. 

Once more, however, there is no evidence for a difference in maturing ability 
between the infected and uninfected cell extracts.



Figure 28,

Effect of varying the ratio of H-RRA to protein in the in vitro

incubation studies

Cytoplasmic ENA from PRV-infected cells labelled for 

30 min at 5 hours P.I. with ^H-uridine was prepared as described in
XFig. 17b. Aliquots of this H-RNA were then incubated with cell 

extracts from uninfected and PRV-infected cells, and then the RNA 
was extracted and run on 10% polyacrylamide gels as described in
Fig. 24,

The amounts of ^H-RNA incubated and conditions of 
incubation were as follows.

Xa    40 pg H-RI'JA Î 40 min incubation with
buffer only

X-- 40 pg H-RNA : 0 min incubation with extract
X- 200 pg H-RNA ; 4O min incubation with extract

- 40 pg ^H-RNA : 40 min incubation with extract.

■ A composite graph was drawn by alignment of the 38 peak of 

the ^^C-internal marker RNA, the position of which has been indicated,
XSince the result of incubating the H-RNA with uninfected and HIV-infected 

cell extracts was so similar, only the results from incubation with 
Infected cell extract have been shown.
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Thus it has not been possible to show an in vitro difference in 

maturing ability between infected and uninfected cell extracts, in spite • 

of the striking in vivo effect„ However, this series of experiments has 

shovm that the IHJA between 58 and 48 in the infected cell (peaks I s.nd II) 

behaves in vitro as true pre-tRNA does, producing 48 RNA with negligible 

non-specific degradation. This specificity strongly suggests that peaks I 
and II in the infected cell are pre-tRNA species.

III. Cell sap experiments using exponentially growing cells.

III.l. In vivo labelling studies to determine the location of low■   . ■■       ...        .
molecular weight RNA soecies in the PRV-infected cell.

It is clear that after PRV-infection there is a distinct 58 RNA 

peak (e.g. Pig. 20); at least some of this material is unstable (Pig. 22). 
There are various possibilities for the appearance of 5S RNA after infection. 

The 58 RNA peak might be heavily contaminated with peak I RNA, or there could 
be an even larger precursor to 4s RNA electrophoresing at 58; other 

possibilities are that a new virus-induced RNA species co-electrophoreses 

with 58 RNA, or that the cell continues to produce its ovm ribosomal 58 RNA 
after infection.

In an attempt to clarify the situation, cell sap RNA was examined; 

by "cell sap" is meant the post-ribosomal supernatant. The cell sap should 
contain few ribosomes and hence ribosome-associated 58 RNA should not be 
present. It was of course inevitable that on investigating the appearance 

and location of 58 RNA, data should be gathered on the appearance of the 
other low molecular weight RNA species (species I, II and 48 RNA), which has 
thrown some light on the nature of these species (especially species I and II)
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Top of gel Foot
ofgel
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material but 
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Figure 29. Trace of absorbancy at 260 run of a 10?̂  polyacrylamide 
gel separation of cell sap RNA.

The gels described in Pig. $0 were scanned at 260 nm in a Gilford 
model 240 spectrophotometer with a linear transport attachment

(model 2410).



A.time-course of the appearance of cell sap RNA was performed

using* both PRV-infected and uninfected cells, i.e, the cells were labelled 
%with H-uridine for the following periods of time at 5 hours P,I. or after 

mock-infectionî 10 min, $0 min, 1 hour and 3 hours. In addition, the 
infected cells were pulse-labelled for 1 hour at 7 hours P.I. to check that 
during the 3 hour label (5 ■“ 0 hours P.I.) the pattern of RNA synthesis was 
not changing markedly.

The cells were harvested and in this experiment were ruptured by 
the use of 0,5% Nonidet P40 instead of by mechanical homogenisation
("Methods", Il.l,(i)b); this allowed for even greater sterility in the 
preparation of the RNA samples. The nuclei were precipitated and then the 
mitochondria and ribosomes were removed by a 105,000 g centrifugation for 

90 min. The RNA from the resulting cell sap was extracted and co-electro™ 
phoresed on a 10̂ 6 gel with the ^^C-internal marker RNA. A trace of the 

absorbancy at 260 nm of each gel was obtained (Pig. 29). This showed some 
ribosomal RNA still on top of the gels and an amount of 58 RNA consistent 

with its having come from the fraction of unprecipitated ribosomes. A longer 
centrifugation than ^0 min may have obviated this problem but it was 

decided that any longer could allow nuclease to act and might even allow 
some maturation to take place.

The results obtained from uninfected cells are shovm in Pig. 30>
those from PRV-infected cells are shown in Pig, 31* In Pig, 30 there is
clearly a substantial amount of "pre-tRNA", labelled as I and II, after a 
10 min label, but the amount of this material decreases on longer labels so 
that after a 1 hour label the greatest amount of radioactive material is in 

4s RNA. There is some 58 RNA and this can be accounted for by the presence
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Time-course of mock-infected and PRV-infected cell sap RNAI I » I ^ ,tii I i ■■ I I a 1* 1* ■ fci g mwM M #, II ■ II 'III ■ I I I !■! I ■<! 1 I   I , I,» —  " .■ ■■■ I I ■■ I 1.1 III.l I —II fc "W W IM,

Newly confluent burlers of CIJ cells were mock-infected 

(Fig. 30) or infected with PRV (Pig. 3I)» and at 5 hours P.I. were 

labelled for (a) 10 min, (b) 30 min, (c) 1 hour and (d) 3 hours; 
PRV-infected cells were also labelled at 7 hours P.I, for 1 hour 
(Fig. 31e).

The cytoplasmic fraction was prepared by the Nonidet P40 

method ("Methods", Il.lc(i)b) and then the cell sap was prepared by 
pelleting the mitochondria and ribosomes ("Methods", Il.l.(ii)); 

the final centrifugation to pellet the ribosomes was at 105,000g for 

90 min, RNA was phenol-extracted from the cell sap ("Methods", 11,2. 

(ii)) and electrophoresed in the usual way on 10% polyacrylamide gels, 

as described in Pig. 17.

3 3, d.p.m, from "'̂ H-uridine

-------------- , d.p,m, from internal marker.

The absorbancy trace obtained from these gels is shown in

Pig, 29.
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of some ribosomes in the preparation; however there is a slight drop in 

the relative amount of KlŝA in these cell sap preparations compared to the 
cytoplasmic preparations, e.g. compare the composite figure of uninfected 

cell sap RNA (Fig* 32a) to that already shown for uninfected cell cytoplasmic 
RNA (Fig. 23a).

In Fig, 31 the time-course of infected cell sap RNA is shovm.
The overall pattern is very similar to the uninfected cell in that there is 
a gradual movement of material from peaks I and II to the 4S position. 
However, as we have consistently observed, this movement is slower in the 
case of the infected cell, e.g. at 1 hour there is still more material in 

pealc II than in the 4^ RNA peak, and even after a 3 hour pulse-label there 
is still a clear pealc II. This series of results suggests that the flow
of material may be from peak I- ^pealcII >48 RNA and not

peak I v4S RNA< pealc II, since the relative
airiount of peak II gradually increases as the amount of pealc I decreases.

Note also that the amount of 35 RNA in relation to 48 RNA decreases as length 
of labelling increases; this is compatible with the suggestion mentioned 

earlier that some ”5S RNA" may be a large precursor to tRNA.

It is of interest that the 1 hour pulse-label at 7 hours P.I. 
produced a gel electrophoresis profile similar to that obtained on pulse- 
labelling from 5 6 hours P.I.

These results have been compiled in two sets of composite figures 
in Pig, 32, on the same principles as Pig. 25; note that the same 
reservations about calculation of the d.p.m, per RNA species that apply to 
Fig. 23 also apply to this figure.
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Fig. 32a - iminfected cell sap RNA •» shows that the fraction of 
dcp.ra, in 58 RNA stays constant while the fraction of counts in peaks I + II 
decreases. This graph is very similar to the composite graph of cytoplasmic 
RNA (Fig. 23a) in the relative amounts of the species after various lengths 
of pulse-lahelj with slightly less 58 RNA.

Fig'. 32b - PRV-infected cell sap RNA - once more shows that the
fraction of counts in 48 RNA rises much more slowly (indicating slower 

maturation kinetics) than in the uninfected cell; concomitant with the rise
in 48 RNA there is a decrease in the fraction of counts in species I and II.
This time, as opposed to Fig. 23h, the initial rise in amount of species I + 
II is not observed. However, the strilling difference between this figure 
and Fig. 23 is the increased level of 5S RNA observed in the present
experiment. This increase in the fraction of 58 RNA is entirely at the

expense of a decrease in the fraction of 48 RNA. This can be explained by 

the fact that there is some 48 RNA associated with the ribosomes, but that 
precursor tRNA is believed to be in the cell sap only; hence sedimentation 

of ribosomes and therefore of some 48 RNA increases the relative amount of 
other low molecular weight soluble RNA species. Thus it does seem that a 
considerable proportion of 58 RNA in the infected cell must not be ribosome- 
associated, as it is in the uninfected cell,

III.2. In vitro incubation studies to investigate the stability of 
isolated low molecular weight RNA species.

V/hether or not 58 RNA is a stable species after infection is
obviously an important issue; another important point also unresolved is 

whether peak I passes through a stage as peak II en route to 48 RNA, as the 
previous experiment might suggest. To clarify these questions, the four



different low molecular weight RNA species (5S, I, II, 4S) were each eluted 
separately from gels and the effect' of incubation with cell extract (which 
we have shown to effect maturation of pre-tRNA in vitro) on each species was 
compared.

The RNA from the previous experiment (Figs, $0 and 31) was used.
It was decided to use the samples pulse-labelled for 1 hour since in the 

infected cell there was an adequate amount of all four RNA species (58, I,
II, 48) while in the uninfected cell the equilibrium position had almost 
been reached, which malces a good comparison.

Thus lÔ o polyacrylamide gels were run of infected cell sap RNA
pulse-labelled for 5 *" 6 hours P,I, and uninfected cell sap RNA labelled for

14.1 hour at 5 hours after mock-infection, A sufficient quantity of 
internal marker RNA was co-electrophoresed so that the in the slices 
could be counted in the gas-flow counter ("Methods", 11,4) and thus the 
position of 58 and 48 RNA could be obtained accurately without solubilisation 
of the gel slices. The counts obtained by this method are shown in 
Fig. 33a and b, A small fraction of the ^H-RNA sample and ^^C-internal
marker was co-electrophoresed at the same time as these gels, and these gel
slices were solubilised and counted in the usual way in a liquid scintillation 

counter ("Methods", 11,3*(ii)}. Using these results (Fig. 33^ and d) - 
which are essentially identical to the original results of Figs. 30c and 31c - 
the slices which must contain peaks I and II were pinpointed. The slices

from each peak were combined as indicated on Fig, 33 * Three slices were
used for 58 from both gels, 5 ^ slices for peak I, 3 ” 4 slices for peak II
and 4 slices for 48 RNA. The RNA was eluted from the gels as described in 
"Methods", II.7, and the resulting material was divided into three portions -
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Production of partially-purified 58 R M ,  4S R M , and RNA species 
I and II from uninfected and PRV-infected 

cells

Uninfected and PRV-infected C13 cells were labelled with
5'^H-uridine for 1 hour at 5 hours P.I, and the cell sap RNA was 

prepared as described in Figs, $0 and 31(c). The ^H-RNA samples 
were co-electrophoresed on 10% polyacrylamide gels with 50 pi 
^^C-marker RNA; the gels were sliced and the dried slices were 
counted in a gas-glow counter which measured the ^^C-emissions only.
(a = uninfected cell RNA, b = infected cell RNA).

Smaller aliquots of the H-RNA were also electrophoresed
14on polyacrylamide gels with 20 (il C-marker RNA which were sliced 

and counted by liquid scintillation spectrometry (c = uninfected cell 

RNA, d = infected cell RNA). Using these results, the positions of
58 RNA, 48 RNA and RNA species I and II in gels (a) and (b) were 
pinpointed, the slices indicated by hatching were combined, and the 

RNA was eluted from them as described in "Methods", II.7*

5 5, H d.p.m, from ^H-uridine

, d.p.m. from ^^C-marker RNA.

(Note: A background level of 70 d.p.m, for ^^0 across all gels
counted by liquid scintillation spectrometry in Figs. 33~39 
has not been subtracted).
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part was immediately electrophoresed to check the effects of elution, part
was incubated with buffer only and part was incubated with cell extract;

14 4in all cased the C-internal marker was co-electrophoresed with the H-RhA
sample.

The effect of elution on the uninfected cell R M  species is shown 

in Fig. 54» It must be remembered that in the original gel from which this
3H-RKA was eluted, the predominant material was 48 RM, with very little 
material in the pre-tRNA position. What was eluted as "I” or "II" or even 
as "58 R M "  probably contained a large amount of 4S RNA, Fig, 54d shows 

that the eluted 48 RNA co-electrophoreses exactly with the 48 RNA of the 
marker. Eluted species II (Fig, 54c) electrophoresed almost exactly with the 

48 marker, but with its peak 5 slices ahead of 48 RNA; this is because it is 
largely 48 RNA. The eluted species I runs as two peaks, which probably 
represent peak I and peak II some 48 RNA; again this is to be expected 
since the amount of true peak I in the infected cell after a 1 hour label is 
very small indeed. Eluted 58 RNA electrophoreses in an unusual fashion; 
most of the eluted d.p.m, do coincide with the ^^R-marker 58 RNA, but a 
substantial portion co-electrophoreses with 48 RNA.

In Fig, 55; the eluted species of "'̂ H-RNA from the infected cell 
are co-electrophoresed with the ^^R-marker. Once again the eluted 48 RNA' 
Go-eletrophoreses with the 48 of the ^^C-internal marker. In this figure 
(b and c) it is seen that both species I and II electrophorese in the position 
from.which they came. This shows that these species are not just "cuts" 
from 48 RNA but distinct species of RNA, Eluted 58 RNA electrophoreses 

mainly in the 58 position but there is some trailing of material, suggesting 

that, perhaps, part of the eluted 58 is unstable. However, not nearly so



Effect on 58 RNA, RNA species I and 11^and 4S RNA (from uninfected 
cells) of elution from a 1094 polyacrylamide gel

Aliquots of the M A  species (a) 58, (b) I, (c) II and 

(d) 48, eluted from the gel of uninfected cell RNA as described in 
Fig. 55 were co-electrophoresed on 10% polyacrylamide gels with 10 pi.i 

^'^C-marker RNA; the gels were sliced and counted by liquid 
scintillation spectrometry, as described in "Methods", 11,5*(ü)»

, d.p.m. from '^H-RNA
-, d.p.m. from ^^C-marker RNA.
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Effect on 3S ENA, RNA species I-and II, and 4S RNA (from 
PRV-infected cells) of elution from a 1096 polyacrylamide gel

Aliquots of the RNA species (a) $8, (b) I, (c) II and
(d) 4S» eluted from the gel of PRV-infected cell RNA as described 
in Pig* 55 were electrophoresed on IC^ polyacrylamide gels as 

described in Pig. 54*

, d.p.m. from ^H-RNA 

, d.p.m, from ^^C-marker RNA.
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much material was found in the /\B ilWA position as was found in the 

uninfected eluted

Thus elution from the gel slice has no effect on the electrophoretic 

properties of species I, II and 4S RNA; 53 RNA may undergo a slight amount 

of degradation. The next part of the experiment, viz., incubation of these 

RNA species with cell extract could now be carried out.

The eluted RNA species were now incubated with either buffer or 
cell extract. The incubation conditions were as follows. 1 ml of reaction 

mixture contained

5 \i moles 2^-mercaptoethanol

20 p moles tris-HCl pH = 6.0
20 p moles MgCl^
^H-RNA (negligible absorbancy)
Crude cell extract containing about 2.0 mg protein.

The cell extract was omitted from the "buffer only" incubations,

XThe results of incubating the eluted H-RNA with the buffer for 

1 hour are shown in Fig, $6 and 57 uninfected cell RNA and infected cell 
RNA respectively. These results show that, under the sterile conditions 
used, the incubation with buffer has very little effect; the RNA species I 

and II possibly move very slightly towards the 43 position; this is in 

agreement with the in vitro experiments shown in Fig, 28,

XThe remaining portion of the eluted H-RNA was then incubated 
with uninfected cell extract in the conditions described above; infected 

cell extract was not used since the in vitro experiments of section II.2 
showed clearly that the "maturing ability" of the extracts is identical.
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Figure 56.

Effect on eluted 53 RNA, R M  species I and II, and 48 RNA (from 

uninfected cells) of incubation with buffer at 37^ for 1 hour.

Aliquots of the RNA species ■» (a) 58, (b) I, (c) II and 
(d) 48; eluted from the gel of uninfected cell RNA as described in 
Fig, 55 were incubated for 1 hour at 57° with buffer as described 
in the text. After the incubation period the RNA was precipitated 
with 2% ; sodium acetate/67% ethanol and electrophoresed on a 10% 
polyacrylamide gel with ^^C-marker RNA; the gel was sliced and 

counted by liquid scintillation spectrometry ("Methods. II,5*(ii))«

*, d.p.m. from ^H-RNA

-, d.p.m, from ^^C^marker RNA.
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Fimzre 7̂.

Effect on eluted 5S Rl'IA, RNA species I and 11^ and 4S R M  (from 
PRV-infected cells) of incubation with "buffer at 37° for 1 how?

Aliquots of the M A  species - (a) 5S, (b) I, (c) II and 

(d) 4S> eluted from the gel of PRV-infected cell M A  as described 

in Fig. 35 were incubated for 1 hour at 57^ with buffer as 
described in the text.

After the incubation period, the M A  was precipitated and 
electrophoresed on 10}o polyacrylamide gels as described in Fig. 3^*

, d.p.m, from ^H-RNA
, d.p.m, from ^^E-marker MA.
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The resiilts 01 incuhating the eluted "^H-RHA with cell extract 

for 1 hour' are shown in Pig. $8 (uninfected cell RM) and Pig. 59 (infected 
cell EI'IA), The extract has no effect on the 4S RKA - whether from 
uninfected or infected cells (figs, 58d and 59^). Species II from the 
uninfected cell (fig. 58c) has moved almost completely into the 4S position 
(it was mostly 4S anŷ .'jay) ; ' species II from the infected cell (Pig. 59c) 
almost, hut not quite, co-electrophoreses with the ^^C™marker 48 RNA after 
incubation with cell extract. Species I from the uninfected cell is very 
nearly in the 48 position (Pig. 58h); in fact it electrophoreses in a very 
similar fashion to the uninfected species II before incubation with extract 

(pig, 5&o)o Species I from the infected cell (Pig* 59^) co-electrophoreses 
with 48 RNA except for a shoulder in the position of species II, Ihe 
incubation of species I, II and 4S RNA with cell extract causes no degradation 

producing material smaller than 48 RNA and in all cases the leading edge of 
the peak is very sharp. The results from this experiment seem to suggest 
that species I may move to the position of species II before moving to the 
48 position, as previously suggested (P. 121 ),

The effect of incubation with cell extract on 58 RNA is more 
difficult to interpret, partly because of the double peak effect (58 -t- 4S)

Xobtained as a result of elution and also because the H-d,p.m, in the 58 RNA 
sample was lower than that in the other RNA species. The effect of incubation 

with cell extract on uninfected cell 58 (Pig. 58&) shows a clear peak at 48 

and a diffuse, smaller peak in the 58-11 region. Since 48 RNA is now known 
to be stable on incubation, this pealc may represent true 48 RNA which could 
be contaminating this sample while 58 RNA itself has been partially degraded.

The effect of extract on the infected cell 58 RNA is somewhat



Figure 38.

Effect on eluted 5S RNA. species I and Il^and 48 RNA (from
,o

Aliquots of the RNA species - (a) 58» (b) I, (c) II and 
(d) 48, eluted from the gel of uninfected cell RNA as described in 
Fig. 55 were incubated for 1 hour at 57° with cell cytoplasmic 
extract ("Methods", II.6.(i)), as described in the text. After 
the incubation period the RNA was phenol-extracted ("Methods", 11,6, 

(ii)) and co-electrophoresed with 20 pi ^^C-marker RNA on 10% poly

acrylamide gels, . The gels were then sliced and counted by liquid 

scintillation spectrometry ("Methods", II.5.(it)).

, d.p.m, from ^H-RNA 

, d.p.m. from ^^C-marker ENA.



14C^activity x 10^^/slice)

VO

o

om

o
o
oVO

o
oo

o o oo

<urA

00 VO CM VO •4< OJ

oo•HrH
CO

o

o

o
o o o

OJ CM
rH

(  DO t  X 9 / ’ lu *  lI  ’ p  )  vCq. D u i p i a i i . “ i];

o
§ oo00

o o



140

^9.

Effect on eluted 5S RNA, species I and II.and 4S RNA (from
>»■— ■«* ' f . w ■ I.IIIX I ■ii.pii'**.! H - . I  >■ Î im I   m .. o-pr,»» inwa.M

PRV-infected cells) of inou'bation with cell extract at 37° for 1 hour.

Aliquots of the RNA species - (a) 5^^ (b) I, (c) II and 
(d) 48, eluted from the gel of PRV-infected cell RNA as described 
in Fig. 55 were incubated for 1 hour at 37^ with cell cytoplasmic 
extract as described in the text. The resulting RNA was extracted 
and electrophoresed on lÔ o polyacrylamide gels as described in 
Fig. 58.

, d.p.m, from ^H-RNA
, d.p.m, from ^^C-marker RNA.
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different (Fig, 39a). Before incubation, this species appeared in the 

5S region of the gel, v;ith only a small Demount of material in the peak 1-48 

region. After incubation with extract there is a sizeable peak in the 48 

region. Although calculations of recoveries are difficult to assess owing 
to the many manipulations involved in working-up this series of experiments, 

it can be calculated that the d.p.m, in the 48 region can not be accounted 

for by the small amount of ”48” in the infected cell 58 Rl'îA preparation 

present before incubation, and therefore some at least must have come from 
the 58 peak. This suggests that the infected cell contains a 58 Rl'îA species 
which specifically produces a 48 RFA species on incubation with cell extract 
and not on incubation with buffer, ¥e cannot rule out that a similar 
situation occurs in the uninfected cell,

IV, "Resting” cell experiments,

One of the difficulties experienced when investigating virus 
function in exponentially-growing cells is the interference of remaining 
cell metabolism with the pattern of virus metabolism. Therefore, a series 

of experiments in the "resting" cell ("Methods", 1,1*(ii)) was performed, as 

it was thought that the depression of host function which occurs in these 

cells would allow the effects of the virus to be observed more clearly,

IV. 1. Calibration of the "resting" cell system.

The "resting" cell system used was that described by fhied and 

Pitts, 1968, as modified for Cl3 cells by Nicholas and Pitts, 1971* Thinly- 
seeded exponentially-growing cells are put to "rest" by replacing the EClO 
medium with ECl, The measure of the degree of "resting" achieved was 
incorporation of thymidine. To investigate the length of time, after the
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change of medium, talcen by CI5 cells to reach the "resting" state, plates 
of cells were put to "rest" stnd pulse-labelled for 24 hour periods. The 
results of such an experiment are shown in Fig* 40» where the incorporation
of thymidine into I)M in cells going to "rest" is compared with the
incorporation into exponentially-growing cells, and into "resting" cells 
to which serum was added back 6 hours previously. It is shovm that when 
cells are put to "rest", incorporation of thymidine decreases steadily 
until by the day the incorporation is l,3?o and by the 6th day 0<,4% of 
the exponential level. In fact, the decrease in incorporation is even 
greater than these results indicate. Measurement was by incorporation 
into the cells in a given area (a coverslip); after putting the cells to 
"rest" they doubled approximately once and hence the number of cells after 
5 ™ 6 days in a given area was about twice the exponential number. Hence 
the level of incorporation per cell at 5 und 6 days can be divided by 
about two. Thus the D M  synthesis in these cells by day 5 is less than 
1% of the exponential level, and is even lower by day 6. Yet these cells 
are hot dead; replacement of the serum to 10% results in a renewal of
their ability to synthesise DNA, Thus in all subsequent experiments 5 ” 6
day "resting" cells were used.

The ability of these "resting" cells to support virus growth was 
tested by infecting "resting" cells at 20 p.f.u./cell and by calculating 
the total p.f.u, produced 30 hours later, by plaque assay. The yield ŵ as 
110 p.f.u./cell which is of the same order as the level produced in 
exponentially-growing cells; it was also shoim that the growth curve of 
PHV in "resting" and exponentially-growing cells is similar.

Since the level of DNA s;̂ nathesis in the "resting" cells is so low.



Figure 40.

D M  synthesis in exponentially growing 015 cells going
to "rest"

50 mm plastic Petri dishes were seeded in EClO at
1.3 X 10^ cells/dish over 3 x I5 mm glass coverslips ("Methods",
II.1.(ii) and 11,4.(ii)). 18 hours later, the medium was changed
to ECl and the cells were incubated for 6 days in EGl. Two dishes 

were labelled every 24 hours for a 24 hour labelling period with
3.3 |J.Ci/ml of thymidine (concentration of thymidine in medium ~
2,5 pM). On the 6th day serum was added back to two Petri dishes 

(to raise the serum concentration to 10%) and these two Petri 

dishes were also labelled for 24 hours. The coverslips were ■ 

removed and fixed immediately after the labelling period as described 
in "Methods", II.4, ( ü ) * and counted by liquid scintillation 
spectrometry. Since the experiment was carried out in duplicate, 

there were 6 coverslips for each time point; the average value of the 

4 median counts was graphed.
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it was thought that virus DNA synthesis may be distinguished by an

increase in overall DNA synthesis as occurs in stationary RK cells (Ben— Porat

& Kaplan, I963); in the exponentially-growing cell, infection produces e,
decrease in total DNA synthesis (Kaplan & Ben-Porat, I963). Pnua plates
of "resting" cells were infected and then different plates were pulse-
labelled vjith E-thymidine for 1 hour periods and harvested immediately
after labelling. The experiment was carried out using both medium
containing full phosphate and also containing 10% phosphate; this was
because some experiments using the "resting" system were carried out in low

52 =phosphate medium v/hen PO^ was used as RNA precursor. The results are 
shown in Fig, 41* In both sets of results the DNA synthesis increases 
after infection, reaching a pealc between 6 ™ 7 hours P.I. In the 10% 
phosphate mediun the increase is only to about half of the level attained in 
the full phosphate medium. However, the p.f.u, produced per cell in either . 

medium is always about 100.

IV. 2, Infactivity of PRV-confirmation using autoradiography.

This "resting" system is an excellent system with which to study 
the infectiyity of PRV and investigate the percentage of cells infected, 
since "resting" cells should not be synthesising DNA while "resting" cells 
infected with PRV synthesise DNA; this can be estimated by autoradiography.

Thus CI3 cells were seeded over glass coverslips ("Methods", 11.9)
and put to "rest". On the sixth day of "resting", some plates were infected
with PRV at 20 p.f.u./cell while the rest were mock-infected. Five hours

zP.I. or after mock-infection, the plates were labelled with ■'̂ H-thymidine 
for 1 hour: periods. At the end of the labelling period the coverslips were



Figure 41*

DNA synthesis in "resting" cells infected with pseudorabies virus

50 rnm plastic Petri dishes were seeded in EClO at

1,3 X 10^ cells/dish over 3 % 1$ nm glass coverslips ("Methods",

I,)1.(ii) and 11*4*(ii))* 18 hours later the medium was changed
to ECl, half the plates receiving ECl containing the full amount of 

phosphate (a), while the other half received ECl containing lÔ 'o the 
normal level of phosphate (b). The cells were used on the 6th day 
of "resting". They were infected with PRV at 20 p.f.u./cell and 

labelled in duplicate for 1 hour periods from 1 - 7  hours P.I. with 
3*0 pCi/ml of ^H-thymidine (concentration of thymidine in medium = 
0.25 |jM), Uninfected cells were also labelled for a 1 hour period. 

The coverslips were removed and counted as described in Pig. 40.
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prepared for autoradiography as described in "Methods", II.9*
Microscopic examination revealed that<{’l% of the "resting" mock-inf ected

cells were making DM, while 100% of the PRV-infected cells were making

DNA, and thus 100̂ 6 of the cells were infected at 5 hours P.I. These
results are consistent with the results described in section IV.1, which

zdemonstrate that "resting" cells incorporate <1% of the H-thymidine 

incorporated by exponentially-growing cells.

IV.3* In vivo labelling studies of "resting" cells.

The synthesis of low molecular weight cell sap R M  in the "resting"
cells was now investigated. Since the metabolism of these cells is lower
than that of exponentially-growing cells, the synthesis of pulse-labelled
RNA throughout the infectious cycle was investigated. Thus infected

z"resting" cells were pulse-labelled with H-uridine for 30 min periods every 
two hours from 1 hour P.I. until 7 hours P.I. Uninfected "resting" cells 

were also pulse-labelled for 30 min, as were uninfected exponentially- 
growing cells. The effect of adding serum back to "resting" cells was 

examined by pulse-labelling cells for 30 min, 48 hours after the addition of 

serum (to lÔ u) to resting cells. This showed an increase in RNA synthesis
to levels approaching the pre-"resting" levels and also confirmed that the
cells are resting and not dead or dying.

The results of 10% gel electrophoresis of the resulting "cell sap"
RNA are shown in Fig. 42. In this experiment,^^C-marker RNA was not added

zbecause of the low level of "^H-d.p.m., but the positions of 5S RNA and 48 RNA 
were obtained from the absorbancy trace.

Pig. 42 shows that there is a large decrease in the synthesis of



Figure 42.

30 min labelled, cell sap RNA in "resting" cells at various times
after PRV-infection.

Roux bottles, seeded with Cl3 cells, were put to "rest" 
as described in "Methods", I.l.(ii) and were used on the 6th day.

An additional Roux bottle was used in the exponential phase of growth 
when nearly confluent ("high serum" control). One "resting" Roux 

bottle had serum replaced (to lÔ o level) and was used two days later 
("serum back" control). The uninfected "control" Roux bottles were 
all labelled for 30 min periods with 12 jiCi/ral of ^H-uridine:
(a) uninfected "resting" cells, (b) "high serum" exponentially- 
growing cells, and (c) "serum back" cells. "Resting" Roux cells 

were infected with PRV and were also labelled for 30 min periods:
(d) 1 - 1,5 hours, (e) 3 - 3,5 hours (f) 5 - 5,5 hours and (g) 7 - 7.5  

hours P,I,

At the end of the labelling period, the cells were 

harvested, mechanically disrupted and subjected to differential 
centrifugation to obtain the cell sap fraction ("Methods", II.1.(ii)) 
from which the cell sap RNA was obtained by phenol extraction, 
(Commercial 48 RNA was added as carrier). The cell sap RNA was 
electrophoresed on lÔ o polyacrylamide gels, which were scanned on the 
Gilford spectrophotometer, sliced and counted by liquid scintillation 

spectrometry as described in "Methods", II.3*(ii).
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4S ENA in "resting" cells to about 25% of the level of synthesis observed 
in exponentially-grov/ing cells* however, the pattern is very similar - 
mostly 4S Pd̂ Aj a little material between 5S and 4S and even less in the 5S 
position. The "serum-back" 50 min pulse-labelled EPfA also shows a similar 
pattern of incorporation, and has an even higher level of incorporation of 
isotope than the exponential sample; this can be accounted for by the fact 

that the cell numbers had approximately doubled in the 48 hours between 
addition of serum and the pulse-labelling period. The low level of 5S RIJA 
in all three uninfected samples is probably due to the almost complete 

precipitation of ribosomes in the preparation of the cell sap.

The series of infected "resting" cell sap ENA profiles can now be 
examined (Fig, 42, d-g). At 1 ™ 1,5 houns P,I «.there is mostly 43 ENA, a 
'small amount of 53-43 material and a very little 53 RNA, The amount of 

material between 53 and 43 relative to 43 increases a,s infection proceeds, 
as does the amount of 53 ENA, so that by 7 hours P.I, there is a very
distinct 53 peak, and a considerable amount of material between 53 and 43 in 
two peaks, and a relatively smaller 43 RNA peak. The profile of cell sap 
RNA pulse-labelled from 5 *" 5*5 hours P.I, from "resting" cells is very 
similar to the pattern from exponentially-growing cells for the same period 
of time.

An unexpected finding in this experiment is the increase in 43 ENA 

synthesis after infection to about three times the "resting" level. In 
this experiment the whole amount of cell sap RNA from each sample was added 
to the gels and hence the recovery may vary slightly, although it is clean 
that at any rate there is no decrease in 43 EJ'hi synthesis comparable to that 
observed in the exponentially-growing cells on infection.



To investigate this particular point further, "resting" cells were 

infected and labelled for 5 hour periods to determine the levels of mature 

4S RNA produced, since after a 5 hour pulse-label most of the radioactivity 
in the low molecudar weight RNA species is in 43 RNA (in exponential cells, 
at any rate, e.g* Pig, 51d).

Thus "resting" cells were infected and pulse-labelled with H-uridine 

for 1 - 4  hours P,I, and 4 ~ 7 hours P,I* As controls, uninfected "resting" 
cells, exponentially-growing cells and "resting" cells to which serum had 

been replaced 43 hours earlier were also pulse-labelled for 5 hours. The 
results are shown in Fig, 45* In all ca.ses there is only a very small amount 
of 53 RNA, consistent with the very small amount of ribosomal RNA present; 
no material electrophoreses between 53 and 43 in any of the three control 

samples (Pig. 45» a-c). However, there is a small amount in the sample pulse- 

labelled from 1 - 4  hours P.I. and even more at 4 ~ 7 hours P,I, (Pig, 45d, e); 
in both cases the material is predominantly in the position of species II,
This appearance of species II agrees with the results obtained in exponentially- 
growing cells (e.g. Pig, 51d),

Comparison of the actual amounts of 43 RNA synthesised shows that, 
as in the 50 min pulse-labelled material, the "resting" level is about 20% 
of the exponential level. The "serum-back" RNA again shows a big increase 
in 43 RNA synthesis over the original exponential value. On infection of 

"resting" cells, the level of 43 RNA synthesis increases about 5"Iolh to 

approximately the exponential level.

Thus Pig. 45 confirms the results of Pig, 42 that, on infecting 
"resting" cells, PRV causes an increase in the synthesis of 43 RNA,



Fifi'ore 43»T»ai lUWM W

9 hour labelled cell sap RNA in "resting" cells at various times
after PRV infection

Cell sap HNA was prepared from FEV-infected "resting" 
cells and uninfected controls as described in Figure 42| except 
that in all cases the labelling period was for 3 hours with 
4 pCi/ml of ^H-uridine. As in Fig. 42 the controls were - 
(a) uninfected "resting" cells, (b) "high serum" exponentially- 
growing cells, and (c) "serum back" cells; "resting" Roux bottles 
were infected with PRV and were also labelled for 5 hour periods: 

(d) 1 - 4  hours and (e) 4 " 7 hours P.I.
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One further point of interest emerges on comparison of Pigs* 42 

and 45- In the $0 min labelled cell sap there is a significant amount of 

5S material, while there is very little in the  ̂hour labelled material.
This occurs in both infected and uninfected samples and tends to suggest the 

possibility (discussed earlier) that a/b least some material in the 53 RNA 

position becomes 43 RNA,

IV, 4* Studies on méthylation of 4-3 RNA before and after PRV*-" infect ion,

PRV""infaction of "resting" cells has been shovm to cause an 
increase in the level of 43 RNA synthesis. Tlius there may be changes in the 
po pu], at ion of tRNA after infection; since tRI'îA is methylated, it seemed 
worthwhile to examine the méthylation of uninfected and PRV-infected "resting" 
cells to discover if infection causes changes in the degree of méthylation of 
the 43 RNA,

The méthylation of cell sap RNA in "resting" cells before and after 
PRV-infection was thus examined; exponentially-growing cells and "resting" 

cells to which serum had been replaced 48 hours previously were used as 
controls. The cells were put to "rest" in ECl containing 25% phosphate,
50% methionine and infected on the 6th day, while the control cells were 

changed to EClO containing 25% phosphate, 53/t methionine I5 hours prior to 
labelling; thus care should be taken in comparing the control results to 

those obtained in the "resting" cells because of possible differences in the 
specific activity of methionine and phosphate,

32po= (methyl)-methionine were used to pulse-label the cells,4
10 mM sodium formate was added with the "label" to prevent the ^H-methyl 
group of methionine labelling the intracellular one-carbon pools; this
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level of sodium formate does not affect cell or virus growth (low, 1970),

The three uninfected samples ("resting", exponentially-growing and

"serum-back") were pulse-labelled for 3 hours, while the "resting" infected
cells were pulse-labelled for 1 - 4 hours, 4 *" 7 hours and 7 ■" 10 hours
after infection. The cell sap M A  was prepared ("Methods", II,l,(i)a and
11,1*(ii)) and electrophoresed on 10% polyacrylamide gels; the results are

32shown in Fig, 44» The P-incorporation represents M A  synthesis, while
5the M-incorporation represents méthylation. The small ajuount of ribosomal 

M A  on top of the gel and the 43 M A  peak are methylated in > all samples.
In the three uninfected samples (Fig. 44; a-c) the very small amount of MJA 
present in the 53 position is not methylated; neither is the relatively 
larger amount of 53 M A  present in the infected cell sap at all periods 
after infection (Fig. 44$ d-f) and present in a large amount at 4 - 7 hours 
P.I, Note also that, in the cell sap M A  at 4 •” 7 hours and 7 - 1 0  hours 
after infection, the 43 M A  on the precursor side of the 43 M A  peak seems 
to be submethylated, relative to mature 43 RNA,

The amount of 43 M A  produced after infection does not show the 
large increase obtained previously (Figs. 42 and 43); however, the level of 
43 M A  synthesis remains constant after infection until 7 - 13 hours P.I, when 
a decrease in 43 M A  synthesis occurs. A likely explanation for this result 
is the variation in the degree of "resting" of the cells; if the "resting" 
cells are more active metabolically than in previous experiments then there 
is more 43 M A  being synthesised, which will mask any virus-induced synthesis.

The degree of méthylation of the 43 M A  in all the gels is very 
similar, except in the case of 43 RNA from the "serum back" cell sap; this 
difference is probably due to the specific activity problems discussed above,
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Figure 44.

Méthylation of cell sap M A  before and after PRV-infection of
"resting" cells.

Roux bottles, seeded with Cl5 cells were put to "rest" as 
described in "Methods", 1,1.(ii) except the ECl contained 25% normal 
phosphate and 50% normal methionine. The cells were used on the 6th
day of "resting". Additional Roux bottles were used in the
exponential phase of growth when nearly confluent ("high serum" control); 

some "resting" Roux bottles had their medium replaced to normal EClO 
and were used two days later. The "high serum" and "serum back" 
control Roux bottles had their medium changed to EClO containing 25% 

phosphate, 50% methionine, I5 hours prior to labelling*
The uninfected "control" Roux were all labelled for 5 hour 

periods with 100 pCi/ml of ^^POj and 5 pCi/ml of ^H-(nethyl)-methionine: 
(a) uninfected "resting" cells, (b) "high serum" exponentially-growing 
cells, and (c) "serum back" cells, "Resting" cells were infected 
with PRV at 20 p,f,u./cell and were also labelled for 5 hour periods:
(d) 1 - 4 hours, (e) 4 - 7 hours, and (f) 7 - 10 hours P.I. Îhe cell
sap M A  was prepared and electrophoresed as described in Fig. 42.

 ------ — , ^^P c.p.m. from ^^PO^
------------, c.p.m, from ^H-(methyl)-methionine.
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and also to possible alterations in pool size as the cells change from the 

"resting" state to growing exponentially.

Hence Fig, 44 demonstrates that there are no gross changes in the 
degree of méthylation of mature 48 RNA after PRV™infection,

V « Studies on the nucleotide composition and sequence of 48 RNA 

and 58 RNA in PRV-infacted cells.

The results in section IV have shown that when "resting" cells are 
infected with PRV, 48 RNA synthesis does not decrease (as occurs when 
exponentially-growing cells are infected) and may even increase. Thus, as 
mentioned in section IV.4? there may be changes in the population of tRNA 
after PRV-infection. It was also considered that there may be changes in 

the 58 RNA or even a new 58 RNA after PRV-infection as has been discussed 
earlier (section III.l). If such changes do talce place they may perhaps be 
reflected in changes in nucleotide composition or in the nature of the 

oligonucleotides produced after enzymic digestion of the RNA, and thus the 

following experiments were undertaken.

V.l, Peterinination of the nucleotide composition of 48 RImA and 
58 RNA in uninfected and PRV-infected cells.

The nucleotide composition of 48 RNA and 58 RNA before and after 

PRV-infection was determined. The method used to. obtain nucleotide 
composition after infection involves labelling the Rl'̂A with PO^. The 
Rl̂ A samples were those prepared as described in the legend to Fig. 45; thus 
"resting" cells in low phosphate ECl were infected and labelled for 3 hour 
periods with ^^PO^ (l - 4 , 4 “ 7 and 7 - 10 hours after infection); 

uninfected "resting" cells were also labelled for a, 3 hour period, as were
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(as controls) uninfected exponentially-growing colls and "resting" cells 

to which serum had been replaced 48 hours previously; these controls had 

low phosphate EClO added to them I5 hours prior to labelling. The 3 hour
% 2 S'pulse-label of  ̂PO^ was chosen in the hope of achieving the necessary 

equilibration of label in the intracellular triphosphate pools.

The results obtained by 10% gel electrophoresis of the cell sap
RI\fA are shov/n in Fig, 45 «• In this experiment the gel slices were counted

32in a gas-flow counter to record the P-emissions, The RNA samples are 
those electrophoresed in Fig, 44 and the fact that in this experiment the 
"resting" levels of 48 RNA remained constant after infection until a decrease 
at 7 “ 10 hours P.I. has already been discussed. The amount of 5s RNA 
present in the different samples is now examined. In all the infected cell 
samples (Fig. 45» d-f) there is more 58 RNA than is present in any of the 
three uninfected samples (Fig, 45» a-c); the increase in synthesis of 5S RNA 
relative to 48 KNA after infection is always obtained on short pulse-labels 

but only occasionally on longer labels. It is not clear if this material 
is due to the presence of a small number of ribosomes in the cell sap fraction. 

However, it would be surprising if the ribosomes which precipitated almost 
completely in the three uninfected samples had not in the three infected 
samples; also, the small araount of ribosomal RNA on top of the gel is much 

lower in the "resting" cells than in the exponentially-growing cells, and 

further decreases as infection proceeds.

To obtain the nucleotide composition of 48 RNA, the slices of RÎ'ÎA 
indicated in Fig. 45, U"-f were eluted. The nucleotide composition of 5s 
RNA was obtained by elution of the slices from those gels which contained 58 
RNA sufficiently highly labelled; these were the gels of "serum added



Figure 43'

32 =Cell sap RNA in resting cells labelled with PO^ for nucleotide

analysis,

32The P-RNA used in this experiment was that obtained as
described in Fig* 4» The RNA samples were electrophoresed on 10̂ 6
polyacrylamide gels, sliced and counted on a gas-flow counter to

32record the counts from P only. The slices indicated by hatching 
were combined and the RNA was eluted from them as described in 
■"Methods", 11*7 for nucleotide analysis.

(a) Uninfected "resting": 48 RNA
(b) "High serum" exponentially growing ; 48 RNA

(c) "Serum back" : 48 RlfA and 58 RNA

(d) 1 " 4 hours P.I,
(e) 4 " 7 hours P.I,
(f) 7 ” 10 hours P.I

48 RNA
48 RNA and 58 ItNA 
48 RNA,
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back" c e l ls  (F ig .  45c) and P R V -in fected  c e lls  a t  4 7 bouxs Pol. (F ig .  45©)

The n u c le o tid e  com position o f the e lu te d  RM s was obta ined by KOH h y d ro ly s is  

and e le c tro p h o re s is  (as described  in  "Methods", I I . 8 ) and the re s u lts  are  

shown in  Table 7*

There is  no s ig n if ic a n t  d if fe re n c e  among any o f the samples o f 

48 RNA and the re s u lts  agree w e ll w ith  those obta ined  by paper chromatography 

(see T ab le ) as w e ll as pub lished  re s u lts  ( J a r r e t t  e t  a l , ,  1971) 

usin g  the same method. However, th is  does not mean th a t  th ere  are  no 

a lte r a t io n s  in  the p o p u la tio n  o f 48 RNA species a f t e r  in fe c t io n ,  fo r  the  

changes would have to  be q u ite  dram atic  to  a f fe c t  the o v e ra l l  base r a t i o .

The two sets  o f 5S RNA re s u lts  obta ined  d i f f e r  s l ig h t ly ;  58 RNA 

obta ined  4 “  7 hours P . I .  is  more l i k e  48 RNA than is  the 58 RNA from the  

"serum back" c e l ls .

V .2 .  "F in g e rp r in ts "  o f 48 Rl̂ A and 58 Rî A i n unin fe c te d  

and P R V -in facted  c e l l s .

I t  was decided , in  v iew  o f the s l ig h t  change in  n u c leo tid e  

com position o f 58 RNA a f t e r  P R V -in fe c tio n  to examine the sequence o f 58 RNA 

b efo re  and a f t e r  in fe c t io n  by the method o f " f in g e rp r in t in g "  T̂  rib o n u c lease  

d ig e s ts  o f RNA, described  by Sanger e t  a l . « I 965 ("M ethods", I I , l O ) .  48 

RNA was a lso  examined in  v iew  o f the p o s tu la te d  changes in  the p o p u la tio n  

o f tRNA a f t e r  in fe c t io n  discussed in  sec tio n  V . l .

In  o rder to  o b ta in  s u f f ic ie n t  q u a n tit ie s  o f the very  h ig h ly  

la b e l le d  RNA needed fo r  th is  techn ique, a la rg e  amount o f c e l ls  and iso to p e  

('^^PC^) were used, as described  in  the legend to  F ig .  46. The la b e l l in g  

p erio d  was fo r  5 hours in  the case o f the u n in fe c te d  c e l ls  and from 4 “  7
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hours P.Io'in the case of the PHV-infected cells. The ribosomal pellet 

was obtained by a 5 hour x 105,000 g centrifugation; the RNA extracted 

from the cell sap (not shov/n) contained negligible 58 RÎ'IA on lÔ c gel 
electrophoretic separation. The lov/ molecular v/eight ribosome-associated 
RNA v/as obtained (as described in the legend to Fig. 46)> and electrophoresed 
on 10% polyacrylamide gels. The absorbancy trace v/as obtained of both gels, 
and were identical qualitatively, the only difference being in the amount of 
RNA present. The trace (from uninfected cells) is shown in Pig, 46a; the
ratio of 5s RNA to 48 RNA in the ribosome-associated fraction will be 
discussed in more detail in relation to Fig, 51a.

The gels were sliced and counted on a gas-flow counter and the 
results from the uninfected and infected cells are shov/n in Fig, 46b and c 

respectively. The 5^ RNA slices marked were eluted ("Methods", II.8; the

4 X SSC v/as removed by dialysis and no commercial 48 RNA was added as the 
sample must be <'20 jig RNA for "fingerprinting). "Fingerprints" were 

obtained of a T^ ribonuclease digest of this 58 RNA ("Methods", II.lO) and 

are shov/n in Fig. 47a and b - uninfected and infected cell 58 IRRv respectively 
The "fingerprints" obtained lacked the resolution of larger fragments (at 
the top of the "fingerprint") v/hich is expected from this method; this 
"smudged" effect was obtained in every one of the several RNA preparations 
which were "fingerprinted", and is possibly due to a contaminating component 
of the gel. However, the lower portion of the "fingerprints" (9 spots) is 
well resolved and, on comparison, the two fingerprints appear identical,
8 of these spots seem to be identical to those from a T^ ribonuclease digest 

of 58 RNA from Laridschutz, ascites cells (Williamson and Brownlee, I969) and 

have been.numbered as such using the numbering system of Forget and Weissman, 
1967b • The 9th resolved spot is very faint in both cases and corresponds to



J. (vy

10% polyacrylamide gel electrophoretic separation of low 
molecular weight ribosome-associated RI'IA for "finger-printing"

015 cells in 9 Roux bottles were put to rest in ECl 
containing' 10% phosphate ("Methods", 1,1.(ii)) and on the 6th day 

were infected with PRV at 20 p.f.u./cell. The cells were labelled 
with 150 jiCi '^^POp/mlfcom 4 ” 7 hours P.I, As controls, 4 Roux 
flasks containing exponentially-growing 01$ cells in EClO (lO% 
phosphate) were labelled for 5 hours with I50 pCi ^^PC^/ml, After 

labelling the cells were disrupted mechanically ("Methods", Il.l.(i)a) 

and the nuclei, mitochondria and ribosomes were pelleted by 
centrifugation; the final centrifugation was 105,000 g for 5 hours 

•("Methods", II.l.(ii)),RNA was prepared from the ribosomal pellet, 
and the low molecular weight RNA was extracted from it by IM NaCl 
("Methods", II.2o(iii)). This RNA was then electrophoresed on 10% 
polyacrylamide gels which were scanned at 260 nm on the Gilford (a); 
the gels were then sliced and the slices counted on a gas flow counter,

The slices indicated by hatching were combined and the RNA 
was eluted from them without addition of commercial 48 RNA ("Methods", 

II.7) for "finger-printing".

(b) Uninfected ribosome-associated 58 RNA
(c) PRV-infected ribosome-associated 58 RNA.
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Riguxe 47*

digests of 58 Rl'̂ A in the •uninfected and 
PRV-infected 015 cell

5S ribosome-associated ^^P-RM samples from (a) uninfected 

cells and (b) PRV-infected 01$ cells, prepared as described in Pig* 4&; 
were enzymatically digested with Tjj[ and "finger-printed” as described 
in "Methods", 11.10. The resulting fingerprints are compared with
(c) a fingerprint of $8 RNA from Landschutz ascites cells (Williamson 

and Brownlee, 1^69),

(The position of the marker dye in the second dimension is 

indicated by ^ ).''V. -•
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a strong spot in a similar fingerprint of 4^ RNA; it therefore is probably 
due to slight contamination of the $8 RNA with 4S R1\̂ A, Thus it appears 

that ribosome-associated $8 RNA is probably not a different species after 
PRV-infection,

"Fingerprints" were also made of the ribosome-associated 4^ FNA

(Fig, 4^) nnd of the 4-3 RNA from the corresponding cell sap (see legend to
Fig, 46)0 They were all found to be identical, but the heterogeneity of

4S RNA means that all possible spots should be present and hence comparative 
42conclusions from P»"fingerprints" of mixed 4S RNA. can not be dravm,

VI, Studies on ribosomal RNA synthesis after PRV-infection,

The effect of PRV on ribosomal RNA synthesis was investigated.
This would determine if the effect on $8 RNA synthesis is the same as the 
effect on the larger rRNA species and would act as a useful comparison for 
4s RNA synthesis.

VI.1. Appearance of rRNA in the cell cytoplasm,... I Im, !■ n p.i n i 111 , | iiiiw WP«"»*T»rwi. J/, i, ■ i m m̂V ■

Short labelling periods mostly of $0 min and 45 min have so far 
been used to study the production of 4S RNA and $8 RNA. however, as 
discussed in "Introduction", 111,2.(ii), the appearance of label in 

cytoplasmic RNA is slow,, taking about 20 - $0 min for cytoplasmic 188 RNA 

to become labelled and about 1 hour for cytoplasmic 288 M A  to become labelled 

in HeLa cells (Penman et al., I966; Penman, 1966); the kinetics of 
appearance of ribosomal RNA in 01$ cells has not been reported and it was 

decided to check briefly if short labels such as were used to study 4^ and 
58 RNA would be suitable for labelling ribosomal RNA, or if longer labels 
would be necessary.



Thus two Roux flasks, one containing exponentially-growing and one
%containing "resting” cells were pulse-lahelled with M-uridine for $0 mih, 

and cytoplasmic ribosomal RÎ A was prepared from the ribosomal pellet 

("Methods", II«2o(iii)). Since the specific activity of the rRÎ̂ A was very 

low it was decided to fractionate these samples on 5 - 20% sucrose gradients 

(Britten and Roberts, I96O), as described in "Methods", II.$.(iii), as these 
gradients have a large capacity. The results of this experiment are shov/n 

in Pig, 4-8 o

Three absorbancy peaks are shown, designated as 288, 188 and lov/ 

molecular weight RNA (48 4 58 RNA). In neither the exponentially-growing 
nor in the "resting" cells is there a 288 RNA peak of radioactivity, but 
there is a significant 188 peak. This suggests that the kinetics of 
maturation of rRNA in 01$ cells is similar to that of HeLa cells and that 
pulse-labelling periods of greater than 1 hour must be used to get both 

cytoplasmic high molecular weight rRNA species labelled, and three or four 

hour labels were used thereafter. Pig. 48 also demonstrates the decrease 
in rRNA synthesis in "resting" cells, and this will be investigated more fully 
later,

VI.2, Calibration of a 2.5% polyacrylamide gel system.

Since the problem of low specific activity rRNA was not expected 

to arise again because of the longer labels to be employed, it was decided 
to use a polyacrylamide gel system to separate the rRNA, This does not have 

the capacity of the sucrose gradients, but it was shov/n to give better 

separation of the RNA species - especially between 188 RNA and the low 
molecular weight peak (48 4- $8 RNA).



Figure

Sucrose gradients of cytoplasmic ribosomal RNA pulse-labelled
for 30 mins with ^H-uridine

a) Nearly-confluent CIJ cells in a Roux bottle were 
labelled for JO min with 12 pCi/ml of ^H-uridine.

(b) "Resting" CIJ cells ("Methods", I.l.(ii)) in a
Roux bottle were used on the sixth day of"resting"
and were labelled for JO min with 12 pCi/ml of 
5^H-uridine,

The cells from a) and b) were harvested and the ribosomal 

pellets were prepared by homogenisation of the cells and differential 
centrifugation ("Methods", 11,1.(ii)). RNA was extracted from these 
pellets ("Methods", II.2.(iii)) and the total RNA obtained was 
fractionated (along with 120 pg of unlabelled "cold-phenol" extracted 

cytoplasmic RNA) on 4 ml 5 - 20% sucrose gradients as described in 
"Methods", II.J.(iii), and the absorbancy of each fraction at 260 nm 
and the d.p.m. in each fraction were obtained as described.

—, absorbancy at 260 nm
4 4nl-d,p.m. from ^H-uridine.
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The gel system used v/as the 2«5% polyacrylamide gel ("Methods", II. 

J.(ii)). The absorbancy trace of fractionation of ribosomal RNA on these 

gels is shov/n in Fig, 49&; and the radioactive profile obtained by fraction
ation of the internal marker on these gels is in Fig. 49^» Good 
separation betv/een 288 and 188 RNA species is achieved, and the lov; molecular 
weight species (48 RNA and J8 RNA) co-electrophorese but are well-separated 
from 188 RNA; the peak.s were identified by reference to Nooning, 1967.

VI.J. Ribosomal RNA synthesis after PRV-infection in exponentially-
grov/ing cells.

To determine as exactly as possible the effect of the virus on rRNA.
nthesiEu,

%synthesis, infected and uninfected cells were labelled with H-uridine and
C-uridine respectively. This was found difficult for examination of the 

lov/ molecular weight RNA because of the short pulse-labelling times- necessary 

(section Il.l.(ii)). However, to examine cytoplasmic ribosomal RNA long 

labelling times are not only possible but necessary because of the relatively 

slow processing of the rRNA.

Thus exponentially-growing cells were mock-infected or infected

with pseudorabies virus. ^^G-uridine was used to pulse-label the uninfected 
%cells and H-uridine was used to label the infected cells from 2 - 6  hours 

P.I. Unlabelled uridine v/as added to the medium containing H~ur:idine to 
bring the level of uridine up to that of the medium containing ^^C-uridine 
so that in both cases the molarity v/as the sane (j.j ^olar) ; at this level 
slight differences in molarity of uridine in the medium do not affect 
incorporation of radioisotope (Fig, lO). The nuraber of curies of ^H-uridine 
used v/as nine times the number of curies of used; this v/as arranged

partly because the efficiency of counting is much less than that of



Figure 49a
■■■111 n V iij i »....»!! mm aU'fn j jM.a

Absorbancy trace at 260 run of a 2.5% polyacrylamide gel 
electrophoretic separation of 

ribosomal RNA

Ribosomal RNA was prepared by phenol-extraotion of the 
ribosomal fraction of CIJ cells ("Methods", II.2,(iii)) and was 

electrophoresed on a 2,5% polyacrylamide gel ("Methods", II,5,(ii)). 
The absorbancy trace at 260 nm was obtained using a Gilford model 
240 spectrophotometer with a linear transport attachment (model 24IO).

Figure 49b

^C-labelled cytoplasmic RNA electrophoresed on a 2,5% polyacrylamide gel

40 pi of the ^^G-labelled cytoplasmic marker RNA, prepared as 

described in Fig, I5, was electrophoresed on a 2,5% polyacrylamide gel, 
which was sliced and counted on a gas flow counter ("Methods", XI.3.(ii)),
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and also because of the expected decrease in incorporation of radioisotope 

in the virus-infected cells»

After the four-hour pulse-label period the infected and 

uninfected cells were harvested together, the ribosomal RNA pellet was 
prepared and the ribosomal R M  was extracted ("Methods'*, II.2.(iii)) and 
electrophoresed on a 2»5% gel. The result is shown in Pig, $0» The 
ratios of 28S to 18S RNA are very similar in the infected and uninfected 
cells (lo2 and 1<>5 respectively), but the ratio of either of the larger 
rRKA species to the low molecular weight RNA is very different in the 
infected and the uninfected cell. It is clear that there is relatively 
much more low molecular weight RNA being synthesised in the infected than in 
the uninfected cell. However, when the $i-fold excess of d,p,m, added to 
the infected cell has • been accounted for, there is still an absolute 
decrease in the low molecular weight synthesis after infection. In 

Table 8 the incorporation into each of these species is tabulated, 288 

and 188 RNA synthesis in the infected cell is strongly decreased to a very 
similfrr extent (to 16% and 1^% respectively). The difference in decrease 
between 288 and 188 R M  is very slight; a similar degree of inhibition for 
these two species is expected since they have a common precursor (458 R M ) , 
The low molecular weight RNA from the ribosomal pellet consists of 58:48 
in the molecular ratio of 1:2, The decrease in' synthesis of this ribosome- 
associated low molecular weight RNA after infection is much less than the 
ribosomal RNA (to 54%) j and is of the same order as previously noted for 48 
RNA and less than that previously noted for 58 RNA (e»g. Table 4). Thus 
the decrease in the synthesis of the larger rRlîAs P.I. is greater than the 
decrease in synthesis of low molecular weight RNA.



Figure 50.wi—Il III I m i«iiii*=*F i.&ii*̂ I ■

ide gel of ribosomal RNA from exponentially- 
growing uninfected and PRV-infected cells

Nearly-confluent burlers of CI3 cells were infected or 
mock-infected with PRY, From 2 - 6  hours P,I, the infected cells 
were labelled with 1,8 pCi/ml of ^H-uridine while the mock-infected 
cells were labelled with 0,2 pCi/ml of ^^C-uridine; the concentration 
of uridine in the medium was 5*5 plï in both cases. The cells were
harvested together, mechanically disrupted and after pelleting nuclei 
and mitochondria, the ribosomes were precipitated by a I6 hour x 
105,000 g centrifugation, ("Methods", II,l,(ii)), (The cell sap 

fraction was retained and analysed as described in Pig. 52),
Ribosomal RNA was extracted from the ribosomal pellet ("Methods'*, II, 

2,(iii)) and was electrophoresed on a 2,5% polyacrylamide gel; the 
gel was scanned at 260 nm in a Gilford spectrophotometer, sliced and 
counted by liquid scintillation spectrometry as described in "Methods", 
II,5.(ii),

 -------— , ^H-d.p,m, from ^H-uridine (PRV-infected cells)
 , ^^C-d,p,m. from '̂"^C-uridine (mock-infected cells)
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Table 8
Incorporation of labelled uridine into ribosomal RNA species 

in uninfected and PRV-infected cells
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Uninfected cell 
(^^U"d,p,m.)

Infected cell 
(^H-d.p.m.)

Infected cell incor
poration as percentage 
of uninfected cell x

288 10,900 15,500 16

188 7,500 12,800 19
Low

molecular
weight

6,700 20,800 34

Data talcen from Fig. 50.

(k Corrected for excess curies added to infected cell medium
see legend to Pig. 50).



To investigate this further, a portion of the sample from Fig, 50 

was electrophoresed on 10% polyacrylamide gels to obtain the separation of 
the 5s and 48 RFA species. The trace of absorbancy at 260 nm is shown in 
Fig. 51a. Since there are two 48 RNA molecules each about 80 nucleotides 
long to every 58 RNA molecule 120 nucleotides long, then the expected ratio 
of the optical densities of 48 RNA to 58 RNA is 1.5; this is in fact the 
ratio obtained here on comparison of the areas under the pealcs, Note that 

the 48 RNA peak, due to its heterogeneity, is wider than the 58 Rl'îA peak.

The high background across the gel is due to the large amount of ribosomal
RNA necessary to have sufficient low molecular weight species to be able to

obtain an absorbancy trace. The radioactive gel profile is shown in Fig, 5IN. 

The calculation of the activity in each pealc is sho\m in Table 9, although 
these calculations must be treated with reservation because of the high 
background across the gel. However, the decrease in 48 Rl'îA synthesis
after infection is about 36% while the decrease in 58 RNA synthesis is only 
about 54%î note that in this case 48 RNA is almost certainly tRNA since it 

is ribosome-associated and similarly the 58 RNA is ribosomal 58 Rl'îA. These 
results are extremely similar to the decrease found in 48 and 58 RNA 
synthesis after infection in cytoplasmic RNA (e,g. Table 4)»

In the above experiment, the effect of PRV-infection on the
production of the larger ribosomal species and on the smaller ribosomal species 

was examined (Figs, 50 and 51 respectively). We considered that even 
although we had already accumulated a considerable amount of data on the 
effect of PRV-infection on cell sap RNA synthesis, it would be worthwhile to 
examine the cell sap RNA obtained from the above experiment to allow a more 
valid comparison of relative rates of synthesis of all cytoplasmic RNA 
species. An especial point of comparison is the rate of synthesis of



IĈ o polyacrylamide gels of low molecular weight ribosomal RNA

Ribosomal RNA from mock-infected or PRV-infected Cl3 cells, 
prepared as described in Pig. 50» was electrophoresed on a 10% 
polyacrylamide (’'Methods'*, II.3*(ri)), The gel was scanned at 
260 nm using a Gilford model 24O spectrophotometer and the trace 

shown in (a) was obtained. The gel was then sliced and counted by 
liquid scintillation spectrometry (b).

-, d.p.m, from ^K-uridine (PRV-infected cells)
, d.p.m, from ^^'C-uridine (mock-infected cells).
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Table 9

Incorporation of labelled uridine into low molecular weight 
ribosome-associated RNA species in uninfected and PRV»-lnfected cells
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Uninfected Infected Infected cell incorporation
cell cell as percentage of

(^^C-dcp.m.) (^H-d.p.m.) uninfected cell 2t

5S 740 3,600 54
4S 5,580 11,700 36

Data taken from Fig. 51b.
Corrected for 9-fold excess curies added to infected cell medium 
see legend to Fig. 50).



ribosome-associated 48 RÜA and cell sap 4S RFA,before and after PRV- 
infectioHc

Thus the cell sap before arid after PRV-infection was prepared 
as described in the legend to Pig, 50, and the RFA was extracted and 

electrophoresed on a 10̂ 6 polyacrylamide gel. The resulting radioactive 
profile is sho\-m in Pig, 52* In this case there is no ribosomal RNA or 
58 RNA in the cell sap fraction; this is because a I6 hour x 105,000 g 
centrifugation was used to precipitate the ribosomes. This was possible 

as the pulse-label period had been too long to label unstable precursor 

species and hence the care shown, previously to prevent maturation was 

unnecessary (see P. II7 ) « In the infected cell sap there is a small amount 
of heterodisperse material 58. The d.p.m, incorporated into the cell sap 
48 RNA is shovm in Table 10, and indicates that cell sap RNA decreases to 

55% after infection,

VI,4« Ribosomal RNA synthesis after PRV-infection in "resting" cells,

Tlie relative effects of infection on ribosomal RNA, 48 RI-ÎA and 58
RNA in "resting" cells was examined. Comparison was also made between
exponentially-growing cells, "resting" cells and "resting" cells to which

%serum had been replaced 48 hours previously, H-uridine was used to 
pulse-label all the samples; a 5 hour pulse-label was used throughout, and 

in the infected cells two labelling periods were used, 1 “-.4 hours and 4 - 7  

hours after infection. The ribosomal pellet v;as precipitated by centrifu

gation and the RNA extracted from it was electrophoresed on 10% polyacryl

amide gels to obtain separation of the ribosome-associated 58 and 48 RNA 

species (Pig, 55)• In order to obtain a sufficient number of counts in the 
low molecular weight species, the gels were heavily overloaded; hence there
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Figure 32.

1096 polyacrylamide gel of cell sap RNA from exponentially-
*** " —   —— ~— --------- — "1— 1 I 1 ~n 1 I ■ I ■■ iT' 1 ~ I -.11 ■ I ■■ i«M I » ■ miwL ■laimnB.n —| ■■mn ■jm,n

growing mock-infected and PRV-infected cells.

Cell sap RNA from mock-infected and PRV-infected cells 
was prepared by phenol-extraction of the cell sap fraction described 
in Fig. 50» and was electrophoresed on a 10% polyacrylamide gel, which 
v/as sliced and counted by liquid scintillation spectrometry ("Methods",

II.3. (ii)).

%  d.p.m. from ^H-uridine (PRV-infected cells)
-, ^^C d.p.m. from ^'^C-uridine (mock-infected cells).
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Table 10

Incorporation of labelled U3?idine into cell sap 48 RFA in 
uninfected and PRV-infected cells

Uninfected Infected Infected cell incorporation
cell cell as percentage of

^'^C-dcp.m. 5"^H-d.p.m. uninfected cell‘d:

48 15,650, 49,500 35%

Data taken from Fig.-52.
Corrected for 9-fold excess curies added to .infected cell medium- 

see legend to Fig. 50).



Ribosomal RNA from uninfected and PRV-infected cells electrophoresed
on 10% polyacrylamide gels

Uninfected "resting" (a), "high serum" (b) and "serum back"
(c) "control" cells were obtained as described in Pig. 42, and were 
labelled for 3 hour periods with 4 fiCi/ml of ^H-uridine, "Resting" 
cells were also infected with PRV and labelled for 3 hour periods :

(d) 1 - 4  hours and (e) 4 *=■ 7 hours P.I.

At the end of the labelling period the cells were harvested, 
mechanically disrupted and subjected to differential centrifugation to 

obtain the ribosomal pellet, from which the ribosomal RNA was extracted 

("Methods", 11.2.(iii)). Aliquots of this RNA were electrophoresed 

on 10% polyacrylamide gels which were sliced and counted by liquid 

scintillation spectrometry ("Methods", 11*3»(ü))*
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is a high hackgxmmd which makes a few of the HKA peaks difficult to 
quantita,te precisely* Once again it can he seen that the incorporation of 
labelled precursor into the "serum back" llî̂A is higher than into the 
exponentially-growing cells •« probably once more due to the larger number 

of cells* The level of z|.S RNA synthesis in the "resting" cells is about 25 * 
50% of the exponentially-grov/ing level, but on infection this level does not 
fall further and may even rise. This agrees with results for infected cell 

sap 4S RNA in "resting" cells (Figs* 42 •“ 45)® 58 RFA synthesis seems less
affected on going to "rest" than is 48 RNA synthesis; its "resting" level is 
about 505'o of its exponentially-growing level, and on infection 5S RNA 

synthesis does not decrease very much further*

Although 48 and 58 RNA are resolved on 10% gels, the synthesis 
of the larger ribosomal RNAs can not be measured on these gels. Hence, the 
ribosomal Rl'îA samples used in the above 10% gels were electrophoresed on 
2,5% polyacrylamide gels to resolve 28S and 16S RNAs, The radioactive 
profiles obtained are given in Pig, 54, and the counts in each RNA species 
were calculated and are tabulated in Table 11, Note that in these gels 
there is a relatively high background across the gel and the low molecular 
weight RNA is present in such small amounts in these "resting" cells that 
calculation of total counts, especially the low molecular weight RNA, is 
liable to error. The significant findings are the following;

The synthesis of 288 and IBS RNA in resting cells is about 40% of 
the level in exponentially-growing cells. The level of rRNA synthesis in 
the "serum back" cells is about 1,5 times that of the exponentially-growing 
level, probably due to the increase in cell numbers. Infection of the 
"resting" cells causes a further decrease in the level of 288 and IBS Rl'îA



Ribosomal RNA from uninfected and PRV-infected cells electrophoresed
on 2,5% polyacrylamide gels

Aliquots of the ribosomal RNA fractions prepared as described 
in Fig. 53 were electrophoresed on 10% polyacrylamide gels, which were 
sliced and counted by liquid scintillation spectrometry ("Methods", II.

3.(ii)).
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Figure 54 (continued)
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synthesis and the level of 28S RNA synthesis reaches a level of 42% of the 

"resting” level5 and 17% of the exponentially-growing level,at 4 ■" 7 hours Pol. 
The level of decrease in the synthesis of 188 id̂ A after infection is 
impossible to calculate with any degree of accuracy because of the 
appearance of a large amount of heterodisperse RNA electrophoresing between 
188 RNA and the low molecular weight RNA; thus the apparent incorporation 

of ^H-uridine into 188 RNA is artificially elevated. The'testing"cell 
levels of low molecular weight I&A do nojb seem to decrease and may be 
increased after PRV-infection, in agreement with the results obtained when 

ribosomal RNA was fractionated on 10% polyacrylamide gels (î'ig. 53)

An interesting correlation can be made between ribosome-associated 

58 RNA synthesis and the synthesis of the larger ribosomal RNAs.

Calculation from Table 11 shows that 288 + 188 RîvIA synthesis in"restingf* cells 
is 45% of the exponentially-growing level, and this level decreases a further 
50% after PRV-infection, whereas 5^ Rl'îA synthesis (calculated from Pig. 53) 
has a"resting"level of about 50% of its exponential level but shows no further 
decrease on PRV-infaction. Thus 58 RNA synthesis seems to decrease in step
with the larger ribosomal RNAs on going to "rest"  ̂ but on infection this 
correlation does not hold, 288 and 188 Rl'̂ A synthesis being much more 
decreased than is 58 RNA synthesis.



DISCUSSION

I, Incorporation of ^Pl-uridine into total cell RNA

'AConditions for optimal incorporation of '^H-uridine into total 
cell RNA were first determined. It was found that a medium concentration 
of 1.0 - 6.0 pM uridine gives maximal incorporation of ^H-uridine into RNA 
and that ^'^C-uridine behaves similarly (Fig, lO), Above the level of 
6.0 pM there is a strong decrease in incorporation, probably simply due to 
dilution of the radioisotope; below the level of 1.0 ]uK there is a slight 
decrease in incorporation and this is probably due to a minimum medium 
concentration of uridine being necessary to facilitate its own transport 
into the cell.

It was also found that at the "plateau" level of 1.0 6.0 pM
uridine, the effect of intracellular pool size is negligible compared to 

the concentration of uridine in the medium (Table 5)®

Uptake of ^H-uridine into PRV-infected cells was then studied 

and it was found that PRV-infection of exponentially-growing cells causes 

a steep decrease in total RNA synthesis (Fig, 11), As already discussed 
("Introduction", IV. 2.(ii)), this effect has been reported by Kaplan & 
Ben-Porat, I96O, and very recently by a report from the same laboratory 
(Ralcusanova et al.* 1971)> and is in agreement with data for HSV-I 
(Roizman et al,, 1965» Hay et al.« I966; Flanagan, I967). The decrease 
in RNA synthesis in PRV-infected cells is not due to changes in the 
intracellular pool of irridine and its derivatives (Rakusanova et al., 1971)

II. The "resting" cell system

In several of the experiments described in this report a "resting"



cell system was utilised as it was considered that the depression of host 

ENA synthesis which occurs in these cells would allow the positive effects 
of the virus on RNA synthesis to be seen more clearly, CI3 cells are not 
strongly contact-inhibited, and the serura-depletion system used was 
described. Several investigators have reported experiments with "resting" 
cells which are contact-inhibited ; in many ways these two types of "resting"
cells (obtained by contact-inhibition and serum-depletion) are similar---

e*g, Clarke et al.» 1970 showed that even CI5 cells exhibit density- 
dependent inhibition in low concentrations of serum; also fresh serum can 
reverse the effects of inhibition in contact-inhibited 513 cells (e.g, 

Cunningham & Pardee, 19&9; Hhierson, 197l)«

The low levels of DNA synthesis characteristic of the "resting" 

system were observed (Fig, 40)» the low enzyme levels in this serum- 
depleted system and the increase in enzyme activity which occurs after 

restoring serum have been reported by Howard et al., 1972.

Since this CI3 cell system had not been used for infection by 
herpesviruses, the ability of PRV to infect these cells, and the yield of 
PRV produced was examined; such studies, using autoradiographic techniques, 
have confirmed that the level of PRV used (20 p.f.u./cell) results in lOÔ é 
infection by 5 hour's P.I. ("Results", IV.1 and IV.2).

Care must be taken in comparison of radioactivity incorporated 
into "resting" and exponentially-growing cells because of possible variation 
in the size of the nucleotide pools and of variation in the rate of transport 

of nucleotides. Contact-inhibited cells transport exogenously-labelled 
nucleosides and phosphate more slowly than do rapidly-growing cells, 
suggesting that rate of incorporation of isotopically-labelled uridine or
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phosphate into total cellular RNA may he a poor measure of the absolute 

rate of RNA synthesis by these cells (Cuniiingham & Pardee, 1969» Weber & 

Rubin, 1971)* Thus, too much emphasis is not laid on the measured 
decrease of incorporation of radioisotope into RNA in "resting" cells 
compared to exponentially-growing cells* However, comparison of rates of 
labelling in "resting" cells before and after infection is as valid as 
similar comparisons in exponentially-growing cells.

III. Choice of a fractionation system for low molecular weight RNA

The work reported describes for the most part low molecular weight 
RNA species after PRV-infection. Some preliminary work using PRV had been 

reported (Shepherd, 1969) but the fractionation method used, Sephadex GlOO 
column chromatography, whilst having the advantage of a large capacity, did 

not have as good resolution as was desired.

Thus the method of fractionation of RNA on 10% polyacrylamide 

gels (Loening, I967) was examined. It was found that excellent separation 

of 48 and 58 RNAs from each other and from the larger ribosomal RNAs could 
be obtained. Disadvantages to the system were (a) the low capacity of the 
gels ”• about 100 pg RNA was maximal, (b) the difficulty of relating 
absorbancy to radioactivity, and (c) the loss of ribosomal RNA from the top 
of the gel.

Point (a) was resolved by the use of highly labelled RNA, and for
%most of the studies in this report H*»uridine was the isotope of choice, 

instead of ^^C-uridine, since ^^C-uridine is of such low specific activity 
tha,t the 6.0 pM level of uridine considered optimal contains too few d.p.m. 
Point (b) was of especial importance because of the necessity of measuring



small differences in electrophoretic mobility. ■ This was resolved by the
14 3routine co-electrophoresis of ^C-cytoplasmic RNA with H-labelled sample,

and the calibration of this marker was described (Fig. 16), Point (c),
the loss of ribosomal RNA from the top of the gel, was unavoidable, and
the loss was particularly severe when the gels were stained with toluidine
blue (probably due to the lengthy destaining process). Hence any value
for "rRNA" from the top of a 10% polyacrylamide gel must be treated with
reservation; however, the Sephadex GlOO system is not much more satisfactory
in this respect since it does not separate the larger rRNAs from each other

nor from any mRNA,

IV. The synthesis and fate of RNA species I and II from 
PRV-infected exponentially-growing cells

The radioactive profile of cytoplasmic RNA labelled for 50 min 
with H-uridine after PRV-infection differs markedly from a similar analysis 

of RNA from uninfected cells (Shepherd, 1969)1 the particularly striking 
features are a sharper 58 RNA peak, relatively more material between 58 and - 
4S RNA, and relatively much less 48 RNA than in uninfected cells. These 
results were confirmed both by Sephadex GlOO column chromatography (Fig. 13) 
and on the 10% polyacrylamide gel system (e.g., Fig. I7) and differences due 
to isotope effects or variation in preparation were ruled out ("Results", 
IIcl.(i),(iii)). The 10% polyacrylamide gel system, apart from the clear 
resolution of 58 RNA from the larger rRNAs, also resolved the material 
between 58 RNA and 48 RNA into two peaks, the one nearer 58 being designated 
I and the other.II. It is the metabolism of these two RNA species which 
is now to be discussed.



The origin of this material, species I and II, between and 48 

RNA was considered first. Reference to the literature indicated that 

examples of RNA eluting or electrophoresing between 48 and 58 have been 
diversely identified as (a) stable dimers of tRNA molecules (Loehr & Keller, 
1968), (b) new mature species of tRNA after T4 infection of E® coli (Weiss 

et ale g 1968), (c) mitochondrial-specific 48 RNA as described in 

"Introduction", 111*7 (Knight & Sugiyama, 1969; Knight, I969), (d) some 
of the low molecular weight nuclear species described by Penman’s group, 
and others ("Introduction", III.6), and (e) unstable precursors to tRNA 
found in a wide variety of organisms, as described in "Introduction", III.5.

(ii); it is also possible that these could be new virus-coded species as 
described in adenovirus-infected cells by Weissman’s group ("Introduction",
IV.2,(ii)d).

The fact that, in our hands, species I and II are not stable, e.g, 
they proved unstable to actinomycin D "chase", means that postulates (a),
(b), (c) and (d) are untenable. (if (d) were the case, it would mean 

leakage of nuclear species to the cytoplasm in the infected cell - but 
Weinberg & Penman, I968 and 1969 have shown that these low molecular weight 
nuclear species are all stable or have long half-lives). Thus the 
suggestion (e) that species I and II are precursors to tRNA was investigated, 
and the kinetics of synthesis and specificity of metabolism both in vitro 

and in vivo have served to discount any suggestion that they are merely 

products of degradation of cellular RNA produced by PRV-infection.

Precursors to tRl'JA appear in uninfected mammalian cells labelled 

with radioactive nucleosides for short periods of time (e.g. 10 min), as 

material eluting in the "4&8" position rather than in the 48 RNA position;
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longer periods of labelling gradually produce more 48 RNA and less 4&8 

RNA. This 4&8 RNA has been designated "pre-tRNA". As discussed in 

"Results", II.(iii), if species I and II in the PRV-infected cell are 

indeed precursors to tRI'JA then their maturation process must be retarded 

in the PRV-infected cell, since relatively long pulse-labels of up to 1 

hour in PRV-infected cells still label species I and II rather than 48 RNA.

In an attempt to establish if species I and II are precursors 

to tRNA three main lines of approach were used and have been discussed in 
this report ('Results", IIol*(iii) and II.2):

1. ' Comparison of the gel electrophoretic properties of species I 
and II with those of M A  (from uninfected cells) known to be pre-tRNA or
to contain a high proportion of pre-tRNA.

2, Kinetic experiments in which the fate of species I and II 
was followed during both longer labelling times and in the presence of 
actinomycin D,

5. In vitro incubation experiments in which cytoplasmic RNA 
containing species I and II and also partially-purified (eluted) species I 

and II were incubated with cell extracts.

These three methods of approach will now be discussed.

1 « Comparison of ge]. electrophoretic properties of species I and II to 
those of pre-tRNA. It has been shown that in uninfected CI3 cells a 5 min 
or a 10 min pulse-label of M-nucleoside produces cytoplasmic M A  which on 
fractionation on a Sephadex GlOO column elutes predominantly between 58 and 

48 RNA in one wide peak; this RNA has been shown to be pre-tRNA (Sraillie, 
I97O; Smillie & Rurdon, 1970). V/hen such M A  was prepared by labelling
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with •̂ H-’uridine and was electrophoresed on 10% polyacrylamide gels 
(Fig* 18) between 58 and 48 RNA two peaks appeared in similar positions 
to peaks I and II of the PEV-infected cell; the 5 min label produced, 
relative to 48, much more label in species I and II than did the 10 min 
label in which 48 RNA was quite heavily labelled, but the position of the 

two peaks in both species was similar to each other and to species I and II 
from the infected cello

Pre-tRNA which had been column-pur if led by Dr. J» Smillie and had 

been established to be pre-tRNA (Smillie & Purdon, 19?0) was electrophoresed 

on 10% gels (Fig, 19) and also eluted between 58 and 48 RNA, with virtually 
all its radioactivity in two pealcs in the position of infected cell species 
I and II,

Thus, as far as polyacrylamide gel electrophoretic characteristics 
are concerned, species I and II from PRV-infected cells behave as does 
pre-tRNA from the uninfected Cl3 cell. The appearance of two peaks of 
pre-tRl-lA is novel; other studies of mammalian pre-tRNA, even those using gels, 
have shovm only one peak, although always a diffuse one (e.g. Burden &
Clason, 1969; Bernhardt & Darnell, 1969). However, although the precursor 
of tRNA in CI5 cells has been studied using Sephadex GlOO columns(Smillie & 

Burdon, 1970» Smillie, 1970), polyacrylamide gels have not previously been 
used in the study of Cl5 lov; molecular weight RNA*

2c Kinetic experiments in the study of species I and II. The kinetic 
experiments performed fell into tv/o classes, (i) those in which a tirne-co'orse 

of labelling with ^H-uridine was carried out, and (ii) those in v/hich the 
fate of labelled RNA was followed by means of an actinomycin D "chase".



(i) Time-°-course s were performed to follow the production of

cytoplasmic RKA and cell sap ENA. A time-course of cytoplasmic RNA 

synthesis showed that in the PEV-infected cell after a 10 rnin pulse-label 

there was virtually no radioactivity in 4S REA whereas peaks I and II were 
labelled; these continued to be more heavily labelled than 4S ERA even 
after a 45 min pulse-label* After a 2 hour label most of the radioactivity 
was found in 4̂3 ERA although there was still a little in species I and II.

A composite graph of uninfected and PRV-infeoted cell cytoplasmic ERA was 

constructed (Pig* 25), which, although it must be treated with reservation 
because of overlap between the species, indicates that I and II are 
precursors to 4S ERA, since the proportion of radioactivity in 4S REA rises 

as that in I -f II falls* The composite graph also indicates that the 

relative amounts of the various cytoplasmic RNA species in the infected cell 
at about 100 min of labelling is similar to those in the uninfected cell 
at about 15 rnin indicating that the process of production of 4S ENA is 
that much slower. Similar criteria have been described by Kay & Cooper,
1969 for their claim that the rate of conversion of pre-tRNA to mature tRNA 
is accelerated after lymphocytes have been stimulated with phytohaemagglutinin.

Similar conclusions as to the kinetics of species I and II were 

obtained after a time^course of production of uninfected and PEV-infected 
cell sap RNA, The problems of preparing ribosome-free cell sap will be 
discussed in section VII; suffice to say here that species I and II were 

found in the cell sap to the extent that would be expected if they were 
precursors to tENA,

An attempt was made to gauge if the flow of material is I- >11--->48

or if each species matures separately to 4S RNA, Species I may be labelled



f:vo

faster than species II, even in the uninfected cell (Fig, 18a) which at 

5 min had most of its radioactivity nearer to 5Sc However, even if 

species I is labelled more rapidly than II it does not necessarily mean 
that it is a precursor to II, These kinetic experiments do, however, 

indicate that species I and II may be precursors to 4S ENA,

(ii) Actinomycin P "chase" experiments were the second kinetic line*  ' t II» 1 mfl m * i «U  ■ ■ ■ ■ ■ ■  I. t - — | ■ - t f w w » . , iTl II , ,, l< I n  I ■ H I i ii I w i ,  ■! i I

of approach. In these experiments PRV-infected cells were labelled with 
5̂H"Uridine to produce Rl'TA species I and II, and the fate of the infected 
cell cytoplasmic R M  was followed after an actinomycin D "chase".
Actinomycin D inhibits new RNA synthesis; 4S RNA (and 5S RNA.) are more 
resistant to this drug than are the larger RNAs, but, at the level used- 

(5 |JLg/ml), synthesis of these species too is almost completely suppressed 
(Hurdon et al., 1967; Perry & Kelley, I968, 19?0). The results obtained 
(Figs o 21 and 22) showed an increase in the amount of radioactivity in 4S 
and a concomitant decrease in the radioactivity in species I and II. The 
1 hour "chase" resulted in a decrease in RNA species I -1- II of 14,100 d.p.m. 
and an increase in 48 RNA of 15,500 d.p.m., while 87% of the original low 

molecular weight radioactivity was recovered (Table 6). Smillie & Burdon, 
1970, showed that 50% of uridine residues were lost in conversion of CI5 

pre-tRNA to ma.ture tRNA in an in vitro study. Thus the observed conversion 
of radioactivity to the 40 region seems to be rather more efficient than 

would be expected, and could be explained by the following factors:
(a) Owing to the difficulty in determining the exact radioactivity in a 
pealc, the relatively small amount of radioactivity in the 4S region before 
the "chase" may have been under-estimated,

or (b) Some of the radioactivity in 4S RNA could have come from the 5S RNA 

region which lost 8,550 d.p.m. during the same "chase". This could either



be because species I may overlap into RNA or because some of 58 RNA 
itself may be a pre-tRNA precursor; this latter point will be discussed 
in section VII.

In any case there is an excellent correlation between the number 

of d.p.m, lost from species I and II and those appearing in the 4^ RNA 
position, and thus the actinomycin I) "chase" experiments confirm the 
suggestion that species I and II are precursors to tRNA,

5, In vitro incubation experiments in the studies of species I

and lie The in vitro incubation experiments fell into two sections, firstly, 

whole cytoplasmic RNA incubated with uninfected or infected cell extracts, 
and secondly, partially-purified (eluted) RNA species incubated with 
uninfected cell extracts only. The experiments in which whole cell 
cytoplasmic RNA was incubated will be discussed first. These experiments 
were primarily designed to show a postulated difference in "maturing' 
ability" between extracts of uninfected and RRV-^infected cells. The 
rationale for such experiments has already been discussed ("Results", II.2) 
and will be expanded here. There are three stages in the production of 
mature 4S RNA (i) the transcriptional stage (ii) the transporting stage and
(iii) the maturing stage, and effects caused by RRV-infection at any one 
(or more) of these stages could produce the observed result of inhibition 

of 4-S RNA synthesis,

(i) An inhibitor at the transcriptional level (i.e. of the INNA 

polymerase) after virus-infection has been reported in two mammalian systems; 
mengoviruS“infected L cells (Balandin & Kastrikina, 196?) and recently in 

poliovirus-infected HeLa cells (lio & Washington, 19?l). Even if in the



PRV-infected cell the counts in species I and II are added to those of 
4S RNA, there is still less than in the uninfected cell (Table 4); thus 
it seems clear that the synthesis of 48 RNA is affected, at least to some 
extent, by inhibition of transcription. This inhibition may be due to an 
inhibitor of the polymerase, as mentioned above, or, alternatively, 
retardation of maturation (stage (iii)) may cause a build-up of pre-tRNA 
which could act to inhibit transcription by some negative-feedback process*

(ii) Inhibition of 48 RNA by decrease in the rate of transport of 
RNA from nucleus to cytoplasm would be practically impossible to study, 

since the use of aqueous media for cell fractionation may mean leakage of 

low molecular weight RNA, and even enzymes, from the nuclei« Thus, although 
it is generally believed that the maturing enzyme for pre-tRNA and the 
methylating enzymes are cytoplasmic (e.g. Burdon et al., I967), micro- 
dissection tecl-dques using non-aqueous analytical methods in insects have 
shown that, in that system at least, some formation of 4S RNA is a nuclea,r 

event (Egyhazi et al.& I969). Thus, owing to these.technical considerations, 
the aspect of transport has not been considered.

(iii) Inhibition of 48 RNA production after PRV-infection by 
retardation of maturation of the precursor could be achieved by various 
means, and it is this aspect which the in vitro experiments (Pigs. 24“28) 
were designed to investigate. As described in "Introduction", III.J.(ii)b), 
in bacterial cells an endonuclea.se removes a long sequence of 38 nucleotides 
at the 5’•"terminus of tyrosine pre-tRNA and at least 3 nucleotides are 
removed (in a manner not clarified) from the 5'"terminus (Altman & Smith, 

1971). There is present in CI5 cell extracts a factor which will remove

an average of about 3I nucleotides from pre-tRNA releasing them as 

nucleosides and nucleotides (Smillie & Burdon, I970)? these may have arisen



by subsequent degradation of a larger oligonucleotide produced by. 

endonucleolytic attack as in the bacterial system. Thus it was reasoned 
that in PRV-infected cells this "maturing" nuclease may be missing (by 
suppression of its synthesis) or an inhibitor of this nuclease may be 
produced; if either of these situations holds the maturing ability of 

uninfected and infected cell extracts should differ, maturing ability being 

measured in an in vitro incubation (as reported by Smillie & Burdon, 1970; 
Mov/showitzj 1970). In the event, extracts from uninfected and PRV-infected 
cells both caused maturation (as assayed by movement towards 48) and no 
difference in maturing ability was observed. The assay system of 
polyacrylamide gels using the ^^'C-internal marker would have detected very 

small differences if any had existed.

There are several explanations for this inability to reproduce 
in vitro the inhibition observed in vivo. The inhibitor may be very labile, 

even although the cell extract was prepared shortly before use and used without 

being frozen; the disruption of the intracellular structure may damage the 
inhibitor in some way; or the correct cofactors for the inhibitor may not 

have been found. The maturation of pre-tRM itself needs no cofactors and 

without S-adenosyl methionine produces submethylated M A  in the 48 RNA 

position (Smillie & Burdon, 1970; Mowshowitz, 1970); the removal of the 
extra sequence seems to be sufficient to allow the remaining portion to form 
the correct (or almost correct) tertiary structure. However, the inhibitor 
itself may require some cofactors, the determination of which could only be 
carried out on a trial-and-error basis.

However, from the point of view of comparing the behaviour of 
infected cell species X and II to that of pre-tRNA from the uninfected cell,



these in vitro incubations were most successful, for the same conditions 
which caused the maturation of pre-tRNA (or species I and II) in the 

uninfected cell (labelled for 10 min) caused the maturation of species I 
and II in the PRV-infected cell (labelled for 50 or 45 min). The movement 
in the two systems was exactly analagous, producing little material beyond 
48 Rl'îA, indicating little non-specific degradation. Even 10 rain incubation 

produced some movement of pre-tRNA to tRWA^and a decrease of substrateîprotein 

ratio increased the rate of movement. This is characteristic of an enzyroe- 
catalysed reaction.

These cell extracts caused maturation of pre-tRNA whether the 
nuclei were removed or not. As mentioned earlier, aqueous methods of 
purification allow leaka^ of material from the nucleus and thus, although 
the maturing enzyme is believed to be cytoplasmic, no firm conclusions about 
this can be drawn from these experiments.

In these experiments, even very short incubation times caused the 
almost complete disappearance of species I. It is difficult to tell if this 

species matures to 48 directly or via species II, and in an attempt to 
clarify this and other issues it was decided to incubate with cell extract 

RNA species after partial purification (Pigs. 55"59)*

The RNA species I and II were eluted from PRV-infected cells 
%labelled with ' H-uridine for 1 hour. Eluted species I and II from the 

PRV-infected cells were re-electrophoresed and ran exactly in the position 

from which they had come. Not only does this show that these species are 
stable to the effects of elution but also that they genuinely do represent 
distinct, albeit heterogeneous, species. Incubation with buffer had very 
little effect. Incubation with cell extract - only uninfected cell extract



was used since the "maturing ability" of the two extracts had been shovm 

to be identical - caused both species I and II to move towards the 48 RNA 
position, Similar movement of species I and II from the uninfected cell 

also occurred,but since these species came from 1 hour-labelled uninfected 

cells they were in any case mostly 48 RNA.

Species II from the infected cell moved to co-electrophorese almost 

exactly with 48 RNA; species I also moved mainly into the 48 RNA position, 
with a distinct shoulder in the position of species II and only a tiny 
amount of material in the position from which it came. In both cases there 
was a shar'p leading edge indicating negligible non-specific breakdown to 
material smaller than 48 RNA. The shoul.der in the position of species II 
appearing after incubation of species I may well indicate that at least 
some species I passes through a stage as species II, and this is in agreement 
with previous findings from the kinetic data, A likely reason for such a 

two-stage process is that removal of the extra sequences at the 5' and 5*” 
termini (as described by Altman & Smith, 1971) could occur in two stages, 
removal at first one end and then the other, corresponding to the transition
I >11 followed by the II >48 RNA shift. However, none of these results
conclusively shows that species II is such an intermediate in pre-tRNA 
maturation and it is still possible, or even probable, that I and II are 

simply different groups of precursor tRNAs which separate in the polyacrylamide 
gel system.

Thus these three separate lines of investigation (l, - 5,) of 

species I and II have demonstrated that infected cell species I and II are 

precursors to 48 RNA and that the process whereby this occurs is very 
similar to the maturation of pro-tRNA in the uninfected cell; this must 
account, at least in part, for the decrease in the level of synthesis of



48 ENA in the PRV-infected cello It should he noted that the question of 

whether the 48 RNA produced has any of the functions of tRNA such as amino 

acid-accepting ability has not been investigated in this report, but this 
aspect has also not been investigated in any studies of pre-tRNA in 

uninfected mammalian cells; this is because of the difficulty in preparing 

enough purified pre-tRNA. Thus all evidence that "4&8" RNA in the 

uninfected mammalian cell is pre-tRNA has resulted from kinetic studies and 

in vitro studies, as described here for species I and II, A preliminary 
report of these findings has been published (Abrahams & Hay, 1972)»

Vo Quantitation of 48 RNA synthesis after PRV-infection of 
exponentially-growing cells

As has been established, PRV-infection of exponentially-growing 
cells causes a decrease in the rate of matujration of pre-tRNA. Thus, 
calculation of the absolute level of 48 M A  after infection should best be 
done after a relatively long pulse-label such as 2 hours or, alternatively, 
by the summation of radioactivity in species I, II and 48 RNA; this latter 

method must be an estimate at best since, even if all of species I and II 
is pre-tRNA, material must be lost in processing; also some $8 RNA may also 

be a precursor species (see section VIl).

Values of the level of 48 RNA synthesis after infection compared 
with that before infection were obtained from various experiments: total 

cytoplasmic 48 RNA labelled for 45 min (by addition of I + II to 48 RNA-^ 
Table 4)y from cell sap RNA (Table lO) or from ribosome-associated 4-8 RNA 
(Table 9)» These results all show a remarkably similar decrease in 48 M A  

synthesis to 55-56% of the uninfected level; this suggests that when 
exponentially-growing cells are infected there is no selection of 4S RNA



for translational purposes since, if only newly-synthesised 48 M A  were 

used, the measured decrease in ribosome-associated 48 RNA after infection 
would be expected to be less than that in the cell sap.

VI. 48 RNA synthesis and synthesis of species I and II in 
PRV-infected "resting" cells

In "resting" cells the synthesis of all RNA species was found to 
be decreased relative to exponentially-growing cells. On infection with 
PRV the level of synthesis of 288 and 188 rRNAs decreased even further 
whereas the level of 48 RNA synthesis, both in cell sap and associated with 
ribosomes, either stayed constant or even rose (Pigs. 42 - 45s 53); late 
in infection (7 10 hours) it finally fell (Pig* 44f)* The fact that
sometimes the level of 48 RNA synthesis remained constant while sometimes it 
rose was attributed to variation in the degree of "resting" of the cells. 
Values reported in the literature comparing levels of ENA synthesis in 
exponentially-growing and "resting" cells often vary, within the same report, 
by a factor of 2 or 5 (e.g* Emerson, 1971? Weber, 1971).

It should be noted that the decrease in 48 RNA synthesis,when cells 
go to "rest V, ■ cannot be attributed to a decrease in rate of maturation of 

the pre-tRNA as reported by Kay & Cooper, I969 for unstimulated lymphocytes, 
for a, 30 min pulse-label of uninfected "resting" cells produced no more 

pre*"tRNA (in the position of species I and II) than did a ^0 min pulse-label 

of uninfected exponentially-growing cells (Pig. 42). Thus a decrease in 
the level of transcription seems to be the probable explanation for the 
decrease in 48 RNA synthesis in "resting" CI3 cells.

After PRV“infection, this level of 48 RNA synthesis is maintained
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and probably rises, $0 min pu].se-labels at various stages after 

infection (Pig. 42) show that species I and II begin to appear slightly at 

3 hours, and clearly by $ hours, after infection, even although there is 
no decrease in the amount of 48 R M  produced at these times. It is 

possible that when PRV infects "resting" cells it does not further depress 
transcription because the level of transcription is already depressed; 
thus the level of 48 RNA synthesis does not fall. However, the virus may 
still allow a postulated inhibitor of the tRNA maturing process to be formed 
(or prevent the synthesis of the maturing nuclease). As infection proceeds, 
inhibitor levels rise (or nuclease levels fall) and there is a gradual 
build-up of pre«tRNA (species I and II) which eventually results, much later 
in infection, in a decrease in 48 RNA synthesis. Thus these "resting" 

cell experiments once again suggest that 48 RNA production can be affected 
at two levels (a) transcription and (b) maturation.

Studies on the composition of 48 RNA in "resting" cells. In view of the 

continuation of 48 RNA synthesis after PRV-infection of "resting" cells, it 
was clearly of importance to determine whether the 48 RNA synthesised after 

PRV-infection could be distinguished from the 48 RNA of the uninfected cell, 
Subak-Sharpe et al.« 1966b proposed that in view of the large difference of 
about 24% in the G -f C content of HSV-I DNA and mammalian DNA and especially 
because of the shortage in mammalian DNA of the CpG doublet, there may be 

difficulties in the infected cell for the translation of HSV-I in RNA, and 
that an altered tRNA population would be required to meet the new demands. 
Since the G 4- C content of the DNA of PRV is even higher than that of HSV-I 
DNA ("Introduction", IV.l.(iii)b) this line of reasoning would suggest that 

the tRNA population after PRV-inf ection may be altered; the new tMAs need, 
not necessarily be virus-coded but the virus may selectively permit or
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increase the transcription of some tHNA species and not of others. Since 
the cellular levels of 48 RNA synthesis are lower in "resting" cells than 

in exponentially-growing cells, 48 RNA was studied in this system. Three 
techniques were used in the study of the composition of 48 RNA after PRV- 
infection (a) méthylation labelling studies, (h) nucleotide analysis, and
(c) "fingerprinting",

(a) Méthylation was studied since in some virus-infected mammalian 

systems there are changes in the level of tRNA methylase and tRNA méthylation 
e.go poliovirus-infected HEp~2 cells have a rate of méthylation of 48 RNA 
one-third that of uninfected cells (Grado et al** I968); foot-and-mouth- 

disease virus also causes inhibition of 48 RNA méthylation, the degree of 

which varies throughout the infectious cycle (Ascione & Vande .Woude,1969)s>
Hay & Low, 1970» reported a decrease in methylase levels and in méthylation 
of 48 RNA in Cl5 cells after infection with HSV-Io However, carcinogenic 
viruses cause tumours with high methylase activity and increased tRNA 
méthylation (e.g. Baguley & Staehelin, 1968)0

All these experiments in which decrease in méthylation of 48 RNA 

was observed used techniques where 48 RNA was not separated from the other
low molecular weight RNA species, and hence the observed decrease in
méthylation could have been due to a relative increase in the synthesis of

non-methylated species of RNA e.g. 58 RNA.

The méthylation studies reported in this thesis (Fig. 44) show no 
significant change in the méthylation level of 4s M A  after infection of 
"resting" cells, although there may possibly be a very slight drop late in 
infection; at that stage the low incorporation of counts makes quantitation 

prone to error. Even if the virus is altering the tRNA population by
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selecting transcription of a proportion of the cell.tRNA (and is not coding 

for its own tRNA) then perhaps it should be expected that there will be no 
gross changes in the level of méthylation of total 48 RNA,

(b) Nucleotide ana^sis of 48 RNA before and after PRV-infection of
32"resting" cells was performed using P-labelled RNA, It is necessary to 

use a labelling method in a virus-infected system since it is the newly- 
synthesised RNA of which the nucleotide composition is desired; errors due 
to uneven equilibration of the triphosphate pools (which should be small 
during a 5 hour label) have to be assumed to be constant. That equilibration 

does talce place is suggested by the great similarity in the values obtained 

for uninfected exponentially-growing or "resting" 013 cells, and those 
obtained using the quite separate method of paper chromatography (Table 7)® 
After infection, there were no significant changes in the nucleotide 
composition of 48 RNA; the analyses were remarkably similar, testifying 
to the value of this convenient method. The constancy of the nucleotide 
composition after infection does help to confirm that the 48 RNA is still 
almost certainly tRNA and is not contaminated by new species of RNA, or 
mRNA, or mRNA breakdown products (which might be expected to have a G 4 C 
content approaching that of the viral DNA, i.e. somewhat in excess of 7O?'0»

(c) "Fingerprint" analysis of T̂  digests of ^^P-labelled RNA before 

and after PRV-infection was performed principally to attempt to detect 

changes in 58 RNA. Since 48 RNA is so heterogeneous, all spots can be 
expected, to be present, "Fingerprints" of 48 RNA from uninfected and PRV- 
infected cell sap, and from ribosomes, were all identical and contained all 

possible spots, A better method of analysis may be to label the methyl 
groups only of 48 RNA using (^^C-methyl)-methionine, which would produce 

fewer spots; once again, however, the complexity of the 48 RNA population
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may mask any differences produced after FRV-infection.

Thus no significant differences in the 48 RNA population produced 
after PRV-infection could he detected,

VII. 58 RNA in PRV-infected exponentially-growing cells.

The preliminary experiments described in this report in which 
uninfected or PRV-infected cytoplasmic RNA was labelled for JO - 45 min 
periods with radioactive uridine show that in the uninfected cell cytoplasm 
there is a much more pronounced peak of 58 RNA than in the uninfected cell. 

For example, a 45 min pulse-label of cytoplasmic RNA indicates that 58 RNA 

synthesis is only decreased to 54% of the pre-infection level, whereas 48 
iRNA is present in very small amounts; even if the radioactivity in 48 RNA 
is added to that in peaks I and II, there is a decrease in synthesis to 35% 
of pre-infection levels; rRNA synthesis is even more strongly decreased 

(Table 4)* Thus the proportion of low molecular weight RNA synthesis that 

is 58 RNA is greatly increased after infection, as is the ratio of 58 RNA:4S 
RNA.

There are various possibilities for the presence of this 
relatively large amount of 58 RNA production in the infected exponentially- 
growing cell cytoplasm.

(a) PRV-infection simply has less inhibitory effect on 58 RNA synthesis 
than it does on 48 RNA or 28S and 188 RNA synthesis. This would imply that 
58 RNA.synthesis is not co-ordinately repressed with the larger rRNAs.

(b) After PRV-infection a new species of 58 RNA is synthesised which 

could be associated with ribosomes or cell sap; such a virus-coded cell 

sap RNA species has been described by V/eissman and his co-workers after



adenovirus-infection of O  cells ("Introduction", IVt2.(ii)d).
(c) Hie 58 RNA peak may be heavily contaminated with precursor RNA 

species, especially species I«=^and the relatively high level of this 
species after infection ma.y be artificially elevating the amount of 58 
ENA synthesis,

(d) There may be even larger precursors to tRNA than those in the 
position of species I, which may co-electrophorese with 58 RNA; this need 
not only be a feature of the PRV-infected cell but could also occur in the 

uninfected cell. It would be difficult to differentiate between this 

hypothesis and hypothesis (c),

(e) As mentioned in "Introduction", 111,2*(iii)b, there is a nuclear 

"pool" of 58 RNA, which accounts for 20-25% of the total 58 RNA in the 
uninfected mammalian cell (Knight and Darnell, 196?? Perry and Kelley, I968) 
Since herpesviruses are believed to alter the cell nucleus, making it 
"lealoy", lealoage of nuclear 58 RNA might account for the increase in 
cytoplasmic 58 RNA after PRV-infection.

Further, it is possible that more than one of the above hypotheses 
contributes to the relative increase in cytoplasmic 58 RNA synthesis after 
PRV-infection,

58 RNA synthesis in the cytoplasm of exponentially-growing cells. If the
■rfT—   -tJ-..,--------------   !■■■■■  . j/--T-------- -̂'-r -I------i-i-n—r---r----------------------r*—-Yn- r -, i m ■ n . wt ir ~-f *-r r n-. .nt r-■ i a-inMi n.r«rg-r-«-,«if  n,w

relatively high amount of 58 M A  in the infected cell cytoplasm after a 

50-45 rnin pulse-label is due, even if only partly, to the presence of 
pre-tRl^A in the 58 position (possibilities (c) and (d)), then some 

clarification should come from an examination of uninfected cell■cytoplasmic 

RNA labelled for 5 min or 10 min (because of the retardation in pre-tRNA 
maturation in the PRV-infected cell), A 5 min pulse-label of uninfected



cell cytoplasmic E M  (Fig, 18a) dees indeed prove to have, relative to the 
amount of 48 RNA present, a high 58 RNA peak, the relative level of which 
drops after a 10 min label, while the radioactivity in it remains constant.

The same phenomenon appears in a report by Bernhardt & Darnell, 1969® Thus 
it does seem that in the uninfected cell both the proportion of radioactivity
in 58 RNA and the 58:48 ratio is greater at short labelling times than at
long labelling times; this is also indicated by the composite graph 
(Fig. 23a).

In the uninfected cell the only explanations, from the possibilities 
listed (a) - (e) for an increase in the amount of 58 RNA at short labelling

times as compared to longer labels, can be (c) or (d) - i.e., the increase
in 58 M A  is due to 58 RNA being contaminated with, or being itself, pre-tRNA, 
The possibility that some pre-tRNA is as large as 58 RNA has not been 

reported for mammalian cells, although the results mentioned above from 

Bernhardt & Darnell, 1969? can be interpreted as such; also Egyhazi et al., 
1969 have reported that in insects a portion of the very heterogeneous- 
pro-tRNA peak is of the size of 58 MA* Thus, in the PRV-infected cell, 
since maturation of pre-tRNA has been shown to be 6low, the increased levels 
of 58 RNA would be maintained after longer labelling times than in the 
uninfected cell. The composite graph of the time-course of labelling 
infected cell cytoplasmic RNA (Fig. 23b) does show 58 - M A  starting at a, high 
level and taking about 2 hours to reach its steady-state' level; the graph 
drops very steeply at first, then rises and then eventually levels off, as 
does the graph of the proportion of uninfected cell 58 RNA (Fig, 23a). This 

rise and fall may well indicate the presence of two species of 58 RNA - one 

transitory species labelled faster (pre-tRNA?) and one more stable species 

labelled at a slower rate (stable, ribosome-associated 58 MA)
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The actinomycin D "chase" experiments of infected cell cytoplasmic 
RNA show disappearance of radioactivity from species I and II in the 
infected cell and a concomitant increase in the radioactivity in 48 RNA.
As discussed in section IV, there was also a loss of radioactivity from 58 

RNA, particularly in the 45 min-lahelled RNA "chased" for 1 hour (Fig, 22; 
Table 6) where it seems that the increase in radioactivity in the 48 RÏJA 
region can not be wholly accounted for by a loss of radioactivity from 
species I and II. The counts remaining in 58 RNA presumably represent 
stable 58 RNA - and mammalian ribosome-associated 58 RNA is a stable RNA 

species (Watson & Ralph, 1967)0

The in vitro incubations, in which whole cytoplasmic RNA from 

uninfected cells (lO min labelled) and from PRV-infected cells (30 or 45 min 
labelled) were incubated with cell extracts,were primarily carried out as an 
assay for the proposed pre-tRNA inhibitor. These experiments showed that 

58 RNA from uninfected or PRV-infected cells, lost only a small amount of 
radioactivity on incubation. It may be that the precursor element in the 
58 RNA peak was very unstable and was lost on storage of the RNA prior to the 
incubation in vitro; this was clarified by the experiments (discussed later) 
in which partially-purified 53 RNA was incubated in vitro,

58 RNA in the cell sap of exponentially-growing cells. Since it now seems 

that at least part of the relatively high level of 58 RNA in the infected 
cell cytoplasm may be due to pre-tRNA, it was decided to examine RNA 
prepared from the cell sap, since in the uninfected cell sap there should be 

no 58 RNA, it being wholly ribosome-associated; pro-tRITA however, should 
occur in the cell sap. Several difficulties emerged in the course of this 

work. In several experiments, to avoid possible maturation or nuclease 
degradation occurring, the final centrifugation used to sediment the



ribosomes was relatively short (60 - 90 min) and, apparently, this gave 

rise to incomplete precipitation of ribosomes as measured by an absorbancy 
peak of 58 RNA in the gels of both uninfected and infected cell RNA (Fig. 29). 
It seemed unlikely that this 58 RNA in the cell sap could have arisen 

through release of 58 RNA from ribosomes, since mammalian 58 RNA is very 
strongly attached to ribosomes, as discussed in "Introduction", 111*2,(iii)b, 
and, tliroughout the preparation of the cell sap, a high concentration of 
magnesium ions was maintained,

A time-course of labelling cell sap M A  from uninfected or PRV- 
infected cells (Pigs, 50, 51), although difficult to interpret because of 
the presence of 58 RNA extracted from non-precipitated ribosomes, shows that 

the proportion of 58 M A  in the infected cell sap is approximately twice that 

in the uninfected cell sap; it also shows that although the 58:48 ratio 

decreases as infection proceeds, even after a 5 hour label when virtually all 
of species I and II has disappeared, the fraction of low molecular weight 
RNA in the 58 RNA position is still about 0,2 as compared to 0*1 in the 
uninfected cell, and the 58:48 ratio is about O .40 compared to about 0,13 iri 
the uninfected cell (calculated from composite graph, Fig. 32). These 
results do suggest that even although part of the high level of 58 RNA 
synthesised after infection is short-lived, a significant proportion appears 
to be relatively stable.

However, the fact that this long-lived 58 RNA is probably not a 
cell sap species was indicated when uninfected and PRV-infected cells were 

labelled for 4 hours and centrifuged for I6 hours to produce cell sap 
uncontaminated by ribosomes (Fig, 52)? only 48 RNA was present. Thus 
this postulated long-lived 58 RNA, which occurs in an increased proportion



after infection, is not present in the cell sap and for this reason the 
ribosome-associated 58 RNA was treated separately and examined in further 

experiments; these are discussed later in this section.

To examine the stability of the infected cell sap 58 RNA, in vitro 

incubation studies (Figs. 55™59) were performed on 58 Rl̂ A eluted from 
polyacrylamide gels. The RNA had been prepared from uninfected and PRV- 

infected cell sap labelled for 1 hour and centrifuged for 90 min so that 
maturation should not occur; the samples were thus slightly contaminated 
with ribosomes.

Whereas elution from the polyacrylamide gel had no effect on the 

other low molecular weight species, 58 RNA from the infected cell produced 

a main 58 RNA pealc and also significant trailing of material towards 48; 
this trailing material increased slightly after incubation with buffer. 
Incubation of this material with cell extract produced a definite peak of 
48 RNA and a virtual disappearance of the 58 RNA peak. While calculation 
of recoveries of radioactivity is difficult to assess owing to the many 

manipulations involved in working-up this type of experiment, this nevertheless 
represents an increase in radioactivity in the 48 position which could have 
come only from 58 RNA. These results indicate that 58 RNA from the 
infected cell seems to exhibit instability, which results in the formation 
of 48 RNA; thus in this experiment 58 RNA behaves as a precursor to tMA.

The control experiments - in vitro incubation studies on 58 RNA 
from the uninfected cell - are difficult to interpret since eluted 58 RNA 

produced two peaks, one of 48 and the other of 5s RNA; this is probably 
because the main low molecular weight RNA species in uninfected cells is 

48 RNA, which may well contaminate the 58 RNA sample. Incubation with



buffer had.little effect but incubation with cell extract caused most of 

the 58 RNA material to disappear leaving little material besides the 48 RÎ̂ A 
peak; this 48 RNA did not seem to be increased* Thus in the uninfected 
cell most of the 58 RNAwbs unstable to the incubation conditions used; this 

may be because the low level of substrate RNA allowed non-specific nuclease 
degradation to occur.

These experiments do suggest that,in the RRV-infected cell at 

least,some 58 RNA becomes 48 RNA, and also,that 58 RNA, from uninfected 
or infected cells, exhibits some degree of instability to the incubation 

conditions used. We cannot rule out the possibility that in the uninfected 

cell, too, some 58 RNA becomes 48 RNA (i.e. is pre-tMA) but,because of its 
faster maturation, such 58 RNA was not present in the sample used.

It has been shown that part of the increased level of 58 RNA after 
infection is due to the presence of some pre-tRNA in the 58 RNA position. 
However, after longer labels in which even infected cell pre-tRI'lA has mostly 
matured, the ratio of 58:48 in the infected cell still remains higher than 
in the uninfected cell, and reasons for this continuing high 58 RNA level

must be considered. One which has already been suggested - possibility (a,) •=
is that ribosomal 58 RNA is inhibited less strongly after RRV-infection than 
48 RNA. This was examined by following the synthesis of ribosome-associated 

58 RNA,

58 RNA synthesis in relation to that of the other ribosomal RflAs in 
exponentially-growing cells. The length of time of processing of Cl5 cell 
ribosomal RNA from nucleus to cytoplasm was first examined and shown to be of 
the same order as for HeLa cell RNA (Fig. 48). A four hour labelling period

was used to study ribosomal RNA synthesis (Fig. 5l)î it was found that



224

ribosom e-asso ciated  58 R M  syn th es is  decreased to  54% a f t e r  in fe c t io n ,  

whereas ribosome asso c ia ted  48 RI'̂ A decreased much more, to  $6% (Tab le  4 ) î 

the le v e l  o f decrease o f ribosom e-asso ciated  48 RNA syn thes is  is  o f the  

same o rd er as the decrease in  c e l l  sap 48 RNA s yn th es is . Thus th is  leads  

to  an increased  58:48 r a t io  a f t e r  in fe c t io n  and would account in  p a r t  fo r  

the r e la t iv e  in crease  in  le v e ls  o f 58 RNA a f t e r  lo n g  la b e ls  in  the PRV- 

in fe c te d  c e l l .

This lack of decrease in 58 RNA synthesis is striking especially 
since the larger rRNAs are strongly repressed to <20% of normal levels 

(Table 8), Such separate rates of decrease are possible since 58 RNA is 
synthesised separately from 458 RNA, the precursor to the other rRNAs, 

However, in the uninfected cell there is normally some degree of control in 

the production of these two types of rRNA e.g, anucleolate mutants of 
Xenopus laevis which lack the genes for 288 and 188 RNA do not accumulate 
58 RNA even although the DNA homologous to 58 RNA is present (Brown & Weber, 
1968); another example of such co-ordination of synthesis occurs in the 
oocytes of Xenopus laevis which, as they synthesise 288 and IBS RNA at very 
high rates using repeated genes, also synthesise 58 Rl̂ A coordinately, even 
although its genes are not amplified (Brown & Dawid, I968), Lack of 
co-ordination is,however,theorotically possible because of the separate 
origin of 58 from 288 and 188 and has indeed been shown, in that low levels 
of actinomycin D inhibit the synthesis of 288 and 188 but leave 58 RNA 

synthesis unaffected (Perry & Kelley, 1968). A very recent report by Ford, 

197b also claims that in the early stages of oogenesis of Xenopus laevis 
there is non-coordinated synthesis and accumulation of 58 RNA. Thus there 

are precedents for non-coordinated synthesis of 58 RNA with 288 and 188 RNA, 
as seems to occur in the PRV-infected cell.



V II I®  5S M A  synthesis  in  P R V -in fected  " re s tin g "  c e l ls .

58 RNA in  the c e l l  sap and ribosomes o f " re s tin g "  cells®  "R esting" c e l ls  

were used as a means to  study 58 RNA synthesis  fo r  the reasons p re v io u s ly  

discussed , v iz® ,  the lo w er background le v e l  o f RNA synthesis® The 

p re p a ra tio n  o f c e l l  sap f re e  o f ribosomes was su b jec t to  the d i f f i c u l t i e s  

o u tlin e d  e a r lie r®  In  the s e r ie s  o f experim ents in  which " re s t in g "  c e l ls  

were in fe c te d  and la b e l le d  f o r  30 min periods a t  d i f f e r e n t  stages throughout 

the in fe c t iv e  cyc le  (Fig® 42 ) th e re  is  l i t t l e  58 RNA synthesis  in  the  

u n in fe c te d  c o n tro ls  (u n in fe c te d  " re s t in g "  c e l ls ,  e x p o n e n tia lly -g ro w in g  

"h igh  serum" c e l ls ,  and c e l ls  to  which serum had been re p la c e d ). On 

in fe c t io n ,  th e re  is  l i t t l e  change u n t i l  3 ”  5*5 hours P®I® when a sm all 

amount o f species I  and I I  and a s l ig h t ly  increased  le v e l  o f 58 RNA synthesis  

appears® The amount o f these species b u ild s  up u n t i l ,  by ? ™ 7*5 hours P , I® ,  

th e re  is  a very  prom inent 58 RNA peak in  a d d it io n  to RNA species I  and II®  

Since th is  58 RNA has no c o u n te rp a rt in  the c o n tro ls  and appears a t  the  same 

tim e as species I  and I I ,  i t  seems reasonable  to  suggest th a t th is  supports  

the  fin d in g s  from work w ith  e x p o n e n tia lly -g ro w in g  c e l ls  th a t  a t  le a s t  p a r t  

o f 58 RNA is  pre-tRNA*

Experim ents were perform ed in  which in fe c te d  or u n in fe c te d  " re s t in g "  

c e l ls  were la b e lle d  fo r  5 hour perio ds  p r io r  to  the p re p a ra tio n  o f c e l l  sap 

RNA (Figs® 45 "  45)» In  none o f the u n in fe c te d  c o n tro l samples was th ere  

more than a tra c e  amount o f 58 RNA, b u t in  a l l  the in fe c te d  samples th e re  

was co n s id e rab ly  more 58 RNA, a lb e i t  s t i l l  a sm all p o rtio n ; the amounts 

o f 58 RNA found v a r ie d  in  d i f f e r e n t  experim ents b u t, e , g , , in  Figs® 44 and 45? 

a 4 "  7 hour P®I,  p u ls e - la b e l produced a s ig n if ic a n t  58 RI'iA peak. Any 

ra d io a c t iv e  58 RNA found a f t e r  a 3 hour la b e l  is  u n l ik e ly  to  be pre-tRNA
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and little evidence for the presence of the other pre-tRNA species I and 

II was found. As has been discussed in relation to the experiment, it 

would'be surprising if the ribosomes which precipitated in the controls 
did not precipitate after infection,and indeed little ribosomal RNA can be 
found on top of the gel. However, in view of the larger decrease in rRNA 

synthesis after infection compared to 58 RNA synthesis, it is possible that 
the 58 RNA seen could have come from a very small fraction of unprecipitated 

ribosomes; very recent work by Ben-Porat, Rakusanova & Kaplan, 1971 ha,s 
sho\'Tn that there are more single ribosomes in the infected cell than in the 

uninfected cell and hence it is possible that precipitation of ribosomes 
may become less complete as infection proceeds. Thus the 58 RNA which 

occasionally occurs in the cell sap of infected cells after a long label 
may be partly ribosome-associated. However, its appearance when there is 
so little ribosomal RNA on top of the gel must mean that, as in the 
exponential system, rRNA synthesis in the "resting" cell is depressed to a 
greater extent than ribosomal 58 RNA synthesis, and this indeed can be 
calculated from Pigs. 55 and 54 (see P® 197 ): 58 RNA synthesis seems to be
depressed co-ordinately with that of the larger rRNAs on going to "rest", 

but whereas the synthesis of 208 and 188 RNAs is depressed on subsequent 
PRV-infection, that of 58 RNA seems to be unaffected.

It should be noted, in passing, that the heterodisperse material 

which appears around 188 in 2.5% polyacrylamide gel fractionation of ribosomal 

RNA from these PRV-infected "resting" cells (Pig. 54) is of a similar size 
to viral mRNA in cells infected with HSV-I ("Introduction", XV,2.(ii)b); 
in a recent report PRV mRNA is also approximately this size (Rakusanova 

et al., 1971).
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Studies on the composition of SS ItNA in the PRV-infected cell. Studies on 

the long-lived 58 R M  in the infected cell sap showed that it is 

unmethylated? this is expected for 58 RNA and also for pre-tRNA.

Nucleotide analysis revealed small differences between it and uninfected 

58 RNA in that its composition was found to be more like that of 48 RNA®
This could support the hypothesis that this 58 RNA is pre-tRNA, or it could 
be the-result of contamination with 48 RîîA®

A more sophisticated way to study 58 RNA is by "fingerprinting", 
since the homogeneity of normal ribosomal 58 RNA means that there should be 
relatively few oligonucleotide spots* It was found impossible to get enough 
^^P-radioaotivity into cell sap 58 RNA (because the 5 hour pulse-label 
necessary for equilibration was too long for the short-lived 58 RNA), and 
so ribosome-associated 58 RNA was "fingerprinted". Within the limitations 
of the results, discussed at the time (Pig. 47) no differences emerged 
between ribosome-associated 58 RNA from uninfected and PRV-infected cells.

Thus, ta k in g  to g e th e r the  evidence from both e x p o n e n tia lly -g ro w in g  

and " re s t in g "  c e l ls ,  i t  appears th a t  the h igh  le v e ls  o f 58 RNA a f t e r  

in fe c t io n  are  due to  ( i )  the slower processing o f pre-tRNA a f t e r  PRV- 

in fe c t io n ,  s ince some pre-tRNA e lec tro p h o reses  as 58 RNA, and ( i i )  the  

r e la t iv e  la c k  o f depression  o f ribosom e-associated  58 RNA synthesis  a f t e r  

P R V -in f e c t io n .

Tv/o of the possibilities, (a) - (e), mentioned at the beginning of 
section VII have not yet been considered. One, (a), is that a new species 

of 58 RNA is coded for by the virus, and this could only be shown by 
molecular hybridisation experiments. However, the fact that the infected
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cell sap 58 M A  is normally -unstable, and that the ribosome-associated 

58 HNA is probably unchanged after infection, would argue against this 

possibility.

The other possibility, (e), is that infection causes lealcage of 
the nuclear 58 RNA "pool"; however, "bhe nuclear "pool" comprises only 

20 - 25% of the cell 58 M A  and,even if it all leaked ,this would not account 
for the labelling increase after short pulse-labels.

Thus, the reason for the relative increase in the amount of 58 

RNA after RRV~infection of exponentially-growing or "resting" cells seems 
to be Î
(i) the slower processing of pre-tMA which affects that portion of 
58 RNA in the infected cell - and probably also in the uninfected cell - 
which is pre-tRNA,
and (ii) the non-coordinated depression of 58 RNA with the other ribosomal 
RNAs such that the synthesis of 58 M A  is less strongly repressed by the 
virus than any of the o-bher cytoplasmic RNAs (48, 288, 188).
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In  th is  th e s is , some e f f e c t s  o f pseudorabies v iru s  in fe c t io n  

on RNA m etabolism  in  RHIC-21/C15 c e l ls  were examined; in  p a r t ic u la r ,  

the production  o f 48 RNA and 58 RNA was s tu d ie d .

1. The concentration of uridine in the medium that allows maximum 
incorporation of isotopically-labelled uridine into RJ'̂A in ClJ cells was 
determined.

2. A 10% polyacrylamide gel electrophoresis system was calibrated and 
used to fractionate low molecular weight cytoplasmic RNA, excellent 
separation between 58 RNA and 48 RNA being obtained.

3* Infection of exponentially-growing cells with pseudorabies virus 
caused a steady decrease (to 15% of the uninfected level) in incorporation 
of "^H-uridine into RNA by 5 hours after infection. The production of 

cytoplasmic 288 and 188 RNAs was found to be most strongly inhibited while 

the production of 48 and 58 RNAs was much less affected; the decrease in 

synthesis of 48 RNA from either total cytoplasm, cell sap or ribosomes was 
found to be virtually identical.

4» In some experiments, serum-depleted "resting" cells were used; in 
these cells DNA synthesis was shovm to be <1% of the exponential, level, 
and the rates of synthesis of 288, 188, 48 and 58 RNAs were all found to be 
decreased.

5* In the uninfected, exponentially-growing C15 cell, a pulse-label of 

H-uridine for a period of about 50 - 60 min produces cytoplasmic low 
molecular weigtit RNA in which almost all of the radioactivity is in 58 RNA
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and 4S BEA» It was found that in pseudorahies virus-infected cells, 

such a pulse-label produced radioactive low molecular weight E M  mainly 

of a size between $8 and 4S«. This material eluted as a single 
heterodisperse peak from a Sephadex GlOO column, but resolved on 10% 

polyacrylamide gel electrophoresis into two peaks; the peak nearer 53 ENA 
was designated species I and the other species II*

6c Several lines of evidence suggested that species I and II in the 
pseudorabies virus-infected cell are precursors to tEEA, and that they 
remain so clearly labelled because their maturation to 4S ENA is retarded 
as a result of virus-infectionc Such evidence included experiments
involving time-courses of labelling, in vivo ’’chase" experiments using 
actinomycin D, and in vitro incubation experiments. It was also shown 
that pre-tENA from uninfected C15 cells (pulse-labelled for 5 - 10 min) 
electrophoresed on 10% polyacrylamide gels as two peaks, analogous to 

peaks I and II from the virus-infected cell,

7. In vitro incubation experiments failed to demonstrate any differenceWIW,, H..I ,,, V

in the ability of cell extracts from virus-infected or uninfected cells to 
convert precursor ENA to 43 ENA; both extracts successfully matured 

unpurified or partially-purified species I and II to 4S ENA, These 
experiments supported evidence from the kinetic experiments that species I 
m y  become species IX en route to 43 ENA.

8, After infection of "resting" cells with pseudorabies virus, 43 ENA 
synthesis was found not to be decreased and possibly even increased, until 
late in infection; this may be correlated with appearance of species I and 
II indicating retardation of the maturing process. Alterations in level 
of méthylation and nucleotide composition of 43 ENA after infection of 
"resting" cells were sho^m to be negligible.



9» The increase in 53 RNA synthesis, relative to other cytoplasmic RNA 
species, which occurs after pseudorabies virus-infection of exponentially- 

growing cells, was found to be due to two factors : (a) the synthesis of
ribosome-associated 53 RNA is not strongly decreased after infection 

(much less than that of the larger rRNAs) and (b) some 53 RNA appears to 
be a precursor to tRNA; a similar situation may occur in the uninfected cell,

10, After infection of "resting" cells, it was found that ribosome- 
associated 53 RNA synthesis did not seem to be further decreased.
Significant levels of cell sap 53 RNA, probably pre-tRNA, appeared late 

in infection. After infection of "resting" cells, there were no significant 

alterations in nucleotide composition of 53 RNA or in the sequence as 
determined by electrophoretic separation of oligonucleotides ("fingerprinting")
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