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ABBREVIATIONS

These are as laid down in the Biochemical Journal Instructions

to Authors (revised 1978) with the following additions:-

Prv pseudorabies virus

HSV herpes simplex virus

EBV Epstein Barx virus

MDV Marek's disease virus

EHV Equine hexpes virus

VsV Vesicular stomatitis wvirus

EMC virus Encephalomyocarditis virus

pfu plaque forming unit
moi multiplicity of infection
PPLO pleuropneumonia like organism
IgG immunoglobulin G
EDTA ethylene diamine tetra-acetic acid
EGTA ethylene-glycol-~bis (2-aminoethylether)-N,N'tetraacetic acid
SDS sodium dodecyl sulphate
TCA trichloroacetic acid
DMSO dimethyl sulphoxide
PPO 2,5 diphenyloxazole
DATD N,N'diallyltartardiamide
TEMED N,N,N'N' tetramethylethylenediamine
HEPES N'-2-ethanesulphonic acid
DTT dithiothreitol
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icTv International Committee for the Toxonomy of Viruses
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ds double stranded

MDL messenger dependant lysate
GAR goat—antirabbit serum

HART hybrid arrested translation
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SUMMARY

Poly—~(A) containing RNA was isolated by affinity chromatography
from HeLa cells 5h after infection with Pig Herpesvirus I (Pseudorabies
virus, PrvV) or mock-infection. 54% of the RNA from infected cells was
shown by molecular hybridisation to be complementary to virus specific
sequences. Both species of poly—(A) containing RNA stimulated
incorporation of radicactive amino acids into TCA precipitable material
in a wheat germ cell free translation system. It was concluded,
therefore, that these RNAs contained significant amounts of mRNA.

The in vitro translation products were examined by polyacrylamide
‘gel electrophoresis and fluorography. Preliminary classification of the
in vitro products of infected cell mRNA as viral or cellular coded was
carried out by comparison of their electrophoretic mobilities with those
of the in vitro products of mock-infected cell mRNA. The mobilities of
the in vitro products were also compared with those of the polypeptides
present in infected and mock-infected cell lysates and, with a few
exceptions, in vivo labelled polypeptides which comigrated with those
synthesised in vitro could be identified. Further evidence for the viral
origin of eight infected cell mRNA products was obtained by immune-
precipitation of in vitro products with antisera to the major capsid
protein of PrV and by examining the products synthesised in vitro when
infected cell mRNA had been hybridised to PrV DNA prior to addition to
the translation system.

The mRNAs were also translated in a mRNA dependent reticulocyte
lysate and a similar spectrum of products was obtained. This cell free
system, however, was more efficient in the synthesis of high molecular
weight polypeptides. Translation of the mRNAs in a Krebg IT ascites
cell free system was also investigated.

The/
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The in vitro translation systems were used to examine the
applicability of the model for virus-induced shut-off of host cell
protein synthesis proposed by Carxrrasco (1977). This hypothesis
attributes the virus-induced shut-off to an increase in monovalent
cation concentration in infected cells. In the wheat germ system the
optimum conditions for translation gf infected and mock-infected cell
mRNA were similar whereas reticulocype mRNA and encephalomyocarditis
virus RNA showed slightly different requirements. Investigation of
the optimum {K+} for translation in the Krebs II ascites system also
suggested that translation conditions for infected and mock-infected cell
‘mRNA were similar. Hence it was concluded that changes in the intra-~
cellular monovalent cation concentration are unlikely to have a role in
the PrV-induced shut-off of host cell protein synthesis.

Possible differences in the initiation rates for wviral and
cellular mRNA were also investigated in vivo. Protein synthesis in
cells grown in hypertonic medium was compared with synthesis under
isotonic conditions both early (2h) and late (6h) after Prv-infection
or mock-infection. After infection with a number of other viruses
protein synthesis has been found to be less susceptible to a  hypertonic
initiation block than synthesis in uninfected cells and the resistant
polypeptides have been shown to be virus coded (Nuss et al., 1975).

PrvV infection did not result in any resistance to this initiation block

and it was concluded that PrV mRNA is not more readily translated than HelLa
cell mRNA under limiting conditions. Hence it did not seem likely that
the PrV-induced inhibition of cellular protein synthesis could be due to
an overall inhibition of protein synthesis because under such conditions
PrV mRNA translation would be inhibited also.

The increase in aﬁerage polysome size in PrV-infected cells which

has/
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has been reported by Ben-Porat et al., (1971) and which has also been
cbserved in this laboratory could be due to an increase in the average
length of the translated region of infected cell mRNAs. This was
investigated by allowing completion in vitro of the nascent polypeptide
chains on different size classes of polysomes isclated from cells late
after infection or mock-infection. ) The results showed that such a model
could not account for the increased loading phenomenon.

Thus no differences between PrV mRNA and HeLa cell mRNA which might
account for the changes in protein synthesis which occur in PrvV-infected

HelLa cells could be detected.
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CHAPTER 1

Introduction

1l.1. General Introduction.

Most mammalian cells possess the genetic information to direct
synthesis of more proteins than are ever synthesised by any one normal
cell. This implies a control of protein synthesis which by the nature
of the eucaryotic cell may act at several sites. Control of trans-
cription is the basis of regulation but because of the physical separation
of the transcriptional and translational processes and the longer half-
life of mRNA molecules in eucaryotic cells other contrels are possible.
Primary transcripts differ from functicnal mRNA molecules and therefore
processing as well as translocation from the nucleus to the cytoplasm
is necessary. Both these processes are likely to be regulated. In
the cytoplasm translation of the mRNA may be regulated in a number of
ways: mMRNA may be sequestered in non-translatable complexes; it may
fail to initiate or once initiated elongation may be inhibited. In
a cell synthesising a large number of mRNA molecules and proteins these
controls are difficult to study.

Virus~infected cells in which the synthesis of host proteins is
inhibited and a more limited number of proteins are synthesised provide
an important experimental system. The mechanism of inhibition of
host protein synthesis is unknown and cannot be explained by dis-
appearance of host mkNA. The protein synthesising apparatus
discriminates between host and viral mRNA. The availability of cell
free protein synthesising systems has made it possible to study this
discrimination and other changes in translation in infected cells in
isolation from transcriptional and other controls.

Elucidation of the regulatory mechanisms in virus-infected cells

should/
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should provide an insight into the controls operating in uninfected

cells.

1.2, Aim of this project.

The aim of this project was to characterise and compare the in
vitro translation of Pig Herpesvirus 1 (pseudorabies virus, PrV) mRNA
and HeLa cell mRNA with a view to gaining some understanding of the
translational control mechanisms in infected cells. Where applicable,

these studies were extended by in vivo experiments.

1.3, The Nature of Viruses.

Viruses are infectious potentially pathogenic entities which are
totally dependent on living cells for propagation. They possess no
system for energy production or protein synthesis and utilise cellular
machinery to direct synthesis of specialiged particles which transfer
the genome to other cells (Lwoff, 1957; Luria and Darnell, 1968).

The mature extracellular virus particle is termed the wvirion.

The viral genome, which can be either DNA or RNA, is enclosed in a
protein coat (the capsid). In complex virions the capsid may in turn
be enclosed in a lipoprotein membrane called the envelope (Caspar et al.,

1962) .

1.4. The Herpesviruses.

1.4.1l. Classification.

Attempts to define a taxonomic system for viruses have been fraught
with controversy generated by the difficulties inherent in integrating
the ideasof scientists working on similar viruses isolated from hosts
from disparate taxonomic groups. The first approach of the International

Committee/



Committee of Nomenclature of Viruses (ICNV) was to set up four specialist
subcommittees to investigate the taxonomy of vertebrate, plant and inverte-
brate viruses and bacteriophage (Wildy, 1971). Furthexr classification
is based on the following criteria:

(i) Intrinsic properties of the virus including

type of nucleic acid, symmetry of nucleocapsid,
presence or absence of envelope and number
of capsomeres (Tournier and Lwoff, 1966).

(idi) Clinical features of the disease.

The division of viruses according to host species has now been
shown to be inappropriate because viruses with similar intrinsic
properties have been found in more than one phylum (Fenner, 1976).

The herpesvirus group was recognised as a genus in 1970 (Wildy,
1971) . In 1975 the International Committee for Taxonomy of Viruses
(ICcTv, formerly the ICNV) raised the status of the genus to that of a
family (Herpetoviridae) and defined it as viruses with the following
characteristics: -

"Virion consists of a capsid 120~150mm in diameter surrounded by
a lipid-containing evelope. Buoyant density (CsCl) of wvirion
1.27 - l.29g/cm3. Capsid icosadeltahedral with 162 partially hollow
capsomeres. Buoyant density (CsCl) of capsid l.305g/cm3. Capsid
surrounds a core which consists of DNA wrapped around a protein spool.
About 33 protein species in virion with molecular weights up to
290,000.

Genome consists of linear DNA with both terminal reiterations
and internal repetition of terminal sequences, G+C content 33-74%,
molecular weight 92 - 102 x 106.

Viral multiplication begins in the nucleus and is completed by the

addition/



addition of a glycoprotein-membrane as the virus passes through the
inner lamella of the nuclear membrane into the endoplasmic reticulum.
Margination of chromatin and intranuclear inclusion bodies are
characteristic." (Fenner, 1976).

Representatives of the Herpetoviridae are shown in Table 1l.4.1.

The ICTV approved the definition of one genus to be known as
Herpesvirus. At present the genus includes four species:; human
herpesviruses 1 & 2 and cercopithecid herpesviruses 1 & 3. The
extent of this genus was determined by wmparative serology. It has
been suggested that serological cross-neutralisation may prove to be
a useful criterion for systematic taxonomy of other viruses (Honess and
Watson, 1977).

In 1971 the ICNV appointed a Herpesvirus Study Group to make
recommendations on the nomenclature of the viruses. Thus, the
following provisional system of labelling was proposed.

(i) The label for each herpesvirus would be an

anglicised form

(ii) Each herpesvirus would be named after the

taxonomlc family to which its primary
natural host belongs

(iii) The herpesviruses within each group would
be given arabic numbers. New herpesviruses
will receive the next available.
(Herpesvirus Study Group, 1973).

These proposals, however, have not been consistently applied
and are not widely adopted (Honess and Watson, 1977). Hence, the

trivial names shown in Table 1.4.1. are frequently used.




TABLE l.4.1l. (Adapted from Herpesvirus Study Group, 1973).

A list of some of the herpesvirus

Recommended Name Trivial Name (with common abbreviation)
Human herpesvirus 1 ) Herpes simplex virus type 1 (HSV-1)
2 Herpes simplex virus type 2 (HSV-2)
3 Varicella-zoster virus
4 Epstein-Barr virus (EBV)
5 Cytomegalovirus (CMV)
Cercopithecid herpesvirus 1 B virus
2 SA6
3 Sa8
Equid herpesvirus 1 Equine abortion virus (EAV)
Pig herpesvirus 1 Pseudorabies virus (PrV)
2 Pig cytomegalovirus
Phasianid herpesvirus 1 Infectious laryngotracheitis virus
2 Marek's disease virus (MDV)

Cebid herpesvirus 2 Herpesvirus saimairi (HVS)



1.4.2. The Herpesvirion.

Roizman & Furlong (1974) described four major architectural
components in the ﬁirion. The innermost, the core, is surrounded
by three concentric structures, the capsid, the tegument and the
envelope. The wvirion contains at least 33 polypeptides, DNA, lipid
and polyamine.

1.4.2.1, The Core.

In thin section of virions the core appears as an electron
dense ring of 25 - 35mm in diameter surrounding an electron translucent
centre or as an electron dense bar (Furlong et al., 1972). Two lines
of evidence suggest that the core contains the INA. Firstly, the
structure 1s sensitive to DNAase but not to RNAase or proteolytic
enzymes (Epstein, 1982; Zambernard & Vatter, 1966; Chopra gE_gi., 1970) .
Secondly, use of a technigue which selectively removes uranyl ions
bound to DNA in stained preparations showed that the electron dense
area contains DNA and led to the conclusion that the DNA was in the form
of a toroid surrounding a protein plug (Furlong et al., 1972). This
structure has been confirmed in virions of several herpesviruses
(Nazeriam, 1974; Perdue et al., 1976).

In addition to DNA and protein, it appears likely that the
spermine found in capsid preparations is located in the core (Gibson

& Roizman, 1971; Roizman, 1978).

1.4.2.2, The Capsid.

The capsid has been extensively studied by electron microscopy.
In thin section it appears as a moderately electron dense structure
separated from the core by an electron translucent shell. The outer '
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diameter of the capsid has been reported to range from 85 - 110nm
(Roizman and Furlong, 1974). It is not clear whether this variability
1s artefactual or reflects i rherent differences among the herpesviruses.

The morphological subunits of the capsid, the capsomeres, are
arranged to show 2- 3~ and 5~fold symmetry. Consideration of the
number of capsomeres along the side of the triangular faces and the axis
of symmetry leads to the conclusion that there are 162 capsomeres
arranged in the form of an icosadeltahedron, . Capsomeres are
hexagonal in shape and appear to be 12.5nm long. The end projecting
outside the capsid has a diameter of 8.0 - 9.0nm and a hole 4nm in
diameter runs through the axis of the capsomere (Wildy et al., 1960). In
the intact capsid the hole appears to be blocked at the proximal end
{(Roizman & TFurlong, 1974).

Evidence suggests that the electron traﬁslucent region between
the core and the capsid, the pericore, is not empty. The core remains
in the centre of the capsid even after prolonged centrifugation and
pelleting (Gibson & Roizman, 1972). In capsids treated with NP~40
for 30 minutes the core loses its shape and can be seen lying next
to the capsid which does not appear to be morphologically altered
(Abodeely et al., 1970). The nature of the material in the pericore
is unknown and it is possible that it is an extension of the protein
plug on which the DNA is wound. gmid.gg_gi., {1977) have described a

structure in freeze fracture preparations which might be a pericore.

1.4.2.3. The Tegument.

Roizman & Furlong (1974) define the structure located between the
capsid and the envelope as the tegument. Evidence for such a structure

has been recognised by numerous workers (for references see Rolzman
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& Furlong, 1974). Comparison of the polypeptides present in virus
treated with detergent to remove the envelope with purified capsid
proteins showed the existence of polypeptides external to the capsid
(Gibson & Roizman, 1972; 1974). These polypeptides have been

assigned to the tegument (Roizman & Furlong, 1974).

1.4.2.4. 'The Envelope.

The outermost structure of the virus is the envelope which consists
of a trilaminar membrane with spikes projecting from its outer surface
(Fong et al., 1973; Wildy et al., 1960). It is composed of
glycoproteins, glycolipids and lipids (Morgan et al., 1954), and
evidence suggests that it 1s derived from host cell membrane (Epstein
& Holt, 1963; Watson & Wildy, 1963). However, the virus envelope

appears to be more fragile than the cellular membrane.

1.4.3. Pseudorabies Virus.

Pseudorabies Virus is one of the most widely studies herpes-
viruses and has typical physical characteristics of the family.
The ICTV recognised it as a possible member of the genus Herpesvirus
(Fenner, 1976); however serological studies suggest that it is not
closely related to other members of the genus (Killington et al.,
1977; Honess and Watson, 1977).

PrV DNA has a molecular weight of 90 x 106 - 95 x lO6 {Stevely,
1977) and a G+C content of 72mol% (Rubenstein & Kaplan, 1975).
Twenty polypeptides have so far been described in purifled virions
(Stevely, 1975).

McKercher (1973) has reviewed the manifestations of PrV infection

in/
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EE.XEKQ' Pseudorabies was among the earliest of the viral diseases
recognised (Aujeszky,1902). It occurs most frequently in swine,
cattle, sheep, dogs and cats and to a limited extent in rats and mice
(Gustafson, 1970).

The virus causes two types of infection. In the pig, which is
the natural host, the infection is latent in the adult but severe in
the newborn. Mortality ranges from 100% in the newborn to virtually
nil in the adult (Gustafson, 1970). In cattle and most other
susceptible species, it is manifested as a rapidly fatal systemic
disease characterised by signs referable to the central nervous system,
The name "pseudorabies" comes from the clinical similarity to rabies.

Naturally occurring PrV infection is acquired by droplet
infection or ingestion (Gustafson, 1970). Virus multiplication in
the respiratory tract of swine facilitates its spread within the body
since leukcocytes attracted to the infected area pick up virus and
carry it to varlous body organs, in paricular the placenta, from whence
it invades the foetus and causes abortion. Transmission of the virus
along nerve tracts and hence to the medulla has been shown to occur in
rabbits (Hurst, 1934).

PrV has a wide cell culture host range, replicating in rabbit,
dog, and monkey kidney, in HeLa cells, mouse fibroblasts, and in
chicken embryos (Kaplan, 1969). In cell monolayers the virus produces
either syncytium formation or granulation and clumping of cells with

eventual lysis.

1.5. Replication of Herpesviruses in Permissive Cells.

Herpesviruses can cause three types of infection. The most

widely/
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widely studied is productive infection where virus multiplication takes
place in permissive cells. Herpesviruses may also infect cells
latently giving rise to no gross effect or oncogenically causing
cellular transformation. This section will be concerned mainly with
productive infection.

Virus multiplication can be divided into several phases. The
first event is attachment of the wviral parxticle to the cell. This is
followed by penetration. After penetration the virusg is rapidly
uncoated and for several hours no infectioOus virus can be isolated from
the cell (eclipse phase). During the eclipse, viral macromolecular
synthesis takes place. Finally, infectlious viral particles are
assembled and released from the cell (Watson, 1973b).

The duration of the reproductive cycle varies from virus to
virus and is dependent on the host cell, the multiplicity of infection
(moi), the temperature of incubation and the nutritional properties of
the medium (Roizman, 1978). At 37oc and 50 pfu/cell, the cycle of
HSV-1 in HEp~2 cells lasts 17 hours (Roizman & Furlong (1974). The
cycle of Prv in BHK 21 cells infected at 40 pfu/cell is somewhat

shorter being about 12 hours (Tyler et al., 1973).

1.5.1. Attachment.

Little is known of the receptors on the cell surface to which
herpesviruses adsorb. Adsorption is volume and cation dependent
(Roizman, 1978), and varies for different viruses (Darlington &
Granoff, 1973). Attachment occurs at 4°C (Gostling and Bedson,
1956) but penetration requires warming (Holmes & Watson, 1963).

Enveloped particles are preferentially adsorbed.

1.5.2./
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1.5.2, Penetration and Uncoding.

Most of the information on the mode of penetration comes from
electron microscopy and such studies must be cautiously interpreted
(Watson, 1973b; Roizman & Furlong, 1974}). Two mechanisms are
currently proposed. One suggests that the virus enters by
pinocytosis and the second that entry is brought about by Ffusion of
the viral envelcocpe with the plasma membrane (see Watgson, 1973b).

Both proposals provide for release of the capsid from the envelope
into the cytoplasm. The mechanism of release of DNA from the capsid
is not known. Soon after infection, however, wviral DNA can be
detected in the nucleus (Hochberg & Becker, 1968) and synthesis of

virus specific macromolecules commences.

1.5.3. viral RNA Synthesis,

The first synthetlc event in rxeplication is synthesis of viral
RNA, Viral RNA is defined as RNA complementary to viral DNA.

Viral mRNA refers to viral RNA sequences isolated from polysomes.

1.5.3.1. sSite of Transcription and Enzymes Transcribing Viral DNA.

Viral RNA is transcribed from viral DNA in the nucleus {(WAgner
and Roizman, 1969a,b; Roizman et al., 1970). An o~amanitin-
sensitive RNA polymerase similar to RNA polymerase II is used to
transcribe viral DNA (Alwine et al., 1974; Kemp et al., 1976;

Ben Zeev etal, 1976; Ben-Zeev and Becker, 1977; Costanzo et al.,
1977} . There is no evidence for synthesis of a viral induced
polymerase activity (Lowe, 1978), but some studies suggest that the
activity is altered (Saxton and Stevens, 1972; Kemp et al., 1976;
Preston and Newton, 1976) and viral-induced modification of the host

enzyme/
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enzyme has not been ruled out.

1.5.3.2. Physical Characteristics of Viral RNA.

The primary transcripts are larger than cytoplasmic viral RNA
and processing similar to that of cellular mRNA occurs. Viral RNA
is cleaved to yield message sized Eranscripts (Roizman et al., 1970;
Wagner & Roizman, 196%9a,b). Polyadenylic acid sequences (poly-(A))
are covalently linked to cytoplasmic viral RNA (Rakusanova et al., 1972;
Backenheimer & Roizman, 1972). The poly-{(A) is added post-transcription-
ally in the nucleus (Bachenheimer & Roizman, 1972) and cytoplasmic
" poly-(A) containing RNA represents most if not all viral RNA sequences
present in the cytoplasm (Silverstein et al., 1976). Viral RNA lacking
poly-~(A) tracts has been found on polysomes but appears to share the same
sequences as poly~(A) containing RNA. However, a significant fraction
of the polysome associated viral RNA lacking poly-(A) is larger than the
corresponding viral poly-(A) containing RNA (Stringer et al., 1977).
Viral mRNA contains a 5' terminal methylated oligonucleotide
of the form commonly found in eucaryotic mRNAs (Bartkoski & Roizmarn,
1976, 1978; Moss et al., 1977). Early viral transcripts contain
internal methylated nucleotides of the form émethyl adenosine but
internal methylation of late viral transcripts is inhibited (Bartkoski &

Roizman, 1976, 1978).

1.5.3.3. Characterisation of the Viral Transcripts Present at Different

Stages of Infection.

The programme of transcription of HSV~l DNA has been examined by
two groups.
Roizman and coworkers have found that in HSV-l-infected HEp-2

cells/



- 13 -

cells viral transcripts complementary to at least 40% of the DNA are
present at all stages of infection. The transcripts present early in
infection or in cells in which wviral protein synthesis 1s inhibited by
cycloheximide do not differ from those found late in infection. The
concentration of transcripts is always lower in the cytoplasm than

in the nucleus and the nucleus contains transcripts not present in the
cytoplasm. RNA complementary to 50% of the DNA is synthesised in cells
treated with cycloheximide but the cytoplasmic transcripts are
complementary to only 10% of the DNA. On release of the cyclcheximide
block, new RNA synthesis is required before more transcripts appear in
the cytoplasm thus suggesting that non-functional transcripts are
synthesised. This has led to the conclusion that translocation of
transcripts is regulated in such a way that only functional transcripts
are transported (Frenkeland Roizman, 1972; Kozak and Roigzman, 1974;
Roizman et al., 1974).

Nuclear viral RNA contains complementary sequences transcribed
from at least 30% of the genome (Jagquemont and Roizman, 1975). There
ls some evidence that this fraction of self-annealing RNA accounts
for the fraction of nuclear RNA sequences that is not translocated
to the cytoplasm (Kozak and Roizman, 1975).

In contrast, Wagner's group, using a similar technique, have
described restricted transcription of HSV-1 in the presence of
inhibitoxs of DNA and protein synthesis and suggest that protein
synthesis is required for transcription of some regions of the DNA
(Swanstrom et al., 1975). In agreement with these results Clements
et al., (1977) have shown that RNA transcribed in HSV-l-infected cells_'
treated with cycloheximlde hybridised to restricted portions of the
genome. Similarly, Rakusanova et al., (1972) define an immediate-

early/
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early class of viral RNA which is synthesised in the PrV infected rabbit
kidney (RK) cells in the presence of cycloheximide. Jean et al.,

(1974) claim to have shown that immediate~early ﬁNA is complementary to
only 25% of the DNA by techniques with comparable sensitivity to

those used by Frenkel et al., (1973).

Roizman's group, however, found that transcription in H8V-2-
infected cells in the absence of cycloheximide is restricted to 21% of
genome early in infection (Frenkel et al., 1973). Hence, it is possible
that different transcriptional controls operate for different viruses.

However the differences described for HSV~1l are at present unresolved,

1.5.4. Viral Protein Synthesis.

1.5.4,1, Characteristics of Infected Cell Protein Synthesis.

Following synthesis and processing of viral RNA, viral protein
synthesis commences in the cytoplasm. The overall pattern of protein
synthesis depends on the host-virus system and the moi. In some cases
there is an initial decline in the uptake of amino acids and the number
of polysomes followed by a recovery as viral protein synthesis increases
(Roizman et al., 1965; Sydiskis and Roizman, 1966) while in othexr cells
there is a smooth switch from host to viral protein synthesis with no
measurable decline (Hamada and Kaplan, 1965; Xaplan, 1973). Late in
infection the rate of protein synthesis decreases and does not recover,

The switch to viral protein synthesis is reflected in the polysome
size. Infection of cells with HSV and PrV results in an increased
proportion of rapidly sedimenting polysomes and a decrease in the
polysome to monosome ratio. This disaggregation of polysome increases
as infection proceeds (Sydiskis and Roizman, 1966, 1967; Ben Porat

et/
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et al., 1971). The increase in polysome size correlates with the
shift to viral protein synthesis. Kaplan et al., (1970) showed that
proteins synthesised by PrV-infected RK cells héve a lower lysine to
leucine ratio than the proteins synthesised by uninfected cells.

It was then demonstrated that nascent polypeptides on large polysomes
had the characteristic viral amino acid content. Hybridisation of
polysomal RNA to viral and cellular DNA showed the predominance of

viral sequences in large polysomes (Ben-Porat et al., 1971).

1l.5.4.2. Criteria for Classification of Infected Cell Polypeptides

as Viral.

Difficulties in classification of herpesvirus infected cell
polypeptides have arisen because of the large coding potential and
complexity of the herpesviruses and the incomplete shut-off of host
protein synthesis. Hence, several criteria have been used.

Honess and Roizman (1973) classified infected cell proteins
as virus-specific if they met one or more of the following criteria:

(i) stimulation in the rate of synthesis
post-infection.
(ii) variations in properties of the protein
as a function of the virus strain
infecting the cell.
(iidi) immune precipitation of infected
cell proteins by antisera reéctive
solely with virus antigens.
On this basis 53 polypeptides were identified in HSV-1l-~infected cells
(Honess & Roizman, 1973; Heine et al., 1974).
Marsden et al., (1976) further extended Honess & Roizman's

second/
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second criterion by examining the polypeptides synthesised in cells
infected with ts mutants of HSV-1 at restrictive temperatures. They
identified 52 viral polypeptides including six low molecular weight
species not identified by Honess & Roizman. Classification of HSV-2
polypeptides has proven to be easier because host protein synthesis is
rapidly shut-off. 50 polypeptides have been identified as viral by
the above criteria (Powell & Courtney, 1974; Strnad & Aurelia, 1974).
Similar analyses have not been carried out for other herpesviruses but
the virions have similar numbers of polypeptides (Killington et al.,

1277) and therxe is no reason to suspect that they may be less complex.

1.5.4.3. Regulation of Synthesis of Viral Proteins.

Controlled synthesis of virus specific proteins in HSV-l-infected
HEp~Z2 cells has been described. Viral proteins form at least three
groups whose synthesis is coordinately regulated and sequentially
ordered, Analysis of the rate of synthesis of viral polypeptides at
different times after infection showed the presence of groups differing
in kinetics of synthesis (Honess & Roizman, 1973). Further studies
with inhibitors of protein synthesis allowed definition of three groups
which have been designated o, B and vy. The o group is synthesised early
in infection and maximally 3-4 hours post-infection. B synthesis is
maximum at 5~7 hours and y proteins are synthesised at increasing rates
untlil 12 hours post-infection (Honess and Roizman, 1974, 1975a).
Similar sequential ordering has been described in HSV-2-infected cells
(Powell & Courtney, 1974; Powell EEHQL*' 1975).

o polypeptide synthesis requires no prior viral proteln synthesis
and the polypeptides are synthesised immediately on removal of a cyclo-
heximide block imposed at the time of infection. Three o polypeptides,

two/
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two non~structural and one virion associated, have been identified in
HSV-1 and 2-infected cells. They are all translocated to the nucleus
immediately after synthesis, and are post—transiationally modified
(probably in the nucleus) and phosphorylated (Fenwick & Roizman, 1977;
Pereira et al., 1977).

Synthesis of B polypeptides is dependent on o polypeptide
synthesis and functional B polypeptides are required to shut-off o
polypeptide synthesis. This shut-off is, at least in part, a
translational event. B polypeptides have now been shown to form a
heterogeneous class. A subset of the group is made in HSV~1l and 2-
infected cells treated with amino acid analogues from the time of
infection and thus synthesising altered o polypeptides. The B class
contains both structural and non-structural proteins. Some of the 8
polypeptides have been shown to be post-translationally modified and
translocated to the nucleus (Honess & Roizman, 1974, 1975a; Pereira
et al., 1977).

The relationship between y and B polypeptides is sgimilar to that
between the B and o classes. Y polypeptides are malnly the major
structural proteins (Honess and Roizman, 1974, 1975a). Y polypeptide
synthesis coincides with viral DNA synthesis and has been found to be
decreased in its absence (Honess & Roizman, 1974; Roizman et al.,

1974; Powell et al., 1974). It has been suggested that transcription
of progeny DNA is necessary for optimal y polypeptide synthesis (Roizman
1978) . Powell et al., (1974) have suggested the existence of another
class of proteins designated Yo which are totally dependént on DNA
synthesis. Further, Ward and Stevens (1975) failed to detect synthesis
of any v proteins when DNA synthesis was inhibited with aracC. This
discrepancy is unresolved but it is possible that the y proteins are made

but/
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not detected by the methods employed (Roizman, 1978).

Such a cascade model is supported by the studies of Marsden
et al.,, (1976) on protein synthesis in cells infected with
mutants of HSV~l at non-permissive temperatures. Howéver, their results
suggest that this scheme is an over simplification and a more intricate
series of control steps may operate.

At present the extent to which this scheme applies to other
herpesviruses is not known. The immediate-early proteins synthesised in
PrV-infected RK cells after release of a cycloheximide block correspond
to the o class. These proteins appear to be more numerous than the
0. proteins of HSV~1l and -2 and no structural proteins have been detected
(Ben~Porat et al., 1975). However, the different transcriptional
programs described for various herpesviruses (see 1.5.3.3.) and the
irreversible effects of cycloheximide on Prv and HSV-2 replication
(Jean et al., 1974; Frenkel et al., 1973; Powell and Courtney, 1974) -

suggest that the scheme must be extended only cautiously.

1.5.4.4. Post-translation Translocation and Modification of Viral Proteins.

Newly synthesised proteins migrate from the cytoplasm to the
nucleus of infected cells (Fujiwara and Kaplan, 1967; Olshevsky et al.,
1967) . Specifically, virus structural proteins enter the nucleus
(Spear and Roizman, 1968; Ben-Porat et al., 1969) where nucleocapsids
are assembled but non-structural proteins are also translocated (Spear
and Roizman, 1968; Pereira et al., 1977; Fenwick and Roizman, 1977).
Polypeptides probably enter the nucleus through the nuclear pores and
nuclear accumulation is likely to be determined by the affinity of poly-
peptides for constituents of the host cell nucleus (Ben-Porat and Kaplan,
1973; Fenwick et al., 1978).

Polypeptides/
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Polypeptides can be modified in three ways (Roizman, 1978).
Rapid post-translational cleavages such as those seen in picorna-
virus-infected cells do not occur (Honess and'Roizman, 1973) .

There is, however, evidence for slow modification of an HSV poly-
peptide during capsid formation (Gibson and Roizman, 1974).
Phosphorylation of structural and non-structural polypeptides of HSV
(Gibson and Roizman, 1974; Pereira et al., 1977) and of structural
proteiné of Prv (Stevely, 1975) has been reported. Erickson (19276)
has detected Prv-specified sulphated polypeptides.

Glycosylated polypeptides have been found in all purified
herpesvirions analysed to date (Roizman, 1978). However, most of the
information on their synthesis comes from HSV. Polysaccharide moieties
are added to completed precursor polypeptides by stepwise addition of
heterosaccharide chains late in infection (Honess and Roizman, 1975b).
Spear and Roizman (1970) showed that HSV-specified glycoproteins
partition with membranes. This suggested that the polypeptides are
glycosylated in situ. Four antigenically distinct viral-specified
polypeptides give rise to all the major glycosylated species detected
in HSV-l-infected cells (Spear, 1975; 1976). Prv-infected RK cells
produce a non-structural sulphated glycoprotein most of which is

excreted from the cell (Kaplan and Ben-Porat, 1976).

1.5.5. Viral DNA Synthesis.

Protein synthesis after infection is necessary to initiate the
synthesis of viral DNA. However, the dependence decreases as the
infective process proceeds and once DNA synthesis is established
inhibition of protein synthesis diminishes, but does not abolish, it.
The pool size of all the dNTPs in infected cells increases and the

overall/
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overall rate of DNA synthesis is higher than in uninfected cells {Cheng
et al., 1975). Increased uptake of thymidine is dependent on viral
transcription and translation (Bittlingmaier et al., 1975), hence, the

dependence on protein synthesis may be related to the pool size.

1.5.5.1. Site of Replication and Enzymes replicating viral DNA.

Histochemical and biochemical evidence indicates that viral DNA
synthesis takes place in the nucleus, (Roizman and Furlong, 1974).

ﬁew DNA polymerase activities have beén reported in cells
infected with HSV, PxrV, MDV, cytomegalovirus and equine herpesvirus
(for references see Allen et al., 1977) variceila-zoster virus {(Millerx
& Rapp, 1977) and EBV (Miller et al., 1977). The physico-chemical
properties of the activities differ from those of cellular polymerases.
Viral polymerases are stimulated by salt (Boezi et al., 1974) and
inhibited by phosphonoacetic acid (Huang, 1975) and temperature labile
activities have been described in temperature-sensitive mutants (Aron
et al., 1975). There is evidence that more than one gene of HSV-2
is involved in polymerase synthesis (Hay et al., 1976; Purifoy and
Benyesh~Melnick, 1975). However the full extent to which the polymerase
activity is viral coded is not known and its importance to viral
replication is not clear. In S phase cells EHV-~1 DNA
synthesis is carried out by cellular DNA polymerase before viral poly-
merase activity is detectable and there is evidence that the maximal
levels of HSV-2 DNA polymerase occurxr after DNA synthesis has begun to
decline (Purifoy and Benyesh-Melnick, 1975; Cohen et al., 1977).

Induction of thymidine kinase and DNAase have also been
reported in herpes virus infected cells. There is strong evidence that

the thymidine kinase is wviral coded. The importance of these enzymes

to/



- 21 -

to viral DNA synthesis is not known (Ben-Porat & Kaplan, 1973).

1.5.6. Assembly, Envelopment and Release of Virus Particles.

The core and capsid of herpesviruses are assembled in the
nucleus, Many different nuclear particle formations have been
described (see Roizman & Furlong, 1974), but the flow of events leading
to assembly has not been unequivocally established. Perdue et al.,
(1976) have produced a model for core formation which suggests that DNA
is lnserted into capsids without a preformed core and organises core
formation. There is some other support for this (Friedmann et al.,
1975) but the alternative that DNA is incorporated into the capsid
during initial assembly has not been ruled out.

The virion envelope is acquired by budding through a cytoplasmic
membrane . Thin-section (see Watson, 1973b) and freeze-etch studies
(Rodriguez & Dubois-Dalcg, 1978) show particles budding from the inner
nuclear membrane, and it is generally accepted that this is the mode of
envelopment. However, there are numerous descriptions of naked
particles in the cytoplasm and other sites of envelopment have been
proposed. Friedmamet al., (1975) have suggested that assembly can
occur in the cytoplasm of cells which do not show nuclear changes as
a result of infections.

Capsids budding through the inner nuclear membrane pick up dense
material that is present on the nuclear side of the lamella. The
location of this material allows its definition as tequment but it is
not known whether it is the only material in the tegument.

Unenveloped capsids covered with a layer of material have been seen in
the nucleus, (Roizman & Furlong, 1974).
Several mechanisms of release have been proposed. There is

evidence/
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evidence for each and it is possible that the process depends on the
virus (Watson, 1975b). One pathway provides for continuous partition
from the cell cytoplasm. Thus the virion may bud into release
channels which lead to the extracellular space (Schwartz & Roizman,
1969) or be transported in vacuol®eS which are released by reverse
phagocytosis (Morgan et al., 1959): Evidence suggests that in some

cells release is effected by cell lysis (Watson et al., 1964).

1.6, Alterations in Cell Structure and Function During Productive

Infection.

All available evidence indicates that the consequence of
productive infection with herpesviruses is cell death (Roizman, 1978).
The causes of cell death are obscure but are undoubtedly related to
the morphological and biochemical changes seen in infected cells.
Thus, host cell macromolecular synthesis is reduced or halted, the

cell membrane is altered and other structural changes occur.

l.6.1. Structural Alterations.

The infected cell nucleus exhibits gross changes in the structure
of the nucleolus, chromatin and nuclear membrane. During infection,
the nucleolus becomes enlarged, and is frequently displaced toward
the nuclear membrane and the nucleolar material is altered.

Margination of chromatin occurs early in infection and is correlated
with distortion of the nucleus and chromosome breakage. Late in
infection long stretches of nuclear membrane- folded upon themselves
are observed (see Roizman, 1978).

No unique feature characteristic of herpesvirus infection is
seen in the cytoplasm (Roizman, 1978).

1.6.2/
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1.6.2. Cellular RNA Synthesis.

Infection of cells with herpesviruses leads to a gradual
decrease in the rate of RNA synthesis (Ben-Porat and Kaplan, 1973).
The decrease in synthesis is least for RNA greater than 288 and most
pronounced for 48 RNA (Roizman, 1978). The appearance of newly
synthesised 283 and 185 rRNA declines rapidly after infection. This
shut-off is not entirely due to the decrease in synthesis of 455 RNA
or to changes in its methylation, but rather to abortive processing
(Roizman et al., 1970).

Changes in the rates of synthesis of the other cellular RNAs
are less well characterised.Roizman et al., (1970) have shown that
transport of non-viral RNA is different from that of virél RNA.
Rakusanova et al., (1972) have evidence that cellular RNA species
accumulate in infected cells and that these species differ from those
present in uwninfected cells. Other results show that cellular DNA
is transcribed late in infection and some cellular transcripts become
assoclalted with polysomes (Stringér et al., 1977). Most of this
information comes from DNA-RNA hybridisations and because cellular RNA
contains many species present in differxent abundances and total
cellular DNA contains reiterated and unigque sequences the technique
is limited. Hybridisation of RNA from HSV infected polyoma-
transformed BHK cells to polyoma virus DNA does not suffer from these
limitations and such studies have been used to show that transcription
of polyoma DNA is specifically inhibited in BSV-infected cells (Pizer
and Beard, 1976). Thus the overall cellular mRNA synthesis probably
reflects different changes in the transcription of different sequences.,

The mechanism of inhibition of host RNA synthesis is unknown.
Sasaki et al., (1974) noted the presence of an inhibitor of nucleolar
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RNA polymerase in HSV-infected cells but its role is unknown.

1.6.3. Cellular Protein Synthesis,

The overall inhibition of cellular protein synthesis in cells
infected with herpesviruses has been established by the criteria used
to identify viral polypeptides in infected cells (see 1.5.4.2.).
However, the absclute degree of shut-off is not known. Cellular mRNA
species have been found on polysomes late after infection (Stringer
et al., 1977), and several polypeptides synthesised at this stage of
infection have been ildentified as cellular (Honess and Roizman, 1973;
Powell and Courtney, 1974).

The method of shut-off of host protein synthesis is not under-
stood. The inhibition of host RNA synthesis will account for some
decline in protein synthesis and there is evidence for some degradation
of mRNA (Nishioka & Silverstein, 1977). In addition, it seems likely

that some translational contrecl operates.

1.6.4. Cellular DNA Synthesis.

In general, infection of susceptible cells with herpesviruses
leads to a decrease in the rate of cellular DNA synthesis (Ben-Porat
and Kaplan, 1973). Exceptions are viruses such as EBV and MDV which
can cause leucocyte proliferation and consequently increase DNA
synthesis (Gerber and Hoyer, 1971; Lee, 1972). Howevexr, the
synthesis of cellular DNA is inhibited in EBV-infected cells in which
early viral antigens are synthesised (Gergely et al., 1976 a,b;
Nonoyamaand Pagano, 1972).

The time of shut-off of cellular DNA synthesis is dependent
on the moi but is generally an early event. The mechanism of shut-off

is/
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is unknown. Ben-~Porat and Kaplan (1965) have shown that inhibition is
dependent on protein synthesis. Thus, two mechanisms are possible:
virus induced proteins might act as inhibitoré of cellulax DNA
replication, oxr the inhibition of cellular protein synthesis may lead
to a decrease in synthesis of a cellular protein which is essential
for cellular DNA synthesis. Ludwig and Rott (1975) have shown that
inhibition of glycosylation in PrV-infected cells by 2-deoxy-~glucose
allows concomitant synthesis of viral and cellular DNA implying that a
glycoprotein is involved. Bittlingmaier et al., (1975), however,
have evidence that the early inhibition of synthesis is independent of
the genome and raise the possibility that the inhibition may be due to
changes in dTTP pools.

The physical changes in cellular DNA which have been noted (1.6.1.)

may also be related to control of synthesis,

1.6.5, Alterations in Cell Membranes.

Cells infected with herpesviruses acquire virus—specific antigens
on their surface (Roane and Roizman, 1964). In EBV and HSV infection these
antigens seem to be identical to those present on mature virions (Pearson
et al., 1970; Roizman. and Spring, 1967). Comparison of the electro-
phoretic mobilities of memhrane polypeptides with virion polypeptides has
led to the conclusion that the viral polypeptides inserted into membranes
are identical to those that become part of the envelope of mature virions
(Roizman, 1978). The reason for virus-induced alterations of the plasma
cell membrane is not obvious because unlike the nuclear membrane this
membrane does not form part of the mature virion. It is likely, however,
that these changes are related to alterations in the tendency of infected

cells to interact with each other (their "social behaviour" Ejercito et

al/
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al., 1968), and to the membrane's role in the infective process
(Manservigi et al., 1977).

The social behaviour of infected cells is dependent on the virus
strain and the cell type and infected cells may clump or fuse.
Manservigi et al., (1977), have shown that there are at least two genes
involved in determining the social behaviour of infected cells and the
existence of fusion promoting and fusion inhibiting activities has been
proposed. These activities have been related to the presence or absence
of two glycoproteins in the cell membrane of infected cells. There is
also evidence that the pattern of glycolipid synthesis is altered in
fusion-producing mutants (Ruhlig and Person, 1977). At present the
mechanism of fusion and the relationship of macromolecules to the process has

not been established.

1.7, Translational Control of Protein Synthesis in Eucaryotic Cells.

As discussed in the general introduction to this thesis (1.1.)
control of protein synthesis may occur at a number of levels. However,
since the purpose of this project was an investigation of translational
control, this review will be confined to the mechanisms by which
translation of mRNAs present in the cytoplasm can be regulated in
eucaryotic cells. Translational control also occurs in procaryotic
cells. This subject has been reviewed recently (Lodish, 1976) and will
not be considered here.

The mechanisms of control available are governed by the components
of the system and hence it is useful to consider the apparatus and

mechanism of protein synthesis.
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1.7.1. The Mechanism of Translation.

A pathway for initiation of protein synthesis has been proposed
recently by Staehelin and coworkers (Trachsel et al., 1977; Schreiex et
al., 1977). This can be summarised as follows: The first step is

the formation of a ternary complex between met—-tRNAf GTP and the initiation
factor eIF-2. The complex then binds to the 40S ribosomal subunit and
this quaternary complex is stabilised by eIF-1 and eIF-3, The
subsequent binding of mRNA requires.eIFHB, eIF-4A and eIF-4B and is
accompanied by ATP hydrolysis. eIF-4C, like eIF-l, apparently has a
role in stabilisation. The {4OS;met~tRNAf'GTP'mRNA-initiation factor}
complex then binds the 60S subunit in the presence of eIF-5 to yield an
80S initiation complex {Bos'met—tRNAf-mRNA} where the me t~ tRNA . is in
the peptidyl site of the ribosome.

The intermediates proposed in this pathway have been described
by a number of workers and the scheme is very similar to that proposed
by Benne and Hershey (1978). However, most of the evidence has been
obtained using reconstituted systems where the rate of protein synthesis
is only a fraction of that obsexved in vivo and so it may be an over-
simplification. In particular, there is still no agreement on the
total numbef of initiation factors. Two groups have identified a factor
eIF-4D the role of which has yet to be confirmed (Kemper et al., 1976;
Benne and Hershey, 1978) and very recent work on the mode of action of
the haem controlled repressor (see 1l.7.2.3.) has shown that the eIF-2
activity may be modified by another protein. Furthermore, the proposed
pathway does not take into account possible cooperation of eIF-1 and
eIF-4C in 60S subunit joining and the dissociation role of eIF-3 (Trachsel
et al., 1977; Benne and Hershey, 1978).

Elongation, as far as is known at present, involves only two factors.

The/
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The subject has been reviewed by Weissbach and Ochoa (1976) and can be
summarised as follows: The appropriate aminoacylated tRNA is brought
to the A site on the ribosome as a ternary complex consisting of GTP,
elongation factor EF-1 and aminoacylated tRNA. Binding involves
hydrolysis of GTP and the GDP«EF-1 complex is released and recycled.
The ribosomal peptidyl transferase then catalyses formation of the
peptide bond. Translocation requires EF-2 and GTP. EF-2 and GTP
form a stable complex which binds to the ribosome resulting in trans-
location and GTP hydrolysis. The EF-2 GDP is then released and re-
cycled. It is not clear how recycling of the factors occurs and it is
possible that other factors may be involved in a recycling process such
as occurs with EF-Tu and EF-Ts in procaryotes.

The termination process allows release of the completed peptide
chain from the ribosome-mRNA complex. The peptide is thought to be
located on the P site and its release requires a termination codon in
the A site, a release factor (RF) and GTP. _ Available evidence suggests
that the first step is GTP-dependent binding of RF to the A site.

This activates peptidyl transferase so that the terminal amincacyl bond
is hydrolysed and the completed polypeptide is released. GTP hydrolysis

is reguired for the dissociation of RF from the A site.

1.7.2. Translational Control Mechanisms.

Translational controls can be seen as methods of regulating the
availability of the components of the translational apparatus or of
changing their efficiency. These components are now considered

individually.

1.7.2.1./
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1.7.2.1. Low Molecular Weight Substances and tRNA.

Glucose starvation and amino acid starvation inhibit protein
synthesis (Jackscn, 1975). While such factors probably act at a
numbexr of levels, there is evidence that they affect translation
directly. In both cases the energy supply may become limiting and small
changes in ATP and GTP concentrations inhibit initiation and elongation
(Rupniak and Quincey, 1975).

Amino acid starvation may, however, have effects beyond those on
energy metabolism or on the concentration of aminoacylated tRNAs. Thus,
if the concentration of a charged tRNA other than the initiator tRNA is
severely decreased, elongation of peptides might be limited. It has
been shown, however, that when the charging of tRNAhis is inhibited in
HeLa cells with L-histidinol both initiation and elongation are affected
(Vaughan and Hansen, 1973). This led to the suggestion that deacylated
tRNAs inhibit initiation directly. Such a hypothesis is supported by
the observation that deacylated tRNAs inhibit the AUG dependent B80S
complex formation in vitro (Kyner et al., 1973).  The details of this
effect are not fully characterised. Kyner et al., (1973) suggested
that deacylated tRNA competed with the initiation tRNA for the P site
confining the effect to the early stages of initiation. Some evidence
supports this (Hayes et al., 1975; Pain and Henshaw, 1975) but it has
been suggested that the lesion is between 80S complex formation and
elongation (Warrington et al., 1977). A major difficulty is assessing
the correlation between experiments using amino acid analogues and amino
acid starvation studies.

It has also been suggested that the effect of tRNA might be
related to the energy supply. An enzyme system which degrades GTP to

guanine when uncharged tRNA is in the A site has been demonstrated in

vitro/
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vitro (Grummt and Speckbacher, 1975). Further, lowering the charging
of tRNAhis with L-histidinol depresses first the GTP then the ATP levels
(Grumnt and Grummt, 1976). It is of ingeresﬁ that in procaryotes
modification of GTP to (p)ppGpp is involved in suppression of protein
synthesis in amino acid starvation (Block & Haseltine, 1974).

A direct effect of tRNA on elongation has been demonstrated and is
better characterised. Protein synthesis can be regulated by the avail-
ability of one or more iso-accepting tRNAs. In a tRNA-dependent cell
free system oviduct mRNA and EMC virus RNA are not translated efficiently
or with fidelity in the presence of rabbit reticulocyte tRNA although
globin mRNA is, but efficient synthesis is achieved by addition of
rabbit liver or ascites tRNA (Sharma et al., 1976a). In addition, the
amount of synthesis in vitro can be modulated by specific tRNAs (Sharma
et al,, 1976b). In vivo, changes in the relative amounts of tRNAs and
the population of iso-~accepting species have been correlated with changes in
protein synthesis (viotti et al., 1978). These results may be related
to the different amino acid compositions of the proteins being

synthesised or to different mRNA requirements for iso—accepting tRNAs.

1.7.2.2. mRNA,

Regulatlon of the translation of mRNAs present in the cytoplasm
can be achieved in three ways. Firstly, specific degradation of mRNA
may occur. Secondly, mRNAs may differ in their ability to be
recognised by the translational machinery. Thirdly, mRNAs may be made
unavailable by complexing with other molecules.

The first two controls are dependent on differences in mRNA
structure. At present only general features of mRNA structure are
known and thus little is known about specific controls. Most

eucaryotic/
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eucaryotic mRNAs have at the 3' end a poly-(A) tract (Brawerman, 1975)
which probably has a role in preventing degradation (Revel and Groner,
1978). With the exception of the picornavirﬁs and satellite tobacco
necrosis virus mRNAs, all eucaryotic mRNAs so far examined carry a
7 G "cap" jolned to the 5' terminus by a 5'~5' pyrophosphate link.
This may be followed by one or two 2'0O-methylated residues (Shatkin, 1976).
The cap protects mRNA from 5' exonucleolytic degradation. It is
required for initiation and is recognised by eIF-2 (Kaempfer et al.,
1978) and eIF-4B (Shafritz EE.EL" 1976) the latter of which may be
limiting in poliovirus infected cells (Rose et al., 1978). Other
structural features such as internal methylation have not yet been
correlated with control.

mRNA translation can be controlled by sequestering mRNAs in
messenger ribonuclear particles (mRNPs) non-—-associated with ribosomes.
Sea urchin embryos, for example, store histone mRNAs which are released
for growth (Kedes, 1976). Active mRNA can be regained from immature
duck erythrocytes by deproteinisation (Civelli et al., 1976), but
Kennedy and Heywood (1976a) find that it is necessary to denature the
RNA and suggest that translational control RNA (tcRNA) is involved in

sequestration (see 1.7.2.7.).

1.7.2.3. Initiation Factors.

The total number of the initiation factors has not been completely
defined and there is some disagreement on the way in which they regulate
translation, On the one hand, cells could regulate the overall rate of
chain initiation by the availability of factors which would be expected
to affect all mRNAS. Alternatively, the ceils could utilise message-
specific components that would lead to changes in the types of mRNAs

translated/
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translated. These mechanisms are not, however, mutually exclusive.

The availability of cell free systems which translate heterologous
mRNAs at rates wvery close to those observed ig_zizg_suggests that the
translational apparatus has the same specificity in all cells. Further-
more, the demenstration that the initiation factor which stimulates
EMC virus RNA translation (Wigle and Smith, 1973) is eIF-4A (Staehelin
et al., 1975) and that the preferential translation of EMC virus RNA
in a mixed viral/cellular mRNA population can be alleviated by eIF-4B.
(Golini et al., 1976) suggests that apparent specificities may be
due to different requirements of mRNAs for the same initiation factors.

Non-specific control of translation has been demonstrated in
haem~deficient reticulocytes and it is becoming clear that this is due
to inactivation of an initiation factor. In reticulocytes in the
absence of haem protein synthesis proceeds for several minutes and then
declines rapidly and disaggregation of polysomes and depletion of 40S-
met tRNAf complexes occurs. A cAMP-independent protein kinase which
phosphorylates eIF-2 can be isolated from reticulocytes incubated without
haem and, if added back to lysates, the kinase causes inhibition of
protein synthesis (Farrell et al., 1977). Phosphorylated eIF-2 has

ncrmal activity in promoting formation of 40S.-met tRNA_ complexes in

£
reconstituted systems where relatively large amounts of purified initiation
factors are used. However, Ochoa's group have very recently isolated a
protein which stimulates the activity of eIF-2 (eIF~2 stimulating

protein ESP) and have found that phosphorylation abolishes the interaction
of eIF-2 with ESP so that the initiation factor is no longer active at

the low concentrations found in lysates (de Haro et al., 1978; de Haro

and Ochoa, 1978). Thus it now seems very likely that the basis of

inhibition of initiation in this case is phosphorylation of eIF-2.

Similax/
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Similar relationships have not yet been demonstrated for other factors
but four initiation factor polypeptides, including eIF-4B, can be phos-
phorylated in vivo and an analogous role is pdssible (Benne et al., 1978).

Lodish (1974) has derived a kinetic rate equation for initiation
- and elongation of polypeptide chains which predicts that any reduction in
the rate of initiation at or before binding of mRNA will lead to
preferential inhibition of translation of mRNAs with lower initiation rate
constants. Hence, control might be exerted by non-specific lowering of
initiation rates which would favour the translation of "better" mRNAS.
Studies on inhibition of initiation have shown that such an effect can
occur (see Lodish, 1976; Koch et al., 1976).

However, more recent experiments using purified initiation factors
suggest that this is an oversimplification. Addition of purified eIF-4A
and eIF-4B has been shown to change the translation of o globin mRNA
relative to B globin mRNA without increasing the overall rate of
translation. Thus the effect could not be ascribed to an increase in the
concentration of a rate limiting factor (Kabat and Chappell, 1977).

Other anomalous results have been reviewed by Revel and Groner (1978) who

have proposed that contrary to Lodish's hypothesis, mRNAs do not have a
uniqueinitiation constant. They suggest that the efficiency of mRNA recognition
by the ribosomal machinery is due to the overall kinetic parameters of

the initiation system. Thus, changes in the concentration of factors

modify . the relative affinity of different mRNAs for the ribosomal

machinery. In one sense then, the population of initiation factors has

message specificity.

A more specific effect of initiation factors is proposed by Heywood and
coworkers who have reported a mRNA specific activity in partially
purified eIF-~3 preparations. They find that although translation of

globin/
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globin and myosin mRNAs is stimulated by reticulocyte eIF-3 as might
occur if the concentration of this factor were limiting, preferential
stimalation of myosin mRNA translation is brought about by muscle eIF-3
(Kennedy and Heywood, 1976a). A similar result was found for tubulin
mRNA (Gilmore-~Hebert and Heywood, 1976). They suggest that modulator
molecules may be associated with eIF-3 (Kennedy and Heywood, 1976a,b).
Further work is necessary to characterise these modulators.

In summary, it is clear that initiation factors have a role in

translational control but at present this is not completely understood.

1.7.2.4. Elongation Factors.

It is generally assumed that elongation and termination of all
polypeptides occur at the same rate. This implies an absence of
differential control but general control of translation may operate at
this level, An example of such control is the inhibition of protein
synthesis by diptheria toxin. This protein catalyses ADP-ribosylation
of EF-2 thus rendering it non-functional and inhibiting translation of

all mRNAs. (Pappenheimer, 1977).

1.7.2.5. Ribosomes.

There 1s no evidence that synthesis of ribosomes is an important
method of short term control, Studies of inactivation are complicated
by the association of factors with ribosomes. Phosphorylation of a
ribosomal protein is associated with dsRNA-induced inhibition if protein
synthesis (Farrell et al., 1977) but as this is not the only effect of
dsRNA its importance is unknown. Phosphorylation of other ribosomal
proteins has been demonstrated but as yet these events have not been

correlated/
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correlated with control.

1.7.2.6. Other Factors.

Low molecular weight U~rich oligonucleotides (tcRNA) which inhibit
protein synthesis in vitro have been isolated from muscle (Kennedy et al.,

1978) ,Artemia salina (Lee-Huang et al., 1977) and rat calvaria (Zeichner

and Breitreutz, 1978). Lee~Huang and coworkers have shown that their
tcRNA blocks peptide chain elongation by interfering with the ERF-1
dependent binding of amincacyl tRNA. The tcRNA isolated by Heywood and
coworkers binds specifically to myosin mRNA and found in mRNP particles.
They suggest that in addition to non-specific regulation, tcRNAs may have
high affinities for specific mRNAs and may be involved in sequestering
mRNA in non-translatable mRNPs (Kennedy and Heywood, 1976a; Kennedy

et al., 1978 and see 1.7.2.2.).

1.7.2.7, Summary.

Most of the controls described in this section can be defined as
initiation or elongation specific. Most of what is known concerns
control at initiation and advances are being made in determining the
mechanism involved in regulation. Several models for control of
initiation have been proposed. These will be considered in detail
in Chapter 8. Control of elongation is less frequently observed and
in many cases {see, for example, Orlowski and Sypherd, 1978) no knowledge

of the mechanism is available.

1.7.3. The Interferon System.

Interferon induced translational control has been considered

separately because it operates at several levels and its mode of action

may/
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may illustrate a unifying principle. The subject has been reviewed
recently (Revel & Groner, 1978) and can be summarised as follows:

Exposure of sensitive cells to interfefon induces an antiviral
state which at least in part results from inhibition of viral mRNA
translation. . The way in which discrimination between viral and
cellular mRNAs takes place is not known and this discrimination is lost
when treated cells are homogenised to prepare cell free translation
systems. However, such studies have yielded information on the trans-
lational controls operative in those systems.

Extracts from interferon treated cells contain a dominant
inhibitor of translation. The activity of this factor is potentiated if
the extracts are incubated with dsRNA and ATP prior to addition to cell
free systems. Activation requires ATP hydrolysis and is associated
with protein phosphorylation and the formation of a small nucleotidic
inhibitor of translation.

Three principal phosphorylations take place. A riboscomal protein
of molecular weight 67,000 is phosphorylated; eIF-2 is phosphorylated;
and a protein kinase specific for arginine rich histones has been
identified. The relationships between these kinase activities has not
been fully characterised. The nucleotidic inphibitor has been identified
as ppA (2')p(5')Aa(2")p(5")A and has been shown to activate an endonuclease
that cleaves mRNA (Clemens and Williams, 1978).

Translation is inhibited at both the initiation and elongation
steps. Protein phosphorylation is likely to be involved in the
inhibition of initiation and in particular the inactivation of eIF-2
is similar to that occurring in haem deficient reticulocytes (Farrell
et al., 1977). There 1s evidence also that the interferon induced
translational control is. mediated by tRNA. Changes in the isoaccepting

tRNA/
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tRNA levels (Zilberstein et al., 1976) may affect elongation and a
deacylase activity which might induce deacylated tRNA suppression of
initiation (see 1.7.2.1.) has been detected.

In summary, there appear to be a number of translational controls
operative in interferon treated cells and these encompass many of those

discussed in the previous section.

1.7.4. Translational Control in PrV Infected Cells.

The applicability of the controls discussed in 1.7.2. and 1.7.3.
to the translational controls operative in PrV infected cells can be
discussed. The length of the replicative cycle for PxV is short (1.5) and
inhibition of host protein synthesis is an early event (l.6.3.). Hence
induction of interferon and interferon-induced controls are unlikely
to be important in cell culture although they undoubtedly have a role
in vivo. For the same reason changes in the energy status of the cell
are unlikely to have any effect. No changes in the tRNA population in
herpegvirus-infected cells have been detected (Ben-Porat and Kaplan, 1973).

It is probable, therefore, that controls act on the mRNA
populations and on ribosomes and factors. Degradation of cellular mRNA
requires an enzyme which recognises differences in the mRNA structure,
There are at present no known structural differences between viral and
cellular mRNA. Both mRNAs contain caps and poly-(A) tracts (1.5.3.2.);
hence recognition of these features cannot be important. It is possible,
however, that differences in late viral mRNA methylation (1.5.3.2.) may have
a role in control. Nothing is known about factors and ribosomes in
infected cells and except for the conclusion that a change in cap
recognition is not important, no evidence is available.

In summary, then, very little is known about translational controls

operative/
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operative in Prv-infected cells. In particular, proposed models for
control have not been examlned in this system. The controls operating
in infected cells are likely to be similar to those in uninfected cells
and hence the general applicability of these mechanisms is important.
The work described in this thesis was undertaken to examine the
application of models for translational control of protein synthesis in

PrV-infected cells and to extend the general knowledge in this field.
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Chapter 2

Isolation and Characterisation of Poly-(A) Containing RNA.

2.1. Introduction.

Poly-(A) containing RNA was iscolated from polysomes for two
reasons. Firstly, cellular mRNA molecules are found in herpesvirus
infected cells late in infection but most of the mRNA present on
polysomes is viral (see Chapter 1l}. Therefore isolation of polysomes
provides a means of separating Virai and cellular mRNA. Secondly
there is some evidence that in vitro translation systems are inhibited
by excess RNA (Sonenstein & Brawerman 1976). Only about 2% of
HeLa cell polysomal RNA is mRNA and it is necessary to remove other RNA
species so that sufficient mRNA can be added without inhibition by
excess quantities of RNA. Most mRNA molecules synthesised in
eukaryotic cells including those specified by herpesviruses contain
3' poly-(A) tracts (see Chapter 1). Similar poly-(3) sequences have
not been found in other RNA species and so isoclation of poly-(3)

containing RNA is a convenient method of isolating mRNA,

2.2, Isolation of Polysomes.,

Polysomes were isolated from exponentially growing HeLa cells
5h after infection with Prv and from mock-infected cells as described
in the Materials and Methods. The yield of polysomes obtained was

usually of the order for 60 A o units per lO9 cells but was dependent

26
on variations in cell growth. Good yields of polysomes and higher
polysome to monosome ratios were more consistently obtained when
heparin was added to buffers as an RNAase inhibitor.

Profiles of polysomes spread on sucrose gradients are shown in

Figure 2.2.1. In agreement with earlier results (see 1.5.4.1.) PrV

infected/



FIG. 2.2.1. POLYSOME PROFILES IN PrV-INFECTED AND
' MOCK-INFECTED HelLa CELLS

Exponentially growing HelLa cells were mock~-infected ox
infected with 20pfu/cell PrV. After 5h the cells were
harvested mechanically, lysed and the cytoplasmic ektracts were
layered onto 15-30% sucrose gradients. The gradienFS were
centrifuged for liO min at 27,000 in a SW27 rotor And
collected by pumping from the bottom of the tube through a
Gilford 2000 recording spectrophotometer which monitored the
absorbance at 260nm.

The polysome regions are as indicated. The slow sedimenting-

peak contains monosomes and subunits.

a) Mock-infected cell polysomes

b) PrV-infected cell polysomes
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infected cells were found to show a higher proportion of rapidly
sedimenting polysomes and a higher monosome to polysome ratio than

mock-infected cells.

2.3. Preparation of Poly-{(A) Containing RNA.

2,3.1. Extraction of RNA from Polysomes.

RNA was isolated from polysomes which showed the characteristic
virus-infected or mock-infected profiles on sucrose gradients as
described in the Materials and Methods. 90% of the A260 units in

the polysomes could be recovered by this method.

2.3.2. Affinity Chromatography.

Poly-(A) containing RNA can be isolated on the basis of the
ability of poly-(A) tracts to form hybrids with poly-(U) bound to
Sepharose (Lindbergh and Persson, 1972) or oligo-(dT) bound to
cellulose (Aviv and Leder, 1972). Hybrids are readily dissociated
with buffers of low ionic strength.

Poly-(A) containing RNA was isolated from rabbit reticulocyte
RNA by affinity chromatography on poly-{(U) Sepharose as described in
the Materials and Methods and was found to stimulate incorporation
of radiocactive amino acids into Trichloroacetic acid (TCA) precipitable
material in cell-free translation systems. Poly-(U) Sepharose
chromatography of polysomal RNA isolated from infected and mock-infected
Hel.a cells did not, however, yield a similarly active fraction
although bound material with measurable RNA content was recovered
from the column. The bound fraction was precipitated several times
from ethanol at —2OOC to remove any inhibitory substances but
stimulatory material could not be recovered.

Oligo/
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0ligo~(dT) cellulose chromatography of rabbit reticulocyte RNA
and polysomal RNA was carried out as described in the Materials and
Methods., An elution profile of the polysomal RNA washed from the column
is shown in Figure 2.3.2,1l. Most of the polysomal RNA was not bound and
passed straight through the column. Loosely bound material, probably
containing short poly~(a) tracts was washed off by the intermediate
buffer which is of lower ionic strength than the starting buffer.

Bound material was rapidly eluted wiéh elution buffer. Recovery of RNA
from oligo-(dT) cellulose columns is shown in Table 2.3.2.1. 1.1 - 2.6%
of the input RNA was bound,

The oligo~(dT) cellulose fractions were precipitated twice with
ethanol at -20°C and material from rabbit reticulocytes and mock-infected
or infected HelLa cells was shown to have mRNA activity in cell-free
systems. Some mRNA activity could also be demonstrated in the unbound
fraction but the stimulation was considerably less than that observed

in the bound fraction.

2.4. RNA-DNA Hybridisation.

Poly-(A) containing RNA from PxV-infected cells was assayed for
the presence of viral coded sequences by hybridisation to PxV DNA
bound to nitrocellulose filters. Polysomal RNA was prepared from
mock-infected and PrV-infected HeLa cells 5h post-infection labelled
with {BH}-uridine for 3h prior to harvesting as described previously.
Poly-(3) containing RNA was prepared by oligo-(dT) cellulose
chromatography as previously described, except that ethanol
precipitation was replaced by gel filtration through a Sephadex G25
(coarse) column (0.5 x 6cm) and lyophilisation. This was necessary
because to obtain as high a specific activity as possible without

using/
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FIG. 2.3.2.1. ELUTION PROFILE OF POLYSOMAL RNA FROM OLIGO-(d4T)
CELLULOSE AFFINITY COLUMN

Polysomal RNA from mock-infected Hela cells was dissolved in
starting buffer and applied to an oligo-(dT) cellulose mini-column.
The eluate was pumped through an LKB B300A Uvicord II which recorded the
percentage transmission at 260nm. The column was washed initially with
starting buffer, then intermediate buffer (I.B} and elution buffer (E.B)

were applied sequentially as shown,
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Binding of Polysomal RNA to Oligo-{(dT) Cellulose Affinity

Chromatography Columns

ug Polysomal Ug RNA
Polysomes RNA Applied Bound % Bound
Mock~-infected 1650 32 2.0
" 3000 34 1.1
PrV-infected 1260 29 2.3
" 1900 29 1.5
" 2340 61 2.6
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using excessive quantities of isotope only three burlers of mock-
infected or infected cells, one of which was labelled with 20uCi/ml
{3H}—uridine were used and the amount of bound RNA thus obtained was
small and subject to considerable loss in ethanol precipitation.

Poly~(A) containing RNA from infected cells was dissolved in
0.1 x S8SC and samples containing 0.1 - 0.3ug were hybridised to
filters containing 5ug PrvV DNA as described in the Matexials and
Methods. Mock-infected cell poly—iA) containing RNA was also
hybridised to estimate the extent of non-specific binding. Over 50%
of the poly-(A) containing RNA from infected cells bound to the

filters while less than 2% of the cellular RNA was bound (Table 2.4.1.).

2.5. Discussion.

Poly~(A) containing RNA was isolated from polysomal RNA rather
than total cytoplasmic RNA because this provided a means of selecting
viral RNA. An additional advantage was that the characteristic
changes in polysome profiles provided a means of monitoring viral
infection. Infected cells were harvested during the eclipse phase of
growth when no measure of virus production could be made and morpho-
logical changes were not apparent. Variations in the growth of tissue
culture cells occur from week to week and can cause variation in the
infective process. Poor infections were apparent when sucrose
gradients were scanned and the preparations were discarded.

Poly~(U) Sepharose chromatography has been reported to remove
non~-poly-(A) containing RNA more efficienitly than oligo-(dT)
cellulose chromatography (Bishop et al., 1974; Vass, 1975). W. Schuch
(personal communication) has found that this method of oligo-(dT)

cellulose chromatography yields preparations contaminated with rRNA.

However/
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TABLE 2.4.1.

Hybridisation of Poly~-(A) containing polysomal RNA from

Prxv-infected and mockwinfected Hela cells to

Prv DNA bound to nitrocellulose filters.

P -

cog%giéﬁkg Input %
RNA ug cpm Bound Bound

Prv -

infected 0.1 340 189 54.7

Mock~

infected 0.3 866 1le 1.8
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However, for the purpose of translation pure poly-(A) containing RNA
is not necessary and this method yielded sufficiently enriched
material.

There are several possible reasons why polysomal RNA fractions
with mRNA activity could not be obtained by poly-(U) Sepharose
chromatography of polysomal RNA, Poly-{U) Sepharose elution buffer
contains SDS and is of higher ionic strength than oligo-(dT)
cellulose elution buffer and while tﬂe quantity of reticulocyte poly-—(A)
containing RNA is sufficient that it can be dissolved in a large enough
volume to dilute out these contaminants to insignificant levels,
similar quantities cannot be obtained from cultured cells.

Contaminants may be removed by reprecipitation but recovery of small
quantities of RNA is poor and it is likely that equivalent losses of
RNA and contaminants occur so that the final precipitates still contain
too high a ratio of contaminant to RNA.

Secondly, it is likely that lack of experience in the techniques
contributed to the failure as these experiments were carried out during
the early part of the work and have not been repeated. Again, the
large quantities of reticulocyte RNA would account for the success of
the technigue with this RNA. “

RNA-DNA hybridisation showed that the poly-(A) containing RNA
from the polyscmes of PrV-infected cells contained appreciable amounts
of virus specific RNA. This RNA species was therefore termed viral
mRNA although cellular mRNA species and rRNA are probably present.
Poly~(A) containing RNAs from mock-infected HeLa cells and from rabbit

reticulocytes were similarly termed cellular and reticulocyte mRNAS

respectively.
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Chapter 3

Characterisation of the Wheat Germ Cell-free System.

3.1. Introduction.

Eucaryotic cell-free translation systems capable of translating
exogenous mRNAs have been prepared from many sources including rabbit
reticulocytes (Hunt & Jackson, 1974), Krebs II Ascites cells,
(Mathews and Korner, 1970), Hela cells (Weber et al., 1976), Xenopus
oocytes (Gurdon et al., 1971) and wheat germ (Roberts and Paterson,
1973; Davies and Kaesberg, 1973; Marcu and Dudock, 1974). The
usefulness of some of these systems is limited by the low efficiency
of translation observed in vitro and by the high endogenous levels of
protein synthesis which obscure products made by exogenous mRNAs.

The wheat germ cell-free system does not have these disadvantages.
The efficiency 1s high compared to other systems and endogenous
protein synthesis is low (Roberxrts and Paterson, 1973). The system
is capable of translating a variety of heterologous mRNAs ranging from
QB bacteriophage (Davies & Kaesberg, 1973) to pro o collagen
(Benveniste et al., 1976) as well as many relatively homologous mRNAs
from plant viruses (Davies and Kaesberg, 1974). In addition, large
quantities of extract may be rapidly prepared from readily available
material.

This system was therefore investigated for ability to translate
viral and cellular mRNAs, Translation of reticulocyte mRNA in the
system has been demonstrated (Roberts and Paterson, 1973) and was

used for comparison.

3.2./
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3.2. mRNA Activity of Viral, Cellular and Reticulocyte mRNAs.

mRNA activity is the ability to serve as a template for protein
synthesis. For the purpose of this chapter mRNA activity is defined
as the ability to stimulate the incorporation of radio-active amino
acids into TCA precipitable material, This definition does not imply
that the mRNA directs synthesis of the complete polypeptides found in
vivo. There are several reasons why this may not be so and these will
be considered in this chapter where %ppropriate and more fully in
Chapter 4.

Viral, cellular and reticulocyte mRNA were assayed for mRNA
activity in the wheat germ cell-free system. Wheat germ extract was
prepared and assays set up as described in the Materials and Methods.
Assays containing 75mM K+, 1,.5mM Mg++, 0.2mM spermidine were incubated
for 90 min at'25°c. All three mRNAs were found to have significant
mRNA activity under these conditions (Table 3.2.1.). The mRNA activity
of the polysomal RNA which was not bound to the oligo-(dT) cellulose

column is shown for comparison.

3.3. Characterisation of Optimum Conditions.

Considerable variations in the optimum ionic concentrations for
translation of mRNA in the wheat germ cell free system have been
described. Some of these are due to slightly different methods of
preparation of the extract and others are peculiar to the mRNA species.
Hence, the optimum conditions were characterised for the mRNA species

and wheat germ investigated in this study.

3.3.1/
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TABLE 3.2.1.

Stimulation of the Wheat Germ Cell~free System by Exogenous RNA.

RNA RNA N
Species ug/ml Stimulation
Viral 8.8 16
Cellular 6.8 13
Reticulocyte l16.6 1°

Viral polysomal
unbound 70 S

Cellular polysomal
unbound 86 6

* Times endogenous (1240 ¢pm)
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+
3.3.1. Optimum K Concentrations.

The optimum concentration of K+ for mRNA activity of the three
mRNA species under investigation was determined by varying the amount
of KCl added to assays. In these experiments the assays contained
2.5mM Mg++ but no polyamine and TCA precipitation was carried out on
filters. Figure 3.3.1.1., shows the amount of {3H}—leu incorporated
at various K+ concentrations. The optimum concentrations are in the
range 60~76mM for wviral and cellular mRNAs and 74-81lmM for reticulocyte
mRNA ., Similar optima were found for several different mRNA and wheat
germ preparations.

Weber et al., (1977) reported that the apparent inhibitory
effects of high {k*} on cell-free protein synthesising systems are due
not to K+ but to concentrations of C1 ions exceeding those normally
found in vivo. A breakdown of the sources of 'endogenous' K+ in the
standard wheat germ assay mix (Table 3.3.1.l.) shows that the ‘'endogenous’
Ccl” concentration is 36mM. Hence addition of K+ as KCl to a final
concentration of 10OmM leads to a Cl concentration of 80mM which is
the upper limit of the physiological range (Bérstein, 1954) . The
K+ optimum for viral and cellular mRNA was therefore examined using
CH3COOK as the source of K+. The results are shown in Figure 3.3.1.2.
The optima are not significantly higher than those found with KCl but

the range of incorporation is wider.

++
3.3.2. Optimum Mg Concentration.

++ :
The Mg optima observed for translation of various mRNAs in
the wheat germ system in the absence of other polyvalent cations are
++
in the range 2-4mM. The cecncentration of Mg for maximum mRNA

activity/



-3

12

4

49a

» Cellular mRNA
s Viral mRNA

¢ Globin
X Endogenous

=4
1]
g
o 8
4l.
3 g " W pom -”-'-”-; . o L3
56 56 76 86 "96 106 56 66 8 86 96 106
mM K* mM Kt
FIG. 3.3.1.1.

+
THE EFFECT OF {K '} ON SYNTHESIS OF TCA PRECIPITABLE

MATERIAL IN THE WHEAT GERM SYSTEM, I

+
The {K } in wheat germ assay mixes (A3.4,11.) containing 12.2ug/ml

viral (Prv) mRNA, 11.2ug/ml cellular (HeLa) mRNA, 17.3ug ml globin

(rabbit reticlocyte) mRNA or no added mRNA was varied by addition of

KCl.

{Mg++}was 2.,5mM and no polyamine was added.

Asgsay mixes contained 50uCi/ml {BH}—leucine (53Ci/mmol) .

The

After incubation the

synthesis of TCA precipitable radiocactivity (cpm/5pl) was'measured

by precipitation on filter discs and scintillation counting.
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-+ .
Contributions to the K Concentration in Wheat Germ Assay Mixes.

+ Contributing +
Source of K Compound Final {K'} in assay
HEPES buffer KOH 13.6mM
Energy Mix KOH 2., 3mM
Wheat Germ Extract KoH 3.7mM
Wheat Germ Extract KCl 36.0mM
Total 55.6mM
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FIG. 3.3.1.2, THE EFFECT OF {K+} ON THE SYNTHESIS OF TCA PRECIPITABLE
MATERIAL IN THE WHEAT GERM SYSTEM, II
The {K+} in wheat germ assay mixes (A3.4.11.) containing 28ug/ml
viral (PrV) mRNA or 5.6ug/ml cellular (HeLa) mRNA and 50uCi/ml {3H}—
leucine {(53Ci/mmol) was varled by addition of CHBCOOK. Assay mixes
contained 2.5mM Mg++ and no added polyamine. After incubation the

synthesis of TCA precipitable material (cpm/5ul) was determined by

precipitation on filter discs and scintillation counting.
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activity of the three mRNAs under investigation was determined in
+
wheat germ assays containing 75mM K and no polyamine. The effect

of added Mg (CH COO)2 is shown in Figure 3.3.2.1. Amino acid

3

, . , ++
incorporation was maximum at 2.5mM Mg .

3.3.3. Optimum Polyvamine Concentration.

Polyamines are polyvalent cations found in all procaryotic and
eucaryotic cells. The polyamines found in eucaryotic cellé are
putrescine, spermidine and spermine, the biologically active species
being the latter two. Their roles in cellular growth and metabolism
are many and diverse and they are implicated in transcription and
translation in all cells. Their effect is maximal at suboptimal
concentrations of Mg++ but they cannot completely replace Mg++
{Cohen, 1971).

The optimum concentration of spermidine for mRNA activity in
the wheat germ cell-free system at suboptimal Mg++ (1.5mM) was
therefore investigated. Figure 3.3.3.1. shows the incorporation of
amino acids at various spermidine concentrations in assays containing
75mM K+. The optimum concentration of spermidine is 0.2mM for
viral and cellular mRNA and 0.3mM for reticulocyte mRNA. The
enhancement of incorxporation by spermidine over that observed at
optimum {Mg++} is shown in Table 3.3.3.1. Addition of spermidine at

++
suboptimal Mg concentrations leads to a 1.6-fold increase in the

.

+
incorporation observed at optimal {Mg

3.3.4. Definition of Standard Conditions.

.|..
The optimum concentrations of K for translation of the three
mRNAs vary slightly but a common region of high activity is observed.

Hence/
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FIG. 3.3.2.l. THE EFFECT OF {Mg } ON THE SYNTHESIS OF TCA PRECIPITABLE
MATERIAL IN THE WHEAT GERM SYSTEM

The {Mg++} in wheat germ assay mixes (A3.4.11.) containing lé6ug/ml
viral (PrV) mRNA, 20.8ug/ml cellular (HeLa) mRNA, 16.5ug/ml globin
(rabbit reticulocyte) mRNA or no added RNA was varied by addition of
Mg(CH3COO)2. Assay mixes contained 50uCi/ml {3H}—leucine (53Ci /mmol) .
No polyamine was added. After incubation the synthesis of TCA
precipitable material (cpm/5ul) was measured by precipitation on filter

discs and scintillation counting.

i
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FIG. 3.3.3.1. THE EFFECT OF ADDED POLYAMINE ON SYNTHESIS OF TCA

PRECIPITABLE MATERIAL IN THE WHEAT GERM SYSTEM

The effect of polyamine on wheat germ translation assays was

investigated by addition of spermidine to assay mixes {(A3.4.11.)
containing viral (PrVv, 16ug/ml) cellular (Hela, 20.8ug/ml), or globin
(rabbit reticulecyte, 16.5ug/ml) mRNAsS or no added mRNA. The {Mg++}
was 1.5mM and assays contained 50uCi/ml {3H}—leucine (53C4i. /mmol) .
After incubation the synthesis of TCA precipitable radiocactivity (cpm/5ul)

was measured by precipitation on filter discs and scintillation counting.
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. 3 .
Enhancement of mRNA Stimulated { H}~leucine incorporation

in Wheat Germ Extracts by Spermidine.

Exogenous ot TCA precipitable
mRNA {Mg '} {Spermidine} cpm/5ul
Cellular 1.5mM 528
Cellular 2.5mM 38 43
Cellular 1.5mM O.3mM 6121
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+
Hence a standard {K } of 75mM was chosen. The optimum concentration
++
of Mg was found to be 2.5mM, however, addition of 0.2mM spermidine
++ . ) , ++
at 1.5mM Mg gave enhanced incorporation over that observed with Mg

- +
alone. Thus the standard salt conditions chosen were 75mM K ,

++
lL.5mM Mg  and 0.2mM spermidine.

3.4. Endogenous Amino Acids in Wheat Germ Extracts.

Marcu and Dudock (1974) found that the stimulation of labelled
amino acid incorporation above background by exogenous RNA in the wheat
germ system was reduced by only 47% if amino acids were omitted from
assays. Roberts and Paterson (1973) also suggest that there may be
significant amounts of endogenous amino acids present after gel
filtration. This has been confirmed by H.H. Singer (personal
communication} . Incorporation in mRNA stimulated assays with ox
without exogenous amino acids was therefore examined. Table 3.4.1.
shows that reticulocyte mRNA stimulated incorporation is not significantly
decreased in the absence of exogenous aas.. This showed that endo-
genous amino acids were present in sufficient concentration to support
the maximum amount of protein synthesis in this system.

The concentration of endogenous methionine and leucine was
then estimated as follows. Standard assays containing no exogenous
unlabelled aminc acids were set up and incubated with increasing amounts
of {BH}—leucine or {358}~methionine. Trace amounts (0.02uCi/assay)
of the other labelled amino acid were added to ensure that protein
synthesis was constant. Incorporation into TCA precipitable material
was determined by precipitating assay mix proteins in the presence of
carrier and counting in solution (see Materials and Methods). This

method was chosen because it was possible to include a tRNA deacylation

step/



TABIE 3.4.1.
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The Effect of Exogenous Amino Acids on RNA Stimulated

Incorporation in Wheat Germ Extracts.

3
{"H}-leu incorporated
RNA Assay mix cpm/5ul
Endogenous No exogenous aas 260
l19aas at 20uM
+ 1uM leu 250
Reticulocyte No exogenous aas 27,180
mRNA 19aas at 20uM
+ 1uM leu 30, 300
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step, and because double-labelled samples are counted more efficiently
in solution. The percentage of total label incorporated was
calculated and plotted against the amount of added amino acid (Figure
3.4.1.). The incorporation of the tracer aminoc acid was found to be
constant in both cases.

The decrease in incorporation declines exponentially and the
endogenous amino acid content can be calculated in the following way:
The amount of exogenous amino acid necessary to reduce the percentage
incorporation at any point on the curve to half its value at that point
is equal to the amount of endogenous amino acid plus the amount of
exogenous amino acid already added at that point. However, in neither
case was sufficient exogenous amino acid added to reduce the
incorporation by 50% and since the decrease is not linear it was
necessary to calculate the endogenous amino acid content as follows:
Because the amount of protein synthesis is constant the incorporation
of amino acid is a constant K pmol/assay. If the percentage

incorporation when x pmol are added to the assay is Ix, then

K
= —— x 100
Ix = 5

where E = number  pmol of endogenous amino acid. Similarly when

Yy pmol are added

Iy = E%; x 100

Rearranging Iy(y) - Ix(x)

Ix - 1y

E =

For leucine, if x = 20pmol and y = 80Opmol, then 15ul wheat
germ extract contains 83 pmol lew. Similarly, for methionine, if x = lOpmol
and y = 30, 15pl extract contains 57 pmol mel. Hence, for these points

the endogenous



FIG. 3.4.1. PERCENTAGE INCORPORATION OF EXOGENOUS AMINO ACIDS
IN THE WHEAT GERM SYSTEM AS A FUNCTION
OF EXOGENOUS AMINO ACID CONCENTRATION

The concentration of amino acid in standard.wheat-gefm
assay mixes (A3.4.1l.) containing 3.3ug/ml viral mRNA'was:varied, .
by addition of different amounts ofi{Bﬁ}fleucine or {359}Lﬁéthionine;'
Assay mixes were incubated as described (Al0.2.) and the synthesié-
of TCA precipitable radiocactivity was measured by precipitation"bf
assay mixes in the presence of carrier and scintillation countiﬁé}
The percentage of added labelled amino acid incorporated into |

polypeptide was calculated.

(a) % added {3H}—leucine incorporated as a function of

added leucine

(b) % added {355}—methionine incorporated as a function

of added methionine
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concentrations of methionine and leucine are 3.8uM and 5.5uM respectively.

3.5. Time Course of the Wheat Germ System.

The time course of in vitro protein synthesis was characterised

in two ways:

The incorporation of radiocactive amino.acids into TCA
precipitable material in response to added viral mRNA was measured as
a function of time. Standard assays labelled with 400uCi/ml {355}—
methionine were incubated at 2500 for the appropriate time. Incor-
poration was stopped by rapid addition of SDS and p-mercaptoethanol
to final concentrations of 2% and 5% respectively and immediate
incubation in a boiling water bath for 2 min. Duplicate 5ul aliquots
were removed and the TCA precipitable activity determined by the filter
method. The time course of the assay is shown in Figure 3.5.1.

The incorporation was found to increase linearly for 45 min. No lag
phase was detected.

The remainder of the assay material was used to examine the poly-
peptides synthesised as a function of time. 15yl aliquots of the
samples were adjusted to 20% glycerol fractionated on 12% polyacrylamide
gels and the in vitro products were detected by fluorography as described
in the Materials and Methods. A fluorograph of viral mRNA products is
shown in Figure 3.5.2. Products were detectable after 15 min incubation
and some high molecular weight polypeptides were detected after 30 min.
Maximum synthesis of large products was not achieved until after 60 min

incubation although incorporation plateauved after 45 min.
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FIG. 3.5.1. TIME COURSE OF SYNTHESIS OF TCA PRECIPITABLE MATERIAL

IN THE WHEAT GERM SYSTEM

Assay mixes containing PrV mRNA (l4.4nug/ml) and 460uCi/ml {358}-
methionine (l035Ci/mmol) were incubated for the appropriate time.
Incorporation was stopped by denaturing in SDS and B-mercaptoethanol
as described (A10.2) and the synthesis of TCA precipitable radiocactivity

{(cpm/3ul) was measured by precipitation on filter discs and scintillation

counting.



FIG. 3.5.2. TIME COURSE OF POLYPEPTIDE SYNTHESIS IN THE
: - WHEAT GERM SYSTEM

The relationship between the time of incubation and the
polypeptide species detectable in wheat germ assays was
examined by polyacrylamide gel electrophoresis of aliquoés
of assay mixes incubated witﬁ PxrV mRNA for different lengths
of time (see previous Figure, 3.5.1.). Aliquots containing
approximately 1/4 of the original assay mix were made ZQ% in
glycerol and the polypeptides were separated on a 12% ﬁolyacr?lamidé
gel, The gel was processed for fluorography and exposed to.

X-ray film.



56b

15 30 45 60 75 90

Minutes



- 57 -

3.6. Doge Dependence of the Wheat Gexrm System.

The dose response of the wheat germ system to exogenous RNAs
was characterised in the same way as the time course.

The incorporation of {358}—methionine into TCA precipitable
activity was determined by the filter method in wheat germ assays
programmed with 0.8-35ug/ml exogenous mRNA. The dose response for
viral and cellular mRNA is shown in Figure 3.6.1. The maximum
stimulation of incorporation was observed with RNA concentrations of
approximately 8ug/ml. Maximum stimulation was 9-10 times the endogencus
incorporation and represented incorporation of 5 pmol methionine.

The effect of high concentrations of RNA was examined using
polysomal RNA not bound to oligo-(dT) cellulose. This material was
precipitated three times to remove SDS. The stimulation of incorporation
is shown in Table 3.6.1. Increasing the concentration inhibited the
mRNA activity.

The polypeptides synthesised in vitro in response to various
concentrations of mRNA were examined by polyacrylamide gel electro-
phoresis and fluorography. Fluorographs of the in vitro products of
viral and cellular mRNA are shown in Figures>3.6.2.(a) and 3.6.2.(b).
There is an increase in synthesis of high molecular weight polypeptides
as the mRNA concentration is raised to 6-8ug/ml. This corresponds to
the maximum stimulation of incorporation of {358}—methionine intoe TCA
precipitable material (Figure 3.6.1.). Further increasing the
concentration of exogenous mRNA decreases the proportion of high

molecular weight products.

3.7. Discussion.,

mRNA was defined as RNA which bound to poly~(U) Sepharose or

oligo/
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FIG. 3.6.1. DOSE DEPENDENCE OF SYNTHESIS OF TCA PRECIPITABLE MATERIAIL
IN THE WHEAT GERM SYSTEM

Wheat germ translation assays in which the concentration of
exogenous mMRNA was varied from O - 35ug/ml were carried out as described
in the Materials and Methods (AlO.2.). Assay mixes contained 460uCi/ml
{358}—methionine (lo8oci/mmol) .  Synthesis of TCA precipitable radio-
activity was measured by precipitation on filters and scintillation
counting. The stimulation of endogenous incorporation (no exogenous mRNA)

for cellular (C) and viral (VI) mRNA was calculated.
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TABLE 3.6.1.

Stimulation of Amino Acid Incoxrporation in Wheat Germ Assays

by Polysomal RNA not bound to 0ligo-(dT) Cellulose Columns.

RNA
Concentration *
RNA Species ug/ml Stimulation
Cellular ynbound 86 4.1
" " 156 2.0
Viral unbound 70 4.5
" " 138 1.0

* Times endogenocus (980cpm)



FIG. 3.6.2. DOSE DEPENDENCE OF POLYPEPTIDE SYNTHESIS IN THE .
"WHEAT GERM SYSTEM EoT ey

The relatioﬂship betwéen the concéntratioﬁ‘of ﬁﬁﬁé*;na éﬁéﬂ
polypeptide épecies detectable in wheat germlassaﬁs\Was‘gxaﬁined
‘by polyacrylamide gel electrophoresis of aliquots of wheat germ
translation assays incubatéd with a range of Qifal (Prv) o; .
cellular (Hela) mRNAs (see Fig. 3.6.1.). Aliqudts containing
approximately 1/4 of -the assay mixes were treated for éledtro—~~
phoresis~and thexpolypeptides were separated on 12% polyécrylamidé  7,iltii7 ff
gels. The gels were processed for fluorography ana expésed to -
X-ray film. | :

Diffeﬁéntjgels were ﬁsed for the:upper aﬁd iqweffrénéésibfrﬁﬁNA
Concentratién and the migration distances were diffefenta ,hfhé s

connecting lines indicate bands with the same relative mobility;xe

(a) wviral mRNA stimulated assays

(b) cellular mRNA stimulated assays
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oligo~-(dT) cellulose. This definition was verified in this chapter
by the finding that "mRNA" stimulated incorporation of amino acids
into TCA precipitable material.

No differences were observed in the oétimum concentration of
cations for translation of wviral and cellular mRNA whereas reticulocyte
mRNA exhibited a slightly higher x"} optimum. These results are
important in relation to models for translational control and will be
discussed further.

The reticulocyte mRNA requirements for K+ and Mg++ differed
from those previously described for this messenger (Roberts & Paterson,
1973) emphasising the necessity of determining these conditions for
irdividual mRNA and wheat germ preparations.

In agreement with other reports (Hunter et al., 1977; Marcu
and Dudock, 1974; Konecki et al., 1975; Atkins et al., 1975;
Ricciardi et al., 1978), addition of polyamines enhanced the maximum
incorporation obserxrved with Mg++ alone. Polyamines increase the
elongation rate (Hunter et al., 1977) and there is also evidence that
they have a role in initiation (Konecki et al., 1975} . tRNA charging
is enhanced by polyamines and this could increase the intorporation of
limiting amino acids (Tabor & Tabor, 1972).

The presence of endogenous amino acids in the wheat germ extract
is not surprising because the combination of coarse grade Sephadex and
a high flow rate leads to large zone broadening. Endogenous amino
acids lower the specific activity of the labeled amino acid. Therefore
in order to obtain as high a specific activity as possible in assays
where the in vitro products were to be examined relatively large amounts
(500uCi/ml) of high specific activity (>800Ci/mmol) {355)- methionine
were used. In other studies lower specific activities have been used

to obtain equivalent incorporation
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(Roberts and Paterson, 1973; Prives et al., 1974; Hunter et al.. 1977).
It is possible that their extracts contained lower amounts of endogenous

amino acids.
Incorporation of amino acids into TCA precipitable material was

determined either by hot TCA precipitation on filters or by TCA
precipitation from solution following alkali treatment to discharge tRNAs.
tRNA is TCA precipitable (Soffer, 1974) and hence precipitation of
charged tRNAs may overestimate the amount of amino acid incorporated

into polypeptides. For most purposes this is not important because the
amount will be constant between assays. However, precipitation of
charged tRNAs may be important where the amount of labelled amino acid was
varied as in the determination of endogenous amino acids. Therefore in
this case tRNAs were discharged by alkali treatment.

Incorporation of {358}—methionine into TCA precipitable material
increased linearly for 45 min. The absence of the lag phase noted by
others (Roberts and Paterson, 1973; Marcu and Dudock, 1974) may be due
to polyamine induced suppression of the lag phase (Thang et al., 1976)
or to the fact that the first time point was 15 min. Synthesis of the
highest molecular weight product was not achieved until after 60 min
incubation. It is probable that after 45 min the rate of protein
synthesis had slowed considerably so increases in incorporation were
insignificant in terms of the total incorporation but..elongation of
high molecular weight polypeptides was not completed until after 60
min incubation.

Excess polyscomal RNA was found to inhibit incorporation in the
wheat germ system. The reason for this is not known. Sonenshein and
Brawerman (1976), have suggested that polysomal RNA contains an inhibitor
of translation but this has not been identified. Although increasing
the concentration of mRNA to 35u.g/ml did not inhibit incorporation,

the/
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the maximum sized products were not detectable at mRNA concentrations
exceeding lOug/ml. A similar observation has been reported for

Brome Mosaic Virus (Zagorski, 1977). One possible explanation for
this is that by increasing the RNA concentration the number of mRNAs
initiated increases and the average polysome size decreases. If

mRNA is protected from endonucleclytic cleavage by ribosomes, then
fewer ribosomes per mRNA would lead to an increased rate of degradation

and a decrease in the number of high molecular weight products.



- 62 -

CHAPTER 4

Characterisation of Cell-Free Translation Products.

4,1, Introduction.

The experiments described in the preceeding chapter showed that
the wheat germ cell-free system is efficient in synthesis of acid
precipitable polypeptides in response to mRNA isolated from PrV
infected and mock~infected HelLa cells and reticulocytes. The size of
the products was shown to depend on the time of incubation and the
concentration of mRNA. This chapter describes attempts to correlate
Ehe in vitro products with the polypeptides found in vivo.

Before carrying out classification, the synthesis of high mole-
cular weight polypeptides in the wheat germ system was examined. Most
of the proteins whose synthesis in wheat germ extracts has been verified
have molecular weights less than 100,000 and difficulties have been
experienced in synthesising larger products (Anderson et al., 1974).
mRNA from PrV-infected and mock-infected HeLa cells should code for a
number of polypeptides with molecular weights greater than 100,000 and

hence a system capable of translating these was necessary.

4.2. Cell-Free Synthesis of Globin.

Globin is a small polypeptide having a molecular weight of
17,000. Reticulocyte mRNA, which contains 90% globin mRNA (Lodish
& Desalu, 1973), or the 95 globin mRNA prepared from reticulocyte mRNA
has frequently been used to examine the ability of cell-free systems
to translate exogenous RNA and globin has been identified by tryptic
digestion and peptide mapping (Roberts & Paterson, 1973; Mathews,
1972) or by ion-exchange chromatography (Gurdon et al., 1973).

Reticulocyte/
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Reticulocyte mRNA was prepared as described in Materials &
Methods and translated in the wheat germ system with exogenous
polyamine completely replaced by 2.5mM Mg++. The assay products
were separated on an 18% polyacrylamide gel and detected by fluorography.
Chymotrypsinogen A and cytochrome C were used as standards to estimate
molecular weights. The fluorograph is shown in Figure 4.2.1. Two
mRNA preparations were translated and in both cases the major product
had an estimated molecular weight of 17,000. Hence, it was concluded

that complete globin chains were being synthesised.

4.3. Synthesis of High Molecular Weight Polypeptides.

Fluorographs of the products of viral and cellular mRNA
translation were shown in 3.5 and 3.6. The optimum concentration of
mRNA and the minimum time of incubation for synthesis of the laxgest
polypeptides were defined. The maximum size of polypeptides is
further examined in this section in order to clarify the role of
monovalent (K+) and polyvalent (polyamine) cations.

Mathews and Osborn (1974) measured the elongation rate for the
Krebs II Ascites system programmed with encephalomyocarditis (EMC)
virus mRNA and found that it was 2.3 times highexr at 150mM K+ than
at 50mM, although the overall amino acid incérporation was maximum at
100mM. Harwood et al., (1975) and Benveniste et al., (1976)
described synthesis of pro o collagen (molecular weight 155,000) in
wheat germ extracts of 150mM K+. At lower {K+}, incomplete poly-
peptides were synthesised although the total incorporation was higher.
This K+ requirement for synthesis of high molecular weight polypeptides
may be due to the fact that the increased elongation rate should allow
complete translation before the mRNA is degraded by endogenous

nucleases/



FIG. 4.2.1. PRODUCTS OF RABBIT RETICULOCYTE mRNA TRANSLATION
IN THE WHEAT GERM SYSTEM C

Two prepar&tions of rabbit reticulocyte mRNA were added to |
wheat germ assay mixes (A3.4.1l1.) which contained 2.5mM Mg++,
no added polyamine, and 150uCi/ml {358}—methionine (920ci /mmol) . ‘
Assay mixes were incubated as described (Alo.?.). lOui'aiiquoﬁs,
were treated for electrophoresis and the polypeptides were
separated on an 18% polyacrylamide gel. Chymotrypsinogen A
and cytochrome C were run in parallel slots as standards.
The gel was stained with Coomassie Brilliant Blue, processéd

for fluorography and exposed to X-ray film.

Molecular weights calculated from the standards are shown.

Track:

A reticulocyte mRNA I (3.2ug/ml)
B reticulocyte mRNA II (37.4ug/ml)

C no added mRNA
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nucleases or to an absolute requirement for K+ to stabilise mRNA-
ribosome-elongation factor interactions. The translation products of
viral mRNA were examined at 4 concentrations of K+ (Figure 4.3.1.).
At 130mM K+ there is no detectable peolypeptide synthesis, At 100mM K+
there is much less incorporation than at 75mM K+ but no significant
change in the maximum size of the products synthesised. However, one
effect is evident. Differential suppression of polypeptide synthesis
can be detected. Visual inspection of the fluorograph shows that some
polypeptides are more resistent to high {K+} than others. Polypeptides
a-g are synthesised in higher proportions at 1OOmM K+ while the synthesis
of polypeptide A is much more suppressed than the synthesis of other
polypeptides.

An alternative method of increasing the size of products was
used by Villa-Komaroff et al., (1975). They showed that in a HelLa cell
free system, the size of products is increased by raising the {K+} from
90mM to 155mM after 15 min and continuing incubation at the increased
k™) for a further period. The effect of such a "salt shift" on
translation of PrV-infected and mock-infected HeLa cell mRNA in wheat
germ was examined by incubating assays for 15 min at 75mM K+ and then
raising the {K+}to 148mM by addition of 1/25 volume of 1.9M KCl and
incubating for a further 75 min. The inhibition of synthesis brought about
by salt -shift is less t@an that observed when assays are incubated with
high {K+} from the start of the assay (Table 4.3.1.). The effect of
salt shift on the size of products of viral mRNA is shown in Figure 4.3.2.
Under salt shift conditions both the maximum molecular weight detected
and the proportion of high molecular weight material synthesised are
increased. A polypeptide with the same electrophoretic mobility as
the major capsid protein of PrV was synthesised in salt shift assays

but/
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FIG. 4.3.1. THE EFFECT OF {K } ON POLYPEPTIDES SYNTHESISED
IN THE WHEAT GERM SYSTEM

Viral (Prv, 8.8ug/ml) was added to wheat germ asséy mixes,
(A3.4.11.) in which the {K'} was varied by addition of KCL.
Assay mixes contained 570pCi/ml {358}—methionine (lOBOCi/mhol).
After incubation, 1lOul aliquots were withdréwn} treated fo;M
electrophoresis and separated on 12% polyacrylamide}geL. ~ The
gel was processed for fluorography and exposed to X-ray fiim.

The tracks showing products synthesised at 100 éhd 130
mM K+ were exposed to 2% times as long as the other tWovtracks.
Polypeptides»qesignated %-g were: synthesised préferéntially at L

+ - - N
loomM K and polypeptide A was suppressed preferentially at.

+
100mM K .
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TABLE 4.3.1.

Inhibition of protein synthesis in wheat germ extracts brought

s . . +
about by wvariations in the concentration of K .

Exogenous Initial Final %
mRNA {x*) {x*} cpm/ul Tnhibition

Viral 75mM 75mM 50, 300
75mM 148mM 47,700 5.2

viral 75mM 75mM 56,400
75mM 148mM 41,200 27.9

Viral 74mM 74mM 32,800
144mM 144mM 9,100 72,2

Viral 75mM 75mM 155,400
130mM 130mM 29,500 8l.0




+
FIG. 4.3.2. THE EFFECT OF INCREASING THE {K } DURING
INCUBATION OF THE POLYPEPTIDES SYNTHESISED
IN WHEAT GERM ASSAYS

Wheat germ translation assays of viral (PrV, 38ug/ml mRNA
were carried out under constant salt conditions (75mM K+,
2.5mM Mg++) or salt shift conditions where the initial cation "
concentrations were the same as for constant salt assays.but
the { X} was raised to 145mM by addition of 2pl 1.9mM KCl after
15 min incubation.- Assays were laﬁelled with l25u¢i/ml“{359}-"-
methionine (920Ci/mmol). 20l aliquots were treated for
electrophoresis and coelectrophoresed in a 10% polyacrylamide
0.5% DATD gel with PrV virion and capsid (A9). The gel was
processed for fluorography and exposed to X—ray film. A longer-

exposure time was used to detect faint bands.

v viral mRNA, constant conditions

V4K : viral mRNA, salt shift

The top left portion of the gel was exposed for 14 days and the remainder

for 2 days, because the high molecular weight in vitro products were

present in low amounts.
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but was not detectable under low salt conditions.

Hunter et al., (1977) examined the role of polyamines in the
wheat germ system. They found that addition of spermine and
spermidine increased the elongation rate and enhanced the synthesis of
high molecular weight products. Increases in the size of products in
the presence of polyamines have been reported by several groups
(Fritsch et al., 1977; Thang et al., 1976). Figure 4.3.3. shows that
the maximum molecular weight of products synthesised in the presence of
spermidine (Tracks A & B) is greater than that of the polypeptides
synthesised in low K+ concentrations (Tracks G & H).

Qualitatively the increase in molecular weight observed when
spermidine is added to the assay system is similar to that brought
about by increasing the K+ concentration (Tracks D & E). However,
spermidine also enhances the total incorporation and hence translation
in the presence of spermidine was considered to be a more efficient
method of increasing molecular weights and was used in the following

characterisation of products.

4.4. Classification of in vitro products by co-migration studies.

Preliminary classification of the polypeptides synthesised

in vitro as viral or cellular coded was carried out by comparison of
electrophoretic mobilities in SDS polyacrylamide gels. A fluorograph
of the in vitro products together with cell lysates prepared from PrV-
infected and mock-infected HelLa cells labelled with {358}—methionine
from 4.5 to 5.5 h post-infection and purified PrV capsid proteins is
shown in Figure 4.4.1. Polypeptide molecular weights were calculated
using albumin, trypsin inhibitor, chymotrypsinogen A, ovalbumin,

f galactosidase and RNA polymerase as standards. The largest poly-

peptide/



FIG. 4.3.3. ”POLYPEPTIDES SYNTHESISED UNDER DIFFERENT:éATIONIC
CONDITIONS IN THE WHEAT GERM SYSTEM o

Wheat gerﬁ'translation assays of viral (PrV,(é.9ﬁ§)ml)L e
cellular (HeLa, 12.8ug/ml). and endogenous mRNA Weréléaftiéd out L
under standard salt conditions (O.2mM spermidine, 75mM K N l SmM ft
Mg , see A3.4.11.) without added polyamine at optimum {Mg }
(75mmM K R 2.5mM Mg ), or under salt shift conditions where the
initial cationic conditions were 75mM K+, 2,5mM Mg++ but were
altered after 15 min incubation by addition of 2ul 1.9M KCl so
that the final -{K+} was 148mM. Assays contalned 570uCi’ {35_8‘}-‘»,
methionine (1080Ci /mmol). loul aliqubts of assay mixes weré

treated for electrophoresis and separated on a 12% polyacrylamide

gel. The gel was processed for fluorography and exposed to X-ray

£ilm,

Track cpm/track
A Cellular mRNA, standard salt. 3,300

B Viral mRNA " " 11,400

C Endogenous mRNA, " " 13,200

D Cellular mRNA without added polyamine 7,000

E Viral D]RNA .o " " 11,500

¥ Endogenous mRNA " L " 12,000

G Cellular mRNA salt shift 2,700 '
H Viral mRNA " " 9,800

I Endogenous mRNA " - . " i 4,000 ‘



66a

-150,000
»102,000

=45,000

33.500

26.500

— 22,500

~ 20,500



FIG. 4.4.1. CIASSIFICATION OF PRODUCTS OF PrvV AND Hela
CELL mRNA TRANSLATED IN THE WHEAT GERM
: SYSTEM BY COMIGRATION

Wheat germ translation assays of viral (Prv, 6.6ug/m1)
cellular (HelLa 3.2ug/ml} and wheat germ endogenous mRNA were
carried out as described in the Materials and Methods (AlO)7 . 51”
Assay mixes contained SOOuCi/ml'{355}~methionine (lOBOCi/mmol}L‘.
1oyl aliguots from the assays were dénatured for dectrobhoresis
and separated on a 12% polyacrylamide gel in parallel with {35§}
methionine-labelled PrV capsid (A9) and cell lysates prepafédv‘
from PrV-infected and motck-infected HeLa cells 1abellgdfwith
{358}—methionine so that the 12_Xizg_polypeptidesrcorfeépond.té'*:;
those codéd by the viral and cellular mRNAS (A9) . |

PrV capsld proteins are labelled in accordance with the:virioﬁ
polypeptides (VP) described by Stevely (1975); polypépﬁidés R
detectable in infected but not mock-infected cell lysatés'are
labelled infected cell polypeptides (ICP); polypeptides
detectable in ig_gisgg_produéts of viral but not cellular mRNA
are labelled wviral coded polypeptides (VCP); polypeptides detectable
in in vitro products of both viral and cellular mRNA are lébelled
cellular coded polypeptides (CCP)‘énd the polypeptides detectable -
in wheat germ assays in the absence of exogenous mRﬂA are labellea_
endogenous polypeptides (EP). The‘various polypeptides areadesigﬁéted

by their molecular weights x 10—3.

Track : cpm/track
A Prv capsid ¢ 35,000

B Mock-infected HeLa cell lysate 205,000
C Prv-infected HelLa cell lysate 198,000
D Viral mRNA products . 307,000
E Cellular mRNA products " 280,000
iy

Endogenous products 40,000
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The upper portion of tracks A, B, C was exposed for 44h and
the lower portion for 168h. The upper portion of tracks D, E was
exposed for 65h and the lower portion for 24h. Track E was exposed

for 65h.
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peptide synthesised in viral mRNA assays had a molecular weight of
150,000 while the largest cellular product was 102,000.

The proportion of low molecular weight products synthesised
in vitro ié much highex than is found in vivo. The synthesis of a
high proportion of low molecular weight products is a recognised
feature of the wheat germ system. Schechter & Burstein (1976) showed
that some small polypeptides synthesised in wheat germ are premature
termination products. Thus, it is difficult to classify polypeptides
with molecular weights less than 20,000.

Comparison of the migration distances of viral and cellular mRNA
in vitro products showed that at least 29 polypeptides were synthesised
only in assays programmed with viral mRNA. A further 35 polypeptides
present in viral mRNA assays co-migrated with products of cellular mRNA.
After the exposure time used to develop this fluorograph, no high
molecular weight endogenous wheat germ proteins were detectable, but
after longer exposure a polypeptide with a molecular weight of 94,000
was identified. Eleven polypeptides with molecular weights between
20,000 add 22,000 could be detected. The: » endogenous products accounted
for 11 of the 35 co-migrating viral and cellular mRNA products.

Hence, a total of 58 products of exogenous mRNA could be detected in
viral mRNA programmed assays.

Viral and cellular coded proteins present in the products of
infected cell mRNA were further differentiated by examining the relative
proportions in co-migrating bands. Cellular coded protein 39.5 (CCP
39.5) was synthesised in approximately the same concentrations in assays
programmed with both mRNA species and was present in a similax
concentration in cell lysates. Most of the other CCPs were present in
reduced amounts in the viral mRNA products,

Comparison/
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Comparison of the proportions synthesised in vitro was used to
aid classification of polypeptides co-migrating with endogenous protein
20.1 and 20 (E 20.1 and E20). The ratio of E 20.1 to E 20 was much
lower in the cellular mRNA stimulated assays than in the viral mRNA
assay. This suggested that although the products have the same
apparent molecular weights, they might not be identical. The band
co-migrating with E 20.1 could contain a viral coded protein (VCP).
Alternatively, a cellular protein which was present in reduced amounts in
infected cells might be co-migrating with E 20 and thus increasing the
relative proportions in the products of mock-infected cell mRNA.
Comparison of the relative amounts of E 20 and CCP 20.2 suggested that
the first explanation was -unlikely and hence the band co-migrating with
E 20 was designated VCP 20a.

Co-migration studies were further used to examine the relationship
of polypeptides synthesised in vitro to those found in mock~-infected and
Prv-infected cell lysates. 22 of the polypeptides synthesised in vitro
designated VCPs co-migrated with polypeptides found only in infected
cell lysates. VCP 150 co-migrated with the major capsid protein VP2
which has a molecular weight of 150,000. This polypeptide was present
only in infected cell lysates and in vitro assays programmed with viral
mRNA. Other polypeptides closely co-migrating with it were not
identified. Hence, it was classified as VP 2. VCP which co-migrated
with VP 9, VP 11, VP 14, VP 16 and VP 18, VP 19 were also identified
but their classification must be considered less absolute because CCP

with similar electrophoretic mobilities were identified.
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4.5. Immune Precipitation of in vitro Products.

Although most of the mRNA on polysomes of 5 h post-infection
is virus coded, it is likely that some cellular mRNA species are
present and therefore, "viral" mRNA may code for cellular proteins
(see Chapter 1). Comparison of the in vitro products separated on
polyacrylamide gels showed that some polypeptides are synthesised
exclusively by viral mRNA. By this means the major capsid protein
VP 2 can be identified. However, a more definitive means of identif-
ication is desirable for the following reasons:

(i) polypeptides synthesised in response to

infected cell mRNA may represent virus-induced
cellular polypeptides.

(ii) the total number of polypeptides

synthesised in exponentially growing HelLa
cells and PrV-infected cells is large and
different proteins with similar molecular
weights are not well resolved.

Precipitation with the appropriate antisera is known to be an
extremely specific method of identifying polypeptides. Therefore,
antisera to the major capsid protein and infected cell lysates were

raised.

4.5.1., Preparation and Characterisation of Antibodies to VP 2.

Infection with PxrV is lethal to rabbits, hence it was necessary
to ensure that no infectious particles were inoculated into the
animals. Purified PrV capsids were denatured by boiling in SDS and
electrophoresed into a polyacrylamide slab gel. A section of the gel
was stained to locate the major capsid protein and the band

containing/
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containing this protein was cut out of the gel, crushed and used to
inoculate rabbits. Antiserum was collected at intervals and
assayed for the presence of antibodies by the Ouchterlony double
diffusion method as described in the Materials and Methods.

Sera were tested against purified PrV capsid proteins
solubilised in 2% (w/v) SDS, PrV-infected and mock-infected total
HeLa cell lysates boiled in 2% (w/v) SDS and cytoplasm prepared from
infected and mock-infected cells in the absence of SDS. The serum
from immunised rabbits reacted with purified capsid proteins
(Figure 4.5.1.1(b)). It also showed formation of precipitin lines
with the SDS treated cell lysates (Figure 4.5.1.1(a)) but did not
react with the cytoplasms in the absence of SDS, although 5 h infected
cell cytoplasm contains VP 2. The antiserum was absorbed with SDS
treated mock~infected cell lysate to remove cross-reacting material.
The resultant absorbed antiserum did not react with capsid proteins
or the SDS treated cell lysates (data not shown) .

It was therefore concluded that there was antibody activity in
the serum directed against SDS-protein complexes. However, it was not
obvious whether there were antibodies to VP 2 because although the
serum did not react with infected cell cytoplasm, it was possible
that there were antibodies to antigenic sites on the VP 2 which were
not exposed unless the protein was denatured by SDS.

The specificity of the antiserum was further characterised by
indirect immune precipitation. SDS treated cell lysates labelled
with{358}methionine were diluted with TKM-det buffex, incubated with
rabbit serum for 15 min and then the total rabbit immunoglobulin G
(IgG) was precipitated with goat-antirabbit-~-IgG serum (GAR). A
higher percentage of the input radioactivity was precipitated from Prv-

infected/
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FIG. 4.5.1.1. ANTIBODY ACTIVITY OF ANTISERUM RAISED AGAINST SDS-DENATURED

PrV MAJOR CAPSID PROTEIN

The antibody activity of antiserum raised by inoculation of rabbits
with SDS-denatured PrV major capsid protein against SDS treated PrV-infected
or mock-infected Hela cell lysates, against PrV-infected or mock-infected
Hela cell cytoplasms and against SDS-denatured PrV capsid was examined by
double diffusion in agarose/polyethylene glycol gels as described in the
Materials and Methods (A.14.2.). The gel was stained with Coomassie

Brilliant Blue and dried before photographing.

(a) o antiserum
o SDS-PrV-infected Hela cell lysate ,
® SDS-mock-infected Hela cell lysate

) T o Antiserum
o SDS-PrV capsid

(c) a antiserum

o PrV-infected Hela cell cytoplasm
® Mock-infected Hela cell cytoplasm

Staining was necessary because the cell lysates were too dilute

to give good precipitin 1lines. Blotching was caused by the stain

and overfilling wells
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infected cell lysate than from mock~infected cell lysate (Table
4.5.1.1.). The precipitates were solubilised and examined by
polyacrylamide gel electrophoresis. A single polypeptide which co-migrated
with VP 2 was precipitated from the infected cell lysate and no
detectable polypeptides ‘were precipitated from the mock-infected cell
lysate (Figure 4.5.1.2.). There may have been several reasons for
the failure to precipitate polypeptides from the mock-infected cell
lysate. It is possible that the antigen was present in such excess
that the equivalence point was surpassed and the rabbit anti-SDS
immunoglobulins did not have antigenic sites accessible to the goat
antiserum. Alternatively, the fact that the Ouchterlony test is more
sensitive than coprecipitation (Gill, 1972) may account for it.
However, the indirect immune precipitation made it possible to
conclude that although the serum had a general reactivity against SDS

treated polypeptides, it also had a specific antibody to vP 2.

4.5,2. Precipitation of material synthesised in vitro.

IgG was prepared from rabbit anticapsid serum and used in immune
precipitation studies of polypeptides synthesised in the wheat germ
cell free system stimulated by viral and cellular mRNAs. The
antibody activity of the purified IgG was characterised by double
diffusion assays (Figure 4.5.2.1.). The cross reactivity was found
to be the same as that of the serum.

lg'yiggg_wheat germ assays were diluted with PBS-det and
treated with rabbit anticapsid IgG and GAR. The percentage of the
"total TCA precipitable material polymerised in vitro which was
precipitated by the anticapsid antibody is shown in Table 4.5.2.1.

A higher percentage of the input material was precipitated from the

viral/
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TABLE 4.5.1.1.

Precipitation of cell lysate polypeptides with

Rabbit Anti—cqgsid serum.

Material
treated with cpm cpm in % cpm
antiserum input precipitation precipitated

SDS-PryV-
infected HeLa
cell lysate 15,730 3,720 24

SDS~Mock-
infected Hela
cell lysate 23,950 040 3




FIG. 4.5.1.2. POLYPEPTIDES PRECIPITATED FROM PrV—INFECTED AND
o MOCK~INFECTED CELL LYSATES WITH AN’I‘ISERUM

TO 'PxV CAPSID

S5ulaliquots of SDS-denatured PrV-infected and mock—lnfected
HeLa cell lysates (A9.l1l.) were diluted with 200ul of TKMmdet buffer
(A3.8.4.) and treated with 5ul rabbit antl-PrV capsid serum and ff

150p1 goat anti-rabbit IgG serum as described in the Materials and
Methods (Al4.5.). The immune precipitates-were~coeiectrophoresed‘
.with PrV capsid proteins in a 12% polyacrylamide gel. Thefgel

was processed for fluorography and exposed<t9_xérayvf;lm._

ICL Immune precipitate from PrV-infected cell lysate

CCI. Immune precipitate from mock-infected cell lysate

Capsid PrvV capsid showing the major capsid protein VP2

Fogging in the left-~hand tracks is caused by the use of old film.

ki
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FIG. 4.5.2.1. ANTIBODY ACTIVITY OF IgG PREPARED FROM ANTISERUM RAISED
AGAINST SDS-DENATURED PrV MAJOR CAPSID PROTEIN

The antibody activity of IgG prepared from antiserum raised by
‘inoculation of %abbits with SDS-denatured PrV major capsid protein against
SDs—denatured infected or mock-infected HeLa cell lysates and SDS-denatured
PrV capsid was examined by double diffusion in agarose/polyethylene glycol
gels as described in the Materials and Methods (A.l14.2.). - The gel
was staihed with Cocmassie Brilliant Blue an@ dried before photographing.

The centre well contained IgG and antigen solutions in the outside

wells were as follows:

5] PrV capsid
o SDS-PrV-infected Hela cell lysate

@  SDS-mock-infected HelLa cell lysate

Precipitin lines are shown in a line diagram for clarity.

Staining was necessary because the precipitin lines were weak. This

caused the extensive blotching around the centre well.
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TABLE 4.5.2.1.

Precipitation of polypeptides synthesised in vitro

with Rabbit Anticapsid IgG.

Material
treated with cpm cpm % cpm
IgG input precipitated |precipitated

Wheat germ
assay
stimulated with
viral mRNA 392,990 18,830 4.9

Wheat germ
assay
stimulated with
cellular mRNA 981,870 9,690 1.0
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viral mRNA stimulated assay. In the absence of SDS, no immune
precipitation of the polypeptides synthesised in vitro in response
to either mRNA was detected.

Examination of the products (Figure 4.5.2.2.) showed that a
band which co-migrated with the major capsid protein was
precipitated by anticapsid IgG. These studies allowed unequivocal

identification of the major capsid protein VP 2.

4.5.3. Preparation and characterisation of antibodies to

Infected cell proteins.

Antibodies were raised in rabbits against 5 h PrvV-infected
BHK/21 (Cl3A) cell lysates by a similar method to that used to raise
antibodies to VP 2. SDS~treated cell lysates were electrophoresed
a few millimetres into a 15% (w/v) polyacrylamide gel. The band
containing the total polypeptides was excised from the gel and used
to inoculate the rabbits. Sera were tested for antibody activity
by the Ouchterlony diffusion method. Figure 4.5.3.1. shows that
the serum contains antibodies to SDS treated PrV-infected and mock~-
infected HelLa cell lysates. The cross reaction between antibodies to
BHK proteins and HelLa cell proteins was expected because proteins
which have the same function will be present in both cell types and
will show very little species diversity. In addition, it was likely
that some of the antibody to SDS would be present.

The antiserum was treated with mock-infected HeLa cell lysates
to absorb out cross reacting antibodies in the absence of SDS.
Serum treated three times (Figure 4.5.3.1.) éhowed reduced reactivity
with SDS~treated infected cell lysates and very little cross reaction
with 8DS treated mock-infected HeLa cell lysates.

-

Attempts/



FIG. 4.5.2.2, POLYPEPTIDES PRECIPITATED FROM IN VITRO
TRANSLATION PRODUCTS WITH ANTISERUM TO
PrvV CAPSID

20ul aliquots containing approximately 4 x 105 and 106 cpm
were withdrawn from wheat germ assay mixes which had been
incubated with viral (PxrV) and céllular (HeLa) mRNA respectively. .
They were diluted with 200ul PBS—det‘(A3.8.3.) and treated with
51 rabbit anticapsid IgG and 105pl goat antirabbit IgG serum as
described in the ﬁaterials and Methods (Al4.5.). 'The immune
precipitates were coelectrophoresed with unprecipitated aliquots -
of viral and cellular mRNA stimulated wheat germ assay mixes on

a 10% polyacfylamide gel.

Track:

A Viral mRNA products

B Cellular mRNA products

C Immune precipitate from viral mRNA stimulated assay

D Immune precipitate from cellular mRNA stimulated assay.

The position of VP2 was determined by coelectrophoresis of

standards.,
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(a) (b)

FIG. 4.5.3.1. ANTIBODY ACTIVITY OF ANTISERUM RAISED AGAINST PrV-INFECTED
BHK/21 (Cl1l3A) SDS-DENATURED CELL LYSATE

Antiserum raised by inoculation of rabbits with PrV-infected BHK/21
(C13A) SDS-treated cell lysates was absorbed with mock-infected Hela cell
lysates. The antibody activity of the absorbed serum against SDS-denatured
PrV-infected or mock-infected Hela cell lysates was compared with that of

untreated serum by double diffusion in agarose/polyethylene glycol gels

(see Materials and Methods, Al4.2,). The gel was photographed unstained.
(a) Centre well, SDS-PrV-infected Hela cell lysate
(19)] Centre well, SDS-mock-infected HelLa cell lysate

o absorbed serum

e untreated serum
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Attempts to further characterise the specificity of the
absorbed antiserum by precipitation of radiocactive antigen from
solution by double precipitation with GAR were unsuccessful. It was
not possible to precipitate a higher percentage of the TCA precipitable
radicactivity from viral mRNA stimulated assays than was precipitated
from cellular mRNA stimulated assayg.

Examination of the products on gels was hampered by two problems.
Firstly the totalradioactivity . precipitated was very small, probably
because of the low antibody activity of the serum, and secondly,
precipitation of rabbit IgG with GAR leads to large precipitates
which overloaded the gel causing distortion of the polypeptide bands
with molecular weights less than 100,000. This problem was also
encountered with anticapsid serum but to a much lesser extent because
the IgG protein chains (molecular weights 23,000 and 50,000) migrated
ahead of VP 2.

For these reasons it was not possible to show precipitation

from viral mRNA stimulated wheat germ assays with antiserum to

infected cell proteins.

4,6. Hybrid arrested translation.

Immunoprecipitation studies did not prove useful in
identification of polypeptides synthesised in vitro other than VP 2
because of the non-specificity of the antisera. Therefore, an
alternative method of classification was necessary.

Paterson et al., (1977) found that mRNA when hybridised to
its complementary DNA did not direct cell-free synthesis of complete
polypeptides. Translational activity of the mRNA was recovered
upon the heat melting of the hybrid. The technique, which is

termed/
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termed hybrid arrested translation (HART), has been used to
investigate the polypeptides coded by different abundance classes of
mRNA in chick myoblast (Paterson & Bishop, 1977) and mouse liver
(Hastie & Held, 1975).

The technique can be extended to the detection of genes in
double stranded DNA by hybridisation in high concentrations of formamide
which favour RNA-DNA hybridisations. In this way the specific¢ protein
coding regions in restriction fragments of Adenovirus 2 DNA were
mapped (Paterson EE.E&" 1978) . HART has also been used to identify
the polypeptide products of the eight RNA molecules of fowl
influenza A virus (Inglis et al., 1977).

The technique was used to identify the viral coded polypeptides
in the in vitro translation products of "viral" mRNA. PxV DNA
was hybridised to viral mRNA as described in the Materials and
Methods and identical samples either melted by heating at 100°C for
60 s followed by quick chilling or retained in hybrid form. The
precipitated nucleic acids were then translated in the wheat germ
system. The translational activity of the treated mRNA was less
than that of the starting material. The reduction may have been
caused by loss of mRNA or inhibition of the system by the increased
concentration of nucleic acid, However, significant stimulation
of activity was shown by both the intact and the melted hybrids
(Table 4.6.1.). The translational activity was reduced by .50.6

The in vitro products of melted and hybridised mRNA are shown
in Figure 4.6.1. Comparison of tracks B and C showed that synthesis
of some proteins was suppressed in the hybrid. The relative
intensity of bands in these tracks was measured on a microdensito-

meter and reductions in peak heights were quantitated

by/
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TABLE 4.6.1.

Incorporation of TCA precipitable material in hybrid

stimulated wheat germ assays.

mRNA cpm *
incorporated %
/50ul reduction
Endogenous 128,530

Viral mRNA-PrV DNA
hybrid 262,720 50.6

Viral mRNA-PrV DNA
treated hybrid 400, 230

*The percentage decrease was calculated in the following way: The
endogenous incorporation was subtracted from the cpm incorporated in
exogenous mRNA stimulated assays:; the corrected cpm for the
undenatured mRNA-DNA hybrid stimulated assay (134, 190) was subtracted
from the corrected cpm for the melted hybrid assay (271,700) and the
difference (137,510) is expressed as a percentage of the corrected cpm

incorporated in the melted hybrid assay.



FIG. 4.6.1. PRODUCTS OF HYBRID ARRESTED TRANSLATION

0.4ug viral (PrV) mRNA was hybridised to a tenfold exdess
of PrV DNA as described in the Materials aﬁd Methods (AB.Z)-
One half of the sample was heat denatured and both hybrid*énd
melt were added to wheat germ assay mixes (A3.4.11.). fhe'”
assay mixes contained 400uCi/ml {355}—methionine (820Ci /mmol)
and were incubated as described (AlO.2.). 1oyl aliquots were
treated for electrophoresis and separated on 12% polyacrylamide |
gels, Gels were processed for fluorography and exposed to pray>
film. Two exposure times of the gel are shown. Viral coded
polypeptides (VCP) and cellular coded polypeptides (CCP) are

labelled in accordance with Fig. 4.4.1.

cpm/track
Tracks A and C mRNA -~-DNA hybrid products 1f 105,000

Tracks B and D - "melted" mRNA-DNA products 160,000

Tracks A,B were exposed for 72h; tracks C,D for 120h.
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by cutting out and weighing several clearly defined peaks. The
ratios of the peaks relative to CCP 39.5, which was of approximately
the same intensity in both tracks, were calculated (Table 4.6.2.).
Seven polypeptides which had been putatively classified as viral by
co-migration were found to show suppressed synthesis in the mRNA-DNA

hybrids. This confirmed the viral origin of these polypeptides.

4.7, Classification of polypeptides preferentially synthesised

+
at elevated K concentrations.

The studies on the effect of elevated K+ concentrations on
polypeptide synthesis in vitro (4.3.) showed that some viral mRNA
products were preferentially synthesised at 10OmM K+. The
identity of these polypeptides can now be considered in the light of
attempts to classify the in vitro products described in the preceeding
three sections.

The products of viral and cellular mRNA synthesised under
standard conditions together with the products of viral mRNA synthesised
at 1loOmM K+ and the products of mRNA extracted from infected cells
treated with cycloheximide from the start of infection are shown in
Figure 4.7.1. The "wviral" mRNA species contains late viral mRNAs
and the mRNA extracted from cycloheximide treated cells should
contain only immediate-early viral mRNA (Ben-~Porat & Kaplan, 1973}.
Classification of the polypeptides is shown in Table 4.7.1. Three
of the seven polypeptides whose synthesis is elevated at 10OmM K+
have been classified as viral coded by co-migration studies. Poly-
peptide A is classified as viral by co-migration and HART. Comparison
of electrophoretic mobilities suggested evidence that VCP 43.5 might be

immediate-eaxrly protein.

4.8./

an
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Ratio of viral mRNA products synthesised in HART assays

relative to cellular coded polypeptide 39.5 (cCP 39.5).

Polypeptide Melted hybriad Unmelted hybrid
cCr 97 .88 1.0
ccp 39.5 1.0 1.0
VCP 105 0.94 ND ¥
37 1.4 0.5
36.5 1.6 0.94
28 4.8 2.2
26.5 3.3 1.6
26 3.9 1.7
25.5 3.5 1.8

*

ND not detectable




FIG. 4.7.1. POLYPEPTIDES SYNTHESISED AT DIFFERENT {K'} IN THE - .
o - WHEAT GERM SYSTEM B

Cellular (HeLa, 6.4ug/ml), late viral (PxV, 8.8pg/ﬁll and - o
immediate early Viral'(PrV, Sug/ml) mRNAsvwere.tfanslated in the
standard wheat,ge;ﬁ assays (A3.4.11.). Late viral‘mRNA was alsoiv
translated inlan assay mix where the {K+} was increased to lOOmM‘
k" by addition of KCl. Assay mixes contained 570uCi/ml {3§S}n',5x
methionine (1080Ci/mmol). PrV immediate early MRNA - was prepared
by oligo-(dT) cellulose affinity chromatography of:paljsomal RNA
extracted from Prv-infected which were treated with cyéloheximidef.
from the time 6f infection until 15 min prior to harvesting aﬁd
was a generous gift from Mr.M. Chowdhury. loul aliquots of
assay mixes were treated for electrophoresis and therpolypeptides
separated on a 12% polyacrylamide gel. The gel was processéd for -
fluorography and exposed to X-ray film. » :

The viral mRNA products which show enhanced synthesis of
100mM K+ are designated a-g and one whose syntheéis is suppressed

is designated A.

Late V 75: late Prv mRNA, 75mM K+
Late V 100: late PrV mRNA, 10OmM K+

+
IEV 75: immediate early PrV mRNA, 75mM K

+
Cc 75: cellular mRNA, 75mM K .



late V
75

79a

late V
100

IEV
75

75
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TABLE 4.7.1.

Classification of polypeptides showing altered patterns

: +
of synthesis at 100mM K

Polypeptide Polypeptide

stimulated at inhibited at

100mM K* 100mM Kt Classification
a . VCP 43.5
b CCP 38
c VCP 36.5
d ccp 27.5
e CCP 26.5
£ VCP 24
g EP 21.2

A VCP 28
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4.8, Discussion.

These studies show that synthesis of polypeptides with moleculaxr
weights greater than 100,000 is possible in the wheat germ cell free
system. However, the population of polypeptides synthesised in vitxo
differs from that found in vivo. The proportion of total radioactive
label incorporated into high molecular weight material is much lower
in vitro and the number of polypepti@es with molecular weights less than
25,000 synthesised in vitro is higher than is found in vivo. It has
been suggested that premature termination will be found to be a feature
of all in vitro systems (Boime and Leder, 1972). Such incomplete
polypeptide synthesis may occur because of mRNA degradation (Hunter
et al., 1977) or may be due to limiting features of cell free systems.

One interesting point is that the low molecular weight poly-
peptides are of discrete sizes and the banding patterns are reproducible.
This suggests that synthesis of low molecular weight polypeptides is not
a random event.

Co-migration studies have identified twenty-nine polypeptides
present in assays programmed with viral mRNA which are not synthesised
in response to cellular mRNA. A further twentythree viral mRNA products
have the same electrophoretic mobility as cellular mRNA products, Most
of the polypeptides are found in reduced amounts in viral mRNA
stimulated assays suggesting that at least some are of cellular origin.
However, a definitive classification cannot be made on the basis of
co-migration studies alone. An alternative classification is based on
the suggestion that addition of mRNA to wheat germ extracts stimulates
endogenous synthesis. Thus, some of the polypeptides could be
endogenous proteins which were not detected on the absence of exogenocus
mRNA ., However, the synthesis of high molecular products is not

stimulated/
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stimulated by reticulocyte mRNA.

The in vitro products of both mRNA species contained polypeptides
which had no detectable counterpart in cell lysates. There are three
possible explanations for this. Firstly some of the in vitro poly-
peptides may be incomplete products due to degraded mRNA or incompleted

translation. Secondly, poest-translational processing of polypeptides

occurring in a heterologous cell free system is not analagous to in vivo
processing. Cleavage of precursor moleculas (Maurer et al., 1976) and
glycosylation (Katz et al., 1977; 1Inglis et al., 1977) do not occur.
Finally, classifications such as these are subject to the limitations

of the technique. Polypeptides present in small amounts are not well
resolved in one dimensional gels and there are a large number of proteins
present; hence, the failure to detect co-migrating bands does not
preclude their existence.

Further investigation of the origin of the in vitro polypeptides
by immunoprecipitation confirmed the identity of VCP 150 which was
classified as VP 2 by co-migration. FPailure to verify the viral origin
of other polypeptides by this method probably occurred for two reasons.
Firstly, immunoprecipitation from the wheat germ system has been found
to be difficult and high backgrounds have been observed (Nakanishi
et al., 1977). This has been attributed partly to the presence of
incomplete polypeptides chains (Schmeckpeper et al., 1974). Secondly,
problems arose because of the non-specific nature of the anti-serum.

Preparation of antiserum to SDS-treated viral polypeptides by a
similar method to that used here has been described (Johnson et al.,
1972; McMillan and Consigli, 1977). The antibody activity of the serum
has been shown to be directed against the dissociated proteins and
antisera did not react with intact virions. The antigens on whole

virus/
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virus were assumed to differ from those on the individual viral poly-
peptides. This was confirmed by these studies which showed that it
was necessary to treat proteins with SDS to demonstrate antibody
activity in antisera to SDS denatured proteins.

In addition, these studies showed a non-specific activity against
SDS denatured proteins not previously noted. This prevented absorption
of anti~HeLa cell protein antibodies.from antisera to infected cell
lysates because in order to do this efficiently it would have been
necessary to use SDS treated HeLa lysates and this would cause non-
specific precipitation of viral antibodies. Treating anticapsid
serum with SDS denatured HeLa cell lysates removed all antibody activity.
Some reduction of anti-HelLa cell protein activity was achieved using non-
SDS denatured HeLa cell lysates but several precipitations were necessary
and the reduction may have been simply due to loss of IgG. Hence, it
was concluded that this method of raising antisera was unsuitable for
these purposes