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Abbreviations

The abbreviations used in this thesis are as laid down
in the Biochemical Journal Instructions to Authors (revised

1978) with the following additions

BHK-21/C13 Baby hamster kidney cells, clone 13,
BS-C-1 cells African green monkey kidney cells.

HSV Herpes simplex virus.

PRV Pseudorabiesvirus.

EBV Epstein~-Barr virus.

EHV Equine herpesvirus.

VsV Vesicular éomatitis virus.

EMC virus Encephalomyocarditis virus.

p.f.u. Plaque forming unit.

SDS Sodium dodecyl sulfate.

EDTA Ethylene diamine tetraécetate.

TCA 4 Trichloroacetic acid,

DMSO Dimethylsulfoxide.

PPO 2,5"'-diphenyloxazole.

TEMED N,N,N',N', tetramethylethylene diamine
HEPES N-2-Hydroxyethylpiperizine-N'~2-ethane

sulfonic acid,

DTIT Dithiothreitol.
MDL Messenger dependent lysate.

SS Single stranded.

DS . ‘ Double stranded.
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Summary
Inhikbition of protein synthesis has been studied in cells infected with PRV

Infection of HelLa, Cl3 and BS-C-1 cells with PRV showed
that in the case of HeLa and C1l3 cells inhibition was rapid
and substantial but for B-SC-1 cells it was gradual and
apparently limited. Moreover, Cl3 and BS-C-1 cells showed
some stimulation of protein s&nthesis at 1 hr post-infection
with subsequent inhibition, Because df thé simple inhibition

kinetics, Helia cells were mostly used for further studies.

Cell-free translation studies were carried out using mRNA
from PRV infected cells. Immediate-early mRNA's (mRNA made in
the infected cells before any viral protein synthesis) and late
mRNA's were isolated from Hela cells infected with PRV for 5 hrs
in the presence and in tﬁe absence of Cycloheximide respectively.
Hybridisation data for the poly(A) containing RNA showed the
presence of, at Ieést, 5% of viral transcripts in the Immediate-
early mRNA preparation. Cell-free translation of this
prepafation in the Messenger Dependent reticuiocyte lysate
system showed the presence of some viral proteins but a large
number of host proteins were also synthesized. Simultaneous
addition of both viral and host mRNA's did not result in the
preferential translation of viral mRNA in {the cell free system
and both cytoplasmic'and polysomal late poly(A) RNA's allowed

the synthesis of the same spectrum of proteins.

K+ dependence studies in the MDL system did not reveal any
difference 1in the optima for the translation of host, IE and
late mRNA's though polyacrylamide gel electrophoresis of the
translation producté showed that at least one host and one viral

protein were slightly resistant to high K+ concentrations in



the system,. Studies in the wheat gérm extract showed an
identical K+ optima for all these mRNA's, Again, protein
synthesis in vivo under hypertonic conditions showed that
synthesis of both host and IE proteins were susceptible to

elevated salt concentrations to the same extent.

When protein synthesis was studied in the presence of
inhibitor of elongation rate, viral mRNA's were not apparently
more efficient than host mRNA's in initiating protein synthesis.
So there appears no selectivity in the inhibition of host

Jprotein synthesis.

Investigations of +the inhibition of protein synthesis
revealed that both PRV and HSV-1 caused marked polysome
disaggregation in the absence of viral protein synthesis. There
was an increase in the extent of polysome disaggregation by PRV
when the number of infecting virus particles was increased.
Moreover, heat and u.v. inactivated PRV caused substantial

disaggregation of host polysomes.

‘In similar studies; both'normal, infective and inactivated
PRV caused an almost equal extent of inhibition of protein
synthesis at 8 hrs post infection. By 24 hrs post infectionm,
infective virus produced cytopathic effects whereas inactivated
viruses did not. Again, infective viruses caused about 80%
inhibition of RNA syntheéis by 8 hrs pogt infection whereas by

that time inagtivated-virﬁses caused only 25% inhibition,

In the cell-free translation system, exogenous mRNA
translation was inhibited by both normal and inactivated PRV
and this inhibition was not due merely to addition of exogenous

proteins. The extent of inhibition increased with the addition
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of increasing amounts of both normal and inactivated PRYV.
So inhibition of protein synthesis is caused by the virus
particles which causes polysome disaggregation and might act

in some other steps of protein synthesis.

By 6 hr post infection there was induction of an RNasge
activity which under cell-free conditions selectively
~degraded host mRNA. No mRNase activity was associated with

either normal or inactivated PRV.

These experiments revealed that in PRV infected Hela cells,
translatable host mRNA's are present when IE proteins are being
made. There i1s no evidence of any selective translation of
viral mRNA either in the intact cell or in cell-free systems.
The only evidence for selectivity resides in the mRNase which
degrades host mRNA but not virgl mRNA . Again in the intact
cell or in cell-~free systems, inhibition of protein synthesis
is caused by the virus particles themselves and does not involve
infected cell protein synthesis. This inhibition also involves

polyribosome disaggregation by the virus particles,
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Chapter 1. Introduction.

1.1, General introduction.

The consequence of productive infection by animal viruses

is the inhibition of host macromolecule synthesis. This
inhibition is reflected in the gradual cessation of host protein
synthesis with concomit ant synthesis of virus specific proteins
in the infected cell. Though early in infection the infected
cells show selectivity in translating viral mRNA's, late in
infection the trénslation machinery often loses its activity
until the infected cells show a cytopathic effect and eventual
lysis. Knowledge about the mechanism of inhibition is scanty
and indeed the mechanism is likely to vary from virus to virus
and perhaps even from oné host to another. . However, various
suggestions have been put forward to explain inhibition. It
could be due to structural protein component(s).of the infecting
virus which renders the translation system inactive. Again it
could be the result of changes in the intracellular ion concen-
tration following changes in the'memﬁrane permeability after
infection, or again inhibition might be due to a modification of
some component(s) of the translation system so that viral mRNA
is selectively translated. In some cases it has been suggested
that there is induction of RNase activity in the infected cells,
which selectively cleaves host mRNA's. A number of +these

possibilities are discussed later in this thesis.

1.2. Viruses
Viruses are infectious pathogenic entities depending on the

host cell metabolism for propagation (Lwoff, 1957). The infectious



extracellular particle is called the virion. It consists of
a nucleic acid, DNA or RNA, enclosed in a protein coat (the
capsid). In some viruses the capsid may become surrounded by
a membraneous material, the envelope. Thus, viruses are
entities whose genomes are elements of nucleic acid which
replicate inside living cells using the cellular synthetic
machinery and cause the synthesis of new particles which can

transfer the viral genome to other cells (Luria et al., 1978).

1.3. "Herpesvirus.

In 1975 the International Committee for Taxonomy of viruses

defined herpesviruses as those having the following characteristics:

The virion consists of a capsid, 120 - 150mm in diameter,
surrounded by a lipid containing envelope. Buoyant density
(CsCl) of the virion is 1.27 - 1.29 g/cmB. The capsid is
icosadeltatetrahedral with 162 hollow capsomers and with a buoyant
density (CsCl) of 1.305 g/cmB. The capsid surrounds a core
‘containing DNA wrapped round a protein spool. There are about
33 protein species in the virion with molecular weight in the

range of 25,000 to 290,000 . . . .

The genome consists of a 1ineér ds DNA with both terminal
relteration and internal repetition of terminal sequences. G + C
content varies from 33 to 74%. The molecular weight is in the

range of 92 - 135 x 106

Virus multiplication begins in the nucleus and is completed
by the addition of a glycoprotein membrane as the virus passes

through the inner lamella of nuclear membrane into the endoplasmic

reticulum. Margination of chromatin and intranuclear inclusion



bodies are characteristics (Fenmer, 1976).

At present about 70 viruses fulfil the criteria for inclusion
within the herpesviruses, They are diverse in their host and
disease associations and also in biochemical properties. Indirect
evidence exists for the involvement of Epstein-Barr Virus (EBV)
'[Epstein, 1978; The et al., 1978/ and Herpes Simplex Virus,

Type 2 (HSV~2) [Nahmias et al., 1970/ in human cancer.

1.3.1. Pseudorabies virus (PRV): Clinical symptoms.

Pseudorabies or Aujeszky disease was among the earliest
viral disease recognized (Aujeszky, 1902). The infecting virus,
Pseudorabies virus (PRV), is the only member of the herpesvirus
to cause natural infection in swine (Andrews, 1962). It normally
infects swine, cattle, dog, sheep and cats (Gustafson, 1970).
The virus has a wide cell culture host range, replicating in
rabbit, lamb, dog and monkey kidney cells, in Hela cells and in
chicken embryo cells (Kaplan, 1969). In cell monolayers PRV

causes granulation and clumping of the cells with eventual lysis.

Naturally occuming PRV infection is acquired by droplet
infectlon or ingestion (Gustafson, 1970). Infeétion is latent
in the adult swine but severe in newbofn,uwith about 100%
moritality in newborn compared to nil in adult. Virus multipli-
cation occurs in tomsillar and pharyngeal tissues from which it
reaches brain via olfactory mnerves iGustafson 1970, McFerran &
Dow, 1965). Moreover, leukocytes attracted to the infected
area carry the virus to different orgamns, especially to placenta
from whence it invades the foetus causing abortion (Gustafson,

1970).



Signe of PRV infection includes high fever, anorexia,
éapression, slight coughing and vomit ing, with diarrhoea in
. some and constipation in others. The disease is mostly
characterized by symptoms referable to the central nervous
gsystem, The name "Pseudorabies" comes from its clinical

similarities to rabies.

Recovery from mnaturally occurring disease confers a high
degree of immunity. Antibody titres attain maximum in three

weeks after recovery and are maintained for at least 18 months.

1..3.2. Structure of the herpegviruses

Most of studies on the structure of the herpesviruses have
been carried out on Herpes Simplex Virus (HSV). However, some
structural studies on PRV are also discussed. The virus consists
of an innermost core of DNA and protein, surrounded by capsid,
tegument and;at the outermost side,envelope (Roizman & Furlong,

1974). The virion consists of protein, DNA, 1lipid and polyamines.

1.3.2.1. Core.

The core consists of DNA wrapped round a protein plug.
Epstein (1962) observed that the central region of the virion is
sensitive to DNase. Again; Furlong et al., (1972), using the
technique of selective extraction of uranyl ions bound to DNA
in a stained preparation, showed that the electron dense region
making up the.toroid contains DNA. The core also contains
spermine in addition to protein and DNA (Roizman, 1978).

Olshevsky and Becker (1970) identified two core proteins in HSV,



and Kaplan & Ben-Porat (1970) reckoned three PRV proteins to'be
associated with the core. Hdwever, Hyman (1980) has found four
proteins bound tightly but non-covalently to HSV-DNA and these
proteins are bound at four specific sites, that is near the ends
and within the internal inverted terminal repeats (Wu et al.,

1979) .

1.3.2.2. Capsid,

The capsid is a moderately electron dense structure separated
from the core by an electron translucent shell, It consists of
162 capsomers arranggd in 2=, 3- and 5-fold symmetry in the form
of an icosadeltatetrahedron (Wildy et al., 1960). The electron
translucent region between the core and the capsid is called the
pericore. The nature of the material ih the pericore is unknown
and it'could be an extension of the protein plug on which the

DNA is wound.

1.3.2.3. Tegument.

The tegument is defined as the structure 1§cated between .the
capsid and the envelope (Roizman & Furlong, 1974) and is said to
be a fibrous coat around the capsid (Morgan et al., 1968;

Schwartz & Roizman, 1969). The polypeptides comprisiné the”
tggument are present in most virions, but the amount seen is
variable from virion to virion, even in the same cell (Fong et al.,

1973).

1.3.2.4. Envelope.

The envelope is a trilaminar membrane with spikes projecting



from the outer surface (Fong et al., 1973). It is composed of
glycoproteins, glycolipids and lipids (Morgan et al., 1954).
Though the envelope is derived from the host cell membrane
(Watson & Wildy, 1963), it contains virus specific proteins
(Ben-Porat & Kaplan, 1972; Spear & Roizman, 1972). The
envelope of PRV appears to be derived in large measure from the
inner nuclear membrane from areas which are newly synthesized
after infection (Ben-Porat & Xaplam, 1971; 1972). The relative
abundance of different envelope proteins differ in different
herpesviruses, at least with respect to the degree of glycosy-

lation (Keller et al., 1970).

1.3.3. DNA of the " herpesviruses.

The DNA is linear, double-stranded and with molecular weight
95 - 150 x 10° daltons (Wilkie, 1973; Mossmann & Hudson, 1973;
Delius & Clements, 1976; Stevely, 1977; Geelan et al., 1978;
Stinski et al., 1979). Single stranded nicks occur in the DNA
so that upon alkalil denétur'ation there appear DNA single strands
of fragments as well as of unit length (Wilkie; 1973; Rodizman
et al., 1974; Lee et al., 1971,‘ Graftstrom et al., 1975;
Wadsworth et al., 1975). It is not known whether these alkali-
labile regions correspond to true single-stranded nicks or gaps,

or to the insertion of ribonucleotides which have been reported

to be linked covalently to HSV DNA (Hirsch & Vonka, 1974).

The G + C content varies from 33 moles % in Rabbit lymphoma
virus DNA (Goodheart 1972) to 74 moles % in PRV DNA (Russell &

Crawford, 1964). HSV DNA contains a terminal sequence which is

repeated internally in inverted forms flanking two unique



sequences of 10 x 106 .~ . .. (Short or S sequence) and X
75 x lOlO J>: - (Long or L sequence) [Sheldrick & Berthelot,
1974] . Analysis of the HSV genome with restriction endonuclease

(Hayward et al., 1975; Clements et al., 1976), partial
denaturation mapping (Delius & Clements, 1976) and nucleic acid
hybridisation studies (Wilkie & Cortini, 1976) has shown that
the S and the L unique sequences are relatively inverted in
different DNA molecuies within the population, leading to four
genomic arrangements. PRV DNA has a single set of palindromic

sequences of 5.4 x 106 +. =, which surround a short unigue

sequence of about 10 x 106 A . Inversion of this short
unique sequence gives rise to two isomeric forms., PRV DNA
has a molecular weight of 95 x 106 Ot . (Stevely 1977;

Ben-Porat et al., 1979).

The mechanism responsible for the random orientation of
short and long unique sequences in HSV is not known, although
available evidence favours a high frequency of legitimate
recombination through internal inverted repetition, rather than
independenf‘replication and joining of the long and the short

unique sequences (Roizman, 1978).

1.3.4. Structural proteins,

High resolution polyacrylamide gel electrophoresis showed
the presence of 30 polypeptides of molecular weight range of
25,000 to 280,000 in the Herpes Simplex Virion (Spear & Roizman,
1972; Heine et al., 1974; Cassai et al., 1975).

Pseudorabies virion contains at least 20 polypeptides (Stevely,

1975). A number of HSV-1l and HSV-2 polypeptides are processed
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following synthesis and this modification involves phosphor&-
lation, glycosylation and possibly other modifications

resulting in increased apparent molecular weight (Pereira et al.
1977; Fenwick & Roizman, 1977). Herpes Simplex Virion

contains glycosylated and phosphorylated polypeptides.

1.3.5. Other components.

In addition, the virion contains spermine and spermidine
in the ratio of 1.6 = 0.2 : 1.0, This is sufficient to
neutralize half of the viral DNA phosphate groups. (Gibson &

Roizman, 1971).

1.3.6. Infectious unit.

Naked nucleocapsids are not infectious (Stein et al.,1970;
Rubenstein & Kaplan, 1975). The reason is not known, probably
without envelope the virus cannot -adsorb to the' cell surface.

Viral DNA, native as well as alkali demnatured, is infectious

(Lando & Ryhiner, 1969; Sheldrick et al., 1973).

1.4. Reproductive Cycle.

Virus multiplication starts with the attachment of the
virus particles tb the host cell surface, Enveloped'particles
adsorb more readlily than the naked particles. There follows
the penetration of the virion into the cell. This could be
either by pinocytosis (Epsteiﬁ Ei gi., i964) or by fusion of
enveiope to the cell membrane (Morgan et é;., 1968)f Viral DNA

is rapidly uncoated in the cytoplasm, from which it enters the



nucleus to direct virus specific RNA synthesis. After a
rapid synthesis of virus specific macromolecules infectious
virus particles are assembled and released from the cells

(Watson, 1973).

The reproductive cycle depemnds on the nature of the host
and the nature of the virus; +the multiplicity of infection;
temperature of incubation and the nutritional property of the
medium (Roizman, 1978). A%t 37°¢ with 50 p.f.u./cell in HSV-1
infected HEp-2 cells the cycle lasts for 17 hrs (Roizman &
Furlong, 1974) and in PRV infected BHK-21 cells at 50 p.f.u./cell,

the cycle is shorter, 12 hrs (Tyler et al., 1974).

1.4.1. Viral RNA synthegis,

After infection the first step towards replication is the
synthesis of vir't specific RNA. IViral RNA is transcribed fron
the viral DNA in the nucleus (Wagner & Roizman, 19695, 1969b;
Roizman et al., 1970), and it follows the same mechanism that
ocecurs in uninfedted'célls. Trangcription is carried out by
host RNA polymerase II (Preston & Newton, 1976; Costanzo et al.,
19%7; Ben-Zeer & Becker, 1977). No virus induced RNA polymerase
activity has been detected (Lowe, 1978). A small amount of viral
RNA synthesis, at times late in infection, is resistant to
o-amanitin, which may be due‘to synthesis by RNA polymerase III
(Ben-Zeer et al., 1976) and the possibility of virus induced

modification of the host enzyme is not ruled out.

1.4.1.1. Characteristics of viral RNA : structure.

Posttranscriptional modification of viral RNA is almost
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identical to that of cellular mRNA. Total mnuclear transcripts
are larger than polysome associated viral mRNA's (Stringer et al.,
1977) . Cytoplasmic viral mRNA has as a 5'-terminal "Cap" as is
found in most eukaryotic mRNA's (Bartkoski & Roizman, 1976; 1978;
Moss et al., }978). Early viral transcripts have an internal
methylated base in the form of méA, which is missing from late
mRNA's (Bartkoski & Roizman, 1976; 1978). Another post-
transcriptional modification is the polyadenylation of mRNA in
the nucleus at the 3' end (Bachenheimer & Roizman, 1972; Ben-
Porat et al., 1972). However viral mRNA lacking a poly(A)

tail but having the same sequence as poly(A) containing RNA ,bhas
been found on the polysomes (Stringer et al., 1977). Cytoplasmic
poly(A) containing RNA represents most, if not all, of the viral

RNA sequence present in the cytoplasm (Silverstein et al., 1976) .

1.4.1.2. Characteristics of viral mRNA : synthesis.

The expression of herepesvirus genome during productive
infection is temporaly ' regulated (Kozak & Roizman, 1974;
Swanstrom & Wagner, 1974; é%anstrom et al., 1975). Immediate-
early (IE) mRNA's are synthesized in cells very early after
infection and also accumulate in infected cells when protein
synthesis is inhibited from the beginning of the infection.
Early mRNA's are synthesized after the initial viral protein
synthesis in the infected cells but befofe viral DNA synthesis
and late mRNA's are synthesized after viral DNA synthesis.

Some IE mRNA's continue to appear on polysomes as functional

mRNA's even late in infection but at a concentration different

from the original concentration (Anderson et al.,, 1980).
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Some late mRNA's detected before viral DNA replication also.
show difference in abundance (Stringer et al., 1977; Anderson
et al., 1980; KXozak & Roizman, 1974). It is also found that
some host poly(A) RNA is synthesized and associates with the

polysomes late in infection (Stringer et al., 1977).

Kozak & Roizman (1974) found that the nuclear IE RNA of
HSV-1 is homologous to 50% of the DNA whereas Cytoplasmic IE RNA
hybridizes to 10% of the DNA. Late cytoplasmic RNA's are
homologous to 43% of the DNA and possess no symmetrical trans-
cripts whereas late nuclear transcripts are homologous to 50%
of the DNA and possess symmetrical transcripts. Early after
infection nuclear precursor and cytoplasmic poly(A) RNA's are
essentially of the same size but late in infection nuclear
precursbrs are larger than cytoplasmic poly(A) RNA's (Holland

et al,, 1979; Jones & Roizman, 1979).

Clements et al., .(1977) found that the genetic complexity
of the nuclear and the cytoplasmic IE RNA of HSV-1 is the same,
possibly the use of different cell lines or the different
hybridisation teéhniques used are responsible for the disparate
results. Both nuclear and cytoplasmic IE RNA's are complementary
to non-contiguous regions of the virus genome,lwhich are
primarily located at, or near, TRL/IRL (terminal and inverted
repeats flanking the L unique sequences) and TRS/IRS (repeats
flanking the S unique sequence) [Clements‘gi al., 1977; Jones
et al., 1977; Stringer et al., 197d).  Watson et al., (1979)
have identifled at least five IE mRNA's in HSV-1 infected cells.
The genome location and the direction of transcription of these

sequences have also been determined (Anderson et al., 1980;
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Clements et al., 1979). A 4.2 kb species transcribed from the

TRS/IRS region with the 3' end distal to Ug {(Small unique
sequence) codes for a polypeptide of molecular weight 175,000 and
a 2.8 kb species from TRL/IRL with the 3' end towards Uj codes
for a polypeptide of 129000 molecular weight. Of the three 1.8kb
species, one tranécribed from US neax TRS with the 3' end in the

U, codes for a polypeptide of 68,000 molecular weight, a second

S

one from UL near IRL with the 3' end in the UL codes for a
polypeptide of 63,000 molecular welght and the third is trans-

cribed from IRS region with the 3' end in US'

In the case of PRV late mRNA is complementary to 50% of the
DNA and IE RNA to 10% of the genome. IE mRNA hybridizes to
the terminal repeats and giveﬁ a TR of 9.9 x 106 daltons
(Ben-Porat et al., 1979) IE mRNA is transcribed from 7% of the
total complexity of the viral genome (Feldman et al., 1979).
Using short term labelling it is found that the restricted trans-
scription is mnot due to degradation of a 1érger transcript

(Feldman et al., 1979).

Early mRNA 1s transcribed from regions throughout the
genome, but the sequence at or near the Jjunction between US
and %he repeats are particularly well represented. Late mRNA
is also transcribed from the whole genome and the middle of ﬁS
is. transcribed only late in infection (Feldmaﬁ et al., 1979).
Early and late mRNA's differ only in relative abundance of the
transcription from different reglons of the geﬁome (Clements et.

al., 1977) which explains why the early to late transition is mnot

affected by viral DNA amplification,. However, IE protein

synthesis is a prerequisite for the IE to early transition and
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this could be affected by a modification of the host RNA
polymerase or by changing the template activity of the viral
DNA. The regulatory role of IE polypeptides has been suggested
by their modification and translocation to the nucleus (Pereira
et al., 1977; Fenwick et al., 1978) and also by their DNA

binding capacity in vitro (Hay & Hay, 1980).

Thus strict transcriptional control is observed in herpes-~
virus infected cells. It is possible that the controls might
operate at the level of the selection of which transcribed

sequences are transported to the cytoplasm as mRNA's.

1.4.2. Viral protein synthesis.

Viral mRNA's after being synthesized in the nucleus appear
in the cytoplasm and are translated to give virus specific
proteins (Sydiskis & Roizman, 1966; 1967). After infection
there is an initial decline in protein synthesis due to dis-
aggregation of host polysomes, followed by an increase during
which viral proteins are‘synthesized and finally an irreversible
decline. The gradual switch-over from host specific to virus
specific protein synthesis is reflected in the formation of
rapidly sedimenting virus Specific-poiysomes (Sydiskis & Roizman,

1966; Ben-Porat et al., 1971).

Though herpesvirus does not cause complete shut down of
host protein synthesis, virus sbecific proteins can be detected
by using the following criteria : (a) changes in electrophoretic
or kinetic profiles of the proteins synthesized after infection;

(b) stimulation in the rate of synthesis after infection,and
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(¢) immunoprecipitation by virus specific antigens (Honess &‘
Roizman, 1973). About 52 virus specific proteins have been
detected in HSV-1l infected cells and a similar number is found

in HSV-2 infected cells (Honess & Roizman 1973; Powell &

Courtney 1975; Bookout & Levy, 1980). Analysis of the proteins
of five herpesviruses - HSV-1, HSV-2, PRV ; BMV (Bovine Mélalitis
Virus) and EAV (Equine Abortion Virus) - shows diversity in the
electrophoretic mobilities (Killington et al., 1977), indicating

that the protein composition of herpesvirus is diverse,

1.4.2.1. Regulation of Protein Synthesis.

Protein synthesis in herpesvirus infected cells is highly
controlled, Kinetically, virus specific proteins in HSV-1
infected cells have been differentiated into three groups =
@, B and ¥ (Honess & Roizman, 1974). Using metabolic inhibitors
a model of sequential ordering and coordinate regulation of the
synthesis of virus specific proteins has been proposed (Honess
& Roizman 1974; 1975). ao-polypeptides synthesized immediately
after infection are responsible for the switehing-on of g-poly-
peptide synthesis which, in turn, shut off g-polypeptide synthesis.
A similar scheme has been proposed for B and y-polypeptide
synthesis. o~ and @-polypeptides contain both structural and
non-structural proteins but Y-polypeptides are all structural.

IE polypeptides in PRV infected cells, analogous to the g-poly-
peptides of HSV~1, do not include structural.proteins (Ben~-Porat

et al., 1975).

In this regulatory process, it has been found that functional

a~polypeptides are required to induce B-polypeptide synthesis
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and differen@ a~polypeptides appear to be responsible for

the regulation of the synthesis of different B-polypeptides
(Pereira et al., 1977). At the same time functional
B-polypeptides are required to inhibit ¢-polypeptide synthesis,
Though y-polypeptide synthesis coincides with viral DNA
replication, some y-polypeptides are synthesized before viral

DNA synthesis but in reduced amounts (Powell et al., 1975;

Honess & Watson, 1977). It has been proposed that transcription
of progeny DNA is necessary for optimal y-polypeptide synthesis

(Roizman 1978).

Similar regulation of protein synthesis has been observed
in HSV-2 infected cells (Powell & Courtney, 1975) and Murine
Cytomegalovirus (MCMV) infected cells (Moon et al., 1979).

In the case of PRV I1E proteins synfhesized after withdrawal of
a Cycloheximide block imposed from the beginning of infection

correspond to g-polypeptides (Ben-Porat et al., 1975). So it is
possible that this cascade regulation of protein synthesis is a

common property of the herpesvirus.

1.4.2 2. Modification and translocation of viral proteins.

Modification of herpesvirus specific proteins does not
involve rapid posttranslational cleavage as observed in picorna-
' virus infected cells (Honess & Roizman, 1973). Phosphorylation
of a large number of structural and non-structural proteins of
HSV (Pereira et al., 1977; Marsden et al., 1978; Bookout & Levy
1980) and of struectural proteins of PRV (Stevely 1975) has been
reported,. Glycosylated polypeptides have been found'in purified

Herpes Simplex virions (Roizman, 1978). ZXaplan & Ben-Porat (1976)
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have shown a non-structural sulfated glycoprotein in PRV

infected RK-cells.

Translocation of structural proteins to the nucleus
(Spear & Roizman, 1968; Ben-Porat et al., 1969) is related to
capsid formation. Translocation occurs through the nuclear
membrane and is likely to be determined by'the affinity of the
polypeptides for various constituents in the nucleus (Fenwick
et al., 1978). Almost all the g-polypeptides and a few p-
polypeptides from HSV-1 and HSV~-2 infected cells are found in the
nucleus (Bookout & Levy 1980; Pereira et al., 1977; Cabral et al.
1980) and most of them have DNA binding properties (Bookout &
Levy, 1980; Fenwick et al., 1978; Hay & Hay, 1980). Since
a-polypeptides control translation of p-polypeptides and 5-.
polypeptides can, in turﬁ, regulate the translation of both -
and y-polypeptides, so the DNA bindiﬁg capacity of ¢~ and some
B-polypebtides could have a function in transcriptional control.
VP 175 is found to be arranged in the nucleus in a marginated
pattern in HSV-1 infected cells (Cabral et al., 1980). Though
the significance of this finding in HSV-1l infected cells is
unknown, a similar binding of‘Hl parvovirus anﬁigen to peripheral
nucleélar chromatin has been suggested to be responsible for
early morphological disruption and eventual destruction of the
nucleus (Singer 1976). Nucleolar disaggregation in HSV-1 infected

cells has also been documented (Schwartz & Roizman, 1969).

1.4.3. Viral DNA Synthesis.

Protein synthesis in the infected cell is necessary to

initiate viral DNA synthesis, but once DNA synthesis is established
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inhibition of protein synthesis has little effect on it

(Cheng et al., 1975). New DNA polymerase activities have

been reported in cells infected with HSV, PRV, MCMC, EAV (see
Allen et al., 1977) Vericella Zoster Virus (VZV)[Miller & Rapp,
1977] and EBV (Muller et al., 1977). After infection the
activity of cellular DNA polymerase @ declines, coinciding with
the inhibition of cellular DNA synthesis (Muller et al., 1977).
HSV~-DNA synthesis appears to be catalyzed by the virus coded
DNA polymerase (Muller & Zahn, 1979), since the change in the
activity of the enzyme parallels viral DNA synthesis. HSV-DNA
synthesis is suggested to be promoted by an RNA initiator which
is removed from the mature DNA by RNase H (Muller et al., 1980).
PRV also uses its own DNA polymerase for DNA synthesis (Halliburto:
& Andrew, 1976). PRV DNA replication occurs in the form of a
concatamer (Jean & Ben-Porat 1976; Ben-Porat & Veach, 1980;
Ladin et al., 1980). Maturation is accomplished by a capsid
or non-capsid protein(s) (Ladin et al. 1980). A few other
DNA related enzymes have been described in herpesvirus infected
cells e.g. Thymidine kinase and alkaline DNase, but their

importance to viral DNA synthesis is not clear (Ben-Porat &

Kaplan, 1973).

1.4.4. Assembly of the virion and release from the cells.

After virus specific macromolecules are synthesized core
and capsid are assembled in the nucleus (Roizman & Furlong, 1974),
but the actual flow of events leading to assembly is not clear.

Perdue et al., (1976) have suggested that DNA is inserted into

capsid without a preformed core. Ladin et al., (1980) have

———
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also produced evidence that the capsid proteins are assembled
first into an empty shell, into which DNA is encapsidated.
Though the envelope has been thought to be acgquired by budding
through the cytoplasmic membrane, theré are good reasons to
believe that the membrane is acquired by budding through the
inner nuclear membrane (Watson, 1973; Rodriguez & Dubois-Dalcq,
1978) . Release could be through budding into a channel which
occur via reverse phagoecytosis (Morgan et al., 1959) or even

by cell lysis (Watson et al., 1964).

1.5, Alterations in cell sitructure and function.

The eventual consequence of productive infection by HSV is
cell death (Roizman,.l978). Though the actual cause of cell
death is obscure, the symptoms involved are a drastic reduction
or even ceassation of host DNA, RENA and protein synthesis and

changes in the membrane structure.

1.5.1. Structural alterations.

The infected cell nucleus exhibits gross changés in the
structure of the nucleolus, the distribution of chromatin and
the composition of “the nuclear membrane. The nucleolus is
often displaced towards the nuclear membrane (Schwértz & Roizman,
1969). A diagnostic feature is the displacement and condensatior
of chromatin at the nuclear membrane early in infection There
is substantial chromosome breakage ih the infected cells.
Cytoplasm shows little that can be related to he;pesvirus

infection, except that there 1s an increase in the length and
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frequency of the number of microvilli (see Roizman, 1978).
Changes in transmembrane potential observed in HSV infected
cells may reflect leakiness of the infected cell membrane

(Fritz & Nahmias, 1972).

1.5.2. Effects on cellular RNA synthesis.

Infection of cells with herpesviruseé leads to a gradual
decrease in the rate of RNA synthesis, as revealed by low levels
of 3H ~-uridine incorporation into acid precipitable material
(Ben-Porat & Kaplan, 1973; Roizman et al., 1970). The
decrease in the RNA synthesis involves both a reduction in +the
synthesis of 45 S precursor RNA as well as an abortive processing

to 28 S and 18 S rRNA (Roizman et al., 1970).

The effect of herpesvirus infection on host mRNA'synthesis
is not well characterized. However, Stringer et al.,(1977)
have shown the presence of some host mRNA's on polysomes even
late in infection. Their functional ability is reflected by
the presence of newly synthesized host proteins late in infection
(Honess & Roizman, 1973; Powell & Courtney, 1975). 1In the case
of PRV host mRNA's having a low turn-over rate are synthesized
at times late in infection. But they aré not functional though
considerable amounts are-foﬁnd in the cytoplasm of the infected
cells (Rakusanova et al., 1972). So it appears that in herpes-
virus infected cells functional host mRNA synthesis is not
inhibited completely.’

Few data on the mechanism of inhibition of host RNA
synthesis and processing are available. Sasaki et al., (1974)
have noted thg presence of an inhibitor of nucleolar RNA

polymerase in HSV-infected cells but its role is unknown.
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Lowe (1978) has found unaltered levels of RNA polymerase I
activities in HSV-1l Infected BHK cells even at & hrs post-
infection. An alternative to the presence of an inhibitor is
that an increased concentration of HSV-1 DNA in the nucleus
with preferential affinity of RNA polymerase II for the viral

genome may lead to reduced host RNA synthesis.

1.5.3. Effects on cellular protein synthesis,

In HSV infected cells the inhibition of host protein synth-
esis may first be detected at 2 hrs post-infection. The time
of complete inhibition depends on the nature of the virus and
the nature of the host cells. Cessation of host protein
synthesis is accompanied by a decrease in thé number of poly-
ribosomes and a concurrent drop in amino acid incorporation
(Honess & Roizman, 1973). The mechanism of inhibition of
host protein synthesis is mnot clear Inhibition of RNA
synthesis could be a contributing factor. A few possible
mechanisms of inhibition of host protein synthesis following

infection will be discussed later in the Introduction (1.7).

1.5.4. Effects on cellular DNA synthesis.

Inhibition of host DNA synthesis has been observed in cells
infected with PRV (XKaplan & Ben-Porat 1963), HSV-1 (Roizman &
Roane, 1964). EAV (0'Callaghan et al., 1968) and EBV (Nonoyama
& Pagano, 1972; Gergely et al. 1971). Kaplan (1973) has
suggested that inhibition of host protein synthesis contributes
to the inhibition of host DNA synthesis, Another possible

explanation is that virus specific proteins may bind to cellular
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DNA (1.4.2.2) and thus prevent host DNA replication.

1.6. Protein synthesis in eukaryotes.

In eukaryotic cells transcription and translation occur in
distinct cellular compartments, which require proper +transport,
stabilization and alignment of the macromolecules taking part in
protein synthesis, Moreover, the involvement of a large number
of ribosomal proteins, initiation factors and other components

required for protein synthesis makes this a very complex process.

1.6.1. Mechanism of translation.

The mechanism of protein synthesis involves three different

processes - initiation, elongation and termination.

1.6,1.1. Initiation.

~Initiation covers the events of pro%ein biosynthesis which
lead to the formation of the 80 S initiation complex consisting
of one 80 8 ribosome and one mol of initiator tRNA (Met. tRNAf)
bound to the ribosomal P site and mRNA (see Bieika & Stahl 1978).

Met tRNA forms part of a ternary complex consisting of equimolar

£ |
amounts of eéiF-é (initiation factor 2), GTP and the tRNA before
being able to bind to a 40 S ribosomal subunit'to form the
quarternary 40 S initiation complex. elF-1 and elF-3 stabilize
this complex and contribute to the subsequent binding of
mRNA . mRNA binding depends on élF-4A, -4B, ~4C and -4D together.
with ATP hydrolysis. This 40 S initiation‘gomplex with mRNA

associates with the 60 S ribosomal subunit in the presence of

elF-5 and GTP to yield the 80 S initiation complex. GTP
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hydrolysis during 60 S subunit binding releases all initiation

factors.

1.6.1.2. Elongation.

The elongation process in protein biosynthesis has been
reviewed by Weissbach & Ochoa (1976) and Clark (1980). Binding
of aminoacyl tRNA 1o the A site is preceeded by the formation
of a ternary complex consisting of 1 mol each of aminoacyl tRNA,
elongation factof, EFI and GTP. Binding involves GTP hydrolysis
and the GDP-EFI complex released can be recycled, Peptide
formation is catalyzed by peptidyl transferase. This is
followed by translocation of peptidyl tRNA from the A site to
the P site and this process requires EF-2 and GTf hydrolysis.
The number of ribosomes in'the polysome is determined by the
length of the mRNA, the availability of ribosomes and tRNAs,
and the initiation efficiency of the mRNA. Under saturating

conditions, one ribosome can bind to 40-100 nucleotides (Legon,

1976) .

1,6.1.3 Termination.

Termination involv;s the release of the completed peptide
chain from the mRNA-ribosome complex and this process requires
release factor (RF) and GTP. RF binds to ribosome when the
termination codoﬁ is in the A site. It is interesting that here
codon recognition is by protein, not by tRNA. GTP dependent
binding of RF to the A site seems to invoke esterase activity at

the peptidyl tramnsferase centre, resulting in the hydrolysis of

peptidyl tRNA, After GTP hydrolysis RF is released, the



-23-

ribosome dissociates into subunits and initiation can occur

again (Caskey, 1980).

1.6.2. Recognition during initiation.

In prokaryotic systems there is an interaction between
nucleotide sequence near the 3' terminus of 16 S rRNA and purine
rich sequences preceeding the AUG codon, Moreover, 1F-2, 1F-3
and ribosomal proteins, S1 and S12 can produce changes in the
rRNA or mRNA configurations and by affecting their interactions
can determine the affinity of ribosomes for a given cistron
(Revel, 1977). It is possible that in eukaryotes such RNA-RNA
and RNA-protein interactions play a role in mRNA recognition by

ribosomes.

Though capped mRNA's hind more readily to ribosomes
(Canaani et al., 1976) uncapped mRNA's are also found to be
translated efficiently in the cell-free systems,. After analysis
of the nucleotide sequences between cap and the AUG codon, it
has been proposed (Steitz & Jakes, 1975) that in eukaryotes, as
in bacteria (Shine & Dalgarno, 1975), a short sequence of mRNA
near the 5' end of AUG base pairs with a complementary region
near the 3! end of 18 S rRNA. Both (1979) has shown that such
interaction is possible on either side of the AUG codon but that
the required codon sequences occur more consistently én the 3!
end of AUG. Such interactions may increase the yété and stability

of mRNA binding to ribosomes and thus help initiation.

Kozak (1978, 1979) has suggested a scanning mechanism in

which the 40 S subunit binds to the 5' end of the mRNA and

subsequently migrates to the interior of the chain, stopping
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when the first AUG codon is encountered. Base-pairing within
the 5' region of mRNA could bring cap and AUG codon into
optimal alignment, thus helping initiation (Ahlquist et al.,
1979). The high degree of secondary structure which has been
demonstrated in many mRNA's (Van et al., 1976; Brentani et al.,
1977; Heindall et al., 1978)may facilitate selection of the
correct 5' terminal AUG codon,lbeéause extensive migration of
the 40 S subunit occurs in mRNA having no secondary structure
(Kozak, 1980) . Moreover, differences in the affinities for
initiation factors (1.7.3) and differemces in the secondary
structure of the mRNA's may contribute to variation in the

translation.efficlency among mRNA's.

1.6.3. Regulation of Protein biosynthesis.

Cells could regulate protein biosynthesis in a number of
ways, for example by changes in thé level of initiator tRNA,
by regulating the number of active 40 S ribosomal subunits or
by sequestering the mRNA in cytoplasmic RNP (Gross et gi,; 1973;

Rosbash & Ford, 1974).

It is important to point out that different mRNA'sldiffer
in their rate of polypeptide chain initiation. A kinetic
treatment of initiation and elongation allowed Lodish (1974) to
propose that any non~-specific reduction in the rate of polypep-
tide chain initiation at, or before binding mRNA will result in
preferential inhibition\of translation of hRNA's with lower rate
cdnstants for chain initiation. So with changes in the overall
rate of chain initiation, translation of different mRNA's would
appear to be affected differently. The theory also suggests

that any increase in initiation will favour the weakest binding
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mRNA while an increase in elongation will favour the strongést

binding mRNA.

In several systems the amount of protein synthesized is
not directly related to the amount of mRNA present. For
example, in rabdbbit reticulocytes the o and the B globin chains
are present in the ratio of 1:1 but o mRNA is present in excess
of B-mRNA. | Since the elongation rate in both caseg is the same
the differences in tramslation must be due to differences in the
initiation rate (Lodish, 1971). It is not clear whether these
differences camn be attributed to differences in mRNA structure,
as in the case of RNA phage RNA (Revel, 1977). However,
addition of eIF-44 and eIF-4B change o« globin mRNA translation
relative to B-mRNA without increasing the overall rate of
translation. This effecet could not bPe due to an increase in the
concentration of the overall rate limiting factor but must
influence the efficiency of mRNA in initiation complex formation
(Kabat & Chappell 1977). Reviewing a variety of results Revel
& Gromner (1978) propose, contrary to Lodish, that mRNA's do not
have»unidue initiation constants. They claim that the efficiency
of mRNA recognition by ribosomal machinery is due to the overall

kinetic parameters of the initiation system,

In the rabbit reticulocyte system it has been found that
deprivation of haem. results in a decline in the rate of
peptide chain initiation and this effect is due to the phosphory-
lation of the small subunit of elF-2 by a cyclic AMP independeﬁt
kinase (see Farrell et al., 1977). It is possible that
phosphorylation prevents interaction of elF-2 with one or more

cofactors such as elF-2 stimulatory protein (ESP) EeHaro & Ochoa,

1978, deHaro et-al., 1979 ], stabilisation factor (Ranu & London
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1979), co-elF-2A (Dasgupta et al., 1978) and co-elF-2B (Das-

et al., 1979) which are necessary for normal functioning. It
seems 1ike1y that control of the rate of initiation 18 a very
complex phenomenon. It is possible that more than one step in
the Initiation process is subjected to control and also that
several different control systems may work together. For
instance, ds RNA in the cell free exiracts can cause the
phosphorylation of elF-2¢ (Leven & London, 1978) as well as
induce an endonucleolytic activity which degrades mRNA (Clemens
& Williams 1978; Williams et al., 1979) [see 1.8] . Such control
mechanisms, though mainly examined in the context of interferon,
may be part of a more general control system limiting the rate

of polypeptide synthesis,

1.7. Inhibition of protein synthesis in virus infected cells,

Inhibition of cellular protein synthesis and selective
translation of animal virus mRNA's during the course of productive
infection have been observed in cells. infected with adenovirus
(Levine & Ginsberg, 1967), herpesvirus (Sydiskis & Roizman, 1966),
vaccinia virus (Hanafusa, 1960) mengovirus (Baltimore et al.,
1963), poliovirus (Peﬁman & Sumners, 1965) and VSV (vesicular
- somatitis virus) [Yaoi et al., 1970; Wartz & Younger, 19%] .

In the case of herpesvirus, in some systems, a decrease in

protein synthesis which occurs early in infection has been noted y
and is due to a decrease in the sypthesis of cellular proteins.
This is followed by an increase in the overall rate of synthesis
as virus specific proteing are being made and finally there is an

irreversible decrease (Ejercito et al., 1968). With only a
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few excepltions little is known about the mechanism of inhibition.
The following are possgibilities that could explain inhibition

of protein synthesis after virus infection.

1.7.1. Inhibition by RNA degradation.

In poliovirus infected cells cellular mRNA's released from
the decaying polyrlbosomes are unable to reenter the ribosomes
(Willems & Penman, 1968), but can still be isolated and trans-
lated in a cell free system (Abreu & Lucas-Lenard, 1976). No
host mRNA degradation has been observed in cells infected with
vaccinia virus (Rosemoﬁd-Hornbeak & Moss, 1975), VSV (Nishioka &
Silverstein, 1977) or picornavirus (Willems & Penman 1968;

Colby et al., 1974; Fernandez-Munoz & Darnell, 1976), On the
other hand in HSV-1 infected Friend erythroleukemia cells
considerable degradation of host mRNA occurs (Nishioka & Silver-
stein 1977; 1978a; 1978b) and degradation of host mRNA's has
also been observed in pol¥oma transformed cells infected with
HSV-1 (Pizer & Beard, 1976). It is further suggested that an
early viral protein, possibly an « pblypeptide, is reqguired in
HSV-1 infected FL cells for the degradation of host¢mRNA to

occur (Nishioka & Silverstein, 1978b).

1.7.2. Inhibition by membrane leakiness and hypertonicity.

In poliovirus, VSV and reovirus infected cells, the mRNA's
translated after exposure of the cells to hypertonic medium are
predominantly viral (Nuss et al., 1975). A number of susceptible
cell lines show membrane leakiness after viral infecfion.

These include mouse cells infected with EMC virus (Farnham &
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Epstein 1965), HeLa cells infected with poliovirus (Carrascé &
Smith, 1976), BHK cells infected with Semliki Forest virus (SFV),
mouse cells 3T6 infected with mengovirus and CV1l cells infected
with SV-40 (Contreras & Carrasco, 1979). Based on both in
vivo and in vitro experimental findings it has been suggested
that changes in membrane permeability due to binding of a
picornavirus coat protein(s) cause changes in the intracellular
ion concentration (high Na™ ions) which favour viral mRNA
translation but inhibit host protein synthesis (Carrasco, 1977).
Changes in membrane leakinesgs with distortion of monovalent ion
gradients, loss of ATP and some other components necessary for
translation have been ohserved in EAT cells infected with

1., 1978), in BHK cells infected with

mengovirus (Egberts et
Sindbis virus (Garry et al., 1979) and in Sendai virus infected
Hela cells (Fuchs et al., 1978). But in the case of HSV-2
infected vero. cells inhibition of both host and viral protein
synthesis occurs at high salt concentrations (Fenwick & Walker
_1978). Again in PRV infected Hela cells host proteins and

late viral proteins are equally sensitive to high salt concen-

trations (Stevely & McGrath, 1978).

1.7.3. Inhibition due to changes in initiation factors.

It has been suggested that in EMC virus infected cells
direct competition between host and viral mRNA's for elF-4B is
regponsible for inhibition of host protein synthesis (Qolini
et al., 1976). In picormavirus infected cells inhibition of
host protein synthesis occurs at the level of initiation (Leib-

owitz & Penman, 1971). Using a cell free translation system



-29-

it appears that discrimination is caused by initiation factors.
But which initiation factor is the initial target of virus
infection is controversial. While inactivation of elF-/4B
has been demonstrated in poliovirus infected cells (Rose et al.,

1978; ©Padilla al., 1978) elF-2 is the target in EMC virus

et
infected cells (Kempfer et al., 1978). There are also reports
that the effects of infection could be at the level of elF-4A
(Blair et al., 1977). Again, the cap structure at the 5' end

of most eukaryotic mRNA's facilitates the initiation of translatior
(Shatkin, 1976), Poliovirus induced inhibition of translation

of capped mRNA can be reversed by a protein (mol. wt. 24,000)

found in association with elF-3 and elF-4B of rabbit reticulo-

cyte ribosomes (Rose et al,, 1978; Sonenberg et

al., 1980) and
this protein is identical to cap binding protein (CBP). CBP-is
essential for the translation of capped mRNA (Sonenberg et al.,
1980). It appears that poliovirus infection leads to the
inactivation of some crucial property of CBP, so that capped
host mRNA translation is inhibited but uncapped poliovirus mRNA
is translated (Rose et al., 1978; Sénenberg et al., 1980;
Trachsel et al,, 1980),. It is also found that in reovirus
infected mouse L cells there is cap independent translation
possibly as a result of inhibition of CBP as in poliovirus
infected HeLa cells (Skup & Millward, 1980). No information is

available on the effects of herpesvirus infection on initiation

factors.

1.7.4. Inhibition by general effects on initiation.

In HSV-1 infected cells inhibition of protein synthesis is
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accompanied'by a decrease in functional polyribosomes.

Inhibition appears to occur at the level of peptide chain
initiation (Silverstein & Engelhardt, 1979). Nonetheless, it hase
been found that host mRNA's enters polyribosomes late in infectior
even though host protein synthesis is severely curtailed (Stringer
et al., 1977). It has been claimed that some translational
control process selectively represses host protein synthesis.

If true, this could be the result of modification of the mRNA

at some initiation site, perhaps at the site for ribosomal

binding or initiation of translation, or it could be due to
binding of some virus specific proteins to mRNA reducing its
translatability. Further possibilities include destruction

of tRNA molecules or modification of the ribosomal subunits or

a combination of several of the above.  Phosphorylation of ribo-
somal subunits in vaccinia virus infected cells has been reported
(Kaerlin & Horak, 1976) though its relation to inhibition of
protein synthesis is not clear, In haem ~-depleted reticulocyte
lysate, the inhibition of protein synthesis is accompanied by
phosphorylation of ribosomal proteins (see Farrell et al., 1977).
Phosphorylation of ribosomal protein has been observed in HSV-2
infected vero cells and 1t appears that phosphorylation is not
'reéponsible for suppression of host protein synthesis (Fenwick

& Walker, 1979), Phoéphorylation of ribosomal proteins 86

and 816/S18 in PRV infected BHK-21 cells and S6 in HSV-1

infected BHK-21 cells has also been observed (I. Kennedy,

Personal Communication). Early affer infection of AGMK cells
with SV-40 there is an alteration to the ribosomes, probably

involving the induction of a new initiation factor and this
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allows regulation of the species of mRNA to be translated

(Naka jima & Oda 1975).

1.7.5. Inhibition by structural component of the virus.

Using metabolic inhibitors and also u.v. irradiated virus
it has been shown that macromolecule synthesis is not regquired
to inhibit protein synthesis in vaccinia virus infected cells
(Rosemond-Hornbeak & Moss, 1975). 1In VSV infected cells
inhibition of host RNA and protein synthesis occurs even when
highly irradiated virus 1s used (Huang & Wagner, 1965; Wagner
& Huang, 1966; Yaoi et al., 1970) and it appears that inhibition
is due to u.v. resistant component(s) of the virus. Selective
inhibition of host macromolecule synthesis occurs in cells
infected with Frog Virus 3 inactivated by heat, u.v. irradiation
and y-irradiation (Goorha & Granoff, 1976; Raghow & Granoff,
1979). There are also reports that in cells infected with VSV
(Baxt & Bablanian, 1976), Vaccinia virus (Esteban & Metz, 1973),
reovirus (Shaw & Cox, 1973) and SFV (Wengler & Wengler, 1976)
inhibition of host protein synthesis is caused by a component(s)
of the infecting virus. Intact and heat disrupted poliovirus
causes greater inhibition than an equivalent amount of virus
RNA in reticulocyte lysate and inhibition is independent of
viral protein synthesis (Racereskis et al., 1976). The formatio
of 40 S initiation complex is inhibited in cytoplasmic extracts
derived from cells infected with vaccinia wvirus in the presence
of cordycepin and also in reticulocyte lysates incubated with
purified cores (Pérson et al., 1980) indicating that inhibition

of host protein synthesis is mediated by a virion associated



-32-

component(s). Loss of ability to disaggregate polyribosomés
using u.v. irradiated HSV-1 has been reported (Sydiskis &
Roizman, 1967) and it has been suggested that this inability
could be due to the inactivation of sénsitive component(s)
required for Inhibition when a high u.v. dose is used. Ben-
Porat et al., (1971) have suggested that breakdown of host
polyribosomes in PRV infected RK cells requires the synthesis of
infected cell proteins. However, in HSV-2 infected vero cells
inhibition occurs although no virus specific proteins are
synthesized. 1In these experiments, infection of whole cells with
u.v. irradiated virus and infection of cyﬁoplasts provided the
evidence for the lack of requirement for viral protein synthesis

(Fenwick & Walker, 1978).

1.8, The Interferon system,.

Interferons are polypeptides which are mainly glycosylated
énd are secreted by the virus infected cells. The interferons
promote the establishment of an antiviral state in infected cells
(Finter, 1973). Treatment of animal cells in culture with

interferon reduces their ability to support virus multiplication.

Recent studies have shed some liéht‘on the mechanisms
involved in interferon action. Interferon induced enzymatic
activities and their role in the antiviral state have been
reviewed by Baglioni (1979). It has been found that exposure of
cells to interferon results in an increase in the activity of an
enzyme, 2', 5' oligo nucleotide polymerase (2,5 oligo A poly=-
merase) which synthesizes a series of oligo nucleotides, pppd

(2'p5‘A)Il from ATP (Kerr & Brown, 1978). This 2,5 oligo A
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polymerase activity has been studied by Baglioni et al., (19%9)
and Minks et al., (1979). Baglioni et al., (1979) have observed
a correlation between the induction of 2,5 oligo A polymerase

and the inhibition of wiral RNA synthesis in EMC virus infected
Hela cells. A similar observation has been made on VSV
replication in chick embryo cells (see Baglioni,1979). 1In
interferon treated, VSV~ and MLV (Murine Leukemia Virus) -
infected cells 2,5 oligo A pqumerase binds to the virion core.
The enzyme is inactive in the virion but following infection and
uncoating it becomes active and causes destruction of the virion
(Wwallace & Revel, 1980). Association between cellular and viral
components as a part of interferon‘induced antiviral state has
also Dbeen observed in that uncoated reoviruses isolated from
interferon treated infected cells, inspite of having ds RNA and
coat proteins, are unable to synthesize full size mRNA's (Galster

& Lengyl, 1976).

Inféction of interferon treated cells with mengovirus increase
RNase activity in a subeellular fraction known to contain viral
replicating complex (see Baglioni, 1979). It has been observed
that pppA (2'p5'A)n synthesized by 2,5 oligo A polymerase
activates an endonuclease which indiscriminately cleaves both
cellular and-ﬁiral mRNA's, free or polyribosomes bound (Clemens
& Williams 1978, Baglioni et al., 1978), But it has been
suggested that different mRNA;s may be cleaved at different rates
(Ratner et al., 1977, Epstein & Samuel, 1978). It seems
probable that this endonuclease cleaves at sbecific nucleotides

as does .a restriction endonuclease.
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Though accumulation of wviral mRNA is inhibited in
interferon treated infected cells, it iIs not yet clear whether
this inhibition is due to an impairment of transcription,
translation or cleavage of the viral transcripts. There is a
postulate that interferon treatment decreases the probability
of initiating viral mRNA transcription but premature termination
or even degradation has not been ruled out (Marcus & Sekellick,
1978). Nelson & Baglioni (1979) have demonstrated with cell
free extracts that in interferon treated cells there are enzyme
activities which can ﬂshavé" single-stranded nascent viral mRNA
from the double-~stranded core of replicative intermediate, but

t+his has not been observed in intact cells,

It has been known that both synthetic and viral ds RNA's
induce synthesis and secretion of interferon in animal cells
(see Torrence & De Clercq 1977). Farrell et al., (1977) have
found that ds RNA can inhibit initiation in reticulocyte lysates
by phosphorylation of elF-2¢ by a C vclic AMP independent kinase
which is antigenically different from the protein kinase found
after haeme depletion in reticulocyte lysates (1.6.3). This
kinase mediates its effects via phosphorylation of a 65,000 mol.
wt. ribosome associated protein (Ohtsuki et al., 1980).  But
activation of this enzyme would lead to general inhibition since
all proteins are initiated via elF-2. Probably activation of
kinase by ds RNA represents a pathway of inhibifion'df virus
replication different from that of 2',5' oligo A polymerase/ .
endonuclease (Farrell et al., 1978). If the latter enzymes
‘fail to act, the kinase may block protein synthesis before
structural proteins are produced in sufficient amounts for virus

assembly.
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A further suggestion has been made that discrimination
between host and viral specific protein synthesis in interferon
treated infected cells could be due to tailoring of tRNA's for
host mRNA (Falcoff et al., 1976; Zilberstein et al., 1976).
This sequestering of tRNA could limit its availability for

certain mRNA's,

1.9. Aim of the Project

Pseudorabies virus (PRV) ‘Pig Herpesvirus 1 causes
inhibition of host protein synthesis after infection. Compared
to other herpesviruses there is 1little published work on the
mechanisms behind the aspect of.PRV infection., In this project
a number of aspects of protein synthesis in PRV infected cells
were studied in an attempt to explain the mechanism by which
the virus inhibits protein synthesis. These aspects are as

follows

A. Though PRV is known to have a wide cell culture host range,
it was decided to investigate whether the virus caused a
gimilar Iinhibition of protein synthesis in three different

~cell lines - Hela, (€13 and BS-C-1,

B. Hypertonic conditions of the medium do not offer any selective

advantage to the synthesis of either HSV-2 specific proteins

(Fenwick & Walker, 1978) or PRV specific proteins at times

late in infection (Stevely & McGrath, 1978). Again in vitro
translation studies do not show any selective advantage of late

PRV mRNA translation at elevated k' concentrations (McGrath
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& Stevely, 1980). 1In the case of these viruses inhibifion
of protein synthesis occurs early after infection. So
studies were carried out to investigate whether Immediate-
early mRNA =% have any selective advantage in hyper-

tonic conditions, both in vivo and ‘in vitro.

There are reports that some viruses including HSV-2 cause

inhibition of host protein syntheéis by some component(s)

‘of the infecting virus particles, that is without the

synthesis of any mew virus protein (1.7.5). Here three
different types of experiments were carried out to study the

effects of PRV particles on host protein synthesis.

(a) U.V. and heat inactivated viruses were used to
study their inhibitory effects on RNA énd protein
synthesis,

(b) Host polyribosome disaggregation was studied in cells
'infected in the presence of inhibitors of protein
synthesis as well as in cells infected with inactivated
PRV,

(e) Parﬁicle effects were also studied by adding normal
as -well as inactivated PRV to cell-free translation

systems.

Host mRNA degradation has been reported in Friend erythro-
leukemia cells infected with HSV-1 (1.7.1). Investigations
were carried out to study mRNase activity in PRV infected

Hel.a cells.
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Chapter 2. Isolation and Characterisation of

Poly(A) containing RNA,

2.1. Introduction

In growing cells the active mRNA's are bound to the poly-
ribosomes and so the isolation of polyribosomes provides a
convenient source of translateable mRNA'fgs. In herpes-virus
infected cells, at times late in infection polyribosomal RNA's

are mainly viral (Stringer et al., 1977). Early after infection

Immediate-early (IE) mRNA's are found in the infected cells. Under
normal circumstances the concentration of IE mRNA 1s very small.
But if protein synthesis is inhibited in the infected cells during
infection, IE mRNA accumulates in a greater abundance and becomes
bound to polyribosomes when the inhlibitor of protein biosynthesis
is removed (Rakusanova et al., 1971), So the isolation of poly-
ribosomal RNA from Hela cells infected for 5 hrs in the presence
and in the absence of Cycloheximide makes it possible to isolate bot
IE and late viral mRNA's, Since cytoplasmic host and viral mRNA's
are polyadenylated at the 3' end (Rakusanova et al., 1952; Bachen-
‘heimer & Roizman, 1972; Brawerman, 1976), isolation of poly(A)

containing RNA from infected and mock~infected cells allows

isolation of viral and host mRNA's respectively.

2.2. Isoclation of polyribosomes.

Polyribosomes were isolated from HeLa cells, mock~infected or
infected with PRV in the presence or in.the absence of cycloheximide
as described in Materials and Methods. The use of heparin during
the preparation inhibited RNase activities, giving a better yield.

However, given the variation im cell growth which does occur from

time to time, the yield varied from 40-60 A i
s 4 260nm units per 1000 x

6
10 cells,
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The typical profiles of mock-infected and infected cell.

polyribosomes on sucrose gradients are shown in Fig. 2.2.1.

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

2.3.1. Extraction of polyribosomal RNA.

The polyribosomal fractions from sucrose gradients were
collected and the polyribosomes were pelleted by high speed
centrifugation. The RNA was extracted from the pellets by phenol:
chloroform:isoamylalcohol, using a pH 9.0 extraction buffer, as
described in Materials and Methods. From the polyribosomal RNA,
poly(A) containing RNA was separated by affinity chromatégraphy

on oligo [dT] cellulose columns.

2.3.2. Affinity Chromatography.

Poly(A) containing RNA's can be isolated by virtue of their
affinity for oligo—f&ﬂ- cellulose (Aviv & Leder, 1972; Edmonds &
Carémela, 1969) or poly(U)-sepharose (Adesnik et al., 1972;

Lindberg & Persson, 1972). Though a greater and purer yield of
poly(A) containing RNA is obtained with poly(U)-sepharose chromat-
ography (Bishop et al., 1974; Vass, 1975) the presence of farmamide
and SDS in the elution buffer makes this tecﬁnique less attractive.
These denaturing agents are very difficult to remove from the final
preparation without losing mRNA, whose concentration is already
very small and moreover, any trace amount of these agents inhibits
in vitro translation studies. Thus the oligo-[dﬁ} cellulose
chromatographic technique was used to isolate poly(A) containing RNZ

After dissolving the polyribosomal RNA in loading buffer the
poly(A) containing RNA was bound to oligo [dT] cellulose by pass-

ing the preparation through a preeguilibrated column,'as described



Fig. 2.2.1. Polyribosome profiles in mock-infected and PRV

infected Hela cells.

Confluent monolayers of HeLa cells were mock-infected or
infected with PRV at 50 p.f.u./cell in the presence and in the
absence of Cycloheximide (5qug/ml). At 5 hrs post infection
Cycloheximide treated cells were washed to remove Cycloheximide.
After 15 min incubation in normal medium, cells were harvested,
homogenized and the cytoplasmic extracts were layered on
15 ~30% (w/v) sucrose gradients in RSB. The gradients were
centrifugedgat 27,000 r.p.m. for 110 min in AOC in the Beckman
SW27 rotor and analysed, thereafter, using a Gilford 2000

recording spectrophotometer which monitored absorbance at 260nm.

Mock-infected cell polyribosomes,
---------------- Immediate~early polyribosomes (PRV infected)

xexxxxxxxxexsxrrr Late polyribosomes (PRV infectved) .
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in Materials and Methods. Loosely bound RNA's, mostly non-
poly(A) containing ribosomal RNA's, were washed off by
intermediate buffer. Bound poly(A) containing RNA was eluted
by elution buffer of low ioniec strength. Reprecipitation with
ethanol removed traces of SDS present in the preparation.

The mRNA activity of the prepearation was studied by translation

in the MDL system (see Chapter 3).

2.4. RNA-DNA hybridisation.

Poly(A) containing RNA was hybridized to PRV DNA bound to
nitrocellulose filter discs to determine the presence of virus
specified RNA, Hela cells, mock-infected or infected with PRV

32

to preparé IE mRNA, were labelled with inorganic P-phosphate
(5mCi/burler) in phosphate free medium for 3 hrs, Two burlers
of mock~-infected and infected cells were labelled and three
burlers of unlabelled cells of each type were added. This

treatment allowed the i1solation of a reasonable amount of

labelled poly(A) containing RNA.

Poly(A) containing RNA was dissolved in 0.1 x SSC and
aliquots were hybridized to PRV DNA Dbound to nitro-cellulose
filter discs, as described in Materials and Methods. The data
(Table 2.4.1) shows the presence of virus specified transcripts

in the Immediate-early mRNA preparation.

2.5. Discussion.

Extraction of polyribosomal RNA from virus infected cells
and isolation of poly(A) cohtaining RNA allows a convenlent

method of obtaining viral mRNA's, 1In PRV infected cells, at



.

Table 2.4.1.

Hybridisation of poly(A) containing RNA from

mock-infected and PRV infected (IE) cells to

PRV DNA bound to nitrocellulose filters,

Poly(A) containing Input Bound %
RNA ue cpm cpm Bound

Mock-~infected

HeLa 0.5 13,000 140 1.07
IE RNA , 0.5 4,000 260 6.5
IE RNA 1.0 8,000 540 6.75

Each of the filter discs contained 5uyg PRV DNA.
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times late in infection, the polyribosomal poly(A) containiﬁg
RNA's are mostly viral. 1In this laboratory it has been shown
by McGrath (1978) that at 5 hrs post~-infection at least 50%

of the transcripts present in the infected cell polysomes are
viral. For the IE preparations made, the proportion of viral
transcripts is at least 5%. Since the hybridisation does not

reach the saturation 1limit, the proportion of the virus genome

represented in the transcripts cannot be estimated. The prepar-

ation of IE mRNA clearly contains a large number of host mRNA's

(see also in vitro translation studies, Chapter 3).

Hybridisation in the presence of increasing amount of viral DNA
allows determination of the amount of viral RNA present. In the
present case the data donot give such a clear idea but the
presence of some viral RNA in the preparation is evident.



..43..

Chapter 3. Translation of mRNA in the Messénger

Dependent Lysate (MDL) System,

3.1, Introduction

In general it has been found that mENA from one cell type
can be translated in cell extracts or intact cells of a different
type without a requirement for specific factors or components.
Numerous eukaryotic cell-free systems efficiently and faithfully
translate exogenous mRNA's, Cell-free translation systems
have been reported from Krebs II ascite cells (Kerr et al., 1972;
Swan et al., 19725, rat and mouse liver cells (Sampson &
Borghetti 1972; Sampson et al., 1972), HeLa cells (McDowell et al.,
1972), reticulocytes (Berns et al., 1972; Pelham & Jackson 1976),
wheat germ (Roberts & Paterson, 1973; Zagorski, 1978) and rye
embryo cells (Carlier & Peumans, 1976). Some of these sysiems
have a high concentration of endogenous mRNA's and added mRNA can
only be transiated to the extent that it can compéte with these
endogenous mRNA's. Rabbit reticulocyte lysates provide a complete
eukaryotic cell-free system which can repfoducibly and faithfully
translate a wide range of exogenous mRNA (Pelham & Jackson, 1976)
and pretreatment with microcaccal nuclease makes the preparation
low in endogenous mRNA. Compared with the wheat germ extract
system which produces a high proportion of incomplete translation
products, this unfractionated messenger dependent. lysate (MDL)
system is capable of synthesizing proteins of vefy high molecular
weight (Benoff & Nadal-Ginard, 1979; Pelham, 1979). At the
same time it is easier and more convenient to prepare the MDL

system than most others which have been described. Therefore,
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this system was the one mainly used to study the cell free

translation of PRV infected cell mRNA's,

3.2. mRNA activity of viral and host mRNA's

An mRNA is an RNA specieg which can serve as a template for
protein synthesis. In an efficient translation system it has the
ability to stimulate incorporation of radicactive amino acids into

TCA precipitable material,

Poly(A) containing RNA, isolated from mock-infected and
PRV infected cells, was translated in the MDL system. The
translation system contained all the components described in
Materials and Methods. The K' concentration was kept at 110mM
and Mg'' concentration at 2.2mM. Incubation was at 30°C for
60 min (any changes from this standard conditlion are noted in
the figure legends) after which the reaction was stopped and the
TCA precipitable material was counted to determine the radioactiv-
ity incorporated. The poly(A) containing mRNA's showed
significant mRNA activity in stimulating radiocactive aminvacid
incorporation into TCA precipitable material, Table 3.2.1

gives the results obtained for two different MDL preparations,.

Incorporation of TCA precipitable radiocactivity was studied
as a.function of time. After incuﬁation at BOOC, the reaction
was stopped a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>