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Summary

SUMMARY.

After primary infection, herpes simplex virus type 1 (HSV-1) remains latent in
neurons of the host. To facilitate studies on HSV-1 latency, models of latency have been
developed in tissue culture.

The HSV-1 protein Vmwe65 is an essential structural component of the virus
tegument. Following fusion of the virus envelope with the cell membrane Vmwe65 is
released into the cell and forms a complex with cellular factors which bind to
TAATGARAT (where R is a purine) elements upstream of the viral immediate early (IE)
genes. Once the complex has bound to DNA, the acidic carboxy-terminal domain of
Vmwe6S5 stimulates transcription by recruiting components of the RNA polymerase 1I
transcription initiation complex to the promoter.

The mutant in1814 has a 4 amino acid insertion in Vmw65 which disrupts its ability
to form the transactivation complex, as a consequence levels of IE transcription are
reduced. During infection of cells with in1814 at low multiplicity of infection (MOI), only
a minor proportion of infecting viruses undergo replication, whereas the majority of viral
genomes enter a quiescent state. These quiescent genomes can be reactivated by
expression within the cell of the HSV-1 encoded protein Vmw 110 and probably by other
herpesvirus proteins functionally equivalent to Vmw110. At high MOI in1814 replicates
as efficiently as wild type virus.

To perform structural and functional studies on the quiescent in1814 genomes, it is
necessary to permit infection of cultured cells at high MOL An in vitro latency system has
been developed by D.R.S. Jamieson and C.M. Preston using two modifications which
further reduce the expression of viral IE proteins, thereby enabling infection of human
foetal lung (HFL) cells with in1814 at high MOI without extensive cell destruction.
Firstly, the regulatory region controlling transcription of the gene encoding the IE protein
Vmw110 has been replaced by the Moloney murine leukaemia virus (MMLYV) enhancer.
Since the MMLYV enhancer is a relatively inefficient promoter in HFL cells the resulting
mutant, named in1820, exhibits a phenotype equivalent to that of a Vmw110 deletion
mutant of in1814 when titrated on HFL cells. Another modification is pretreatment of the
cells with human interferon o (IFNa). Treatment of cells with [FNa results in an
antiviral state against HSV-1 which has been attributed to reduced viral IE gene

expression.
Previous studies demonstrated that infection of IFNa—treated HFL cells with

in1820 at high MOI results in high efficiency retention of viral genomes in a
transcriptionally repressed state. The purpose of the study reported here was to extend
previous analysis by D.R.S. Jamieson on the structure of the in1820 genome during
latency in vitro, and to characterise early events in the establishment of latency.
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Initial experiments confirmed previous data showing that the in1820 genome is
nonlinear in the in vitro latency system, as was reported to occur in neurons in vivo.
Quantification of Southern blots revealed that after an initial input MOI of 120 particles of
in1820 per cell, approximately 84% of the total nuclear viral DNA was nonlinear and that
on average each cell retained approximately 12 viral genomes.

Upon reactivation of latent in1820 by superinfection of latently infected HFL cells
in the presence of an inhibitor of DNA replication, the reactivated genomes remained
nonlinear, demonstrating that a change from a nonlinear to a linear form is not a
requirement for reactivation. The configuration of the linear genomes also remained
unchanged upon reactivation.

During in vitro latency, the nonlinear viral genomes were more sensitive to
nucleases than the linear genomes. Linearity and resistance to nucleases is indicative of
genomes which are not uncoated and are thus unable to circularise. Comparison of rates
of uncoating after infection of BHK, HeLa, CV-1 and HFL cells revealed that uncoating
appeared significantly slower in HFL cells than in the other cell types tested.

Latent HSV-1 DNA in the brainstems of mice is associated with nucleosomes in a
chromatin structure. Previous studies examining the structure of in1820 in the in vitro
latency system showed that the thymidine kinase (TK) gene is not bound by nucleosomes
with regular spacing. The study reported here also showed the absence of a regular
chromatin structure on the TK gene and furthermore that the nature of the inhibitor of
DNA replication used to prevent the spread of nonlatent virus was not a significant
variable. Fascinatingly, the LAT / Vmwl110 encoding region, the only region
transcriptionally active during latency in vivo, was in a regular chromatin structure in the
in vitro latency system. However, when the LAT / Vmw110 encoding region and the TK
gene were examined in a parallel experiment, both regions exhibited a possible regular
nucleosomal structure suggesting that a regular nucleosomal structure exists on the entire
genome and is not confined to the LAT / Vmw110 region. Thus the previous inability to
detect chromatin on the TK gene may have been caused by differences in the arrangement
of nucleosome between experiments or experimental differences in the ability to detect

nucleosome-associated DNA.

Infection of HFL cells with light particles (L-particles) or virions of in1814 which
have been inactivated by irradiation with ultraviolet (UV) light, made the cells less
permissive for plaque initiation upon subsequent infection with in1853 (in1853 is in1814
with the Escherichia coli lac Z marker gene recombined into the TK locus).

Infection of HFL cells with UV-irradiated in1814 L-particles had no detectable
effect on adsorption, penetration and uncoating of in1853, indicating an inhibition of viral
gene expression similar to that caused by the action of IFNa. However, the release of a
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soluble factor into the culture medium by HFL cells infected with UV irradiated viral
particles could not be detected.

Northern blot analysis showed reduced levels of viral IE mRNAs after infection of
HFL cells previously infected with UV irradiated in1814 L-particles. The reduction in
levels of the viral IE mRNAs did not require protein synthesis, implying that UV
irradiated particles were activating previously existing factors rather than inducing
transcription of cell genes. In addition, it was demonstrated that the virion-host shutoff
factor present in the UV inactivated viral particles was not responsible for their inhibitory

effect on plaque initiation.

The ability of in1814 to establish latency in vitro with high efficiency is reflected in
its high particle / PFU ratio. The particle / PFU ratio of in1814 varies between cell types
and is particularly high in HFL cells. An investigation was undertaken to determine
whether slow uncoating was the cause of the high particle / PFU ratio observed in HFL
cells and hence an important property in the establishment of in vitro latency. Slow
uncoating of the virus might give more time for components of the virion to modify the
cellular environment before release of the viral DNA into the cell nucleus. During natural
HSV-1 infection in vivo virus particles fuse with nerve endings at the periphery and the
nucleocapsids travel along the nerve axon to release the viral genomes into the cell
nucleus. The relatively long distance between the peripheral nerve ending and the
neuronal cell body causes a delay between infection at the cell surface and release of the
viral DNA into the nucleus. The inhibition of in1853 plaque initiation in HFL cells
previously infected with UV inactivated in1814 may be interpreted as supporting the
hypothesis that viral proteins modify the cell, predisposing the cell to being latently
infected.

In order to control uncoating of in1814, a temperature sensitive uncoating defect
was cloned from the HSV-1 mutant #51213 and recombined into the in1814 genome,
yielding a virus named in1815 which did not release viral DNA into the nuclei of cells
infected at 39.5°. Uncoating of in1815 was controlled by temperature shift.

One important characteristic of latency of in1814 in HFL cells is unresponsiveness
of the viral genome to activators of transcription such as N,N'-hexamethylene-bis-
acetamide (HMBA). HMBA overcomes the defect in in1814 based viruses if applied early
in infection. However, during the first 7 hours of infection the virus gradually enters a
latent state which is unresponsive to HMBA.

Infecting HFL cells with in1814 or in1815 and maintaining at 39.5° for 7 hours,
followed by the addition of HMBA and downshift to 31°, showed that unlike in1814,
in1815 did not become unresponsive to HMBA at 39.5°. The rate of silencing of the
in1815 genome after downshift to 31° was not greater after 7 hours at 39.5° than after 1
hour at 39.5°, indicating that the factors responsible for silencing the viral genome did not
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accumnulate to higher levels at 39.5°. No evidence was found to suggest that slow

uncoating causes increased efficiency of establishment of latency.
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2,5-A
<

o
ACG
ADP
AIDS
AMP
ANS
Ara-C

BHK

BSA
BVDU

CAT
cdk
cDNA
CDTA
CH

CMC
CNS
CPE
DEP

dl
DMSO
DNA
DNase
dNTP
DR
dsDNA
dsRNA

ABBREVIATIONS.

FULL NAME.

2'-5'-oligoadenylates

less than

alpha

acycloguanosine
adenosine-5'-diphosphate

acquired immunodeficiency syndrome
adenosine-5'-monophosphate
autonomic nervous system
arabinofuranosyl cytosine

beta

baby hamster kidney
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bovine serum albumin
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cyclic adenosine-5'-monophosphate
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Abbreviations
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carboxymethyl cellulose

central nervous system

cytopathic effect

diethyl pyrocarbonate

deletion mutant

dimethyl sulphoxide
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deoxyribonuclease
2'-deoxynucleoside-5'-triphosphate
direct repeat

double-stranded deoxyribonucleic acid
double-stranded ribonucleic acid
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dTTP 2'-deoxythymidine-5'-triphosphate
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dUTP 2'-deoxyuridine-5'-triphosphate
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EDTA sodium ethylenediamine tetra-acetic acid
eg. | example
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HCMV human cytomegalovirus
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IRF interferon regulated factor

IR internal repeat of the long region
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microlitre(s)
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minor hybridising latency-associated transcript
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multiplicity of infection
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messenger ribonucleic acid
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nerve growth factor
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non-permissive temperature
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TF

TK
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phosphonoacetic acid
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signal transducers and activators of transcription
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1. INTRODUCTION.

1.1. THE HERPESVIRUSES.

1.1.1. Characteristics of the herpesviruses.

The herpesviruses produce a variety of diseases in humans and are widespread in
other vertebrates (Minson, 1989). However, each herpesvirus is usually limited to a
single host species in nature. They are united by their structural architecture and mode of
replication. Structurally, a herpesvirus virion is 120-300 nm in diameter and consists of a
single dsSDNA genome ranging from 125-240 kbp in size surrounded by an icosahedral
nucleocapsid. The entire virion is surrounded by a lipid envelope and between the
envelope and the capsid exists amorphous material which constitutes the tegument (figure
1.3.).

The mode of replication of the herpesviruses exhibits several unifying
characteristics: 1) viral DNA synthesis and nucleocapsid assembly occur in the nucleus of
the infected cell. 2) Enzymes for viral nucleic acid metabolism are encoded by the virus.
3) Lytic infection results in the death of the cell. 3) Latent infections can be established.

The genes encoded by the herpesviruses include about 40 ‘core’ genes which show
amino acid sequence homology between all of the herpesviruses and are believed to result
from a common evolutionary progenitor (table 1.1.; Figure 1.4.; Davison, 1993). The
core genes encode the structural proteins and proteins involved in virion morphogenesis,
nucleotide metabolism and DNA packaging. Presumably it is the remaining genes which
result in the individual characteristics of each virus.

The herpesviruses have been divided into three subfamilies, alpha, beta and gamma,
depending mainly upon their biological characteristics (Minson, 1989).

Alphaherpesviruses are distinguished by their ability to infect a wide range of tissue
culture cells in vitro, their rapid growth cycle, and their ability to establish latency in
nervous tissues. Humans are natural hosts for 3 alphaherpesviruses: herpes simplex virus
types 1 and 2 (HSV-1 and HSV-2) and varicella-zoster virus (VZV).

The betaherpesviruses grow less rapidly in tissue culture and in vivo and are limited
by the cell types which they are capable of infecting. The betaherpesviruses known to
naturally infect humans are human cytomegalovirus (HCMYV), and human herpesviruses 6
and 7 (HHV-6 and HHV-7). The cytomegaloviruses gain their name from the
characteristic cytopathic effect (CPE) which they induce, since infected cells become
extremely large and round. The sites at which the betaherpesviruses establish latency has
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been difficult to identify, however the observation that HCMYV is transmitted by blood
products suggests that latency may occur in a circulatory cell type. Latency of HCMV has
been observed in cultured granulocyte-macrophage progenitor cells (Kondo et al., 1994),
and in addition, the major population of virally infected cells in the blood of mice infected
with murine cytomegalovirus are mononuclear phagocytes (Stoddart et al., 1994), thus
macrophages and their progenitor cells have been implicated as sites of betaherpesvirus
latency (Sinclair and Sissons, 1994).

Gammaherpesviruses are distinguished by their ability to replicate and establish
latency in lymphoid cells. The gammaherpesviruses infecting humans are Epstein-Barr
virus (EBV) and possibly human herpesvirus 8 (HHV-8).

1.1.2. The role of herpesviruses in human disease.

HSYV.

Initial infection with HSV occurs via the mucous membranes of the mouth, genitals,
throat or eyes (Minson, 1989; Ginsberg, 1990). Replication ensues at the site of entry and
virus spreads to the local lymph nodes. Replication is usually localised to the site of
infection, however viraemia occurs occasionally, resulting in replication in distant organs.
Infection usually occurs during the first 6-18 months of life and is most often inapparent,
however 10-15% of those infected develop herpetic gingivostomatitis (vesicles on the oral
mucous membranes or mucocutaneous border).

During the primary infection, virus is taken up by nerve endings and travels to the
nerve cell bodies in the sensory ganglia (predominantly the trigeminal ganglia in oral
gingivostomatitis), where it establishes a latent infection for the lifetime of the host despite
the presence of circulating anti-HSV antibodies. Reactivation can be triggered later in life
by a variety of stimuli including trauma, hormonal changes or illness, thereby resulting in
viral replication at the site of the primary infection.

Two serotypes of HSV exist: HSV-1 is primarily associated with oral infections
while HSV-2 is predominantly associated with genital infections. However, both
serotypes are capable of replication and latency at either anatomical location but recurrent
reactivation of HSV-1 is favoured in the trigeminal ganglia and HSV-2 reactivation is
favoured in the spinal ganglia innervating the genitals, thus the two HSV serotypes appear
to have evolved to optimise their spread at separate anatomical sites.

Complication with HSV infections include fatal encephalitis in neonates and
immuno-compromised patients, and blindness resulting from primary infection in the eye.
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Yzv.

The primary disease caused by VZV is called chickenpox or varicella. Virus enters
by the respiratory tract and replicates in the local lymph nodes (Minson, 1989; Ginsberg,
1990). Viraemia results, and after an incubation period of 14-15 days a fever ensues and
vesicles appear on the skin. The primary disease can be particularly severe in adults,
however infection is so common that most people are infected before the age of 20.

During primary infection, VZV establishes latency in sensory ganglia of the spinal
or cranial nerves where it persists for the lifetime of the host in the presence of
neutralising antibodies. As with HSV, trauma and immune suppression can trigger
reactivation. Reactivation leads to shingles (also called herpes-zoster), which is
manifested as vesicles and severe pain at the distribution of the infected nerve.

HCMV.

HCMY is the most common cause of severe intra-uterine infections (Pass, 1985;
Minson, 1989; Ginsberg, 1990; Borucki and Pollard, 1994). Although 0.5-2.4% of
newborn babies are infected with HCMYV (in the USA), clinical symptoms only occurs in
approximately 5-10% of those infected. Severity of clinically apparent HCMYV infections
vary from mild to severe, however approximately one third suffer permanent neurological
damage.

It is common for asymtomatic adults to secrete virus, thus HCMYV establishes latent
infections. There is mounting evidence that macrophage progenitor cells and macrophages
are the sites of HCMYV latency (Sinclair and Sissons, 1994).

EBV.

Infection with EBV occurs via the oral route, after which it replicates in the
epithelium of the mouth and salivary gland ducts (Rickinson et al., 1985; Minson, 1989;
Ginsberg, 1990). It is believed that EBV infects B-lymphocytes associated with the
oropharangeal epithelial tissues and that the infected B-lymphocytes circulate around the
body and provide a source of latent infection.

Infection usually occurs within the first five years of life and produces subclinical
disease, however increased hygiene in recent years has caused infection of a greater
proportion of the population to be delayed until adolescence. When EBV infection occurs
at ages above 15 years, approximately 50% of patients exhibit the clinical manifestations
of the disease known as infectious mononucleosis (IM) or glandular fever. Symptoms of
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IM include enlarged lymph nodes and spleen, abnormal lymphocytes in the blood and
fatigue which can last for months. IM patients secrete EBV for weeks after the primary
infection.

EBV can immortalise B-lymphocytes in vitro, and in addition EBV-infected
immortalised B-lymphocytes can be isolated from the blood of EBV-infected individuals,
thus the B-lymphocyte is a major site of EBV latency. EBV sequences are commonly
found in at least 2 types of tumours, Burkitt’s lymphoma and nasopharangeal carcinoma,
thus the immortalisation functions of EBV can facilitate the development of certain

tumours.

HHV-6 and HHV-7.

HHV-6 was first isolated from the blood of patients with lymphoproliferative
disorders or AIDS (Salahuddin et al., 1986). Up to 90% of the population are
asymptomatically infected with HHV-6, however infection in infants sometimes causes a
mild skin rash termed exanthum subitum (Yamanishi et al., 1988; Okuna et al., 1989),
and acute febrile illness in young children (Pruksananonda et al., 1992; Hall et al., 1994).
HHV-6 can replicate in CD4* T-lymphocytes, and there is evidence that the monocyte is a
site of latency. Despite its lymphotropism HHV-6 has been classified as a
betaherpesvirus, since it shares amino acid sequence similarities and overall gene
organisation with HCMYV, and infects a wide range of cell types other than lymphocytes
(Lawrence et al., 1990; Neipel et al., 1991; Nicholas and Martin, 1994).

HHV-7 shares a number of common features with HHV-6, including replication in
T-lymphocytes (Frenkel et al., 1990; Berneman et al., 1992; Lusso et al., 1994), a similar
genome organisation (Lindquester and Pellett, 1991; Gompels et al., 1995; Secchiero et
al., 1995) and 50-60% nucleotide identity in the genomic regions which have been
examined (Berneman et al., 1992). HHV-7 has also been isolated from the blood and
saliva of immunosuppressed and healthy subjects (Frenkel et al., 1990; Wyatt and
Frenkel, 1992). Although the association of HHV-7 with any disease has yet to be
resolved, there is evidence that HHV-7 may be associated with some cases of exanthum
subitum (Portolani et al., 1995).

HHV-8.
Recent attempts to identify infectious agents associated with the Kaposi’s sarcoma

(KS) lesions suffered by AIDS patients have demonstrated the existence of unique viral
DNA sequences with close homology to regions of the EBV genome (Memar et al.,
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1995). Sequences of the new herpesvirus, termed HHV-8, are present in all AIDS-related
and sporadic forms of KS and have been demonstrated in peripheral blood mononuclear
cells of KS* patients, thus the presence of HHV-8 DNA appears essential for the
aetiology of KS. HHV-8 has yet to be isolated or demonstrated to have immortalising or
transforming ability.

1.1.3. Human herpesvirus genomes.

Herpesviruses possess large single dsSDNA genomes which vary in size, G+C
content and in the arrangment of their major repeat regions (figure 1.1.; McGeoch, 1989).

The genome of HSV-1 is approximately 152 kbp, with a G+C content of 68.3%
(McGeoch et al., 1985, 1986, 1988a; Perry and McGeoch, 1988). It consists of 2
covalently joined segments termed the long (L) and short (S) regions, representing 82%
and 18% of the genome respectively. Both the L and S regions are divided into a unique
region (Ur, or Ug) flanked by repeats in opposite orientation to each other. The internal
repeat in the L region is termed IRy and the terminal repeat is termed TRy, likewise the
internal and terminal repeats of the S region are termed IRs and TRg respectively. At each
of the termini there is an approximately 250-350 bp direct repeat termed the a sequence,
which is present in variable numbers at the L-terminus and one copy at the S-terminus
(Wilkie, 1976; Wagner and Summers, 1978; Roizman, 1979; Davison and Wilkie, 1981).
There is also at least one copy of the a sequence in the joint between the L and S regions
which is in opposite orientation to that of the terminal a sequences. Both of the genomic
termini possess an overhanging residue leaving a 3' hydroxyl group free (Mocarski and
Roizman, 1982).

The L and S regions can invert relative to each other so that virion DNA consists of
equimolar proportions of 4 isomers (figure 1.2.; Hayward et al., 1975; Morse et al.,
1977; Roizman, 1979), one of which has been assigned as the prototype to facilitate
mapping (Roizman, 1979; McGeoch et al., 1988a). Since the genes in the repeat regions
are diploid, the internal inverted repeats can be deleted and the virus remains viable in
tissue culture, however the resulting deletion mutants produce progeny whose L and S
segments cannot invert relative to each other (Poffenberger et al., 1983; Poffenberger and
Roizman, 1985; Jenkins and Roizman, 1986). Deletion mutants have been constructed
which are fixed in one of all the 4 isomeric forms. Recombination between the a
sequences is the mechanism which generates the 4 isomers (Mocarski and Roizman,
1982; Chou and Roizman, 1985).

Since a small proportion of virion DNA is circular and circularisation of linear viral
genomes occurs rapidly after entry into the nucleus, it is likely that the termini of the
genome are in close proximity or possibly held together in the virion (Poffenberger and



Figure 1.1. Sizes and structures of human herpesvirus genomes. Repeat regions are
represented by open rectangles- with the orientation of the repeats indicated by arrows.
Unique regions are represented by horizontal lines.

Abbreviations are as follows :

UL unique long.

Us unique short.

T/ARL terminal / internal long repeat.
T/ARs terminal / internal short repeat.
DL direct repeat left.

Dr direct repeat right.

MIR major internal repeat.

Adapted from Anderson (1991).
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Figure 1.2. Gross structure of the HSV genome showing a sequences and possible
isomeric forms. (A) The HSV genome displaying the positions and orientations of the
repeated sequences. b’ and ¢’ are identical to b and c, but in inverse orientation. @’ and a
are repeat elements in inverse orientation and variable in copy number. There are 1-5 a
sequences at the L-terminus and the joint between the L and S segments, whereas there

is only 1 a sequence at the S-terminus. (B) The 4 possible isomeric forms resulting from

different orientations of the Up, and Ug regions. The larger arrows represent the
orientations of the UL segments and the smaller arrows represent the orientations of the

Us segments.
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Roizman, 1985; Roizman and Sears, 1993). Virion DNA is also reported to contain nicks
and gaps (Frenkel and Roizman, 1972; Wilkie, 1973).

The genomes of HSV-1 and HSV-2 are closely related and colinear. Coding
sequences of HSV-1 and HSV-2 show 70-80% similarity (McGeoch et al., 1987),
whereas the noncoding regions are more greatly diverged (Davison and Wilkie, 1981;
Whitton and Clements, 1984; McGeoch et al., 1991). HSV-2 also contains a slightly
higher G+C content, 69%, compared to 68.3% in HSV-1 (McGeoch et al., 1988a). A
major difference between the 2 viruses has been noted in their Us4 genes, which encodes
gG (McGeoch et al., 1987). The HSV-2 Ug4 is 1460 bp larger than its HSV-1
counterpart, encoding 2 additional domains in the gG protein.

The VZV genome is approximately 125 kbp with a G+C content of 46.0% (Davison
and Scott, 1986). The gross VZV genome structure is similar to that of HSV only the
inverted repeats flanking the Ur segment are only 88 bp compared to the 9.2 kbp repeats
of HSV, in addition the VZV genome is not terminally redundant (Davison, 1984). As
with HSV, both termini end in a 1 nt 3' overhang. Four isomers of the VZV genome
exist, however, approximately 95% of virion genomes contain 1 orientation of Uf..

The genome of EBV strain B95-8 is approximately 172 bp with a G+C content of
59.5%, however these values are not accurate since strain B95-8 has acquired a
spontaneous deletion. Taking the deletion into account the size is likely to be around 186
kbp (Raab-Traub et al., 1980; Baer et al., 1984; Laux et al., 1985). The genomic termini
consist of several directly repeated copies of a 540 bp sequence. Several repeat elements
are located internally in the EBV genome, these include Dy, and DR which are 1 kbp direct
repeats at the extremities of the Uy, segment, and the major internal repeat (MIR), which is
a tandemly reiterated 3072 bp sequence separating the Ur and Ug segments.

The HCMYV genome has a very similar structure to the HSV genome but is much
larger, with a size of 230 kbp and G+C content of 56% (Weststrate et al., 1983; Chee et
al., 1990). Four isomers of HCMYV are possible, and the genome contains an element
equivalent to the a sequence (Spaete and Mocarski, 1985).

The HHV-6 genome is 159 kbp with a G+C content of 43% (Gompels et al.,
1995). The HHV-6 genome consists of a 143 kbp unique segment flanked by 8 kbp direct
repeats. The terminal direct repeats are themselves flanked by 350 bp elements with
similar structure to human telomeres. The HHV-7 genome has a very similar structure to
the genome of HHV-6, with 50-60% sequence identity (Berneman et al., 1992; Secchiero
et al., 1995).
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1.1.4. The HSV-1 a sequence.

The HSV-1 a sequence is highly conserved but contains variable numbers of repeat
elements. The a sequence is tandemly reiterated 1-5 times at the L-terminus, but only one
copy exists at the S-terminus (Wilkie, 1976; Wagner and Summers, 1978). The HSV-1
strain F a sequence has been analysed in some detail, and consists of the following
elements: a 20 bp direct repeat (DR1), a 65 bp unique sequence (Up), 19-23 copies of a
12 bp direct repeat (DR2), 2-3 copies of a 37 bp direct repeat, and a 58 bp unique
sequence (Uc) followed by another DR1 (Mocarski and Roizman, 1981). The a sequence

can therefore be represented as:
DR1-Up-DR2p-DR41y—Uc-DR1

Adjacent a sequences share the intervening DR1 (Mocarski and Roizman, 1981).
The size of the a sequence varies from strain to strain and is partly determined by the
numbers of copies of DR2 and DR4. Since the terminal a sequence of the L component
contains a truncated DR1 consisting of 18 bp and a one nucleotide 3' overhang, whereas
the a sequence of the S-terminus ends with a DR1 consisting of only 1 bp and one 3'
overhang, a complete DR1 is formed upon circularisation (Mocarski and Roizman, 1982).
The a sequence contains cis-acting signals for circularisation, cleavage of concatemers
into single unit length molecules, and encapsidation (Mocarski and Roizman, 1982;
Vlazny et al., 1982; Varmuza and Smiley, 1985). In addition, it contains the promoter for
ICP34.5 (Chou and Roizman, 1986).

1.1.5. HSV virion structure.

The HSV virion is approximately 120-300 nm in diameter and consists of 3 distinct
structures, namely capsid, tegument and envelope (figure 1.3.; Rixon, 1993; Beers et al.,
1994). The capsid is an icosahedral structure in the centre of the virion, in which the viral
genome resides. The tegument is an apparently amorphous layer surrounding the capsid.
Surrounding the tegument is the external lipid envelope with protruding glycoprotein
spikes. Over half of the over 70 proteins encoded by HSV-1 are believed to be present in
the virion or involved in virion assembly.

The 100-110 nm diameter icosahedral capsid is composed of 162 capsomeres
(Schrag et al., 1989). Three types of capsid can be isolated from cells infected with HSV
(Gibson and Roizman, 1972). Type A capsids are empty capsids, type B capsids lack
DNA but contain a core of proteinacious material, whereas type C capsids contain the
viral DNA. Since the three capsid types represent different stages of nucleocapsid
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Capsid

Tegument

Envelope

Glycoproteins

Figure 1.3. The HSV virion. A cryo-electron micrograph of the HSV virion is
shown with the positions of the capsid, tegument, envelope and glycoprotein spikes

indicated by arrows. The virion is magnified approximately 230, 000-fold. Photograph
supplied by F.J. Rixon.
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maturation and DNA packaging, their analysis has shed some light on these processes.
Type A capsids are believed to be the result of abortive attempts to package DNA
(Newcomb and Brown, 1989; Newcomb et al., 1989; Newcomb and Brown, 1991).
Type A capsids consist of 5 viral structural proteins, namely VP5 (encoded by Up,19)
which is the capsomer protein (Heine et al., 1974; Vernon et al., 1981; Shrag et al.,
1989), VP19c (UL38) which binds to DNA (Braun et al., 1984), VP23 (UL18) which
possibly connects adjacent capsomeres (Schrag et al., 1989), VP24 (Uy26) which is
believed to be a remnant of the scaffold proteins which are necessary for capsid assembly
and lost upon packaging of the DNA (Davison et al., 1992), and VP26 (U 35) which is
required for mechanical stability (Newcomb and Brown, 1991). Type B capsids differ in
protein content from the type A capsids in that they contain VP22a (Up26.5) and small
amounts of VP21 (UL26), and these 2 proteins form the scaffold which is transiently
associated with the capsids prior to packaging of the DNA (Rixon et al., 1988; Sherman
and Bachenheimer, 1988; Newcomb and Brown, 1989; Schrag et al., 1989; Newcomb
and Brown, 1991). Type C capsids contain the viral DNA, since the scaffold proteins are
lost after packaging, the polypeptide content of type C capsids is similar to that of the type
A capsids (Gibson and Roizman, 1974; Rixon et al., 1988; Sherman and Bachenheimer,
1988; Newcomb and Brown, 1989).

The tegument lies between the capsid and envelope and often appears variable in
size and shape upon examination under the electron microscope, however, the variable
appearance may be a product of sample preparation (Rixon, 1993). The tegument is
probably not as chaotic as was previously thought, since specific interactions of various
tegument components have recently been uncovered (Smibert et al., 1994; Elliott et al.,
1995). The tegument contains many viral factors whose direct introduction into the cell by
virus-cell fusion facilitates the process of infection. Examples include Vmw®65 (Ace et al.,
1988, 1989), the virion host shutoff factor (Kwong et al., 1988), and possibly the IE
proteins Vmw175 and Vmw110 (Yao and Courtney, 1989, 1992; Yang and Courtney,
1995). There are probably many other viral gene products in the tegument which are
nonessential but play important qualitative roles in replication, examples of which include
protein kinases (Coulter et al., 1993). Vmw65 plays an important qualitative role in
stimulating IE transcription and also has an essential structural role (Ace et al., 1988,
1989; Weinheimer et al., 1992).

At least 11 virally-encoded glycoproteins reside in the virion envelope (Spear,
1993). The glycoproteins are involved in adsorption, penetration, membrane fusion,
envelopment, prevention of superinfection and egress. In addition, the glycoproteins are
important targets for the immune response. Three glycoproteins, gB, gD and gH are
indispensable for growth in tissue culture. It is likely that the glycoproteins function in
envelopment by specifically interacting with virus tegument proteins (Zhu and Courtney,
1994).
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1.2. THE LYTIC CYCLE OF HSV.

1.2.1. Early stages of infection.

The early stages of HSV infection can be summarised as follows (Roizman and
Sears, 1993; Spear, 1993). The HSV virion binds to a specific receptor on the cell
surface. Binding is followed by fusion of the viral membrane with the cell plasma
envelope, thereby releasing the contents of the tegument and the nucleocapsid containing
the DNA into the cytoplasm. The virion core migrates to the nucleus where the viral
genome is released into a nuclear pore. Components of the tegument play an important
qualitative role in modifying the cell and in stimulating viral gene expression, thus
enabling efficient viral replication.

Attachment occurs by specific binding of the virion glycoproteins to receptors on
the cell surface (Spear, 1993). There are 11 HSV-1 glycoproteins (gB, gC, gD, gE, gG,
gH, gl, gJ, gK, gL and gM), of which 6 are dispensable for infection of most tissue
culture cells (gC, gE, gG, gl, gJ and gM). A characteristic feature of HSV attachment is
that several glycoprotein-receptor interactions can be utilised in tissue culture. A possible
reason for the redundancy of the majority of the viral glycoproteins in tissue culture is that
HSYV encounters a wide range of cell types in vivo, some of which are highly polarised
and might express only a limited subset of HSV receptors, thus the glycoproteins
dispensable in tissue culture might be crucial for infection of particular cell types in vivo
(Roizman and Sears, 1993).

Heparin sulphate has been identified as a major cellular receptor for HSV-1 by
interacting with the viral gC, however weak binding is still observed with gC mutants.
Binding via heparin can also occur in the absence of gC by at least one other glycoprotein,
gB.

Penetration involves fusion of the viral and cellular surface membranes. Viral
glycoproteins gB, gD and gH are essential for the fusion process (Spear, 1991). Once
inside the cytoplasm, the viral core containing the DNA is transported to the nucleus by
the cellular cytoskeleton (Kristensson et al., 1986).

Very little is known about the molecular events involved in uncoating and release of
the viral genome into the nuclear pore. The major tegument protein Vmw273 plays an
essential role in uncoating, since the uncoating mutation in the strain HFEM mutant zsB7
maps to this protein (Batterson et al., 1983). In cells infected with zsB7 at the non-
permissive temperature (NPT), DNA-containing nucleocapsids can be observed
accumulating at the nuclear pores and when the cells are shifted to a permissive
temperature the DNA is extruded from the nucleocapsids into the nuclei.
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Once released into the nucleus, the viral genome is converted to a nonlinear form by

pre-existing factors (Poffenberger and Roizman, 1985).

1.2.2. Regulation of viral gene expression.

Since the initial sequence analysis of the HSV-1 genome, several further open
reading frames (ORFs) have been identified. Thus the total number of known HSV-1
genes is well in excess of 70 and gradually increasing (table 1.1.; figure 1.4.). HSV
genes are transcribed by the host RNA polymerase Il in discrete subnuclear compartments
(Roizman and Sears, 1993; Rice et al., 1994). Recent data suggests that the large subunit
of RNA polymerase II exhibits an unusual pattern of phosphorylation in HSV infected
cells (Rice et al., 1994), and that VmwG68 is required for this modification (Rice et al.,
1995). The significance of RNA pol II phosphorylation in the regulation of HSV gene
expression has yet to be determined, however it is important to note that Vmw68 is
required for the normal viral transcription pattern (Rice et al., 1995). HSV transcripts are
similar to those of the host, thus they are capped at the 5' end, polyadenylated at the 3'
end, and methylated internally. Only 5 HSV transcription units are known to yield spliced
products, namely IE1 (encoding Vmw110), IE4 (Vmw68), IES (Vmw12), U 15 and the
latency-associated transcript (LAT). Translation of viral mRNA takes place in the
cytoplasm.

HSV gene expression is regulated temporally via cis-acting regulatory sequences in
the 5' proximal regions of the genes and also by 3'-end mRINA processing (Roizman and
Sears, 1993; Beers et al., 1994). On the basis of their time of transcription, dependence
upon viral regulatory proteins and viral DNA replication, the HSV genes are divided into
three major classes: immediate early (IE), early (E) and late (L).

The 5 IE genes are the first viral genes to be transcribed. IE transcription is
stimulated by pre-existing factors, thus they are the only genes expressed in the presence
of inhibitors of protein synthesis. With the exception of Vmw12, the IE genes are
regulators of subsequent viral gene expression. The IE proteins Vmw175, Vmw110 and
Vmw63 perform an autoregulatory function by downregulating IE gene expression.

The E genes are dependent upon the IE genes for their expression but do not require
viral DNA replication. The E gene products are predominantly involved in nucleic acid
metabolism and DNA synthesis; examples include thymidine kinase (TK), ribonucleotide
reductase, deoxyuridine triphosphatase (dUTPase) and the DNA polymerase.

The L genes can be divided into 2 groups, L1 genes are only partially inhibited by
inhibitors of viral DNA synthesis (examples are gB, gD and ICP34.5) whereas L, genes
are wholly dependent on DNA synthesis (gC, for example). The L proteins are mainly
virion structural proteins or factors involved in virion formation.
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Table 1.1. Designation, function and status of HSV-1 strain 17 genes. Genes
marked in bold and underlined are conserved in all 3 herpesvirus subfamilies. The
positions of the origins of replication are shown, as are the nucleotide positions of the
genomic segments and central a sequence. The status of each gene in cell culture is
indicated as follows: E = essential; NE= non-essential; E? = probably essential; NE? =
probably nonessential; (E) = mutants are viable but severely disabled; E/NE = essential
under certain conditions. Compiled by A.J. Davison and C.A. MacLean.



GENE

RL1

RL2 (3 exons)

LAT

(UL starts at 9213)
ULl

ULz

UL3

Ul4

UL5

UL13
UL14
UL15 (2 exons)
UL16
UL17
UL18

UL20
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FUNCTION OF PROTEIN

Neurovirulence factor (ICP34.5)
[E protein; regulator of gene expression (Vmw110, ICP0)
Latency-associated transcript; probably not protein coding

Glycoprotein L; complexes with glycoprotein H (UL22)
Uracil-DNA glycosylase

Function unknown

Function unknown

Component of DNA helicase-primase complex; possesses

" helicase motifs

Minor capsid protein

Function unknown

Component of DNA helicase-primase complex
Ori-binding protein essential for DNA replication

Virion surface glycoprotein M

Mpyrisylated tegument protein; role in virion envelopment
Deoxyribonuclease; role in maturation / packaging of DNA
Tegument protein; probable protein kinase

Function unknown

Role in DNA packaging; putative terminase component
Function unknown

Function unknown

Capsid protein (VP23); component of intercapsomeric
triplex

Major capsid protein (VP5); forms hexons and pentons
Integral membrane protein; role in egress of nascent
virions; host range phenotype; syn locus

tegument protein

Virion surface glycoprotein H; complexes with
glycoprotein L (UL1); role in cell entry

Thymidine kinase

Function unknown; syn locus

Capsid-associated tegument protein

Protease; acts in virion maturation; N-terminal portion is
capsid protein (VP24)

Internal protein of immature capsids (VP22a); processed
by UL26 protease

Virion surface glycoprotein B; role in cell entry; syn locus
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UL2s8 Role in DNA packaging E

U129 Single-stranded DN A-binding protein E

(centre of oriL. is at 62473 / 62474)

UL30 Catalytic subunit of replicative DNA polymerase; E
complexes with UL42 protein

UL31 Function unknown E

UL32 Function unknown E?

UL33 Role in DNA packaging E

UL34 Membrane-associated phosphoprotein; substrate for US3 E?
protein kinase

UL35 Capsid protein (VP26); located on tips of hexons E?

UL36 Very large tegument protein; role in uncoating E

UL37 Tegument protein E?

UL38 Capsid protein (VP19c); component of intercapsomeric E
triplex

UL39 Ribonucleotide reductase large subunit (Vmw136, ICP6, E/NE
RI)

UL40 Ribonucleotide reductase small subunit (Vmw38, R2) E/NE

UlLA41 Tegument protein; host-shutoff factor NE

U4z Subunit of replicative DNA polymerase; increases E
processivity; complexes with UL30 protein

UL43 Function unknown; probable integral membrane protein NE

UL44 Virion surface glycoprotein C; role in cell entry NE

ULA45 Tegument / envelope protein NE

UL46 Tegument protein; modulates IE transactivation by UL48 NE
protein

UL47 Tegument protein; modulates IE transactivation by UL48 NE
protein

UL438 Tegument protein; transactivates IE genes (Vmw65, E
VP16, 0-TIF) |

UL49 Tegument protein NE?

UL49A Envelope protein disulphide-linked to tegument NE?

UL50 Deoxyuridine triphosphatase NE

UL51 Function unknown ®B

UL52 Component of DNA helicase primase complex E

UL53 Glycoprotein K E)

UL54 [E protein; post-transcriptional regulator of gene E
expression (Vmw63, ICP27)

UL55 Function unknown NE

UL56 Function unknown NE
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(IRL starts at 117158)

LAT Latency-associated transcript; probably not protein NE
' coding

RL2 (3 exons) IE protein; regulator of gene expression (Vmw110, ICP0) NE

RL1 Neurovirulence factor (ICP34.5) NE

(Left hand of a sequence is at 125970)
(Internal c sequence starts at 126371)

RS1 IE protein; transcriptional regulator (Vmw175, ICP4) E

(Centre of oriS is at 131997)

(US starts at 132603)

Us1 IE protein; required for virally-induced phosphorylation E/NE
of RNA pol II; host range phenotype (Vmw68, ICP22)

us2 Function unknown NE

US3 Protein kinase; phosphorylates UL34 protein NE

Us4 Virion surface glycoprotein G NE

US5 Proposed glycoprotein J NE

uUsé6 Virion surface glycoprotein D; role in cell entry E

us7 Virion surfacer glycoprotein I; complexed with NE

glycoprotein E (US8) in F¢ receptor

Uss8 Virion surface glycoprotein E; complexed with NE
glycoprotein I (US7) in F¢ receptor

US8A Function unknown NE

Us9 Tegument protein NE

US10 Virion protein NE

Us11 Virion protein; ribosome-associated in infected cells NE

US12 IE protein, interferes vith antigen presentation (Vmw12, ICP47) NE

(TRS starts at 145583)

(Centre of oriS is at 146233)

RS1 IE protein; transcriptional regulator (Vmw175, ICP4) E

(Last nucleotide is 152259)
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Figure 1.4. HSV-1 gene organisation.

The genome is divided into 6 panels 25

kbp long, with the exception of the 6th panel which is longer. The repeat segments are
depicted as wider than the unique segments. Protein coding regions are represented by
shaded horizontal arrows with the direction of transcription indicated by the direction of
the arrow. LAT transcription is indicated by a plain horizontal arrow. The vertical
arrows show the positions of polyadenylation sites within the appropriate strand. The
positions of the 3 replication origins are also depicted. Adapted from Davison (1993).
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1.2.2.1. Regulation of IE transcription.

The HSV IE genes are defined as the only viral genes transcribed in the presence of
cycloheximide (Everett, 1987). It follows that IE transcription is regulated by pre-existing
viral and cellular factors rather than by viral transactivator proteins synthesised de novo
after infection, as are the E and L genes. Another crucial characteristic of the IE genes is
their ability to be transactivated by the tegument protein Vmw65 (O’Hare, 1993; Spector
et al., 1993). After fusion of the viral particle with the cell, Vmw®6S5 is transported to the
nucleus where it complexes with 2 cellular factors, thereby forming the IE transactivation
complex (IETC). IETC binds cis-acting sequences upstream of all of the viral IE genes.
Once IETC is bound to DNA, the acidic carboxy-terminal domain of Vmw635 increases
the rate of transcription by interacting with components of the basal transcriptional
apparatus assembled around the TATA-box.

In early studies it was observed that infection of cell lines stably transfected with the
Vmw175 promoter controlling the TK gene led to a stimulation of TK expression, even in
the presence of cycloheximide (Post et al., 1981). The ability of UV-inactivated virus to
induce TK expression and the ability of the temperature sensitive uncoating mutant tsB7
to induce TK at the NPT strongly indicated that components of the virus particles were
stimulating gene expression (Batterson and Roizman, 1983; Batterson et al., 1983). The
consensus cis-acting sequence necessary for induction by the virion factor was identified
as TAATGARAT (where R is a purine; Mackem and Roizman, 1982a, b, c; Kristie and
Roizman, 1984; Preston et al., 1984; Gaffney et al., 1985; Bzik and Preston, 1986;
O’Hare and Goding, 1988; Preston et al., 1988). In addition to the TAATGARAT
elements, G+C-rich elements responsible for the basal levels of IE transcription were
identified (Kristie and Roizman, 1984). The G+C-rich elements are binding sites for the
transcription factor Sp1.

The ORF which encodes the protein capable of stimulating IE transcription was
identified by cotransfecting an IE-TK construct with HSV DNA fragments (Campbell et
al., 1984). The virion transactivator protein is the gene product of Uy 48, named Vmw65
(Dalrymple et al., 1985; Pellett et al., 1985). Vmw65 is present in the virion tegument at
an abundance of about 500-1000 copies per virion (Spear and Roizman, 1972; Heine et
al., 1974).

It was apparent that Vmw65 transactivated IE genes via a complex with cellular
factors (McKnight er al.,. 1987; Gerster and Roeder, 1988; O’Hare et al., 1988; O’Hare
and Goding, 1988; Preston et al., 1988; Triezenberg et al., 1988; Spector et al., 1990).
The cellular factor Oct-1 and another previously unknown cell factor termed host cell
factor (HCF) are essential components of IETC.

Oct-1 is a homeobox protein which interacts with the octamer elements upstream of
many ubiquitously expressed genes involved in morphology, polarity and differentiation,
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the consensus octamer element being ATGCAAAT (Herr, 1992). Binding sites for Oct-1
are also found in the immunoglobulin promoters and promoters of other viruses such as
SV40, adenovirus and the IE promoters of most other alphaherpesviruses. The
transcription factor Oct-2 is expressed in B-lymphocytes and activates transcription via the
octamer elements upstream of the immunoglobulin genes, however Oct-2 is incapable of
forming a complex with Vmwo65 (Stern et al., 1989). Oct-1 and Oct-2 belong to a family
of homeobox proteins termed POU proteins, which share a 150-160 amino acid sequence
called the POU domain. The POU domain can be divided into 2 subdomains, the POU-
homeo subdomain and the POU-specific subdomain. The POU-homeo subdomain
contacts the TAAT portion of the octamer element. The POU-homeo subdomain is
important for DNA binding and for complex assembly with Vmw65. The POU-specific
subdomain has no intrinsic DNA binding activity, but when linked to the POU-homeo
subdomain contacts ATGC in the octamer element and provides sequence specificity. The
GARAT motif is not necessary for Oct-1 to bind to DNA by itself. However, since
GARAT is very highly conserved in the HSV IE gene promoters it seems probable that
Vmw65 makes contact with GARAT when in IETC, but that binding is extremely weak in
the absence of Oct-1 and HCF. Evidence for Vmw®65 binding to DNA has been reported
(Kristie and Sharp, 1990; Stern and Herr, 1991). Oct-1 binding to the HSV IE gene
promoters alone has only a small effect on transcription (O’Hare and Goding, 1988), thus
the Vmw65 component of IETC is crucial for stimulating transcription.

Several lines of evidence have implied that the highly acidic carboxy-terminal
domain of Vmw65 is the region of IETC important for stimulating transcription. (1)
When the carboxy-terminal domain of Vmw65 was fused to the DNA-binding domain of
the yeast transcription factor GAL4, an extremely potent activator was produced
(Sadowski et al., 1988). (2) A Vmw®6S5 protein lacking the carboxy-terminal domain was
capable of complex formation but not of transactivation (Greaves and O’Hare, 1989). (3)
The carboxy-terminal domain of Vmw65 interacts specifically with components of the
basal transcription initiation apparatus (Stringer et al., 1990; Lin and Green, 1991; Walker
et al., 1993). (4) The acidic domain has amino acid sequence similarities to other
transcriptional activators (Cress and Triezenberg, 1991).

The third component of the IETC, HCF, was previously unidentified and has
therefore only been investigated relatively recently. HCF is unable to bind the octamer
element, but binds to Vmw65. The HCF-Vmw65 complex can only bind to Oct-1 which
is already bound to DNA, thus the sequential order of complex formation has been
determined. The initial step is Oct-1 binding to the octamer elements upstream of the viral
IE genes, Vmw65 complexed with HCF then associates with the DNA-bound Oct-1,
thereby forming IETC. A cDNA encoding HCF has been cloned (Wilson et al., 1993),
and it is encoded by a single gene located on the X chromosome (Wilson et al., 1995a).
The function of HCF in uninfected cells is unknown and the protein shows no homology
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to any other protein. When the cDNA is expressed in human cells the resulting products
comprise a series of proteins with molecular weights ranging from 110-300 kDa, thus it
appears that the smaller products arise by processing of the larger 300 kDa protein. The
HCF amino acid sequence reveals a highly conserved 26-amino acid sequence repeated 6
times in the HCF precursor protein. The repeat alone is sufficient to induce cleavage of a
heterologous protein (Wilson et al., 1995b). Alternative splicing of the HCF mRNA and
cleavage of the precursor protein is likely to be important for regulation of HCF activity.
HCEF is expressed most abundantly in foetal and placental tissues and in tissue culture
cells, suggesting that it has a role in cell proliferation (Wilson et al., 1995b). In adults
HCF is most abundant in the kidney, however it is not abundant in the brain, a site of
HSV latency.

The finding that the HSV IE genes are dependent upon viral and cellular factors for
high levels of expression has raised important questions as to the role of Vmw65, octamer
binding proteins and HCF in the HSV life cycle, latency in particular. Since it seems
likely that insufficient IE gene expression leads to latency, loss of Vmw®65, lack of HCF
or Oct-1, or the binding of transcriptional repressors to the octamer elements upstream of
the HSV IE genes are all possible determinants of the outcome of HSV infection (section
1.3.5.).

The construction of the HSV-1 mutant in1814, which has a 4 amino-acid insertion
in Vmw®6S5 rendering it unable to interact with other components of IETC and thereby
unable to transactivate IE genes, has enabled an assessment of the role of Vmwe6S5 in the
virus life cycle to be made (Ace et al., 1988, 1989). The insertion in in1814 leads to an
approximately 10-fold reduction in viral IE gene expression (Ace et al., 1989). In tissue
culture, in1814 is impaired in its ability to initiate plaque formation at low multiplicities of
infection (MOIs), resulting in a high particle / PFU ratio. Preston and co-workers have
undertaken to investigate the genomes which do not undergo replication in the belief that
they enter a latent state at least partially resembling that in vivo (Harris and Preston, 1991;
Jamieson et al., 1995). At high MOIs, the defect in in1814 is overcome and replication
ensues normally, presumably due to residual IE gene expression. In1814 replicates with
reduced efficiency in vivo but establishes latency and reactivates normally (Steiner et al.,
1990; Ecob-Prince et al., 1993a), thus both in vivo and in vitro, loss of IETC results in
an increased propensity to establish a latent rather than lytic infection.

1.2.2.2. The IE proteins.

There are 5 HSV IE proteins, namely Vmw175 (encoded by IE3, named ICP4 in
American terminology), Vmw110 (IE1, ICP0), Vmw63 (IE2, ICP27), Vmw68 (IE4,
ICP22) and Vmw12 (IES, ICP47).
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Vmwl175.

Vmw175 is an essential viral polypeptide required for expression of the E genes and
repression of the IE genes, thus it is capable of transactivation or repressing RNA
polymerase II-mediated transcription. The essential regulatory function of Vmw175 is
clearly demonstrated by the HSV-1 mutant #sK which overproduces IE polypeptides at the
NPT and is unable to enter into the E phase of lytic infection (Preston, 1979a, 1979b).
Mutant zsK has a single amino acid substitution in the DNA-binding domain of Vmw175
which completely abolishes transactivation activity at the NPT (Davison et al., 1984).

The mechanism by which Vmw175 activates or represses transcription involves
binding to DNA (Faber and Wilcox, 1986; Kristie and Roizman, 1986; Everett et al.,
1991a; Pizer et al., 1991). The consensus sequence for binding is RTCGTCNNYNYSG
(where R is a purine, Y is a pyrimidine, S is C or G and N is any base; Faber and
Wilcox, 1986; DiDonato et al., 1991; Everett et al., 1991a; Pizer et al., 1991), however
this sequence is highly degenerate and nonspecific interactions with DNA suffice for
transcriptional activation (Smiley et al., 1992; Gu and DeLuca, 1994). Site-specific DNA
binding near the transcription initiation site is required for repression, however (Roberts
et al., 1988; Gu et al., 1993; Michael and Roizman, 1993).

Vmw175 is a target for phosphorylation and ADP-ribosylation (Preston and
Notarianni, 1983; Xia et al., 1996). It has been demonstrated that different electrophoretic
forms of Vmw175 differ in the ability to bind to DNA (Michaeli et al., 1988) and possibly
in the ability to form cell factor-DNA complexes (Papavassiliou et al., 1991). In infected
cells, Vmw 175 normally exists as a 350 kDa dimer (Metzler and Wilcox, 1985; Shepard
et al., 1990).

The genes repressed by Vmw175 include LAT (Batchelor and O’Hare, 1994),
ORF-P (Bohenzky et al., 1993; Yeh and Shaffer, 1993; Lagunoff and Roizman, 1994,
1995) and IE3 itself (DeLuca and Schaffer, 1985; O’Hare and Hayward, 1985b).
Removal of the Vmw 175 binding site induces changes in the pattern of expression of the
gene, such as expression earlier during infection and loss of dependence on DNA
synthesis (Koop et al., 1993; Rivera-Gonzalez et al., 1994).

Vmw]175 acts in concert with, and physically interacts with Vmw110 to stimulate
transcription (Everett, 1984b; Yao and Shaffer, 1994). In addition, Vmw175 activity is
modulated by Vmw63 since Vmw 175 synthesised in the absence of Vmw63 is impaired
in its ability to repress transcription from the ORF-P promoter and exhibits impaired
ability to bind to DNA (Samaniego et al., 1995). The distribution of Vmw175 within the
infected cell is also altered by Vmw63 (Zhu and Schaffer, 1995), thus there is mounting
evidence that the IE proteins act synergistically and regulate one-another’s activity.

Vmw]175 on the IE3 binding site forms a complex with the TATA-binding protein
(TBP) and TFIIB, suggesting that this complex is responsible for repression of
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transcription (Smith et al., 1993; Kuddus et al., 1995). The mechanism by which the
tripartite complex inhibits transcription has yet to be determined.

Vmwl110.

IE1, the gene encoding Vmw110, is located entirely within the Ry, regions of the
genome and is therefore diploid (Perry et al., 1986). Unusually for an HSV gene, IE1
contains 2 introns. A virus devoid of both introns has been constructed but a resulting
phenotype has not yet been demonstrated (Everett, 1991; Natarajan et al., 1991), thus a
function of Vmw110 mRNA splicing has never been demonstrated.

Vmw110 is a nuclear phosphoprotein which binds to calf-thymus DNA-cellulose
columns in crude nuclear extracts (Pereira et al., 1977; Hay and Hay, 1980; Ackerman et
al., 1984; Everett et al., 1991b). A crucial feature of Vmw110 is that it is capable of
transactivating all of the 3 classes of HSV genes, and also many cellular genes (Everett,
1984b, 1986, 1988; Gelman and Silverstein, 1985; O’Hare and Hayward, 1985a, b;
Quinlan and Knipe, 1985; Gelman and Silverstein, 1986; Cai and Schaffer, 1989, 1992;
Jang et al., 1991). Vmw110 and Vmw175 act synergistically to activate the E and L viral
genes (Everett, 1984b, 1986, 1988; O’Hare and Hayward, 1985a, b; Gelman and
Silverstein, 1986). The synergistic action of Vmw110 and Vmw175 might be via a direct
interaction of the two proteins (Yao and Schaffer, 1994).

Although not essential for virus replication, Vmw110 mutants exhibit increased
particle / PFU ratios after infection of tissue culture cells at low MOI (Everett, 1986; Stow
and Stow, 1986, 1989). In addition to its replication-enhancing function, Vmw110 is the
sole requirement for reactivation of HSV in in vitro latency systems (Russell and Preston,
1986; Harris et al., 1989; Harris and Preston, 1991). Mutants of Vmw110 are also
impaired in their ability to reactivate from latency in animal models (Clements and Stow,
1989; Leib et al., 1989; Cai et al., 1993), thus in addition to facilitating replication,
Vmw110 plays a specific qualitative role in reactivation from latency. The observation that
Vmw110 mutants are capable of reactivation, albeit at reduced efficiency, and that
Vmw110 mutants replicate with similar abilities to wild type virus in the U20S cell line
(Yao and Schaffer, 1995), suggests that cell factors can substitute functionally for the
Vmw110 reactivation function.

Vmw110 belongs to a class of viral and cellular proteins which contain a
characteristic C3HC4 arrangement of cysteines and histidines which binds zinc ions, the
‘RING’ finger. The RING finger is essential for the full function of Vmw110 (Everett,
1986, 1988, 1989; Harris et al.,, 1989; Everett et al., 1995a). All of the
alphaherpesviruses examined to date encode a protein containing the RING finger motif,
and a few of them have been demonstrated to be interchangeable between viruses
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(Moriuchi et al., 1994; Everett et al., 1995b). The exact function or mechanism of action
of the RING finger is unknown.

Vmw110 binds strongly and specifically to a 135 kDa cellular protein in infected
cells (Meredith et al., 1994, 1995). Micro-sequencing of peptides from the 135 kDa
protein, followed by hybridisation screening of cDNA librarys with ‘guessmer’ probes
derived from the amino acid sequence, has recently enabled cloning of the entire cDNA
encoding the 135 kDa protein (R.D. Everett and M.R. Meredith, unpublished data). The
135 kDa protein has 2 regions of homology to the ubiquitin-specific protease family of
enzymes, a family of proteases which de-ubiquitinise proteins. The precise role of the 135
kDa protein in virus infection has yet to be determined, however it is possible that by
interating with the 135 kDa protein, Vmw 110 inactivates a protein whose normal function
is to remove ubiquitin from a protein targeted for proteolysis. The function of the 135 kDa
protein might also be related to the interaction of Vmw110 with ND10 domains (section
1.3.8.4.). Identification of the targets of the 135 kDa protein should facilitate our
understanding of the role of Vmw110 in virus infection.

VYVmw63.

Vmw63 is an essential regulatory protein which is required for the switch from E to
L viral gene expression and for efficient DNA replication (Sacks et al., 1985; Sekulovich
et al., 1988; McCarthy et al., 1989; Su and Knipe, 1989; McMahan and Schaffer, 1990;
Rice and Knipe, 1990; Curtin and Knipe, 1993). Vmw63 acts synergistically with
Vmw175 and Vmw110 to stimulate or repress gene expression (Everett, 1986; Rice and
Knipe, 1988; Sekulovich et al., 1988; Hardwicke et al., 1989; Su and Knipe, 1989), but
has also been demonstrated to be capable of transactivating the gB promoter in the
absence of other viral gene products and therefore possesses some transactivation
capability by itself (Rice and Knipe, 1988).

A crucial activity of Vmw®63 is its effects on mRNA 3' processing and stability.
Vmw63 is responsible for the selective usage of L viral poly(A) sites in infected cells
(McLauchlan et al., 1989, 1992). In addition, it has been demonstrated that Vmw63
stabilises labile cellular mRNAs by a mechanism that is dependent on the 3' end
processing and poly(A) signals (Mosca et al., 1987, 1992; Brown et al., 1995). The
observation that Vmw®63 is capable of binding to the 3' mRNA processing signals of
labile mRNAs (Brown et al., 1995), suggests that Vmw63 modulates gene expression by
selectively targeting and stabilising mRNA.

Vmw63 is believed to contribute to the overall shutoff of host gene expression by
virtue of its ability to inhibit pre-mRNA splicing. Since spliced genes are widespread in
the cell genome but scarce in the HSV genome, the inhibition of splicing by Vmw63
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might enable the selective expression of viral RNA over host RNA. HSV infection leads
to inhibition of host cell splicing (Schréder et al., 1989; Sandri-Goldin and Mendoza,
1992; Hardwicke and Sandri-Goldin, 1994; Hardy and Sandri-Goldin, 1994). In
addition, infection with wild type virus but not Vmw63 mutants leads to the redistribution
of components of the spliceosome termed small nuclear ribonucleoprotein particles
(snRNPs), from their diffuse speckled pattern in the nuclei of uninfected cells to discrete
clusters on the nuclear periphery (Martin et al., 1987; Phelan et al., 1993). Vmw63 is
required for the inhibition of host cell splicing and localises in the redistributed snRNP-
containing nuclear structures (Sandri-Goldin and Mendoza, 1992; Phelan et al., 1993;
Hardy and Sandri-Goldin, 1994), thus it was proposed that the redistribution of snRNPs
by Vmwe63 is related to the inhibition of host cell splicing during HSV infection. In a
recent study a zs viral Vmw63 mutant was observed to redistribute snRNPs without
inhibiting host cell splicing (Sandri-Goldin et al., 1995), thus redistribution of snRNPs is
not sufficient for inhibition of splicing per se and another Vmw63-induced function is

required.

Vmwé6S8.

Vmw68 is a nuclear protein which is phosphorylated by the Up, 13 gene product in
infected cells (Purves et al., 1992, 1993). Vmw68 mutants are highly attenuated in vivo
(Meingner et al., 1988; Poffenberger et al., 1994), and exhibit cell-type dependent defects
in tissue culture (Sears et al., 1985; Poffenberger et al., 1993; Rice et al., 1995). Vmw68
mutants grow well in Vero cells, but in nonpermissive cell types such as human foetal
lung (HFL) cells expression of the E proteins is delayed and expression of the L proteins
is delayed and reduced, whereas DNA replication is unaffected.

In a recent study it was demonstrated that Vmwa68 is required for the accumulation
of an unusually phosphorylated form of the RNA pol II large subunit (RNAP II), named
Ii (Rice et al., 1995). 1t is possible that IIi has altered promoter specificity that is crucial
for transcriptional regulation HSV genes. In HFL cells infected with Vmw68~ mutants
transcription of the L genes is greatly reduced, however the viral transcription pattern in
Vero cells infected with Vmw68~ mutants is normal even though IIi is not produced, thus

it appears that the requirement for IIi is dependent upon other host cell factors.

VYmwi2.

Unlike the other HSV IE proteins, Vmw12 is located in the cytoplasm of infected
cells and is not phosphorylated (Preston, 1979b; Hay and Hay, 1980; Marsden et al.,
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1982). Virus mutants defective in Vmw12 grow normally in tissue culture (Mavromaro-
Nazos et al., 1986), suggesting that Vmw12 plays a specific role in pathogenesis in vivo.
Consistent with a role for Vmw 12 in vivo, it was recently reported that Vmw12 prevents
antigen presentation to CD8* T-lymphocytes (York et al., 1994).

1.2.2.3. Regulation of_ early gene expression.

Early studies on the regulation of E gene promoters employed the use of
transformed cells stably transfected with the HSV TK gene controlled by its native 5'
promoter sequences (Everett, 1987). TK was expressed at low levels in the cell genome,
but was strongly stimulated upon infection with HSV by a mechanism which involved the
IE proteins (Leiden et al., 1976), especially Vmw175 (Kit et al., 1978). Expression from
the e-globin promoter controlling TK was also stimulated by HSV, thus the stimulation
also appeared to act on non-viral promoters (Everett, 1985). Microinjection of various
deletion constructs of the TK promoter gene into Xenopus oocytes was subsequently
used to identify the regulatory sequences important for TK activity. A 110 bp region
upstream of the TK mRNA cap site, consisting of a TATA box, a CAAT motif and two
Spl binding sites were important for full TK expression (McKnight et al., 1981;
McKnight and Kingsbury, 1982; Jones et al., 1985). The use of transient transfection
techniques were employed to examine the regions of the gD promoter sufficient for full
induction by the HSV IE genes. Two Spl sites and a TATA box were identified in an 83
bp region of the gD promoter necessary for full activity, however no single region was
demonstrated as crucial for inducibility (Everett, 1983, 1984). The validity of the
transfection experiments was confirmed by the construction of viruses with modified TK
promoters. The TK gene was regulated with similar characteristics in the context of the
viral genome as it was after transfection (Coen et al., 1986). Thus Vmw175 is essential
for activation of the E genes (Everett, 1983; O’Hare and Hayward, 1984; Eisenberg et al.,
1985; ElKareh et al., 1985), and in addition Vmw110 is also capable of apparently
nonspecific activation (Everett, 1984b; Gelman and Silverstein, 1985; O’Hare and
Hayward, 1985a; Quinlan and Knipe, 1985). Some investigators have reported that
Vmw175 and Vmw110 are capable of efficient activation by themselves (Gelman and
Silverstein, 1985; O’Hare and Hayward, 1985), while in other studies Vmw175 and
Vmw110 exhibited low activity by themselves, but acted synergistically to give strong
activation when together (Everett, 1984b, 1986).
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1.2.2.4. Regulation of late gene expression.

The L genes of HSV encode components of the virion, and factors required for
virion assembly, DNA packaging and egress. The L genes can be divided into 2 classes
depending upon their expression in the presence of inhibitors of viral DNA synthesis:
leaky L genes (L) are expressed at low levels in the presence of inhibitors of viral DNA
synthesis, whereas expression of the true L genes (L) is undetectable in the absence of
DNA synthesis (Spector et al., 1993).

Experiments in which the HSV TK gene was fused to the VPS5 promoter (an L;
gene; Dennis and Smiley, 1984) or Uy 49.5 promoter (an L; gene; Silver and Roizman,
1985) and used to stably transfect TK— cells demonstrated that basal expression of an L
gene in the cell genome is lower than that of an E gene (the TK promoter), and that like an
E gene, the VPS5 promoter is stimulated upon infection with TK- HSV. However both of
the viral L promoters were still expressed after infection with HSV in the presence of the
viral DNA replication inhibitor phosphonoacetic acid (PAA), thus the L genes were
r