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Summary

A number of functionally related chemicals have been
identified which overcome the replication defect of in1814, an HSV-1
mutant with a 12bp insertion mutation that inactivates the virion
transinducing factor, Vmw65. Hexamethylene bisacetamide (HMBA) and
dimethylsulphoxide (DMSO) are potent inducers of terminal
differentiation in cultured erythroleukaemic cells, and have also been
shown to increase the speed and efficiency of reactivation of latent
HSV-1 and HSV-2 after explantation of ganglia.

The work presented in this thesis demonstrates that the
presence of 3-5mM HMBA in the cell culture medium, the optimum
concentration for induction murine erythroleukaemic cell (MELC)
differentiation, increases the titre of in1814 on human foetal lung (HFL)
cells 500-fold, enabling the mutant to initiate infection almost as
efficiently as wild type HSV-1. The titre of 1814R, the rescued
"revertant” virus, was virtually unaffected by the presence of 5mM
HMBA. Related compounds DMSO and hypoxanthine, which induce MELC
differentiation, also significantly increased the titre of in1814. A
number of known metabolites of HMBA did not increase the titre of
in1814, cither alone or in combination with various concentration of
HMBA.

The effect of HMBA is not cell type specific, as it was reproduced
in a number of cell lines including HFL, BHK and HeLa. Pre-treatment of
cells with HMBA prior to infection had no effect on the subsequent titre
of in1814, demonstrating that HMBA does not act by inducing stable
cellular changes. HMBA exposure was shown to be required only
transiently, immediately after adsorption, indicating that HMBA
functions at the beginning of the virus life cycle.

RNA dot blot analysis revealed that the presence of HMBA
resulted in an increase in immediate early (IE) RNA accumulation after
infection of cells in the presence of cycloheximide, such that the RNA
levels in in1814-infected cells approached values observed in wild type
HSV-1-infected cells in the absence of HMBA. The observation that
HMBA increases IE-RNA levels in the presence of cycloheximide,
suggests that its target is a pre-existing cellular or viral component(s).

Southern blot analysis of nuclear DNA isolated from HFL cells

infected with in1814 in the presence or absence of HMBA, demonstrated



that the transport of viral DNA to the cell nucleus was not affected by
HMBA. -

A range of plasmids with the chloroamphenicol acetyl
transferase (CAT) gene under the control of various viral promofcrs
were introduced in HFL cells by lipofection. In this transient expression
system, no detectable promoter or sequence specificity was identified in
the mode of action of HMBA since increased CAT activity was observed
from IE, early and late HSV-1 promoters and from the human
cytomegalovirus (HCMYV) and SV40 enhancers, in the presence of SmM
HMBA.

The question of specificity was subsequently addressed using a
range of mutant viruses which allowed direct investigation into the
effect of HMBA on different promoters in the viral genome. These
results demonstrated that HMBA does not substantially compensate for
the absence of Vmwl110 or adenovirus (Ad) Ela, nor does it act as or
induce an active cellular homologue of Vmw175. Further analyses
revealed that the HCMV enhancer and SV40 promoter/enhancer are
responsive to activation by HMBA when integrated into the HSV
genome.

Gel retardation analysis revealed that HMBA does not promote
IEC formation with the TAATGARAT motif nor does it act as a "linker
molecule”, allowing mutant Vmwe65, extracted from in1814 virions, to
interact with Oct-1 and TAATGARAT. Therefore HMBA does not act as or
induce a cellular homologue of Vmw65. In addition, HMBA-treatment of
nuclear extracts did not promote complex formation at other protein
binding motifs involved in regulation of transcription.

The HMBA effect on the titre of in1814 was not attributable to its
demethylating properties as treatment with 5-azacytidine, an inhibitor
of DNA methylation, did not increase the titre of in1814. Addition of 8S§uM
S-azacytidine actually decreased the titre of in1814, especially when
present both prior to and after the addition of the virus, whereas little
effect was seen on the titre of 1814R.

HMBA-mediated modulation of protein kinase C (PKC) activity
did not appear to be responsible for the effect on the titre of in1814, as
an inhibitor of HMBA-induced MELC differentiation, 12-0 -
tetradecanoylphorbol-13-acetate (TPA), did not antagonize the HMBA
effect on in1814 titre. In addition, exposure to leupeptin, which is

known to inhibit the conversion of membrane bound inactive PKC to



the soluble activated form, also failed to antagonize the effect of HMBA
on the titre of in1814. |

The addition of SmM HMBA to the cell culture medium increased
the efficiency of calcium phosphate-mediated transfection
approximately threefold, for both wild type HSV-1 and in1814 viral DNA.

In an in vitro transcription initiation system, extracts prepared
from HMBA-treated HeLa cells did not show increased transcription
from the following promoters recognised by RNA polymerase II:- HSV-1
IE-1 promoter; IE-4 promoter, in the presence or abscncé of the
upstream sequences; HCMV IE promoter and the Ad major late promoter.
Similarly, no increase in transcription of the the RNA polymerase III
transcribed Ad VA genes using the HMBA-treated extract was observed
compared to the activity of the wuntreated extract. The polar planar
HMBA molecule does not function simply as a consequence of its overall
negative charge as the inclusion of various concentrations of HMBA in
the transcription reaction had an inhibitory effect.

A series of thymidine kinase (TK) transformed cell lines were
constructed, with the HSV-1 TK gene under the control of different
classes of HSV promoters. HMBA treatment did not have any dramatic
effect on the level of expression from the HSV-1 TK, IE-3 or IE-4
promoters in the cellular genome. Therefore, the results obtained
indicate that HMBA can have a different effect on the same promoter
sequence depending on the structural environment of that promoter.

The results suggest that HMBA- and DMSO-mediated
enhancement of reactivation from latency is due to a direct increase in
IE RNA production, rather than demethylation. Determination of the
molecular basis for the activity of HMBA on inl1814 infection may reveal
the primary events by - which the compound affects the poorly
understood process of reactivation. In addition, these studies
demonstrate a primary effect of HMBA on gene regulation which may

be a paradigm for initial events during MELC differentiation.
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1. INTRODUCTION
1.1. The Herpesviruses

1.1.1 The Herpesviridae

Membership of the family Herpesviridae 1is defined by the structural
architecture of the virion and by a number of specific biological properties.
The unifying characteristics are listed below, and have\ been described in all
herpesviruses examined to date (For detailed review see Roizman, 1990).

(1) Herpesviruses specify enzymes and other factors involved in nucleoside
and nucleotide metabolism.

(2) Viral DNA synthesis and capsid assembly takes place in the nucleus.

(3) Virus replication leads to the destruction of the infected cell.

(4) Herpesviruses are capable of remaining in a latent state in the host cell
for the lifetime of the host.

The virions of different members of the herpesviridae family cannot
.be distinguished by ¢lectron microscopic examination. However, they are
., readily identifiable by certain biological properties, virion immunological
specificity and by genome size, arrangement and base composition. The
family herpesviridae is composed of three subfamilies, namely
alphaherpesvirinae, betaherpesvirinae and gammaherpesvirinae (Section
1.1.3).

1.1.2 Structural components of Herpes Simplex Virus
(HSVY) virions

A typical HSV virion consists of a core, a capsid, a tegument and an
envelope. The fibrillar core contains a linear double stranded DNA molecule
(Wildy et al,1960; Furlong et al., 1972.) within an icosahedral capsid,
approximately 100-110nm in diameter. The capsid contains 12 pentameric and
150 hexameric capsomeres which show 5:3:1 axial symmetry (Wildy et al.,
1960; McCombs et al., 1971). Schrag et al.(1989) produced the first three-
dimensional structure bf both full and empty HSV-1 capsids, using low dose
cryo-electron microscopy in conjunction with computer image analysis. This
study deduced that the nucleocapsid was arranged into three distinct
structural layers that they designated (i) the outer shell comprising six-

coordinated capsomeres which appear hexagonal, (ii) an intermediate



proteinaceous layer with an underlying lattice displaying T=4 icosahedral
symmetry, and (iii) an inner shell containing the viral DNA.

In addition to protein and DNA, the HSV-1 nucleocapsid contains
spermine which is thought to neutralize some of the negative charge- on the
DNA and hence facilitate dense packaging of DNA into virions (Roizman and
Furlong, 1974).

The capsid is surrounded by an amorphous, asymmetrical material
designated the tegument (Roizman & Furlong, 1974). This structure is
genetically determined by the virus (McCombs et al., 1971), but the amount of
the tegument material can differ, even in the same infected cell (Furlong et
al., 1972). The final outermost component is the viral membrane or envelope,
which is probably derived from the host cell's nuclear membrane. This triple
layered structure includes viral glycoprotein spikes projecting from the
surface (Morgan et al, 1959; Epstein, 1962; Hamparian et al., 1963; Morgan et
al., 1968; Asher et al., 1969; Spears & Roizman, 1972; Stannard et al., 1987.).

1.1.3 Taxonomy of Herpesviruses

The classification of the herpesviridae family into three subfamilies,
namely alpha-, beta-, and gammaherpesvirinae, was decided by the Herpes
.Study Group appointed by the International Committee on Taxonomy of
Viruses. These groupings are based on the criteria of host range, length of
reproductive cycle, cytopathology and characteristics of latent infection
(Roizman et al., 1981).

The neurotrop ic viruses HSV-1, HSV-2 and VZV are all members of
alphaherpesvirinae. They are typified by a variable host range = in vitro

and a relatively short reproductive cycle which results in the

rapid spread of infection in cell culture with efficient destruction of
susceptible cells. Alphaherpesviruses have the capacity to establish latent
infections that are frequently, but not exclusivély, in sensory ganglia.

Betaherpesvirinae, such as- HCMV, show a narrow host range in vivo,
and in vitro these viruses replicate most efficiently in fibroblast cells of the
appropriate host. This subfamily is also characterised by a relatively long
reproductive cycle, with only a slow spread of infection from cell to cell in
tissue culture. Frequently, such infected cell are enlarged and form
cytomegalia. Latent infections have been described in salivary glands,
lymphoreticular cells, kidneys and other tissues.

During infection in vivo, members of the gammaherpesvirinae ,

such as EBV, are restricted to replication in the same family or order as the



host. In vitro, these viruses infect lymphoblastoid cells and, with exceptions,
appear to be specific for either B or T lymphocytes. Lymphotrophic infection
is frequently associated with the lack of production of infectious progeny
virus. As expected, the lymphoid tissue has been identified as the site of latent
infection.

It is now increasingly evident that the classification of
herpesviruses on the basis of their biological properties may not accurately
reflect their phylogenetic relationships. For example sequence analysis of
HHV-6 (Salahuddin et al., 1986) suggests that this virus is more closely related
to betaherpesvirinae, (Lawrence et al, 1990) while its host range resembles

that of gammaherpesvirinae.

1.1.4 Epidemiology of Herpesviruses

In most cases, primary infection with HSV-1 occurs early in life, and
any associated disease is frequently indistinguishable from other childhood
illnesses. After the initial infection, HSY—I is retained in a latent form in the
neurons of the sensory ganglia (Baringer and Swoveland, 1973; Fraser et al.,
1981). Clinical symptoms are not apparent during long term latent infection.
Various factors, such as stress, fatigue and exposure to sunlight, are involved
in triggering the reactivation of latent virus and the subsequent recurrence
of lesions.

A cold sore lesion on the mouth or lips is due to HSV-1 infection
(herpes labialis), wherecas HSV-1 infection of the corneal epithelia results in
herpes keratoconjunctivitus, which in severe cases may lead to blindness.
HSV-1 is also associated with skin infections (herpes herpeticum) and with a
broad spectrum of neonatal infections. The most devastating HSV-1 infection
is herpes simplex encephalitis (Whitley, 1985). Immune compromised
patients and renal and cardiac recipients are at particular risk for increased
severity of HSV infection (Logan er al., 1971, Muller et al, 1972, Pass et al,
1978).

HSV-2 infection is associated with genital lesions (herpes genitalis)
and is wusually sexually transmitted, although infection may occur at birth
(Whitley, 1985). A small number of cases of genital herpes are associated with
HSV-1 infection, which are clinically less severe and less prone to
recurrences than HSV-2 infection. _

Varicella zoster virus (VZV) is the causative agent of the childhood
disease varicella (chicken pox). Infection is spread via the respiratory route

and through direct contact, resulting in an irritable skin rash. Shingles



*Human herpes virus type 7 (HHV-7) was isolated by Frenkel et al.
(1990) in an HIV-1 study, from a culture of CD4+ T cells obtained from
a healthy individual. The use of monoclonal antibodies and western
blot analysis has demonstrated that HHV-6 and HHV-7 are
antigenically distinct (Wyatt et al.,, 1991). Subsequently, HHV-7 has
been frequently isolated from the saliva of healthy individuals
(Wyatt & Frenkel, 1992).




(herpes zoster) is associated with a painful rash of dermatomal distribution
which results from the reactivation of latent VZV from the sensory ganglia
- (Hope-Simpson, 1965; Vafai et al., 1988). Both the incidence and the degree of
severity of shingles increases with age and in the immunocompromised
(Schimpff et al.,, 1977; Kennedy, 1987).

Infection with the Epstein Barr Virus (EBV) is often asymptomatic
with benign disease in children. However, if the time of initial infection is
delayed wuntil adolescence, then EBV infection may manifest itself as
infectious mononucleosis (glandular fever). EBV is‘associated with the
development of Burkitt's Lymphoma and is linked to a high incidence of
nasopharyngeal carcinoma (Epstein and Achong, 1986).

Human cytomegalovirus (HCMYV) infections are normally
asymptomatic with an increased antibody titre the only evidence of
infection. HCMV establishes latency in a number of cell types implicated in
the transmission of the virus such as blood, kidney and in host defence cells,
for example macrophages (Huang et al., 1978). HCMV is the major cause of
viral congenital abnormalities in newborns (Hamilton, 1982). HCMV
infection may result in the development of a syndrome resembling EBV
infectious mononucleosis.

Human herpesvirus 6 (HHV-6) was originally isolated from patients
with AIDS and lymphoproliferative disorders (Salahuddin et al.,, 1986). It has
since been isolated from the saliva of normal adults (Harnett et al, 1990; Levy
et al., 1990) and it is clear that 80-90% of the population develop antibodies to
HHV-6 early in life (Saxinger et al., 1988; Okunu et al., 1989). HHV-6 has been
isolated from children suffering from roseola infantum (exanthum subitum)
and there is evidence that this is the causative agent of the disease
(Yamanishi et al., 1988). It is not yet clear whether HHV-6 is responsible for
any other human diseases and its role in human biology remains largely

undefined.

1.1.5 Genome structures of human Herpesviruses

All human herpesviruses have largé double stranded linear DNA
genomes, the structural features of which are illustrated in Figure 1.1.The
complete nucleotide séquence of HSV-1 has been determined (McGeoch et al,
1985, 1986, 1988; Perry & McGeoch, 1988) and comprises approximately 152kbp
with a molecular weight of approximately 100 x 103 kDal (Becker et al., 1968;
Kieff et al., 1971). HSV-1 has a high G+C base composition of 68.3%. However,



Figure 1.1 Gross structures of HSV genomes

The genome structures of the six known human herpesvirus are
presented diagramatically as linear molecules. The unique sequences
and repeat elements are represented as bold lines and open boxes

respectively. Arrows indicate the relative sequence orientation.
The abbreviations employed in the diagram are listed below:-

Up unique long

Us unique short |

I/TRy, internal/terminal long repeat
I/TRg internal/terminal short repeat
Dy, direct repeat left

Dr direct repeat right

MIR major internal repeat

ori origin of DNA replication

This figure was reproduced from McGeoch (1989).
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this value is not constant throughout the genome, with a G+C content of 79.5%
in the R§ elements.

Electron microscopic studies have shown that the HSV-1 genome
consists of two covalently linked segments, the long region (L) and short
region (S). The L segment comprises an unique sequence (Ul ) bounded by a
pair of oppositely orientated repeat elements (Rp ). The sequence elements
present in the left terminus (TRy ) designated a,b, are complementary to the

internal inverted repeat (TRp ), namely b',a’. The same nomenclature is
applied to the S region, which therefore consists of IRg, Us and TRg§
(Sheldrick & Berthelot, 1974; Figure 1.2).

Based on open reading frame (ORF) predictions, the HSV-1 genome is
estimated to encode 74 unique genes, two of which are repeated. 58 genes
reside in the Uy region, 12 in Ug. one in each of TRr and TRr and omne in each
of TRg and IRg (McGeoch et al., &%ﬁ?rgggreei.ﬁl.ﬁz}iﬁi g? h(l){‘:)if:nal;fign;g. -

The inverted repeéts, Ry, and Rg, are approximately 9200bp and
6600bp in size, respectively, (McGeoch et al., 1988). Ry, and Rg share the 400bp
a sequence (Davison & Wilkie, 1981) which is the minimum terminal
repetitive sequence required for optimal circularization (Wadsworth et al,
1976). One or more copies of the 'a' sequence are located internally at the
joint between the long and short segments in the opposite orientation to the
terminal a sequences (Sheldrick & Berthelot, 1974; Wadsworth et al, 1976;
Wagner & Summers, 1978). An overhanging residue, with a free 3' hydroxyl
group, is found at the ends of the terminal a sequences (Mocarski & Roizman,
1982).

Preparations of HSV-1 DNA consist of equimolar quantities of four
sequence orientation isomers, with Ul and Ug lying independently in one 6f
two possible orientations with respect to the joint between the L and S
segments (Delius & Clements, 1976; Wilkie, 1976). One particular isomer has
been designated as the prototype orientation to enable standardization of
genetic maps (Roizman, 1979; McGeoch, 1989). Evidence is available to support
the notion that all four isomers result in both the production of infectious
progeny (Davison & Wilkie, 1983) and the development of latent infection
(Efstathiou et al., 1986).

To date, approaching 33kbp of HSV-2 DNA sequence has been
determined, with all of the Ug region known (McGeoch et al, 1987). HSV-2 is
closely related to HSV-1, their genome sequences being closely co-linear
(Davison & Wilkie, 1983) and the coding sequences of corresponding genes
showing 70-80% nucleotide homology (McGeoch et al., 1987).



Figure 1.2 The positions of the a, b, and c¢ sequences
within the HSV genome

The positions of the a, b, and c sequences are indicated. The a', b' and c'
sequences are identical to, but in the opposite orientation from, the a, b
and c sequences. The number of a sequences at the junction between

the L and S components of the HSV genome is variable, but often equal
to one.
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Figure 1.3 Organisation of HSV-1 genes

The locations of the predicted HSV-1 ORFs are shown as arrows, and the
corresponding proposed polyadenylation sites are denoted with vertical
bars. The upper and lower scales represent map units and kilobase pairs
respectively. DNA origins of replications are indicated by an X (Stow,
1982; Spaete & Frenkel, 1982; Stow & McMonagle, 1983; Weller et al.,
1985).

This figure was reproduced from McGeoch et al. (1988).

(Ackerman et al., 1986; Chou & Roizman, 1990; Barker & Roizman, 1992)
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The entire sequence of the 125kbp genome of VZV is known (Davison
& Scott, 1986). The VZV genome has a molecular weight of 80 x 103 kDal, with a
G+C content of 46%, both of which are lower than the equivalent values for
HSV-1. The gross structure resembles that of HSV-1, with the exception of the
size of the repeats flanking U, which is only 88bp in VZV compared to 9200bp
in HSV-1. VZV also exists in four isomeric forms, however two of these,
representing one orientation of Ujp,, are 20 times more abundant than the
other forms (Davison, 1984).

The first herpesvirus to be entirely sequenced was the B95-8 strain of
EBV (Baer et al, 1984) with a genome size of approximately 172kbp and a G+C
content of 59.9%. Further investigation revealed that this strain of EBV
contains a 13.6kbp deletion, therefore 186kbp is more likely to represent the
true size (Raab-Traub, 1980). The organisation of the repeated elements in
EBV varies greatly from that of HSV-1 (Fig. 1.1). A direct repeat of a 540bp
sequence comprises the termini. Internally, the genome carries a set of
3072bp directly repeated elements, the major internal repeat (MIR), which
separates the Ug and Up,. DR and Dp, are almost identical 1000bp  repeat
elements flanking the Ul segment.

The HCMV genome, the largest of the human herpesvirus, is almost
230kbp with a molecular weight of 147 x 106 kDal (Geelen et al., 1978) and a
G+C content of 56%. The DNA sequence of the strain AD169 has been
determined (Chee et al, 1990) and with respect to the layout of repeat and
unique sequences its ‘overall structure is similar to that of HSV-1 (Kilpatrick
& Huang, 1977; Westrate er al, 1980). Like HSV-1, the HCMV genome has
equimolar amounts of four orientation isomers (Kilpatrick et al.,, 1976) and an
equivalent of the HSV-1 a sequence is also present (Spaete & Mocarski, 1985).

The HHV-6 genome is approximately 160kbp in with a base
composition of 41% G+C. It consists of a single unique sequence bounded by a
set of large direct repeats and shows some sequence homology with a region
of the HCMV genome (Efstathiou er al., 1988). A



1.2 Herpes Simplex Virus Lytic Cycle

1.2.1 Initial steps in HSV infection

HSV replication commences with the adsorption of the virion to the
cell, followed by penetration through the host membrane. WuDunn & Spear
(1989) demonstrated that the initial interaction between both HSV-1 and HSV-
2 and the cell membrane is the binding to cell surface heparan sulphate
moieties. Agents which block this interaction, or enzymatic digestion of
heparan sulphate, also effectively prevent viral adsorption and penetration.
There is a requirement for multiple virion-cell surface interactions to occur
subsequent to adsorption, to allow fusion of the virion to the cell to
commence. Recently Tufaro et al. (Abstract, 17th International Herpesvirus
Workshop, 1992) demonstrated that a cell line defective in synthesizing the
carbohydrate chains of heparan sulphate proteoglycans is actually
permissive for HSV infection, thus indicating that other cell surface
molecules may substitute for this function.

HSV penetration can occur by both the fusion of the viral envelope
with the cell membrane ( Epstein er al.,, 1964; Morgan et al.,, 1968; Smith &
DeHarven, 1974) and by endocytosis (Hummeler et al, 1969; Smith &
DeHarven, 1974; Dales & Silverberg, 1969). However, the predominant
pathway for productive entry of HSV-1 is by fusion at the cell membrane
(Rosenthal et al., 1989). The study by Rosenthal et al. (1989) also demonstrated
that the penetration of HSV-1 KOS was 100 fold less likely to occur at mildly
acidic conditions (pH6.3) than at physiological pH (pH7.4). The relevence of
this observation is that electron microscopy studies previously demonstrated
that fusion predominates at pH7.4, and endocytosis at pH6.3. In addition mildly
acidic conditions have also been shown to inhibit HSV-induced cell to cell
fusion and syncytium formation (Lancz & Bradstreat, 1976).

The envelope glycoproteins gB, gD and gH play essential roles in
viral penetration (Cai et al.,, 1987, 1988; Desai et al., 1988; Ligas et al., 1988;
Little et al., 1981). Neutralizing monoclonal antibodies raised against gB, gD
and gH individually block viral penetration, but have a negligible effect on
virion adsorption (Fuller et al., 1987; Highlander et al., 1987, 1988). Recently,
Hutchinson er al. (1992a, 1992b) identified glycoproteins gK and gL, both of
which appear to be essential for HSV replication. gC significantly enhances
the binding and infectivity for HEp-2 and Vero cells (Herold et al., 1991). The
other known glycoproteins (gE, gG, gl) are apparently dispensable for virus



replication in cultured cells (Drapel et al., 1984; Longnecker & Roizman, 1987,
Neidhert et al., 1987).

1.2.2 Alteration of host macromolecular synthesis

The sequential expression of HSV genes during lytic infection
usually occurs against a declining background of host macromolecular
synthesis (Roizman et al, 1965; Fenwick, 1984). This inhibition of cellular
DNA, RNA and protein synthesis, or "host shut-off", is a complex multistage
Process.

The early or primary phase of host shut-off is mediated by a virion
component (Nishioka & Silverstein, 1977) responsible for the dissaggregation
of cellular polyribosomes (Sy diskis & Roizman, 1966, 1967) and the
subsequent degradation of host mRNAs (Schek & Bachenheimer, 1985). The
effects of early host shut-off are seem in the presence of actinomycin
(Fenwick & Walker, 1978) and with UV-irradiated HSV-1 (Nishioka &
Silverstein, 1977), thus indicating that a virion component is responsible for
the—phenomenon. The early shut-off is followed by delayed or late shut-off
which is conditional upon the synthesis of viral RNA and proteins. Late shut-
off is responsible for the enhanced reduction of host protein synthesis and
for a decrease in cellular DNA synthesis (Fenwick, 1984).

A range of mutants deficient in host shutoff
(vhs mutants) have been 1solated and characterised (Read & Frenkel, 1983;
Kwong & Frenkel, 198’/} and have proved important for studying shut-off.
vhs 1 is defective in early shutoff and consequently fails to degrade pre-
existing mRNAs in the absence of viral gene expression. In contrast vhs
mutants are not defective in late shutoff. The presence of the vhs 1 mutation
dramatically increases the functional half-lives of viral mRNAs representing
all kinetic classes (Oroskar & Read, 1989). The vhs gene product appears to
destabilise mRNAs with little or no apparent sequence specificity but the
mechanism of this vhs induced mRNA turnover is not yet known. It has been
proposed that the vhs gene may either encode a RNase or activate a pre-
existing cellular nuclease. Alternatively, the vhs function may act by
modifying the translational machinery thus rendering the associated mRNA
more susceptible to nuclease attack (Oroskar & Read, 1989). The vhs 1
mutation has been mapped to a fragment spanning map coordinates 0.604 to
0.606, which contains the UL41 open reading frame, and this gene  product is
responsible for the early suppression of protein synthesis (Morse et al., 1978;
Kwong et al., 1988; McGeoch et al., 1988). UL41 is not an essential structural



component of the virion because viruses containing insertions or deletions
in UL41 are viable (Fenwick & Everett, 1990). Several lines of evidence
recently demonstrated that the virion transactivator Vmw65 binds to the vhs
gene  product (Weinheimer et al.,, Abstract, 17th International Herpesvirus
Workshop, 1992). Subsequent mutational analysis revealed that vhs residues
178-344 were sufficient for complex formation, and that the acidic
transcriptional activation domain of Vmw65 was not required. The authors
proposed that newly synthesized Vmw65 serves to sequester or dampen the
activity of the vhs protein produced during the late phase of the lytic cycle
(Weinheimer et al, Abstract, 17th International Herpesvirus Workshop,
1992).

Godowski & Knipe (1985) proposed that the production of a viral
protein, possibly ICP8, early in infection is responsible for the protection of
viral mRNAs from the effects of the virion-associated UL41 gene product.
This study demonstrated that infection with the ICP8 ts mutant zs13, at the
non-permissive temperature, led to a ISubstantially lower level of ICP4
(Vmw175) mRNA accumulation than detected during infection with wild type
HSV-1 (KOS). It is therefore possible that ICP8 may function as a mRNA
stabilizing factor counteracting the effect of UL41 as ICP8 has a strong
affinity for both single stranded and polyA*™ RNA (Ruyechan & Weir, 1984)
and has previously been shown to downregulate the expression of other viral
genes (Godowski & Knipe, 1985).

Not all cellular genes are downregulated during viral infection.
Histone gene expression is not repressed by HSV infection (Mayman &
Nishioka, 1985), while the abundance of cellular heat shock proteins actually
increases during HSV infection (La Thangue et al., 1984; Patel et al., 1985;
Kemp et al, 1986). A recent study of three 70,000 molecular weight heat shock
genes has shown that only Asp70 is induced by HSV-1 infection (Phillips et
al., 1991). This specific transcriptional activation of hsp70 in HeLa cells is
transient and followed by a rapid repression (Phillips et al., 1991). Notarianni
and Preston (1982) demonstrated that the overproduction of immediate early
polypeptides during ¢sK infection at the non-permissive temperature led to
increased synthesis of host heat shock proteins, and further studies showed
that it is the overproduction of the mutant Vmwl175 polypeptide that induces
the stress response (Russell et al., 1987b). The abolition of Vmw63 function
during HSV-1 infection prevents the accumulation of a 40kd cellular protein.
Vmw63 acts in conjunction with another as yet unspecified factor present in
the infected cell (Esteridge et al., 1989). Infection of HFL cells with a

temperature sensitive mutant, ts1204, deficient in penetration at the non-



permissive temperature, induces the synthesis of a 56kd cellular protein. p56
induction is not detected during a wild type HSV-1 infection, where it is
probably inhibited by the expression of an early viral protein (Preston,
1990).

1.2.3 Transcriptional features of HSV-1 genes

HSV-1 genes are transcribed by cellular RNA polymerase II, in the
nucleus of the host cell (Alwine et al.,, 1974; Ben-Zeev & Becker, 1977; Costanzo
et al., 1977). The resultant viral mRNAs share common structural features
with cellular RNAs. They have a 5' cap structure, are polyadenylated at the 3’
end, and are internally methylated (Bachenheimer & Roizman, 1972;
Silverstein et al.,, 1973; Bartoski & Roizman, 1976). The occurrence of 3' co-
terminal families, where a particular gene has its own promoter and unique
5' terminal sequences, but shares 3' terminal sequences with other
transcripts, is common. This arrangement is seen in the Ug where 11 of the
13 mRNAs (encoding 12 proteins) are arranged into four nested families
(Rixon & McGeoch, 1984, 1985; McGeoch et al., 1986.). Overlapping reading
frames and 5' ends on opposite strands are also observed, albeit relatively
rarely (Rixon & McGeoch, 1984; Wilkie et al., 1980). Spliced transcripts are
also a minority feature of HSV-1 transcription. Out of the 72 proposed distinct
genes (Fig. 1.2), only the IE-1 (Perry et al, 1986), IE-4/5 (Watson et al., 1981,
Rixon & Clements, 1982), UL15 (Costa er al., 1985; McGeoch et al., 1988) and the
latency associated transcripts (LATs) (Wagner et al, 1988; Wescher et al.,
1988) are known to generate mature mRNA by splicing.

HSV-1 gene expression occurs in a coordinated temporal manner,
with HSV transcription divided into three distinct phases, namely IE (o), E (B)
and L (y) (Swanstrom & Wagner, 1974; Jones & Roizman, 1979; Clements et al.,
1977). The IE genes are the first class to be transcribed immediately upon
entry into the host cell and in the absence of de novo protein synthesis
(Kozak & Roizman, 1974; Clements et al., 1977; Jones & Roizman, 1979). IE
polypeptides play regulatory roles in HSV gene expression, and the
properties of the five IE proteins are described in section 1.2.5. Subsequent
expression of early genes which encode proteins involved in DNA replication
and nucleotide metabolism is dependent upon functional IE gene products.
Vmw63 appears to be involved in the switch from early to late gene
expression (Sacks et al., 1985; McCarthy et al., 1989; Rice & Knipe, 1990). Late
gene expression is split into two different stages, early late (yp) and "true"

late (y2) with the distinction that transcription of y genes occurs only after
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viral DNA replication has taken place (Jones & Roizman, 1979; Holland et al.,
1980; Hall et al., 1982; Godowski & Knipe, 1985; Johnson et al;, 1986). In
contrast, y] proteins are produced at detectable levels when DNA synthesis is
inhibited. Late genes generally encode structural proteins and proteins
involved in the production of progeny virions.

The expression of HSV-1 genes is primarily controlled at the level of
transcription initiation. However, McLauchlan et al. (1989) demonstrated that
an HSV-induced factor regulates polyadenylation site usage. The presence of
this heat labile factor selectively increases cleavage at a late polyadenylation
site in vitro. However, sequence comparison of polyadenylation sites
representing all temporal classes of HSV genes does not reveal any consensus
sequence associated specifically with late polyadenylation sites (McLauchlan
et al., 1989). |

Temporal regulation of the three classes of HSV genes is governed by
the 5' flanking sequences associated with the different promoters classes.
Sequence analysis of upstream promoter regions demonstrated that they
contained cis-acting elements recognised by both viral and cellular

transacting factors.

1.2.4 Immediate-early gene expression

The nature of the regulatory sequences associated with immediate
early (IE) gene expression was originally investigated by Post et al. (1981).
Their paper describes the conversion of TK- viruses to a TK?' phenotype in
which structural sequences of the HSV thymidine kinase gene were linked to
either its own promoter or to the 5' flanking sequences constituting the IE-3
promoter. Cells infected with the IE-3-TK recombinant virus under immediate
early conditions showed induced TK activity upon the release of the
cycloheximide block. In contrast, the wild type virus did not express
thymidine kinase in the absence of protein synthesis. The IE-3 5' terminal
sequences are sufficient to confer IE- regulatory characteristics upon the
normally early TK gene, and the positioning of these sequences at the 3' end
of the promoter abolished the expression of TK (Post er al., 1981). A TK*
transformed cell line was also constructed with the TK gene wunder the
control of the IE-3 promoter. Superinfection with a TK~ virus resulted in the
stimulation of TK activity from the IE-3 promoter, even in the presence of
cycloheximide. A similar induction was observed at both permissive and non-
permissive temperatures by the superinfection of a ts virus (¢s502-A305) that
lacks a functional Vmw175. Post et al. (1981) suggested that enhancement
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from the IE-3-TK chimera was due to a virion component, provided by the
superinfecting TK~ virus, which did not depend on IE gene products. Similar
results were later obtained using TK™ cell lines derived from IE-1-TK and IE-
3-TK chimeras (Mackem & Roizman, 1982a, 1982b).

UV-irradiated TK- virus was shown to be as effective as untreated
virus at inducing TK activity from IE-3-TK chimeras (Batterson & Roizman,
1983). A temperature sensitive mutant, fsB7, defective in uncoating,
stimulated IE gene expression at the non-permissive temperature, at which
viral DNA is not released from the capsid, indicating that the factor
responsible for induction of IE genes is a component located outwith the
nucleocapsid (Batterson & Roizman, 1983). This virion component was later
identified by Campbell et al. (1984) in a series of co-transfection experiments
in which cloned restriction fragments of HSV and an IE-TK reporter plasmid
were introduced into cells and the resultant TK activity was determined. The
BamHIf fragment (0.64 to 0.69 map units) was found to encode an activity
which stimulates only IE-TK activity. This transactivation activity was
subsequently localised to a 2.3kbp subclone of the BamHIf fragment. Hall et
al. (1982) showed that a major 1.9kb mRNA species was the only entire
transcript originating from the region encompassed by this subclone.
Hybrid-arrested translation, in conjunction with immunoprecipitation
analyses, were employed to verify that this transactivating virion component
was indeed Vmw65 (Campbell ef al, 1984).

The product of the UL48 gene, Vmw65 (also known as VP16), is the
major tegument protein, and it is estimated that there are approximately 1000
molecules per virion (Heine et al, 1974; Roizman & Furlong, 1974). Vmwé65 is
essential for the assembly of progeny virions, since the HSV-2 mutant ts 2203,
whose mutation maps to Vmw65 coding sequences, fails to assemble virus
particles at the non-permissive temperature (Ace et al., 1988).

The sequence elements located in the 5' upstream region responsible
for mediating the responsiveness to transactivation by Vmw65 were
determined by sequence and deletion analyses. A consensus AT-rich cis-
acting sequence, TAATGARATTC (R = purine) was identified, the presence of
which was integral to Vmw65 responsiveness. (Mackem & Roizman, 1982a,b,c;
Cordingley et al., 1983; Kristie & Roizman, 1984; Lang et al., 1984; Preston &
Tannahil, 1984; Gaffney et al, 1985; Bzik & Preston, 1986). The TAATGARAT
consensus sequence was shown to be present in the far upstream regions of
all the HSV-1 IE genes (Murchie & McGeoch, 1982; Mackem & Roizman,
1982a,b; Whitton et al., 1983; Whitton & Clements, 1984) and its activity is also

modulated by flanking sequences. In IE4/5 and IE-3, these regions contain
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the heptanucleotide CCCGCCC or its complement GGGCGGG (Preston &
Tannahill, 1984) which represent binding sites for the transcription factor
Spl (Jones & Tjian, 1985). Studies by Kristie & Roizman (1984) highlight the
importance of similar flanking sequences, the GA-rich motifs identified in
the upstream regulatory regions of the IE-2, IE-3 and IE-4/5 promoters. These
GA-rich elements do not have any independent activity, but can convert an
otherwise non-functional related element, TAACGAGGAAG, to a state of virion
responsiveness (Bzik & Preston, 1986).

The IE-3 far upstream region, between nucleotide positions -174 to
-332, contains an enhancer-liker element (Post ei al., 1981; Mackem &
Roizman, 1982a; Cordingley et al, 1983; Lang et al., 1984; Preston & Tannahill,
1984) which is not functionally dependent on Vmw65, and can stimulate
expression in both orientations and from a considerable distance (>1000bp)
(Lang et al., 1984; Preston & Tannahill, 1984). However, in contrast to other
characterised enhancers, this element does not appear to function when
positioned downstream of the target gene. Both the GC-rich and GA-motifs are
integral components of this enhancer (Preston & Tannahill, 1984). |

After the discovery that Vmw65 acts through the TAATGARAT
element, emphasis moved towards revealing its mode of action. Vmwe65 itself
does not possess any intrinsic DNA binding activity, neither specifically for
the TAATGARAT element nor non-specifically for double stranded DNA
(Marsden et al., 1987; Preston et al, 1988). This apparent paradox was resolved
when Vmwé65 was shown to form a specific complex with the TAATGARAT
motif, only in the presence of cellular proteins under conditions that support
the binding of these cellular factors to DNA (McKnight et al., 1987, O'Hare &
Goding, 1988; Preston et al, 1988). Studies prior to this work had revealed that
nuclear extracts from uninfected tissue culture cells contained two major
proteins that specifically bound to the TAATGARAT site (Kristie & Roizman,
1987). DNase I footprinting analysis and gel retardation assays using
uninfected HeLa nuclear extract, confirmed the formation of a specific
complex between cellular proteins and the TAATGARAT motif (O'Hare &
Goding, 1988; Preston et al., 1988). This novel complex, denoted the IEC
(immediate early complex), was detected using either infected nuclear extract
or uninfected extract supplemented with virion extract (Preston et al., 1988).

Monoclonal antibodies, LP1 (McLean ef al., 1982) and MA1044
(Campbell et al., 1984), and a third raised against a peptide representing the
C-terminus of Vmw65 (Dalrymple et al, 1985; Pellet et al., 1985) specifically
decreased the electrophoretic mobility of the IEC (Preston et al., 1988). The

addition of affinity purified Vmw65 or in vitro synthesized [35S]-methionine
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labelled Vmw65 to a HeLa cell nuclear extract correlated with IEC formation
(McKnight et al., 1987; Preston et al., 1988) thus confirming that Vmw65 is
indeed a component of the IEC.

Several point mutations in the TAATGARAT element, such as -TAA to
TCC, abolish IEC formation and oligonucleotides containing this mutant
sequence also fail to compete with TAATGARAT for IEC formation (O'Hare &
Goding, 1988; Preston et al., 1988). When a range of mutant oligonucleotides
were individually introduced wupstream of a previously non-responsive
promoter, a direct correlation between failure to direct IEC formation and the
inability to confer Vmw65 responsiveness was established (Preston et al,
1988; O'Hare & Goding, 1988).

Sequence analysis revealed that the TAATGARAT motif is highly
homologous to the NFIII binding site in the adenovirus origin of DNA
replication (Pruijn et al., 1986), to the octamer consensus element ATGCAAAT
(Rosales et al., 1987) located in the immunoglobulin light chain enhancer
and promoter (Ephrussi et al, 1985; Falkner et al, 1984) and the human
histone H2B promoter (Sive & Roeder, 1986). O'Hare and Goding (1988)
initially suggested that the protein Oct-1 (NFIII, OTF-1), present in a wide
range of cell types, was one of the cellular components of IEC. Gerster &
Roeder (1988) subsequently confirmed that Oct-1 purified from HeLa cells was
required for the formation of the tertiary complex IEC (Gerster & Roeder,
1988). Involvement of one or more additional cellular factors was implied as
the incubation of in vitro synthesized Vmw65 and purified Oct-1 with
TAATGARAT did not result in IEC formation. However, subsequent addition of
an Oct-1 depleted HeLa cell nuclear extract dramatically restored binding to
TAATGARAT (Gerster & Roeder, 1988).

Several transcription factors, such as Oct-1, Pit-1 and unc86, involved
in tissue-specific and developmental regulation (Bodner et al., 1988;
Ingraham et al., 1988; Finney et al., 1988) share a characteristic POU domain
comprised of two conserved motifs, the POU-.speciﬁc domain and the POU
homeodomain. Regions of the highly conserved POU domain are homologous
to the proposed DNA-binding domain of Drosophila developmentally
regulated transcription factors (Ko et al., 1988; Muller et al., 1988; Scheider ei
al., 1988).

A combination of deletion and insertional mutagenesis revealed that
Vmw65 is composed of two distinct and functionally separable domains
(Sadowski et al, 1988). The C-terminal 78 amino acids specify the trans-
activation activity whereas the N-terminal region contains the requirements

for IEC formation. The C-terminal domain is markedly enriched for
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negatively charged amino acid residues. Out of the 78 C-terminal amino acids,
21 have acidic side chains that are either aspartic or glutamic acid residues
and none are basic (Dalrymple et al, 1985). This ‘'acidic tail' is  highly
reminiscent of the acidic transcriptional activation domains previously
identified in the yeast regulatory proteins GCN4 and GAL4 which are involved
in the regulation of amino acid biosynthesis and galactose metabolism
respectively (Hope & Struhl, 1986; Gill & Ptashne, 1987). The Vmw65 acidic
domain functions in vivo when coupled to the DNA binding domain of either
GAL4 (Sadowski et al, 1988) or to the human oestrogen receptor (Tora et al.,
1989). The hybrid GAL4-Vmw65 protein also functions as a transcriptional
activator in vitro with both yeast (Berger et al., 1990) and HeLa cell extracts
(Carey et.al, 1990). Using an in vitro assay, Berger et al. (1990) demonstrated
that the chimeric protein selectively inhibited activated but not basal
transcription. This inhibitory effect is thought to be due to the sequestering
of factors essential for transcriptional activation (Ptashne, 1988).
Biochemical evidence has since been provided for a transcriptional
intermediary factor (TIF) in HeLa whole cell extracts which is required to
mediate the stimulatory activity of the acidic activator GAL4-Vmw65 (White et
al., 1991). This factor is distinct from previously identified transcription
factors as it is not essential for basal transcription. White et al. (1991) propose
an association between TIF(s) and TFIID, and suggest that the TIF(s) may be
the direct target of the acidic domain of GAL4-Vmw®6S5.

Triezenberg et al. (1988b) constructed a series of C-terminal deletions
in Vmw65 and demonstrated that the C-terminal 78 amino acids were crucial
for transcriptional stimulation. A C-terminal truncated protein, encoding
only part of the acidic region, is partially active in transactivation assays.
Triezenberg et al. (1988a) originally suggested that the overall number of
negatively charged residues is important and not necessarily the integrity of
the acidic region itself. However, detailed mutagenic analysis of the acidic
activation domain has since revealed that although the net charge
contributed, it was not sufficient for transcriptional activation by Vmweé65
(Cress & Triezenberg, 1991). The phenylalanine residue ét position 442 is
extremely sensitive to mutation, and is thought to be involved in a
hydrophobic interaction (Cress & Triezenberg, 1991).

Using a transient expression system in conjunction with N-terminal
deletion mutants, Greaves & O'Hare (1990) demonstrated that the N-terminal
403 amino acids are essential for IEC formation. A truncated form of Vmw65,
specifying only the N-terminal portion and therefore lacking the acidic tail,

dominantly interfered with the wild type activator in transient transfection
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McKnight et al. (1986, 1987) identified two factors, namely the
products of UL46 and ULA47, that enhance the efficiency of Vmw65
dependent activation of IE gene expression. Subsequent work using
viral deletion mutants demonstrated that neither UL46 nor UL47
encoded gene products, either separately or in combination, were
required for viral growth in tissue culture (Zhang et al., 1991). A
UL47 deletion mutant resulted in an 80% reduction in ability to

induce the expression of an IE-regulated thymidine kinase gene

resident in 143TK- cells. A UL46 deletion mutant had no effect on the
level of Vmw65 synthesized in the infected cell (Zharig' et al., 1991).
Zhang and McKnight (1993) showed that the UL46 and UL47 viral
deletion mutants lacked VP11 and VP12 or VP13 and VP14
respectively. It was proposed that these proteins act at the same level
since single mutants were associated _with a 2h delay in TK
expression while double mutants were associated with a 4h delay in
TK expression. The authors predicted that the ability of UL46 and
UL47 to enhance transcription resulted from the stochiometric
association of VP11/VP12 and VP13/VP14 with Vmw65 in the
infecting virion (Zhang and McKnight 1993).




assays (Triezenberg et al., 1988b). Triezenberg et al. (1988a) proposed that
this N-terminal segment competes with the native protein for the specific
interaction sites on the cellular DNA binding proteins. A similar hypothesis
was postulated to explain the specific reduction in permissiveness to. HSV-1
replication of a transformed cell line expressing a truncated Vmw65 protein
lacking the acidic activation domain by HSV-1 at low MOI (Freidman et al.,
1988).*

Ace et al. (1988) constructed a series of 12bp linker insertion mutants
throughout the Vmw65 open reading frame. Each mutant plasmid was assayed
for its ability to stimulate IE promoters in short term transfection assays; to
form IEC in an in vitro binding assay; and for the ability to rescue the HSV-2
assembly mutant s 2203. These results demonstrate a direct correlation
between ability to form the tertiary complex IEC, and stimulation of IE- gene
transcription (Ace et al., 1988). To determine which domains of Vmw65 are
involved in the correct assembly of progeny virions, the mutated plasmids
were assayed for their ability to rescue s 2203, which fails to assemble
virions at the non-permissive temperature. One plasmid, inl4, rescued ts
2203, therefore the insertion had not disrupted a domain crucial for the
structural integrity of Vmw65. However, inl4 failed to form the IEC,
demonstrating that Vmw65's functional domains are separable and raising
the possibility that viable viruses containing the inl4 insertion could be
constructed (Ace et al, 1988). This was subsequently achieved by Ace et al
(1989) who constructed the mutant inl1814.

The mutant in1814 contains a 4 amino acid insertion at codon 379
which disrupts the region of Vmw65 required for IEC formation, but does not
interfere with virion assembly (Ace et al, 1988, 1989; Greaves & O'Hare, 1990).
This mutation causes a decrease in the levels of IE-RNA accumulation and
viral protein synthesis under immediate early conditions. Comparison of BHK
cells infected with in1814 or HSV-1 in the presence of cycloheximide
demonstrated a 4-5 fold reduction in the level of accumulation of IE-1 and IE-
2 RNA and a 2 fold decrease in IE-4 RNA, whereas the level of IE-3 RNA was
unchanged. Densitometric analysis of [358]-methionine labelled IE
polypeptides revealed that the levels of Vmw110 and Vmw63 polypeptides
were also reduced 4-5 fold, and the level of Vmwl75 was unaffected. Both of
these values are in good agreement with the IE RNA synthesis rates. However,
it was not possible to measure the Vmw68 levels accurately because this
polypeptide ran as a diffuse band (Ace er al., 1989). in1814 has a high
particle:pfu ratio (1000:1) which means that at low MOI plaque formation is
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*

Weinheimer et al. (1992) recently described the construction of a
mutant virus containing a deletion in the Vmw65 open reading
frame, such that no functional Vmw65 is produced. This mutant
replicated as efficiently as wild type HSV-1 during infection of a
Vmw65 expressing transformed cell line, resulting in the production
of mutant viruses containing cell-derived Vmwé64 recruited during
virion assembly. Although this cell derived Vmw65 was functional
for IE gene transinduction, plaque assays and single step replication
assays revealed that the mutant failed to replicate during subsequent
infection of cells that do not express Vmw65. This work demonstrates
that the absence of Vmwo65 at late times during infection precluded
the production of infectious progeny virus and correlates with
defective HSV-1 particle assembly (Weinheimer et al., 1992).



severely disabled. This high particle:pfu ratio is even more pronounced in
HFL cells (Ace et al.,, 1989; Harris & Preston, 1992).

It appears that the metabolic state of the host cell influences the

efficiency of plaque formation, as the apparent titre of a given stock of
in1814 on different batches of BHK cells can vary by as much as 10 fold (Ace
et al., 1989). Preston (unpublished observations) noted that titration of in1814
on freshly seeded HFL cells also increases the efficiency of plaque formation.
Recently, Daksis & Preston (1992) demonstrated that in the absence of
functional Vmw65, HSV-1 immediate early gene expression varies during the
cell cycle. They found that in1814 formed plaques less efficiently on HeLa
cells synchronised at the G2 phase of the cell cycle than at G1/S,
demonstrating an increased requirement for Vmw65 when cultures reached
the G2 phase.
- The reduced ability of in1814 to initiate plaque formation at low MOI
was partially overcome by either the provision of Vmwl1l0 in trans or by
prior infection with UV-irradiated zsK supplying functional Vmw65 (Ace et
al., 1989). The importance of functional Vmw65 in the progression into
productive lytic infection was strengthened by Werstuck et al. (1990), who
showed that transfection of HSV-1 viral DNA into a cell line expressing
Vmw65 resulted in enhanced infectivity.

The work by Ace et al. (1989) demonstrated that transinduction of IE
gene expression by Vmw65 is extremely important at both low MOI in tissue
culture systems and in vivo, as in1814 is essentially avirulent in mice. This in
vivo situation also emphasizes the importance of host cell factors in the
decision between the replication of in1814 or the establishment of a latent
infection. in1814 has been used as a tool to investigate the role of Vmwe65 in
latent infections, in vitro (Harris & Preston, 1992) and in vivo (Steiner et al,
1990).*

The presence of hexamethylene bisacetamide (HMBA) in the culture
medium has recently been shown to overcome the replication defect of
in1814 (McFarlane et al., 1992; this thesis). HMBA and DMSO are known to
induce differentiation of cultured erythroleukemic cells and to enhance the
reactivation of latent HSV after explantation of the ganglia. HMBA increased
the level of IE RNA accumulation in the presence of cycloheximide,
McFarlane et al. (1992) propose that HMBA- and DMSO-mediated enhancement

of reactivation from latency is due to an increase in IE RNA production.
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1.2.5 Properties and functions of immediate early
polypeptides

HSV-1 encodes 5 immediate early genes specifying the polypeptides
Vmwl110 (ICP0), Vmw63 (ICP27), Vmwl75 (ICP4), Vmw68 (ICP22) and Vmwl12
(ICP47) (Watson et al., 1979; Anderson et al., 1980).

1.2.5.1 Vmwl175

The IE-3 gene, encoding Vmwl175, is located in both copies of the
short repeat regions and is therefore diploid (Rixon et al, 1982). From SDS
polyacrylamide gel electrophoresis the polypeptide product has an estimated
molecular weight of 175,000 and consists of 1298 amino acid residues
(McGeoch et al., 1986). Vmwl175 is a critical immediate early gene product as it
is essential for the subsequent expression of both early and late gemes and
for the repression or autoregulation of immediate early gene expression
(Preston, 1979a; Watson & Clements, 1980).

Vmwl175 is a nuclear DNA binding protein which 1is post-
translationally modified by phosphorylation at both serine and threonine
residues and can be poly(ADP-ribosyl)ated in isolated nuclei (Powell &
Purifoy, 1976; Pereira et al., 19&ﬁhgfg)'_rg}( lec‘tmc.tl., 1980; Hay & Hay, 1980; Preston
& Notarianni, 1983; Faber & Wilcox, 1986). It is possible that the state of
phosphorylation of Vmw175 affects its regulatory activities as pulse-chase
experiments indicate that phosphate groups can cycle on and off the protein
during infection (Wilcox et al, 1980). It is now known that different
electrophoretic forms of Vmwl75 differ in their abilities to bind to specific
HSV regulatory sequences (Michael et al, 1988). Vmwl75 can be isolated in
multimeric forms, but normally exists as a homodimer (Metzler & Wilcox,
1985).

Vmw175 can specifically recognize and'bind to bipartite sites related
to the sequence ATCGTnonnonCGG (Faber & Wilcox, 1986; Muller, 1987; Kattor-
Codey & Wilcox, 1989; Pizer et al., 1991; Everett & Orr, 1991), but this sequence
alone is not sufficient for binding (Roberts et al., 1988; Pizer et al., 1991).
Indeed, other binding sites have been defined which do not contain the
consensus Vmwl175 binding site (Beard et al.,, 1986; Kristie & Roizman, 1986;
Michael et al, 1988; Michael & Roizman, 1989; Tedder er al., 1989). The
situation is further complicated because consensus Vmw175 binding sites are

not commonly found in the promoter regions of many early and late genes
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despite the observation that Vmw175 is essential for their activation. The
early TK promoter contains weaker, non-consensus, sites (Imbalzano er al.,
1990) and it has recently been suggested that transactivation of the TK
promoter by Vmw175 does not depend on ‘binding to these sites (Imbalzano er
al., 1990; Shepard & DeLuca, 1991). The late gD promoter contains two Vmwl75
binding sites 5' of the promoter region, and a third site downstream of the
transcriptional start site. In transfection assays, these sites have been shown
to conﬁibute to activation (Tedder et al.,, 1989) and multimerization of any one
of these sites is correlated with increased activation by Vmwl75 (Tedder et al.,
1988). However, Everett (1983, 1984b) demonstrated that the two upstream
sites are not essential for transactivation by Vmwl175 under conditions
providing all the immediate early polypeptides. Recently a mutant virus was
constructed harbouring mutations in all three Vmw175 binding sites in the
gD promoter (Smiley et al, 1992). This study reveals that these sites are not
essential for transcription of gD RNA during virus infection, and led to the
proposition that the Vmwl175 binding sites are sufficiently numerous or
redundant in the viral genome, such that if any particular site is removed,
then its role is taken on by another site (Smiley er al, 1992).

Comparison of the predicted amino acid sequence of Vmwl75 with
related proteins expressed by VZV (McGeoch et al, 1986), PRV (Vicek et al.,
1989) and EHV-1 (Grundy et al.,, 1989) revealed that Vmwl175 is highly
conserved and is composed of 5 domains. Regions 2 and 4 show a high degree
of conservation while regions 1, 3 and 5 are less related.

Evidence has accumulated supporting the hypothesis that binding of
Vmw175 to the viral genome is an important stage in the activation of
transcription. The mutant ?sK has a single amino acid substitution at residue
475 in the DNA binding domain (Davison er al., 1984) and at the NPT, and this
abberant Vmwl75 polypeptide neither binds DNA nor activates gene
expression (Preston, 1979b; Paterson & Everett, 1988).

Insertion and deletion mutants in piasmid-encoded Vmwl75 have
been studied in DNA binding assays. These experiments demonstrate that the
principal part of the polypeptide important for DNA binding is in region 2
(DeLuca & Schaffer, 1988; Paterson & Everett, 1988; Shepard et al, 1989).
When these plasmids were co-transfected with a reporter gene construct in
transient transfection assays, Paterson & Everett (1988) deduced that both
regions 2 and 4 were involved in the regulation of gene expression by
Vmw175. The portion of the protein essential for transactivation also has the
ability to bind DNA and is highly conserved amongst the other members of
the alphaherpesvirinae subfamily (McGeoch et al, 1986; Cheung, 1989;
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Grundy et al., 1989; Vicek et al, 1989). The mutation in tsK lies in this highly
conserved region (Davison et al, 1984).

The product of the VZV gene 62, a 140,000 polypeptide, has been
shown to complement the growth of HSV-1 viruses with temperature
sensitive lesions and deletions in Vmwl175 (Felser et al., 1987, 1988). Based on
this functional homology, Disney & Everett (1990) constructed a recombinant
virus in which both copies of the Vmwl75 coding sequence were replaced by
the VZV open reading frame of gene 62 (Davison & Wilkie 1983; McGeoch et
al., 1986). The progeny virus, HSV-140, was viable in tissue culture but failed
to form plaques. At a high MOI, the expression of certain late genes was
reduced, but the majority of the viral polypeptides were synthesized in
apparently normal amounts. Analysis of protein synthesis revealed that the
VZV 140,000 protein was present in large amounts late in infection,
indicating that this polypeptide does not autoregulate the HSV IE-3 promoter
(Disney & Everett, 1990). In contrast, Vmw175 represses its own expression
through binding to the specific Vmwl75 DNA binding sequence at the cap
site of the IE-3 promoter (Muller et al.,, 1987; Roberts et al., 1988). This
phenomenon of autoregulation can be reproduced in transient assays (O'Hare
& Hayward, 1985b, 1987). In vitro analyses have demonstrated that mutants of
Vmw175 that fail to bind to the IE-3 cap site also fail to repress expression
from the IE-3 promoter (DeLuca & Schaffer, 1988; Paterson & Everett, 1988). It
has recently been demonstrated that the activation domain of Vmwl75
interacts with the host transcriptional apparatus through direct protein-
protein contacts with TFIID and TFIIB (Smith & DeLuca, Abstract, 17th
International Herpesvirus Workshop, 1992).

Everett et al. (1992) showed that the process of Vmwl175 binding to
DNA physically bends it to a 60° angle at or very close to its binding site.
Binding of both purified Vmwl75 DNA binding domain and partially purified
preparations of the intact protein induced DNA bending (Everett et _al., 1992).
The VZV homologue 140,000 protein does not bend DNA but does disrupt the
helix (Tyler & Everett, personal communication). This Obs‘\are‘ggir%llly may, at
least partially explain why the VZV homologue does notA runctionally
substitute for Vmw175 in HSV (Disney & Everett, 1990).

1.2.5.2 Vmwl10

The IE-1 gene is located entirely within the long repeat elements
(RL) of the HSV genome, and is therefore diploid (Prcston‘ et al., 1978). The

primary transcript is spliced to remove 2 introns which, unusually for HSV,
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are in polypeptide coding regions (Perry et al., 1986). The latency associated
transcripts (LATs) (Section 1.3.2.5) partially overlap and show sequence
complementarity with the 3' ends of the IE-1 mRNA (Stevens et al., 1987;
Wagner et al., 1988; Wechsler et al.,, 1988).

The IE-1 gene encodes a 775 amino acid polypeptide product with a
predicted molecular weight of 78,452. However, SDS polyacrylamide -gel
electrophoresis indicated that Vmwl110 has an apparent molecular weight of
110,000, as a consequence of /modifications, Vmwll0 is a nuclear
phosphoprotein (Marsden et al, 1976) which binds to DNA in crude cell
extracts in vitro and is associated with chromatin in vivo (Pereira et al., 1977;
Hay & Hay, 1980). Analysis of the polypeptide sequence reveals a cysteine
rich potential zinc finger binding domain between amino acids 130 and 160.

A;’zinc finger structural motif was originally identified in the transcription factor
TFIIIA (Miller et al., 1986) and subsequently in a number of DNA binding
proteins which participate in the regulation of transcription (Berg, 1986;
Evans & Hollenberg, 1988). Everett et al., (1991) used metal affinity
chromatography to demonstrate that Vmw110 in nuclear extracts is retained
on zinc columns and that this interaction does not depend on the zinc finger.
Removal of the zinc finger abolishes the normal nuclear localization of
Vmw110 resulting in a cytoplasmic association. Given that zinc fingers are
also involved in the protein:protein interactions required for transactivation
of HIV (Frankel et al., 1988), it has been postulated that the function of the
zinc finger in Vmwl110 is to promote an association with another protein,
perhaps through the C-terminal region (Everett et al., 1991). The ability of
Vmwl10 to bind zinc has recently been confirmed by Vaughan et al. (1992).

Vmwl1l0 is a potent and promiscuous transactivator of gene
expression in transient transfection assays (Everett, 1984a; O'Hare & Hayward,
1985a; Gelman & Silverstein, 1985; Quinlan & Knipe, 1985). It displays a lack of
target specificity, being capable of activating transcription from
herpesvirus promoters representing all temporaj classes, and from a large
number of heterologous promoters such as the HIV LTR (Mosca et al., 1987)
and the SV40 early promoter (O'Hare et al., 1986; Everett, 1988). Vmw110 can
also act in synergy with Vmwl75 to activate transcription (Everett 1984a,
1986) and, in some transfection systems, this synergistic activation can
represent a 20 fold increase in activity compared to the levels obtained with
either alone (Everett, 1984a).

The functional domains of Vmwll0 were investigated by
constructing a series of small in-frame insertion or deletion mutants and

testing these variants for their ability to transactivate a gD-promoter linked
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to a CAT reporter gene in a transient transfection assay, both in the presence
and absence of Vmwl75 (Everett, 1987a, 1988). 5 separate regions were
identified which were required for maximum synergistic activity with
Vmwl175. The C-terminal rich domain appears to be crucial for
function in synergy with Vmwl175, but not a requirement for the intrinsic
activity of Vmw110 alone. Immunofluorescent staining revealed that the C-
terminal amino acids 474 to 509 contained features essential, but not
sufficient, for nuclear localization (Perry et al., 1986; Everett, 1986; Kalderon
et al., 1984).

To determine whether the functional regions defined by transient
transfection assays using plasmid borne Vmwl11l0 had corrresponding
consequences in the viral genome, mutant virus with defined lesions in the
IE-1 gene were constructed (Stow & Stow, 1986; Everett, 1989). dI1403, dI X0.7
and dl X3.1 are viable mutant viruses containing large internal deletions in
both copies of the IE-1 gene (Stow & Stow, 1986; Sacks & Schaffer, 1987).
Despite retaining their ability to replicate in a range of cell lines, these
mutant viruses show a 10-100 fold reduction in virus yield compared to the
wild type virus (Stow & Stow, 1986; Sacks & Schaffer, 1987). di1403 contains a
2126bp deletion removing the majority of the Vmwl10 coding sequences and
approximately 750bp from the 3' end of LAT (Stow & Stow, 1986). di1403, like
in1814 (Ace er al., 1989), has a high particle:pfu ratio on BHK cells, which
means at a low MOI the abolition of Vmw110 function results in a deficiency
in the initiation of plaque formation. Analysis of polypeptide profiles
demonstrated that the function of Vmw110 is dispensable at a high MOI (Stow
& Stow, 1986). The phenotypes of the viral mutants FXE (lacking the zinc
finger region) and D22 (containing a 26 amino acid deletion in region 1)
were very similar to that of 411403 (Everett, 1989). These results correlated
with those obtained in the transfection assays, where the FXE and D22
deletions had an adverse effect on the activity of Vmwl1(0 alone and in the
presence of Vmwl175 (Everett, 1987b, 1988). .

1.2.5.3 Vmw63

UL54 encodes Vmwé63, a phosphorylated protein which is found in the
nucleus of infected cells (Honess & Roizman, 1974; Wilcox et al., 1980;
Ackerman et al, 1984; Knipe et al., 1987).

A pivotal role for Vmw63 in viral gene expression was originally
implicated by work carried out wusing viruses containing temperature

sensitive lesions or deletions in the IE-2 gene (Sacks et al.,, 1985; McCarthy et
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al., 1989, Smith et al., 1991). Northern blot analysis demonstrated that a ts
Vmw63 mutant showed a decreased level of expression of many 7y] genes and
failed to induce the expression of y) genes at the NPT. These defects in late
gene ex