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SUMMARY

HERPES SIMPLEX VIRUS LATENCY IN CULTURED CELLS

The molecular basis of herpes simplex virus (HSV)
1atency has been investigated by analysis of a latent
interaction between HSV and cells in culture.

An in vitro latency system for HSV, based on previous
work by E. Notarianni and C.M. Preston, has been
characterised, in which incubation at a supraoptimal
temperature converts HSV to a latent state within tissue
culture cells. Human foetal lung (HFL) cells were infected
at low multiplicity with HSV and, following adsorption, the
cultures were shifted to 42°C for 6 days, then downshifted
to a temperature permissive for HSV replication for a
further 4 to 6 days. During the latter incubation period no
virus was usually detectable and the HSV was considered to
be 1in a latent state. HSV could be reactivated from this
latent state at high efficiency by intertypic superinfection
of the «cultures with HSV mutants or with human
cytomegalovirus.

‘ To define the HSV gene products involved in latency,
the behaviour of various temperature-sensitive (ts),
insertion (in) and deletion (dl) mutants of HSV in the in
vitro latency system was examined. The rationale behind this
approach is that mutants which fail to become established in
a latent state, or which fail to reactivate latent HSV, must
lack functions involved in establishment or reactivation,
respectively. Two mutants of HSV type 1 (HSV-1) used in
these studies, tsK and inl4l1l, do not synthesise active
immediate early (IE) polypeptide Vmwl75 and are blocked at a
very early stage of the virus replication cycle, and a third
mutant of HSV-1l, 411403, does not produce IE polypeptide
Vmwll0, but otherwise exhibits a pattern of protein
synthesis indistinguishable from that of wt HSV-1. All
mutants tested were able to establish latency in HFL
fibroblasts and could be reactivated by intertypic
superinfection with HSV or with human cytomegalovirus,
showing that no viral DNA synthesis and little or no viral



gene expression 1is necessary for the establishment of
latency 1in vitro, and that at most the viral proteins
involved are IE polypeptides vmwl2, vmw63, Vmw68, Vmwl75 or
vmwll0, the early polypeptide Vmwl36, and, possibly,
components of the input virion. Reactivation of latent HSV-2
was achieved by superinfection with tsK or inl4ll. However,
superinfection with 411403 failed to reactivate latent HSV-2
as a consequence of a deletion in the region of the genome
encoding Vmwll0, strongly suggesting that Vvmwll0, which is
known to regulate gene expression by trans-activation, is
required for reactivation in the in vitro latency system.
The results presented do not indicate whether VvmwllO acts
alone or in conjunction with one or more of the virion
components and/or the other IE polypeptides, excluding
vmwl75. Harris et al. (1989) have recently shown that Vvmwll0
alone can reactivate latent HSV in vitro. One possibility is
that a block in viral gene expression occurs at a very early
stage in the viral cycle, either as the direct cause or as a
consequence of establishment of latency, and that the block
can be released by the Vvmwll0 gene product, thereby allowing
HSV to continue into the lytic cycle.

‘ The latent state of HSV DNA in vivo appears to be
'éndless' and is therefore either circular, concatemeric or
integrated via regions of the genome other than the termini.
A recent report shows that the majority of latent HSV DNA in
vivo is extrachromosomal, suggesting that latent HSV DNA in
vivo 1is not likely to be integrated into cellular DNA. The
physical nature of the HSV DNA in the in vitro latency
system described has been determined. The relative
proportion of latent HSV genomes, initially present in vitro
~at 0.03-0.1 copies per cell, was selectively increased and
the presence of joint and terminal fragments of HSV in
latent HSV DNA was investigated by the use of a modified
Southern hybridisation procedure. During the 42°C incubation
period the HSV DNA is present in an 'endless' configuration,
suggesting that the state of the latent HSV genome is
'endless' in vitro.

These findings are discussed in terms of relevance to
HSV latency in vivo, and of possible molecular mechanisms
involved in HSV latency. .
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1. INTRODUCTION

The research presented in this thesis concerns the
characterisation of a latency system for herpes simplex
virus (HSV) in cultured cells and the analysis of molecular
aspects of HSV latency in the system. The biology and
genomic structures of the human herpesviruses are described
in INTRODUCTION Section 1.1l.; Sections 1.2. and 1.3. of the
INTRODUCTION deal with the biological and molecular features
of lytic and latent interactions of HSV with the host cell.

1.1. THE HUMAN HERPESVIRUSES

1.1.1. Herpesviruses - Description and Classification

Members of the animal virus family Herpesviridae are
structurally similar and possess a double-stranded linear
DNA genome of relative molecular weight (MR) ranging between
80-150x10°.

In terms of the structural components of the virion,
herpesviruses can be identified by the presence of an
envelope, tegument, capsid and core (DNA-protein complex)
(Wildy et al., 1960; Epstein, 1962b). The envelope, the
outermost structure of the herpesvirion, is derived from
nuclear and other cellular membranes (Morgan et al., 1959;
Epstein, 1962a; Siminoff and Menefee, 1966; Shipkey et al.,
1967; Nii et al., 1968). It has a typical trilaminar
appearance (Epstein, 1962b), and contains surface
projections approximately 8nm in length (Wildy and Watson,
1963). The tegument is defined as the structure located
between the capsid and the envelope, and electron microscopy
reveals it as a layer of amorphous material in thin section
(Epstein, 1962b; Roizman and Furlong, 1974; Spear, 1980) and
sometimes as a fibrous structure in negatively stained
virions (Wildy et al., 1960). The amount of tegument can
vary from virion to virion, even in the same cell (Fong et
al., 1973) and appears, at least in part, to be determined
by the virus strain (McCombs, 1971). The icosadeltahedral
capsid, which has been characterised in most detail for

herpes simplex virus type 1, is 100~110nm in diameter.
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It contains 12 pentameric capsomeres 2nd 150 hexameric
capsomeres of 12nm diameter and l4nm length with a deep
central indentation approximately 4nm wide tapering from
the outer surface towards the capsomere base (Wildy et al.,
1960). The herpesvirus core is situated within the capsid
and contains the deoxyribonucleic acid (Epstein, 1962b;
zambernand and Vatter, 1966). The core is of toroidal
conformation with a central cylindrical structure (Furlong
et al., 1972). Several models have been proposed to account
for the electron microscopic appearance of the core, the
most favoured of which is that proposed by Furlong and
coworkers (1972) in which the viral DNA, in a 4-5nm thick
nucleoprotein filament, is wound around the cylindrical
structure,

The classification of the 80 or so herpes viruses
comprising the family Herpesviridae into the Subfamilies
Alpha-, Beta-, and Gamma-herpesvirinae, was conducted by the
Herpes Study Group appointed by the International Committee
on Taxonomy of Viruses (Roizman et al., 1981), and is based
upon the biological properties of the viruses, including
duration of reproductive cycle, cytopathology,
characteristics of latent infection and host range. A
summary of the characteristics of the herpesvirus
Subfamilies, and designation, to these Subfamilies, of the
human herpesviruses, with which this thesis is mainly
concerned, 1is shown 1in Table 1.1. Note that the newly
isolated human B lymphotropic virus (human herpes virus 6)
has not yet been unequivocally designated to a Subfamily,
but recent evidence suggests that it is a member of the

betaherpesvirinae.

1.1.2. Human Herpesviruses and Disease

Herpes simplex virus (HSV) primary infection, which
may produce clinical or sub-clinical infection in children,
is thought to be responsible for the presence of antibodies
to HSV type 1 (HSV-1l) in 90% of the adult population. A
significant proportion of adults also have antibodies to HSV
type 2 (HSV-2) and a correlation exists between increased
sexual activity and the incidence of HSV-2 primary infection
(Whitley, 1985). Both HSV-1 and HSV-2 are spread by direct



TABLE 1.1. CHARACTERISATION OF HERPESVIRUS SUBFAMILIES:

DESIGNATION OF HUMAN HERPESVIRUSES TO SUBFAMILIES

SUBFAMILY 1 ALPHAHERPESVIRINAE

' Relatively short reproductive cycle; in vitro
rapid spread of infection.
Cytolytic - destruction of susceptible cells.
Latent infections established primarily in
ganglia.

Examples: Herpes simplex virus type 1 (human herpes virus 1)

Herpes simplex virus type 2 (human herpes virus 2)

Varicella zoster virus (human herpes virus 3)

SUBFAMILY 2 BETAHERPESVIRINAE
Restricted host range.
Relatively short reproductive cycle; in vitro
slowly progressing infection.
Cytomegalic - frequent enlargement of infected
cells.
Latent infections established in secretory
glands, lymphoreticular cells, kidneys and other
tissues.

Example: Human Cytomegalovirus (human herpes virus 5)

SUBFAMILY 3 GAMMAHERPESVIRINAE
Host range restricted to family or order of
natural host.
In vitro replication in lymphoblastoid cells;
some cause lytic infections in epitheloid and
fibroblastic cells.

Latent infection established frequently in
lymphoid tissue.

Example: Epstein-Barr Virus (human herpes virus 4)
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contact. Following primary infection HSV can establish a
latent infection in the neurons of sensory ganglia or brain
tissue (Baringer and Swoveland, 1973; Fraser et al., 1981),.
Reactivation may result in asymptomatic infection or in
periodic muco-cutaneous infections; 1in general, HSV-1
infection 1is associated with cold sore lesions of the lips
({herpes labialis) and the eyes (herpes keratitis), while
HSV-2 1is more wusually associated with genital lesions

. (herpes genitalis) (Whitley, 1985). The possibility of a
causal relationship between HSV-2 and cervical neoplasia
stemmed from epidemiolegical studies, which suggested a
higher prevalence of HSV-2 antibodies among women suffering
from cervical neoplasia than in matched controls, and,
indirectly, from the demonstration of oncogenic potential of
HSV for rodents. However, the serological results of a
prospective study carried out by Vonka and assoclates
(1986a) on more than 10,000 women aged 25 to 45 years do not
lend support to the hypothesis that HSV-2 is involved in the
pathogenesis of cervical neoplasia. HSV has, rarely, been
associated with serious generalised infections in newborns
or meningitis, myelitis or a fatal non-epidemic encephalitis
of adults (Whitley, 1985).

A primary infection with varicella zoster virus (VZV)
usually results in the childhood disease known as chicken
pox, which is a generalised infection at the skin surface;
the disease <can be spread by the respiratory route and
direct contact. VZV can become established in a latent state
in dorsal root ganglia and the spinal cord during primary
infection. Upon reactivation of latent VZV, the cutaneous
disease herpes zoster (shingles), a disease primarily of
adults, may be produced. In adults and in a small percentage
of children, VZV infection may cause herpes zoster
encephalitis or meningitis (Kennedy, 1987).

Human cytomegalovirus (HCMV) infection normally
results in a benign asymptomatic disease, although
congenital HCMV infections may result in mental retardation.
Infectious virus can be reactivated from transfused blood or
transplanted organs in recipient immunosuppressed patients
in which, therefore, clinically apparent infections occur

frequently. The consequences of active infection are
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variable but generally include fever, pneumonia,
mononucleosis and hepatitis, or combinations of these
(Hamilton, 1982).

Epstein-Barr virus (EBV) has been detected in African
Burkitts 1lymphoma (BL) and nasopharyngeal carcinoma (NPC)
tissues, although its role in the production of these
neoplasms has not been resolved. Although EBV infection is
often asymptomatic, the virus is the causative agent of
infectious mononucleosis, otherwise known as glandular
fever. EBV is able to establish a latent infection in the
lymphocytes of patients with infectious mononucleosis, and
reactivation may produce recurrences of the disease symptoms
(Epstein and Achong, 1986; Dambaugh et al., 1986).

The human B-lymphotropic wvirus (HBLV), or human
herpes virus 6, has been isolated from patients with
lymphoproliferative diseases and infants with roseola
infantum; some of these patients were also seropositive for
human immunodeficiency virus type 1 (Salahuddin et al.,
1986; Downing et al., 1987; Tedder et al., 1987; Yamanishi
et al., 1988).

1.1.3. Human Herpesviruses and Cellular Transformation

Analysis of the transforming abilities of HSV and
HCMV was initiated because of sero-epidemiological studies
which suggested a 1link between these herpesviruses and
cervical carcinomas. HSV in which the normal capacity to
grow and kill infected host cells is eliminated can induce
morphological transformation of rodent cells (Duff and Rapp,
1971). The wviral DNA is successively lost on passage of
transformed cells (Minson et al., 1976), suggesting a 'hit
and run' mechanism for transformation (Skinner, 1976).
Specific DNA fragments of HSV-1l, HSV-2 and HCMV have been
identified which have transforming ability but are not
necessarily retained within the transformed cell: MTRI
(morphological transformation region 1) (Xbal f [0.29 to
0.45mu] and BglII i [0.311 to 0.415mul]) of HSV~1 DNA (Reyes
et al., 1979); MTRII (BglII n [0.58 to 0.62mu]) of HSV-2 DNA
(Reyes et al., 1979; Macnab and McDougall, 1980; Galloway
and McDougall, 1981; Cameron et al., 1985); MTRIIL (BglIl cC
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[0.54 to 0.58mul) of HSV-2 DNA (Peden et al., 1982;
Jariwalla et al., 1983); and, HCMV MTR (HindiII E
subfragment [0.123 to 0.141) of HCMV DNA (Galloway et al.,
1984; Nelson et al., 1984). The transforming regions of
HSV-1, HSV-2 and HCMV DNA are not homologous. There is no
evidence for the existence of an HSV-coded transforming
protein (Cameron et al., 1985); specific subfragments from
the transforming regions of HSV and HCMV are sufficient for
transformation and yet too small to code for proteins
(Galloway et al., 1984; Jones et al., 1986). The mechanism

of transformation 1is likely to be complex; cis or trans

activation or alteration of expression of cellular genes,
oncogenes or endogenous retrovirus genes might occur via
enhancement, mutagenesis or gene amplification (Sugden,
1986; Macnab, 1987). Interestingly, the transformed cells
are oncogenic in the host animal and immunocompetent mice.

EBV infection, which has been associated with NPC and
BL, immortalises infected B lymphocytes in vitro as it does
in vivo. In contrast to the situation with HSV and HCMV, the
immortalised cells contain the complete viral genome and
multiple viral functions appear to be required for induction
and maintenance of cell proliferation. 20 to 25% of the
genome 1is required to initiate and maintain immortalisation
(Mark and Sugden, 1982). Several virally encoded proteins,
or candidates for wvirally encoded proteins, have been
identified in transformed cells, at least 2 of which,
Epstein-Barr virus nuclear antigen 1 (EBNAI) and EBNA2, have
been assigned putative functions in immortalisation (Section
1.3.5.2.).

1.1.4. Genome Structures of Human Herpesviruses

Herpesviruses have also been classified on the basis
of gross characteristics of the genome (Roizman et al.,
1981). The structures of the double-stranded linear DNA
genomes of HSV and other human herpesviruses are illustrated
in Figure 1.1.

The HSV genome, which consists of double-stranded DNA
containing random single strand breaks, has a molecular
weight of about 100x10® (Becker et al., 1968; Kieff et al.,



Figure 1.1. STRUCTURES OF THE GENOMES
OF THE HUMAN HERPESVIRUSES

The genomes are represented as linear molecules.
The bold 1lines represent unique sequences and the boxes
represent repeat sequences, with arrows indicative of the

relative sequence orientations. The genomes are described in
Section 1.1.4.

ABBREVIATIONS:

Sequences; UL - unique, long
US - unique, short
I/TRL - internal/terminal repeat, long
I/TRS - internal/terminal repeat, short
MIR - major internal repeat
DL - direct repeat, left
DR - direct repeat, right
ori - origin of DNA replication

This figure was adapted from McGeoch (1989), with
the permission of D. McGeoch.
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1971; Wilkie, 1973; Wilkie et al., 1974; Clements et al.,
1976). HSV-1l (strain 17) DNA contains 152,260 base pairs
(bp). The overall base composition of HSV-1 DNA is 68.3% G+C
(McGeoch et al., 1988), whilst that of HSV-2 DNA is 69% G+C
as determined by buoyant density centrifugation (Goodheart
et al., 1968; Kieff et al., 1971). The HSV-1 genome consists
of 2 covalently linked segments L (long) and S (short) each
S) bounded by
inverted repeats (RL and RS) (Sheldrick and Berthelot,

comprising a unigque DNA sequence (UL and U

1974). The inverted repeats of L are designated ab and a'b',
each of approximately 9200bp (HSV-1), while those of S are
designated a'c' and ac, and are each 6600bp (HSV-1)
(Wadsworth et al., 1975; Perry and McGeoch, 1988; McGeoch et
al., 1986; Figure 1.2.). The 'a' sequence, of 400bp in HSV-1
(17) and 250bp in HSV-2 (333) (Davison and Wilkie, 1981), 1is
present as a direct repeat at the termini of the genome and,
also, in inverted orientation at the L-S junction (Grafstrom
et al., 1974, 1975; Sheldrick and Berthelot, 1974; Wadsworth
et al., 1975, 1976). Several copies of this sequence may
occur at the L terminus and at the L-S junction (Wagner and
Summers, 1978). The L and S segments invert relative to each
other about the mutual joint region during infection.
Consequently, there are 4 types of HSV DNA molecule, present
in equimolar amounts in populations of virion DNA (Sheldrick
and Berthelot, 1974; Hayward et al., 1975; Clements et al.,
1976; Delius and Clements, 1976; Wilkie and Cortini, 1976;
Skare and Summers, 1977; Roizman, 1979), which appear to be
functionally equivalent (Davison and Wilkie, 1983a;
Longnecker and Roizman, 1986).

The HCMV genome, of MR 150—155x106, consists of some
235,000bp (Geelen et al., 1978; Lakeman and Osborn, 1979)
with a base composition of 57-58% G+C (Crawford and Lee,
1964; Plummer et al., 1969). The gross structure of the HCMV
genome is similar to that of HSV, with 2 unique regions (UL
and US) flanked by 2 pairs of dissimilar inverted repeats
(RL and RS). Furthermore, an 800bp sequence similar to the
HSV 'a' sequence is present at the L-S joint and in variable
copy number at the S segment termini (LaFemina and Hayward,
1980; Tamashiro et al, 1984; Spaete and Mocarski, 1985), and

4 1isomers of the HCMV genome are present in equimolar



Figure 1.2. THE RELATIVE POSITIONS OF THE a, b and c
SEQUENCES IN THE LONG AND SHORT REGIONS
OF THE HSV GENOME.

The positions of a, b and c¢ sequences in the
genome are shown. Note that a', b' and c¢' sequences are
equivalent to a, b and c sequences, respectively, in
inverted orientation. One or more copies of the a sequences

are present at the termini of the L and S components of the
HSV genome (Figure 1l.1l.).
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amounts in virion populations (Kilpatrick and Huang, 1977; .
LaFemina and Hayward, 1980).

The genome of VZV, of MR 80xlO6 (Dumas et al., 1980;
Ecker and Hyman, 1982), is composed of 124,884bp (Davison
and Scott, 1986) of overall base composition 46% G+C (Ludwig
et al., 1972; Davison and Scott, 1986). Its gross structure
is similar to that of HSV and HCMV, except that the inverted

repeat sequences flanking U, are only 88.5bp (compared to

9200bp in HSV-1l), there is ﬁo proper terminal redundancy,
and only 5% of VZV virion DNA contains L in inverted
orientation (Davison, 1984), the remainder consisting of
equimolar amounts of 2 isomeric genome arrangementé which
differ only with respect to the relative orientation of S
(Dumas et al., 1981; Ecker and Hyman, 1982).
EBV, which has a genome of M. 115x10
Kieff, 1978) and of 172,282bp with 60% G+C content (strain

B95-8; Baer et al., 1984), has a different genomic

6 (Given and

organisation, consisting of a short and a long unique region
(US and UL), which are maintained in a unigque orientation
relative to each other (Given and Kieff, 1978; Skare and
Strominger, 1980), and, which are divided by up to 12 direct
sequence repeats of about 3000bp (MIR) (Rymo and Forsbloom,
1978; Given and Kieff, 1979; BHayward et al., 1980). The EBV
genome is terminally redundant with up to 5 copies of a
550bp sequence, randomly distributed across both termini in
linear wvirion DNA (Given et al., 1979; Kintner and Sugden,
1979).

The genomes of HSV, HCMV, VZV and EBV are alike in
possessing families of multiple copies of short, directly
repeated sequences. Each group of repeats has a distinct
sequence, and the repeats vary in copy number and size, for
example, from the 12bp direct repeat which occurs 18 times
within the HSV-1 (17) 'a' sequence (Davison and Wilkie,
1981), to the 125bp Not I repeats in EBV (Jones and Griffin,
1983). 1In HSV, short direct repeats, which have been

observed in U R. and R;, are generally GC rich, with an

s’ 7S

asymmetry of purine versus pyrimidine content of the
strands, and a tendancy towards strings of G on 1 strand
(McGeoch et al., 1985; Davison and Wilkie, 1981: Rixon et

al., 1984; Perry and McGeoch, 1988).
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Complete nucleotide sequences are known for HSV-1
(McGeoch et al., 1985; McGeoch et al., 1986; McGeoch et al.,
1988, Perry and McGeoch, 1988), EBV (Baer et al., 1984) and
VZV (Davison and Scott, 1986). The sequence of the S segment
and parts of the L segment unique and repeat regions of HCMV
have been reported (Weston and Barrell, 1986; Kouzarides et
al., 1987), and most of the US region of the HSV-2 genome
has also been sequenced (McGeoch et al., 1987).

The genome of HSV-1 is predicted to possess 72 genes,
densely arranged and encoding 70 distinct proteins. There
are 12 genes 1in Ug and 56 in UL’ while Rg and R, each
contain 1 well-characterised gene encoding the
transcriptional control proteins IE Vmwl75 and IE vmwll0
respectively, as shown in Figure 1.3. (Easton and Clements,
1980; McGeoch et al., 1986; McGeoch et al., 1988; McGeocq

1989). The genomes of HSV-1 and HSV-2 share extensive
sequence homology in approximately 50% of sequences, as
shown by DNA hybridisation analysis (Kieff et al., 1972) and
electron microscope studies (Kudler et al., 1983) and are
very similar in physical structure, although US of HSV-2 is
1500-3000bp longer than that of HSV-1 (Davison, 1981). The
least homologous regions include the repeat sequences of L
and most of S (Wilkie et al., 1979; Peden et al., 1982).
Evidence that the genomes are collinear comes from
experiments utilising intertypic recombinants in which
certain functions such as thymidine kinase (Halliburton et
al., 1980), DNA polymerase (Chartrand et al., 1979) and the
IE genes (Easton and Clements, 1980) were shown to map in
equivalent locations in HSV-1 and HSV-2, and, from molecular
hybridisation analysis which identified regions of homology
in the HSV~1 and HSV-2 genomes (Davison and Wilkie, 1983b),
as well as from sequence data (McGeoch et al., 1987).

The other human herpesviruses show only 5% homology
to each other at the DNA level (Huang and Pagano, 1974).
However, regions of homology, as reflected in the sequence
of the proteins encoded and the relative organisation of the
genes, have been identified for HSV-1, VZV, EBV and HCMV,
Homology of amino acid sequences, predicted by computer
analysis of the nucleotide sequence (Taylor, 1986), occurs

to varying degrees within the L segments of all these



Figure 1.3. THE LOCATION OF GENES IN THE HSV~1 GENOME

The locations of reading frames (shown by arrows)
in the HSV-1 genome (represented on 4 lines, 40kbp per
line), and reproduced from McGeoch (1989) with the kind
permission of the author. Reports concerning the functions
of the HSV-1 genes are referenced in McGeoch et al. (1988a)

McGeoch (1989) and in relevant sections of the thesis.

IEL10/IE-1 - 1IE transcriptional regulator,
Vmwll0; UL2 - Uracil-DNA glycosylase; UL3,4 - Unknown; UL5 -
DNA helicase component, DNA replication; UL6 - Presumed
virion component; UL7 - Unknown; UL8 - DNA replication,
function unknown; UL9 - DNA replication, ori-binding

protein; ULl0 - Unknown, possible membrane-inserted protein;
UL1l - Unknown; ULl2 - Deoxyribonuclease; ULl3 - Predicted
protein kinase; UL14,15,16,17,18 - Unknown; UL19 - Major
capsid protein (ICP5, VP5); UL20, 21 - Unknown; UL22 -
Glycoprotein H; UL23 - TK; UL24 - Unknown; UL25 - Virion
protein; UL26 - DNA packaging; UL27 - Glycoprotein B; UL28 -
Probably structural; UL29 - ssDNA binding protein required
for replication (DBP); UL30 - Replicative DNA polymerase;

UL31 - ©Unknown; UL32 - Probably structural UL33 -
Structural, packaging; UL34 - Possible virion protein; UL35
- Unknown; UL36 -~ Very large tegument protein; UL37 -

Unknown; UL38 - Capsid assembly; UL39 - RR large subunit;
UL40 - RR small subunit; UL41 - Presumed virion protein;
UL42 - DNA binding protein, replication}DUL44 - Glycoprotein
C; UL45,46,47 - Unknown; UL48 - Major tegument protein,

transactivates IE genes; UL49 - Unknown; UL50 - Deoxyuridine

triphosphate; UL51 - Unknown; UL52 - DNA replication,
function unknown; UL53 - Possible membrane protein;
UL54/1E-2

- 1E transcriptional regulatory protein, Vmw63;@D
IE175/1E-3 - 1IE transcriptional regulatory protein, Vmwl75;
US1/1E4 - I1IE protein Vmw68, function unknown; US2 - Unknown;
US3 - Protein kinase; US4 - Glycoprotein G; USS - Unknown,
possible glycoprotein; US6é - Glycoprotein D; US7 -
Glycoprotein I; US8 - Glycoprotein E; US9 - Virion protein;
US10 =~ Virion protein; US1l - Unknown: US12/IE-5 - 1E
protein, Vmwl2, unknown.

® ULWS - unknowa,

® ULSO,56 - unkeown.
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genomes. There are no similarities in the predicted coding
capacity and organisations of the US regions of VZV, HCMV
and EBV, HSV-1 and HCMV, or, HSV-1 and EBV (Baer et al.,
1984; Weston and Barrell, 1986; Davison and Scott, 1986;
McGeoch et al., 1986; Davison and McGeoch, 1986; Davison and
Taylor, 1987; McGeoch et al., 1988). However, despite large
differences in % G+C content, the genomes of HSV-1 and ViV,
which are both alphaherpesviruses, contain homologies in
both S and L. There is considerable reorganisation of the
genes in the S segment relative to each other in HSV-1l and
VzV, while the gene arrangement in VZV L corresponds well to
that of HSV-1 L from the HSV-1l isomer in which the long
region is inverted compared to the accepted prototype isomer
(Davison and Scott, 1986; McGeoch et al., 1986; Davison and
McGeoch, 1986; McGeoch et al., 1988).

PR
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1.2. HERPES SIMPLEX VIRUS - THE LYTIC CYCLE

1.2.1. Initial Stages of Infection

HSV infection 1is initiated upon adsorption of the
virus to the host cell and penetration of the virions
through the cell membrane. Adsorption to the host cell is
presumably brought about by an interaction between cellular
receptors and viral glycoproteins exposed at the virion
surface, and there is evidence to suggest the involvement of
glycoproteins gB, gC, gD and gE in this event (Para et al.,
1982; Johnson et al., 1984; Fuller and Spear, 1985).
Penetration occurs predominantly by fusion of the viral
envelope with the plasma membrane (Morgan et al., 1968; Para
et al., 1980) and experiments utilising HSV temperature
sensitive (ts) mutants tsB5 and tsJ12, which fail to process
gB to 1its mature forms at the non-permissive temperature
(NPT), have implicated this glycoprotein in the membrane
fusion process (Sarmiento et al., 1979; Little et al., 1981;
DeLuca et al., 1982). The occurrence of penetration
defective mutants with ts lesions in a region of the genome
outwith gB coding seguences suggests the involvement of
other wviral polypeptides in penetration (Addison et al.,
1984). Internalised capsids are transported to the nuclear
pores. Release of the HSV genome from the capsid into the
nucleus requires a viral function but not de novo RNA and
protein synthesis, suggesting involvement of wviral
structural component(s) and/or host cell factors (Hochberg
and Becker, 1968). Characterisation of a ts mutant defective
in release of wviral DNA indicated a role for a virion
component in the release of HSV DNA (Batterson et al.,
1983).

1.2.2. Effect on Host Macromolecular Synthesis

Infection of cells with HSV has an inhibitory effect
on the synthesis of cellular DNA, RNA and protein (Fenwick,
1984) which is generally more pronounced in cells infected
with HSV-2 than with HSV-1l (Powell and Courtney, 1975;
Pereir;TgI§77; Fenwick et al., 1979; Schek and Bachenheimer,
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1985), although HSV-2 strain HG52 is an exception (Marsden
et al., 1978). Protein synthesis inhibition is mediated by
at least two factors; a virion-associated component, which
is non-essential for growth of virus in tissue culture, and
a protein synthesised later in infection, which can function
in the absence of a functional virion component and is
essential for the full inhibitory effect on host protein
synthesis (Honess and Roizman, 1975; Fenwick and Clark,
1982; Read and Frenkel, 1983). Disaggregation of
polyribosomes, degradation of cellular mRNA and inhibition
of RNA synthesis accompany the suppression of cellular
protein synthesis (Fenwick and McMenamin, 1984) and are also
mediated by a component of the virion, although protein
synthesis is also required for host mRNA degradation in scme
cell types (Fenwick and Clark, 1982; Nishioka and
Silverstein, 1977, 1978; Schek and Bachenheimer, 1985). The
virion-associated 1inhibition of host protein synthesis is
clearly non-essential for virus replication since viable
mutants with nmutations affecting host shut-off have been
isolated (Read and Frenkel, 1983); the mutation of one
mutant mapped to a 265bp fragment within a region of the
genome including gene UL41l. It is not yet clear whether the
UL41 gene is involved directly in host shut-off (Kwong et
al., 1988) or is involved in mRNA stabilisation (Fenwick and
Owen, 1988).

In addition to the HSV-induced host shutoff effect,
certain cellular genes are activated during HSV infection.
Expression of some cellular genes is reported to be enhanced
during normal HSV infection (LaThangue et al., 1984; MacNab
et al., 1985; Patel et al., 1986; Kemp et al., 1986), while
overexpression of an abnormal form of vmwl75 activates the
expression of cellular stress genes (Notarianni and Preston,
1982; Russell et al., 1987). In this regard it is of
interest that HSV immediate early gene products (Section
1.2.3.) have been shown to activate certain cellular
promoters, such as the rabbit B globin gene promoter
(Everett, 1984a, 1985).
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1.2.3. Transcription and Gene Products

Transcription of HSV genes is directed by eukaryotic
cellular RNA polymerase II (Alwine et al., 1974; Ben-Zeev
and Becker, 1977) and other cellular factors, as well as
viral factors. Therefore, HSV mRNAs have some features in
common with eukaryotic cellular mRNAs and also with mRNAs of
other nuclear-replicating DNA viruses (Wagner, 1984, 1985;
McGeoch, 1986, 1988a): a cap at the 5' end; polyadenylation
at the 3' end, signalled by AATAAA in the gene (Silverstein
et al., 1976); and a leader sequence between the cap and the
translation initiation site. Methylation of HSV mRNA, by a
mechanism resembling that of the host cell, may also occur
(Bartoski and Roizman, 1976).

In terms of the transcriptional organisation of the
HSV genome, genes are found in both orientations on the
genome, each with its own promoter (McGeoch et al., 1988a;
McGeoch, 1989; Figure 1.3.). Gene overlap is a common
feature, for example, RNA mapping data has identified
families of transcripts with identical 3' ends (Rixon and
McGeoch, 1984; Draper et al., 1986), and transcripts with
overlapping 5' ends on opposite strands (Wilkie et al.,
1980). Splicing, although relatively uncommon, occurs within
some HSV transcripts, notably those of IEs Vvmwll0 (Perry et
al., 1986) vmw68 and Vvmwl2 (Watson et al., 1981l; Rixon and
Clements, 1982) and ULlS (McGeoch et al., 1988a). Expression
of the HSV genome during lytic infection occurs in a
coordinate and sequential manner to produce three main
temporal classes of transcripts, immediate early (IE), early
(E) and late (L). There is no obvious clustering of genes
along the genome on the basis of class (McGeoch et al.,
1986; McGeoch et al., 1988a).

The viral genes traanscribed initially in a lytic HSV
infection, designated IE or alpha () genes, have been
defined as those genes expressed in the absence of prior (de
novo) viral protein synthesis (Kozak and Roizman, 1974;
Clements et al., 1977; Jones and Roizman, 1979). Although
under such conditions the IE mRNAs accumulate in relatively
large amounts, they are normally expressed only transiently
in a lytic infection (Clements et al., 1977; Watson et al.,
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1979; Anderson et al., 1980). Functional IE gene products
are required for progression to the E and L phases of gene
expression (Honess and Roizman, 1974, 1975; Preston,
1979a,b; Everett, 1984a; O'Hare and Hayward, 1985); L genes
also require wviral DNA synthesis for maximal expression
(Swanstrom and Wagner, 1974; Powell et al., 1975; Jones and
Roizman, 1979; Holland et al., 1980; Conley et al., 1981;
Pederson et al., 1981). The absence of viral DNA synthesis
affects two classes of HSV genes, the E/L genes (also known
as ﬁﬂs Kl, and "leaky" late) and the "true" late genes (K
or x 5) (Roizman and Batterson, 1985; Wagner, 1985;
Harris-Hamilton and Bachenheimer, 1985). Although viral DNA
synthesis 1is required for maximum expression of E/L genes,
expression is detected early in infection and occurs at
moderately high levels 1in the absence of DNA synthesis
(Gibson and Spear, 1983; Johnson et al., 1986). In contrast,
"true" late gene expression is severely reduced in the
absence of wviral DNA synthesis (Jones and Roizman, 1979:
Holland et al., 1980; Hall et al., 1982), but is,
nevertheless, detectable with sensitive assays (Godowski and
Knipe, 1985; Johnson et al., 1986). HSV gene expression 1is
generally controlled at the 1level of transcription
initiation, and certain HSV gene products, notably the IE
polypeptides, are involved in transactivation, repression
and autoregulation of transcription (Everett, 1987a).

The control of transcription of the HSV 1E, E and L
genes, the promoter elements required for efficient
expression of genes in IE, E (including E/L) and L kinetic
classes, diagrammed in Figure 1.4., and the functions of HSV

gene products, are considered in the following sections.

1.2.3.1. Regulation of Immediate Early Gene Expression

There are 5 major 1E genes of HSV-1 designated I1E-1
to 1E-5, or,o(0,0(27,0(4,0(22 and®X 47. The 1E genes code for
polypeptides Vmwll0, Vmw63, Vmwl75, Vmw68 and Vmwl2, named
on the basis of apparent molecular weight as estimated by
SDS-PAGE, and also known as ICP0O, ICP27, ICP4, ICP22 and
ICP47, respectively. The 1E polypeptides were initially

mapped by analyses of virus genomes and polypeptides



Figure 1.4. DNA SEQUENCE REQUIREMENTS FOR IE, E AND L
PROMOTER ACTIVITY.

IE promoter regions contain a capsite, a TATA
box, distal promoter elements, including GC- and GA- rich
motifs, and a far-upstream element required for activation
by the virion component, Vmw65, which includes the consensus
sequence TAATGARATTC. E promoters include only the distal
and proximal promoter sequences. Late promoters may include
only a TATA box and capsite region on a replicating
template. This figure was reproduced from Johnson and

Everett (1986) with the kind permission of Dr. R.D. Everett.
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expressed by HSV-1/HSV-2 intertypic recombinants (Preston et
al., 1978). The 1locations of the genes for the IE
polypeptides were confirmed by RNA mapping and in vitro
translation of IE mRNAs (Watson et al., 1979) as well as by
hybridisation studies which, in addition, established the
transcriptional orientation of the IE genes (Clements et
al., 1979; Mackem and Roizman, 1980). Four of the IE genes
are associated with the repeat regions of the HSV genome, as
illustrated in Figure 1.5. 1E-1 and IE-3 are diploid due to
their respective positions in the repeat regions flanking U,
and US. The coding sequences of IE-4 and 1IE-5 lie at either
end of Ug s but the promoter and regulatory regions of these
genes are identical and are located in RS. IE-1, 1IE-4 and
IE-5 yield primary transcripts which are spliced (Watson et
al., 1981; Rixon and Clements, 1982; Perry et al., 1986) in
contrast to IE-2 and IE-3 (Rixon et al., 1982; Whitton et
al., 1983).

Functional transcription regulatory domains of the 1E
genes have been defined by determining the levels of
expression from an indicator gene linked to sequences from
the 5' non-transcribed and non-translated leader portions of
the wviral IE genes. Such hybrid plasmids have been
recombined into HSV thymidine kinase minus (TK ) genomes
(Post et al., 1981), incorporated into eukaryotic cellular
genomes (Post et al., 1981, 1982; Mackem and Roizman,
1982a,b,c; Kristie and Roizman, 1984; Mosca et al., 1985),
microinjected 1into Xenopus oocytes (Cordingley et al.,
1983), or transfected into eukaryotic cells (Cordingley et
al., 1983; Lang et al., 1984; Preston et al., 1984; Preston
and Tannahill, 1984; Kristie and Roizman, 1984). Indicator
genes utilised, selected for the relative ease with which
the gene products can be assayed as a measure of gene
expression, include viral TK, chloramphenicol acetyl
transferase and interferon. These investigations have
demonstrated that the regions upstream of the IE mRNA cap
sites can be dissected 1into at least 2 components, a
promoter region and a far upstream region. The IE upstream
promoter-reqgulatory components have been sequenced (Mackem
and Roizman, 1982a,c; Murchie and McGeoch, 1982; Whitton et
al., 1983; whitton and Clements, 1984a) and multiple



Figure 1.5. GENOMIC LOCATIONS OF THE HSV-1
IMMEDIATE EARLY TRANSCRIPTS.

The relative locations and transcriptional
orientations of the IE mRNAs are shown. References for

mapping data are as follows:

IE~-1 - Perry et al., 1986.
IE-2 -~ Mackem and Roizman, 1982c.
IE-3 - Rixon et al., 1982.

IE-4 and IE-5

Rixon and Clements, 1982.

The spliced regions of the immediate early
mRNAs are indicated.
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cis-acting elements have been identified which respond to a
variety of cellular and trans-acting factors.

Promoter sequences present within 110 bases upstream
of IE-3 and 69 bases upstream of IE-4/5 initiation sites,
impart upon indicator genes the capacity to be expressed,
but not to be regulated as an 1E gene (Mackem and Roizman,
1982a,c; Cordingley et al., 1983). A TATA box is located
20-30 bases upstream of the mRNA initiation site (Mackem and
Roizman, 1982c) analogous in position to the TATA homology
(EATATEAAG) which 1is important 1in the efficiency and
‘positioning of transcriptional initiation and is present 5'
to many RNA polymerase 11 transcribed genes (Proudfoot,
1979; Benoist et al., 1980; Benoist and Chambon, 1981). In
IE-3, for example, sequences -37 to -16, which are
non-essential for promoter function in Xenopus oocytes but
appear to be important for precise 1initiation of
transcription, 1include at -29 to -22 the sequence TATATGAG
(Cordingley et al., 1983).

The far upstream sequences of HSV-1 and HSV-2 IE
genes, positioned between -331 and -110 in IE-3, impart upon
the 1indicator gene plus promoter sequences the capacity to
be expressed at higher than the basal levels of expression
produced by the promoter alone and the ability to be
regulated as aan IE gene (Post et al., 1981; Mackem and
Roizman, 1982a,c; Cordingley et al., 1983); both effects act
at the transcriptional level, in an orientation-independent
manner and at distances of up to 1000 bases (Lang et al.,
1984; Preston and Tannahill, 1984). IE far upstream regions
also contain elements which respond to negative regulation
by 1IE polypeptide Vmwl75 as discussed below in the context
of IE protein functions.

Positive regulation of 1E gene expression is mediated
in trans by a virion structural component, a conclusion
based on observations that expression from IE
promoter-regulatory regions, but not from E gene upstream
regions, could be augmented by infection with an HSV mutant
which could penetrate cells but was incapable of expressing
IE genes (Post et al., 1981; Mackem and Roizman, 1982a;
Batterson and Roizman, 1983; Batterson et al., 1983;

Cordingley et al., 1983; Preston and Tannahill, 1984;
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Kristie and Roizman, 1984). Identification of the gene
encoding the HSV-1l virion trans-inducing factor (TIF) was
achieved by analysis of TK activity in cells co-transfected
with TK genes linked to IE-3 promoter-regulatory regions
along with specific HSV sequences which together represented
the entire HSV genome (Campbell et al., 1984). The gene,
HSV-1 UL48, located 1in UL of the HSV genome, has been
sequenced (Dalrymple et al., 1985; Pellett et al., 1985) and
R of 65,000
(by SDS-PAGE), identified by Campbell and coworkers (1984)

encodes a phosphorylated protein of apparent M

and termed Vmw65 (also known as VPl6), which is a major
structural component of the virion tegument (Marsden et al.,
1978; Lemaster and Roizman, 1980) expressed late in the HSV
lytic cycle (Marsden et al., 1976; Hall et al., 1982). In
vitro mutagenesis studies have identified regions of vmw65
which appear to be involved in trans-induction (Triezenberg
et al., 1988b; Ace et al., 1988) and which, incidentally,
are distinct from those regions of the protein essential for
virus assembly (Ace et al., 1988). The importance of Vmw65
activity in the HSV 1lytic cycle has recently been
demonstrated by construction and analysis of an HSV-1 mutant
defective in Vmw65-mediated stimulation of IE gene
expression. The mutant was found to have a particle to pfu
ratio at least 100-fold higher than that of wtHSV-1 in baby
hamster kidney «cells and up to lOS—fold higher in human
foetal lung cells (Ace et al., 1989).

IE far-upstream regulatory domains contain at least 1
and frequently multiple copies of an AT-rich element of
consensus TAATGARATTC (R=purine) (Mackem and Roizman,
1982a,c; Cordingley et al., 1983; Whitton and Clements,
1984a; Preston et al., 1984; Kristie and Roizman, 1984;
Figure 1.4.) which comprises at least part of a cis-site for
the Vmw6S5-mediated induction of I1E genes (Campbell et al.,
1984; Gaffney et al., 1985; Bzik and Preston, 1986).
Functional analyses of deletion mutations in IE far upstream
regions suggest that a single TAATGARAT consensus signal
located at position -115 to -106 (TAATGGAAT) in lE-3 can
respond efficiently to vmw65 induction (O'Hare and Hayward,
1987), vyet, similar studies suggest a requirement for

additional sequence elements in the IE far upstream regions
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to maximise Vmw65-mediated induction at a TAATGARATTC motif
located at -265 to -256 (Preston et al., 1984; Kristie and
Roizman, 1984; Bzik and Preston, 1986). Far upstream
elements notable for enhancer-like activity (Mackem and
Roizman, 1982a; Lang et al., 1984), distinct from homologues
of the TAATGARATTC consensus, include multiple GC-rich and
GA-rich elements (Figure 1.4.). The regulatory region of
IE-3 contains six copies of the GC-rich sequence 5'GGGCGG3',
which 1is a binding site for the eukaryotic cellular
transcription factor Spl (Jones and Tjian, 1985; Briggs et
al., 1986). Two of the Spl binding motifs are required for
basal 1levels of expression from the IE-3 regulatory region
and others may be involved in facilitating the response to
Vmw65 (Post et al., 1981; Jones et al., 1985; McKnight and
Tjian, 1986; Triezenberg et al., 1988a; Dynan and Tjian,
1983). The GA-rich elements, generally found in close
proximity to at least one TAATGARATTC consensus, have been
implicated in IE gene regulation (Kristie and Roizman, 1984)
and shown to increase TAATGARATTC-mediated responsiveness to
vmw65 (Bzik and Preston, 1986; Triezenberg et al., 1988a).
Despite the sequence specificity of Vmw65 action, the
protein has no substantial affinity either for DNA
containing the TAATGARATTC motif or non-specifically for ds
DNA (Marsden et al., 1987). Various studies have shown that
Vmw65 forms a complex (IEC) with at least 2 cellular
proteins and the TAATGARATTC domain (McKnight et al., 1987;
Preston et al., 1988; O'Hare and Goding, 1988; Gerster and
Roeder, 1988) and that formation of the complex correlates
directly with Vmw6S5-mediated stimulation of IE gene
expression (O'Hare and Goding, 1988; Ace et al., 1988). An
affinity purified transcription factor OTF-1 not only binds
to the TAATGARATTC domain, but is required in the formation
of IEC (Gerster and Roeder, 1988). OTF-1, which is
functionally equivalent to transcription factor NFII1I,
occurs in a wide variety of different cell types and is
involved in the regulation of RNA polymerase II-transcribed
genes, RNA polymerase II1I gene-specific transcription
(Rosales et al., 1987; Sollner-Webb, 1988) and adenovirus
DNA replication (Prujin et al., 1986). OTF-1 interacts with

the conserved octamer sequence motif ATGCAAAT and stimulates
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in vitro transcription via such interaction (Fletcher et
al., 1987; Scheidereit et al., 1987). A homologue of the
octamer motif overlaps the 5' end of many TAATGARATTC
elements of IE genes (O'Hare and Goding, 1988; Prujin et
al., 1986). Gerster and Roeder (1988) have recently reported
that both the octamer sequence (ATGCTAAT) and the GATAT
moiety of the IE-1 gene element ATGCTAATGATAT are reguired
for the formation of IEC, and, Preston and coworkers (1988)
have demonstrated that the sequence TAATGAGAT is sufficient
for complex formation. Complementation studies, in which
purified OTF-1 was added to nuclear extracts depleted of
endogenous OTF-1, showed that at least one cellular factor
in addition to OTF-1 and Vmw65 is required for the efficient
formation of IEC (Gerster and Roeder, 1988).

On the basis of these findings and on the evidence
that Vmw65 possesses an acidic carboxy terminus (Dalrymple
et al., 1985) required for activation of transcription from
the 1IE-3 gene promoter (Triezenberg et al., 1988), Gerster
and Roeder (1988) have proposed the possibility that the
role of OTF-1 and the other cellular factor(s) involved is
to position the activation domain of Vmw65 on the herpes 1IE
promoters., Furthermore, these authors suggest that the
requirement for the GARAT motif as well as the octamer
element in IEC formation may ensure that only the viral IE
and not all other cellular octamer-containing genes are

responsive to trans-activation by Vmw65.

1.2.3.2. Properties and Functions of Immediate Early

Gene Products

Since protein synthesis inhibitor treatment of
HSV-1 infected cells at the time of infection results in
transcription of a limited set of HSV genes (the I1E genes)
and the overproduction of IE mRNAsS, but no E or L gene
transcription, it was postulated that the IE mRNA
translation products had important functions in the early
stages of the viral lytic infection. The functions of the IE
proteins have been investigated utilising mutant viruses
with ts mutations, insertions or deletions in the IE genes

and utilising cloned 1E genes.
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vmwl75

The IE-3 gene product, Vmwl75, is
post-translationally modified by phosphorylation and
poly(ADP-ribosyl)ation, can exist in 3 forms distinguishable
by differences in electrophoretic mobility, and accumulates
in the nucleus (Pereira et al., 1977; Preston and
Notarianni, 1983). A mutant, tsK, has been isolated which
contains a mutation in IE-3 such that the gene product
possesses a ts lesion (Preston, 1979%a; Preston, 1981). At
the NPT vmwl75 fails to be processed normally to the forms
of lower electrophoretic mobility and migration to the
nucleus is impaired. These properties, which are reversible
upon downshift of tsK-infected cells (Preston, 1979b), are
correlated with the production of a restricted polypeptide
profile of tsK at the NPT in which only the IE polypeptides,
including the aberrant Vvmwl75, and Vmwl36 are produced
(Marsden et al., 1976; Preston, 1979b). Functional Vmwl75
is, therefore, essential for the transition from the IE to
the E and L phases of transcription and, since temperature
upshift of tsK-infected cells reverses the migration
characteristics and processing of Vmwl75 and arrests the
normal pattern of wviral polypeptiggij§§§thesis, the
functional polypeptide is probably required for most of the
viral lytic cycle and not just tra“Si?SSé%n&iﬁ%ﬁﬁ%ﬁ&sﬁggggf
Other mutants containing ts lesions in Vmwl75 (tsD, tsT)
possess phenotypes comparable to tsK at the NPT in that the
RNA species produced are very similar (Watson and Clements,
1978), IE polypeptides are overproduced and Vmwl75 shows
increased electrophoretic mobility and impaired migration to
the nucleus. Polypeptides detected in tsD and tsT infected
cells at the NPT include limited amounts of some non-IE gene
products as well as the 1E proteins (Preston, 1979b). An
insertion mutant, inl41l, has an 8bp oligonucleotide linker
insertion in 1IE-3, which also creates an in-frame amber
termination codon 1in the Vmwl75 coding sequences, and
therefore does not produce IE polypeptide Vvmwl75. inl4ll, as
well as HSV mutants containing deletions in IE-3, are not
viable under non-permissive conditions, fail to induce the

synthesis of early and late proteins and to autoregulate
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immediate-early protein synthesis, and are therefore
phenotypically similar to tsK (N.D. Stow and E.C. Stow,
personal communication; Russell et al., 1987).

The essential role of Vmwl75 in promoter activation
during the transition from IE to E and L gene expression has
also been demonstrated in transfection experiments.
Transcription from E gene (gD/TK) promoters was detected
following infection with HSV-1l; trans-activation of E gene
promoters was not induced by HSV-1 infection in the presence
of the protein synthesis inhibitor cycloheximide, or, by
infection with tsK at the NPT (Everett, 1983; El Kareh et
al., 1985). 1In short term transfection assays, in which
genes containing E regulatory regions were cotransfected
into cells with plasmids containing IE genes, vVmwl75 was
shown to be capable of E promoter trans-activation; the
level of promoter activation varied according to the assay
system used (Everett, 1984a, 1986; Quinlan and Knipe, 1985;
O'Hare and Hayward, 1985a; Gelman and Silverstein, 1986). An
enhanced level of transcription from E promoters was
observed in the additional presence of Vvmwll0 (DeLuca and
Schaffer, 1985; Everett, 1986; O'Hare and Hayward, 1985a).
The E gene sequence elements required for trans-activation
by Vvmwl75 are discussed in Section 1.2.3.3..

The role of Vvmwl75 in autoregulation or repression of
IE genes has been studied by assay of the level of
expression from genes under IE promoter control
cotransfected into cells with plasmids expressing Vmwl75. It
was shown that both constitutive and induced levels of
transcription from the IE-3 promoter could be repressed by
Vmwl75 (O'Hare and Hayward, 1985b), and that, whereas low
doses of Vvmwl75 stimulated transcription from IE-1, IE-3 and
IE-4/5 promoters, increasing doses of Vvmwl75 resulted in
reduction 1in transcription from these IE promoters (DeLuca
and Schaffer, 1985; Gelman and Silverstein, 1986).
Parenthetically, there is also evidence for an involvement
of later gene products in autoregulation or repression of 1E
gene transcription (Dixon and Schaffer, 1980; Godowski and
Knipe, 1986).

The various roles of Vmwl75, in the transactivation

of E and L gene transcription, in autoregulation and in the
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repression of IE gene expression, could be mediated by the
formation of specific Vmwl75-DNA complexes. Several
investigators have reported that incubation of radiolabelled
DNA with HSV-infected cell extracts (Kristie and Roizman,
1986a,b; Muller, 1987) or partially purified preparations of
Vmwl75 (Beard et al., 1986; Faber and Wilcox, 1986, 1988;
Michael et al., 1988) can result in the formation of stable
protein-DNA complexes that contain Vmwl75 and specific viral
DNA sequences. Muller (1987) reported that Vmwl75 binds
specifically to a sequence at the transcriptional start site
of IE-3; complex formation between Vmwl75 and the start site
sequence are not detected prior to 2h post-infection, which
is around the time of repression of 1E-3 transcription. A
sequence in the same region of the 1E-3 gene was previously
reported to be involved in the response to autoregulation
(O'Hare and Hayward, 1987). Therefore, formation of the
complex 1is 1implicated in the autoregulation of IE genes
(Muller, 1987). vmwl75, resolved from other proteins by
SDS-PAGE, transferred to nitrocellulose and renatured, was
able to bind to specific DNA fragments (Michael et al.,
1988). This finding, together with results from recent
investigations wusing DNA affinity chromatography to purify
vmwl75 and DNase protection analysis, demonstrated that
Vmwl75 binds directly to specific DNA sequences in the
absence of any other virus- or cellular-encoded proteins
(Kattar-Cooley and Wilcox, 1989). The target sequences
involved in the Vmwl75-DNA complex formation associated with
autoregulation and repression of IE gene expression and with
stimulation of E gene expression, include the hexanucleotide
sequence 5'-ATCGTC-3' (Faber and Wilcox, 1986).

The regions of the vmwl75 polypeptide important for
the repression of the I1IE-3 promoter, and for transactivation
of an HSV E gene promoter in synergy with HSV IE protein
vmwll0, have been investigated by construction of small
in-frame insertion and deletion mutants of a plasmid-borne
copy of IE-3 and subsequent analysis of the activity of the
resultant mutant polypeptides in transient transfection
assays. Large stretches of the protein are apparently
relatively unimportant for either function. The two regions

most sensitive to disruption correlate to sequences
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conserved between Vmwl75 and VzV 140K, a transactivating
protein of VZV with homology to HSV Vmwl75 (Paterson and
Everett, 1988).

Vmwl1l0

HSV-1 IE-1 gene product Vmwll0 is a predominantly
nuclear, phosphorylated protein (Pereira et al., 1977; Hay
and Hay, 1980; Ackermann et al., 1984). Virus mutants
containing ts lesions in Vmwll0 have not been isolated.
Variants of HSV-1l and HSV-2 have been isolated which contain
only one copy of the IE-1 gene (Poffenberger et al., 1983;
Harland and Brown, 1985), and viruses containing deletions
in TRL and IRL copies of the Vmwll0 gene have been
constructed (Stow and Stow, 1986; Sacks and Schaffer, 1987;.
HSV-1 mutant dl11403 contains a 2000bp deletion in both
copies of IE-1 and specifies a truncated form of the
polypeptide consisting of the original N-terminal 105 amino
acids followed by a reading frame not used by Vvmwll0. The
IE-1 gene product is not absolutely essential for virus
growth in tissue culture, since dl1403 was able to replicate
and produce plaques on BHK cells, but at low m.o.i. (for
example, 0.01 pfu/cell) on BHK cells the effect of the
deletion is a 20-100 fold reduction in virus yields compared
to wt HSV-1; growth and plaquing efficiencies of dl11403 are
reduced even further on HFL cells. The effect is largely
overcome at higher virus doses and viral polypeptide
synthesis, DNA replication, DNA encapsidation and production
of viral particles do not differ significantly in 411403 or
wt HSV-1 infected cells; as a result stocks of dl11403
exhibit significantly higher particle to pfu ratios than wt
HSvV-1 stocks (Stow and Stow, 1986). Interestingly, the
aefect at low m.,o.1. in HFL cells can be complemented by
HCMV and VvzVv, as discussed in Section 4.4.5. (Stow and Stow,
1989).

A positive role for Vvmwll0 in E promoter activation
has been demonstrated in transient expression assays; VmwllO
was shown to be a potent trans-activator of IE, E and L
classes of viral genes (Everett, 1984a; Mavromara-Nazos et
al., 1986; Quinlan and Knipe, 1985) and also to act

synergistically, in some systems, with Vmwl75 in the
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activation of a wvariety of viral promoters (DeLuca and
Schaffer, 1985; Everett, 1986; O'Hare and Hayward, 1985a)
and cellular promoters (Everett, 1984a; O'Hare and Hayward,
1985a).

In transfection experiments, insertion or deletion
mutant alleles of Vmwll0 expressed from plasmids were tested
for the ability to activate genes under E (gD) promoter
control., Several regions of the Vvmwll0 polypeptide required
for 1its ability to activate gene expression were defined
(Everett, 1987b) and it was apparent that the relative
importance of such regions was dependent upon the presence
or absence of Vvmwl75. A region crucial for Vmwll0 function
in the absence of vmwl75, in the second exon of IE-1,
includes a potential zinc finger domain (Berg, 1986). &
region towards the carboxyl terminus was more important for
vmwll0 function in the presence of Vmwl75.

Mutant HSV-1l viruses were constructed with insertion
and deletion mutations in IE-1 and, growth and plaque
formation of the mutants were examined, as well as their
ability to activate a transfected HSV E (gD) gene promoter.
The effect produced by mutations in Vmwll0, which occurre«
at the 1level of gene expression, was a reduction in the
efficiency of plaque formation by HSV-1l, the extent of wh.ich
was dependent upon the position of the mutation within the
polypeptide, the multiplicity of infection and the cell
type. Analysis of the mutant FXE, which is phenotypically
similar to dl11403, indicated that the region of Vmwll0
affected by mutation in FXE is essential for Vmwll0 function
in plaque formation and in the ability to trans-activate a
transfected HSV E promoter (Everett, 1989). In FXE, this
region of the vVmwll0 polypeptide lacks 45 amino acids
spanning the potential metal-binding domain which was
previously shown, in transfection experiments, to be
functionally important for trans-activation by VmwllO
(Everett, 1987b).

Interestingly, despite the ability of Vmwll0 alone to
trans-activate E gene expression 1in transfection
experiments, the protein appears to be incapable of
fulfilling this function in a virus containing a ts lesion
in Vmwl75 during infection at the NPT (Preston, 1979a,b).
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There 1is evidence for interference by the vmwl75 ts mutant
protein on the normal transport of Vmwll0 into the nucleus
(Knipe and Smith, 1986), on vmwllO-induced activation of
gene expression (Gelman and Silverstein, 1986) and for a
trans-dominance of the tsK form of Vmwl75 over the wt
protein (Gelman and Silverstein, 1986). However, since a
virus with a deletion in IE-3 (d120) which expresses a
severely truncated Vmwl75 protein is also unable to grow in
normal cell 1lines and exhibits an IE polypeptide profile
(DeLuca et al., 1985), it seems that Vmwll0 by itself is
unable to stimulate E gene expression efficiently during HSV

infection,

vmw6 3
HSV-1 Vmw63, the gene product of IE-2, is a

phosphoprotein and 1localises to the nucleus of infected
cells (Wilcox et al., 1980; Knipe et al., 1987). Virus
mutants containing ts lesions in Vmw63 have been isolated;
at the NPT, Vmwl75 and Vmw63 are overproduced, normal levels
of E and some E/L proteins are synthesised and viral DNA is
replicated, but production of "true"™ L polypeptides 1is
severely vrestricted (Sacks et al., 1985). Mutant viruses
with deletions in IE-2 have been constructed which lack the
transcriptional start site as well as portions of the
promoter and coding sequences of the gene. Vmwé63-specific
transcripts and proteins were not specified, and the viruses
were replication incompetent. The deletion mutant phenotypes
were characterised by the synthesis of greatly reduced
levels of viral DNA, overexpression of E proteins, reduced
levels of E/L proteins and absence of "true" L proteins;
alterations in viral protein synthesis appeared to occur at
the level of transcription (McCarthy et al., 1989).
Analysis, by transient expression assay, of the
capacity of Vmw63 to trans-activate transcription has
yielded variable data. Although the results of several
investigators suggest that Vmw63 alone does not possess
significant trans-activation potential (Everett, 1984a;
Mavromara-Nazos et al., 1986), a recent report has
demonstrated trans-—-activation of transcription from an E

gene promoter (gB) (Rice and Knipe, 1988). There is more
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abundant evidence that vVvmw63 has the capacity to repress the
expression of wviral genes (IE and E) (Gelman and
Silverstein, 1987: Rice and Knipe, 1988; Sekulovich et al.,
1988), and to stimulate further the expression of genes
under L promoter control (Everett, 1986; Sekulovich et al.,
1988; Rice and Knipe, 1988), when the expression of these
genes 1is induced by vmwl75 and vmwllO.

Taken together, these observations are consistent
with the hypothesis that vmw63 is not involved directly in
viral DNA synthesis, but that the synthesis of reduced
levels of viral DNA in the absence of Vmw63 is a conseguence
of the aberrant regulation of viral genes, the products of
which are involved in DNA synthesis. It has therefore been
suggested that Vmwé6é3 has an essential function in the
modulation of E and L gene transcription (McCarthy et al.,
1989).

vmw6 8
The protein Vmw68 (the product of HSV-1 IE gene 4) is

nuclear and phosphorylated (Pereira et al., 1977; Hay and
Ray, 1980; Ackermann et al., 1984). A virus mutant has been
constructed which <contains a 500bp deletion in IE-4. The
R 30,000 which

does not possess the carboxyl terminal one-third of the

truncated IE-4 gene specifies a protein of M

Vmw68 protein (Post and Roizman, 1981; Sears et al., 1985a).
The growth properties of the IE-4 deletion mutant vary
between different cell lines, a finding which led to the
proposal that a host cell factor can substitute for the
function of vVmw68 in some cell lines. It has been suggested
that the reduction 1in viral growth observed in certain
mutant-infected cell lines can be attributed to a lack of L

viral gene products (Sears et al., 1985a).

vmwl2

In contrast to the other IE polypeptides, vmwl2 is
non-nuclear and unphosphorylated (Pereira et al., 1977; Hay
and Hay, 1980; Marsden et al., 1982). It has been
demonstrated that IE-5 is not an essential gene for viral
growth in tissue culture, since viable deletion mutants

which lack the entire IE-5 gene have been isolated
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(Longnecker and Roizman, 1986; Umene, 1986; Brown and
Harland, 1987).

1.2.3.3. Regulation of Early Gene Expression

Early gene expression, which reaches a maximum level
at 4h to 6h post adsorption, requires prior synthesis of 1IE
gene products (Honess and Roizman, 1974; Preston, 1979%a,b);
E gene promoters respond to transactivation by vmwl75 and
vmwll0 (Everett, 1984a; O'Hare and Hayward, 1985a; Gelman
and Silverstein, 1985; Quinlan and Knipe, 1985; DeLuca and
Schaffer, 1985).

Early gene promoter sequence reguirements for the
activation of transcription in trans by viral gene products
have been analysed by determining the levels of expression
from an indicator gene linked to mutagenised E promoter
sequences (of the TK gene, UL23, and of the gD gene, US6)
and microinjected into Xenopus oocytes (McKnight et al.,
1981, 1982; Jones et al., 1985) or transfected into
eukaryotic cells (Everett, 1983, 1984b), Additionally,
mutagenised E (TK gene) promoter sequences have been
introduced 1into the HSV-1 genome and analysed for the
ability to function as promoters (Coen et al., 1986). Such
investigations have demonstrated that the E promoters of the
TK and gD genes contain several functional regions,
including a cap site, a TATA box, and upstream GA-rich
elements and GC-rich (Spl-binding) regions; an inverted
CCAAT motif is also present in the promoter of the TK gene
(McKnight and Kingsbury, 1982; Everett, 1983, 1984b;
Eisenberg et al., 1985; El Kareh et al., 1985; Coen et al.,
1986). The relative importance, in quantitative terms, of
these regions in E gene expression was dependent upon the
assay system utilised; in the virus, the upstream promoter
region of the TK gene was functionally less important,
whereas the TATA box and cap site regions are especially
important for full activation of genes under the control of
the TK and gD promoters (Coen et al., 1986; Everett, 1984b;
Figure 1.4.). Results, from analysis of the activities of
deletion and insertion mutants within the gD promoter region

after induction during HSV-1l infection and in response to
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activation by linkage of the promoter sequences to the SV40
enhancer, showed that mutations which resulted in a
reduction of the response to trans-activation by viral gene
products also resulted in a reduction of the response to
cis-activation by the SV40 enhancer. Promoter seguence
requirements in trans- and cis- activation of transcription
are therefore equivalent (Everett, 1984b; Figure 1.4.). No
domain in the E TK gene specifically responsive to
trans—-activation by viral gene products has been identified.
These findings imply that 1E gene products activate E gene
transcription either by binding sequences recognised by
cellular transcription factors or by altering the activity
of cellular transcription factors (Eisenberg et al., 1985;
Coen et al., 1986). There 1is evidence to suggest an
important role for the TATA box in E gene expression in
infected «cells. Analysis of transcription from hybrid Sv40
promoters, in which the TATA box region of gD (responsive to
trans-activation) was substituted for the TATA box element
of 5v40 (poorly responsive), demonstrated that the gD TATA
box could confer, upon the SvV40 promoter, the ability to be
efficiently trans-activated by HSV gene products (Everett,
1988). Furthermore, the most severe effect on E gene
transcription in infected cells was observed with mutations
affecting the TATA box element of the promoter region (Coen
et al., 1986).

1.2.3.4. Regulation of Late Gene Expression

Late genes require HSV DNA replication for maximal
expression; expression is first detected at 2h to 3h post
adsorption (note that DNA synthesis 1is initiated
approximately 2h post adsorption and reaches maximum levels
at approximately 8h post adsorption) and the accumulation of
L gene products reaches its maximum by 10h to 16h post
adsorption (Munk and Sauer, 1964; Roizman, 1969). Although
the requirement for Vmwl75 and Vmwll0 in true late gene
expression is not clear, activation of a late promoter (L42)
by cotransfection with IE genes has been detected in
transient assay systems (DeLuca and Schaffer, 1985;

Mavromara-Nazos et al., 1986).
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Promoter sequence requirements for L gene expression
have been delineated in a transient assay system (Johnson
and Everett, 1986b), in which "true" L gene (US1ll) promoter
deletions were located on plasmids containing an HSV-1
origin of replication (QEiS)' which enables replication of
transfected plasmid DNA in the presence of infecting HSV
(Johnson and Everett, 1986a; Stow and McMonagle, 1983), and
activation of gene expression was determined. DNA promoter
sequence elements required for fully efficient regulated
expression of US1l lie within 31bp of the RNA cap site, and
therefore consist only of a proximal TATA box and cap-site
region (Johnson and Everett, 1986b; Figure 1.4.). The
promoter sequences required for expression of the gC gene
were demonstrated to be similar (Homa et al., 1986). The
conversion of an E HSV gene (gD) into a L gene, in terms of
its characteristics of expression, was achieved by removal
of sequences 5' to its TATA box, thus confirming that a
proximal TATA box 1is sufficient for L gene expression
(Johnson and Everett, 1986b). The promoter sequences
necessary for induction of L promoters by Vmwl75 and VmwllO
are also contained within the 31bp region upstream of the

RNA cap site (Johnson and Everett, 1986b).

1.2.3.5. Herpes Simplex Virus - Encoded Polypeptides

The functions and properties of the HSV I1IE
polypeptides are discussed in Section 1.2.3.2. Enzymes and
proteins involved in DNA replication are encoded, primarily,
by HSV E genes and are dealt with in Section 1.2.4.
Interestingly, the E gene product DBP (major DNA binding
protein) appears to have a role in the general repression of
HSV gene transcription in the absence of viral DNA synthesis
(Godowski and Knipe, 1983, 1986) as well as a role in HSV
DNA replication.

There are at least 30 different species of virion
structural proteins, encoded primarily, but not exclusively,
by the HSV L genes, including the HSV glycoproteins, capsid
and tegument proteins. There are seven known HSV-1
glycoproteins; gB (encoded by UL27), gC (UL44), gD (US6)
(Spear, 1976), gE (US8) (Baucke and Spear, 1979), gG (US4),
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gl (UL22) (Marsden et al., 1978, 1984; Frame et al., 1986;
McGeoch et al., 1987, 1988) and gl(US7) (Longnecker et al.,
1987). Furthermore, om ORF in US possess&the potential to
encode a glycoprotein (McGeoch et al., 1985). There exist
HSV-2 homologues to all the HSV-1l glycoproteins,

although gG-2 contains an insert of DNA
which 1is absent from gG-1 (McGeoch, 1989). Mutant studies
have shown that gB and gH are essential for growth in tissue
culture (Little et al., 1981l; Weller et al., 1983a;
Buckmaster et al., 1984; Gompels and Minson, 1986), but that
several of the glycoproteins, including gC (Heine et al.,
1974) gE, gG, gl and US5 (Longnecker and Roizman, 1986;
Longnecker et al., 1987; Harland and Brown, 1988) are
non-essential. Certain of the glycoproteins have roles in
viral adsorption and penetration, as discussed in Section
1.2.1. The HSV capsid consists of at least 6 polypeptides,
including the major capsid protein, of MR 155,000 (ICP5,
VP5), encoded by UL19 (Marsden et al., 1978; Morse et al.,
1978; McGeoch et al., 1988a); the polypeptide p40, encoded
by UL46, is a component of empty capsids, and is discussed
in Section 1.2.4. in the context of encapsidation (Addison,
1986; Rixon et al., 1988). HSV tegument polypeptides are
generally virion proteins not classified as capsid species
or glycoproteins and are released by solubilisation of the
virion with non-ionic detergent (Lemaster and Roizman, 1980;
Roizman and Furlong, 1974; Spear, 1980). The I1IE
transcriptional transactivator Vmw65 1s a major constituent
of the tegument (Marsden et al., 1978; Lemaster and Roizman,
1980). Other constituents of the tegument include, the
extremely 1large product of gene UL36, and proteins encoded
by US9 and US10 (Batterson et al., 1983; Rixon and McGeoch,
1984; Frame et al., 1986Db).

1.2.4. Replication, Encapsidation and Assembly

Circularisation of linear HSV DNA molecules occurs
following entry into the cell nucleus (Jacob and Roizman,
1977), perhaps via direct ligation of the termini (Davison
and Wilkie, 1983b; Poffenberger and Roizman, 1985). DNA

replication results in the formation of large head to tail
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concatemers and therefore probably occurs by a rolling
circle mechanism (Jacob et al., 1979; Jongeneel and
Bachenheimer, 1981). Electron microscopic analysis suggested
that the HSV genome contained one or more specific sequences
at which DNA replication initiated (Friedman et al., 1977).
Characterisation of two classes of defective genomes has
identified three origins of replication (Figure 1.1.)
(Vlazny and Frenkel, 1981; Spaete and Frenkel, 1982), two of
g Class 1 defectives) are within IRS and TRS
segquences, localised to the non-transcribed region between

IE genes 3 and 4 (Stow and McMonagle, 1983), while the third

which (ori

(9£iL7 Class 1II defectives) lies in UL seguences between the
DNA polymerase gene and the DBP gene (Weller et al., 1985;
Quinn and McGeoch, 1985; Lockshon and Galloway, 1986). HSV-1
9518 contains an imperfect palindrome, each arm consisting
of 21bp, with a central A-T rich sequence which, along with
sequences outside the palindrome, is essential for ori
function (Stow and McMonagle, 1983; Stow, 1985). HSV-2

contains two copies of ori_, within almost identical 137bp

S
direct repeats (Whitton and Clements, 1984). A nuclear
protein from HSV-1 infected cells has been demonstrated to
bind directly to an 18bp region across one end of the

palindrome of ori_, DNA (Elias et al., 1986). HSV-1 oriL

S
contains a perfect palindrome with arms of 72bp and a

central AT-rich seguence with high homology to ori and

SI
HSV-2 oriL contains a 136bp palindrome very similar in
sequence to HSvV-1 oriL (Weller et al., 1985; Quinn and
McGeoch, 1985; Lockshon and Galloway, 1986). The

significance of the presence of three ori sites in the HSV
genome 1is not known. Indeed, studies with mutant viruses

have shown that deletion of oriL or one copy of oriS has

little or no effect on viral replication in cultured cells
(Longnecker and Roizman, 1986; Polvino-Bodnar et al., 1987).

Furthermore, since ori_, and ori_. share extensive sequence

S L
homology, and since equivalent proteins are necessary for

OriS— and oriL— dependent replication (see below), it is
likely that oriS and oriL
The induction of virus-specific replicative functions

are functionally equivalent.

by HSV was inferred from the requirement of helper viruses

to replicate defective genomes or plasmids containing an HSV
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origin of replication (Vlazny and Frenkel, 1981l; Stow, 1982)
and these functions have been analysed by characterisation
of mutant viruses. Functions essential to HSV DNA
replication include DNA polymerase (UL30) (Keir and Gold,
1963; Chartrand et al., 1979, 1980), DBP (UL29) (Conley et
al., 1981; Weller et al., 1983), alkaline exonuclease (UL12)
(Keir and Gold, 1963; Preston and Cordingley, 1982; Banks et
al., 1983; Moss, 1986) and ribonucleotide reductase (RR)
(UL39 and UL40) (Cohen, 1972; Dutia, 1983), while enzymes
involved in DNA metabolism but non-essential for virus
growth in tissue culture include dUTPase (UL50) (Wohlrab and
Francke, 1980; Preston and Fisher, 1984), uracil-DNA
glycosylase (UL2) (Mullaney et al., 1989) and TK (UL23) (Kit
and Dubbs, 1963; Jamieson et al., 1974%), although the latter
may assume a more important role in non-dividing cells
(Field and Wildy, 1978). TK and RR catalyse reactions 1in the
biosynthesis of DNA precursors. The latter consists of two
subunits, Vvmwl36 and Vmw38, encoded by separate but
contiguous genes (UL39, ©UL40) (Preston et al., 1984;
Bacchetti et al., 1984; Frame et al., 1985; McLauchlan and
Clements, 1983). The HSV DNA polymerase, a protein of MR
136,000 involved directly in viral DNA replication, differs
from most eukaryotic polymerases by virtue of its 3' to 5
exonuclease activity which may have a proof-reading effect
(Powell and pPurifoy, 1977; Purifoy and Powell, 1981; Knopf,
1979). It has been suggested that DBP, a protein of MR
128,000 which has been shown to dissociate the strands of
duplex DNA in vitro (Powell et al., 1981) acts in a
replication complex with DNA polymerase and HSV exonuclease,
since ts lesions in purified DBP impair the function of the
two enzymes at the NPT (Littler et al., 1983). Additional
proteins involved in HSV DNA synthesis include, possibly,
DNA topoisomerase(s) (Biswal et al., 1983; Muller et al.,
1985) and protein kinases encoded by US3 and UL13, the
latter mapped by virtue of its sequence homology to other
known protein kinase genes (McGeoch and Davison, 1986).

It has been shown that five cloned restriction
fragments of HSV-1] DNA together can supply all of the
trans-acting functions essential for replication of plasmids

containing OriS or oriL when cotransfected into Vero cells
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(Challberg, 1986). Based on these findings, a transient
complementation assay has been developed which, in
combination with sequencing data, has enabled the
identification of seven HSV genes which are both necessary
and sufficient for origin-dependent replication. Two of
these genes encode the viral DNA polymerase and DBP (Wu et
al., 1988). The other five genes, designated UL5, UL8, UL9,
UL42 and UL52, are predicted to encode proteins of MR
99,000, 80,000, 94,000, 51,000 and 114,000 (McGeoch et al.,
1988b). The UL42 gene product has been identified as a
previously recognised DNA-binding factor found in extracts
of HSV-1 infected cells (Parris et al., 1988). Evidence has
recently been presented which indicates that the UL9 gene
product, of Mg 82,000, is an origin-binding protein (Olivo
et al., 1988). UL5 is a component of the DNA helicase found
in 1infected cells (Crute et al., 1988; McGeoch et al.,
1989). The products of genes UL5, UL8, UL9 and UL52 are
located in the nucleus, appear early after infection and are
expressed despite inhibition of viral DNA synthesis, which
is consistent with the idea that they are the products of
early genes (Olivo et al., 1989).

There 1is evidence to suggest that the HSV 'a‘
sequence 1is involved in inversion of the L and S components
of the HSV-1 genome relative to each other (Section 1.1.4.),
and 1in cleavage and packaging of the viral genome. The ‘'a'
sequence of HSV-1 strain 17 has the format?
(DRl)(Ua)(DRZ)lg(Ub)(DRl), where Ua and Ub are unique
sequences and DR1 and DR2 are direct repeats of 17 and 12bp,
respectively (Davison and Wilkie, 1981). DR2 was proposed to
be a cis-acting sequence for isomerisation, which occurs via
intermolecular and intramolecular recombination (Mocarski et
al, 1980; Mocarski and Roizman, 1982; Chou and Roizman,
1985), although, the HSV-2 'a' sequence does not possess DR2
repeats (Davison and Wilkie, 1981) and isomerisation of the
genome of some HSV-1 mutants lacking 'a' sequences has been
demonstrated (Pogue-Geile et al., 1985; Longnecker and
Roizman, 1986). Cleavage of concatemeric DNA into unit
length molecules occurs as a prerequisite to or concomittant
with the packaging of DNA into capsids. A role for the 'a'

sequence in cleavage and packaging of DNA was suggested by
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the finding that progeny of plasmid molecules which contain

HSV ori, (Stow, 1982) were encapsidated, in the presence of

helper 3irus, only when an 'a' sequence was also located on
the plasmid molecule (Stow et al., 1983). The 'a' sequence
at both the L and S termini of the HSV genome ends in a
partial copy of the DRl element, the complete sequence being
recreated by ligation of L and S termini (Davison and
Wilkie, 1981; Mocarski and Roizman, 1982). Varmuza and
Smiley (1985) proposed that the generation of termini was
via 2 distinct cleavage events and that the mechanism of
cleavage involved: introduction of ss nicks, possibly in Ub
and Uc, followed by strand repair synthesis, a model which
could also account for doubling of 'a' sequences; or, the
introduction of ds nicks 1in the 'a' sequence, at L-S
junctions positioned in the same orientation, and subseguent
production of molecules with or without 'a' sequences, the
latter being rapidly degraded. Ts mutants have been isolated
which are defective in both cleavage and packaging events
(ts1204, ts1201) (Preston et al., 1983; Addison, 1986).

A defect in the processing of a major structural (tegument)
protein, p40 (vmw40), a product of gene UL26 (Preston

et al., 1983; McGeoch et al., 1988a) to forms of lower
electrophoretic mobility, was observed in cells infected
with ts1201 at the NPT; the unprocessed proteins became
associated with empty capsids which accumulated in the cell
nuclei in large numbers (Preston et al., 1983). A mutant
ts1203, which makes but fails to package viral DNA at the
NPT, also assembles partially cored capsids, but, in
contrast to tsl201, tsl203 processes p40 normally at the NPT
(Matz et al., 1983). It has recently been shown that p40 is
present in empty capsids, but is not a major component of
full capsids or of mature virions. It has, therefore, been
suggested that p40 becomes transiently associated with
capsids at an early stage in their assembly and that its
removal from capsids is linked with the process of packaging
(Rixon et al., 1988). Nucleocapsids are enveloped at the
inner lammella of the nuclear membrane; only capsids
containing an approximate genome equivalent of DNA are
enveloped and transported to the cytoplasm as mature virions
(Roizman and Furlong, 1974; Vliazny et al., 1982; Stow
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et al., 1986).

The outcome of a lytic infection of HSV is the
production of progeny HSV particles and lysis of the
infected cell, and is, therefore, in contrast to that of

a latent HSV infection, which will be discussed below.
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1.3. HERPES SIMPLEX VIRUS LATENT INFECTION

The capacity to establish a latent infection appears
to be a general property of herpesviruses. Latent viral
infection occurs between episodes of acute disease and
involves the persistence of virus within specific tissues
such that infectious virus is undetectable and there are no
overt signs of viral replication, cell damage or disease.
The latent infections produced by HSV types 1 and 2, which
will be considered together, and EBV are the most studied of

those produced by viruses of the Herpesviridae.

1.3.1. Herpes Simplex Virus Latency - Animal Model Systems

HSV establishes latent infections in both man and
experimental animals. Following primary peripheral HSV
infection, or inoculation, of skin, mucous membrane or eye,
HSV travels through associated sensory nerves; there is
evidence, from studies in mice and rabbit models, that
travel from the site of infection to the primary site cof
latency in the peripheral nervous system occurs via
retrograde axonal transport. The virus becomes established
in a latent state in neuronal cells of the corresponding
sensory ganglia or other nervous tissue. Reactivation from
the latent state results in productive infection in
previously latently infected neurons, the subsequent
reappearance of infectious virus in the locality of the
primary infection and asymptomatic shedding of infectious
virus (recurrence) or the production of lesions
(recrudescences) at the periphery (Goodpasture, 1929;
Stevens, 1975; Wildy et al., 1982; Blyth and Hill, 1984;
Hill, 1985; Stanberry, 1986; Sugden, 1986; Roizman and
Sears, 1987; Baichwal and Sugden, 1988).

The basic pattern of establishment of latent HSV
infection 1is similar in various experimental animals. The
mouse footpad model was the first latency system to be
developed (Stevens and Cook, 1971, 1973a,b; Walz et al.,
1974). HSV inoculation of a mouse rear footpad results in a
local cutaneous infection and, following centripetal

movement of virus through the peripheral and central nervous



Figure 1.6. SCHEMATIC REPRESENTATION OF HSV
LATENCY IN VIVO,

A schematic representation of HSV latency in
vivo, based on evidence from animal model latency systems
and information from HSV latent infections of humans.

Details of HSV latency are presented in Section 1.3..
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systems to the brain, an acute infection develops in the
nervous system, the outcome of which may be temporary or
permanent posterior paralysis and possibly death of the
mouse; surviving mice which recover from paralysis within 3
weeks are used for studies of latency. During the acute
infection (1-10 days post inoculation) HSV can be recovered
from sciatic nerve, sacrosciatic spinal ganglia, dorsal
roots, spinal cord and brain. Thereafter, infectious HSV
cannot be demonstrated in homogenates of nervous tissues.
Explantation and cocultivation of the nervous tissues with
indicator cell monolayers results in the reappearance of
infectious HSV (Stevens and Cook, 1971), thereby
demonstrating that HSV is harboured in a latent state in
these tissues.

Latent HSV infection <can be established in the
lumbosacral dorsal root ganglia of guinea pigs subsequent to
rear footpad or vaginal inoculation (Scriba, 1975, 1976). In
mouse (Knotts et al., 1974; Walz et al., 1974) and rabbit
(Stevens et al., 1972) eye models, HSV resides in a latent
state in the trigeminal ganglia after infection of the
cornea via scarification or inoculation. Latent infections
have also been established in the trigeminal ganglia and
cervical dorsal root ganglia of mice following lip and ear
inoculation, respectively (Walz et al., 1974; Hill et al.,
1975).

Reactivation