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SUMMARY

The HSV-1 genome is 152 kbp in length and contains at least 74 distinct genes. About
half of the genes are individually not essential for viral growth in cell culture but most
appear to be required for efficient viral replication and pathogenesis in experimental
animal systems. The availability of the complete DNA sequence of HSV-1 since 1988
has made it possible to target any gene for mutation, including those that had been
previously inaccessible to conventional genetic analysis.

A cosmid-based recombination system for producing HSV-1 mutants has been
developed recently. The inserts from a set of five cosmids, each about 40 kbp in size,
which together contain the entire HSV-1 genome, are co-transfected into BHK C13 cells
to yield wt virus via recombination processes. One cosmid containing a gene of interest
can be mutated, and replacement of the w¢ cosmid in the set by the mutated cosmid
results in mutant progeny after co-transfection. This approach has a number of
advantages over traditional methods of mutagenesis, particularly in allowing minimal
alterations to be introduced and in permitting the generation of mutants in the absence of a

wt background.

The aim of this project was to expand the use the cosmid-based system of mutagenesis to
analyse HSV-1 genes UL14, UL15, UL16 and UL17 and to investigate the phenotypes
of mutants obtained.

The technique used takes advantage of the observation that digestion of covalently closed
DNA molecules in the presence of ethidium bromide by restriction enzymes with multiple
recognition sites preferentially yields full length linear molecules after a single site is
cleaved. An appropriate cosmid (cos24) was linearised with the restriction enzyme
Asp718, which cleaves at the sequence G’GTACC, leaving a 5° overhang. Treatment
with T4 DNA polymerase in the presence of the four deoxynucleotide triphosphates,
followed by religation, resulted in a 4 bp insertion, thus altering the reading frame of the
gene from that point onwards. Asp718 has seven sites in cos24, and mutant cosmids
were made with a 4 bp insertion in UL14, UL1S5 and UL17, in addition to UL6 and
UL7.

Since these genes may be essential in cell culture, a number of candidate complementing
cell lines were produced by three different strategies. These were generated using either
cos24 (containing genes UL1 to UL21), a plasmid containing genes UL14 to UL18, or
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plasmids containing UL14, UL15 or UL17 individually. Overall, 122 candidate cell
lines were produced, and 40 were tested to see if they could complement the mutation by
transfection with the appropriate mutant cosmid sets. BHK C13 cells were also
transfected. Following transfection, all of the progeny generated from these cell lines
and BHK C13 cells were wt revertants, presumably owing to loss of the 4 bp insertion
by intramolecular recombination. This indicates that the cell lines tested are not able to
complement the defects and that UL14, UL15, and UL17 are essential for viral
replication in cell culture.

Proteins whose sequences are present in databases may be identified by newly developed
techniques involving mass spectrometry. Proteins are separated by SDS-PAGE and
electroblotted onto a membrane, then proteins of interest are excised and treated with
trypsin. The peptides produced are subjected to laser desorption mass spectrometry, and
the resulting masses from the spectrum are compared to the predicted tryptic products
from proteins in a database. Using this method, evidence was obtained that the protein
products of UL17 and UL14 may be present in small amounts in HSV-1 virions.

Two independent UL16 viruses were available in the laboratory at the commencement of
this work, and a further four independent UL16" mutants were also produced. These six
mutants were characterised in cell culture and the effects of the lesions on neurovirulence
and latency were investigated using a mouse model.

The mutants produce smaller plaques on BHK C13 cells and yield less virus than wt and
arevertant. The small plaque size and low yield were dependent on the particular site of
the mutation within UL16. The mutants were able to adsorb as efficiently as we, but
were slightly reduced in their ability to bind and penetrate cell, they were not significantly
temperature sensitive or cell type-specific. Particle counts by electron microscopy
revealed that they have a high particle to plaque forming unit (pfu) ratio (i.e. they produce
the same amount of particles but fewer are infectious).

Analysis of the mutants was carried out using a mouse model. After inoculation of virus
into the cranium, wt virus produced from the parental cosmid set was fully neurovirulent
but the UL16" viruses were less virulent than wt (i.e. they killed fewer animals at each
dose). Footpad inoculations were carried out to investigate the ability of the mutants to
replicate at the periphery and to establish and reactivate from latency. The mutants were
able to establish and reactivate from latent infection, but less efficiently than wr.
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In conclusion, although UL16 mutants are viable in cell culture they have a high particle
to pfu ratio, yield less virus than wt and produce smaller plaques. The results from
experiments involving infection of mice indicate that the UL16 protein has a role in
neurovirulence and latency.
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Cell lines

BHK C13 baby hamster kidney cells clone 13

BSC-1 monkey epithelial cell line
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Abbreviations

Amino acid Three letter One letter
code code

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamine Gln Q
Glutamic acid Glu E
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp w
Tyrosine Tyr Y
Valine Val \'

One and three letter abbreviations for amino acid residues
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Chapter 1: Introduction

1.1. THE FAMILY HERPESVIRIDAE

1.1.1. General properties

The Herpesviridae is a large family of eukaryotic viruses. To date over 100 have been
identified, infecting vertebrate hosts ranging from fish to man (Roizman and Sears,
1993) and probably at least one invertebrate host, the oyster (Comps and Cochennec,
1993). The viruses exhibit a high degree of host specificity and a wide range of
pathological properties. A single host species can be host to several herpesviruses - for
example, there are eight herpesviruses associated with humans. Most herpesviruses
have been discovered in husbanded animals where large groups live in close contact.

Herpesviruses are defined by the structural features of their virions. A large linear
double-stranded DNA molecule is located within an icosahedral capsid approximately
100-110 nm in diameter. The capsid is embedded in an amorphous proteinaceous
matrix (the tegument), which is in turn surrounded by a lipid envelope containing viral
glycoproteins (Fig. 1). During productive infection, viral DNA is transcribed,
replicated and packaged into capsids in the nucleus. The capsids then acquire tegument
and envelope prior to leaving the infected cell. In addition, all herpesviruses examined
to date have the ability to establish latent infections in their natural host, and
subsequent reactivation of virus can occur to cause a second round or even recurrent

rounds of recrudescent disease.

1.1.2. Biological properties
The herpesviruses are versatile and well adapted pathogens, causing diseases whose

pathology may range from inapparent to life-threatening.

It is common for primary or recrudescent infections to be inapparent or slight in the
natural setting. Under certain conditions, however, particularly those resulting in a
degree of immune suppression, herpesviruses can cause serious or even fatal disease.
For example, 25% of mortality in bone marrow recipients results from interstitial
pneumonitis caused by HCMYV infection (White and Fenner, 1986).

Several herpesviruses have been implicated in various types of cancer. For example,
MDV causes a T-cell lymphoma in chickens (Fenner et al., 1987), and EBV is
implicated in Burkitt’s lymphoma and nasopharyngeal carcinoma in humans (Epstein et
al., 1964; Evens and Niederman, 1991).
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Chapter 1: Introduction

Although herpesviruses normally infect a single species, some can cause more severe
disease in non-natural hosts. For example, B virus, which is related to HSV-1, infects
monkeys and has similar pathological effects to HSV-1 infection in humans, but causes
fatal ascending paralysis and encephalitis in humans (Fenner et al., 1987). Also, PRV,
a herpesvirus of swine, can infect cattle, sheep, goats, dogs and cats. Infection of cattle
results in “mad itch”, and death can occur a few hours after symptoms appear. PRV-
infected dogs show many classic symptoms of rabies, and infection is invariably fatal
(Fenner et al., 1987).

1.1.3. Genome features

Herpesviruses genomes range in size from 125-250 kbp and contain 70 to 200 genes
(Roizman and Sears, 1990, 1993). All genomes investigated in sufficient detail contain
direct or inverted repeat sequences located internally or at the genome termini. The six
main types of genome structures, differing in the size and relative arrangement of
repeated and unique sequences, are shown in Fig. 2 and Table 1.

Herpesvirus genomes range in base composition from 31-75% G+C (Roizman and
Batterson, 1985; McGeoch, 1989; Roizman and Sears, 1993) and G+C residues may be
distributed non-uniformly throughout the genome: for example, the terminal repeats in
HVS have a much higher G+C content than the unique region. Table 2 summarises the
features of the ten herpesvirus genomes whose complete sequences have been

published.

1.1.4. Classification and evolution

Classification of herpesviruses into three subfamilies, the Alpha-, Beta and Gamma-
herpesvirinae, by the International Committee on Taxonomy of Viruses (ICTV) is
based on biological criteria (Roizman et al., 1981). The subfamilies have been divided
further on the basis of additional biological and genetic data (Roizman et al., 1992).
Members of the Alphaherpesvirinae are characterised by a short replicative cycle,
which results in the rapid spread of infection in cell culture and the mass destruction of
susceptible cells. They tend to have a wide host range in cell culture, and most form
latent infections in sensory ganglia. They are subdivided into the Simplexvirus and
Varicellovirus genera, the former including HSV-1, HSV-2 and BHV-2, and the latter
VZV, EHV-1 and PRV. The Betaherpesvirinae have a long replicative cycle, a narrow
host range in cell culture, and can establish latent infections in secretory glands,
lymphoreticular cells and kidney cells. Infection results in the production of
characteristically enlarged infected cells (cytomegalia). They are divided into three
genera: Cytomegalovirus, Muromegalovirus and Roseolovirus, exemplified by HCMYV,




21+4

1+4/

?3+

21446

C» O

1+4

H+4A

?1+4

+4=

vy

11+4

1+ 46

?21+46

144

"*).7D

"$H#H # 08

S6

B)

( >
CoO D
/ =6
- 6=
= =7
/ 6AT7T
17
69
6 ==8
B
A
CM)BAN H
6 0

(P,

Q

/ 2
/ $

= #
A (
17 3

/

= #
=/ $
© %) /D

.BB

.B/

E)L

ey

“xy

"*).B

"y

?3+



D2

+ ., &
$/, & 336
8*& $ # , 344
8*& $ # , 344
"t % 33;

2%- 5 33



Chapter 1: Introduction

MCMYV and HHV-6, respectively. The Gammaherpesvirinae exhibit a restricted host
range and the duration of the reproductive cycle is variable. Latent infection often
occurs in lymphoid tissue. The Lymphocryptovirus genus includes EBV which shows
specificity for B-lymphocytes, and the Rhadinovirus genus includes HVA and HVS,
which are restricted to New World primates and grow in T-lymphocytes.

For practical purposes, the use of biological criteria in herpesvirus classification has
been superseded by genetic data derived from sequence analysis. This involves
consideration of similarities between encoded prqteins and the gene order, and has been
facilitated by the availability of complete DNA sequences for several herpesviruses
(see Table 2) and substantial incomplete sequence information for many other
herpesviruses. Genetic data largely support the biological classification scheme, and
relatively few viruses have been wrongly classified. There are five instances where a
virus which has similar biological properties to members of one subfamily is most
closely related genetically to another subfamily (Table 3). Three of these five viruses
were initially classified as members of the Gammaherpesvirinae because they are

lymphotropic.

Genetic data provide an insight into viral evolution. Herpesviruses are highly
divergent, and it is clear that evolution of the herpesviruses has proceeded through
mutational and recombinational processes. The latter category involves large scale
genomic rearrangements, gene duplications, generation of repeated sequence elements
and changes in the extent and copy number of these elements. Gene deletion and
importation of non-herpesvirus genes also appears to have occurred (McGeoch, 1989;
McGeoch and Cook, 1994).

A common evolutionary origin for the herpesviruses is strongly supported by the
observation that the three subfamilies contain a subset of about 40 “core” genes that are
conserved by criteria of similarities in encoded amino acid sequences or genomic
position (McGeoch, 1989; Davison, 1993). McGeoch and Cook (1994) and McGeoch
et al. (1995) presented data consistent with the idea that herpesviruses have evolved
with their hosts, and have proposed an evolutionary timescale (Fig. 3). CCV, however,
lacks specific sequence similarities to mammalian and avian herpesviruses, but recent -
data on capsid structure (Booy et al., 1996) and virion protein composition (Davison
and Davison, 1995) support the view that mammalian, avian and fish herpesviruses

share a common evolutionary source.

*
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Fig. 3. Phylogenetic tree

A phylogenetic tree for the herpesviruses derived from sequence comparisons, with a time scale
(millions of years before present) based on the hypothesis that the viruses have cospeciated with their
hosts. Broken lines indicate regions of lower confidence. Reproduced from McGeoch et al. (1995).
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Chapter 1: Introduction

1.2. HUMAN HERPESVIRUSES

1.2.1. Biological properties
Features of the eight different herpesviruses that have been recognised in humans are

summarised in Table 4.

Primary infection with HSV-1 is usually asymptomatic, and infection is virtually
universal in human populations. In rare circumstances, however, severe primary
symptoms can occur, including conjunctivitis, keratitis and acute necrotizing
encephalitis. A lifelong latent infection is established in neurons of the sensory ganglia
and reactivation can be periodically induced following a number of stimuli including
stress, exposure to UV light and immune suppression (Hill ez al.,, 1978), giving rise to
oro-facial lesions. HSV-2 is transmitted sexually, and causes genital lesions on
reactivation, but the clinical pathologies associated with HSV-1 and HSV-2 are not
strictly separated (Nahmias et al, 1991). HSV-2 reactivation usually occurs more
frequently than that of HSV-1 (Timbury, 1991; Whitley, 1990).

VZV produces two different diseases: varicella (chickenpox) upon primary infection
and zoster (shingles) after reactivation (Gelb, 1990). Chickenpox is a generally benign
disease characterised by fever and a vesicular rash, and is seasonally distributed, the
highest incidence occurring in late winter and early spring. The virus is transmitted by
inhalation of infectious respiratory secretions. Complications are rare, but the disease
may be more severe in adults, where pneumonia is common. Latency is normally
established in the dorsal root or cranial nerve ganglia, and reactivation, which usually
occurs many years after primary infection, results in painful vesicles in the area of skin
innervated by the affected ganglion. The incidence of reactivation increases with age
(Timbury, 1991). '

HCMV infection is normally symptomless, but infection of the foetus via the mother
can cause deafness and mental retardation. HCMYV is one of the commonest
opportunistic infections of immunocompromised individuals, and is the major viral
complication in bone marrow and organ transplantation, where the virus can be
acquired from the donor organ and result in retinitis and pneumonia (Timbury, 1991).
The virus is thought to be spread by salivary contact but may be transmitted sexually
(Emery and Griffith, 1990). Unlike latent infections established by HSV-1 and VZV,
those of HCMYV are more like chronic infections because virus can be readily recovered
from saliva, urine, semen or cervical secretions for long periods of time. The
intermittent nature of virus shedding and fluctuations in antibody levels suggest that
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asymptomatic reactivation occurs throughout life. HCMYV establishes latency in
lymphocytes or polymorphonuclear leukocytes (Ho, 1991).

EBYV was initially detected in lymphoblasts from Burkitt’s lymphoma (Epstein, 1964),
a highly malignant B-cell lymphoma common in African children which shows a
striking geographical distribution and is virtually confined to areas where there is
endemic malaria. EBV was later found to be the causative agent of infectious
mononucleosis (glandular fever), particularly in young adults, and in the
immunocompromised individual EBV can result in severe lymphoproliferative disease
where organs are infiltrated by immature B lymphocytes. EBV has also been
associated with nasopharyngeal carcinoma, since viral DNA has been isolated from
malignant epithelial cells of the tumour. This tumour also shows a marked
geographical and racial distribution and it is particularly common among southern
Chinese people. The selective distribution of these tumours suggests the influence of
genetic and environmental factors as well as EBV infection in the progression towards
disease (Miller, 1990; Timbury, 1991).

HHV-6 was initially isolated from the peripheral blood leukocytes of AIDS patients
and patients with lymphoproliferative disorders (Salahuddin et al., 1986). It grows in B
and T cells in vitro. Infection is widespread and there is a high incidence of antibody in
the normal population. Infection is thought to occur early in life via saliva (Harnett ez
al., 1990). The virus is the causative agent of exanthema subitum (roseola infantum),
which is characterised by fever and a mild facial rash in young children (Yamanishi ez
al., 1988). The virus is genetically related to HCMV (Lawrence et al.,, 1990) and
consists of two closely related genotypes, HHV-6 A and B, of which only the latter has
been associated with roseola (Dewhurst er al., 1993).

HHV-7 was isolated from CD4* T cells of healthy individuals by Frenkel et al. (1990).
Infection is widespread and is acquired early in childhood. HHV-7 is related to HHV-6
(Berneman et al., 1992), and is also associated with roseola (Portolani et al., 1995).

KSHV (HHV-8) was identified by Chang et al. (1994) as a new herpesvirus associated
with Kaposi’s sarcoma. The DNA from this virus has also been recovered from rare

body cavity-based lymphomas (Cesarman et al., 1995).
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1.2.2. Genome structures

The genome structures of the human herpesviruses are shown in Fig. 4. They represent
four of the six types of genome structure previously described in Section 1.1.3. The
structure of the KSHV genome is unknown.

—_———

1.3. THE GENOME OF HSV-1

1.3.1. General properties

The genome of HSV-1 strain 17 is composed of a linear molecule of double-stranded
DNA containing 152,260 bp (McGeoch et al., 1985; 1986; 1988). The DNA is not
methylated (Low et al., 1969) and has an average base pair composition of 68.3% G+C,
although the G+C content is not uniform throughout the genome, being higher in the
repeat regions. There is a single unpaired base at each 3’ terminus (Mocarski and
Roizman, 1982), and there is no protein covalently linked to the termini.

1.3.2. Genome structure

The HSV-1 genome consists of two covalently linked components, L and S (Sheldrick
and Berthelot, 1974; Delius and Clements, 1976; Roizman, 1979). The L and S
components consist largely of unique sequences, Ur, (107.9 kbp) and Usg (13 kbp), each
flanked by inverted repeats, Ry, (9 kbp) and Rg (6.5 kbp) (McGeoch et al., 1988). The
sequences of Rp, and Rg are unrelated with the exception of a direct repeat (the a
sequence) of approximately 400 bp located at the termini (see Fig. 4). One copy of the
a sequence is present at the S terminus and although one copy is usually present at the
L terminus, some molecules contain more. The a sequence is also present at the L-S
joint, usually as a single copy but sometimes as more (Wagner and Summers, 1978).
Recombination between the repeat sequences results in inversion of Ur, and Ug
(Sheldrick and Berthelot, 1974), and DNA extracted from virions consists of four
equimolar populations differing with respect to the relative orientations of the two
components (Hayward et al., 1975). Inversion is aided by the presence of the a
sequences (Davison and Wilkie, 1983; Poffenberger et al., 1983).
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1.3.3. Genetic content

Seventy-one genes were predicted to be present in the HSV-1 genome by McGeoch et
al. (1985, 1986, 1988). Their arrangement is shown in Fig. 5. This was acknowledged
to be a conservative estimate since genes which are highly spliced, completely or
almost completely contained within another gene or very small might have escaped
identification. Indeed, an additional four genes have been identified: UL26.5, UL49A
(or UL49.5), US8.5 and RL1. UL26.5 is contained completely within the UL26 ORF
(Liu and Roizman, 1991a,b), and encodes a protein which corresponds to the C-
terminal region of the UL26 protein. ULA49A encodes a predicted protein translation
product of only 91 residues (Barker and Roizman, 1992; Barnett et al., 1992). US8.5 is
also a small gene which partially overlaps US8 and US9 (Georgopoulou et al., 1993;
1995). Despite a large number of sequence errors, Chou and Roizman (1990) proposed
a gene (o, 34.5, encoding ICP34.5) in R in HSV-1 strain F. The corresponding gene in
HSV-1 strain 17, RL1, was later identified after correction of two errors in the
published sequence (McGeoch and Barnett, 1991).

Thus, the genome is proposed at present to contain 58 genes in U, 13 in U, two in Ry
and one in Rg; a total of 74 distinct genes. This number may rise further, as a number
of novel proteins have been identified. Martinez et al. (1996a,b) proposed a second
protein encoded within UL12 (UL12.5), which corresponds to the C-terminal portion of
the UL12 protein. Lagunoff and Roizman (1994, 1995) identified a protein-coding
region in Ry, (ORF P) which contains 248 codons and is almost completely antisense to
RL1 (ICP34.5). Ward et al. (1996) proposed a novel protein encoded antisense to
ULA43 (UL43.5). The status of these potential additional genes, however, remains

uncertain for various reasons.

The majority of the HSV-1 genome is potentially protein-coding. Most genes are
expressed as unspliced mRNAs whose expression is controlled by temporal class-
specific promoters and which terminate at eukaryotic polyadenylation signals
containing the canonical AATAAA motif. Partially overlapping franscripts sharing a
common polyadenylation site are common: for example US5, US6 and US7. HSV-1
has four genes that are incontrovertibly expressed as spliced mRNAs, two (UL15 and
RL2) with introns in protein-coding regions and two (US1 and US12) sharing a
common spliced 5’ non-coding leader in Ry (Wagner, 1994). There is evidence that
some genes specify low-abundance spliced mRNAs in addition to the major unspliced
transcripts, for example, minor variants of the ULA44 and UL30 transcripts. In contrast
to the four major spliced transcripts, however, the significance of these minor variants
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is not clear. In addition, the latency-associated transcripts (LATs), described in more

detail in Section 1.10, are spliced.

The HSV-1 genome contains three origins of replication, one in Ur (ori;), located
between genes UL29 and UL30, and one in Rg (orig; two copies). There is
considerable homology between the sequences of orig and ori;, but whereas ori
contains a perfect 144 bp palindrome the orig palindrome is less extensive (Weller et
al., 1985). Further details are given in Section 1.7.

1.3.4. Genetic variability

Differences in RE profiles between HSV-1 strains have two main causes: base
substitution, which may add or eliminate restriction endonuclease cleavage sites; and
variability in the number of repeated sequences, which results in size variability of

restriction enzyme fragments.

Restriction endonuclease site polymorphism has been used in epidemiological studies
of HSV transmission in the human population. For example, Sakoaka et al. (1994)
compared the restriction patterns of HSV-1 strains from six countries and found that
they vary from country to country and that HSV-1 strains from within the same ethnic
group are more closely related. They also suggested that the virus co-evolves with its
host and that the rate of mutation is 3.5 x 10-8 per site per year, a rate which
corresponds to that proposed by McGeoch and Cook (1994) for much longer

evolutionary periods (see Section 1.1.4.).

Several of the 19 sets of tandem reiterations which are present in the HSV-1 genome
can vary in the copy number of repeat elements. The a sequence can also vary in copy

number at the L-S junction and L terminus.

1.3.5. Gene functions

Table 5 contains information about the status in cell culture and proposed functions of
HSV-1 genes. The functions of the majority of herpesvirus genes have been identified
by direct genetic and biochemical experimentation, and computer-aided comparisons of
predicted amino acid sequences with databases have also facilitated the identification

of a few gene functions.




Table 5. Features of HSV-1 genes

Gene* Status® Protein function References to mutants
RL1 NE Neurovirulence factor (ICP34.5). Bolovan et al., 1994; Brown et al., 1994;
Perng et al., 1993, 1995 a,b, 1996.
RL2 NE IE protein; transcriptional regulator Everett, 1989; Stow and Stow, 1986; Chen
(ICP0O, Vmw110). et al., 1991.
LAT NE Latency-associated transcript; probably Block et al.,, 1990; Deshmane et al., 1993,
not protein coding. 1995; Pemng et al., 1994; Maggioncabla et
al., 1994.
UL1 E Glycoprotein L; complexes with Hutchison et al., 1992a; Roop et al., 1993.
glycoprotein H (UL22).
UL2 NE Uracil-DNA glycosylase. Pyles and Thompson, 1994.
UL3 NE Function unknown Baines and Roizman, 1991.
UL4 NE Function unknown. Baines and Roizman, 1991.
ULS E Component of DNA helicase-primase Wu et al., 1988, Zhu and Weller, 1992a, b;
complex; possesses helicase motifs. Bloom and Stevens, 1994,
ULé6 E Minor capsid protein. Weller et al., 1987; Patel et al., 1996.
UL7 E? Function unknown.
ULS E Component of DNA helicase-primase Carmichael and Weller, 1989; Sherman et
complex. al., 1992
UL9 E Ori-binding protein essential for DNA Olivo et al., 1988; Arbuckle and Stow,
replication. 1993; Abbots and Stow, 1993.
UL10 NE Virion surface glycoprotein M. McLean et al., 1991, 1993; Baines and
Roizman, 1991.
UL11 NE Myristylated tegument protein; role in MacLean et al., 1989; 1992; Baines and
virion envelopment. Roizman, 1992.
UL12 (E) Deoxyribonuclease; role in Weller et al., 1990; Shao et al., 1993
maturation/packaging of DNA.
UL13 NE Tegument protein; probable protein Coulter et al., 1993; Overton et al., 1994.
kinase.
UL14 ? Function unknown.
UL15 E Role in DNA packaging; putative Poon and Roizman, 1993; Baines et al.,
terminase component. 1994.
UL16 NE Function unknown. Baines and Roizman, 1991.
UL17 E? Function unknown.
UL18 E Capsid protein (VP23); component of Desai et al., 1993.
intercapsomeric triplex.
UL19 E Major capsid protein (VP5); forms Weller et al., 1987; Desai et al., 1993;
hexons and pentons.
UL20 E/NE Integral membrane protein; role in egress | Baines ef al., 1991; MacLean et al.,1991.
of nascent virions;host range phenotype;
syn locus.
UL21 NE Tegument protein. Baines ez al., 1994a.
UL22 E Virion surface glycoprotein H; Desai et al., 1988; Dargan and Subak-Sharp,
complexes with glycoprotein L (UL1); 1991; Wilson et al., 1994.
role in cell entry.
UL23 NE Thymidine kinase. Coen et al., 1989; Hay et al., 1995.




UL24 NE Function unknown; syn locus. Jacobson et al., 1989a.
UL2S E Capsid-associated tegument protein. Addison et al., 1984; Thopmson et al.,
1995; Ali et al., 1996.
UL26 E Protease, acts in virion maturation; N- Preston et al., 1992, 1993; Register and
terminal portion is capsid protein VP24, Shafer, 1996; Godefray and Guenet , 1995;
Desai et al.,, 1994,
UL26.5 ® Internal protein of immature capsids Preston et al., 1992; Thomsen et al., 1995;
(VP22a); processed by UL26 protease. Kennard et al., 1995.
UL27 E Virion surface glycoprotein B; role in Cai et al., 1987; Highlander et al., 1989;
cell entry; syn locus. Yahasz and Stevens, 1993.
UL28 E Role in DNA packaging. Addison et al., 1990; Tengelson et
al.,1993.
UL29 E Single-stranded DNA-binding protein Gao et al., 1989.
(ICP8).
UL30 E Catalytic subunit of replicative DNA Stow, 1993; Digard et al., 1993.
polymerase; complexes with UL42.
UL31 E? Function unknown.
UL32 E? Function unknown.
UL33 E Role in DNA packaging. Al-Kabaisi et al., 1991; Cunningham et al,
1993.
UL34 E? Membrane-associated phosphoprotein;
substrate for US3 protein kinase.
UL35 E? Capsid protein (VP26); located on tips of
hexons.
UL36 E Very large tegument protein. Batterson et al., 1983.
UL37 E? Tegument protein.
UL38 E Capsid protein (VP19C) ; component of Flanagen et al., 1991; Guzowski and
intercapsomeric triplex. Wagner, 1993.
UL39 E/NE Ribonucleotide reductase large subunit Goldstein and Weller, 1988a, b; Jacobson
(ICP6, Vmwl36, Rl). et al., 1989.
UL40 E/NE Ribonucleotide reductase small subunit Preston et al., 1988a.
(Vmw38, R2).
ULA41 NE Tegument protein; host shut-off factor. Fenwick and Everett, 1990; Read et al.,
1993.
UL42 E Subunit of replicative DNA polymerase Gottleib et al., 1990; Gottleib and
which increases processivity and Challberg, 1994.
complexes with UL30 protein.
ULA3 NE Function unknown; probable integral McLean et al., 1991.
membrane protein.
UL44 NE Virion surface glycoprotein C; role in Herold et al., 1991; Dargan and Subak-
cell entry. Sharpe, 1991.
ULA45 NE Tegument/envelope protein. Visalli and Brandt, 1991, 1993.
UL46 NE Tegument protein; modulates IE gene Barker and Roizman, 1990; Zhang and
transactivation by UL48 protein. McKnight, 1991, 1993.
UL47 NE Tegument protein; modulates IE gene Barker and Roizman, 1990; McLean et al.,
transactivation by UL48 protein. 1990; Zhang and McKnight, 1991, 1993.
ULAS8 E Tegument protein; transactivates IE Ace et al., 1989; Harris and Preston, 1991;
genes (VP16, Vmw65, o-TIF). Valyinagy et al., 1991a.
UL49 ? Tegument protein.
UL49A NE? Envelope protein disulphide-linked to Romanelli ez al., 1992.

tegument.




ULS50 NE Deoxyuridine triphosphatase. Fisher and Preston, 1986; Pyles et al.,
1992.
ULS51 ® Function unknown, Barker and Roizman, 1990.
ULS52 E Component of DNA helicase-primase Goldstein and Weller, 1988c; Crute et al.,
complex. 1989; Klinedinst and Challberg, 1994.
UL53 ® Glycoprotein K. Ramaswamy and Holland, 1992; Moyal et
al., 1992,
ULS54 E IE protein; post-translational regulator of | McCarthy et al., 1989; Rice et al., 1993.
gene expression (ICP27, Vmw63).
ULS5 NE Function unknown. Block et al., 1991; Nash and Spivack,
1994.
ULS56 NE Function unknown. Rosen-Wolf et al., 1991; Nash and Spivack,
1994,
RS1 E IE protein; transcriptional regulator Preston, 1979; Patterson et al., 1990.
(ICP4, Vmwl75).
US1 E/NE IE protein; function unknown (ICP22, Post and Roizman, 1981; Sears et al., 1985;
Vmw68); host range phenotype. Poffenberger et al., 1993.
UsS2 NE Function unknown. Longnecker and Roizman, 1987.
Us3 NE Protein kinase; phosphorylates UL34 Purves et al., 1991; Nishiyama et al., 1992.
protein.
Us4 NE Virion surface glycoprotein G. Longnecker and Roizman, 1987; Balan et
al., 1994.
UsSs NE Proposed glycoprotein J. Weber et al., 1987; Balan et al., 1994.
USé6 E Virion surface glycoprotein D; role in Ligas and Johnson, 1988; Johnson and
cell entry. Ligas, 1988.
us7 NE Virion surface glycoprotein I; complexed | Johnson et al., 1988; Balan et al., 1994.
with glycoprotein E (US8) in Fc receptor.
US8 NE Virion surface glycoprotein E; complexed | Johnson et al, 1988; Balan et al., 1994.
with glycoprotein I (US7) in Fc receptor.
US8A NE Function unknown. Georgopoulou et al., 1995.
Us9 NE Virion protein. Umene, 1986; Frame, 1986.
US10 NE Virion protein. Longnecker and Roizman, 1987.
USI11 NE Virion protein; ribosome-associated in Roller and Roizman, 1992,
infected cell.
US12 NE IE protein (ICP47, Vmwl2); role in Longnecker and Roizman, 1986; Hill et al.,

preventing antigen presentation.

1995; Johnson et al., 1995.

a= Core genes are shown in bold type.

b= The status of each gene in cell culture is indicated: E = essential, NE = non-essential, E? = probably essential,
NE? = probably non-essential, (E) = a mutant is viable, but very disabled, E/NE= non-essential under certain
conditions, ? = unknown. E genes are those for which mutants have been constructed that require
complementing cell lines or those for which attempts to generate insertion mutants using the cosmid system
have yielded only wt, essential genes have also been identified by s mutants. E? genes are those where
attempts to derive a mutant by plasmid recombination have failed. NE? genes are those where data are
available for alphaherpesviruses other than HSV-1.

Adapted from McGeoch et al. (1993).
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The majority of HSV-1 genes can be considered in four main functional categories:
control (see Section 1.6); DNA replication and packaging (see Section 1.7); structure
and assembly (see Section 1.8); pathogenesis and latency (see Section 1.9 and 1.10).
The HSV-1 “core” genes (i.e. genes which are found in all three herpesvirus families)
are identified by bold type in Table 5, and most fall into the first three categories.

The status of HSV-1 genes (i.e. their importance in viral growth in cell culture) has
been examined by the production of mutants, as described in Section 1.5. About half of
the HSV-1 genes are individually dispensable for growth in cell culture, but most
appear to be required for efficient viral replication and pathogenesis in animal models
(Baines and Roizman 1991; McGeoch and Schaffer, 1992; McGeoch and Barnett,
1993).

1.4. THE INFECTIOUS CYCLE OF HSV-1

This section provides a thumbnail guide to the processes involved at each stage of the
HSV-1 lifecycle (Roizman and Batterson, 1987; Everett, 1987b; Wagner, 1994;
Campadelli-Fiume, 1994: Roizman and Sears, 1987, 1990, 1993; Beers et al., 1994;
Fraser et al., 1991, 1992; Steiner and Kennedy, 1993; Rixon, 1993). Each process is
discussed in more detail in later sections. Fig. 6 illustrates the life cycle of HSV-1.

Initial association of HSV-1 with the host cell is mediated by viral glycoproteins, which
also have important roles in adsorption and penetration of the virus (see Section 1.8).
The virus envelope fuses with the plasma membrane, the nucleocapsid is released into
the cytoplasm and migrates to the nucleus where the DNA enters via the nuclear pores.
At least some of the tegument proteins also enter the nucleus, although the process by
which this occurs is not clear (see Section 1.8). Transcription, replication of viral DNA

and capsid assembly take place in the nucleus.

Gene expression occurs in three main phases: immediate early (IE of o), early (E or B)
and late (L or ). The operational definition of these genes is based largely on inhibitor
studies. An IE gene is one whose transcription is independent of viral and cellular
protein synthesis. E genes are activated by IE gene products and are expressed before
the onset of DNA replication. L genes are dependent on functional IE and E proteins
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Chapter 1: Introduction

and are only produced in quantity following the onset of DNA replication. They have
been subdivided into “leaky late” (y,) and “true late” (y,). Expression of the former
occurs at low levels before the onset of viral replication but becomes maximal
afterwards. The latter are expressed only after DNA replication commences (see
Section 1.6).

Three of the five IE genes regulate the expression of early or late genes directly or
indirectly (Honess and Roizman, 1974). E gene products include enzymes involved in
DNA replication, nucleotide metabolism and some glycoproteins, while L genes
encode many of the virion proteins. The latter class includes the tegument protein
Vmw65, which is the major transactivator of IE genes (O'Hare, 1993) (see Section 1.6).

Genomic DNA is circularised by direct ligation of the termini, and viral DNA synthesis
is initiated in the nucleus from orig and ori; to produce DNA in an endless
conformation, probably as head-to-tail concatamers, by a rolling circle mechanism
(Roizman, 1979; Jacob et al., 1979). Replicated DNA is cleaved specifically into unit-
length molecules at the a sequence and packaged into preformed capsids (see Section
1.7). The process by which the capsid acquires tegument and envelope is not fully
understood; two proposed models are described in Section 1.8. The envelope is
derived from altered host membranes containing viral glycoproteins, which are
processed to their mature forms in the Golgi apparatus. Virions are released from the
cell by exocytosis (see Section 1.8).

Productive infection leads to the induction of a number of viral and host proteins which
specifically alter the metabolism of the cell to confer a replicative advantage to the
virus. Upon entry into the cell, a tegument component, virion host shutoff protein (vhs,
encoded by UL41) causes rapid inhibition of host macromolecular synthesis (see
Section 1.6.6.). A late shutoff function also occurs which is dependent on viral RNA
and protein synthesis (Fenwick, 1984), but the mechanism is poorly understood. The
production of heat shock proteins and interferons is also induced in response to
infection, but, at least in cell culture, the lytic lifecycle is not aborted and the cell is
eventually destroyed (see Section 1.6).

In addition to the lytic cycle of infection, HSV-1 is able to establish a latent infection in
dorsal root ganglia (DRG). The switch between the lytic and latent states depends on
complex viral and cellular interactions. During latency, genomic DNA is retained in a
circular (or concatemeric) state in association with nucleosomes, and transcription

occurs only from a small region of the genome, producing the latency-associated
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transcripts (LATs) from R; (see Fig. 5). HSV-1 can remain in a latent state for the
lifetime of the host and can be reactivated by appropriate stimuli resulting in further
limited rounds of lytic infection which usually produce oro-facial lesions. Details of

latency are given in Section 1.10.

4

1.5. HSV-1 MUTANTS

In earlier years, HSV-1 mutants were generated without detailed knowledge of the viral
genes and were selected on the basis of a range of properties including plaque
morphology, temperature sensitivity, host range properties and resistance to immune
cytolysis or antiviral compounds. Sections 1.5.1-1.5.5 describe the production of
mutants using these methods. Since the determination of the complete HSV-1 DNA
sequence it has been possible to target any gene for specific mutation, including genes
previously inaccessible to genetic analysis, using selectable or detectable marker genes.
Plasmid-based methods (Section 1.5.6-1.5.9) allow mutations to be introduced easily at
specifically targeted sites, and can also be used to generate revertants, thus allowing
phenotypic changes to be associated directly with the mutation. However insertions
can be quite large and may affect more than just the target gene. The major advantage
of the cosmid-based system (Section 1.5.10) is that it allows for mutants to be isolated
in the absence of wt virus. Also, since a marker gene is not required, mutations
containing minimally disruptive changes (e.g. insertions or deletions of only a few base
pairs) may be introduced. Revertants are not easily produced with the cosmid system,
however, association between mutation and phenotype can be established by making
several independent mutants in the same gene. Sections 1.5.6-1.5.10 describe the
production of mutants with lesions in specific genes using these methods.

1.5.1. Plaque morphology

Ejercito et al. (1968) first described variants that induced cell fusion and resulted in the
production of giant multinucleate cells or syncitia (syn plaques). They concluded that
differences in plaque morphology invariably coincided with changes in the surface
properties of the virions. Non-syncitial plaques consist of a localised area of rounded
cells, and in syn plaques many cells are fused into a polykaryocyte (Timbury et al.,
1974). Syncitial mutants have been mapped to at least seven different loci in HSV-1
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genome (Marsden, 1987), and at least five correspond to genes encoding glycoproteins

or putative membrane proteins.

1.5.2. Temperature sensitivity

Temperature sensitive (¢s) mutants are conditional lethal mutants whose replication is
impaired at one temperature, the non-permissive temperature (NPT), but unimpaired at
another temperature (usually lower), the permissive temperature (PT), while replication
of wt virus is not significantly impaired at either temperature (Schaffer et al., 1970).
This type of mutant has formed the backbone of the majority of genetic investigations
carried out on HSV-1. Ts mutants are still used today; indeed, a s mutant of ULI5 was
described recently by Poon and Roizman (1993).

In principle, any gene can be mutated to code for a ts gene product, but only ts
mutations in genes which are indispensable to the virus lytic cycle are isolated by
normal selection procedures. 7Ts mutations usually cause non-functionality because
substitution of wt amino acids results in an alteration in protein conformation or
stability at the NPT. Although spontaneous #s mutants have been‘reported (Manservigi,
1974), there are two principal methods for inducing mutants in vitro. In the first, a
virus or viral DNA is treated with a substance that directly modifies the DNA: for
example, nitroso-guanidine or UV light. The second and most widely used procedure
involves treating infected cells with mutagens. Most s mutants of HSV-1 have been
isolated by treatment of cells with 5-bromodeoxyuridine (BUdR) (Subak-Sharpe, 1969)
which is incorporated into DNA in place of thymidine, but base pairs with a guanine
residue to cause replacement of the original T-A pairing by a G-C base pair in the next
replication cycle (Freeze, 1963). These methods of making zs mutants are technically
simple but have a number of disadvantages. The concentration of mutagen to be used
must be accurately determined so that mutants are produced at a greater frequency than
would occur spontaneously but without inducing multiple mutants. Also, the sites at
which mutations are introduced cannot be selected.

One general problem with zs mutants, however produced, is their tendency to “leak” or
revert. Leakage is the result of a small amount of functional protein being produced at
the NPT. Reversion of a #s mutation, usually the result of a single base substitution,
may give back the original w¢ sequence or another base which effectively replaces the
wt base. Revertants can also occur by a change in another codon which counteracts the
original change. Despite these problems, the use of zs mutants has been very important

in investigating gene function.
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1.5.3. Host range

Wt HSV-1 cannot replicate in dog kidney cells, although the virus absorbs and
penetrates the cell. A host range mutant that could replicate in these cells was first
described by Aurelian and Roizman (1964), and appeared to be able to overcome a
block at the stage of nucleocapsid envelopment. This mutant was obtained without
knowledge of the site or type of mutation and was of limited utility, but certain
mutations introduced more recently into specific genes have been shown to result in a
restriction to certain cell types. Thus, US1 deletion mutants can only replicate in Vero
cells, while UL20 deletion mutants form small plaques in human z&~ cells but fail to
form plaques in Vero cells (Post and Roizman 1981; Baines et al., 1991).

1.5.4. Immune cytolysis

Immune cytolysis mediated by antibody and complement is directed against viral
glycoproteins present on the surface of infected cells; particularly glycoprotein B (gB),
gC and gD. Machtiger et al. (1980) described mutants that contained lesions in surface
glycoproteins and were resistant to immune cytolysis. Tests with a £s mutant of HSV-1
defective in glycoprotein synthesis at the NPT demonstrated that infected cells
maintained at this temperature were not lysed when reacted with antibody and
complement. In other studies, monoclonal antibodies specific for HSV-1 or HSV-2
glycoproteins have been used to select variants that are resistant to neutralization

(Holland et al., 1983).

1.5.5. Drug resistance

Many drug resistant mutants were isolated during evaluation of compounds as potential
antiviral agents. The majority of drug-resistant mutants identified so far contain
mutations in UL23 (k) or UL30 (DNA polymerase). The main types of drug used to
produce mutants are nucleoside analogues such as BUdR, which is incorporated in
place of thymidine causing a base pair replacement (J amieson et al., 1974), arabinoside
A which inhibits HSV-1 DNA polymerase (Coen et al., 1982), and acyclovir which
acts as a chain terminator during viral DNA synthesis. Pyrophosphate analogues such
as phosphonoacetate inhibit viral DNA polymerase via the pyrophosphate binding site
(Purifoy and Powell, 1977).
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1.5.6. Selectable markers

The isolation of mutants is greatly facilitated by the introduction of selectable marker
genes into the HSV-1 genome. Under selective pressure, only recombinants carrying
the marker are able to grow. A number of markers are available; the most commonly
used is HSV-1 tk. Specific deletions of viral sequences can then be made at the site

where the marker is inserted.

TK virus can be selected using acyclovir or thymidine arabinoside treatment of
infected TK* or TK" cells (Mocarski et al., 1980), or by BUdR treatment of TK cells.
TK* virus can be isolated by overlaying infected TK' infected cells with HAT medium
(contains hypoxanthine, aminopterin, thymidine) (Compione-Piccardo et al., 1979; Post
etal., 1981).

Post and Roizman (1981) described a general technique for introducing deletions into
the genome using plasmid recombination. This method is an extension of the marker
rescue technique and involves cotransfection of a plasmid containing a mutated gene
into cells with wt viral DNA. Recombination between the wt and mutated DNA results
in the production of a mutant virus. Recombinants are identified and isolated by a
number of methods. Initially, tk is inserted at the target site in a genome containing a
deletion in the natural ¢k gene, selecting for TK* progeny. Then the introduced tk gene
and sequences flanking the insertion site are deleted by a second recombination step,

selecting for TK" virus.

Another selectable marker is the neomycin resistance gene (Neidhardt et al., 1987).
Mutant progeny are selected on the basis of their ability to grow in the presence of

neomycin.

1.5.7. Detectable markers

The most widely used detectable marker is E. coli lacZ (Goldstein and Weller, 1988a).
Insertion of this marker allows recombinants to be detected as blue plaques in the
presence of 5-bromo-4-chloro-3-indolyl-fB-D-galactopyranoside (X-gal), against a
background of clear wt plaques. This method is widely used, but has a few
disadvantages. Since lacZ is large (~4 kbp), insertion into a gene may disrupt flanking
genes, so that the resulting phenotype could be due in part to an effect on expression of
a neighbouring gene rather than the target gene. Also, slow-growing mutants may be
difficult to detect in the presence of a large wt background. Some advantages of the
method include the ability to carry out a second step of mutagenesis so that the initial
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lacZ insertion can be replaced by a deletion, and the production of revertants by

replacing lacZ by wt sequences.

1.5.8. Tnb transposon

Weber et al. (1987) reported a simple insertional mutagenesis system for inactivation
of HSV-1 genes, but specific genes could not be targeted. The bacterial transposon
TnS carrying a kanamycin resistance marker was inserted randomly in E. coli into
plasmids. Cotransfection of plasmids with wt virus resulted in mutant progeny.
Random insertion of Tn5 resulted in truncation of the corresponding gene product,
owing to the presence of a stop codon in all three reading frames at the transposon

termini.

1.5.9. Cre-lox system

Gage et al. (1992) described a cell-free recombination system for site-specific
integration of multigenic shuttle plasmids into the herpesvirus genome, which takes
advantage of the Cre-lox site-specific recombination machinery of bacteriophage P1. A
plasmid containing the 34 bp loxP recombination site but lacking herpesvirus
sequences was inserted at a loxP site previously engineered into PRV. Recombination
occurred in a mixture containing viral DNA, plasmid, and the Cre recombinase.
Transformation of the mixture into suitable eukaryotic cells allowed rescue of
infectious recombinant viruses, which were identified on the basis of a blue plaque
phenotype derived from expression of lacZ in the shuttle plasmid. The plasmid was
stably maintained in the viral genome and, since the Cre recombination reaction is
reversible, the inserted shuttle plasmid could be recovered from the viral genome
producing rescued wt viruses. This method is useful only for mutation of a single locus
of particular interest, not a means of obtaining mutants throughout the genome.

1.5.10. Cosmids

Van Zijl et al. (1988) reported the ability to generate PRV from subgenomic regions
cloned as fragments of about 40 kbp into cosmids. Sets of four or five overlapping
cosmid clones together comprising the complete viral sequence generated viral plaques
after transfection of the inserts into pig kidney cells. Southern blot analysis revealed no
differences between parental and reconstituted virus, and no differences were observed
in the biological properties exhibited by the reconstituted virus as tested by infection of
piglets. Cosmids can be manipulated in vitro in a similar manner to plasmids and
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mutations transferred to viruses without the need for selection or extensive screening
procedures since no wt background is generated. Even mutants with poor replicative
capacities or carrying multiple gene alterations can be obtained in a single transfection

step.

de Wind et al. (1990) described a method of linker insertion mutagenesis of single
genes in PRV U;. An oligonucleotide containing translational stop codons in all
reading frames was inserted at quasi-random sites into a cosmid and viral mutants were
then obtained. This technique takes advantage of the observation that digestion of
circular DNA molecules in the presence of ethidium bromide by restriction enzymes
with multiple recognition sites preferentially yields full length linear molecules (Parker,
1980).

Since the cosmid system was developed for PRV, similar systems have been described
for other herpesviruses, including HSV-1 (Cunningham and Davison, 1993), VZV
(Cohen and Seidel, 1993), EHV-1 (Dr E.A.R. Telford, unpublished data), BHV-1
(Ananvoranich et al,, 1995) and HCMV (Kemble et al, 1995). Cunningham and
Davison (1993) generated three sets of HSV-1 cosmids, each of which was capable of
yielding plaques after digestion with Pacl to release the inserts and transfection into
BHK cells. They constructed viral mutants containing frameshift mutations in either or
both of genes UL2 and UL44 , which are not essential for growth in cell culture. They
also produced a mutant with a frameshift mutation in UL33, an essential gene involved
in DNA packaging, by transfecting a complementing cell line.

The use of modern methods for constructing mutants such as plasmid-based or cosmid-
based systems allows for the production of mutants with lesions at specific sites.
Genes of particular interest can be targeted, and this has lead to the generation of a
battery of mutants with lesions in many of the HSV-1 genes. These have been used in
many laboratories to identify and characterise gene functions.
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1.6. CONTROL PROCESSES

1.6.1. Temporal regulation of gene expression

HSV-1 gene expression is temporally regulated, with three major classes of proteins
expressed in a cascade (Honess and Roizman, 1974; Clements et al., 1977). Immediate
early (IE or o) proteins reach maximal levels of production at 3-4 h pi, and some are
required for switching on the other classes of proteins (Honess and Roizman, 1975;
Preston et al., 1978). Early (E or B) proteins reach maximal levels of production at 5-7
h pi and require the presence of IE proteins for induction. These include non-structural
components, for example, herpesvirus specified enzymes including thymidine kinase,
DNA polymerase and DNase. Late (L or ) proteins require the presence of IE and E
proteins, are produced late in infection, and encode many of the major structural
components. Some late proteins are made in small amounts prior to DNA replication,
while others are strictly produced after replication (Honess and Roizman, 1974;
Clements et al., 1977; Jones and Roizman, 1979). Initiation of the transcription cycle
is brought about by the action of the tegument component Vmw65, which is the major
transactivator of IE genes; as such it begins the cascade of IE, E and L gene expression.

1.6.2. Vmweé5 (VP16)

Vmw65 is encoded by UL48 and functions as both an essential structural component of
the tegument and as a major transactivator of IE genes. There are between 500-1000
molecules of Vmw65 present in the virion which are transported to the nucleus after
viral entry into cells (Spear et al., 1972; Heine et al., 1974).

The five IE genes are transactivated by Vmw65 via a specific target sequence
(TAATGARAT) upstream of their promoters. To form stable complexes with these
sites, Vmw65 requires at least two cellular factors, Octl and HCF (host cell factor).
Fig. 7 illustrates the process of Vmwe65 activation. In summary, the multiprotein
complex responsible for IE gene induction is initiated through Octl binding to a region
containing the TAAT sequence within the Vmw65 target sequence. The Vmw65/HCF
complex binds to the Octl/DNA complex and is stabilised by specific interactions
between Vmw65 and the Octl POU-homeo domain and between Vmw65 and the
GARAT sequences of the TAATGARAT site. HCF may act to stabilise Vmw65 in a
conformation with the highest affinity for DNA binding or by interaction with Octl
(O'Hare, 1993). The formation of the complex locates the acidic activation domain of
Vmw65 near the IE gene TATA box, where it activates transcription possibly by
promoting the assembly of an initiation complex.
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Fig. 7. Vmw65 transactivator complex formation

Cellular protein Oct1 binds to the TAAT region of the Vmw65 activation sequence. HCF binds to
Vmw65, and this complex then binds to the Oct1/DNA complex at the GARAT sequence. The formation
of the complex locates the acidic C terminus of Vmw65 in the region of the TATA box which promotes
assembly of the initiation complex.
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The C-terminus of Vmw®65 is highly enriched in acidic amino acids; acidic domains
have been implicated as transcriptional activators in other systems (Sadowski et al.,
1988). The acidic region is thought to promote assembly of an initiation complex
containing the TATA box binding factor (TBF) topologically altered for productive
initiation. The requirement for IE transactivation can be separated from complex
assembly on the TAATGARAT site, since deletion of the acidic domain has no effect
on assembly of the complex but abolishes transactivation (Greaves and O’Hare, 1989).
The C-terminus of Vmw65 was shown to function as a transactivator independently of
the complex when fused to the DNA-binding domain of the yeast transcription factor
GALA (Sadowski et al., 1988; Cousens, 1989).

Kristie and Roizman (1987) were first to demonstrate that a host cell protein binds to
the IE upstream regions and suggest that it could be involved in Vmw65
transactivation. This protein was later identified as Octl (O’Hare et al., 1988), a
transcription factor implicated in the regulation of a number of cellular genes (Stern et
al., 1989). Octl is a member of a subclass of homeodomain proteins, the POU
proteins, which share a highly related 150-160 residue POU domain (Ruvkun and
Finney, 1991). The POU domain is divided into two regions, the POU-homeo domain,
which includes three helices and a POU-specific domain. Helix 3 of the POU-homeo
domain is the major DNA binding region which makes contact across the TAAT region
of TAATGARAT, and the POU-specific domain contacts the ATGC sequence
immediately upstream of the TAAT sequence (Herr, 1992). Mutations in GARAT
have no effect on Octl binding but abolish formation of the Vmw65 complex. Vmw65
binds to Octl via helix 2 of the POU-homeo domain and to the GARAT sequence
(Stern and Herr, 1991).

A direct interaction between Vmw65 and HCF was demonstrated in the absence of
Octl or the TAATGARAT element. This suggests that the first step in the multi-
protein complex assembly is the binding of HCF directly to Vmw65, an interaction
which may take place in the cytoplasm. The Vmw65/HCF complex neither binds
strongly to DNA nor detectably interacts with Octl alone, but does bind via the
GARAT sequence following Octl binding to TAAT (O’Hare, 1993).

1.6.3. Immediate early genes

The five IE genes - RL2 (encoding Vmw110), RS1 (encoding Vmw175), US1
(encoding Vmw68), ULS54 (encoding Vmw63) and US12 (encoding Vmw12) (see
Table 6) - all have roles in control processes.
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Table 6. Immediate early genes involved in control processes.

HSV-1 | Glasgow system | Chicago system Size on Size from
gene ‘ SDS-PAGE | sequence Role .
Gene Product | Gene Product. (kDa) (Da)
RS1 IE1 | Vmwl10 a0 ICPO 110 78452 Non-specific transactivator of
all classes of genes.
UL54 IE2 Vmw63 o227 ICP27 63 55376 Late gene expression. Post
translational regulation.
RL2 IE3 | Vmwl175 od ICP4 175 132835 | Major transactivator of IE,E
and L genes.
US1 IE4 Vmw68 022 ICP22 68 46521 Late gene expression. Host
range phenotype.
US12 IES Vmwi2 od7 1ICP47 12 9791 Involved in inhibition of

antigen presentation.

Adapted from Everett (1987).




Chapter 1: Introduction

Vmw175 _

Vmw175 is the major transcriptional regulatory protein and is essential for viral growth
(Preston, 1979) and transcriptional activation of E and L genes. It exerts its repressing
and activating actions through interactions with general transcription factors (TBP and
TFIIB) as well as by binding to DNA (Smith, 1993). It was reported to be present in
the tegument of purified HSV-1 virions (Yao and Courtney, 1989), but is actually
predominantly found in L-particles (described in Section 1.8.3) (McLauchlan and
Rixon, 1992).

The target sequence to which Vmw175 binds (ATCGTC) is present in the RS1
promoter (Faber and Wilcox 1986; 1988), facilitating autoregulation of Vmw175
expression (Roberts et al., 1988; DeLuca and Schaffer, 1988). The region of Vmw175
which is involved in DNA binding, transactivation and repression has been located near
the N-terminal end of the protein between amino acid residues 275-495, and mutations
in this region showed a reduction in these functions (Patterson and Everett, 1988a;
1988b; Shepard et al., 1989; Patterson et al., 1990). Vmw175 has five domains, two of
which (1-314 residues and 1225-1298 residues) are not essential for function. Another
two (351-484 residues and 485-496 residues) are essential for transcriptional activation
and repression. DNA binding occurs via one of these and the other contains nuclear
localisation sites. Another domain (497-1224 residues) also contains nuclear

localisation sites

Vmw110

RL2 contains three exons and the spliced transcript encodes Vmw110 (Perry et al.,
1986), a potent activator of the expression of all three classes of viral genes, as well as
a number of cellular genes (Everett, 1984b; Cai and Schaffer, 1989, 1992). Vmw110
has the ability to enhance the expression of any gene that exhibits a basal level of
transcription, and can act by itself or synergistically with Vmw175 (Everett, 1984b,
1986, 1988a). It acts without apparent DNA sequence specificity and is itself regulated
by Vmw175 (Resnick et al., 1989).

Vmw110 is not essential for viral growth in cell culture but at low moi deletion mutants
show a growth defect which is overcome at high moi (Stow and Stow, 1986). The
major determinant of transactivation maps to a cysteine-rich region encoded in the
second exon (Chen et al., 1991) which is conserved in Vmw110 counterparts in other
alphaherpesviruses. Two regions of Vmw110, are essential for function: residues 105-
222 and residues 638-775. Residues 105-222 contain unique zinc binding motifs.
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Vmw175 acts in concert with and may physically interact with Vmw110 to stimulate
transcription (Everett, 1984b; Knipe and Smith, 1988; Yoa and Schaffer, 1994).
Vmw110 alone is not sufficient to transactivate early gene transcription and it is
thought to mediate transactivation by interacting with a cellular factor, the interacting
domain encoded by the first two exons (Weber and Wigdahl, 1992).

Vmw110 appears to play a major role in reactivation from latency. Mutants lacking
Vmw110 are unable to stimulate latent viral genomes to reactivate in an in vitro latency
system (Russell et al., 1987a), and expression of Vmw110 from a heterologous vector
facilitates reactivation (Harris et al., 1989) (see Section 1.10.8). Also, Vmw110
mutants are impaired in their ability to reactivate from latency in animal models
(Clements and Stow, 1989; Cai et al., 1993). Davido and Leib (1996) showed that
Vmw110 promoter elements which are important for Vmw110 expression and

virulence are dispensible for the establishment of and reactivation from latency.

Vmwé3

Vmw63 affects late gene expression through a post-transcriptional mechanism (Smith
et al., 1992; Sandri-Goldi and Mendoza, 1992). This mechanism is poorly understood,
but may involve processing at the 3’ poly A signal of late transcripts (McLauchlan et
al., 1992), or inhibition of splicing (Schroder et al., 1989; Sandri-Goldin and Mendoza,
1992; Hardwich and Sandri-Goldin, 1994; Hardy and Sandri-Goldin, 1994). Two
regulatory regions have been identified, an activator region (residues 240-434) and a
repressor region within the C-terminal 78 residues which contains a putative zinc-
binding domain (Vaughn et al., 1992; Rice et al.,, 1993). Vmw63 has been shown to
bind RNA directly (Ingram et al., 1996). :

A ts mutant in Vmw63 over-expressed E gene products but did not synthesize
detectable amounts of L mRNAs (Sacks et al., 1985). An analysis of deletion mutants
showed that Vmw®63 is necessary for L gene expression and the down-regulation of IE
genes (Sacks et al., 1985; McCarthy et al., 1989; Curtin and Knipe, 1993). There is
also evidence from plasmid transfection studies that, in the presence of Vmw110 and
Vmw175, Vw63 can repress E promoters and enhance L promoters (Everett, 1986;
Rice and Knipe, 1988; Su and Knipe, 1989; McMahan and Schaffer, 1990). Vmw63
can act synergistically with Vmw175 and Vmw110 to stimulate or repress gene

expression.
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Vmw63 may contribute to the overall shutoff of host gene expression by virtue of its
ability to inhibit pre-mRNA splicing. Since splicing is widespread in the host cell
genome and rare in HSV-1, Vmw63 might enable selective expression of viral mRNA
(Sandri-Goldin and Mendoza, 1992). Infection of cells with wt virus but not Vmw63
mutants leads to the redistribution of components of the spliceosome termed small
nuclear ribonucleoprotein particles (snRNPs) from their diffuse speckled pattern in the
nuclei of uninfected cells to discrete clusters on the nuclear periphery (Martin et al.,
1987; Phelan et al., 1993). Since Vmw®63 is required for inhibition of host cell splicing
and is localised in the redistributed snRNP-containing nuclear structures (Phelan et al.,
1993; Hardy and Sandri-Goldin, 1994), it was proposed that redistribution of snRNPs
by Vmwe63 is related to the inhibition of host cell splicing. However, a Vmw®63 ts
mutant can redistribute snRNPs without inhibiting splicing (Sandri-Goldin et al.,
1995).

Vmw638

Vmw68 has a role in determining host range and in L gene regulation (Sears et al.,
1985). Vmw68 mutants grow normally on Vero cells (Post and Roizman, 1981), but
grew poorly in cell lines such as HFLs (Sears et al., 1985; Poffenberger et al., 1993).
Expression of E proteins is delayed and the expression of L proteins is delayed and
substantially reduced.

Vmw12

Vmw12 is a cytoplasmic protein (Marsden et al., 1982), which is non-essential for
growth in cell culture (Longnecker and Roizman, 1986; Umere, 1986; Brown and
Harland, 1987). A role for Vmwl12 in preventing antigen presentation to CD8" T-
lymphocytes has been described (York et al., 1994; Johnson et al., 1995). Hill et al.
(1995) have shown that Vmw12 binds to TAP (transporter associated with antigen
processing) and prevents peptide translocation into the endoplasfm'c reticulum. It binds
to a site which includes the peptide binding domain of TAP and remains bound to this
site in a stable fashion, thus preventing antigen presentation by competitive binding
(Tomazin et al., 1996; Ahn et al., 1996).
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1.6.4. Early genes

Following expression of IE proteins a more complex population of viral mRNAs
becomes abundant prior to viral DNA replication, specified by genes which map
throughout the genome (Wagner, 1985). They do not contain an obvious conserved
class-specific sequence analogous to TAATGARAT in IE genes, although a number of
regulatory elements have been identified in promoters of early genes such as UL23 (tk
gene) and US6 (gD gene) (see Fig. 8), including a TATA box upstream of the
transcriptional start site, GA- and GC- rich regions and a CAAT box (McKnight et al.,
1985; Everett, 1983, 1984a; Eisenberg et al., 1985; El-Kareh et al., 1985; Jones et al.,
1985; Graves et al., 1986).

E genes exhibit a variation in their kinetics of expression and as a result have been
divided into two subgroups, early (E or B,) and delayed early (DE or f3,). For example, -
gD is expressed as an early protein but it is not synthesised maximally until after the
onset of viral DNA replication (Gibson and Spear, 1983), and thus may be viewed as a
DE gene (Roizman and Batterson, 1985; Wagner, 1985). This property may simply

reflect an increased template copy number.

The tk and gD promoters have been shown to contain Vmw175 binding sites
(Imbalzano et al., 1990; Tedder et al., 1989), but binding of Vmw175 to the tk
promoter is not necessary for transactivation (Imbalzano ez al., 1990), and removal of
three binding sites in the gD promoter does not affect the efficiency of gD transcription
during a normal HSV-1 infection (Smiley et al., 1992). Mutational analysis of many E
promoters and promoter regulatory regions has failed to define specific sequences
involved in transactivation by Vmw110 or Vmw175. Transactivation of E gene
expression by IE proteins may be mediated indirectly through their interactions with
certain cellular transcription factors (Everett, 1986; Eisenberg et al., 1985; Coen et al.,
1986).

1.6.5. Late genes

Most L genes encode structural proteins of the virion. Some L proteins, termed leaky
late or v,, are detectable in small amounts prior to viral DNA replication and then in
larger amounts after DNA replication: for example the major capsid protein encoded by
UL19 (Costa et al., 1985). Others, termed true late or v, are not detected prior to DNA
replication (Roizman and Batterson, 1985; Wagner, 1985; Johnson et al., 1986): for
example, the capsid protein encoded by UL38 (Flanagan et al., 1991) and the US11
protein (Johnson et al., 1986).
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Fig. 8. Differences between IE, E and L promoters

The scale in residues upstream of the RNA cap site is given as a guide to the position of the various
elements. IE promoters contain a cap site, a TATA box, distal promoter sequences within 100 bases of
the cap site and a far upstream regulatory element. E promoters include only the distal and proximal
promoter sequences while L promoters may consist simply of a TATA box and cap site on a
replicating (i.e. ori-containing) template. Adapted from Everett (1987a).
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L promoters do not have any obvious conserved class-specific sequence and seem to
have a simpler structure than E promoters (Everett, 1984a,b) (see Fig. 8). Mutational
analysis of the promoters of US11 and UL44 (gC) demonstrated that the presence of a
TATA box and a cap site, in combination with a cis-acting ori, were sufficient for full
expression (Johnson and Everett, 1986a; Homa et al., 1986). Deletion of the regulatory
regions of the US6 gene (gD) to leave a TATA box and cap site resulted in conversion
of the gene from E to L regulation (Johnson and Everett, 1986a,b).

Experiments with DNA synthesis inhibitors and DNA-negative fs mutants
demonstrated that L gene expression is dependent on viral DNA synthesis (Honess and
Roizman, 1974; Holland et al., 1980; Conley et al., 1981; Pederson et al., 1981) in
addition to presence of E and IE proteins. The role of viral DNA replication is unclear,
but the increase in template copy number is likely to contribute towards an increase in
L gene expression. L gene expression may also be activated as a result of structural
changes occurring during the replication process (Johnson and Everett, 1986a;

Mauromara-Nazos and Roizman, 1987).

1.6.6. Other aspects of control

Viral proteins

Several tegument proteins appear to play important roles in enhancing viral infectivity.
One major component of the tegument is the protein encoded by UL48, the major
transactivator of IE genes, Vmw65 (see Section 1.6.2.). In addition, virion host shut-
off protein (vhs), encoded by ULA41, is a tegument protein which acts to shut off host
macromolecular synthesis (Roizman and Roane, 1964). Vhs is a phosphoprotein which
accumulates late in infection (McLauchlan et al., 1992) and is not required for virion
assembly (Smibert and Smiley, 1990). Vhs inhibits cellular protein synthesis and
glycosylation of host proteins, decreases ribosomal RNA production and reduces the
stability of cellular mRNAs (Read and Frenkel, 1983; Wagner and Roizman, 1969;
Spears et al., 1970). The latter effect is not limited to pre-existing cellular mRNAs, as
vhs also induces destabilisation and degradation of viral IE, E and L mRNAs (Fenwick
and Everett, 1990a,b). VAhs may act as a nuclease, cause dissociation of ribosomes from
RNA leaving it more vulnerable to attack by preexisting ribonucleases or activate a
cellular nuclease (Fenwick and Everett, 1990a,b). Also, vhs can bind to Vmw65
(Weinheimer et al., 1992) and may prevent Vmw65 from entering the multiprotein
complex on the IE TAATGARAT element (Smibert et al., 1994).
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A well as vhs-induced host shutoff it appears that an uncharacterised independent late
shut off function also functions during infection (Fenwick and Clark, 1982; Fenwick et
al., 1984).

Protein kinases may act on proteins which have a role in the initiation of viral infection
and in this way exact a measure of control. The potential protein kinase encoded by
UL13 was identified as a virion component by Cunningham et al. (1992). This protein
contributes to mRNA instability in infected cells (Overton et al., 1994) although the
ability to induce mRNA instability may not require phosphorylation of vhs since
phosphorylation was unaffected in virions from a UL13 mutant (Overton et al., 1994).
The protein kinase encoded by US3 phosphorylates the UL34 protein and may also
exert some control should it also phosphorylate any viral proteins involved in control.

Other viral proteins may also influence control processes. These include Vmw63,
which contributes to the shut-off of host gene expression by inhibiting RNA splicing
(see Section 1.6.3) (Hardwick and Sandri-Goldin, 1995). The C-terminus of RL1 is
required to prevent the premature shut-off of protein synthesis in infected cells (Chou
and Roizman, 1994). This protein may act to prevent the stress response in infected
cells which would lead to inhibition of protein synthesis (see Section 1.9). Also, the
tegument proteins encoded by UL46 and UL47 modulate IE gene transactivation by

Vmwo65 (ULA43).

Host proteins

Cells under stress produce heat shock proteins (hsps), and the synthesis of other cell
proteins is down-regulated. The high degree of amino acid sequence homology among
hsps and the fact that they are normally present in organisms that are not under stress
conditions suggests that they function in normal cellular operations, but that they are
required to a greater extent under stress conditions. Two hsps, hsp70 and hsp90, act as
molecular chaperones mediating the correct assembly of other polypeptides (Ellis,
1990). It has been proposed that Asps not only mediate protein assembly but also
promote disassembly of proteins that have been damaged as a result of stress (Pelham,

1986).

Hsp 70 alone is transiently induced by HSV-1 infection (Philips et al., 1991).
Notarianni and Preston (1982) demonstrated that the over-expression of IE
polypeptides during infection with the mutant #sK (which contains a temperature-
sensitive lesion in RS1) at the NPT led to increased synthesis of Asp 70, and later it was
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shown that overproduction of mutant Vmw175 was responsible for the induced stress
response (Russell et al., 1987a). Later, Russell et al. (1987b) suggested that
accumulation of Asp70 was important in eliminating non-functional forms of Vmw175
or neutralising their damaging effects, rather than merely resulting from viral IE protein

accumulation.

The interferons are a group of proteins that are not normally expressed but are
produced in response to a range of stimuli, including viral infection. They are released
from virus-infected cells and bind to interferon receptors on neighbouring cell
membranes. There are two types of interferon receptors: one for IFNa and IFNP and
the other for IFNy (Branca and Baglioni, 1981). Binding of IFN activates transcription
of a defined set of cellular genes, many of which are involved in the establishment of
an antiviral state (Lengyel, 1982; Fellous et al., 1982; Samuel, 1991; Sen and Lengyel,
1992).

IFN-o has been shown to inhibit HSV-1 replication at the level of IE gene transcription
(Oberman and Panet, 1988; DeStasio and Taylor, 1990), while cellular genes are
insensitive (Mittnacht et al., 1988; Oberman and Panet, 1989; DeStasio and Taylor,
1990). Researchers have consistently found that adsorption, penetration and uncoating
of HSV-1 is unaffected in cells pre-treated with IFN (Oberman and Panet, 1988;
DeStasio and Taylor, 1990). The reduction in HSV-1 IE mRNA levels occurs as a
result of an inhibition of transcription initiation rather than of transcript elongation or
mRNA degradation (Mittnacht et al., 1988; DeStasio and Taylor, 1990).

— S

1.7. DNA METABOLISM

1.7.1. Nucleotide metabolism and DNA repair

HSV-1 specifies a number of enzymes which have roles in nucleic acid metabolism and
DNA repair and as such are important in DNA replication. Many of these enzymes are
not required for viral growth in cell culture but have been shown to be important in

neurovirulence and latency (see Section 1.9).

The alkaline nuclease (encoded by UL12) is involved in the cleavage of DNA
concatemers and in resolving replicative intermediates produced during DNA
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replication. It complexes with the UL29 gene product (Weller et al., 1990; Thomas et
al., 1992). It is required for efficient virus production in cell culture and has 5’-3’
exonuclease activity (Strobel-Fidler and Francke, 1980; Chou and Roizman, 1989).
Uracil-DNA glycosylase (encoded by UL2) is involved in DNA repair and proof
reading (Caradonna et al., 1987; Mullaney et al., 1989; Pyles et al., 1994). It removes
uracil residues from DNA arising from misincorporation or from spontaneous
deamination of cytosine residues. Ribonucleotide reductase (RR) is a tetramer of two
molecules of the UL39 protein and two molecules of the UL40 protein, and converts
ribonucleotides to the corresponding deoxyribenucleotides, thus supplementing the
pool of substrates for DNA synthesis (Goldstein and Weller, 1988; Jacobson et al.,
1989; Paradis et al., 1989; Idowu et al., 1992). Thymidine kinase (encoded by UL23)
phosphorylates thymidine and deoxycytidine to TMP and dCMP (Jamieson and Subak-
Sharpe, 1974; Efstathiou et al., 1989; Coen et al., 1989), which are then converted to
the triphosphates by cellular enzymes. Deoxyuridine triphosphatase (dUTPase)
(encoded by ULS50) hydrolyses dUTP to dUMP and pyrophosphate, thus reducing
misincorporation of uracil residues into DNA and supplementing the pool of dUMP
which can be converted to dTMP by cellular thymidylate synthase (Caradonna and
Cheung, 1981; Fisher and Preston, 1986; Pyles et al., 1992). '

HSV-1 was thought to specify a DNA ligase (Sparelari, 1976), which could join the
Okazaki fragments produced by discontinuous synthesis on the lagging strand, and a
topoisomerase (Muller et al., 1985). No viral genes, however, have been shown to

encode these functions.

1.7.2. DNA replication

HSV-1 DNA replication is first detected in cells at 3 h pi, peaks at about 9-11 h and is
virtually completed by 16 h (Wilkie, 1973). Replication initially occurs at discrete sites
within the infected cell nucleus called “replication compartments”, and then at later
times the nucleus becomes filled with replicating DNA (Quinlan et al., 1984). The
current model of DNA replication proposes that following entry into the nucleus, the
DNA circularises (Jacob and Roizman, 1977) by ligation of the terminal a sequences
(Davison and Wilkie, 1983), is replicated by a rolling circle mechanism involving
continuous production of one strand of DNA and discontinuous synthesis of the other
(Roizman, 1979) to generate multiple head-to-tail concatemers (Jacob et al., 1979).
The concatemeric DNA is then cleaved into unit-length molecules and packaged into

preformed capsids (see Section 1.7.5).
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1.7.3. Origins of DNA replication

The HSV-1 origins of replication were identified in a number of ways, including
electron microscopic studies, which provided evidence for the existence of two origins
of DNA synthesis in the HSV-1 genome, one near the center of UL (oriL) and the other
in R (oriy) (Friedmann et al., 1977) and by analysis of defective interfering genomes
which are spontaneous deletion mutants of wt genomes containing origins of
replication and packaging signals (Frenkel et al., 1976; Schroder et al., 1976). The
origins have been defined as those sequences that must be present in a fragment of
HSV DNA for it to be amplified in permissive cells transfected with the fragment and
transfected or infected with a helper virus (Vlazny et al., 1981).

It is now known that there are three origins of replication in a single HSV-1 DNA
molecule (see Section 1.4) (see Fig. 5): oriL ( one copy) and oriS (two copies). Both
orii and ori contain A+T rich palindromes and share considerable homology. Ori is a
perfect 144 bp palindrome, but ori palindrome is less extensive (Weller ez al., 1985).
Ori_ is divided into a core region which is 90 bp in size and contains an almost perfect
45 bp palindrome and an 18 bp region containing A and T residues (Stow and
McMonagle, 1983) and surrounding sequences which enhance DNA replication (UL9
binding sites) (Stow, 1992).

The significance of three origins of replication within the HSV-1 genome is unclear
since mutational analysis has confirmed that all three origins together are not required
for viral DNA replication in cell culture. Ori_ (Polvino-Bodnar et al., 1987) and at
least one copy of orig (Longnecker and Roizman, 1986) but not both copies (Smith et
al., 1989) are dispensable and ori, is not required for establishment and reactivation
from latency in mice (Polvino-Bodnar et al., 1987). The origins appear to be
functionally equivalent (Lockshon and Galloway, 1988) and it is likely that any two of
the three is sufficient in vivo. However, Igarashi et al. (1993) successfully deleted both
orig sequences with little effect on viral yields or viral DNA acummulation in infected
cells, and thus none of the three may be uniquely required.

1.7.4. Gene requirements for DNA replication

Seven HSV-1 genes are essential for viral DNA replication: ULS, UL8, UL9, UL29,
UL30, ULA42 and ULS52 (Schaffer et al., 1987; Wu et al., 1988). The function of each
is described in Table 7. Fig. 9 illustrates the current model of events occurring at the
replication fork. These proteins form complexes which are required for efficient

replication.
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1.7.5. Cleavage and packaging of replicated DNA

Replication produces “endless” DNA which must be cleaved into unit-length molecules
for packaging. The signal for cleavage has been determined as the a sequence.
Tandem reiterations of the a sequence are found at the L-terminus and the L-S joint
region of the genome, but only a single copy is found at the S terminus (Wilkie, 1976;
Wagner and Summers, 1978). The functions of the a sequence include circularisation
of the genome following infection, site-specific recombination and cleavage/packaging
of the DNA (Davison and Wilkie, 1983; Poffenberger and Roizman, 1985). Although
the sequence of the a sequence varies between strains (Davison and Wilkie, 1981;
Mocarski and Roizman, 1981; 1982), two conserved regions (pacl and pac2) located
about 30 bp from each end of linear genomes appear to be essential for the cleaving and
packaging process (Varmuza and Smiley, 1985; Deiss et al, 1986).

Replicated DNA is packaged into preformed capsids, since mutants defective in
packaging still assemble capsids (Al-Kobaisi et al., 1991; Addison et al., 1984; 1990).
Packaging mutants also fail to cleave replicated DNA into unit lengths, indicating that
cleavage and packaging are closely linked (Preston et al, 1983). The scaffolding
proteins VP22a and VP21 which are present in immature capsids are lost at the time of
DNA packaging (Gibson and Roizman, 1972) (see Section 1.8.2). Deiss et al. (1986)
proposed that a protein binds to an a sequence and in turn binds to a site on the capsid.
The DNA is then injected into the capsid until a second a sequence in the same
orientation as the first is reached, whereupon cleavage occurs. The model suggests that
the region of DNA packaged is related to the distance between two direct repeats of the
a sequence (Deiss et al., 1986; Roizman and Sears, 1993). The internal a sequences
can be deleted without fully inhibiting packaging (Poffenberger and Roizman, 1985;
Jenkins and Roizman, 1986).

Two viral gene products, Vmw273 (encoded by UL36) and a protein encoded by an as
yet unidentified gene, have been shown to interact with the a sequence (Chou and
Roizman, 1989), and it is possible that these function in the cleavage and packaging of
DNA. There are also a number of other viral genes that play a role in cleavage and
packaging since viruses with mutations in these genes produce of capsids but fail to
package viral DNA. These include, UL6 (Weller et al., 1987, Patel et al., 1996), UL12
(Shao et al., 1993; Weller et al., 1990), UL15 (Poon and Roizman, 1993; Baines et al.,
1994), UL25 (Addison et al., 1984), UL26 (Preston et al., 1983), UL28 (Addison et al ,
1990; Tengelson et al., 1993), UL32 (Coen et al., 1984) and UL33 (Al-Kobaisi et al,,
1991) (see Table S for details). 0
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1.8. VIRION STRUCTURE

1.8.1. Core

Cryoelectron microscopy has shown that the core contains the viral genome in a tightly
packed structure envisaged as a “ball of yarn” (Booy et al., 1991). Early observations
suggesting that the DNA is present in a toroidal manner around a central protein core
(Furlong et al., 1972) were probably artifactual.

1.8.2. Capsid

The core is surrounded by an icosadeltahedral capsid which is 125 nm in diameter and
is composed of five major proteins (Schrag et al., 1989). This shell is made up of 162
capsomers: 150 hexavalent (hexons) and 12 pentavalent (pentons) capsomers arranged
in an icosahedral lattice with the pentons located at the vertices and the hexons at the
capsid faces and edges (Rixon, 1993). Cryoelectron microscopy has shown that all of
the capsomers are cylindrical with central channels extending from the outside to the
inside of the capsid. The hexons have six-fold symmetry and pentons have five-fold
symmetry, and all of the capsomers are connected in groups of three by trigonal
nodules or triplexes on the capsid surface (Schrag et al., 1989; Booy et al., 1991).

Three types of capsid may be isolated from virus infected cells (Gibson and Roizman,
1972; Rixon, 1993): A (empty), B (intermediate) and C (full) (see Table 8). C capsids
eventually form mature virions. A capsids contain the five capsid proteins of C
capsids but lack DNA and are thought to be the end products of abortive DNA
packaging (Newcomb and Brown, 1991). B capsids also lack DNA and contain the
five proteins present in A capsids plus two additional scaffolding proteins which are
lost during DNA packaging. There are two types of B capsid, small cored and large
cored. It is thought that the large cored capsids become small cored and are then able
to have DNA packaged into them (Rixon, 1993). C capsids may be derived from B

capsids.

Capsid proteins assume the icosahedral structure spontaneously when a critical
concentration of viral structural proteins is obtained in the nucleus (Pertuiset et al.,
1989). Thomsen et al. (1994) and Tatman et al. (1994) investigated the assembly of
HSV-1 capsids using a set of recombinant baculoviruses, each expressing one of the
seven capsid proteins. Co-expression of six genes, UL18 (VP23), UL19 (VP5), UL35
(VP26), UL38 (VP19C), UL26 (VP21, VP24) and UL26.5 (VP22a), resulted in
formation of capsids in insect cells that were indistinguishable in appearance and
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Chapter 1: Introduction

protein composition from those made during HSV-1 infection. Capsid assembly did
not take place in the absence of UL18, UL19 or UL38, but absence of UL35 had no
effect. Assembly in the absence of the UL26 gene products resulted in a large core
phenotype and some intact capsid shells were formed in the absence of the major
scaffolding protein VP22a. Omission of both UL26 and UL26.5 resulted in the
formation of large numbers of partial or deformed capsid shells.

Genetic and structural studies suggest that the UL26 and UL26.5 proteins are important
in the early stages of capsid assembly. UL26 encodes a protease (VP24) which cleaves
within the UL26 protein to produce another scaffolding protein (VP21). UL26.5 is
contained entirely within the UL26 ORF. The encoded protein is cleaved by VP24 to
produces the scaffolding protein VP22a (see Fig 10). VP22a, the most abundant
protein in B capsids, is thought to form a scaffold around which the capsid assembles
(Preston et al., 1994). Insertion of the DNA molecule results in loss of VP21 and
VP22a, and subsequent tegumentation and envelopment results in the formation of

mature virions (Rixon, 1993).

There are thought to be minor capsid proteins which have yet to be identified. The
protein encoded by UL6 has recently been shown to be a capsid component (Patel and
MacLean, 1995). It is is essential in cell culture (Patel et al., 1996), and is required for
DNA cleavage and packaging, but it is not known whether this is due to a direct role in
these processes or as an indirect result of its possible structural role.

1.8.3. Tegument
The tegument contains the proteins encoded by UL11, UL13, UL21, UL25, UL36,

UL37, ULA41, ULA4S, ULA46, ULA7, ULA8 and ULA49 (see Table 5) in addition to several
others whose genetic origins are yet to be identified.

The observation that some tegument proteins have roles in control processes, including
Vmw65 (Section 1.6.2.) and vhs (Section 1.6.6.), suggests that others may have roles
which enhance the viral life cycle when introduced into the cell by virus particles. It is
possible, for example, that a subset of tegument components contributes towards
maintaining structure while others are carried into the cell in order to function in

control processes.

Following adsorption and penetration of the virus (see Section 1.8.4.), the nucleocapsid
is released into the cytoplasm and transported to the nucleus (Batterson et al., 1983) via
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host cell microfilaments (Lycke et al., 1984). At the nuclear membrane, DNA release
precedes disassociation of the capsid. The DNA enters the nucleus via the nuclear
pores by a process that is not dependent on the presence of viral proteins (Hummeler et
al., 1969). De novo RNA and protein synthesis are not required for uncoating, and this
process may depend on a structural component of the virus or a cell enzyme (Hochberg
and Becker, 1968). It has been shown that the tegument protein Vmw273 (MacNabb
and Courtney, 1992), encoded by UL36 is essential for uncoating (Batterson et al.,
1983).

L-particles are virion-like enveloped structures that lack the capsid and core but contain
most of the proteins normally found in virions, in addition to a few proteins absent
from virions (Szilagyi and Cunningham, 1991; Rixon et al.,, 1992; McLauchlan and
Rixon, 1992). They are released in equal amounts with virions from infected cells in
cell culture. The assembly of L-particles occurs independently of virion maturation
(Rixon et al.,, 1992), indicating that tegument formation is not dependent on capsid
assembly (McLauchlan and Rixon, 1992).

The role of L-particles in the viral life-cycle is not known, but they have been shown to
be as efficient as virions at delivering functional tegument proteins into cells
(McLauchlan et al., 1992). This suggests that they could influence the infectious
process by increasing the supply of tegument-derived helper functions. Vmw175 is
present in L-particles in significant amounts and its transactivating function could be
significant at early stages of infection (McLauchlan and Rixon, 1992). Vmwé65 in L-
particles could also produce added transactivating activity. The role of L-particles in
vivo has not been determined.

Yang and Courtney (1995) suggested that the host cell type influences the amount of
Vmw175 and Vmw110 associated with the tegument of virions and L-particles.
Virions released from Vero and Hep2 cells contain high levels of Vmw175 and
Vmw110, wheras low levels of these proteins were produced in BHK C13 cells. Also,
Vmw175 levels were high only in L-particles from BHK C13-infected cells. Thus the
availability of transactivating proteins in the L-particles may only be important in some
cell types.
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1.8.4. Envelope

The viral envelope has a trilaminar appearance (Epstein, 1962), and the presence of
lipid was demonstrated by the sensitivity of virions to lipid solvents and detergents
(Asher et al., 1969; Spear and Roizman, 1972). It is derived from patches of altered
cellular membranes (Morgan et al., 1959) as the capsid and tegument buds through the
nuclear or Golgi apparatus membrane (Torrisi et al., 1992).

So far HSV-1 has been shown to encode 10 glycoproteins (gJ has not yet been
identified) (see Table 9). Their functions include adsorption, penetration, membrane
fusion, envelopment, prevention of superinfection and egress. Glycoproteins are also
involved in the immune response, and gE and gl together produce the IgG Fc binding
component which may prevent recognition of the virus and infected cells by the host
immune response. At least two non-glycosylated proteins are present in the envelope:
UL49A (Barnett et al., 1992; R. Adams, personal communication) and the UL11
protein which resides in the tegument but is also associated with the envelope via a

myristoyl moiety (MacLean et al., 1992).

Entry of HSV-1 into a cell involves a number of events at the cell surface. Initial
association with the host cell is mediated by the association of gC with heparin sulphate
proteoglycans on the cell surface (WuDunn and Spear, 1989; Kaner, 1990; Shieh et al.,
1992). gC appears to be principally involved in adsorption of the virus to the cell
surface (Kuhn et al., 1990; Herold et al., 1991), but gD and gB may also play a role
since monoclonal antibodies against these can inhibit binding to the cell surface (Kuhn
et al., 1990). However, there must also be an alternative pathway to gC binding, since
mutants lacking gC can still attach with reduced efficiency (Herold et al., 1991).
Adsorption via fibroblast growth factor receptors (Kaner et al., 1990) is restricted to a
minority of cell types (Shieh and Spear, 1991; Muggeridge et al., 1992).

Penetration occurs by fusion of the virion envelope with the plasma membrane of the
cell, and at least five glycoproteins, gB, gD, gH, gK and gL, are involved (Cai et al,,
1987; Ligas and Johnson, 1988; Desai et al., 1988; Fuller and Spear, 1987; Fuller et al.,
1989; Hutchison et al., 1992a; Roop et al., 1993). gB, gD, and gH are essential in cell
culture. gK plays a role in controlling virus induced cell fusion and mutants are not
viable (MacLean et al., 1991). gL plays a role in the production of the functional gH
(Hutchisén et al., 1992b). Although there is no definite molecular model for the fusion
event, several results have indicated that gD may interact with a cellular receptor after
initial binding of gC to heparan sulphate, since the resistance of cell lines to infection
expressing large amounts of gD suggests that gD sequesters a receptor (Campadelli-
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Chapter 1: Introduction

Fiume et al., 1988; Johnson and Spear, 1989). Also, infection of cells can be prevented
by prior exposure to UV-inactivated wt virus but not a gD" mutant (Ligas and Johnson,
1988). The interaction of gD with a receptor is required for virus entry but not for
adsorption which occurs whether or not the gD receptors are blocked (Ligas and
Johnson, 1988; Johnson and Ligas, 1988). The precise roles of gD, gB and gH in viral
penetration are not known. Moreover, it is possible that tegument proteins may
participate in the molecular interactions required for penetration, since a ts mutant of
UL25, which encodes a tegument protein, is deficient in penetration at the NPT
(Addison et al., 1984).

1.8.5. Virus assembly

Assembly of the tegument can be uncoupled from capsid assembly (McLauchlan and
Rixon, 1992), but the mechanisms by which tegument proteins come together is
unknown. The preformed tegument probably joins to the capsid and then undergoes
envelopment. The envelope is derived from altered host cell membranes containing
viral glycoproteins which may require further processing to reach their mature state
(Spear, 1985). Two models of viral egress have been proposed (Fig. 11). Assembled
capsids may acquire the tegument in the cytoplasm and then the envelope by budding
through a cytoplasmic membrane (probably the Golgi), or they may gain the tegument
in the nucleus and gain the membrane by budding from here. The virion is then
released from the cell by exocytosis (Rixon, 1993). Recently, Browne et al. (1996)
presented evidence that viruses loose their initial membrane by fusion at the outer
nuclear membrane endoplasmic reticulum and acquire their final membrane at the
Golgi or post-Golgi compartment, as in model A (Fig. 11).

4

1.9. HSV-1 PATHOGENESIS

1.9.1. Animal models

HSV-1 causes a variety of diseases ranging from superficial cutaneous lesions to
encephalitis in humans (Whitley, 1985). Various animal models have been used to
study pathogenicity, including mice, rabbits and guinea pigs. Genes involved in
pathogenesis in vivo have been analysed in these models by inoculation of wt virus or
mutants at various sites: most commonly, the footpad, ear, eye, peritoneum or directly
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into the cranium. The pathogenicity of mutants is usually expressed as the titre of virus
required to kill 50% of animals. Severity of disease can also be assessed, by measuring
weight loss, determining the physical appearance of the animal, and by quantification
of the production of visible lesions. In this way a number of host factors important in
pathogenesis have also been identified, including the immune response (McKendall ez
al., 1979; Nash et al., 1985), interferons (Lopez et al., 1985), the condition of skin and
mucous membranes (Sprecher and Becker, 1982), the age of the animal (Ben-Hur et
al., 1983) and the route of inoculation (Dix et al., 1983).

1.9.2. Viral determinants

Many viral gene products affect pathogenicity, including glycoproteins, enzymes
involved in DNA replication and repair, and the protein products of genes UL56, US1,
RL2, UL48, UL41, UL46, UL47, US3 and RL1. The animal models used to date to
identify the genes involved in pathogenesis and to determine their roles are detailed in
Table 10 A-C. There is no doubt that there are more genes important in pathogenesis
still to be identified. It should be noted that the avirulence of many of these mutants
may be due to their poor replication ability.

Table 10 A-C summarises the studies that have been carried out using mutants to
identify virulence determinants. All of the studies carried out for each gene have been
included except for those where a large amount of data is available and two to four
main studies have been discussed (UL23, UL39/40, RL1, RL2 and UL48). Most
studies have been done using only a single mutant or variant, in 4-15 mice per dilution
of virus, and results were usually reported for a single experiment. Many of the reports
used intertypic recombinants between HSV-1 and HSV-2. These are of limited value
since precise genotypes were not determined, and other mutations may have
contributed towards the virulence phenotype. Other mutants tested contained insertions
or deletions generated specifically, but the link between genotype and phenotype was
not established by the use of revertants (i.e. mutants rescued in vitro to wr).

In Table 10 A-C it can be seen that a wide range of experimental procedures have been
used to investigate the roles of genes in pathogenesis. Systems differ in the type of
animal used, the site of inoculation, the strain of virus, the type of mutant and the titres
tested. The age and general state of health of the animals is also an important variable.
Many workers did not produce revertants, and thus the observed effect cannot be
confidently linked to the interrupted gene. Also, in the latency experiments, many

workers did not test the genotype of the reactivated virus and so cannot be sure that the
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