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| Summary

Summary

In HSV-1 strain F, one gene product had previously been localised to the region of the
genome between RL2 and the ‘a’ sequence, and shown to be a determinant of HSV-1
strain F neurovirulence. This protein was designated ICP34.5.

Sequence analysis of the HSV-1 strain 17+ genome in thi$ region revealed that in HSV-1
strain 177, the putative ORF ascribed to ICP34.5 was thoroughly di\srupted by a 2bp insert,
which rendered 60% of the coding-region out of frame. This did not correlate however,
with data obtained by several laboratories which clearly demonstrated that in HSV-1 strain
17+ this locus encoded an important neurovirulence determinant.

The initial stage of this project involved reinvestigation of the HSV-1 strain 17+ sequence
at the terminus of the long repeat, where the expected frame-shift occurred. By comparison
of two newly sequenced clones with the original clone used to sequence this region of the
genome, it was demonstrated that the original sequence obtained for this locus of HSV-1
strain 17% was inaccurate and came from an atypical plasmid clone. Correction of the
strain 17+ sequénce opens the reading frame proposed by Chou and Roizman to encode a
protein of 248 amino acids. This ORF has been designated RL1. |

Having confirmed that HSV-1 strain 171 encodes an ICP34.5 homologue, we wished to
confirm the importance of this gene in neurovirulence following intracerebral inoculation
of HSV-1 strain 17+. Verification that lack of synthesis of ICP34.5 alohe, was responsible
for a non-neurovirulent phenotype was achieved through the construction and
characterization of a HSV-1 strain 17+ RL1 variant, 1771, with a stop-codon in only the
ICP34.5 reading frame, 9 base pairs downstream from the initiating ATG. 1771, did not
produce ICP34.5 as demonstrated by Western blotting using an ICP34.5 polyclonal
antiserum which was generated during the course of this study. It was not impaired in
growth in tissue culture, and following intracerebral inoculation of BALB/c mice it was
totally non-neurovirulent, with a LD5( of >100 p.f.u./mouse, compared to 7 p.f.u./mouse

for the wild-type virus HSV-1 strain 17+. This lack of neurovirulence was shown to



| Summary

correlate with an inability to replicate in mouse brain, and clearly demonstrated the crucial
role played by ICP34.5 in HSV-1 strain 17+> following intracerebral inoculation of mice.
Previously, peptide antisera had been raised against 7 different regions of the predicted
HSV-1 strain 17+ RL1 OREF, but none of these, until recently, had successfully identified
ICP34.5 in HSV-1 strain 17 infected cells. To demonstrate that the HSV-1 strain .17+
RL1 ORF was capable of expressing a protein, it was placed under the control of a strong
T7 promoter and over-expressed in E.coli BL21(DE3) cells. A two-step process was
| developed for partial purification of the E.coli -expressed ICP34.5 which involved initial
ammonium sulphate precipitation followed by anion-exéhange chromatography. The
partially purified protein was used as an immunogen for the produdtion of a rabbit
polyclonal anti-ICP34.5 serum. This antiserum successfully recognised ICP34.5 in HSV-1
strain 17+ and HSV-1 F infected cell extracts and revealed that previous results which had
indicated that ICP34.5 was underproduced in HSV-1 strain 17+ were inaecurate, and the
protein was produced in similar quantities by both strains. Using this polyclonal antiserum,
and 1771 as a negative control, ICP34.5 was svpeciﬁcally localised to the cytoplasm of
HSV-I strain 17+ infected cell extracts.

An antiserum, raised against a peptide corresponding to 10 copies of a Proline-Alanine-
Threonine amino acid repeat predicted by the HSV-1 strain F RL1 ORF, had been
previously shown to recognise a polypeptide of Mr 39K in HSV-1 strain F infected cell
extracts, but only recently, following extensive optimization of our assay conditions has it
specifically recognised ICP34.5 in HSV-1 strain 17+ infected cells. A strain F mutant, F11,
with a deletion in RL1 was constructed to confirm the specifity of this antiserum, to use as
a negative control in ICP34.5 localization studies, and to show that loss of ICP34.5
expression specifically correlated with a loss of neurovirulence.

F11 was shown to be totally non-neurovirulent following intracerebral inoculation of mice
with a LD5( of >107 p.f.u./mouse, compared to <102 p.f.u./mouse for the parental wild-
type HSV-1 strain F. Unlike the strain 17+ mutant 1716 (which has an identical deletion in
its genome) F11 was not significantly impaired , compared to the wild-type virus, in

reactivating from latency. Using Western blot analysis we were able to demonstrate that
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lack of synthesis of ICP34.5 correlated with a loss of neurovirulence. Using F11 as a
negative control, ICP34.5 was localised to the cytoplasm of HSV-1 strain F infected cells
by immunofluorescence and cell fractionation studies.

During the analysis of single plaques from a transfection, a variant designated 1772, was
isolated which had a large deletion in US_ It was observed that this variant had a small
plaque morphology on BHK21/C13 cells which was indicative of a defect in cell-to-cell
spread. This property had not previously been ascribed to any gene in US, and for this
reason initially, it was decided to further localize the deletion in 1772. Initial
characterization demonstrated that 1772 had an extended lag phase following one-step but
more noticably following multi-step growth analysis. Sequencing revealed that 1772 had a
630bp deletion which removed the initiating methionine of US7, which encodes gI, and
extended to the 3’ end of the gene. This was subsequently confirmed by
immunoprecipitation, using a gl specific monoclonal antibody. 1772 was not impaired in
adsorption or penetration onto BHK21/C13 cells, compared to the wild-type virus HSV-1
strain 17+, However it was intermediate in neurovirulence following intracerebral
inoculation of mice. Due to time constraints, fufther characterization of the defect in 1772'

was not possible. .
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Introduction

Chapter 1- INTRODUCTION

1.1. The herpesviruses
1.1.1. General properties of the herpesviruses
There are now more than 80 members of the herpesvirus group (Nahmias et al., 1972)
which all conform to a set of basic morphological characteristics (Fenner, 197'6). The virion
(120-200nm in diameter) consists of 4 structural components; (a) a core made up of a
linear double-stranded DNA molecule of 120-240kbp is
wrapped; (b) an icosahedral capsid 100-110nm in diameter composed of 162 capsomers; (c)
an amorphous lipid-containing layer termed the tegument which surrounds the capsid- this is
often distributed asymmetrically and may be variable in amount; (d) the envelope, a
bilayered membrane which surrounds the_tegument and has surface projections (Wildy et
~ al., 1960; Roizman and Furlong, 1974). |
All members of the family possess a linear double-stranded genome with a molecular weight
of approximately 80-150x106 (Roizman, 1982) and are readily separable using criteria such
as base composition, genome structure, immunological cross-reactivity, biological
properties and size. Classification of the Herpesviridiae in terms of biological properties
(Roizman et al., 1978; Mathews, 1982; Roizman, 1982) and genome structure (Honess and

Watson, 1977; Roizman, 1982; Honess, 1984) is described below.

1.1.2. Classification according to biological characteristics

Members of the family Herpesviridiae are classified, primarily on the basis of biological
behaviour, into 3 sub-groups, the Alpha-, Beta- and Gammaherpesviriniae (Roizman,
1982). The differentiation between the Alpha- and Gamma- subfamilies is based on host-
range and in vitro characteristics, while the differentiation between the Beta- subfamily and
the others is based primarily on the length of the reproductive cycle and slow development
of cytopathology in cell cultures.

The Alphaherpesviriniae are neurotropic and frequently, but not exclusively, become latent

in neurons of the dorsal root ganglia of the peripheral nervous system (PNS). They are
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characterised by their short reproductive cycle and rapid spread of infection in cell culture
resulting in mass destruction of susceptible cells. This subfamily can be further sub-divided
into 2 genera; the Simplexvirus -the type virus of which is HSV-1- and the Varicellovirus
whose members include VZV, EHV-1 and PRV.

In contrast the Betaherpesviriniae which comprise the Cytomegaloviruses have a relatively
long reproductive cycle. In tissue culture they produce slowly progressing lytic foci and
infected cells frequently become enlarged (cytomegalia) both in vitro and in vivo. Members
of this group can establish latent infections in secretory glands, lymphoreticular tissue,
kidneys and other tissues. They include HCMV and EHV-2.

The third family in this grouping are the Gam:ﬁaherpesviriniae, which are lymphotropic and
specifically infect B- and T- lymphocytes. In the lymphocyte, infection is frequently arrested
either at a pre-lytic stage with persistence and minimal expression of the viral genome, or at
a lytic stage, causing dedth without production of complete virions. EBV and HVA are

members of this subfamily.

1.1.3. Classification on the basis of genome structure

Base composition, sizé of the genome and arrangement of reiterated sequences within the
genome are 3 factors which can be considered when classifying the Herpesviridiae in terms
of genome structure. As hefpesviruses differ significantly in their overali base composition
(32-75% G+C) and the size of their genome, the most useful characteristics for the
classification of herpesviruses is the arrangement of reiterated sequences. On that basis the
viral genomes fall into 5 classes (A through E). These are illustrated diagramatically in figure
1.1..

Group A: The genomes of members of this group have a single direct repeat at the termini
which is in the same orientation at either end. The DNA exists in only one isomeric
arrangement. CCV is a member of this group (Chousterman ez al., 1979).

Group B: The DNA is present in only 1 isomeric arrangement. HVS is a member of this

group. The genome is characterized by containing multiple copies of a sequence present as a



Figure 1.1. Genome structures of the herpesviruses.

Schematic diagram of the herpesvirus genomes. Solid lines represent unique sequences (US
and UL). Repeat sequences larger than 1kb are shown in open boxes and those of small
reiterated sequences are shown in shaded boxes. Letters (a)p arid (b)n signify multiple
tandem repeat sequences. Arrowheads above boxes indicate the orientation of the repeat
seéuences. An example of each group A-E2, is illustrated and the number of isomers

indicated. In VZV, US is in either orientation 50% of the time, while UL is in 1 orientation

95% of the time.

a, b and c indicate repeat sequences with a’, b’ and ¢’ their complement respectively.
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direct repeat at each termini (Bornkamm et al., 1976; Albrecht et al., 1992).

Group C: EBV is a member of this group, the DNA of which is present again in only 1
isomer (Raab-Traub et al., 1980). The termini of the DNA molecules are formed by several
copies of a directly repeated sequence and internally, the genome carries another set of
directly repeated elements. Both the terminal repeats and the major internal repeat families
vary in copy number. _

Groub D: The viral DNA of this group is characterized by having two unique regions (UL,
and US) with US being flanked by inverted repeats (IR§ and TRg) which allow inversion
of US, giving rise to 2 isomeric forms. PRV (Stevely, 1977) and EHV-1 (Chowdhury et
al., 1990; Yamanchili and O’Callaghan, 1990)-are members of this group.

Group E: This group has been further divided into 2 subgroups E1 and E2.

Subgroup E1 consists of viruses eg.VZV whose unique regions (US and UL ) are flanked
by inverted repeats (TRL/IRL,, TRS/IRS). UL is flanked by small inverted repeats and |
inverts inefficiently, while US is flanked by longer repeats and inverts to give equimolar
amounts of both orientations of US. In the case of VZV two of the isomers, representing
one orientation of UL, are about 20-f01d more abundant than the other two (Davison, 1984).
HSV-1 and HSV-2 belong to the subgroup E2. They have 2 unique segments (UL, and US)
both of which are flanked by inverted repeats (TRL/IRL, TRs/IRs) which share a short
region of DNA directly repeated at the termini and indirectly repeated at the junction between
the internal inverted repeats. Preparations of DNA contain equimolar amounts of 4

sequence-orientation isomers.

The complete DNA sequences have been published of EBV (Baer et al., 1984),
VZV(Davison and Scott, 1986a), HSV-1 (McGeoch et al., 1985,1986,1988a; Perry and
McGeoch, 1988), HCMV (Chee et al., 1990), EHV-1 (Telford et al., 1992) HVS (Albrecht
et al., 1992) CCV (Davison, 1992) and partial sequence data are available for many others.
This information has enabled the re-evaluation of the original classification and has shown
that although a virus may have the biological characteristics of one sub-family, it may be

genetically related to a different family.
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In general, assessment of genetic relationships between individual viruses are based
primarily on comparisons of predicted amino acid sequences and are in agreement with the
biological classification, but there are exceptions. On the basis of morphology and biology
CCV was classified as a member of the Alphaherpesviriniae (Roizman, 1982). Sequence
analysis of this virus (Davison, 1992) has shown that genetically, CCV should not be
included in any of the recognised herpesvirus subfamilies, but should be classified as the
sole member of a new subfamily, or possibly as a new virus family altogether.

HHV-6, being a lymphotrophic virus, would appear to belong in the Gammaherpesviriniae,
but in fact its.  sequence is closely related to HCMV, the prototype member of the
Betaherpesviriniae. Similarly, two avian herpesviruses, MDV and thé closely related
herpesvirus of turkeys (HVT) had originally been assigned to the Gammaherpesviriniae
because of their tropism for lymphocytes (Roizman, 1982), but comparison with other
herpesviruses has indicated that they share greater homology to VZV (a member of the
Alphaherpesviriniae) than to EBV (Buckmaster et al., 1988). Furthermore, it has been
suggested that PRV and BHV-1, which have been classified with VZV in the Varicellovirus
genus, should perhzips be considered along with HSV-1 as members of the Simplexvirus

genus, on the basis of their similar mechanism of entry into cells (Spear, 1993).

1.1.4. The Human Herpesviruses
There are 7 herpesviruse§ known to infect man. These are HSV-1, HSV-2; VZV, EBV,
HCMV, HHV-6 and HHV-7. A brief outline of the pathogenesis of each is given below.

HSV-1 and HSV-2 (reﬂ'iewed by Whitley, 1990) usually cause cold sores and genital
lesions respectively. At the time of primary infeétion, the virus replicates lytically in the
peripheral tissues around the site of infection and enters sensory nerves at the termini of
axons of sensory neurons. A lifelong latent infection is established in the neurons of the
sensory ganglia and periodically,'various stimuli including stress, exposure to ultraviolet.
light, hormonal changes and immune suppression induce reactivation and production of

infectious virus. The reactivated virus then travels back to the tissues around the site of
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primary infection, where it may again replicate lytically, destroying cells and causing the

formation of recurrent lesions.

VZYV (reviewed by Gelb, 1990) produces two distinct clinical syndromes- chickenpox and
shingles. Chickenpox (varicella) is a ubiquitous, highly contagious, generalized exanthem
that spreads rapidly in a susceptible population. Herpes zoster, however appears to be a .
secondary reactivation of VZV that has remained latent since an earlier attack of varicella. It

usually occurs in older and immunocompromised individuals.

EBYV (reviewed by Miller, 1990) was first discovered in the lymphoblastoid cells of the
tumour known as Burkitt’s lymphoma and was subsequently found to be the causative agent
of infectious mononucleosis or ‘ glandular fever’; it has also been associated with the human
malignancy nasopharyngeal carcinoma. Although EBV exists worldwide, nasopharyngeal
carcinoma is endemic only in Southern China, and Burkitt’s lymphoma only in tropical
Africa, suggesting the involvement of genetic or environmental factors in progression

towards these diseases.

HCMV (reviewed by Alford and Britt, 1990). In immunocomp'etent individuals, HCMV
infections are generally asymptomatic, however it is one of the most common opportunistic
infections associated with people with AIDS. CMV recurrence is the major viral
complication in bone marrow transplantation (Meyers et al., 1986) as well as in organ
transplantation, including liver, kidney, heart and lung (Ho, 1991). It is established that
recurrence from the transplant itself as well as within the transplant recipient both contribute
to the overall risk of HCMV disease.

HCMV has been isolated from biopsies of cervical carcinoma, adenocarcinoma and
Kaposi’s sarcoma, indicating that it may be associated with these cancers. However the
ubiquitous distribution of the virus has made an aetiological association between HCMV

infection and human cancer difficult to establish.
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HHV-6 was originally designated human B lymphotrophic virus, because it was first
isolated in 1986 from peripheral blood leukocytes of AIDS patients and patients with
lymphoproliferative disorders (Salahuddin et al., 1986). It is now thought that this virus can
grow in B- and T- cell lineages (Downing et al., 1987; Lopez et al., 1988) and it has been
renamed HHV-6. HHV-6 is the causative agent of exanthem subitum (roseola infantum), a
common childhood disease characterized by high fever and skin rash. Using PCR, HHV-6
DNA séquences have been detected in peripheral blood and saliva samples from the majority
of healthy individuals (Gopal et al., 1990; Jarret et al., 1990), and it is likely that saliva is an

important vehicle for transmission of HHV-6.

HHV-7 was first isolated in 1990 from CD4%* T-cells purified from peripheral blood
mononuclear cells of a healthy individual (Frenkel ez al., 1990) but little is known about this |
virus. Berneman et al. (1992) independently isolated HHV-7 from peripheral blood
mononuclear cells of a patient with chronic fatigue syndrome. Using. the serum of a patient
infected with HHV-7 they demonstratgd by immunofluoresence that HHV-7 has a tropism
for primary human T-lymphocytes and for at least one immature T-cell line. Although HHV-
6 and HHV-7 were found to be molecularly and immunologically related, the molecular
divergence between HHV-6 and HHV-7 is enough for HHV-7 to be considered another

herpesvirus rather than a ‘sub-type’ of HHV-6.

1.1.5. Morphological structure of the herpesviruses
Herpesviruses consist of 4 morphologically distinct structures: core, capsid, tegument and
~ envelope. Previously, the core was thought to have the form of a cylindrical protein plug

! around which the DNA was wound ( Nazerian, 1974; Irmiere and Gibson, 1983) but this has

| recently been shown to be incorrect (F. Rixon, personal communication).
In the cése of HSV, the cylindrical protein plug appears to be largely composed of the single
protein VP21 (Gibson and Roizman, 1972). The cylinder provides a mechanical support for
the orderly Winding of the virus DNA, which in HSV is spooled around the cylinder- with a

spacing of 4-5nm generating a toroid arrangement of DNA in the core (Furlong et al.,
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1972).
The herpesvirus capsid is approximately 100nm in diameter and surrounds the core. It
exhibits 2-, 3- and 5- fold symmetry and is composed of 162 capsomeres, of which 150 are

hexameric and 12 are pentameric (Wildy et al., 1960) arranged in the form of

van icosahedron. It is composed of 7 proteins: VPS5 (UL19), VP19C (UL38), VP22a

(UL26.5), VP21 (UL26 C-terminal), VP23 (UL18), VP24 (UL26 N-terminal) and VP26
(UL35) (Gibson and Roizman,1972; Cohen et al., 1980).

| VP35, encoded by the UL19 gene (Costa et al., 1984; McGeoch et al., 1988a) is the major

capsid protein. It has a My of 155,000 and forms the main cémponent of the hexameric and
probably the pentameric capsomeres (Newcomb and Brown, 1989,199.1). VP19C and
VP23 are located near the capsid surface (Newcomb and Brown, 1989) and may be
components of the trimeric structures linking adjacent capsomeres. VP22a is a highly
processed protein, comprising many forms with apparent Mrs in the region of 40,000,
several of which are phosphorylated (Gibson and Roizman, 1974; Preston et al., 1983).
VP26 is a component of the capsid interior, whereas VP21 and VP24 are core protéins
(Newcomb and Brown, 1989).

An amorphous layer known as the tegument surrounds the capsid (Roizman and Furlong,
1974). VP1-3 (Gibson and Roizman, 1972) the products of the UL36 gene (McGeoch et al,
1988a), and the 65K virion trans-activating factor are amongst several proteins believed to
reside within the tegument and intercalate with the capsid and envelope (Batterson and
Roizman, 1983; Campbell et al., 1984). Although the size of the capsid is well conserved
between herpesviruses, the dimensions of the tegument vary and appear to be determined at
least in part by the virus (Nazerian and Witter, 1970; McCombs et al., 1971).

The tegument is completely enclosed in a trilaminar membrane described as the envelope
(Wildy et al., 1960; Darlington and Moss, 1968). The envelope has a mean diameter of
180nm and exhibits spikes 8-10nm long spaced Snm apart over the surface (Wildy et al.,
1960). The use of monoclonal antibodies coupled to immunogold labelling identified some
of these spikes as being HSV encoded glycoproteins (Stannard et al., 1987). There are at

least 8 distinct HSV-1 glycoproteins in the virion envelope: gB(UL27), gC (UL44), gD
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(US6), (Spear, 1976), gE (US8), (Baucke and Spear, 1979), gG (US4), (McGeoch et al.,
1985; Frame et al., 1986), gH (UL22), ( Buckmaster.et al., 1984), gI (US7), (Sullivan and
Smith, 1988) and gM (UL10), (Baines and Roizman, 1993). No direct evidence is yet
available for gK (ULS53), (Hutchinson et al., 1992b; Ramasway and Holland, 1992) or gL
(UL1), (Hutchinson et al., 1992a). In addition to HSV encoded glycoproteins, the envelope
is believed to contain cell lipids (Asher ez al., 1969) deduced from the sensitivity of virions .

to lipid solvents and detergents, and spermidine (Gibson and Roizman, 1971).

1.1.6. Light-particle production

Ficoll gradient purification of HSV-1 strain 17+ virus particles has demonstrated the
existence of a non-infectious particle termed ‘light-particle’. As well as normal virions, light
particles are generated during HSV-1 infection (Szilagyi and Cunningham, 1991). These
particles lack capsids and viral DNA and consist predominantly of tegument and envelope
proteins. They contain at least S phosphoproteins not normally observed in virion profiles.
The UL26 mutant ts 1201 (Preston et al., 1983) which does not package DNA at the non-
permissive temperature, has been used to demonstrate that L-particle formation is
independent of virion formation (Rixon et al., 1992). Other HSV-1 strains (eg. HSV-1
strain F) and other Alphaherpesviruses including HSV-2, PRV, BHV and EHV-1 also
produce ‘light-particles’ (McLaughlan .and Rixon, 1992; Dr.D. Dargan, personal
communication). The role of these light particles in the HSV life-cycle is currently being
determined (Dr.D. Dargan, personal communication).

It is possible that ‘light-particles’ could be used for the production of a non-infectious sub-
unit vaccine. Initial experiments have shown that vaccination with HSV-1 strain 177 light
particles protects against subsequent challenge both with wild-type HSV-1 strain 17+ in a
mouse model and with wild-type HSV-2 in a guinea-pig model; while in a therapeﬁtic
model, innoculation with HSV-1 strain 17+ light particles reduces the severity of
recrudescent disease symptoms from a previously established latent HSV-2 infection in a

guinea pig model (Dr.A R. MacLean, personal communication).



Table 1.1. The HSV-1 genes identified to date.

The status of genes known to be essential for virus growth in culture cells is marked ‘e’,
and non-essential ‘ne’. e? indicates that data regarding status is not conclusive. e/ne,
necessity depends on culture conditions or temperature. Immediate early proteins are
termed ‘IE’. The absence of information regarding status is indicated by a dash.
References are omitted because of space constraints; recent referenced lists of HSV-1
functions are published by McGeoch et al., 1988a and McGeoch and Schaffer, 1993.

Adapted with permission from Dr. D.J. McGeoch from McGeoch et al., 1993.



HSV-1
RL1
RL2
UL1
UL2
UL3
UL4
ULS
UL6
UL7
ULS
UL9
UL10
UL11

UL12

UL13
UL14
UL15
UL16
UL17
UL18
UL19
UL20
UL21
UL22
UL23
UL24
UL25
UL26

UL26.5

UL27
UL28
UL29
UL30
UL31

ene Protein / function Status
Neurovirulence factor (ICP34.5) ne
IE protein; transcriptional regulator (Vmw110) ne
Glycoprotein L e?
Uracil-DNA glycosylase ne
Function unknown ne
Function unknown ne
Component of DNA hélicase-prim:ise e
Role in virion morphogenesis e
Function unknown -
Component of DNA helicase primase e
Ori-binding protein essential for DNA replication e
Function unknown; probable integral membrane protein ne
Myristylated tegument protein; role in envelopment
and transport of nascent virions ne
Deoxyribonuclease; role in maturation/ packaging of
nascent DNA e
Tegument protein; probable protein kinase ne
Function unknown -
Function unknown; possible NTP-binding motifs e?
Function unknown ‘ ne
Function unknown e?
Capsid protein (VP23) -
Major capsid protein (VP5) . e
Integral membrane protein; role in egress of nascent virions ‘e/ne
Function unknown -
Virion surface glycoprotein H; role in virus entry e
Thymidine kinase ne
Function unknown ne
Virion protein e
Proteinase, acts in virion maturation; N-terminal portion
is capsid protein VP24; C-terminal is VP21 e
Internal protein of immature capsids (VP22a); processed by
UL26 proteinase e?
Virion surface glycoprotein B; role in cell entry e
Role in capsid maturation/ DNA packaging e
ssDNA binding protein; essential for DNA replication e
Catalytic subunit of replicative DNA polymerase e

Function unknown



Table 1.1 continued.

HSV-1 gene Protein / function Status
UL32 Function unknown -
UL33 Role in capsid maturation/ DNA packaging e
UL34 Membrane associated phosphoprotein -
UL35 Capsid protein (VP26) e
UL36 Very large tegument protein (VP1-3) e
UL37 Function unknown; may have DNA-binding role -
UL38 Capsid protein (VP19C) e
UL39 Ribonucleotide reductase large subunit (R1) e/ne
UL40 Ribonucleotide reductase small subunit (R2) e/ne
ULA41 Virion protein; host shutoff factor ne
UL42 Subunit of replicative DNA polymerase; increases processivity e
ULA43 Function unknown; probable integral membrane protein ne
UL44 Virion surface glycoprotein C; role in cell entry ne
UL45 Virion protein ne
UL46 Modulates IE gene transactivation by UL48 gene ne

- UL47 Tegument protein; modulates IE gene transactivation by UL48

protein : ne

- UL48 Major tegument protein; transactivates IE genes (VP16,

Vmweé5, oTTF) e

} UL49 Tegument protein (VP22) -

 UL49A Possible membrane protein e?

} UL50 Deoxyuridine triphosphatase ne

; ULS1 Function unknown -

~ ULS2 Component of DNA helicase-primase e

- ULS3 Glycoprotein K e?
UL54 IE protein; post-tfa.nslational regulator of gene expression

(ICP27, Vmw63) e
ULSS Function unknown ne
ULS6 Function unknown ne
LAT Family of transcripts expressed during latency; function unknown
protein-coding capacity uncertain ne

RS1 IE protein; transcriptional regulator (ICP4,| Vmw175) e
US1 IE protein; function unknown (ICP22, Vmw68) e/ne
US2 Function unknown ne
US3 Protein kinase ne
US4 Virion surface glycoprotein G ne
USS Virion surface glycoprotein J ? ne
US6 Virion surface glycoprotein D; role in entry e



Table 1.1 continued.

HSV-1 gene Protein / function Status
US7 Virion surface glycoprotein I ne
US8 Virion surface glycoprotein E ne
US8.5 Function unknown ne
us9S Virion protein ne
US10 Virion protein ne
US11 Virion protein; ribosome associated in infected cells ne
US12 IE protein; function unknown (ICP47, Vmw12) ne
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1.2. The HSV-1 genome

The sequence of the HSV-1 strain 171 genome published in 1988, contains 152,260
residues in each strand (McGeoch et al., 1985,1986,1988a; Perry and McGeoch, 1988). As
with all herpesvirus genomes studied in detail, the existence of variation means that this
number is not fixed.

The complete sequence of HSV-1 strain 17+ was predicted to contain 70 distinct genes
(McGeoch et al., 1988a). Determination of the coding potential was based on critical
sequence interpretation with gene designations requiring evidgnce beyond the presence of an
open-reading frame (ORF) starting with a methionine, of which many existed other than
those considered genuinely functional. Specifically, the protein-coding potential of ORFs
was evaluated on the basis of codon-usage triplet periodicity in base frequenéies compatible
with the high G+C content of the genome and size of ORF (>My 9K). The number of ORFs
was a conservative estimate and at the time; it was expected that extra genes (especially small
genes) would be discovered. In HSV-1 strain F, the region upstream of IE1 has been shown
to encode the gene RL1 (Chou and Roizman, 1986; Ackermann et al, 1986). A
homologous gene was subséquently identified in HSV-1 strain 17% (Dolan et al., 1992) and
HSV-2 straini HGS52 (McGeoch et al.,, 1991). Three additional genes have since been
identified, namely UL26.5 (Liu and Roizman, 1991a){ UL49A (B‘arker and Roizman, 1992;
Barnett et al., 1992) and US8.5 (Georgopoulou et al., 1993; Dr. B. Barnett, personal

communication). The HSV-1 genes identified to date are listed in Table 1.1..

1.2.1. Comparison of the HSV-1 genome with other alphaherpesvirus
genomes.

Comparisons of genome organization between five alphaherpesviruses, HSV-1, HSV-2,
VZV, PRV and EHV-1 has shown extensive genome colinearity between the viruses
(Davison and Wilkie, 1983b). In contrast, when the genome organizations of VZV and the
gammaherpesvirus EBV are compared, three regions containing conserved genes are
observed. Although the genes are generally colinear within these regions, the three are

arranged differently in the two genomes (Davison and Taylor, 1987).
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HSV-1 and VZV differ substantially in terms of genome size, and organization of repeat
elements, but they have largely corresponding sets and layout of genes. Like HSV-1, VZV
has elements equivalent to UL, RS and Ug, however in VZV RL is only 88bp (Davison,
1984). VZV has an overall base composition of 46% G+C, compared with68.3%G+C of
HSV-1. Although the sequence of VZV UL is grossly colinear with that of HSV-1 the S
region varies to a much greater extent, with VZV lacking counterparts of 6 genes found in
HSV-1 (Davison and McGeoch, 1986); namely US2, US4 (gG), USS, US6 (gD), US11
(virion protein) and US12 (Vmw12).

With more seQuencing data becoming available, it has no@ become possible not only to
determine the genome organization of different herpesvirus but to compare the amino acid
sequences of individual genes. It has been found that in general, the S component is the -
most variable region in alphaherpesviruses, ranging in size from 19,871bp in VZV to
37,289bp in EHV-1. G’enés corresponding to HSV-1 RS1 (IE175), USll(Vmw68), US3
(protein kiriase), US7 (gI) and US9 (tegument protein) are conserved in VZV, HSV-1, PRV
and EHV-1 (Telford et al., 1992), although the relative positions of some genes differ.
Davison and-McGeoch (1986) concluded that differences in gene layout between the S
components of HSV-1 and VZV haye resulted from expansion and contraction of IRS/TRS

during evolution, and this is perhaps true for all members of the alphaherpesviriniae.

EHV-1 and HSV-1 share a common gene arrangement as demonstrated by the mapping of
several EHV-1 genesAincluding the glycoproteins gC (Allen and Coogle, 1988), gB
(Whalley et al., 1989), gD (Audonnet et al., 1990; Whalley et al., 1991), gl and gE
(Audonnet et al., 1990), the transcriptional regulator IE110 (Grundy et al., 1989) and
thymidine kinase (Robertson and Whalley, 1988). The complete DNA sequence of the Ab4
strain of)EHV-l has recently been published (Telford et al.,, 1992). The EHV-1 genome
contains 76 distinct genes and the transcript pattern of the genome, as predicted from the
position of potential polyadenylation sites is largely similar to those proposed for VZV
(Davison and Scott, 1986a) and HSV-1 (McGeoch ez al., 1988a). Only 3 EHV-1 genes

were found to lack positional and sequence counterparts in VZV and HSV-1, while 4 EHV-

10
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1 genes lack amino acid homologues in VZV and HSV-1 but have positional counterparts in

VZV or HSV-1 to which they are probably related evolutionarily.

HSV-1 and HSV-2 have a very similar G+C content| (68.3% and 69% respectively) and share

extensive homology in 50% of their sequences (Kieff et al., 1972). Coding sequences of
corresponding genes in general show 70-80% identities, with gG being the most highly
divergent gene identified so far (McGeoch et al., 1987) while non-coding regions, in
particular the major repeats typically show greater differences and in some cases have
become highly diverged (Davison and Wilkie, 1981; Whittoﬁ and Clements, 1984).

The entire HSV-2 strain HGS52 genome is currently being sequenced (Dr. B. Barnett,
personal communication). Comparison of the genetic content of R, and the adjacent parts of
UL with the equivalent region in HSV-1 has revealed that their genetic content is very
similar (Perry and McGeoch, 1988; McGeoch ez al. , 1991). At the left-hand end of UL,
HSV-2 has coding regions of genes with counterparts to HSV-1 genes UL1 to UL4 and part
of ULS. At the right—hand end, counterparts to HSV-1 genes UL54 to UL56 and part of
ULS53 are found. In HSV-2 R, sequences were identified corresponding to HSV-1 genes
encoding ICP34.5 and IE110 (RL1 and RL2 respectively). In HSV-2 RL1 contains an
intron which is not present in the HSV-1 RL1 ORF. The most highly conserved region in
Athe 2 proteins is near the C-terminus in which 63 amino .acids' in each are aligned without
introduction of gaps, and show 83% homology. Homologues of this proteih are not found
in other herpesviruses (Dr. B. Barnett, personal communication). In HSV-2 the R],
sequence encoding the LATs was found to be dissimilar to that of HSV-1, however the
proposed promoter regi'ons of both were found to be similar. The two parts of HSV(I-ZFUL
sequenced are closely similar to, and colinear with the corresponding parts of HSV-1 UL,
whereas the R[, sequences are generally more divergent.

Certain herpesvirus genes show conservation in their encoded amino acid sequence to
nonherpesvirus genes; these include the genes for ribonucleotide reductase (Gibson et al.,
1984), DNA polymerase (Wong et al., 1988), and helicase (Hodgman, 1988). It is possible

that these genes have been acquired either directly or indirectly from a cellular genome

11
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during evolution.

1.2.2. Organization of the HSV-1 genome

Herpes simplex virus DNA consists of 2 unique segments, the long unique (UL) and short
unique (US), eaqh bounded by a set of internal (IR) and terminal (TR) inverted repeats,
IRL/TRL and IRS/TRS respectively (Sheldrick and Berthelot, 1974; Delius and Clements,
1976). A short sequence, known as the ‘a’ sequence is present as a direct repeat at the
termini and in an inverted orientation at the L-S junction (Sheldrick and Berthelot, 1974;
Wadsworth et al., 1976; Davison and Wilkie, 1981). US and UL can invert relative to one
another resulting in 4 possible isomeric arrangements (Clements et al., 1976; Wilkie and
Cortini, 1976; Roizman, 1979). These isomers occur in equimolar amounts and are termed
P (prototype), IL, (inversion of the long segment), IS (inversion of the short segment) and

ISL (inversion of both the long and short segments).The gross organization of the HSV-1

| genome is illustrated in fig.1.2..

Because the HSV-1 DNA molecule exists in 4 equimolar isomers, restriction enzyme
analysis of the DNA yields 3 classes of fragment (Skare and Summers, 1977; Clements et
al., 1976) which occur at different frequencies. Fragments derived entirely from the unique
regions of the molecule (US and U1 ) appear in 1M quantities relative to the molarity of
intact viral DNA (Skare and Summers, 1977; Wilkie, 1976; Wilkie and Cortini, 1976).
Since each terminus is present in only 2 of the 4 isomers, terminal sequence fragments are
present in 0.5M quantities whereas fragments which consist of the L-S joint sequences are

present in only 1 of the 4 isomers so they are found in 0.25M quantities.

1.2.3. The ‘a’ sequence

The ‘a’ sequence is a direct repeat found at the termini and the L-S junction of the HSV-1
genome, and varies in size from 250-550bp. This variation is seen both within (Wagner and
Summers, 1978) and between strains (Locker and Frenkel, 1979).

Tandem reiterations of the ‘a’ sequence may be found at the L terminus and joint region of

the genome, but only a single copy is found at the S terminus (Wilkie, 1976; Wagner and

12



Figure 1.2. Structure of the HSV-1 genome

The HSV genome is shown, with unique sequences as solid lines (US and UL ). The repeats
TRL, IRL, IRS and TRS are illustrated as boxes with their component parts a, b, ¢ and a’,
b’, ¢’ designated. Belbw the genome representation, the isomerisation of the HSV-1 genome
is illustrated. The 4 isomers are: P (prototype), IL, (L inverted with respect to P), IS (S

inverted with respect to P) and IS, (S and L inverted with respect to P).
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Summers,1978).

Several important functions are mediated by the ‘a’ sequence, including circularization of the
genome following infection, site specific recombination and cleavage/packaging of HSV
DNA (Davison and Wilkie, 1983a; Poffenberger and Roizman, 1985). It can be divided into
several structural regions (Mocarski and Roizman]1981) which consist of both unique (U)
and directly repeated regions (DR); the difference in size between different ‘a’ sequences
being due to variation in the copy number of these direct repeats. In HSV-1 strain F
(Mocarski and Roizman, 1981), the L-S junction ‘a’ sequence can be represented as DR -
Up-(DR2)19-(DR4)3-Uc-DR1 (see fig.1.3.), where DR1 is zi 20bp sequence present at both
ends, Up and U¢ are unique sequences of 58bp and 65bp respectively and are named by
virtue of their proximity to the b’ and ¢’ repeated regions respectively; DR2 is a 12bp
sequence present in 19-22 tandem copies and DR4 is a 37bp sequence present in 3 tandem
copies.

Chou and Roizman (1985) demonstrated that deletion of the Up or Uc domains does not
affect the ability of the ‘a’ sequence to mediate inversion, whereas deletion of DR4
drastically reduces inversion and deletion of both DR2 and DR4 completely abolishes

inversion.

1.2.4. Cleavage /packaging of DNA

Following replicatioh of the HSV-1 genome, the large concatemeric DNA molecules (section
1.5.) are processed into unit length genomic molecules and packaged into viral capsids.
Cleavage of these concatemers occurs within terminally reiterated ‘a’ sequences situated at
the junctions between adjacent viral genomes (Vlazny and Frenkel, 1981; Mocarski ahd
Roizman, 1982; Stow et al., 1983). The distal DR1p and DR 1¢ elements in the ba and ac
termini respectively, together constitute a complete DR1 sequence. Thus in HSV-1 strain F
(Mocarski and Roizman, 1982), the ba terminus was reported to contain 18.5bp (ie.18bp
plus one 3 overhang) of the DR1 sequence, whereas the ac terminus contained -the
remaining 1.5bp. Mocarski and Roizman (1982) proposed a model whereby a baac junction

is cleaved within the shared DR1 element to generate the ba and ac termini.
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Figure 1.3. Structure of the HSV-1 ‘a’ sequence

A. The HSV-1 genome.

B. An expansion of the IR[ /IR junction showing the structure of the ‘a’ sequence. The ‘a’
sequence consists of ﬁnique and directly repeated elements (the information given concerns
the HSV-1 strain F ‘a’ sequence [Mocarski and Roizman,1981,1982]).

Ub- a unique region located towards the b’ region of the genome.

Uc- a unique region located towards the ¢ region of the genome.

DR1p and DR1¢ - 20bp elements present as direct repeats at the edge of the ‘a’ sequence
DR2- a directly repeated 12bp element present in 19-22 copies

DR4- a directly repeated 37bp sequence present in 2-3 copies.
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Although the nucleotide sequence of the ‘a’ sequence varies between different virus strains,
two highly conserved regions termed pac-1 and pac-2.are present in Up and Ug respectively
and appear to be essential for the cleavage/packaging process (Varmuza and Smiley, 1985;

Deiss et al., 1986).

1.2.5. Promoter activity of the ‘a’ sequence

 The feature of the ‘a’ sequence most relevant to this study is its promoter activity. Chou and
Roizman (1986) reported that in HSV-1 strain F, the ‘a’ sequence contains the promoter-
regulatory domain and the transcription initiation sites of a gene located in the ‘b’ region of
the genome. By fusing the ‘a’ sequence to a promoterless thymidine kinase gene, they found
that when the ‘a’ sequence was orientated with Ub adjacent to the thymidine kinase gene,
expression of thymidine kinase occurred, whereas when the ‘a’ sequence was in the
opposite orientation (with Uc adjacent to the thymidine kinase gene) no expression occurred.
Sequence analysis of the region between IE110 and the ‘a’ sequence predicted a protein of
358 amino acids in size which was designated ICP34.5. A peptide antiserum raised against a
Proline-Alanine-Threonine repeat sequence found -10 times in the strain F sequence detected
a protein of 43,500K in HSV-1 strain F infected cell extracts (Ackermann et al., 1986). This

protein will be dealt with in greater detail in a later chapter.

1.3. HSV latent infection

The basis of most clinical disease arising from HSV infection is the ability of the virus to
preferentially and specifically interact with components of the peripheral nervous system
(PNS). HSV has evolved a complex interaction with the neurons of the PNS whereby it can
survive throughout the life of the infected individual in a latent state and thus evade the hoéts
immune response. Following primary infection and active replication at peripheral sites,
virus attaches to the sensory nerve terminals (Vahlne et al., 1978), enters them and travels
centripetally via axons to neuronal cell bodies within the sensory ganglia (Cook and

Stevens, 1973; McLennan and Darby, 1980). In the case of HSV-1 these are mainly
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trigeminal ganglia (Bastian et al., 1972; Baringer and Swoveland, 1973; Efstathiou et al.,
1986) and in the‘case of HSV-2 dorsal root ganglia (DRG) including sacral, lumbral and
thoracic (Baringer, 1974; Galloway et al., 1979, 1982). Latent virus has also been
recovered from cells of peripheral tissues eg. corneas of humans (Schimeld er al., 1982;
Cook, 1988), and experimentally infected rabbits (Cook et al., 1987), and mice (Openshaw,
1983), and footpads of experimentally infected mice (Al-Saadi et al., 1983). Latency in
peripheral tissues is thought to be a secondary sequelae to primary HSV infection (Hill,
1985).

As a working hypothesis in the laboratory, latency is défined as the ability to isolate
infectious virus from explant cultures (of sensory ganglia) after a period of time in culture,
where there has been failure to isolate virus from the explant tissue homogenate immediately
post explantation. The phases of a latent infection are broadly divided into 3 main
components- establishme'nt, maintenance and reactivation. The phenomenon of latency has
been the subject of extensive research over many decades and an outline of this is presented

below.

1.3.1. Animal models Aof Iatency

A number of animal models have been developed in which HSV latency has been studied.
By far, the most common is the mouse (Stevens and Cook, 1971; Walz et al.,1974; Al-
Saadi et al.,1983; Clements and Subé.k-Sharpe, 1983, 1988). Additional experimental
systems have been provided by rabbits (Nesburn, 1967, 1977), guinea pigs (Scriba, 1975,
1976) and monkeys (Reeves et al., 1976, 1981). Peripheral inoculation sites of footpad
(Stevens and Cook, 1971; Scriba, 1975), eye (Nesburn et al., 1967), ear pinnae (Hill et al.,
1975, 1978, 1980) , flank (Underwood and Weed, 1974; Whitby et al., 1987) and vagina
(Scriba, 1976) vhave been used. Inevitably none of these models of HSV infection fully
mimic the pathogenesis of HSV infection in humans in terms of eg. innoculation site, dose
of input virus, reactivation triggers or immune response. They have however provided
invaluable information on the three basic components of latency although none provide the

ideal system to study establishment, maintenance and reactivation in a single host.
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The first demonstration that HSV could establish a latent infection in sensory ganglia was
provided following footpad inoculation of rﬁice and the subsequent explantation of DRG
which released infectious virus after a period of time in culture (Stevens and Cook, 1971).
This fundamental study provided the basic model of in vitro reactivation as a measure of
latent infection. It was consequently demonstrated by explantation following post mortem
dissection that HSV resides in a latent state in human sensory ganglia (Warren et al., 1978).
The footpad model has been used extensively (Stevens and Cook, 1971; Walz er al., 1974;
~ Al-Saadi et al., 1983; Clements and Subak-Sharpe, 1983, 1988) and has allowed the
demonstration that HSV can also establish a latent infection within cell populations within
the footpad skin (Al-Saadi et al., 1983, 1988). Infection by the footpad route does not
provide a system to study reactivation in vivo as recurrences neither occur spontaneously,
nor can they be induced (Hill, 1985).

Another model which is widely used, is that of periphefal inoéulation of the eye of both
mouse (Knotts et al., 1974; Walz et al., 1974) and rabbit (Nesburn et al., 1967; Stevens et
al., 1972). In the mouse spontaneous or induced reactivation is not reproducible (Harbour.et
al., ‘1983; Shimeld et al,, 1990) and hence only factors -affecting establishment and
maintenance in vivo can be addressed. The rabbit on the other hand, provides a system
where reactivation can be induced “on demand” by iontophoresis‘of adrenalin into the eye
(Nesburn et al.,1977). Fréquent spontaneous recurrent shédding also takes place (Nesburn
etal., 1977) and this makes interpretation of factors influencing reactivation difficult.

Both ear pinnae and flank inoculation of mice have facilitated the study of reactivation as
virus recrudesence can be induced by mild trauma such as cellophane stripping (Hill et. al,
1978), U.V. irradiation (Blyth et al., 1976) or treatment with chemicals, (Harbour et al.,
1983) at the site of inoculation.

A novel model of HSV latency has recently been described (Sawtell and Thompson, 1992a)
which is based on the strong correlation between féver and HSV reactivation in humans
(Boak et al., 1934; Roizman and Sears; 1990). Latently infected mice are briefly immersed
in hot water to induce mild hyperthermia, with the rate of rise in core temperature being

controlled by the depth of immersion of the animal. Using this method virus could be

16



Introduction

isolated from the trigeminal ganglia of mice within 14hrs post-induction; the approximate
time required for 1 round of viral replication in culture. It is not clear if virus is shed at the
appropriate peripheral site.

HSV-2 latency has historically been studied following intravaginal inoculation of guinea
pigs which results in vaginal recurrences (Scriba, 1976). This system has been hampered by

the high incidence of viral persistence in the cells of the vagina (Stanberry et al., 1985).

The use of mutants in early stages of gene transcription has suggested replication is not
required for the establishment of a latent infection (Clemen£s and Stow, 1989; Coen et al.,
1989; Efstathiou et al., 1989; Leib et al., 1989a; Steiner et al., 1990). Nﬁll mutants with
lesions in Vmw63 and Vmw175 do not replicate in the eye or ganglia and fail to establish
reactivable latent infection (Leib et al., 1989a); since both Vmw63 and Vmw175 are
essential for virus replication, it is possible that input virus leads to latent viral DNA below
the level of detection. ‘

Thymidine kinase mutant viruses can establish latent infection in neurons of mouse
trigeminal ganglia but do not replicate productively in these cells (Coen et al., 1989;
Efstathiou et al., 1989). During the early stages of establishment of latency by these
mutants, expression of viral lytic genes is drastically reduced or uhdetectable as assayed by
in situ hybridization (Kosz-Vnenchak 'et‘al., 1990), suggesting that the block to productive
replication during establishment of latent infection by HSV occurs before or early during the
expression of o genes. ‘

It has been shown that the vast majority of latent HSV genomes are in a linear non-integrated
and possibly episomal state in vivo (Rock and Fraser, 1983; Efstathiou et al., 1986), and a

similar situation has been reported in vitro (Section 1.3.2.).

1.3.2. In vitro models of HSV latency.
Animal models by their very nature have intrinsic problems which make them inefficient as a
system to study latency, especially at the molecular level. Tissue culture systems have

therefore been developed in which latency can be mimicked and manipulated. As with
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animal models, any tissue culture system can never be fully satisfactory but they can provide
information which may facilitate the design of more meaningful in vivo experiments.
Various tissue culture systems have been studied as models of “ in vitro latency”. Cells of
both neuronal and non-neuronal origin have been used eg. rat and human sensory neurons
(Wigdahl er al., 1983, 1984a,b; Wilcox and Johnson, 1987, 1988, 1990), corneal cells
(Cook and Brown, 1987) and HFL cells (Russell and Preston, 1986; Harris and Preston,
1991). The systems have for the most part relied on the inhibition of genome replication by
the use of inhibitors eg. AraC, acycloguanosine and/or the use of elevated temperatures
generally >400C. The cultures have been assessed as contain.ing HSV genomes in a “latent”
state by the criteria of ability to reactivate infectious virus following manipulations such as
temperature reduction (Russell and Preston, 1986), superinfection with HSV or other
herpesviruses (Colberg-P_oley et al., 1979; Russell and Preston, 1986; Russell et al., 1987)
and BVDU/ IFN « treatment (Wigdahl ez al., 1983). '

The question arises whether repressed equals latent ? In this Institu}e a system has been
developed which does not rely on the use of inhibitors. Use of HSV-2 at very low m.o.i.,
elevated temperature of 420C and HFL cells has produced a working system which is
reproducible and demonstrates some of tﬁe features of in vivo latency (Russell and Preston,
1986). It has led to an understanding pf the role of the HSV gene IE1 in reactivation from
latency (Russell et al., 1987; Harris et al., 1989; Zhu et al., 1990) and Vmw65 o TIF
(Harris and Preston, 1991) in the establiishment of latency. Modification using the HSV-1
Vmw65 oTIF mutant (in 1814) has allowed higher levels of latency to be established. This
has provided information on the episomal nature of the latent genome (Preston and Russell,
1991) and its relationship with chromatin (Dr D.R.S. Jamieson, personal communication).
Unfortunately the system falls down in that there is no evidence of latency associated

transcript expression (Section 1.3.3.) during the “latent” state.
1.3.3. Transcription during latency- latency associated transcripts (LATS).

Until recently there had been no convincing evidence of transcription from the latent HSV

genome. In 1987, both Stevens et al., and Spivak and Fraser discovered that a region of the
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HSV-1 genome is transcribed during latency to preduce LATs. These have subsequently
been demonstrated in human sensory ganglia (Krause et al., 1988). Their discovery has led
to inumerable investigations into their organization, relevance and role in latency. They are
transcribed in an antisense direction from a genomic region adjacent to and partially
overlapping the IE1 gene (Rock et al., 1987; Spivak and Fraser, 1987; Stevens et al., 1987,
Krause et al., 1988). Transcripts of size ~2, and 1.2-1.5 kb have been identified in various
systems (Rock et al., 1987; Spivak and Fraser, 1987; Krause et al., 1988) and are thought
to be the stable intron products of an 8kb primary transcript (Zwaagstra et al., 1990). The
location and organization of the LATs is shown diagramaticaily in Fig 1.4..

Although no protein products have been found or reported, with the éxception of one
unrepeated in vitro expelimenti (Doerig et.al., 1991) there are ORFs within the LATs. Many
hypothesis regarding their role, especially in suppressing IE1 transcription, have been put
forward (Stevens et al., 1987). Various mutants in the LATs andr LAT promoter regions
have been constructed (Ho and Mocarski, 1989; Leib et al., 1989b; Steiner et al., 1989;
Block et al., 1990; Natarajan et al., 1991; Trousdale et al., 1991). The mutants appear to
establish late;ncy efficiently but the efficiency of and temporal control of reactivation both in
vitro and in ?ivo is affected (Leib et al., 1989b; Steiner et al., 1989; Trousdale et al.,
1991). Howe\{er a recent experiment suggests that LAT mutants may be impaired in
establishing latency (Sawtell and Thompson, 1992b). The role of LATs is therefore» still

open to question.

Peripheral nervous system sensory neurons are undoubtly privileged sites for the
establishment of HSV latent infections (Baringer and Swoveland, 1973; Warren et al., 1978;
Krause et al., 1988). Despite the important discovery of LATs, a comprehensive
understanding of the factors controlling this particular virus/host interaction has not been
achieved. It may be pertinent in the future to investigate (i) the strategic importance of the
juxtaposition of three ORFs whose products have defined roles in HSV/neuronal
interactions ie. LATs, Vmw110 (Harris et al., 1989; Zhu et al., 1990) and ICP34.5 (Chou

and Roizman, 1991; MacLean, A., et al, 1991a; Dr S.M. Brown, personal
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Figure 1.4. The LAT region of HSV-1

(A) The HSV-1 genome is shown. The LATs are encoded by a diploid gene that maps to the
repeat regions. (B) The LAT region. LAT is overlapped by transcripts expressed during a
lytic infection. (C) LAT promoter features. The putative LAT promoter maps to a TATA
element between two Pstl sites at nucleotide 118,773 (McGeoch et al., 1988a). Within this
region are several transcription factor binding sites, which probably pléy arole in LAT
regulation. (D) Possible LAT transcripts. From the LAT promoter, an approximately 8-kb
long primary transcript is proposed to be transcribed during latency. Stable 2-, 1.5- and
1.45-kb RNA species which map towards the 5’ end of LAT have been identified in tissue
culture and accumulate to high levels in latently infected tissue. The 6.0-kb LAT which
would result from splicing, if the 2.0-kb transcript is an intron has not been detected. (E)
2.0-kb LAT open-reading frames. Within the 2-kb RNA, there are two open-reading frames
that are conserved within several HSV-1 strains but not in HSV-2 strain HG52 (McGeoch et
al., 1991). However, no convincing evidence for expression of any viral polypeptide during

in vivo latency exists (Adapted from Fraser et al., 1992).
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Introduction

communication) (ii) whether other cellular factors which may or may not be present in
neurons, make a contribution to the latency process such as has been demonstrated for Oct 2
(Lillycrop et al., 1991), and (iii) whether control is exercised in the form of differential

transcriptional splicing of defined genes in cells of neuronal and non-neuronal origin.

1.4. The HSV-1 lytic cycle

1.4.1. Adsorption (attachment of HSV to the cell surface).

Entry of HSV-1 into cells requires a cascade of events fhat occur at the cell surface
(reviewed by Spear,1993). Adsorption is mediated, at least in part, by the binding of virions
to heparin sulphate moieties. There are several lines of evidence to support this: (i) HSV
does not bind to surfaces stripped of heparin sulphate by enzymatic treatment with

heparinase or hepartinase, or to mutant cells that fail to synthesize heparin sulphate

| (WuDunn and Spear, 1989), (ii) HSV virions can bind to immobilized heparin and soluble

heparin can block the binding of HSV to cells (WuDunn and Spear, 1989) and (iii) Heparin-
binding pro_teins can inhibit HSV adsorption and plaque formation (WuDunn and Spear,
1989; Kaner ét al., 1990), probably by competing with virus for receptor sites associated
with cell-surface heparin sulphate.

Shieh et al. (1992) used CHO cell mutants, defective in various aspects of heparin sulphate
synthesis to provide genetic evidence that heparin sulphate serves as a cell surface receptor
for HSV. Binding of virus to heparin sulphate-deficient mutant éells was severely impaired
and mutant cells were resistant to HSV infection.

Glycoprotein C (gC) appears to be the glycoprotein principally involved in adsorption of
HSV-1 to the cell surface (Kuhn ez al., 1990; Herold et al., 1991), but gD and gB also
probably play a role in adsorption as monoclonal antibodies against these glycoproteins can
inhibit virion binding to cellular surface components (Kuhn et al., 1990). Virions lacking gC
bind to significantly fewer cells than wild-type virus under conditions approaching
saturation of available sites on the cell surface (Herold et al., 1991). Ih PRV (Robbins et al.,

1986b; Mettenleiter, 1989) and BHV-1 (Liang er al., 1991) homologues of gC have been
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reported to play a similar role in mediating stable attachment of virions to the cell surface.

1.4.2. Penetration (entry of bound virus into the cell).

At least 5 viral glycoproteins, gD, gB, gH, gK and gL (Fuller and Spear, 1987; Cai et al.,
1988; Ligas and Johnson, 1988; Fuller et al., 1989; Fuller et al., 1989; Hutchinson et al.,
1992a, 1992b; Roop et al., 1993) are involved in virus entry into cultured cells. Several
resulté suggest that gD in virions interacts with a cellular receptor after virion attachment to
heparin sulphate proteoglycans. Cell lines which express large amounts of gD are resistent
to infection (Campadelli-Fiume et al., 1988; Johnson and.Spear, 1989), suggesting that
intracellular gD sequestefs a receptor. Infection can be prevented by prior exposure to U.V.-
inactivated wild-type virus but not gD minus virus (Ligas and Johnson, 1988). The
interactions of gD with its receptor are required for virus entry into cells but not for
adsorption, which occurs whether or not the critical gD receptors are blocked (Johnson and |
Ligas, 1988; Ligas émd Johnson, 1988). In addition, HSV-1 and HSV-2 plaque production
can be inhibited by treatment of cells with soluble forms of gD (Johnson et al., 1990).
Binding of soluble gD was inhibited by treatment of cells with certain proteases, but not by
enzymatic treatment to remove cell surface heparin sulphate glucosaminoglycans or when
binding was carried out in the presence of heparin. This suggests'that gD binds to proteins,
or to structures dependent on proteins on the cell surface following initial adsorption of gC
to heparin sulphate moieties.

Kaner et al. (1990) suggested that fibroblast growth factor receptor (bFGFR) was a portal of
entry for HSV-1 as they found that Chinese Hamster Ovary (CHO) cells expressing a
transfected receptor for bFGF bound and internalized greater amounts of radiolabelled HSV
than did the bFGF deficient parental cells or control cells. Binding was inhibited by bFGF.
The drawback with this study was that only one cell line- bovine arterial smooth muscle-
was used and several groups (Shieh and Spear, 1991; Muggeridge et al., 1992) have since
shown that inhibition by bFGF is restricted to a minority of cell types. Muggeridge et al.
(1992) tested several cell lines, but only one showed comparable inhibition by bFGF.

Furthermore, they could not find a correlation between the amount of bFGF receptor and the
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ability of bFGF to block infection, as cell lines expressing low levels of bFGF receptor were
permissive for HSV. FGF receptor- positive and FGF receptor-negative rat myoblasts do
not differ in susceptibility to HSV infection (Mirda et al., 1992) and soluble forms of FGF
fail to inhibit HSV infection whereas they inhibit basic FGF binding and biological activity.
Taken together, these results suggest that different cell types harbour different receptors for
HSV.

Productive entry of HSV-1 can also occur through pH-independent direct fusion of the
virion envelope with the plasma membrane that leads to disassembly of the virion and
initiation of gene expression (Fuller and Spear, 1987). Neither the molecular interactions
which mediate this entry nor the specific roles which the essential glycoproteins play in
penetration have been defined. Fuller and Lee (1992) proposed a model for pH-independent
entry of HSV-1 into cells with separate roles for gD and gH. gD was shown to play a role in
the early stage of virus penetration, contributing to a stable virion attaéhmem and close
association of the virion envelope and cell membrane, while gH neutralized virus proceeded
to events post-attachment but did not completely disassemble or fuse with the cell
membrane. It appeais that HSV-1 entry into cells is mediated by a cascade of virus-cell
interactions in which each glycoprotein plays a specific role in triggering or signalling

changes in the virion which result in membrane fusion and nucleocapsid uncoating.

1.4.3. Additional functions of the HSV-1 glycoproteins

Cell fusion | |

The HSV-1 glycoprotein gK (Hutchinson et al., 1992b) is the product of the UL53 gene
(DebRoy et al., 1985; McGeoch et al.,1988a). It was detected using a peptide antiserum
raised against the hydrophilic region of the predicted protein. gK is thought to play an
important role in regulating membrane fusion and the majority of well characterized syncytial
mutations map to this gene (Ruyechan et al., 1979; Bond and Person,1984; Pogue-Geile
and Spear,1987). The EHV-1 UL4 gene codes for a protein homologous to HSV-1 gK
(Telford et al., 1992; Zhao et al., 1992).

Mutations affecting the cytoplasmic C-terminal domain of gB also induce a syncytial
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phenotype (DeLuca et al., 1982; Bzik et al., 1984; Cai et al., 1988). gB-negative virus
cannot enter cells, but its infectivity is increased by treatment with polyethylene glycol
(PEG) to promote cell fusion (Cai et al., 1988). It appears likely that gB is directly involved
in cell fusion.

The glycoproteins gH and gD also play a role in virus entry into cells, and although
mutations in these genes do not give rise to a syncytial phenotype, there is evidence that both
may be involved in cell fusion. gH-negative virions bind to cells, but do not enter them
unless treated with PEG (Forrester et al,.1992). Similarly anti-gD mAbs can neutralize HSV
infectivity by blocking penetration of the virus at the cell sﬁrface, (Fuller and Spear, 1987)
apparently by blocking fusion between the virion envelope and plasma membrane.
Neutralized virus binds to cells and accumulates on the surface with reversal of the effect of
neutralizing antibody again being achieved by treatment with PEG.

Other syncytial mutations have been mapped to non-glycoprotein encoding regions of the
HSV-1 genome including UL24 (Sanders et al., 1982; Jacobson et al., 1989a) and the Syn
6 locus (Romanelli et al.,1991) which maps between the 5’ end of IE110 and the 3’ end of
RL1. Deletion of the UL20 gene also appears to give rise to a syncytial phenotype (Baines et
al., 1991). Previous marker rescue experiments had erroneously suggested that a syn
mutation mapped to the UL1 gene (Little and Schaffer,1981; McGeoch et al., 1988a), which
was recently shown to encode gL '(Hutchinson et al., 1992a), but more recently this

mutation was found to map to the UL53 gene (Roop et al., 1993).

Fc receptor

Receptors which have affinity for the Fc domain of immunoglobulin G (IgG) are expressed
on the surface of HSV-1 infected cells and .on virion envelopes (McTaggart et al., 1978;
Westmoreland and Watkins, 1974). In 1979, Bauke and Spear identified a group' of
electrophoretically similar HSV-1 polypeptides which bound with high affinity to IgG
columns. These proteins were all thought to be derived by post-translational modification of
8E (Cross et al., 1987). Johnson and Feenestra (1987) subsequently detected a novel HSV-

1 induced polypeptide which was structurally distinct from gE and was provisionally named
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270. It could be detected on the surfaces of infected cells and was co-precipitated using
rabbit or human IgG or anti-gE antibody.

Johnson et al. (1988) used a monoclonal antibody (MAb 3104) to further characterize g70.
Using extracts from pulse-labelled cells, a polypeptide was precipitated with MAb 3104,
which had an electrophoretic mobility identical to the smaller polypeptide precipitated with
rabbit IgG. This polypeptide was the mature form of a protein with an electrophoretic
mobilify very similar to the immature form of gE. Insertional mutagenesis and antipeptide
sera were used to map g70 to the US7 open reading frame and gI (Johnson et al., 1988;
McGeoch et al., 1988a). US7 had previously been shown td be non-essential (Longnecker
et al., 1987). |

Expression of gE alone is sufficient for induction of Fc activity, whereas gI alone gives no
detectable Fc binding (Bell et al., 1990; Dublin ez al., 1990). Coexpression of gl and gE
gives better binding than expression of gE alone, suggesting that HSV-1 has the potential to
induce 2 Fc receptors- one a low affinity receptor composed of gE alone and a high affinity
receptor composed of gE + gl. gE appears to be the Fc receptor for IgG complex, while gE

and gl form the Fc receptor for monomeric IgG (Dublin et al., 1990).

C3b binding

Mammalian cells in culture which are infected with HSV-1 express receptors for the C3b
component of complement (Cines et al., 1982). These receptors are not present following
HSV-2 infection. Friedman et al (1984) demonstrated that gC-1 but not gC-2, when
expressed on cells, functions as a C3b receptor. Sequence analysis has shown that gC-1
relative to gC-2 has a 28 amino acid insert (Frink et al., 1983; Swain et al. ,1985) which
may explain the functional differences between these 2 polypeptides.

Purified gC-1 has been found to demonstrate dose-dependent acceleration of decay in the
activity of C3 convertase of the alternative pathway and, by this mechanism, can block the
effects of complement (Fries et al., 1986). gC-1 can thus protect against complement
mediated cyfolysis by inhibition of the alternative pathway (Harris et al., 1990) The presence

of gC-1 or gC-2 in virions appears to provide protection against complement mediated
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neutralization (McNearney et al., 1987).

1.4.4. Effects on host cell macromolecular synthesis

A characteristic of herpesvirus-infected. cells is the rapid shut-off of host macromolegular
metabolism early in infection (reviewed by Fenwick, 1984). In the host cell, DNA synthesis
is shut-off, protein synthesis declines, RNA synthesis is reduced and glycosylation of host
proteins ceases.

HSYV host shut off occurs in two stages, one (early shut-off, or vhs ) is due to the action of a
constituent of the infecting virus particle and does not reqﬁire de novo protein synthesis
(Fenwick and Walker, 1978; Kwong and Frenkel, 1987; Kwong et al., 1988), whereas the
other (delayed shut-off) requires virus gene expression (Read and Frenkel, 1983; Fenwick
and Clark, 1982).

The viral component responsible for vhs activity has beeﬁ mapped to the UL41 open
reading frame of the HSV-1 genome (Kwong et al., 1988). It is predicted to encode a 489
amino acid protein of 58K (Frink et al., 1981; McGeoch et al., 1988a). which is a virion
component (Fenwick and Everett, 1990a) thzit is phosphorylated in infected cells (Smibert ez
al., 1992). vhs activity is not essential for virus replication. The level of vhs activity varies
markedly between different HSV strains and is particularly weak in HSV-1 strain 17+
(Fenwick and Everett, 1990b). Several conserved regions have been identified by protein
sequence alignment with various alphaherpesviruses (HSV-1, HSV-2, VZV and EHV-1)

counterparts (Berthomme et al., 1993).

1.4.5. Virion assembly

Very little is known about how the virus particle is formed but the available evidence
supports a model in which the viral genome is inserted into a pre-formed capsid (Preston et
al., 1983). One protein involved in virion assembiy is VP22a (ICP35) which is present in
large amounts in intermediate capsi‘ds which lack virion DNA but is only found in trace
amounts in empty capsids devoid of any internal structure, in DNA-containing capsids and

in mature virions (Rixon et al., 1988; Sherman and Bachenheimer, 1988). The precise
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function of VP22a is unclear, but its ability to self-assemble into defined structures (toroids)
in vitro (Newcomb and Brown, 1991), in the absence of preformed capsids raises the
possibility that its in vivo function may be to form a scaffold or jig around which other
proteins (VPS, VP19 and VP23) could condense to form the capsid shell.

VP22a was initially identified as the product of HSV-1 gene UL26 from the genome location
of the lesion in the mutant ¢s 1201 which has a defect in the N-terminal part of UL26 and is-
defective in processing VP22a (Preston et al., 1983). This region has since been shown to
encompass 2 genes designated UL26 and|UL26.5Liu and Roizman, 1991a) which encode 2
related proteins specified by overlapping transcripts with a unique 5’ end but common 3’
ends (see fig 1.5). The inability of zs 1201 to process VP22a at non-permissive temperatures
was explained by the recent discovery that UL26 has proteolytic activity which is
responsible for cleaving UL26.5to produce VP22a (Liu and Roizman, 1991b, 1992; Preston
et al., 1992). The protease undergoes self cleavage at 2 sites; one near the C terminus and
the other at a second position upstream from the[UL26.5 sequence to release 2 large
fragments VP21 and VP24. These have recently been identified as capsid components
(Davison et al., 1992). |

Recently infection of cells with baculovirus expressing all the capsid genes has allowed

reconstitution of virus capsids (J. Tatman, personal communication).

1.4.6. Envelopmént and Egress

HSV capsids acquire a tegument and envelope en route from the nucleus to the oustide of )

the cell. The precise details of events are still unclear, but it is apparent that capsids leave the
nucleus by budding through the inner membrane into the space between the inner and outer
membrane (Darlington and Moss, 1968; Nii et al., 1968). Johnson and Spear (1982)
proposed a model for HSV-1 envelopment and viral egress by which virions were first
enveloped at the inner membrane where they acquired viral glycoproteins lacking golgi
modifications. Subsequently these “immature” virions are transported to the Golgi
apparatus, where precursor glycoproteins are modified as the enveloped particles move

through the Golgi stacks. It was concluded that complete processing of viral glycoproteins is
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Figure 1.5. Organization of the HSV-1 genes UL26 and UL26.5

The two 3’ co-terminal mRNAs are shown as rightward orientated arrows. These are
overlaid by boxes indicating the positions of the open reading frames specifying the protease
(UL26) and VP22a (UL26.5). Proteolytic cleavage sites (a and b) are indicated by vertical
lines. Cleavage of the protease at site a releases the capsid proteins VP21 and VP24
(adapted from Rixon,1993). |
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not essential for virion morphogenesis or infectivity but is associated with egress of virions
The first evidence that a viral gene product was involved in egress of the virus was provided
by Baines et al. (1991). They demonstrated that deletion of the UL20 gene (McGeoch et al.,
1988a) resulted in accumulation of enveloped and unenveloped capsids in the cytoplasm.
The product of the UL20 gene was required in some cell lines although not in Vero cells,
possibly indicating the presence of a cellular gene product which can complement the UL20
deletion.

It is suspected that the product of the UL11 gene- a myristylated virion protein- also plays a

role in virus assembly, envelopment or release (MacLean et al., 1989, 1992)

1.5. HSV-1 DNA replication

" HSV-1 DNA replication is first detected 3 hours post-infection at 370C, peaks by about 9-
11 hours and is virtually complete by 16 hours post-infection (Wilkie, 1973). The majority
of the progeny viral DNA are large concatemeric molecules (Jacob et al., 1979) and hence, it
has been hypothesized that viral DNA replication occurs by a rolling-circle mechanism
(Roizman, 1979). _

Initially, synthesis is localised within the nucleus to discrete sites , which grow and coalesce
as infection proceeds, until the entire nﬁcleus is filled with replicating viral DNA (Rixon et
al., 1983). The initial sites of viral DNA replication appear to be virus specific structures
induced by infection, and have been called “replication compartments” (Quinlan et al.,

1984).

1.5.1. HSV-1 origins of replication

Herpes simplex virus has been shown to contain 3 origins of DNA replication. These
sequences were originally identified as those required for replication of defective genomic
DNA in infected cells (Frenkel et al., 1976; Schroder et al., 1975). The first HSV origin of
replication, oriS was identified using a plasmid based system (Stow, 1982). Fragments of

DNA from the S region of the wild-type HSV-1 genome were cloned into plasmids and

27



Introduction

analysed for their ability to enable amplification of the linked plasmid vector sequences,
when helper fuﬂctions were provided by superinfecting virus. An origin was mapped within
a 955bp fragment contained entirely within the short repeat genome segment, and was thus
present in 2 copies. Deletion analysis of this oriS fragment defined a 90bp region containing
all the necessary cis -acting signals required for the initiation of HSV DNA replication
(Stow, 1982; Stow and McMonagle, 1983).

~ The other HSV-1 origin of DNA replication, oriL, is located at map units 0.4 in the unique
sequences of the L component of the HSV-1 genome (Gray and Kaemer, 1984; Weller et
al., 1985). The sequences of oriS and oriL are closely related (Weller et al., 1985; Murchie
and McGeoch, 1982). Both contain an extensive inverted repeat sequence, the central 18bp
of which are exclusively AT base pairs. The inverted repeat region of oriL is considerably
longer than that of oriS. For this reason plasmids containing oriL, but not oriS are highly
unstable in E.coli and aﬁalysis of this region has proved difﬁéult.

Weller et al. (1985) succéssfully cloned the sequences between 0.398 and 0.413 map units
in the HSV-1 genome, which contain oriL, into a yeast cloning vector in an undeleted form.
Sequence analysis of a 425bp region revealed a 144bp perfect palindrome with striking
homology to oriS. The rhinimum sequénces required for the function of oriS correspond
well to the region of highest similarity with oriL (Lockshon and Galloway, 1988) indicating

that they are functionally equivalent.

1.5.2.Gene products required for HSV-1 replication

The complete set of viral genes that are required for HSV-1 DNA replication were identified
by means of a transient complementation assay in which cloned segments of HSV-1 DNA
were tested for the ability to support the replication of co-transfected plasmids containing
oriL or oriS. Seven genes (ULS5, UL8, UL9, UL29, UL30, UL42 and UL52) were found
to be both necessary and sufficient for origin dependent DNA replication (McGeoch et al.,
1988b; Wu et al., 1988). Similar results were obtained in insect cells transfected with an
oriS-containing plasmid and superinfected with a mixture of 7 baculovirus recombinants

expressing the HSV-1 DNA replication proteins (Stow, 1992). These genes are all essential
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for virus replication and DNA synthesis in tissue culture (Weller, 1991). A brief outline of
each is given below and their positions on the HSV-1 genome are illustrated in figure 1.6.

(for review, see Challberg, 1991).

ULY

The initial event in the activation of a HSV-1 origin of replication is likely to be the sequence
specific binding of an origin binding protein (OBP) to oriL or oriS.

Olivio et al. (1988) expressed the UL9 gene using a baculovirus expression system and
using an immunoassay for protein-DNA interaction, they demonstrated that the UL9 protein
binds specifically to the HSV origins of replication. Two pieces of evidence suggested that
origin-binding is an intrinsic property of UL9; protein DNA complexes containing oriS and
an origin specific binding activity from HSV-1 infected cells were immunoprecipitated with
UL9 antiserum, and extracts from insect cells infected with recombinants expressing UL9
also contain an HSV-1 origin binding activity. Again, this binding activity can be
precipitated with UL9 antiserum. DNase I footprinting analysis showed that UL9 interacts
with 2 related high affinity sites (site I and site IT) on oriS. As had previously been shown
(Stow et al., 1.983), site I occurs within a region of hyphenated dyad symmetry, whereas
site I is located in a region homologous to site I on the other side bf the dyad axis.

It has subsequently been demonstrated that oriS contains a third UL9 binding site (site III)
which is of much lower affinity (Elias et al., 1990; Dabrowski and Schaffer, 1991).
Analysis of sites I and II has identified an 11bp sequence-CG’ITCGCAC’IT- which is
specifically recognised by UL9 (Koff and T eghnmeyer, 1988; Elias et al., 1990). Mutations
in site I or site Il which abolish UL9 binding eliminate or greatly reduce DNA replication,
whereas mutations in site III reduce replication efficiency by a factor of around 5 (Weir and
Stow, 1990; Hernandez et al., 1991).

The sequence of events which follow UL9 binding are unclear. The two parental strands
must be unwound before replication is initiated. This is consistent with the finding that UL9
has intrinsic helicase activity (Bruckner et al., 1991). When cells expressing truncated forms

of OBP are infected with HSV-1 they do not replicate the DNA efficiently (Stow, 1992;
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Figure 1.6. Locations of the genes determining DNA replication functions
on the herpes simplex virus genome.

The HSV-1 genome is shown schematically in the prototype orientation with the unique
regions drawn as thin lines and the inverted repeats flanking the long and short unique
regions as closed and open boxes respectively. The positions and orientations of the ORF’s
encoding the seven proteins essential for viral DNA replication are shown By arrows. The
positions of the origins of replication, oriL and oriS are also indicated (adapted from

Arbuckle, 1993).
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Introduction

Perry et al., 1993; Stow et al., 1993). The transdominant phenotype of truncated forms of
OBP is probably\due to a loss of helicase activity, but retention of binding capacity; hence
the truncated forms bind to one or both high-affinity sites in a replication origin, thereby
blocking that origin’s participation in a productive replication complex. This shows that
DNA binding alone is insufficient for UL9 function and that helicase activity is also required

(Stow,1992).

UL42 / Pol(UL30)

The HSV-1 DNA polymerase (UL30) co-purifies from infectéd cells in a heterodimeric form
with its accessory protein UL42 (Gallo et al., 1988; Crute et al.,, 1988). One known
function of UL42 is to increase the ability of Pol to synthesize longer DNA products
(Gottlieb et al., 1990; Hernandez and Lehman, 1990) through an increase in processivity.
The DNA polymerase has intrinsic 3’-5" exonuclease activity Which probably serves a
proof-reading function to increase the fidelity of DNA replication (O’Donnell et al., 1987;
Purifoy and Powell, 1977) and a 5°-3’ exonuclease/RNase activity similar to E.coli Pol I
(Crute and Leihman, 1989). This activity may play a role in the removal of the RNA primers
present on thé 5’ end of Okazaki fragments which are made on the lagging strand during
semi-discontinuous synthesis.

As ULA42 and Pol are essential for virus growth (Aron et al., 1975; Marchetti et al., 1988;
Marcy et al., 1990; Johnson et al., 1991) this would indicate that the interaction between the
2 polypeptides is also essential (Gottlieb et al., 1990; Digard aﬁd Coen, 1990) making it a

valid target for antiviral agents.

Owsianka et al. (1993) attempted to identify the regions of UL42 which affect DNA

polymerase activity.
They synthesized overlapping decapeptides spanning the entire 488 amino acids of

the ULA2 protein and tested their ability to inhibit polymerase activity on a defined template
primer in the presence or absence of ULA42. Peptides from 5 separate regions were found to
interfere with HSV polymerase activity, but there was no evidence that these peptides acted

by disruption of the Pol/ULA2 interaction. Two other groups (Digard et al., 1993; Tenney et
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al., 1993) used combinations of deletion and insertion mutagenesis to demonstrate that
sequences mapping in the carboxyterminal 40 amino-acids of DNA polymerase are crucial
for the stability of UL42 binding. In addition, a region which is highly conserved in several
other Alphaherpesviruses (HSV-2, EHV-1 and VZV), between amino acids 1176 and 1195

of UL30, was found to be crucial for a productive interaction with UL42( (Tenney et al., 1993).

UL5/UL8/UL52 (helicase-primase)

Crute et al. (1988), identified a DNA-dependent ATPase, present specifically in HSV-1
infected cells. Partial purification of this activity and SDS-poiyacrylamide gel electrophoresis
of the fractions obtained by Superose 12 gel-filtration showed that 3 méjor polypeptides
with masses of 130, 97 and 70 kDa coincided with the peak of DNA dependent ATPase
activity.

These proteins were purified to homogeneity (Crute et al., 1989) and immunochemical
analysis revealed that they were the products of the UL52, UL5 and UL8 open-reading
frames (Wu et al., 1988; McGeoch et al., .1988b). In addition, analysis of DEAE-sephadex
fractions for DNA primase activity showed that the primase co-eluted perfectly with the
herpes-induced DNA-dependent ATPase. The association of these 2 activities enables close
coordination of the priming of the lagging strand DNA with unWinding of the replication
fork. |

The precise role which each subunit plays in these activities is unclear, but a complex
consisting of only the UL5 and ULS52 subunits in vitro exibits all the known activities of the
3 component complex (Calder and Stow, 1990; Dodson and Lehman, 1991). The predicted
ULS5 amino acid sequence contains 6 sequence motifs which are characteristic of helicases
(Hodgman,1988; McGeoch et al.; 1988b). However purified ULS has not been
demonstrated to act as a helicase in the absence of UL52 (Calder and Stow, 1990; Dodson
and Lehman, 1991). "

Calder et al. (1992) used immunofluoresence to demonstrate that the UL8 protein is
important for efficient nuclear uptake of the helicase-primase complex. In addition, UL8 acts

to increase the efficiency of primer utilization by stabilizing the association between nascent
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oligoribonucleotide primers and template DNA (Sherman et al., 1992). UL8 has recently
been expressed in insect cells (Parry et al., 1993), but no binding of the purified protein to
ssDNA, dsDNA or to a DNA/RNA hybrid was observed, suggesting that ULS5 and UL52

are required for binding of ULS to nucleic acid.

UL29

The major ssDNA-binding protein (mDBP) was first recognised as an abundant HSV
induced protein of about 130kDa (Honess and Roizman, 1973; Powell and Courtney, 1975)
which binds more tightly to ssDNA columns than to dsDNA columns (Bayliss et al., 1975;
Purifoy and Powell,1976) based on DNA cellulose chromatography of infected cell extracts.
Analysis of ts mutants (Conley et al., 1981; Powell et al., 1981; Weller et al., 1983;
Holland et al.,1984) later demonstrated that the mDBP (also known as ICP8) is the product
of the UL29 gene. |

UL29 has many characteristics of a helix destabilizing protein. It not only binds
preferentially and co—oberatively to ssDNA templates with no detectable sequence specificity
(Ruyechan, 1983; Rhyechan and Weir, 1984) but it can also enhance the denaturation of a
polydeoxyadenylic acid-polydeoxythymidylic acid duplex (Powell et al., 1981). It is likely
that the HSV-1 mDBP has a function analogous to that of thé E.coli ssDNA binding
protein, which binds to and stabilizes regions of ssDNA at the.replication fork (Powell et
al., 1981; Ruyechan, 1983§ Ruyechan and Weir, 1984).

UL29 is known to form intracellular éomplexes with viral DNA (Lee and Knipe, 1983). It
accumulates at specific regions within the cell nucleus by 4-5hrs post-infection (Quinlan et
al., 1984) and under certain conditions where DNA synthesis is permitted UL29 is found at
discrete pre-replicative sites throughout the nucleus where it plays a role in organizing DNA
replication proteins (deBruyn Kops and Knipe, 1988; Bush et al., 1991).

There is evidence to suggest that UL29 may interact specifically with other replication
proteins. Bush ez al. (1991) used immunofluoresence to examine the intracellular localization
of HSV-1 Pol in infected cells. Pol was found to localize to the nucleus in the absence of

any other replication proteins, but functional mDBP was required for localization of Pol to
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the pre-replicative sites. In cells infected with mutant viruses encoding defective Pél
molecules, mDBP localizes to pre-replicative sites, indicating that Pol is not required for
formation of pre-replicative sites or the localization of mDBP to these structures. Although
several studies have supported a possible direct interaction between Pol and mDBP
(Hernandez and Lehman, 1990; Ruyechan and Weir,1 984; Chiou ez al., 1985; O’Donnell et

al., 1987) no direct biochemical evidence for an interaction has been presented.

~ Several laboratories (Weller et al., 1983; Leinbach et al, 1984, Leinbach and Heath, 1988;

Gao and Knipe, 1989) have attempted to identify functionz}l domains of UL29. It appears
that the carboxyterminal region of the gene contains the sSDNA binding site (Leinbach and
Heath, 1988; Gao and Knipe, 1989) while the amino-terminus contributes to the sSDNA
binding activity of the intact protein by maintaining the czirboxyterminus in an active

configuration (Leinbach and Heath, 1988).

1.5.3. Enzymes required for DNA replication

HSV-1 specifies a large array of enzymes which are involved in nucleic acid metabolism.
With the exception of the alkaline DNase (Weller ét al., 1990) these are generally dispensible
for growth in tissue culture.

The HSV-1 UL2 ORF encodes a uracil DNA glycosylase (Cardonna and Cheung, 1981;
McGeoch et al., 1988a) which plays a role in DNA repair and proof-reading. The function
of uracil-DNA glycoéylase is in the removal of uracil residues from DNA created from either
the deamination of cytosine or the incorporation of dUMP into DNA; the extremely high
G+C content of HSV-1 DNA makes this an important element of error correction in HSV-1
DNA. This gene is non-essential for growth in tissue culture (Mullaney et al., 1989).

A HSV encoded dUTPase has been identified (Caradonna and Cheung, 1981) which maps
to the UL50 open reading frame (Preston and Fischer, 1984; McGeoch et al., 19885).
dUTPases act to hydrolyse dUTP to dUMP, providing both a mechanism to prevent
incorporation of dUTP into DNA and a pool of dUMP for conversion to dTMP by
thymidylate synthetase.

The HSV ribonucleotide reductase (RR) functions to reduce ribonucleotides to
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deoxyribonucleotides creating a pool of substrates for DNA synthesis (Bacchetti ez al.,
1986, 1986; Ingemarson and Lankinen, 1987). In HSV-1 the enzyme consists of a large
subunit R1, and a small sub-unit R2, which have Mr values of 136K and 38K respectively
(Frame et al., 1985; Bacchetti et al.,1986; Darling et al., 1988). The subunits consist of a
tight complex in an a2P2 structure similar to the RR enzymes of E.coli and mammalian
cells (Ingemarson and Lankinen, 1987): The large sub-unit, designated ICP6 (Honess and
Roizrﬁan ,1973, 1974), is encoded by the UL39 gene; the small subunit, designated ICP38,
is encoded by the UL40 gene (McGeoch et al., 1988a). These genes map between 0.562
and 0.597 m.u. on the viral genome and are translated from .3’-cotermina1 RNAs of 5.0 and
1.3kb respectively (Andérson et al., 1981; Swain and Galloway, 1986; McLauchlan and
Clements, 1983). A synthetic nonapeptide (YAGAVVNDL), corresponding to the carboxy-
terminal 9 amino acids of the small subunit specifically inhibits the HSV-1 enzyme (Dutia et
al., 1986; Cohen et al., 1986) by dissociation of the 2 subunits (McClements et al., 1988).
HSV-1 thymidine kinase phosphorylates thymidine (Kit and Dubbs, 1963; Dubbs and Kit,
1964), deoxycytidine (Jamieson andl Subak-Sharpe, 1974) and thymidylate (Chen and
Prusot, 1978).

A virds specific topoisomerase has also been reported (Muller et al., 1985) but has not been
shown to be virally encoded (Bapat et al., 1987). |

These enzymes will be discussed more fully in a later section in relation to their role in HSV

pathogenicity.

1.6. Regulation of transcription of viral genes by HSV-1

The expression of viral genes during infection of tissue culture cells by HSV-1 can be
divided into 3 broad classes termed o, B and y (Honess and Roizman, 1974, 1975) or
immediate-early (IE), early (E) and late (L), (Clements et al., 1977) based on their kinetics
of appearance and requirements for either de novo protein or DNA synthesis. This “cascade”
pattern is however, more complex than a simple 3-fold one (Wagner, 1985). The late genes

can be subclassed into leaky-late (By, y1) which require 3 to 5hrs of protein synthesis before
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expression, or true-late (y2) which require in addition the onset of viral DNA replication
(Weinheimer and McKnight, 1987; Jones and Roizman, 1979; Harris-Hamilton and
Bachenheimer, 1985; Clements et al., 1977). In general, the IE genes code for
transcriptional regulatory proteins, E genes are involved in DNA replication and L genes are
structural and assembly proteins.
In the presence of inhibitors of protein synthesis, mRNAs from the 5 IE genes accumulate in
relatively large quantities. The IE genes are defined as those genes which can be transcribed
| in the absence of de novo protein synthesis. Following separation by gel electrophoresis,
IE-mRNAs labelled with 32P were used to locate the IE genes on the viral genome and in

vitro translation was used to define their products (Watson et al., 1979).

1.6.1. Transcriptional control of IE genes by Vmwé6S

The fegulatory regions of the IE gene promoters of HSV-1 contain 1 or more copies of a
conserved DNA sequence element which has a minimum consensus TAATGARAT (where
R=purine) (Mackem and Roizman, 1982; Whitton and Clements, 1984) ,which is required
for response of the promoter to transactivation by a major component of the virus particle
» Vmw635 (Batterson and Roizman., 1983; Campbell et al., 1984; Marsden et al., 1987 )-the
product of the gene UL48 (Dalrymple et al., 1985; Parris. et al., 1988). Fragments or short
oligonucleotides containing this consensus sequence can confer Vmw65 inducibilify upon
otherwise non-responsive promoters (Cordingley et al., 1983; Preston and Tannahill, 1985;
Preston et al., 1984). Vmw65 does not bind DNA by itself (Marsden et al., 1987) but its
- effect is to induce transcription of the IE genes by cellular RNA polymerase II (Post et al.,
1981; Batterson and Roizman, 1983, Campbell ez al., 1984).

Kristie and Roizman (1987), first demonstrated the binding of a host protein to each of the
IE gene upstream regulatory regions and this was later confirmed by several other
laboratories (O’Hare and Goding, 1988; Preston et al., 1988). This factor was subsequently
' identified as Oct-1 (Stern et al., 1989) a transcriptional factor already implicated in the
regulation of a number of cellular genes. Subsequent results obtained on the binding of

TAATGARAT by Oct-1 (O’Hare and Goding, 1988) demonstrated that Vmw6S5 is recruited
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onto the TAATGARAT element in a manner that is dependent on Oct-1 binding. Mutational
analysis of Vmw65 (Triezenberg et al., 198§; Greaves and O’Hare, 1989; Haigh et al.,
1990) showed that it contains 2 separable domains. One of these domains, which is located
at the amino terminus interacts with Oct-1 to form the IE complex which binds to
TAATGARAT.

A second cellular factor also appears to be required for the regulation of HSV-1 IE genes by -
Vmw65 (Gerster and Roeder,1988; Kristie e al., 1989).This factor interacts directly with
Vmwo65 in the absence of other components of the transactivation complex.(Kristie and
Sharp , 1990; Katan et al., 1990). Therefore it is likely that it interacts with Vmw65 to form
a stable protein complex that subsequently recognises the DNA-bound Oct-1. This factor has
been purified from HeLa cell nuclear extracts (Kristie and Sharp, 1993; Wilson et al.,
1993), and is composed of several polypeptides which appear to be post-translational
products of a larger 300kDa protein (Wilson et al., 1993).

IE gene transinduction by Vmwe65 is not essential for virus growth at high m.o.i. but plays a
critical role in determining plaquing efficiency and thus whether infection is lytic or non-
productive (Ace et al., 1988,1989). Vmw65 is alsb important for the virulence of HSV-1 in
mice (Ace et al., 1989).

VZV ORF10 encodes a protein homologous to HSV-1 Vmw65 (Davison and Scott, 1986b),
but it is 80 amino acids shorter and lacks Sequences similar to that of the Vmw65 acidic
carboxy-terminal tail (Cohen et al., 1993). Furthermore, VZV ORF10 does not form IE
complexes with the TAATGARAT sequence element and cellular proteins (McKee et al.,
1990) so it was not thought to have gene regulatory activity. Mouriuchi et al. (1993) have
shown however, that VZV ORF10 can transactivate both the VZV IE gene ORF62 and
HSV-1 Vmw110 and Vmw175 promoters. This indicates that ORF10 is a transactivating
protein despite the absence of the acidic carboxyterminus, which activates transcription in
Vmw6S5. At present it is not known if VZV ORF10 transregulatory activity is mediated

through binding to cellular factors.
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1.6.2. The HSV-1 IE gene products
Several nomenclatures exist for the IE genes and their products. The most commonly used

are listed below.

The IE genes of HSV-1 and their products.

Glasgow nomenclature Chicago nomenclature
Gene* g_ggge Product Gene Product
IE-1 RL2 Vmwl110 a0 ICPO
IE-2 UL54 Vmwo63 a27 - ICP27
IE-3 RS1 Vmw175 o4 ICP4
IE-4 US1 Vmw68 a22 ICP22
[E-5 Us12 Vmwl2 ad] 1CP47

* Original designation (Clements et al.,1979) _
© Later designation in complete HSV-1 sequence (McGeoch et al., 1988a; McGeoch et al.,

1991).

Vmwll0 .

Vmw110 has a size of My 110K by SDS-PAGE and is encoded by the diploid gene RL2,
contained within R,. Vmw110 encodeé one of the few spliced transcripts in the HSV-1
genome; its pfotein coding regions are contained within 3 exons (Perry et al., 1986).
Vmw110 is not absolutely essential for virus growth in tissue culture (Stow and Stow,
1986; Sacks and Schaffer, 1987) but at low m.o.i. viruses with a deletion in Vwm110 show
a defect in growth which is overcome at high m.o.i.. Viruses which lack Vmw110 are
unable to stimulate latent viral genomes to reactivate in an in vitro latency system (Russell ez
al., 1987), while expression of Vmw110 also causes reactivation in this system (Harris et
al., 1989). However, in vivo, the role of Vmw110 in reactivation is less clear as virus
lacking Vmw110 can reactivate from explanted latently infected mice ganglia, albeit more

slowly than the wild-type virus.
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Vmwl110 can activate the expression of a large number of HSV-1 and non-HSV-1
promoters both by itself and in a synergistic manner with Vmw175 (O’Hare and Hayward,
1985; Quinlan and Knipe, 1985; Everett, 1986). The production of Vmw110 itself is
regulated by Vmw175 (Resnick ez al, 1989). Although the efficiency of promoter activation
by Vmw110 alone and its degree of synergy with Vmw175 vary depending on the
experimental conditions (Everett, 1988b), some of the regions that are involved in its
intrinsic and synergistic activation events have been defined (Everett, 1987; 1988a).

The major determinant of transactivation maps to a cysteine rich region in the second exon
(Everett et al., 1987, 1988a; Chen et al., 1991). This region is highly conserved in the
Vmw110 homologues of other herpesviruses (Perry et al., 1986; Cheung, 1991; van
Santen, 1991). Other regions of the protein contribute to its function, but this is dependent
on the promoter examined and the cell type in which the assays are performed (Chen et al.,
1991). Vmw110 is thought to mediate t_ransactivatioﬁ by ihteraction with an unknown
cellular factor. Recent results (Weber and Wigdahl, 1992) indicate that the domain of

Vmw110 which interacts with the putative cellular factor is encoded by the first two exons.

Vmwé63

Vmw63 is encoded by the gene UL54 and migrates as a My 63K polypeptide on SDS-
PAGE. Evidence from tfansfection studies has shown that in the presence of Vmw110 and
Vmw175, Vmwo63 can repress expression of some target plasmids containing HSV-1 early
promoters and enhance expression of targets containing late promoters (Everett, 1986; Rice
and Knipe, 1988; Su and Knipe, 1989; McMahan and Schaffer, 1990).

Studies with Vmw63 #s and deletion mutants have demonstrated that the gene plays an
- essential role in viral growth, is involved in the negative regulation of IE and some E genes,
does not appear to be absolutely essential for DNA synthesis and is required for the
expression of later classes of genes (Sacks et al., 1985; McCarthy et al. ,1989; Rice and
Knipe, 1990). |

Data presented by McCarthy et al. (1989) suggested that Vmw63 mediates its effect on late

gene expression transcriptionally. In contrast however Smith ez al. (1992) found that while
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the synthesis of new transcripts continued when Vmw63 was defective, the accumulation of
late mRNAs and their translation into protein was reduced. The converse was found for IE
products suggesting that Vmw63 was acting partly post transcriptionally to regulate the

expression of IE and L gene products.

Vmwl75

RS1, the gene encoding Vmw175 (McGeoch et al., 1988a) is located in the short repeat
genome segment and is therefore present twice. The encoded polypeptide migrates as a My
175K species on SDS-PAGE gels (Courtney and Benyesh-Melnick, 1974). However, the
size of the primary translation product as predicted by the DNA sequence is only 132,835
- daltons. Vmw 175 is a phosphoprotein which appears as several closely migrating species
following SDS-PAGE (Wilcox et al., 1980). One of the phosphorylated species is stable
th:oughout the course of infection, whereas phosphate cycles on and off at least two other
- species. The Vmw175 sequence can be divided into S regions on the basis of similarity to
the corresponding proteins produced by other alphaherpesviruses (McGeoch et al., 1986;
‘ Vleek et al., 1989; Grundy et al., 1989).

Vmw175 is an essential polypeptide*(Preston, 1979, Sacks et al.,, 1985) and a critical
transactivator of most HSV genes. Of the 5 IE gene products, VmW17 5 is perhaps the most
important, since its inactivation resultslin failure to transcribe éarly or late genes and an
apparent over-expression of the IE genes (DeLuca et al., 1985). Thus, Vmw175 is required
directly or indirectly for i:he normal regulation of HSV-1 genes.

Vmw175 is a phosphorylated nuclear protein which binds to DNA in crude cell extracts and
is associated with chromatin (Hay and Hay, 1980; Wilcox et al., 1980). It is known to bind
specifically to DNA sequences (Tedder et al.,1989; Imbalzano et al., 1990; Pizer et al.,
1991) many (but not all) of which contain the motif ATCGTC.

The DNA binding domain of Vmw175 is well defined (Everett et al., 1990,1991; Wu and
Wilcox, 1990; Pizer et al., 1991) and consists of the entire highly conserved region 2 of the
polypeptide and also the distal part of the less well conserved region 1. The precise

relationship between DNA binding and Vmw175 function is unclear, as a virus with

39



Introduction

mutations in the Vmw175 binding domain which reduces the ability of the protein to bind

DNA still grows normally in tissue culture (Sheperd and deLuca, 1991a,b).

Vmwé8

Vmw68 is encoded by the gene US1 and migrates as a My 68K species on SDS-PAGE.
Vmw68 and Vmw12 are derived from identical promoters in the repeat sequences which
bound the short unique region of the genome. The splice donor site used in IE-4 and IE-5
RNAs is also in RS while their entire coding regions differ, being located at either end of
Us (Watson et al., 1981, Rixon and Clements, 1982). |

Post and Roizman (1981) constructed a virus lacking the carboxyterminal third of Vmw68.
This virus grew normally in Vero cells, but later analysis using different cell lines showed
that in some cases the virus grew poorly (Sears er al., 1985) and the activity of at least 1 true
late promoter was substantially reduced. This virus was non-neurovirulent in mice but could
establish a latent infection. Since the majority of the ORF in the mutant used was left intact,
these studies did not give a clear answer to the role of Vmw68 but it appears to play a role in

determining host-range.

Vmwl2 '

Vmw12 is encoded by the gene US12 and has a size of My 12K on SDS-PAGE. Its function
is unknown, but Marsden et al. (1982); suggested that its cytoplasmic location and the
observation that it is the only nonphosphorylated IE polypeptide may point to a different role
from other IE polypeptides. Viable deletion mutants have been isolated which lack the whole
of this gene, indicating that it does not play an obvious or essential role during infection of

tissue culture (Longnecker and Roizman, 1986; Umene, 1986; Brown and Harland, 1987).

1.6.3. Expression of HSV-1 early and late genes.
The mechanisms of activation of HSV-1 E and L promoters remain unclear. E and L
promoters do not contain obviously conserved class-specific sequences analogous to

TAATGARAT. The E promoters that have been examined consist of a near upstream region
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composed of binding sites for cellular transcription factors linked to a TATA box/ cap site
(McKnight and Kingsbury, 1982; Everett, 1984; McKnight and Tjian, 1986).

HSV-1 true late promoters appear to have a simpler structure than E promoters. A TATA
element is the only consensus element identified in the upstream regulatory region of viral
late promoters (Wagner, 1985) and deletion studies have indicated that little sequence
information upstream from this element-is required for efficient expression (Homa et al.,
1986; Homa et al., 1988). However, Kibler et al. (1991) demonstrated that sequences
downstream of the US11 TATA box play an active role in specifying true L temporal
expression. |

Steffy and Weir (1991) constructed linker-scanning mutations in the gC and gH promoters
to help define the promoter elements common amongst HSV-1 late prdmoters. Their
analysis identified 3 sequence elements in each promoter: a TATA element, an element that
overlapped the start of transcription and an element downstréam from the start of
transcription. The TATA element or initiation sequence appear.to be important for normal
- transcription initiation.

Analysis of expression from hybrid gE/gC (y1/y2) promoters (Sethna and Weir, 1993)
revealed that the initiation elements of these 2 promoters were interchangable. The gE
promoter is active to a degree before the onset of viral DNA repliéation, and this appears to

- be controlled by a separate regulatory element upstream from the TATA element.

1.7. Pathogenicity of HSV

HSV-1 and HSV-2 are important human pathogens that cause a variety of diseases ranging
from benign superficial cutaneous lesions to life-threatening encephalitis (Whitley, 1985).
Identification of the genes that control pathogenic properfies and elucidation of their function
are of fundamental importance if we are to understand the basic mechanisms by which
disease is initiated.

Various animal models such as mice, guinea pigs, rabbits, rats and monkeys have been used

to study HSV pathogenicity. Several host factors controlling pathogenicity have been
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identified; namely, humoral immunity (McKendall ez al., 1979), cytotoxic immunity (Nash
et al., 1985), interferons (Lopez, 1985), state of skin and mucous membrane, age of host
and route of inoculation (Sprecher and Becker, 1986, 1987). Within the same host the
degree of pathogencity is affected by virus strain, serial passage of the virus in vivo
(Kaerner et al., 1983), in vitro (Goodman and Stevens, 1986) and body temperature of the
host (Thompson and Stevens, 1983a). As HSV is a natural pathogen of man, the question
arises whether a direct extrapolation can be made between animals and man in defining
genetic loci responsible for differences in pathogenicity.

As HSV-1 glycoproteins play an important role at the early étages of the virus life-cycle (ie.
adsorption and penetration) it might be expected that they would also be relevant in vivo.
Very little has been published on the pathogenicity of HSV-1 glycoprotein mutants. gC is
not a virulence determinant in the mouse model as gC- mutants of both HSV-1 and HSV-2
rémain highly virulent following intravaginal (Johnson et al., 1986), intracerebral and
footpad inoculation (Dix et al., 1983; Sunstrum ez al.,-1988). Similarly monoclonal antibody
resistent (mar - ) gD or gB mutants have no significant affect on pathogenicity (Kumel ez al.,
1985). Using engineered US mutants, Meigner et al. (1988) demonstrated that a gE- mutant
was not significantly impaired in neurovirulence following intracerebral inoculation of mice,
with a LD5( less than 100-fold higher than that of the parental virus.

Both HSV-1 Ang and HSV-l KOS are cbmpletely non-neurovirulent following inoculation
on the mouse footpad (Kumel et al., 1983; Kaerner et al., 1983; Thompson et al., 1986)
although both are neuroVirulent following intracranial inoculation. Following passage in the
mouse brain, variants of HSV-1 Ang arise (Ang path) which are capable of causing lethal
neurologic disease following footpad inoculation. This increase in neuroinvasiveness (as
defined by the ability of the virus to spread to the CNS following peripheral inoculation) is
associated with a single base change in the gD ORF (Izumi and Stevens, 1990). In HSV-1
KOS, 2 loci are required for complete restoration of a neuroinvasive phenotype (Yuhaz and
Stevens, 1993); one within a region of the genome encoding the genes UL10, UL11, UL12,
UL13 and parts of UL9 and UL15 has not yet been fully characterized, whereas the other is

localized to gB; as with HSV-1 Ang, a single base change in a glycoprotein greatly affects

42



Introduction

neuroinvasiveness. As gB and gD play a role in virus adsorption and penetration
respectively, the decrease in neuroinvasiveness associated with these amino acid
substitutions could be due to a decreased affinity of the mutant glycoproteins for their
cellular receptors, leading to less efficient spread throughout the nervous system. Two
amino acid substitutions in the C-terminal portion of gB have been shown to result in a virus
which is still virulent following footpad inoculation but produces unusual clinical symptoms
(Goodman and Engel, 1991; Engel et al., 1993). Unlike inoculation with the wild-type virus
HSV-1 strain 17%, an acute inflammatory response occurs in inoculated footpads with
subsequent death of the inoculated animal without hind limb paralysis. It is possible that in
this case the alterations in gB may alter antigen presentation, thus affecting the host response

to infection.

In addition to gE (US8), Meigner et al. (1988) examined the biological préperties of 5 other
genes in US namely US1, US2, US3, US4 (gG) and US11. Deletion of any of these genes
was claimed to greatly reduce intracerebral neurovirulence. However, the pathogenicity of
variants with single mutations in 2G (US4) and US2 was not determined. In both cases the
protein kinase gene (US3) (which was shown to be very important for neurovirulence) was
also deleted. Deletion of US9, US10, US11 or US12 has no effefct' on pathogenicity (Taha,
1990; Nishiyama et al., 1993). The affect of a US7 deletion on neurovirulence has not been

described.

Any alteration in a virus gene which impairs replication in vitro will also affect the
performance of the virus in vivo and so all essential genes could be considered ‘virulence’
genes. It is now clear however, that the virus polssesses genes whose expression is not
required for multiplication in tissue culture, but are required for a wild-type phenotype in
vivo. In HSV-1 several genes are required for maximum demonstration of neurovirulence in

various animal models; some of these are described below.
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1.7.1. DNA polymerase
HSV-1 mutants which are resistant to antiviral drugs arise in the laboratory at a frequency of
about 10-3 (Coen et al.,1982). Certain acyclovir (ACV)-resistant mutants and all known
vidarabine (araC)-resistant mutants owe their resistance to mutations in the viral DNA
polymerase gene (Crumpacker et al., 1980; Coen et al., 1982). Several early studies using
HSV-1 drug resistant mutants (Darby et al., 1984; Field and Darby, 1980) implicated arole
for the DNA polymerase gene in pathogenicity for mice. Field and Coen (1986) looked at
the pathogenicity of 3 distinct DNA polymerase mutants in a mouse ear model. These
mutants exhibited no significant difference in replication kinetics compared to the wild-type
virus at the periphery (ear pinna). No clinical signs suggesting neurological involvement
were noted in any mice inoculated at the pinnae. Following intracerebral inoculation pol
mutant viruses were found to be highly attenuated for pathogenicity. In a mouse flank
model (Larder et al.,1986) DNA polymerase mutants .were also found to be greatly feduced
in neurovirulence.
HSV-2 strain 186 grows poorly in the eyes and sensory ganglia of mice, indicating that it is
non-neuroinvasive following ocular infection (Oakes et al., 1986). Marker rescue of the
lesion to restore the wild-type phenotype (Day et al., 1987) showed that a mutation in the
DNA polymerase gene was responsible for the loss of neuroinvasiveness. Recently, Lausch
et al. (1990) reported the failure of similar strains te grow in human lymphocytes indicating
that the gene for HSV DNA polymerase may have an important role during infection of man.
However, the significance of growth in lymphocytes, which are not likely to be infected by
HSV-1 during a natural infection is questionable.

Itis possible that the decrease in neuropathogenicity of DNA polymerase mutants is due to

decreased affinities of mutant polypeptides for deoxynucleoside triphosphates which are

presumed to be in lower concentrations in the nondividing cells of nervous tissues than in

|
peripheral tissues.

1.7.2. Thymidine Kkinase

HSV-1 mutants that lack the ability to produce thymidine kinase (tk) have been studied in a
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number of laboratories. Field and Wildy (1978), reported that tk- mutants of HSV-1 and
HSV-2, selected by treatment of infected cells with bromodeoxyuridene (BUdr) were less
virulent than the parental tk* virus. Tenser et al. (1979, 1981) demonstrated that tk~ mutants
do not replicate in the trigeminal ganglia.

Although tk- mutants do not replicate in murine sensory ganglia, they do establish a latent
infection (Coen et al., 1989; Efstathiou et al., 1989; Leist etal., 1989; Tenser et al., 1989 ).
Efstathiou er al. (1989) demonstrated the reactivation of tk- virus from latency following
superinfection with wild-type virus, despite the inability to detect DNA from this virus in
nervous tissue during acute or latent infection, or reactivate virus from explanted ganglia.
This result confirmed an .earlier study (Field and Wildy, 1978) which had shown that a tk-
variant produced a transient increase in titre 1 day after inoculation into the mouse ear pinnae
with little infectious virus being found thereafter. Virus could not be isolated from the -
ganglia during acute infection, but was found to establish and reactivate from a latent
infection following explant of ganglia.

Coen et al. (1989) similarly demonstrated the reactivation of tk- virus from latency following
superinfection with wild-type virus, although they were also unable to reactivate tk- virus
from explanted ganglia. Southern blotting of reactivated virus demonstrated in vivo
complementation of the mutant virus with wild-type virus. Using in situ hybridization, they
detected LAT in only ~2 to 5-fold higher frequencies in wild-type infected ganglia than in tk-
virus infected ganglia. These results confirmed the ability of tk- virus to.entcr the PNS and
establish a latent infection, and indicated that tk was specifically required for reactivation

from latency.

1.7.3. Ribonucleotide reductase

Ribonucleotide reductase (RR) is a key enzyme in DNA biosynthesis of eukaryotic and
prokaryotic organisms. By reducing ribonucleotides to their corresponding
deoxyribonucleotides, the enzyme provides a major pathway in the formation of DNA
precursors. HSV-1, like other herpesviruses, encodes its own RR (Dutia, 1983).

The existence of a ts mutant, s 1207 with a lesion in RR suggested that this erizyme was
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essential for virus replication (Preston et al., 1984). In a mouse model, ts 1207 shows a
reduction in neurovirulence of >105-fold compared to the wild-type virus following
intracerebral or intraperitoneal injection (Cameron et al., 1988). At the non-permissive
temperature this mutant fails to induce reductase activity, and shows a reduction in yield of
~102 with respect to that at the permissive temperature following growth on BHK21/C13
cells. However, several reports indicated that RR was not absolutely required for virus
growth in tissue culture. Concentrations of hydroxyurea that inhibited RR activity to
undetectable levels in proliferating cells infected with HSV-2 reduced virus yield by only 6-
fold (Nutter et al., 1985), and an HSV-1 insertion mutant lacking most of R1 induces no
detectable RR activity and produces only a 4- to 5-fold lower yield of progeny virus in
exponentially growing tissue culture cells than does the parental virus (Goldstein and
Weller, 1988a). However, in serum starved cells this mutant had an extremely small plaque
size compared to the wild-type virus, and one-cycle growth analysis indicated a 30- to 40-
fold reduction in yield of the mutant virus in these cells. A deletion variant , ICP6A, lacking
- 90% of the R1 coding sequences was found to have similar growth characteristics to ¢s 1207
- in Vero cells at both the permissive and non-permissive temperature (Goldstein and Weller,
1988b) indicating that the temperature sensitivity of ts 1207 may not be due to the
- thermoliability of the viral RR at higher growth temperatures, but more likely is due to the
inability of the host pathways to complement the defect at elevated temperatures. The
absence of alternate pathWays for obtaining deoxyribonucleotides in non-dividing celis
explains the defect in serum starved cells. |
In a mouse ocular model (Jacobson et al., 1989), ICP6A showed reduced ability to replicate
following peripheral inoéulation, and was impaired in reactivation from latency. At 380C
ICP6A was impaired in growth in mouse cells relati?e to growth in Vero cells indicating that
a mouse factor (eg. cellular RR) required for HSV growth in the absence of viral RR, is
: more sensitive to temperature than the corresponding factor in Vero cells. The extreme
impairment of the RR mutantin the>mouse eye is probably a result of the impairment of this -
- mutant in mouse cells. The mutant replicated poorly in the cornea and unlike the wild-type

virus KOS, and the wild-type rescuant it did not cause severe ocular disease (Brandt et al.,
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1991). It also grew poorly in human primary corneal fibroblasts, suggesting that RR may be

required for virulence in human infections.

1.7.4. dUTPase

A HSV-1 neurovirulence locus has been mapped to the genomic region which encodes the
viral dUTPase (Thompson and Wagner, 1988). This gene is located between 0.69 and 0.70
m.u. on the viral genome (Preston and Fisher, 1984), corresponding to the UL50 ORF
(McGeoch et al., 1988a). In tissue culture, HSV-1 dUTPase is not required for viral
replication, suggesting that a cellular counterpart is present in sufficient quantity and can be
ﬁtilized by HSV-1 (Fisher and Preston, 1986; Wilhaﬁls, 1988; Barker and Roizman, 1990).
Pyles et al. (1992) demonstrated that dUTPase negative mutants are approximately a 10-fold
reduction in neurovirulence following intracerebral inoculation compared to the wild-type
virus. In this study, the neuroinvasiveness of these mutants was assessed through

determination of their ability to}invédé the CNS following peripheral (footpad) inoculation.

 The average LD50 value of HSV-1 strain 17+ was 2.9x103 following peripheral

inoculation, whereas dUTPase mutants were at least 3 orders of magnitude less
neuroinvasive using this assay. dUTPase mutants replicated with wild-type kinetics in
nonneural tissue (footpad) and PNS, but were defective in entry br replication in the CNS.
They reactivated from latency followiﬁg fexpiamation of ganglia at a frequency half that of the
wild-type virus by day 7 post explantation (by day 7 100% of all wild-type infected ganglia
had reactivated) but were more severely impaired in reactivation following hyperthermia
induction (10% and 21% of ganglia infected with dUTPase mutant reactivating compared to
82% of wild-type virus infected ganglia).

Therefore the HSV-1 dUTPase is an important determinant of HSV-1 virulence,

establishment and/ or reactivation from latency.

1.7.5. ULS6
The HFEM strain of HSV-1 has a deletion of 4.1kb ( compared to HSV-1 strain F) in its

genome which completely abolishes its pathogenicity in tree-shrews by the intraperitoneal
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route (Rosen and Darai, 1985). In vivo marker rescue of the deletion with a restriction
enzyme fragment (np 113322-np 123464) from HSV-1 strain F which is highly pathogenic
for tree shrews by the intraperitoneal route led to the isolation of a recombinant which
regained intraperitoneal virulence for tree shrews (Rosen et al.,, 1986). A 1.5kb RNA
hybridizing to the DNA sequences of the HSV-1 strain F genome at np116659-116951 was
found to be missing in cells infected with HSV-1 HFEM and other apathogenic HSV-1
strains‘ (Rosen-WOolff er al., 1988). The corresponding ORF in the HSV-1 genome was
found to be the UL56 gene (Rosen-Wolff and Darai, 1991). .In the HSV-1 HFEM genome,
the promoter region of ULS56, including the TATA box is deleted (Koch et al., 1987)
accounting for the absencé of the 1.5kb transcript. At present the role of the UL56 gene in
viral replication is unknown, but there is evidence that sequences in the deleted region of
HFEM determine the suppression of humoral antibody formation by herpes simplex virus
(Wollert ez al., 1991). Viruses deleted in UL56 of HSV-1 (strain 177%) exhibit no impairment
in pathogenicity by the footpad or intracerebral route in BALB/c mice and no impairment in

reactivation from latency (Sinclair, 1992).

1.7.6. UL10

The HSV-1 UL10 gene is predicted to encode a membrane proiein with eight potential
, transmembrane domains (McGeoch et al., 1988a). It is a virion component which becomes
associated with infected-cell membranes (Baines and Roizman, 1993; MacLean ez al., 1993)
and is modified by N-linked glycosylation. Recently, the product of the UL10 gene has been

]
]
!
;
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i
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- somewhat inappropriately designated gM (Baines and Roizman, 1993); unlike other HSV-1
i glycoproteins which have previously been described, the UL10 gene product is a type III
: membrane protein and spans the membrane more than once.

E The UL10 gene product is non-essential for growth in tissue culture, but inactivation of the
- gene causes an impairment in growth (Baines and Roizman,1991; MacLean, C., et al.,
1991, 1993). In vivo characterization of a UL10 deletion variant (MacLean et al., 1993)
demonstrated that the UL10 gene product is required both for growth at the periphery and

subsequent spread to the nervous system. Although still capable of establishing a latent
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infection, its reactivation kinetics were impaired compared to the wild-type virus. Following
intracerebral inoculation, the UL10 deletion variant was slightly less neurovirulent than the
wild-type revertant. Although UL10 is not absolutely required for neurovirulence in vivo, it
is apparently required for optimum virus growth and spread reflecting its impairment in

tissue culture, rather than a specific in vivo defect.

1.7.7. ICP34.5

The existence of a neurovirulence locus in the long repeat region of the HSV-1 genome was
first demonstrated by Thompson et al. (1983). They noted that the HSV-1 x HSV-2
intertypic recombinant, RE6, was completely non-neurovirulent following intracerebral
inoculation of mice, with a LD5( of 3.2x107 p.f.u./mouse, compared to a lethal dose of 10
p.f.u. for either HSV-1 strain 17+ or HSV-2 strain HG52, the wild-type parental strains of
this recombinant (Thompson and Stevens, 1983b). ‘Restri'ction enzyme analysis and
Southern blotting revealed that HSV-1 information from 0.71 to 0.83 m.u. had been
incorporated into the RE6 genome (Thompson et al., 1983) and was specifically associéted
wiih the decrease in the neurovirulence of this virus (Thompson et al., 1985). Sequences
mapping between 0.698 and 0.721 m.u. could partially rescue the non-neurovirulent
phenotype of RE6 (Thompson and Wagner, 1988). However z{ cloned HSV-1 fragment
spanning the region of the HSV-1 genome from (.82 to 0.832 m.u. restored the virulence of
RE®6 to near wild-type levels (Thompson et al., 1989).

At around the same time that this work was published, a non-neurovirulent variant of HSV-
2 strain HG52 was described. This variant, JH2604, has previously been shown to have RL
sequences spanning 0.00 to 0.002 m.u. and 0.81 to 0.83 m.u. in the viral genome deleted
(Harland and Brown, 1985). The neurovirulent phenotype of JH2604 could be restored by
recombination with HSV-2 sequences between 0.7 and 0.91 m.u. (Taha et al., 1989a).
Further analysis of this variant (Taha et al., 198§b) revealed a 1488bp deletion which
removes 1 complete copy of the 17bp DR] element of the ‘a’ sequence and terminates 522bp
upstream of the 5’ end of IE-1. JH2604 was unable to replicate within neuronal cells of the

CNS or produce necrotizing encephalitis in mouse brain following intracerebral inoculation
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(Taha et al., 1990).

In our laboratory, a non-neurovirulent variant of HSV-1 strain 17* has recently been
described (MacLean, A., et al., 1991a). This variant, 1716, has a 759bp deletion which
removes 1 complete 18bp DR1 element of the ‘a’ sequence and terminates 1105bp upstream
of the 5° end of IE-1. 1716 grows identically to the wild-type virus in vitro, but is non-
neurovirulent following intracerebral inoculation of mouse brain with a LD5( of 7x100
p.f.u/mouse. This absence of neurovirulence is due to an inability to replicate in mouse
brain. .

When the work described in this thesis began, the HSV-2 strain HG52 genome had not been
sequenced and in HSV-1 strain 17+ the region between IE-1 and the ‘a’ sequence was
apparently non-protein coding (McGeoch et al., 1988a). Initial 'sequencing data of the HSV-
2 strain HG52 genome (Dr.D.J. McGeoch, personal communication) revealed a 63 amino
acid coding sequence in this region of high homology, between HSV-1 strain 17+ and
HSV-2 strain HG52. In 1986, Chou and Roizman demonstrated that in HSV-1 strain F, the
region between the ‘a’ sequence and IE1 is protein coding. Using a peptide antiserum which
had been raised against a Pro-Ala-Thr trimer repeﬁt found 10 times in the strain F sequence,
Ackermann et al. (1986) detected a protein of 43.5K in HSV-1 straih F infected cell extracts.
This protein had not previously been detected among electrophoretically separated proteins
of HSV-1 and overlaps in part with the bankds formed by ICP35. The promoter of the gene
encoding ICP34.5 has several unusual features: it lies within the ‘a’ sequence which is G-C
rich and contains numerous repeats and features, including a canonical TATA box
characteristic of HSV promoters, are not present. The ORF ascribed to HSV-1 strain F
ICP34.5 was not present in the published sequence of HSV-1 strain 17+ (McGeoch et al.,
1988a). However, in 1990, when Chou and Roizman republished their sequence of HSV-1
strain F ICP34.5, they now predicted a protein of only 263 amino acids in size, but mdre
importantly their revised sequence was now almost identical (with the exception of 1
frameshift) to the published sequence of the relevant region in HSV-1 strain 17+,

Chou ez al. (1990), confirmed the importance of HSV-1 strain F ICP34.5 in neurovirulence

following intracerebral inoculation through the construction of 4 recombinant viruses. These
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were (i) a virus in which both copies of the gene encoding ICP34.5 were deleted (i) a virus
into which a 6—ffame stop-codon had been inserted in both copies of the gene (iif) a virus,
containing after the first codon, an insert encoding a 16-amino acid epitope known to react
with a specific monoclonal antibody and (iv) a wild-type rescuant. Both HSV-1 strain F and
the wild-type rescuant were neurovirulent following intracerebral inoculation. The virus
which contained the 6- amino acid epitope insert was only slightly reduced in neurovirulence

" compared to the wild-type virus, whereas the variants in which the gene encoding ICP34.5
had been deleted or truncated by insertion of a 6-frame stop codon were completely non-
neurovirulent following intracerebral inoculation. These results implied that ICP34.5 plays a
crucial role in neurovirulence following intracerebral inoculation of mice and indicated that
homologous proteins must be present in HSV-1 strain 17+ and HSV-2 strain HG52.
Resequencing of HSV-1 strain 17t confirmed the presence of the homologue (Dolan et al.,
1992) and an equivalent ORF was also identified in HSV-2 strain HG52 (McGeoch e al.,
1991). |

1.8. Virulence determinants ih non-herpesviruses

A major focus for the study of virus-host interactions has been pafhogenesis and the ability
of viruses to cause disease. Viruses can initiate and cause disease by several means such as,
(i) infection of susceptible cells causing~molecular alterations which eventually lead to cell
death, (ii) iminunopathobiology eg. recognition and killing of virus infected cells and (iii)
persistence and alteration of cellular function perhaps leading to oncogenesis. In HSV-1
virulence is multifactorial and several genes have been shown to be required for maximal
display of neurovirulence in diverse animal models. In some other viruses however, the
alterations in the viral genome which abolish pathogenicity ha‘ve been well characterised;

some of these are described below.

1.8.1. Poliovirus

Poliovirus, a human enterovirus belonging to the Picornaviridae family, is the causative
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agent of poliomyelitis. It replicates in the human digestive tract and may induce paralysis by
infecting and destroying motor neurons (Couderec et al., 1989). Over the past 30 years, the
disease has been controlled by the use of the Sabin live-attenuated vaccine (Assaad and
Coburn, 1982). This vaccine is based on attenuated strains of poliovirus which were
empirically derived by passage of wild-type viruses in monkey tissue in vivo and in vitro
(Sabin, 1965; Sabin and Boulger, 1973). Although the Sabin vaccine against poliomyelitis
is one of the safest and most effective in current use, in a very low percentage of recipients
(less than 1 case per million recipients) poliomyelitis may occur as a consequence of
vaccination (Minor, 1980; Minor, 1982; Notlay et al., 1981):

The ability to clone and rapidly sequence the 7431 nucleotides of poliovirus has enabled the
research groups headed by Jeffrey Almond of Leicester and Geoffrey Schild of London to
determine what changes in sequence correlate with the acquisition of virulence:

Comparison of the complete nucleotide sequences of the génomes of the Sabin type 3
vaccine strain P3/Leon/12a;b and its neurovirulent progenitor P3/Leon/37 indicates that they
differ by just 10 point mutations (Stanway et al.,1984). Sequence analysis of reveftant
stfains, vaccine virus (Cann et al., 1984; Stanway et al., 1984; Almond et al., 1985; Evans .
et al., 1985) and neurovirulence testing of recombinant viruses derived from infectious
cDNAs of the Sabin vaccine strain P3/Leon/12a;b and its neurovifulent progenitor (Westrop
et al., 1989) revealed that the attenuated phenotype of the poliovirus vaccine strain is the
product of 2 point mutations which act additively. These mutations are at positions 472 (C-
to-U) and 2034 (C-to-U) change in the virus structural protein VP3. The mutation at 472 in
the 5’ non-translated leadér appears to contribute to the attenuation of Sabin type 3
poliovirus vaccine by decreasing the translation efficiency of the viral genome (Svitkin ez al.,

1990) although the mechanism by which this occurs is unclear.

1.8.2. Coxsackie B4 virus
Coxsackieviruses are members of the enterovirus genus of the family Picornaviridae.
Coxsackieviruses of the B group have been implicated in diseases such as pancreatitis,

myocarditis, myositis and type 1 insulin-dependent diabetes mellitis (Grist et al., 1978;
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Melnick, 1985). Of the group B viruses, variants exist within a single serotype thereby
contributing to the variability in pathogenicity of coxsackieviruses.

Coxsackieviruses have structural features common to all picornaviruses, namely a capsid
comprised of 4 virus-encoded proteins (VP1 to VP4) enclosing a single-stranded positive
sense RNA genome of approximately 7,500 nucleotides. The RNA is polyadenylated at the
3’ terminus and has a small protein VPg,-covalently attached to the 5’ terminus. The primary
translation product of picornavirus RNA is a single large polyprotein which is processed by
virus encoded proteases to yield the mature viral proteins (reyiewed by Rueckert, 1986).
Comparison of nonneurovirulent and highly neurovirulent coxsackie B4 virus recombinants
in a mouse model (Ramsingh ez al., 1989; Ramsingh et al., 1990) revealed that the virulence
phenotype mapped to the P1 region of the genome. This region comprises the 5’
untranslated region (UTR) and the genes encoding the structural proteins VP1, VP2, VP3
and VP4,

Comparison of the corresponding cDNA sqeuences of virulent and nonneurovirulent virus
(Jenkins et al., 1987; Ramsingh et al., 1992) identified 13 nucleotide substitutions, 4 in the
non-coding region, 4 silent and 5 resulting in amino acid substitutions in VP1, VP2 and

VP4. Analysis of individual mutations in both VP1 and VP2 (Caggana et al., 1993) revealed

thata single residue (Thr-129 of VP1) determined the virulence phenotype. In contrast to

other picornaviruses including poliomyelitis and Theiler’s murine encephalomyelitis virug
(Fu et al., 1990; Westrop et al. ,1989) the 5° UTR does not appear to contribute
significantly to neurovinilence.

Sequence and structure alignment (Caggana et al., 1993) positions Thr-129 of coxsackie B4
on the DE loop of VP1 in a similar position to Ile-143 of poliovirus, an amino acid which
has been shown to be of importance in attenuation of poliovirus type 2 (Ren et al., 1991).
Hence, the molecular mechanisms underlying virulence in both of these viruses may share

common features mediated by the DE loop of the VP1 capsid proteins.

1.8.3. Louping ill virus

Louping ill (LI) virus, a tick-transmitted member of the Flaviviridae (Westaway et al.,
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1985), causes an encephalitic or encephalomyelitic disease of sheep and grouse. The
flaviviruses are.ssRNA viruses with a positive-sense genome about 10.4kb in length. The
viral proteins are encoded in one open reading frame and the entire gene order of both the
structural and nonstructural (NS) proteins is core, pre-membrane (prM), membrane (M) ,
envelope (E), NS1, NS2a, NS2b, NS3, NS4a, NS4b and NS5 (Bell et al., 1985; Castle et
al., 1985; Speight et al., 1988). From- the biological standpoint, the viral E protein is
~ considered particularly important because it agglutinates erythrocytes, induces antigenically
cross-reactive neutralizing and protective antibodies in infected animals and probably defines
the tropism of flaviviruses for fheir target cell, thus defining virus virulence ( reviewed by
Gould et al., 1990; Heinz et al., 1990).

To analyse the regions of the E protein which determines the virulent phenotype, Jiang et al.
(1993) produced 7 LI virus immunological escape mutants. The nucleotide sequence of the
E protein of each of these mutants was determined and the deduced amino acid sequence
compared to that of the wild-type virus. A change from the amino acid aspartate to
asparagine at position 308, which represented a potential glycosylation site was found to be
the most effective at reducing neurovirulence. It is possible that this amino acid change
affects the protein folding and hence tﬁe ability of the E protein to bind to its receptor.
Antibody-resistant escape mutants in the E protein of both tick-borne encephalitis and
Japanese encephalitis virus have previously been shown to exhibit reduced neurovirulence in

mice (Holzmann et al., 1990; Cecilia and Gould, 1991).

1.8.4. Lymphocytic choriomeningitis virus

Lymphocytic choriomeningitis virus (LCMV) is the prototype member of the Arenaviridae .
The ssSRNA genome consists of 2 segments L and S which give rise to a total of 5 structural
proteins; an RNA polymerase (L), a nucleocapsid protein (NP), 2 structural proteins, GP-1
and GP-2 which are derived by cleavage of the precursor GP-C and a zinc-finger protein
(Romanowski et al., 1985; Salvato et al., 1989; Salvato and Shimomaye, 1989).

In a normal host, LCMV introduced by a peripheral route is eradicated and the host is

immune to subsequent challenge. However, in an immunocompromised host, the virus is
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not cleared and establishes a life-long persistent infection. It has been clearly demonstrated
that the outcome is dictated by the CTL response (reviewed by Buchmeier, 1980; Byrne and
Oldstone, 1984). Adoptive transfer of CD8+ lymphocytes from an LCMV-immune mouse
to a persistently infected animal results in clearance of the virus (Jamieson et al., 1987;
Oldstone et al., 1986), while abolition of virus-specific CTL responses during acute
infection changes the outcome from clearance to persistence (Gilden et al., 197 2).
Spontaneous variants have been isolated which cause a persistent infection in
immunocompetent mice by suppression of the CTL response (Ahmed et al., 1984). Early
results (Ahmed et al., 1988; Salvato et al., 1988) indicated that the immunosuppressive
phenotype mapped to the L RNA segment, but more recent analysis has demonstrated that
this is not the case. Reassortment analysis with homologous LCMV strains implicated the S
RNA segment as the major locus for the immunosuppressive phenotype (Matloubian et al.,
1990). | | |
By sequencing oligo-primed DNA Salvato et al. (1991) demonstrated that a change in GP
amino acid 260, located on the S RNA, was consistently associated with the
immunosuppressive phenotype. It is most likely that the GP 260 mutation influences CTL
induction by affecting early stages of viral replication ie. by al;ering virus entry or GP
processing and stability. This mutation was found to be necessary, but not sufficient to
cause the immunosuppressive phenotype with secondary mutations in the polymerase or
transcriptional control regions on the L RNA also believed to be involved (Salvato et al.,
1991).

1.9. Aims of project

| The work presented in this thesis had several aims; (i) to show that the HSV-1 strain 17.+
E genome encodes an HSV-1 strain F ICP34.5 homologue, (ii) to demonstrate that in HSV-1
}strain 17+, this protein plays a crucial role in neurovirulence following intracerebral
;inoculation‘of mice, and (iii) to produce an ICP34.5 polyclonal antiserum which would

specifically detect ICP34.5 in HSV-1 strain 17 infected cells and which might also detect
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the semi-conserved protein in HSV-2 strain HG52.

The preliminary characterization of a US deletion variant which was isolated during the

course of this work is also described.
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Chapter 2- Materials and methods

2.1. Materials

2.1.1. Cells

Baby hamster kidney 21 clone 13 (BHK21/C13) cells were used throughout this study
(MacPherson and Stoker, 1964). )

2.1.2. Viruses

The wild-type parental viruses used in this study were HSV-1 strain 17+ (Brown er al.,
1973) and HSV-1 strain F (Ejercito ez.al., 1968).

The HSV-1 strain 17+ deletion variant 1716 was frequently utilized as an ICP34.5

negative control (MacLean, A, et al., 1991).

2.1.3. Cell culture media
'BHK21/C13 cells were grown in Eagle's medium (Gibco) supplemented with 10%
newborn calf serum (Gibco) and 10% (v/v) tryptose phosphate broth (Busby et.al., 1964).
This will be referred to Subsequently as ETC10.
Variations on the basic growth media were:
PIC Phosphate-free Eagle's medium containing 1% newborn calf serum
Emet/5C» Eagle's medium containing one-fifth the normal concentration
of methionine and 2% calf-serum.
EMC10% Eagle's medium containing 1.5% methyl cellulose and 10%

newborn calf serum.

2.1.4. Bacterial strains
The bacterial strains used for cloning were JM109 [supE, thi, (lac-proAB), (F'traD36,
proAB, lac192 M15)] (Yanisch-Perron et al., 1985) and NM522 [supE,thi, (lac-proAB),

hsd5(r-, m~), (F' proAB, lac192 M15)], (Gough and Murray, 1983). For expression of
ICP34.5 BL21(DE3) [F-ompT- r"pm-p] (Studier and Moffat, 1986) was used. -
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2.1.5. Bacterial growth media
The media used for bacterial growth were L-broth (170mM NaCl, 10g/1 Difco
bactotryptone, 5g/1 yeast extract) and 2xYT (85mM NacCl, 16g/1 Difco bactotryptone, Sg/1
yeast extract).
Bacteria from glycerol stocks was generally plated out onto L-broth agar (L-Broth
- containing 1.5% w/v agar) plates.
~ Top agar - 1% (w/v) agar in water was used in the preparation of template DNA for

" sequencing.

' 2.1.6. Oligonucleotides
- Synthetic oligonucleotides were synthesised in the department by Dr J.McLauchlan, using

a model 8600 Biosearch multiple column DNA synthesiser.

2.1.7. Radioisotopes
All radioisotopes were supplied by Amersham International plc.. They had the following

specific activities:

[35S]-methionine >1000Ci/mmol
[32P]-orthophosphate 3000Ci/mmol
5'[ o -32P] dNTPs ~3000C¥/mmol
[ 355] dATP ~5000Ci/mmol
2.1.8. Chemicals

The chemicals used were of analytical grade and most of these were supplied by either
BDH chemicals UK or Sigma Chemical Co.. Exceptions were:

APS and Temed - Bio-Rad Laboratories

Ampicillin (Penbritin) - Beecham Research

Caesium Chloride - Koch Light Ltd. (Suffolk, England).
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2.1.9. Enzymes
Restriction enzymes were obtained from either Bethesda Research Laboratories (BRL) or
New England Biolabs. T4 DNA ligase and T4 polynucleotide kinase were obtained from
Boehringer Mannheim Corporation.
Lysozyme, Ribonuclease A and Deoxyribonuclease 1 were obtained from Sigma

Chemical Co.. -

2.1.10. Plasmids

The starting plasmid used for the construction of the ICP34.5 expression vector was
pET8c (Studier et al., 1990). This was kindly provided by Dr. Judy Furlong. For the
construction of HSV-1 recombinant plasmids pGEM 3zf(-) (Promega) was used.
Wild-type HSV-1 strain 17+ fragments cloned into pAT153 (ie. BamHI J and BamHI k)

were kindly provided by Dr. A. Davison.

2.1.11. Commonly used buffers and solutions

Acrylamide gel tank buffer: 53mM glycine, 3.5mM SDS, 52mM Tris

Chloroform: isoamylalcohol: This is a 24:1 mixture of chloroform and isoamyialcohol
Gel soak 1: o 600mM NaCl, 200mM NaOH
Gel soak 2: 600mM NaCl, 1M Tris-HCI, adjusted to

‘ pHS.0 with HCI |

‘Hybridization buffer: 7% SDS, 0.5M NaP (NaH2PO4; NaoHPO4),pH7.4.
Kinase buffer (10X): 100mM DTT, ImM EDTA, 100mM MgCl2,

| 10mM spermidine, 0.5M Tris-HCl, pH 7.6
5 Ligase buffer (10X): 200mM DTT, 100mM MgCl2, 0.5M Tris-
| HCl, pH 7.8
‘T4 polymerase buffer (10X): IM Tris-HCI, pH 7.6, 1M MgClp, IM DTT
Phenol chloroform (1:1): This is a 1:1 mixture of phenol and chloroform
PBS A: 170mM NaCl, 3.4mM KCl, 10mM

NapHPO4, 1.8mM KH2PO4, pH7.2
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PBS complete:

PBS /calf:
RE stop:

Saturated phenol:

1xSSC:
TBE:

Tris-saline:

Trypsin:

Trypsin-Versene:

Versene:

2.1.12. Antisera

Materials aﬁd methods
PBS A plus 6.8mM CaCl2, 4.9mM MgCl2
PBS complete containing 5% newborn calf serum
100mM EDTA, 10% (w/v) Ficoll 400, 0.25% (w/v)
bromophenol blue, 0.1% (w/v) xylene cyanol, 5XTBE
Phenol saturated by mixing 2:1 with phenol saturation
buffer, (10mM Tris-HCl, pH7.5, 10mM EDTA, 100mM
NaCl)
15mM trisodium citrate, 150mM NaCl
2mM EDTA, 89mM boric acid, 89mM Tris-HC] pHS8.0
140mM NaCl, 30mM KCl, 280mM NapHPO4, 1mg/ml
glucose, 0.0015% (w/v) phenol red, 25mM Tris-HCl
(pH7.4), 100 units/ml penicillin, O.Img/ml streptomycin
0.25% (w/v) Difco trypsin dissolved in Tris-
saline
1 volume trypsin + 4 volumes versene
0.6mM EDTA dissolved in PBS containing 0.002%

(w/v) phenol red.

For the detection of ICP34.5 in HSV-1 infected cell extracts a peptide antiserum, 78,

which had been raised against a ten times repeat of the Pro-Ala-Thr (PAT) sequence

present in the published sequence of RL1 was utilized. The characterization of this

antiserum has been previously described (MacKay et al., 1993)).

Two other peptide antisera against ICP34.5 were provided by Dr.C. MacLean. These had

been raised against peptides which corresponded to sequences within the 63 amino acid

region of homology between HSV-1 and HSV-2 RL1 and were synthesized by Dr.A.

Owsianka. These will be described more fully in a later section (Section 3.2.1.).

The monoclonal antibodies, 3104 and ZLF11 which recognise gI and 65KDBP
i respectively, were kindly provided by Dr.A.Cross.
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Specific polyclonal antisera against 21K and Vmw110 were provided by Dr. Howard

Marsden..

2.1.13. Miscellaneous

Phenyl sepharose Pharmacia
S-sepharose Pharmacia
| Repelcote BDH Chemicals

XS-1 film Kodak
XK 16 column | Pharmacia
Giemsa stain BDH
Neutralizing antibodies

(human serum) Gibco
2.2. Methods

2.2.1. Growth of cells

BHK21/C13 cells were grown in 800z roller bottles within a humidified atmosphere of
95% air and 5% CO» at 370C for 3 days. The yield from a éonﬂuent roller bottle is
approximately 1x108 cells.

Cells were harvested by washing the monolayers twice with 25mls of trypsin- versene,
and resuspending the detached cells in 20mls of ETC10. Cells from 1 roller bottle could
be used to seed a further 10 roller bottles. For some experiments cells were plated on
50mm or 30mm petri dishes or Linbro wells at a density of 4x100, 2x106 and 5x105 cells

per plate respectively.

2.2.2. Growth and harvest of HSV
Confluent roller bottles were infected with 0.003 p.f.u./cell of HSV in 20mls of ETCI10,
assuming that there were 1x108 cells per roller bottle. These were incubated at 310C for

3-4 days, until c.p.e. was complete, when the cells were shaken into the medium. The cells
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were pelleted in 250ml plastic falcon tubes by spinning at 2K for 10 minutes at 4°C in a
Fison's Coolspin. The supernatant and cell pellet were separated and two individual virus
stocks prépared:
Supernatant stock: The supernatant was poured into 250ml centrifuge bottles and spun at
12K for 2hr (49C) in a Sorvall GSA rotor. The supernatant was discarded, and the virus
pellet resuspended in 1ml ETC10 or PBS/calf per roller bottle. The pellet was sonicated
until homogeneous, before aliquoting into 2ml amounts and storing'at -700C.
Cell- associated stock: The cell pellet was resuspended in 0.5ml medium/ roller bottle
and thoroughly sonicated before spinning at 2K for 10 minutes at 49C in a Fison's
Coolspin centrifuge. Thé supernatant was kept on ice while the process was repeated. The
two supernatants were combined to give the cell-associated virus stock. This was

aliquoted and stored as above.

2.2.3. Titration of virus stocks

Virus stocks were serially diluted 10-fold in PBS/calf. 0.1ml aliquots were added to 75%
confluent monolayers of BHK21/C13 cells on 50mm petri dishes from which the medium
had been removed. The plates were incubated at 379C for 45min- 1hr, to allow absorption
of the virus to the cells, before overlaying with 4ml1 EMC10%. Plates were incubated at
370C or 38.59C for 2 days, or for 3 days at 31°C. Monolayers were fixed and stained with
Giemsa at RT for 1hr. After washing, plaques were counted on a disséction microscope

and virus titres were calculated as p.f.u./ml.

2.2.4. Virus adsorption onto cells.

70% confluent monolayers of BHK21/C13 cells on 50mm plates were precooled to 40C
for 30-60 minutes, before infection with 400 p.f.u. virus/plate in 500ul ETC10. From 0,
15, 30, 45, 60, 80, 100, 120 and 240 minutes post-infection, unadsorbed virus was
removed by washing the monolayers twice with PBS/calf. Plates were overlaid with 4ml
EMC10%, incubated at 379C for 2 days and stained. The number of plaques on each plate

was counted and each time-point calculated as a percentage of the virus adsorbed at
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T=240. The percentage virus bound at each timepoint was calculated as the mean of the

plaque count from 3 plates.

2.2.5. Virus penetration into cells.

70% confluent monolayers of BHK21/C13 cells on S0mm plates were pre-cooled to 40C
for 30-60 minutes before infection with 400 p.f.u. virus/plate in 500ul ETC10. Following
édsorption at 40C for 1lhr, unadsorbed virus was removed by washing the monolayers
twice with PBS/calf. Plates were overlaid with 4ml ETC10 gnd transferred to 370C (T=0).
At 0, 5, 10, 20, 30, 45 and 60 minutes post-adsorption, medium was removed from the
plates and 1ml citrate buffer (40mM citric ‘acid, 10mM KCl, 135mM NaCl, pH 2.5)
added. Plates were incubated at RT for 5 minutes, washed twice with PBS/calf and
overlaid with 4ml EMC10%. In a control experiment, platevs were incubated with 1ml
PBS/calf at RT for 5 minutes, washed twice with .PBS/calf and overlaid with 4ml
EMC10%.

Following incubation at 379C for 2 days, plates were stained and the number of plaques
on each counted. Percentage virus bound at each timepoint represents the mean of the
plaque count from 3 plates and was calculated as a percentage of the virus penetrated at

T= 60.

2.2.6. Sterility checks on virus stocks.

Brain heart infusion agar (BHI) plates and BHI plates containing 10% horse blood (BHI
blood agar) were obtained from the Cytology department.

To check for fungal contamination of stocks, a small aliquot was streaked onto BHI plates
in duplicate, which were sealed with parafilm and incubated at RT. Yeast or bacterial
contamination was detected by plating onto BHI blood agar and incubating at 37°C. If no

colonies were visible after 7 days incubation, the stocks were considered sterile.
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2.2.7. Preparation of HSV DNA.
To prepare a large scale HSV DNA stock, 10 roller bottles containing almost confluent
monolayers of BHK21/C13 cells were infected with virus at a m.o.i. of 0.003 p.f.u./cell.
The infection was continued at 319C until c.p.e. was extensive (3-4 days). The cells were
shaken into the medium and spun at 2K for 10 minutes in a Fison's Coolspin. The
supernatant was kept on ice while the nuclei were extracted from the cell pellet by -
treatment with 0.5% (w/v) NP40 in RSB (10mM KCI, 1.5mM MgCl2, 10mM Tris-HCI,
pH 7.5) followed by centrifugation (2K for 10 minutes as before) to pellet the cell debris
and nuclei. This was repeated before pooling the supernatants and spinning to pellet the
virus at 12K for 2hr in a Sorvall SS34 rotor.
The virus pellet, containing cell released and cytoplasmic vifus was resuspended in NTE
buffer (10mM Tris-HCI, pH7.5, 10mM NaCl, 1ImM EDTA) before adding EDTA and
SDS to a final concentration of 10mM and 2% (w/v) respectively to cause lysis of the
virus. Viral DNA was extracted 3-4 times with saturated phenol and once with
chloroform: isoamylalcohol, prior to precipitating with 2 volumes of ethanol at RT for 5
minutes. DNA was pelléted at 2K for 10 minﬁtes, washed with 70% ethanol, dried at

379C and resuspended in a minimal volume of H2O+ RNase A (50ug/ml).

2.2.8. Transformation of E.coli.

Ten ml of 2xYT b?oth was inoculated with 15ul of a glycerol stock of bacteria and
incubated with shaking at 370C overnight to produce a saturated culture.

One ml of this culture was used to inoculate 100ml of 2xYT broth which was shaken at
370C for 2.5-3hr (when the bacteria should be in mid-log phase). The bacterial cells were
pelleted by spinning at 2K for 10 minutes, in a Fison's Coolspin and resuspended in 1/10th
volume of transformation and storage buffer (10mM MgCl2, 10mM Mg(SO)4, 10%(w/v)
PEG 3,500, 5% (v/v) dimethyl sulphoxide). After 10 minutes on ice, the bacteria were
considered competent for transformation.

Typically, 1ul and 10ul of a ligation mix or plasmid preparation were incubated for 30

minutes on ice with 100ul of competent E.coli. One ml of L-broth was added to the
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transformation mix and incubation was continued . for a further hour at 370C. If the
bacteria had been transformed with a plasmid which conferred a particular trait eg.
antibiotic resistance, the lhr incubation at 370C allowed plasmid gene expression to
occur.

One hundred ul of the transformed bacteria were plated onto L-broth agar plates
containing, if appropriate 100ug/ml ampicillin.. Plates were allowed to dry at room

temperature, before incubating in an inverted position at 37°C overnight .

2.2.9. Small scale plasmid preparation.

Single, transformed, bacterial colonies were picked into Sml of L-broth containing
100ug/ml ampicillin, and shaken at 370C for 8-16hr. 1.5ml aliquots of each culture were
spun at low speed (6500g) in a microfuge, the supernatant discarded and the cells
resuspended in 100ul of solution I (S0mM glucose, 25mM Tris-Cl, pHS.O, 10mM EDTA,
Smg/ml lysozyme added jﬁst prior to use). Following 5 minutes incubation af RT, 200ul of
solution II was added (O.ZM NaOH, 1% (w/v) SDS), and the cultures shaken vigorously.
After a further 5 minutes at room tempgrature 150ul of solution III was added [SM KAc,
pH4.8]. Following 5 minutes incubation at RT a white precipitate cohsisting of the cell
debris was pelleted at high speed (13000g) in a microfuge .

Plasmid DNA was extracted from the supernatant using an equal volume of phenol:
chloroform followed by ethanol precipitation at RT for 1 minute. The DNA was pelleted
by spinning at 13,000g for S minutes in a microfuge, washed in 70% ethanol, dried in a

Speedivac and resuspended in 100ul H2O+ RNase A (50ug/ml).
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2.2.10. Large scale plasmid preparation.
The method used was essentially as described by Birnboim and Doly (1979), and
modified by Manniatis et.al. (1982). Single transformed bacterial colonies from a L-broth
agar plate were inoculated into 5Sml of L-broth containing the appropriate antibiotic and
shaken at 370C for 8-16hr. The culture was transferred into 500ml L-broth containing the
appropriate antibiotic in a.2 litre dimpled flask and shaken at 379C overnight.

The bacteria were pelleted by centrifugation at 8K for 10 minutes in a Sorvall GSA rotor,

 the pellet resuspended in 7ml solution I (see section 2.2.9.) and incubated at RT for 10

minutes. Freshly made solution II (14ml) was added and incubation continued for a
further 10 minutes on ice. Ice-cold solution IIT (10.5ml) was added, incubation continued
on ice for 10 minutes and the bacterial debris pelleted by centrifugation at 12K for 10
minutes in a Sorvall S§34 rotor. DNA was extracted twice with an equal volume of
phehol:chloroform and once with an equal volume of chloroform. The DNA was
precipitated by the addition of 2 volumes of ethanol, centrifuged at 12K for 30 minutes in
a Sorvall SS34 rotor at RT, washed in 70% ethanol, pelleted as before, dried in the
incubator and dissolved in water containing SOug/ml RNase A.

In some instances, to remove residual host DNA and RNA, the DNA was further purified
by isopycnic banding on caesium chloride gradients. In this case, the DNA was only
extracted once with phenol:chloroform. Caesium chloride was added until the buoyant
density was 1.56g/cm3 and ethidium bromide was added to a final concentration of 0.5
ug/ml. The mixture was pipetted into Oakridge tubes, which were capped, sealed and
centrifuged at 45,000 r.p.m. overnight in Sorvall Ti50 rotor. The DNA was visualised on a
long wave U.V. light box and the lower band which contained the supercoiled plasmid
DNA was removed using a needle and syringe. After extracting at least 3 times with
isoamyl alcohol, the DNA was ethanol precipitated as described above. The DNA
concentration was quantitated by running a small quantity on an agarose gel alongside

standards of known concentrations.
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2.2.11 Restriction enzyme digestion of DNA
The manufacturer's recommended buffers and conditions were generally used for each
individual restriction enzyme. To achieve complete digestion, 1ug samples of HSV or
plasmid DNA were digested with 2-5 units of restriction enzyme for 4hr at the appropriate
temperature. If the digested DNA was to be run on an agarose gel, 1/5- 1/6 volume of RE
stop was added prior to loading, otherwise the digested DNA was recovered as described

in section 2.2.13..

2.2.12, Recovéry of DNA from agarose gels using DEAE-sephacel.

Generally the DNA to be recovered had been digested with restriction enzymes before
running on an agarose gel. In order to cause the minimum possible damage to the DNA, it
was visualised using a long wave (300-360nm) U.V. lamp and a gel slice containing the
desired fragment cut out with a sharp scalpel.

This slice was placed in a length of dialysis tubing containing 1xTBE and the DNA was
eluted at 100V for 2-3hr, using 1xTBE as a running buffer. Following this, the polarity of
the current was reversed for 2 minutes to release any DNA which had attached to the inner
wall of the dialysis tubing. The buffer surrounding the gel slice was carefully removed and
the dialysis tubing was washed out with a small quantity of 1xXTBE.

Disposocolumns (Bio-Rad) were packed with 0.6ml of DEAE-séphacel (sufficient to bind
20ug of DNA) which had been equilibrated with 10mM Tris-Cl, pH7.6, ImM EDTA and
60mM NaCl. The packed columns were washed with 1.5ml of NTE (Imm EDTA,
100mM NaCl, 10mm Tris-HCI, pH7.4) before applying the sample to the top of the
column. The eluate was collected, and reapplied to the top of the column, in case any
DNA had not bound the first time. Bound DNA was washed with 2.5ml of NTE, before
elution with 2x250ul aliquots of TE (10mM Tris-Cl, pH7.6, 1mM EDTA) + 1M NaCl.
The DNA was extracted first with phenol and then chloroform, ethanol precipitated and

washed with 70% ethanol. After drying in the incubator, the DNA was resuspended in 20-
25ul of H20.
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2.2.13. Phenol-chloroform extraction of DNA from restriction enzyme digestion
mixtures. |
If the digestion mixture was not at least 100ul, it was increased to this volume using

dH»O. An equal volume of phenol:chloroform was added, the mixture shaken, and spun at

13000g for 2 minutes in a microfuge. The top aqueous layer was removed into a separate

eppendorf tube and the bottom layer was back extracted with an equal volume of dH7O.

" To this 1 volume of chloroform was added and the mixture shaken and spun at 13000g for

2 minutes in a microfuge. The top layer was removed and the sample was back extracted
as before.

To precipitate the DNA, 2 volumes of ethanol and 0.1 volumes of 3M sodium acetate
were added. Following 10 minutes incubation on dry ice, the DNA was pelleted at 13000g

for 5 minutes, washed with 70% ethanol and dried in a Speedivac, before resuspending in

an appropriate volume of dHO.

2.2.14. Ligation.

Both vector and insert, were cut with the appropriate restriction enzymes. If the vector
was cut with a blunt—cuttihg enzyme its ﬁigestion was usually carried out in the Ipresence
of 1 unit calf intestinal phosphatase to prevent recircularization dﬁring ligation. The vector
was purified as described in section 2.2.13. and the fragment as described in section
2.2.12.. Three types of fragment ends cc;uld be generated:

i) Blunt or compatible ends: In this case various quantities of fragment were ligated to
100ng of vector DNA at 149C overnight. Ligation was carried out in 1x ligation buffer
(10x ligation buffer contains 200mM DTT, 100mM MgCl2, 0.5M Tris-HCI, pH 7.6) in
the presence of 2 units of ligase.

ii) 5' overhangs: In the absence of a compatible site in the vector: if the fragment to be
cloned had 5' overhangs these had to be filled in before cloning into the vector which had
been cut with a blunt-cutting enzyme eg. Sma I. Prior to running on a gel, 0.1 volume of
2.5mM dNTPs and lunit of Klenow was added to the digestion mixture. Following

incubation at 370C for 30 minutes, the digest was run on a gel. The appropriate fragment
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was purified as described in section 2.2.12. and ligated to the vector as described in (i)
above.
iii) 3' overhangs: In the absence of a compatible site in the vector: if the fragment to be
cloned into the vector had 3' overhangs, these had to be exonucleased. The digestion
mixture was purified as described in section 2.2.13. and redissolved in an appropriate
volume of dH20. To this was added 1 unit T4 DNA polymerase which has a strong 3'-5'
exonuclease activity and 0.1 volume of T4 polymerase buffer. Following incubation at

370C for 1hr, purification and ligation of the fragment was carried out as in (i) above.

2.2.15. Mini-gel electrophoresis.

This method was generally used to quantitate small volumes of fragment and vector DNA
prior to ligation. Gels were prepared by boiling the appropriate concentration of agarose in
50ml 1xTBE. When cool, 0.5ug/ml ethidium bromide was added and the agarose was
poured directly into the mini-gel kit (Bio-Rad). Once set, the comb was removed and
50ml 1xTBE was added to the kit. Samples (generally 5-7ul) were run at 50V for 1-2 hrs
and visualised using a long wave U.V. lamp. A 1kb marker of known concentration was
run alongside Athe fragments to enable confirmation of the vector/fragment size and

quantitation of the concentration of each sample.

2.2.16. Purification of a synthetic oligonucleotide

Eighty ml of 6% acrylamide,1xXTBE, 9M Urea sequencing gel mix was polymerized with
160ul of 25% (w/v) APS and 60ul TEMED. This was then poured between two 20x22cm
glass plates separated by 1.5mm spacers and a 10 tooth comb inserted at the top.

The oligonucleotides were synthesized on a Biosearch 8600 DNA synthesiser,
subsequently deprotected at 650C for 5-6hr, frozen on dry ice and dried in the speedivac
overnight. The oligonucleotide was resuspended in 50ul H2O by vortexing. Fifty ul of
sample buffer was added before boiling for 10 minutes and loading immediately onto the

gel. Two ul of formamide dye mix was loaded in a separate well to act as a molecular

weight marker and the gel was run at 10mA for 3-4hr in 1xTBE.
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To visualise the DNA, the gel was removed, wrapped in cling-film and viewed against a
white chromatographic plate by angled long-wave U.V. light. If the synthesis had been
succesful, then a predominant band, with possibly a few lower molecular weight bands ,
was observed. The top band was cut out with a scalpel, mashed with a glass rod, and
incubated at 420C for 16hr in 1ml elution buffer (0.5M ammonium acetate, ImM EDTA,
0.5% (w/v) SDS). This was filtered through glass wool to remove the acrylamide, phenol:
chloroform extracted, ethanol precipitated, washed in 70% ethanol, dried and redissolved

in dH70. To quantitate the DNA, the OD7¢( was read and the conversion factor: 10D

unit= 20ug/ml used.

2.2.17. Transfection of DNA into cells using the CaPO4 technique.

This method is a modification of that described by Stow and Wilkie (1976). Four hundred
ulv HEBS, pH7.05, (130mM NaCl, 4.9mM KCl, 1.6mM NazHPO4, 5.5mM D-glucose,
21mM HEPES) containing‘ 10ug/m1l calf thymus DNA', 0.2-2ug intact virus DNA, 1- 10ug
plasmid DNA and 130mM CaClp, were added to semi- confluent monolayers of
BHK21/C13 cells on 50mm petﬁ dishes, from which the medium had been removed.
Following incubation at 37°C for 45-60 minutes, cells were overlaid with 4ml ETC10.
Four to eight hr later the media was rempved from the plates and .they were washed twice
with ETC10. Iml 25% (v/v) DMSO in HEBS was added and tﬁe plates incubated at RT
for 4 minutes. The DMSO was removed and the plates washed twice and overlaid with,

4m] ETC10. Incubation was continued at 370C until c.p.e. was complete.

2.2.18. Isolation of single plaques from transfection.

Once c.p.e. was compiete, the cells were scraped into the growth media, transferred into a
black-cap vial and sonicated until homogeneous. Serial 10-fold dilutions of each
transfection were made in PBS/calf and the 10-3 to 10-7 dilutions from each plated onto
70% confluent BHK21/C13 cells. After absorption at 37°C for 1hr, the plates were
overlaid with 4ml EMC10% and incubation continued at 37°C for a further 48hr. The

plates were washed twice and overlaid with a few ml of PBS/calf. To prepare plate stocks,
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single plaques were isolated and grown in Linbro wells containing BHK21/C13 cells .

Plates were incubated for 3-4 days at 379C, then stored at -70°C.

2.2.19. Preparation of 32P labelled viral DNA.

This is a modification of the method described by Lonsdale (1979). Confluent monolayers
of BHK21/C13 cells in Linbro wells were infected with either 100ul of a plate stock or
2x106 p.f.u. of a virus stock. After absorption for 45 minutes at 370C, the virus was
femoved and the cells washed with and maintained in PIC for 2hr at 31°C. One uCi of
orthophosphate ( 32P) in 50ul PIC was added per well and incubation continued at 310C
for 2-5 days. |

Following incubation at 310C for 2-5 days, 0.5ml of 5% (w/v) SDS was added to each
well. Trays were incubated at 370C for 5-10 minutes, before scraping the cells off the
wells using a blue tip and adding them to 1ml of phenol. The samples wére inverted and
incubated at RT for 1‘0 minutes, with a further inversion after 5 minutes. They were
centrifuged at 2K for 10 minutes (RT) in a Fison's Coolspin before removing the top layer
into 2 volumes (2mi) of ethanol. After gently inverting the tubes, they‘ were spun as
before. The ethanol was poured off and the DNA dried for 10 minutes at 370C with the
test-tubes in an inverted position. Two hundred ul of 50ug/ml RNAse A was added to
each sample and the DNA left to dissolve for 2hr at 370C. The DNA was then ready for

digestion with the appropriate enzyme(s).

2.2.20. In vitro 32p labelling of DNA.
Plasmid or gel purified fragments of virion DNA were 32p 1abelled using the method of
random priming. 10-100ng of DNA was boiled for 10 minutes before labelling. Five times

random prime buffer comprises 3 solutions A, B, and C at a ratio of 10:25:15 respectively.
Solution A: 1ml 1.25M Tris-HCI, pH 7.8, 0.125M MgCl2

18ul 2-mercaptoethanol
5ul 100mM dGTP
5ul 100mM dATP
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5ul 100mM dTTP
Solution B: 2M HEPES, pH 7.6
Solution C: Hexadeoxyribonucleotides (Pharmacia) resuspended in TE at 90 OD units/mlL
The boiled DNA is added to 5ul of 5x random prime buffer, with 1ul of 1% BSA, 20uCi
32p 4CTP, 1 unit Klenow polymerase and made up to 25ul with water. The mixture was

incubated at 37°C for 30 minutes and boiled, prior to use for Southern blotting.

2.2.21. Southern blotting. '

Purified virus, infected cell DNA or plasmid DNA was digested with the appropriate
restriction enzyme(s) before running on an agarose gel. The gel was visualised under
short-wave U.V. light to confirm DNA digestion and to partially fragment larger DNA
fragments and so aid their transfer to membranes. ‘

The gel was placed in 500ml Gel Soak I (see séction 2.1.11.) for 1hr, rinsed with
deionised water and transferred to Gel Soak II for 1hr. After rinsing as before, it was
transferred to 500ml IOxSSCvfor a further 1hr. The gel was now ready for blotting onto
either 1 sheet or 2 sheets simhltaneously of Hybond N nylon membrane (Amersham). For
each transfer lisheet of nylon membrane and 5 sheets of Whatmann 3MM paper, all cut to
the exact size of the gel were required. |

A bundle of 'Hi-Dry' towels was placed on the bench followed by 3 sheets of dry then 2
sheets of 10xSSC soaked 3MM filter paper. The sheet of nylon membrane, soaked in
10xSSC was placed on top of the filter paper followed by the gel, thus ensuring that there
were no air bubbles between the gel and the nylon membrane. A glass plate and heavy
weight were placed on top and left for at least 4hr during which time the DNA was drawn
out of the gel and onto the adjacent side of the nitrocellulose. To transfer DNA to two
membranes this procedure was repeated on top of the gel.

The DNA was cross-linked to the nylon membrane using a U.V. Stratalinker, and
hybridized to the labelled probe in a sealed bag containing 20ml hybridization buffer.

Hybridization was generally carried out overnight at 65°C. The nylon membrane was
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washed for 3x30 min with 1 litre 2xSSC, 0.1%(w/v)SDS before drying and setting up for

autoradiography against Kodak XS-1 film.

2.2.22. Construction of M13 recombinant plasmids

M13mp18 and mp19 double-stranded DNA was commercially available from Pharmacia.
Typically 10ug DNA was digested with the appropriate restriction enzyme. Following
extraction as described previously (section 2.2.13.) the DNA was resuspended in 10ul
H»O. One ug aliquots of M13 and a wide range of fragment amounts (0.1-10ug) were
generally used in each ligation mix. Standard cloning methods were employed (Manniatis

et.al.1982).

2.2.23. Transformation of E.coli cells with M13

E.coli strain JIM109 were prepared as described in section 2.2.8.. Typically 1ul and 10ul
of ligation mix was added to 200ul of competent cells and incubated on ice for 30
minutes. Three ml melted top agar at 420C, containing 25ul of 25mg/ml IPTG in water
and 25ul of 25mg/ml 5-chloro-4-bromo-3-indoyl-2-D-galactoside (X-gal) in dimethyl
formamide was added and the mixture poured onto 90mm L-broth agar plates and

incubated at 370C overnight.

2.2.24, Preparation of M13 single stranded DNA.

Single, colourless, transformed M13 colonies were used to inoculate 3ml 2xYT broth
containing 1/100 dilution of an overnight saturated bacterial culture. Following 4.5-6hr
incubation with shaking at 370C, 1.5ml culture was spun at 13,000g in a microfuge to
pellet the bacteria. The supernatant, which contained the M 13 bacteriophage, was retained
and respun to ensure no bacterial contamination. M13 was precipitated by the addition of
200ul of a solution containing 2.5% (w/v) PEG 6000 and 3M ammonium acetate.
Following incubation at RT for 10 minutes, bacteriophage were pelleted by centrifugation
at 13,000g in a microfuge. The supernatant was discarded and the pellet respun before

removing any excess liquid with an eppendorf tip. After resuspending the pellet in 200ul
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H»O, the DNA was extracted once with an equal volume of phenol-chloroform, before
precipitating with 2 volumes of ethanol and 0.1 volumes of 3M sodium acetate on dry-ice
for 10 minutes. The DNA was pelleted by centrifugation at 13,000g for 5 minutes in a

microfuge, washed with 70% ethanol, dried and resuspended in 15ul HoO containing

50ug/ml RNase A.

2.2.25. Sequence analysis of recombinant M13 clones.

To facilitate the sequencing of regions of DNA with a high G-C content a Sequenase
Version 2.0 kit (Amersham), was used in accordance with the manufacturer’s instructions,
otherwise the following prdtocol was used.

Five ul of each single-stranded DNA template was annealed to 3ng of commercial
oligonucleotide primer (Pharmacia) (which hybridizes upstream of the multicloning site
and is known as the universal sequencing primer) in a buffer containing 40mM Tris.HC1,
pH7.5, 10mM MgCl, and SOmM NaCl in a total volume of 10ul, by first heating to 550C
for 5 minutes in a 1.5ml eppendorf tube, then allowing to cool to room temperature over a
period of 15-30 minﬁtes. The templates were briefly chilled on ice, before being labelled
and extended using a buffer which contained 0.19uM dCTP, 0.19uM dGTP, 0.19uM
dTTP, 10uCi 35S dATP, 6mM DTT and 2 units of Klenow polymerase in a total volume
6f 16ul and labelling carried out at RT for 2-5 minutes. Each template was extended and
terminated by addition of 3ul of labelled template to 2.5ul of each of the 4 ddANTP
termination mixes in microtitre wells, which had been pre-warmed to 370C. Each ddNTP
termination mix contained one ddNTP at a concentration of ddATP: 300uM, ddCTP:
100uM, ddGTP: 150uM, ddTTP: 500uM. The dNTPs were at a concentration of 250uM
except for the one corresponding to the ddNTP where the concentration was 25uM. The
plate contents were mixed by centrifugation in a Beckman benchtop centrifuge and the
reactions carried out at 370C for 10-30 minutes. Three ul formamide dye mix (95%
formamide, 20mM EDTA, 0.5% (w/v) bromophenol blue, 0.5%(w/v) xylene cyanol) was
added to each sample. The samples were boiled for 5 minutes before loading onto a gel for

electrophoresis.
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2.2.26. Electrophoresis and autoradiography of sequencing gels.
Electrophesis was carried out at 70W through vertical gels 42x34x0.04 cm in size. Gels
consisted of 6% acrylamide (cross-linked with 5%(w/v) N,N'-methylbisacrylamide) and
9M urea in 1xTBE. Polymerization was achieved by addition of 0.05%(w/v) APS and
0.1%(v/v) TEMED. Spacers and gel combs were supplied by Gibco-BRL. Both plates
were treated with repelcote enabling the gel to be transferred to Whatmann 3MM
chromatography paper following electrophoresis and dried under vacuum. Dried gels were

then exposed to XS-1 film (35x43 cm) and developed using a X-omat processor.

2.2.27. Animal studies.

a) Neurovirulence.

Three week old female BALB/c mice (Bantin and Kingman) were inoculated
intracerebrally with individual virus stocks. Mice were anaesthetized with halothane and
25ul of the appropriate virus dilution in PBS/calf was inoculated into the central region of
the left cerebral hemisphere. Four mice were inoculated with each virus dilution.
Depending on the knowri, or postulated 'neurovirulence phenotype of the viruses being
tested, doses were in the range 101 to 107 p.f.u./mouse. Stocks were always retitrated on
the day of inoculation to ensure that the correct dose had been adrﬁinistered.

Mice were observed daily up to 21 days poét inoculation for signs of illness or death, and
the LD5( for each \}irus was calculated according to the formula of Reed and Muench
(1938).

b) In vivo growth

The ability of mutant and wild-type virus to replicate in mouse brains following
intracerebral inoculation was assessed using a mouse model. Twenty-five ul aliquots of
wild-type virus (102 p.f.u./mouse) and mutant virus (105 p.f.u/mouse) were injected into
the left cerebral hemisphere of 3-week old BALB/c mice. At 0, 1, 2, 3, 4 and 5 days post-
inoculation, 2 mice per virus were killed by cervical dislocation, their brains removed and
homogenized in 1ml PBS/calf. The final volume was measured and recorded, before

storing at -709C. When all samples had been collected, they were thawed, briefly
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sonicated and progeny virus titrated separately on BHK21/C13 cells. Final titres were
calculated as mean p.f.u./mouse.
¢) In vivo marker rescue.

A neurovirulent phenotype was restored to non-neurovirulent variants using the method of
in vivo marker rescue. One ug of DNA from a non-neurovirulent virus was transfected
onto BHK21/C13 cells with a 1-, 10- and 100- fold molar excess of a wild-type fragment
known to restore neurovirulence (section 2.2.17.). After 2 days, the monolayer in which
é.p.e. was most extensive was harvested and sonicated briefly. 10-1 and 102 dilutions
were prepared in PBS/calf and 25ul aliquots of each were injected intracerebrally into 3-
week old BALB/c mice. |

If the mice died, their brains were removed, homogenised in PBS/calf, and resultant virus
titrated on BHK21/C13 cells. Single plaques were isolated and their genomes analysed to
identify wild-type rescuants. Generally 95-100% of isolated plaques had a wild-type DNA
profile as non-neurovirulent virus did not replicate in vivo and neurovirulent recombinants
were selectively amplified.

d) Latency.

As has been described by Clements and Subak-Sharpe (1983, 1988), 4 week old BALB/c
mice were inoculated in-the right rear footpad with various doses of virus in PBS/calf.
Following inoculation, the virus stocks were retitrated to ensure that the correct dose had
been administered. After 6 weeks, all surviving mice were dissected and the 9 ipsilateral
dorsal root ganglia supplying the lower limb of each mouse were separately cultured in
microtitre plates. They were screened every second day for the presence of infectious
virus by transferring the culture supernatant to control BHK21/C13 cells. These cells were
then incubated for 2 days at 370C, before staining and examination for the presence of

virus plaques or c.p.e..
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2.2.28. Generation of E.coli containing the expression vector pET34.5.
The intact ICP34.5 open reading frame (ORF) from HSV-1 strain 17+ was cloned into
pET8c using standard procedures. This recombinant plasmid, pET34.5, was used to
transform E.coli BL21(DE3) cells containing the T7 RNA polymerase gene under the
control of the inducible lac UVS5 promoter. A glycerol stock was prepared by picking a
transformed colony into Sml 2xYT containing 250ug/ml ampicillin and growing overnight
with shaking at 370C. An equal volume of sterile glycerol was added and mixed
thoroughly before aliquoting into 1m] amounts and storing at -700C.
For each experiment a small amount of frozen bacteria was used to inoculate 1ml 2xYT.
One hundred ul was plated onto a L-broth agar plate containing 250ug/ml ampicillin,
which was incubated at 379C overnight. The following day single colonies were used to

inoculate larger cultures.

2.2.29. Analysis of ICP34.5 solubility over a range of temperatures.

To ensure that a soluble form of ICP34.5 was produced, solubility was examined ovef a
range of growth temperatures. As described above, (section 2.2.28.), a small amount of
frozen bacteria was plated out to give single colonies. The following day, single colonies
were used to inoculate 5Sml L-broth containing ampicillin. FolloWing growth at 370C for
4hrs, T7 RNA polymerase expression and hence ICP34.5 production was induced by the
addition of IPTG to the growing cultures. These were then either maintained at 37°C for a
further 1 hr or transferred to 310C, 280C or 260C for 1hr. The bacteria were pelleted and
lysed with lysozyme. The bacterial debris was then pelleted by centrifugation and
equivalent volumes of pellet and supernatant were analysed by Western blotting for the
presence of ICP34.5 in the soluble supernatant but not in the pellet which contained all the

insoluble material.

2.2.30. Expression of ICP34.5 in E.coli.
A 500 ml overnight culture of E.coli BL21(DE3) containing pET8¢ was diluted 20-fold

into ten 1litre cultures which were incubated with shaking at 370C. On reaching an optical
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density of 0.5 at 600nm, the temperature of the cultures was rapidly decreased to 28°C,
IPTG added and incubation continued for 1hr at 289C. Cells from the 10 litre culture were
collected by centrifugation at 5K for 10 minutes in a GSA rotor and resuspended in 100ml
of 50mM-Hepes, pH7.2, SOmM NaClL
Bacteria were lysed by addition of lysozyme to a final concentration of 500ug/ml,
followed by 30 minutes incubation on ice. Cell debris was pelleted by centrifugation at
15K for 20 minutes in a SS34 rotor, at 49C and the supernatant, which contained the
expressed protein, was stored at -70°C.

Protein concentrations Were determined using a'Bio-Rad protein assay kit according to the
manufacturers recommended instructions using known concentrations of BSA (in the

range 0.01-2mg/ml) as standards.

~ 2.2.31. Analytical and quantitative ammonium sulphate fractionation.

- To look at ICP34.5 solubility over a range of ammonium sulphate concentrations,

| increasing amounts of a saturated solution of ammonium sulphate were added to 100ul

- aliquots of crude extract. After 30 minutes on ice, samples were clarified by centrifugation

~ at 13.5K for 30 min, at 49C. Pellets were redissolved in 300ul 50mM-Hepes, pH7.2,

© 50mM NaCl, and supernatants were brought to a volume of 300ul using the same buffer.

- Pellet and supernatant fractions were analysed by SDS-PAGE.

" For purification of ICP34.5, the crude extract was salt-fractionated using ammonium

sulphate powder. Salt was slowly added to the extract with constant stirring, at room
temperature, followed by incubation on ice for at least 30 minutes. The protein precipitate

was collected by centrifugation at 12K for 30 minutes, in an SS34 rotor at 40C.

2.2.32. Anion-exchange chromatography.

~ The salt-fractionated material was resuspended in SOmM Hepes, pH7.6, S0mM NaCl and

applied onto a FPLC Mono Q HR 5/5(1ml) or 10/10(8ml) anion-exchange column, which
had been equilibrated with the same buffer. At this pH the expressed protein did not bind

to the column, whereas the vast majority of the E.coli proteins did. The flowthrough was
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collected and stored at -700C and the column was thoroughly washed with buffer B
(50mM Hepes pH7.2, 1M NaCl) to remove the bound E.coli proteins, which were

subsequently discarded.

2.2.33. Purification of ICP34.5 using phenyl sepharose or S-sepharose.

This step was carried out at 4°C. A XK 16 column.with adjustable adaptors (Pharmacia),
was packed with 50ml of the appropriate matrix. This was equilibrated with 1 column
volume of Buffer A [IM NaCl or 1.5M(NH4)2S04, with SOmM Tris-HCl, (pH range 7-8)
or 50mM (2-[N-Morpholino]ethanesulfonic acid) (pH range 5.5-6.5)] before loading the
sample which had been dialysed overnight into the same buffer. After washing the column
with a further 1 column volume of Buffer A, the protein was eluted using a 500ml
decreasing salt gradient from either 1.5M (NH4)2S04 or 1M NaCl and 50mM
appropriate buffer to 5S0mM buffer alone. Five ml fractions were collécted and analysed

by SDS-PAGE.

2.2.34. Production of polyclonal ICP34.5 specific antisera.

Rabbit antisera to ICP34.5 were produced using bacterially expressed ICP34.5 as the
antigen. New Zealand White rabbits were immunized intramuscularly first with 2mg of
protein containing approximately 100ug ICP34.5 in Freund's complete adjuvant followed
by 4 boosts, each at a 14 day interval, using the same amount of antigen but in Freund's
incomplete adjuvant. Animals were bled 10 days after each boost and the antisera tested at
different dilutions against HSV-1 strain F and HSV-1 strain 177 infected cell extracts for

reaction with ICP34.5 specific bands.

2.2.35. Pre-incubation of antiserum prior to use in immunofluoresence.

Before use in immunofluoresence studies, the protein antiserum was pre-incubated against
E.coli BL21(DE3) cell extracts to cut down non-specific binding. The extracts were
prepared by inoculating a single colony of E.coli BL21(DE3) cells lacking the plasmid
pET34.5 (section 2.2.28.) from an L-broth agar plate into Sml L-broth and growing at
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370C for 8hr. After pelleting the bacteria, they were resuspended in Sml boiling mix and
as much extract as possible was loaded prior to SDS-PAGE. Proteins were transferred
onto nitrocellulose which was blocked as normal for Western blotting (section 2.2.38.)
and incubated with the protein antiserum at a 1/100 dilution in PBS / 1% BSA. Following
incubation at 370C for 2hrs the antiserum was removed and used directly for

immunofluoresence.

2.2.36. Inmunofluoresence.

Washed, sterilized coverslips were placed at the bottom of 35mm plates (2 or 3 coverslips
per plate), which were seeded with BHK21/C13 cells at one-half the normal density and
grown for 16hr at 37°C. The medium was poured off and the cell monolayers washed
twice with PBS. Cells were infected with 0.2ml virus dilution at a m.o.i. of 0.1 p.f.u./cell,
Aftér absorption for lhr at 37°C, the cells were overlaid with 3m1 ETC10. Following
incubation at 37°C for 24hr the medium was removed and the plates washed twice with
3ml PBS. Three ml methanol was added to each plate and incubation carried out at RT for
4 minutes. Specific antibodies were then added to the plates at a dilution of 1/100. For the
peptide antiserum, control reactions were carried out using sera which had been pre-
incubated with the specific peptide. The plates were shaken at 370C for 30 minutes, then
washed twice with PBS, before the second antibody - énti—rabbit IgG (whole molecule)
Fluorescein Isothiocyanate conjugate- was added at 1/80 dilution. This was again shaken
at 370C for 30 minutes. Plates were rinsed twice with PBS, before removing the
coverslips, polishing the underside and mounting them on microscope slides using a small
amount of fluorcolor. The edges of the coverslips were sealed with clear nail polish and

the slides were stored in the dark.

2.2.37. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
SDS-PAGE analysis of proteins was performed in 5 to 12.5% gradient gels cross-linked
with 5% (w/w) N,N'-methylenebisacrylamide, or 10% gels using 2.5% (w/w) crosslinker.

Slab gels were cast vertically in a sandwich consisting of 2 glass plates separated by
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1.5mm thick perspex spacers. Typically, 60ml gel mix was prepared using a running gel
buffer (RGB) which contained 375mM Tris-HCI, pH8.9 and 0.1% (w/v) SDS.
Polymerization was achieved by the addition of 0.06% (w/v) ammonium persulphate
(APS), and 0.04% (v/v) N,N,N',N', tetramethylenediamine (TEMED), just prior to
pouring. A thin layer of butan-2-ol (3-5ml), was poured on top to exclude air and enable
polymerization of the gel. Prior to adding the stacking gel, the butan-2-0l was removed
and the surface of the running gel was rinsed several times with distilled water. It was then
thoroughly dried using filter papers to allow good adhesiop between it and the stacking
gel. ' |
The stacking gel was composed of 5% acrylamide crosslinked with the same ratio of
N,N’-methylenebisacrylamide used in the resolving gel, in a buffer (SGB), composed of
0.11M Tris.HCI, pH 6.7 and 0.1%(w/v) SDS. As previously, APS and TEMED were
added to the gel just prior to pouring and a teflon comb was used to form the wells.
Samples were boiled for 5 minutes in sample buffer (151mM Tris-HCI, pH7.6,
6.28%(wlv) SDS, 0.15%(v/v) 2-mercaptoethanol, 0.31%(v/v) glycerol) before loading on
the gel, and were run either for 3-4hr at 50mA, or overnight at 8mA (Marsden et al., 1976,
1978).

Gels were fixed or stained in a solution of methanol: acetic acid; water, 50:7:50, with or
without 0.2% (w/v) Commassie Brilliant Blue R250, for 1hr atl RT, then destained for a
minimum of 3x 30 minutes in a 5:7:88 solution of methanol: acetic acid: water. Gels were
either dried down imme.diately under vacuum and exposed to Kodak XS-1 film, or were
enhanced in 3 volumes of En3Hance (New England Nuclear) for 1hr, washed in water for

30 minutes, before being dried under vacuum and exposed for fluorography at -70°C.
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2.2.38. Western blotting .
SDS-PAGE was carried out as previously described (section 2.2.37.) and Western blotting
carried out essentially as described by Towbin (1979). In general two types of protein
sample were used for Western blotting. The first was infected cell proteins which had
been harvested into boiling mix at a density of 107 cells/ml, and the second was small
aliquots of fractions which had been obtained from protein purification columns. After
separation of the proteins, they were transferred onto nitrocellulose using a Bio-Rad
blotting apparatus. The foam pads, sheets of Whatmann 3MM paper and the nitrocellulose
to be used for the transfer were pre-soaked in transfer buffer (192mM glycine, 25mM
Tris.HCl pH8.3, 20% methanol). The gel was placed on top of the nitrocellulose, 3 sheets
of 3MM paper and one foam pad. Three further sheets of 3MM paper and foam pad were
placed on top . The plastic folder was then closed, placed in the transfer kit and blotted at
250mA for a minimum of 3hrs. After this time the nitrocellulose was removed, placed in a
plastic 'tupperware' tub ahd blocked for 2x30 minutes using 2% dried milk in PBS/
complete, 0.05% Tween 20. The nitrocellulose was washed for 3x10 minutes in
PBS/complete, 0.05% Tween 20, 'be;fore addition of the first antibody diluted
appropriately in PBS/complete, 0.05% Tween 20, 1% BSA. Followihg incubation for 2hr
at 37°C or overnight at 4°C or RT the nitrocellulose was washed as before. The second
antibody Protein A coupled to HRP was added at a 1/1000 dilution in PBS/complete,
0.05% Tween 20, 1% BSA and incubated at 37°C for 1hr, after which time the
nitrocellulosev was washed twice with PBS/Tween, and once with PBS alone. To visualize
the proteins, 60ul 4-chloro-1-naphthol was dissolved in a universal of ice-cold methanol
and 60&1 hydrogen peroxide was added to 100ml PBS/complete. These were mixed and
poured into the tub containing the nitrocellulose, from which the wash buffer had been
removed. The tub was covered with tin-foil to exclude light, and checked periodically .
When the reaction was complete the nitrocellulose was washed in dH20 and dried.
In some cases, proteins were visualized using ECL (Amersham) in accordance with the

manufacturer’s recommended instructions.
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2.2.39. Immunoprecipitation of gl.
Infected BHK21/C13 cells on 50mm plates were labelled between 3-7hrs post-infection
with 100uCi/ml [35S] L-methionine in 4ml Emet/5C2. The media was removed, the plates
washed with PBS and the cells lysed by the addition of 1ml extraction buffer (10mM Tris-
HCl, pHS8.0, 10%(v/v) glycerol, 0.5%(v/v) NP40, 0.5%(w/v) sodium deoxycholate)
(Showalter et al., 1981). Extracts were incubated at 40C for 1hr, sonicated and clarified by
centrifugation at 13,000g for 5 minutes in a microfuge.
Extracts (100ul) were incubated with Sul gl mAb or control ascites, at 37°C for 1hr and
for a further 1hr at 49C with 70ul of a 50%(w/v) suspension of protein-A-sepharose in
extraction buffer. Unbound proteins were removed by washing the protein-A-sepharose
beads 3-4 times with 1ml extraction buffer and proteins were subsequently eluted from the

pellet by boiling in sample buffer before separation by SDS-PAGE (section 2.2.37).
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Chapter 3- Characterization and overexpression of RL1.

3.1. Characterization of the HSV-1 strain 17+ neurovirulence locus RL1.
3.1.1. Introduction

In 1986 Chou and Roizman demonstrated that the 'a' scquence contains the promoter-
regulatory region and transcription initiation sites of a gene located in the 'b' region of the
HSV-1 strain F genome. From sequence studies and RNA analysis, they predicted that the
gene encoded a protein of 358 amino acids in size. Using an antipeptide serum raised
against a Pro-Ala-Thr (PAT) repeat, found 10 times in the HSV-1 strain F sequence, they
identified a pr(')lcin of M¢ 43,500 in HSV-1 strain F, but not in HSV-2 or mock infected

cells (Ackermann et al., 1986). No equivalent open-reading framc (ORF) was present in

the published sequence of HSV-1 strain 17+ (Perry and McGceoch, 1988).

~In 1990, Chou and Roizman resequenced the HSV-1 strain F ICP34.5 locus. Their data

now predicted a protein of 263 amino acids in size, but more importantly, their republished
sequence was almost identical to the published sequence of HSV-1 strain 17+, with the
only major difference being a 2bp insert in the strain 17+ sequence relative to the strain F
sequence. The insert resulted in 60% of the strain 171 sequence including the PAT repeat
being out of frame which did not correlate with results which had clearly shown that HSV-

1 strain 17+ carries a neurovirulence determinant at the ICP34.5 locus (Thompson et al.,

~ 1989; MacLean, A. et al., 1991a). It was therefore crucial to resequence HSV-1 strain 17+

in the relevant region in order (i) to resolve this anomaly and verify that HSV-1 strain 17+

~encoded an ORF for ICP34.5, and (ii) to show that lack of 1CPIALS expression alone

results in loss of neurovirulence of HSV-1 strain 17+,

3.1.2. Reinvestigation of the HSV-1 strain 17+ RL1 sequence.

As a prerequisite to any further work on HSV-1 strain 17+ ICP34.5, it was necessary Lo
resequence the HSV-1 strain 17+ RL1 gene. For this purpose, a 1.46kb Alul/Rsal fragment
(np 125074-np 126530; Perry and McGeoch, 1988) encompassing the entire TRL, copy of
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the RL1 ORF, was subcloned into the Smal site of M13mpl8 and single-stranded
templates prepared as described in section 2.2.24. The source of this 1.46kb subfragment
was HSV-1 strain 17+ BamHI k, which had been previously cloned in the vector pAT153.
This BamHI k clone had previously been demonstrated to restore neurovirulence to the
non-neurovirulent variant 1716 (MacLean, A., et al., 1991a). Sequence analysis was

carried out using an oligonucleotide primer (supplied by Mr.A.Dolan) corresponding to
HSV-1 residues 718 to 736 in the TR[, copy of the RL1 ORF (all further sequence
numbers refer to the TRL, copy of RL1). The sequence of interest is shown in figure 3.1..
Because of the high G-C content of this region of the genome the gel shown was run by
Mr.A.Dolan on a sequencing kil designed to maintain the gel at a constant temperature of
800C and so aid in the resolution of compressions and other structural abnormalities which
could not be resolved on a normal gel.

Two differences from the published HSV-1 strain 17+ sequence were found: (i) residue
818 was G instead of C and (ii) more importantly, residucs 823 and 824 were absent.
Correction of the HSV-1 strain 17% scquence to that of the newly sequenced clone at
residues 818 to 824 opens the reading frame proposed by Chou and Roizman (1990)
showing that HSV-1 strain 17% contains an ORF equivalent to that of HSV-1 strain F
(Dolan et al., 1992) (fig.3.2.). This ORF has been designated RL1 (McGeoch et al., 1991)

and was proposed to encode ICP34.5.

Having confirmed that HSV-1 strain 17+ contains a gene, RL1, which encodes an 1CP34.5
homologue, we wished to demonstrate the importance of this protein in ncurovirulence
following intracerebral inoculation of mice. To do this, it was decided to insert an in-frame
stop-codon close to the initiating ATG of RL1 by site-directed mutagencsis using the M13
clone described above as a starting template. Marker transfer of this mutated RL1 into the
HSV-1 strain 17+ genome should result in a variant which is completely non-neurovirulent
following intracerebral inoculation of mice. However, it soon became clear that site-

directed mutagenesis was not the best approach to use, due (o non-specific hybridization of
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Figure 3.1. DNA sequence of the RL1 M13 clone.

An autoradiograph of the DNA sequence of HSV-1 strai:l 17+ RL1, in the region where the
expected frame-shift relative to the HSV-1 strain F sequence occurred. Sequences were
obtained by the dideoxynucleotide sequencing method using T7 DNA polymerase.
Products were fractionated by electrophoresis in a 6% polyacrylamide gel containing 9M-
urea which was maintained at approximately 800C. The sequence refers to the TR, copy
of RLI. The sequence around the variable region described in the text and figure 3.2., is

indicated.
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Figure 3.2. Aligned versions of the ‘frameshifting region’ in the 1CP34.5 coding
sequence |

(A) Original sequence for HSV-1 strain 17+ (Perry and McGeoch, 1988), shown as
residues 814 to 832 of the rightward 5’ to 3’ strand of genomic DNA. (B). Sequence of the
strain 17+ Xhol ¢ and new BamHI k fragment clones. The bases marked in the sequence
gel (fig.3.1.) are highlighted by a bar (—). The alteration of G-to-C at np 818 and more
importantly the absence of CG at np 823 and 824 can be clearly scen in fig.3.1..(C) Strain
F version of the ICP34.5 sequence from Chou and Roizman (1990) with their numbering.
The dots in the second and third sequences represent introduced padding characters.

Differences between successive sequences are underlined and marked by vertical lines.
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the oligonucleotide to the HSV-1 sequences within the starting template, and an alternative

approach, described below, was adopted.

3.1.3. Construction of the recombinant plasmid pEA10.

The 1.46kb Alul/Rsal sub-fragment of HSV-1 BamHI k, which had been cloned into M13
for sequencing was also cloned into the Smal sitc of pGEM 3zf(-), to producc the
recombinant plasmid pGEM34.5 (fig.3.3.).

The RL1 gene contains a unique Ncol restriction enzyme site which contains the initiating
ATG of the gene and ~95bp downstream from this there is a unique BsSEH restriction
enzyme site. The plasmid, pGEM34.5, was digested with Ncol and BStEIT (recognition
sites for these enzymes are not found in pGEM 3z((-)) and a synthetic double-stranded
oligonucleotide was cloned in (fig.3.4.). This oligonucleotide had overhangs
complementary to BstEII and Ncol restriction enzyme sites and was identical to the RL1
sequence with the exception of a 6bp inscrt which introduced an in-frame stop-codon in
the ICP34.5 ORF leading to the potential production of a truncated protein of 4 amino
acids. The insert also contained a recognition site for the restriction enzyme Xbal, so that
recombinant plasmids and viruses could be easily identified.

To ensure that the stop-codon in pEA.10 was in the correct place a fragment of
approximately 760bp in size which ran from the EcoRI site in the polylinker of pGEM
3zf(-) to the unique BstEII site at the 5' end of RL1 was cloned from pEA.10 (fig 3.3.).
The fragment was blunt-ended and cloned into the Smal site of M13mp18, and scquenced
using the universal M 13 primer (section 2.2.25.) to confirm the position of the stop-codon
relative to the initiating ATG of the gene. 'The sequence ol the plasmid pEA.10 in the
region around the initiating ATG of RL1 is shown in fig.3.5.. The fragment was inserted
into the vector in an orientation such that the BstEll site is adjacent to the M13 universal

- primer hybridization site. Thus the non-coding strand of RL1 is read. The positions of the
!
I

- 6bp insert and initiating ATG (CAT as the non-coding strand is being read) of the gene are
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Figure 3.3. Construction of pGEM34.5
A 1.46kb Alul/Rsal fragment (np 125074-np 126530) was isolated from the plasmid
pBamk. This was cloned into the Smal restriction enzyme site, in the multicloning site of

pGEM 3zf(-), creating the plasmid pGEM34.5.
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Figure 3.4. Sequence of the synthetic double-s'lranded oligonucleotide used to
construct pEA.10.

pGEM34.5 was digested with Ncol and BstEll and a synthetic double-stranded
oligonucleotide was cloned in. This oligonucleotide had overhangs complementary to
BstEII and Ncol restriction enzyme sites as indicated and was identical to the RL]
sequence except that it contained a 6bp insert (underlined in bold ) which introduced an in-
frame stop-codon in the RL1 ORF and contained a recognition site for the enzyme Xbal

(T’CTAG_A). The initiating ATG and inserted stop-codon ar¢ marked with a bar (—).



Ncol 'sticky ends’
5" C-ATG-GCC-CGC-CIC-TAG-A GC-CGC-CGC-CAT-CGC-GGC-CCC-CGC-CGC-
3 CGG-GCG-GAG-ATC-TCG-GCG-GGG-GTA-GCG-CCG-GGG-GCG-GCG-

CCC-CGG-CCG-CCC-GGG-CCC-ACG-GGC-GCC-GTC-CCA-ACC-GCA-CAG-TCC-
GGG-GCC-GGC-GGG-CCC-GGG-TGC-CCG-CGG-CAG-GGT-TGG-CGT-GTC-AGG-

CAG 3' (91 mer)
GAC-CAT-TG 5' (92 mer)
BstEIl 'sticky ends’



Figure 3.5. DNA sequence of pEA.10 in the region of the initiating ATG of RL1.

A BstEII/EcoRI subfragment of pEA.10 containing the 92bp replaced sequence was
purified, blunt-ended and cloned into the Smal site of M13mpl8. It was then sequenced
using a M13 universal primer to confirm the position of the 6bp inscrt relative o the
initiating ATG (CAT as the non-coding strand is being read) ol the gene. The cnlire
sequence of the 92bp oligonucleotide was identical to the wild-type sequence with the
exception of the 6bp insert. This gcl shows the sequence of the non-coding strand.

The sequence of the non-coding strand is rcad here, thus the 3’ end of RL1 is at the bottom

of the gel and the 5’ end at the top.
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indicated, confirming correct inscrtion of the stop codon. The remainder of the gel shows

that the oligonucleotide insert is identical to the wild-type sequence which it has replaced.

3.1.4. Construction of a HSV-1 strain 17% variant, 1771, containing a stop codon at
the start of RL1.

The plasmid, pEA.10, was linearised for transfection by digestion with the restriction
enzyme BamHI which cuts once in the multi-cloning site of the vector and was transfected
onto BHK21/C13 cells with intact HSV-1 strain 17+ DNA as described in section 2.2.17..
Onc hundred and forty-four single plagques were isolated and analysed by preparation of
32p labelled viral DNA (section 2.2.19.). DNA from cach plaque isolate was screened by
digestion with the restriction enzyme Xbal. Recombinant virus will contain 2 extra Xbal
restriction enzyme sites, one 51 1bp from the L terminus and the second 511bp {rom the L-
S junction. (fig.3.6.). This will result in digestion of the 0.5M g and d bands to IM bands,
g’ and d’, 511bp smaller than the respective wild-type bands and 2, ().5M bands each of
511bp. The corresponding L-S junction fragments disappear being digested into the IM
bands g’ and d’ and 2 new equivalent 0.5M bands g’ and b’, [S]+ 51 1bp, running between
¢ and ¢ (see fig.3.7.). Due to the large size of the fragments, these alterations, with the
exception of the loss of g will not significantly alter the Xbal profile. Because mixced
plaques would not result in the loss of the g band it became obvious that the use of Xbal
alone was not the best choice for analysis of potential recombinants. As no positive clones
were identified from the first 144 plaque isolates , the transfection was repeated. This time
DNA from plaque isolates was double-digested with Xbal and Bamlbll where recombinamt
virus will have a more obvious restriction enzyme profile.

Digestion of HSV-1 strain 17+ with BamHI and Xbal gives esscntially a BamHI
restriction enzyme profile with the following minor alterations: BamHI ¢ is cleaved into 2
fragments, 1 of 7728bp (e°)which runs just below BamHI g and another of 1185bp which
runs between BamHI ¢’ and d’. BamHI i is cleaved into 2 fragments, | of 6059bp

(i®)which runs between j and k and another of 581bp which runs between j" and k. In
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Figure 3.6. Position of the Xbal restriction enzyme sites in the genome of 1771.

This figure shows the HSV-i strain 17t genome in the prototype orientation (A). The
wild-type Xbal restriction enzyme sites are marked and the two additional sites which have
been introduced into the 1771 genome are indicated (X). (B) Hpal map of HSV-1. (C)'

BamHI map of HSV-1. The dotted vertical line indicates the position of the L-S junction.






Figure 3.7. Xbal restriction enzyme profile of 1771.

Autoradiograph of Xbal DNA digest of HSV-1 strain 17+ and variant 1771 with 2 exta
Xbal sites 511bp from the L terminus and L-S junction. Novel bands are designated by e
letter of the band from which they were derived plus a prime symbol. Lanes are labelled at
the top of each track.

The most obvious difference between the 2 digests is the loss of Xbal a in 1771 (indicaud

by an arrow).
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addition BamHI i’ and Bam HI b’ are cleaved into 2 fragments (107+555bp and
921+392bp respectively), but these alterations can not be secn on the 0.8% agarose gels
uscd.

Digestion of a recombinant containing. the additional Xbal sites at np 511 and np 125850
with BamHI and Xbal gives a similar profile, except that, because of the additional Xbal
site, BamHI § is digested into 2 bands of 511bp and 2391bp (s’). The s containing L-S
junction BamHI k is digested to give 2 fragments, one which is also 2391bp in size and the
other, the new L-S junction, which is 3598bp (q’) in size and migrates above BamHI g.
One such isolate was identificd (fig.3.8.) and its structure confirmed by Southern blotling a
BamHI/Xbal digest, using random primed BamHI k as a probe (fig.3.9.). Confirmation of
the correct Xbal profile (see above) was also determined (fig. 3.7.)

This isolate, which was designated 1771 was plaque-purified a further 3 times before

growing a stock

3.1.5. Western blotting confirms that 1771 does not produce 1CP34.5.

Confirmation that 1771 does not produce ICP34.5 was provided by Western blotting (lig
3.10.).

Three wild-type HSV-1 strain 17 and 3 1771 plaque isolates were isolated at random,
protein extracts prepared from infections with cach of the plaques and Western blotted
(section 2.2.38.). ICP34.5 production was assayed using the polyclonal antiserum against
ICP34.5 (scction 3.3.5.) at a I/15 dilution, ICP34.5 was detected in wild-type HSV-1
strain 17% infected cell extracts, whercas 1CP34.5 was absent in cells which had been
infected with 1771, This conlirmed the sequencing data that the stop-codon had been

inserted in-frame in thc RL1 ORF.
3.1.6. Neurovirulence of 1771
The neurovirulence of 1771 was determined by estimation of its LD5( value in BALB/c

mice compared to the wild-type parental HSV-1 strain 17+ and the RL1 deletion mutant
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Figure 3.8. BamHV/Xbal restriction enzyme profile of 1771.

Autoradiograph of BamHI/Xbal digest of viral DNA. 1771 contains two novel Xbal sites
511bp from the L terminus and L-S junction. Missing bands arc designated (*). Novel
bands are indicated (») and are designated by the letter of the band from which they were
derived plus a prime symbol (‘). The largest bands produced following digestion of BamHI
e and i with Xbal are designated e° and i° respectively. Lancs are labelled at the op of cach

track.
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Figure 3.9. Southern blot of 1771 using wild-type HSV-1 strain 17+ BamHll k as a
probe.

Autoradiograph of a Southern blot in which wild-type HSV-1 strain 17+ BamHI k was
labelled by random priming and used as a probe. The DNA was digested with BamHI and
Xbal and the fragments separated on a 0.8% agarose gel. Lanes are labelled at the top of’
each track.

Digestion of 17+ with BamHI/Xbal gives an identical profile to that scen with BamHI
alone, namely detection of k, g and g, On digestion of 1771 with BamHI and Xbal, BamH]I
k disappears and two novel bands appear; one migrates 511bp above BamHI ¢ ( ¢’) and the
other migrates 511bp below g (s’ ). In addition BamHI g is cleaved into 2 fragments, one of
511bp, which cannot be detected on the percentage gel used and the other g’.

The presence of additional ‘a’ sequences in the novel L-S junction leads to the laddering
above g’. This is a consistent finding with L-S junction fragments (Davison and
Wilkie,1981). The background band running above BamHI k in both 17+ and 1771 is

consistently seen when probing BamHI digests with BamHI k (MacLean, A., et al., 1991).
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3.10. Western blot analysis of 1771.

Detection of ICP34.5 by Western blot analysis, using the polyclonal antisemm (at a
dilution of 1/15) which had been raised against the E.coli -expressed ICP34.5. Molecular
weight markers in (kDa) and the position of ICP34.5 are shown on the right land side.

Lanes are labelled at the top of the gel.

In HSV-1 strain 17+, ICP34.5 corresponds to a band of 37kDa in size. '
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1716. Twenty-five ul aliquots of different doses of strain 17+, 1771 and 1716 were
inoculated into the left cerebral hemisphere of 3-week old BALB/c mice. Dcaths from
encephalitis were scored up o 21 days post inoculation and the results are shown in table
3.1. The wild-type parental HSV-1 strain 17+ was inoculated at doses of 101 and 102
p.f.u/mouse. At a dosc of 102 no mice survived, whereas, at a dose of l()l, there were 2
surviving mice giving a LD5( value of 10 p.f.u/mouse. The RL1 deletion variant 1716
was inoculated at doses of 103 and 100 p.f.u./animal. As anticipated, (MacLean, A. et al.,
1991a) no animals died at any of the doses, giving a LD5() value of >100 p-f.u./animal.
The recombinant virus 1771 did not produce 1CP34.5, as demonstrated by Western
blotting (scction 3.1.5.), it was thercfore anticipated that this mutant would be essentially
non-neurovirulent compared to the wild-type virus, HSV-1 strain 17 and was thus
inoculated at doses of 10> and 100 p.f.u/mouse. At these doses no animals died, giving a

LDs( value of >106 p.f.u./animal ,the same as 1716.

3.1.7. Growth of 1771 in vivo.

The HSV-1 strain 17+ variant 1716, and the HSV-2 strain HG52 variant JH2604 have
been shown to bé non-neurovirulent following intracerebral inoculation of mice, duc o an
apparent failure to replicate in mouse brain (Taha et al., 1989a, MacLcan, A. et ul., 1991a)
and, in the case of JH2604, failure to produce necrotizing encephalitis (Taha er al., 1990).
To determine if this inability to replicate was due solely to a failure to produce ICP34.5,
the in vivo growth properties of 1771 werc examined. Samples of strain 17+ (102 p.f.u)
and 1771 (103 p.f.u.), were separately injected into the left cerebral hemisphere of 3-weck
old BALB/c mice. Al various limes post-inoculation, two mice per virus were killed, their
brains removed, homogenized and sonicated in PBS/calf. The final volume was recorded,
before storing at -700C. The virus titre in gach brain was calculated separately and the
mcan obtained. On day 5, only | mousc inoculated with HSV-1 strain 17% was alive.
Thus, the HSV-1 strain 17 day 5 timepoint represents the titre of virus from only | animal.

The final titres (fig.3.11.) were calculated as p.f.u./mouse. The parental HISV-1 strain 17+
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Table 3.1. Neurovirulence of 1771 following intracerebral
inoculation of 3-week old BALB/c mice.

ose 1 2 3 4 5 6 [LDSO (p.Lus
virus 10 {10 |10 |10 | 10 | 10 |mouse)
+ *|
17 214 [14/4 | ND | ND | ND | ND 10
(§
1716 ND|ND|ND|ND | ora | osa S10
Q)
1771 ND | ND | ND | ND | 014 | /4 >10

*no. of deaths/no. injccted
ND= not done.




Figure 3.11. In vivo growth of 1771

The replication kinetics of HSV-1 strain 17+ and 1771 were examined in vivo..Three weck
old BALB/c mice were inoculated intracerebrally into the left cerebral hemisphere with
102 (HSV-1 strain 17+) or 105 (1771) p.f.u/mouse in 25ul PBS/calf. At the times
indicated post inoculation 2 mice/timepoint were sacrificed (except for HSV-1 strain 17+
at day 5- where only 1 mouse had survived) their brains removed, homogeniscd and the
resulting homogenate titrated for virus on BHK21/CI3 cells. Titres are expressed as
p-.f.u/mouse. Each timepoint represents the mean titre of two animals (except HSV-1 strain

17% at day 5, which represents only 1 animal).
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Figure 3.12 (a). One-cycle growth curve of 1771

The one-cycle growth characteristics of 1771 were compared to wild-type strain 17+ on
BHK21/C13 cells. Cells were infected at a multiplicity of 10 p.f.u./cell, and following
absorption at 370C for 1hr, the monolayers were washed twice with PBS/call , overlaid
with ETC10 and incubation continued at 379C. Plates were harvested at 0, 2, 4, 6, 8, 12

and 24hrs post-infection and titrated on BHK21/C13 cclls.



cells

pfu/10

10 20

hrs post infection

1771

30



Figure 3 12 (b). Multi-cycle growth curve of 1771.

The multi-cycle growth characteristics of 1771 were compared to the wild-typc parental
strain 17+ on BHK21/C13 cells. Cells were infected at a multiplicity of 0.001 p.f.u./cell,
and following absorption at 379C for lhr, the monolayers were washed twice with
PBS/calf and incubation continued at 379C. Plates were harvested at 0, 2, 4, 6, 12, 24, 36,

48 and 72 hrs post-infection and titrated on BHK21/C13 celis.
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titre rose rapidly following intracercbral inoculation, reaching a titre of 1x|1 00 p.f.u/animal
by day 4-5. In contrast, no replication was detectable in 1771 inoculated animals and the
input virus was rapidly clearcd until by day 3 post-inoculation there was no detectable

virus (<10p.f.u.).

3.1.8. Growth of 1771 in vitro.

Analysis of the in vitro growth characteristics of 1771 relative to wild-type HSV-1 strain
17+ was carried out on BHK21/C13 cells. Cells were infected with either 10 p.L.u./cell
(one-cycle growth experiment), or 0.001 p.fu/eell (multi-cycle growth experiment) of
HSV-1 strain 17% and 1771. At various times post-infection plates were harvested and
virus titres calculated by titration on BHK21/C13 cells.

As can be seen from figure 3.12., 1771 grew identically to the wild-type virus in both one-

cycle (fig.3.12a.) and multi-cycle growth experiments (fig.3.12b.).

3.1.9. Marker rescue of the lesion in 1771.

To show that neurovirulence could be restored to 1771 by rescuing back the wild-type
RL1 gene, rescuants were produced by the method of in vivo marker rescue (section
22.17)

To produce a revertant of 1771 (1771R) lug 1771 DNA was transfected onto BHK21/C13
cells with 1-, 10- and 100- fold molar ralids of the wild-type BamHI k fragment,
containing RL1. After 2-3 days, the plate in which c.p.c. was most extensive was
harvested and 25ul of 10-L and 10-2 dilutions (upproXimalely 104 10 109 p.fu.) injected
intracerebrally into groups of 4, 3 week old BALB/c mice. Four to six days post-
inoculation, most of the mice began Lo show signs of neurological disorder (ruffled fur,
hunched back, tendency to sit alone, lack of interest in food). At this point they were killed
to prevent any further unnecessary suffering and their brains removed. The brains from 2
mice were homogenised in PBS/calf, titrated on BHK21/C13 cells and single plaques

isolated. Small scale stocks of virus were grown in Linbro wells and 32P labelled DNA
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prepared and analysed as has been previously described (section 2.2.19.). One isolate with
a wild-type restriction cnzyme profile was chosen (data not shown). Three further rounds
of plaque purification took place before growing up a virus stock. A parallel control
experiment was carried out using virus from a transfection carricd out with 1771 DNA

alone. In this case no mice died.

3.2 Construction of a HSV-1 strain F ICP34.5 deletion variant.

3.2.1. Introduction.

In an attempt to detect ICP34.5 from HSV-1 strain 171 infected cells, antisera were raised
against peptides corresponding to diffcrent regions of the predicted RL1 open reading
frame encoded protein (fig 3.13.). Until recently (MacKay et al., 1993), none of these
peptide antisera were successful in identifying ICP34.5 in HSV-1 strain 17+ infected cell
extracts , although one directed against a tenmer of the PAT trimer repeat strongly
recognised ICP34.5 in HSV-1 strain F infected cell extracts. To conflirm the specilicity of
this antiserum, to show that loss of ICP34.5 correlated with a loss of ncurovirulence and to
help study cellular localization of ICP34.5, we decided to construct a HSV-1 strain F

mutant with a deletion in RL1.This mutant will subsequently be referred to as FL1.

3.2.2. Construction of F11.

Construction and characterization of the HSV-1 strain 17+ RLI1 deletion mutant 1716 has
been previously described (MacLean, A, et al., 1991a). Dideoxynucleotide sequence
analysis of this mutant revealed that it was deleted by 759bp in both copies of the long
repeat region of the genome (fig.3.14.). The deletion removes one complete copy of the
18bp DR1 element of the 'a’ sequence and terminates 1105bp upstream [rom the 5" end of
IE gene 1. The novel L-S junction fragment BamHI k of 1716 has previously been cloned
into pGEM 3zf(-) using standard procedures (Manialis et al., 1982) and was supplied by

Dr.A. MacLean. The RL1 deletion from 1716 was marker transferred to HSV-1 strain F by
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3.13. Antisera raised against peptides from HSV-1 RL1.

Antisera were raised against synthetic oligopeptides from 7 different regions ol the
predicted RL1 encoded protein in an attempt to detect HSV-1 strain 17+ ICP34.5. The
amino acid sequences of these peptides are listed in the table. Their position in relation to
the RL1 OREF are indicated in the diagram underneath. Only one, which was raised against
a tenmer of the PAT repeat detected ICP34.5 in HSV-1 strain F and HSV-1 strain 17+
infected cell extracts (MucKay etal, 1993). 1B (Br.212) and 2A (L..211) also recognised
E.coli -expressed ICP34.5 (fig.3.23) although they did not detect ICP34.5 in HSV-|

infected cell extracts. No sera recognised an ICP34.5 homologue in HSV-2 strain HG52.



Antipeptide sera Sequence Sera tested and result (2)
HSV-1 strain F HSV-1 strain 17

1A YAARLARRGSWARE - -

1B (YAARLARRGSWARE)gK7A - -
2A YEAVIGPCLGPEAR - -
2B (YEAVIGPCLGPEAR)gK7A - -
3Ad [(PAT)7]gK7A - -
3B¢ [PAT )718K7A +- b -
4 (ATP)10C + : +C
5 (ARARALARGAGPANSV)gK7A - -
6 (MARRRRHRGPRRRPRP)gK7A - ND
7 (PGPTGAVPTAQSQVT)gK7A - ND

a) tested in Western blots and immunoprecipitation.

b) faint, the better of the two sera works at 1:10 dilution on Western blot only.
c) these antisera recognise HSV-1 strain 17+ ICP34.5 by Western blot only.
d) these antisera was raised in Half Sandylop rabbits.

e) these antisera were raised in New Zealand White rabbits.

1 2
6 7 34 I I l
——l_l I 5
: AT(10 ‘
NH 3 r COOH
' HSV-1 strain F
. . _ 263a.a.
5 amino acid substitutions
conserved region
NH | :PAT(S)

I ’ { COOH

HSV-I strain 17+
248a.a.



Figure 3.14. Construction of F11, 1716a and F11a.

(A) HSV genome in the inverted long (IL) orientation. (B) An enlargement of Bam HI k.
The DRI element of the ‘a’ sequence, RL1, RL2, Alul (A) BamHI (B) and Dral (D)
restriction enzyme sites are marked. The position of the Alul/Dral fragment used as a
probe in fig.3.18 is indicated below the line, as is the deletion in 1716/F11. (C) The
1716/F11 deletions were rescued using Xba I g. The dashed line is used to indicate that the

Xba I g extends beyond the Bam HI site shown.
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co-transfection of intact HSV-1 strain F DNA with 1716 BamHI k, linearized by digestion
with Xbal which cuts in the vector multi-cloning site. Single plaques were isolated and
posilive clones identified by restriction enzyme analysis of 32P Jabelled viral DNA.
Plaque isolates were first screened by looking for a deletion in the terminal fragment Xbal
g (fig.3.6., 3.15). The deletions in the much larger terminal fragment Xbal d and L-S
junction fragments a and b are not obvious. Six positive clones were identified one of
which was designated the prototype F11.. Confirmation that the deletion in F11 was in the
correct region of Xbal g was provided by finc mapping with several other restriction
cnzymes. For later analysis 2 wild-type HSV-1 strain F plaque isolates were also chosen
and analysed by restriction endonuclease digestion to show they had no obvious genomic
alterations.

Figure 3.16. shows the Hpal restriction enzyme profile of FI1. Hpal 1 is missing and a
novel band is observed, running just below Hpal m. Because of site alterations Hpal 1 of
HSV-1 strain F corresponds to Hpal m of HSV-1 strain 17+. Again the deletions in the L-
S junction fragments g and d are not obvious. The size of the deletion in Hpal Lof FI'1 and
Hpal m of 1716 as expected is the same.

The BamHI restriction enzyme profile of F11 is shown in [ig.3.17. In this case the most
noticable difference between the mutant and wild-type virus is the loss of the L-S junction
fragment BamHI k and the appearance ol a novel band corresponding o a deleted k which
runs just above BamHI L. Bands running just above BamHI k and the novel k are due to
the presence of additional ‘a’ sequences. The L terminal fragment BamHI g is also missing
and is replaced by a novel band corresponding to deleted § which co-migrates with the y/y
doublet. BamHI g and k of HSV-1 strain F have a slightly higher My than those of HSV-1
strain 17+, (Refer to fig.3.6. for Hpal and BamHI restriction enzyme maps of HSV-1 strain
17%).

F11 was plaque purified a further 3 times before growing up a virus stock. The two wild-
type isolates - F26 and F120 - were also plaque purified 3 times prior (o ﬁrcparalinn of

virus stocks.
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Figure 3.15. Xba I restriction enzyme profile of F11. |
Autoradiograph of Xba I digest of viral DNA. F26 and F120 are plaque-purified wild-type

strain F isolates; F11 is the strain F ICP34.5 deletion mutant. Missing bands are designated

(*). Novel bands are indicated by an arrowhead, and are designated by the letter of the

band from which they were derived plus a prime symbol ('). Lanes are labelled at the top of

each track.
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3.16. Hpal restriction enzyme profile of IF'11.

Autoradiograph of Hpal digest of viral DNA. F26 and F120 are plaque-purificd wild-type
isolates; F11 is the strain F ICP34.5 deletion variant. Missing bands are indicated byan
arrowhead. Novel bands are marked (e). HSV-1 strain F bands are labelled on the left-hand
side and HSV-1 strain 17+ bands are labelled on the right-hand side. Lanes arc labelled at

the top of each track.
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Figure 3.17. BamHI restriction enzyme profile of FF11.

Autoradiograph of a BamHI digest of viral DNA. F26 and F120 are plaque-purilied wild-
type isolates; F11 is the strain F ICP34.5 deletion variant. Missing bands are indicated by
an arrowhead. Novel bands are marked (®). HSV-1 strain 17+ bands are marked on the
left-hand side, and HSV-1 strain F bands are marked on the right-hand side. Lancs arc

labelled at the top of each track.
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3.2.3 Detection of RL1 by Southern Blotting.

Confirmation that F11 and 1716 did not contain RL1 coding sequences was [urther
provided by Soﬁlhem blotting HSV-1 DNA digested with Alul and Dral (fig.3.18.). A gel-
purified Alul/Dral sub-fragment of HSV-1 strain 17+ BamHI k (np 125074-np125989)
(fig.3.14.) which encompasses the entire RL1 ORF was used as a probe. th0 strain 17+
RL1 containing Alul/Dral fragment is smaller than that of HSV-1 strain F and the HSV-1
strain F isolates F26, F120 and F11R (scction 3.2.5). This is in agrecment with the smaller
size of RL1 which leads to a lower My protein product (MacKay et al., 1993). As expected
F11 and 1716 do not hybridize to the Alul/Dral probe confirming they lack the RLLT ORFE,

Recombinants 1716a and F11la are discussed in 3.2.5..

3.2.4. Neurovirulence of F11.

Experiments to determine the neurovirulence of F11 compared Lo its parent HSV-1 strain
F, HSV-1 strain 17t and 1716, by estimation of their LD5() valucs in BALB/c mice were
carried out. Twenty-five ul aliquots of F, FI11 17+ and 1716 were inoculated into the left
cerebral hemisphere'of BALB/c mice. Deaths from encephalitis were scored up to 21 days
post- inoculation and the results are shown in table 3.2.. HSV-1 strain F and strain 17+ had
LDs( values of <102 p.f.u/animal. However, nonc of the mice injected with cither 1716
or F11 died even with an inoculum as high as 107 p.f.u/mouse, giving a LDs() value of
>107 p.f.u/mouse. It has previously been shown (MacLean, A, er al., 1991a), that the non-
neurovirulent phenotype of 1716 is caused by its inability to grow, when injected
intracerebrally into the mouse brain. As F11 contains exactly the same deletion in its
genome, it would be reasonable to assume that it also is unable to replicate when injected

intracerebrally into the mouse brain and hence is unable to cause encephalitis.
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3.18. Detection of RL1 by Southern blotting

HSV-1 DNA of wild-type and recombinant viruses was digested with Alul/Dral and
fragments separated on a 1.2% agarose gel. RL1 coding sequences were detected using a
random primed Alul/Dral (np 125074-np 125989) sub-fragment of HSV-1 strain 17+
(fig.3.13.)- Molecular weight markers are on the left-hand side. Lancs arc labelled at the
top of each track. The position of the Alul/Dral fragment hybridizing to the probe is

indicated by an arrow.
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Table 3.2. Neurovirulence of F11 following intracerebral
inoculation of 3-week old BALB/c mice.

dose

6

7 ILD5O(p.L.u./

Virus 10 10 7 107 10 10 10 TOUSE)
+ 2

17 44 | 44 | ND | ND | ND | ND <10
;

1716 ND | ND | ND | 0/4 | 0/4 | 0/4 >10
2

F 44 | 444 | ND | ND | ND | ND <10
7

F11 ND | ND| ND | /4 | 74 | 0/4 >10

* no. of deaths/no. injected.
ND= not done.




Results

3.2.5. Marker rescue of the lesion in F11.

To show that neurovirulence could be restored to F11, by rescuing the RL1 gene, wild-
type rescuants were produced by in vivo marker rescue as described in section 2.2.27¢.,
except that to produce the Fl1 rescuant (F1IR), lug F11 DNA was transfected onto
BHK21/C13 cells with 1-, 10- and 100- fold excess amounts of the wild-type HSV-1 strain
F Xbal g restriction enzyme fragment, which contains the intact RL1 gene. After 2-3 days
the plate in which c.p.e. was most extensive was harvested and serial 10-fold dilutions
made. The 10-1 and 10-2 dilutions (containing approximately 104-105 p.l.u. ) were then
injected intracercbrally into groups of 4, 3-week old BALB/¢ mice. When the mice died
the brains from 2 were homogenised in 1ml PBS/calf, single plaques isolated and 32P
labelled viral DNA prepared and analysed. One isolate with a wild-type profile (ligs.3.15.-
3.18.) was chosen for further plaque purification, before preparation of a stock.

MacKay et al. (1993) have previously observed, using an antiserum raised against a
tenmer of the PAT repeat contained in the 1CP34.5 sequence, a significant difference (530
fold) between the sensitivity of detection of 1CP34.5 of HSV-1 strain ¥ compared to HSV-
I strain 17+, This could be due to different antibody alfinitics for ICP34.5 of the 2 strains,
or different levéls of protein accumulation in infected cells. I[ the result of a differential
level of accumulation it could be due to cither a ¢is -acting effect of the RLLT sequence (eg.
enhanced expression or polypeptide stability) or a trans -acting effect of other virus
proteins. In an attempt to at least partially answer this question, 2 other recombinant
viruses were also produced using the method of in vivo marker rescue (fig.3.14.).

Flla was gencrated by co-transfecting FIT DNA with a HSV-1 steain 17 fragment (Xbal
&) spanning the RLI gene and isolating a plaque isolate with a wild-type DNA profile.
Similarly, 1716a arose from a cotransfection of 1716 DNA with the same HSV-1 strain F
fragment (Xbal g) used to construct FI IR. So, essentially, Flla has a strain F background,
but contains the strain 17+ RL1 promoter and coding sequences, whercas 1716a contains
the strain F ICP34.5 promoter and coding sequences in a strain 17+ background. The

profile of these recombinants was analysed by restriction enzyme analysis and Southern
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blotting. Figureli 3.18 shows a Southern blotol 1716 and Flla digested with Alul/Dral and
probed with the appropriate random primed Alul/Dral fragment (fig.3.14.). As cxpected
the RL1 coding fragment is detected.

The question of diffcrential detection of ICP34.5 of HSV-1 strain F compared to HSV-1

strain 171 will be referred to again in a later section (3.3.7.)

3.2.6. Neurovirulence of 1716a and Flla

Experiments to confirm that a wild-type phenotype had been restored to 1716a and Flla
through recombination with RL1 sequences from HSV-1 strain F and HSV-1 strain 17+
respectively were carricd out by estimation of their LDsq) values in BALB/c¢ mice (lable
3.3). It was anticipated that both 1716a and Flla would be neurovirulent following
intracerebral inoculation of mice. In our laboratory we routinely find that the LD5( value
of mice injected with HSV-1 strain F is around 10-fold higher than that of mice injected
with HSV-1 strain 17+, therefore, Flla, which has a HSV-1 strain FF background was
injected at dosés of 102, 103 and 104 p.f.u./mouse, whercas 1716a, which has a HSV-1
strain 17+ background was injected at doses of 101, 102 and 103 p.f.u/mouse. However,
both 1716a and Flla had similar LD5( values of 3x102 and 102 p.[.u./animal
respectively, although these were slightly higher than the value obtained for HISV-1 strain
17* (7 p.f.u./animal). In this experiment 4 animals were injected with TISV-1 strain F at a
dose of I()2, however none of the animals died. Subsequent titration of the virus inoculum
revealed that only 101 p.f.u. had been injected per animal. 1t has previously been found in
our laboratory (Dr L. Robertson, personal communication) that this dose of HSV-1 strain
F is not consistently lethal for mice, which has a LD5( value between 1ol - 102

p.f.u./mouse.
3.2.7. Latency characteristics of F11.
The ability of F11 to reactivate from latency was examined using the mouse footpad

model previously described by Clements and Subak-Sharpe (1983, 1988). Groups of 4, 4
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Table 3.3. Neurovirulence of 1716a and F11a following
intracerebral inoculation of 3-week old BALB/c mice.

0se 1 2 3 4 D50 (p.L.u/]
virus 10 10 10 10 nouse)
+ *
17 34 | 44 | ND | ND 7
2
Flla ND | 174 | 4/4 | 4/4 3x10
2
1716a 0/4 | 2/4 | 4/4 | ND 10
1
F /4 ND | ND | ND >10

*no. of deaths/no. injected

ND= not done.
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week old BALB/c mice were inoculated in the right rear footpad with varying doses of F,
F11, 1716 and 17% and were monitored daily for signs of illness or death. Six weeks post
inoculation, mice were killed and the 9 ipsilateral ganglia supplying the footpad screened
as described in section 2.2.29d.. The results are summarised in figure 3.19.

At a dose of 105 p.f.u/mouse, HSV-1 strain 17+ was found to be the most efficient at
reactivating from latency, with a maximum frequency of ~55% explanted ganglia
;eactivating by 8 days post explant. Comparatively HSV-1 strain F showed poor
reactivation when injected at an equivalent dose- reaching a maximum reactivation
frecquency of ~14%, 9 days post explantation (fig. 3.19a.). Because of this difference in
reactivation frequency between the parental wild-type viruses 17+ and F, it was considered
more valid to comparc FI1 with F and 1716 with 17+,

Taking this into account, F11 did not show any significant difference in reactivation
kinetics compared to HSV-1 strain F. At a dose of 103 p.f.u., F11 rcached a maximum
rcactivation frequency ol ~7.5%, 10 days post explantation. The reactivation frequency
was found to be dose dependent. When injected at a dose of 100 p.f.u., 111 reached a
maximum reactivation frequency of ~10% 9 days post explant, and al 107 p.l, reached a
maximum ol 25% & days post explant. Similarly, the rcactivation of 1716 from latency is
dose-dependent (Robertson er al.,, 1992). As has been previously shown, 1716 was
impaired (15% at a dose of 107 p.f.u./animal) in reactivating from latency compared (o the
wild- type virus (55% at a dosc of 103 p.f.u./animal) HSV-1 strain 17+ (fig. 3.19a.)
(Robertson et al., 1992). In fig. 3.19a. the rcactivation characteristics of F, F11, 17% and
1716 at the highest doses of each inoculated are comparcd. In fig. 3.19b., the dosc

dependent reactivation frequency of F/ F11 is shown.

3.2.8. In vitro growth characteristics of F11.
Analysis of the in vitro growth characteristics of the HSV-1 strain F variant F11 and the
rescuant F11R was carricd out on BHK21/C13 cells, using HSV-1 strain 171 and 1716 as

controls. In both one- cycle (fig. 3.20(a).) and multi-cycle (fig.3.20(b).) growth
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3.19. Latency characteristics of F11.

The latency characteristics of F11 were examined using the mouse (votpad model. Groups
of 4, 4-week old BALB/c mice were inoculated in the right rear footpad with varying doscs
of HSV-1 strain F, F11 1716 and HSV-1 strain 17+, Six weeks post-inoculation, mice were
killed and the 9 ipsilateral ganglia supplying the footpad removed and screened cvery
second day for the presence of infectious virus. The frequency of ganglia reactivating at
cach time-point was calculated as a percentage of the total number of ganglia explanted,
for each virus at each dilution.

(a). This shows the reactivation frequency of each virus at the highest dose used (1 05 p.fu.
HSV-1 strain F and HSV-1 strain 17+; 107 p.L.u. F11 and 1716).

(b). The dose dependent rcactivation of HSV-1 strain F and F11.
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Figure 3.20 (a). One-cycle growth curve of F11

One-cycle growth experiments of HSV-1 strain 17+, 1716, the wild-type rescuant FI IR
and F11 were carried out in BHK21/C13 cells. Cells were infected at a multiplicity of 10
p.f.u/cell, and following adsorption at 370C for lhr, the monolayers were washed twice
with PBS/calf , overlaid with ETC10 and incubation continued at 379C. Plates wcre’

harvested at 0, 2, 4, 6, 8, 12 and 24 hrs post-infection and titrated on BHK21/C13 cells.
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Figure 3.20 (b). Multi-cycle growth curve of F11

Multi-cycle growth experiment of HSV-1 strain 17+, 1716, the wild-type rescuant F1IR
and F11 were carried out on BHK21/C13 cells. Cells werc infccted at a multiplicity of
infection of 0.001 p.f.u./cell, and foliowing adsorption at 379C for 1hr, the monolayers
were washed twice with PBS/calf and incubation continued at 370C. Plates werce harvested

at 0, 2, 4, 6, 12, 24, 48 and 72hrs post-infection and titrated on BHK21/C13 cclls.
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Results

experiments 17 and 1716 grew identically as expected (MacLean, A, et al., 1991a). F11
showed no significant impairment in growth compared to the wild-type rescuant F11R,
although in the one-cycle growth experiment FLI had an extended lag phase This extended
lag phase was not cvident in the multi-cycle growth experiment. Both F and F11 reached
final titres apprdximalely 10- fold higher than that of strain 17% or 1716- in the one-cycle
growth experiment, however all 4 viruses reached comparable [inal titres in the multi-

cycle growth experiment.

3.2.9. Western blotting to check for 1CP34.5 production.

One of the main aims of this study was to show that a loss of ICP34.5 specifically
correlated with a loss of ncurovirulence. Identification of 1ICP34.5 was carricd out by
Western blot analysis (fig.3.21.).

Infected cell extracts were prepared and Western blotted as described in section 2.2.38. to
assay for ICP34.5 expression using peptide antiserum 78 at a 1/50 dilution.

The parental wild type HSV-1 strain F stock, two individual plaque isolates of F ic.F26
and F120 and the rescuant, FIIR, produce 1CP34.5, although there is variation in My
amongst individual HSV-1 strain F isolates. As was described previously (section 3.2.3.)
HSV-1 strain 177 produces a smaller version ol the protein which is apparently present in
lesser amounts than in HSV-1 strain F extracts. As expected 1716 and F11 do not produce
ICP34.5.

Flla and 1716a are the two wild-type rccombinants. Flla has a HSV-1 strain F
background, but contains the strain 17+ RL1 promoter and coding sequences. This variant
was expected to produce ICP34.5 with the same apparent My as that of HSV-1 strain 17+,
but the apparent My is the same as the strain F protein. The band is a doublet, suggesting
heterogeneity in the size of the RL1 gene within the virus stock. This heterogencity within
a virus population is also secn later (fig. 3.32.) in a Western blot of HSV-1 strain 17+
using a protein antiserum and may be duce to variation in the number of copices of the DNA

sequence coding for the PAT repeat.
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Figure 3.21. Western blot analysis of ICP34.5 from F11 infected cells.

Detection of 1CP34.5 by Western blot analysis, using the anti-peptide scrum (at a dilution
of 1/50) which had been raised against the PAT trimer repcat. Molecular weight markers
are shown on the right hand side. A and B refer to ICP34.5 of Flla and 1716a respectively.

Lanes are labelled at the top of each track.
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1716a contains the strain F RL1 promoter and coding sequences in a HSV-1 strain 171
background. This virus produces a protein with a similar My to that of HSV-1 strain F, but
in amounts similar to that of HSV-1 strain 17+, 1716a and FI IR were marker rescued
using the same fragment of DNA, but in 1716a, with a strain 17% background, ICP34.5
production is reduced.

The relative sizes of the Flla and 1716a ICP34.5 correlate with those obtained for the
RL1 containing fragment by Southern blotting (section 3.2.8.) indicating again, that the
variation in polypeptide size is probably due to variation in the copy number of the DNA

coding for the PAT repeat in the polypeptide.

3.2.10. Localization of 1CP34.5 to the cytoplasm of infected cells.

Ackermann et al. (1986) have reported the accumulation of 1CP34.5 largely in the
cytoplasm of Hep-2 cells. The availability of a peptide antiserum which strongly
recogniscs HSV-1 strain F ICP34.5 and is specifically inhibited by preincubation with the
relevant peptide (MacKay et al., 1993), and the deletion variant FI1, which provides an
ideal ncgative control allowed us to confirm these findings by immunoflluoresence studies,
~ Samples were prepared as described in section 2.2.36. and viewed using a Nikon
Microphot- SA microscope.

When cells were infected with wild- type TISV-1 strain l"'?(ﬁg. 3.22(c)) . dense punclate
patches of fluorcsence could be scen jn the cell cytoplasm, with minimal signs of
’ perinuclear staining. Cells which were mock infected or infected with the mutant F11
| (fig. 3.22(a&b)), tended o show a general low level of background fluoresence, with no
intense patches of staining as observed with the wild- type virus infected cells. A similar
' result was seen when using strain F if the antiserum was preincubated with the peptide
idata not shown) . These results were consistent with those obtained in cell fractionation

studies (MacKay et al., 1993).
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Figure 3.22. Localization of 1ICP34.5 in HSV-1 strain F infected cells.
Immunofluoresence of mock (top), F11 (middle) and HSV-1 strain F (bottom) infected
cells incubated with peptide antiserum 78 at a 1/100 dilution. Anti-rabbit 1gG FITC

conjugate was used as the second antibody.
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3.3. Expression of ICP34.5 in E.coli.

3.3.1 Introdwction.

The observatiion that peptide antisera had been raised against 7 different regions of RLI-
but only | had detected ICP34.5 from HSV-1 strain F (MacKay et al., 1993) suggested
that the homologous protein of HSV-1 strain 17+ may not be detected by this method. To
show that the strain 17+ RL1 ORF was capable of expressing a protein we decided to
express it unider the control of a strong promoter. One method used successfully in this
Institute for tthe production of R1 and R2 (Lankinen et al, 1991) is the pET system (Studier
et al., 1990), ‘which allows high expression of foreign proteins in E.coli; this method was
chosen for tthe expression of ICP34.5. Furthermore, it was intended to use purified
ICP34.5 1o raiise a polyclonal antiserum, which hopefully would recognise bolh- ICP34.5 in

HSV-1 strain 17% infected cells and the homologous protein in HSV-2 strain HG52.

3.3.2. Construction of the expression vector pET34.5.

The intact RL.1 ORF from HSV-1 strain 17% was cloned into pET8c¢ (fig.3.23.). pET&c
encodes the T7 gene 10 promoter including the Shine-Dalgarno sequence and initiating
ATG. The stairting plasmid was pEA.10, which contained a 1.46kb fragment (np 125074-
np 126530) off HSV-1 strain 17% cloned into pGEM 3z((-). Following digestion with Ncol
and BamHI (in ihe vector polylinker) the entire RL1 ORF was released from the initiation
codon, to ~40bp beyond the stop codon of the gene. This fragment was inserted into

pET8c, which had been digested with Ncol and BamHI generating the plasmid pET34.5.

3.3.3. Induction of ICP34.5 protein synthesis using IPTG.

The recombinant plasmid pET34.5 was used to transform E.coli BL21(DE3) cells
containing the T7 RNA polymerase gene -under the control of the inducible lac UVS
promoter as described in section 2.2.28.. Expression was first monitored in Sml cultures
using 0.05mM IPTG. E.coli BL21(DE3) cells which had not been transformed with

pET34.5 were used as a control. One ml aliquots were removed lor sampling at various
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Figure 3.23. Construction of pET34.5

pGEM34.5 contains a 1.46kb fragment of HSV-1 strain 17% (np 125074-np 126530)
cloned into pGEM3zf(-). This was digested with Ncol and BamHI and the entirc RL1 gene
sequence isolated. pET8c was also digested with Ncol and BamHI and the gene 10
fragment removed. Purified RL1 and vector fragments were ligated togcther thus placing
the entire RL1 ORF immediately downstream of the T7 gene 10 promoter. This plasmid

was designated PET34'5 ’
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times post induction, pelleted in a microfuge and resuspended in 500ul of extraction
buffer. After boiling, 50ul aliquots of each sample were run on 7.5% SDS-PAGE and
Western blotted as described in section 2.2.38.. Antiscrum 78 was used as the first
antibody at a 1/50 dilution. As can be seen in figure 3.24, the E.coli BL21(DE3) which
have not been transformed with the plasmid pET34.5 fail to produce a protein which is
recognised by the ICP34.5 specific antiserum. In contrast a band of the expected size from
HSV-1 strain 17* ICP34.5 was detected 1hr post-induction in the bacteria transformed
with pET34.5 The amount of protein produced did not appear to increase significantly
with time.

To optimise ICP34.5 production 500ml cultures were induced with concentrations of IPTG
ranging {rom 0.t0 0.4mM. As before, Iml aliquots were removed for sampling at various
times post-induction, the bacteria pelleted, and proteins run on 10% SDS-PAGE and
Western blotted using the ICP34.5 specific peptide antiserum. Figure 3.25. shows samples
which were removed 1, 2 or 3hrs post-induction with 0.2 or 0.4 mM IPTG. The first 4
lanes are the uninduced control. It is apparent that ICP34.5 production occurs even in the
absence of IPTG, suggesting that the protein is relatively non-toxic to the cells. Up to a
concentration of 0.2mM IPTG ICP34.5 production was relatively constant. Levels of
ICP34.5 appeared maximal lhr after induction with IPTG. Thus in all future experiments
bacteria were harvested Lhr post-induction with 0.05mM IPTG. There appeared to be
fainter ICP34.5 specific bands of lower molecular associated with ICP34.5 production
(most noticably ~25-28K and ~30-35K) and these may represent breakdown products due
to proteases in the bhacteria. These were not observed in extracts from the smaller cultures
which had been run on a lower percentage gel.

To further purify ICP34.5 from crude bacterial extracts (section 2.2.3().) the lyscd bacleria
were separated into a soluble cytosolic fraction and an insoluble bacterial pellet with the
purpose of further purifying the soluble fraction . Unfortunately, when induction took
place at 370C, ICP34.5 was retained in the insoluble fraction. Similar problems have been

found in the production of R2 protein of HSV-1 ribonuclcotide reductase (Lankinen et al.,
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3.24. Detection by Western blotting, of a band equivalent in size to HSV-1 strain 17+
ICP34.5, in E.coli. BL21 cells transformed with pET34.5.

ICP34.5 expression in BL21 cells transformed with pET34.5 at various times post-
induction with 0.05mM IPTG was assayed by Weslern blotting using the peptide antiserum
at a 1/50 dilution. Molecular weight markers are on the left-hand side; Lanes are labelled

at the top of the gel.
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3.25. ICP34.5 expression with various concentrations of IPTG.

The level of expression of ICP34.5 was examined using various concentrations ol 1PTG.
Western blotting with the peptide antiserum at a dilution of 1/50 was used to assay ICP34.5
expression. Molecular weight markers are on the left-hand side ; Lanes are labelled at the

top of each track. The concentrations of IPTG used are indicated at the bottom of the gel.
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3.26. Recognition of E.coli - expressed 1CP34.5 by antisera which fail to recognise
ICP34.5 in HSV-1 infected cells.

This figure demonstrates specific recognition of E.coli -expresscd ICP34.5 by 2 antiscra,
Br.212 and L.211. Both antisera were used at a 1/15 dilution. No band equivalent Lo
ICP34.5 is detected in bacteria which have not been transformed with pET34.5 (-P). +P
indicates E.coli BL21(DE3) cells transformed with pET34.5. Molecular weight markers
are on the left-hand side; Lanes arc labelled at the top ol cach track. E.coli BL21(DE3)
cell extracts were preparcd Lhr post-induction with 0.05mM IPTG. The arrows indicate the

position of ICP34.5.
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1991). In the case of R2, following induction with IPTG, the cultures were rapidly reduced
to 269C. This procedure produced soluble expressed protein. By investigating various
induction temperatures (table 3.4.) it was deduced that induction at 289C, produced

soluble ICP34.5.

3.34. Deteétion of E.coli - expressed ICP34.5 by Western blotting, using antisera
which fail to detect ICP34.5 in infected cells.

Two other peptide antisera- Br.212 and L.211 (fig.3.13.) also detected 1CP34.5 expressed
in E.coli by Western blotting (2.2.38.), although they had failed to detect ICP34.5 in
HSV-1 or HSV-2 infected cell extracts (Dr.C. MacLean, personal communication). E.coli
BL21(DE3) cells which either had (+P), or had not (-P) been transformed with pET34.5
were grown and harvested as described in section 2.2.30.. Western blotting was carried out
as described previously (section 2.2.38.) using both antisera at a 1/15 dilution (fig.3.26.).
A band of the expected size of HSV-1 strain 171 ICP34.5 was detected in E.coli BL21
celis which had been transformed with pET34.5, but not in those which had not been
transformed with the plasmid. In some experiments, the fainter ICP34.5 specific bands,

detected using antiserum 78 were also seen.

3.35. Ammonium sulphate fractionation of expressed 1CP34.5.

Crude bacterial extracts were prepared as described in scction 2.2.30.. At this stage there
was about 25mg of total soluble protein per litre of bacterial culture. 1CP34.5 solubility
was examined al ammonium sulphate concentrations ranging {rom 10-50%. Increasing
amounts of a saturated solution of ammonium sulphate were added to 100ul aliquots of the
crule extract (scction 2.2.29.). Examples of volumes added per 100ul crude extract are
shown in table 3.5.. After 30 minutes on ice precipitated protein was pelleted at 40C.
Pelkt and supernatant fractions were analyscd by 10% SDS-PAGE (o determine at which
amnonium sulphate concentration 1CP34.5 could be fully recovered from the crude

extnct. ICP34.5 could not easily be identificd by Commassie blue staining ol gels as there
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Table 3.4. Solubility of E.coli -expressed ICP34.5
when expressed at a variety of temperatures.

| 1cp3as | 1cP34s
olubility  detected in| detected in
i i let supernatant
inductio pelt _ perna
temperatur (insoluble)| (soluble)
0
37C + B
)
31C +- +-
0
28 C _ +
0
26 C _ .

+ : protein mainly detected in this fraction

+/- : relatively equal amounts of protein found in
both fractions

- . very little protein detected in this fraction



Table 3.5. Precipitation of crude extract using a
saturated solution of ammonium sulphate.

volume gi;z,l]lut)%,;ium volume 4M

Crude extract | gulphate solution added
100ul 5 5.3ul
100ul 10 11 1ul
100ul 15 17.7ul
100ul 20 25ul
100ul 25 33.4ul
100ul 30 42.8ul
100ul 35 53.9ul
100ul 40 66.7ul
100ul 45 81.9ul
100ul 50 100ul
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were many host bacterial bands ol a similar size and intensity. Figure 3.27. shows
Commassie blue stained ammonium sulphate supernatant and pellet fractions from 42-
35%. As cxplained above ICP34.5 is not apparent in the gel but it serves to show the
number of other contaminalting E.coli bands in the sample following ammonium sulphate
fractionation. The expected position of ICP34.5, based on Western blotting, is indicated. It
soon became clear that this was not the best way of detecting ICP34.5 in the pellet
fractions, therefore it was detected by Western blot using peptide antiscrum 78 (fig.3.28).
Analysis of supernatant and pellet fractions showed that ICP34.5 started (o precipitate at
an ammonium sulphatc concentration between 10 and 20%, and that increasing amounts
precipitated up o 40% saltl. At this point there was still small amounts of ICP34.5 in the
supernatant fractions, however, at 50% ammonium sulphate, all ICP34.5 was precipitated.
Therefore, the procedure was scaled up and all further preparations of ICP34.5 were
precipitated with 50% ammonium sulphate. The protein detected by antiserum 78 was
confirmed as ICP34.5 by its absence when the antiserum was preincubated with the
relevant peptide (fig.3.29.). In all gels where ammonium sulphate fractions are shown,
saturated ammonium sulphate, to a final concentration cqual to that of the highest
concentration used for analysis (50% or 60%) has becn added to the pellet fractions, prior
to running on the gel. This was done so that the osmotic pressure in cach track is cven,
hence preventing distortion of the gel. Following precipitation with 50% ammonium
sulphate the total protein concentration was now approximaltcly 10mg/litre of starting

culture.

3.3.6. Partial purification of ICP34.5 using anion-exchange chromatography.

Many attempts were made to find a column and conditions of pH at which ICP34.5 bound.
In almost every case it was found that either the protein did not bind, or it bound but was
eluted over almost the entire gradient, making purification almost impossible (table 3.6.).
One such case is demonstrated in fig.3.30.. Here an XK 16 column was packed with 10ml

S-sepharose (Pharmacia) and equilibrated with 100ml buffer A, (in this case 50mM NaCl,
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3.27. Ammonium sulphate fractionation of 1CP34.5 from crude bacterial extracts.
Saturated ammonium sulphate was added to the crude extract and following centrifugation,
the pellets (P) and supernatants (S) from the fractions indicated were loaded on the gel.
The expected position of the band representing ICP34.5 is indicated (W). Both pellet and
supernatant fractions correspond to an equal volume of crude extract and were equalized Lo

60% (NH4)2S04 prior to loading onto the gel. Molecular weight markers are on the left-

hand side.
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Figure 3.28. Purification of 1ICP34.5 by ammonium sulphate fractionation.

Saturated ammonium sulphate (10%, 20%, 30%, 40% and 50%) was added to crude extract
and after centrifugation, equal volumes of supernatant and pellet fractions were loaded
onto a gel. Following electrophoresis, the proteins were transferred o nitrocellulose and
Western blotting was carried out using peptide antiserum 78, at a 1/50 dilution. The
relative quantity of ICP34.5 in the pellet and supernatant [ractions at cach salt

concentration was compared.






Figure 3.29. Western blotting of ammonium sulphate fractions to confirm the
presence of ICP34.5

Saturated ammonium sulphate was added to crude extract. After centrifugation, the pellets
from the fractions indicated were loaded onto a gel. Following electrophoresis, the proteins
were transferred to nitrocellulose and Western blotted using peptide antiserum 78, at a 1/50
dilution, without (A) or with (B) pre-incubation with the relevant peptide. The large arrow
indicales the position of ICP34.5. In (A), an air-bubble between the 50% and 60%
ammonium sulphate fractions has blocked the cfficicnt transfer of proteins onto the

nitrocelluiose.



% (NI our



Table 3.6. Columns and conditions tested for purification of
E.coli- expressed ICP34.5

Column pH/buffer result

1) Mono S pH 6.5/ MES no binding
pH 5.5/ MES no binding
pH 7.2/ Tris-HCI some binding

(aggregation 7)

2) Mono Q pH 8.0/ Tris-HCI no binding
pH 7.6/ HEPES no binding
pH 6.8/ HEPES no binding
pH 6.0/ MES no binding

3) Phenyl sepharose pH 7.6/ Tris-HCl low yiclds

(~Img total protcin/ liter
crude extract)

4) S-sepharose pH 7.6/ Tris-HCl Some binding
(aggregation ?)

5) DNA-cellulose* pH 7.6/ HEPES no binding.

*Dr.F.Amina, personal communication.

In 1-4 the source of ICP34.5 was ammonium sulphate fractionated crude
bacterial extracts whereas in number 5, the source of 1ICP34.5 was from HSV-1
strain F infected cell extracts.



3.30. Purification of 1ICP34.5 using S-sepharose.

Gradient elution of salt-fractionated E.coli expressed ICP34.5 was carried out using a
10ml S-sepharose column. (A) Commassie-blue stained SDS-PAGE. Lane numbers
correspond to the fraction numbers. Only every second fraction was run. Molecular weight
markers are on the right-hand side. F and W correspond to the flowthrough and wash
fractions respectively. The positions of ICP34.5 and the lower molecular weight ICP34.5
associated band are indicatcd (). (B) Confirmation of the band corresponding to E.coli
expressed ICP34.5 was provided by Western blotting the flowthrough fraction using
peptide antiserum 78 at a 1/50 dilution. ICP34.5 is indicated by an arrow. The position of

the lower 30kD associated band is also indicated (p).






Results

S50nM M.E.S, pH6.5) at 4°C. Two litre cquivalent of crude extract, which had been
parially purified by taking a 50% (NH4)2SO4 cut was applied to the column and after
wahing with 1 column volume of buffer A, a 100ml gradient was applied to the column
ranzing from S0mM NaCl , 50mM (2-[N-MorpholinoJethanesullonic acid)(M.E.S.), pH6.5
to ‘M NaCl, 50mM M.E.S., pH 6.5 . Two ml fractions were collected and analysed by
SD3-PAGE. At first it appeared that the protein had not bound to the column at all, but
cloier examination of the wash and fractions from the gradient revealed that the protein
hac bound and was being gradually washed off rather than specifically eluted. It is
posible that the E.coli -cxpressed ICP34.5 aggregates cither with itsclf, or with other
proeins in the crudc extract thus preventing specific binding of the protein to the column
marix and causing the protein either to flow through the column or to be eluted with other
praeins in the samplc. Some proteins which are at a high concentration in solution are
known to form aggregates, and this may be the situation in the crude extract. However in a
corcentrated solution they tend to be more stable and thus a compromise must be reached.
In tie case of ICP34.5, reducing the concentration of the solution by increasing the volume
of te sample with buffer did not appear to improve elution.

A nore satisfactory approach to purify ICP34.5 was attained by anion exchange FPLC. In
thiscase, the majority of the E.coli proteins in the sample bound but the expressed protein
didnot. As the protein pellets from the ammonium sulphate fractionation were generally
resispended in S0mM NaCl, 50mM Tris-Cl pH 7.6 it was decided that this would be the
easest buffer to try first. A Mono Q 5/5 HR column was equilibrated first with buffer B
(IN NaCl, 50mM Tris-Cl,pH7.6) and then buffer A (50mM NaCl, 50mM Tris-Cl ,pH7.6)
befire application of the sample. The binding capacity of this column is approximately
25ng protein, which in this case is equivalent to 2.5 litrcs of ammonium sulphate
fradionated material. Fractions of Iml were collected and analysed by SDS-PAGE. An
exanple of consecutive flow-through [ractions is shown in [ig.3.31.. Although there are
stillsome contaminating bacterial bands, purilication of ICP34.5 was greatly enhanced

(se¢ fig. 3.27. for an idea of the increase in purity). Since the protein concentration was
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3.31. Partial-purification of 1CP34.5 using Anion-exchange chromatography.

Salt-fractionated E.coli - expressed ICP34.5 was l'urvlher purified on a Mono Q HR 5/5
column. A total of 25mg (40ml volume) was loaded on the column. Flowthrough (ractions
were collected and bound proteins were washed off using a buffer containing 1M salt. Lane
numbers of the Commassie blue stained gel correspond to consecutive flowthrough
fractions. Molecular weight markers are shown on the right-hand side. The arrow indicates

the 37kd ICP34.5 polypeptide anderepresents the associated 30kd band.
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only about Img/litre starting material after anion exchange FPLC, further purification of
the protein was not attempted due to the risk of losing all material. It was considered that
the protein would be sufficiently pure to be used for the production of a polyclonal

antiserum.

3.3.7. Polyclonal antisera production and detection of ICP34.5 in HSV-1 infected
cells.

Two rabbit antisera to ICP34.5 were produced using concentrated samples of partially
purified ICP34.5. Two mg of protein (containing approximately 100ug E.coli -¢xpressed
ICP34.5) were uscd for cach immunization and both rabbits given 4 boosts before being
bled out. Various dilutions of the antisera were used to try and detect ICP34.5 in both
HSV-1 and HSV-2 infected cell extracts by Western blotting. Antibody incubation was
carried out at temperatures of 49C, RT and 379C. Incubation of the antiserum overnight, at
RT, ata 1/20 dilution was chosen as the preferred conditions. Only 1 of the 2 antisera
recognised ICP34.5 in HSV-1 infected cell extracts. Neither antiserum recognised an
ICP34.5 homologue in HSV-2 strain HGS2, even al a dilution as flow as 1/10 (data not
shown).

It has previously been shown that HSV-1 strain 17+ produccs a lower My ICP34.5 than
HSV-1 strain F (MacKay et al., 1993). This difference is due at lcast partly to an amino
acid sequence, PAT, repeated 10 times in the HSV-1 strain F protein, but only 5 times in
the HSV-1 strain 17% protein. Peptide antiserum, 78, was ~30 fold less sensitive at
detecting the HSV-1 strain 171 protein than the HSV-1 strain F protein (MacKay et al.,
1993) and this could be due to one (or both) of the following rcasons: either in HSV-1
strain 17+ infected cells compared to HSV-1 strain F infected cells there are lower levels
of ICP34.5 synthesized, or because the peptide antiserum was raised against 10 copies of
the PAT repeat, the difference could simply be due to antibody affinity differences.

Using the rabbit polyclonal antiserum, HSV-1 strain 17+ 1CP34.5 was detected at

compaable levels to the HSV-I strain F polypeptide (fig.3.32.) indicating that the
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Figure 3.32. Detection of 1CP34.5 in HSV-1 infected cells using the protein antisera.

Specific recognition of bands corresponding to ICP34.5 in HSV-1 strain F and HSV-1
strain 17t infected cells using the protein antiserum at a 1/20 dilution. Bands were
visualised using ECL (Amersham). Lanes are labelled at the top of each track. Molecular

weight markers are on the left-hand side.
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previous differences in detection had been due to antibody affinity differences and that the
protein accumulated to equivalent levels in cells infected with either strain. In HSV-1
strain 17+ infected cell extracts, 2 bands are detected which are absent from cells infected
with the RL1 deletion variant 1716, one corresponding to ICP34.5 which is indicated, and
another fainter one running just below ICP34.5. It would be reasonable to assume that the
HSV-1 strain 17 stock is heterogeneous with respect o the number of copies of the DNA
sequence coding for the PAT repeat and this lower My band represents an ICP34.5
polypeptide with less than the believed 5 copies of PAT. If as we suspect, the previous
differences in detection of the strain 17 polypeptide compared to the strain F polypeptide
were due o antibody affinity differences, this would explain why the lower molecular
weight band has not previously been observed using the peptide antiserum. Allernatively,
this lower molecular weight band may simply bc a brecakdown product of the larger
polypeptide. If ICP34.5 is degraded or processed in infected cells, the previous difficulties
in detection of the protein would be explicable. |

Unfortunately the polyclonal antiserum produced did not have as high an allinity as had
been anticipated and was no more sensitive at detecting HSV-1 strain F 1ICP34.5 than the
available peptide antiserum. We were unable to detect ICP34.5 from HSV-I strain F,

HSV-1 strain 17+ and HSV-2 strain HG52 by immunoprecipitation (data not shown).

3.3.8. Detection of ICP34.5 by immunofluorescence.

During the course of this study HSV-1 strain F ICP34.5 was localized to the cytoplasm of
infected cells by immunofluoresence using the antipeptide scrum, 78 (section 3.2.10.).
These experiments were repeated using the polyclonal antiserum. Before use the
polyclonal antiserum was preincubated with E.coli cell extracts o cut down non-specific
binding (section 2.2.35.). Slides were prepared as described previously except that the
cells were incubated with the first antibody under 3 different conditions: (i) RT, Lhr; (i)
370C, 30minutes; (iii) 379C, lhr. The best results were obtained when incubation was

carried out at 379C for 1hr.
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As observed previously, no distinct localized staining could be detected in mock
(fig.3.33a.) or RL1 deletion mutant (in this case 1771) (fig.3.33b.) infected cells whereas
dense punctate patches of staining were observed in the cytoplasm of strain 17V infected
cells (fig.3.33c.) Thus the distribution of ICP34.5 [ollowing both HSV-1 strain 17+ and

HSV-1 strain F infection appears identical.
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Figure 3.33. Localization of 1CP34.5 to the cytoplasm of HSV-1 strain 17+ infected
cells using the rabbit protein antiserum.

Immunofluoresence of mock (top), 1771 (middle) and HSV-1 strain 17+ (bottom) infected
cells incubated with the ICP34.5 rabbit protein antiserum a 1/50 dilution. Anti-rabbit 1gG

FITC conjugate was used as the second antibody.
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Chapter 4- Characterization of a US deletion variant

4.1. Introduction

During the analysis of single plaque isolates from a transfection, an isolate was identified
which had an apparent deletion in the short unique(Us) region of the HSV-1 genome. This
variant had a small plaque morphology on BHK21/C13 cells and in both onc-cycle and
multi-cycle growth analysis, it had an cxtended lag phase, although it reached final titres
equivalent to the wild-type virus HSV-1 strain 17+. This suggested that the variant,
designated 1772, had a defect in cither adsorption, penetration or cell-to-cell spread
following infection of BHK21/C13 cells. I decided to determine the precise location of the

deletion in 1772 and attempt to further characterize its apparent growth defect.

4.2, Isolation of 1772 and localization of the deletion in Ug,

While analysing single plaques, one variant was isolated which had an apparent 500-700bp
deletion in the BamHlI j restriction enzyme fragment (lig.4.1.) within the Ug region of the
HSV-1 genome (see [ig.?3.6l for HSV-1 strain 17t BamHI restriction enzyme map).
Confirmation that the deletion was in BamHI j was provided by Southern blotting (section
2.2.21.).

One ug of both wild-type HSV-1 strain 17t DNA and 1772 DNA was digested with
BamHI and the resulting fragments separated on 0.8% agarose gels. Four duplicate sheets
of nylon membrane were prepared as described in section 2.2.2]1. and the DNA probed
with 4 separate randomly primed sublragments from the wild-type BamHlj restriction

enzyme fragment. These probes are listed below.
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Figure 4.1. BamHI restriction enzyme profile of 1772.

Autoradiograph of a BamHI digest of viral DNA. The wild-type BamHI restriction enzyme
fragments are indicated on the right-hand side. The novel 1772 BamHI _J_ fragment is
marked by an arrow and is designated by the letter of the band from which it was derived

plus a prime symbol (‘). Lanes are labelled at the top of cach track.
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Probe Restriction fragment Nucleotide positions* Size
1 BamHI - Pvull 136288-138072 1784bp
2 Pvull - BamHI 138574-142740 4172bp
3 BstXI - BstX1 139371-139844 473bp
4 BstXI - BamH]I 139844-142746 2902bp

* According to McGeoch et.al.(1988a).

It was hoped that Southern blotting using these 4 separale probes would help localise the
deletion in 1772, However this was not the case. Simila'rlrcsulls were obtained with all 4
probes (sce fig 4.2. for examples). In each case, the probe hybridized to a 6.4kb band the
expected size of BamHI j in the HSV-1 strain 17+ digest, but o a 5.7-5.9kb band in the
1772 digest. This result did however, confirm that the deletion was in BamHI j.

Proteins encoded by this region of the HSV-1 genome are a protein kinase, gG, gD, USS,
gl and gE (US3-7) (fig. 4.3.). Because 1772 had a small plagquc morphology on
BHK?21/C13 cells it was likely that one of thc “non-essential” glycoproteins (Longnecker
and Roizman, 1986, 1987, Longnecker et al., 1987) was either totally or partially deleted
and we decided to sequence the end-points of the deletion to identify which gene(s) the

deletion affected.

4.3. Sequence analysis of 1772

For sequence analysis of 1772, the BamHI j restriction enzyme {ragment from this variant
was cloned into the BamHI restriction enzyme site of pGEM 3z([(-). Restriction enzyme
analysis was carried out to localize a fragment, of suitable size for sequencing (~1kb),
which contained the 1772 deletion.

Digestion of wild-type HSV-1 strain 17+ BamHI J» cloned into pGEM 3zf(-), with BstX1
and Sacl (recognition sites for these enzymes are not found in pGEM3zf(-)) gives 6
fragments; 1 ~4.7kb in size which contains the plasmid backbone and 1.6kb of HSV-1

sequence, and 5 other HSV-1 fragments of 1503, 573, 311, 633 and 1883bp.
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Figure 4.2. Detection of BamHI _J_ by Southern blotting.

An autoradiograph of a Southern blot of BamHI digested HSV-1 strain 17+ and 1772 DNA
probed with 2 subfragments from BamHI _j_ (see page 108). The deleted BamHI j band in
1771 is markedi’. M is a molecular weight marker tract. The 4172bp probe contains
contaminating pAT153 sequences which hybridize to the 1.6kb fragment in the marker

tract.
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Figure 4.3. Genetic content of the BamHl1 j restriction enzyme fragment.

Diagramatic representation of the genes encoded in the BamHI l restriction enzyme
fragment. Nucleotide positions (McGeoch et al., 1988a) are shown on the top line. The
position of the termination-éodon of gD (np 139601), the initiation-codon of gI (np
139785) and the termination-codon of gI (np 140955) are marked, and their positions
indicated with arrowheads.

The deletion in 1772 was mapped o a 1.4kb BstXI/Sacl sub-fragment of Bamlll J from
which a BstXI (B) and a Sacl (S) restriction enzyme site had heen deleted. Sequence
analysis of this fragment revealed that 1772 has a 630bp deletion which removes the

initiating methionine of gl and extends to the 3’ part of the gene.
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Results

Digestion of 1772 BamHlJ' cloned into pGEM 3zf(-) gives only 4 {ragments; the ~4.7kb
fragment containing the plasmid backbone, the [883bp and the 1503bp fragments. The
573, 311 and 633bp fragments (which arc adjacent to cach other on the TISV-1 genome)
are missing and are replaced by a single fragment of ~800bp. This indicates that the
deletion in 1772 had removed 2 restriction enzyme sites- a BstXI site at np 139811 and a
Sacl site at np 140155-and the deletion is thus contained within a sub-l‘ragmehl of BamHI _J.
(np 139371- np 140788) which is 1.4kb in the wild-type virus HSV-1 strain 17, but only
~800bp in 1772.

This fragment was purificd, blunt-ended and cloned into M13. Tt was sequenced in both
directions as described in section 2.2.25. using a M13 universal primer (fig.4.4). This
revealed that 1772 had a 630bp deletion removing np 139780-np 140409. The deletion was
in the region of Ug encoding gl and removed the initiating ATG of the gene and 625bp of
the 5° end; 546bp of the 3’ end of the gene were left intact. The sequence of 1772 showed
100% homology ( ~200 bases were read) with the published scquence of this region on
either side of the deletion (fig 4.5.), showing that there was no rearrangement at the

deletion endpoints.

4.4. Immunoprecipitation of gl using MAb 3104.

Cells infected with HSV-1 strain 17+ or 1772 were labelled 3-7hrs post-infection with 358
methionine, harvested into Iml extraction buffer and immunoprecipitated using MAb
3104, specific for gl (section 2.2.39.). In extracts from HSV-1 strain 17 infected cells
MADb 3104 precipitates both the immature form of gl (pgl) and mature [orms ol gl
(fig.4.6.). Due to their association in infected cells with gl, gE in both the immature (pgE)
and mature (gE) forms are coprecipitated by the MAb 3104-gI complex. The amount of
coprecipitation of gE with the MAb 3104-gI complex is known to vary from experiment to
experiment , and can be disrupted by heat and SDS (Johnson et al., 1988).

Neither gl or gE were precipitated by MAb 3104 in mock or 1772 infected cells,

confirming the sequencing data which had revealed that in 1772, gl is deleted. The
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Figure 4.4. Sequence analysis of 1772.
An autoradiograph of the DNA sequence of the HSV-1 strain 17% variant 1772, showing
the position of the deletion which removes np 139780-np 140409. Sequences were

obtained by the dideoxynucleotide sequencing method using T7 DNA polymerase.
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Figure 4.5. Computer analysis of the 1772 deletion.-

Computer analysis of the 1772 deletion was carried out on a MicroVAX computer using
the University of Wisconsin Computer Genetics Group software package. The sequenced
fragment of 1772 shows 100% homology with the published sequence of HSV-1 strain 17+
on either side of the deletion. The sequence of the BstXI/Sacl BamHI j sub-[ragment from
1772 is on the top line, the wild-type HSV-1 strain 17 sequence is on the bottom line.
Homologous sequences are indicated by vertical bars. The nucleotide numbers of the last

undeleted base on either side of the deletion are marked.
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Figure 4.6. Inmunoprecipitation of gl using MADb 3104.

Immunoprecipitation of gl and gE and their precursors, pgl and pgE respectively.
BHK21/C13 cells were labelled with 35S methionine from 3-7hrs post infection. Extracts
were precipitated with either ascites control or MAb 3104 specific for gl . The positions of
gl , gE, pgl and pgE are indicated. The molecular mass markers are indicated on the left-

hand side. Tracks are labelled at the top of the gel.
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specificity was indicated by the failure to precipitate gl or gE polypeptides with control

ascites.

4.5. In vitro growth characteristics of 1772

The in vitro growth characteristics of 1772 were determined on BHK21/C13 cells and
compared to the wild-type virus HSV-1 strain 17%. In multi-cycle growth experiments
1772 had an extended lag phase in comparison to the wild-type virus., although this lag
was not as obvious in one-cycle growth experiments. Both HSV-1 strain 17+ and 1772 had
comparable final titres (fig 4.7(a).&4.7 (b).). This indicated that 1772 was dciaycd in entry
into BHK21/C13 cells and suggested a defect in adsorption, penetration or cell fusion. The
stocks of HSV-1 strain 17+ and 1772 had similar particle:p.f.u. ratios; 14:1 and 5:1
respectively, indicating the extended lag phasc was not duc to interference by non-

infectious particles.

4.6. Kinetics of polypeptide synthesis by 1772

To examine whether 1772 was delayed in the initiation of protein synthesis following
infection of BHK21/C13 cells, we looked at the kinetics of synthesis of cach class of
polypeptide following 1772 infection. Cells were infected with wild-type HSV-1 strain
17+ and 1772 at a m.o.i. of 5 p.f.u./cell and harvested al various times post-infection,
Proteins were separated by SDS-PAGE and analysed by Western blot as described in
section 2.2.37.. Synthesis of all classes of HSV-1 polypeptides was examined; Vimw1 10 as
a representative immediate-early polypeptide; 65KDBP, a representative early polypeptide
and 21K a member of the true-late class of HSV-1 polypeptides.

Initial experiments indicated that 1772 was delayed in the initiation of synthesis of ail
classes of HSV-1 polypeptides. This was consistent with a delay in entry into BHK21/C13
cells. However, when different extracts were prepared and the experiments repeated, no

difference was observed between the wild-type virus and 1772. Subscquent experiments
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Figure 4.7 (a). One-cycle growth curve of 1772.

One-cycle growth curve of HSV-1 strain 17+ and 1772. BHK21/C13 cells were infected at
a m.o.i. of 10 p.f.u./cell, and following absorption at 370C for lhr, the monolayers were
washed twice with PBS/calf, and incubation continued at 379C. Plates were harvested at 0,

2,4,6, 8, 12, and 24 hrs post-infection and titrated on BHK21/C13 cells.
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Figure 4.7 (b). Multicycle growth curve of 1772,

A multicycle growth curve of'HSV-l strain 17+ and 1772 was carried out on BHK21/C13
cells. Cells were infected at a m.o.i. of 0.001 p.f.u/cell, and following adsorption at 370C
for 1hr, the monolayers were washed twice with PBS/calf and incubation continuced at
370C. Plates were harvested at 0, 2, 4, 6, 8, 12, 24, 36,48 and 72 hrs post-infection and
titrated on BHK21/C13 cells.
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Results

have yielded variable results, therefore we are unable to conclude whether or not 1772 is

delayed in the initiation of protein synthesis following infection of BHK21/C13 cells.

4.7. Adsorption and penetration of 1772 onto cells.

HSV-1 glycobrolcins play a crucial rolc in the initial stages of virus adsorption and
penetration into tissue culture cells. Although gl has not previously been reported to play a
role in virus adsorption or penetration in tissue culture it is possible that in éonle cell types
gl may play a role in these initial stages of virus infection.

The ability of 1772 10 adsorb to and penetrate BHK21/C13 cells was compared (o the wild-
type virus HSV-1 strain 171 as described in sections 2.2.4. and 2.2.5. In both cases no
difference in adsorption / penetration kinetics was observed between the wild-type virus
and 1772 (fig 4.8. & fig 4.9.). Attempts to examine the percentage of input virus adsorbed
to cells were unsuccessful due to poor labelling of virion preparations. 1t is possible that

1772 is defective in cell-to-cell spread and this was later analysed.

4.8. Analysis of cell-to-cell spread of 1772

To ascertain whether cell-to-cell spread is impaired during 1772 infection, we determined
the effect of the présence of neutralizing antibodies (human serum) in the growth media on
virus titre. The rationale for this experiment was that if gl plays a role in direct cell-to-cell
spread, the presence of neutralizing antibodies should cause a reduction in virus titre as
virus cannot spread via the alternative pathway which is through absorption of released
virus. The results are summarized in (igure 4.10.

In the absence of neutralizing antibody in the overlay, 1772 reached comparable titres to
the wild-type virus HSV-1 strain 17* again with a delay in the lag phasc, However, in the
presence of human serum, the titre of 1772 was reduced by ~30 fold compared to the wild-
type virus after 96hrs growth on BHK21/C13 cells and c.p.c. was much lIess extensive

indicating poorer spread of the virus. These results indicate that gl does play a direct role



Figure 4.8. Adsorption of 1772 onto cells.

Pre-cooled BHK21/C13 cells on 50mm plates were infected with 400 p.f.u./platc HSV-I
strain 17% or 1772 at 40C. 0, 15, 30, 45, 60, 80, 100, 120 and 240 minutes post-infection
unadsorbed virus was removed by washing twice with PBS/calf and the plates overlaid
with 4ml EMC10%. Following incubation at 379C for 2 days, plates were stained and the
number of plaques on each counted. Bound virus was calculated as a percentage of final

virus bound at T=24(). Each timepoint represents the mean of 3 individual plates.
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Figure 4.9. Penetration of 1772 into cells.

Pre-cooled BHK21/C13 cells were infected with 400 p.(.u. HSV-1 strain 17+ or 1772.
Following absorption at 40C for lhr, plates were washed twice to remove any unabsorbed
virus, overlaid with 4mls ETC10 and incubated at 379C o enable virus penctration. 0, 5,
10, 20, 30, 45 and 60 minutes post-incubation at 37°C, media was removed, lml citrate
buffer added to inactivate unpenetrated virus, and incubation continued at RT for a further
5 minutes. Plates were washed twice with PBS/calfl to remove the citrate bulfer, overlaid
with 4mls EMC10% and incubated at 370C for 2 days. Plates were stained and the number
of plaques on each counted. Virus penetration at each timepoint was calculated as a
percentage of the virus bound at T= 60. Each timepoint represents the mean of 3 individual

plates.



% penetration

120

100

20 40

minutes post infection

1772

60

80



Figure 4.10. Analysis of cell-to-cell spread in 1772.

Confluent monolayers of BHK21/C13 cells were infected with 0.001 p.f.u HSV-1 strain
17+ or 1772. After absorption at 379C for Lhr, plates were washed twice with PBS/call,
overlaid with ETC10 +/- neutralizing antibodies (human serum) and incubation continued
at 370C. Plates were harvestéd at 0, 8, 24, 36, 48, 56, 72 and 96 hrs post-infection and
titrated on BHK21/C13 cells.
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Results

in cell-to-cell transmission of HSV-1 strain 17F. As expected the rate of HSV-1 growth

was inhibited by the presence of human serum.

4.9. Neurovirulence of 1772

Previous studies (Meigner er al., 1988; Nishiyama er al., 1993) have examined the
neurovirulence of all gencs in the US region of the HSV-1 genome, with the exception of
US7. In PRV gp63, the HSV-1 gl homologue, is required in conjunction with the HSV-1
gE homologue (gl) for viral neurotropism. Viral mutants with deletions in cither (or both )
of these genes are unable to infect specific classes of neurons in the rat retina.

The ncurovirulence of 1772 was determined by estimation of its LD5() value following
intracerebral inoculation of 3-week old BALB/c mice compared to the wild-type virus
HSV-1 strain 17+, As we could not anticipate the virulence of 1772 it was injected at a
range of doses (102-106 p.f.u/mouse). The wild-type virus was injected at doses of 101
and 102. The results are shown in table 4.1..

As expected the wild-type virus was highly virulent, with only | survivor at a dose of 1ol
giving a LD5() of 7 p.f.u./mouse. All deaths occurred by day 6 post-inoculation.

In contrast 1772’s neurovirulence was attenuated . When injected at doses of 109 or 100 all
mice died, but not until an average of 4 days post-inoculation. Two mice died at doses of
104 and 103 post-inoculation, but again there was a delay in the time of death (6-7 days
post-inoculation). No mice died at a dose of 102 p-f.u/mouse, giving an LD5() of 3.6 x103
p.f.u/mouse. These results indicate that gl may play an important role in infection of some
cell types in vivo as is observed with its PRV homologue. Unfortunately time constraint

did not allow us to look at 1772 virulence via a peripheral route of inoculation.
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Table 4.1. Neurovirulence of 1772 following intracerebral
inoculation of 3-week old BALB/c mice.

A*g4jose 1 2 3 4 S 6 LD50 p.l'u/

vius 10 10 10 10 10 10  ouse

17 3/4 4/4 ND ND ND ND 7

1772 ND 0/4 2/4 2/4 4/4 4/4 3.6x10 '

*no. of deaths/ no. injected
ND= not done.
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Chapter 5 - Discussion

5.1.1. Objectives

The work presented in this thesis had three main objectives: (i) to verily that the region
between Vmw110 and the ‘a’ sequence contains an ORF coding for ICP34.5 in HSV-1
strain 17+, (ii) to confirm, in HSV-1 strain 17%: that this protein plays a crucial role in
neurovirulence following intracerebral inoculation of mice , and (iii) to further characterize

ICP34.5.

5.1.2. Reinvestigation of the HSV-1 strain 17t RLI1 sequence.

The existence of a neurovirulence determinant in IRL and the adjacent region of UL was (irst
demonstrated by Thompson et al. (1983). These workers had prcvihusly found that the
HSV1/2 intertypic recombinant RE6 (Marsden et al.,, 1978) was completely non-
neurovirulent in mice following intracerebral inoculation of 3.2x107 p.[.u.. Since 10 p.f.u.
of either HSV-1 strain 17+ or HSV-2 strain HG52 (the “parental” strains of this
recombinant) were lethal for mice on intracerebral inoculation, RE6 was at least 10) million-
fold less neurovirulent than the wild-type strains from which it was derived (Thompson and
Stevens, 1983b). By transfecting intact RE6 DNA with cloned fragments of DNA from
HSV-1 strain 17+ onto tissue culture cells , and selecting for neurovirulent recombinants in
vivo, it was revealed that HSV-1 information residing between 0.71 and 0.83m.u. encoded
a gene function(s) which was a determinant of ncurovirulence in HSV-1 strain 17+
(Thompson et al., 1983). Further in vitro recombination / in vivo selection cxperiments
demonstrated that recombination with a cosmid clone of the HSV-1 strain 17+ HindlIII ¢
fragment (0.64-0.87 m.u.) could restore a neurovirulent phenotype to RE6. Recombinants
generated with this fragment had LD5() values 5 orders of magnitude lower than RE6, with a
LD50=1.1x103 (Thompson et al., 1985). In this study however, other recombinants were
generated which had LD5( values intermediate between RE6 and wild-type virus (egs.
1x104 and 2.2x105). Sequence analysis was not carried out across the ‘restored’ sequences

in any rescuant, complicating interpretation of these results. Subsequently, it was found that
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sequences residing between 0.698 and 0.721 m.u. could confer partial neurovirulence on
RE6. Recombinants generated with cloned DNA spanning this region were only 50-fold
more neurovirulent that RE6 (Thompson and Wagner, 1988), but again sequence analysis
was nol carried out on the ‘restored’ fragments. These anomalics were not discussed in later
papers, and the authors went on to demonstrate that a 1.6kb cloned fragment (Sstl/ Xholl,
0.82-0.832m.u.) conferred a highly neurovirulent phenotype to RE6 (Thompson et al.,
1989).

In our laboratory, this region of the HSV-2 strain HG52 genome had previously been found
to encode neurovirulence related sequences (Taha et al., 1989a, 1989b), which were not
required for virus growth in vitro. A variant, JH2604, with a 1.5kb deletion within cach
copy of RL, between () to 0.02 and (.81 to 0.83 map units was isolated (Harland and
Brown, 1985). This delction removed 1 complete copy of the 17bp DR clement of the ‘a’
sequence and terminated 522bp upstream of the 5’ end of RL2 (Taha et al., 1989b).
Following intracerebral inoculation of mice, JH2604 was completely non-neurovirulent and
failed to replicate in mouse brain (Taha et al., 1989a). These findings pointed to sequences,
located between the ‘a’ sequence and Vmw!110, coding for a protein involved in
neurovirulence iﬁ both HSV-2 strain HG52 and HSV-1 strain 17+,

In HSV-1 strain F, one gene product had been localised within the smallest fragment capable
of restoring a highly neurovirulent phenotype to both JH2604 and RE6 (Ackermann et al.,
1986; Chou and Roizman, 1986). By means of an antibody produced against 10 copies of
the trimer Pro-Ala-Thr (PAT), encoded by the HSV-1 strain F RL1 ORF, which predicted a
protein of 358 amino acids in size, a 43.5K protein was specifically detected in HSV-1 strain
F infected cell extracts. This protein was designated ICP34.5 (Ackermann et al., 1986) and
was shown to be a determinant of HSV-1 strain F neurovirulence (Chou et al., 1990).

In HSV-1 strain 171, the ORF ascribed to ICP34.5 was “thoroughly disrupted”” (McGeoch
et al., 1988a; Perry and McGeoch, 1988) and the existence of a gene in this locality could
not be posiliveiy established. In 1990, when Chou and Roizman republished the sequence of
the gene encoding ICP34.5 in HSV-1 strain F they made 25 alterations to the sequence

published in 1986 and reported that the gene contained only 263 codons. The HSV-1 strain
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F revised sequence was now almost identical to the published HSV-1 strain |7+ sequence
(Perry and McGeoch, 1988), with the only major difference being a 2bp insert in the HSV-1
strain 17* sequence which rendered 60% of the HSV-1 strain 17+ sequence (including the
PAT repeat) out of frame. The ORF identified by Chou and Roizman (1990) was conserved

in two other “limited passage” strains but not in HSV-1 strain 17%. This was attributed to the

. alleged multipassage history of HSV-1 strain 17+ which it was claimed, led to the

accumulation of mutations. However if ICP34.5 was not produced by HSV-1 strain 17 it
should at least be modified in neurovirulence if not totally non-neurovirulent compared to
other wild-type viruses. This is obviously not the case (see table 3.1.). In fact HSV-1 strain
17% is more neurovirulent than HSV-1 strain F (see table 3.3.).

In our laboratory, the isolation and characterization of a deletion variant, l’)l() (MacLean,
A, et al., 1991a) demonstrated that the region spanning the deleted sequences in JH2604
was also required for neurovirulence in HSV-1 strain 17%. Sequence analysis of 1716
revealed that it had a 759bp deletion which removed 1 complete 18bp DR1 element from the
‘a’ sequence and terminated 1 10Sbp upstream of the 57 end of Vimw 110, 1716 was found to
be totally non-neurovirulent following intracercbral inoculation of BALB/c mice with a LD5()
of 7x106 p.f.u./mouse compared to <10 p.f.u./mouse for the parental wild-type strain 17+, .
Analysis of the in vivo growth kinetics of 1716 demonstrated that the non-neurovirulent
phenotype was due to an inability to replicate in mouse brain. Rescuants of 1716 had LD5(

values identical to those of wild-type HSV-1 strain 17+.

The initial stage of t'his' project involved reanalysis of the HSV-1 strain 17% sequence at the
terminus of the long repeat, in the region where the putative frame-shift occurred. For this
purpose a 1.46kb subfragment of the BamHI k fragment (np 125074-np 126530) was
cloned into M13 and sequenced. At the same time, an independently produced Xhol ¢ clone
comprising the region spanning the disputed bases was sequenced by Mr A.Dolan in Dr D.J.
McGeoch’s laboratory. In both cases, the number of bascs was identical to that in the
published sequence of HSV-1 strain F but not to that in the strain 17+ published sequence.

This showed that the original sequence obtained for this locus of HSV-1 strain 17+ was
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inaccurate and probably came from an atypical plasmid clone. The agreement between the
sequences of the Xhol ¢ and BamHI k subfragment clones, and the ability of the sequenced
BamHI k subfragment (o restore neurovirulence (MacLean, A., et al., 1991a; this thesis)
argue strongly that the shorter version of the sequence (residues 823 and 824 removed) must
represent HSV-1 strain 17+ genomic DNA correctly. Correction of the strain 17+ sequence
to that of the hewly sequenced clones (Dolan et al., 1992) opens the reading frame proposed
by Chou and Roizman (1990) to encode a protein of 248 amino acids with an apparent My of
26184. This ORF has been designated RL1 (McGeoch et al., 1991).

The difficulties which arose over the sequencing of this genomic region and which originally
cast doubts on the ability of a “non-coding™ sequence in strain 17% to confer neurovirulence
emphasizes the need to rapidly redetermine the sequence of any intrastrain differences which
may arise in the future and reinforces the valuc in determining the cquivalent HSV-2
sequence. Colinear regions of homology between HSV-1 and HSV-2 may reveal genes
which play an important role in the viral life-cycle and which would be otherwise
unidentified. This is illustrated by recent determination of the HSV-2 strain HG52 sequence
in RL, and the adjoining parts of UL, (McGeoch et al., 1991), and in which comparison of
the HSV-2 ULS56 gene sequence with its HSV-1 counterpart revealed an apparent frame-shift
adjacent to the 3’ end of the HSV-1 ORF. Re-analysis of both sequences confirmed that the
HSV-2 sequence was correct, but that in determining the HSV-1 sequence a compression
had been incorrectly resolved (McGeoch et al., 1988a; Perry and McGeoch, 1988). Thus
ULS6 of both HSV-1 and HSV-2 possesses an uncharged and highly hydrophobic section
of 18 amino acids which could constitute a membrane-spanning domain, suggesting that

ULS56 is a membrane associated protein.

Having demonstrated that HSV-1 strain 171 contains a gene, RL1, which encodes an
ICP34.5 homologue, we wished (i) to confirm that this ORF was translated and (ii) to
confirm the importance of this gene in neurovirulence. Several approaches were taken: (i)
insertion of a stop-codon in only | frame into the predicted RL1 ORF to demonstrate that

this led to a non-neurovirulent phenotype and (ii) expression of ICP34.5 under the control of
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a strong E.coli promoter and detection of the protein using pre-cxisting peptide antisera.
Purification of the E.coli -expressed protein also allowed generation of antiscra which

subsequently recognised ICP34.5 in HSV-1 strain 17+ infected cell extracts.

5.1.3. Construction and characterization of a HSV-1 strain 17+ RL1 variant.
No HSV-1 strain 17 mutants with lesions solely in the RL1 ORF have previously been
described, ahhough Chbu et al. (1990) have partially confirmed the coding assignment of the
homologous protein in HSV-1 strain F, by inserting a six-frame stop-codon ~90bp [rom the
initiating ATG. However, this mutation would also affect overlapping reading frames.
Recently the identification of a novel promoter downstream of RL1 (figure 5.1), from which
two transcripts of 0.9kb and 4kb, antisense to RL1 have been detected by Northern blotting
(Bohenzky et al., 1993), has potentially complicated the analysis of existing RL1 mutants.
The 3’ ends of these transcripts have not been mapped, but they can be detected in cells
infected with HSV-1 mutants lacking the LAT promoter and are therefore not processed
forms of LAT. Verification that lack of synthesis of ICP34.5 alone, was responsible for a
non-neurovirulent phenotype was achieved through the construction and characterization of a
HSV-1 strain 17* RL1 variant, 1771, with a stop-codon in only the ICP34.5 rcading frame,
9 base pairs downstream from the initiating ATG.

It was initially decided to insert an in-frame stop-codon close to the initiating ATG of RL1
by site-directed mutagenesis using as a starting template, the M13 clone which had been
used to resequence the gene. However, it soon became clear that this was not the best
approach to use. Although oligonucleotides 18-42 bases long were used under high
stringency conditions, they consistently either hybridized non-specilically to the M 13
template or failed to hybridize; this could be attributed to the high G+C content of R[,
(71.6% G+C; Perry and McGeoch, 1988), and the high G+C content of the oligonucleotides
used. The high G+C content of the oligonucleotides may also have led to the formation of
secondary structures which prevented correct annealing. Similar results have been found
with HSV-2 RL1 (Miss S. Bdour, personal communication); using the same starling

template, site-directed mutagenesis has been successful in some regions of RL1, but not in
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Figure 5.1. Position of the novel promoter indentified by Bohenzksky et al. (1993).

Diagramatic representation of the HSV-1 genome with an expanded region {lanking the L-
S junction composed of the BamHI réslriclion enzyme fragment k (np 123459-np 129403).
The promoter fragment is indicated by a hatched box. The position of the putative TATA
box (which is located 54bp downstream of the Sacl site) is indicated (T). The solid arrows
denote the mRNAs for RL2, RS1, RL2, and the primary transcript of LAT. The symbols
for restriction enzyme sites are as follows: Bm, BamHI; Bs, BstEll; D, Dral; N, Ncol; Sc,

Sacl; Sp, Sphl; St, Stul.
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others, presumably due to variations in the G+C content of the regions undergoing mutation.
Interestingly, Mr A.Dolan (personal communication) has been unable to successfully
amplify by PCR, the region spanning RL1 despite success in other regions of the genome;
this again, is probably due to the high G+C content of RL,. As an alternative approach, an in-
frame stop-codon was introduced into the RL1 ORF using the plasmid pEA.10 whose
construction was described in an earlier section. The only disadvantage with this method
was the large size of the oligonucleotide linkers used (9 Imer and 92mer) and the possibility
that aberrant bases could be introduced into the RL1 sequence. This was however
eliminated, by séquencing the entire 92bp insert, which confirmed that it was identical to the
wild-type RLIT sequence, except for the 6bp insert,

1771 was totally non-neurovirulent following intracercbral inoculation (;I' 3-week old
BALB/c mice with a LD50>100 p.f.u/mouse compared to <10p.f.u./mousc for the wild-
type HSV-1 strain 17+. The LD5( values of 1771 and 1716 are 7-fold lower than the
published LD5() value of 1716 (MacLean, A., et al., 1991a), but it should be pointed out
that in this thesis 1771 and 1716 were only injected at doses up o 100 p.f.u/mouse. The
non-neurovirulent phenotype of 1771 was shown o be due to an inability o replicate in
mouse brain, with no detectable virus present at 3 days post-inoculation. It would seem
unlikely that the virus detected at days | and 2 post-inoculation is newly replicated virus, but
this cannot presently be discounted. Like 1716, (MacLean, A., et al., 1991a) 1771 is not
impaired in growth in vitro in BHK21/C13 cells. In confluent mouse embryo fibroblast 3T6
cells 1771 reaches a final titre ~4 logs lower than the wild-type HSV-1 strain 171 and its
growth pattern is indislinguishable from that of 1716 (Dr. S.M. Brown, personal
communication). This tissue culture system apparently reflects the in vivo phenotype of
RL1 negative virus, and correlates with in vivo growth data available for both 1771 and
1716 (MacLean, A, et al., 1992; section 3.1.7). The replication defcect observed in variants
which fail to produce ICP34.5, is tissue and/or cell type specific as 1716 replicates in mouse
peripheral tissue (Robertson et al., 1992) As both 1716 and 1771 replicate in

undifferentiated F9 cells (Dr S.M. Brown, personal communication) (a mouse embryo
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testicular carcinoma cell line) this would indicate that the replication defect is not host
specilfic.

The mechanism by which ICP34.5 enables growth in the nervous system is unclear. It is
unlikely that ICP34.5 is involved in attachment, penctration or uncoating as both HSV-1 and
HSV-2 variants which fail to synthesize ICP34.5 can establish and reactivate from latent
infection in mice (Thompson et al., 1989; MacLean et al., 1991b; Robertson et al., 1992),
demonstrating that virus can at least enter ncurons. In addition, as far as we can determine
ICP34.5 is not present in virions or associated with membranes (MacKay et al., 1993). One
possible explanation for the apparent growth difference of ICP34.5 negative variant between
cells of nceuronal and other cells of nonncuronal origin could be that in cells eg.
BHK21/C13, MDK or Vero cells, and peripheral tissues in vivo where 1CP34.5 deletion
variants are not impaired in growth, a cellular homologue can compensate for the lack of
production of ICP34.5; this homologue may not however, be present in cells of neuronal
origin or certain other defined cell types.

The precise role which ICP34.5 plays in the virus life-cycle is unclear, but a recent study in
one ncuroblastoma cell line (Chou and Roizman, 1992) claimed that in the absence of
ICP34.5, apo‘ptosis occurred following infection with HSV-1. Infection of this one
neuroblastoma cell line with mutants incapable of expressing ICP34.5 results in shutoff of
cellular protein synthesis and no virus replication. Infection of these cells with wild-type
virus results'in sustained protein synthesis and production of infectious progeny. No such
defect was seen in the Vero cells used as controls. However the mutant 1716 fails to induce
cell-death or apoptosis in tissue culture (Dr S.M. Brown, personal communication).

Two homologues of ICP34.5 which originate from 2 quite unrelated sources have recently
been described (Barnett and McGeoch, 1991; Sussman et al., 1992) - MyD116, a murine
myeloid differentiation primary response gene, and LMW23-NL, an ORF in the African
Swine Fever Virus genome. Although the function of LMW23-NL is unknown, its
similarity with genes involved in myeloid cell differentiation and viral host range suggest a

possible role for it in African Swine Fever host range.
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Although they differ in size, ICP34.5, MyD116 and LMN23-NL contain a centrally located
acidic region with a highly conserved, hydrophilic 56-amino acid domain located at the
carboxy terminus. LMN23-NL and ICP34.5 both contain a highly basic amino terminus
composed of 8 to 10 lysine and arginine residues. In the conserved domain, LMW23-NL
and MyD116, show 78% overall conservation, whercas LMW23-NL and ICP34.5 have
55% overall conservation. These sequence delerminations suggest that in HSV-1 and HSV-2
the carboxyterminus of the protein, is the region most highly conserved in all these proteins,
constitutes an important functional domain. Furthermore, mutations affecting the conserved
domain of HSV-2 strain HG52 RL1 completely abolish ncurovirulence (Miss S. Bdour,

personal communication).

In summary having confirmed that the HSV-1 strain 17% genome encodes a HSV-1 strain F
ICP34.5 homologue we have constructed a HSV-1 strain 17+ RL1 deletion variant 1771
with a stop-codon in only the ICP34.5 reading frame. This mutant has been used to
demonstrate conclusively that deletion of 1CP34.5 alonc is sufficient to abolish

neurovirulence following intracerebral inoculation of mice with HSV-1 strain 17+,

5.1.4. Construction and characterization of an HSV-1 strain F ICP34.5
deletion variant.

In a previous attempt to detect ICP34.5 from HSV-1 strain 17% infcected cells, synthetic
oligopeptides representing different regions of the predicted open reading {rame were used (o
generate antisera (figure 3.13.). Until recently (MacKay et al., 1993), none of these peptide
antisera were successful in identifying ICP34.5 in HSV-1 strain 17+ infected cells, although
1 which was directed against 10 copies of the PAT repeat strongly recognised ICP34.5 in
HSV-1 strain F infected cell lysates. Another antiserum directed against 5 copies of the PAT
repeat weakly recognised HSV-1 strain F ICP34.5 in infected cell lysates.

The strain F deletion variant, F11, was constructed to confirm the specifity of the antiserum
against the PAT tenmer, to use as a negative control in ICP34.5 localization studies and to

show that loss of ICP34.5 expression specifically correlated with a loss of neurovirulence.
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The simplest method for construction of this variant was to lincarise a plasmid, containing a
HSV-1 strain 17* fragment spanning the 1716 deletion, and o cotransfect this onto
BHK21/C13 cells along with intact HSV-1 strain F DNA. An isolatc with a genome profile
identical to 1716 was then selected for further analysis.

1716 and F11 are totally non-neurovirulent {ollowing intracerebral inoculation, with LD5(
values of >107 p.f.u./mouse. By comparison HSV-1 strain 17+ and HSV-1 strain F had
LD5( values of <102 p.f.u/mouse. It has previously been shown (MacLean, A., et al.,
1991a) that the non-neurovirulent phenotype of 1716 is caused by its inability to replicate in
mouse brain. As F11 contains exactly the same RL1 deletion in its genome, it would be
reasonable o assume that it also, is unable to replicate when injected intracercbrally into
mouse brain.

The main aim of this study was to demonstrate that a lack of synthesis of ICP34.5 correlated
with a loss of neurovirulence. By Weslern blot analysis of infected cell extracts, it was
demonstrated that F11 did not produce ICP34.5. In conjunction with neurovirulence studies
of F11 we confirmed that lack of synthesis of ICP34.5 specifically correlated with the
acquisition of an non-neurovirulent phenotype.

Ackermann et al. (1986) have reported the accumulation of HSV-1 strain F ICP34.5 largely
in the cytoplasm of Hep-2 cells, and these results have been confirmed for HSV-1 strain 17+
using cell fractionation studies (MacKay et al., 1993). BHK21/C13 inlccted cell extracts
were separated into cytosolic and membranc fractions with all detectable ICP34.5 being
found in the cytosolic fraction. Similarly when infected cells were separated into nuclear and
cytoplasmic fractions, less than 1/320 of ICP34.5 was present in the nucleus with the
remainder in the cytoplasm. This result was confirmed by immunofluorescence using the
wild-type HSV-1 strain F and F11 as a negative control. ICP34.5 was localised in discrete
punctate patches within the cytoplasm, suggesting possible localization of the protein in
specific cytoplasmic organelles eg. golgi apparatus or ribosomes.

The major difference between 1716 and F11 is the ability of these 2 viruses Lo reactivate
from latency. In a previous study (Robertson et al., 1992) the RL1 deletion variant 1716

was found to be impaired in reactivation from latency compared to the wild-type virus - a
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result which was confirmed in this study. Reactivation of both 1716 and F11 {rom latency is
dose-dependent. HSV-1 strain F appecared o establish and reactivate from latency in
significantly fewer ganglia than HSV-1 strain 17% (15% of ganglia infected with HSV-1
strain F reactivating compared to 55% of ganglia infected with HSV-1 strain 17%), a
consistent finding in our laboratory (Dr. L.Robertson, Dr. A. MacLean, personal
communicalion). Taking this into account, FI1 did not show any difference in reactivation
kinetics compared to HSV-1 strain F. F11 in not impaired in reactivation from latency
compared to HSV-1 strain F, although it is impaired in reactivation from latency compared to
HSV-1 strain 17+,

The LD5() of HSV-1 strain F is consistently 1 log higher than that of HSV-1 strain 17+
following intracerebral inoculation of mice, which implics poorer replication of the virus in
vivo. If HSV-1 strain F also replicates less efficiently than HSV-1 strain 17+ in the DRG
following inoculation at the periphery, less virus will be available for establishment of a
latent infection, leading to poorer reactivation kinetics for HSV-1 strain F compared to HSV-
1 strain 17%. This could explain the lack of difference in reactivation frequency between F
and F11. This hybolhesis could be tested by comparing the replication kinetics of both HSV-
1 strain F and HSV-1 strain 17+ in DRG, and their LD5(s, following footpad inoculation
MacLean et al. (1991b) have previously demonstrated that the HSV-2 strain HGSZ mutant,
2604, which has a similar deletion in its genome to Fl1 and 1716 is not impaired in
reactivating from latency compared to the wild-type parcntal virus. Following inoculation
with JH2604 at a dose of 109 p.f.u., virus reactivated from 74% ol ganglia, while at the
same dose of HSV-2 strain HGS52, virus reactivated from 81% of ganglia. 1t would thus
appear that the factors which determine establishment and/or reactivation from latency differ
depending on the viral background. These factors also seem to be separate {rom those
affecting neurovirulence.

It is possible that the functional domain of LAT and hence the effect which the delctions in
JH2604 and 1716 have on LAT, varies between HSV-2 strain HG52 and HSV-1 strain 171,

Recent comparison of HSV-2 strain HG52 R, with its HSV-1 strain 171 counterpart

(McGeoch et al., 1991) has demonstrated that the sequence of the LAT transcript is
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dissimilar, whereas the probable LAT promoter region of HSV-2 strain HG52 shows
similarities to that of HSV-1 strain 17+. Hence the regions of the LAT transcript deleted in
JH2604 and 1716 may differ. If a functional domain of LAT is dcleted i;l 17 16 but not
JH2604 this might account for the reactivation kinctics observed with the 2 viruses. Analysis
of the latency characlteristics of 1771 with only 1 inserted stop-codon and hence minimal

effect on the antisense LAT should answer this question.

During the course of this study, 2 other recombinant wild-type viruses, 1716a and Fl1la
were constructed. 1716a contains the HSV-I strain F RLI promoter and 5° coding
sequences in a strain 17+ background, whereas 1 la contains the HHSV-1 strain 17+ RLI
promoter and 5° coding sequences in a strain F background. If ICP34.5 is underproduced in
HSV-1 strain 17%, and this is a function of the viral background, then 17 16a would
synthesize lower amounts of the protein than Fl la. The results obtained are ambiguous.
Both Flla and 1716a produce a protein with a similar My to that of HSV-1 strain F (as
confirmed by Western blotting) suggesting that other viral gene(s) are also involved in
1ICP34.5 production and processing. The idea that ICP34.5 is underproduced in HSV-1
strain 17%, rather than being less strongly recognised by the peptide antiscrum might be
supported by the fact that 1716a and F11R were marker rescued using the same fragment of
DNA, but in 1716a, with a strain 17 background, strain F ICP34.5 is apparently
underproduced. However this does not correlate with later evidence obtained using the
polyclonal antiserum, which clearly indicates that ICP34.5 is produced in similar quantitics
in HSV-1 strain F and HSV-1 strain 17+. Natural variation in thc number of copics the DNA
sequence encoding the PAT repeat within the 1716a stock, would lead to the presence of
isolates with fewer copies of the PAT repcat. These might not be detected due o poor
antibody affinity of the peptide antiserum. Two other HSV-1 strains, MGH-10 and CVG-2
sequenced by Chou and Roizman (1990) had 6 copies of the PAT repeat, so it would not be
unreasonable to assume that natural variation in the number of PAT repeats could occur.
Alternatively, infection with 1716a may be poorer and hence the apparent underproduction

of protein.
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Confirmation that the wild-type phenotype had been restored to Flla and 1716a was
provided by determination of their LD5() values in BALB/c mice following intracerebral
inoculation. In both cases the neurovirulent phenotype was found to be restored 1o the
recombinant virus Lo a level comparable with HSV-1 strain F.

It is interesting to note that HSV-1 strain F, which was isolated from a rccurrent facial
lesion, is of moderate virulence, with a 50% lethal dosc of approximately 100 p.f.u. by
intracerebral inoculation of mice. In contrast, MGH-10), derived from a casc of human
encephalitis, has a 50% lethal dose of 1 to 5 p.[.u. by the same route in identical mouse
strains (Meigner et al., 1988). Similarly, in our system the LD5() of HSV-1 strain F is
consistently around 1 log higher than that of HSV-1 strain 17+, 1t is possible that these
observed differences in HSV-1 neurovirulence could be ascribed to diffcrences in the
nucleotide sequence, in particular the PAT copy number of ICP34.5 with strains having
fewer copies of the PAT repeat being more neurovirulent. This hypothesis has not been

tested. Alternatively, it could be due to alterations clsewhere in (he genome.

5.1.5. Over-expression of RL1 in a bacterial system, and partial purification
of ICP34.5.

We chose to express ICP34.5 in E.coli for several reasons: (i) ICP34.5 had not previously
been detected in HSV-1 strain 17* infected cells, probably due to a low level of synthesis.
By placing the gene under the control of a strong promoter we hoped to be able to detect a
protein product using pre-existing peptide antisera, (ii) At the initiation of this project we
were concerned that we would be unable to detect ICP34.5 in HSV-1 strain 177 infected
cells using peptide antisera. By expressing the protein in a bacterial expression system, we
hoped to raise polyclonal anti-ICP34.5 sera which would specifically recognise ICP34.5 in
HSV-1 strain 171 infected cells and might also detect the semi-conserved polypeptide in
HSV-2 strain HG52 infected cells, (iii) MacKay et al. (1993) have recently optimized our
assay conditions such that a peptide antiserum raised against 10 copies of the PAT repeat
specifically recognises ICP34.5 in HSV-1 strain F and HSV-1 strain 17 infected cells. The

level of detection of ICP34.5 in HSV-1 strain 171 was 30-fold lower than in HSV-1 strain
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F; a polyclonal antiserum would enable determination of whether the differences in the levels
of detection between the HSV-1 strain 17+ and HSV-1 strain F polypeptides were real, or
merely due to antibody affinity differences, and (iv) purification of the E.coli -expressed
ICP34.5 might have enabled us to undertake functional studies.

The E.coli pET system (Studier ef al., 1990) has previously been used for high level
expression of HSV-1 R1 (Furlong et al., 1991) and R2 (Lankinen et al., 1991) and was
chosen for expression of the entire ORF of ICP34.5. However, ICP34.5 was not expressed
at a particularly high level in this system (~1% R1 (Furlong et al., 1991)). Several atlempts
were made to increase the level of production of ICP34.5 in this system. Variation in growth
temperatures had no effect on the quantity of ICP34.5 produced, neither did addition of
ampicillin, at various stages of growth, Lo ensure maintenance of pET34.5 within the E.coli
cells. When single plaques from a plate were used to inoculate 500ml cultures directly, the
quantity of ICP34.5 dccreased by ~50%. In no case was an obvious increase in the level of
ICP34.5 production detected and there did not appear to be any significant fluctuations in the
quantity of ICP34.5 produced in individual experiments.

When cultures were maintained at 370C following induction, ICP34.5 was produced in an
insoluble form. Subsequent experiments revealed that lowering the growth temperature of
the cultures to 289C following induction was sufficient to enable production of soluble
E.coli -expressed 1CP34.5. Because ICP34.5 was not expressed to high levels and thus was
not a major constituent of the bacterial lysate, and previous studies using the peptide antisera
indicated that it might not be highly immunogenic, we [elt it nccessary o remove as many
contaminating bands from the crude extract before using it for the production of polyclonal
antiscra. A two stage programme was developed for the partial purification 1CP34.5. The
first stage in purification was ammonium sulphate fractionation. By 50% ammonium
sulphate, almost all ICP34.5 had been precipitated from crude bacterial extract, therefore this
percentage ammonium sulphate was routinely used for purification. As a second step,
several columns were tested for 1CP34.5 binding at various pH ra;lges and salt
concentrations, but in almost every casc the protein failed to bind. When it did bind, the

protein tended to elute over almost the entire salt gradient suggesting that the E.coli
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expressed ICP34.5 was aggregating with other proteins in the sample. Although the
theoretical isoclectrical point of ICP34.5 is 4.3, the protein failed to bind to a mono P
column in the pH range 4-6 (Dr. M. Denheen, personal communication). Again this could be
due to aggregation of the protein in solution preventing binding to the column or alternatively
the protein may be folded in such a manner that charged amino acids are screened.

Using the MonoQ as the second step in purification was a compromise; although ICP34.5
did not bind to this column, most bacterial bands did and thus the flowthrough gave larger
and purer yields of protein than any other column tested. Despite this, only small amounts of
protein remained following purification using the MonoQ column. We did not consider it
necessary therefore to attempt further purilication ol the protein prior to use as an
immunogen.

Two New Zealand White rabbits were immunized intramuscularly, first with 2mg u).tal
protein (approximately 100ug ICP34.5) in Freund's complete adjuvant followed by 4
boosts, each at a 14 day interval, using the same amount of antigen but in Freund’s
incomplete adjuvant. Rabbits were bled 10 days after cach boost and the antiscra tested at
different dilutions against HSV-1 strain F and HSV-1 strain 17+ infected cell extracts for
reaction with ICP34.5 specific bands. After 5 injections only 1 rabbit had produced an
immune response, with an antibody titre which appeared to have platcaued. This animal was
bled out and its serum used as the polyclonal anti-ICP34.5 scrum.

The polyclonal antiserum did not have as high an affinity as had been hoped and was
actually no more sensitive at detecting the HSV-1 strain F polypeptide than the peptide
antiserum which was already available. However, the protein antiserum recognised HSV-1
strain F and HSV-1 strain 17+ ICP34.5 with equivalent sensitivity, demonstrating that
previous differences in detection level (MacKay ez al., 1993) were due to antibody affinity
differences and that the level of ICP34.5 accumulation in cells infected with each strain is
similar. We were unable to detect HSV-2 strain HG52 ICP34.5 using either
immunoprecipitation or Wesltern blotting. In immunofluoresence studices, this antiscrum was
used in conjunction with 1771, to confirm our previous results which had demonstrated the

localization of ICP34.5 in discrete punctate patches, specifically in the cytoplasm of infected
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cells. This work demonstrates that the distribution of ICP34.5 in infected cells is similar

following HSV-1 strain F and HSV-1 strain 177 infection.

In summary we have used partially purified E.coli -expressed 1CP34.5 (o produce in rabbits
a polyclonal anii-ICP34.5 serum which specifically detects ICP34.5 in HSV-1 strain F and
HSV-1 strain 171 infected cell lysates. We have demonstrated that the level of ICP34.5
accumulation is similar following HSV-1 strain F and HSV-1 strain 17+ infccii()n, indicating
that previous observed discrepencies in the level of detection between the two strains were
due to antibody affinity differences. The polyclonal antiserum was also used to specifically

localize 1ICP34.5 to the cytoplasm of HSV-1 strain 17+ infected cells.

5.1.6. Characterization of 1772, a deletion variant in US.

The US region of the HSV-1 genome encodes 13 predicted ORFs (McGeoch er al., 1985;
Georgeopoulou et al., 1993). With the exception of gD, these are all dispensible for growth
in tissue culture (Post and Roizman, 1981; Longnecker and Roizman, 1986; Umenc, 1986;
Longnecker et al., 1987; Weber er al., 1987; Georgeopoulou er al., 1993) The isolation of a
spontaneous US deletion variant from a transfection experiment was uncxpected. In gencral
where spontaneous HSV variants have previously been isolated and described, the deletions
have involved one of the repeat regions and adjacent unique sequences (Brown et al., 1984;
Harland and Brown, 1985; Longnecker and Roizman, 1986; Umene, 1986; Brown and
Harland, 1987), suggesting that these act as illegitimate ‘hotspots’ for recombination.
Following plaque purification and titration on BHK21/C13 cells, it was observed that 1772
produced small discrete plaques, which did not have a normal wild-type morphology. This
phenotype was indicative of a defect in cell-to-cell spread, a property which has not
previously been ascribed to any gene in US. Restriction endonuclease and sequence analysis
localized the deletion in 1772 to the BamHI restriction enzyme fragment and subsequently to
US7 encoding gl. 1772 has a 630bp deletion which removes the initiating ATG of US7 and
extends to the 3’ end of the gene. Confirmation that US7 was deleted in 1772 was provided

by immunoprecipitation using the previously well characterized MAb 3104 (Johnson et al.,
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1988). This MADb precipitated proteins with the expected size of gl and pgl and also gE and
pgE from HSV-1 strain 17+ infected cells, but not from mock or 1772 infected cells.

Initial characterization of 1772 involved analysis of the in virro growth characteristics of this
variant. In one-cycle, but especially multi-cycle growth analysis, 1772 had an extended lag
phase, although it reached final titres comparable to the wild-type virus. Longnecker et.al.
(1987) demonstrated that deletion of gl did not affect the ability of the virus o replicate in
tissue culture, but they did not carry out detailed growth analysis of their US7 dcletion
variant, hence they did not observe this extended lag phase during the initial stages of
growth in tissue culture. If 1772 has a defect in adsorption or penetration into BHK21/C13
cells, this would explain the apparent initial delay in initiation of infection. Entry of
herpesviruses into their host cells is believed o occur by fusion of the viral and cellular
membrancs (reviewed by Spear, 1993). Since 1772 appeared to be delective in the initial
stages of viral growth, we thought it was possible that entry of the virus into the cells and
initiation of the infectious cycle could be affected by the lack of gl. However, no difference
in the time of initiation of immediate-early, early or late protein synthesis in BHK21/C13
cells could be detected, and no difference in the rates ol adsorption of wild-type and gl-
virus to BHK21/C13 cells was observed. It is possible that the percentage of 1772
adsorbing to cells in tissue culture is impaired, however experiments to determine if this was
the case were unsuccess{ul due to poor labelling of virion preparations. Development of
resistance to low pH ie. virus penetration, between the wild-type and gl virus was also
similar. Virus preparations of 1772 and HSV-1 strain 17% had comparable particle:p.f.u.
ratios, ruling out, the possibility of interfering virus particles in the 1772 preparation. Thus,
if gl plays an auxillary role in the fusion of the viral and cellular membranes during virus
entry into cells, the effect is too subtle to be detecled by the assays we have used. Through
the incorporation of neutralizing antibodies in the overlay it was demonstrated that gI plays a
direct role in cell-to-cell sprcad.

Following intracerebral inoculation of mice, 1772 was intermediate in neurovirulence with a
LD50= 3.6x103 p.f.u./mouse compared to 7 p.f.u/mouse for the wild-type virus HSV-1

strain 17+ Although the actual mean time to death was not calculated, this variant was
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impaired in growth in vivo. If injected with HSV-1 strain 17+ at doses of 103 or 100, mice
would be expécled to dic within 24-48 hrs. However when injected with equivalent doses of
1772, the mean time to death was approximately 4 days. It could be postulated that in vivo,
wild-type virus spreads cither (or both) by direct cell-to-cell transmission or via adsorption
o uninfected cells of virus that has been released from infected cells. As 1772 is impaired in
direct cell-to-cell spread, virus will still spread via the other pathway, and this accounts for
the reduced virulence. 1772 should similarly be impaired in virulence following peripheral
inoculation. In PRV, both gl and gp63 (the HSV-1 gE and gl homologues respectively) are
known to play a role in virulence in both pigs, the natural host of this virus (Kimman et al.,
1992) and mice (Peeters et al., 1993). gp63 forms a complex with gl and the phenotypes of
gl, gp63 and gl + gp63 mutants are similar (Zuckermann et a/., 1988) suggesting that the
complex of gp63 and gl is the functional unit. Evidence that gl (and thus gp63) is involved
in cell-to-cell transmission of the virus was recently reported (Zsak et al. ,. 1992). We have
demonstrated this for gl and believe this accounts for the observed in vivo phenotype of
1772.

The physiological role played by Fe receptors in the replicative cycles of herpesviruses
remains unclear. It has been postulated that the Fe receptor protects the virus, or virus
infected cell from host immune attack by binding IgG, thus preventing immune recognition ,
or sterically hindering destruction by 1gG or Fe-dependent effector cells (Costa et al., 1977,
Lehner et al., 1975; Westmoreland and Wadkins, 1974). Adler et al. (1978) demonstrated
that IgG aggregates protect HSV-1 infected cells from complement-mediated cytolysis or
destruction by sensitized lymphocytes, while Dowler and Veltri (1984) demonstrated that
HSV-2 virions can resist neutralization by HSV-2 specilic antisera by binding non-immune
IgG.

The Fc portion of 1gG is the regionvof the molecule responsible for mediating important
effector functions, such as complement activation and antibody-dependent cellular
cytotoxicity (for overview sce Roitt et.al., 1985). Therefore, binding of the Fe end of
immune IgG could modify the effectiveness of 1gG mediated attack. Recently, Frank and

Friedman (1989) demonstrated that the HSV-1 Fc receptor can bind the Fe domain of 1¢G
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which has its antigenic target (in this case a viral glycoprotein) bound at the Fab domain, and

thus protects the virus from antibody and complement-dependent neutralization.

It has recently been shown that expression of gE alone results in the induction of Fe receptor
activity, while expression of gl alone gives no detectable Fe binding; hence HHSV-1 has the
potential to induce 2 Fc receplors- a high affinity receptor comprising gl and gE which binds
monomeric ]gG and a lower affinity receptor comprising gE alone, which binds IgG
complexes (Bell et al., 1990; Dublin et al., 1990). The presence of gl could enhance binding
of IgG by gE in 2 ways; either indirectly by altering the confirmation of gE i() increase the
affinity of its Fc receplor-binding domain, or directly by interacting with gE to form a new
high-affinity Fc-binding domain. I 1772 produces only a low aflinity Fc-receptor as would
be suggested by the results obtained by Bell ef al .(1990) and Dublin et al. (199()), virus
infected cells may be more susceptible Lo immune cytolysis and this could perhaps account
for the reduction in neurovirulence of 1772,

In PRV however, the gl-gp63 complex does not appear to have 1gG Fc-receptor activity
(Zuckermann et al., 1988). Thus the significance of the gE-gl complex Fe-receptor
expression in HSV-1 virulence is unknown. Although an Fe-receptor could decrease the
effects of antibody on infected cells, its reported absence from PRV and PRV-infected cells
suggests that the Fc-receptor is not of major importance for the expression of virulence of

herpesviruses.

5.2. Future prospects

We have confirmed that ICP34.5 plays a crucial role in neurovirulence following
intracerebral inoculation of mice, and it may now be possible to define the functional regions
of RL1. Further defined lesions could be constructed along the length of RLI eg. at the PAT
repeat, before the 63 amino acid region of conservation between HSV-2 strain HG52 and
HSV-1 strain 17% and at various positions within the 63 amino acid conserved domain. It
should also be possible to construct a RL1 variant in which the 5’ end of RL1 is deleted,

through the use of oligonucleotide-linkers. Analysis of the neurovirulence phenotype of the
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resulting variants may indicate the functional regions of the gene and help to define the

precise role which this protein plays in vivo.

The latency characteristics of 1716 and F11 are currently being examined using a mouse
corneal model to determine if the results obtained correlate with those obtained using the
footpad model. Preliminary results have indicated that in the corneal model, 1716 compared
to the wild-type virus is impaired in reactivation from latency Lo an even greater extent than is
observed using the footpad model (Dr. J. Spivak, personal communication). The reason for
this defect is at present unclear, but the possibility that ICP34.5 is involved in establishment
and/or reactivation from latency is currently under investigation. Through characterization of
the latency characteristics of 1771, we should be able to determine if the impairment of 1716
in reactivation from latency is due o an effect of the large genomic deletion on the LAT
transcriptional unit, or duc to the lack of synthesis of ICP34.5.

1716 is impaired in growth in DRG of mice ; if 1771 is similarly impaired in growth at this
anatomical site we can definitively conclude that ICP34.5 is required for cell and/ or
tissue specific growth. These studies are currently on-going.

Detection of HSV-2 strain HG52 ICP34.5 will require a higher titre and more sensitive
antiserum. There are obvious routes to be taken to achieve this. An alternative expression
system eg. baculovirus or a GST-fusion might give higher cxpression of 1CP34.5 and
higher levels of starting material for purification. Use of an alternative expression system
may not however, overcome the problems of protein aggregation. As an alternative approach
S’ deletions are currently being made in the existing PET construct in the hope that a smaller
truncated version of the protein will be more readily purified. For an antiserum (o cross-react
with HSV-2 strain HG52 ICP34.5, it will probably be necessary o raise antisera against an
expressed protein in which the 63 amino acid region of homology between HSV-1 strain
17+ and HSV-2 strain HG52 has been conserved. As ICP34.5 is a small protcin (248 amino
acids in strain 17"’) this limits the alterations which can be made and it may be necessary to
express the HG52 polypeptide to successfully raise an antiscrum which recognises it in
infected cells. It is hoped in the long term that ICP34.5 will be purified to homogeneity, for

use in monoclonal antibody production and functional studies. In conjunction with further
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defined lesions in the RL1 ORF monoclonal antibodies will be used to determine the

functional regions of ICP34.5,

To further characterize the growth defect in 1772, a wild-type rescuant should be
constructed, to exclude the possibility that a mutation clsewhere in the viral genome is
contributing to the observed phenotype. If, by rescuing the gl deleted sequences, wild-type
growth characteristics and wild-type ncurovirulence are restored, we can conclude that gl
plays a role in cell-to-cell spread.

In PRV glycoproteins gl, gp63 and glll are the homologues of glycoproteins gE, gl and gC
respectively of HSV-1 (Petroviskis er al., 1986; Robbins et al., 1986a). Mutants deflective in
only gl, gp63 or gl exhibit a marginal decrease in neurovirulence compared o wild-type
virus. In contrast double mutants either gl- glll- or gp63- glll- are non-ncurovirulent for
mice, chickens and pigs (Meuenleiter et al., 1987,1988). glll plays a role in virus adsorption
to cells in tissue culture (Schreurs et al., 1988), whercas gl (and also gp63) is involved in
cell-to-cell transmission of virus (Zsak et al., 1992). Thus the lack of virulence ol a glll- gI-
(gp63) virus is probably attributable o its inability to spread by cither mode.

In HSV-1 gC is required for viral adsorption onto cells (Kuhn er «l., 1990; Herold er al.,
1991). If we assumec that gl is required [or cell-to-cell transmission, then a variant lacking
both of these glyéoproleins would be unable to spread viu cither adsorption of released virus
or cell-to-cell transmission. A HSV-1 variant of this nature might be expected to be non-
neurovirulent and thus useful for the development of a live attenuated HSV vaccine.
Inoculated virus would be localized at the site of infection which would enable the
production of a host-immune response, but subsequent spread of the virus via post-synaptic

transport, and thus involvement of the nervous system would be unlikely.

132



References

References

Ace, C.I.,, M.A. Dalrymple, F.H. Ramsay, V.G. Preston, and C.M. Preston. 1988.
Mutational analysis of the herpes simplex virus type 1 trans-inducing factor Vmw65. J.
Gen. Virol. 69: 2595-2605..

Ace, C.I., T.A. McKee, J.M. Ryan, J.M. Cameron, and C.M. Preston. 1989.

~ Construction and characterization of a herpes simplex virus type 1 mutant unable to

transinduce IE gene expression. J. Virol. 63: 2260-2269.

Ackermann, M., J. Chou, M. Sarmiento, R.A. Lerﬁer, and B. Roizman. 1986.
Identification by antibody to a synthetic peptide of a protein specified by a diploid gene
located in the terminal repeats of the L component of herpes simplex virus genome. J.
Virol. 58: 843-850. |

Adler, R., J.C. Glorioso, J. Cossman, and M. Levin. 1978. Possible role of Fc receptors
on cells infected and transformed by herpesvirus. Infect. Immun. 21: 442-447.

Ahmed, R.A,, A. Salmi, L.D. Butler, J.M. Chiller, and M.B.A. Oldstone. 1984.
Selection of genetic variants of lymphocytic choriomeningitis virus in spleens of
persistently infected mice: role of suppression in cytotoxic T lymphocyte response and
viral persistence. J. Exp. Med. 160.: 521-540.

Ahmed, R., R.D. Simon, M. Matloubian, S.R. Kolhekar, P.J. Southern, and D.M.
Freedman. 1988. Genetic analysis of in vivo selected variants causing chronic infection:

importance of mutation in the L RNA segment of lymphocytic choriomeningitis virus. J.
Virol. 62: 3301-3308.

Albrecht, J.C., J. Nicholas, D. Biller, K.R. Cameron, B. Biesinger, C. Newman, S.
Witmann, M.A. Craxton, H. Coleman, B. Fleckenstein, and R.W. Honess. 1992.
Primary structure of the herpesvirus saimiri genome. J. Virol. 66: 5047-5058.

Alford, C.A., and W.]. Britt. 1990. Cytomegalovirus. In “Virology”, 2nd ed., pp 1981-
2010. B.N. Fields, D.M. Knipe et.al.(eds.). Raven Press, N.Y..

Allen, G.P., and L.D. Coogle. 1988. Characterization of an equine herpesvirus type 1
gene encoding a glycoprotein (gp13) with homology to herpes simplex glycoprotein C. J.
Virol. 62: 2850-2858.

Almond, J.W., G.D. Westrop, A.J. Cann, G.Stanway, D.M.A. Evans, P.D. Minor, and
G.C. Schild. 1985. Attenuation and reversion to neurovirulence of the Sabin poliovirus



References

type 3 vaccine, p.271-283. In “Vaccines” 85. R.A. Lerner, R.M. Chanock and F. Brown
(ed.), . Cold Spring Harbour Laboratories, Cold Spring Harbour, N.Y..

Al-Saadi., S.A., G.B. Clements, and J.H. Subak-Sharpe. 1983. Viral genes modify
herpes simplex virus latency both in mouse footpad and sensory ganglia. J. Gen. Virol. 64:
1175-1179.

Al-Saadi, S.A., P. Gross, and P. Wildy. 1988. Herpes simplex virus latency in the
footpad of mice: Effect of acycloguanosine on the recovery of virus. J. Gen. Virol. 69:
433-438.

Anderson, K.P., R.J. Frink, G.B. Devi, B.H. Gaylord, R.H. Costa, and E.K. Wagner.
1981. Detailed characterization of the mRNA mapping in the Hind III fragment K region
of the herpes simplex virus type 1 genome. J. Virol. 37: 1101-1027.

Arbuckle, M.L.. 1993. Analysis of the DNA binding domain of the herpes simplex virus
type 1 UL9 protein. Ph.D thesis, University of Glasgow.

Aron, G.M., D.J.M. Purifoy, and P.A. Schaffer. 1975. DNA synthesis and DNA
polymerase activity of herpes simplex virus type 1 temperature sensitive mutants. J. Virol.
16: 498-507.

Asher, Y., M. Heller, and Y. Becker. 1969. Incorporation of lipids into herpes simplex
virus particles. J. Gen. Virol. 4: 65-76.

Assaad, F., and W.C. Coburn. 1982. The relation between acute and persisting spinal
paralysis and poliomyelitis vaccine- results of a ten-year inquiry. Bull. W.H.O. 60: 231-
242.

Audonnet, J-C., J. Winslow, G.P. Allen, and E. Paoletti. 1990. Equine herpes virus type
1 unique short fragment encodes glycoproteins with homology to herpes simplex virus
type 1 gD, gl and gE. J.-Gen. Virol. 71: 2969-2978.

Bacchetti, S., M.J. Evelegh, and B. Muirhead. 1986. Identification and separation of the
two subunits of herpes simplex virus ribonucleotide reductase. J. Virol. 57: 1177-1181.

Baer, R., A.T. Bankier, M.D. Biggin, P.L. Denninger, P.J. Farrell, T.J. Gibson, G.
Hatfull, G.S. Hudson, S.C. Satchwell, C. Seguin, P.S. Tufnell, and B.G. Barrell. 1984.

DNA sequence and expression of the B95-8 Epstein-Barr genome. Nature (London ) 310:
207-211.



References

Baines, J.D., and B. Roizman. 1991. The open reading frames UL3, UL4, UL10, and
UL16 are dispensible for the replication of herpes simplex virus 1 in cell culture. J. Virol.
65: 938-944.

Baines, J.D., and B. Roizman. 1993. The UL10 gene of herpes simplex virus encodes a
novel viral glycoprotein, gM, which is present in the virion and in the plasma membrane of
infected cells. J. Virol. 67: 1441-1452.

Baines, J.D., P.L. Ward, G. Campadelli-Flume, and B. Roizman. 1991. The UL20 gene
of herpes simplex virus 1 encodes a function necessary for viral egress. J. Virol. 65: 6414-
6424.

Bapat, A.R., F. Han, Z. Liu, B. Zhou, and Y. Cheng. 1987. Studies on DNA
topoisomerases I and II in herpes simplex virus type-2 infected cells. J. Gen. Virol. 68:
2231-2237.

Baringer, J.R..1974. Recovery of herpes simplex virus from human trigeminal ganglia.
New Engl. J. Med. 291: 828-830. ‘ '

Baringer, J.R., and P. Swoveland. 1973. Recovery of herpes simplex virus from human
trigeminal ganglia. New Engl. J. Med. 288: 648-650. '

Barker, D.E., and B. Roizman. 1990. Identification of 3 genes nonessential for growth in
cell culture near the right terminus of the unique sequences of long component of herpes
simplex virus 1. Virology 177: 684-691.

Barker, D.E., and B. Roizman. 1992. The unique sequence of the herpes simplex virus 1
L component contains an additional translated open reading frame designated Uy 49.5. J.

Virol. 66: 562-566.
Barnett, B, and McGeoch, D.J.. 1991. Neurovirulence factor. Nature 353: 609.

Barnett, B.C., A. Dolan, E.A.R. Telford, A.J. Davison, and D.J. McGeoch. 1992. A
novel herpes simplex virus gene (UL49A) encodes a putative membrane protein with
counterparts in other herpesviruses. J. Gen. Virol. 73: 2167-2171.

Bastian, F.O., A.S. Rabson, C.L. Lee, and T.S. Tralka. 1972. Herpesvirus hominis :
isolation from the human trigeminal ganglion. Science 178: 306-307.

Batterson, W., and B. Roizman. 1983 . Characterisation of the herpes simplex virion-
associated factor responsible for the induction of o genes. J. Virol. 46: 371-377.



References

Bauke, R.B., and P.G. Spear. 1979. Membrane proteins specified by herpes simplex
virus. V. Identification of an Fc-binding domain. J. Virol. 32: 779-789.

Bayliss, G.J., H.S. Marsden, and J. Hay. 1975. Herpes simplex virus proteins: DNA-
binding proteins in infected cells and in the virus structure. Virology 68: 124-134.

Bell, J.R., RM. Kinney, D.W. Trent, E.M. Lenches, L. Dalgarno, and J.M. Strauss.
1985. N-terminal amino acid sequences of three flaviviruses. Virology 143: 224-229.

Bell, S., M. Cranage, L. Borysiewicz, and T. Minson. 1990. Induction of
immunoglobulin G Fc receptors by recombinant vaccinia viruses expressing glycoprotein
E and I of herpes simplex virus type 1. J. Virol. 64: 2181-2186.

Berneman, J.N., D.U. Ablashi, G. Li, M. Eger-Fletcher, M.S. Reitz (Jr.), C.L. Hung, L
Brus, A.L. Komaroff, and R.C. Gallo. 1992. Human herpesvirus 7 is a T-lymphotropic
virus and is related to, but significantly different from human herpesvirus 6 and human
cytomegalovirus. Proc. Natl. Acad. Sci. U.S.A. 89: 10552-10556.

Berthomme, H., B. Jaquemont, and A. Epstein. 1993. The pseudorabies virus host-
shutoff homolog gene: nucleotide sequence and comparison with alphaherpesvirus protein
counterparts. Virology 193: 1028-1032.

Birnboim, H.C., and J. Doly. 1978. A rapid alkaline extraction procedure for screening
recombinant plasmid DNA. Nucl. Acids Res. 7: 1513-1523.

Block, T.M., J.G. Spivack, L. Steiner, S. Deshmane, M.T. McIntosh, M.R.P. Lirette,
and N.W. Fraser. 1990. A herpes simplex virus type 1 latency-associated transcript -
mutant reactivates with normal kinetics from latent infection. J. Virol. 64: 3417-3426.

Blyth, W.A,, T.J. Hill, H.]. Field, and D.A. Harbour. 1976. Reactivation of herpes
simplex virus infection by ultraviolet light and possiblé involvement of prostaglandins. J.
Gen. Virol. 33: 547-550.

Boak, R.A., C.M. Carpenter, and S.L. Warren. 1934. Symptomatic herpetic
manifestations following artifically induced fevers. J. Bacteriol. 27: 83-87.

Bohenzky, R.A., A.G. Papavassiliou, I.H. Gelman, and S. Silverstein. 1993.
Identification of a promoter mapping within the reiterated sequences that flank the herpes
s1mp1ex virus type 1 U[, region. J. Virol. 67: 632-642.

Bond, V.C., and S. Person. 1984. Fine structure physical map locations of alterations that
affect cell fusion in herpes simplex virus type 1. Virology 132: 368-376.



References

Bornkamm, G.W., H. Delius B. Fleckenstein, F.J. Werner, and C. Muller. 1976. The
structure of herpesvirus saimiri genomes: Arrangement of heavy and light sequences
within the M genome. J. Virol 19: 154

Brandt, C.R., R.L. Kinter, A.M. Pumfrey, R.J. Visalli, and D.R. Grau. 1991. The
herpes simplex virus ribonucleotide reductase is required for ocular virulence. J. Gen.
Virol. 72: 2043-2049.

Brown, S.M., and J. Harland . 1987. Three mutants of herpes simplex virus type 2: one
lacking the genes US10, 11 and 12 and two in which RS has been extended by 6kb to 0.91
map units with a loss of US sequences between 0.94 and the Us/TRs junction. J. Gen.
Virol. 68: 1-18. '

Brown, S.M., D.A. Ritchie, and J.H. Subak-Sharpe . 1973. Genetic studies with herpes
simplex virus type 1. The isolation of temperature-sensitive mutants, their arrangement
into complementation groups and recombination analysis leading to a linkage map. J. Gen.
Virol. 18: 329-346.

Brown, S.M., J.H. Subak-Sharpe, K.G. Warren, Z. Wroblewskz, and H. Koprowski.
1979. Detection by complementation of defective or inducible (herpes simplex type 1)
virus genomes latent in human ganglia. Proc. Natl. Acad. Sci. USA 66: 2364-2368.

Brown, S.M., J. Harland, and J;H. Subak-Sharpe. 1984. Isolation of restriction
endonuclease site deletion mutants of herpes simplex virus. J. Gen. Virol. 65: 1053-1068.

Bruckner, R.C., J.J. Crute, M.S. Dodson, and LR. Lehman. 1991. The herpes simplex
virus 1 origin binding protein: a DNA helicase. J. Biol. Chem. 266: 2669—-2674. .

Buchmeier, M.J., R.M. Welsh, F.J. Dukto, and M.B.A. Oldstone. 1980. The virology
and immunobiology of lymphocytic choriomeningitis virus infection. Adv. Immunol. 30:
275-331.

Buckmaster, E.A., U. Gompels, and A. Minson. 1984. Characterization and physical
mapping of an HSV-1 glycoprotein of approximately 115 x 103 molecular weight.
Virology 139: 408-413.

Buckmaster, E.A., S.D. Scott, M.J. Saunderson, S.M. Bourshell, and N.L.J. Ross.
1988. Gene sequence mapping data from Marek’s disease virus and herpesvirus of
turkey’s: implications for herpesvirus classification. J. Gen. Virol. 69.: 2033-2042.

Busby, D.W.G., W. House, and J.R. MacDonald. 1964. In “Viriological techniques”.
Churchill, London.



References

Bush, M., D.R. Yager, M. Gao, K. Weisshart, A.I. Marcy, D.M. Coen, and D.M.
Knipe. 1991. Correct intranuclear localization of herpes simplex virus DNA polymerase
requires the viral ICP§ DNA-binding protein. J. Virol. 65: 1082-1089.

Byrne, J.A., and M.B.A. Oldstone. 1984. Biology of cloned cytotoxic T lymphocytes
specific for choriomeningitis virus: clearance of virus in vivo. J. Virol 51: 682-686.

Bzik, D.J., B.A. Fox, N.A. DeLuca, and S. Person. 1984. Nucleotide sequence of a
region of the herpes simplex virus type 1 gB glycoprotein gene: mutations affecting rate of
virus entry and cell fusion. Virology 137: 185-190.

Caggana, M., P. Chan, and A. Ramsingh. 1993. Identification of a single amino acid
residue in the capsid protein VP1 of coxsackie B4 that determines the virulent phenotype.
J. Virol. 67: 4797-4803.

Cai, W., B. Gu, and S. Person. 1988. Role of glycoprotein B of herpes simplex virus type
1 in viral entry and cell fusion. J. Virol. 62: 2596-2604.

Calder, J.M., and N.D. Stow. 1990. Herpes simplex virus helicase—primase: the UL8
protein is not required for DNA-dependent ATPase and DNA helicase activities. Nuc.
Acids Res. 18: 3573-3578. '

Calder, J.M., E.C. Stow, and N.D. Stow. 1992. On the cellular localization of the
components of the herpes simplex virus type 1 helicase-primase and the viral origin-
binding protein. J. Gen. Virol. 73: 531-538.

Cameron, J.M,, 1. McDougall, H.S. Marsden, V.G. Preston, D.M. Ryan, and J.H.
Subak-Sharpe. 1988. Ribonucleotide reductase encoded by herpes simplex virus is a
determinant of the pathogenicity of the virus in mice and a valid antiviral target. J. Gen.
Virol. 69: 2607-2612.

Campadelli-Fiume, G., E. Avitabile, S. Fini, D. Stirpe, M. Arsenakis, and B. Roizman.
1988. Herpes simplex virus glycoprotein D is sufficient to induce spontaneous pH-

independent fusion in a cell line that constitutively expresses the glycoprotein. Virology
166: 598-602.

Campbell, M.E.M,, J.W. Palfreyman, and C.M. Preston. 1984. Identification of herpes
simplex virus DNA sequences which encode a frans -activating polypeptide responsible
for stimulation of immediate early transcription. J. Mol. Biol. 180: 1-19.



References

Cann, A.J., G. Stanway, P.J. Hughes, P.D. Minor, D.M.A. Evans, G.C. Schild, and
J.W. Almond. 1984. Reversion to neurovirulence of the live-attenuated Sabin type 3 oral
poliovirus vaccine. Nucleic Acids Res. 12: 7787-7792.

Caradonna, S.J., and Y.C. Cheung. 1981. Induction of uracil-DNA glycosylase and
dUTP nucleotidyltransferase activity in herpes simplex virus infected human cells. J. Biol.
Chem. 256: 9834-9837.

Castle, E., T. Nowak, U. Leidner, G. Wengler, and G. Wengler. 1985. Sequence
analysis of the viral core protein and the membrane associated proteins V1 NV2 of the
flavivirus West Nile virus and of the genome sequence for these proteins. Virology 145:
227-236. '

Cecilia, D., and E.A. Gould. 1991. Nucleotide changes responsible for loss of
neuroinvasiveness in Japanese encephalitis virus neutralization-resistant mutants.
Virology, 181: 70-77.

Challberg, M.D.. 1991. Herpes simplex virus DNA replication. Seminars in Virology 2:
247-256.

Chee, M.S ., A.T. Bankier, S. Beck, R.Bohni, C.M. Brown, R. Cerny, T. Horsnell,
C.A. Hutchinson, T. Kouzaires, A.J. Martignetti, E. Preddie, S.C. Satchwell, P.
Tomlinson, K.M. Weston, and B.G. Barrell. 1990. Analysis of the protein-coding
content of the sequence of human cytomegalovirus strain AD169. In “Current topics in
Microbiology and Immunology ” 144 pp.125-169. J.K. McDougall (ed.). Springer-Verlag,
Berlin/ Heidelberg,.

Chen, J., X. Zhu, and S. Silverstein. 1991. Mutational analysis of the sequence encoding
ICPO from herpes simplex virus type 1. Virology 180: 207-220.

Chen, M.S., and W.H. Prusoff. 1978. Association of thymidylate synthase activity with
pyrimidine deoxyribonucleoside kinase induced by herpes simplex virus. J. Biol. Chem.
253: 1325-1327.

Cheung, A.K.. 1991. Cloning of the latency gene and the early protein 0 gene of
pseudorabies virus. J. Virol. 65: 5260-5271.

Chiou, H.C,, S.K. Weller , and D.M. Coen. 1985. Mutations in the herpes simplex virus
major DNA binding protein gene leading to altered sensitivity to DNA polymerase
inhibitors. Virology 145: 213-226.




References

Chou, J., and B. Roizman. 1985. Isomerization of herpes simplex virus 1 genome:
Identification of cis -acting and recombination sites within the domain of the ‘a’ sequence.
Cell 41: 803-811.

Chou, J., and B. Roizman. 1986. The terminal ‘a’ sequence of the herpes simplex virus
genome contains the promoter of a gene located in the repeat sequences of the L
component. J. Virol. 57: 629-637.

Chou, J., and B. Roizman. 1990. The herpes simplex virus 1 gene for ICP34.5 which
maps in inverted repeats , is conserved in several limited-passage isolates but not in strain
17 syn+. J. Virol. 64: 1014-1020.

Chou, J., and B. Roizman. 1992. The 7,34.5 gene of herpes simplex virus 1 precludes
neuroblastoma cells from triggering total shutoff of protein synthesis characteristic of
programmed cell death in neuronal cells. Proc. Natl. Acad. Sci. USA. 89: 3266-3270.

Chou, J., E.R. Kern, R.]. Whitley , and B. Roizman. 1990. Mapping of herpes simplex
virus-1 neurovirulence to ¥34.5, a gene nonessential for growth in culture. Science 250:

1262-1265.

Chousterman, S., M. ‘Lacasa, and P. Sheldrick. 1979. Physical map of the channel
catfish virus genome: Location of sites for restriction endonucleases EcoRI, Hind III, Hpal
and Xbal. J. Virol. 31:73-85. '

Chowdhury, S.I., H-J Buhk, H. Ludwig, and W. Hammersmidt. 1990. Genomic
termini of equine herpesvirus type 1. J. Virol. 64: 873-880.

Cines, D.B., A.P. Lyss, M. Bina, R. 'Corkey, N.A. Keffalides, and N.M. Friedman.
1982. Fc and C3 receptors induced by herpes simplex virus on cultured human endothelial
cells. J. Clin. Invest. 69: 123-128.

Clements, G.B., and N.D. Stow. 1989. A herpes simplex virus type 1 mutant containing a
deletion within immediate early gene 1 is latency competent. J. Gen. Virol. 70: 2501-2506.

Clements, G.B., and J.H. Subak-Sharpe. 1983. Recovery of herpes simplex virus 1
temperature sensitive mutants from the dorsal root ganglia of mice. In “Immunology of
Nervous System Infection”. P.Behen et.al. (eds.) Elsevier.

Clements, G.B., and J.H. Subak-Sharpe. 1988. Herpes simplex virus type 2 establishes
latency in the mouse footpad. J. Gen. Virol. 69: 375-383.



References

Clements, J.B., R. Cortini, and N.M. Wilkie. 1976. Analysis of herpesvirus substructure
by restriction endonucleases. J. Gen. Virol. 30: 243-256.

Clements, J.B., R.J. Watson, and N.M. Wilkie. 1977. Temporal regulation of herpes
simplex 1 transcription: location of transcripts on the viral genome. Cell 12: 275-285.

Coen, D.M., P.A. Furman, P.T. Gelep, and P.A. Schaffer. 1982. Mutations in herpes
simplex virus DNA polymerase gene can confer resistance to 9-f-D-

arabinofuranosyladenine. J. Virol. 41: 909-918.

Coen, D.M., M. Kosz-Vnenchak, J.G. Jacobson, D.A. Leib, C.L. Bogart, P.A.
Schaffer, K.L. Tyler, and D.M. Knipe. 1989. Thymidine kinase-negative herpes simplex

virus mutants establish latency in mouse trigeminal ganglia but do not reactivate. Proc.
Natl. Acad. Sci. U.S.A. 86: 4736-4740.

Cohen, B.A., J. Charron, J. Perret, and Y. Langelier. 1986. Specific inhibition of
herpesvirus ribonucleotide reductase by a nonapeptide derived from the carboxyterminus
of subunit 2. Nature (London) 321: 441-443. '

Cohen, G.H., M. Ponce de Leon, H. Piggleman, W.C. Lawrence, S.K. Vernon, and
R.J. Eisenberg. 1980. Structural analysis of the capsid polypeptides of herpes simplex
virus types 1 and 2. J. Virol. 34: 521-531.

Cohen, J.I.; D. Heffel, and K. Seidel. 1993. The transcriptional activation domain of
varicella zoster virus open reading frame 62 protein is not conserved with its herpes
simplex virus homolog. J. Virol. 67: 4246-4251.

Colberg-Poley, A.M., H.C. Isom, and F. Rapp. 1979. Reactivation of herpes simplex
virus type 2 fron a quiescent state by human cytomegalovirus. Proc. Natl. Acad. Sci.
U.S.A. 76: 5948-5951.

Conley, A.J., D.M. Knipe, P.C. Jones, and B. Roizman. 1981. Molecular genetics of
herpes simplex virus VII. Characterisation of a temperature-sensitive mutant produced by
in vitro mutagenesis and defective in DNA synthesis and accumulation of 7y polypeptides.
J. Virol. 37: 191-206.

Cook, M.L., and ]J.G. Stevens. 1973. Pathogenesis of herpetic neuritis and ganglionitis in
mice: evidence for intra-axonal transport of infection. Infect. Immun. 7: 272-288.

Cook, S.D.. 1988. In vitro and in vivo ocular studies using herpes simplex virus types 1
and 2.Ph.D thesis, University of Glasgow.



References

Cook, S.D., and S.M. Brown. 1987. Herpes simplex virus type 1 latency in rabbit corneal
cells in vitro: reactivation and recombination following intratypic superinfection of long
term cultures. J. Gen. Virol. 68: 813-824.

Cook, S.D., S.K. Batra, and S.M. Brown. 1987. Recovery of herpes simplex virus from
the corneas of experimentally infected animals. J. Gen. Virol. 68: 2013-2017

Cordingley, M.G., M.E.M. Campbell, and C.M. Preston. 1983. Functional analysis of a
herpes simplex virus type 1 promoter: identification of far-upstream regulatory sequences.
Nuc. Acids Res. 11: 2347-2365.

Costa, J., A.S. Rabson, C. Yee, and T.S. Tralka. 1977. Immunoglobulin binding to
herpes-induced Fc receptors inhibits virus growth. Nature (London) 269: 251-252.

Costa, R.H., G. Cohen, R. Eisenberg, D. Long, and E. Wagner. 1984. Direct
demonstration that the abundant 6-kilobase herpes simplex virus type 1 mRNA mapping
between 0.23 and 0.27 map units encodes the major capsid protein VPS. J. Virol. 49: 287-
292.

Couderec, T., C. Christodoulou, H. Kopecka, S. Marsden, L.F. Taffs, R. Crainic, and
F. Horaud. 1989. Molecular pathogenesis of neural lesions induced by poliovirus type 1.
J. Gen. Virol. 70: 2907-2918.

Courtney, R.J., and M. Benyesh-Melnick. 1974. Isolation and characterization of a large
molecular weight polypeptide of herpes simplex virus type 1. Virology 62: 539-551.

Cross, A.M., R.G. Hope, and H.S. Marsden. 1987. Generation and properties of the
glycoprotein E-related 32K/34K/35K and 55K/57K polypeptides encoded by herpes
simplex virus type 1. J. Gen. Virol. 68.: 2093-2104.

Crumpacker, C.S., P. Chartrand, J.H. Subak-Sharpe, and N.M. Wilkie. 1980.
Resistance of herpes simplex virus to acycloguanosine- genetic and physical analysis.
Virology 105: 171-184.

Crute, J.J., and L.R. Lehman. 1989. Herpes simplex—1 DNA polymerase. Identification
of an intrinsic 5-3' exonuclease with ribonuclease H activity. J. Biol. Chem. 264: 19266
19270.

Crute, J.J., E.S. Mocarski, and I.LR. Lehman. 1988. A DNA helicase induced by herpes
simplex virus type 1. Nuc. Acids Res. 16: 6585-6596.



References

Crute, J.J., T. Tsurumi, L. Zhu, S.K. Weller, P.D. Olivo, M.D. Challberg, E.S.
Mocarski, and I.R. Lehman. 1989. Herpes simplex virus 1 helicase-primase: a complex
of three herpes-encoded gene products. Proc. Natl. Acad. Sci. USA. 86: 2186-21809.

Dabrowski, C.E., and P.A. Schaffer. 1991. Herpes simplex virus type 1 origin-specific
binding protein: oriS-binding properties and effects of cellular proteins. J. Virol. 65: 3140-
3150.

Dalrymple, M.A., D.J. McGeoch, A.J. Davison, and C.M. Preston. 1985. DNA
sequence of the herpes simplex virus type 1 gene whose product is responsible for
transcriptional activation of immediate early promoters. Nuc. Acids Res. 13: 7865-7879.

Darby, G., M.J. Churcher, and B.A. Larder. 1984. Cooperative effects between two
acyclovir resistance loci in herpes simplex virus. J. Virol. 50: 838-846.

Dargan, D.]J.. 1986. The structure and assembly of herpesviruses. In Electron microscopy
of proteins; viral structure, vol. §, pp. 359-437.J.R.Harris and R.W.Horne (eds.). Orlando
& London: Academic Press. '

Darling, A.J., EM. MacKay, R. Ingemarson, and V.G. Preston. 1988. Reconstitution
of herpes simplex virus type 1 ribonucleotide reductase activity from large and small
subunits. Virus Genes 2: 163-176.

Darlington, R.W., and L.H. Moss. 1968. Herpesvirus envelopment. J. Virol. 2: 48-55.

Davison, A.]J.. 1984. Structure of the genome termini of varicélla-zoster virus. J. Gen.
Virol. 65: 1969-1977. '

Davison, A.J.. 1992. Channel catfish virus: A new type of herpesvirus. Virelogy 186: 9-
14, | |

Davison, A.J., and D.J. McGeoch. 1986. Evolutionary comparisons of the S segments in
the genomes of herpes simplex virus type 1 and varicella-zoster virus. J. Gen. Virol. 67:
597-611. |

Davison, A.J., and J.E. Scott. 1986a. The complete DNA sequence of varicella-zoster
virus. J. Gen. Virol. 67: 1759-1816.

Davison, A.J., and J.E. Scott. 1986b. DNA sequence of the major capsid protein gene of
herpes simplex virus type 1. J. Gen. Virol. 67: 2279-2286.

Davison, A.J., and P. Taylor. 1987. Genetic relations between varicella-zoster virus and
Epstein-Barr virus. J. Gen. Virol. 68: 1067-1079.



References

Davison, A.J., and N.M. Wilkie. 1981. Nucleotide sequence of the joint between the L
and S segments of herpes simplex virus types 1 and 2. J. Gen. Virol. §5: 315-331.

Davison, A.J., and N.M. Wilkie. 1983a. Inversion of the 2 segments of the herpes
simplex virus genome in intertypic recombinants. J. Gen. Virol. 64: 1-18.

Davison, A.J., and N.M. Wilkie. 1983b. Location and orientation of homologous
sequences in the genome of 5 herpesviruses. J. Gen. Virol. 64: 1927-1942.

Davison, M.D., F.J. Rixon, and A.]J. Davison. 1992. Identification of genes encoding two
capsid proteins (VP24 and VP26) of herpes simplex virus type 1. J. Gen. Virol. 73; 2709-
2713. '

Day, S.P., R.N. Lausch, and J.E. Oakes. 1987. Nucleotide sequences important in DNA
replication are responsible for differences in capacity of two herpes simplex virus strains to
spread from the cornea to central nervous system. Current Eye Research 6: 19-26.

de Bruyn Kops, A., and D.M. Knipe. 1988. Formation of DNA replication structures in
herpes virus-infected cells requires a viral DNA binding protein. Cell 5§5: 857-868.

DebRoy, C., N. Pederson, and S. Person. 1985. Nucleotide sequence of a herpes simplex
virus type 1 gene that causes cell fusion. Virology 145: 36-48.

Deiss, L.P., J. Chou, and N. Frenkel. 1986. Functional domains within the ‘a’ sequence
involved in the cleavage-packaging of herpes simplex virus DNA. J. Virol. §9: 605-615.

Delius, H., and J.B. Clements. 1976. A partial denaturation map of herpes simplex virus
type 1: Evidence for inversions of the unique DNA regions. J. Gen. Virol. 33: 125-133.

DeLuca, N.D., D.J. Bzik, V.C. Bond, S. Person, and W. Snipes. 1982. Nucleotide
sequences of herpes simplex virus type 1 (HSV-1) affecting virus entry, cell fusion, and
production of glycoprotein gB (VP7). Virology 122: 411-423.

DeLuca, N.A., A. McCarthy, and P.A. Schaffer. 1985. Isolation and characterization of
deletion mutants of herpes simplex virus type 1 in the gene encoding immediate-early
regulatory protein ICP4. J. Virol. 56: 558-570.

Digard, P., and D.M. Coen. 1990. A novel functional domain of an o-like DNA

polymerase. The binding site on the herpes simplex virus polymerase for the viral UL42
protein. J. Biol. Chem. 265:17393-17396.



Doerig, C., L.I. Pizer, and C.L. Wilcox. 1991. An antigen encoded by the latency-
associated transcript in neuronal cell cultures latently infected with herpes simplex virus type
1. J. Virol. 72: 2724-2727.



References

Digard, P., W.R. Bebrin, K. Weisshart, and D.M. Coen. 1993. The extreme C-terminus
of the herpes simplex virus DNA polymerase is crucial for functional interaction with the
processivity factor UL42, and for viral replication. J.Virol. 67: 398-406.

Dix, R.D., R.R. McKendall, and J.R. Baringer. 1983. Comparative neurovirulence of
herpes simplex virus type 1 strains after peripheral or intracerebral inoculation of BALB/c
mice. Infect. Inmun. 40: 103-112.

Dodson, M.S.; and LLR. Lehman. 1991. Association of DNA_helicase and primase
activities with a subassembly of the herpes simplex virus 1 helicase-primase composed of
the ULS and ULS52 gene products. Proc. Natl. Acad. Sci. USA. 88: 1105-1109.

Dolan, A., E. McKie, AR MacLean, and D.J. McGeoch. 1992, Status of the ICP34.5
gene in herpes simplex virus type 1 strain 17. J. Gen. Virol. 73: 971-973.

Dowler, K.W., and R.W. Veltri. 1984. In vitro neutralization of HSV-2: inhibition by
binding of normal IgG and purified Fc to virion Fc receptor (FcR). J. Med. Virol. 13: 251-
259.

Downing, R.G., N. Sewankambo, D. Serwadda, R. Honess, and D. Crawford. 1987.
Isolation of a human lymphotrophic herpesviruses from Uganda. Lancet 2: 390.

Dubbs, D. R., and S. Kit. 1964. Mutant strains of herpes simplex deficient in thymldme
kinase-inducing ability. Virology 22: 493-502.

Dublin, G., L. Frank, and H.M. Friedman. 1990. Herpes simplex virus type 1 encodes 2
Fc receptors which have different binding characteristics for monomeric immunoglobulin
G (IgG) and IgG complexes. J. Virol. 64: 2725-2713.

Dutia, B.M.. 1983. Ribonucleotide reductase induced by herpes simplex virus has a virus-
specific cocstituent. J. Gen. Virol. 64: 513-521.

Dutia, B.M., M.C. Frame, J.H. Subak-Sharpe, W.N. Clark, and H.S. Marsden. 1986.
Specific inhibition of herpesvirus ribonucleotide reductase by synthetic peptides. Nature
(London) 321: 439-441. '

Efstathiou, S., A.C. Minson, H.]J. Field, J.R. Anderson, and P. Wildy. 1986. Detection
of herpes simplex virus-specific sequences in latently infected mice and humans. J. Virol.
57. 446-455.

Efstathiou, S., S. Kemp, G. Darby, and A.C. Minson. 1989. The role of herpes simplex
virus thymidine kinase in pathogenesis. J. Gen. Virol. 70: 869-879.



References

Ejercito, P.M., E.K. Kieff, and B. Roizman. 1968. Characterization of herpes simplex
virus strains differing in their effect on social behaviour of infected cells. J. Gen. Virol. 3:
357-364.

Elias, P., C.M. Gustafsson, and O. Hammarsten. 1990. The origin binding protein of
herpes simplex virus 1 binds cooperatively to the viral origin of replication. J. Biol. Chem.
265:17167-17173.

Engel, J.P., E.P. Boyer, and J.L. Goodman. 1993. Two novel single amino acid
syncytial mutations in the carboxyterminus of glycoprotein B of herpes simplex virus type
1 confer a unique pathogenic phenotype. Virology 192: 112-120.

Evans, D.M.A., G. Dunn, P.D. Minor, G.C. Schild, A.J. Cann, G. Stanway, J.W.
Almond, K. Currey, and J.V. Maizel Jr.. 1985. Increased neurovirulence associated with

a single nucleotide change in a noncoding region of the Sabin type 3 poliovaccine genome.
Nature (London) 314: 548-550.

Everett, R.D.. 1984. A detailed analysis of an HSV-1 early promoter: sequences involved
in trans -activation by viral immediate-early gene products are not early gene specific.
Nucleic Acids Res. 12: 3037-3056.

Everett, R.D.. 1986. The products of herpes simplex virus type 1 (HSV-1) immediate
early genes 1, 2 and 3 can activate HSV-1 gene expression in trans.'J. Gen. Virol. 67:
2507-2513.

Everett, R.D.. 1987.A detailed mutational analysis of Vmw110, a trans-acting
transcriptional activator encoded by herpes simplex virus type 1. EMBO J. 6: 2069-2076.

Everett, R.D.. 1988a. Analysis of functional domains of herpes simplei virus type 1
immediate early polypeptide Vmw110. J. Mol. Biol. 202: 87-96.

Everett, R.D. .1988b. Promoter sequence and cell type can dramatically affect the
efficiency of transcriptional activation induced by herpes simplex virus type 1 and its
immediate early gene products Vmw175 and Vmw110. J. Mol. Biol. 203: 739-751.

Everett, R.D., T. Paterson, and M. Elliot. 1990. The major transcriptional regulatory
protein of herpes simplex virus type 1 includes a protease resistant DNA binding domain.
Nucl. Acids Res. 18. 4579-4585. .

Everett, R.D., M. Elliot, G. Hope, and A. Orr. 1991. Purification of the DNA binding
domain of herpes simplex virus type 1 immediate-early protein Vmw175 as a homodimer
and extensive mutagenesis of its DNA recognition site. Nucl. Acids Res. 18: 4901-4908.



References

Fenner, F.. 1976. Classification and nomenclature of viruses. Intervirology 7: 1-115.

Fenwick, M.L.. 1984. The effects of herpesviruses on cellular macromolecular synthesis.
In “Comprehensive virology *, vol. 19, chapter 7. Plenum Corp., N.Y..

Fenwick, M.L., and J. Clark. 1982. Early and delayed shut-off of host protein synthesis
in cells infected with herpes simplex virus. J. Gen. Virol. 61: 121-125.

Fenwick, M.L., and R.D. Everett. 1990a. Transfer of UL41, the gene controlling virion-
associated host cell shut-off, between different strains of herpes simplex virus. J. Gen.
Virol 71: 411-418.

Fenwick, M.L., and R.D. Everett. 1990b. Inactivation of the shut-off gene (UL41) of
herpes simplex virus types 1 and 2. J. Gen. Virol. 71: 2961-2967.

Fenwick, M.L., and M.J. Walker. 1978. Suppression of the synthesis of cellular
macromolecules by herpes simplex virus. J. Gen. Virol. 41; 37-51.

Field, H.J., and P. Wildy. 1978. The pathogenicity of thymidine kinase-deficient mutants
of herpes simplex virus in mice. J. Hyg. 81: 267-277.

Field, H.J., and G. Darby. 1980. The pathogenicity for mice of strains of herpes simplex
virus which are resistant to Acyclovir in vitro and in vivo. Antimicrob. Agents and
Chemo. 17. 209-216.

Field, H.J., and D.M. Coen. 1986. Pathogenicity of herpes simplex virus mutants
containing drug resistant mutations in the viral DNA polymerase gene. J. Virol. 60: 286-
289.

Fisher, F.B., and V.G. Preston. 1986. Isolation and characterisation of herpes simplex
virus type 1 mutants which fail to induce dUTPase activity. Virology 148: 190-197.

Forrester, A.J., H. Farrell, G. Wilkinson, J. Kaye, N.D. Poynter, and AC Minson.
1992. Construction and properties of herpes simplex virus 1 deleted for glycoprotein H
sequences. J. Virol. 66: 341-348.

Frame, M.C., H.S. Marsden, and B.M. Dutia. 1985. The ribonucleotide reductase
induced by herpes simplex virus type 1 involves minimally a complex of two polypeptides
(136K and 38K). J. Gen. Virol. 66: 1581-1587.

Frame, M.C., H.S. Marsden, and D.J. McGeoch. 1986. Novel herpes simplex virus type
1 glycoproteins identified by antiserum against a synthetic oligopeptide from the predicted
protein of US4. J. Gen. Virol. 67: 745-751.



References

Frank, L., and M. Friedman. 1989. Novel function of the herpes simplex virus type 1
receptor: participation in bipolar bridging of antiviral immunoglobulin G. J. Virol. 63:
4479-4488.

Fraser, N.W., T.M. Block, and J.G. Spivak. 1992. The latency-associated transcripts of
herpes simplex virus: RNA in search of a function. Virology 191: 1-8.

Erenkel, N., H. Locker, W. Batterson, G.S. Hayward, and B. Roizman. 1976. Anatomy
of herpes simplex virus DNA VI. Defective DNA originates from the S component. J.
Virol. 20: 527-531.

Frenkel, N., E.C. Schirmer, L.S. Wyatt, G. Katsafanas, E. Roffman, R.M. Danovich,
and C.H. June. 1990. Isolation of a new herpesvirus from human CD4+ T cells. Proc.
Natl. Acad. Sci. U.S.A. 87: 748-752.

Friedman, H.M., G.H. Cohen, R.J. Eisenberg, C.A. Seidel, and D.B. Cines. 1984.
Glycoprotein C of herpes simplex virus 1 acts as a receptor for the C3b complement
component on infected cells. Nature 309: 633-635.

Fries, L.F., HM. Friedman, G.H. Cohen, R.]J. Eisenberg, C.H. Hammer, and M.M.
Frank. 1986. Glycoprotein C of herpes simplex virus 1 is an inhibitor of the complement
cascade. J. Immunol. 137: 1636-1641.

Frink, R.J., K.P. Anderson, and E.W. Wagner. 1981. Herpes simplex virus type 1
HindIIl fragment L encodes spliced and complementary RNA species. J. Virol. 39: 559-
572. '

Frink, R.J., R. Eisenberg, G. Cohen, and E.K. Wagner. 1983. Détailed analysis of the
portion of the herpes simplex type 1 genome encoding glycoprotein C. J. Virol. 45: 634-
647.

Fu, J., S. Stein, L. Rosenthal, T. Bodwell, M. Routbort, B. Smeller, and R. Roos. 1990.
Neurovirulence determinants of genetically engineered Theiler viruses. Proc. Natl. Acad.
Sci. U.S.A. 87: 4125-4129.

Fuller, A.O., and W-C. Lee. 1992. Herpes simplex virus type 1 entry through a cascade
of virus cell interactions requires different roles of gD and gH in penetration. J. Virol. 66:
5002-5012.

Fuller, A.O., and P.G. Spear. 1987. Anti-glycoprotein D antibodies that permit
adsorption but block infection by herpes simplex virus 1 prevent virion-cell fusion at the
cell surface. Proc. Natl. Acad. Sci. USA 84: 5454-5458. '



References

Fuller, A.O., R.E. Santos, and P.G. Spear. 1989. Neutralising antibodies specific for
glycoprotein H of herpes simplex virus permit viral attachment to cells but prevent
penetration. J. Virol. 63: 3435-3443.

Furlong, G.D., H. Swift, and B.Roizman. 1972. Arrangement of the herpesvirus
deoxyribonucleic acid in the core. J. Virol. 10: 1071-1074.

Furlong, J., J. Conner, J. McLauchlan, H. Lankinen, C. Galt, H.S. Marsden, and J.B.
Clements . 1991. The large subunit of herpes' simplex virus type 1 ribonucleotide
reductase: expression in Escherichia coli and purification. Virology 182: 848-851.

Gallo, M.L., D.H. Jackwood, M. Murphy, H.S. Marsden, and D.S. Parris. 1988.
Purification of the herpes simplex virus type 1 65-kilodalton DNA-binding protein:
properties of the protein and evidence of it’s association with the viral encoded DNA
polymerase. J. Virol. 62: 2874-2883.

Galloway, D.A., C.M. Fenoglio, M. Shevchuk, and J.K. McDougall. 1979. Detection of
herpes simplex virus RNA in sensory ganglia. Virology 95: 265-268.

Galloway, D.A., C.M. Fenoglio, and J.J. McDougall. 1982. Limited transcription of the
herpes simplex virus genome when latent in human sensory ganglia. J. Virol. 41: 686-691.

Gao, M., and D.M. Knipe. 1989. Genetic evidence for multiple nuclear functions of the
herpes simplex virus ICP8 DNA binding protein. J. Virol. 63: 5258-5267.

Gelb, L.D.. 1990. Varicella-zoster virus. In “Virology “, 2nd ed., pp. 2011-2054. B.N.
Fields, D.M. Knipe et.al.(eds). Raven Press, N.Y.. '

Georgopoulou, U., A. Michaelidou, B. Roizman, and P. Mavromara. 1993.
Identification of a new transcriptional unit that yields a gene product within the unique
sequences of the short component of the herpes simplex virus 1 genome. J. Virol. 67:
3961-3968.

Gerster, T., and R.G. Roeder. 1988. A herpesvirus trans -activating protein interacts
with transcription factor OTF-1 and other cellular proteins. Proc. Natl. Acad. Sci. U.S.A.
85: 6347-6351.

Gibson, T., P. Stockwell, M. Ginsburg, and B. Barrell. 1984. Homology between two
EBYV early genes and HSV ribonucleotide reductase and 38K genes. Nucl. Acids Res. 12:
5087-5099.



References

Gibson, W., and B. Roizman. 1971. Compartmentalization of spermine in herpes simplex
virus virions. Proc. Natl. Acad. Sci. U.S.A. 68: 2818-2821.

Gibson, W,, and B. Roizman. 1972. Proteins specified by herpes simplex virus VIII.
Characterization and composition of multiple capsid forms of subtypes 1 and 2. J. Virol.
10: 1044-1052.

Gibson, W., and B. Roizman. 1974, proteins specified by herpes simplex virus. X. |
staining and radioladelling properties of B capsid and virion proteins in polyacrylamide
gels. J. Virol. 13: 155-165. ‘

Gilden, D.H., G.A. Cole, A.A. Monjan, and N. Nathanson. 1972. Immunopathogenesis
of acute central nervous system disease produced by lymphocytic choriomeningitis virus.
I. Cyclophosphonamide- mediated induction of virus-carrier state in adult mice. J. Exp.
Med. 135: 860-873. '

Goldstein, D.J., and S.K. Weller. 1988a. Herpes simplex virus type l-induced
ribonucleotide reductase is dispensable for virus growth and DNA synthesis: isolation and
characterisation of an ICP6 lacZ insertion mutant. J. Virol. 62: 196-205.

Golstein, D.J., and S.K. Weller. 1988b. Factor(s) present in herpes simplex virus can
compensate for the loss of the large sub-unit of the viral ribonucleotide reductase:
characterization of an ICP6 deletion mutant. Virology 166: 41-51.

Goodman, J.L., and J.P. Engel. 1991. Altered pathogenesis in herpes simplex virus type
1 infection due to a syncytial mutation mapping to the carboxyterminus of glycoprotein B.
J. Virol. 65: 1770-1778.

Goodman, J.L., and J.G. Stevens. 1986. Passage of herpes simplex virus type 1 on chick
embryo fibroblasts confers virulence for chick embryos, Virus Res. 5: 191-200.

Gopal, M.R,, B.J. Thomson, J. Fox, R.S. Tedder, and R.W. Honess. 1990. Detection by
PCR of HHV-6 and EBV DNA in blood and oropharynx of healthy adults and HIV
seropositives. Lancet i: 1598-1599.

Gottlieb, J., A.I. Marcy, D.M. Coen, and M.D. Challberg .1990. The herpes simplex
virus type 1 UL42 gene product: a subunit of DNA polymerase that functions to increase
processivity. J. Virol. 64: 5976-5987.

Gough, J., and N. Murray. 1983. Sequence diversity among related genes for recognition
of specific targets in DNA molecules. J. Mol. Biol. 166: 1-19.



Harbour,iD.A., T.J. Hill, and W.A. Blyth. 1983. Recurrens-herpes simplex.in the mouse:
Inflammation in the skin and reactivation of virus in the ganglia' following peripheral ;
stimulation. J. Gen. Virol. 64: 1491-1498. _ |



References

Gould, E.A, A. Buckley, S. Higgs, and S. Gaidamovich. 1990. Antigenicity of
flaviviruses. Arch. of Virol. Supplementum 1: 137-152.

Gray, C.P., and H.C. Kaerner. 1984. Sequence of the putative origin of replication in the
UL region of herpes simplex virus type 1 ANG DNA. J. Gen. Virol. 65: 2109-2119.

Greaves, R., and P. O’Hare. 1989. Separation of requirements for protein-DNA complex
assembly from those for functional activity of the herpes simplex virus regulatory protein

- Vmw65. J. Virol 63: 1614-1650.

Grist, N.R,, E.J. Bell, and F.Assad. 1978. Enteroviruses in human disease. Prog. Med.
Virol. 24: 114-157. '

Grundy, F.J., R.P. Bauman, and D.J. O’Callaghan. 1989. DNA sequence and
comparative analysis of the equine hérpes-virus type 1 immediate early gene. Virology
172: 223-236.

Haigh, A., R. Greaves, and P. O’Hare. 1990. Interference with the assembly of a virus-
host transcription complex by peptide competition. Nature (London) 344: 257-259.

Harland, J, and S.M. Brown . 1985. Isolation and characterisation of deletion mutant of
herpes simplex virus type 2 (strain HG52). J. Gen. Virol. 66: 1305-1321.

Harris, R.A., and C.M. Preston. 1991. Establishment of latency in’ vitro by herpes
simplex virus type 1 mutant in 1814. J. Gen. Virol. 72: 907-913.

Harris, R.A., R.D. Everett, X. Zhu, S. Silverstein , and C.M. Preston. 1989. Herpes
simplex virus type 1 immediate-early protein Vmw110 reactivates latent herpes simplex
virus type 2 in an in vitro latency system. J. Virol. 63: 3513-3515.

Harris, S.L., I. Frank, A. Yee, G.H. Cohen, R.J. Eisenberg, and H.M. Friedman.
1990. Glycoprotein C of herpes simplex virus type 1 prevents complement-mediated cell
lysis and virus neutralization. J. Infect. Dis. 162: 331-337.

Harris-Hamilton, E., and S.L. Bachenheimer. 1985. Accumulation of herpes simplex -
virus type 1 RNAs of different kinetic classes in the cytoplasm of infected cells. J. Virol.
53: 144-151.

Hay, R.T., and J. Hay. 1980. Properties of herpesvirus induced “immediate-early”
polypeptides. Virology 104: 230-234.



References

Heinz F.X., C.W. Mandl, F. Guirakhoo, F. Holzmann, W. Huma, and C.Kunz. 1990.
The envelope protein E of tick-borne encephalitis virus and other flaviviruses: structure
function and evolutionary relationships. Arch. of Virol. Supplementum 1 : 125-135.

Hernandez, T.R., and L.R. Lehman. 1990. Functional interaction between the herpes
simplex-1 DNA polymerase and the UL42 protein. J. Biol. Chem. 265: 11227-11232.

Hernandez, T.R., R.E. Dutch, LR. Lehman, C. Gustafsson, and P. Elias. 1991.
Mutations in a herpes simplex virus type 1 origin that inhibit interaction with origin-
binding protein also inhibit DNA replication. J. Virol. 65: 1649-1652.

Herold, B.C., D.WuDunn, N. Soltys, and P.G. Spear. 1991. Glycoprotein C of herpes
simplex virus type 1 plays a principle role in the adsorption of virus to cells and in
infectivity. J. Virol. 65: 1090-1098.

Hill, D.A., T.H. Hill , and W.A. Blyth. 1978. Prostaglandins enhance spread of herpes
simplex virus in cell cultures. J. Virol. §5: 31-40.

Hill, T.J.. 1985. Herpes simplex virus latency. In “The Herpesviruses” . B.Roizman (ed.).
Vol 3, pp. 175-240. Plenum Press, N.Y..

Hill, T.J., H.J. Field, and W.A. Blyth. 1975. Acute and recurrent infection with herpes
simplex virus in the mouse: a model for studying latency and recurrent disease. J. Gen.
Virol. 28: 341-353.

Hill, T.J., D.A. Harbour, and W.A. Blyth. 1980. Isolation of herpes simplex virus from
the skin of clinically normal mice during latent infection. J. Gen. Virol. 47: 205-207.

Ho, D.Y., and E.S. Mocarski. 1989. Herpes simplex virus latent RNA (LAT) is not
required for latent infection in the mouse. Proc. Natl. Acad. Sci. USA. 86: 7596-7600.

Ho, M.. 1991. Observations from transplantation contributing to the understanding of
pathogenesis of CMYV infection. Transplant Proc. 23 Supplememtum 3:118-121.

Hodgman, T.C.. 1988. A new superfamily of replicative proteins. Nature (London) 333:
22-23.

Holland, L.E., R.M. Sandri-Goldin, A.L., Goldin, J.C. Glorioso, and M. Levine. 1984.
Transcriptional and genetic analysis of the herpes simplex virus type 1 genome:
coordinates 0.29-0.45. J. Virol. 49: 947-959.



References

Homa, F.L., T.M. Otal, J.C. Glorioso, and M. Levine. 1986. Transcriptional control
signals of a herpes simplex virus type 1 late (¥2) gene lie within bases -34 to +124 relative

to the 5° terminus of the mRNA. Mol. Cell. Biol. 6: 3652-3666.

Homa, F.L., J.C. Glorioso, and M.Levine. 1988. A specific 15-bp TATA box promoter
element is required for expression of a herpes simplex virus type 1 late gene. Genes Dev.
2: 40-53.

Honess, R.W.. 1984. Herpes simplex and the ‘herpes complex’: diverse observations and a
unifying hypothesis. J. Gen. Virol. 65: 2077-2107.

Honess, R.W, and B.Roizman. 1973. Proteins specified by herpes simplex virus. XI.
Identification and relative molar rates of synthesis of structural and non-structural virus
polypeptides in infected cells. J. Virol. 12: 1346-1365.

Honess, R.W., and B. Roizman . 1974. Regulation of herpesvirus macromolecular |
synthesis 1. Cascade regulation of the synthesis of three groups of viral proteins. J. Virol.
14: 8-19. |

Honess, R.W., and B. Roizman. 1975. Regulation of herpesvirus macromolecular
synthesis: sequential transition of polypeptide synthesis requires functional viral
polypeptides. Proc. Natl. Acad. U.S.A. 72: 1276-1280.

Honess, R.W., and D.M. Watson. 1977. Unity and diversity in the herpesviruses. J. Gen.
Virol. 37: 15-37. '

Holzmann, H., F.X. Heinz, C.W. Mandl, F. Guirakhoo, and C. Kunz. 1990. A single
amino acid substitution in envelope peotein E of tick-borne encephalitis virus leads to
attenuation in the mouse model. J. Virol. 64: 5156-5159.

Hutchinson, L., H. Browne, V. Wargent, N. Davis-Poynter, S. Primorac, K.
Goldsmith, A.C. Minson, and D.C. Johnson. 1992a. A novel herpes simplex virus
glycoprotein, gL, forms a complex with glycoprotein H (gH) and affects normal folding
and surface expression of gH. J. Virol. 66: 2240-2250.

Hutchinson, L., K. Goldsmith, D. Snoddy, H. Ghosh, F.L. Graham, and D.C.
Johnson. 1992b. Identification and characterisation of a novel herpes simplex virus
glycoprotein, gK, involved in cell fusion. J. Virol. 66: 5603-5609.

Imbalazano, A.N., A.A. Shepard, and N.A. DeLuca. 1990. Functional relevance of
specific interactions between herpes simplex virus type 1 ICP4 and sequences from the
promoter-regulatory domain of the viral thymidine kinase gene. J. Virol. 64: 2620-2631.



References

Ingemarson, R., and H. Lankinen. 1987. The herpes simplex virus type 1 ribonucleotide
reductase is a tight complex of the type a2B2 composed of 40K and 140K proteins, of

which the latter shows multiple forms due to proteolysis. Virology 156: 417-422.

Irmiere, A., and W. Gibson. 1983. Isolation and characterization of a non-infectious
virion-like particle released from cells infected with human strains of cytomegalovirus.
Virology 130: 118-133.

Izumi, K., and J.G. Stevens. 1990. Molecular and biological characterization of a herpes
simplex virus type 1 (HSV-1) neuroinvasiveness gene. J. Exp. Med. 172: 487-496.

Jacob, R.J., L.S. Morse, and B. Roizman. 1979. Anatomy of herpes simplex virus DNA
XII. Accumulation of head-to-tail concatemers in nuclei of infected cells and their role in
the generation of the four isomeric arrangements of viral DNA. J. Virol. 29: 448-457.

Jacobson, J.G., D.A. Leib, D.J. Goldstein, C.L. Bogart, P.A. Schaffer, S.K. Weller,
and D.M. Cohen. 1989. A herpes simplex virus ribonucleotide reductase deletion mutant
is defective for producfive acute and reactivable latent infections of mice and for
replication in mouse cells. Virology 173: 276-283.

Jamieson, A.T., and J.H. Subak-Sharpe. 1974. Biochemical studies on herpes simplex
virus specific deoxypyrimidine kinase activity. J. Gen. Virol. 24: 481-492,

Jamieson, B.D., L.D. Butler, and R. Ahmed. 1987. Effective clearance of a pérsistent
viral infection requires cooperation between virus-specific Lyt2+ T cells and nonspecific
bone marrow-derived cells. J. Virol. 61: 3930-3937.

Jarret, R.F., D.A. Clark, S.F. Josephs, and D.E. Onions. 1990. Detection of human
herpesvirus-6 DNA in peripheral blood and saliva. J. Med. Virol. 32: 73-76.

Jenkins, O., J. Booth, P. Minor, and J.W. Almond. 1987. The complete nucleotide
sequence of coxsackie B4 and its comparison to other members of the Picornaviridae. J.
Gen. Virol. 68: 1835-1848.

Jiang, W.R., A. Lowe, S. Higgs, H. Reid, and E.A. Gould. 1993. Single amino acid
codon changes detected in louping ill virus antibody-resistant mutants with reduced
neurovirulence. J. Gen. Virol 74: 931-935.

Johnson, D.C., and V. Feenstra. 1987. Identification of a novel herpes simplex virus type
1-induced glycoprotein which complexes with gE and binds immunoglobulin. J. Virol. 61:
2208-2216.



References

Johnson, D.C., and M.W. Ligas. 1988. Herpes simplex viruses lacking gD are unable to
inhibit virus penetration: quantitative evidence for virus-specific cell surface receptors. J.
Virol. 62: 1486-1494.

Johnson, D.C., and P.G. Spear. 1982. Monensin inhibits the processing of herpes
simplex virus glycoproteins, their transport to the cell surface, and the egress of virions
from infected cells. J. Virol. 43: 1102-1112.

Johnson, D.C., M.C. Frame, M.W. Ligas, A.M.. Cross, and N.D. Stow. 1988. Herpes
simplex virus immunoglobulin G Fc receptor activity depends on a complex of two viral
glycoproteins, gE and gl. J. Virol. 62: 1347-1354.

Johnson, D.C., R.L. Burke, and T. Gregory. 1990. Soluble forms of herpes simplex
virus glycoprotein D bind to a limited number of cell surface receptors and inhibit virus
entry into cells. J. Virol. 64: 2569-2576.

Johnson, P.A., C.A. MacLean, H.S. Marsden, R.G. Dalziel, and R.D. Everett. 1986.
The product of gene US11 of herpes simplex virus type 1 is expressed as a true late gene.

- J. Virol. 67; 871-883.

Johnson, P.A., M.G. Best, T. Friedmann, and D.S. Parris. 1991. Isolation of a herpes
simplex virus type 1 mutant deleted for the essential UL42 gene and characterization of its
null phenotype. J. Virol. 65: 700-710.

Johnson, R.M., and P.G. Spear. 1989. Herpes simplex virus glycoprotein D mediates
interference with herpes simplex virus infection. J. Virol 63: 819-827.

Jones, P.C., and B. Roizman. 1979. Regulation of herpes virus macromolecular
synthesis. VIII. The transcription program consists of three phases during which extent of
transcription and accumulation of RNA in the cyloplasm are regulated. J. Virol. 31: 299-
314.

Kaner, R.J., A. Baird, A. Mansukhani, C. Basilico, B.D. Summers, R.Z. Florkiewicz,
and D.P. Hajjar. 1990. Fibroblast growth factor receptor is a portal of entry for herpes
simplex virus type 1. Science 248: 1410-1413.

Kaerner, H.C., C.H. Schroder, A. Ott-Hartmann, G. Humel, and H. Kirshner. 1983.
Genetic variability of herpes simplex virus: development of a pathogenic variant during

passaging of a nonpathogenic herpes simplex virus type 1 virus strain in mouse brain. J.
Virol. 46: 83-93.



References

Katan, M., A. Haig, C.P. Verrijzer, P.C. van der Vliet, and P. O’Hare. 1990.
Characterization of a cellular factor which interacts functionally with Oct-1 in the
assembly of a multicomponent transcriptional complex. Nucl. Acids Res. 18: 6871-6880.

Kibler, P.K., J. Duncan, B.D. Keith, T. Hupel, and J.R. Smiley. 1991. Regulation of
herpes simplex virus true late gene expression: sequences downstream from the US11
TATA box inhibit expression from an unreplicated template. J. Virol. 65: 6749-6760.

Kieff, E.D., S.L. Bachenheimer, and B. Roizman. 1971. Size, composition, and structure
of the deoxyribonucleic acid of herpes simplex virus subtypes 1 and 2. J. Virol. 8: 125-
132.

Kieff, E.D., B. Hoyer, S.L. Bachenheimer, and B. Roizman. 1972. Genetic relatedness
of type 1 and type 2 herpes simplex virus. J. Virol. 9: 738-745.

Kimman, T.G., N. de Wind, N. Qei-Lie, J.M.A. Pol, A.J.M. Berns, and A.L.J. |
Gielkens. 1992. Contribution of single genes within the unique short region of Aujeszky’s

disease virus (suid herpesvirus 1) to virulence, pathogenesis and immunogenicity. J. Gen.
Virol. 73: 243-251.

Kit, S,. and D.R. Dubbs. 1963. Acquisition of thymidine kinase activity by herpes
simplex virus infected mouse fibroblast cells. Biochima Biophysica Acta 11: 55-59.

Knotts, F.B., M.L. Cook, and J.G. Stevens. 1974. Pathogenesis of herpetic encephalitis
following opthalmic inoculation. J. Infect. Dis. 130: 16-27.

Koch, H.G., A. Rosen, F. Ernst, Y. Becker, and G. Darai. 1987. Determination of
nucleotide sequence flanking the deletion (0.762-0.789 map units) in the genome of an
intraperitoneally virulent HSV-1 strain HFEM. Virus Res. 7: 105-115.

Koff, A., and P. Tegtmeyer. 1988. Characterisation of major recognition sequences for a
herpes simplex virus type 1 origin-binding protein. J. Virol. 62: 4096—4103.

Kosz-Vnenchak, M., D.M. Coen, and D.M. Knipe. 1990. Restricted expression of herpes
simplex virus lytic genes during establishment of latent infection by thymidine kinase-
negative mutants. J. Virol. 64: 759-768.

Krause, P.R., K.D. Croen, S.E. Straus, and J.M. Ostrove. 1988. Detection and
preliminary characterization of herpes simplex virus type 1 transcripts in latently infected
human trigeminal ganglia. J. Virol. 62: 4819-4823.



References

Kristie, T.M., and P.A. Sharp .1993. Purification of the cellular factor required for the
stable recognition of the Oct-1 homeodomain by the herpes simplex virus o-trans-

induction factor (VP16). J. Biol. Chem. 268: 6525-6534.

Kristie, T.M., and B. Roizman. 1987. Host cell proteins bind to the cis -acting site
required for virion-mediated induction of herpes simplex virus 1 o genes. Proc. Natl.
Acad. Sci. U.S.A. 84: 71-75.

Kristie, T.M., J.H. LeBowitz, and P.A. Sharp. 1989. The octamer-binding proteins form
multi-protein-DNA complexes with the HSV a-TIF regulatory protein. EMBO J. 8: 4229-

4238.

Kuhn, J.E., M.D. Kramer, W. Willenbacher, H. Welland, E.U. Lorentzen, and R.W.
Braun. 1990. Identification of herpes simplex virus type 1 glycoproteins interacting with
the cell surface. J. Virol. 64: 2491-2497.

Kumel, G., H. Kirchner, R. Zawatsky, H. Engler, C.H. Schroder, and H.C. Kaerner.
1982. Experimental infection of inbred mice with herpes simplex virus. V. Investigation
with a virus strain non-lethal after peripheral infection. J. Gen. Virol. 63: 315-323.

Kumel, G., H.C. Kaerner, M. Levine, C.H. Schroder and J.C. Glorioso. 1985. Passive
immune protection by herpes simplex virus-specific monoclonal antibodies and
monoclonal antibody-resistant mutants altered in pathogenicity. J.Virol. 5§6: 930-937.

Kwong, A.D., and N. Frenkel. 1987. Herpes simplex virus-infected cells contain a
function(s) that destabilize both host and viral mRNAs. Proc. Natl. Acad. Sci. U.S.A. 84:
1926-1930. '

Kwong, A.D., A.J. Kruper, and N. Frenkel. 1988. Herpes simplex virus virion host
shutoff function. J. Virol. 62: 912-921.

Lankinen, H. J. McLacchlan, M. Weir, J. Furlong, J. Conner, A. McGarrity, A.
Minstry, J.B. Clements, and H.S. Marsden. 1991. Purification and characterization of

the herpes simplex virus type 1 ribonucleotide reductase small subunit following
expression in E. coli. J. Gen. Virol. 72: 1383-1392.

Larder, B.A., J.J. Lisle, and G. Darby. 1986. Restoration of wild-type pathogenicity to
an attenuated DNA polymerase mutant of herpes simplex virus type 1. J. Gen. Virol. 67:
2501-2506. ' '

Lausch, R.N.,, K.C. Yeung, J.Z. Miller, and J.E. Oakes. 1990. Nucleotide sequences
responsible for the inability of a herpes simplex virus type 2 strain to grow in human



References

lymphocytes are identical to those responsible for its inability to grow in mouse tissues
following ocular infection. Virology 176: 319-328.

Lee, C.K., and D.M. Knipe. 1983. Thermolabile in vivo DNA binding activity associated
with a protein encoded by mutants of herpes simplex virus type 1. J. Virol. 46: 909-919.

Lehner, T., J. M.-A. Wilton, and E.J. Shillitoe. 1975. Immunological basis for latency,
recurrences and putative oncogenicity of herpes simplex virus. Lancet ii: 60-62.

Leib, D.A., D.M. Coen, C.L. Bogart, K.A. Hicks, D.R. Yager, D.M. Knipe, K.L. Tyler,
and P.A. Schaffer. 1989b. Immediate-early regulatory gene mutants define different

stages in the establishment and reactivation of herpes simplex virus latency. J. Virol. 63:
759-768.

Leib, D.A., C.L. Bogard, M. Kosz-Vnenchak, K.A. Hicks, D.M. Coen, D.M. Knipe,
and P.A. Schaffer. 1989b. A deletion mutant of the latency-associated transcript of herpes

simplex virus type 1 reactivates from the latent state with reduced frequency. J. Virol. 63:
2893-2900. | | |

Leinbach, S.S., and L.S. Heath. 1988 A carboxy-terminal peptide of the DNA-binding
protein ICP8 of herpes simplex virus contains a single-stranded DNA binding site.
Virology 166: 10-16.

Leinbach, S.S., J.F. Casto, and T.K. Pickett. 1984. Deoxyribonucleoprotein complexes
and DNA synthesis of herpes simplex virus type 1. Virology 137: 287-296.

Leist, T.P., R.M. Sandri-Goldin, and J.G. Stevens. 1989. Latent infections.in spinal
ganglia with thymidine kinase-deficient herpes simplex virus. J. Virol. 63: 4976-4978.

Liang, X., L.A. Babiuk, S. Van Drunen, L-Van Den Hurk, D.R. Fitzpatrick, and T.J.
Zamb. 1991. Bovine herpesvirus 1 attachment to permissive cells is mediated by it’s
major glycoproteins. gI, gIIl and gIV. J.Virol. 65: 1124-1132.

Ligas, M.W,, and D.C. Johnson. 1988. A herpes simplex virus mutant in which
glycoprotein D sequences are replaced by B-galactosidase sequences binds to but is unable
to penetrate into cells. J. Virol. 62: 1486-1494.

Lillycrop, K.A., C.L. Dent, S.C. Wheatley, M.N. Beech, N.N. Ninkina, J.N. Wood, and
D.S. Latchman. 1991. The octamer-binding protein Oct-2 represses HSV immediate early
genes in cell lines derived from latently infected sensory neurons. Neuron 7: 381-390.



References

Little, S.P., and P.A. Schaffer. 1981. Expression of the syncitial (syn) phenotype of
HSV-1, strain KOS: genetic and phenotypic studies of mutants in two syn loci. Virology
112: 686-697.

Liu, F, and B. Roizman. 1991a. The promoter, transcriptional unit, and coding sequence
of herpes simplex virus 1 family 35 proteins are contained within and in frame with the
UL26 open reading frame. J. Virol. 65: 206-212.

Liu, F., and B.Roizman. 1991b. The herpes simplex virus 1 gene encoding a protease also
contains within its coding domain the gene encoding the more abundant substrate. J. Virol.
65: 5149-5156.

Liu, F., and B. Roizman. 1992. Differentiation of multiple domains in the herpes simplex
virus 1 protease encoded by the UL26 gene. Proc. Natl. Acad. Sci. U.S.A. 89: 2076-2080.

Locker, H., and N. Frenkel. 1979. BamHI, KpnI and Sall restriction enzyme maps of the
DNAs of herpes simplex virus strains Justin and F: occurrence of heterogeneities in
defined regions of the viral DNA. J. Virol. 32: 429-411.

Lockshon, D., and D.A. Galloway. 1988. Sequence and structural requirements of a
herpes simplex viral DNA replication origin. Mol. Cell. Biol. 8: 4018—4027.

Longnecker, R., and B. Roizman. 1986. Generation of an inverting herpes simplex virus
type 1 mutant lacking the L-S junction a sequences, an origin of DNA synthesis, and
several genes including those specifying glycoprotein E and the o47 gene. J. Virol. 58:
583-591. ‘

Longnecker, R., and B. Roizman. 1987. Clustering of genes dispén_sible for growth in
culture in the S component of the HSV-1 genome. Science 236: 573-576.

Longnecker, R., S. Chatterjee, R.J. Whitley, and B. Roizman. 1987. Identification of a
herpes simplex virus 1 glycoprotein gene within a gene cluster dispensible for growth in
tissue culture. Proc. Natl. Acad. Sci. USA 84: 4303-4307.

Lonsdale, D.M.. 1979. A rapid technique for distinguishing herpes simplex virus type 1
from type 2 by restriction technology. Lancet i: 849-852.

Lopez, C.. 1985. Natural resistance mechanisms in herpes simplex virus infections. In “
The Herpesviruses” vol. 4, pp.1-36. B.Roizman & C.Lopez (eds.). Plenum press, N.Y..

Lopez, C., P. Pellet, J. Stewart, C. Goldsmith,and K. Sanderlin. 1988. Characterization
of human herpesvirus-6. J. Infect. Dis. 157: 1271-1273.



References

MacKay, E.M., G. McVey, H.S. Marsden, S.M. Brown, and A.R. MacLean. 1993. The
herpes simplex virus type 1 strain 17 open reading frame RL1 encodes a polypeptide of
apparent My 37K equivalent to ICP34.5 of herpes simplex virus type 1 strain F. J. Gen.

Virol. 74: in press.

Mackem, S., and B. Roizman. 1982. Structural features of the herpes simplex virus o
gene: 4, 0, and 27 promoter-regulatory sequences which confer o regulation on chimeric
thymidine kinase genes. J. Virol. 44: 939-949.

MacLean, A.R., M.U. Fareed, L. Robertson, J. Harland, and S.M. Brown. 1991a.
Herpes simplex virus type 1 deletion variants 1714 and 1716 pinpoint neurovirulence
related sequences in Glasgow strain 17 between immediate early gene 1 and the ‘a’
sequence. J. Gen. Virol. 72: 631-639.

MacLean, A.R., L. Robertson, E. MacKay, and S.M. Brown. 1991b. The RL
neurovirulence locus in herpes simplex virus type 2 strain HG52 plays no role in latency. J.
Gen. Virol. 72: 2305-2310.

MacLean, C.A., B. Clark, and D.J. McGeoch. 1989. Gene UL11 of herpes simplex virus
type 1 encodes a virion protein which is myristylated. J. Gen. Virol. 70: 3147-3157.

MacLean, C.A., S. Efstathiou, M.L. Elliot, F.E. Jamieson, and D.J. McGeoch. 1991.
Investigation of herpes simplex virus type 1 genes encoding multiply inserted membrane
proteins. J. Gen. Virol. 72: 897-906.

MacLean, C.A., A.Dolan, F.E. Jamieson, and D.J. McGeoch. 1992. The myristylated
virion proteins of herpes simplex virus type 1: Investigation of their role in the virus life
cycle. J. Gen. Virol. 73. 539-547.

MacLean, C.A., L.M. Robertson, and F.E. Jamieson. 1993. Characterization of the
UL10 gene product of herpes simplex virus type 1 and investigation of it’s role in vivo. J.
Gen. Virol. 74. 975-983.

Macpherson, 1., and M.G. Stoker. 1962.. Polyoma transformation of hamster cell clones:
an investigation of genetic factors affecting cell competence. Virology 16: 147-151.

McCarthy, A.M., L. McMahan, and P. Schaffer. 1989. Herpes simplex virus type 1
ICP27 deletion mutants exhibit altered patterns of transcription and are DNA deficient. J.
Virol. 63: 18-27. ‘ | |



References

McClements, W., G. Yamanaka, V. Garsky, H. Perry, S. Bachetti, R. Colonno, and
R.B. Stein. 1988. Oligopeptides inhibit the ribonucleotide reductase of herpes simplex
virus by causing subunit separation. Virology 162: 270-273.

McCombs, R.M., J.P. Brunschwig, R. Mirkovic, and M. Benyesh-Melnick. 1971.
Electron microscopic characterisation of a herpeslike virus isolated from tree shrews.
Virology 45: 816-820.

- McGeoch, D.J., and P.A. Schaffer. 1993. Herpes simplex virus. In “Genetic Maps”, 6th

edn. (O’Brien S, ed.) Cold Spring Harbour Press, New York, in press.

McGeoch, D.J., A. Dolan, S. Donald, and F.J. Rixon. 1985. Sequence determination and
genetic content of the short unique region in the genome of herpes simplex virus type 1. J.
Mol. Biol. 181: 1-13.

McGeoch, D.J., A. Dolan, S. Donald, and D.H.K. Brauer. 1986. Complete DNA
sequence of the short repeat region in the genome of herpes simplex virus type 1. Nucl.
Acids. Res. 14: 1727-1745.

McGeoch, D.J., H-W. Moss, D. McNab, and M.C. Frame. 1987. DNA sequence and
genetic content of the HindIII 1 region in the short unique component of the herpes simplex
virus type 2 genome: Identification of the gene encoding glycoprotein G and evolutionary
comparisons. J. Gen. Virol. 68: 19-38.

McGeoch, D.J., M.A. Dalrymple, A.J. Davison, A. Dolan, M.C. Frame, D. McNab,
L.J. Perry, J.E. Scott, and P. Taylor. 1988a. The complete DNA sequence of the long
unique region in the genome of herpes simplex virus type 1. J. Gen. Virol. 69: 1531-1574.

McGeoch, D.J., M.A. Dalrymple, A. Dolan, D. McNab, L.J. Perry, P. Taylor, and
M.D. Challberg. 1988b. Structures of herpes simplex virus type 1 genes required for
replication of virus DNA. J. Virol. 62: 444-453.

McGeoch, D.J., C. Cunningham, G. Mclntyre, and A. Dolan. 1991. Comparative
sequence analysis of the long repeat region and adjoining parts of the long unique regions
in the genomes of herpes simplex viruses types 1 and 2. J. Gen. Virol. 72: 3057-3075.

McGeoch, D.J., B.C. Barnett, and C.A. MacLean. 1993. Emerging functions of
alphaherpesvirus genes. Seminars in Virology 4: 124-133.

McKee, T.A., G.H. Disney, R.D. Everett, and C.M. Preston. 1990. Control of
expression of the varicella-zoster virus major immediate early gene. J. Gen. Virol. 71: 897-
906.



References

McKendall, R.R,, T. Klasses, and R. Baringer. 1979. Host defences in herpes simplex
virus infections of the nervous system: Effect of antibody on disease and viral spread.
Infect. Immun. 23: 305-311.

McKnight, S.L., and R. Kingsbury. 1982. Transcriptional control signals of a eukaryotic
protein-coding gene. Science 217: 316-324.

McKnight, S.L., and R. Tjian. 1986. Transcriptional selectivity of viral genes in
mammalian cells. Cell 46: 795-805. '

McLauchlan, J., and J.B. Clements. 1983. Organization of the herpes simplex virus type
1 transcriptional unit encoding two early proteins with molecular weights of 140000 and
40000. J. Gen. Virol. 64: 997-1006.

McLauchlan, J., and F.J. Rixon. 1992. Characterisation of enveloped tegument
structures (L particles) produced by alphaherpesviruses: integrity of the tegument does not
depend on the presence of capsid or envelope. J. Gen. Virol. 73: 269-276.

McLennan, J.L., and G. Darby. 1980. Herpes simplex virus latency: the cellular location
of virus in dorsal root ganglia and the fate of the infected cell following virus activation. J.
Gen. Virol. 51: 233-243.

McMabhan, L., and P.A. Schaffer. 1990. The repressing and enhancing functions of the
herpes simplex virus regulatory protein ICP27 map to the C-terminal regions and are
required to modulate viral gene expression very early in infection. J. Virol. 64: 3471-3485

McNearney, T.A., C Odell, V.M. Holers, P.G. Spear, and J.P. Atkinson. 1987. Herpes
simplex virus glycoproteins gC-1 and gC-2 bind to the third component of complement
and provide prdtection against complement-mediated neutralisation of viral infectivity. J.
Exp. Med. 166: 1525-1535.

McTaggart, S.P., W.H. Burns, D.O. White, and D.C. Jackson. 1978. Fc receptors
induced by herpes simplex virus. I. Biological and biochemical properties. J. Immunol.
121: 726-730.

Manniatis, T., E.F. Fritsch, and J. Sambrook. 1982. “Molecular Cloning; A Laboratory
Manual”, N.Y.: Cold Spring Harbour Laboratory.

Marchetti, M.E., C.A. Smith, and P.A.Schaffer. 1988. A temperature-sensitive mutation

in a herpes simplex virus type 1 gene required for viral DNA synthesis maps to coordinates
0.609 through 0.614 in UL.. J. Virol. 62: 715-721.



References

Marcy, A.L, C.B.C. Hwang, K.L. Ruffner, and D.M. Coen. 1990. Engineered herpes
simplex virus DNA polymerase point mutants: the most highly conserved region shared
among o-like DNA polymerases is involved in substrate recognition. J. Virol. 64: 5883—

3890.

Marsden, H.S., LK. Crombie, and J.H. Subak-Sharpe. 1976. Control of protein
synthesis in herpes virus infected cells: Analysis of the polypeptides induced by wild-type
and sixteen temperature sensitive mutants. J. Gen. Virol. 31: 347-372.

Marsden, H.S., N.D. Stow, V.G. Preston, M.C. Timbury, and N.M. Wilkie. 1978.
Physical mapping of herpes simplex virus induced polypeptides. J. Virol. 28: 624-642.

Marsden, H.S., J. Lang, A.J. Davison, R.G. Hope, and D.M. MacDonald. 1982.
Genomic location and lack of phosphorylation of the HSV immediate-early polypeptide
IE12. J. Gen. Virol. 62: 17-27.

Marsden, H.S., M.E.M. Campbell, L. Haarr, M.C. Frame, D.S. Parris, M. Murphy,
R.G. Hope, M.T. Muller, and C.M. Preston. 1987. The 65,000-My DNA-binding and

virion trans-inducing proteins of herpes simplex virus type 1. J. Virol. 61: 2428-2437.

Matloubian, M., T. Somasundaram, S.R. Kolhekar, R. Selvakumar, and R. Ahmed.
1990. Genetic basis of viral persistence affects ability of virus to persist in adult mice. J.
Exp. Med. 172: 1043-1048. '

Mathews, R.E.F.. 1982. ClaSsiﬁcation and nomenclature of viruses. Intervirology 17: 1-
200.

Meigner, B., R. Longnecker, P. Mavromara-Nazos, A. Sears, and B.Roizman. 1988.
Virulence and establishment of latency by genetically engineered deletion mutants of
herpes simplex virus 1. Virology 162: 251-254.

Melnick, J.L.. 1985. Enteroviruses: polioviruses, coxsackieviruses, echoviruses and newer
enteroviruses,.. In “Virology”, vol. 3 pp 739-794. B.N. Fields, D.M. Knipe et.al. (eds).
Raven Press, N.Y..

Mettenleiter, T.C.. 1989. Glycoprotein gIII deletion mutants of pseudorabies virus are
impaired in virus entry. Virology 171: 623-625.

Mettenleiter, T.C., L. Zack, A.S. Kaplan, T. Ben-Porat, and B. Lomniczi. 1987. Role

of a structural protein of herpesvirus (pseudorabies) in virus virulence. J. Virol. 61: 4030-
4032.



References

Mettenleiter, T.C., C. Schreurs, F. Zuckermann, T. Ben-Porat, and A.S. Kaplan.
1988. Role of glycoprotein gIII of pseudorabies virus in virulence. J. Virol. 62: 2712-2717.

Meyers, J.D., N. Flournoy, and E.D. Thomas. 1986. Risk factors for cytomegalovirus
infection after human marrow transplantation. J. Infect. Dis. 153: 478-488.

Miller, G.. 1990. Epstein-Barr virus: Biology, pathogenesis and medical aspects. In
“Virology””, 2nd ed, pp.1921-1958. B.N. Fields, D.M. Knipe et.al.(eds.). Raven Press,
N.Y. '

Minor, P.D.. 1980. Comparative biochemical studies of type 3 poliovirus. J. Virol. 34: 73-
84. '

Minor, P.D.. 1982. Characterization of strains of type 3 poliovirus by oligonucleotide
mapping. J. Gen. Virol. 67: 693-706.

Mirda, D.P., D. Navarro, P. Paz, P.L. Lee, L. Periera. and L.T. Williams. 1992. The
fibroblast growth factor receptor is not required for herpes simplex virus type 1 infection.
J. Virol. 66: 448-457.

Mocarski, E.S., and B. Roizman. 1981. Site-specific inversion sequence of the herpes
simplex virus genome: Domain and structural features. Proc. Natl. Acad. Sci. USA. 78:
7047-7051. '

Mocarski, E.S., and B. Roizman. 1982. Structure and role of ‘the herpes simplex virus
DNA termini in inversion, circularization and generation of virion DNA. Cell 31: 89-97.

Moriuchi, H., M. Mouriuchi, S.E. Strauss, and J.I. Cohen. 1993. Varicella-Zoster open
reading frame 10 protein, the herpes simplex virus VP16 homolog, transactivates
herpesvirus immediate-early promoters. J. Virol. 67: 2739-2746.

Muggeridge, M.I.,, G.H. Cohen, and R.J. Eisenberg. 1992. Herpes simplex virus
infection can occur without involvement of the fibroblast growth factor receptor. J. Virol.
66: 824-830.

Mullaney, J., H.W. McL. Moss, and D.J. McGeoch. 1989. Gene UL2 of herpes simplex
virus type 1 encodes a uracil-DNA glycosylase. J. Gen. Virol. 70: 449-454.

Muller, M.T., C.S. Bolles, and D.S. Parris. 1985. Association of type 1 DNA
topoisomerase with herpes simplex virus. J. Gen. Virol. 66: 1565-1574.



References

Murchie, M.-]J., and D.J. McGeoch. 1982. DNA sequence analysis of an immediate-early
gene region of the herpes simplex virus type 1 genome (map coordinates 0.950-0.978). J.
Gen. Virol. 62: 1-15.

Nahmais, A.J.. 1972. Herpesviruses from man to fish- a search for pathobiotic unity.
Pathbiol. Ann. 2: 153-182.

Nash, A.A., K.N. Leung, and P. Wildy. 1985. The T-cell mediated immune response of
mice to herpes simplex virus. In “The Herpesviruses”, B. Roizman and C. Lopez (eds).
Plenum Press, N.Y..

Natarajan, R., S. Deshmane, T. Valyi-nagy, R.D. Everett, and N.W. Fraser. 1991. A
herpes simplex virus type 1 mutant lacking the ICPQ introns reactivates with normal
frequency. J. Virol. 65: 5569-5573.

Nazerian, K., and R.L. Witter. 1970. Cell free transmission and in vivo replication of
Marek’s disease virus. J. Virol. 5: 388-387.

Nazerian, K.. 1974. DNA conﬁguration in the core of Marek’s disease virus. J. Virol. 13:
1148-1150. | |

Nesburn, A.B., J.M. Elliqtt, and H.M. Leibowitz. 1967. Spontaneous reactivation of
experimental herpes simplex keratitis in rabbits. Arch. Opthaloml. 78: 523-529.

Nesburn, A.B., M.T. Green, M. Radnoti, and B. Walker. 1977. Reliable in vivo model
for latent herpes simplex virus reactivation with peripheral shedding. Infect. Immun. 15:
772-775.

Newcomb, W.W., and J.C. Brown. 1989. Use of Art plasma etching to localize
structural proteins in the capsid of herpes simplex virus type 1. J. Virol. 63: 4697-4702.

Newcomb, W.W., and J.C. Brown. 1991. Structure of the herpes simplex virus capsid:
effects of extraction with guanidine hydrochloride and partial reconstitution of extracted
capsids. J. Virol. 65: 613-620.

Nii, S., C. Morgan, and H.M. Rose. 1968. Electron microscopy of herpes simplex virus.
II. Sequence of development. J. Virol. 2: 517-536.

Nishiyama, Y., R. Kurachi, T. Daikokl_l, and K. Umene. 1993. The US9, 10, 11 and 12
genes of herpes simplex virus type 1 are of no importance for its neurovirulence. Virology
194: 419-423.



References

Notlay, B.K., O. Kew, M. Hatch, J. Heyward and T. Obijeski. 1981. Molecular
variation of typé 1 vaccine related and wild polioviruses during replication in humans.
Virology 108: 405-423.

Nutter, L.M., S.P. Grill, and Y.C. Cheung. 1985. Can ribonucleotide reductase be
considered as an effective target for developing antiherpes simplex virus II (HSV-2)
compounds ? Biochem. Pharmacol. 34: 777-780.

Oakes, J.E., W.L. Gray, and R.N. Lausch. 1986. Herpes simplex virus type 1 DNA
sequences which direct spread of virus from cornea to central nervous system. Virology
150: 513-517.

O'Donnell, M.E., P.Elias, and L.LR. Lehman. 1987. Processive replication of single-
stranded DNA templates by the herpes simplex virus-induced DNA polymerase. J. Biol.
Chem. 262: 4252-4259.

O’Hare, P., and G.S. Hayward. 1985. Evidence for a direct role for both the 175,000 and
110,000- molecular weight immediate early proteins of herpes simplex virus in the
transactivation of delayed early proteins. J. Virol. §3: 751-760.

O'Hare, P., and C.R. Goding. 1988. Herpes simplex virus regulatory elements and the
immunoglobulin octamer domain bind a common factor and are both targets for virion
transactivation. Cell 52: 435-445.

Oldstone, M.B.A., P. Blount, P.J. Southern, and P.W. Lampert. 1986.
Cytoimmunotherapy for persistent virus infection reveals a unique clearance pattern from
the central nervous system. Nature (London) 321: 239-243.

Olivo, P.D., N.J. Nelson, and M.D. Challberg. 1988. Herpes simplex virus DNA
replication: The UL9 gene encodes an origin binding protein. Proc. Natl. Acad. Sci. USA.
85: 5414-5418.

Openshaw, H.R.. 1983. Latency of herpes simplex virus in ocular tissue of mice. Infect.
Immun. 39: 960-962.

Owsianka, A.M., G. Hart, M. Murphy, J. Gottleib, R. Boheme, M. Challberg, and
H.S. Marsden. 1993. Inhibition of herpes simplex virus type 1 DNA polymerase activity
by peptides from the UL42 accessory protein is largely non-specific. J. Virol. 67: 258-264.

Parris, D.S., A. Cross, L. Haarr, A. Orr, M.C. Frame, M. Murphy, D.J. McGeoch and
H.S. Marsden. 1988. Identification of the gene encoding the 65-kilodalton DNA-binding
protein of herpes simplex virus type 1. J. Virol. 62: 818-825.



References

Parry, M.E., N.D. Stow, and H.S. Marsden. 1993. Purification and properties of the
herpes simplex virus type 1 ULS8 protein. J. Gen. Virol. 74: 607-612.

Peeters, B., J. Pol, A. Giekens, and R. Moorman. 1993. Envelope glycoprotein gp50 of
pseudorabies virus is essential for virus entry but is not required for viral spread in mice. J.
Virol. 67: 170-177.

Perry, H.C., D.J. Hazuda, and W.L. McClements. 1993. The DNA binding domain of
herpes simplex virus origin binding binding protein is a transdominant inhibitor of virus
replication.

Perry, L.J., and D.J. McGeoch.1988. The DNA sequences of the long repeat region and
adjoining parts of the long unique region in the genome of herpes simplex virus type 1. J.
Gen. Virol. 69: 2831-2846. '

Perry, L.J., F.J. Rixon, R.D. Everett, M.C. Frame, and D.J. McGeoch. 1986.
Characterization of the IE110 gene of herpes simplex virus type 1. J. Gen. Virol. 67: 2365-
2380. ' ' '

Petrovskis, E.A., J.G. Timmins, and L.E. Post. 1986. Use of gtl1 to isolate genes for
two pseudorabies virus glycoproteins with homology to herpes simplex virus and varicella-
zoster virus. J. Virol. 60: 185-193.

Pizer, L.L, RQD. Everett, D.G. Tedder, M. Elliot, and B. Litmann. 1991. Nucleotides
within both proximal and distal parts of the consensus sequence are important for specific
DNA recognition by the herpes simplex virus regulatory protein ICP4. Nucl. Acids Res.
19: 477-483.

Poffenberger, K.L., and B. Roizman. 1985. A non-inverting genome of a viable herpes
simplex virus 1: presence of head-to-tail linkages in packaged genomes and requirements
for circularization after infection. J. Virol. §3: 587-595.

Pogue-Geile, K.L., and P.G. Spear. 1987. The single base pair substitution responsible
for the syn phenotype of herpes simplex virus type 1 strain MP. Virology 157: 67-74.

Post, L.E., and B. Roizman. 1981. A generalized technique for deletion of specific genes
in large genomes. o gene 22 of herpes simplex virus 1 is not essential for growth. Cell 25:
227-232.

Post, L.E., S. Mackem, and B. Roizman. 1981. Regulation of genes of herpes simplex
virus: expression of chimeric genes produced by fusion of thymidine kinase with alpha

.gene promoters. Cell 24: 555-565.



References

Powell, K.L., and R.J. Courtney. 1975. Polypeptide synthesized in herpes simplex virus
type 2 infected HEP-2 cells. Virology 66: 271-228.

Powell, K.L., E. Littler, and D.J.M. Purifoy. 1981. Nonstructural proteins of HSV-1. IL
Major virus-specific DNA binding protein. J. Virol. 39: 894-902.

Preston, C.M.. 1979. Control of herpes simplex virus type 1 mRNA synthesis in cells
infected with wild-type virus or the temperature sensitive mutant tsK. J. Virol. 29: 275-
284. '

Preston, C.M., and J. Russell. 1991. Retention of nonlinear viral DNA during herpes
simplex virus latency in vitro. Intervirology 32: 69-75.

Preston, C.M., and D. Tannahill. 1985. Effects of orientation and position on the activity
of a herpes simplex virus immediate early gene far upstream region. Virology 137: 439-
444.

Preston, C.M., M.G. Cordingly, and N.D. Stow. 1984. Analysis of DNA sequences
which regulate the transcription of a herpes simplex virus immediate early gene. J. Virol.
50: 708-716.

Preston, C.M., M.C. Frame, and M.E.M. Campbell. 1988. A complex formed between
cell components and an HSV structural polypeptide binds to a viral immediate early gene
regulatory DNA sequence. Cell 52: 425-434.

Preston, V.G., and F.B. Fischer. 1984. Identification of the herpes simplex virus type 1
gene encoding the dUTPase. Virology 138: 58-68.

Preston, V.G., J.A.V. Coates, and F.J. Rixon. 1983. Identification and characterisation

of a herpes simplex virus gene product required for encapsidation of virus DNA. J. Virol.
45: 1056-1064.

Preston, V.G., J.W. Palfreyman, and B.M. Dutia. 1984. Identification of a herpes
simplex virus type 1 polypeptide which is a component of the virus induced ribonucleotide
reductase. J. Gen. Virol. 65: 1457-1466.

Preston, V.G., F.J. Rixon, LM. McDougall, M. McGregor, and M.F. Al Kobaisi. 1992.
Processing of the herpes simplex virus assembly protein ICP35 near its carboxy terminal
e:nd requires the product of the whole of the UL26 open reading frame. Virology 186: 87—
98.



References

Purifoy, D.J.M., and K.L. Powell. 1976 DNA-binding proteins induced by herpes
simplex virus type 2 in HEp-2 cells. J. Virol. 19: 717-731.

Purifoy, D.J.M., and K.L. Powell. 1977. Herpes simplex virus DNA polymerases as the
site of phosphonacetate sensitivity: temperature sensitive mutants. J. Virol. 24: 470-477.

Pyles, R.B., N.M. Sawtell, and R.L. Thompson. 1992. Herpes simplex virus type 1
dUTPase mutants are attenuated for neurovirulence, neuroinvasiveness and reactivation
from latency. J. Virol 66: 6706-6713. '

Quinlan, M.P., and D.M. Knipe. 1985. Stimulation of expression of a herpes simplex
virus DNA-binding protein by two viral functions. Mol. Cell. Biol. §: 957-963.

Quinlan, M.P., L.B. Chen and D.M. Knipe. 1984. The intranuclear location of a herpes
simplex virus DNA-binding protein is determined by the status of viral DNA replication.
Cell 36: 857-868.

Raab-Traub, N. T. Dambaugh, and E. Kieff. 1980. DNA of Epstein-Barr virus. Cell 22:
257-267.

Ramaswamy, R., and T.C. Holland. 1992. In vitro characterisation of the HSV-1 UL53
gene product. Virology 186: 579-587.

Ramsingh, A., J. Slack, J. Silkworth, and A, Hixon. 1989. Severity of disease induced
by a pancreatic coxsackie B4 virus correlates with the H-2K9 locus of the major

histocompatibility complex. Virus Res. 14: 347-358.

Ramsingh, A., A. Hixson, B. Deuceman, and J. Slack. 1990. Evidence suggesting that
virulence maps to the P1 region of the coxsackie B4 genome. J. Virol. 64: 3078-3081.

Ramsingh, A., H. Araki, S. Bryant, and A. Hixson. 1992. Identification of candidate
sequences that determine virulence in coxsackie B4. Virus Res. 23: 281-292.

Read, G.S., and N. Frenkel. 1983. Herpes simplex virus mutants defective in the virion-
associated shutoff of host polypeptide synthesis and exhibiting abnormal synthesis of o

(immediate early) viral polypeptides. J. Virol. 46: 498-512.

Reed, L.J., and H. Meunch. 1938. A simple method of estimating fifty percent endpoints.
Amer. J. Hygiene 27: 493-497.

Reeves, W.C., R.F. DiGiacomo, E.R. Alexander, and C.K. Lee. 1976. Latent
herpesvirus hominis from trigeminal and sacral dorsal root ganglia of cebus monkeys.
Proc. Soc. Exp. Biol. Med. 153: 258-



References

Reeves, W.C., R. DiGiacomo, and E.R. Alexander. 1981. A primate model for age and
host response to genital herpetic infection: determinants of latency. J. Infect. Dis. 143:
554-

Ren R., E.G. Moss, and V.R. Racaniello. 1991. Identification of two determinants that
attenuate vaccine-related type 2 poliovirus. J. Virol. 65. 1377-1382.

Resnick, J., B.A. Boyd, and M.L. Haffey. 1989. DNA binding by the herpes simplex
virus type 1 ICP4 promoter is necessary for efficient down regulation of the ICPO
promoter. J. Virol. 63: 2497-2503.

Rice, S.A., and D.M. Knipe. 1988. Gene-specific transactivation by herpes simplex virus
type 1 alpha protein ICP27. J. Virol. 62: 3814-3823.

Rice, S.A., and D.M. Knipe. 1990. Genetic evidence for two distinct transactivation
functions of the herpes simplex virus a protein ICP27. J. Virol. 64: 1704-1715.

Rixon, F.J.. 1993. Structure and assembly of herpesviruses. Seminars in Virology 4: 135-
144,

Rixon, F.J., and J.B. Clements. 1982. Detailed structural analysis of 2 spliced HSV-1
immediate early RNAs. Nucleic Acids Res. 10: 2241-2256.

Rixon, F.J., M.A. Atkinson, and J. Hay. 1983. Intranuclear distribution of herpes
simplex virus type 2 DNA synthesis: examination by light and electron microscopy. J.
Gen. Virol. 64: 2087-2092.

Rixon, F.J., A.M. Cross, C. Addison, and V.G. Preston. 1988. The products of herpes
simplex virus type 1 gene UL26 which are involved in DNA packaging are strongly
associated with empty but not with full capsids. J. Gen. Virol. 69: 2879-2891.

Rixon, F.J., C. Addison, and J. McLauchlan. 1992. Assembly of enveloped tegument
structures (L particles) can occur independently of virion maturation in herpes simplex
virus type l-infected cells. J. Gen. Virol. 73: 277-284.

Robbins, A.K., R.J. Watson, M.E. Whealy, W.W. Hays, and L.W. Enquist. 1986a.
Characterization of a pseudorabies virus glycoprotein gene with homology to herpes
simplex virus type 1 and type 2 glycoprotein C. J. Virol. 58: 339-347.

Robbins, A.K., M.E. Whealy, R.J. Watson, and L.W. Enquist. 1986b. Pseudorabies
virus gene encoding glycoprotein gIII is not essential for growth in tissue culture. J. Virol.
59: 635-645.



References

Robertson, G.R., and J.M. Whalley. 1988. Evolution of the herpes thymidine kinase:
identification and comparison of the equine herpesvirus 1 thymidine kinase gene reveals
similarity to a cell-encoded thymidylate kinase. Nucl. Acids Res. 16: 11,303-11,317.

Robertson, L.M., A.R. MacLean, and S.M. Brown. 1992. Peripheral replication and
latency reactivation kinetics of the non-neurovirulent herpes simplex virus type 1 variant
1716. J. Gen. Virol. 73: 967-970.

Rock, D.L., ahd N.W. Fraser. 1983. Detection of HSV-1- genome in central nervous
system of latently infected mice. Nature 302: 523-525.

Rock, D.L., A.B. Nesburn, H. Ghiasi, J. Ong, T.L. Lewis, J.R. Lokensgard, and S.L.
Wechsler 1987. Detection of latency related viral RNAs in trigeminal ganglia of rabbits
latently infected with herpes simplex virus type 1. J. Virol. 61: 3820-3826.

Roitt, 1., J. Brostoff, and D. Male. 1985. Antibody structure and function. In
“Immunology”, chapter 5, pp.5.1-5.10. Gower Medical Publishing, London, N.Y..

Roizman, B.. 1979. The structure and isomerization of herpes simplex virus genomes. Cell
16: 481-494.

Roizman, B.. 1982. The family Herpesviridae: General description taxonomy and
classification. In “The Herpesviruses”. B. Roizman (ed.). Vol.1, pp.1-23. Plenum Press,
N.Y..

Roizman, B., and D. Furlong. 1974. The replication of herpes-viruses. In
“Comprehensive Virology”, Vol.3. H. Fraenkel-Conrat and R.R. W_agner (eds.). Plenum
Press, N.Y. and London.

Roizman, B., and A.E. Sears. 1990. Herpes simplex viruses and their replication. In
“Virology“, 2nd edition B.N. Fields (ed.). Raven Press, N.Y..

Roizman, B., S. Carmichael, G.B. DeThe, M. Masic, A.J. Nahmias, W. Plowright, F.
Rapp, P. Sheldrick, M. Takahashi, M. Terni, and K. Wolfe . 1978. Provisional
classification of herpesviruses . In “Oﬁcogenesis of Herpesviruses II1”:, part 2, pp. 1079-
1082. G. DeThe, F.Rapp and W. Henle (eds.). IARC Scientific publications, No.24, Lyon.

Romanelli, M.G., E.M. Cattozzo, L. Faggioli, and M. Tognon. 1991. Fine mapping and
characterization of the Syn 6 locus in herpes simplex virus type 1 genome. J. Gen. Virol.
72: 1991-1995.



References

Romanowski, V., Y. Matsuura, and D.H.L. Bishop. 1985. Complete sequence of the S
RNA of lymphocytic choriomeningitis virus (WE strain) compared to that of Pichinde
arenavirus. Virus Res. 3: 101-114.

Roop, C.L., L. Hutchinson, and D.C. Johnson. 1993. A mutant herpes virus unable to
express glycoprotein L cannot enter cells and its particles lack glycoprotein H. J. Virol. 67:
2285-2297.

Rosen, A. and, G. Darai. 1985. Mapping of the deletion in the genome of HSV-1 strain
HFEM responsible for its avirulent phenotype. Med. Microbiol. Immunol. 173: 329-343.

Rosen-Wolff, A., and G. Darai. 1991. Identification and mapping of the UL56 gene
transcript of herpes simplex virus type 1. Virus Res. 19: 115-126.

Rosen, A., F. Ernst, H.-G. Koch, H. Gelgerblom, G. Darai, J. Hadar, E. Tabor, T.
Ben-Hur, and Y. Becker. 1986. Replacement of the deletion in the genome (0.726-
0.789mu) of avirulent HSV-1 HFEM using cloned Mlul DNA fragment (0.7615-0.769mu)
of virulent HSV-1 F leads to generation of virulent intratypic reconbinant. Virus Res. 5:
157-175.

Rosen-Wolff, A., T. Ben-Hur, Y. Becker, and G. Darai. 1988. Comparative analysis of
the transcripts mapped in the BamHI DNA fragment B of avirulent HSV 1 HFEM,
virulent HSV-1 F and thelr intratypic recombinant. Virus Res. 10: 315-324.

Rueckert, R.. 1986. Picornaviruses and their replication, p.357-390. In “Fundamental
Virology”, B. Fields and D. Knipe (ed.), . Raven Press, N.Y..

Russell, J., and C.M. Preston. 1986. An in vitro latency system for hefpes simplex virus
type 2. J. Gen. Virol. 67: 397-403. '

Russell, J., N.D. Stow, E.C. Stow, and C.M. Preston. 1987. Herpes simplex virus genes
involved in latency in vitro . J. Gen. Virol. 68: 3009-3018.

Ruyechan, W.T.. 1983. The major herpes simplex virus DNA-binding protein holds
single-stranded DNA in an extended configuration. J. Virol. 4 6: 661-666.

Ruyechan, W.T., L.S. Morse, D.M. Knipe, and B.Roizman. 1979. Molecular genetics of
herpes simplex virus. HL. Mapping of the major viral glycoproteins and of the genetic loci
specifying the social behaviour of infected cells. J. Virol. 29: 677-687.



References

Ruyechan, W.T., and A.C. Weir. 1984. Interaction with nucleic acids and stimulation of
the viral DNA polymerase by the herpes simplex virus type 1 major DNA-binding protein.
J. Virol. 52: 727-733.

Sabin, A.B.. 1965. Oral poliovirus vaccine: history of its development and prospects for
eradication of poliomyelitis. J. Am. Med. Assoc. 194: 130-134.

Sabin, A.B., and L.R. Boulger. 1973, History of Sabin attenuated poliovirus oral live
vaccine strains. J. Biol. Stand. 1: 115-118. '

Sacks, W.R., and P.A. Schaffer. 1987. Deletion mutants in the gene encoding the herpes
simplex virus type 1 immediate-early protein ICPO exhibit impaired growth in cell culture.
J. Virol. 61: 829-8309.

Sacks, W.R., C.C. Greene, D.P. Aschman, and P.A. Schaffer. 1985. Herpes simplex
virus type 1 ICP27 is an essential regulatory protein. J. Virol. 55:796-805.

Salahuddin, S.Z., D.V. Abalashi, P.D. Markham, S.F. Josephs, S. Sturzeneger, M.
Kaplan, G. Halligan, P. Biberfield, F. Wong-Staal, B. Kramarsky, and R.C. Gallo.
1986. Isolation of a new virus, HBLV, in patients with lymphoproliferative disorders.
Science 234: 569-601.

Salvato, M.S., E.M. Shimomaye, P.J. Southern, and M.B.A. Oldstone. 1988. Virus
lymphocyte interactions. IV. Molecular characteristics of LCMV Armstrong (CTL%) small
genomic segment and that of its variant, clone 13 (CTL"). Virology 164: 517-522.

Salvato, M., and E. Shimomaye. 1989. The completed sequence of lymphocytic
choriomeningitis virus reveals a unique RNA structure and a gene for a zinc-finger protein.
Virology 173: 1-10.

Salvato, M.S., E.M. Shimomaye, and M.B.A. Oldstone. 1989. The primary structure of
the lymphocytic choriomeningitis L gene encodes a putative RNA polymerase. Virology
169: 377-384.

Salvato, M., P. Borrow, E. Shimomaye, and M.B.A. Oldstone. 1991. Molecular basis of
viral persistence: a single amino acid change in the glycoprotein of lymphocytic
choriomeningitis virus is associated with suppression of the antiviral cytotoxic T-
lympocyte response and establishment of persistence. J. Virol 65: 1863-1869.

Sanders, P.G., N.M. Wilkie, and A.J. Davison. 1982. Thymidine kinase deletion mutants
of herpes simplex virus type 1. J. Gen. Virol. 63: 277-295.



References

Sawtell, N.M., and R.L. Thompson. 1992a. Rapid in vivo reactivation of herpes simplex
virus in latently infected murine ganglionic neurons after transient hyperthermia. J. Virol.
66: 2150-2156.

Sawtell, N.M., and R.L. Thompson. 1992b. Herpes simplex virus type 1 latency-
associated transcriptional unit promotes anatomical site-dependent establishment and
reactivation from latency. J. Virol. 66: 2157-2169.

Schreurs, C., TC Mettenleiter, F. Zuckermann, N. Sugg, and T. Ben-Porat. 1988.
Glycoprotein gIII of pseudorabies virus is multifunctional. J. Virol. 62: 2251-2257.

Schroder, C.H., B. Stegmann, H.F. Lauppe, and H.C. Kaerner. 1975. An unusual
defective genotype derived from herpes simplex virus strain ANG. Intervirology 6: 270-
284.

Scriba, M.. 1975. Herpes simplex virus infection in guinea pigs: an animal model for
studying latent and recurrent herpes simplex virus infection. Infect. Immun. 12: 162-165.

Scriba, M.. 1976. Recurrent genital herpes simplex virus (HSV) infection of guinea pigs.
Med. Microbiol. Immunol. 162: 201-208.

Sears, A.E., LW. Halliburton, B. Meignier, S. Silverstein, and B.Roizman. 1985.
Herpes simplex virus 1 mutant deleted in the a22 gene: growth and gene expression in

permissive and restrictive cells and establishment of latency in mice. J. Virol. 55: 338-346.

Sethna, M., and J.P. Weir. 1993. Mutational analysis of herpes simplex virus type 1
glycoprotein E promoter. Virology 196: 532-540.

Sheldrick, P., and N. Berthelot. 1974. Inverted repetitions in the chromosome of herpes
simplex virus. Cold Spring Harbor Symposia on Quantitative Biology Vol. 39 part 2.

Shepard, A.A., and N.A. DeLuca. 1991a. Activities of heterodimers composed of DNA-
binding- and transactivation-deficient subunits of the herpes simplex virus regulatory
protein ICP4. J. Virol. 65: 299-307.

Shepard, A.A., and N.A. DeLuca 1991b. A second-site revertant of a defective herpes
simplex virus ICP4 protein with restored regulatory activities and impaired DNA-binding
properties. J.Virol. 65: 787-795.

Sherman, G., and S.L. Bachenheimer. 1987. DNA processing in temperature-sensitive
morphogenetic mutants of HSV-1. Virology 158: 427-430.



References

Sherman, G., J. Gottlieb, and M.D. Challberg. 1992. The ULS8 subunit of the herpes
simplex virus helicase-primase complex is required for efficient primer utilization. J. Virol.
66: 48844892,

Shieh, M.T., and P.G. Spear. 1991. Fibroblast growth factor: does it have a role in the
binding of herpes simplex virus ? Science 253: 208-209. '

Shieh, M-T., D.WuDunn, R.I. Montgomery, J.D. Esko, and P.G. Spear. 1992. Cell
surface receptors for herpes simplex virus are heparan sulfate proteoglycans. J. Cell. Biol.
116 1273-1281.

Shimeld, C., A.B. Tullo, D.L. Easty, and J. Thomsitt. 1982. Isolation of HSV from the
cornea in chronic stromal keratitis. Br. J. Opthamol. 66: 643-647.

Shimeld, C., T.J. Hill, W.A. Blyth, and D.L. Easty. 1990. Reactivation of latent
infection and induction of recurrent herpetic eye disease in mice. J. Gen. Virol. 71: 397-
404.

Showalter, S.D., M. Zweig, and B. Hamper. 1981. Monoclonal antibodies to herpes
simplex virus type 1 proteins, including the immediate early protein ICP4. Infect. Immun.
34: 684-692. '

Sinclair, M.C.. 1992. Antisense RNA transcription regulates IE2 expression in the HSV-1
deletion variant 1703. Ph.D thesis, University of Glasgow.

Skare, J., and W.C. Summers. 1977. Structure and function of herpesvirus genomes. II.
EcoRI, Xbal and HindIIl endonuclease cleavage sites on herpes virus type 1 DNA.
Virology 76: 581-595.

Smibert, C.A., D.C. Johnson, and J.R. Smiley. 1992. Identification and characterisation
of the virion-induced host shutoff product of herpes simplex virus gene UL41. J. Gen.
Virol. 73: 467-470.

Smith, LL., M.A. Hardwicke, and R.M. Sandri-Goldin. 1992. Evidehce that the herpes
simplex virus immediate early protein ICP27 acts post-transcriptionally during infection to
regulate gene expression. Virology 186: 74-86.

Spear, P.G..1976. Membrane proteins specified by herpes simplex viruses. I.
Identification of four glycoprotein precursors and their products in type 1 infected cells. J.
Virol. 17: 991-1008.

Spear, P.G.. 1993. Entry of alphaherpesviruses into cells. Seminars in Virol 4: 167-180.



References

Speight, G., G. Coia, M.D. Parker, and E.G. Westaway. 1988. Gene mapping and
positive identification of non-structural proteins NS2A, NS2B, NS3, NS4B and NS5 of the
flavivirus Kunjin and their cleavage sites. J. Gen. Virol. 69: 23-34.

Spivack, J.G., and N.W. Fraser. 1987. Detection of herpes simplex virus type 1
transcripts during latent infection in mice. J. Virol. 61: 3841-3847.

Sprecher, E., and Y. Becker. 1986. Skin Langerhan’s play an essential role in the defence

. against herpes simplex virus type 1 infection. Arch. Virol. 91: 341-349.

Spreéher, E., and Y. Becker. 1987. Herpes simplex virus type 1 pathogenicity in footpad
and ear skin of mice depends on Langerhan’s cell density, mouse genetics and virus strain.
J. Virol. 61 2515-2522.

Stanberry, L.R., E.R. Kern, J.T. Richards, T.M. Abbot, and J.C., Overall Jr.. 1985.
Recurrent herpes simplex virus infection in guinea pigs. Intervirology 24: 226-231.

Stannard, L.M., A.O. Fuller, and P.G. Spear. 1987. Herpes simplex virus glycoproteins
associated with different morphological entities projecting from the virion envelope. J.
Gen. Virol. 68: 715-725.

Stanway, G., P.J. Hughes, R.C. Mountford, P. Reeve, P.D. Minor, G.C. Schild and
J.W. Almond. 1984. Comparison of the nucleotide sequences of the genomes of the

neurovirulent poliovirus P3/Leon/37 and its attenuated Sabin vaccine derivative P3/Leon
12a1b. Proc. Natl. Acad. Sci. 81: 1539-1543.

Steffy, R.K., and J.P. Weir. 1991. Mutational analySis of two herpes simplex virus type 1
late promoters. J. Virol 65: 6454-6460.

Steiner, 1., J.G. Spivack, R.P. Lirette, S.M. Brown, A.R. MacLean, J.H. Subak-
Sharpe, and N.W. Fraser. 1989. Herpes simplex virus latency-associated transcripts are
evidently not essential for latent infection. EMBO J. 8: 505-511.

Steiner, 1., J.G. Spivak, S.L. Deshmane, C.I. Ace, C.M. Preston, and N.W. Fraser.
1990. A herpes simplex virus type 1 mutant containing a non-transinducing Vwmé65
protein establishes a latent infection in vivo in the absence of viral replication and
reactivates efficiently from explanted ganglia. J. Virol. 64: 1630-1638.

Stern, S., M. Tanaka, and W. Herr. 1989. The Oct-1 homeodomain directs formation of
a multiprotein-DNA complex with the HSV transactivator VP16. Nature 341: 624-630.



References

Stevely, W.S.. 1977. Inverted repetition in the genome of pseudorabies virus. J. Virol 22:
232-234. '

Stevens, J.G., and M.L. Cook (1971). Latent herpes simplex virus in spinal ganglia of
mice. Science 173. 843-847.

Stevens, J.G., and M.L. Cook. 1973. Latent herpes simplex virus in sensory ganglia. In
“Perspective in Virology” (ed. M. Pollard), vol. 8, pp171-188. Acad. Press, N.Y..

Stevens, J.G., A.B. Nesburn, and M.L. Cook. 1972. Latent herpes simplex virus from
trigeminal ganglia of rabbits with recurrent eye infection. Nature (New Biol.) 235: 216-
217.

Stevens, J.G., E.K. Wagner, G.B. Devi-Rao, M.L. Cook, and L.T. 'Feldman. 1987.
RNA complementary to a herpesvirus o gene mRNA is prominent in latently infected

neurons. Science 235: 1056-1059.

Stow, N.D.. 1982. Localization of an origin of DNA replication within the TRs/IRs
repeated region of the herpes simplex virus type 1 genome. EMBO J. 1: 863-867.

Stow, N.D.. 1992. Herpes simplex virus type 1 origin-dependent DNA replication in insect
cells using recombinant baculoviruses. J. Gen. Virol. 73: 313-321.

Stow, N.D., and E.C. McMonagle. 1983. Characterization of the TRs/IRs origin of DNA
replication of herpes simplex virus type 1. Virology 130: 427-438.

Stow, N.D., and E.C. Stow. 1986. Isolation and characterisation of a herpes simplex virus
type 1 mutant containing a deletion’ within the gene encoding the immediate early
polypeptide Vmw110. J. Gen. Virol. 67: 2571-2585.

Stow, N.D., and N.D. Wilkie. 1976. An improved technique for obtaining enhanced
infectivity with herpes simplex virus type 1 DNA. J. Gen. Virol. 33: 447-458.

Stow, N.D., E.C. McMonagle, and A.J. Davison. 1983. Fragments from both termini of
the herpes simplex virus type 1 genome contains signals required for encapsidation of viral .
DNA. Nucl. Acids. Res. 11: 8205-8215.

Stow, N.D., O. Hammersten, M.I. Arbuckle, and P. Elias. 1993. Inhibition by herpes

simplex virus type 1 DNA replication by mutant forms of origin-binding protein. Virology
196: 413-418.

Studier, F.W., and B.A. Moffat . 1986. Use of T7 RNA polymerase to direct selective
high-level expression of cloned genes. J. Mol. Biol. 189: 113-130.



References

Studier, F.W., A.H. Rosenberg, J.J. Dunn, and J.W. Dubendorff. 1990. Use of T7
RNA polymerase to direct expression of cloned genes. Methods in Enzym. 185: 60-89.

Su, L., and D.M. Knipe. 1989. Herpes simplex virus a protein ICP27 can inhibit or
augment viral gene transactivation. Virology 170: 496-504.

Sullivan, V., and G.L. Smith. 1988. The herpes simplex virus type 1 US7 gene product is
a 66K glycoprotein and is a target for complement-dependent virus neutralization. J. Gen.
Virol. 69: 859-867. |

" Sunstrum, J.C., C.E. Chrisp, M. Levine, and J.C. Glorioso. 1988. Pathogenicity of
glycoprotein C negative mutant of herpes simplex virus type 1 for mouse central nervous
system. Virus Research 113: 17-23.

Sussman, M.D., Z. Lu, C.L. Alfonso, P. Roberts, and D.L. Rock. 1992. Identification of
an African Swine Fever virus gene with similarity to a myeloid differentiation primary
response gene and a neurovirulence-associated gene of herpes simplex virus. J. Virol. 66:
5586-5589. ‘ '

Svitkin, Y.V., N. Cammack, P.D. Minor, and J.W. Almond. 1990. Translation

deficiency of the Sabin Type 3 poliovirus genome: association with an attenuating
mutation C437 - U. Virology 175:103-109.

Swain, M.A., and D. Galloway. 1986. Herpes simplex virus specifies two subunits of
ribonucleotide reductase encoded by 3’ coterminal transcripts. J. Virol. 57: 802-808.

Swain, M.A., R.W. Peet, and D.A. Galloway. 1985. Characterization of the gene
encoding herpes simplex virus type 2 glycoprotein C and comparison with the type 1
counterpart. J, Virol. 53: 561-569.

Szilagyi, J.F., and C. Cunningham. 1991. Identification and characterisation of a novel
non-infectious herpes simplex virus-related particle. J. Gen. Virol. 72: 661-668.

Taha, M.Y.. 1990. Analysis of neurovirulence in the mouse model system using deletion
variants of herpes simplex virus type 2 (HSV-2). Ph.D thesis, University of Glasgow.

Taha, Y.M,, G.B. Clements, and S.M. Brown. 1989a. A variant of herpes simplex virus
type 2 strain HG52 with a 1.5kb deletion in RL, between 0 to 0.02 and 0.81 t00.83 map
units is non-neurovirulent for mice. J. Gen. Virol 70: 705-716.



References

Taha, M.Y., G.B. Clements, and S.M. Brown. 1989b. The herpes simplex virus type 2
(HGS52) variant JH2604 has a 1488bp deletion which eliminates neurovirulence in mice. J.
Gen. Virol. 70: 3073-3078.

Taha, M.Y., S.M. Brown, G.B. Clements, and D.I. Graham. 1990. The JH2604 deletion
variant of herpes simplex virus type 2 (HGS52) fails to produce necrotizing encephalitis
following intracranial inoculation of mice. J. Gen. Virol. 71: 1597-1601.

Tedder, D.G., R.D. Everett, K.W. Wilcox, P. Beard, and L.L.Pizer. 1989. ICP4-binding
sites in the promoter and coding regions of the herpes simplex virus gD gene contribute to
activation of in vitro transcription by ICP4. J. Virol. 63: 2510-2520.

Telford, E.A.R., M.S. Watson, K. McBl_'ide, and A.J. Davison. 1992. The DNA
sequence of equine herpes virus-1. Virology 189: 304-316.

Tenney, D.J., P.A. Micheletti, J.T. Stevens, R.K. Hanatake, J.T. Matthews, A.R.
Sanchez, W.R. Hurlburt, M. Bifano, and M.G. Cordingley. 1993. Mutations in the C
terminus of herpes simplex virus type 1 DNA polymerase can affect binding and
stimulation by its accessory protein UL42 without affecting basal polymerase activity. J.
Virol. 67: 543-547.

Tenser, R.B., R.L. Miller, and F. Rapp. 1979. Trigeminal ganglion infection by
thymidine kinase-negative mutants of herpes simplex virus. Science 205: 915-918.

Tenser, R.B., S. Ressel, and M.E. Dunstan. 1981. Herpes simpiex virus thymidine kinase
expression in trigeminal ganglia: correction of enzyme activity with ganglion virus titre
and evidence of in vivo correlation complementation. Virology 112: 328-314.

Tenser, R.B., K.A. Hay, and W.A. Edris. 1989. Latency-associated transcript but not
reactivable virus is present in sensory ganglion neurons after inoculation of thymidine
kinase-negative mutants of herpes simplex virus type 1. J. Virol. 63: 2861-2865.

Thompson, R.L., and J.G. Stevens. 1983a. Replication at the body temperature selects a
neurovirulence herpes simplex virus type 2. Infect. Immun. 41: 855-857.

Thompson, R.L., and J.G. Stevens. 1983b. Biological characterization of a herpes
simplex virus intertypic recombinant which is completely and specifically
nonneurovirulent. Virology 131: 171-179.

Thompson, R.L., and E.K. Wagner. 1988. Partial rescue of herpes simplex virus
neurovirulence with a 3.2kb cloned fragment. Virus Genes 1:. 261-273.



References

Thompson, R.L., E.K. Wagner, and J.G. Stevens. 1983. Physical location of a herpes
simplex virus type 1 function(s) specifically involved with a 10 million fold increase in
HSV neurovirulence. Virology 131: 180-192.

Thompson, R.L., G.V. Devi-Rao, J.G. Stevens, and E.K. Wagner. 1985. Rescue of a
herpes simplex virus type 1 neurovirulence function with a cloned DNA fragment. J. Virol.
55: 504-508.

Thompson, R.L., M.L. Cook, G.B. Devi-Rao, E.K. Wagner, and J.G. Stevens. 1986.
Functional and molecular analyses of the avirulent wild-type herpes simplex virus type 1
strain KOS. J. Virol. 58: 203-211.

Thompson, R.L., S.K. Rogers, and M.A. Zerhusen. 1989. Herpes simplex virus
neurovirulence and productive infection of neural cells is associated with a function which
maps between 0.82 and 0.832 map units on the HSV-1 genome. Virology 172: 435-450.

Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc. Natl.
Acad. Sci. USA. 76: 4350-—4354.

Triezenberg, S.J., R.C. Kingsbury, and S.L. McKnight. 1988. Functional dissection of
VP16, the transactivator of herpes simplex virus immediate early gene expression. Genes.
Dev. 2: 718-729. | |

Trousdale, M.D., 1. Steiner, J.G. Spivack, S.L. Deshmane, S.M. Brown, A.R.
MacLean, J.H. Subak-Sharpe, and N.W. Fraser. 1991. In vivo and in vitro reactivation
impairment of a herpes simplex virus. type 1 latency-associated transcript variant in a
rabbit eye model. J. Virol. 65: 6989-6993.

Umene, K.. 1986. Conversion of a fraction of the unique sequence to part of the inverted
repeats on the S component of the herpes simplex virus 1 genome. J. Gen. Virol. 67: 1035-
1048. .

Underwood, G.E., and S.D. Weed. 1974. Recurrent cutaneous herpes simplex virus in
hairless mice. Infect. Immun. 10: 471-474.

Vahlne, A., B. Nystrom, M. Sandberg, A. Hamberger, and B. Lyke. 1978. Attachment
of herpes simplex virus to neurons and glial cells. J. Gen. Virol. 40: 359-371.

van Santen, V.L.. 1991. Characterization of the bovine herpesvirus 4 major immediate-
early transcript. J. Virol. 65: 5211-5224.



Watson, R.J., and J.B. Clements. 1978. Characterization of transcription-deficient
temperature-sensitive mutants of herpes simplex virus type 1. Virology 91: 364-379. |




References

Varmnza, S.L., and J.R. Smiley. 1985. Signals for site-specific cleavage of HSV DNA:
maturation involves two separate cleavage events at sites distal to the recognition
sequences. Cell 41: 793-802.

Vlazny, D.A., and N. Frenkel. 1981. Replication of herpes simplex virus DNA:
Localization of replication recognition signals within defective virus genomes. Proc. Natl.
Acad. Sci. USA. 78: 742-746.

Vleek, C., V. Paees, and M. Schwyzer. 1989. Nucleotide sequence of the pseudorabies
virus immediate early gene, encoding a strong transactivator protein. Virus Genes 2: 335-
346.

Wadsworth, S., R.J. Jacob and B. Roizman. 1976. Anatomy of herpes simplex virus
DNA. V. Terminal reiteration. J. Virol. 17: 503-512.

Wagner, E.K.. 1985. Individual HSV transcripts. In * The Herpesviruses”, Vol.3, p45-
104. B.Roizman (ed.),Plenum Publishing Corp., New York.

Wagner, M.J., and W.C. Summers. 1978. Structure of the joint region and the termini of
the DNA of herpes simplex virus type 1. J. Virol. 27: 374-387. .

Walz, M.A., R.W. Price, and A.L. Notkins. 1974. Latent infection with herpes simplex
virus type 1 and 2: viral reactivation in vivo after neurectomy. Science 184: 1185-1187.

Warren, K.G., S.M. Brown, Z. Wroblewska, D. Gilden, H. Kaprbwski, and J.H.
Subak-Sharpe. 1978. Isolation of latent herpes simplex virus from the superior cervical
and vagus ganglions of human beings. New Engl. J. Med. 298: 1068-1069.

Watson, R.J. C.M. Preston, and J.B. Clements. 1979. Separation and characterisation of
herpes simplex virus type 1 immediate-early mRNA’s. J. Virol. 31: 42-52.

Watson, R.J., M.Sullivan, and G.F. Vande Woude. 1981. Structures of 2 spliced herpes
simplex virus type 1 immediate early mRNAs which map at the junctions of the unique
and reiterated regions of the virus DNA S component. J. Virol. 37: 431-444.

Weber, P.C., and B. Wigdahl. 1992. Identification of dominant-negative mutants of
herpes simplex virus type 1 immediate-early protein ICPO. J. Virol. 66: 2261-2267.

Weber, P.C., M. Levine, and J.C. Glorioso. 1987. Rapid identification of nonessential
genes of herpes simplex virus type 1 by TnS mutagenesis. Science 236: 576-579.



References

Weinheimer, S.P., and S.L. McKnight. 1987. Transcriptional and post-transcriptional
controls establish the cascade of herpes simplex virus protein synthesis. J. Mol. Biol. 195:
819-833.

Weir, H.M., and N.D. Stow. 1990. Two binding sites for the herpes simplex virus type 1
UL9 protein are required for efficient activation of the oriS replication origin. J. Gen.
Virol. 71: 1379-1385.

Weller, S.K.. 1991. Genetic analysis of HSV genes required for genome replication. In
“Herpesvirus Transcription and Its Regulation”. pp. 105-135. E.K. Wagner (ed.).
BocaRaton, CRC Press.

Weller, S.K., K.L. Lee, D.J. Sabourin, and P.A. Schaffer. 1983. Genetic analysis of
temperature-sensitive mutants which define the gene for the major herpes simplex virus
type 1 DNA binding protein. J. Virol. 45: 354-366.

Weller, S.K., A. Spadaro, J.E. Schaffer, A.W. Murray, A. M. Maxam, and P.A.
Schaffer. 1985. Cloning, sequencing, and functional analysis of oriL, a herpes simplex
virus type 1 origin of DNA synthesis. Mol. Cell. Biol. 5: 930-942.

Weller, S.K., M.R. Seghatoleslami, L. Shao, D. Rouse, and E.P. Carmichael. 1990.
The herpes simplex virus type 1 alkaline nuclease is not essential for viral DNA synthesis:
isolation and characterization of a lacZ insertion mutant. J. Gen. Virol. 71: 2941-2952.

Westaway, E.G., Brinton, M.A., S. YA. Gaidamovich, M.C. Horzinek, A. Igarshi, L.
Kaarianen, D.K. Lvov., J.S. Porterfield, J.S.Russel, and P.K. Trent. 1985.
Flaviviridae. Intervirology 24: 183-192. ‘

Westmoreland, D., and J.F. Watkins. 1974. The IgG receptor induced by herpes simplex
virus: studies using radioiodinated IgG. J. Gen. Virol. 24: 167-178.

Westrop, G.D., K.A. Wareham, D.M.A. Evans, G.Dunn, P.D. Minor, D.I. Magrath, F.
Taffs, S. Marsden, M.A. Skinner, G.C. Schild, and J.W. Almond. 1989. Genetic basis
of attenuation of the Sabin Type 3 oral poliovirus vaccine. J. Virol 63: 1338-1344.

Whalley, J.M., G.R. Robertson, N.A. Scott, G.C. Hudson, C.W. Bell, and L.M.
Woodworth. 1989. Identification and nucleotide sequence of a gene in equine herpesvirus

1 analogous to the herpes simplex virus gene encoding the major envelope glycoprotein
gB. J. Gen. Virol. 70: 383-394.



References

Whalley, M., G. Robertson, C. Bell, D. Love, M. Elphinstone, L. Wiley, and D.
Craven. 1991. Identification and analysis of a gene in equine herpesvirus 1 with homology
to the herpes simplex virus glycoprotein D gene. Virus Genes 5: 313-325.

Whealy, ML.E,, J.P. Card, A.K. Robbins, J.R. Dublin, H-J Rziha and L.W. Enquist.
1993. Specific pseudorabies virus infection of the rat visual system requires both gI and
gp63 glycoproteins. J. Virol. 67: 3786-3797.

Whitby, A.J., W.A. Blyth, and T.J. Hill. 1987. The effect of DNA hypomethylating
agents on the reactivation of herpes simplex virus latently infected mouse ganglia in vitro.
Arch. Virol. 97: 137-144.

Whitley, R.J.. 1990. Herpes simplex viruses. In “Virology”, 2nd ed., pp.1843-1887. B.N.
Fields, D.M. Knipe et al.(eds.). Raven press, N.Y..

Whitley, R.J.. 1985. Epidemiology of herpes simplex viruses. In “The Herpesviruses”,
Vol.3. B.Roizman (ed.). Plenum Press, N.Y. and London.

Whitton, J.L., and J.B. Clements. 1984. Replication origins and a sequence involved in
coordinate induction of the immediate-early gene family are conserved in an intergenic
region of herpes simplex virus. Nucl. Acids. Res. 12: 2061-2079.

Wigdahl, B.L., R.J . Ziegler, M. Sneve, and F. Rapp. 1983. Herpes simplex: virus latency
and reactivation in isolated rat sensory neurons. Virology 127: 159-167.

Wigdahl, B., A.C. Scheck, R.]J. Ziegler, E. De-Clercq, and F. Rapp. 1984a. Analysis of
the herpes simplex virus genome during in vitro latency in human diploid fibroblasts and
rat sensory neurons. J. Virol. 49: 205-213. '

Wigdahl, B.L., C.A. Smith, H.M. Traglia, and F. Rapp. 1984b. Herpes simplex virus
latency in isolated human neurons. Proc. Natl. Acad. Sci. USA 81: 6217-6221.

Wilcox, C.L., and E.M. Johnson. 1987. Nerve growth factor deprivation results in the
reactivation of latent herpes simplex virus in vitro . J. Virol. 61: 2311-2315.

Wilcox, C.L., and E.M. Johnson. 1988. Characterization of nerve growth factor-
dependent herpes simplex virus latency in neurons in vitro . J. Virol. 62: 393-399,

Wilcox, C.L., R.L. Smith, C.R. Freed, and E.M. Johnson. 1990. Nerve growth factor-
dependence of herpes simplex virus latency in peripheral sympathetic and sensory neurons
in vitro . J. Neuroscience 104: 1268-1275.



References

WuDunn, D., and P.G. Spear. 1989. Initial interaction of herpes simplex virus with cells
is binding to heparan sulfate. J. Virol. 63: 52-58.

Yalamanchili, R.R., and D. O’Callaghan. 1990. Sequence and organization of the
genomic termini of equine herpesvirus type 1. Virus Res. 15: 149-162.

Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage cloning
vectors: nucleotide sequences of the M13mp18 and pUC19 vectors. Gene 33: 103-199.

Yuhasz, S.A., and J.G. Stevens. 1993. Glycoprotein B is a specific determinant of herpes
simplex virus type 1 neuroinvasiveness. J. Virol. 67: 5948-5954.

Zhao, Y., R. Holden, R.N. Harty, and D. O’Callaghan. 1992. Identification and
transcriptional analysis of the UL3 and UL4 genes of equine herpes virus 1, homologs of
the ICP27 and glycoprotein K genes of herpes simplex virus. J. Virol. 66: 5362-5372.

Zhy, X., J. Chen, C.S.H. Young, and S. Silverstein. 1990. Reactivation of latent herpes
simplex virus by adenovirus recombinants encoding mutant IE-0-gene products. J. Virol.
64: 4489-4498.

Zsak, L., F. Zuckermann, N. Sugg, and T. Ben-Porat. 1992. Glycoprotein gl of
pseudorabies virus promotes cell fusion and virus spread via direct cell-to-cell
transmission. J. Virol. 66: 2316-2325.

Zuckermann, F.A., T.C. Mettenleiter, C. Schreurs, N. Sugg, and T. Ben-Porat. 1988.
Complex between glycoproteins gl and gp63 of pseudorabies virus: its effect on virus
replication. J. Virol. 62: 4622-4626.

Zwaagstra, J.C. H. Ghiasi, S.M. Slanina, A.B. Nesburn, S.C. Wheatley, K. Lillycrop,
J. Wood, D.S. Latchman, K. Patel, and S.L. Wechsler. 1990. Activity of herpes simplex
virus type 1 latency-associated transcript (LAT) promoter in neuron-derived cells:
evidence for neuron specificity and for a large LAT transcript. J. Virol. 64.: 5019-5028.



References

Wilcox, K.W., A. Kohn, E. Sklyanskaya, and B. Roizman. 1980. Herpes simplex virus
phosphoproteins. I. Phosphate cycles on and off some viral polypeptides and can alter their
affinity for DNA. J. Virol. 33: 167-182.

Wildy, P., W.C. Russell, and R.W. Horne. 1960. The morphology of herpes virus.
Virology 12: 204-222.

Wilkie, N.M.. 1973. The synthesis and substructure of herpesvirus DNA. The distribution
of alkali labile single-strand interruptions in HSV-1 DNA. J. Gen. Virol. 21: 453-467.

Wilkie, N.M.. 1976. Physical maps for herpes simplex virus type 1 DNA for restriction
endonucleases Hind I, Hpa 1, and Xba 1]. Virol. 20: 222-233.

Wilkie, N.M., and R. Cortini. 1976. Sequence arrangement in herpes simplex virus type
1 DNA: identification of terminal fragments in restriction endonuclease digests and
evidence for inversions in redundant and unique sequences. J. Virol. 20: 211-221.

Williams, M.V.. 1988. Herpes simplex virus induced dUTPase: target site for antiviral
chemotherapy. Virology 166: 262-264.

Wilson, A.C., K. LaMarco, M.G. Peterson, and W. Herr .1993. The VP16 accessory
protein HCF is a family of polypeptides processed from a large precursor protein. Cell 74:
115-125.

Wollert, K., T. El ansari, A. Rosen-Wolff, and D. Falke. 1991. The region 0.7615-0.796
m.u. of the HSV-1 genome determines suppression of humoral antibody formation against
herpes simplex virus. Arch. Virol. 116: 175-184.

Wong, S.W., A.F. Wahl, P-M Yuan, N. Arai, B.E. Pearson, K-i Arai, D. Korn, M.W.
Hunkapiller, and T. S.-F. Wang. 1988. Human DNA polymerase a gene expression is
cell proliferation dependent and its primary structure is similar to both prokaryotic and
eukaryotic replicative DNA polymerases. Embo J. 7: 37-47.

Wu, C.A,, N.J. Nelson, D.J. McGeoch, and M.D. Challberg. 1988. Identification of

herpes simplex virus type 1 genes required for origin-dependent DNA synthesis. J. Virol.
62: 435-443.

Wu, C.L., and K.W. Wilcox. 1990. Codons 262 to 490 from the herpes simplex virus
ICP4 gene are sufficient to encode a sequence-specific DNA binding protein. Nucl. Acids
Res. 18: 531-538.




HSV-1 strain 17+ TTTAAAGCCGCGGCGGCGGGCAGCCCGGGCCCCCCGCG---GCCGAGACTAGCGAGTTAGACAGGCAAGCAC-TACTCGC
HSV-1 strain F T -- G '

HG52 strain HG52 C - G GCC CAACA G TG G A CCA GG T ccT GG G

HSV-1 strain 17% CTCTGCACGCACATGCTTGCCTGTCAAACTCTACCACCCCGGCACGCTCTCTGTC T~~~ —— =~~~ mm e — —
HSV-1 strain F
HSV-2 strain HG52 GGT A TG G GAGTG CcC G A G CGGCT GGGCCTACGCCGAGCCCAGCCG

HSV-1 strain 17t ----CCATG
HSV-1 strain F
HSV-2 strain HG52 CCCG

DNA sequence alignment of HSV-1 strains 17+ and F, and HSV-2 strain HG52 in the promoter region of
the gene encoding ICP34.5, starting with the proposed RL1 TATA boxes (Chou and Roizman, 1990;
McGeoch et.al., 1991). The sequences are for the leftward 5’ to 3’ strands in IRj,. Nucleodide
changes in HSV-1 strain F and HSV-2 strain HG52 are indicated below the HSV-1 strain 17+ sequence.
All other nucleotides are identical. Absence of a base is indicated (-).The initiating methionine
of RL1 is underlined.

HSV-1 strain 17+ VRFSPHVRVRHLV-VWASAARLARRGSWARERADRARFRRRVAEAEAVIGPCLGPEARARALAR

HSV-1 strain F VRFSPHVRVRHLV-VWASAARLARRGSWARERADRARFRRRVAEAEAVIGPCLGPEARARALAR
HSV-2 strain HG52 VCFSPRVQVRHLV-AWETAARLARRGSWARERADRDFRRRRVAAAEAVIGPCLEPEARARARAR
LMW23-NL VYFATDDI-~-LIKVR-EADDIDRKGPWEQAAVDRIRFQRRIADTEKILSAVLLRKKLNPMEHR
MyD116 VHFAEKVTVHFLA—VWAGPAQAARRGPWEQFARDRSRFARRIAQAEEKLGPYLTPDSRARAWAR

Conserved carboxy-terminal domains of HSV-1 strains 17+ and F, HSV-2 strain HG52,
African Swine Fever ORF LMW23-NL and MyD116.



