VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

BY

PENNY CLARKE

A Thesis Presented for the Degree of Doctor of Philosophy

in the

Faculty of Science, University of Glasgow.

Institute of Virology,
University of Glasgow. August, 1990.




ProQuest Number: 11007533

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 11007533

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



CONTENTS.

ACKNOWLEDGEMENTS
SUMMARY
ABBREVIATIONS
SECTION A: INTRODUCTION.
1. THE HERPESVIRUSES.
1.1. Classification.
1.2. Pathogenicity of the Human Herpesviruses.
1.3. The Structure of the Herpesvirus Genomes.
1.3.1. Structure of the HSV-1l Genome.
1.3.2. The Nucleotide Sequence of HSV-1.
1.4. The Lytic Cycle.
1.4.1. Cell Penetration.
1.4.2. Immediate-Early Genes.
1.4.3. Immediate-Early Polypeptides.
l.4.4. Early Genes.
1.4.5. HSV Enzymes.
l.4.6. Late Genes.
1.4.7. Structural Polypeptides.
1.4.8. DNA Replication.
1.4.9. Genes required for DNA Replication.
1.4.10. HSV Transcript Processing.
1.4.11. HSV Polypeptide Synthesis.
1.4.12. DNA Packaging and Virion Assembly.
1.5. Interaction of HSV with Cellular Functions.
1.5.1. Alteration of Host Macromolecular Synthesis.
1.5.2. Activation of Cellular Genes.
1.5.3. Latency.
1.5.4. Transformation.

-

@ o U u»n

11
11
12
13
14
15
16
17
18

19
19
20
21
23




2. HSV TRANSFORMATION. 24

2.1, Transforming Viruses. 24
2.1.1. Transformation by Sv40 and Polyoma Virus. 24
2.1.2. Transformation by Adenovirus. 27
2.1.3. Transformation by EBV. 27
2.2, Oncogenic Herpesviruses. 29
2.2.1. The Role of HPV in Cervical Cancer. 32
2.2.2. Evidence of Retained HSV-2 Information in 32
Cervical Carcinoma Cells.
2.2.3. Morphological Transformation of Cultured 33
Cells by HSV.
2.2.4. The "Hit and Run" Hypothesis. 36
2.2.5. Possible Mechanisms of HSV Oncogenesis. 37
2.2.6. The Postulated Role of HSV Ribonucleotide 41

Reductase in Mutagenesis.,

3. RIBONUCLEOTIDE REDUCTASES. 42
3.1. Reaction Mechanism, 42
3.1.1. The Thioredoxin System. 42
3.1.2. The Glutredoxin System. 43
3.2. Classification of Ribonucleotide Reductases. 43
3.2.1. Monomeric Ribonucleotide Reductases. 43
3.2.2. Oligomeric Ribonucleotide Reductases. 44
3.3. The HSV-Induced Enzyme. 48
3.3.1. Regulation of HSV Ribonucleotide Reductase 49
Synthesis.
3.3.2. HSV Ribonucleiotide Reductase is Essential 50

for virus Growth.

3.3.3. Ribonucleotide Reductase as a Target for 51
Antiviral Compounds.

3.3.4. The Additional Amino-Terminal Domain of HSV RRl. 52

3.3.5. The Effect of HSV Ribonucleotide Reductase 53
Activity on the Mutation Frequency in Infected
Cells.




SECTION B: MATERIALS AND METHODS.

1. MATERIALS. 55
1.1. Cells. 55
1.2. Bacterial Cells. 55
1.3. Viruses. 55
1.4. Tissue Culture Media. 56
1.5. Bacterial Culture Media. 57
1.6. Enzymes., 57
1.7. Radiochemicals. 57
1.8. Chemicals and Miscellaneous Reagents. 57
1.9. Antibodies. 57
1.10. Plasmids. 58
1.11. Some Commonly used Buffers and Solutions. 58
2, METHODS. 59
2.1, Cell Culture. 59
2.2, Virus Preparation. 59
2.3. Virus Titration. 59
2.4. Virus Growth Curves. 60
2.5. UV-Inactivation of Virus. 60
2.6, Standard DNA Cloning Techniques. 60
2.7. Large Scale Preparation of Plasmid DNA. 62
2.8. Small Scale Preparation of Plasmid DNA. 63
2.9. Transformation of E. coli. 63
2.10. Transfection of DNA into Tissue Culture Cells. 64
2.11. Electrophoresis. 65
2,12, RNA Extraction. 66
2.13. RNA:DNA Hybridization. 68
2.14. Extraction of DNA. 68
2,15, Southern Traansfer of DNA. 68
2.16. Hybridization of Southern Filters. 69
2.17. Radioactive Labelling of DNA Probes. 69
2.18. Protein Extraction and Western Blotting. 70
2.19. Preparation of Partially Purified Extracts 70
for HSV Ribonucleotide Reductase Assays.
2.20. Estimation of Protein Concentration. 71
2.21. Ribonucleotide Reductase Assays. 71

2.22. The pZl89 Mutagenesis Assay. 72




2.23.
2,24,
2.25.,
2.26,
2.27.
2.28.

1.1.
1.2.
1.3.
1.4.
1.5.

2.1.
2.1.1.
2.1.2,

2.1.3.

Hirt Extraction Procedure.

The aprt Mutagenesis Assay.

Mutagenesis of Plasmid DNA by Hydroxyalamine.
Sequencing.

Generation of Transgenic Mice.

Statistical Analysis of Data.

SECTION C: RESULTS.

PLASMID CONSTRUCTION AND POLYPEPTIDE EXPESSION.

The MT-1 Promoter.

Construction of pCRR2.

Construction of pCRRI.

Construction of pCRR3.

Detection of HSV-2 Ribonucleotide Reductase
RNA in Cells Transfected with pCRR1, pCRR2 and
PCRR3.

The Effect of Time on the Transient Expression
of HSV-2 Ribonucleotide Reductase RR2 RNA from
PCRR1 and pCRR2.

The Effect of Zinc Concentration on the
Induction of the MT-1 Promoter in pCRRl and
PCRR2,

The Production of HSV-2 Ribonucleotide
Reductase Proteins in Cells Transfected with
PCRR1, pCRR2 and pCRR3.

HSV-2 Ribonucleotide Reductase Activity from
Cells Transfected with the Plasmids pCRR1,
pCRR2 and pCRR3.

Discussion I,

THE EFFECT OF HSV-2 RIBONUCLEOTIDE REDUCTASE
EXPRESSION ON MUTAGENESIS.

The pZl1l89 Mutagenesis Asssy System.
Introduction.

Modification of pCRR1 and pCRR2 for use in
the p2189 Mutagenesis Assay.

The Effect of HSV-2 Ribonucleotide Reductase

Expression from the Plasmids pCKRRl and pCKRR2.

73
73
74
74
75
75

717
78
78
79
79

81

82

83

84

85

87

87

87

88

89




2.2.
2.2.1.,
2.2.2.,

2.5.
2.5.1.

2.5.2.

The aprt Mutagenesis Assay System.
Introduction.

The Effect of HSV-2 Ribonucleotide Reductase
Expression from the Plasmids pCRR1L and pCRR2.

The Effect of Stable Expression of HSV-2
Ribonucleotide Reductase on Mutagenesis.
Construction of the Plasmids pCNRR1, pCNRR2
and pCNRR3.

The Effect of HSV-2 Ribonucleotide Reductase
Expression in the aprt Mutagenesis Assay.
The Effect of HSV-~2 Ribonucleotide Reductase

91

91

92

94

95

95

96

Expression on the Transformation of NIH3T3 cells.

The Effect of tsl207 and tsl222 on Mutagenesis

in the pZ189 Mutagenesis Assay.

Discussion II.

A Comparison of the pZl89 and the aprt
Mutagenesis Assays.

The Effect of Expression of HSV-2 RRl and RR2
on Mutagenesis in Transfection Experiments.
The Effect of wt HSV-1l, £s1207 and tsl222
Infection on Mutagenesis in the pZ189
Mutagenesis Assay.

EXPERIMENTS TO DETERMINE THE MUTAGENIC FACTOR

IN HSV-INFECTED CELLS.

The Growth of HSV-1l in 293 Cells.

Time Course of the Mutagenic Effect of HSV-1
in Infected Cells.

The Effect of HSV-1l Mutants and Incomplete
Viruses on the Mutagenic Frequency of pZl89 in
Infected Cells.

The Effect of HSV DNA on Mutagenesis.
Determination of the Type of Mutation occuring
following HSV-1 Infection.

Discussion III.

98

100

100

101

103

105

105

106

107

110

111

111




4.1.
4.1.1.
4.1.2.

4.3.

THE GENERATION OF TRANSGENIC MICE CONTAINING
THE GENES ENCODING RR1 AND RR2,

Generation of Transgenic Lines 47-8 and 58-1.
Transgenic Line 47-8.

Transgenic Line 58-1.

Detection of HSV-2 Ribonucleotide Reductase
Expression in Transgenic Lines 47-8 and 58-1.
Detection of HSV-2 Ribonucleotide Reductase
DNA in Transgenic Lines 4-8 and 58-1.

Are the HSV-2 Ribonucleotide Reductase
Sequences Present in all the Mouse Tissues?
Detection of HSV-2 Ribonucleotide Reductase
RNA in Transgenic Lines 47-8 and 58-1.
Detection of Ribonucleotide Reductase
Proteins and Activity in Transgenic Lines
47-8 and 58-1.

Discussion 1V.

SECTION D: FINAL DISCUSSION.

The Mutagenic Effect of HSV-Infection.
The Involvement of HSV and HPV in Cervical

Cancer.

114

114

114

115

115

115

116

117

118

118

120
126




ACKNOWLEDGEMENTS.

I thank Professor John H. Subak-Sharpe for provision of
facilities in the Institute of Virology and for his interest
and concern during the course of this study.

I am grateful to Professor J. Barklie Clements for his
help and supervision and for critically reading this

manuscript.

Many thanks to Dr. Peter Searle who provided the
transgenic mice, and to Dr. Mark Meuth and Dr. Jas Lang who
helped in the generation of the CHO and NIH3T3 cell lines.
Thanks also to the above for allowing me to work in their

laboratories.

I would like to acknowledge all the members of the
Institute, particularly Dr. J. C. M. Macnab, who have
provided advice and help. Also, huge amounts of thanks (and
money) to Lesley Kattenhorn for help with typing and
printing.

Much thanks must also go to all the members of Lab 405,
both past and present, for their help and friendship and for
providing all-day entertainment with many useful and
interesting discussions. Additional thanks to Judy for

proof-reading this thesis.

Finally, I thank my parents, who have given continuous
strength and support; my friends (particularly Pauline,
Henri, Mandy and Carolyn), for their companionship and
encouragement; the GUM club for keeping my sanity with
weekends away in the Scottish mountains; and Mike who
provided a much-needed source of understanding and

distraction in the last few months.

During this work the author was funded by the Cancer
Research Campaign. Except where otherwise stated all results

were obtained by the authors own efforts.




SUMMARY.

Herpes simplex virus type 2 (HSV-2) has been associated
with cervical cancer for many years and certain regions of
both the HSV-1l and the HSV-2 genome can induce
transformation of tissue culture cells. However, no virus
transforming protein has yet been identified and no region
of viral DNA appears to be stably retained in transformed
cells or tumours. This implies that continued expression of
a virus protein is not required and has resulted in the
proposal that HSV transforms cells by a "hit and run"
mechanism.,

HSV infection can generate chromosomal breaks together
with amplification and rearrangement of cellular genes.
Additionally, infection of permissive cells with
UV-inactivated HSV-1l and of non-permissive cells with HSV-2
leads to an increase in the mutation frequency of the
cellular hypoxanthine-guanine phosphoribosyltransferase
gene. HSV-1l was also found to increase the mutagenic
frequency of a plasmid-based gene located on the shuttle
vector pZzl189. These mutagenic effects resemble changes
produced by chemical carcinogens and may represent a
mechanism for transformation which would not require the
retention of viral sequences.

The cause of mutations occurring in HSV-infected cells
is unknown but could be connected with the destabilization
of doxyribonucleoside triphosphate (dANTP) pools seen in
infected cells as studies of both prokaryotic and eukaryotic
systems have stressed the importance of dANTP concentrations
in mediating base substitutions and misincorporations. The
HSV enzyme ribonucleotide reductase has a potential role in
the destabilization of cellular dANTP pools since, unlike its
cellular counterpart, it is not allosterically regulated.
This is supported by results which show that a mutant
cellular enzyme, which was deficient in allosteric control,
raised the cellular mutation rate in transfected cells.

In order to study the effect of HSV-2 ribonucleotide
reductase on mutagenesis, expression vectors were
constructed which contained the large (RR1l) and small (RR2)
subunits of the HSV-2 ribonucleotide reductase under the

control of the inducible mouse metallothionein promoter,




which responds at the transcriptional level to heavy metals
such as zinc and cadmium. These constructs were used in
mutagenesis assays which involved monitoring the mutation
frequencies of the cellular adenine
phosphoribosyltransferase gene (aprt) in Chinese hamster
ovary (CHO) cells and of the plasmid-based suppressor tRNA
gene (supF) in human cells. Increasing the amount of enzyme
expression by zinc-induction did not increase the
mutagenesis of the marker genes in either assay suggesting
that virus ribonucleotide reductase expression may not be
mutagenic in HSV-infected cells. Experiments using the HSV-1
mutant viruses tsl1207 and tsl222, which are temperature
sensitive (ts) for RRl1 and RR2 respectively, support this
finding since these viruses were as mutagenic as wild type
HSV-1 at both the permissive (P) and the non-permissive
(NPT) temperatures.

Although expression of the viral ribonucleotide
reductase does not appear to be the cause of increased
mutagenesis in infected cells, the possibility that enzyme
activity is capable of producing a mutagenic effect cannot
be ruled out. The mutagenesis assays described above
involved only the transient expression of the viral enzyme
and the lack of any mutagenic effect might be due to
inefficeincies in the transfection procedure and/or
insufficient expression of the viral genes. The cellular
enzyme would also be present and might counteract ANTP pool
imbalances brought about by viral ribonucleotide reductase
expression. To address these problems, NIH3T3 and CHO cell
lines were constructed using HSV-2 ribonucleotide reductase
expressing plasmids that contained the G418-resistance gene
(neoR). Mutations causing morphological transformation were
assayed in NIH3T3 cells while in CHO cells the aprt gene was
assayed. None of the G41l8-resistant cell lines tested were
found to express RR1 or RR2 and further lines will be
screened for expression before repeating the experiment.

The ribonucleotide reductase constructs were used to
generate transgenic mice to determine the effect of enzyme
expression in an animal model. The mice did not appear to be
affected by the presence of a large number (50+) of viral
ribonucleotide reductase sequences. Viral ribonucleotide

reductase RNA was detected in these animals, however, it did




not appear to be inducible and protein could not be
detected.

Both HSV-1 and HSV-2 increase the spontaneous mutation
frequency of the plasmid based supF gene by around 6-fold
which is in agreement with values obtained by others in
similar studies. Of the induced mutations, roughly 30% are
due to large structural changes which result in plasmids
which have altered restriction maps. The remaining mutations
are presumably caused by small changes and point mutations.
Such changes could be examined in future studies, by
sequencing.

Experiments were performed to identify the mutagenic
agent in infected cells using a range of HSV-1l mutant
viruses, UV-inactivated HSV-1l and incomplete HSV-1 virus
particles in the pzl89 mutagenesis assay. The mutagenic
effect on the supF gene was still apparent following
infection with the mutant virus tsK at the NPT, with 411403
and inl814 at low multiplicities of infection and with
UV-inactivated HSV-1l. This suggests that viral gene
expession is not required. The virus tsl204 was not
mutagenic at the NPT, when cell penetration does not occur,
and this observation together with the apparent lack of
requirement for viral gene expression, indicates that the
mutagenic effect may be caused by some part of the incoming
virion. L-particles, which do not contain HSV DNA or capsid
proteins, but which do enter the cell, were not found to be
mutagenic, implying that the effect may be caused by one of
these components. Transfected, non-infectious, cleaved HSV
DNA is mutagenic in cells which suggests that the HSV DNA
itself may be the mutagenic agent. HSV DNA could exert a
mutagenic effect by integrating into the cellular genome
causing disruption of a gene sequence or by exerting some
promoter/enhancer function. Alternatively, the HSV DNA,
which is nicked, could trigger an error-prone DNA repair
mechanism. The sequencing of mutations occuring following
HSV infection may cast light on this. Future studies might
also include experiments to determine the effect of capsid

proteins on mutagenesis.
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SECTION A: INTRODUCTION.

The aim of this introduction is to give a summary of
herpes simplex virus biology followed by a more detailed
account of two relevant areas of study, namely,
HSV-transformation and the HSV enzyme ribonucleotide

reductase.

1. THE HERPESVIRUSES.

1.1. Classification.

The family Herpesviridae comprises more than 80 species
which infect a wide range of higher eukaryotic hosts
(Roizman and Batterson, 1985). The family is defined by
certain morphological features which are listed below:

(i) The core is an electron dense fibrillar spindle that
is surrounded by the double-stranded DNA of the viral genome
(Epstein, 1962; Furlong et al., 1972; Nazarian, 1974).

(ii) The capsid surrounds the core and is in the form of
an icosahedron, approximately 100nm in diameter, which is
composed of 162 capsomeres (Wildy et al., 1960).

(iii) The tegument is a layer of proteinaceous material

between the capsid and the envelope (Schwartz and Roizman,
1969; Morgan et al., 1968; Roizman and Furlong, 1974).
(iv) The envelope surrounds the capsid and tegument. It

is derived from budding through the nuclear membrane and
harbours numerous virus-encoded glycoprotein spikes (Morgan
et al., 1959; Wildy et al., 1960; Asher et al., 1969; Spear
and Roizman, 1972).

All the herpesviruses also exhibit the ability to
persist in a latent state in their hosts and they have been
classified into three sub-families based on host range,
duration of the reproductive cycle, cytopathology and
characteristics of latent infection (Matthews, 1982;
Roizman, 1982).

Alpha herpesviruses may have a wide or narrow host range

in tissue culture. The reproductive cycle is short (less
than 24 hours) and causes destruction of infected cells,

however, latent infection is frequently established in
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neuronal cells. Members of this sub-family include the human
herpesviruses HSV-1, HSV-2 and VZV.

Beta herpesviruses have a narrow host range in tissue

culture. Viral replication and lytic progression are slow
with replication resulting in an enlargement of cells.
Latent infections are usually established in secretory
glands, lympho-reticular cells and kidneys. An example of a
member of this sub-family is HCMV.

Gamma herpesviruses also have a limited host range,

replication occurs only in T- or B-lymphocytes in vivo and
. latent infection is frequently established in lymphoid
tissue. This sub-family includes EBV.

The herpesviruses have also been classified on the basis
of characteristic repeated DNA sequences within their

genomes (Roizman, 1982; Figure 1).

1.2. Pathogenicity of the Human Herpesviruses.

Herpesviruses cause a range of clinical disorders, some
of which are described below:

HSV-1 causes vesicular lesions of the mouth, lips and
nasal membranes, ocular keratitis and occasionally more
severe symptoms such as encephalitis, particularly in
immunocompromised individuals (Smith et al., 1941; Gallardo,
1943; Rawls, 1985).

HSV-2 is the agent of sexually transmitted genital
herpes. It is closely related to HSV-1 and some overlaps in
their clinical manifestations occur (Whitley, 1985). HSV-2
has also been implicated in the aetiology of cervical cancer .
(see section A.1.5.).

HSV-1 and HSV-2 often establish latency in trigeminal
and sacral ganglia respectively, with periodic recurrence of
lytic infection leading to outbreaks of lesions at
peripheral sites (Klein, 1982; Knox et al., 1982; Hill,
1985).

VZV is the causative agent of chickenpox (varicella), a
disease resulting from primary infection normally found in
children, and of shingles (herpes zoster), a localized
vesicular condition occuring in adults which appears to be

Lol
caused by reactivated, latent ViV (Wellef%21958; Gelb,




1985).

HCMV infections can cause complications in
immunosuppressed individuals and in patients with aquired
immune deficiency syndrome (AIDS). It is also sometimes
associated with neurological damage in neonates (Alford and
Britt, 1984). Infection of the vast majority of the human
population, however, results only in a mild, sub-clinical
condition. HCMV has been implicated in the development of
cervical carcinoma (see section A.2.2.) since HCMV DNA has
been detected in a small proportion of biopsies from
patients with cervical intraepithelial neoplasia (Fletcher
et al., 1986).

EBV infects B-lymphocytes and is the causative agent of
infectious mononucleosis. It is also associated with
Burkitts lymphoma, nasopharyngeal carcinoma and lymphomas of
immunosuppressed individuals (Neiderman et al., 1976;
Miller, 1985; section A.2.1.3.).

HHV6 was first isolated from immunosuppressed patients
but it can infect T-cells in vitro. It is linked to specific
childhood illness (Salahudin et al., 1986).

HHV7 has been recently isolated from CD4+T cells
purified from peripheral blood mononuclear cells under
conditions promoting T-cell activation (Frenkel et al.,
1990). The role of HHV7 in human disease is, as yet,

unknown.

1.3. The Structure of Herpesvirus Genomes.

The genomes of herpesviruses consist of linear duplex
DNA molecules (Becker et al., 1968) which have molecular
weights ranging from 80-150x106 depending on species
(Roizman and Furlong, 1974). The basic composition of the
genome varies considerably; VZIV has a G+C-content of 46%,
pseudorabies virus (PRV) 73%, and HSV-1 68.3% (Ben-Porat and
Kaplan, 1962; Kieff et al., 1971; Ludwig et al., 1972;
McGeoch et al., 1988). Members of the herpesvirus family
have been grouped according to the pattern of repeated
sequences in their genomes (Roizman, 1982) although these
structural criteria do not correlate with the biological
classification (section A.l1.1.). Figure 1 shows the genome

arrangement of representative members of the Herpesviridae.




Figure 1. Arrangement of sequences in herpesvirus genomes.
Examples of genomes types A to F are channel catfish virus
(CCV), herpesvirus saimiri (HVS), Epstein-Barr virus (EBV),
varicella zoster virus (VZV), herpes simplex virus (HSV) and
murine cytomegalovirus (MCMV) respectively. Lines represent
unigue sequences and arrowed lines show possible inversions.
Open boxes are large (>lkb) repeats and shaded boxes are
repeats of small reiterated sequences; arrowheads above
boxes denote whether repeats are direct or inverted. The
small terminal direct and internal inverted repeats of HSV
2" sequences) are indicated. the number of isomers of each
.iwlecule are also given. The genome type according to the
system of classification defined by Roizman (1982) is shown.
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1.3.1. Structure of the HSV-1l Genome.
The HSV DNA molecule is composed of two covalently

linked segments designated long (L) and short (S). Each

segment contains unique (U, or UL) sequences flanked by a

S
pair of distinct inverted repeat sequences (R) of which one

is terminal (TR, or TRS) and the other is internal (IR. or

IRS), (Sheldricﬁ and Berthelot, 1974). The molecule alzo
exhibits terminal redundancy due to the presence of a short
(400bp) terminal direct repeat termed the "a" seguence. One
or more copies of this sequence are located internally at
the joint between the L and S segments, but in the opposite
orientation to the terminal "a" sequences (Wadsworth et al.,
1975; Wagner and Summers, 1978). Preparations of HSV virion
DNA contain equivalent amounts of 4 isomers which differ in
the relative orientations of L and S segments about the
joint (Delius and Clements, 1976; Wilkie, 1976). The isomers
appear to be functionally identical (Davison and Wilkie,
1983), and one has been designated as the prototype for
purposes of genomic map representations (Roizman et al.,
1979, Figure 1). As the "a" sequence contains signals for
cleavage and packaging of concatermeric DNA, the presence of
internal copies provides alternative sites for these events
and would account for half the isomerization events.
Together with recombination of sequences dispersed

throughout R and R this arrangement provides the means to

SI
generate the 4 genome isomers. In addition to the "a"

sequences and inverted repeats, HSV-1l DNA contains a number
of small tandemly reiterated sequence elements that vary in

copy number {(McGeoch et al., 1988).

1.3.2. The Nucleotide sequence of HSV-1.

The complete nucleotide sequence of HSV-1l (strain 17)
has now been determined (Davison and Wilkie, 1981; Murchie
and McGeoch, 1982; McGeoch et al., 1985, 1986, 1988). Other
herpesviruses whose genomes have been completely sequenced
are VZV (Davison and Scott, 1986) EBV, (Baer et al., 1984),
CCV (Dr. A. Davison, personal communication) and HCMV (work
peformed in Barrell's laboratory). The US region of the
HSV-2 genome has also been sequenced (Dr. D. McGeoch,

personal communication) and although the full genome
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sequence is, as yet, unknown, it seems to closely resemble
that of HSV-1l albeit with a slightly higher G+C-content
(Roizman, 1983). The HSV-1l genome comprises 152260 residues
although the exact length varies due to small reiterations
and "a" sequence copy number. It is estimated to encode 70
unique genes (2 are repeated), 56 in UL’ 12 in US and 1 in
each of TRS and IRg (McGeoch et al., 1988, Figure 2, Table
1). The genes are quite densely packed and it is clear from
the close apposition and overlap of adjacent coding regions
that in many cases transcriptional control elements must
overlap with the polypeptide coding regions of adjacent
genes.

The overall G+C-content of the genome is 68.3% and some
regions are extremely G+C-rich. For example, the coding
sequences of IE genes 1 and 3 have a G+C-content of 75.4%
and 81.5% respectively. This is due to a large amount of
G+C-rich codons and a notable bias towards a G or C in the
redundant third position. High G+C codon usage, which
results in restricted amino acid utilization, is thought to
have arisen independently of protein functional demands
(McGeoch et al., 1986; Perry et al., 1986).

1.4. The Lytic Cycle.

After entering the cell, HSV replication is co-ordinated
by temporal control of gene expression. There are three
groups of genes based on their kinetics and expression in
the absence or presence of metabolic inhibitors of
replication and translation (Jones and Roizman, 1979; Kozak
and Roizman, 1974). These groups are named immediate-early
(IE), early (E) and late (L, Clements et al., 1977) or
alpha, beta and gamma (Honess and Roizman, 1974). Expression
of these genes after infection leads to viral DNA
replication, the assembly of new virus particles, and
release of these particles from the cell. This process is
called the lytic cycle and generally results in cell death.

1.4.1. Cell Penetration.
HSV particles adsorb to cell surfaces and penetrate by

fusion of the virion envelope with the cellular membrane in

a process that requires glycoprotein B (gB) which is present



Figure 2. Layout of genes in the genome of HSV-1. The HSV-1
genome is shown on four successive lines, with unique
regions represented by solid lines and major repeat elements
as open boxes. The sizes and orientations of proposed
functional ORFs are shown by arrows. Locations of the
origins of replication are indicated. In the UL region, on

ie first three lines, the genes ULl to UL56 are labelled.
.o the US region, on the bottom line, genes USl to US1l2 are
labelled. The location of introns in the coding regions of
gene UL1l5 and the two copies of the IE110 gene are
indicated.
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Table 1. Properties of HSV-l-encoded Proteins (taken from
McGeoch et al., 1988, 1989).

HSV-1 PROTEIN AND/OR FUNCTION
GENE

IE110 IE transcriptional regulatory protein
ULl Unknown

UL2 Uracil-DNA glycosylase

UL3 Unknown

UL4 Unknown

UL5 DNA replication: probable helicase component
UL6 Presumed virion protein: possible role in DNA
packaging

UL7 Unknown

UL8 DNA replication: function unknown

UL9 DNA replication: origin-binding protein

ULl0 Possible membrane-inserted protein

UL1ll Unknown

ULl2 Deoxyribonuclease

UL13 Predicted protein kinase

UL14 Unknown

UL15 Unknown

ULl6 Unknown

ULl7 Unknown

UL18 Unknown

UL19 Major capsid protein
UL20 Unknown

UL21 Unknown

UL22 Glycoprotein H
UL23 Thymidine kinase
UL24 Unknown

UL25 Virion protein
UL26 DNA packaging

UL27 Glycoprotein B

UL28 Probably structural

UL29 DNA replication: ssDNA binding protein
UL30 Replicative DNA polymerase

UL31 Unknown



Table 1 continued.

HSV-1 PROTEIN AND/OR FUNCTION

GENE

UL32 Probably structural

UL33 Structural: involved in packaging DNA
UL34 Possible virion protein

UL35 Unknown

UL36 Very large tegument protein

UL37 Unknown

UL38 Required for capsid assembly

UL39 Ribonucleotide reductase large subunit
UL40 Ribonucleotide reductase small subunit
UL41 Presumed virion protein

UL42 DNA replication:fDNA binding protein
UL43 Unknown

UL44 Glycoprotein C

UL45 Unknown

UL46 Unknown. May modulate UL48 activity
UL47 Unknown. May modulate UL48 activity
UL48 Major tegument protein. Transactivates IE genes
UL49 Unknown

UL50 Deoxyuridine triphosphat .25¢
UL51 Unknown

UL52 DNA replication: function unknown
UL53 Possible membrane protein

UL54 IE transcriptional regulatory protein
UL55 Unknown

UL56 Unknown
IE175 IE transcriptional regulatory protein

Usl IE protein: function unknown
Us?2 Unknown

Us3 Protein kinase

US4 Glycoprotein G

Us5 Unknown: possible glycoprotein
Us6 Glycoprotein D

Us? Glycoprotein I

Us8 Glycoprotein E



Table 1 continued.

HSV-1 PROTEIN AND/OR FUNCTION.

GENE

Us9 Virion protein

Uslo Virion protein

Usll Function unknown: localizes in nucleolus

Uslz2 1E protein: function unknown



6

in the envelope (Sarmiento et al., 1979; Little et al.,
1981). The viral capsids then migrate to the nuclear pores
where they disassemble and DNA is released into the nucleus.
The HSV mutant tsB7 is blocked at the stage of DNA release
indicating that this process requires a viral-encoded
protein (Knipe et al., 1981; Batterson et al., 1983).

1.4.2. Immediate-Early Genes.

The immediate-early (IE) genes are the first to be
transcribed and unlike early (E) and late (L) genes their
expression does not require de novo protein synthesis
(Honess and Roizman, 1974; Clements et al., 1977). 1E gene
expression peaks about 2-3 hours after adsorption but IE
mRNAs can still be detected in the cytoplasm at L times
(Harris-Hamilton and Bachenheimer, 1985; Godowski and Knipe,
1986). During infection in the presence of cycloheximide,
which blocks protein synthesis, large quantities of IE mRNAs
accumulate (Preston, 1979a) and there is no transcription of
E and L genes as 1E polypeptides are required for the switch
to E and L mRNA synthesis. There are five IE genes (Clements
et al., 1979, Figure 3). IE genes 1 and 3 are located within
the IRL and IRS respectively and there are therefore two
copies of each (Watson et al., 1979; Anderson et al., 1980;
Mackem and Roizman, 1980; Rixon et al., 1982). The promoter
and 5'-untranslated leader sequences of IE genes 4 and 5 are
located within the short repeat and are thus common to both,
but the coding sequences differ since they are located in
the US short region of the genome (Watson et al., 1981;
Rixon and Clements, 1982). IE gene 2 is located in the UL.

IE transcription does not require de novo protein
synthesis of viral or host proteins (Kozak and Roizman,
1974; Clements et al., 1977) but it is stimulated 5-10-fold
by the product of gene UL48, a virus-encoded transinducing
factor (TIF, Mackem and Roizman, 1982a,b,c; Cordingley et
al., 1983; Preston et al., 1984; Lang et al., 1984; O'Hare
and Hayward, 1985b) which was later identified as the major
tegument protein of the infecting virion, vmwé65, (Campbell
et al., 1984). Results suggest that Vmwé65 consists of two
functional regions. The carboxy-terminal 78 amino acids
function as as activating region (Sadawski et al., 1988;

Triezenberg et al., 1988; Greaves and O'Hare, 1989), while
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the amino-terminal 413 amino acids are required to form
complexes with TAATGARAT motifs in a sequence specific
manner (Triezenberg et al., 1988; Ace et al., 1988; Greaves
and O'Hare, 1989).

The consensus A+T-rich sequence 5'-TAATGARAT-3' (where R
is a purine residue) is present in one or more copies, in
either orientation, upstream of all HSV-1 and HSV-2 IE genes
and is essential for their stimulation although flanking
elements, such as SPl binding sites and G+A-rich elements
resembling enhancer sequences, also modulate transcriptional
activity (Preston et al., 1984; Mackem and Roizman, 1982a;
Cordingley et al., 1983; Kristie and Roizman, 1984; Lang et
al., 1984; Bzik and Preston, 1986; O'Hare and Hayward,
1987), although the G+A-rich elements were not found to
mediate independent transcriptional activity. Similar
results were reported by Triezenberg et al. (1988), who
placed mé?. emphasis on the importance of the G+A-rich
sequences, which, they suggested, would mediate stimulation
by the virion factor in the absence of the TAATGARAT motif.
Further studies will be needed to resolve this conflict.

The presence of a cis-acting regulatory sequence
upstream of the IE promoters was suprising as the TIF is not
a DNA binding protein (Marsden et al., 1987). However, a
virus induced protein/DNA complex, called the
immediate-early complex (IEC), which contains the TIF, forms
at, or immediately surrounding the TAATGARAT element. This
complex requires 2 cellular factors for its formation and it
has been suggested that the cellular factor(s) may recognize
a sequence homologous to the common eukaryotic octamer
element 5'-ATGCAAAT-3' (Falkner and Zachau, 1984; Parslow et
al., 1984) which is found 5'- to and overlapping the
TAATGARAT elements of IE genes 1 and 2. The sequence is not,
however, found in the IE genes 3, 4 and 5 (Pruijn et al.,
1986; O'Hare and Goding, 1988; Gerster and Roeder 1988;
Preston et al., 1988). The cellular factor required for the
virus-induced complex has been identified as the octamer
binding transcription factor OTFl or OCTl1l (Gerster and
Roeder, 1988), which is probably identical to nuclear factor
IITI (O'Neill et al., 1988).

Many aspects of IE target sequence binding remain

unresolved but the available evidence suggests that vmwé65



IE-4 IE-3

IE-1  IE-3 IE-5
Gene Polypeptide Alternative
Nomenclature
IE-1 vmwllO ICPO
IE-2 Vw6 3 ICP27
IE-3 vmwl 75 ICP4
IE-4 . Vmwé68 Icp22
IE-5 Vmwl 2 ICP47

Figqure 3. A representation of the HSV-1l genome showing the
location and orientation of the five IE genes. The positions
of the spliced regions are indicated. Also shown is a table
showihg the polypeptides expressed from the IE genes.
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(TIF) mediates transinduction by associating with cellular
factors including OTFl and at least one other protein to
form a novel transcription complex which recognizes
octamer\TAATGARAT elements.

1.4.3. Immediate-Early Polypeptides.

The IE genes 1-5 code for the polypeptides Vmwll0 (whose
alternative nomenclature is ICPO), Vmw63 (ICP27), Vmwl75
(ICP4), Vmw68 (ICP22) and Vmwl2 (ICP47). The proteins are
all phosphorylated and are located within the nucleus, with
the exception of Vmwl2 (Pereira et al., 1977; Marsden et
al., 1978, 1982; Preston, 1979b; Fenwick and Walker, 1979;
Ackermann et al., 1984). The functions of the polypeptides
are described below:

vmwl75 is critical for HSV replication. Various
conditional HSV-1l mutants containing lesions within IE gene
3 (eg. tsK) fail to synthesize E and L proteins at the NPT
and cannot replicate viral DNA (Marsden et al., 1976;
Preston, 1979a; Dixon and Schaffer, 1980; Watson and
Clements, 1978, 1980). The protein is continuously required
for E and L gene expression (Watson and Clements, 1978,
1980; Preston, 1979a; Dixon and Schaffer, 1980) and is
involved in turning off its own synthesis and that of other
IE proteins (Preston 1979a; Dixon and Schaffer, 1980).
Transient expression assays using cloned IE gene 3 also show
that E and L genes can be activated by Vvmwl75 (Everett,
1984b; DeLuca and Schaffer, 1985; Gelman and Silverstein,
1985; O'Hare and Hayward, 1985a,b; Quinlan and Knipe, 1985;
Mavromara-Nazos et al., 1986) and that IE genes can be
repressed (DeLuca and Schaffer, 1985; Gelman and
Silverstein, 1987a,b). During infection, however, the
products of later genes may also be involved in the turn-off
of IE gene expression (Godowski and Knipe, 1986).
Transactivation and repression of HSV promoters has also
been demonstrated in vitro using partially purified Vmwl75
(Beard et al., 1986; Pizer et al., 1986).

vmwl75 binds specifically to the target consensus
sequence 5'-ATGCTG-3' located at the transcriptional start
site of its own gene, IE gene 3 (Beard et al., 1986; Faber
and Wilcox, 1986; Kristie and Roizman, 1986; Muller, 1987)
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and it is thought that this process mediates autoregulation
(Gelman and Silverstein, 1987b; Muller, 1987; Roberts et
al., 1988). A highly conserved amino-terminal region of the
polypeptide is important for both transactivation and
autoregulation (DeLuca and Schaffer, 1987, 1988; Paterson
and Everett, 1988a,b). Paterson and Everett (1988b) propose
a model whereby Vmwl75 mediates transactivation by
association with cellular factors (eg.TFIID) at promoter
sequences. Repression might then occur if this complex were
in the vicinity of a high affinity vmwl75 binding site which
may block the progression of the transcription machinery.

Recently, Batchelor and O'Hare (1990) have shown that
vmwl75 may repress LAT promoter activity by a mechanism
similar to that involved in autoregulation and have
identified a putative Vmwl75 binding site. This, however,
contrasts to studies performed by Zwaagstra et al. (1989)
who suggested that vmwl75 induced LAT transcription. s

vmwll0 is a potent activator of viral and cellular
genes, either by itself, or in combination either additively
or synergistically, with Vvmwl75 (Everett, 1984b; O'Hare and
Hayward, 1985a,b; Quinlan and Knipe, 1985; Gelman and
Silverstein, 1985; Mavromara-Nazos et al., 1986). As yet, no
ts mutants in IE gene 1 have been isolated but a HSV-1
mutant 411403 with a large deletion in the gene gives a
protein which is inactive in transient assays (Stow and
Stow, 1986; Perry et al., 1986). At low moi this mutant grew
inefficiently whereas at high multiplicities normal amounts
of viral proteins were expressed and replication was the
same as with the wt virus. It appears then, that vmwll0 is
not absolutely essential in tissue culture, but at low moi
viruses that lack the polypeptide exhibit a defect that can
be overcome by increasing the number of infecting viruses.
Vmwll0 may therefore ensure that sufficient gene expression
for lytic infection can occur at low multiplicities when
Vmwl75 alone is not enough to commit the cell to the lytic
cycle. Similar conclusions have been reached using other
mutants of the IE 1 gene (Sacks and Schaffer, 1987).

A mutant expressing little or no Vmwl75 is unable to
grow in normal cells suggesting that vmwll0 fails to
activate E gene expression in the absence of vmwl75 during

infection (DeLuca et al., 1985). The synergism between
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vmwl75 and Vmwll0 seems to depend on the integrity of the
carboxy-terminus of the polypeptide whilst mutations in this
region do not greatly affect the ability of the protein to
activate by itself (Everett, 1987, 1988). Thus, two
different mechanisms of activation may operate and synergy
may require an association between the two proteins. As yet,
there is no information regarding the DNA binding properties
of vmwll0, although the coding region does contain a
consensus "metal finger binding domain" (Berg, 1986) which
is essential for the activity of vmwll0 in the absence of
vmwl75.

vmw63 is an essential regulatory protein. Mutants that
are ts in Vvmw63 overproduce Vmwl75 and Vvmwll0 at the NPT
(Sacks et al., 1985) whilst synthesizing normal levels of E
proteins and allowing replication to occur. However, the
mutants exhibited a severe reduction of L gene expression,
notably of gB (Rice and Knipe, 1988). Vvmw63 can activate
expression of the promoter of the L gene encoding Vmwl55
(the major capsid protein) above levels obtained with Vmwl75
and vmwll0 but only when all three proteins are present,
having no effect on its own or in combination with other
promoters such as those of TK and gD (Everett, 1986). Vmw63
also activates and represses a variety of HSV promoters in
transfection assays when vmwll0 and vmwl75 are present (Rice
and Knipe, 1988; Sekulovich et al., 1988). Using viruses
encoding truncated forms of Vmw63, Rice and Knipe (1990)
suggested that Vmw63 has four regulatory effects during
infection, stimulation of leaky L gene expression (section
A.l1.4.4.), induction of true L gene expression, down
regulation of E and IE genes late in infection and
stimulation of viral DNA replication. They also suggest that
Vmw63 possesses two genetically separable transactivating
functions. One stimulates, but is not reqgired for expression
of leaky L genes, while the second activity is required for
true L genes.

Vmw68 may have a role in L gene expression as a
deletion mutant which lacks the carboxy-terminus of the
protein (Post and Roizman, 1981) exhibits poor growth and

reduced expression of at least one L gene in some cell lines
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(Sears et al., 1985). In addition the mutant was not

neurovirulent in mice.

Vmwl2 does not seem to play an important role during
infection in tissue culture as viable mutants which lack the
whole gene have been isolated (Longnecker and Roizman, 1986;
Umene, 1986; Brown and Harland, 1987).

1l.4.4. Early Genes.

Peak expression of E genes occurs 4-6 hours
post-adsorption although there is more variation in the
kinetics of their expression than for IE genes. For example,
some genes, including gD, are detected at E times but are
not fully expressed until after the onset of DNA replication
(Gibson and Spear, 1983; Johnson and Everett, 1986a). Such
genes, whose expression is moderately dependent on DNA
replication have been described as early-late (EL), leaky

late (beta gamma) and gamma., (Roizman and Batterson, 1985;

Wagner, 1985; Harris-Hamiltgn and Bachenheimer, 1985). The
large subunit of ribonucleotide reductase (RR1) also has
predominantly early kinetics but can still be detected in
the presence of cycloheximide and in ts-vmwl75 mutants that
fail to express E genes at the NPT (Preston, 1979a; DeLuca
et al., 1985).

Early promoters contain upstream sequences necessary for
full expression, such as a CAAT box, G+C-rich Spl sites (for
TK) and A+G-rich regions (for gD). However, the TATA box of
these promoters is probably the main factor involved in the
response to viral products (McKnight et al., 1981; McKnight
and Kingsbury, 1982; Everett, 1983, 1984a; ElKareh et al.,
1985; Coen et al. 1986).

The rabbit beta globin gene was also found to be
transactivated by HSV infection, but only when integrated
into the viral genome (Everett, 1983, 1984a) which shows
that the gene responds differently to transactivating
factors depending on whether it is chromatin associated or
extrachromosomal. It also suggests that E gene promoter
activity is not exclusively dependent on viral-specific

sequences (Smiley et al., 1987).

1.4.5. HSV Enzymes.
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Many of the E proteins have enzymic activity and play
roles in the metabolism or synthesis of viral DNA. For
example, TK, (Kit and Dubbs, 1963; Jamieson et al., 1976;
alkaline exonuclease (Morrison and Keir, 1968; Moss et al.,
1979), DNA polymerase (Keir et al., 1966; Chartrand et al.,
1979, 1980), ribonucleotide reductase, (Cohen, 1972; Dutia,
1983), dUTPase (Wohlrab and Franke, 1980; Preston and
Fischer, 1984), uracil DNA glycosylase (Worrad and
Caradonna, 1988; Mullaney et al., 1989) and protein kinase
(McGeoch and Davison, 1986; Purves et al., 1986; Frame et
al., 1987). i Larmrgson etal. 1916

The DNA polymerase (Chartrand et al., 1980), and the
ribonucleotide reductase (A.3.3.) are essential for growth
in tissue culture whereas the dUTPase, uracil DNa
glycosylase, protein kinase and alkaline exonuclease are not
(Dubbs and Kitt, 1964; Fischer and Preston, 1986; Mullaney
et al., 1989; Purves et al., 1987).

The HSV DNA polymerase differs from most eukaryotic
polymerases by virtue of its 3'~ to 5'-exonuclease (proof
reading) activity (Knopf, 1979). In addition, the HSV enzyme
is sensitive to phosphonoacetic acid (PAA), a pyrophosphate
analogue (Leinbach et al., 1976).

1.4.6. Late genes.

L gene products, many of which are structural components
of the virion, accumulate maximally by 10-16 hours
post-adsorption which is roughly 2 hours after the peak of
viral DNA synthesis (Munk and Sauer, 1964; Roizman, 1969;
Wilkie, 1973). Indeed, it has been shown that L gene
expression requires DNA replication (Swanstrom and Wagner,
1974; Honess and Roizman, 1974; Powell et al., 1975; Marsden
et al., 1976; Jones and Roizman, 1979; Holland et al., 1980;
Conley et al., 1981; Pederson et al., 1981).

L genes can be "leaky" L (gammaL), for example, the
vmwl55 major capsid protein, whose expression is reduced but
still detectable in the absence of DNA replication, or true
late (gamma), like US1ll, whose expression is very hard to
detect under such conditions (Wagner, 1985; Roizman and
Batterson, 1985; Johnson and Everett, 1986a, b; Johnson et
al., 1986).

Unlike E promoters, which contain upstream sequences
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necessary for full expression, the TATA box region (Johnson
and Everett, 1986b) and sequences downstream from this
(Mavromara-Nazos and Roizman, 1989), are involved in the
regulation of L genes, and the E promoter of gD is regulated
as a true L promoter in the absence of its upstream region
when linked to an HSV origin of replication in transfection
assays (Johnson et al., 1986). The L promoter regulatory
sequences are either at the transcription initiation site or
downstream of this (Mavromara-Nazos and Roizman, 1989).

The reason why viral replication leads to L gene
induction is not understood. It is unlikely to be due,
simply, to an increase in copy number of promoters, since E
genes would also be expected to be dependent on DNA
synthesis., Replication could possibly cause a change in the
DNA template and provide a switch for L gene expression, or
perhaps part of the replication machinery is needed in situ
to initiate L gene transcription. However, IE gene products
Vmw63 and Vmw68 seem to be involved in L gene induction
(Sears et al., 1985; Sacks et al., 1985) and L gene
promoters, like those of E genes, are activated by IE
proteins in transfection assays (Dennis and Smiley, 1984;
DeLuca et al., 1985; Mavromara-Nazos et al., 1986; Everett,
1986). It has been proposed (Mavromara-Nazos and Roizman,
1989), that the L promoter regulatory sites are blocked in
the absence of viral DNA replication and that this block
does not affect the upstream regulatory sequences of E and
IE genes.

1.4.7. Structural Polypeptides.

HSV virions are thought to contain between 15 and 33
polypeptides (Spear and Roizman, 1972; Heine et al., 1974).
These can be grouped into glycoproteins, tegument proteins

and capsid proteins.

(i) Glycoproteins.

HSV encodes at least 7 glycoproteins (gB, gC, gD, gE,
gG, gH and gl), (Spear, 1976; Bauke and Spear, 1979;
Buckmaster et al., 1984; Spear, 1985; Frame et al., 1986;
Richman et al., 1986; Ackerman et al., 1986; Longnecker et
al., 1987; Johnson et al., 1988). A further ORF, whose

protein is as yet unidentified, has characteristic
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glycoprotein amino acid sequences (McGeoch, 1985). The
glycoproteins are located within the membrane that comprises
the viral envelope and are probably exposed on the surface
of the virion. The glycoproteins gB, gC and gD have been
implicated in cell surface adsorption (Johnson et al.,
1984), gB, gD and gH play essential roles in the ability of
HSV to fuse with plasma membranes and penetrate cells
(Sarimento et al., 1979; Little et al., 1981; Minson et al.,
1986; Desai et al., 1988; Cai et al., 1988), gD is thought
to be an essential cell surface receptor-binding polypeptide
(Johnson and Ligas, 1988) and gE and gI interact
specifically with the Fc domain of immunoglobulin G (IgG,
Bauke and Spear, 1979; Johnson et al., 1988). Thus it
appears that several glycoproteins participate in the entry
of HSV into cells as well as being structural proteins
(Addison et al., 1984).

(ii) Tegument Proteins.

These proteins can be identified when released from
virions in the presence of non-ionic detergents (Lemaster
and Roizman, 1980; Roizman and Furlong, 1974; Spear, 1980).
The major tegument protein is Vmw65. This protein is
required for transactivation of IE genes (A.l1.4.3.) and
hence for lytic infection. It is, however, dispensible for
the establishment and reactivation from latent infection
(Steiner et al., 1990).

(iii) Capsid proteins.

Empty capsids (ie. capsids which do not contain HSV DNA)
are made up of at least 5 proteins including Vmwl55, the
major capsid protein. Mature nucleocapsids contain 2
additional polypeptides, one of which is VP22 (p40, Gibson
and Roizman, 1972, 1974; Heilman et al., 1979; Preston et
al., 1983).

1.4.8. DNA Replication.
Linear herpesvirus DNA molecules circularize upon

infection (Jean et al., 1977; Jacob and Roizman, 1977) by
direct ligation at the termini (Jean and Ben-Porat, 1976;
Davison and Wilkie, 1983; Poffenberger and Roizman, 1985).

During the initial stages of replication, loops and eyes can
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be seen in the DNA molecule at multiple, widely separated
loci (Friedman et al., 1977). Newly replicated molecules are
found in large concatemers, in a head to tail configuration,
which probably arises by a rolling circle replication
process (Jacob and Roizman, 1977; Ben-Porat and Tokazewski,
1977).

HSV DNA contains three origins of replication, two lie
within the RS segment (oris) and one within UL (ori
Frenkel et al., 1976; Jean et al., 1977; Rixon and

Ben-Porat, 1979; Vliazney and Frenkel, 1981; Spaete and

LI

Frenkel, 1982). The locations of origins of replication can

be seen in Figure 2. Deletion of ori_ or one copy of ori

L S

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

OriS consists of a 90bp fragment containing a 45bp
palindromic sequence featuring 18 centrally located A or T
residues flanked by G+C-rich tracts, and is located between
the 5'-ends of IE mRNAs 3 and 4/5 (Stow, 1982; Stow and
McMonagle, 1983).

Ori located in the centre of U_, between the genes

’
encoding DNA polymerase and the majo? DNA-binding protein

(MDBP), contains a 72bp palindrome which has 85% homology to
oriS (Gray and Kaerner, 1984; Quinn and McGeoch, 1985;
Weller et al., 1985). Both oriS
functionally identical in transient complementation assays
(Wu et al., 1988), and it is thought that the potential

ability of the origins to form cruciform structures

and oriL appear to be

containing a stretch of low melting point (A+T-rich) DNA may
facilitate strand separation in these areas of the genome
(Stow, 1985).

1.4.9. Genes Required for DNA Replication.

Seven genes, based on predicted ORFs, were found to
be required for HSV DNA replication using the plasmid
replication assay of Challberg (Challberg, 1986; Wu et al.,
1988). Two of these genes, encoding DNA polymerase and the
MDBP, were already known to be essential for viral
replication by genetic analysis of mutants (Hay and
Subak-Sharpe, 1976; Chartrand et al., 1979; Conley et al.,
1981; Weller et él., 1983; Coen et al., 1984; Gibbs et al.,
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1985).

The MDBP is an E gene product. It is a single-stranded
DNA binding protein which may reduce the melting temperature
at poly(dA)/poly(dT) tracts (ie. at origins of DNA
replication) thereby facilitating strand separation (Powell
et al., 1981). The MDBP also has a role in gene regulation
since ts mutants overexpress gC and a functional MDBP is
involved in the repression of IE3 and Vmwl55 genes (Godowski
and Knipe, 1983, 1985, 1986).

Other genes that were found to be required for
replication were UL5, UL8, UL9, UL42 and UL52. The product
of UL42 is a DNA binding protein (Marsden et al., 1987) and
the polypeptide encoded by UL9 binds specifically to ori DNA
sequences (0Olivo et al., 1988; Weir et al., 1989). There is
also evidence that UL5 encodes a helicase (Zhu and Weller,
1988). The remaining gene products might be expected to
include a primase, a topoisomerase and accessory factors
that might improve the processivity and efficiency of DNA
polymerase, in analogy with prokaryotic systems (Wu et al.,
1988).

1.4.10. HSV Transcript Processing.
The mechanism by which HSV DNA is transcribed and mRNASs

processed is fundamentally similar to that for cellular RNA
polymerase II genes. HSV mRNAs are transcribed in the
nucleus by the host RNA polymerase I1 (Ben-Zeev and Becker,
1977; Costanzo et al., 1977). The transcripts are capped at
the 5'-terminus, polyadenylated at the 3'-terminus and
internally methylated (Bachenheimer and Roizman, 1972; Moss
et al., 1977; Silverstein et al., 1973; Bartoski and
Roizman, 1976). In vitro and in vivo analysis of HSV poly(A)
site sequences has shown that efficient formation of mRNA
3'-termini requires a poly(A) signal, AAUAAA and other
sequences downstream of the mature 3' end, in particular a
G+U-rich element (Cole and Stacey, 1985; McLauchlan et al.,
1985, 1988, Zhang and Cole, 1987). These sequence motifs are
important for processing at other cellular and viral poly(A)
sites (Skolnik-David et al., 1987). In addition, sequence
specific complexes formed at these HSV poly(A) sites
(McLauchlan et al., 1988), within which RNA processing

occurs in vitro, resemble those formed at other eukaryotic
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poly(A) sites (Zarkower and Wickens, 1987, 1988). The
sequences required for efficient 3'-processing are not
identical for all poly(A) sites (Hales et al., 1988) and
thus usage of certain poly(A) sites may be a regulated
event. McLauchlan et al. (1989) have identified an activity
induced in HSV infected cells that increases the 3!
processing specificity at a L but not an E HSV-1l poly(A)
site.

Splicing of HSV mRNAs is rare (Frink et al., 1981,1983;
Watson et al, 1981; Costa et al., 1985), unlike many
viruses, including HCMV and EBV, which undergo economic use
of template DNA by generating multiple individual mRNAs with
common 5'- and 3'-termini. HSV-1] IE mRNAs 4, 5 (Watson et
al., 1981; Rixon and Clements, 1982) and 1 (Perry et al.,
1986) are spliced as is ULl5 (Costa et al., 1985; McGeoch et
al., 1988). The LAT (section A.l.4.2.) is also spliced but
only a tentative ORF has been designated (Wechsler et al.,
1988) . The purpose of these splicing events does not seem to
be related to gene compression since the introns do not lie
within overlapping reading frames. Indeed, only US10 and
USll (Rixon and McGeoch, 1984) overlap in the US region of
the genome and there are 11 proposed overlaps in UL (McGeoch
et al., 1988). Many HSV transcripts, although not spliced,
do overlap by having unique 5'-~ and common 3'-ends, as is
the case for US10, 11 and 12 (Hall et al., 1982; Costa et
al., 1983; Rixon and McGeoch, 1984). : ‘

- ~.

1.4.11. HSV Polypeptide Synthesis.
One-dimensional SDS PAGE has identified about 50 novel
polypeptides following infection of cells with HSV-1] (Honess

and Roizman, 1973; Marsden et al., 1976). Two-dimensional
PAGE increases this figure to around 230 virus-induced
polypeptide species, a number presumably being related forms
of the same polypeptide (Haar and Marsden, 1981).

The failure of some HSV polypeptides, synthesized in
vitro, to co-migrate on SDS polyacrylamide gels with their
in vivo counterparts suggests that modifications occur in

vivo (Preston, 1977). There are four main types of
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modification (Marsden et al., 1982);

(i) Phosphorylation. Catalyzed by the enzyme protein

kinase, this reaction involves the addition of phosphate
groups to a serine or threonine residue. Roughly 16 HSV-1
and 18 HSV-2 polypeptides are phosphorylated (Pereira et
al., 1977; Marsden et al., 1978). In some of these
phosphoproteins, namely Vmwl75, Vmw68, Vvmw63 and Vmwl36, the
phosphate can cycle on and off (Wilcox et al., 1980) and
phosphorylation of Vmwl36 has been shown to decrease its
affinity for double-stranded DNA.

(ii) Glycosylation. In this process, oligosaccharides

are covalently attached to the polypeptide chain. Seven
HSV-1 induced polypeptides are glycosylated (section
A.l1.4.7.).

(iii) Sulphation. This is a process which occurs at L
times and involves the addition of inorganic sulphate to the
major glycoprotein species (Hope et al., 1982; Hope and
Marsden, 1983).

(iv) Proteolytic Cleavage. Several HSV polypeptides

undergo specific proteolytic cleavage which does not occur
in the presence of protease inhibitors. Vmwl36 gives rise to
products of 100,000 and 90,000 mw which are found in the
nucleus of infected cells while the polypeptide itself is
predominantly cytoplasmic (McDonald, 1980). Similarly,
Ingemarson and Lankinen (1987) reported that Vmwl36 is
proteolytically digested to products with molecular weights
of 110,000, 93,000 and 81,000.

1.4.12. DNA Packaging and Virion Assembly.

Concatemeric DNA resulting from HSV DNA replication
undergoes cleavage at the "a" sequence which is present at
the termini of standard molecules (Davison and Wilkie, 1981;
Mocarski and Roizman, 1982; Varmuza and Smiley, 1985;
Nasseri and Mocarski, 1988). The cleaved molecules are then
encapsidated into virus particles in a process which also
involves the "a" sequence (Kaerner et al., 1981; Vlazney and

Frenkel, 1981). Cleavage of concatemeric DNA molecules into



19

unit length genomes is a prerequisite for, or occurs
concomitantly with, packaging (Vlazny et al., 1982),.
Analysis of the HSV mutant tsl120l1 revealed that packaging of
DNA requires the processing of a structural protein p40
(VP22a) to a form of lower electrophoretic mobility (Preston
et al., 1983). Another mutant, tsl1204, which belongs to
another complementation group, was also unable to
encapsidate DNA indicating that other polypeptides are
involved in the process (Addison et al., 1984).

1.5. Interaction of HSV with Cellular Functions.

1.5.1. Alteration of Host Macromolecular Synthesis.

Infection of permissive cells with HSV-1l or HSV-2
results in changes to many host cell functions. Cellular DNA
and RNA synthesis is inhibited (Roizman and Roane, 1964),
mitosis ceases (Wildy et al., 1961) and there is a rapid
shut-off of host polypeptide synthesis (Sydiskis and
Roizman, 1966, 1967) accompanied by a general degradation of
cellular mRNAs (Nishoika and Silverstein, 1977, 1978; Schek
and Bachenheimer, 1985). In general, HSV-2 appears more
efficient than HSV-1l in causing host protein synthesis
inhibition (Powell and Courtney, 1975; Pereira et al., 1977;
Fenwick et al., 1979; Schek and Bachenheimer, 1985).

Shut-off of host protein synthesis seems to be mediated
by one or more virion components as UV-irradiated virus in
the presence of actinomycin D produces the same effect.
Complete shut-off, however, requires the expression of E and
perhaps L genes indicating that there is a secondary
shut-off event in addition to the virion-associated
mechanism (Honess and Roizman, 1974; Marsden et al., 1976;
Nishioka and Silverstein, 1978; Stenberg and Pizer, 1982).
This secondary event may be mediated by a virus-encoded
protein or might be the result of virus promoters competing
with cellular promoters for host transcription factors.
Mutants of HSV-1 have been isolated for virion-associated
host shut-off (vhs mutants) and the gene responsible has
been identified as UL41 (Read and Frenkel, 1983). Some
cellular promoters, possibly including those of the genes
encoding the heat shock proteins and ubiquitin, are

stimulated early in infection (Notarianni and Preston, 1982;
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La Thangue et al., 1984; Macnab et al., 1985; Patel et al.,
1986; Latchman and Kemp, 1987), and Kemp et al. (1986)
implicated the involvement of virion components, including
the HSV-1 Vvmwé65. Such alterations in cellular gene
expression during the initial stages of infection could
ultimately determine the fate of an infection, whether it be

lytic, latent or transforming.

1.5.2. Activation of Cellular Genes.

It has been shown that a number of cellular RNAs are
induced by a mechanism which requires IE gene expression
(Patel et al., 1986), while others may be induced by
mechanisms that parallel activation of the IE genes by
vmw65, or simply by adsorption of the virus to the cell
surface (Kemp et al., 1986).

Certain cellular promoters are activated by HSV IE gene
products in transfection assays, for example the rabbit
beta-globin gene promoter (Everett, 1983), but the
endogenous gene is not activated by virus infection. It is
thought that this may be due to a densely packed chromatin
configuration making the promoter unavailable for viral
transactivation (Everett, 1985). Many other cellular genes
may fail to be activated on viral infection for the same
reason.

Infection of human embryo fibroblasts with HSV-2 induces
the synthesis of a minor cellular stress protein of 57kDa mw
(La Thangue et al., 1984) and the induction of stress
proteins may represent an attempt by the cell to protect
itself. Alternatively, it might result from the viral
induction of cellular function<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>