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

HERPES SIMPLEX VIRUS

RIBONUCLEQOTIDE REDUCTASE DNA

AND REQUIREMENTS FOR

mRNA 3' END FORMATION

by

JOHN McLAUCHLAN

A Thesis presented for the degree of

Doctor of Philosophy

in

The Faculty of Science

at the University of Glasgow

Institute of Virology, January 1986
Church Street,

GLASGOW G1l1 5JR.



ProQuest Number: 10991701

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 10991701

Published by ProQuest LLO (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 LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, M 48106- 1346



TABLE OF CONTENTS

ACKNOWLEDGEMENTS

SUMMARY

ABBREVIATIONS

INTRODUCTION page 1

SECTION A. PROPERTIES OF THE HERPESVIRUSES.

1. Classification of Herpesviruses. page 2

a) Classification on the basis of biological

properties. page 3

b) Classification by genome structure. page 4

2. Biology and Pathogenesis of Herpesviruses. page 9
3. Structure of the HSV Genome. page 11
a) Chemical composition. page 11

b) Alkaline lability. page 12

c) Genome arrangement. page 13

d) Locations of short tandem reiterations. page 14

e) The 'a' sequence. page 16

f) Interaction of proteins with the 'a

sequence. page 19

SECTION B. PROCESSES INVOLVED IN PRODUCTIVE HSV INFECTIONS.

4, Effects of HSV Infection on Host Cell
Metabolism. page 21

5. Virus DNA Replication. page 23



HSV mRNA Biosynthesis.

a) Immediate early transcription.
b) Early transcription.

c) Late transcription.
Post-transcriptional Modification of
mRNASs.

a) Capping and methylation.

b) Splicing.

c) Polyadenylation.

Locations and Arrangements of HSV
Transcription Units.

HSV Polypeptide Synthesis.

a) Post-translational modification of

proteins.
b) HSV structural polypeptides.

c) HSV-induced enzymes.

page
page
page

page

page
page

page

page

page

page
page

page

SECTION C. HSV CELLULAR TRANSFORMATION AND ONCOGENICITY.

10. The Association of HSV with Cervical

Carcinoma.

11. Cellular Transformation In Vitro.

SECTION D. RIBONUCLEOTIDE REDUCTASES.

12, General Properties of Ribonucleotide

Reductases.

E. coli Ribonucleotide Reductase.

Bacteriophage Ribonucleotide Reductases.

Mammalian Ribonucleotide Reductases.

page

page

page
page
page

page

25
26
29

32

33
34

35

36

37

38
41

41

45

46

51
53
55

56



16.

17.

Animal Virus Ribonucleotide Reductases.

HSV Ribonucleotide Reductase.

SECTION E. ARRANGEMENT AND REGULATION OF

18.

19.

20.

OVERLAPPING EUKARYOTIC mRNAS.

Transcription of RNA Polymerase II1 Genes.

a) Signals involved in the initiation of
mRNA synthesis.

b) Sequences involved in mRNA splicing.

c) Termination of transcription.

Arrangements of Transcription Units.

a) Simple transcription units.

b) Complex transcription units.

Regulation of Overlapping mRNAs.

a) Poly A site selection in immunoglobulins.

b) Formation of differentially spliced
mRNAS.

c) Tissue-specific selection of termini

and splice sites.

SECTION F. RNA TERMINATION AND 3' END PROCESSING

21.

22.

IN EUKARYOTES.

Termination and Processing of RNA
Polymerase I Transcripts.
Termination and Processing of RNA

Polymerase III Transcripts.

page

page

page

page

page

page

page

page

bpage

page

page

page

page

page

page

58

58

60

61

65

68

68

68

70

74

76

78

80

80

82



23. Termination and Processing of RNA
Polymerase II Transcripts.
a) Termination of transcription.
b) 3' end formation of poly A mRNAS.
c) 3' end formation in histone mRNAs.
d) Termination and polyadenylation in
lower eukaryotes.

24. In Vitro Formation of mRNA 3' Termini.

MATERIALS AND METHODS.

SECTION A. MATERIALS.

1. Viruses.

2., Cells.

3. Tissue Culture Media.

4. Bacterial Culture Media.

5. Buffer Solutions.

6. Enzymes.

7. Radiochemicals.

8. Chemicals and Miscellaneous Reagents.
9. Cloning Vectors.

10. Additional Plasmids.

11. Bacterial Hosts for Plasmids.

SECTION B. METHODS.

12. Virus Growth and Assay.

page
page
page

page

page

page

page
page
page
page
page
page
page
page
page
page

page

page

84

84

86

89

91

92

94

94

94

95

95

926

96

97

98

100

101

102



13.

14.

15.

l6.

17.
18.
19.
20.

21.

Standard Procedures.

a) Restriction enzyme digestion of DNA.

b) Phenol/chloroform extraction.

c) Precipitation of nucleic acid.

d) Visualisation of non-radioactive
nucleic acid.

e) Visualisation of radiolabelled DNA
and chloramphenicol.

f) Recovery of DNA fragments from
polyacrylamide gel slices.

g) Removal of DNA from gradients.

Gel Electrophoresis.

a) Non-denaturing agarose gels.

b) Denaturing agarose/formaldehyde gels.

c) Low melting point agarose gels.

d) Non-denaturing polyacrylamide gels.

e) Strand-separation polyacrylamide gels.

f) Denaturing polyacrylamide gels.

Preparation of Plasmid DNA.

32P—labelling of DNA Fragments.

a) Nick-translation.

b) 5' end-labelling.

c) 3' end-labelling.

Production of Deletions in Plasmids.

DNA Sequencing.

Ligation of DNA Fragments.

Ligation in Low Melting Point Agarose.

Preparation of Competent Bacteria.

page
page

page

page

page

page

page

page
page
page
page
page
page

page

page
page
page
page
page
page
page

page

103

103

103

104

104

105

105

105
106
106
106
107
107

108

109
109
110
110
111
112
113

113



22.
23.

24.

25,

26.

27.

28.

29.

Transformation of Bacteria by Plasmid DNA.
Preparation of DNA by 'Minilysis"‘.
DNA-mediated Transfer into Tissue Culture
Cells by CaPO4 Precipitation.

Preparation of Cytoplasmic RNA.

Northern Blot Analysis.

Structural Analysis of mRNAs.

CAT Assays.

Measurement of Protein Content.

SECTION C. COMPUTER ANALYSIS OF SEQUENCES.

31.

Computer Programs.

RESULTS AND DISCUSSION.

SECTION A.

1.

Identification of mRNAs Spanning the

Bgl II ¢ and Bgl II n Fragments.

Structural Analysis of mRNAs.

a) An unspliced mRNA of 1.2kb corresponds
to the 1.5kb species.

b) An unspliced mRNA of 4.5kb corresponds
to the 5.4kb species.

c) An unspliced 6.4kb mRNA corresponds
to the 6.6Kkb species.

d) Mapping of additional mRNA species
within Bam HI e.

e) Location of a poly A site upstream from

the 4.5kb mRNA within the 6.4kb mRNA.

page

page

page

page

page

page

page

page

page

page

page

page

page

page

page

page

114

114

115

116

116

118

119

121

122

124

125

125

126

127

128

129



Temporal Regulation of the Overlapping

mRNAS .

DNA Sequencing Studies within Bam HI e

and t.

Analysis of mRNA 5' and 3' Termini.

a) 5' end of the 4.5kb mRNA.

b) 1.7kb mRNA 3' terminus.

c) DNA sequences flanking the 1.7kb mRNA 3'
terminus produce functional transcripts.

d) 5' terminus of the 1l.2kb mRNA.

e) 3' co-terminus of the 6.4kb, 4.5kb

and 1l.2kb mRNAs.

DISCUSSION.

6.

Organisation of Overlapping HSV mRNAs.
Signals Involved in Initiation of mRNA
Synthesis.

Stem and Loop Structures may Influence
Transcription of the 1l.2kb mRNA.
Mechanisms for Generating Transcripts with

Alternative 3' Termini.

SECTION B.

10. Analysis of the Polypeptide Coding Regions

within the Overlapping mRNAs.
a) C-terminal region of the polypeptide

encoded by the 6.4kb and 1.7kb mRNAs.

page 130

page 131

page 133

page 134

page 135

page 137

page 139

page 141

page 142

page 143

page 145

page 148



b) Homology between the proposed N-terminal
regions of the HSV-2 Vmwl38 and HSV-1
Vmwl36 proteins.

c) Homology between the proposed C-terminal
regions of the Vmwl38 and Vmwl36
polypeptides.

d) Homology between HSV-2 and HSV-1 Vmw38

proteins.

DISCUSSION.

11.

Sequence Conservation between Equivalent

HSV Proteins.

12. Components of HSV Ribonucleotide Reductase.

13. Location of the Ribonucleotide Reductase
Gene within HSV-2 Transforming Regions.

SECTION C.

14, Amino Acid Sequence Conservation between
Proteins at the HSV-2 Ribonucleotide
Reductase Locus and Other Herpesvirus
Polypeptides.

15, HSV-2 Vmw38 Shares Homology with
Similarly-sized EBV and VZV Proteins.

l6. Comparison of the HSV-2 Vmwl38 Amino Acid

Sequences with EBV and VZV Proteins.
a) C-terminal regions.

b) N-terminal regions.

page

page

page

page

page

page

page

page

page

page

149

150

151

153

155

158

160

160

162

162



17. Comparison of the Proposed C-terminal
Portion of the HSV-2 54,000 mol. wt.

Protein with VZV and EBV Polypeptides. page 163

DISCUSSION.

18. Conservation of Proteins between

Herpesviruses. page 164
19. Arrangements of the Transcripts Specifying

the VZV and EBV Proteins Equivalent to

Vmwl38 and vmw38. page 166

SECTION D.
20. Amino Acid Conservation between HSV,
Prokaryotic and Eukaryotic Ribonucleotide

Reductases. page 168

DISCUSSION.

21. Proposed Functional Domains within

Ribonucleotide Reductases. page 170

SECTION E.
22. Conserved DNA Sequences Downstream from
mRNA 3' Termini. page 174
23. Functional Analysis of the YGTGTTYY
Sequence. page 175
a) Construction of 'terminator' plasmids. page 176
b) Removal of 'terminator' sequences

reduces CAT activity. page 177



c) Levels of mRNA 3' and 5' termini

produced by the pTER5 plasmid series.

DISCUSSION.

24.

25.

26.

The Sequence YGTGTTYY is a Component of the
Downstream Sequences Required for Efficient
3' End Formation.

Role of the YGTGTTYY Motif.
Correctly-terminated mRNA is Required to

Produce Functional Protein.

GENERAL DISCUSSION.

1.

4.

Regulation of HSV Ribonucleotide Reductase
Activity.

a) Regulation of mRNA synthesis.

b) Translational control of Vmw38.
Association of Ribonucleotide Reductase
Activity with Cellular Transformation.
Evolution of the Promoter for the Proposed
Small Subunit of the HSV Ribonucleotide
Reductase.

Is Vmwl38 a Product of Gene Fusion?

Limits of the DNA Sequences Involved in
mRNA 3' End Formation.

Mechanisms of mRNA 3' End Formation.

REFERENCES.

page

page

page

page

page

page

page

page

page

page

page

page

page

179

181

184

186

188

189

190

191

193

195

197

200

201



ACKNOWLEDGEMENTS

I thank Professor John H. Subak-Sharpe for
provision of facilities within the Institute and for his
overall supervision of this work.

I express my gratitude to my immediate supervisor
Dr. J. Barklie Clements for his encouragement and helpful
advice, and for critical reading of this manuscript.

I am grateful to Dr. Dairena Gaffney for her help
in performing CAT assays and to Dr. Phil Taylor for
calculating the A G values on Page 144.

Invaluable discussions with colleagues in the
Institute, in particular Drs. Fraser Rixon, Lindsay Whitton
and Bernadette Dutia were appreciated.

I wish to thank Drs. Duncan McGeoch and Phil Taylor
for their assistance with computer programs.

I am grateful to Mr. Graham Hope for proof reading
this manuscript.

My thanks to the office staff for their cheerful
advice on the format for this thesis.

I thank my friends both within and outside the
Institute for their help and encouragement.

To my family, especially my father and mother, I
express my gratitude for their support and advice.

Finally, this work is dedicated to my
long-suffering wife, Gladys, and my sons, Paul and Stephen,

who were a constant source of encouragement.



During the period of this work, the author was
employed by the Medical Research Council. Unless otherwise
stated, all the results presented in this thesis were

obtained by the author's own efforts.



SUMMARY

This study was undertaken to examine the
organisation and structures of mRNAs mapping at the herpes
simplex virus type 2 (HSV-2) ribonucleotide reductase
locus. From comparisons between equivalent HSV-2 and HSV-1
nucleotide sequences, putative transcription control
signals were identified, and functional analysis of certain
control elements was performed. The positions of translated
regions within the mRNAs encoding ribonucleotide reductase
were identified as were conserved amino acid domains
between viral and cellular reductases. During the course of
these comparisons, a conserved DNA sequence, YGTGTTYY (Y =
pyrimidine), located 30nuc downstream from the
polyadenylation (AATAAA) signal of both viral and cellular
genes, was identified. Functional tests showed that the

YGTGTTYY signal was required for efficient formation of

mRNA 3' termini.

Arrangement of mRNAs and DNA Sequence Comparisons at the

HSV-2 Ribonucleotide Reductase Locus.

Four overlapping mRNAs have been identified at the
ribonucleotide reductase locus. These mRNAs are unspliced
and share common 5' and 3' termini. Two early mRNAs with
sizes of 4.5kb and 1.2kb have a commoh 3' terminus and
encode HSV-2 polypeptides Vmwl38 and Vmw38 respectively
which are almost certainly components of the viral
ribonucleotide reductase. The other two mRNAs are late, 5'

co-terminal species with sizes of 6.4kb and 1l.7kb which



appear to encode an identical 54,000 mol. wt. protein; the
6.4kb transcript is 3' co-terminal with the early mRNAs. As
a consequence of this mRNA arrangement, the 5' termini of
the 4.5kb and 1.2kb mRNAs and the 3' terminus of the 1l.7kb
mRNA are located within larger, overlapping transcripts.
The genome region adjacent to the 6.4kb and 1.7kb mRNAs
specifies three late transcripts which are synthesised in
the opposite orientation; the 5' terminal region of one of
these species overlaps with the 6.4Kb and 1.7kb mRNASs.

The 3' terminus of the late 1.7kb mRNA is located
within the transcribed region of the 6.4kb species.
Previously, it has been proposed that read-through of HSV
poly A sites is due to inefficient processing at certain 3'
termini. The ability of sequences flanking the 1l.7kb mRNA
3' terminus to produce functional mRNA was tested using a
plasmid containing the bacterial chloramphenicol
acetyltransferase (CAT) protein coding sequences fused to
an HSV-2 immediate early promoter. CAT activities produced
in HeLa cells by a plasmid carrying the 1.7kb mRNA 3'
terminal sequences were comparable to activities obtained
with a plasmid containing the 3' processing signals from a
non-internal poly A site. Read-through of HSV poly A sites
may therefore reflect a general reduction in mRNA 3'
processing efficiency rather than differences in the 3'
processing signals of individual genes.

The HSV-1 transcripts equivalent to the 4.5kb and
1.2kb mRNAs have sizes of 5.0kb and 1l.2kb and encode HSV-1

polypeptides Vmwl36 and Vmw38 respectively. Nucleotide



sequence comparisons between the 5' flanking regions of
these equivalent HSV-2 and HSV-1 mRNAs have revealed the
following homologies:

1) upstream from the 4.5kb and 5.0kb mRNA 5' termini,
blocks of conserved sequences are present which resemble
transcription control signals at the promoter regions of
other genes; TATA box homologues, C-rich tracts and
A+C-rich elements have been identified. The C-rich tracts
are similar to the consensus sequence for the binding site
of Spl, a transcription control factor, and, from other
studies, the A+C-rich sequences could be a component of
other HSV early promoter regions.

2) the 5' terminal region of the HSV-2 1.2kb mRNA is
located within the polypeptide coding region of Vmwl38; an
identical situation exists for the equivalent HSV-1
transcript. The HSV-2 and HSV-1 5' flanking sequences show
high homology, and both sets of nucleotide sequences
contain inverted repeats which could form stem and loop
structures. Possible effects of these structures on
transcription of the HSV-2 and HSV-1 1l.2kb mRNAs are

discussed.

Amino Acid Conservation Between Herpesvirus and Cellular

Ribonucleotide Reductases.

The amino acid sequences for the Vmwl38 N- and
C-terminal regions and all of the Vmw38 polypeptide have
been predicted from the nucleotide sequences. Comparisons

with coding regions of the corresponding HSV-1 proteins,



Vmwl36 and Vmw38, reveal high homology apart from areas at
the N-termini of equivalent proteins. Poorly conserved
N-terminal regions have been identified in other equivalent
HSV-2 and HSV-1 proteins; these may be non-essential for
function.

In common with other ribonucleotide reductases with
similar enzymatic properties, HSV ribonucleotide reductase
appears to contain two non-identical polypeptides, and
HSV-2 polypeptides Vmwl38 and Vmw38 almost certainly
represent components of the virus enzyme. The amino acid
sequences of Vmwl38 and Vmw38 share areas of homology with
coding regions on the Epstein-Barr virus (EBV) and
varicella-zoster virus genomes; this allows identification
of putative proteins which appear to be ribonucleotide
reductase components specified by these viruses. These
blocks of homology extend to cellular ribonucleotide
reductases of eukaryotic and prokaryotic origin and thus
may represent domains involved in enzyme function.

Interestingly, Vmwl38 and Vmwl36 both contain large
N-terminal domains which are absent in equivalent
herpesvirus and in cellular ribonucleotide reductase
proteins. These N-terminal domains could have arisen by
gene fusion and may represent functions not essential for
ribonucleotide reductase activity.

The EBV polypeptide which shares homology with
HSV-2 Vmwl38 has a size of 93,000 mol. wt. The C-terminal
portions of both proteins contain the 5' terminal regions

of the mRNAs specifying the proposed small subunit of



ribonucleotide reductases. However, these 5' termini are
not located at equivalent positions in the Vvmwl38 and
93,000 mol. wt. polypeptides and separate evolutionary
routes are proposed in the formation of these internal
promoters.

HSV has the ability to transform cells and is
potentially oncogenic; the transformating ability of HSV
may be linked to its action as a mutagen. One possibility
is that this mutagenic effect is due to the expression of

HSV ribonucleotide reductase and this is discussed.

Sequences Downstream from the AATAAA Signal Required for

mRNA 3' End Formation.

Comparisons of the regions flanking HSV mRNA 3'
termini identified conserved sequences downstream from poly
A sites. From more extensive comparisons, 67% of the
mammalian and viral genes examined contained 3' flanking
sequences similar to those conserved in HSV. A consensus
sequence, YGTGTTYY (Y = pyrimidine), was derived for a
conserved downstream element, preferentially located 24 to
35nuc beyond the AATAAA signal. Downstream from the
YGTGTTYY sequence, other G-rich and T-rich segments also
were conserved but to a lesser extent. To test the
functional significance of YGTGTTYY in mRNA 3' end
formation, deletions produced in the 3' flanking sequences
of HSV-2 IE gene-5 were inserted into a CAT plasmid. Levels
of correctly-terminated mRNA from plasmid constructions,

both with and without deletions, were estimated by assaying



CAT activities and by nuclease S1 analysis. Deletion of
downstream sequences which extended up to the YGTGTTYY
sequence reduced CAT levels to values 35% of those obtained
with undeleted plasmids. Removal of a further l4bp, which
deleted YGTGTTYY but not the poly A site, reduced CAT
activities to levels of 1% to 4%. The levels of CAT mRNA 3'
termini reflected the reductions in CAT activities, but, in
contrast, levels of mRNA 5' termini were unaffected by
these deletions.

These results demonstrate a requirement of 3'
flanking sequences, in particular the YGTGTTYY signal, for
efficient 3' end formation of poly A mRNAs. An analogy is
drawn between those sequences required for efficient 3' end
formation of poly A mRNAs with those required for 3' end
processing of the non-polyadenylated histone genes.
Alternative functions for the YGTGTTYY sequence in either
mRNA termination or mRNA processing are discussed. These
proposals lead to the possibility that the presence of the
trinucleotide, GTG, a component of the consensus which is
associated with local alterations in DNA structure, could
be a more general feature of the sequences involved in
DNA-protein interactions. The possible interaction of
precursor RNAs with small nuclear ribonucleoprotein
particles and the limits of sequences involved in mRNA 3'

end formation also are discussed.



ABBREVIATIONS

The following list gives the key to abbreviations

used in the text.

A number of abbreviations for buffers and

media are given in the Materials and Methods section, and

those describing the segments comprising herpesvirus

genomes are on Pages 5 to 7 and Page 13. The key to

abbreviations
legends.

A

acetyl CoA

Ad

ADP

ALV

ampt

ATP

b, bp

BHK
bisacrylamide
BPV

BSA

Cc

1l4¢c

CAT

CCcv

CDP

cm

CGRP

in figures is provided on accompanying figure

adenine

acetyl coenzyme A

adenovirus

adenosine diphosphate

avian leukosis virus
ampicillin resistance
adenosine triphosphate
base(s), base pairs(s)

baby hamster kidney
N,N'-methylene bisacrylamide
bovine papilloma virus
bovine serum albumin
cytosine

radiolabelled carbon
chloramphenicol acetyltransferase
channel catfish virus
cytidine diphosphate
Curie(s)

centimetre

calcitonin gene-related peptide



dADP deoxyadenosine diphosphate

dATP deoxyadenosine triphosphate

dcDP deoxycytidine diphosphate

dCTP deoxycytidine triphosphate

dGDP deoxyguanosine diphosphate

dGTP deoxyguanosine triphosphate

DMSO dimethyl sulphoxide

DNase deoxyribonuclease

dANTP(s) deoxyribonucleoside triphosphate(s)

DTT dithiothreitol

dTTP thymidine triphosphate

dupp deoxyuridine diphosphate

duMpP deoxyuridine monophosphate

duTp deoxyuridine triphosphate

EBV Epstein-Barr virus

EDTA sodium ethylenediamine tetra-acetic acid

EHV equine herpesvirus

EM electron microscope

G guanine

AG free energy of formation

g gram(s)

g(D) glycoprotein (D)

G+C moles per cent guanosine + cytigjne
moieties

GDP guanosine diphosphate

h hour(s)

HCMV human cytomegalovirus

HEPES N-2-hydroxyethyl piperazine-N'-2-ethane

sulphonic acid



HSV herpes simplex virus

HVA herpesvirus ateles

HVP herpesvirus papio

HVS herpesvirus saimiri

1E immediate early

Ig immunoglobulin

ILB isotonic lysis buffer

IS insertion seguence

IVS intervening sequence

kb, kbp kilobase(s), kilobase pair(s)
1 litre

IC light chain

LTR long terminal repeat

n’G methyl-7-guanosine

mcs multiple cloning site

min minute

ml millilitre

mm millimetre

moi multiplicity of infection
mol. wt. molecular weight

mtr morphological transforming region
N unspecified nucleotide (A, G, C or T)
NaAc sodium acetate

NDP(s) ribonucleoside diphosphate(s)
ng nanogram

nm nanometre

NMR nuclear magnetic resonance

NP40 nonidet P40



npt non-permissive temperature

NTP(s) ribonucleoside triphosphate(s)
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0.D. optical density
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PAA phosphonoacetic acid

PAGE polyacrylamide gel electrophoresis

PEB phenol extraction buffer

pfu plagque forming units

p.i. post infection

PIPES piperazine-N,N'-bis(2-ethane sulphonic
acid)

poly A polyadenylated

PRV pseudorabies virus

R purine moiety

RNase ribonuclease

rpm revolutions per minute

SDS sodium dodecyl sulphate

sec second(s)

SnRNA small nuclear RNA

SnRNP small nuclear ribonucleoprotein

Sv40 simian virus 40

T thymine
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tet® tetracycline resistance
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UDP uridine diphosphate

uv ultra-violet
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VA RNA virus-associated RNA

vmw molecular weight of viral polypeptide in
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w/v weight/volume
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Y pyrimidine moiety
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Mg microgram
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INTRODUCTION




The herpesviruses are a family of DNA viruses with
large double-stranded genomes which infect a wide range of
organisms from lower order to higher order eukaryotes. This
thesis is concerned with herpes simplex virus (HSV), in
particular HSV-2 which causes clinical disease in man. The
studies presented deal with the organisation of the mRNAs
and the DNA sequences which specify a virus enzyme,
ribonucleotide reductase. In addition, these studies
identify transcription control signals involved in gene
expression, in particular sequences required for 3' end
formation of polyadenylated mRNAs.

This Introduction provides an overall review of
herpesvirus biology, and focusses on the properties of HSV.
The HSV-2 genomic region analysed has been implicated in
cellular transformation, thus a more complete description
of this topic is given. The results are interpreted in
relation to data in addition to that obtained for HSV,
hence the Introduction contains general sections on the
properties of ribonucleotide reductases, and on eukaryotic

transcription with emphasis on the arrangements of mRNAs

and mRNA 3' end formation.



SECTION A.

PROPERTIES OF THE HERPESVIRUSES.

1. Classification of Herpesviruses.

Members of the Herpetoviridae family (Fenner, 1976)

are identified by morphology of the virus particle which
comprises four distinct components, namely:

1) the core which consists of an electron-dense toroid
structure (Epstein, 1962; Furlong et al., 1972). The torus
contains DNA wound around a less dense proteinaceous
cylinder (Chai, 1971; Furlong et al., 1972).

2) surrounding the core is the capsid, an icosahedral
structure with a diameter of 100nm, consisting of 162
capsomeres (Wildy et al., 1960).

3) a fibrous layer termed the tegument (Roizman and
Furlong, 1974) the width of which varies markedly within

the Herpetoviridae family (Nayak, 1971).

4) the outer envelope (Wildy et al., 1960) which

herpesvirus virions acquire by budding through the inner
nuclear membrane. This component is a bilayered membrane,
probably composed of lipid, which has periodic surface
projections (Spring et al., 1968). In addition, the
envelope contains most of the virus-specified glycoproteins
(Spear and Roizman, 1972).

To date, at least eighty different herpesviruses
with a wide variety of biological properties have been

isolated (listed in Roizman, 1982), hence classification



of such a diverse family is difficult. However, viruses

within the Herpetoviridae family have been categorised on

the basis of either a) their biological properties or b)
structural arrangements of their genomes (Roizman et al.,

1978; Roizman, 1982).

a) Classification on the basis of biological properties.

From the biological properties of host range,
duration of reproductive cycle, cytopathology and
characteristics of latent infection, herpesviruses can be

divided into three sub-families, the alpha-, beta- and

gammaherpesvirinae (Roizman et al., 1978; Matthews, 1982;

Roizman, 1982).

The alphaherpesvirinae are cytolytic herpesviruses

which have a variable host range both in vivo and in vitro,
a short reproductive cycle, spread rapidly during infection
and frequently establish latent infections in ganglia.
Members of this sub-family include HSV-1] and HSV-2, equid
herpesvirus 1 (EHV-1; Randall et al., 1953), bovine
mammilitis virus (BMV; Martin et al., 1966), pseudorabies
virus (PRV; Gustatfsohn, 1970), varicella-zoster virus (VZV;
Weller, 1953) and channel catfish virus (CCV: Wolf and
Darlington, 1971; Chousterman et al., 1979). The

betaherpesvirinae are typified by a narrow host range, a

relatively long reproductive cycle, slow progression in
culture and may establish a latent state in secretory
glands and lymphoreticular cells. Murine cytomegalovirus

(MCMV:; Smith, 1954) and human cytomegalovirus (HCMV;



Smith, 1956) are members of this group. The

gammaherpesvirinae are specific for either T- or

B-lymphocytes in vitro, have a variable reproductive cycle
and cytopathology, and frequently give rise to a latent
infection in lymphoid tissue. Viruses within this group are
Epstein-Barr virus (EBV; Epstein et al., 1965), Marek's
disease virus (MDV; Marek, 1907; Churchill and Biggs,
1967), herpesvirus saimiri (HVS; Melendez et al., 1968) and

herpesvirus ateles (HVA; Melendez et al., 1972).

b) Classification by genome structure.

Herpesviruses contain DNA genomes of at least
130kbp in length which consist of unique and reiterated
sequences. Furthermore, the G+C content of herpesvirus DNAs
varies from 33% to 75% (reviewed in Honess and Watson,
1977). Variability in the above genomic features forms the
basis of a further method for categorisation of the

Herpetoviridae family, in particular the different

arrangements of unique and reiterated sequences within
genomes. A limited number of herpesviruses have been
studied in sufficient detail to allow classification by
this method, however, five distinct groups have been

identified (Fig. 1).

1) Group A. CCV is the sole identified member of this
group and CCV DNA consists of a unique segment of 90kbp
flanked by direct repeats of 20kbp which are not highly

reiterated (Chousterman et al., 1979).
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Figure 1. Genome structures representing five herpesvirus
groups. Virus examples are given for each group and genomes
are drawn to scale. Boxed areas represent repetitive
sequences and single lines indicate unique segments. The
letters, a, b and c¢ show the arrangement of sequences
within the repeats of each group; sequences arranged in
inverse orientation relative to a, b and ¢ are denoted by
a', b' and c¢'. Arrows below boxed areas indicate the
relative orientations of repeats. Tandemly reiterated
sequences within repeats are shown by vertical lines within
boxed regions. The number of copies of tandemly reiterated
sequences is represented by subscripts (n, m and x) and
different subscripts within a group indicate that copy
numbers differ between repeats. Segments which invert are
shown by double-headed arrows above unique sequences;
unique sequences which do not invert are indicated by
single-headed arrows. The key to abbreviations is:

CCV, channel catfish virus; HVS, herpesvirus saimiri;

EBV, Epstein-Barr virus; PRV, pseudorabies virus;

HSV, herpes simplex virus.



2) Group B. 1In this group, the genome arrangement consists
of a unique segment flanked by direct repeats which are
composed of a series of reiterated sequences arranged as
multiple tandem copies. These reiterated sequences are
about 1.5kbp in length in HVS, a member of this group
(Fleckenstein and Wolf, 1974; Fleckenstein and Bornkamm,
1975; Simonds et al., 1975; Bornkamm et al., 1976). The HVS
genome 1is approximately 160kbp in length (Fleckenstein and
Wolf, 1974) with most of the genetic information contained
within the long unique (Up,) segment which is 112kbp (Knust
et al., 1983). Thus, reiterated sequences account for
approximately 30% of the unit-length genome, however, the
repeat copy numbers vary at either terminus (Fleckenstein
and Mulder, 1980). The G+C content of HVS DNA varies
between 36% in the unique segment to 71% in the repetitive
sequences (Fleckenstein and Wolf, 1974). The nucleotide
sequence of the 1.5kbp repeat unit appears not to contain
transcription control signals and transcripts generated
from the repetitive sequences have not been detected in
HVS-infected cells (Bankier et al., 1985). Two other
herpesviruses of New World primates, herpesvirus aotus type
2 (Barahona et al., 1973; Fuchs et al., 1985) and HVA
(Fleckenstein et al., 1978) and also bovine herpesvirus
type 4 (Todd and Storz, 1983; Storz et al., 1984) have

similar genome arrangements to HVS DNA.

3) Group C. This group includes EBV, whose DNA has a mean

GH+C content of 58% (Schulte-Holthausen and zur Hausen,



1970), and its simian counterpart, herpesvirus papio (HVP;
Falk et al., 1976). The entire sequence of EBV strain B95-8
has been determined and is about 172kbp (Baer et al.,
1984). The termini of the EBV genome consist of multiple
tandem repeats (up to twelve copies) of a 500bp nucleotide
sequence (Given and Kieff, 1978; Given et al., 1979;
Kintner and Sugden, 1979) through which DNA circularisation
is mediated in the infected cell nucleus (Lindahl et al.,
1976). Another major set of up to twelve direct repeats,
each of 3kbp, are located internally within the genome
(Given and Kieff, 1979; Cheung and Kieff, 1981; Hayward et
al., 1982). These internal repeats are not related to the
terminal repeats (Cheung and Kieff, 1982; Jones and
Griffin, 1983; Baer et al., 1984) and therefore, the unique
tracts of EBV DNA do not invert (see Page 13). The terminal
and major internal repeats separate the genome into large
and small unique segments with lengths of 125kbp and 14kbp
respectively (Baer et al., 1984). In addition, shorter
repetitive regions are scattered throughout the genome
(Baer et al., 1984). The HVP genome is structurally
equivalent to that of EBV (Lee et al., 1980; Heller et al.,
1981); both genomes appear to be colinear (Heller and
Kieff, 1981l; Lee et al., 1981) and exhibit approximately

40% homology (Falk et al., 1976).

4) Group D. Characteristically, members of this group have
genomes comprising sets of long and short unique seguences,

Ur, and Ug, one of which is bracketed by terminal (TR) and



inverted internal (IR) repeat sequences. Included in this
group are the genomes of PRV and EHV-1 which have sizes of
approximately 130kbp (Darlington and Randall, 1963;
Rubenstein and Kaplan, 1975) and G+C contents of 73%
(Ben-Porat and Kaplan, 1962) and 56% (Darlington and
Randall, 1963) respectively. The Uj, segments of these
genomes are not flanked by inverted repeats and are unable
to invert (see Page 13). However, the Ug portions are
bracketed by inverted repeats and do invert, generating two
isomeric forms of both the PRV (Stevely, 1977; Ben-Porat et
al., 1979) and EHV-1 genomes (Henry et al., 1981; Whalley
et al., 198l1). The termini of PRV DNA do not appear to be
terminally redundant as sequence homology cannot be
detected either by hybridisation or sequence analysis of
cloned terminal DNA fragments (Ben-Porat and Kaplan, 1985).
The VZV genome closely resembles those of PRV and
EHV-1, and consists of two unique segments, Uj; and Ug, with
the Ug region flanked by inverted repeats, TRg and IRg
(Dumas et al., 1981; Ecker and Hyman, 1982; Straus et al.,
1982) . However, Up, is flanked by a short inverted repeat of
89%p which allows limited inversion of the L segment
(Davison, 1984). Thus, a genomic population of VZV will
contain two major forms of VZV DNA (95% of the genomic
pool), resulting from free inversion of the S segment and
two minor forms (5% of the genomic pool), resulting from

limited inversion of the L segment (Davison, 1984).



5) Group E. HSV is a member of this group and its genome
structure will be fully described on Page 13. The
arrangement of unique and reiterated sequences in HCMV DNA
resembles that of HSV (Kilpatrick and Huang, 1977; LaFemina
and Hayward, 1980) and both genomes have other common
structural features. HCMV DNA is 240kbp in length (Geelen
et al., 1978; DeMarchi et al., 1978; Westrate et al.,
1980), approximately 50% longer than the HSV genome, and
has a mean G+C content of 59% (Crawford and Lee, 1964;
Huang et al., 1973). In common with HSV DNA, there are four
isomeric forms of HCMV DNA (LaFemina and Hayward, 1980;
Westrate et al., 1980) and the genome circularises
following brief digestion with a processive exonuclease
(Geelen and Westrate, 1982), suggesting that the DNA ends
are terminally redundant. This terminal redundancy is 600
to 750bp in length as suggested by the 'stepwise'
heterogeneity of the repeat sequences (LaFemina and
Hayward, 1980; Spector et al., 1982). DNA sequence analysis
of HCMV AD169 (Tamashiro et al., 1984) and Towne strains
(Spaete and Mocarski, 1985) has located the terminal
redundancy to a fragment which contains dispersed repeat
sequences, however, precise limits for the terminal
redundancy have not been defined. These data indicate that
the HCMV terminal redundancy has features similar to the
HSV 'a' sequence (see Page 16). Multiple copies of a 200bp
fragment adjacent to the HCMV terminal redundancy have also
been identified (Tamashiro et al., 1984). The AD169, Towne

and C87 strains of HCMV show approximately 80% DNA homology



(Huang et al., 1976), and there is inter-strain size
heterogeneity of up to 8kbp which is associated primarily
with the TRy, and IRj, repeats (Pritchett, 1980; LaFemina and

Hayward, 1980).

2. Biology and Pathogenesis of Herpesviruses.

Herpesviruses are known to infect a wide range of
eukaryotic organisms from fungi (Kazama and Schornstein,
1972) to man. A total of five herpesviruses have been
isolated from humans, namely HSV-1l, HSV-2, VZV, HCMV and
EBV.

HSV-1 is commonly associated with facial lesions,
primarily around the mouth (Fiddian et al., 1983) but the
virus can infect many organs. Primary infection may be
asymptomatic or lead to development of a range of clinical
symptoms including fever, sore throat, ulcerative and
vesicular lesions,oedema, localised lymphadenopathy and
malaise (Whitley, 1985). Following primary infection, a
latent state is normally established with the virus
residing in the trigeminal ganglia (Bastian et al., 1972).
Analysis of the banding patterns of viral DNAs cleaved with
restriction endonucleases has indicated that viruses
isolated from recurrent and primary lesions are identical
(Lonsdale et al., 1979). Therefore, most recurrent
outbreaks are due to reactivation of latent virus rather
than to secondary infection.

The majority of genital HSV infections are caused

by HSV-2 (Kessler, 1977), however a variable number are
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attributable to HSV-1 (Kalinyak et al., 1977; Wolontis and
Jeansson, 1977; Peutherer et al., 1981). In one study,
HSV-1 was identified in half of the isolates from female
genitalia (Chaney et al., 1983). HSV-2 genital infections
can recur due to reactivation of latent virus from the
sacral ganglia (Baringer, 1974); the number of HSV-2
genital infections attributed to reactivation as compared
to primary infection varies between 43% to 75% (Rawls et
al., 1971; Josey et al., 1972; Smith et al., 1981). HSV-2
has also been associated with cervical carcinoma, details
of which are described in Section C (Page 45).

VZV 1is the causative agent of chickenpox
(varicella) usually in childhood, and of shingles (herpes
zoster; Weller, 1976) which is normally found in adults. In

common with other alphaherpesvirinae, VZV can establish a

latent state and reactivation of the virus is at least
partly dependent upon the immunological status of the
infected host (Rifkind, 1966). VZV is difficult to
propagate in tissue culture (Weller et al., 1958; Gilden et
al., 1978; Grose et al., 1979), however, it does have the
ability to transform cells in vitro (Gelb et al., 1980).
Infection by HCMV induces a number of syndromes, in
particular intrauterine death and congenital defects
(Weller, 1971; Rapp, 1980) and is associated with Kaposi's
sarcoma (Giraldo et al., 1975). Reactivation of the virus
is usually associated with immuno-suppression due to a
variety of situations such as malignant disease and
chemotherapy (Weller, 1971; Plummer, 1973; Gold and

Nankervis, 1976).
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EBV infects specifically B-lymphocytes in vitro and
is the causative agent of infectious mononucleosis
(glandular fever; Evans et al., 1968; Henle et al., 1968;
Evans and Niederman, 1976). It has also been associated
with the incidence of two cancers, Burkitt's lymphoma
(Epstein et al., 1964; de The et al., 1978) and

nasopharyngeal carcinoma (zur Hausen et al., 1970; Nonayama

and Pagano, 1973).

3. Structure of the HSV Genome.

The relationship between the HSV-1 and HSV-2
genomes has been studied by both intertypic recombination
and intertypic complementation data (Timbury and
Subak-Sharpe, 1973; Esparza et al., 1976; Marsden et al.,
1978; Schaffer et al., 1978) along with DNA/DNA
hybridisation studies (Davison and Wilkie, 1983a). Results
indicate that the HSV-1 and HSV-2 genomes are essentially
colinear with viral genes mapping at equivalent positions
on both genomes. Most studies have focussed on the HSV-1
genome arrangement, however, the information available for

HSV-2 DNA will be presented where appropriate.

a) Chemical composition.

HSV-1 DNA is a linear duplex molecule (Ben-Porat
and Kaplan, 1962; Russell, 1962; Russell and Crawford, 1963
and 1964) which is approximately 155kbp in length (Becker
et al., 1968; Kieff et al., 1971; Wilkie, 1973 and 1976;

Clements et al., 1976) and has a mean G+C content of 67%
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(Kieff et al., 1971). The G+C content of HSV-2 DNA is
slightly higher at 69% (Goodheart et al., 1968;
Halliburton, 1972) and the HSV-2 short genome segment is
3kbp longer than that of HSV-1 (Cortini and Wilkie, 1978).
These additional HSV-2 nucleotide sequences have been
located to an area of the short unique segment of HSV-2 DNA
(for a description of the HSV genome arrangement, see Page
13); the equivalent region of the HSV-1 genome encodes Ug
gene-4 (Fig. 3; Rixon and McGeoch, 1985) and most of the
additional HSV-2 sequences probably contribute to the
coding region of a g92K glycoprotein (see Page 40; D.J.

McGeoch, personal communication).

b) Alkaline lability.

Both HSV-1 and HSV-2 DNAs are fragmented by
treatment with alkali (Kieff et al., 1971; Wilkie, 1973),
suggesting that the HSV genome may contain single-stranded
nicks (Ecker and Hyman, 198l1) or alternatively, that
ribonucleotides are present in the genome (Gordin et al.,
1973; Muller et al., 1979). The sedimentation profile in
neutral sucrose solutions is similar for DNA denatured
either by formamide or alkali, indicating that the presence
of ribonucleotides alone could not account for
fragmentation of the DNA (Spear and Roizman, 1980). It has
been suggested that alkali-sensitive regions are positioned
at specific sites (Frenkel and Roizman, 1972), however,
other studies have shown them to be distributed randomly

(Wilkie, 1973; Ecker and Hyman, 1981).
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Figure 2. Four possible isomeric forms of the HSV genome
generated by inversion of the long and short unique
segments (Uj, and Ug). The terminal and internal repeats of
L and S segments are represented by TR,,/TRg and by IR}, /IRg.
The distance between markers in UL (B ) and Ug (@)
components is dependent upon the relative orientations of
unique regions. Sequence arrangements at the termini and
joint regions are shown below the various isomeric forms.
The letter, a, represents the terminal redundancy and b and
c denote sequences flanking the terminal redundancy in the
long repeat (Rp,) and short repeat (Rg) respectively. Primed
letters at the joint indicate that sequences are inverted
relative to those at the termini. Arrows show the location,

orientation and number of copies of direct repeat, DRI.



13

c) Genome arrangement.

Electron microscopy studies of structures produced
by intra-molecular hybridisation of single-stranded DNA
(Sheldrick and Berthelot, 1974) have shown that the HSV
genome consists of long and short segments termed L and S
respectively; the region at which these segments are linked
is termed the Jjoint. The L and S segments are composed of
unique regions (U, and Ug) flanked by inverted repeat
sequences which are located internally (IR}, and IRg) and
terminally (TRp, and TRg). Sheldrick and Berthelot (1974)
further suggested that either intermolecular or
intramolecular recombination occurring within repetitive
sequences flanking the Uj, and Ug segments could result in
the inversion of unique DNA regions between participating
repetitive regions thus generating four possible isomeric
forms of HSV DNA (Fig. 2). These isomeric forms are termed
P (prototype), Ig, I, and Igy, (Roizman et al., 1979), each
of which is likely to produce viable progeny. Unless stated
otherwise, diagrams in this thesis will depict only the P
genome arrangement. Partial denaturation mapping confirmed
that four isomeric forms do exist in populations of HSV DNA
molecules and in approximately equal amounts (Hayward et
al., 1975; Delius and Clements, 1976). Additional evidence
for inversion of L and S segments was derived from
restriction endonuclease analysis of HSV-1 and HSV-2 DNA
which showed that the relative molarities of terminal and
junction fragments were 0.5 and 0.25 respectively with

respect to fragments derived from other regions of the
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Figure 3. Locations of short tandemly reiterated
sequences within the S segment and R; regions of HSV-1
strain 17t DNA. Positions of reiterated sequences (numbered
I to XI1) are shown relative to the locations of mRNAs
mapping in this region of the HSV-1 genome. Transcripts
referred to in the text are labelled. The locations of
spliced regions in immediate early (IE) genes-1l, -4 and -5
are shown by (A ). gD and gE are the abbreviations for
glycoproteins D and E. mRNA mapping data were taken from
the following references: transcripts other than IE mRNAs,
Rixon and McGeoch, 1984 and 1985; IE mRNA-1, F.J. Rixon,
personal communication; IE mRNA-3, Rixon et al., 1982; IE
mRNAs-4 and -5, Watson et al., 198la; Rixon and Clements,
1982. Positions for the reiterated sequences are taken from
Rixon et al., 1984 apart from reiterations VIII, I1X and XI
whose locations were determined by L. Perry (personal

communication).
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genome (Hayward et al., 1975; Clements et al., 1976; Wilkie

and Cortini, 1976; Cortini and Wilkie, 1978).

d) Locations of short tandem reiterations.

In addition to large repeat units, the HSV-1 and
HSV-2 genomes contain shorter segments of tandemly
reiterated sequences which vary in length between 5Sbp
(Whitton and Clements, 1984b) and 54bp (L. Perry, personal
communication) and generally have high G+C contents (Rixon
et al., 1984). The locations of these repeats are shown in
Fig. 3. Tandem repeat sequences have been identified in the
translated regions of Ug genes-7, -10 and -11 (Rixon and
McGeoch, 1984; McGeoch et al., 1985), the introns of
immediate early (IE) mRNAs—i, -4 and -5 (Watson et al.,
198la, b; Murchie and McGeoch, 1982; Rixon and Clements,
1982; L. Perry and F.J. Rixon, personal communication), the
terminal redundancy (Davison and Wilkie, 1981; Mocarski and
Roizman, 1981) and downstream from mRNA 3' termini (Davison
and Wilkie, 1981; Rixon et al., 1984; McGeoch et al.,
1985); additional reiterated sequences have been located
within the long repeat (Rf) segments, however, their
positions with respect to HSV genes have not been
rigorously determined (Fig. 3; L. Perry, personal
communication). The copy number of repeated sequences
varies between virus isolates (Davison and Wilkie, 1981;
Watson et al., 198lb; Murchie and McGeoch, 1982) and,
comparing HSV-1l and HSV-2 genomes, the nucleotide

sequences of reiterations at egquivalent positions are
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either poorly conserved (reiteration IV in Fig. 3; Whitton
and Clements, 1984b) or absent in the HSV-2 genome
(reiterations I and VI in Fig. 3; Davison and Wilkie, 1981;
Whitton, 1984).

IE mRNAs-1 and -3 are located entirely within the
Ry, and Rg segments respectively and thus are diploid genes
(Fig. 4; Rixon and Clements, 1982 and 1984). Reiterations
flanking these genes may serve to increase the level of
genetic exchange between the repeats, thus mutations
arising in one copy of the large repeat regions would
spread to both copies of the repeats (Rixon et al., 1984).
By this mechanism, the probability of accumulating
recessive mutations within repeat regions would be reduced
as deleterious mutations would generate a non-viable
product. This model for the role of reiterations is based
on two assumptions (Rixon et al., 1984):
1) reiterations are located in non-essential regions of the
genome; recent evidence indicates that removal of sequences
between the terminal redundancy and the 3' terminus of IE
mRNA-3, a region which contains repetitive elements
(reiterations II and III in Fig. 3), does not reduce fhe
viability of virus progeny (Hubenthal-Voss and Roizman,
1985).
2) reiterations promote a high frequency of recombination;
in support of this suggestion, one set of repeat sequences
beyond the 3' terminus of IE mRNA-3 (reiteration II in Fig.
3) has homology with sequences at immunoglobulin (1g)

class-switch recombination sites (Gomez-Marquez et al.,

1985) .
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e) The 'a' seguence.

Treatment of HSV-1 genomic termini with 5'- or
3'-exonucleases followed by renaturation generates circular
DNA molecules of genomic length, suggesting that the genome
is terminally redundant (Grafstrom et al., 1974 and 1975;
Sheldrick and Berthelot, 1974). This terminal redundancy,
termed the 'a' sequence, 1is present in the direct
orientation at the termini and in the inverse orientation
at the junction between IRy, and IRg (Fig. 2; Grafstrom et
al., 1974 and 1975; Wadsworth et al., 1976; Wagner and
Summers, 1978). The regions which bound the 'a' sequence in
TRy,/IR}, and TRg/IRg are termed the 'b' and 'c' sequences
respectively (Fig. 2; Davison and Wilkie, 1981). Nucleotide
sequences for the 'a' sequences of four HSV-1 strains
(Glasgow strain 17% and USA-8, Davison and Wilkie, 1981;
strain F, Mocarski and Roizman, 198l; strain KOS, Varmuza
and Smiley, 1985) and HSV-2 strain HG52 (Davison and
Wilkie, 1981) have been determined. These data indicate
firstly, that a direct repeat (DRI) brackets the 'a‘'
sequence at the joint and secondly that the HSV-1 '‘a‘’
sequence varies in size from 250bp to 500bp due to a

reiteration I in Fig. 3).

variable number of tandemly reiterated sequences (DRII; A

Nucleotide sequences of the various 'a' sequences are not
identical for different HSV-1 strains, with the region of
lowest homology occurring in the DRII reiterations. The
HSV-2 'a' sequence does not contain a reiteration and has a
constant size of 251bp. Most HSV molecules have a single

'a' sequence at both termini and joint regions, however
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some molecules possess two or more 'a' sequences present as
tandem direct repeats at the joint and L terminus with a
single copy at the S terminus (Wagner and Summers, 1978;
Davison and Wilkie, 1981; Mocarski and Roizman, 1982a).

The 'a' sequence is thought to play a role in two
processes: 1) inversion of the L and S segments and 2) DNA

maturation and encapsidation.

1) Genome inversion. The 'a' sequence appears to contain a

cis-acting 