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SUMMARY

The UL9 gene is one of seven genes which map within
the long unique region of the HSV-1 genome and are both
necessary and sufficient for viral origin-dependent DNA
replication in transfected tissue culture cells. The UL9
gene encodes a polypepetide of 851 amino acids which
binds specifically to the HSV-1 replication origins orig
and orij,. From DNase I footprinting and gel retardation
analyses, two binding sites for the origin binding
protein (OBP) have been identified within both of these
origins. Previous work (Weir et al., 1989) demonstrated
that the sequence-specific recognition and binding
activities resided within the C-terminal 317 amino acids
of the UL9 protein.

My work has involved a mutational analysis of the UL9
DNA binding domain in an attempt to define the regions
involved in interaction with its target sequence.

Using an E.coli expression system, a series of C-
terminal deletion (with 16 - 62 amino acids deleted) and
small in-frame insertion mutants of the DNA binding
domain were constructed and expressed as fusions linked
to the N-terminal one third of the Staphylococcus aureus

protein A. This system enabled easy detection of mutant
proteins in Western blot assays by virtue of interaction
of the Fc portions of the antibody conjugates with the
protein A moieties. Fusions proteins were tested for
sequence-specific DNA binding activity using gel
retardation assays. Protein extracts were incubated with
radio-labelled oligonucleotides containing orig binding
sites I or II or a 100 bp fragment containing a
functional orig (i.e. both sites) at 220C or 370°cC.
Retarded complexes were resolved by electrophoresis
through non-denaturing polyacrylamide gels. Analysis of
C-terminal truncations demonstrated that the C-terminal
33 amino acids of UL9 are dispensable for binding and
that essential residues lie between amino acids 801 and
818. Analysis of a set of ten mutants containing
insertions of four amino acids at various positions
identified different regions of the UL9 DNA binding



domain in which insertions either had little effect upon
(insertions at amino acids 691, 708, 719, and 838) or
abolished (insertions at amino acids 581, 591, 652 and
668) sequence-specific DNA binding. Two mutants with
insertions at amino acids 630 and 799 which were
intermediate in their binding activity were also shown to
exhibit temperature- or sequence-specific effects.

These results suggest that the UL9 DNA binding domain
contains at least two distinct regions which are
important for sequence-specific DNA binding.

Selected mutations were introduced into the full
length UL9 open reading frame to investigate whether the
alterations had any effect on the replicative function of
the intact protein. The resulting mutant UL9 proteins
were individually expressed under the control of the
strong polyhedrin promoter in recombinant baculoviruses.
This expression system was chosen because it allows
mutant HSV-1 DNA replication proteins to be both
overexpressed (facilitating biochemical studies) and
screened for ability to participate in origin-dependent
DNA replication (Stow, 1992).

I confirmed that multiple infection of Spodoptera

frugiperda insect cells with seven recombinant

baculoviruses expressing the seven essential HSV-1
replication proteins can facilitate replication of a co-
transfected HSV-1 orig-containing plasmid. By
substituting the wt UL9 recombinant baculovirus with each
of the mutant UL9 viruses, the effect of the alterations
on ULY9 function in origin-dependent DNA replication was
investigated.

Each of the mutations which had been previously shown
to abolish DNA binding activity also prevented
replication of the orig-containing plasmid suggesting
that interaction of UL9 with the origin is essential for
the process of DNA replication. Of the mutant proteins
which retained their DNA binding activity, one failed to
promote replication of the origin containing plasmid
while the others showed wt or diminished levels of
activity. These results suggest that the C-terminal
domain of the UL9 protein may have essential functions in



DNA replication in addition to its origin-binding
activity.
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CHAPTER 1: INTRODUCTION

The work presented in this thesis is concerned with
the interaction of the herpes simplex virus type 1 origin
binding protein UL9, with the viral origins of DNA
replication and includes a mutagenic analysis of the C-
terminal DNA binding domain. The following introduction
briefly describes the virus and its life cycle and
reviews our understanding of herpes simplex virus DNA
replication. A brief comparison with other origin binding
protein/DNA interactions during initiation of DNA
replication is also included.

1.1 THE HERPESVIRUSES

1.1.1 The Family herpesviridae

The members of the family herpesviridae form a large
group of DNA containing viruses which have been isolated
from a wide range of higher eukaryotic hosts (Roizman et
al., 1992).

The family is characterised on the basis of distinct
morphological properties of the wvirion; all members
possess a large double-stranded DNA genome present within
an enveloped particle, 150-200 nm in diameter. The virus
particle is composed of four distinct elements, namely
the core, the capsid, the tegument and the envelope. The
core contains the genomic DNA (Booy et al., 1991). It is
surrounded by an icosohedral shaped capsid assembled from
162 capsomeres of which 150 are hexomeric and 12 are
pentameric prisms (Wildy et al., 1960; Schrag et al.,
1989) . The tegument is described as a layer of amorphous,
proteinaceous material between the core and the outer
lipid envelope. The envelope is the outermost structure
of the virus and consists of a lipid bilayer derived from
host cell nuclear and plasma membranes from which
protrude numerous viral-encoded glycoprotein spikes of
approximately 8 nm in length (Wildy and Watson., 1962;
Spear and Roizman., 1972).

In addition to having common morphological



characteristics, the herpesviruses share the ability to
establish and maintain a latent state in their infected
hosts. The wide occurrence of herpesviruses in
vertebrates and their high degree of species specificity
suggest that they have evolved in close association with
their hosts. Historically they have been classified into
three sub-families, referred to as alphaherpesvirinae,

betaherpesvirinae and gammaherpesvirinae on the basis of

their biological properties such as host range,
reproductive cycle, cytopathology and characteristics of
latent infection, rather than their genetic properties
(Roizman, 1982; Mathews, 1982).

Alphaherpesvirinae

Many Members of this subfamily are neurotropic and exhibit
a wide in vitro host range. The reproductive
cycle is short, usually less then 24 hours in cell
culture, and results in the destruction of the
susceptible cell. Latent infections are frequently
established in the ganglia. Examples within this group
include herpes simplex virus type 1 and type 2 (HSV-1 and
HSV-2, respectively), varicella-zoster virus (VZV) and
pseudorabies virus (PRV).

Betaherpesvirinae

This group exhibits a restricted host range and a
longer reproductive cycle. Infection frequently results
in an enlargement of the cells, and the establishment of
latency may occur in a variety of tissues including
secretory glands, kidneys and lymphoreticular cells.
Human cytomegalovirus (HCMV) is a member of this sub-
family.

Gammaherpesvirinae

This sub-family also has a narrow host range which is
usually restricted to B or T lymphocytes. The length of
reproductive cycle and cytopathology are variable and
latent infections are frequently established in lymphoid
tissue. This family includes Epstein-Barr virus (EBV).



Comparisons of the predicted amino acid sequences of
many herpesvirus proteins have shown that genetic
relationships between individual viruses exist which are
in general agreement with the biological classification.
However some exceptions do exist e.g. human herpesvirus 6
(HHV6) . Originally, HHV6 was assigned to the
Gammaherpesvirinae on the basis of its tropism for

lymphocytes. However, on the basis of sequence homology
and gene organisation, HHV6 is related to HCMV and more
properly belongs to the Betaherpesvirinae. The existence

of certain "core" genes common to all the subfamilies
suggests that viruses belonging to these subfamilies
share a common evolutionary origin

(Reviewed by McGeoch, 1992).

The recent determination of the complete DNA sequence
of channel catfish virus, which had previously been
classified as a alphaherpesvirus, and which is
morphologically indistinguishable from other
herpesviruses (Wolf and Darlington, 1971), revealed only
very distant relationships to any other herpesvirus
(Davison, 1992). This may indicate a wider evolutionary
divergence amongst herpesviruses than previously
suspected or possibly a separate evolutionary origin for
this virus.

1.1.2 The Pathogenicity of HSV-1

To date, seven herpesviruses have been described which
are known to infect humans, namely HSV-1, HSV-2, VZV, EBV,
HCMV, HHV-6 and HHV-7.

Herpes simplex virus (HSV) is an unusual virus in

that it can cause a variety of clinical diseases. These
diseases can be divided into two forms; those due to a
primary infection and those resulting from reactivation
of the latent virus.

In humans, infection with HSV-1 typically occurs
early in life and the virus is transmitted by close
physical contact. The most common clinical form of
infection is associated with cold-sore lesions of the



infections of the eye (herpes keratoconjunctivitis). The
genital region is also a common site for primary
infection by HSV taking the form of vesicular eruptions.
HSV-2 infection is largely associated with these genital
lesions although in an increasing number of cases they
have been shown to be as a result of an HSV-1 infection.
HSV-2 infections are usually sexually transmitted but
severe generalised infections can also occur at birth as
a result of a genital infection of the mother (Whitley et
al., 1985).

Despite recovery from a primary infection, HSV can
establish a long term latent infection in the neuronal
cells of the sensory ganglia and brain (Stevens and
Cook., 1971; Baringer and Swoveland., 1973; Cook et al.,
1974; Fraser et al., 1981). Several factors such as
trauma, fatigue and exposure to UV light have been
associated with reactivation of the virus and re-
occurrence of cutaneous lesions. Reactivation can occur
sporadically throughout life.

1.1.3 HSV-1 Latency

A major characteristic feature of HSV-1 infection is

the ability of the virus to establish its genetic
information in a non-infectious, non-replicating latent
state in the neuronal cells of the sensory ganglia and
brain (Stevens and Cook, 1971; Baringer and Swoveland,
1973; Cook et al., 1974; reviewed by Hill, 1985). It is
this property which plays an important role in its
pathogenesis.

Using hybridisation techniques, Puga et al, (1978)
first detected HSV DNA in the sensory ganglia of mice
which had been latently infected with HSV-1. The precise
state of the viral DNA in latently infected cells is not
clear. The genome does not appear to be present as a
linear molecule as terminal fragments have never been
detected (Rock and Fraser, 1983; Efstathiou et al.,
1986), and integration of the viral DNA into the host
genome does not occur (Rock and Fraser, 1983; Mellerick
and Fraser, 1987). It is therefore thought that the wviral



genome exists extrachromosomally as a circle or less
likely a concatemer.

Limited transcription of the latent HSV-1 genome
results in the accumulation of latency-associated
transcripts (LATS) in the nuclei of latently infected
cells (Stevens et al., 1987; Rock et al., 1987; Spivak
and Fraser., 1987; Steiner et al., 1988; Wagner et al.,
1988a). Three LATs of 2, 1.5 and 1.45 kb in length which
are transcribed from within the inverted repeat sequences
flanking the Uy, region have been identified (Spivak and
Fraser, 1987; Wagner et al., 1988a). These transcripts
partially overlap the immediate early gene 1 (IE-1) mRNA,
but are transcribed from the opposite strand (Spivak and
Fraser., 1987; Stevens et al., 1987). Open reading
frames within the LATs have been proposed (Perry and
McGeoch, 1988; Weschler et al., 1988). However, neither
unique polyadenylated cytoplasmic LAT messages nor
encoded polypeptides have been detected (Wagner et al.,
1988a;b) .

The isolation of an HSV-1/HSV-2 recombinant which was
deficient in LAT expression but was still able
to establish a latent infection in mice suggested that
LATs do not play an essential role in the establishment
of latency (Javier et al., 1988). Using a rabbit eye
model, the same mutant was shown to possess an impaired
ability to re-activate in vivo (Hill et al., 1990). A
similar situation was observed with the deletion mutant
1704 (Maclean and Brown, 1987). Although the mutant was
able to establish a latent infection in mice, re-
activation of the virus from explanted ganglia was found
to be slower than that of the wt virus (Steiner et al.,
1989). Taken together, these studies suggest that the
LATs, although not necessary for latency establishment,
may have a role in mediating the frequency of viral
reactivation.

Both in vivo and in vitro models have been used to
study the viral requirements for the establishment,
maintenance and reactivation of a latent HSV-1 infection
(Wigdah| et al., 1982; Shiraki and Rapp., 1986; Russell



and Preston., 1986). As yet, no gene products have been
shown to be specifically required for establishment and
maintenance (Polvino-Bodnar et al., 1987; Meigneir et
al., 1988; Russell et al., 1987). However, the immediate
early protein Vmwll0 (Russell et al., 1987; Harris et
al., 1989; Clements and Stow, 1989), the viral thymidine
kinase (Coen et al., 1989; Efstathiou et al., 1989;
Tenser et al., 1989) and the HSV ribonucleotide reductase
(RR) (Jacobsen et al., 1989) appear to be important for
reactivation in various assays.

1.1.4 The HSV-1 Genome

(a) Structure of the HSV-1 Genome
The HSV-1 genome is a large, linear ds molecule

containing approximately 152 kb of DNA with a molecular
weight of approximately 10x107 kDa (Becker et al.,
1968; Kieff et al., 1971). Electron microscopic studies
and restriction endonuclease mapping have shown that the
genome consists of two covalently linked components,
referred to as the Long (L) and Short (S) segments,
(Figure 1.). Both segments contain unique sequences, U,
(unique, long) and Ug (unique, short) which are flanked
by large terminal and internal inverted repeats; TRy,
IR;, (terminal and internal repeat, long) and TRg, IRg
(terminal and internal repeat, short). The sequences of
the L and S inverted repeats are distinct from one
another (Sheldrick and Berthelot, 1974; 1975; Hayward et
al., 1975). A direct repeat of about 400 bp, termed the
"a" sequence is present at each end of the genome
(Davison and Wilkie, 1981). A single copy of this
sequence is found at the S terminus, one or more at the L
terminus and a variable number are located, in an
inverted orientation, at the junction between the L and S
segments (Roizman et al., 1979). A single residue 3’
overhang occurs at both genome termini (Davison and
Wilkie, 1981; Mocarski and Roizman, 1982a;b).

The two unique regions can invert relative to one
another and preparations of HSV-1 DNA from plaque



Figure 1. Organisation of the HSV-1 Genome

The viral genome which comprises of two covalently
linked segments L and S is shown. Each segment contains
unique sequences Uy, and Ug (solid lines) flanked by
terminal and internal inverted repeat elements TRy, and
IR;,, TRg and IRg respectively (open and shaded boxes). A
direct repeat, termed the "a" sequence is present at
each end of the gencme and also in inverted orientation
at the L - S junction. Inversion of the L and S
components occurs and preparations of viral DNA contain
an equimolar mixture of four isomeric molecules
(orientation of segments indicated by arrows). These
have been designated P (prototype), Ig (inversion of 9),
I;, (inversion of L) and Ipg (inversion of both L and S).
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purified virus have been found to contain an equimolar
mixture of four isomeric forms, differing from one
another in the relative orientation of Uy, with respect
to Ug (Figure 1.). These isomers heve been designated
P (prototype), Ig (inversion of S), Iy (inversion of L)
and Iyg (inversion of both L and S), (Hayward et el.,
1975; Delius and Clements, 1976; Wilkie and Cortini,
1976; Roizman., 1979).

The prototype arrangement of the genome was chosen
for mapping purposes (Roizman, 1979; McGeoch et al.,
1988) . The internal recombination events which create all
four isomers appear to be mediated by the "a" sequence
(Mocarski and Roizman, 1982a;b). There is also evidence
to suggest that all four isomers are able to take part in
the production of infectious progeny (Davison and Wilkie,
1983a) and participate in latent infections (Efstathiou
et al., 1986). The isolation of viable HSV-1 mutants
with genomes frozen in each of the four isomeric forms
suggests that inversion is not essential for viral
replication (Jenkins and Roizman, 1986).

The complete genome of HSV-1 strain 17 syn+ has been
sequenced (McGeoch et al., 1985; 1986; 1988a; Rixon and
McGeoch, 1985; Perry and McGeoch, 1988) and contains
152,260 bp, (small variations in length occur due to
differences in copy number of the "a" sequence and other
tandemly repeated sequences), with a mean G+C% base
composition of 68.3%. Three other human herpesviruses
have also been completely sequenced; VZV, EBV and HCMV.
DNA hybridisation studies have shown that as well as
having similar gross structures, HSV-1] and HSV-2 genome
sequences are related and closely co-linear. The parts of
Ug and U, of the HSV-2 strain HG52 which have been
sequenced exhibit a 70 - 80% nucleotide identity within
coding sequences with corresponding HSV-1 genes (Davison
and Wilkie, 1981; 1983; Swain and Galloway, 1983; Swain
et al., 1985; Lockshon and Galloway, 1986; Draper et al.,
1986; McGeoch et al., 1987; Worrad and Caradonna, 1988).

(b) Genetic Content of HSV-1




DNA sequence analysis identified a high percentage of
the HSV-1 genome as having protein coding potential. A
total of 72 open reading frames, with the potential to
encode 70 distinct polypeptides were initially identified
within the L and S regions of the genome (Figure 2).
Fifty six genes, ULl - UL56, were located within the Uj,
region and twelve, US1 - US12, within Ug. HSV-1 contains
one spliced gene, UL1l5 whose intron contains the UL16
and UL17 ORFs. Immediate-early genes 1 and 3 (IE-1 and
IE-3) were mapped to the Rj and Rg repeat sequences,
and are therefore represented twice (McGeoch et al.,
1985; 1988a). A second ORF, encoding the protein ICP34.5,
within Ry, was first described in HSV-1 strain F (Chou
and Roizman, 1986; 1990) and has since been confirmed in
HSV-1 strain 17 (Dolan et al., 1992).

Recent data has also revealed a distinct
transcriptional unit mapping within the UL26 gene. The
product of its ORF, UL26.5 corresponds to the C-terminal
329 amino acids of the UL26 protein (Liu and Roizman,
1991). Barker and Roizman, (1992) and Barnett et al.,
(1992) have also reported the existence of an additional
gene, designated UL49.5 between the UL49 and UL50 ORFs.

Of the genes identified, the functions of
approximately one third remain unknown. Functions of the
remaining gene products include roles in transcriptional
regulation, DNA replication and virion structure and
assembly. Eleven out of twelve genes present in the Ug
region and at least nine of the Uy genes have been shown
to be non-essential for viral growth in tissue culture
(Umene, 1986; Weber et al., 1987; Longdecker and Roizman,
1986; 1987; Baines and Roizman, 1991; MacLean et al.,
1991).

1.1.5 HSV-1 Structural Proteins

Around thirty different virion structural
polypeptides have been detected, the majority of which
are encoded by HSV-1 late genes (Spear and Roizman, 1972;
Heine et al., 1974; Marsden et al., 1976; reviewed by
Dargan., 1986). These proteins comprise of glycoproteins,



Figure 2. Genetic Content of the HSV-1 Genome

The viral genome is represented as four succegive
lines of 40 kb with unique sequences shown as solid
lines and major repeat elemé%s as open boxes. The
location and orientation of proposed functional open
reading frames are shown by solid arrows and LAT
transcripts as arrowed, dotted lines. Genes are numbered
ULl - UL56 and US1 - US12 plus RL1 (encoding ICP 34.5),
RL2 (IE-1) and RS1 (IE-3). The origins of DNA
replication (orig and ori) are also indicated.

This diagram was kindly provided by Dr. D.J. McGeoch.
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tegument proteins and capsid proteins.

Glycoproteins

The HSV-1 genome encodes at least nine antigenically
distinct glycoproteins: gB (encoded by UL27), gC (UL44),
gD (US6), gE (US8), gG (US4), gH (UL22), gI (US7), gK
(UL53) and gL (ULl) (Spear, 1976; Marsden et al., 1978;
1984; Bauke and Spear, 1979; Buckmaster et al., 1984;
Roizman et _al., 1984; Gompels and Minson, 1986; Frame et
al., 1986; Longnecker et al., 1987; Johnson and Feenstra,
1987; McGeoch et al., 1985; 1987; 1988a; Hutchinson et
al., 1992). These glycoproteins comprise the major virus-
specific components of the virus envelope and virus-
infected cell membranes (Spear, 1976; Roizman et al.,
1984).

The roles of gB, gD, gC and gH in the initial stages
of infection are described later in the text. gC, gE and
gl are also believed to have functions which may modulate
the immune response to infection (Eisenberg et al., 1987;
Johnson and Feenstra, 1987; Dublin et al., 1990); gC
functioning as a complement receptor and the gE/gl
complex as an Fc receptor.

Tegument Proteins

The tegument is the least well defined component of
the HSV-1 virion and appears as an amorphous region
present between the capsid and envelope (Spear and
Roizman, 1972).

Tegument proteins are defined as those not found
associated with viral capsids or envelopes which are
released from the virion by non-ionic detergents (Roizman
and Furlong, 1974; Spear, 1980; Lemaster and Roizman,
1980). It is uncertain how many virus encoded proteins
constitute this region and how they are structurally
oriented. However, major components of the tegument
include the protein involved in transactivation of IE
gene expression, Vmw65 (UL48), (Post et al., 1981;
Batterson and Roizman, 1983; Campbell et al., 1984), and
the 81/82 kDa products of the UL47 gene (McLean et al.,



1990) which have been implicated in the modulation of
Vmw65 activity (McKnight et al., 1987).

Capsid Proteins

Among the approximately thirty structural proteins
which constitute the HSV-1 virion, only seven are
components of the nucleocapsid.

Capsids isolated from HSV infected cells are either
"full", (containing viral DNA) or "empty", (lacking viral
DNA) . Initial experiments identified four proteins, VPS5,
VP19c, VP23 and VP24 as components of empty viral capsids
from the nuclei of infected cells (Gibson and Roizman,
1972) . A fifth protein pl2, with a molecular weight of 12
kDa, was subsequently identified (Heilman et al., 1979;
Cohen et al., 1980).>TW0 other proteins, unique to full
capsids, VP21 and VP22a, have also been identified.

VP5 (ICP5) is referred to as the major capsid protein
and is the product of the UL19 gene (Davison and Scott,
1986b; McGeoch et al., 1988a). It forms the hexameric and
possibly the pentameric capsomeres of the capsid (Schrag
et al., 1989). VP19c is a DNA binding protein identified
by direct amino acid sequencing of purified capsid
proteins as the product of the UL38 gene (Rixon et al.,
1990). A similar approach demonstrated that VP23 is
encoded by the UL18 gene. v

VP22a and VP21l are components of the core region of
full capsids. Preston et al, (1983) proposed that the
VP22a protein was encoded by the UL26 gene since a mutant
with a ts lesion within the gene was defective in VP22a
processing. This mutant also failed to package its DNA
into capsids at the NPT therefore implicating the protein
in viral DNA encapsidation. McNabb and Courtney, (1992)
have recently reported that the pl2 protein may be
encoded by UL35. The two proteins, VP24 and VP21, have
recently been suggested to be the products of the UL26
gene (Davison et al., 1992).

1.2 HSV-1 LYTIC INFECTION
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1.2.1 Initial Stages of Infection

At present, the pathway by which HSV-1 gains entry
into its host is not completely clear. A model for entry
of HSV-1 has been proposed which involves a series of
interactions between the viral envelope and the cell
plasma membrane which trigger membrane fusion,
nucleocapsid penetration and virion disassembly
(Sarmiento et _al., 1979; Little et al., 1981; Weller et
al., 1983; Gompels and Minson, 1986; McGeoch and Davison,
1986b; Ligas and Johnson, 1988; Highlander et al., 1987;
1988; Johnson and Ligas, 1988; Desai et al., 1988; Fuller
et al., 1989; Buckmaster et al., 1984; Fuller and Spear,
1987; Cai et al., 1988; Herold et al., 1991).

The initial attachment of HSV-1 to cells has been
shown to involve the binding of viral envelope
glycoproteins to heparan sulphate proteoglycans on the
cell surface (WuDunn and Spear, 1989; Lycke et al.,
1991). Evidence supporting this proposal came from
observations that digestion of cell surface heparan
sulphate can reduce HSV binding to cells (WuDunn and
‘Spear, 1989) and that certain aminoglycosides can block
the binding of the virus to its cell receptor (Langeland
et al., 1987; 1988).

The cellular receptor for basic fibroblast growth
factor (bFGF) was recently proposed to act as a viral
entry point (Kaner et al., 1990). This seems unlikely,
however, as a report by Muggeridge et al, (1992)
demonstrated that bFGF receptor was not required for
viral infection in most cell types.

Adsorption of HSV-1 to the cell surface is thought to
be mediated by virally encoded glycoproteins which
protrude from the viral envelope. It is possible that a
non-glycoprotein component may also be involved in viral
attachment as adsorption can take place in the absence of
normal glycosylation (Campadelli-Fiumi et al., 1982;
Spivak et al., 1982; Svennerholm et al., 1982; Kuhn et
al., 1988). Initial non-specific adsorption may be
followed by specific irreversible binding to the cell
surface (Hochberg and Becker, 1968; Rosenthal et al.,

11



1984).

Three HSV-1 envelope glycoproteins have been shown to
be essential for wviral infectivity: gB (Sarmiento et al.,
1979; Little et al., 1981), gD (Ligas and Johnson, 1988)
and gH (Weller et al., 1983; McGeoch and Davison, 1986;
Gompels and Minson, 1986; Desia et al., 1988). Studies
utilising monoclonal antibodies, liposomes containing
virion proteins and ts mutants, implicate these proteins
in the processes of viral attachment, fusion of the viral
envelope with the cell and virion entry (Deluca et al.,
1982; Bzik et al., 1984; Gompels and Minson, 1986;
Highlander et al., 1987; Fuller and Spear, 1987; Cai et
al., 1988; Desai et al., 1988; Fuller et al., 1989;
Fuller and Lee, 1992; Herold et al., 1991; Kuhn et al.,
1990).

Following penetration of the host cell membrane, the
nucleocapsid is transported through the cytoplasm to the
nucleus where it is uncoated and the DNA is released into
the nucleus via nuclear pores (Batterson and Roizman,
1983) . The nuclear entry process is thought to require
the participation of a viral protein as studies with a
HSV-1 ts mutant whose mutation was later mapped to the
UL36 gene (McGeoch et al., 1988), identified a block in
the release of viral DNA and an accumulation of capsids
at the nuclear pores (Batterson et al., 1983). It is
possible however that the mutant UL36 protein may prevent
normal activity of cellular uncoating proteins.

1.2.2 Effect of HSV-1 Infection on Host Cell
Macromolecular Synthesis

Infection of cells with HSV-1 results in a rapid
decrease in host cell macromolecular synthesis,
degradation of cellular mRNAs and induction of viral gene
expression (reviewed by Fenwick., 1984; Roizman and
Roane, 1964; Nishioka and Silverstein, 1977; 1978; Schek
and Bachenheimer, 1985; Kwong and Frenkel, 1987). The
host cell "shut-off" activity can be divided in two
distinct phases.

The "early shut-off" phase is mediated by one or more
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virion components and does not require viral gene
expression (Fenwick et al., 1979; Hill et al., 1985). It
involves a reduction in synthesis of the majority of host
cell polypeptides (Sydiskis and Roizman, 1967; 1968)
arising from the disaggregation of polyribosomes and the
degradation of host mRNA (Nishioka and Silverstein, 1977;
1978; Shek and Bachenheimer, 1985).

Studies using viable HSV-1 mutants defective in
inducing the virion host cell shut-off (vhs), (Read and
Frenkel, 1983) showed that the virion-mediated shut-off
function involved the HSV-1 UL41] gene (Kwong et al.,
1988) . This involvement was confirmed when insertion of
the UL41 gene from HSV-2 strain G, which exhibits a
strong shut-off function, into the HSV-1l strain 17, which
is less efficient in early shut-off, was found to restore
vhs function (Fenwick and Everett, 1990). In addition,
HSV-2 strain HG52, which exhibits poor shut-off has been
shown to encode a truncated UL41l product (Everett and
Fenwick, 1990).

UL41 gene mutants defective in vhs also produce more
stable viral mRNAs and host mRNAs have significantly
longer half-lives than in wt infections (Read and
Frenkel, 1983; Kwong and Frenkel, 1987; Oroskar and Read,
1987; 1989; Strom and Frenkel, 1987). The vhs polypeptide
appears to provide a non-specific mRNA degradation
function which may play a role in regulating the
abundance and patterns of accumulation of both wviral and
cellular mRNAs (Kwong and Frenkel, 1987; Oroskar and
Read, 1987). It has been proposed that the vhs product
may be a RNase or may interact with a cellular factor to
de-stabilise both host and viral mRNA (Kwong and Frenkel,
1989) .

The "delayed shut-off" phase requires the expression
of viral genes (Fenwick and Clark, 1982; Read and
Frenkel, 1983) and involves further reduction in the
levels of host protein synthesis and enhanced degradation
of host mRNA.

In contrast to the shut-off described above, the
synthesis of some cellular polypeptides including
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cellular stress and heat-shock proteins is in fact
stimulated during HSV-1 infection. (LaThangue et al.,
1984; Patel et al., 1986; Kemp et al., 1986).

1.2.3 Control of HSV-1 Gene Expression
During lytic infection of tissue culture cells by

HSV-1 viral genes are transcribed by the host RNA
polymerase II enzyme (Alwire et al., 1974; Preston and
Newton, 1976; Costanzo et al., 1977) in a temporally
regulated fashion. Three distinct phases based on the
kinetics and characteristics of their expression can be
identified (Honess and Roizman, 1974; Clements et al.,
1977; Jones and Roizman, 1979).

The first set of genes to be transcribed are the
immediate early (IE) or alpha genes. The IE transcripts
are produced in the absence of de novo protein synthesis
(Honess and Roizman, 1975; Preston et al., 1978) and
functional IE gene products are essential for the
subsequent induction of early viral gene expression which
takes place prior to the onset of viral DNA replication
(Honess and Roizman, 1974; Clements et al., 1977; Wagner,
1985) . The IE and E gene products are in turn required
for the expression of true late proteins (some late
proteins are expressed before DNA replication) and viral
DNA synthesis (Honess and Roizman, 1974; Jones and
Roizman, 1979; Clements et al., 1977).

(a) Immediate Early Genes

The HSV-1 genome posseses five IE genes: IE-1, IE-2
(UL54), IE-3, IE-4 (USl1l) and IE-5 (US12), which encode
the polypeptides Vmw 110, Vmw63, Vmwl75, Vmw68 and Vmwl2
respectively. All the IE genes, with the exception of IE-
2, have promoters located within the repeat regions of
the genome. IE-1 and IE-3 are located wholely within the
R;, and Rg repeats respectively and are therefore
represented twice (Watson et al., 1979; Anderson et al.,
1980; Mackem and Roizman, 1980 Marsden et al., 1982;
Rixon et al., 1982). The IE-4 and IE-5 genes have
identical promoters and 5’ untranslated leader sequences
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present in the Rg region, but their coding sequences
differ and are located at opposite ends of the Ug region
(Watson et al., 1981). The IE-2 gene maps entirely within
the Uj, sequence (Whitton et al., 1983).

Studies of the IE promoter regions have revealed the
presence of multiple cis-acting elements upstream of
the transcriptional initiation start site, which are
recognised by both viral and cellular trans-acting
proteins (Mackem and Roizman, 1980; 1981; Murchie and
McGeoch, 1982; Whitten et al., 1983; Whitton and
Clements, 1984a). Two distinct components are contained
within these promoters. A "TATA" box sequence, located
about 20-30 nucleotides upstream of the mRNA start site
is necessary for basal and induced levels of
transcription (Mackem and Roizman, 1982a;b;c; Cordingly
et al., 1983; Preston et al., 1984; Kristie and Roizman,
1984; Bzik and Preston, 1986). Further upstream, a
separate domain containing multiple cis—-acting elements
confers enhancer functions and responsivity to the
regulation of IE expression by Vmwé5.

The upstream regulatory regions contain "GC-rich"
elements (GC-boxes), which function as binding sites for
the transcriptional activator Spl (Jones and Tjian.,
1985; Briggs et al., 1986), in addition to a consensus
sequence, TAATGARAT (where R is a purine), which is
present in one to three copies, in either orientation
(Mackem and Roizman, 1982c¢; Whitton et al., 1983;
Whitton and Clements, 1984; Preston et al., 1984; Gaffney
et al., 1985).

The specific induction of IE gene transcription is
mediated via the TAATGARAT element by the tegument
protein Vmwé65 (VP16), encoded by the UL48 gene (Mackem
and Roizman, 1982b; Kristie and Roizman, 1984; Campbell
et al., 1984; Dalrymple et al., 1985; Gaffney et al.,
1985; Bzik and Preston, 1986; O’Hare and Hayward, 1987a).
Vmwé5 alone is unable to bind directly to DNA (Marsden et
al., 1987), but its transactivation activity has been
proposed to arise from a physical interaction with the
cellular transcription protein Oct-1 and one or more
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other cellular factors. These together form an immediate
early complex (IEC) which binds specifically to the
TAATGARAT element (McKnight et al., 1987; Preston et al.,
1988; O’Hare and Goding, 1988; Gerster and Roeder, 1988;
Kristie et al., 1989; Ace et al., 1988). Chemical
modification interference analysis has demonstrated that
Oct-1 binds to the octamer consensus sequence ATGCAAAT,
overlapping the TAATGARAT element (ATGCAATGARAT), (Pruijn
et al., 1986; Fletcher et al., 1987; O’Hare and Goding,
1988).

Mutational analyses of Vmw65 have identified a highly
acidic domain at the C-terminus which functions as a
potent transcriptional activating region (Triezenberg et
al., 1988a; Sadowski et al., 1988; Cousens et al., 1989),
and it has been proposed that Vmw65 interacts with Oct-1
via the residual N-terminal portion (Triezenberg et al.,
1988a; Werstuck and Capone, 1989a;b).

In addition to Vmwé65, the IE proteins Vmwll0 and
Vmwl75 also appear to be involved in the regulation of IE
gene expression (0’Hare and Hayward, 1985a;b; 1987;
Gelman and Silverstein, 1987a;b).

(b) Immediate Early Gene Products
Four of the IE gene products, Vmwl75, Vmwll0, Vmw68

and Vmwé63 are phosphorylated nucleoproteins. Vmwl2, in
constrast, is cytoplasmic and unphosphorylated (Pereira
et al., 1977; Marsden et al., 1978; 1982; Fenwick and
Walker, 1979; Hay and Hay, 1980; Wilcox et al., 1980;
Ackerman et al., 1984). Studies with ts and deletion
mutant viruses in the five IE genes have indicated that
only Vmwl75 and Vmwé63 are absolutely essential for viral
growth in tissue culture cells (McCarthy et al., 1989;
Post and Roizman, 1981; Sacks et al., 1985; Sears et al.,
1985; Longnecker and Roizman, 1986; Stow and Stow, 1986;
1989).

Vmwl75
Initial studies with HSV-1 ts mutants demonstrated

that a lesion in the IE-3 gene of the tsK mutant resulted
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in the over-expression of IE gene products at the NPT. In
addition, neither early nor late genes were expressed,
with the exception of the large subunit of the
ribonucleotide reductase protein. These results
demonstrated that Vmwl75 plays a role in the stimulation
of early and late gene promoters in addition to the
repression of IE gene expression (Marsden et al., 1976;
Preston et al., 1979a; Dixon and Schaffer, 1980; Watson
and Clements, 1980).

The stimulation of an HSV-1 E gene promoter by Vmwl75
was subsequently demonstrated using transfection assays
in which the presence of a plasmid expressing Vmwl75
resulted in a marked increase in the activity of an E
gene promoter linker to a reporter gene (Everett, 1984b;
Quinlan and Knipe, 1985; O’Hare and Hayward, 1985a).
Repression of an IE promoter/CAT construct by Vmwl75 has
also been shown in similar experiments (0O’Hare and
Hayward, 1985b; Deluca and Schaffer, 1985; Gelman and
Silverstein, 1986).

Vmwl75 is the only IE protein known to bind
specifically to a conserved DNA sequence, 5’-ATGCTG-3'.
The identification of such a site within the IE-3
(Vmwl75) promoter (Muller, 1987) led to the proposal that
the binding of the protein to this site, which
corresponds to the mRNA cap site, represses expression.
Whether Vmwl75 represses the other IE promoters in a
similar fashion is unclear as IE-1 is the only other IE
gene to contain the binding site consensus within its
promoter (Beard et al., 1986; Faber and Wilcox, 1986;
Kristie and Roizman, 1986; Muller, 1987; Patterson and
Everett, 1988). Even so, a subsequent study reported that
although mutation of the Vmwl75 binding site within the
IE-1 promoter reduced repression of the IE-1 promoter in
vitro, it failed to have the same effect on VmwllO
expression dur}ng normal HSV-1 infection (Everett and
Orr, 1991).

In addition to recognising the ATCGTC motif, Vmwl75
is also able to bind to other sequences (Kristie and
Roizman, 1986; Michael et al., 1988), but as yet, no
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specific sequence responsive to Vmwl75 or indeed any
other viral IE protein has been identified in either
early or late promoters (Everett, 1984a; Coen et al.,
1986; Michael et al., 1988; Kattar-Cooley and Wilcox,
1989)

Vmwl10

The effect of Vmwll0 on gene promoter activity has
been investigated using transient expression assays
similar to those used for the study of Vmwl75. The
results show that Vvmwll0 is a potent activator of gene
expression from all three classes of virus promoters in
addition to a number of cellular gene promoters (Everett,
1984; O’Hare and Hayward, 1985a;b; Quilan and Knipe,
1985; Gelman and Silverstein, 1985; Mavromara-Nazos et
al., 1986). This potent transactivation effect has been
shown to take place with Vmwll0 acting independently or
in association with Vvmwl75 (Everett, 1984b; 1986; Quinlan
and Knipe, 1985; 0O’Hare and Hayward, 1985a; Deluca and
Schaffer, 1985; Gelman and Silverstein, 1986). However,
in the context of the viral genome, Vmwll0 is not
sufficient to transactivate early gene transcription
since a functional Vmwl75 is also required (Deluca et
al., 1985).

Vmwll0 has also been shown to be the only HSV-1 gene
product required to reactivate HSV-2 from latently
infected cells in vitro (Russell et al., 1987b; Harris
et al., 1989).

Vmw63
Mutant viruses containing ts lesions within the IE-2

gene have been isolated which over-produce an abberant form
of Vmwé63 and the Vmwl75 protein at the NPT (Sacks et al.,
1985) . Although the ts mutants exhibited normal levels of
viral DNA synthesis and E gene expression, the production of
many late gene products was restricted (Rice and Knipe,
1988), suggesting that Vmw63 has a role in the regulation of
late gene expression.

Activation of E gene promoters by Vmwé63, in concert
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with Vmwll0 and Vmwl75 has been reported and there is
also evidence that the protein can act as a trans-
repressor of transcription in combination with Vmwl75 and
Vmwll0 (Sekulovich et al., 1988; Everett, 1986; Rice and
Knipe, 1988). Vmw63 is known to act at a post-
transcriptional level (McLauchlan et al., 1992).

Vmw68
Characterisation of an HSV~-1l deletion mutant

revealed that Vmwé68 is only essential for viral growth in
certain cell types, suggesting that an analogous function
may be present in other cell types (Post and Roizman,
1981) . As the impaired growth correlated with a
deficiency in late gene expression, a possible role for
Vmw68 in late gene regulation has been suggested (Sears
et al., 1985).

Vmwl2

Vmwl2 is the least characterised of the IE proteins.
The function of this protein has not been defined but it
is non-essential for viral growth in tissue culture
(Longnecker and Roizman, 1986; Umene, 1986; Brown and
Harland, 1987).

(c) Early Genes

Early gene expression is dependent upon promoter
trans-activation by IE proteins (Honess and Roizman,
1974; Clements et al., 1977; Wagner, 1985; Zhang and
Wagner, 1987; Weinheimer and McKnight, 1987). In
comparison to IE genes, E genes appear to show a greater
variation in the kinetics of their expression and as a
result, have been divided into two subgroups, early
(betaj) and delayed-early (betas).

The HSV~1 UL39 gene, which encodes the large subunit
of the ribonuclotide reductase enzyme has been
traditionally classified as an early gene product but its
expression under IE conditions and the presence of a
TAATGARAT element in its promoter suggest that it should
more correctly be considered as an IE gene. (Roizman and

19



Batterson, 1985; Wymer et al., 1989).

The glycoprotein, gD, is expressed as an early
protein but is not maximally synthesised until after the
onset of viral DNA replication (Gibson and Spear, 1983),
a property typical of delayed early genes (Roizman and
Batterson, 1985; Wagner, 1985). This increased expression
may simply reflect an increased template copy number
(Everett and Johnson, 1986b).

Mutational analysis of the promoter regulatory
regions of many HSV-1 early genes has failed to detect
any specific sequences involved in their transactivation
by Vmwll0 and Vmwl75. Linker scanning mutagenesis of the
HSV-1 TK gene has identified important elements such as a
"TATA" box upstream of the transcriptional start site,
GA- and GC-rich regions and a "CCAATT" box (McKnight et
al., 1985; Everett, 1983; Eisenberg et al., 1985; El
kareh et al., 1985). Binding of wvarious cellular
transcriptional factors such as the "CCAATT" box binding
factor and Spl to such elements has been demonstrated
(Jones et al., 1985; Graves et al., 1986). It has
therefore been suggested that the transactivation of
early gene expression by the IE gene products may be
mediated indirectly through their interactions with
certain cellular transcription factors (Everett, 1984b;
Eisenberg et al., 1985; Coen et al., 1986).

Although many HSV-1 promoters contain homologies to
"TATA", "CCAATT" and GC-rich elements, a great deal of
diversity between promoters of genes in the same temporal
class has been observed (Mackem and Roizman, 1982c;
Wagner, 1985). This may explain why differential levels
of expression are exhibited by genes belonging to the
same class (Honess and Roizman, 1974; O’Hare and Hayward,
1985a; Harris-Hamilton and Bachenheimer, 1985).

(d) Late Genes
In addition to requiring functional IE and E gene

products (Watson and Clements, 1980), experiments with
DNA synthesis inhibitors and DNA-negative ts mutants
demonstrated that late gene expression also shows a
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dependency on viral DNA synthesis (Honess and Roizman,
1974; Holland et al 1980; Conley et al., 1981; Pederson
et al., 1981).

Late genes exhibit variations in their kinetics of
expression and are sub-divided into two groups; leaky-
late (gammaj) and true-late (gammaj). Leaky-late genes
(eg. UL19 encoding the major capsid protein), are
expressed at low levels before the initiation of DNA
synthesis, while true-late gene products (eg UL47 which
encodes a tegument protein, McLean et al., 1990) are
undetectable in the absence of viral DNA synthesis
(Roizman and Batterson, 1985; Wagner, 1985; Johnson et
al., 1986).

Like the promcters of early genes, no sequence
specific elements for transactivation by viral gene
products have been identified in late promoters (Everett,
1984Db) .

Late gene promoters lack the upstream regulatory
regions which are present in IE and E promoters. Detailed
mutational analysis of the promoter regions of two HSV-1
late genes, US1ll and UL44, demonstrated that the presence
of a "TATA" box and a mRNA transcriptional start site, in
combination with a cis-acting HSV-1 origin of replication
was sufficient for full expression (Johnson and Everett,
1986a; Homa, 1986). Indeed, deletion of the regulatory
regions of the gD gene leaving the "TATA" box and mRNA
cap site intact resulted in conversion of the gene from
early to late regulation (Johnson and Everett, 1986b).

It is unclear what role viral DNA replication plays
in late gene expression. An increased template copy
number must contribute towards an increase in late gene
expression but this is unlikely to be the only
explanation as mRNA accumulation during transfection
experiments is far greater (Johnson and Everett, 1986a).
An alternative explanation may be that late gene
expression is activated as a result of structural changes
arising during the replication process (Johnson and
Everett, 1986a; Mavromara-Nazos and Roizman, 1987).
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1.2.4 HSV-1 DNA Replication: Properties of Replicating
DNA
Analysis of parental viral DNA by restriction enzyme

digestion suggested that following entry of the genome
into the nucleus, it is rapidly circularised (Jacob and
Roizman, 1977; Poffenberg and Roizman, 1985) probably by
direct ligation of the terminal "a" sequences (Davison
and Wilkie, 1983; Poffenberg et al., 1983). This process
may be facilitated by the presence of complementary 3’
single base extensions at the L and S termini (Mocarski
and Roizman, 1982a;b., Davison and Rixon, 1985). Either a
host cell enzyme or a component of the virion is thought
to carry out the ligation as de novo protein synthesis is
not required (Poffenberg and Roizman, 1985).

Analysis of newly synthesised, radio-labelled, viral
DNA, demonstrated that it sedimented more rapidly than
unit length genomes (Jacob and Roizman, 1977). In
addition, enzyme digestion patterns of the replicative
intermediates indicated that they lacked terminal
fragments leading to the proposal that the DNA is present
in an "endless" state, either as circular monomers or
large concatemers (Jacob et al., 1979; Jongeneel and
Bachenheimer, 1981).

The rate of sedimentation in neutral velocity
gradients varies amongst the replicative intermediates.
Those appearing early in infection, around 2-3 hpi,
sediment up to twice as fast as unit length viral genomes
while those appearing later in infection, around 4-6 hpi,
sediment at least 100x faster (Jacob and Roizman, 1977;
Ben-Porat and Tokazewski, 1977). The earlier
intermediates are thought to arise during an initial
template amplification stage which produces circular
monomers (Ben-Porat and Tokazewski, 1977).

Electron microscopic studies of the latter
intermediates have described their appearance as "large
tangled masses" (Ben-Porat and Rixon, 1979). This
observation, along with their high sedimentation rate and
lack of genomic termini suggest that during later stages
of infection viral DNA replication occurs by a rolling-
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circle mechanism generating concatemers consisting of
tandem head-to-tail repeats of the viral genome (Jacob et
al., 1979). Further evidence for this mechanism has been
provided by an in vitro HSV-1 DNA replication system in
which the seven replication proteins purified from HSV-
infected cells were used to reconstitute viral DNA
synthesis on a circular template with a pre-formed
replication fork. Electron microscopy and alkaline
agarose gel electrophoresis demonstrated that DNA
replication in this system occurs via a rolling circle-
type mechanism (Rabkin and Hanlon, 1990).

It is, however, possible that the rapidly sedimenting
DNA synthesised late in infection may arise by other
mechanisms. For example newly synthesised circular
daughter molecules may remain linked after each round of
replication (Jongeneel and Bachenheimer, 1981), or
homologous recombination may occur between replicating
genomes. It is known that HSV-1 exhibits a high frequency
of recombination during infection (Schaffer et al., 1974;
Honess et al., 1980; Weber et al., 1988).

During DNA replication, the L and S segments of the
viral genome invert relative to one another producing
four different isomers which are functionally equivalent
and are present in equimolar amounts. Although the
presence of the viral "a" sequence is thought to be
essential for segment inversion, inversion has also been
observed between inverted copies of other sequences in
different regions of the genome (Pogue-Geile et al.,
1985; Jenkins et al., 1985; Varmuza and Smiley, 1985;
Weber et al., 1987; 1988). The only viral proteins
required for homologous recombination between replicating
DNA molecules are the seven proteins directly required
for viral DNA synthesis (see Section 1.3; Weber et al.,
1988) . It is possible that replicating viral DNA is a
highly recombinogenic substrate for host enzymes.

1.2.5 HSV-1 DNA Processing and Assembly of Virions
Following replication of the HSV genome, the large

concatemeric DNA molecules must be processed into unit
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length genomic molecules, probably by site-specific
cleavage, before they can be packaged intec viral capsids.

The HSV "a" sequence, present at both termini of the
viral genome has been shown to contain the cis-acting
elements required for site specific cleavage and
packaging (Vlazny and Frenkel, 1981; Mocarski and
Roizman, 1982; Stow et al., 1983; Spaete and Mocarski,
1985) . Insertion of an additional "a" sequence within the
viral genome resulted in the production of a novel
terminus at that position (Smiley et al., 1981; Mocarski
and Roizman, 1982a;b; Varmuza and Smiley, 1985), and
plasmid DNA containing an "a" sequence along with an HSV-

1 origin of replication could be packaged and propagated
as a defective genome in the presence of a helper virus
(Stow et al., 1983; 1986; Deiss and Frenkel, 1986).

The structure of the HSV-1 "a" sequence is
illustrated in Figure 3.

A direct repeat of 17-21 bp (DRj) is present at each
end of the "a" sequence with a further two direct repeats
DRy and DR4, varying in copy number, located internally.
Two unique regions, Up and U,, proximal to the repeat
sequences b (R;) and ¢ (Rg), lie between the DRl and
internal repeat regions (Davison and Wilkie, 1981;

Mocarski and Roizman, 1981).

Although the nucleotide sequence of the "a" element
varies between different virus strains, two highly conserved
regions termed pac-1 and pac-2 are present in the Ub and Uc
regions respectively and both appear to be essential for the
cleavage/packaging process (Varmuza and Smiley, 1985; Deiss
et al., 1986).

The DNA cleavage and packaging events are closely
coupled and although the exact nature of events is not
known, several models have been proposed (Ladin et al.,
1980; Vlazny et al., 1982; Deiss and Frenkel, 1986;
Addison, 1986).

The DRj elements at the L and S termini of the viral
genome, unlike their internal counterparts, are
incomplete in sequence. Circularisation of the linear

genome however results in the generation of a novel joint
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Figure 3. Organisation of the HSV-1 "a"™ Sequence

The organisation of the "a" sequence from the L - S
junction (a’) is shown. A direct repeat of 17 - 21 bp
DRq, (represented by open boxes) is present at each end
of the sequence. Two separate repeat elements, DRy and
DR4, are located internally. DRy (stripped box) consists
of 1 - 22 copies of a 12 bp direct repeat and DRy
(shaded box) represents a directly repeated 37 bp
element present in 0 - 3 copies. Two unique regions Up
and Us (solid lines), proximal to the IR;, and IRg repeat
sequences (b’ and c’), lie between DR; and DR,/DRg.
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fragment, in which tandem "a" sequences share a DRl
element. Nasseri and Mocarski (1988) have shown that a
179 bp fragment from across this a-a junction contains
the cleavage signal. It has been proposed that during
replication a putative cleavage/packaging protein complex
recognises and cleaves an a-a junction within the
concatemeric molecules of viral DNA only when it occurs
in a particular orientation. Cleavage at the next
similarly orientated junction will therefore generate a
unit length genome with an "a" sequence at both termini.
Cleavage of the viral DNA at an "a" sequence is thought
to initiate the packaging of unit genome lengths by
enabling insertion of a free terminus into a pre-formed
capsid. The DNA may then be continuously packaged into
this structure until the next identically orientated "a"
sequence is recognised and cleaved.

Once a full length genome has been packaged, the
capsid aquires an envelope by budding through the nuclear
membrane which is a rich source of virally encoded
glycoproteins (Roizman and Furlong, 1974). From the
nucleus the virus particles are then transported to the
cytoplasmic membrane via the golgi apparatus and are
released from the cell as mature virions.

Studies on DNA encapsidation have been aided by the
isolation and characterisation of ts mutants which
replicate their DNA but are defective in its processing
and packaging. ts lesions in such mutants have been
mapped to within the UL6, UL1l2, UL26, UL28 and UL32 genes
suggesting that encapsidation is dependent upon several
viral gene products (Weller et al., 1983; 1987; 1990;
Preston et al., 1983; Matz et al., 1983; Sacks and
Schaffer, 1987} Rixon et al., 1988; Anderson et al.,
1990) . It is however unclear what particular role these
proteins play in viral DNA processing and packaging.

1.3 ELEMENTS REQUIRED FOR HSV-1 DNA REPLICATION

1.3.1 Elements Required in cis

The presence of specific viral DNA replication
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origins was first inferred from early electron microscopy
studies of replicating HSV-1 DNA which revealed the
presence of replication bubbles at particular regions
within the genome (Friedman et al., 1977). Indirect
evidence for the existence of two viral replication
origins was obtained from studies with defective genomes
generated during the serial passage of viral stocks at a
high moi (Frenkel et al., 1975).

Defective viral genomes, consisting of tandemly
repeated copies of small segments of viral DNA were
classified into two groups, class I and class II,
according to the origin of these sequences (Frenkel et
al., 1976; 1980; Schroder et al., 1975; 1976; Graham et
al., 1978; Locker and Frenkel, 1979).

Class I defective genomes were found to contain
segments from the S region (Frenkel et al., 1975; 1976;
Locker and Frenkel, 1979; Kaerner et al., 1979; 1981)
while class II contained segments from near the centre of
U, (Schroder et al., 1975; Kaerner et al., 1979; Frenkel
et al., 1980; Locker et al., 1982; Spaete and Frenkel,
1982) . These observations thus indicated the existence of
separate replication origins within the L and S segments
(Vliazny and Frenkel, 1981). The two origins were
subsequently referred to as orig and oriy.

(a) Analysis of Orig
Fragments of DNA from the S region of the wt HSV-1
genome were cloned into plasmids and analysed in

transfection assays either in the absence or presence of
superinfecting wt helper virus (Stow, 1982). Fragments
containing functional viral replication origins were
identified by their ability to enable amplification of
the linked plasmid vector sequence when helper functions
were provided by the superinfecting virus. An origin was
identified within a 995 bp fragment which mapped entirely
within the repeat unit Rg. Deletion analysis of this
orig-containing fragment defined a 90 bp region
containing all the necessary cis-acting signals required
for the initiation of HSV-1 DNA synthesis (Stow, 1982;
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Stow and McMonagle, 1983). Because of its location within
the viral Rg region, the HSV-1 genome contains two
identical copies of orig.

Orig lies between the 5’ ends of two divergently
transcribed IE genes (IE-3 in Rg and US1 or US12 at
either side of Ug). Although this region has been
proposed to contain a transcribed ORF, the status and
possible role in DNA replication of this transcript
remains unclear (Hubenthal-Voss et al., 1987; Hubenthal-
Voss and Roizman, 1988).

The 90 bp core orig sequence contains an almost
perfect 45 bp palindrome with an 18 bp tract containing
only A and T residues at its centre (Stow and McMonagle,
1983), (Figure 4.). Deletion mapping of the highly
homologous HSV-2 orig (Lockshon and Galloway, 1986)
defined a 75 bp minimal origin also containing a
palindrome. The importance of this palindromic sequence
in both HSV-1 and HSV-2 was demonstrated when disruption
of the region with insertions and deletions resulted in a
loss of origin activity (Stow, 1985; Lockshon and
Galloway, 1988). Although a conflicting report by Deb and
Doelberg, (1988), suggested that the entire right arm of
the palindrome was dispensable for origin function,
subsequent studies investigating the role of protein
binding sites within the origin provided no support for
this assertion (Weir and Stow, 1990).

Plasmid amplification studies with orig-containing
fragments have shown that regions flanking the palindrome
enhance DNA replication (Stow, 1982; Stow and McMonagle,
1983; Lockshon and Galloway, 1988; Wong and Schaffer,
1991). Indeed in one study deletion of the flanking
sequences containing IE gene transcriptional regulatory
elements resulted in an 80 fold reduction in DNA
replication (Wong and Schaffer, 1991). As a result, it
has been proposed that the HSV-1 orig region, like other
eukaryotic origins, may consist of two functional
components; a core region and an auxiliary component
containing enhancer or promoter sequences (DePamphilis,
1988) . Binding of transcription factors to the auxiliary
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Figure 4. Comparison of Orij, and Orig Sequences

The positions of the HSV-1l origins of replication
(orij, and orig) within the viral genome are shown
schematically in the upper part of the figure. Below,
the sequences of oriyp, and orig have been daligned and
the solid bars represent conserved bases. Above the orig,
sequence the limits of the 144 bp palindrome are
indicated by the dashed arrows. The dotted lines below
the orig sequence show the limits of the minimal orig as
defined by Stow and McMonagle, (1983) and the closed
circles indicate the limits of the orig palindrome.
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sequences may directly enhance DNA synthesis (Wong and
Schaffer, 1991) or, as observed at the E.coli origin,
transcription initiated near orig may facilitate
duplex melting (Kornberg, 1988).

The orig of VZV shares some homology with HSV-1 orig.
It too contains a palindrome of similar length although
the central AT-rich tract is longer. To the left of the
VZV palindrome lies an 11 bp sequence which is identical
to a segment on the left arm of the HSV-1 palindrome. The
observation that HSV-1 trans-acting functions can amplify
plasmids containing the VZV origin suggested that the 11
bp conserved region may be part of a sequence involved in
origin recognition (Stow and Davison, 1986), (See also
Section 1.3.2d.

(b) Analysis of Oriy,
Analysis of sequences comprising the HSV-1 oriy,

region has proved to be difficult mainly because of the
tendency of this region to suffer deletions when cloned
into bacterial hosts (Spaete and Frenkel, 1982; Gray and
Kaerner, 1984; Weller et al., 1985). The region was first
sequenced from virion DNA (Gray and Kaerner, 1984; Quinn
and McGeoch, 1985). Weller et al, (1985), subsequently
cloned a 425 bp fragment containing the deletion prone
sequences into a yeast vector and showed that it
exhibited origin function in a plasmid amplification
assay when HSV-1 helper functions were supplied in trans.
DNA sequence analysis of the orij, region revealed the
presence of a 144 bp perfect palindrome with striking
homology (85%) to the region covering the orig palindrome
and extending approximately 40 bp to one side (Quinn and
McGeoch, 1985; Weller et al., 1985), (Figure 4.). The
presence of a long perfect palindromic sequence probably
accounts for the instability of orij in bacterial
plasmids (Collins, 1980). The essential role of the
palindromic sequence in origin function was again
demonstrated when deletions from the centre resulted in
loss of activity (Weller et al., 1985). In the sequence
of Gray and Kaerner, (1984), two tandem copies of the
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It should be noted that in EHV-1, the orij is not located in a
equivalent position to its HSV-1 counterpart and also that Vzv -
lacks an orij, altogether.




long palindrome were present within the orip, region.

The orij, sequence lies within an untranscribed region
of the HSV-1 genome between two divergently transcribed
genes, UL29 and UL30. Interestingly, these genes encode
the major DNA binding protein and the DNA polymerase
respectively, both of which are essential for HSV-1 DNA
replication.

Orij, of HSV-2 has also been cloned and sequenced. A
136 bp almost perfect palindrome is present in this
region which exhibits 88% identity to HSV-1 oriy,
(Lockshon and Galloway, 1986).

The significance of three origins of replication
within the HSV-1 genome is unclear. Deletion mutants
containing only a single copy of orig have been isolated
and are unimpaired in their growth in tissue culture
(Longnecker and Roizman, 1986). The isolation of a viable
deletion mutant lacking 150 bp of orij demonstrates that
this origin is dispensable for viral replication
(Polvino-Bodnar et al., 1987). Indeed VZV does not posses
an equivalent of orij, only two copies of orig (Davison
and Scott, 1986; Stow and Davison, 1986). Finally,
viruses lacking orij, but containing two partially
defective copies of orig have been constructed which
exhibit a significant growth defect (Challberg, 1991). An
analogous mutant virus containing the wt orip however
showed no defect. Orig and orij therefore appear to be
functionally equivalent, and wt growth seems to require

only two (or perhaps even one) functional origin.

1.3.2 Trans—acting Functions Essential for HSV-1 DNA

Synthesis
An important initial approach to the identification

of genes encoding trans-acting functions required for
HSV-1 DNA synthesis was the isolation and
characterisation of mutants exhibiting defects in DNA
synthesis (Schaffer et al., 1987). Analysis of ts and
null mutants defective in DNA synthesis lead to the
identification of seven distinct genes which encode
products essential for HSV-1 DNA replication.
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A separate approach, using a transient
complementation assay involved testing the ability of
cloned HSV-1 genomic fragments to amplify a co-
transfected HSV-1 origin-containing plasmid (Challberg,
1986; Wu et al., 1988). Initially a set of five plasmids
covering most of the HSV-1 genome was shown to support
replication of an origin-containing plasmid. Subsequently
a combination of sub-cloning, deletion analysis and
restriction enzyme digestion of these fragments, in
conjunction with HSV-1 sequence data (McGeoch et al.,
1988) led to the identification of seven HSV~1l genes,
UL5, UL8, UL9, UL29, UL30, UL42 and UL52, which were both
necessary and sufficient for origin dependent plasmid
amplification (Wu et al., 1988). The locations of the
seven genes within the HSV-1 genome are shown in Figure
5. The IE genes 1IE-1, IE-2 and IE-3 were also identified
as being important for DNA replication in this assay.
Although none of the IE genes was absolutely essential,
various combinations were necessary for plasmid
amplification. This presumably reflects their role in
turning on the other seven genes which belong to the E
class. (Wu et al., 1988; Heilbronn and Zur Hausen, 1989).

Detailed mapping of the lesions within the DNA
negative ts mutants described above demonstrated that the
mutations lay within the same seven genes identified in
the transient transfection assay (Dixon and Schaffer,
1980; Purifoy and Powell, 1981, Littler et al., 1983;
Coen et al., 1984; Weller et al., 1987; Zhu and Weller,
1988; Marchetti et al., 1988). ‘

The identical results obtained from the two
approaches suggest that all the HSV-1 genes essential for
viral DNA synthesis have been identified. Indeed the
extent of plasmid amplification demonstrated in
transfection assays using individual genes was only
slightly lower than that observed when fragments
representing most of the viral genome were used
(Challberg, 1986). It remains possible that other
functions which are not considered to play a significant
role in DNA replication in tissue culture may actually
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Figure 5. Location of DNA Replication Functions on the

Herpes Simplex Virus Genome

The HSV-1 genome is shown schematically with the
unique regions drawn as thin lines and the inverted
repeats flanking the long and short unique regions as
closed and open boxes respectively. The positions and
orientation of the ORFs encoding the seven proteins
essential for viral DNA replication are shown by arrows
and the predicted molecular size (in kilodaltons) of
each protein indicated below. The origins of replication
orig and orij are also indicated, (adapted from Olivo
and Challberg, 1989, Functional analysis of the herpes
simplex virus gene products involved in DNA replication.
In: Herpesvirus transcription and its regulation, Ed.
E.K.Wagner.) .



p1l 1S 9¢1 OF! v6 08 66
1N win (od dgp 6110 871N SN
« @« “-n »e »
C———— } } } | —
m_wo Sulo Tuo
| l | [ | |
01 80 9'0 0 0 0

(1epy) 9zt YO



play an essential role in vivo (Field and Wildy, 1978;
Cameron et al., 1988; Goldstein and Weller, 1988a;b).

(a) DNA Polymerase Holoenzyme (encoded by genes UL30 and
UL42)
A novel DNA polymerase activity biochemically

distinct from the host DNA polymerase was first
identified in HSV-1 infected cell extracts by Keir and
Gold, (1963). Genetic analysis of ts and drug resistant
mutants demonstrated that this polymerase activity was
virally encoded and essential for viral DNA synthesis
(Hay and Subak-Sharpe, 1976; Purifoy et al., 1977; Honess
and Watson, 1977; Knipe et al., 1979; Dixon and Schaffer,
1980; Purifoy and Powell, 1981; Coen et al., 1982; 1984).

The DNA polymerase activity was mapped to the UL30
gene using marker rescue analysis (Chartrand et al.,
1980; Coen et al.,1984) and the ORF predicted to encode a
polypeptide of approximately 136 kDa (Gibbs et al., 1985;
Quinn and McGeoch et al., 1985). purification
of the polymerase demonstrated the presence of a
polypeptide of 140 kDa (Powell and Purifoy, 1977; Knopf,
1979; O’Donnell et al., 1987a).

The production of viral DNA polymerase activity from
the UL30 gene using in vitro transcription and
translation, (Dorsky and Crumpacker, 1988), yeast
expression systems (Haffey et al., 1988) and recombinant
baculovirus expression (Marcy et al., 1990) indicated
that the UL30 protein is sufficient for catalysis.

Biochemical studies of the viral polymerase
demonstrated that the UL30 protein is associated with
several distinct functions. In addition to the DNA
polymerase activity, the protein also exhibits an
intrinsic proof-reading 3’-5’ exonuclease activity
(Knopf, 1979; Ostrander and Cheng, 1980, Marcy et al.,
1990), and a 5’-3’ exonuclease/RNaseH activity which
specifically degrades RNA/DNA hybrids or duplex DNA in
the 5’-3" direction (Crute and Lehman, 1989; Marcy et
al., 1990). This is likely to be analogous to the 5’'-3’
exonuclease function of E.coli DNA pol I required during
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DNA repair and removal of RNA primers (Kornberg, 1980).

Several mutants have been isolated which exhibit
resistance to a variety of anti-viral drugs and have
alterations mapping within the UL30 gene (Hay and Subak-
Sharpe, 1976; Crumpacker et al., 1980; Coen et al., 1982;
Honess et al., 1984). These drugs, e.g. acyclovir,
aphidicolin, phosphonoacetic acid and phosphonoformic
acid, exert their effects by mimicking and/or competing
with natural dNTPs or pyrophosphate. Mapping of the
mutations localidd them to four highly conserved regions
within the C-terminal half of the DNA polymerase protein
proposed to constitute a nucleotide binding site (Gibbs
et al., 1985; 1987; Larder et al., 1987; Tsurumi et al.,
1987; Wong et al., 1988).

Many DNA dependent DNA polymerases exist as a complex
with one or more non-covalently linked proteins, the
presence of which is required to increase the efficiency
or modify the activity of the enzyme. The HSV-2 DNA
polymerase co-purifies with a 50-60 kDa polypeptide
(Powell and Purifoy, 1977; Vaughan et al., 1985). An
equivalent protein has also been identified which co-
purifies with the HSV-1 DNA polymerase and has been shown
to be the product of gene UL42.

The UL42 gene encodes a 65 kDa phospho-protein which
was originally observed as a double-stranded DNA binding
activity in HSV-1 infected cells (Bayliss et al., 1975;
Marsden et al., Parris et al., 1988; Gallo et al., 1988).

Antisera generated against the UL42 gene product were
shown to precipitate not only the UL42 protein but also
the UL30 polypeptide from HSV-1 infected cells indicating
the presence of a complex between the two (Gallo et al.,
1988; Parris et al., 1988). The proposal that the DNA
polymerase holoenzyme exists as a heterodimer consisting
of subunits encoded by UL30 and UL42 has been
substantiated by results obtained from sedimentation and
filtration analysis of highly purified preparations of
the enzyme (Gottlieb et al., 1990).

Although the UL42 protein is not required for the
catalytic activity of the DNA polymerase, it does appear
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to have a 4 - 10 fold specific stimulatory effect on
polymerase activity. This effect can be blocked by the
addition of a 65 kDa DNA binding protein (DBP) monoclonal
antibody suggesting a specific role for the protein as an
accessory subunit of the DNA polymerase (Gallo et al.,
1989). The UL42 gene product has been proposed to
accomplish the stimulatory effect by enhancing the DNA
polymerase’s affinity for primer termini thereby
increasing its processivity (Gottlieb et al., 1990;
Hernandez and Lehman, 1990). Indeed a comparison of the
catalytic properties of baculovirus-expressed UL30/UL42
protein complex with that of the individual subunits
demonstrated that the inclusion of the UL42 protein
results in processive polymerisation and the generation
of full length products on a singly primed M13 ss-DNA
template. In constrast, UL30 alone synthesises only short
products using this template.

The region of the UL30 gene product which interacts
with the UL42 protein has been mapped using in vitro
transcription/translation and immuno-precipitation
experiments to the C-terminal 208 amino acids. This
region is distinct from those involved in substrate
binding (Digard and Coen, 1990).

It is not known whether the uncomplexed UL42 protein
has a specific role in viral DNA synthesis, and the
significance of its ds-DNA binding activity during
replication is still unclear. Like other DNA polymerase
accessory proteins the UL42 gene product may function as
a tight "clamp” to hold the UL30 enzyme and its DNA
template together thereby reducing the possibility of
dissociation (Mace and Alberts, 1984; Huber et al.,
1987a;b) .

(b) Major ss DNA-Binding Protein (encoded by gene UL29)
The major single-stranded DNA-binding protein (mDBP)

was first recognised as an abundant major viral-induced
protein of 130 kDa in HSV-1 infected cells (Honess and
Roizman, 1973; Powell and Courtney, 1975). Analysis of ts
mutants later determined that this protein was the
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product of the UL29 gene and that it was essential for
viral DNA replication (Conley et al., 1981; Weller et
al., 1983; Dixon et al., 1983; Godowski and Knipe, 1983;
1985; 1986; Leinbach et al., 1984, Holland et al., 1984).

mDBP binds preferentially and cooperatively to ss-DNA
templates with no detectable sequence specificity
(Bayliss et al., Powell and Purifoy, 1976; Knipe et al.,
1982; Ruyechan, 1983; Ruyechan and Weir, 1984). This
observation suggested that the function of mDBP could be
analogous to that of the E.coli ss-DNA binding protein
(SSB) which binds to and stabilises regions of ss-DNA at
the replication fork (Powell et al., 1981; Ruyechan,
1983; Ruyechan and Weir, 1984; Lee and Knipe, 1983).
Powell et al, (1981) also reported that mDBP can reduce
the melting temperature of parental duplex DNA in vitro
thus suggesting a role in facilitating strand separation.

Analysis of UL29 ts mutants was carried out in an
attempt to map the functional domains of the mDBP.
Several mutants were found to specify products which were
either defective in ss-DNA binding activity or defective
in their localisation to the cell nucleus (Lee and Knipe,
1983; Leinbach, 1984; Quinlan et al., 1984; Gao et al.,
1988; Gao and Knipe, 1989). Two regions of UL29 have been
implicated in binding to ss DNA (Knipe, 1989; Leinbach
and Heath, 1988; Gao et al., 1988; Wang and Hall, 1990).
Both regions are conserved in the V2V and EBV mDBP
homologues (Wang and Heath, 1990). The smaller region
contains a predicted zinc-binding motif which is common
to many DNA binding proteins (Berg, 1986). It has been
suggested that this motif may participate in intra or
intermolecular interactions which contribute to
cooperative DNA-binding and/or to the stabilisation of
the larger "core" DNA- binding region which is located
near the C-terminus (Gao et al., 1988; Leinbach and
Heath, 1988; Gao and Knipe, 1989; Wang and Hall, 1990).
The presence of zinc however does not appear to be
necessary for the mDBP’s binding activity (Leinbach and
Heath, 1988).

Attempts to map the nuclear localisation signals have
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suggested that several regions of the protein may
contribute (Gao and Knipe, 1989; Knipe, 1989). These
signals appear to be distinct from those required for DNA
binding as several ts mutants were isolated which either
entered the nucleus but failed to bind ss-DNA, or
retained their binding activity but failed to localise to
the nucleus (Gao et al., 1988; Gao and Knipe, 1989;
Knipe, 1989).

The identification of mutants which expressed mDBP
which could bind DNA in vitro and localise to the nucleus
in vivo yet failed to replicate DNA suggested that mDBP
exhibits additional functions required for DNA synthesis
(Gao et al., 1988; Gao and Knipe, 1989). These may
include essential interactions with other viral or
cellular factors involved in DNA replication or be
connected with DNA duplex melting.

Other mDBP ts mutants tested had altered
sensitivities to DNA polymerase inhibitors (Chiou et al.,
1985) suggesting that mDBP may interact with the viral
DNA polymerase and modulate its catalytic activity
(Godowski and Knipe, 1985; 1986). Using activated DNA
templates, Ruyechan and Weir, (1984), demonstrated that
mDBP exhibited a small stimulatory effect on the activity
of the viral UL30/UL42 DNA polymerse complex. A
conflicting report from 0’Donnell et al, (1987), however
suggested that mDBP had the opposite effect and inhibited
polymerase activity. More recent studies, in which the
mDBP was shown to have a modest stimulatory effect on the
action of the HSV-1 UL30 catalytic subunit (Gottlieb et
al., 1990) and additionally on the polymerase holoenzyme
(Hernandez and Lehman, 1990) appear to substantiate the
former claim.

The use of monoclonal antibodies against mDBP has
shown that the intranuclear distribution of mDBP
throughout the wviral replicative cycle is regulated in
part, by the infected cell physiology and the state of
viral DNA replication (Showalter et al., 1981; Knipe and
Spang, 1982; Quinlan and Knipe, 1983; Quinlan et al.,
1984; de Bruyn-Kops and Knipe, 1988).
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In cells, in which viral DNA replication is blocked
by the use of chemicals or ts mutants with lesions in the
UL30 gene, mDBP localises to nuclear framework-associated
structures called pre-replicative sites (Quinlan and
Knipe, 1983; Quinlan et al,. 1984; deBruyn-Kops and
Knipe, 1988). During viral DNA replication, however, mDBP
is associated with replicating viral DNA and accumulates
in structures referred to as replication compartments
(Lee and Knipe, 1983; deBruyn-Kops and Knipe, 1988).
Mutant viruses expressing altered mDBP failed to assemble
the pre-replicative sites, suggesting that mDBP is
involved in the organisation of these sites. Several
cellular proteins are also re-localised to pre-
replicative sites and replicative compartments in HSV-1
infected cells (deBruyn-Kops and Knipe, 1988; Bush et
al., 1991; Wilcock and Lane, 1991).

Analysis of a mDBP mutant which significantly
inhibited the replication of wt HSV-1 suggested that the
protein may also play a role in the stimulation of late
gene expression (Gac and Knipe, 1991).

(c) Helicase-Primase Complex (encoded by genes UL5, UL8 and
UL52)
Crute et al., (1988), first described the induction
of a novel DNA-dependent ATPase and helicase activity in

HSV-1 infected cells. DNA-dependent ATPase activity is a
known property of DNA helicases which function by
coupling the unwinding of duplex DNA with the hydrolysis
of ATP. The DNA helicase activity, which was purified to
near homogeneity, contained three major polypeptides with
molecular weights of 120 kDa, 97 kDa and 70 kDa. In
addition to an ATPase and helicase activity, DNA-
dependent GTPase and DNA primase activities were also
found to co-purify with the three proteins (Crute et al.,
1989) .

The components of the HSV-1 helicase-primase complex
were identified using specific antisera in Western blot
assays as the products of the HSV-1 UL5, UL8 and UL52
genes (Crute et al., 1989). These proteins had already
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been shown by Wu et al., (1988) to be essential for
origin dependent DNA replication.

Attempts to reconstitute the enzyme activity in vitro
from the individual components have not yet proved
successful. However by triply infecting insect cells with
three viruses expressing the UL5, UL8 and UL52 proteins,
a functional HSV-1 helicase-primase
complex was produced in vivo (Dodson et al., 1989; Calder
and Stow., 1990). This complex exhibited identical enzymatic
activities to the complex found in HSV-1 infected cells
(Dodson et al., 1989).

Very little information is available regarding the
functions of the individual subunits of the helicase-
primase complex. Biochemical experiments have failed to
detect any enzymatic activities in the individual ULS5,
UL8 or UL52 proteins (Calder and Stow., 1990; Dodson and
Lehman., 1991).

The existence of a consensus ATP binding site within
the UL5 gene suggests that this gene product may be
involved in the ATPase and DNA helicase activities
(McGeoch et al., 1988; Zhu and Weller, 1988). The ATP
binding site represents two of the six sequence motifs
present in the ULS5 protein which are common to the
members of a large superfamily of proteins which includes
many DNA and RNA helicases (Gorbalenya et al., 1989).
Results from mutational analysis of the most highly
conserved regions of these helicase motifs demonstrated
that all six are essential for UL5 function in a
transient DNA replication assay (Zhu and Weller, 1992a).
The ability of several UL5 mutants to form complexes with
the other components of the helicase-primase complex
suggested that the domains responsible for these
protein/protein interactions are distinct from those
required for helicase activity (Zhu and Weller, 1992a).

Although UL5 alone does not exhibit any enzyme
activities, co-expression of the ULS5 and UL52 gene
products resulted in the formation of a complex which
exhibited enzymatic properties virtually indistinguisable
from the three subunit complex (Calder and Stow, 1990;
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Dodson and Lehman, 1991). Since the UL8 protein appeared
to be dispensable for the four known enzyme activities,
its function was somewhat unclear. However recent
intracellular localisation studies suggested that the ULS8
protein may play a role in facilitating efficient nuclear
uptake of the helicase-primase complex (Calder et al.,
1992). In addition Sherman et al, (1992) recently
demonstrated that although the UL5/UL52 complex can
synthesise primers of the same size and at the same rate
as the three subunit complex, the UL8 subunit is required
for their efficient utilisation by DNA polymerase. Using
a coupled polymerase/primase assay, M13 ss-DNA was
converted to nicked or gapped ds-circles by either HSV-1
DNA polymerase holoenzyme or by E.coli polymerse I when
the reaction was primed by the UL5/UL8/UL52 complex.
Little or no elongation of primers was observed with
either polymerase in the absence of the UL8 protein. DNA
synthesis was restored by the addition of partially
purified UL8 protein. On the basis of these observations,
the UL8 protein has been proposed to function by
increasing the efficiency of primer utilisation by
stabilising the association between the primers and the
template DNA (Sherman et al., 1992). This role for the
UL8 protein may previously have been overlooked because
poly dT was used as a template, and any primers
dissociating from the template would have been able to
re-anneal rapidly.

(d) Origin Binding Protein (encoded by gene UL9)

Using filter binding assays, Elias et al (1986),
first detected a protein, in extracts from HSV-1 infected
cells, which bound specifically to the HSV-1 origins of
replication. This protein, found only in infected
extracts, accumulated during viral infection at the same
time as the viral-induced DNA polymerase and UL42 gene
product suggesting that it may play an important part in
the initiation of origin dependent DNA synthesis (Elias
et al., 1986).

Identification of the gene encoding the origin
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binding activity was achieved by expressing the genes
required for viral DNA synthesis in insect cells using a
baculovirus expression vector (0Olivo et al., 1988) and
also in BHK cells using a tsK vector (Weir et al., 1989)
and testing the products for origin binding activity.
Both approaches identified the UL9 gene as encoding the
origin binding protein (OBP).

Experiments using rabbit antisera raised against
synthetic decapeptides corresponding to the C-terminal
segences of four replication proteins (UL5, UL8, ULY and
UL52), confirmed this identification. Protein/DNA
complexes formed between a labelled probe fragment
containing the HSV-1 orig sequence and extracts from HSV-
1 infected cells were immunoprecipitated only with the
anti-UL9 antiserum (Olivo et al., 1988). Similarly the
mobility of these complexes in a gel retardation assay
was specifically reduced in the presence of UL9-specific
antibody (Weir et al., 1989).

The size of the UL9 protein, predicted from DNA
sequence analysis, is 94,246 (McGeoch et al., 1988b) and
its apparent Mr based on SDS-PAGE gel mobility is 82 - 89
kDa (Elias and Lehman, 1988; Olivo et al., 1988; Calder,
Ph.D thesis 1991). No modifications of the UL9 protein
have been reported and experiments using C-terminal
specific antisera suggest that the protein has an intact
C-terminus (Olivo et al., 1989).

DNase 1 footprinting analysis, using purified UL9
protein, demonstrated that the protein specifically
protects two sites within the HSV-1 orig region. Site I
contains a 18 bp sequence which overlaps with the left
end of the orig palindrome (Figure 6). Site II is
identical in 15 out of the corresponding 18 bases to site
I and is located on the right arm of the palindrome.

Within the 18 bp region of site I, lies an 11 bp
sequence (5/-CGTTCGCACTT-3’) which is conserved within
orig of HSV-2 and VZV, and orij of HSV-1 and HSV-2
(Weller et al., 1985; Stow and Davison., 1986; Lockshon
and Galloway., 1986; 1988). Two further, almost
identical, copies of this sequence are present in HSV-1
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Figure 6. Origin Binding Sites Within Orig

The 75 bp sequence of the HSV-1 minimal origin, as
defined by Lockshon and Galloway, (1988), is shown
opposite and the 45 bp near perfect palindrome indicated
by the narrow arrows. The bracketed regions, labelled
site I and site II, refer to sequences protected from
DNase I digestion as reported by Elias and Lehman,
(1988) . The 11 bp conserved sequence present within site
I, site II and motif III has been underlined and the

orientation of each indicated by the arrows below.
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orig, in inverted orientation to site I. One copy lies
within binding site II and the other in a region outside
the palindrome adjacent to site I (motif III).
Methylation interference analysis, site directed
mutagenesis and comparisons with other binding sites have
indicated that an 8 bp sequence (5’-GTTCGCAC-3’) within
the 11 bp conserved region may represent the actual UL9
recognition sequence (Koff and Tegtmeyer., 1988; Deb and
Deb., 1989). It has been proposed that the 8bp sequence
corresponds to two, pentameric inverted repeats sharing a
two base overlap (5/-GT(T/G)CG-3’), and that each
pentamer may function as a UL9 protein recognition site.
No direct evidence supporting this proposal exists,
however it appears to be consistent with the observation
that UL9 forms a stable dimer in solution (reviewed by
Challberg and Kelly., 1989; Fierer and Challberg., 1992).

Binding studies using synthetic ds-
oligonucleotides have demonstrated that UL9’s affinity
for an isolated site I is approximately 10x greater than
for site II (Elias and Lehman., 1988). No binding to an
isolated motif III (which differs from site I only at a
single residue contacted by the UL9 protein) was
observed.

The affinity of UL9 for site I within the origin was
observed to decrease when binding site II was deleted
suggesting that there may be cooperative interaction
between proteins bound to the two sites. Further evidence
for this came from studies which showed that the
introduction of two point mutations within an isolated
site I resulted in a 100 fold decrease in UL9 affinity
whereas the same mutations introduced into a fragment
containing the complete orig sequence produced only a two
fold reduction in affinity for site I (Elias et al.,
1990).

Mutational analyses of orig have also demonstrated a
direct relationship between the ability of the UL9
protein to bind to site I and orig function (Deb and
Deb., 1989; Weir and Stow., 1990). Binding of UL9 was
abolished when the sequence within site I was changed
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from GTTCGCAC to GTTCTCAC (Weir and Stow,. 1990). Koff
and Tegtmeyer (1988) had previously reported that
positions 4 and 5 within this recognition sequence form
important contacts with OBP.

Deletion of site II resulted in a decrease in origin
activity to about 5 - 10% of the wt level suggesting that
two functional binding sites are required for efficient
initiation of viral DNA replication (Lockshon and
Galloway., 1988; Weir and Stow., 1990). A conflicting
report by Deb and Doelberg (1988) which suggested that
site II is not required for efficient origin activity is
now considered to be erroneous. Deletion of motif III
resulted in a 2 fold decrease in orig activity (Weir and
Stow, 1990).

A series of mutant origins with varying numbers of AT
dinucleotides inserted into the central AT-rich region of
the orig, resulted in a cyclic change in origin
efficiency (Lockshon and Galloway, 1988). Maximum orig
activity was observed when integral numbers of helical
turns of DNA were inserted, suggesting that UL9 molecules
bound to sites I and II may have to be present on the
same side of the DNA helix for efficient origin function.
Thus, in addition to sequence specificity, the relative
orientation of the binding sites may be important for
efficient origin function.

Binding of UL9 to supercoiled origin-containing
plasmids alters the structure of the origin without the
requirement for ATP. Nuclease and chemical footprinting
analyses have demonstrated that UL9 loops and distorts the
AT-rich region between binding sites I and II when free
energy is provided by positive supercoiling (Koff et al.,
1991).

Nucleoprotein complexes consisting of purified UL9
and origin-containing DNA have been visualised by
electron microscopy providing evidence for inter- and
intramolecular interactions. The results suggest that
following initial sequence-specific recognition multimers
of UL9 protein may assemble at the replication origin
(Rabkin and Hanlon, 1991).
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Expression of various regions of the UL9 protein as
fusion proteins in E.coli mapped the UL9 sequence-
specific DNA binding domain to the C-terminal 317 amino
acids of the protein (Weir et al., 1989). Subsequent
studies have further narrowed the DNA binding domain to a
269 amino acid stretch amino acids 564 to 832). This
region has been proposed to contain a pseudo-leucine
zipper and a helix-turn-helix motif both of which are
suggested to be involved in DNA binding (Deb and Deb,
1991).

Other functions are associated with the N-terminal
two thirds of the UL9 protein. A consensus leucine zipper
motif common to many DNA binding proteins and which is
believed to be the site of protein/protein interactions
involved in dimerisation is present at amino acids 150 -
173 (Landschulz et al., 1988). Studies of mutations which
alter the leucines within the motif suggest that it too
is essential for UL9 function (Martinez et al., 1992).
Whether the zipper has a role in protein dimerisation or
in the interaction with other components of the
replicative machinery is not yet known.

The N-terminal portion of the UL9 protein also
contains six sequence motifs found in all members of a
superfamily of DNA and RNA helicases (Gorbalenya et al.,
1988; 1989) distinct from the superfamily to which ULS5
belcngs (Zhu and Weller, 1992b). The importance of the
helicase motifs in UL9 function was investigated using an
in vivo complementation assay in which mutant UL9
proteins were tested for their ability to complement a
replication deficient null mutant in the UL9 gene and
allow amplification of a HSV-1 orig-containing plasmid.
The introduction of site-specific mutations into the
highly conserved regions of five of these motifs resulted
in the loss of UL9 replicative function (Martinez et al.,
1992) suggesting that UL9 helicase activity is likely to
be essential for viral DNA replication.

Using partially ds substrates, an intrinsic 3’-5’
helicase activity was identified in the UL9 protein
(Bruckner et al., 1991; Fierer and Challberg, 1992). This
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suggests that UL9 may function analogously to SV40 T-
antigen by specifically binding to the origin of.
replication and then using its intrinsic helicase
activity to achieve local unwinding of the DNA duplex.
This activity, however remains to be demonstrated (Fierer
and Challberg, 1992).

The role of the UL9 protein in the initiation of
viral DNA replication is thus still unclear. Nevertheless
by analogy with other eukaryotic and prokaryotic systems,
it seems likely that UL9 will be involved in the
separation of the parental strands at the origin and the
assembly of a multi-protein preinitiation complex leading
to subsequent initiation of DNA synthesis (Elias et al.,
1990) .

Other Enzyme Activities Likely to be Required for HSV DNA
Replication

In addition to the activation specified by the known
virus-coded replication proteins it is likely that HSV
DNA replication will require a topoisomerase activity to
relieve torsional strain ahead of the replication fork
and a DNA ligase activity to join Okazaki fragments
following the removal of RNA primers. Whether these
activities are provided by viral or host enzymes remains
unknown.

1.3.3 Trans—acting Functions Indirectly Involved in
HSV-1 DNA Synthesis

(a) Viral Enzymes Involved in Nucleotide Metabolism

Thymidine Kinase (encoded by gene UL23)

The HSV-1 encoded thymidine kinase (TK) was first
described by Kit and Dubbs, (1963) and functions by
phosphorylating thymidine, other pyrimidine

deoxyribonucleosides and a variety of nucleoside
analogues (Dubbs and Kit, 1964; Jamieson and Subak-
Sharpe, 1974; Chen and Prusoff, 1978).

Studies using tk~ mutants indicated that TK is non-
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essential for viral growth in dividing tissue culture cells
as TTP is provided by host pathways (Dubbs and Kit,

1964) . An impairment in growth was however observed in
serum-starved cells indicating that the viral enzyme
activity is essential in non-dividing cells (Jamieson et
al., 1974; Field and Wildy, 1978).

Using a mouse model, several tk- mutants were shown
to be unable to reactivate from a latent infection (Coen
et al., 1989; Efstathiou et al., 1989). The identifiction
of latency-associated transcripts in the ganglia from the
infected mice, suggested that the virus encoded TK is not
essential for the establishment of a latent infection in
mice, but appears to be involved in the reactivation
process (Coen et al., 1989; Tenser et al., 1989).

Ribonucleotide Reductase (encoded by genes UL39 and UL40)

Cohen, (1972) provided the first evidence
demonstrating that HSV induced a novel RR activity. RR
plays an important role in the formation of DNA
precursors as it catalyses the reduction of
ribonucleoside diphosphates to the corresponding
deoxyribonucleoside diphosphates (Cohen, 1972; Thelander
and Reicard, 1979).

Biochemical analysis indicated that the viral-encoded
RR consists of two non-identical subunits; a large 149
kDa subunit (RRj), and a smaller 38 kDa subunit (RR))
which are encoded by co-terminal transcripts from the
UL39 and UL40 genes (McLauchlan and Clements, 1983;
Bacchetti et al., 1984; Preston et al., 1984; Frame et
al., 1985).

A lesion within the UL39 gene in mutant tsl207 was
shown to impair viral growth at the NPT, which suggested
that RR was essential for virus replication (Preston et
al., 1984). Studies using two other UL39 mutants hrR3 and
ICP6 however, indicated that the HSV-1 RR activity is
dispensable for virus growth and DNA replication in
dividing cells in culture at 349C. RR does however appear
to be essential for viral growth in non-dividing, serum-
starved cells and also in cells at higher temperatures
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(Goldstein and Weller, 1988a;b). These results suggest
that host pathways involved in the synthesis of dNTPs may
be inactivated in non-dividing cells and at elevated
temperatures generating a requirement for the viral RR
under such conditions. Indeed, it has been shown that
cellular RR is not present in non-dividing and terminally
differentiated cells (Thelander and Reichard, 1979).

Deoxyuridine 5’ triphosphatase (encoded by gene UL50)

Deoxyuridine 5’ triphosphatase (dUTPase) catalyses
the hydrolysis of dUTP to dUMP and pyrophosphate (PPi),
(Wohlrab and Francke, 1980; Caradonna and Cheng, 1981).

Studies on an HSV-1] mutant in which the dUTPase gene
had been inactivated demonstrated that the viral enzyme
is dispensable for viral growth in exponentially growing
and serum-starved cells (Fisher and Preston, 1986).

dUTPase may play a role in providing a supply of dUMP
for conversion into dTMP. However, because the enzyme is
able to reduce the intracellular concentration of dUTP it
has been suggested that its principal role is to prevent
incorporation of uridine into nascent DNA.

(b) Other Enzyme Activities Induced in HSV-1 Infected
Cells

Uracil-DNA Glycosylase (encoded by gene UL2)

Uracil-DNA glycosylase functions in a DNA repair
mechanism by removing uracil residues from DNA which
arise either from mis-incorporation of dQUTP or from the
deamination of cytosine residues in the DNA.

An HSV-1 encoded uracil-DNA glycosyiase activity was
first reported by Caradonna and Cheng, (1981). Analysis
of an HSV-1 UL2 insertion mutant demonstrated that the
viral enzyme is dispensable for viral growth in tissue
culture (Mullaney et al., 1989).

Protein kinase
Blue and Stobbs, (1981) first reported a novel
protein kinase activity in HSV-1 infected cells. Based on
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It has been reported that autophosphorylation occurs in
the N-terminal region of the HSV RR1 subunit.




amino acid sequence similarity with known eukaryotic
kinases, the US3 protein was proposed to be a protein
kinase (McGeoch and Daviscon, 1986). Biochemical and
genetic studies have since confirmed this and
demonstrated that the protein is dispensable for viral
growth in tissue culture (Frame et al., 1987; Purves et
al., 1987).

Subsequent studies have shown that the US3 encoded
protein kinase phosphorylates a membrane protein encoded
by the UL34 gene (Purves et al., 1991; 1992). Whether
other substrates for the protein kinase exist remains to
be determined, but it is possible that proteins
indirectly or directly involved in DNA replication may be
regulated by phosphorylation.

A second HSV induced protein kinase activity has been
reported in infected cell nuclei. Recent work has shown
that this activity, identified as the product of the UL13
gene is capable of autophosphorylation (Cunningham et
al., 1992).

Alkaline Exonuclease (encoded by gene UL12)
Keir and Gold, (1963) first described an HSV-1
alkaline exonuclease activity in infected cells. This

enzyme was later identified as the product of the ULl2
gene (McGeoch et al., 1986; Draper et al., 1986) and
consists of a single polypeptide which exhibits both 5’-
3’ exonuclease and endonuclease activities (Morrison and
Keir, 1968; Hoffman and Cheng, 1979; Strobel-Fidler and
Francke, 1980).

Early studies using UL12 ts mutants reported
conflicting data concerning whether this enzyme is
essential for viral growth (Moss et al., 1979; Francke
and Garret, 1982; Moss, 1986). However, more recently,
Weller et al, (1990), using an exonuclease null mutant, h
ave provided definitive evidence that the exonuclease is
essential for viral growth but not for viral DNA
replication.

Interestingly, the enzyme appears to localise in
replication compartments within the nucleus (Randall and
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Dinwoodie, 1986) and has been shown to co-precipitate
with the viral DNA polymerase (Vaughan et al., 1985).

Possible roles for the HSV-1 exonuclease have been
proposed which include the cleavage of DNA concatemers,
the provision of dNTPs for DNA synthesis and an
involvement in recombination events (Weller et al.,
1990).

1.4 INITIATION OF DNA REPLICATION

Detailed studies of DNA replication in relatively
simple prokaryotic and eukaryotic organisms have proved
invaluable in the understanding of the underlying
mechanisms in other organisms. The development of origin-
dependent in vitro DNA replication systems for E.coli
(Fuller et al., 1981), bacteriophage lambda (Wold et al.,
1982) and Sv40 (Li and Kelly., 1984) provided evidence
for a common series of events involved in the initiation
of DNA replication: (i) the interaction of an origin
binding protein with a specific sequence within the
origin of replication results in the formation of an
initial complex; (ii) the melting of a small stretch of
DNA within the origin leads to an open complex
(replication bubble); (iii) daughter strand synthesis is
initiated and a helicase activity extends the replication
bubble.

As described in Section 1.3.2(d), the events
following the binding of UL9 to the HSV-1 origins that
lead to the initiation of viral DNA replication are not
fully understood. However, the discovery that UL9
exhibits functions similar to better-characterised DNA
initiator proteins such as the E.coli DnaA protein, the
lambda O protein and the SvV40 T antigen, suggests that it
may have a similar role to play in the initiation of
viral DNA synthesis.

1.4.1 1Initiation of E.coli DNA replication

E.coli DNA replication is initiated at a unique
site within the chromosome called oriC. The minimal
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region essential for replication, comprising all the
necessary cis-acting sequences, encompasses 245 bp (Oka
et al., 1980) and contains several sequence blocks which
are highly conserved among the oriC regions of
Enterobacteriaceae (Zyskind et al., 1983). Mutational

analyses of this region revealed the presence of two
types of sequence element which are essential for the
initiation of DNA synthesis (Figure 7). Four 9-mer tandem
repeats (dnaA boxes) are located towards one end of oriC
(Oka et al., 1984) and function as specific recognition
sites for the E.coli dnaA initiator protein (Fuller et
al., 1984; Kaguni and Kornberg., 1984). Three tandem
repeats of an AT-rich 13-mer (Left, Middle, Right) are
found at the opposite edge of oriC (Oka et al., 1980) and
have been proposed to contain the duplex opening sites
for initiation of DNA synthesis.

The dnaA protein is a monomer of 52 kDa which binds
ATP tightly and hydrolyses it very slowly (Sekimizu et al.,
1987). Both the ATP- and ADP-bound forms of dnaA bind
specifically to the consensus sequence 5’-TTAT (C/A)CA(C/A)A-
3’ found within the four dnaA boxes of oriC and also in the
control regions of several E.coli genes, including the dnaa
gene itself (Zyskind and Smith., 1986; Fuller et al., 1984).
DNase I footprinting studies identified a region
protected by dnaA encompassing about 200 bp of the
origin, including all but the three AT-rich 13mers
(Fuller et al., 1984).

The formation of an initial dnaA-oriC complex (Fuller
and Kornberg, 1983; Fuller et al., 1984), consisting of a
core of about 20-40 dnaA monomers wrapped in supercoiled
DNA (Fuller and Kornberg., 1983; Funnell et al., 1987;
Baker and Kornberg., 1988), causes partial unwinding of
the duplex to form an open complex (See Figure 8). This
process requires ATP hydrolysis, carried out by the dnaA
protein itself (Bramhill and Kornberg., 1988a,b), a
negatively supercoiled template (Baker and Kornberg.,
1988) and the presence of a histone-like DNA binding
protein, HU (Dixon and Kornberg, 1983; Ogawa et al.,
1985) which may stabilise a desirable bend in the DNA
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Figure 7. Replication Origins of E.coli, Bacteriophage

Lambda and Simian virus 40

A schematic representation depicting the minimal
E.coli origin, OriC, is shown in the top figure. It
contains three 13mer tandem repeats (L [Left], M
[Middle], R [Right]) indicated as solid arrows, within
an AT-rich segment. The shaded boxes adjacent to this
region represent four 9mer tandem repeat dnaA binding
sites (dnaA boxes).

The Bacteriophage Lambda origin (centre figure) is
schematically drawn and contains four nearly perfect
19mer repeats (shaded boxes) which bind the
bacteriophage lambda O protein. Adjacent to this region
lies a 49 bp AT-rich domain.

The SV40 origin (bottom figure) is schematically
drawn opposite. The core origin contains three
functionally distinct domains, the early palindrome,
central domain and AT-rich domain, as indicated. The T
antigen binding sites (GAGGC motifs) are represented by
the small solid arrows and are located within the
central domain and also within a region outside the core
origin adjacent to the early palindrome.
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Figure 8. Initiation of E.coli DNA Replication

A schematic illustration of the E.coli origin of
replication, OriC is shown in Figqure a. DnaA binding
sites (A) and the three AT-rich 13mer repeats (arrows)
are indicated. Gene transcription from a promoter
located close to the origin facilitates binding of dnaA
which initiates duplex melting at the AT-rich repeats.
In the presence of ATP and HU, dnaB molecules can bind
to the ss DNA loop (Figure b.). Primase generates
primers for the holopolymerase III thereby initiating
bidirectional replication (Figures c. and d.),
(reproduced from Adams, 1991, DNA replication, Ed.
D.Rickwood.) .
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(Skarstad et al., 1990). Regions of single-stranded DNA
which are sensitive to single-strand specific
endonuclease digestion have been detected at the three
AT-rich 13-mers (Kowalski and Eddy, 1989), but the
mechanism by which the dnaA protein/oriC complex forms
the open complex is still unclear. One proposal involves
a specific interaction between the dnaA protein and one
or more of the 13-mers. This interaction has not,
however, been detected by DNase I footprinting. The
reduced stability of dnaA-oriC complexes on templates
from which the 13-mers had been deleted (Yung and
Kornberg, 1989), the ability of a synthetic 13-mer
oligonucleotide to compete with dnaA binding to oriC, and
the presence of 13-mer sequences near dnaA boxes in other
origins (Bramhill and Kornberg, 1988) all suggest some
specificity in the reaction between the 13-mers and dnaA.
It has been suggested that only the right hand AT-rich
region is recognised by the dnaA protein. Melting is
initiated and unwinding of the DNA in the region of the
non-contacted 13-mers ensues as a result of their high AT
content conferring a reduced helical stability. This
hypothesis is consistent with mutational studies which
revealed that the right 13-mer is the only AT-rich
element required for dnaA/HU opening of oriC (Bramhill
and Kornberg., 1988), although all three were required
for the formation of the pre-priming complex. Further
evidence supporting this proposal is that the sequence of
the right 13-mer and the spacing between it and the
leftmost dnaA box is completely conserved in the origins
of the enteric bacteria whereas the left and middle 13-
mers tolerate base substitutions (Asada et al., 1982;
Kowalski and Eddy., 1989).

The binding of dnaA to oriC allows the assembly of a
multi-protein pre-priming complex in preparation for
initiation of DNA synthesis (Baker et al., 1986; 1987;
Funnell et al., 1987). Once an open complex is formed,
the dnaB helicase, with the help of dnaC binds to both
DNA strands in the single-stranded region. Although
absolutely essential for complex assembly, the dnaC
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protein inhibits the helicase activity of dnaB and must
therefore be removed before replication can proceed
(Kornberg and Baker, 1992). Electron microscopy has shown
that the pre-priming intermediate is larger and less
symmetrical than the initial complex and also encompasses
the region containing the three 13-mer repeats (Funnell
et al., 1987).

In addition to its role in opening the duplex
evidence exists which suggests that dnaA also plays a
direct role in the loading of dnaB onto the DNA. DnaB
binds very poorly to ss-DNA and is normally unable to do
so if single stranded DNA binding protein (SSB) is bound
(Wahle et al., (1989). DnaB with the aid of dnaC can only
utilise this DNA as a template when dnaA associates with
the DNA prior to SSB addition. DnaC is always required
for this process suggesting that protein-protein
interactions between dnaA and either dnaB or dnaC (or a
complex of both) may be essential for dnaB loading.

The helicase action of dnaB melts the DNA bi-

directionally forming a replication bubble and providing
the templates for initiation of DNA synthesis (Baker et
al., 1987; Bramhill and Kornberg, 1988a;b). An
interaction between dnaG primase and dnaB is thought to
produce a mobile primosome which generates primers for
both leading and lagging strand synthesis. The primosome
moves with 5’-3’ polarity in the direction of the
replication fork allowing multiple primings to take place
during discontinuous synthesis (Kornberg and Baker,
1992). Primers are extended by DNA polymerase III on both
the leading and lagging strands and replication proceeds
bi-directionally from the origin (Baker et al., 1986;
1987).

DNA gyrase and SSB are also required during fork
movement. Following initial strand separation and
extention of the replication bubble, the displaced DNA
strands are maintained in an extended conformation by SSB
providing a suitable template for DNA primase and DNA
polymerase activity (Kornberg, 1980; 1982; 1988).

Topoisomerase II (DNA gyrase) cuts and reseals the
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duplex to release the torsional strain of positive
supercoiling ahead of the advancing fork (Funnel et al.,
1987; Baker, 1986; 1987).

The identification of dnaA boxes within the promoter
of the dnaA gene as well as in other genes led to the
suggestion that in addition to its role in initiation of
DNA synthesis, dnaA may also play a part in regulating
the transcription of its own and other genes. Indeed
Schaefer and Messer, (1989) demonstrated that insertion
of a dnaA box site into the middle of the dnaA ORF
resulted in a transcriptional block of dnaA and
downstream gene expression (Schaefer and Messer, 1989).

1.4.2 1Initiation of Bacteriophage Lambda DNA replication

Following entry into E.coli, linear phage lambda DNA
circularises and bidirectional replication is initiated
from a single origin within the phage genome, oriA
(Schnos and Inman, 1970). Initiation of phage DNA
replication resembles initiation at E.coli. oriC, except
that the host proteins dnaA and dnaC are not required.
Instead two virally-coded proteins, O and P, interact
with ori A and with other host replicative proteins to
initiate DNA synthesis (Eisen et al., 1966; Ogawa and
Tomizawa, 1968; Friedman et al., 1984).

Mutational analysis defined a region within the viral
O gene which contained the essential sequences required
for origin function. Two major characteristic domains
were identified consisting of four nearly perfect
repeats of 19 bp, and an adjacent 49 bp AT-rich segment
(Schnos and Inman, 1970; Scherer, 1978). (See Figure 7).

The O protein may be regarded as the functional
analogue of E.coli dnaA as it too recognises and binds to
the origin. Nuclease and methylation protection analyses
demonstrated that the O protein binds to the four 19 bp
repeat elements (Tsurimoto and Matsubara, 1981; Zahn and
Blattner, 1985). The internal symmetry of each element
also suggests that the O protein may bind as a dimer
(Zylicz et al., 1984).

Electron microscopy experiments indicated that the
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formation of specialised nucleoprotein complexes at ori
is responsible for localising the initiation of DNA
synthesis (Dodson et al., 1985). Binding of O protein to
the origin results in the formation of an initial
nucleoprotein structure called the "O-some" whose
condensed appearance under the electron microscope
suggested that the DNA was bent or wrapped around the
protein (Dodson et al., 1985; 1986; Zahn and Blattner,
1985).

Once bound, the O protein initiates melting of the
flanking AT-rich region, (demonstrated by an increased
sensitivity to ss-specific nuclease digestion), forming
an open complex into which the rest of the replicative
machinery can enter (Schnos et al., 1988), (Figure 9).
Unlike the E.coli dnaA/oriC complex, the lambda ori /O
protein complex does not require the binding of ATP for
helix de-stabilisation at the AT-rich region (Schnos et
al., 1988). The mechanism by which the localised strand
separation occurs has been suggested to be dependent on
the tension arising from duplex supercoiling. How this
energy or that arising from bending the origin is
transferred into strand separation is still unclear
(Schnos et al., 1988; Dodson et al., 1989).

Studies using hybrid phage indicated that the O
protein origin binding domain lay within the N-terminus
of the protein while the C-terminus was responsible for
its interaction with the viral P protein (Furth et al.,
1978) . The P protein, an analogue of the E.coli dnaC
protein, binds host dnaB and interacts with the "O-some",
thus recruiting a helicase actvity to the origin for
duplex unwinding (Dodson et al., 1986). The binding of
the O protein to the origin acts as the catalyst for the
unwinding reaction as the dnaB helicase activity can only
function on pre-formed open complexes (LeBowitz and
McMacken, 1986).

Initiation of DNA synthesis depends on these
reactions and on the host dnad and dnaK proteins causing
transition of the open complex into a form competent for
localised activity of the dnaG primase and DNA polymerase
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Figure 9. 1Initiation of Bacteriophage Lambda DNA
Replication

A schematic drawing of the bacteriphage lambda origin
of replication is illustrated in Fiqure a. The binding
of O-protein (large circles) to the four 19mer repeat
motifs (black boxes) initiates unwinding of the duplex
at the AT-rich region within the origin. Duplex opening
allows binding of P-protein (dashed line)/dnaB (squares)
complexes which link the ss DNA region to the O-protein
(Figure b.) . Disassembly of the complex by dnaJ and dnaK
allows the dnaB helicase function to extend the ss
region (Figure c.). DnaG generates primers (zig-zag
lines) for the holopolymerase III thereby initiating
leading strand synthesis for bidirectional replication
(Figure d.), (reproduced from Adams, 1991).




Binding of @ protein to ori A
causes melting of
AT-rich region

P-protein andDnaB®
bind to single-stranded DNA

Dna J binds to P and both
are released by action of Dna K.
Primase makes primers which

are extended by
holopolymerase
c
Bidirectional replication
d
// AA eeogved- DO \

—\O.o\/\ha-.o..ooow‘* l/_




IIT holoenzyme (Wold et al., 1982; Tsurimoto and
Matsubara, 1982; LeBowitz and McMacken, 1984; LeBowitz et
al., 1985). Subsequent replication requires the same
proteins as E.coli oriC dependent DNA synthesis
suggesting that identical replication forks are assembled
(Mensa-Wilmot et al., 1989).

1.4.3 Initiation of SV40 DNA replication
The SV40 genome consists of a circular DNA duplex of

approximately 5000 bp which complexes with histones
forming nucleosomes which are indistinguishable from
those of host cellular chromatin. DNA replication is
initiated bi-directionally from a single origin, and,
since SV40 encodes only a single replication protein, (T
antigen), the virus relies almost entirely on the host
cell replication machinery (Tegtmeyer, 1972; Stillman,
1989).

Deletion and substitution analysis of SV40 origin
sequences revealed a 64 bp core origin containing all the
elements required for initiation of DNA replication in
vitro (Stillman et al., 1985; Deb et al., 1986a; Smale
and Tjian, 1986; Dean et al., 1987a). Further mutational
studies indicated that the core origin contained at least
three functionally distinct domains (Deb et al.,
1986a;b;c).

The central domain contains four pentanucleotide
motifs (5’'-G(A/G)GGC-3’) arranged on the two arms of a 27
bp palindrome. These sequence elements are recognised by
the viral initiation protein T antigen, and each one is
bound by a single monomer (Tjian, 1978; Delucia et al.,
1983; Mastrangelo et al., 1985). Flanking the central
domain lies an imperfect palindrome (early palindrome) of
unknown function and a 17 bp AT-rich tract. Additional T
antigen binding site sequences are also present to the
left of the early palindrome.

The SV40 origin therefore exhibits some striking
similarities to the origins of E.coli and bacteriophage
lambda. All three genomes contain multiple binding sites,
recognised by the relevant initiator proteins, with
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adjacent AT-rich tracts.

Binding of the 95 kDa T antigen to the four
pentameric repeats in the origin, in the presence of ATP,
leads to the assembly of an organised nucleoprotein
structure which is competent for replication initiation
(Mastrangelo et al., 1985). This multimeric structure
consists of a double T-antigen hexamer complex covering
the entire core origin plus 12 bp on either side (Deb and
Tegtmeyer, 1987; Borowiec and Hurwitz, 1988; Mastrangelo
et al., 1989).

The presence of ATP induces specific conformational
changes in the DNA at the early palindrome and AT-rich
segments (Borowiec and Hurwitz, 1988) and the result is
localised duplex melting within the former region (Figure
10.). This reaction does not require the hydrolysis of
ATP (Dean et al., 1987; Borowiec and Hurwitz, 1988;
Roberts, 1989).

In addition to catalysing localised melting of duplex
DNA, T-antigen, which exhibits an intrinsic helicase
activity, has been shown to continue bi-directional DNA
unwinding during the progression of the SV40 replication
fork (Hurwitz, 1990; Wessel et al., 1992). This procéss
requires the hydrolysis of ATP, and the presence of a
cellular SSB (RF-A) and topoisomerase I (Dodson et al.,
1987; Parsons et al., 1990). It has been suggested that
the dodecamer complex acts at the centre of the
replication fork and that the duplex DNA is threaded
through the intact complex which then extrudes single-
stranded DNA loops (Wessel et al., 1992).

The SV40 T-antigen does not bind tightly to ss DNA
and the whole initiating complex would fall apart if it
were not stabilised by the binding of other T-antigen
molecules to auxiliary sites out with the core origin
(Gutierrez et al., 1990). Changes in the phosphorylation
status of T-antigen have been suggested to play a role in
the binding and release of the protein (McVey et al.,
1989).

Following the opening of the origin region, priming
of both leading and lagging strand DNA synthesis 1is
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Figure 10. Initiation of SV40 DNA Replication

The SV40 origin of replication and flanking regions
are schematically outlined in Figure a. where the black
boxes indicate the positions of T antigen (Tag) binding
sites within the core origin (site II) and also within
auxilary regins (sites I and III). The AT-rich segment
within site II is also indicated by the arrow above. Tag
(circles) binds firmly to site II (less firmly to other
sites) and opens up the duplex at a region between sites
I and II (Figure b.). Functioning as a helicase<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>