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SUMMARY

The aim of the study presented in this thesis was to
characterise two herpes simplex virus type 1 (HSV-1) DNA
positive temperature sensitive (ts) mutants, ts1233 and
ts1201, and the genes in which their mutations lie.

Electron microscopic examination of thin section
preparations of tsl233-infected cells revealed that at the
non-permissive temperature (NPT) the nuclei contained large
numbers of partially-cored capsids. In contrast to wt
virus-infected cells, no dense capsids or empty capsids
were detected in the nuclei of tsl233-infected cells at the
NPT. This result suggests that the mutant has a block in
the assembly of full nucleocapsids. The effect of the
ts1233 mutation could not be reversed when mutant virus-
infected cells were shifted from the NPT to the permissive
temperature (PT) in the presence of a protein synthesis
inhibitor. Southern blot analysis of total and
encapsidated DNA confirmed that ts1233 failed to
encapsidate DNA at the NPT, and showed that the DNA
synthesized by ts1233 at the NPT was in an endless state.
This information suggested that most of the mutant DNA was
in the form of high moleculer weight (mw) concatemers at
the NPT. Previous work had 1located the ts mutation of
ts1233 within EcoRI o. Complementation experiments between
ts1233 and another HSV-1 mutant tsN20, which also had a
lesion in HSV EcoRI o, showed that tsl1233, belonged to a
different cistron from tsN20.

The polypeptide profile of tsl233-infected cells was
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similar to that of wt virus-infected cells. 1In contrast to
the mutant ¢s1201, ¢s1233 processed the structural protein
UL26 gene product normally and therefore, the gene in
which ts1233 maps is not required for the processing of
UL26 gene product.

Marker rescue experiments 1localised the 1lesion in
ts1233 within a 150bp fragment which contains the 5' ends
of two genes, UL32 and UL33 oriented 1in opposite
directions. UL32 encodes a 64,000 mw polypeptide and UL33
encodes a 14,000 mw polypeptide. The nucleotide sequence
of a 392 base pair (bp) fragment from ts1233 and two tst
revertants for growth, isolated during this study, was
determined. Sequence analysis revealed that ts1233 had a
single bp change at residue 69210 of HSV-1 DNA nucleotide
sequence within gene UL33. The alteration resulted in the
substitution of an isoleucine by an asparagine codon. The
nucleotide sequence of the revertants in this region was
identical to that of wt wvirus DNA. The nature of the
mutation in ts1233 is consistent with the use of UV-light
as a mutagen.

Two oligopeptides, one representing a portion of the
amino-terminus and the other representing a portion of the
carboxy~-terminus of UL33 amino acid sequence were
synthesised and coupled ejither to bovine serum albumin
(BSA) or to PB-galactosidase and injected into rabbits.
Antibodies against the peptides were detected by radio-
immunoassays. No virus specific bands were detected when
the antisera were reacted with virus infected cell extracts

on western blots, however, immunoprecipitation experiments




with virus-infected cell extracts and the antisera gave a
very weak specific reaction with a polypeptide of the
apparent mw predicted for UL33 gene product.

Attempts to express the UL33 gene product in bacterial
expression vectors were unsuccessful. The UL33 gene
product was also placed under immediate-early (IE) dgene
regulation. The IE promoter and upstrg@y regulatory
sequence of Vuwl75 were inserted in front of1;L33 gene and
the UL33 gene containing IE promoter recombined into TK
gene of tsK virus, which has a defect in Vuwl1l75. Although
novel bands were detected in cells infected with tsK

recombinant virus at the NPT, further work is required to

the
determine whether any of these bands arerL33 gene product.

Ts1201, 1like ts1233 fails to encapsidate DNA at the
NPT. Sequence analysis of the 673bp fragment in which the
ts1201 lesion mapped revealed that the mutation lies 89bp

wpstream from the amino terminus of UL26. A single bp
change was found at a position corresponding to residue
50897 of HSV-1 17syn* nucleotide sequence. This resulted
in the substitg;ioqbf tyrosine with phenyl alanine codon.
Both the tst revertants analys. ed retained the tsl1201
mutation and had second site reversions elsewhere within
UL26 gene.

Three oligopeptides, one representing 9 amino acids at
the amino terminus of UL26, one representing 12 amino acids
from the second potential AUG, and one representing 14
amino acids of the carboxy terminus were synthesised,

coupled to B-galactosidase and injected into rabbits. The
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antisera all contained oligopeptide antibodies that
recognised the peptides which they were raised
against. However, in western blot experiments only
antibodies against the carboxy terminus of UL26 gene
product reacted with a specific virus band in virus
infected cell extracts. In immunoprecipitation reactions,
only antisera raised against the oligopeptide specific for
the carboxy terminus of UL26 gene product gave a strong
reaction with a virus specific band with an apparant mw of
about 40,000. The ability of the oligopeptide to
competitively inhibit dimmunoprecipitation of this band
strongly suggested that antibodies raised against the
.carboxy terminus were specific to UL26 gene product. The
processing of UL26 gene product was further investigated in
ts1201 aﬁd wt virus-infected cells at the PT and the NPT
using the antibody raised against the carboxy terminus.
The oligopeptide antisera reacted only with the high mw
forms of UL26 gene products suggesting that the conversion
of the UL26 gene product to its lower mw forms was due to
processing, probably proteolytic cleavage at the carboxy

terminal end of the protein.
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INTRODUCTION

The project presented in this thesis concerns the
characterisation of two herpes simplex virus (HSV)
temperature sensitive (ts) mutants, ts1233 and ts1201, and
the genes in which the mutations 1lie. Ts1233 and tsl1201
both have structural defects and fail to package virus DNA
at the non permissive temperature (NPT). The aim of the
following chapter is to provide a review on the biology of
HSV, with particular emphasis on the assembly of the virion

and encapsidation of HSV DNA.

1.1 DEFINITION AND CLASSIFICATION OF HERPESVIRUSES

Members of the family herpesviridae have been
isolated from a wide variety of vertebrates and
invertebrates (Roizman, 1982). The virion is 150-200nm in
diameter and contains a double stranded (ds) 1linear DNA
genome which is enclosed within an icosahedral capsid. A
lipid envelope surrounds the capsid (Wildy et al., 1960;
Furlong et al., 1972). Viruses of this family replicate in
the nucleus, and acquire their envelopes by budding through
the nuclear membrane (Morgan et al., 1954; Wildy et
al,.1960; Darlington et al,. 1968).

The members of herpesviridae family have been
classified into three sub-families, according to their
biological and pathogenic properties which include host
range, duration of the 1lytic cycle, cytopathology, and

characteristics of the latent infection (Roizman et al.,



1981; 1982; Matthews, 1982).

1.1.1 Sub-family alphaherpesvirinae
Although members of this sub-family have a narrow
host range in nature some, for example HSV, can infect a
variety of experimental animals and tissue culture cells.
In vitro, the reproductive cycle is short, wusually less
than 24h, and results in destruction of susceptible cells.
Latency frequently occurs in the ganglia (Stevens and Cook,
1971; 1972). HSV type-1 (HSV-1) is the prototype virus of
this group. Primary virus infection can be inapparent, but
is sometimes manifested as acute gingivo-stomatitis.
Occasionally the virus causes ocular keratitis and, in very
rare cases, acute necrotising encephalitis. HSV-1 is
normally spread by direct contact or by droplets from an
infected person. HSV type 2 (HSV-2), another member of
this sub-family, which is closely related to HSV-1 causes
genital 1lesions 1in man and 1is venerally transmitted.
Exposure of neonates to this virus results in a
disseminated, frequently fatal infection. Although HSV-1
normally causes oral lesions and HSV-2 genital lesions, the
distinction is not absolute, since HSV-1 can cause dgenital
lesions, and likewise HSV-2 can infect other parts of the
body. Another human alphaherpesvirus 1is varicella =zoster
usually
virus (VzZV) which causes varicella or chicken poxﬂc1u
childhood and zoster or shingles after 1latent virus
reactivation in adults. Other members include pseudorabies
virus (PRV) which causes Aujeszky's disease in pigs and B

virus, a monkey virus which causes a fatal illness in



humans.

1.1.2 Sub-family betaherpesvirinae

Members of this sub-family are known as
cytomegaloviruses and are characterised by restricted host
range 1in vivo and 1in vitro. In tissue culture the
infection progresses slowly and infected cells become
enlarged. Cell types responsible for harbouring 1latent
viruses are unknown. The prototype virus is the human
cytomegalovirus (HCMV). Although most infections with HCMV
are asymptomatic, HCMV is a major cause of congenital
disease. The virus can also cause severe problems 1in
immunocompromised individuals, principally those undergoing
transplant surgery (Alford and Britt, 1985), and more

recently those with AIDS.

1.1.3 Sub-family gammaherpesvirinae

Members of this group are 1lymphoproliferative
viruses. They normally exhibit a narrow host range 1Iin
vivo. In vitro, viruses can infect lymphoblastoid cells,
which are usually non-permissive or semi-permissive for
virus replication. Viruses are denerally specific for
either T or B 1lymphocytes but some, for example herpes
virus sylvilagis can infect both types. Although viruses
usually have restricted growth in 1lymphoblastoid cells,
many viruses in this sub-family, will productively infect
fibroblasts. Epstein-Barr Virus (EBV). is the prototype of
this group and has been associated with Burkitt's lymphoma.

This virus is the causative agent of infectious



mononucleosis. Other members of this group include Gallid
herpesvirus 1 (MDV) which causes Marek's disease in
chickens, and herpesvirus saimiri (HVS) which infects
primates.

Classification into various families is somewhat
arbitrary and subjective, and as a consequence some
herpesviruses have been incorrectly assigned, for example
MDV: In general, however, the classification system has

proved to be reasonably satisfactory.

1.2 THE STRUCTURE OF HERPESVIRUS GENOME

The HSV-1 genome 1is a linear ds DNA molecule
(Becker, et al.,1968; Graham et al.,1972) with a molecular
weight (mw) of about 95-100X10® (Kieff, et al., 1971). It
has a high overall guanine and cytosine (G+C) content of
68.3%. Different regions of the genome, however, vary in
their G+C content, most notably the short repeat region
which has a very high G+C value of 79.5% (Davison and
Wilkie, 1981; Murchie and McGeoch, 1982; McGeoch et al.,
1986).

The HSV genome can be divided into two covalently
linked regions, designated L (long), and S (short),
representing 77% and 23% of the virus DNA respectively.
Each component consists of unique sequences (as shown in
fig 1A), flanked by inverted repeat sequences (Sheldrick
and Berthelot, 1974; Wadsworth et al., 1975). A direct
repeat known as the a sequence is present at the genomic
termini and also in an inverted orientation at the L-S

junction (Grafstrom et al., 1974; 1975; Wadsworth et al.,
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A)

B)

Figqure 1

HSV-1 genome arrangement.

The genome is divided into two regions. The 1long

region (L) consists of a long unique sequence (Up.)
flanked by a terminal sequence (TR.) which is repeated
internally in an inverted orkmggtion (IRt). The short
(S8) region consists ofashort unique sequence (Us )
flanked by a terminal sequence (TRs) whith is repeated
internally (IRs) in an inverted orientation. The
direct repeat at the genomic termini is known as the a
sequence. The remaining sequence within TR./IR. and

TRs /IRs are referred to as b/b' and c¢/c' respectively.

Genome isomerisation

P : prototype orientation
Is : inversion of the short region
I. : inversion of the long region

inversion of the short and long regions

IstL
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1976; Wagner and Summer, 1978; Davison and Wilkie, 1981:
Mocarski and Roizman, 1981). As a consequence of the
genome arrangement of HSV, the L and S components can
invert relative to each other (Fig. 1B). Thus, DNA
extracted from virioné or from cells infected with wt virus
consists of four equimolar populations differing with
respect to the orientation of L and S unique regions
(Sheldrick and Berthelot, 1974; Hayward et al., 1975:

Clements et al., 1976; Delius and Clements, 1976).

1.2.1 Gene organisation in HSV-1 genome
The complete sequence of HSV-1 strain 17 genome
contains 152,260 residues in each strand and specifies at
least 72 genes encoding 70 distinct proteins (McGeoch et
al., 1985; 1986; 1988a; 1988b). From the sequence analysis
of U it was concluded that 89% of the sequence,
representing 56 genes, encoded for proteins (fig. 2).
Thus, genes are compactly arranged within Ur.. Overlaps of
coding sequences in UL occur in two major clusters at genes
UL5 to UL14, and UL30 to UL33. In many cases the
transcriptional control elements overlap the polypeptide
coding regions of the adjacent gene. The 1largest non-
protein coding region of 754bp lies between genes UL29 and
UL 30 and contains orir. The overall G+C content of UL is
67% (McGeoch et al., 1988).
The Us region, which 1is 12,979 bp in 1length,
contains 12 genes compactly arranged (McGeoch et al., 1985;
Rixon and McGeoch, 1985). Although all the genes have

separate promoters, most of the genes share 3' termination




0-00 0-05 0-10 0-15 0-20 0-25
} . " 1, - - — Y T —1 - . 1 - il )
0 10 20 30 40
A_LIEne  uLiuL2uLs ULS UL? UL10 uLs TN,
—_—
o ' =~ ; : T r—
—— - -
ULs ULS UL8  UL9 UL12  ULI4  ULIT ULI8 ULI9
ULl ULI3  ULI6
0-30 0-35 0-40 0-45 0.50
7 - —t M T —L —— T S a A +— 1
40 50 60 70
UL34
uL UL24 UL25 UL26 UL30 UL33 o UL3S
1 1 1 o 1 1
T 1 ] 1) b | ]
— - — —
UL20 UL22 UL23 UL27 UL28 UL UL31 UL32 UL36
0-55 0-60 0-65 0-70 0-75
I v iv T =T T L L4 Al Al v 1 T T T T 1 T ‘l T 'I d v ‘l
80 90 ULa3 100 110 120
UL3E _ UL39 UL  UL42  UL44 UL4S ULS0  ULS52ULS3 ULS4 ULSS
—_— —_—— ——> > —_— —— —
1 1 1 1 L 1 1 1]
T 1 1 L] T  { 1
—— -— ————— —— — < -
ULy uL4l UL46 UL47 UL48 UL49 ULS ULS6
0-80 0-?5 0-?0 0-?5 l-|00
1
—Le — —
120 130 ussa 140 150
USI  US3 USSUS6USTUSBUS9 1E175
—_— —_—,r > — > —— >
LI X A 1 S - 1 X - n.)
T T ! T
IO AY 1E175 Us2

+—e<
usto Ust2
usi




Figure 2

Layout of genes in the genome of HSV-1.

The HSV-1 genome is shown in four successive lines, with
unique regions represented by solid lines and major repeat
elements as open boxes. The 1lower scale represents
kilobases, numbered from the left terminus, and the upper
scale represents fractional map units. The sizes and
orientations of proposed functional ORFs are shown by
arrows. Overlaps of adjacent, similarly oriented ORFs are
not shown explicitly. Locations of proposed transcription
polyadenylation sites are indicated as short vertical bars.
Locations of origins of DNA replication are shown as X. In
the U region, on the first three lines, dgenes ULl to UL56
are labelled. In the Us region, on the bottom line, genes
US1 to US12 are labelled. The locations of introns in the
coding regions of gene UL15 and the two copies (TR. and

IRL.) of the IE110 gene are indicated (taken from McGeoch et

al., 1988).
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sites. In fact all but 2 mRNAs belong to one of four 3°
coterminal families. Only genes Us1l0 and Usll have
overlapping coding sequences but in different reading
frames. The promoter of Us10, however, lies within Us11l
coding sequences. The overall G+C 1is 64%, which is
considerably lower than the G+C content of adjacent DNA
(IRs /TRs) (Rixon and McGeoch, 1984; McGeoch et al., 1985:
McGeoch et al., 1988).

The short repeat sequence (TRs/IRs), which is 6,633
bp in length, contains only one gene, the immediate early
(IE) gene 3 which encodes IE175. The a sequence is present
at the 3' end of this gene, while at 5' end of IE175 map
sequences representing an origin of replication {(oris) and
the promoter of TIE68 (gene Us1l) and IE12 (gene Us12). The
coding sequences of the latter two dgenes 1lie within
Us (Murchie and McGeoch, 1982; McGeoch et al., 1985; 1986).

The long repeat region in HSV-1 17synt* , which has
a G+C content of 71.6% and spans some 9,215 bp, contains a
spliced gene encoding IE110 (Perry et al., 1986; Perry and
McGeoch, 1988). 1In addition, the IRL/TR. sequence contains
six families of tandemly reiterated sequences, ranging from
3 to 55bp, present in different regions of the repeat, and
the a sequence. Two open reading frames (ORF) have also
been described in the long repeat of other HSV-1 strains.
The first ORF, which is proposed to encode ICP 34.5, is
situated upstream of 5' end of IE110 in strain F (Chou and
Roizman, 1986; Ackermann et al., 1986). In HSV-1 strain 17
syn* this region contains multiple stop codons. The other

ORF lies at the 3' end of IE110 gene and overlaps IE110




coding sequences. Recently it has been shown that this
region is transcribed in latently infected neurons. It has
not been shown, however, that these latency-associated
transcripts (LAT), encode proteins (Stevens et al., 1987;
Rock et al., 1987; Spivack and Fraser, 1987; Wagner et

al., 1988).

1.3 THE STRUCTURE OF HERPESVIRION
1.3.1 Morphology

The herpesvirion is generally considered to be
composed of four complex concentric substructures, referred

to as the core, capsid, tegument, and envelope (fig. 3).

1.3.1.a The core

This is the central component of the virion and is
thought to consist of a cylindrical protein plug around
which the viral DNA is tightly spooled in the form of a
torus (Furlong et al., 1972). Studies on infectious
rhinotracheitis virus, MDV, and HCMV suggest that the core
is attached to the inner surface of the capsid (Nazerian,

1974; Haguenau and Michelson-Fiske 1975).

1.3.1.b The capsid

This structure has a diameter of approximately
120nm, and it is calculated to be composed of 150 hexameric
and 12 pentameric units in the form of an icosahedron
(Wildy et al., 1960; Furlong, 1978) . Until recently it
was thought that HSV had a single icosahedral capsid shell,

however, data obtained from computer analysis of low dose






Figure 3

Cryo-electron micrograph of HSV-1 virion.

The virion is suspended in vitreous ice. Visible in the
enveloped particle is the nucleocapsid (long arrow),
tegument, and envelope with associated glycoprotein spikes
(short arrow) . The micrograph was kindly provided by Dr.

Frazer J. Rixon.



cryo-electron images of ice embedded capsids revealed that
full capsids structure are organised into an outer,
intermediate and inner structural layers. The outer layer
is arranged according to T=16 icosahedral symmetry. This
structure has a diameter of approximately 120nm and is
composed of 150 hexameric and 12 pentameric units (Wildy et
al., 1960). Adajacent capsomeres are connected by a mass
density (Schrag et al., 1989), previously referred to as
intercapsomeric fibrils (Palmer et al., 1975; Vernon et
al., 1974). The intermediate 1layer 1lies on a T=4
icosahedral lattice (Schrag et al., 1989). The inner most
layer contains the genomic DNA, which is connected to the
external environment by channels through the outer and
intermediate layers which coincide along their icosahedral

two-fold axis.

1.3.1.c The tegument

This is defined as an amorphous structure which
lies between the capsid and the envelope (Wildy et al.,
1960; Morgan et al., 1968; Roizman and Furlong, 1974). The
thickness of the tegument varies between different
herpesviruses and is genetically determined by the virus
(McCombs et al., 1971). According to Vernon et al. (1982),
the tegument is attached to the vertices of the capsid and
the inner surface of the envelope, and may have a function
in envelopment of the virus particle. It has been
suggested that the tegument of EHV-1 virions is composed of

granular particles of varying size which form a shell

surrounding the capsid. This observation implies that the



tegument might possess some form of structural integrity.
In addition it has been concluded that this structure

probably has a high water content (Vernon et al., 1982).

1.3.1.d The envelope

This is a trilaminar membrane which is thought to
be derived from the inner nuclear membrane, acquired during
budding of the virus particles through the nuclear membrane
(Darlington and Moss, 1968). The envelope tightly adheres
to the tegument and contain spikes 8-10nm long spaced 5nm
apart over the surface (Wildy et al., 1960). In a recent
electron microscopic study of disrupted virus particles,
using monoclonal antibodies to identify individual
glycoproteins, it was shown that glycoprotein gB, gC, and
gDh each form separate spikes that are different in size,

morphology and distribution in the envelope (Stannard et

al., 1987).

1.4 EARLY STAGES OF HSV INFECTION °

The initial stages of the 1lytic cycle can be
divided into three parts: adsorption of the virus particle
to the cell, penetration of the capsid into the cytoplasm,

and release of viral DNA from the capsid (uncoating).

1.4.1 Adsorption
Attachment of the HSV particle to the cell surface

is a rapid process (Hochberg and Becker,1968), and occurs

over a wide range of temperatures (Farnam and Newton,

1959). The results of early studies by Hochberg and Becker
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(1968) showed that heparin, a negatively charged
polysaccharide, prevented the adsorption of the virus to
cells and released the virus already attached to the cell
surface. On the Dbasis of these experiments it was
suggested that the first step in virus adsorption involved
an electrostatic interaction. These results were supported
and extended by the recent findings of WuDunn and Spear
(1989), who demonstrated that virions could bind to heparin
in affinity chromatography experiments, and that removal of
heparan sulphate from cells reduced the ability of the cell
to bind virus. It was concluded that both HSV-1, and HSV-2
normally initiate infection by binding first to heparan
sulfate on the cell surface, which serves as a receptor for
HSV (WuDunn and Spear, 1989).

The viral proteins responsible for the attachment
of the virions to receptors on cell surfaces have not vyet
been identified, but several envelope viral
glycoproteins have been implicated in the process of virus
attachment. It is thought that gB, an essential
glycoprotein (Sarmiento et al., 1979; Little et al., 1981;
Deluca et al., 1982), may play a role in adsorption since
virosomes, which are 1lipid vesicles enriched with HSV-1
glycoproteins, bind to cells more efficiently when gB is
present than when it is absent (Johnson et al., 1984).
However, the finding that gB deficient virions were able to
bind to cells, has clearly shown that gB is not essential
for attachment of virus to cells (Cai et al., 1987; 1988a),
but'is required in a later step in virus entry. Polyclonal

and monoclonal antibodies directed against gC and gD
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inhibit adsorption of HSV-1 to cells, while high
concentration of of IgG and Fc¢ fragment can partially
inhibit attachment of the virus to cells, suggesting that
gC, gD, and possibly gE, which binds the Fc¢ portion of IgG
(Bauke and Spear,1979), may also play a role in virus
adsorption (Para et al., 1982; Fuller and Spear, 1985).
Since gC and gE are not essential for virus infectivity in
tissue culture, those glycoprotens 1like gB, are not
absolutely required for virus attachment (Ruychan et al.,
1979; Holland et al., 1983; 1984; Longnecker and Roizman,
1986). A recent study revealed that gD deficient mutants
were able to bind to cells, but wunable to initiate
synthesis of viral early polypeptides (Ligas and Johnson,
1988). These results suggest that gD is also not essential
for virus adsorption. From the the work mentioned above
together with the finding that gD, gC, and gB form separate
spikes on the envelope (Stannard et al., 1987), it seems
likely that envelope glycoproteins may individually
interact with cell receptors for HSV. Recent results
obtained by Campadelli-Fiume et al. (1988) and Johnson and
Spear (1989}, showing that HSV adsorbed to gD expressing
cell lines but was unable to be internalised by fusion of
virion envelope with plasma membrane, has led to the
suggestion that gD may recognise a cell receptor, different
from cell surface heparan sulphate. Other studies on cell
surface receptors have suggested that HSV-1 and HSV-2
recognise different cell surface receptors (Vahlne et al.,

1979; Addison et al.,1984).
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1.4.2 Penetration

Penetration of nucleocapsids into cell occurs
rapidly after the virus particle binds to thé receptors on
the surface of the cell. Electron microscopic studies
indicate that the entry of the virus into the cell occurs
either by viropexis (phagocytosis) (Dales and Silverberg,
1969; Hummeler et al., 1969), or by fusion of the viral
envelope with cell membrane (Morgan et al., 1968; Abodeely
et al., 1970). Evidence presented so far supports the
fusion model of virus penetration. In particular, the work
by Para et al. (1980; 1982), showing that gE from the
infecting virions was 1incorporated 1into the surface
membrane of infected <cells immediately after viral
penetration, is indicative of fusion between the virion
envelope and cell surface membrane.

Several 1lines of research have implicated gB in
virus penetration. Studies using gB-null mutants or ts
mutants of gB have shown that mutants 1lacking gB or
containing abberrant gB bound as well as wt virus to the
plasma membrane bhut were unable to penetrate the cell

surface (Sarmiento et al., 1979; Little et al., 1981; Cai

et al., 1988). Other work has shown that monoclonal
antibodies, which recognise two major antigenic sites
within the external domain of gB, neutralized virus
adsorbed to c¢ell monolayers (Highlander et al., 1988).

These results suggest that gB is importantbat a stage after
een

virus attachment. Glycoprotein B has also<shown to affect

the rate of entry, since mutants with lesions in gB

penetrated cells more rapidly than wt virus. Furthermore a
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syn lesion has been identified within gB (Deluca et al.,
1981; 1982; Bond et al., 1982; Bzik et al., 1984: Cai et
al., 1988). All of these results indicate that gB is
directly involved in virus penetration.

Although gC is non essential, Deluca et al. (1982)
reported that recombinants of KOSXtsB5, which made little
or no gC, entered cells at an accelerated rate at the PT in
comparison to viruses which contained gC. It has also been
demonstrated that virus strains which lacked gC were able
to penetrate restrictive cell 1line XC, whereas strains
which had a high gC content failed to do so. This led to
the suggestion that gC may influence penetration of virus
by negatively modulating the gB-promoted fusion between
virion and host cell membranes, or by interacting with
other glycoproteins such as gD or gH involved in fusion of
membranes (Epstein_.et al.,1984; Machuca et al., 1987).

Recent work by Fuller and Spear (1987) and
Highlander et al, (1987) suggested that gD has a role in
virus penetration since gD-specific monoclonal antibodies
(mAB) neutralised in the absence of complement HSV-1 virus
bound to cells. The subsequent finding that gD deficient
virions were able to bind to tissue culture cells as well
as virion containing gD supports this idea (Ligas and
Johnson, 1988).

The gene product of UL25, which does not appear to
be a glycoprotein, is also important for virus penetration,
since a mutant of HSV-1, ts1204, which has a lesion in Qene
UL25, binds to cells at the NPT, but fails to penetrate the

cell membrane (Addison et al., 1984).
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1.4.3 Uncoating of the viral DNA

The step which follows penetration of herpesvirions
into the cell is the release of the viral DNA from the
capsids. Studies have indicated that viral DNA is rapidly
transported to the sites of replication in the nucleus
within 15-20 min post infection (Hummeler et al., 1969:
Miyamoto and Morgan, 1971; Wahren et al., 1984). Early
work showed that capsids undergo disintegration (Morgan et
al., 1968). The transport of viral DNA from the cytoplasm
to the nuclei of infected cells was unaffected by RNA and
protein synthesis inhibitors, suggesting that the viral DNA
is released from the capsid by a pre-existing cellular
enzyme or virion protein (Hochberg and Becker, 1968).
Analysis of the HSV-1 ts mutant, tsB7 which failed to

uncoat at the NPT, has provided further clues about the

release of DNA from the capsid (Knipe et al., 1981;
the
Batterson et al., 1983). The proximity of Amutant in the

cytoplasm to nuclear pores suggested that the viral DNA
enters the nucleus by an active cellular mechanism which
probably involves host cell microfilaments (Lycke et al.,

1984).

1.5 EFFECT OF HSV INFECTION ON CELLULAR MACROMOLECULAR
SYNTHESIS
Infection of cells with HSV results in the
inhibition of host DNA, RNA and protein synthesis.
Inhibition of protein synthesis is probably a multistep
process, resulting from the reduction in mRNA levels and

disaggregation of polyribosomes (Sydiskis and Roizman,
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1967; Wagner and Roizman, 1969; Nishioka and Silverstein,
1977; 1978; sSilverstein and Engelhardt, 1979; Bastow et
al., 1986; Strom and Frenkel, 1987). Inhibition of
cellular protein synthesis during HSV infection has been
divided into two stages referred to as "early" and
"delayed”" shut-off.

Early shut-off of protein synthesis is thought to
be mediated by the virion protein UL41 (Fenwick and Walker,
1978; Peirera et al., 1977; Fenwick et al., 1979; Fenwick
and McMenamin, 1984; Schek and Bachenheimer, 1985; Kwong et
al., 1988). The isolation of viable mutants in tissue
culture, defective in virion host shut-off (vhs), has
provided evidence that this function is not absolutely
essential for virus replication. It 1is, nevertheless,
important for optimal growth since the mutant virus did not
replicate as well as wt virus (Read and Frenkel, 1983;
Kwong et al., 1988). Recently it has been shown that vhs
function decreases the half lives of both host and viral
mRNA, and therefore may have a dual role in viral
infection, inhibiting host gene expression and enabling the
rapid transition of viral dene expression (Strom and
Frenkel, 1987; Oroskar and Read, 1989). Evidence obtained
by Kwong and Frenkel (1988) suggests that a single virion
protein, 1is responsible for early shut-off of protein
synthesis since a population of viruses which had the
virion host shut-off (vhs) mutation in UL41 replaced by wt
sequences regained levels of shut-off similar to wt virus.
This finding supports the idea that disaggregation of

polyribosomes which occures in the absence of viral protein
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synthesis and mRNA degradation (Nishioka and Silverstein,
1977; 1978; Hill et al., 1983), are carried out by the same
protein. The available evidence favours the idea that UL41
gene product (vhs) either activates a preexisting host
nuclease or increases susceptibility of mRNAs to nuclease
attack (Kwong et al., 1988). The delayed shut-off of host
protein synthesis requires the expression of an early or
late viral gene and reduces further the level of host
protein synthesis (Fenwick and Clarke, 1982; Hill et al.,
1983; Read and Frenkel, 1983; Schek and Bachenheimer,
1985). Although it has been suggested that an additional
viral function is required for complete host protein
inhibition it is possible that the vhs protein is involved
in delayed or complete host shut-off, since the findings of
Kwong and Frenkel (1987) and Oroskar and Read (1987; 1989)
indicate that mutations in UL41 protein cause an increase
in the stability of not only IE mRNA, but also early and
late RNAs in absence of protein synthesis inhibitors.
There is, however, in cells infected with vhs mutants some
inhibition of host proteins although it is delayed and
incomplete suggesting another protein may be involved in
delayed host shut-off (Read and Frankel, 1983). Stenberg
and Pizer (1982) have evidence that an IE gene function is
responsible for the decrease in cellular RNA synthesis
which follows HSV infection, and this result could account

for the findings observed by Read and Frenkel (1983).

1.6 HSV TRANSCRIPTION

HSV DNA is transcribed in the infected cell nucleus
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(Wagner and Roizman, 1969). The observation that all
stages of HSV RNA synthesis are sensitive to a-amanitin
inhibition has led to the suggestion thét HSV transcription
is carried out by RNA polymerase II (Alwine et al., 1974;
Ben Zeev et al., 1976; Costanzo et al., 1977). This
conclusion is supported by the finding that naked DNA 1is
infectious (Graham et al., 1973). Since, however, only IE
mRNA is synthesised in the absence of de novo viral protein
synthesis (Honess and Roizman, 1973; 1974; Clements et al.
1977; Watson et al., 1979), it is clear that viral proteins
are important for transcription of HSV mRNA .

Since HSV utilizes much of the cellular
transcription machinery it is therefore not surprising
that many of the transcriptional signals are identical to
those of eukaryotic dgenes and that transcripts are
processed 1in the gsame way as most cellular mRNAs. A
polyadenylation consensus signal "AATAAA" 1in the DNA,
specifying the 3'-termini of transcripts, is essential for
the correct processing of viral mRNAs (McKnight, 1980; Cole
and Santangelo, 1983), and a consensus "G-T" rich signal
"5-YGTGTTYY-3'" is thought to be necessary for efficient
formation of the mRNA 3'-terminus. This signal is usually
located approximately 30bp downstream from the
polyadenylation signal (Taya et al., 1982; McLauchlan et
al., 1983; Whitton et al., 1983; McLauchlan et al., 1985;
Cole and Stacy, 1985). The "TATA-box" homology, which is
thought to be important for accurate initiation of
transcription and is located close to the b'-termini of

most eukaryotic genes (Gannon et al., 1979), 1is also
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present close to the 5' end of HSV genes (McGeoch et al.,
1985; 1986). Like most cellular mRNAs, HSV transcripts are
capped at their 5' end. This modification is thought to be
necessary bhoth for efficient translation (Shatkin, 1976),
and protection of the mRNA from nucleases and phosphatases
(Moss et al., 1977). Methylation of HSV transcripts at
internal adenine residues has been reported (Bartkoski and
Roizman, 1976; Moss et al., 1977).

In comparison to eukaryotic transcripts, spliced
mRNAs are not a common feature in HSV. Only five of the 72
open reading frames have spliced mRNAs. IE 68 (Us1l) and IE
12 (Us1l2) genes, which share a common 5'-non-coding region
in IRs but have unique polypeptide coding sequences within
Us, have an intron within the common 5'-non-coding region
(Watson et al., 1981; Murchie and McGeoch, 1982; Rixon and
Clements, 1982; Watson and Vaude-Woude, 1982). In contrast
to IE 68, and IE 12 genes, IE 110, which is a diploid gene,
contains two introns in the coding sequence of the gene
(Perry et al., 1986). The only other gene in which introns
have been identified is UL15. This gene is thought to
encode a late viral protein (Costa et al., 1985; McGeoch et

al., 1988).

1.6.1 The regulation of HSV transcription

Viral mRNAs and proteins are temporally regulated
and expressed as a sequential cascade which is differentia
ted into three broad classes defined as IE or a, early (E
or B), and late (L or ¥ ) (Honess and Roizman, 1974; 1975;

Swanstrom and Wagner, 1974; Clements et al., 1977). Recent
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work on IE gene regulation has provided evidence that the
cascade pattern of HSV protein expression is more complex
than originally proposed by Honess and Roizman (1974;
1975), who based their work on kinetic studies andTfoect

of metabolic inhibitors on viral protein synthesis.

1.6.2 IE genes, their expression and regulation

IE mRNA species are the first class of transcripts
to be detected during a normal viral infection. These
mRNAs are made even in the presence of a protein synthesis
inhibitor, such as cycloheximide or anisomycin, added at
the time of infection, and therefore do not require de novo
viral protein synthesis for abundant expression (Honess and
Roizman, 1974; Clements et al., 1977; 1979; Anderson et
al., 1980; Harris-Hamilton and Bachenheimer, 1985). Five
major IE polypeptides, Vuwl75, 110, 68, 63, 12 are
synthesised when the protein synthesis block is removed
from vifgl—infected cells {(Clements et al., 1977; Preston,
1979a; 1979b; Watson et al., 1979; 1981; Anderson et al.,
1980). All IE polypeptides except Vuwl2 (IE5) are
phosphorylated, and transported int;T;ucleus (Marsden et
al., 1976; 1978; Pereira et al., 1977), and with the
exception of IE12, all bind to DNA in vitro (Hay and Hay,
1980).

Analyses of IE gene promoter and regulatory regions
have revealed a number of different upstream elements.
Important transcriptional elements were identified in IE
genes 1 (Vuwl110), 2 (Vuw63), 3 (Vuwl75), 4 (Vmw68), 5

(VMw12). These included: (I) TATA box homology located
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approximately 30 bp upstream from the mRNA start site, (II)
A proximal promoter region, located between -37 to -108bp,
which is important for transcription initiation since the
deletion of this region abolishes transcription of IE genes
(Mackem and Roizman, 1982a; 1982b; Cordingley et al.,
1983). Within these sequences is a GC-rich region which
may be involved in interactions with the cellular
transcription factor Spl (Jones and Tjian, 1985). (II1)
Elements containing regulatory signals resembling enhancer-
like sequence. These elements can function in either
orientation from the promoter and at a distance up to 1300
bp (Cordingley et al., 1983; Lang et al., 1984; Preston and
Tannahill, 1984; Bzik and Preston, 1986). (IV) A
consensus sequence TAATGARAT (R is a purine), located far
upstream within all IE gene promoters (Mackem and Roizman,
1982b; Cordingley et al., 1983; Whitton et al., 1983;

Whiton and Clements, 1984; Gaffney et al., 1985).

1.6.3 IE transactivation

IE transcription is stimulated by UL48 gene product
(VMw65, VP16, also known as trans-inducing factor or
"TIF"), present as a component of the HSV-1 infecting
virion (Post et al., 1981; Batterson and Roizman, 1983;
Campbell et al., 1984; Preston et al., 1984; Pellett et
al., 1985). Transactivation of IE transcription by Vmw65
depends ondcis-acting regulatory element which contains the
consensus TAATGARAT sequence ( Kristie and Roizman, 1984;

Preston et al., 1984; Gaffney et al., 1985; Bzik and
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Preston, 1986; O'Hare and Hayward, 1987). Although Vumw65
itself does not bind to DNA (Marsden et al., 1987), it has
been recently shown that Vuw65 associates with cellular
proteins, including nuclear factor III octamer-binding
protein, to form an IE complex which binds to the
regulatory TAATGARAT sequence (McKnight et al., 1987;
Kristie and Roizman, 1987; Ace et al., 1988; Gerster and
Roeder, 1988; O'Hare and Goding, 1988; Preston et al.,
1988). The analysis of deletion and insertion mutants has
revealed the existence of at least two functional separable
domains in Vuw65. A domain, localised within the amino-
terminal 411 amino acids, is sufficient for binding to the
cellular transcription factor (Triezenberg et al., 1988a:
1988b), and a carboxy terminii region, unusually rich in
acidic amino acids, also knownAthe "acid tail" is required
for stimulation of transcription (Sadow ski et al., 1988).
This acid tail is probably analogous to the activating
domains of the yeast gene activator protein GAL4, GCN4
(Ptashne, 1986; Sadowski et al., 1988; Triezenberg et al.,
1988a). Characterisation of the HSV-1 Vuw65 insertional
mutant, 1in1814, defective in transinduction of IE gene
transcription, revealed that transinduction of 1E
transcription by Vuw65 was not essential for virus growth
at high moi, but was important at low moi (Ace et al.,
1989). Although the precise mechanism of IE
transactivation in HSV is still obscure, it has been
suggested that the interaction between the yeast activator
(GAL4) or the mammalian activator protein (ATF) and the

mammalian TATA factor (TFIID) with the adenovirus E4
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promoter facilitate promoter recognition by the RNA

polymerase II and other initation factors (Horikoshi et

al., 1988a; 1988b).

1.6.4 Negative regulation of IE gene expression

It is well known that the synthesis of IE
polypeptides decreases as the virus infection proceeds.
Observations obtained from the analysis of ts and deletion
mutants of HSV-1 in Vuwl75 suggest that IE synthesis is
autoregulated by Vuwl75 at the 1level of transcription
(Preston, 1979a; 1979b; Dixon and Schaffer, 1980; Deluca et
al., 1985) since the mutants overproduced IE transcripts,
and failed to synthesize E and L transcription. This
conclusion was supported by results of transient-expression
assays with cloned wt Vuwl75 gene. These experiments
showed that E and L viral dgenes transcription was
stimulated by Vuwl75 whereas the expression of a gene under
the control of Vuwl75 promoter was repressed (Everett,
1984; Gelman and Silverstein, 1985; Deluca and Schaffer;
1985; O'Hare and Hayward, 1985a; 1985b; 1987; Mavromara-
Nazos et al., 1986a). There is good evidence that binding
of Vuwl75 to the consensus sequence 5' ATCGTCNNNNYCGRC 3'
at the capsite of Vuwl1l75 is important for autoregulation of
Vuwl75 (Beard et al., 1986; Gelman and Silverstein, 1987a;
Deluca and Schaffer, 1988; Paterson and Everett, 1988;
Smith et al., 1989). This consensus sequence 1is also
present in Vmw110 promoter, but further downstream of the
mRNA start site (Faber and Wilcox, 1986; Kristie and

Roizman, 1986a;: 1986b; Muller, 1987; Michael et al., 1988)
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and it is not known whether this sequence is required for
repression of Vuwll0 dgene expression. Other IE genes do
not contain this binding site and thus it is unclear how

those IE genes are repressed.

1.6.5 Early gene expression and reqgulation

Early genes are transcribed after IE genes, and are
not dependent on viral synthesis for maximal expression
(Honess and Roizman,1974; 1975). Early proteins include
enzymes required for wviral DNA synthesis and some
structural proteins.

Early genes have been divided into two classes B:i,
and B2, on the basis of their synthesis in the presence of
different amino acid analogues and the analysis of
polypeptides induced by ¢tsK at the NPT (Pereira et al.,
1977; Preston, 1979). IE proteins are required for the
transcription of early mRNA (Wagner et al., 1972; Swanstrom

et al., 1975; Clements et al., 1977).

1.6.6 Early gene transactivation

A varity of approaches, including mutant analysis
and transient expression assays, have been used to identify
the transactivating IE genes. It has been shown that
Vuwl75 is essential for the regulation and transcription of
E and L genes. The first experiments implicating Vw175 in
transactivation were based on the characterisation of the
HSV-1 mutant ¢sK with a lesion in Vuwl75 (Stow et al.,
1978; Davison et al., 1984). This mutant over produced IE

transcripts, and failed to synthesize E gene transcripts at
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the NPT. The ts phenotype could be reversed by downshift
of tsK infected-cells from the NPT to the PT. When cells
were transferred back to the NPT, IE transcripts
accumulated and the amount of E mRNA declined. These
experiments suggested that functional Vwwl75 was required
throughout infection for the transition from IE to E
transcription (Preston, 1979a; 1979b; Watson and Clements,
1980). Similar results were obtained with deletion and
other ts mutants in Vuwl75 (Dixon and Schaffer, 1980;
Deluca et al., 1985). Experiments using cells transformed
with either IE or E denes confirmed that Vuwl75 is
important for transactivation of E genes (Kit et al., 1978;
Sandri-Goldin et al., 1983; Davidson and Stow, 1985).
Transient éxpression systems have been useful for
"identifying other IE genes, 1in particular Vuwl1l10, that
affect gene expression (Everett, 1983; 1984a; 1984b; O'Hare
and Hayward, 1985a; 1985b; Gelman and Silverstein, 1985;
1986; Quinlan and Knipe, 1985; Mavromara-Nazos et al.,
1986b) . Using this approach, it was shown that Vuwl1O0
transactivates all three classes of viral genes and
interacts synergistically with Vw175 (Everett, 1984; 1985;
1986; Gelman and Silverstein, 1985; 1986; 1987b; Shapira et
al., 1987). Despite the finding that Vuwl1l1l0 is a strong
transactivator, virus mutants lacking a functional Vuw1l0
are viable (Stow and Stow, 1986; 1989; Sacks and Schaffer,
1987) . Although these mutants have similar phenotypic
properties to wt virus at high moi, at low moi their growth
is impaired and they synthesize reduced amounts of some E

and most L proteins (Stow and Stow, 1986; 1989). It is
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thought that at low moi where Vuwl75 is present in low
amounts, Vuwll0 1is important for boosting viral gene
expression.

Results from the analysis of ts or deletion mutants
and transient expression assays have implicated Vuw63 in
regulation of HSV gene expression (Sacks et al., 1985;
Everett, 1986; Gelman and Silverstein, 1987b) . In
transient expression assays, Vuw63 either enhanced or
repressed expression of genes activated by Vuwll0 and
Vuwl75 (Sekulovich et al., 1988). It has also been
reported that Vw63 can stimulate expression of a gene
containing the gB promoter (Rice and Knipe, 1988).

The two IE polypeptides Vuw68 and Vuwl2 did not
appear to affect gene expression either alone or in the
presence of other IE proteins 1in transient expression
assays (Everett, 1984; DeLuca and Schaffer, 1985), and both
genes could be deleted without markedly affecting virus
growth in most cells (Post and Roizman, 1981; Mavromara-

Nazos et al., 1986a).

1.6.7 Cis—acting and Promoter regulatory sequences of E
genes
The control elements responsible for constitutive
transcription of early genes have been identified using the
viral thymidine kinase (TK) gene, since basal lzyels of
promoter activity could be detected in cells whereX;K gene
has been integratedinto their chromosomes (Minson et al.,

1978), and functional TK produced when HSV TK gene is

microinjected into Xenopus laevis oocytes (Cordingley and
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Preston, 1981). Analysis of the TK gene promoter region
has been investigated by both insertion and deletion of
clustered sets of mutations at random 1locations of the
promoter (McKnight and Kingsbnrv 1982). The results
' . elemgnts

identified three promoter regulatoryirequired for efficient
transcription of the TK gene: (I) A TATA box or a proximal
signal (II) An upstream distal signal, dsI (III) A second
upstream distal signal, dsII (McKnight, 1980, 1982). The
two distal signals exhibited sequence homology to one
another and were required for quantitative transcriptional
control, each distal signal has a GC-rich region which
includes the hexanucleotide sequence GGGCGG (McKnight et
al., 1984). These GC rich elements bind the Spl cellular
transcription factor which can stimulate the rate of gene
transcription by 10 to 50 fold. DsI has a weaker affinity
to Spl than dsII, which is explained on the basis of a
single nucleotide change from G to C in the GC-consensus
sequence 5'GGGGCGGGGC 3' (Jones et al., 1985; Jones and
Tjian, 1985). The distal signal dsII also contains an
inverted CCAAT-box, (Graves et al., 1986) . Two
transcriptional factors, CTF isolated from Hela cells
(Jones et al., 1985) and CBP isolated from rat liver nuclei
(6raves et al., 1986), have been shown to bind to this
pentanucleotide. These two proteins appear to be different
gene products with a related ability to bind to specific
sequences (McKnight and Tjian, 1986). Although several
workers have been unable to identify any specific promoter
region essential for transactivation of gD and TK in trans-

inducing assays, Coen et al. (1986) showed that sequences
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which were sensitjve to base substitution upstream of the TK
gene were important for recognition by cellular
transcription factors, therefore suggesting that E gene
trans-activation by IE proteins possibly occurs by an
interaction with cellular factors which recognise promoter

elements.

1.6.8 Late gene expression and regulation

Genes whose expression is significantly reduced in
the presence of viral DNA synthesis inhibitors such as ara-
C and PAA are defined as 1late (L) genes (Honess and
Roizman, 1974; 1975; Clements et al., 1977). Late
transcripts are divided into two classes leaky late (K1 or
B¥) and true-late (¥2 or¥). Leaky-late transcripts are
easily detectable in the absence of virus DNA replication,
but only reach maximum abundance after DNA synthesis
commences (Clements et al., 1977} . True-late mRNA
synthesis is also dependent on viral DNA replication for
high 1level of expression. Unlike 1leaky-late mRNAs,
however, true-late transcripts are present in very small
amounts early in infection (Powell et al., 1975; Holland et
al., 1980; Johnson and Everett, 1986a; Homa et al., 1986).
The promoter region of Usll, a true-late gene, has been
investigated in detail using a transient expression system
to assay the expression of L genes (Johnson and Evefett,
1986a) . No detectable elements upstream of the TATA box
were required for fully regulated expression of Usll
promoter. This result suggested that only the TATA-box

homology and capsite were required for late gene expression
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(Johnson and Everett, 1986a). The finding that gD could be
converted from an E gene to a L gene by removal of promoter
sequence upstream the TATA-box confirmed these results
(Johnson and Everett, 1986b). Similar results were
obtained for another L gene, UL44 (gC) (Homa et al. 1986;
Shapria et al., 1987).

It is thought that prior to DNA synthesis, L genes
are repressed in their expression by the major DNA binding
protein (MDBP, Vuwl1l36), since ts mutants with lesions 1in
MDBP overproduced late gene products at the NPT (Godowski
and Knipe, 1985).

Both Vw175 and Vuwll0 have Dbeen shown to
transactivate L genes in transient expression assays
(Deluca and Schaffer, 1985; Mavromara-Nazos et al., 1986a).
The recent findings obtained from the analysis of Vuwb63
deletion mutants, which failed to synthesize Vuuw63
transcripts (McCarthy et al., 1989), suggest that Vwuw63
down-regulates transcription of certain E genes, and
stimulates transcription of some L genes, since Vuwb63
mutants overexpressed E proteins, and did not make true

late proteins.

1.7 Herpesvirus DNA Replication
1.7.1 Viral DNA synthesis

Semi-conservative HSV DNA synthesis takes place in
the nuclei of infected cells (Roizman, 1969). Replication
can be detected in BHK cells by 3 hpi and reaches a maximum
between 9-11 hpi (Wilkie, 1973; Rixon, 1977). The amount

of input HSV DNA entering the replicative pool is 1low,
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estimates vary from 5-10% {(Jacob and Roizman, 1977). By
contrast, more than 60% of input PRV DNA participates in
DNA synthesis (Ben-Porat et al., 1976) . Electron
microscopic analysis of viral DNA present in the nuclei of
infected cells revealed that the linear genome circularises
early in infection (Jacob and Roizman, 1977; Ben-Porat and
Veach, 1980). Restriction endonuclease analysis of non-
inverting mutants, lacking most of the internal inverted
repeat sequences including the a sequence (Poffenberger et
al., 1983; Poffenberger and Roizman, 1985), revealed that
circularisation is rapid, and does not require de novo
protein synthesis. These results suggest that fusion of
the termini is mediated by a host or virion protein
({Poffenberger and Roizman, 1985). Sequence analysis of the
joint and terminal region indicates that circularisation of
linear HSV genome probably occurs by direct ligation of the
termini (Davison and Wilkie, 1983).

DNA has been extracted from cells replicating virus
at early and late times in infection and examined under the
electron microscope. Early in infection circular molecules
with linear tails larger than unit length viral genome, Y-
shaped molecules, and a variety of 1linear DNA molecules
differing from mature viral DNA in structural features such
as lariats, loops (eye and D loops) have been observed
(Ben-Porat et al., 1976; Shlomai et al., 1976; Ben-Porat
and Tokazewiski, 1977; Friedmann et al., 1977; Jacob and
Roizman, 1977; Jean et al., 1977, Becker et al., 1978).
Evidence, particularly from PRV, favours the idea that the

genome may vreplicate early in idinfection as a theta
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molecule. Late in infection, large tangles of DNA, many
which are greater than unit length viral DNA molecules are
present. Sedimentation properties of HSV replicating DNA
at late times of infection are consistent with electron
microscopic observations that the viral DNA is of high
molecular weight. Data obtained from restriction
endonuclease analysis revealed that the proportion of
terminal fragments relative to the joint spanning fragments
was low in replicating virus DNA (Ben-Porat and Rixon,
1979; Jacob et al., 1979), suggesting that replicating HSV
DNA is endless. On the basis of electron-microscopic
observations of replicative intermediates, sedimentation
properties of newly synthesised wviral DNA 1late 1in
infection, and results obtained from restriction
endonuclease analysis of replicating viral DNA, Jacob et
al. (1979) proposed that HSV replicates via a rolling
circle mechanism, whereby head-to-tail concate€ mers of DNA
are formed by the continuous synthesis of one strand and
discontinuous synthesis of the other strand. During
replication virus DNA contains nicks and gaps which are
repaired at later stages (Wilkie, 1973; Wadsworth et al.,
1976). Short stretches of ribonucleotides along the viral
genome have also been reported (Biswal et al., 1974). The
role of thése ribonucleotides is not clear. It is possible

that these stretches may act as a primer for discontinuous

DNA synthesis.

1.7.2 Cis-acting elements involved in DNA replication

The first evidence for multiple origins of

of
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replication was obtained from electron microscopic
observations on replicating HSV-1 DNA (Shlomai et al.,
1976; Friedman et al., 1977). Similar observations were
obtained for PRV (Jean et al., 1977; Ben-Porat and Veach,
1980). Studies on HSV defective viruses, which are
generated by serially passaging virus stocks at high moi,
identified two classes of defective viruses, both of which
consist of tandem reiterations of portions of the virus

genome. Class T contain tandem reiterations of Us 1linked
repeat

to the entire Sdregion, while class IT has DNA sequences
from Ur. fused to a small part of the S repeat (Frenkel et
al., 1976; Graham et al., 1978; Kaerner et al., 1979;
Locker and Frankel, 1979), Subsequent studies provided
direct evidence that the repeat units of class I and II of
HSV defective dgenomes contains origins of replication

(Vlazny and Frenkel, 1981; Spaete and Frenkel, 1982; 1985).
The experiments showed that monomeric wunits of both
defective classes were amplified to generate tandemly
reiterated DNA when cotransfected into cells with wt HSV
DNA which provided essential helper functions 1in trans.
Using a plasmid replication assay the oris sequence in the
short repeat was 1located within a 90bp region in the
intervening sequences between the 5' transcribed region of
Vuwl75 genes and Vwmw68 or Vumwl2 genes (Mocarski and
Roizman, 1982; Stow, 1982; Stow and McMonagle, 1983). The
oriL. sequence, which lies within the noncoding sequences at
5' endsof DNA polymerase and the MDBP genes, was difficult
to determine because deletions occurred at high frequency

in ori. when plasmids carrying the sequence were propagated
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in Dbacterial vectors. Cloning of ori. was, however,
successfully achieved using a yeast vector which allowed
the precise localisation of ori. in HSV-1 DNA (Weller et
al., 1985). The sequence of ori. was also determined by
directly sequencing ori. in HSV-1 strain 17 virion DNA
(Quinn and McGeoch, 1985) and in defective DNA of HSV-1
strain angelotti (Gray and Kaerner, 1984). Sequence
analysis revealed that both HSV-1 strain 17syn* oris and
ori. contain a palindromic sequence with an A-T rich
central region (Murchie and McGeoch, 1982; Quinn and
McGeoch, 1985).

A question which has been raised‘is whether oriL
and both copies of oris are essential for wviral DNA
synthesis ? Clearly both oris are not essential for DNA
synthesis, since a mutant of HSV-1 lacking one copy of oris
has been 1isolated in tissue <culture (Longnecker and
Roizman, 1986). Furthermore, the isolation of the HSV-1
mutant dI161, which 1is able to replicate despite the
deletion in ori., suggests that a functional ori. is not
egssential for virus replication in tissue culture (Polvino-
Bodnar et al., 1987). On the basis of these results it was
thought that one origin of replication was sufficient for
virus replication. Recent findings of Smith et al. (1989},
however, suggest that the presence of at least one copy of
oris 1is essential for virus replication since viable
deletion mutants lacking all copies of oris could not be
generated in HSV-2. The reason for three origins of

replication in the virus genome is still unclear.
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1.7.3 Identification of proteins involved in DNA
metabolism

A variety of approaches have been employed to
identify viral gene products which are important for DNA
replication. In early studies, virus—-infected cell
extracts were screened for the presence of enzymes with
altered properties from uninfected cell enzymes. Using
this approach the TK (Dubbs and Kit, 1964), a DNA
exonuclease (Morrison and Keir, 1968), a DNA polymerase
(Hay et al., 1971), ribonucleotide reductase (Cohn, 1972),
dUTPase (Wohrab and Francke, 1980; Preston and Fisher,
1984), and the DNA repair enzyme uracil-DNA glycosylase
(Caradonna and Cheng, 1981; Caradonna et al., 1987) were
detected. DNA binding properties of certain proteins have
been used to identify dene products which might be
important for DNA replication such as the MDBP (Bayliss, et
al., 1975; Purifory and Powell, 1976), origin specific DNA
binding protein (Elias et al., 1986), and more recently the
non-specific ds DNA binding protein (Marsden et al., 1987;
Parris et al., 1988). The characterisation of mutants has
been another approach used to identify genes involved in
DNA replication. Analysis of ts and host range (hr)
mutants which fail to synthesize DNA under restrictive
conditions identified seven genes as candidates involved in
DNA replication (Conley et al., 1981; Coen ef al., 1984;
Weller et al., 1983; Carmichael et al., 1988; Goldstein and
Weller, 1988; Marchetti et al., 1988; Carmichael and

Weller, 1989).

A new approach has been used by Challberg (1986),
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to identify genes required for HSV replication. Cloned
restriction fragments of HSV-1 DNA were screened for the
ability to supply the functions required for the
replication of plasmids containing oris or orii. when
transfected dinto tissue <culture cells. Using this
complementation assay, Wu et al. (1988), identified seven
HSV genes that were necessary for transient expression of
plasmids containing oris or ori.. These were UL30 which
encodes DNA polymerase (Gibbs et al., 1985; Quinn and
McGeoch, 1985), UL29 which encodes the MDBP (Conley et al.,
1981; Quinn and McGeoch, 1985), a 65,000 Mxw hon-specific
ds DNA-binding protein encoded by UL42 (Marsden et al.,
1987; Parris et al., 1988), and four 1less well
characterised genes UL5, UL8, UL9, and ULb52. Results
obtained by Olivo et al. (1988), suggested that the product
of gene UL9 binds to a viral origin of replication.
Similar results were obtained by Weir et al. (1989), using
a gel retardation assay. An HSV-1 specific DNA helicase
activity has been identified in virus-infected Vero cells
(Crute et al., 1988), and shown to consist of three
subunits. Immunochemical analysis suggested that these
three subunits are the products of HSV-1 UL5, UL8, ULbH2.
In addition, it was reported that a DNA primase activity
was tightly associated with the three subunits (Crute et
al., 1989). It 1is thought that the helicase-primase
complex primes lagging-strand synthesis as the complex

unwinds DNA at the replication fork.



1.7.4 Viral DNA maturation and cis-acting signals
Cleavage of high mw concatemeric DNA to unit-length
linear genomes is closely associated with encapsidation of
viral DNA. The characterisation of ts mutants of PRV and
HSV has revealed clear evidence that these two processes
are linked together (Ladin et al., 1980; 1982; Preston et
al., 1983; Addison, 1986; Sherman and Bachenheimer, 1987;
1988). To date, most studies have been directed towards
determinating the cis-acting sequences required for
cleavage and packaging. All defective virus genomes
contain sequences from the terminus of the S region of HSV
genome, suggesting that these sequences encode the
signal(s) for cleavage and packaging of DNA (Kaerner et
al., 1981; Vlazny and Frenkel, 1981; Spaete and Frenkel,
1982). Studies on defective viral dgenomes denerated by
serial passage of HSV-1 virus stocks at high moi have also
shown that only full-length defective genomes were present
in cytoplasmic virions, suggesting that only capsids
containing unit length DNA were enveloped (Vlazny et al.,
1982). Subsequent work by Stow et al. (1983), demonstrated
that all the signals required for HSV-1 DNA encapsidation
were located within the a sequence, since only plasmids
contain ing HSV-1 oris and the a sequence were packaged
into capsids when transfected into cells with helper virus
DNA. The a sequence, which is present as a direct repeat
at both the termini, and in an inverted orientation at the
L-S junction, 1is composed of unique elements (Us, Uc ),
separated by direct repeated (DR) elements. It has been

shown that DR1 elements 1lie at each end of a single a
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sequence, and multiple copies of a sequence are separated
by a single DR1 element (Figure 4). Heterogeneity in the
size of a sequences of different HSV strains is due to the
variation in the copy number of DR elements (Locker and
Frenkel, 1979; Davison and Wilkie, 1981; Mocarski and
Roizman, 1981; Mocarski et al., 1985). Sequence analysis
of HSV DNA has revealed that the a sequence ends at both
termini in a partial copy of DR1 (Davison and Wilkie, 1981;
Mocarski and Roizman, 1982), such that the ligation of TRs
and TRL regenerated the complete DR1 Dbetween two a
sequences. It was concluded from this information that the
cleavage site is present within the DR1 element (Mocarski
and Roia@an, 1982). The findings obtained from the
énalysis}HSV—l strain Justin defective genomes revealed the
presence of a complete copy of DR1 at the end of the a
sequence adjoining the short repeat sequence but only 4bp
of DR1 at the novel Us-a junction. This finding led to the
conclusion that the DR]1 sequence does not contain the
cleavage-packaging signal (Mocarski et al., 1985). Studies
by Varmuza and Smiley (1985) supported this prediction.
Various sub-fragments from the a sequence were inserted
into the viral TK gene and assayed for the ability to
direct cleavage/packaging when introduced into a plasmid
containing an HSV-1 origin of replication. The mutant TK-
fragments were also inserted into HSV DNA and the
recombinants screened for the ability to produce novel
termini. A 250 bp subfragment, which lacked DR1 and part
of Up at one end and contained an incomplete copy of DR1 at

the other end, retained «c¢is-acting cleavage-packaging
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Figure 4

The "a" sequence of HSV-1 strain F, which is present as a
direct repeat at both termini and in an inverted
orientation at the L-S8 junction. The region shown is
composed of unique elements (Up and Uc), separated by
direct repeated elements (DR). At the each end of a single
"a" lies a DR1 element. (taken from Chou and Roizman,

1985).
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signals. Furthermore, sequence analysis revealed that the
novel termini generated by the TK- recombinant viruses were
produced by two distinct cleavage events, one specifying
the location of the new S terminus, the other the new L
terminus. Both cleavage sites occured in flanking TK DNA
sequences at a defined distance from the cleavage signals.
On the basis of these results Varmuza and Smiley (1985)
proposed that in the standard HSV genome the two cleavage
events occurred normally within DR1, but that the cleavage
signals mapped elsewhere within the a sequence, probably
within Up» and Uc. Eventually, it was shown that two
separate signals, one located within U, and the other in Uc
element of the a sequence, were essential for cleavage and
encapsidation of defective virus (Deiss and Frenkel, 1986;
Deiss et al., 1986). Comparison of concatemeric junctions
of s8ix different herpesviruses revealed two blocks of
conserved sequences (referred to as pacl and pac2) which
were homologous to Up and Uc. It was suggested on the
basis of these findings that there was a uniform mechanism
for cleavage and packaging of herpesvirus DNA (Deiss et
al., 1986). Using a transient c¢leavage assay it was
demonstrated that a 179bp cloned fragment from the junction
of two tandem a sequences, containing the cis-acting
signals for cleavage and encapsidation, was cleaved at the
appropriate site even though the fragment was unable to
replicate in HSV-infected «cells (Nasseri and Mocarski
1988). This result suggested that cleavage is independent
of replication or concatemerisation. The same fragment,

when linked to an HSV origin of replication, was able to be
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replicated and packaged into progeny virus as a defective

genome in the presence of helper virus.

1.7.5 Viral DNA packaging models

Several models have been proposed to explain the
processing of concatameric DNA into packaged unit 1length
DNA. The simplest of all models is based on a single
cleavage event within DR1 to produce L and S termini.
However, this model (Fig. b5A) requires junctions bearing
two or more tandem a sequence for processing (Mocarski and
Roizman, 1982). Since 50% of L-S junctions contain only
one a& . sequences, there must be a mechanism which
discriminates between a single and multiple a sequences or,
alternatively, a system for regenerating a lost a sequence.
It is also clear from work on defective genomes that one a
sequence is sufficient in the monomer unit for cleavage and
packaging. These observations 1led Varmuza and Smiley
(1985) to propose two models for cleavage and packaging.
In the first model, known as the staggered nick-repair
model, the termini are generated by staggered single-
stranded nicks followed by repair synthesis rather than ds
cleavages proposed by Mocarski and Roizman (1982). S and L
recognition complexes bind to signals in U and Ug
respectively and each complex makes a single-stranded nick
.in the adjacent DR1 sequence at the end of the a sequence
(Fig. 5B). Repair synthesis occurs across the staggered
cleavages to produce two termini, each containing an a
sequence. Junctions bearing two or more tandemly

reiterated a sequences can also be processed by cooperation
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Figure 5

DNA cleavage model of Mocariski and Roizman (1982), A
single cleavage event within the DR1 element generates
the L and S termini. (I) The single a sequence
present at the L-S junction is flanked by DR1. (171)
Taﬁdemly repeated a sequences share a single copy of
DR1. (III) A single cleavage event within a copy of
DR1 separating two adjacent a sequence may give rise

to the termini.

The staggered nick-repair model. The L and S termini
arise either by staggered single-strand nicks followed
by repair synthesis or, alternatively, the junctions
bearing two or more reiterated a copies are processed
by cooperation between L and S recognition complexes
in adjacent a sequence and produce a double strand
break. The circles represent the L and S recognition
complexes bound to signals in Up and Uc respectively.

Taken from Varmuza and Smiley (1982}.



39

between L and S recognition complexes in adjacent a
sequences. It was suggested that the ds break created by
this process generates ends which have a protruding 3
nucleotide (Mocarski and Roizman, 1982). Varmuza and
Smiley (1985) also proposed a simple mechanism, the theft
model, in which two separate ds cleavages events occur
(Fig. 6), one creating an L terminus, the other an 8
terminus. Thus, at any L-S junction containing a single a
sequence, only one cleavage is made creating (for example)
an L terminus with an a sequence and an S terminus lacking
it. This step is followed by packaging of the genome
contaihing the a sequence at the terminus until the next L-
S Jjunction in the same orientation is encountered. A
second cleavage event (in an opposite fashion) takes place
to generate (for example) an § terminus with an a sequence
and an L terminus 1lacking one. The theft model was
subsequently modified by Deiss et al. (1986) to include
polarity in cleavage-packaging process. In their model,
referred to as the directional cleavage model, the
packaging complex binds to the concatameric viral DNA at
random and proceeds in a random walk until a junction
containing the a Uc signal is found (Fig. 7). Cleavage
occurs at the first DR1 element producing a terminus with a
3" protruding nucleotide. Packaging Dbegins at the
‘generated L terminus, which contains one or more a
sequences, and the DNA is scanned for the next direct
repeat junction. A second cleavage occur within the DR1
element proximal to the first Us signal within this

junction to give a terminus with 3' single-base overhang
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Figure 6

The Theft model proposed by Varmuza and Smily (1982) for
cleavage and packaging of DNA. A ds cleavage at one of two
cleavagé sites creates an L terminus carrying an a sequence
and an S8 terminus lacking an a sequence. Packaging of the
genome carrying the a sequences after the L terminus is
initiated and continues until the proper orientated L-S
junction is encountered. At this point a cleavage at the §
terminal 1is made dgenerating an S terminus with an a
sequence and an L terminis lacking the a sequence. The L
and S8 ends lacking a sequence are thought to be rapidly
degraded. Triangles represent packaging signals while

circles represent packaging complexes.
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Figure 7

Directional cleavage model proposed by Diess et al., (1986)
In this model packaging complex binds to concatemeric
standard viral DNA and moves randomly until a Jjunction
cbntaining a Uc signal is found. Cleavage occurs at the
first DR1 element, producing a terminus with 3' single base
overhang. The generated L terminus, which contains one or
more a sequences, 1is packaged towards the L-S junction.
DNA is scanned for the next direct repeat junction and a
second cleavage event occurs proximal to the first Us
signal encountered to give rise to a 3' single base
overhang. Termini lacking an a sequence are suggested to
be rapidly degraded. The open circle represent the

packaging complex.
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(Deiss et al., 1986). 1In this model and the preceding one
unpackaged termini, lacking an a sequence, are dJenerated.
Since termini lacking a sequences have not been detected it
has been suggested that they are rapidly degraded (Varmuza
and Smiley, 1985; Deiss et al., 1986). To account for
absence of termini devoid of a sequences Deiss et al.
(1986) postulate another model based on the double-strand
break and gap repair mechanism for gene conversion
proposed by Szostak et al. (1983) to explain recombination
events resulting in gene conversion. In this model a
"complex binds to and moves randomly along the DNA.
Packaging begins without cleavage at the first Uc sequence
encountered and proceeds in an L-S8 direction until a
directly repeated junction is encountered. The first and
second junctions interact by the ds break-gap repair
mechanism resulting in the reciprocal copying of an a
sequence from one Jjunction to the other. The generated
double a junctions are cleaved within the DR1 elements
flanked by the Uc and Up and packaged. During this process
no termini lacking a sequences are generated, and the a
sequence is amplified. Unlike the other models this model
accounts for the structure of defective genomes generated
from plasmids, containing an a sequence with a deletion in
U» and an origin of replication, cotransfected into cells
'with helper virus DNA. The possibility that the defective
genome progeny acquired the a sequence by high frequency
recombination with helper virus, however, cannot be ruled

out.
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1.8 HSV ENCODED PROTEINS

Early studies using one dimensional SDS PAGE,
identified about 50 HSV-induced polypeptides in virus-
infected cells (Honess and Roizman, 1973; Powell and
Courtney, 1975; Marsden et al., 1976). Recently, however,
analysis of the complete DNA sequence of HSV-1 17syn*
genome has indicated the presence of at 1least 72 genes
specifying 70 distinct proteins (McGeoch et al., 1985;

1986; 1988).

1.8.1 Structural proteins

Over 30 virus polypeptides have been identified in
purified virions, suggesting that nearly half of the HSV-
induced proteins are structural (Spear and Roizman, 1972;
Heine et,al., 1974; Cassai et al., 1975; Marsden et al.,
1976). It should be noted, however, that although several
minor proteins are present as virion components in some
preparations, it is not clear whether they represent
contaminating non-structural proteins, or whether they are

in fact true components of the virion.

1.8.1.a Capsid proteins

The protein composition of capsids has been largely
determined by purification of capsids from the nuclei of
infected cells. In HSV-1 two types of intranuclear
capsids, designated as A and B capsids, were identified
using sucrose gradients (Gibson and Roizman, 1972), 1In
comparison to A capsids, B capsids had a faster

sedimentation rate, contained DNA and had an internal core
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structure. A capsids lacked DNA and contained mainly
coreless capsids. Recently it has been suggested that the
heavy band containing . B capsids was in fact a
mixture of DNA containing capsids and capsids lacking DNA
but containing some internal structure (partially-cored
capsids) (Rixon et al., 1988). These capsids could also be
seen in thin section preparations of virus-infected cells
under the electron microscope.

Seven polypeptides with apparent MW ranging from
12,000-155,000, have been recognised in HSV-1 full capsids
(Heilman et al., 1979; Zweig et al., 1979; Cohen et al.,
1980) (See table 1).

The major capsid protein (also referred to as
Vuwlb5, ICP5, VP5, NC1l) is encoded by gene UL19 (Costa el
al., 1984; Davison and Scot, 1986; McGeoch et al., 1988),
and has been identified as the capsomere protein which is
arranged in a six-fold symmetry within the icosahedron T=16
(Wildy et al., 1960; Palmer et al., 1975; Furlong, 1978;
Vernon et al., 1981; Stevens et al., 1986; Weller et al.,
1987; Schrag et al., 1989). Recent evidence obtained from
cryo—-electron microscopy of HSV-1 suggests that pentameric
capsomeres may also be composed of Vuwlb5 (Schrag et al.,
1989).

Early electron microscopic studies of disrupted
capsids indicated that the capsomeres were 1linked by
intercapsomeric fibrils (Vernon et al., 1974; Palmer et
al., 1975), and that NC3 or NC4 or both may represent the
intercapsomeric fibrils (Vernon et al., 1981). However,

the results obtained by Braun et al. (1984a) on surface
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iodination labelling of capsids revealed that Vuw33 (see
table 1) and not NC3 or NC4, was located on the outer
capsid surface. On the basis of this finding, it was
suggested that this protein may function as intercapsomeric
connections. The cryo-electron microscopy study by Schrag
et al. (1989) confirmed that there are capsomeric
connections and calculated that the mass of this protein
could be accommodated within the outer surface of the
capsid. On the assumption that the protein density at each
local three-fold position is a trimer, then the capsid
should contain 960 copies of Vw33 which is similar to
estimates of the copy number of this protein within the
capsid (Heine et al., 1974; Schrag et al., 1989).

The capsid protein Vxwb50 (table 1), 1is a DNA
binding protein (Braun et al., 1984a). The exact location
of this protein within the capsid is uncertain. However,
surface iodination studies suggest that this protein is
present in an internal position in the capsid (Braun et
al., 1984b). Schrag et al. (1989) speculated that this
protein was located within the outer capsid (at a radius
between 500 A° and 425 A°), which is consistent with the
observations of Zweig et al. (1979) that there are
disulfide-linkages between Vuwb0 and Vmwlb5. Recent data
obtained from the sequencing of the amino-terminus of
capsid proteins (F.J. Rixon, personal communication),
suggest that UL38 encodes the capsid protein Viwb50. The
HSV-1 ts mutant, HSV-1A44ts2, which fails to assemble
capsids at the NPT, has a ts defect within UL38 (Pertuiset

et al., 1989). This finding suggests Vuw50 is required for



TABLE 1

predicted |Apparent
molecular MW Proposed nomenclatures
weight
(if known) X 108 (a) (B) (C)
149,075 155 NC1 pl55% VP5 (ICP5)
50,260 50 NC2 p50 VP19C (ICP32)
62,466 40 NC3/4 p40 VP22/22a(ICP35)
NA 33 NC4 p32 VP23
" 26 NC5 p25 VP24
" 12 NC6 pl2 ND




TABLE 1

Capsid polypeptide nomenclature proposed by different

(A)

(B)

(c)

workers and the their approximate mw compared with the

predicted mw determined from the nucleotide sequence

.of HSV (McGeoch et al., 1988). NA-not available since

no capsid protein have been assigned to a gene.

The nomenclature used by Cohen et al.(1980) where NC

represents nucleocapsid proteins.

The nomenclature proposed by Heilman et al. (1979).

The noménclature used by Gibson and Roizman (1972) for
virion proteins. The virus-infected cell polypeptide
nomenclature is given in Brackets (Heine et al.,

1974). (ND) not detected.

In this thesis capsid proteiné have also been referred

to by their approximate mw e.g. Vuwl55.
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the formation of capsids.

A family of related polypeptides, designated as
VP22a, VP22, the assembly protein (Gibson and Roizman,
1972; 1974), p40 (Heilman et al., 1979; Zweig et al., 1979;
1980), or ICP35 (Braun et al., 1984b), is encoded by gene
UL26 (Preston et al., 1983; McGeoch et al., 1988). This
assembly protein was thought to be a major component of
full DNA-containing capsids, but not empty capsids lacking
any internal structure (Gibson and Roizman, 1972; Braun et
al., 1984b). Recent work by Rixon et al. (1988), however,
based on immunoelectron microscopy has provided clear
evidence that p40 1is present in partially-cored capsids
which do not contain DNA and is not a major component of
full capsids or mature virions. Since the p40 is only
transiently associated with capsids it cannot be an
integral capsid protein. Further investigations are needed
to determine whether the p40 is required for the formation
of partially-cored capsids. VP21, which was thought to be
an unprocessed form of the ICP35 family, is only present in
type B and C capsids (C capsids are prepared by treating
virions with detergents which remove the envelope) (Gibson
and Roigzman, 1972; Braun et al., 1984a). Schrag et al.
(1989) proposed that VP21 may be present within the
intermediate shell T=4, although the estimated amount of
VP21 present in the capsid (Heine et al., 1972) is not
sufficient to explain the excess in density found in the
cryo-electron microscopic constructions. It is likely that

the nucleocapsid contains an additional as yet unidentified

component (Schrag et al., 1989).
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The 1location and role of the other two capsid
proteins p25, and pl2 are not known. It has been suggested
that pl2, a highly basic protein, may be an internal
component of the capsid (Vernon et al., 1981), and involved
in the events leading to the packaging of HSV DNA (Cohen et
al., 1980). Cryo-electron microscopic studies by Schrag et
al. (1989) suggested that the mass inside the inner capsid
is large enough to accommodate some protein in addition to
the genomic DNA and the polyamine spermine detected in
earlier studies by Gibson and Roizman (1971), and Roizman
and Furlong (1974). It is thought that the function of
spermine in the nucleocapsid is to neutralise the phosphate
charge on DNA, to allow the DNA to be densely packed into

the capsids.

1.8.1.b HSV tegument proteins

The tegument is thought to contain at least 15 or
more non-glycosylated proteins. The assignment of
structural proteins to the tegument is generally based on
their presence in de-enveloped virions, and their absence
from capsids purified from infected cell nuclei (Gibson and
Roizman, 1972; Lemaster and Roizman, 1980) . This
criterion, however, excludes non-glycosylated proteins
close to the envelope, for example Vuw65, which are
solubilised by detergents (Spear, 1980; Johnson et al.,
1984). In practice, therefore, detergent-soluble non-
glycosylated structural polypeptides are normally placed in

the tegument.

The tegument polypeptide Vuw65, which is the
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product of gene UL48, is responsible for trans-activating
IE gene transcription {Batterson and Roizman, 1983;
Campbell et al., 1984). The precise structural role of
Vuw65 is not known, although work on the HSV-2 tg mutant
ts2205 (Halliburton and Timbury, 1976) has shown that it is
important in stabilizing the capsid (Ramsay, 1987) .

A 10,000 MW phosphoprotein encoded by gene US9 has
also been identified as a tegument protein. Oligopeptide
antiserum, raised against a portion of US9 amino acid
sequence, precipitated a family of polypeptides with MW of
around 10,000 from NP40 soluble extracts of HSV-1 virions
(Frame et al.,1986). The 10,000 MW protein is located on
the surface of capsids in the nucleus, and it is thought
that this protein becomes associated with the nucleocapsids
shortly after their formation.

The gene UL36 encodes a huge tegument protein known
as Vw273 (Batterson et al., 1983; McGeoch et al., 1988).
The lesion in the HSV-1 strain HFEM ts mutant tsB7 was
localised within this protein. Capsids from input virions
of tsB7 accumulated at the nuclear pores at the NPT and
failed to release the viral DNA into the nucleus (Batterson
et al., 1983), suggesting that this protein is important
for uncoating.

A protein kinase activity has been located in the
tegument by Lemaster and Roizman, (1980). It was suggested
that the protein kinase is possibly a host casein Kkinase
II, since there are similarities between the tegument

protein kinase and the host enzyme (Stevely et al., 1985).
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1.8.1c Envelope glycoproteins

At least seven major glycoproteins have been
recognised on the virion surface (table 2). These
glycoproteins have been intensively studied since they
mediate entry of the virus into the infected cell, the
spread of virus between cells, and they form targets for
antibody-mediated neutralization of virion infectivity and
therefore may be potential targets for anti-HSV vaccines
(Spear, 1985; Marsden 1987). The genes encoding the
glycoproteins aredistributedthroughout the genome within
both Us, which contains a high concentration of
glycoproteins, and U. (Fig 8). The virion glycoproteins
gH, gB, gC, gD, gI, gE all possess N-terminal hydrophobic
signal sequences and C-proximal hydrophobic sequences. It
should be noted that a minor glycoprotein, which has not
been identified as a component of the envelope, is thought
to be encoded by gene USbH, (McGeoch, 1985; McGeoch et al.,
1985; McGeoch et al., 1987; McGeoch et al., 1988a).
Finally, sequence analysis of UL have identified eight
other potential membrane-associated genes, UL1, UL3, UL10,

UL20, UL34, UL43, UL45 and UL53 (McGeoch et al., 1988).

1.9 VIRION ASSEMBLY
1.9.1 Capsid assembly

The chain of events 1leading to nucleocapsid
assembly in herpesviruses 1is still unclear. There is,
however, general agreement that structural proteins migrate
from the cytoplasm to the nucleus where capsids are

assembled (Morgan et al., 1954; 1959; Olshevsky et al.,




TABLE

2

The function of HSV glycoprteins

. glycoproteins

Function gB gC gD gE gG gH gl
Essential genes
in tissue culture yes no yes no no yes no
Adsorption +? +? +? +?
Penetration + + + +
Cell fusion (syn) + +
Virus egression - - - - +?
Neutralisation + + + + + +
C3b receptor gC-1

gc-2

Fc receptor +

(+)
(=)
(?)

indicates a positive role
indicates a negative role
either unclear or unknown

For references refer to the text
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in DNA packaging




Figure 8

The diagram represents the map location of HSV-1 (A)
glycoproteins and (B) the genes which are thought to be
involved in DNA encapsidation (refer to the text for

details).
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1967; Spear and Roizman, 1968; Ben-Porat et al., 1969).
Analysis of ts mutants of PRV, which failed to assemble
capsids but synthesised DNA at the NPT, suggested that
capsid assembly is required for the continual movement and
accumulation of capsid proteins in the nuclei of infected
cells (Ladin et al., 1980; 1982). The nuclear matrix, i.e.
the residual nuclear skeletal framework obtained by
sequential extraction of purified nuclei with 1low salt,
DNase, and high salt treatment (Berezney and Coffey, 1977),
is thought to be the site within the nucleus where
herpesviruses capsids are assembled, and viral DNA
replication takes place (McCready et al., 1980; Pardoll et
al., 1980; Bibor-Hardy et al., 1982a; 1982b; Tsutsui et
al., 1983; Ben-Porat et al., 1984; Bibor-Hardy et al.,
1985). As mentioned earlier, Vxwl55 is the major component
of T=16. Like Vmwlbh5 mutants, the UL38 ¢ts mutant HSV-1
Ad44ts2 fails to produce capsids at the NPT (Pertuiset et
al., 1989). This finding suggests that UL38 gene product
is also an essential component of capsids. Analysis of DNA
+ve ts mutants of PRV and HSV, together with pulse-chase
experiments have shown that empty, coreless capsids are
breakdown products of full, DNA-containing capsids (Ladin
et al., 1980; 1982). This information suggests that an
internal shell must be present for the formation of the
outer T=16 capsid shell. It is interesting to note that
electron translucent  core-like structures have been
observed in the nuclei of cells infected at the NPT with
Vuwlb5 ts mutants. The correct processing of UL26 dene

product ICP35 is probably important for capsid assembly,
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since the mutant ts1201, which has a defect in p40 (ICP35),
produces capsids at the NPT which have a larger internal
core structure than capsids produced by packaging mutants
containing defects in other genes (Preston et al., 1983:
Addison, 1986). 1In a recent study on capsids of EHV-1 the
only difference in the protein composition between core-
less empty capsids and partially-cored capsids was the
presence of p40 in partially cored capsids (Newcomb et al.,
1989). This work supports the results obtained by Rixon et
which
al. (1988)idemonstrated the presence of p40 in partially-
cored capsids. Either p40, which is present outside the
capsids, is required for the maintainance of the internal
core structure or a minor unidentified protein is
important. To date no scaffolding proteins have been
identified, however, it is 1likely that viral proteins in

addition to Vuwl55 and Vuwb50 will be required for the

formation of capsids.

1.9.2 Encapsidation of herpesvirus DNA

The available experimental evidence favours a model
in which the virus DNA is packaged into a preformed capsid.
A model based on this mechanism was first suggested by
Perdue et al. (1976). It was proposed that DNA enters
intermediate capsids (partially-cored capsids) which
contain an internal structure and DNA is spooled around a
large cylinder core structure. During this process the
cylinder is condensed to form a densely staining toroid of
the type observed by Furlong et al. (1972) in thin sections

of HSV-1 infected cells under the electron microscope. The
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insertional model was based on work on EHV-1 (Perdue et
al., 1975; 1976). Three distinct species of EHV-1 capsids
were identified on renografin-76 density gradients.
Analysis of the <capsid species revealed significant
differences in their protein composition and DNA content.
Capsids were classified into 1light or empty, medium or
partially-cored and heavy or DNA-containing capsids.
Perdue et al. (1976) showed that partially-cored capsids
were Dprecursors to DNA-containing capsids, since, in
"pulse-chase" experiments, during the "chase" the amount of
radiocactive label in partially-cored capsids decreased and
this was accompanied by an increase in label in DNA-
containing capsids. Observations of capsids by Schrag et
al. (1989), using cryo-electron microscopy revealed that
there are channels located at the six coordinated positions
of the T=4 lattice, which are aligned with the channels
that penetrate through T=16 shell. Schrag et al. (1989)
suggested that the genome might be inserted through these
channels. Perdue et al. (1976) proposed that the
intermediate capsids contained four cylinders which fused
to-form a large cylinder around which the DNA is spooled.
In view of the recent finding that HSV has an inner as well
as an outer capsid, this scheme should be viewed with some
doubt. Further evidence favouring the entry of DNA into
partially-cored capsids has been obtained from the studies
of DNA positive ts mutants of PRV and HSV-1 which fail to
encapsidate DNA at the NPT (Schaffer et al., 1973; 1974;
Cabral and Schaffer, 1976; Atkinson et al., 1978; Ben-Porat

et al., 1982; Sherman and Bachenheimer, 1987; 1988). Cells
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infected with these mutants at the NPT generally contained
large amounts of partially-cored capsids in the nuclei. 1In
cases where the effect of the mutation could be reversed
upon shiftdown to the PT in the presence of cycloheximide,
the number of partially-cored capsids decreased and this
accompanied by the appearance of full capsids in the
nucleus and virus particles in the cytoplasm (Ladin et al.,
1980; Preston et al., 1983). Various photographs have been
published from electron microscopic studies on HSV and CMV
which claim to show dense filaments, presumed to be viral
DNA, extending from the nucleoplasm through the capsids to
the cores (Friedmann et al., 1975; Haguenau and Michelson-
Fiske, 1975).

An alternative method for the formation of DNA
containing capsids was suggested by Pignatti and Cassai
(1980). They proposed that newly synthesised DNA is packed
and condensed into nucleoprotein complexes (NPC) containing
HSV-encoded proteins VP5, VP12, VP15.5, VP19, and VP24.
The mature nucleocapsid is formed by the addition of other
structural proteins to the NPC. The possibility, however,
that NPC detected in virus-infected cells represents
degraded nucleocapsids has not been excluded. It should be
noted that this model of DNA encapsidation has 1little
support, since the weight of evidence favours insertion of
DNA into a preformed capsid.

Results obtained from work on herpesvirus DNA

\maturation (See section ) suggest that replicated viral DNA
concatemers are c¢leaved at specific sites while DNA is

packaged into capsids (Vlazny et al., 1982; Varmuza and
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Smiley, 1985; Deiss and Frenke