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ABSTRACT

The virion host shutoff protein (vhs) of herpes simplex virus triggers the
shutoff of host protein synthesis and degradation of mRNAs. Vhs specifically
targets mRNAs and binds to the transléltion initiation factor elF4H. A complex of
vhs/elF4H has ribonuclease activity in the absence of any other host or viral
factors. However, the role of elF4H and other host factors in the activity and
mRNA targeting of vhs has not yet been directly examined. Yeast extracts
expressing vhs were previously reported to lack nuclease activity, however, we
observed detectable nuclease activity which did not target to the EMCV internal
ribosome entry site (IRES), in the absence of mammalian factors. The activity of
vhs produced in yeast was strongly stimulated by RRL, elF4H or its sequence
paralogue, elF4B, and only RRL was able to reconstitute IRES-directed
targeting. These results demonstrate that additional mammalian factors are

required for targeting to the EMCV IRES.
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CHAPTER 1 : INTRODUCTION

1.1 INTRODUCTION TO HERPESVIRUSES

Members of the Herpesviridae family all share a common virion
morphology. A herpesvirus virion consists of four distinct components: an
electron dense core containing the linear double-stranded DNA; an
icosadeltahedral capsid; a tegument, which is an amorphous, proteinacious
layer surrounding the capsid; and a glycoprotein containing envelope (Roizman,
1996). Viruses in the Herpesviridae family also share a number of biological
properties: they encode a large number of enzymes; DNA replication and
assembly of capsids occurs in the nucleus; lytic infection results in the
destruction of the infected cell; and they establish lifelong latent infections in
their natural hosts (Roizman, 1996).

There are over 100 different herpesviruses that have been identified to
date, with eight viruses that infect humans. The family Herpesviridae has been
divided into three subfamilies: the alphaherpesvirinae, the betaherpesvirinae,
and the gammaherpesvirinae (reviewed in (Roizman, 1996)). The viruses in the
subfamily alphaherpesvirinae have a broad host range, a short production cycle,
rapidly infect and kill cells, and establish latency in sensory neurons. This
subfamily contains the first human herpesviruses to be recognized, the human
herpes simplex viruses type 1 and 2 (HSV-1 and HSV-2). The human varicella-
zostervirus (VZV) is also a member of this subfamily. The viruses belonging to
the subfamily betaherpesvirinae generally have a restricted host range, a long
reproductive cycle, grow slowly in culture, often cause infected cells to become
enlarged and establish latent infections in tissues such as secretory glands and
hematopoietic progenitor cells. The human herpesviruses belonging to this
subfamily are the human cytomegalovirus (HCMV) and human herpesviruses 6
(HHV-6) and 7 (HHV-7). In the subfamily gammaherpesvirinae, viruses have a

narrow host range, can replicate in epithelial cells, establish latency in T or B
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Introduction 2
lymphocytes, and can immortalize infected lymphocytes. This subfamily

includes the Epstein-Barr virus (EBV) and the Karposi's sarcoma-associated

herpesvirus (KSHV) or human herpesvirus 8 (HHV-8).

1.2 OVERVIEW OF HSV INFECTION

The pathogenesis of HSV infection of the human host can be divided into
four stages. The first stage is characterized by the primary infection which
requires intimate personal contact of a 'seronegative person with an infected
secretion (reviewed in (Roizman & Knipe, 2001, Whitley, 1996)). HSV-1 is
generally spread by oral contact or saliva and HSV-2 is usually spread by
genital contact or vaginal secretions. Infection is initiated when the virus comes
into contact with mucosal epithelium (predominately oral mucosal tissue for
HSV-1 and genital mucosal tissue for HSV-2) or breaks in the skin. The virus
then productively replicates at the site of the infection. The second phase of
infection is characterized by the latent infection of neurons. At the site of the
primary infection the virus enters the nerve endings of the innervating neurons
and the nucleocapsid travels by retrograde axonal transport to the nucleus of
the sensory ganglia (primarily the trigeminal ganglion for HSV-1 and the sacral
ganglia for HSV-2). The virus undergoes a period of transient replication after
which a latent state is established. The viral genome circularizes and remains in
an episomal state in the majority of infected neurons for the lifetime of the
individual. The third stage is the reactivation of the virus. The virus may be
activated by a variety of stimuli such as, physical or emotional stress, exposure
to ultraviolet light, tissue damage, fever, immune suppression, and axonal injury.
The virus undergoes a least a limited productive cycle and capsids are carried
by anterograde transport to the cells at or near the site of the initial infection.
The fourth stage of HSV infection is characterized by recurrent infection. The
reactivated infection involves the same area as the original infection. The virus
replicates in the mucosal tissue causing the shedding of virus. Reactivation can

be asymptomatic or lead to the formation of skin vesicles or mucosal ulcers.
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Introduction 3

1.3 EPIDEMIOLOGY AND CLINICAL MANIFESTATIONS OF HSV INFECTION

As mentioned above, HSV is transmitted from infected to susceptible
individuals by close personal contact. HSV-1 infection is common world wide
with serological studies indicating that 70 — 95 % of the population is infected
with HSV-1, depending on the country (Whitley & Gnann, 1993). Although
reciprocal infections can occur, HSV-1 is generally associated with infections
above the waist and HSV-2 with infections below the waist. Primary HSV-1
infection usually occurs before the age of 5 and is often asymptomatic (Whitley,
1996). Herpetic gingivostomatitis is the common clinical manifestation in
younger children, where as, in young adults primary HSV-1 infection often
results in herpes pharyngitis and a mononucleosis-like syndrome (Glezen et al.,
1975, McMillan et al., 1993). The most common clinical manifestation of
recurrent HSV-1 infection are vesicular lesions or more commonly known as
cold sores, which are estimated to affect about 33 % of adults (Friedman et al.,
1977, Ship et al., 1967, Ship et al., 1977). Other clinical syndromes caused by
HSV-1 include: herpetic keratitis, herpetic whitiow, eczema herpeticum and
herpes encephalitis (Simmons, 2002).

HSV-2 spread is primarily through sexual contact, and as such initial
infection usually occurs after the onset of sexual activity (Whitley, 1996).
Infection with HSV-2 is quite prevalent, with seropositivity to HSV-2 ranging from
5-25 % in western countries (Smith & Robinson, 2002). Recurrent HSV-2
infection causes genital herpes and very rarely HSV meningitis. HSV-2 can also
cause devastating neonatal infections (disease localized to the skin, eye and
mouth, encephalitis and disseminated infection involving multiple organs)
(Whitley, 1996), with HSV-2 infection accounting for 35 % of neonatal
encephalitis (Ferrante et al., 2000).

1.4 HSV VIRION
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Introduction 4
The HSV virion consists of four components: a DNA core, a capsid, a

tegument surrounding the capsid and an envelope (Roizman, 1996). The HSV
DNA is double-stranded, linear and wrapped in the form of a toroid or a spool
(Zhou et al., 1999). In the nucleus of infected cells, the HSV genome remains
linear (Jackson & DeL.uca, 2003). The viral genome of HSV-1 strain 17 is just
over 152 kilobase pairs long, with a GC content of 68 % for HSV-1 and 69 % for
HSV-2 (Becker et al., 1968). It can be divided into two covalently linked
components: the long and short regions. Each component contains unique
sequences that are flanked by inverted repeats. The repeated sequences
bracketing the unique long (U,) sequence are designated ab and b’ a’, and the
repeated sequences bracketing the unique short (Ug) sequence are designated
a’c’ and ca (McGeoch et al., 1988, McGeoch et al., 1985). Through
recombination, the inverted repeats allow the long and short components to
invert relative to one another to yield four linear isofoms. In an infected cell, the
HSV genome exists in equimolar concentrations of all four isomers (Delius &
Clements, 1976, Hayward et al., 1975)‘.' The HSV genome encodes about 90
unique proteins whose genes are transcribed from both DNA stands. Those
genes which are located in the inverted repeats are present in two copies
(Roizman & Knipe, 2001). For the most part, each gene has its own promoter,
although some transcripts share 3’ ends. The HSV virion contains 30 known and
10 suspected virus proteins distributed in the capsid, tegument and envelope
(Roizman & Knipe, 2001).

The icosadeltahedral capsid is composed of 162 capsomers. Capsid
assembly requires seven proteins which are encoded by six genes: UL18
(VP23), UL19 (VP5), UL26 (VP21 and VP24), UL 26.5 (VP22a), UL35 (VP26),
and UL38 (VP19C) (Tatman et al., 1994). The UL26 protein product has
protease activity which cleaves autoproteolytically to create VP21 and VP24,
and also cleaves pre-VP22a into VP22a (Homa & Brown, 1997). The proteins
VP5, VP19C, VP23 and VP26 are the structural components of the outer capsid
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Introduction 5
shell and VP21, VP22a and VP24 form the scaffold structure around which the

capsid shell forms (Homa & Brown, 1997).

The tegument is designated as the proteinacious layer between the
capsid and the envelope. It is largely unstructured and contains many proteins
required during the early events of infection (Zhou et al., 1999). Some of these
proteins include VP16, virion host shutoff (vhs) protein, VP22, VP13/14,
VP11/12, and VP1/2 (Roizman & Knipe, 2001). VP16 is important for its
transactivating activity on immediate-early (IE) gene promoters and vhs is
required for the shutoff of host protein synthesis. Both proteins will be discussed
in more detail below.

The envelope consists of a lipid bilayer with protruding glycoprotein
spikes. There are at least 10 glycoproteins on the surface of the virion. They are
gB, gC,gD, gE, gG, gH, gl, gK, gL and gM (Roizman & Knipe, 2001). Non-
glycosylated membrane proteins include the products of UL20 and US9, and
possibly UL24, UL43 and UL34 (Roizman & Knipe, 2001).

1.5 HSV LYTIC INFECTION

The HSV lytic infection proceeds though the following stages: virus
attachment and entry, capsid transport to the nucleus and release of the viral
genome, expression of the IE genes, expression of the early (E) genes and viral
DNA replication, and expression of the late (L) genes and virion assembly and
egress. Each step will be discussed in more detail below.

1.5.1 VIRUS ATTACHMENT AND ENTRY

HSV-1 meditates entry into the host cell via attachment at the cell surface
followed by fusion between the viral envelope and the host cell membrane.
There are five viral glycoproteins which aid in viral entry: gB, gC, gD, gH and gL
(Spear, 1993). With the exception of gC, all are essential for viral entry, as

mutant virions lacking one of the glycoproteins can bind but not enter cells
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Introduction 6
(reviewed in (Shukla & Spear, 2001)). Virions which lack gC show an

impairment in adsorption, and a delay in penetration of cells, however, bound
virus can still enter cells and initiate infection (Herold et al., 1991), where as
virions lacking both gB and gC are severely impaired for binding to cells (Herold
et al., 1994). The first step in entry of HSV into cells is the initial interaction of
the HSV membrane glycoproteins gB or gC with the heparan sulfate chains on
cell surface proteoglycans (Shieh et al.,, 1992, WuDunn & Spear, 1989). Both gB
and gC bind heparan suifate (Herold et al., 1991, Tal-Singer et al., 1995,
Williams & Straus, 1997) and soluble gC can inhibit the virus from binding to
cells (Svennerholm et al., 1991, Tal-Singer et al., 1995). However, cells which
do not express heparan sulfate but do express other glycoaminoglycans can
also be infected, although with decreased efficiency and glycoprotein gD
appears to play a role in the infection of this cell line (Banfield et al., 1995).

The second step in attachment involves the binding of the viral ligand gD
to one of several entry receptors. gD can independently bind entry receptors
belonging to four classes of molecules (Spear, 1993). The first is the herpes
virus entry mediator (HveA), which is a member of the tumor necrosis factor-
receptor family (Montgomery et al., 1996). However, HveA occurs primarily on
lymphoid cells so is unlikely to be a major player in HSV entry (Montgomery et
al., 1996). The second set of coreceptors belong to the immunoglobulin
superfamily. Nectin-1a (also known as HveC or Prr1) and Nectin-2a. (also
known as HveB or Prr2) were both found to bind gD (Geraghty et al., 1998,
Warner et al., 1998). Nectin-1a is found in cell lines of epithelial origin (HEp-2
and Hela) and in brain and spinal cord tissue on human multiple-tissue northern
blots (Cocchi et al., 1998), and can mediate entry of wild type HSV-1 (Geraghty
et al., 1998). However, Nectin-2a, can only mediate entry of HSV-1 mutants but
not wild-type virus (Warmner et al., 1998). The third family of coreceptors consists
of 3-O-sulfated heparan sulfate. 3-O-sulfated heparan sulfates can mediate
HSV-1 entry into Chinese hamster ovary cells, but it still has not been shown to
mediate entry into human cells (Shukla et al., 1999).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Introduction 7
The third step in viral entry is the fusion of the host cell membrane with

the virion envelope. The interaction of gD with one of the receptors activates
membrane fusion, which requires gB, gH-gL, gD and the receptor (Forrester et
al., 1992, Ligas & Johnson, 1988, Sarmiento et al., 1979, Shukla & Spear,
2001). Upon fusion, the nucleocapsid and associated tegument is released into
the host cytosol. The fate of the proteins in the tegument is varied: some remain
in the cytosol, some are transported to the nucleus and some stay associated
with the capsid. The role of the tegument-associated proteins is to create a
hospitable environment for viral replication in the hostile host cell. Once inside
the host cell the nucleocapsid interacts with the microtubular network
(Kristensson et al., 1986, Sodeik et al., 1997) and is transported to the nucleus
via the microtubule-motor dynein and its cofactor dynactin (Dohner et al., 2002).
The nucleocapsid interacts with the nuclear pore complex (Batterson et al.,
1983, Sodeik et al., 1997), which requires importin-f and the interaction triggers
the release of the viral DNA into the nucleus (Ojala et al., 2000). Recently, a
paper has reported that once released into the nucleus the viral genome
remains linear and does not circularize during the course of the lytic infection
(Jackson & Del.uca, 2003).

1.5.2 IMMEDIATE—EARLY GENE EXPRESSION

Once inside the nucleus, transcription of the linear genome takes place
by host RNA polymerase II (RNAP II) (Alwine et al., 1974, Costanzo et al.,
1977). HSV genes are transcribed in a coordinately and temporally regulated
cascade fashion. HSV genes fall into three kinetic classes : immediate-early (IE
or o), early (E or B) and late (L or ) (reviewed in (Roizman & Knipe, 2001)). The
IE genes are transcribed in the absence of de novo protein synthesis and
stimulate the expression of the E and L genes. The synthesis of IE gene
products peaks between 3 and 5 hrs post infection at a multiplicity of infection of
20 (Honess & Roizman, 1974). E proteins peak synthesis between 5 and 7 hrs

post infection (Honess & Roizman, 1974) and these proteins are generally
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Introduction 8
required for DNA replication. The synthesis of L proteins continues at increasing

rates until at least 12 hrs after infection (Honess & Roizman, 1974) and L
proteins are required for assembly and egress of the virion.

IE gene promoters contain various cis-acting elements including, TATA
and CAAT elements, binding sites for the transcription factor Sp1 and
sometimes binding sites for infected cell protein 4 (ICP4) (Roizman & Knipe,
2001, Weir, 2001). Transcription of IE genes is controlled by inducible enhancer
elements that bind multiprotein complexes. The viral regulatory protein VP16
(also called o-TIF or ICP25 or Vmw65)h, which is encoded by the UL48 gene, is
responsible for the induction of IE gene transcription (Batterson & Roizman,
1983, Campbell et al., 1984, Post et al., 1981). The stimulation of transcription
by VP16 requires the presence of several copies of a conserved cis-acting
sequence in the promoter, known as the TAATGART element (where R is a
purine residue) (Gaffney et al., 1985, Mackem & Roizman, 1982a, Mackem &
Roizman, 1982b). While VP16 interacts with the element only weakly, a
multiprotein complex (the VP16-induced complex, VIC) comprising of the
ubiquitous transcription factor Oct-1, the host cell factor-1 (HCF, C1 or VCAF)
and VP16, interacts with the element with a much higher affinity (Kristie et al.,
1989, Kristie & Roizman, 1987, McKnight et al., 1987, O'Hare et al., 1988,
O'Hare & Gooding, 1988, Preston et af,, 1988). VP16 is a component of the
tegument and after delivery into the cytoplasm, HCF-1 directly interacts with
VP16 (Gerster & Roeder, 1988, Katan et al., 1990, Kristie & Sharp, 1990, Xiao
& Capone, 1990) and delivers it to the nucleus (La Boissiere et al., 1999). In the
nucleus, Oct-1 binds to a consensus octamer sequence which overlaps with the
enhancer element and VP16 interacts with Oct-1 bound to the viral DNA and
with HSV-specific DNA sequences directly adjacent to the octamer motif (Kristie
& Sharp, 1990, Pomerantz et al., 1992, Stern & Herr, 1991, Stern et al., 1989).
However, the formation of a stable complex requires the participation of HCF-1
(Gerster & Roeder, 1988, Katan et al., 1990, Kristie et al., 1989, Xiao & Capone,
1990). HCF-1 does not bind DNA, but rather interacts with both VP16 and Oct-1
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Introduction 9
to promote the stable assembly of the VIC (Hayes & O'Hare, 1993, Kristie &

Sharp, 1993, Vogel & Kristie, 2000). IE promoters also contain binding sites for

other cellular transcription factors, such as, GABP and Sp1 and these factors
have been found to significantly contribute to the activation of IE gene
transcription (Jones & Tjian, 1985, LaMarco & McKnight, 1989, Triezenberg et
al., 1988b). HCF-1 binds to both GABP and Sp1, and it appears that HCF-1 is
required for the stable assembly of all enhancer elements into a more complex
regulatory unit (Vogel & Kristie, 2000). This may be why HCF-1 is required
maximal transactivation of IE gene promoters (Luciano & Wilson, 2002).

VP16 contains two major domains required for its activity. The amino (N)-
terminus is required for promoter targeting via interaction with Oct-1and HCF-1
(Kristie & Sharp, 1990, Stern et al., 1989) and binding of DNA (Stern & Herr,
1991). On the other hand, the carboxy (C)-terminus contains an acidic domain
required for transcription activation by VP16 (Ace et al., 1988, Greaves &
O'Hare, 1989, Triezenberg et al., 1988a, Werstuck & Capone, 1989a) (Werstuck
& Capone, 1989b). The VP16 activation domain binds to multiple host
transcription factors: TFIID (Ingles et al., 1991, Stringer et al., 1990), TFIIB (Lin
& Green, 1991, Lin et al., 1991), TFIIA (Kobayashi et al., 1995), TFIIH (Blau et
al., 1996, Xiao et al., 1994), and hTAFII32 (Goodrich et al., 1993, Klemm et al.,
1995) as well as the RNAP II holoenzyme (Hengartner et al., 1995). Mutations
in VP16 which inhibit binding to these transcription factors, impairs VP16-
mediated stimulation of transcription (reviewed in (Flint & Shenk, 1997)). VP16
stimulates the early steps in transcription, such as assembly of preinitiation
complexes, initiation, and also elongation, probably by stabilizing the binding of
the RNAP II holoenzyme to the promoter (Flint & Shenk, 1997).

There are six |IE proteins which are produced following the transactivation
of IE gene promoters by VP16. These are ICP0O (RL2), ICP4 (RS1), ICP22
(US1), ICP27 (UL54), ICP47 (US12) and US1.5 (US1.5). All, except ICP47
stimulate E gene expression in at least some types of cells (Roizman & Knipe,
2001).
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1.5.3 ICPO

ICPO is a 110 kDa phosphoprotein that is non-essential for viral
replication, but is required for progression through the lytic cycle at low
multiplicities of infection (Sacks & Schaffer, 1987, Stow & Stow, 1986). Early
transfection studies demonstrated that ICPO is a promiscuious transactivator
and stimulates expression of gene products from viral |[E, E and L promoters
either by itself or in concert with ICP4 (Cai & Schaffer, 1992, Everett, 1984b,
Gelman & Silverstein, 1985, O'Hare & Hayward, 1985a, Quinlan & Knipe, 1985).
ICPO does not require specific promoter sequences (Everett et al., 1991b) and
cannot directly bind DNA (Everett et al., 1991a). Thus, ICP0O appears to be
affecting transcription indirectly, likely through interactions with other proteins. A
number of interactions have been detected which include: a ubiquitin-specific
protease (HAUSP or USP7) (Everett et al., 1997), cyclin D3 (Kawaguchi et al.,
1997b), elongation factor EF-18 (Kawaguchi et al., 1997a), transcription factor
BMAL-1 (Kawaguchi et al., 2001), the viral transcriptional regulator ICP4 (Yao &
Schaffer, 1994), and with RNAP II in a low molecular mass complex (Jenkins &
Spencer, 2001). How all of these interactions fit into the role of ICPO in
stimulating the lytic infection remains to be determined.

Early in infection ICPQ is translocated to the nucleus where it localizes to
nuclear domain 10 (ND10) structures (Everett & Maul, 1994, Maul & Everett,
1994, Maul et al., 1993), which are believed to play a role in the host anti-viral
repression system. ICPO causes the disruption of the ND10 sites (Maul et al.,
1993) (Everett & Maul, 1994, Maul & Everett, 1994), and is then translocated to
the cytoplasm (Kawaguchi et al., 1997b, Lopez et al., 2001). This disruption
requires the ring finger domain of ICPO (Maul & Everett, 1994, Maul et al., 1993)
and is proteasome dependent (Chelbi-Alix & de The, 1999, Everett et al.,
1998a, Muller & Dejean, 1999). ND10 contain two major components,
promyelocytic leukemia protein (PML) and Sp100, both of which are conjugated
to the ubiquitin-like protein SUMO-1. ICPO causes the proteasome-dependent
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degradation of the PML and Sp100 isoforms conjugated to SUMO-1 (Chelbi-Alix

& de The, 1999, Everett et al., 1998a, Muller & Dejean, 1999, Parkinson &
Everett, 2000). This is possibly through HAUSP (Everett et al., 1999b, Everett et
al., 1997) and/or a SUMO-1-specific protease SENP-1 (Bailey & O'Hare, 2002)
both of which may cleave SUMO-1 from PML or Sp100 and allow for their
ubiquitination and subsequent degradation. The degradation of PML and Sp100

correlates with the disruption of ND10 (Muller & Dejean, 1999, Parkinson &
Everett, 2000), which is not surprising as PML is required for the stable
assembly of ND10 (Ishov et al., 1999).

ICPO also causes the proteasome dependent degradation of the
catalytic subunit of DNA dependent protein kinase (Parkinson et al., 1999) and
centromere proteins CENP-A (Lomonte et al., 2001) and CENP-C (Everett et
al.,, 1999a). The proteasome inhibitor MG 132 blocks the ability of ICPO to
stimulate viral infection and reactivation from quiescence (Everett et al., 1998b).
As well, the ring finger domain found in its N-terminus has been found in other
E3 ligases to mediate the transfer of ubiquitin to targeted substrates (Joazeiro &
Weissman, 2000). These observations suggested that ICPO functions via the
ubiquitin-proteasome pathway. Indeed, ICPO has been found to induce the
formation of colocalizing conjugated ubiquitin in infected and transfected cells
(Everett, 2000). In addition, ICPO was found to act as an E3 ubiquitin ligase and
stimulates the synthesis of conjugated ubiquitin in vitro in the presence of E1
and E2 enzymes, UbcH5a and UbcH®6 (Boutell et al., 2002), and the E2 cdc34
enzyme (Van Sant et al., 2001). Thus, the role of ICPO in the lytic cycle is linked
to the ubiquitin-proteasome system by affecting the stability of cellular proteins
and nuclear structures.

ICPO has also been found to pléy a role in inhibiting the interferon (IFN)
and antiviral responses induced by the virion very early on during infection.
HSV-1 has been found to induce both IFN-dependent and IFN-independent
antiviral states, and inhibits both responses. The IFN-independent antiviral

response is characterized by the induction of IFN-stimulated genes without the
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need for IFN (Mossman et al., 2001, Nicholl et al., 2000). HSV-1 appears to

encode multiple gene products able to inhibit this response (Mossman et al.,
2001), and one such gene product is ICPO (Eidson et al., 2002). ICPQ inhibits
the induction of IFN-stimulated genes in a proteasome-dependent manner
(Eidson et al., 2002). The IFN response pathway is also affected by ICPO. ICPO
is required to overcome the antiviral repression mediated by IFN-o (Harle et al.,
2002, Mossman & Smiley, 2002) and 3 (Harle et al., 2002). ICPO overcomes a

distinct and possibly earlier IFN-induced pathway as compared to ICP34.5,
which counteracts the protein kinase PKR pathway (Mossman & Smiley, 2002).
The expression of ND10 proteins PML and Sp100 is increased in response to
IFN (Grotzinger et al., 1996, Guldner et al., 1992, Lavau et al., 1995) and the
PML promoter contains IFN response elements (Stadler et al., 1995). Recently,
it was found that PML, in part, mediates the antiviral state induced by IFN and it
appears that ICPO targets PML (Chee et al., 2003) and consequently ND10 for
destruction to preclude the development of an antiviral response by IFN. Thus,
ICPO appears to promote the lytic cycle by inhibiting antiviral repression
mechanisms of the host cell.

1.5.4 ICP4

ICP4 is a 175 kDa phosphoprotein which is encoded by the RS1 gene
which is present in two copies in the HSV genome. ICP4 is essential for viral
replication as it is required for transcriptional activation of most E and L genes
(Deluca & Schaffer, 1987, Everett, 1984b, Gelman & Silverstein, 1985,
Godowski & Knipe, 1986). In the absence of ICP4, the E genes are expressed
poorly and the other IE genes are overexpressed compared to the wild type
virus (DelLuca et al., 1985, Dixon & Schaffer, 1980, Preston, 1979). However,
the overexpression of the IE genes partly reflects the lack of ICP4’s ability to
repress transcription of certain genes (DelLuca & Schaffer, 1985, Godowski &
Knipe, 1986, Gu et al., 1993, O'Hare & Hayward, 1985b). ICP4 binds DNA as a

homodimer (Metzler & Wilcox, 1985) and localizes to the nucleus of infected
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cells (Courtney & Benyesh-Melnick, 1974). Early in infection ICP4 forms

discrete foci in the nucleus, some of which are associated with ND10 (Everett et
al., 2003). Some of the ICP4 foci develop into viral replication compartments,
suggesting that these foci may represent ICP4 molecules being recruited onto
parental viral genomes (Everett et al., 2003). Indeed, it appears that ICP4 is one
component necessary to localize the viral genome to ND10 (Tang et al., 2003).

ICP4 acts as a repressor of transcription on its own gene, ORF P, ORF
O, and LAT (DelLuca & Schaffer, 1987, O'Hare & Hayward, 1985b, Rivera-
Gonzalez et al., 1994, Yeh & Schaffer, 1993). These genes contain the
strongest affinity binding sites for ICP4 spanning the transcription initiation sites
(Faber & Wilcox, 1986, Kristie & Roizman, 1984, Muller, 1987). The strongest
binding sites for ICP4 are known to repress rather than activate transcription,
and the effectiveness of repression depends on the distance of the binding site
from the transcription initiation site (Roizman & Knipe, 2001). The DNA binding
activity of ICP4 is essential for its action as a repressor of transcription (Gu et
al., 1993, Roberts et al., 1988), however, repression also appears to involve
specific ICP4 interactions with the transcription factors, TATA-binding protein
(TBP), and TFIIB (Gu et al., 1995, Kuddus et al., 1995).

As mentioned above, ICP4 activates transcription from E and L
promoters, however, the exact mechanism by which this is achieved is not fully
understood. The DNA-binding domain is essential for transactivation (Paterson
& Everett, 1988b, Shepard et al., 1989), however a consensus sequence that is
strongly bound by ICP4 and present in all promotors activated by ICP4 has not
yet been found (Everett, 1987, Wagner et al., 1995). The minimal cis-acting
elements required for transactivation by ICP4 are the presence of a TATA-box
and a eukaryotic initiator sequence (Inr) (Cook et al., 1995, Everett, 1984a,
Homa et al., 1988, Johnson & Everett, 1986, Kim et al., 2002). The high levels
of L gene transcription are probably due in large part to ICP4 functioning
through the Inr element (Kim et al., 2002). lt is likely that ICP4 activates

transcription through interactions with cellular transcription factors. ICP4
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