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ABSTRACT

The fusion of cellular and viral membranes induced by herpes simplex virus type |
(HSV-1) is essential for many stages of the replication cycle including virus penetration
into host cells, nucleocapsid envelopment, virus egress and transmission of virus from
infected to uninfected cells. Wild-type infections also induce low levels of cell-cell fusion.
and syncytial mutants of HSV cause cells to fuse extensively. Previous studies have
demonstrated that a large fraction of syncytial viruses contain mutations in the HSV-1
ULS53 gene, indicating that UL53 likely plays a central role in HSV-induced membrane
fusion. Consequently, the objectives of this thesis are as follows: 1) Identify and
characterize the UL53 gene product produced by wild-type and syncytial strains of HSV-1,
and 2) Investigate the role of this protein in HSV-induced membrane fusion and in HSV-1
replication.

A single 40-kDa protein containing unprocessed, high-mannose N-linked
oligosaccharides was detected in cells infected with wild-type and syncytial strains of
HSV-1. This protein was designated gK, the ninth HSV-1 glycoprotein to be described.
gK is unique among HSV-1 glycoproteins since all other HSV glycoproteins examined to
date exist as two proteins species; an immature protein with unprocessed oligosaccharides
and a mature form containing complex N-linked oligosaccharides and O-linked oligo-
saccharides acquired during post-translational processing in the Golgi apparatus. The gK
protein also exhibited signs of heat induced aggregation, an attribute which is commonly
observed in proteins spanning the membrane multiple times.

Low levels of gK were expressed in HSV-infected cells relative to HSV
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glycoproteins with a direct role in membrane fusion. which is more consistent with a
regulatory role for gK in the membrane fusion process. Wild-type gK. but not other HSV
glycoproteins. inhibited cell-cell fusion induced by HSV-1 strains encoding a mutant form
of gK (gK™"). As such. the recessive phenotype displayed by gK™" may be symptomatic
of a loss-of-function mutation, which disrupts a regulatory function governing membrane
fusion.

Glycoprotein K was not detected in HSV-1 virions and immunofluorescence
microscopy demonstrated that gK is not transported to the surfaces of cells infected with
either wild-type or syncytial HSV. Instead, gK accumulates in the perinuclear and nuclear
membranes of cells, and is unlikely to reach the Golgi apparatus because gK oligosacchar-
ides remained sensitive to endoglycosidase H, These findings are in contrast to the
behaviour of all other HSV glycoproteins described to date, which are expressed on the
cell surface and incorporated into the virion envelope. Therefore gK must influence
membrane fusion indirectly, since the protein is absent from the virion and does not reach
the plasma membrane. Furthermore, these results imply that syn mutations in gK induce
fusion between the surface membranes of HSV-infected cells by deregulating some aspect
of virus replication.

Resident proteins are maintained within intracellular compartments (eg. Golgi
membranes) by one of three mechanisms: retrieval signals, retention through
oligomerization, or retention through membrane thickness. Increasing gK protein synthesis
by 10-20 fold did not overcome the block in cell surface transport, and this property is
typical of membrane proteins maintained within intracellular compartments by retention
signals. Furthermore, gK expressed in the absence of other HSV proteins by using a

recombinant adenovirus vector, exhibited the traits and subcellular distribution of gK
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expressed in HSV-infected cells. These observations indicate that gK contains the
targeting signals responsible for gK retention in the endoplasmic reticulum (ER) and
nuclear envelope. Although the process controlling gK retention is still uncertain, gk
oligomeric structures were observed in cells overexpressing the gK protein, suggesting that
the formation of oligomeric assemblies may contribute to gK retention in the ER. In
addition, sequence analysis identified a tyrosine-based motif (YTK[FILM]) conserved by
the gK homologs of eight different alphaherpesviruses, which may have the potential to
act as an ER retrieval signal.

To further investigate the role of gK in membrane fusion and HSV replication, a
gK-negative mutant (F-gKB) was constructed. Since gK was found to be essential for
virus replication, F-gKB was propagated on complementing cells which can express gK.
F-gKB8 produced normal plaques characterized by rounded cells when plated on
complementing cells, and F-gKB produced syncytia on cells expressing low levels of gK.
In contrast, F-gKB formed microscopic plaques (consisting of 3-6 infected cells) on gK-
negative cell lines and these plaques were reduced by 10 to 10° in number. In the
absence of gK, large quantities of unenveloped capsids accumulated in the cytoplasm of
HSV-infected cells and virus particles did not reach the cell surface. The few enveloped
particles that were assembled displayed a reduced capacity to enter cells and initiate
infection. Overexpression of gK also caused defects in virus egress, although virions
accumulated in the perinuclear space, and large multilamellar membranous structures
juxtaposed with the nuclear envelope were observed. Together these results demonstrate
that gK regulates or facilitates HSV egress from cells. In addition, these findings raise the
possibility that defects in gK may influence cell-cell fusion by altering the cell surface

transport of viral particles, or other viral and/or cellular components which govemn the

fusion process.
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General Introduction:

1.0 The Herpesviridae

Herpesviruses are widely distributed in nature, with most animal species yielding at
least one ex'ample (Roizman, 1996). Assignment of newly discovered viruses to the
family Herpesviridae has been based on the characteristic herpes virion architecture (ie. a
large icosahedral capsid containing DNA, surrounded by an amorphous layer and enclosed
by a membrane) and a common replication cycle (eg. DNA synthesis, capsid assembly and
envelopment occur in the nucleus) which destroys the infected cell (Roizman et al., 1981;
Roizman et al., 1992; Roizman, 1996). Furthermore, these traits extend to the genetic
level, at least for the herpesviruses of higher vertebrates (birds & mammals), and recent
DNA sequencing studies have identified a subset of genes conserved by herpesvirus
genomes which constitute 25 to 70% of all genes within a particular virus (Nicolas, 1996).
However, the unifying attribute of the Herpesviridae is their propensity to remain latent
after the acute phase of infection and then reactivate episodically over the lifetime of the
host to sustain a periodic production and shedding of infectious particles (Roizman, 1996).
Strategies to establish latency differ greatly among individual herpesviruses and the effects
of reactivation events may be subclinical, or the basis for a recurring disease which is

generally less severe than the primary infection.

1.1 Subfamilies of the Herpesviridae: The Alpha- Beta- and Gammaherpesvirinae
Biological criteria (eg. host range, site of latency) have been used to define three

subfamilies in the Herpesviridae, the Alpha-, Beta-, and Gammaherpesvirinae (Roizman et
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al., 1981; Roizman et al., 1992; Roizman, 1996). Subsequent genetic analysis has
confirmed that these subfamilies correspond to three major lineages in the vertebrate
herpesviruses (Albrecht et al., 1992; Baer et al., 1984; Chee et al., 1990; Davison & Scott,
1986; Gompels et al., 1995; McGeoch et al., 1988; Telford et al., 1992, 1995) and
consequently genetic properties (eg. content, organization and protein homology) have also
been applied to herpesvirus taxonomy.

Humans are host to herpesviruses from all three subfamilies: herpes simplex virus
types 1 and 2 (HSV-1, HSV-2) and varicella-zoster virus (VZV) belong to the
Alphaherpesvirinae (Arvin, 1996; Whitley, 1996), human cytomegalovirus (HCMV),
human herpesvirus types 6 and 7 (HHV-6, HHV-7) belong to the Betaherpesvirinae (Britt
& Alford, 1996; Frenkel & Roffman, 1996; Pellet & Black, 1996), and Epstein-Barr virus
(EBV) as well as the newly discovered human herpesvirus type 8, have been placed in the
Gammabherpesvirinae (Moore et al., 1996; Rickinson & Kieff, 1996).

The Alphaherpesvirinae are characterized by a variable host range, epidermo-
neurotropism, a short growth cycle with rapid spread and efficient destruction of the
infected cell, as well as the ability to remain latent and reactivate, primarily but not
exclusively, within sensory ganglia (Mettenleiter, 1994; Roizman, 1996; Roizman & Sears,
1996). In the natural environment alphaherpesvirus infections are normally confined to the
species of origin but the experimental host range of these viruses can be broad, as is the
case for HSV, or narrow, with respect to VZV (Arvin, 1996; Cohen & Strauss, 1996;
Roizman & Sears, 1996; Whitley, 1996). Other herpesviruses in the alphaherpesvirus
subfamily include economically important animal pathogens including equine herpesvirus 1
and 4 (EHV-1, EHV-4), gallid herpesvirus 1 also known as Mareks Disease virus (MDV),

bovine herpesvirus 1 (BHV-1), and suid herpesvirus 1 also designated pseudorabies virus



(PRV) (McGeoch & Cook, 1994). These viruses are responsible for a wide variety of
clinical diseases ranging from respiratory, genital, and ocular disorders, to abortion, and
less frequently encephalitis or generalized systemic infections which result in high
mortality rates among young animals (for review see Mettenleiter, 1993, 1994; Jacobs,
1994; Crabb & Studdert, 1995, Tikoo et al., 1995; Zelnik, 1995).

The Betaherpesvirinae are typified by a narrow host range, a long reproductive
cycle in culture with slow virus spread, the marked enlargement of infected cells
(cytomegalia) with the presence of cytoplasmic and nuclear inclusions, as well as the
capacity to establish a latent infection in secretory glands, lymphoreticular cells, kidneys
and other tissues (Mocarski, 1996; Roizman, 1996). Human cytomegalovirus (HCMYV) is
a Betaherpesvirinae prototype (Chee et al., 1990; Britt & Alford, 1996; Mocarski, 1996).
Human herpesviruses 6 and 7 (HHV-6, -7) also belong to this subfamily but are somewhat
unusual because they exhibit a trophism for CD4" T-cells during productive infection, both
in vivo and in vitro (Frenkel et al., 1990; Gompels et al., 1995; Nicolas, 1996; Pellet &
Black, 1996; Frenkel and Roffman, 1996).

The Gammabherpesvirinae is comprised of viruses that have a very narrow host
range, both in vitro and in vivo (ie. limited to family or order of the natural host). Such
viruses which tend to replicate and persist in B- or T-lymphocytes of a single species, are
often associated with a lymphoproliferative disease (Roizman, 1996). This subfamily
contains two genera: the B-lymphotropic human Epstein Barr virus represents the
gammaherpesvirinae subgroup 1 (Lymphocryptovirus) and the predominantly T-
lymphotropic specific herpesvirus saimiri (HVS) is the prototype of subgroup 2
(Rhadinovirus) (Albrecht et al., 1992; Kieff, 1996; Rickinson & Kieff, 1996). Human

herpesvirus 8 has also been assigned to the Rhadinovirus genera (Moore et al., 1996).



1.2 Disease associated with the human herpesviruses

Both of the human alphaherpesviruses (HSV and VZV) produce vesicular
mucocutaneous eruptions during the primary and reactivation stage, but despite these
shared properties their clinical symptoms are easily distinguished (for reviews see Meier &
Straus, 1992; Gurevich, 1992; Liesegang, 1992; Arvin, 1996; Whitley, 1996) .

VZV belongs to the Varicellovirus genus of the Alphaherpesvirinae and like other
members of this subgroup (eg. EHV-1, BHV-1) uses the respiratory route as the
predominant form of virus spread (Liesegang, 1992; Crabb & Studdert, 1995; Tikoo et al.,
1995; Arvin, 1996; Roizman, 1996). Most people contract VZV as children and this
highly contagious infection produces widespread mucosal and skin lesions (varicella or
chickenpox) as a result of viremia and subsequent dissemination. This diseases (varicella)
is usually uneventful but, in newborns or immunosuppressed children and adults,
complications are common (eg. nodular or interstitial pneumonia; general systemic
infection). Symptomatic reactivation of VZV is uncommon and rarely occurs more than
once. Furthermore, VZV recurs predominantly in the elderly and presents as Herpes
zoster or shingles (vesicular rash), a painful disease that spreads to involve much of the
cutaneous dermatome (reviewed by Meier & Straus, 1992; Gurevich, 1992; Liesegang,
1992; Arvin, 1996).

HSYV is the prototype of the Alphaherpesvirinae genus, Simplexvirus, and the initial
HSYV infection is spread by contact with the epithelial or mucous membranes of the oral
cavity or genitalia (Roizman et al., 1992; Roizman, 1996). Type 1 HSV is the major
cause of infections above the waist (ocular and facial) and HSV-2 is the major cause of
genital herpes (Corey & Spear, 1986). The clinical features of primary HSV infections

range from asymptomatic to fatal dissemination but usually manifest as gingivostomatitis



or genital ulcers and less frequently as ocular infections (mild conjunctivitis to stromal
keratitis) which can produce corneal scarring and blindness (reviewed by Whitley, 1996).
Dissemination of the infection is rare except in the immunologically immature (infants) or
immunocompromised host (eg. organ transplant, AIDS, or chemotherapy patients) (Tang &
Shepp, 1992; Whitley & Lakeman, 1995; McGrath & Newman, 1994). One of the more
disturbing aspects of HSV infections has been the discovery that latent HSV DNA is
present in a high proportion (28 - 46%) of autopsied human brains (eg. olfactory bulbs,
amygdala, hippocampus, brain stem and trigeminal ganglia) (Becker, 1995; Sanders et al.,
1996). Although there is no clear evidence to link HSV-1 to a chronic neurological
syndrome, it has been suggested that the presence of HSV-1 in human brain tissue may
lead to learning or behavioral deficiencies or, like HHV-6, contribute to the pathology of a
neurological disorder (eg. multiple sclerosis) (Becker, 1995; Pellet & Black, 1996; Sanders
et al., 1996). Reactivation of latent HSV can occur at regular intervals and may be
characterized by an asymptomatic mucocutaneous infection or a small number of tightly
clustered vesiculo-ulcerative lesions which are usually less severe and confined to the
same anatomic location as the primary episode (eg. herpes labialis) (Meier & Straus,
1992). These conditions typically produce mild discomfort and lead to the inevitable
shedding of infectious HSV-1 particles. There are two important exceptions to this
generalization: (1) reactivation of latent virus in the immunosuppressed patient can involve
a widespread infection of epithelial tissues and occasionally dissemination to vital organs
(eg. lungs, liver, central nervous system [CNS)) leading to significant morbidity and
mortality (Tang & Shepp, 1992; McGrath & Newman, 1994; Whitley, 1996), and (2)
herpes simplex encephalitis which can affect the normal host (all age groups) during an

acute infection or a reactivation event and often results in death or neurological



abnormalities (Whitley & Lakeman, 1995).

Infections with the betaherpesvirus HCMV, are a relatively common occurrence,
but illness is frequently mild or subclinical in the immunologically normal host. However,
in those individuals with immature of defective cell-mediated immunity, infection with
HCMV has been associated with a variety of severe and life-threatening diseases including
cytomegalic inclusion disease of neonates, or infectious mononucleosis which can lead to
complications in the immunocompromised patient, including interstitial pneumonia,
hepatitis or CNS involvement. In addition, there have been reports that HCMV, by itself,
can act as an immunsuppressive agent, thereby increasing a patient's susceptibility to
HCMYV-mediated or other forms of infectious disease (reviewed by Britt & Alford, 1996).
HHV-6 is a CD4" T-lymphotropic betaherpesvirus which infects up to 90% of the general
population prior to | year of age (for review see Pellet & Black, 1996), and the symptoms
of this infection can range from subclinical to exanthem subitum (mild skin rash)
(Yamanishi et al., 1988) with occasional severe or fatal complications (Hall et al., 1994).
Secondary, reactivated HHV-6 infections have also been implicated in lymphoproliferative
disorders, post-allograft complications (eg. pneumonitis and bone marrow suppression)
(Carriagan et al., 1991; Drobyski et al., 1993; Pellet & Black, 1996) and in the progression
of latent HIV infection to the development of AIDS and may contribute to this disease by
accelerating the destruction of CD4" cells (Lusso et al., 1989; 1991; Fairfax et al., 1994;
Gompels et al., 1994). Although HHV-7 exhibits characteristics similar to HHV-6 and
may have similar disease associations, the primary infection occurs later, but typically
prior to 2 years of age (reviewed by Frenkel & Roffman, 1996).

The Epstein Barr virus is a ubiquitous human gammaherpesvirus which is

frequently acquired in early childhood (prior to the age of three) and is almost always



asymptomatic. EBV infections can manifest as infectious mononucleosis when the onset
is delayed until adolescence, have been associated with diffuse lymphoproliferative
disorders (eg. lymphoblastic, Burkitt's lymphoma, Hodgkin's disease) and linked to the
development of undifferentiated nasopharyngeal carcinoma. Reminiscent of many
herpesvirus conditions described above, immunocompromised individuals (eg. congenital,
post-transplant, AIDs patients) have a greater risk of acquiring EBV-associated lymphomas
than do immunocompetent individuals (for review see Rickinson & Kieff, 1996). Very
little is known about the epidemiology or the clinical symptoms caused by human
herpesvirus type 8 (HHV-8) infections. Since HHV-8 can only been detected in patients
with Kaposi's sarcoma or a subset of A[DS-related non-Hodgkin's lymphomas it has been
suggested that HHV-8 has an epidemiology similar to HSV-2, rather than that of other
human herpesviruses which are ubiquitous among the adult human population (Moore et

al., 1996).

2.0 The Infectious HSV-1 particle

All herpesviruses produce infectious virions which share a common fundamental
architecture that consists of four distinct ultrastructural elements. They include a central
core containing DNA surrounded by three concentric structures; namely the icosahedral
nucleocapsid which encloses the core, an amorphous layer of protein known as the
tegument and an outer lipid envelope modified by viral membrane glycoproteins (Roizman
1990). Although capsid dimensions for the Herpesviridae fall within a narrow range (ie.
100 - 110 nm in diameter) the overall particle size for individual herpesviruses has been
reported to fluctuate from 120 to nearly 300 nm (Roizman & Furlong, 1974). Some of

this variation can be attributed to a difference in tegument thickness (eg. HSV-1 versus



HHV-6) but it is likely that the dimensions at the upper end of this scale are an artifact

caused by damage to the virion envelope (Roizman et al., 1992).

2.1 A noninfectious HSV-1 particle

In addition to the infectious virion, herpesviruses also produce a second type of
non-infectious virus-like particle, which have been termed light or L-particles in HSV-
infected cells, aberrant viral forms in VZV-infected cells, and dense bodies in CMV-
infected cells (Szilagyi & Cunningham, 1991; McLauchlan & Rixon, 1992; Talbot &
Almeida, 1977; Irmiere & Gibson, 1983; for review see Nii, 1992). L-particles lack
capsid proteins and viral DNA, but contain a full spectrum of envelope and tegument
proteins. As yet, no role has been assigned to L-particles in natural infections, however;
L-particles can supply functions that facilitate herpes simplex virus type-1 (HSV-1)
infections (McLauchlan et al., 1992) and contain proteins missing from the infectious
virion (Szilagyi & Cunningham, 1991; McLauchlan & Rixon, 1992; Yang & Courtney,
1995). These observations have lead to the suggestion that L-particles may possess a
supplementary activity that contributes to HSV replication in vivo (McLauchlan et al.,

1992).

2.2 HSV-1 genome

Each infectious HSV-1 virion contains a single linear double-stranded DNA
molecule of approximately 152 kbp (Kieff et al., 1971; Wadswoth et al., 1975). The
genome consists of a long (L) and short (S) component that are covalently linked, and
each of these components possess a long (UL) or short (US) region of unique sequences,

flanked by two inverted repeats (repeat long [RL] or repeat short [RS]) (Sheldrick &
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Berthelot, 1975). This arrangement permits the L and S components to invert relative to
each other and gives rise to four isomeric forms of the genome (Hayward et al., 1975). At
least 78 different open reading frames have been identified in the viral genome; 60 within
the UL segment, 14 in the US sequences and 4 inside the inverted repeats (McGeoch et
al., 1986; McGeoch et al., 1988; Chou & Roizman, 1986; Chou et al., 1990; Dolan et al.,
1992; Liu & Roizman, 1991; Barker & Roizman, 1992; Barnett et al., 1992; Georgopoulou
et al., 1993; Lagunoff & Roizman, 1994; Baradaram et al., 1994; Ward et al., 1996; Carter
& Roizman, 1996). Of the 78 proteins specified by HSV-1 more than 30 are known to be
structural components of the virion (Spear and Roizman, 1972; Heine et al., 1974; Cassai

et al., 1975; Powell and Watson, 1975; Marsden et al., 1976)

2.3  HSV-1 Capsid

Three types of nucleocapsids, designated A, B, and C or empty, intermediate, and
full, respectively, have been detected in HSV-infected cells (Gibson & Roizman, 1974;
Schaffer et al., 1974). Type B capsids, the precursor of type A and type C capsids
(Addison et al., 1990; Sherman and Bachenheimer, 1988), contain at least seven proteins.
Four proteins are shell components (UL19-VP5, UL38-VP19C, UL18-VP23, UL35-VP26),
two act as internal scaffolding proteins (UL26-VP21, UL26.5-VP22a) which are removed
when the viral DNA is packaged, and UL26-VP24 is thought to fulfil a dual role, both as
a structural protein and as the protease which releases the internal scaffolding proteins
from the capsid (Cohen et al., 1980; Dargan, 1986; Gibson & Roizman, 1972; Heine et al.,
1974; Matusick-Kumar et al., 1995). A recent report also indicates that the UL6 protein is
also a minor component of all three capsid types (Patel & Maclean, 1995). Type C

capsids contain DNA, become enveloped and mature into infectious virions whereas the
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type A capsids are thought to be products of abortive DNA packaging (Addison et al.,
1990; Sherman and Bachenheimer, 1988).

Like the capsids of all herpesviruses, HSV-1 capsids consist of 150 hexavalent
capsomeres (hexons) and 12 pentavalent capsomeres (pentons) (Dargan, 1986; Roizman,
1990; Newcomb et al., 1993; Steven et al, 1986; Booy et al, 1996). UL19-VPS is the
predominant structural subunit of hexons and pentons (Newcomb et al., 1993; Steven et
al., 1986). UL35-VP26, the other component of hexons, resides on the outer tips of the
structure (Booy et al., 1994). The other structural proteins, UL38-VP19 and UL18-VP23,

form hetero-trimers that sit on the capsid floor and connect each of the capsomers together

(Newcomb et al., 1993).

24 HSV-1 Tegument

About half of the proteins species present in the infectious virion are located in the
tegument, a fibrous protein coat surrounding the capsid and underlying the envelope.
Unlike the virion capsid, the size and appearance of the tegument varies widely between
members of the herpesvirus family, presumably because tegument the proteins supply
important functions during the early stages of infection, in addition to playing a structural
role (Nazerian & Witter, 1970; McCombs et al., 1971; Nii, 1991). For example, proteins
in the HSV-1 tegument trans-activate immediate-early viral gene transcription (Batterson
and Roizman, 1983) and shutoff host protein synthesis (Fenwick & Walker, 1978; Read &
Frenkel, 1983).

The tegument proteins are thought to be capable of self-assembly, in part because
UL48-VP16 and UL49-VP22 form tegument bodies in the absence of other HSV proteins

(Elliott et al., 1995), and also because tegument integrity does not require the presence of
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capsid or envelope (Rixon et al.,, 1992; McLauchlan & Rixon, 1992). Of the major
structural proteins within the tegument, UL36-VP1/2, UL46-VP11/12, UL47-VP13/14,
UL48-VP16 and UL49-VP22 (Spear & Roizman, 1972), only VP16 is known to be
absolutely essential for virus assembly and perhaps tegument formation (Weinheimer et al.,
1992; Ace et al., 1988; Zhang & McKnight, 1993; McNabb & Courtney, 1992; Batterson
et al., 1983; Barker & Roizman, 1990; Liang et al., 1995). Recent studies have placed
UL2S, an essential protein implicated in virus penetration and capsid maturation, in the
tegument, but the relative abundance of this protein has not been determined and it is not
known if UL2S is involved in virus assembly and/or tegument formation (Ali et al., 1996;
Addison et al., 1984). The other tegument proteins (eg. UL11, UL13-protein kinase,
UL37, UL41-virion host shutoff, UL56, US9 and US10) are minor components of the
virion and deletion mutants lacking these proteins are viable, suggesting that none of these
proteins make a major contribution to tegument structure or play an essential role in its
formation (Maclean et al., 1989; Cunningham et al., 1992; Coulter et al., 1993;
McLauchlan et al., 1994; Read & Frenkel, 1983; Fenwick & Everett, 1990; McLauchlan et

al., 1992; Kehm et al., 1994; Rosen-Wolff et al., 1991; Frame et al., 1986).

2.5 HSV-1 Virion Envelope

The virion envelope is a membrane lipid bilayer derived from the host cell, into
which 14 or more different viral membrane proteins are embedded (see Fig. 2.1). These
proteins act at critical stages in the virus life cycle including adsorption to, fusion of, entry
into, and egress from cells, and play an active role in host immune evasion during
productive infections (for review see Spear, 1993; Dubin et al.,1992; Baines et al., 1991;

Rodriguez et al., 1993). Of the membrane proteins characterized in HSV-1, positional and



functional homologs for UL27-gB, UL22-gH, ULI-gL, UL10-gM, UL49.5, UL34 and
UL11 have also been identified in all other herpesvirus subfamilies (ie. alpha, beta, and
gamma) (Albrecht et al., 1992; Baer et al., 1984; Chee et al., 1990; Davison & Scott,
1986; Gompels et al., 1995; McGeoch et al., 1988; Nicholas, 1996; Telford et al., 1992,
1995; Spear, 1993; Klupp et al., 1994; Hutchinson et al., 1992; Kaye et al., 1992; Spaete
et al., 1993; Yaswen et al., 1993; Liu et al., 1993; Forghani et al., 1994; Lehner et al.,
1989; Lawrence et al., 1995; Pilling et al., 1994; Baines & Roizman, 1993; MacLean et
al, 1991, 1993; Barnett et al., 1992; Liang et al., 1993; Jons et al., 1996; Barker &
Roizman, 1992; Riggio & Onions, 1993).

The majority of proteins in the HSV-1 envelope fall into three structural classes:
(1) glycoproteins UL27-gB, UL44-gC, US6-gD, US8-gE, US4-gG, UL22-gH, US7-gI, and
UL49.5 are type | membrane proteins that feature an N-terminal signal peptide, a
hydrophillic ectodomain modified by N-linked and/or O-linked glycosylation, a
hydrophobic membrane anchor, and a C-terminal cytoplasmic domain that ranges from 11
to 109 amino acids, (Spear, 1992; Spear, 1976; Para et al., 1980; Frame et al., 1986a;
Richman et al., 1986; Buckmaster et al., 1984; Roop et al., 1993; Barker & Roizman,
1992; Bamnett et al., 1992; Liang et al., 1996; Jons et al., 1996) (2) glycoprotein M, and
the UL20 product are integral membrane proteins which contain multiple (four to eight)
transmembrane domains (Baines & Roizman, 1993; MacLean et al., 1993: Ward et al.,
1994) and (3) UL34 and UL45 are peripheral membrane proteins that lack N-linked
glycosylation signals and possess a single hydrophobic domain responsible for membrane
insertion or membrane association (Visalli & Brandt, 1993; Purves et al., 1992). The
glycoprotein UL1-gL also contains a single hydrophobic domain, however this sequence

almost certainly acts as a signal peptide that is cleaved and presumably UL1-gL is
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associated with the virion envelope because UL1-gL forms a hetero-oligomer with UL22-
gH, which is anchored in the membrane (Hutchinson et al., 1992; Roop et al., 1993; Dubin
& Jiang, 1995). In addition, the UL11 gene encodes a myristylated protein thought to be
situated in the inner surface of the virion envelope, given that UL11 is associated with
membranes in the infected cell yet also resides in the tegument of the virus particle
(MacLean et al., 1989; 1992; Baines & Roizman, 1992, 1995). At present there is no
direct evidence to show that US5-gJ, a putative type | membrane protein, or UL43, a
protein with 8 potential membrane-spanning domains, are components of the virion
envelope (MacLean et al., 1991). [n addition, recent attempts to detect the HSV-1
membrane protein, ULS53, in the virion envelope have been unsuccessful (Hutchinson et
al., 1995; Hutchinson & Johnson, 1995).

Little is known about the signals, if any, which direct HSV glycoproteins to the
virion envelope. It has been suggested that interactions between the tegument and
membrane glycoproteins are responsible for the integration and organization of herpesvirus
membrane proteins in the viral envelope (Spear, 1985; Roizman and Sears, 1990).
Consistent with this idea, virion membrane proteins UL27-gB, US6-gD, UL22-gH and
UL49.5, (but not UL45-gC) are known to associate with tegument proteins including VP16
(Zhu & Courtney, 1994; Liang et al., 1996; Johnson et al., 1984). Moreover, each of the
UL27-gB, US6-gD and UL45-gC glycoproteins exist as distinct structures within the viral
envelope which are often arranged in clusters (Stannard et al., 1987; Zhu & Courtney,
1988; Kikuchi et al., 1990).

It is also possible that a subset of HSV-1 membrane proteins act as chaperones and
interactions with these proteins direct the other HSV-1 membrane proteins to the virion

envelope. Previous investigations have established that HSV-1 glycoproteins gH:gL. and
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gE:gl form hetero-oligomeric complexes (Johnson & Feenstra, 1987; Johnson et al.,
1988b; Hanke et al., 1990; Hutchinson et al., 1992; Roop et al., 1993) and demonstrated
that UL27-gB, UL44-gC, US6-gD (and possibly UL10-gM and UL49.5) can be found as
homo-oligomeric structures (Sarmiento & Spear, 1979; Eberle & Courtney, 1982;
Eisenberg et al., 1982; Gibson & Spear, 1983; Claesson-Welsh & Spear, 1986; Zhu &
Courtney, 1988; 1994; Liang et al., 1996; Osterrieder et al., 1996). However, a recent
study by Handler et al., (1996a,b) indicates that the interactions between the different
envelope proteins may be much more extensive. Hetero-oligomers of gB-gC, gC-gD, gD-
gB, gC,-gL and gD-gL but not gB-gL (presumably UL22-gH is present in the hetero-
oligomers containing UL1-gL) were identified in HSV-1 virions treated with cross-linking
reagents revealing that the arrangement of proteins in the virion envelope is not limited to
clustered patches of individual glycoproteins (eg. gB or gD [Stannard et al., 1987]) but
also includes a variety of membrane proteins in close proximity to each other (ie. within
11.4 A) (Handler et al., 1996a,b). Consequently, the presence of envelope localization
signals in a subset of HSV-1 membrane proteins may be sufficient for normal envelope
assembly.

Conversely, other reports indicate that glycoproteins of herpesvirus and cellular
origin do not require specific signals to be incorporated into the virion envelope (Feenstra
et al., 1990; Muggeridge et al., 1990; Solomon et al., 1990, 1991; Liang et al., 1993,
1995; Dolter et al., 1994; Knox & Young, 1995). Instead, assembly of proteins into the
virion envelope correlated with high levels of expression, Golgi processing, and cell
surface transport (Liang et al., 1993; 1995b; Solomon et al., 1990;1991; Whealy et al.,
1988; 1989). However, these studies examined a small number of proteins (ie. gC, gD,

CD4, & MHCII) and other viral glycoproteins may possess/require a specific envelope
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localization signal (Mettenleiter & Spear, 1994).

3.0 HSV-1 Lytic Replication Cycle
This introduction will focus on the lytic replication cycle of HSV-1 (see Fig. 1.1).
The subject, establishment of HSV-1 latency in neurons and subsequent activation, is

beyond the scope of this thesis.

3.1 HSV-1 attachment at the cell surface

HSV-1 has the capacity to infect distinct cell types of divergent developmental
lineages (eg. epithelial and neuronal) from a wide spectrum of different species (Roizman
& Sears, 1996). From the standpoint of virus entry, this broad host range indicates, either
that HSV-1 employs a ubiquitous cell surface component as a receptor, or that the virus
can use multiple receptors: distinct molecules for individual cell types (eg. epithelial vs.
neuronal) or multiple receptors to enter a single cell by several different routes. A large
volume of evidence has accumulated which confirms that HSV-1 entry is a complex and
multi-step process (Spear, 1992, 1993) involving at least two distinct phases: (1) binding
or the attachment of viral particles to the cell surface and (2) penetration or release of
capsids into the host cell cytoplasm (McClain & Fuller, 1994; Fuller & Spear, 1985, 1987;
Fuller et al., 1989; Highlander et al., 1987, 1988; Cai et al., 1987; Johnson & Ligas, 1988;
Forrester et 1992; Roop et al., 1993; Herold et al., 1994).

Furthermore, Johnson and Ligas (1988) and later Fuller & colleagues (Fuller &
Lee, 1992; Lee & Fuller, 1993; McClain & Fuller; 1994) have hypothesized that two or
more attachment steps take place prior to virus penetration, and subsequent studies have

identified an intial adsorption stage which progresses to stable attachment (Ligas &
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Figure 1.1. HSV-1 Lytic replication cycle.

The diagram, which is based on Ward & Roizman (1994) and Johnson & Ligas (1988), is simplified to emphasize steps
involved in membrane fusion.

1.

2.

Envelope proteins displayed by the HSV-1 virion interact with, or adsorb to ubiquitous cell surface components (eg.
heparan sulphate proteoglycans).

Specific binding by one or more glycoproteins, in the virion cnvelope, with high affinity cell surface receptors
expressed by permissive cells.

Penetration is meditated by fusion of the virion envelope with the plasma membrane, and subsequent release of
tegument proteins into the cytoplasm.

The capsid is transported to nuclear pores, and viral DNA is injected into the nucleus where mRNA transcription and
DNA replication occur.

mRNA is transported to the cytoplasm and translated by ribosomes located in the cytoplasm, or ribosomes attached
to the endoplasmic reticulum.

Structural proteins required for virion assembly are transported to the nucleus (eg. capsid proteins), or accumulate at
patches associated with all cellular membranes. Capsid proteins are assembled into empty structures, DNA is
packaged, and nucleocapsids bud from the inner nuclear membrane where they acquire a tegument and envelope
proteins.

The following steps appear to take place during the same time frame and may be interrelated. Nevertheless, the time
scale for each of these events has never been determined within the context of a single system based on standardized
conditions, so a direct comparison cannot be made.

a. Intracellular transport, maturation and release of HSV-1 particles (Lee & Spear, 1980) from membrane vesicles at
the cell surface, by way of the putative egress mechanisms described in Figure 3.1

b. Concomittant post-translational processing and intracellular transport of HSV-1 membrane proteins to the plasma
membranes (Person et al., 1982).

¢. Cell-to-cell spread mediated by viral proteins in the plasma membrane and/or extracellular virions?

d. Cell-cell fusion mediated by viral proteins in the plasma membrane and/or extracellular virions? (Lee & Spear,
1980; Person et al., 1976)
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Johnson, 1988; Johnson et al., 1990). In the initial adsorption stage, glycoproteins UL44-
gC and UL27-gB (Campadelli-Fiume et al., 1990; Fuller & Spear, 1985; Herold et al.
1991, 1994; Johnson et al., 1984; Kuhn et al., 1990; Langeland et al., 1990; Svennerholm
et al., 1991; Tal-Singer et al., 1995) interact with the glycosaminoglycan moieties (GAGs),
primarily heparan sulfate (HS) and in some circumstances dermatan sulfate (Nahmias &
Kibrick, 1964; Banfield et al., 1995a; WuDunn & Spear, 1989; Shieh et al., 1992; Herold
et al., 1995). Adsorption is followed by a stable binding step that involves glycoprotein D
(Fuller & Spear, 1985; Johnson & Ligas, 1988; Johnson et al., 1990; Fuller & Lee, 1992;
Lee & Fuller, 1993; McClain & Fuller, 1994) and a limited number of specific cell surface
receptors (Johnson et al., 1990). The events surrounding the entry of related alpha-
herpesviruses (eg. HSV-2, pseudorabies virus [PRV], bovine herpesvirus type 1 [BHV-1]
and varicella zoster virus [VZV]) appear to be very similar, but not identical to those of
HSV-1 (Liang et al., 1991, 1993; Okasaki et al., 1991; Byme et al., 1995; Li et al., 1995;
Thaker et al., 1994; Chase et al., 1990; Mettenleiter et al., 1990; Karger et al., 1995;
Karger & Mettenleiter, 1993, 1996; Zsak et al., 1991; Schreurs et al., 1988; Mettenleiter et
al., 1988; Peeters et al., 1992a; Petrovskis et al., 1988; Sawitzky et al., 1990; McClain &
Fuller, 1994; Subramanian et al., 1994; Davison & Scott, 1986; Cohen & Seidel, 1994;
Zhu et al., 1995a; Campadelli-Fiume et al., 1990b; Langeland et al., 1990; Gerber et al.,

1995; Johnson & Ligas, 1988; Johnson et al., 1990).

3.1.1 Primary Adsorption of HSV-1 to the cell surface
As primary receptors for HSV-1, the ubiquitous nature of cell surface
glycosaminoglycans (GAGs) is consistent with the broad tropism displayed by HSV-1 and

in the absence of GAG synthesis HSV-1 infection of mouse fibroblasts is reduced (up to
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300 fold) (Gruenheid et al., 1993; Banfield et al., 1995a,b) or blocked completely in CHO
cells (Shieh et al., 1992). Nevertheless it is unlikely that GAGs are absolutely essential or
sufficient for HSV-1 entry, at least in vitro (WuDunn & Spear, 1989; Shieh et al., 1992;
Gruenheid et al., 1993; Subramanian et al., 1994; Banfield et al., 1995a, 1995b;
Montgomery et al., 1996). For instance, Banfield et al. (1995) used a more stringent assay
(ie. plaque formation) to assess the role of HS-GAGs in HSV-1 entry, yet they report that
GAG-deficient mouse cells exhibit partial and not complete resistance to HSV-1 infection.
Furthermore, recent studies by Montgomery et al. (1996), have demonstrated that the cell
type (ie. CHO cells) used by Shieh et al. (1992) lack a non-GAG receptor involved in the
HSV-1 entry process and therefore defects in GAG synthesis may have a greater impact
on the infectivity of CHO cells than cell types which possess a full complement of HSV-1
receptors.

Similarly, UL44-gC, the HSV-1 protein which plays a predominant role in virus
adsorption to HS-GAGs (Herold et al., 1991, 1994) is nonessential (Heine et al., 1974;
Toh et al., 1993; Hidaka et al., 1990, 1991), although some (but not all) reports indicate
that gC-negative virions exhibit a 10-fold decrease in the specific infectivity (Herold et al.,
1991; Tal-Singer et al., 1995). However, subsequent studies have established that UL27-
gB mediates HSV-1 attachment to HS-GAGs in the absence of UL44-gC (Herold et al.,
1994; 1995), indicating the adsorption stage is important for efficient attachment and entry
into cells, if not mandatory for HSV infection (WuDunn & Spear, 1989; Shieh et al.,
1992; Gruenheid et al., 1993; Banfield et al., 1995a,b; Tal-Singer et al., 1995). Since,
UL27-gB and UL44-gC are among the molecules which project the longest distance from
the virion envelope (Stannard et al., 1987) it has been suggested that they tether the virus

to the cell surface and by doing so, reduce a three-dimensional search for the second
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HSV-1 receptor to two dimensions (Spear, 1992, 1993; Haywood, 1994; Herold & Spear,
1994; Banfield et al., 1995b). In other herpesviruses (ie. BHV-1 and human
cytomegalovirus [HCMV]) homologs of UL27-gB, which comprise the most highly
conserved group of glycoproteins within the Herpesviridae, are reputed to bind a
secondary cell surface receptor (Li et al., 1995; Adlish et al., 1990; Taylor & Cooper,
1990; Nowlin et al., 1991; Wright et al., 1994; Compton, 1995), however, there is no
evidence that HSV-1 gB binds to cell surface molecules other than heparan-sulfate
proteoglycans (Ligas & Johnson, 1988; Johnson et al., 1990; Forrester et al., 1992; Lee

and Fuller, 1993; Herold et al., 1994).

3.1.2 Stable attachment of HSV-1 to the cell surface

In the subsequent attachment step, HSV-1 interactions with the cell surface become
resistant to heparin elution and entail binding to a saturable cell surface receptor
implicated in virus penetration, but not required for adsorption to the cell surface (Johnson
& Ligas, 1988; Johnson et al., 1990; McClain & Fuller, 1994). US6-gD is required for
this attachment step which has been termed "stable binding” (Johnson & Ligas, 1988;
Fuller & Lee, 1992; Lee & Fuller, 1993). The first sign that gD might be a receptor
binding protein emanated from studies which demonstrated that cell lines expressing gD
can be resistant to infection by HSV-1 and HSV-2 (Campadelli-Fiume et al., 1988,
Johnson & Spear, 1989). However, two interpretations have been put forward to explain
this phenomenon: (1) cell-associated gD sequesters a gD-specific cell surface receptor or
(2) interactions between cell-associated gD and components of the virion [eg. gD] prevent
HSV entry, and there is evidence for both types of gD-mediated interference (Campadelli-

Fiume et al., 1990a; 1991; Brandimarti et al., 1994; Dean et al., 1994, 1995; Roller &
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Roizman, 1994). Perhaps the best indication that it is US6-gD itself which binds to a non-
HS receptor comes from the studies which showed that: (1) soluble gD protein and wild-
type HSV virions (< 5000 particles/cell), but not gD-negative virions, can block
penetration by a homologous challenge virus (Johnson & Ligas, 1988; Forrester et al.,
1992; Fuller et al., 1993), and (2) attachment of wild-type HSV virions to the cell surface
is more resistant to heparin elution than the adsorption of gD-negative virions (Fuller et
al., 1992). Since, the putative US6-gD receptor is limited in number (Ligas and Johnson,
1988) and because US6-gD binding at the cell surface is saturable (4-5 x 10° molecules
bound/cell) (Johnson et al., 1990), it is doubtful that these observations result from
interactions between cell-associated gD and a virion component.

The presence of US6-gD in the HSV virion is an absolute requirement for HSV
entry (Ligas & Johnson, 1988) and evidence has been presented indicating that disruption
of US6-gD interactions at the cell surface inhibit virus penetration by up to 95% (Johnson
et al., 1990; Tal-Singer et al., 1995; Nicola et al., 1996). Therefore, it is tempting to
suggest that the receptor bi