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ABSTRACT
Epstein-Barr Virus Glycoprotein 42: the Dynamic Trigger of B-Cell Membrane Fusion

Amanda R. Lowrey

Epstein-Barr virus (EBV) is a human herpesvirus that is able to infect both epithelial cells
as well as B lymphocytes, where the virus establishes life-long latency in the host. Five
glycoproteins are involved in infection of B cells: gp350/220 for initial tethering of the virus to
the cell via CD21, followed by gB, gH/gL, and gp42 for membrane fusion. Epithelial cell fusion
and infection is inhibited by gp42, thus virion surface expression levels of the protein determine
which cell type the virus will infect most efficiently i.e., high gp42 levels facilitate B-cell
infection and low gp42 levels facilitate epithelial cell infection. The class II human leukocyte
antigen (HLA class II) is a co-receptor for the virus on B cells, binding gp42 to trigger
membrane fusion. Although the role of gp42 in fusion and infection of both cell types had been
established, functional domains remained relatively uncharacterized. Based on the crystal
structure of soluble gp42 bound to the HLA-DRI1 allele, gp42 mutants were created and assayed
for their ability to bind receptor, other glycoproteins, and mediate membrane fusion. Our data
determined the three critical interactions required for receptor binding, leading to the discovery
that a hydrophobic pocket on the surface of the protein is not involved in HLA class II
engagement, but is required for fusion. Our mutants also revealed that two separate regions of
the gp42 amino-terminal ectodomain are required for binding of gH/gL and to mediate
membrane fusion. This led to the identification of a gp42 peptide that competitively bound
gH/gL and potently inhibited B-cell membrane fusion, as well as epithelial cell fusion and

infection. Our results have more clearly defined three separate domains of gp42 that are required
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for membrane fusion, providing a model for the mechanisms by which gp42 is able to trigger

fusion with B cells, in addition to targets for development of anti-viral therapeutics.
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13
Membrane Fusion: A Common Biological Process

Membrane fusion is an essential biological process between cells in yeast mating, C.
elegans epidermal cell fusion, myoblast fusion, mammalian fertilization, placenta trophoblast
fusion, stem cell fusion, macrophage fusion, and muscle cell syncitia, as well as for intracellular
vesicle transport and infection by enveloped viruses [For review see (21)]. X-ray diffraction
patterns at various humidity levels demonstrated that when the two membranes fuse, they form
an hourglass-shaped intermediate structure called a stalk, which confirmed basic theoretical
predictions that had never been previously observed (148). When the stalk stretches further, it
creates a connecting bridge between the membranes. This connection then enlarges, and the two
membranes ultimately become one single membrane. It is not unreasonable to assume that the
widely different processes mentioned have evolved to follow the same mechanistic steps. In the
case of vesicle transport, the Soluble N-Ethylmaleimide-sensitive (NSF) Attachment protein
REceptor (SNARE) family of proteins has been conserved through evolution, performing similar
functions even in primitive organisms such as yeast and fruit flies. Some of the fusion proteins
are embedded in the vesicle and the cell wall membranes, while others float freely (12).
Enveloped viruses have lipid bilayers, which fuse with host-cell membranes as an integral event
of infection, where strict spatial and temporal protein-protein requirements maintain a tight
control for maximal efficiency. Accumulated evidence suggests that viral fusion proteins lower
the various kinetic barriers and therefore catalyze the membrane fusion process [For review see
(50)]. Many viral fusion proteins, including those of influenza and the human immunodeficiency
virus (HIV), form hairpin-like structures similar to the SNAREs during fusion of viral and
cellular membranes. A family of bacterial membrane proteins that mediate cell-adherence and

entry resembles the structural architecture of both viral fusion proteins and eukaryotic SNARESs,
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and it has been proposed that they share similar, but distinct, mechanisms of cell membrane

translocation [For review see (9)]. SNARE mediates fusion involving cytoplasmic faces of
membrane fusion, whereas cell fusion and viral entry involve external faces. The two types of
fusion could be fundamentally different, or possibly evolution has resulted in many viruses and

bacteria sharing a common mechanistic principle with SNAREs in how they fuse membranes.

Viral Fusion Proteins and Antiviral Therapeutics

Enveloped viruses are able to enter cells either by fusing their lipid membranes at the
plasma surface or by endocytosis in a low pH environment (50). Most viruses utilize one surface
protein, which undergoes a pH-induced conformational change in the endocytic vesicle or binds
the cellular receptor to mediate membrane fusion at the surface, although herpesviruses use
multiple glycoproteins for infection [For review see (52, 107)]. The proteins that mediate
membrane fusion for enveloped virus infection have been categorized as Class I or Class II based
on their characteristics [For review see (25, 63)]. Of the two classes of fusion proteins that have
been identified, Class I includes influenza virus hemagglutinin and paramyxovirus F protein,
which undergo proteolytic cleavage and form trimers both before and after fusion; and Class II
includes flavivirus E and alphavirus E1 proteins, which form pre-fusion dimers and post-fusion
trimers [For review see (65)].

Class I fusion proteins are usually synthesized as single-chain polypeptide precursors
cleaved by host proteases, which then assemble into metastable trimers, usually coiled-coil
bundles of a-helices. This is exemplified by hemagglutinin (HA) of the influenza virus and HIV
glycoprotein 120/glycoprotein 41 (gp120/gp41) [For review see (35)]. These proteins contain a

“fusion peptide”, the part of the protein that becomes associated with the target membrane by
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penetrating the interior of the target bilipid membrane. Typically the peptide is found at or near

the amino-terminus of an internal cleavage point. This hydrophobic and glycine-rich segment is
initially buried in the cleaved and primed trimer, but emerges after a large-scale conformational
rearrangement that is triggered by events such as low endosomal pH for HA, receptor binding for
gp120/41, or other cell-entry related signal. Such changes allow the fusion peptide to be
presented at the tips of the coiled-coil bundles. The fusion peptide is inserted into the target
membrane, creating a structure known as the pre-hairpin extended intermediate due to its
elongated shape. This is followed by collapse of the pre-hairpin intermediate when the protein
folds back at the base of the helix-bundle, usually forming additional a-helices that can
eventually bind to the outside grooves of the trimer as the membrane stalk is formed. When
collapse of the intermediate has proceeded far enough to bring the two bilayers into contact, the
apposed, proximal leaflets merge into the hemifusion stalk. This creates an inversely bent
structure in the fusion proteins, where the transmembrane domains are at the same end as the
fusion peptides, followed by elongation of the stalk. Fusion is completed by the formation of the
fusion proteins into symmetric trimer hairpins, which open the fusion pore irreversibly. The
structures of the pre- and post-fusion conformations, as well as the uncleaved precursor of HA
have all been demonstrated, leading the way in our understanding of Class I fusion proteins (16,
22, 144, 145).

The Class II fusion proteins, which have not been studied as extensively as the Class I
proteins, are exemplified by flaviviruses (M) and alphaviruses (E2) and have evolved a
structurally different, but mechanistically related fusion architecture. There is proteolytic
cleavage as in Class I proteins, but cleavage yields mature virions with the fusion protein in an

already metastable conformation, primed for fusion. Thus, the fusion proteins are not themselves
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proteolytically activated. Also different from Class I proteins, the fusion peptide is internal,

generally a loop at the tip of an elongated subdomain of the protein, which is buried at a protein
interface and becomes exposed upon conformational change initiated by exposure to low pH (2,
15, 54, 141). Unlike Class I proteins, the E-glycoproteins are composed of B-strands that hold
the fusion peptide in place and coiled-coils apparently do not play a role in the conformational
changes upon activation. Instead, it appears that the glycoproteins form icosahedral scaffolds on
the virus surface and most likely interact in a concerted fashion during activation (45, 93, 111).
The conformational change causes the fusion peptides to become exposed and then reoriented
toward the viral membrane. Insertion into target membranes may be mediated by B-barrels,
rather than the amphiphilic a-helices seen with Class I proteins. Most impressive, studies
indicate that the different classes of viral fusion proteins have no common ancestor and have
evolved independently.

Recently a third class of fusion proteins has been proposed based on structural homology
that includes vesicular stomatitis virus (VSV) G, herpes simplex type 1 glycoprotein B (HSV-1
gB), and baculovirus gp64 (67). These proteins are particularly interesting because they are all
able to mediate fusion in cells of various species (73, 151). The VSV-G protein forms a trimeric
complex and binds to its cellular receptor. Fusion typically occurs in an endocytic vesicle
following a drop in pH (113, 114). HSV-1 gB, which can mediate fusion at the plasma
membrane after initial tethering of the virus to the cell, has domains similar to VSV-G, but in a
more stretched out structure (53). It is interesting to surmise whether the startling similarities
between a DNA virus and a negative strand RNA virus evolved divergently or convergently. It
has been postulated that because all three classes of fusion proteins are actually more related

structurally than had been previously suggested, Class III might not be another independent
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class, but rather a link between Class I and Class II (67). Herpesviruses are still distinct from

other members of the proposed class because of the requirement for multiple glycoproteins for
complete membrane fusion (110).

Membrane fusion is a critical step of both viral infection and egress, and provides a prime
target for therapeutic strategies. Monoclonal antibodies (mAb) have been successfully used as
chemotherapeutic agents against various cancers. They are excellent tools of modern science
because they are easy to produce in both great quantity and variety, which can then be carefully
screened for high specificity and affinity. Chimeric drugs can be created by fusing a toxin to a
mAb that binds a specific protein, allowing for targeted destruction of cancerous growths. The
humanized monoclonal antibody palivizumab (Synagis) was the first monoclonal antibody
approved by the FDA to provide passive immunity for an infectious disease by binding to the
fusion glycoprotein of human respiratory syncytial virus (RSV) (1). The HIV envelope (ENV)
protein gp41/gp120 complex that binds CD4 and a co-receptor was the target of the antiviral T-
20 also known as Fuzeon (Roche & Trimeris) and Enfuvirtide (ENF), the first anti-viral
compound developed that targeted membrane fusion, which is the initial step of viral infection
(77). ENF is a 36 amino acid peptide (T-20 C-peptide) derived from the HR2 coiled-coil domain
of the C-terminus to competitively bind the HR1 coiled-coil N-terminal domain of gp41 after
ENV has bound CD4, preventing necessary conformational changes required for membrane
fusion to proceed (142, 143). Typically HIV in patients would rapidly mutate to become
resistant to drugs, necessitating careful combinations of anti-viral therapies (84). ENF was given
in combination with other anti-viral drugs that targeted later steps of the viral cycle, but only
after other protocols had failed to help the patient. Analysis of strains isolated from patients

receiving ENF revealed various mutations, some more common than others. Two single amino
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acid changes, GIV to GIA in the HR1 domain, which led to a 45-fold increased T20 resistance,

and SNY to SKY in the HR2 domain, leading to loss of a glycosylation site, created a strain that
dominated the viral population after 32 weeks and was both resistant to and dependent on the
drug for replication. The double mutation would cause a premature switch of the hairpin leading
to spontaneous shedding of gp120 and a dead virus, but the presence of a high concentration of
ENF would reverse this phenotype, allowing ENF to transiently bind and act as a safety pin to
prevent premature switching, but also easily fall off the complex, allowing the correct hairpin
conformational change to occur and membrane fusion to proceed (8, 106). Although DNA
viruses do not mutate at anywhere near the rate of HIV, such unexpected side effects must be

taken into consideration when strategically designing effective drugs.

Herpesviruses: All in the Family

Due to the requirement of multiple surface proteins for membrane fusion and the
infection of host cells, the herpesviurses are the most unique among the enveloped viruses.
Herpesviruses constitute a large family (Herpesviridae) of over 200 identified viruses, which can
infect a variety of vertebrate species (115). The viruses have glycoprotein-studded membranous
envelopes surrounding an icosahedral capsid, which contains a large, linear double-stranded
DNA genome, usually between 150 and 200 kb. A hallmark characteristic of herpesviruses is the
ability to establish a lifelong latent infection in the host. The cycle of latent and lytic infections
in the host ensures sporadic shedding of the virus, which can spread to new hosts. Thus far eight
human herpesviruses have been discovered, which are classified into three subfamilies based on
the cell type in which they establish latency. The alpha-herpesviruses latently infect neurons and

include Herpes Simplex Virus type 1 and 2 (HSV-1 and HSV-2), and varicella zoster virus
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(VZV). The beta-herpesviruses include human cytomegalovirus (HCMV), and human herpes

virus type 6 and 7 (HHV-6 and HHV-7). The latency host of HCMYV is likely macrophages,
while for HHV-6 and HHV-7 it is T cells. The gamma-herpesviruses Epstein-Barr virus (EBV)
and Kaposi’s sarcoma herpesvirus (KSHV) are able to latently infect B cells and are considered
oncogenic viruses because of their strong association with various cancers.

Much work on HSV-1 has helped to provide a detailed model of herpesvirus membrane
fusion and has revealed differences in entry compared to egress, which involves envelopment,
de-envelopment and re-envelopment of the maturing virus as it exits the nucleus and passes
through Golgi-derived vesicles on its way through the cytoplasm to the plasma membrane for
release (38, 90, 107). There is a clear sequential involvement of HSV-1 gD for attachment,
followed by gH/gL for hemifusion and gB to complete fusion at the plasma membrane for
infection (3, 87, 124, 129). Studies of gB have helped reveal important structural determinants
for fusion, as well as identifying the paired immunoglobulin-like type 2 receptor (PILR) o that
associates with gB and acts as a co-receptor for infection (11, 53, 83, 119). The HSV-1 gB
crystal structure revealed characteristics resembling both Class I and Class II viral fusion
proteins, such as residues positioned as possible fusion loops and coiled-coil helices in a trimeric
form, which unfolds like an umbrella (53, 110). It has also been determined that gB is important
for both entry and egress of the virus, and some regions of gB have roles in both (10, 116).

There is mounting evidence for a role of gH/gL in both binding and as a fusogen as well.
Receptors for HSV-1, HCMV, and HHV-6 have been identified (68, 102, 117, 118, 136). Three
lines of evidence suggest that EBV infection of epithelial cells requires the interaction of gH/gL
with a specific receptor. First, EBV virions lacking gH are unable to attach to epithelial cells

(98). Second, gH/gL has been shown to bind to epithelial cells permissive in membrane fusion



20
and infection (94, 138). Third, viruses using gH/gL. for both adhesion and fusion are

compromised in infection (14). Despite all the data, this putative epithelial cell receptor remains
elusive, although preliminary evidence from Dr. Hutt-Fletcher’s lab indicates it may be an
integrin. The fact that HSV-1 and HCMV gH binds V3 integrin adds weight to the possibility
of EBV gH/gL binding an integrin receptor on non-CD21-expressing epithelial cells [(134);
Chesnokova and Hutt-Fletcher, IHW 2007]. Although early studies of HSV-1 heptad repeats
(HR) that formed coiled coils and their role in fusion and infection were questioned, a later study
by Galdiero et al. demonstrated that gH HR1 and HR2 interact with each other and were
important for fusion and infection (41-44). VZV, HCMV and KSHV gH/gL are all able to
mediate some levels of fusion alone (24, 69, 104). It is clear that the requirement of gD, gH/gL
and gB for membrane fusion indicates that the herpesvirus membrane fusion mechanism is
different from the known single-component systems in which trimeric fusion proteins assemble

into hairpin-like conformations that bring the viral and cellular membranes together (110, 127).

Epstein-Barr Virus Life Cycle and Disease

Epstein-Barr virus (EBV) is a ubiquitous member of the human y-herpes subfamily,
which establishes life-long latency in B cells [(37); for review see (85, 123)]. EBV was identified
by electron micrograph as the fourth human herpes virus by the presence of surface
glycoproteins and its ability to establish latency, but in a new cell class: lymphoid (37). Virus in
saliva of infected hosts is passed to naive individuals, where it can infect epithelial cells of the
oropharynx or circulating B cells (Figure 1.1). Infection of B cells leads to massive proliferation,
which is controlled by a strong cytotoxic T lymphocyte (CTL) response. Approximately one in

one million mature memory B cells that evades immune detection has an established latent
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Figure 1.1. Epstein-Barr virus life cycle.

The virus primarily infects epithelial and B cells, and is passed through saliva to naive
individuals, where it can infect the oral epithelium. After replication, virus is released from the
basolateral side, where it can infect trafficking, resting B cells. Alternately it can reach the B cell
compartment if there are any wounds or cuts in the oropharynx, resulting in proliferation, which
is controlled mainly by the host cytotoxic T cell response (CTL). Such infection in adolescence
or adulthood can manifest as infectious mononucleosis. Some B cells are able to escape immune
detection and a latent infection is established in approximately 1 in 1 X 10° mature memory B
cells, whereby the viral genome is maintained in circular episomes attached to the host DNA.
Periodic reactivation leads to shedding of the virus, which can then infect epithelial cells and

pass on through saliva to new hosts. Lytic infection is also controlled by the CTL response.
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infection, which uses the host cell machinery to replicate the viral genome. There are three types

of latent infection based on which viral proteins are expressed. Periodic reactivation of lytic
infection occurs, which leads to viral shedding and the opportunity for infection of new
individuals.

More than 90% of the adult population is seropositive for EBV, which efficiently infects
both epithelial and B cells [For review see (112); (13)]. It is therefore no surprise that the virus
has been associated with diseases of both lymphoid and epithelial origin, including its initial
discovery to be the causative agent of a lymphoma endemic to central and western Africa where
malaria was prevalent (17, 18). This was the first time a virus was directly implicated in a
cancerous growth. Although infection in infancy is generally asymptomatic, acute EBV infection
acquired in adolescence or adulthood can cause infectious mononucleosis (IM), accompanied by
a proliferation of B cells (55). It was serendipitously discovered to be the causative agent of IM
by the technician who had been using her blood as a negative control while characterizing the
virus. Because they are both susceptible to EBV infection, epithelial and B cells can develop
tumors that are directly linked to EBV, such as gastric carcinoma, nasopharyngeal carcinoma and
Hodgkin’s disease (57, 58, 130, 139). Other disorders also connected to EBV include post-
transplant lymphoproliferative disorder as well as oral hairy leukoplakia and B cell lymphomas
of the central nervous system prevalent in AIDS and immunosuppressed individuals (56, 135).
Although a link to breast cancer has been proposed, evidence of EBV as a causative agent is not
conclusive (33). EBV has also been proposed to have a role in the etiology of multiple sclerosis
and lupus, but it remains unclear if the virus is actually the cause of such autoimmune diseases,

or if active lytic EBV replication is exacerbating disease progression. As EBV is linked with so
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many different diseases, it is an important subject of study, especially understanding the

mechanism by which the virus enters its two target cell types.

The Role of EBV Glycoproteins in Membrane Fusion and Entry

As previously mentioned, herpesviruses do not neatly fit in to Class I or II models. It is
unclear if there is a single protein that presents the fusion peptide, as the concerted action of
multiple glycoproteins is required for efficient membrane fusion. EBV has a huge double-
stranded linear genome (over 170 kb) and the ability to latently infect B lymphocytes, which can
lead to the transformation and outgrowth of both epithelial and lymphocytic cells [For review see
(112); (17, 37)]. The membranous envelope is studded with numerous glycoproteins, of which
EBYV is predicted to encode at least 11 although efficient entry of EBV into B cells requires only
five glycoproteins (gps): gp350/220, gH, gL, gB and gp42 [For review see (60, 123, 125)] (Table
1.1). The attachment of the virus is mediated by gp350/220 binding to CD21 or complement
receptor 2 (CR2) (39, 96, 132). Expression of gp350/220 is not required for membrane fusion,
but as a binding factor, greatly enhances infection efficiency, similar to HSV gC (64, 75).
Interestingly, antibodies to gp350/220 actually enhance infection of epithelial cells (133). Since
CD21 can act as a signal transducer, it is plausible that a g350/CD21 interaction can induce
endocytosis, causing fusion to occur in an endocytic vesicle of B cells, whereas it occurs at the

plasma surface of epithelial cells (29-31) (Figure 1.2).
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Table 1.1. Epstein-Barr Virus Glycoproteins.

Other Designations/
EBV Open Reading Frame HSV (a) Known or proposed function
gB gp110/BALF4 ¢B virus maturation/fusion
gH gp85/BXLF2 ¢gH complexes with gp42 and gL/ binds epithelial receptor/fusion
gL gp25/BKRF2 gL complexs with gp42 and gH
M BBRF3 M virion maturation/expression requires gN
eN BLRF1 eN virion maturation/expression requires gM
2p350/220 BLLFI gC (b) initial virion binding to CD21
gpl50 BDLF3 none regulates epithelial fusion
gp78 BILF2 none unknown
gp42 BZLF2 gD (b) complexes with gL and gH, binds HLA class 1I/trigger for fusion
BMREF2 none binds integrins/infection of polarized cells

(a) The HSV glycoproteins which share sequence homology and/or functional homology.
(b) Although no sequence homology with EBV glycoproteins, these HSV glycoproteins may serve as functional homologues.
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4p350/220

Figure 1.2. Model of EBV infection of B cells.

Cartoon depicting EBV approaching the B lymphocyte (not to scale). The virus has a
membranous envelope studded with glycoproteins surrounding the tegument and capsid, which
contains the linear double stranded DNA genome. Initial attachment of the virus occurs when
gp350/220 binds CD21, followed by gp42 binding the co-receptor, HLA Class II. Membrane
fusion requires gp42, gH/gL, and gB. It is unknown if both gH and gB or just gB are inserted
into the target membrane, but likely gH is inserted into the outer lipid layer for hemifusion to

occur, followed by insertion of gB for complete fusion.
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The minimal glycoproteins required for membrane fusion of B cells using experimentally

transfected cells are gB, gH, gL, and gp42, while gp42 is dispensable for epithelial cell
membrane fusion (47, 88). The glycoproteins gB, gH, and gL all have sequence homology with
other herpesviruses. It was previously demonstrated that gB is required for lytic replication as
well as the production of transforming virus (59, 79). EBV gB has been shown to be functionally
distinct from other human herpesvirus subfamily gBs and this could be due to the different
regulatory domains of the cytoplasmic tail that are involved in membrane fusion and virion
transport (47, 78). Neuhierl et al. demonstrated that EBV gB dramatically enhances infection of
human cells and constitutes an important virulence factor that determines infection of non-B
cells (97). Mutant gB that had high surface expression due to mutations within the carboxyl-
terminal tail was able to mediate membrane fusion of epithelial cells by itself (88). Mutational
analysis of the hydrophobic residues in the putative fusion loops demonstrated that they are
essential for gB function and its ability to cause fusion with epithelial and B cells (4). The
corresponding residues in HSV-1 gB are more hydrophilic and less compatible with membrane
insertion, and functional complementation of different herpesvirus gB proteins has not been
demonstrated, implying that the mechanisms by which EBV gB mediates membrane fusion
could be unique (53, 78, 105). Structural studies of gB revealed rosette structures reminiscent of
the postfusion aggregates formed by other viral fusion proteins, but when the putative fusion
loops were mutated to contain more hydrophilic residues, trimeric proteins were produced and
the ectodomain lost its ability to form rosettes, indicating that EBV gB had similar characteristics
to other Class I and Class II viral fusion proteins that are not shared with HSV-1 gB (5).

Nearly all herpesviruses contain a gH/gl. complex, which serves an indispensable role in

membrane fusion and infection (49, 91, 100, 123, 134, 138, 146). Transmembrane EBV gH
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requires the presence of gL, which exists as membrane-bound and soluble forms, in order for

EBV gH to fold properly and be transported to the cell membrane, and both EBV gL and the
related varicella-zoster virus gL proteins function effectively in mediating the folding and
expression of EBV gH protein (51, 80, 82, 149). It has also been established that EBV gH/gL
exists as a non-covalently associated heterodimer complex in a 1:1 subunit ratio (70). Mutational
studies of gH demonstrated different regions involved in epithelial and B-cell membrane fusion,
and that a single point mutation of gH allowed for low levels of B-cell fusion when expressed
only with gB, indicating that in B cells, the triggering signal might be transmitted to gH (100,
146, 147). Although early studies implied that gp42 was binding the gH/gL. complex via gL, it
has since been demonstrated that binding is with gH (82, 101, 138, 147). The N-terminal region
of gp42 was demonstrated to be important for interactions with gH/gL, initially using a truncated
soluble gp42-Fc chimeric protein lacking the first 58 gp42 residues. This mutant maintained
HLA class II binding, and although it did not detectably coprecipitate gH/gL, it did partially
inhibit epithelial cell infection, which was attributed to a reduced ability to interact with gH/gL
(138). Further studies of purified, soluble proteins revealed that gp42 stably binds gH/gL with
1:1:1 stoichiometry, with residues 33 through 85 being critical for this complex formation. This
heterotrimeric complex interestingly acted like soluble gp42 to trigger B-cell membrane fusion,
but inhibited epithelial cell membrane fusion. A 30-residue gp42-derived peptide spanning
residues 36 to 65 was sufficient to inhibit membrane fusion with epithelial cells with micromolar
affinity, partially mimicking the ability of gp42 to bind gH/gL (70). This was in accordance with
previous data indicating that due to the lack of surface expression of HLA class II on epithelial
cells, gp42 cannot function in entry, and that gp42 acts in an inhibitory manner, likely due to

competition for an epithelial call receptor (13, 82). Although the binding affinities of gp42 with
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gH/gL had been examined, the precise binding domain of gp42 that interacts with gH/gL had not

been identified.

The type II transmembrane protein gp42 of the BZLF2 open reading frame is unique
structurally, but may have functional homology with other glycoproteins such as Herpes Simplex
Virus glycoprotein D (HSV gD). The presence of gp4?2 is required for entry into B-lymphocytes,
but not epithelial cells and has two alternately processed forms: a 42 kDa membrane-bound
protein and a 38 kDa soluble protein, with varying sizes depending on glycosylation (6, 82, 137).
The B cell receptor of gp42 has been identified as the class II human leukocyte antigen (HLA
class II) and the -DR, -DP and -DQ alleles are all functional (46, 81, 126). Interestingly, HLA-
DQ B*02 is the only functional DQ allele (48). One requirement for this interaction is the
presence of a glutamic acid at the HLA class II beta-chain residue 46, which is present in all
HLA-DR and HLA-DP, but only some HLA-DQ alleles (46, 48, 61, 81, 89, 95, 125, 126, 137).
A soluble gp42-Fc chimeric protein can stimulate the entry of a gp42-null virus into B cells, and,
likewise, the addition of baculovirus-produced, soluble gp42 to cells transfected with gH, gL,
and gB allows membrane fusion to occur with B cells (70, 138). However, membrane fusion
with epithelial cells is actually inhibited by the presence of gp42 for both virus infection and a
cell-cell fusion assay (70, 138). Increasing levels of inhibition occur as exogenous soluble gp42
is added in a cell-cell fusion assay, beginning in the low-nanomolar-concentration range (70).
This is likely due to the formation of three-part gH/gl./gp42 complexes that are unable to
mediate membrane fusion with epithelial cells, possibly due to steric hindrance of gH/gL
receptor binding or direct insertion of gH/gL into the target membrane (14, 61). These studies are

consistent with the proposal that levels of gp42 in the virus dictate EBV tropism in vivo (138).
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It has been theorized that expression levels of gp42 on the surface of the virion decrease

or increase as the virus alternates between infection of epithelial cells and lymphocytes in the
human host, the so-called “cell-switching and kissing” model (13). Carefully designed
experiments demonstrated in vitro that when the virus is produced in epithelial cells, the virion
contains abundant gp42, which allows very efficient infection of B cells. However, as gp42 is not
required for entry into epithelial cells, the high surface expression might sterically interfere with
receptor binding which would lead to the reduced efficiency of epithelial cell infection that was
observed. Conversely, when the virus is produced in B cells, the amount of gp42 in the virion is
reduced, due to co-localization with the EBV B-cell receptor, which allows efficient infection of
epithelial cells, but decreased infection of other B cells as was demonstrated (13, 108, 109). This
provides a plausible route of oral EBV infection in humans via epithelial cells and then B cells
where the virus can establish latency. Alternatively, Shannon-Lowe ef al. demonstrated that EBV
virions bound to primary B cells in vitro were not internalized and that their persistence on the
surface allowed the virions to transfer more efficiently to CD21-negative epithelial cells.
Infection increased by 10° to 10*-fold over cell-free virus (120).

When the studies described in this thesis dissertation were initially undertaken, the crystal
structure of a baculovirus-produced soluble form of gp42 bound to the HLA-DR1 allele had just
been solved (89, 95). The predicted c-type lectin domain (CTLD) lies between residues 94 and
223 of the protein and though it shows some structural homology to other CTLD-containing
proteins such as Ly49a, it was revealed that binding of gp42/HLA-DR1 was not homologous to
Ly49a binding to its receptor, the major histocompatibility complex (MHC) class I molecule H-
2D, nor any other CTLD-containing protein and its receptor. A region of the gp42 amino-

terminal ectodomain formed dimers in the crystal between residues 87 and 94. Adding to its
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inimitable character as a novel herpesvirus glycoprotein is a region of several aliphatic and

aromatic residues that create a hydrophobic pocket with a yet unknown binding partner.
Structural data indicated that this recess on the surface of the protein consisted of many
hydrophobic residues from disparate sequence regions of gp42. It was so hydrophobic and large
that it was concluded to be impossible for this particular conformation to remain unoccupied.
Recent structural studies of the unbound gp42 crystal reveal that gp42 formed dimers in such a
way as to occlude the hydrophobic pocket of both molecules (Kirschner ef al., submitted).
Comparison of the pre- and post-bound gp42 protein also revealed that the amino-terminal
ectodomain closest to the CTLD moves away from the CTLD, possibly allowing dimers to then
form, and the hydrophobic pocket opens up, which could allow its ligand to then bind.
Dimerization of gp42, either pre- or post-binding to HLA class II, may be important for fusion
since it could conceivably bring more glycoproteins and/or receptors together to increase lipid
mingling. Membrane fusion is a delicate dance, a careful orchestration of proteins and lipids. At
the very tips lies the intricate mingling of amino acid residues, the flirting of atomic bonds,
gently hugging and tugging, kissing and shying away. The initiation of fusion by gp42 mediated
by its coordinated interactions with gB, gH, and gL likely results from conformational changes in
gp42 after its binding to HLA class II. These conformational changes may allow other EBV
encoded glycoproteins or additional cellular receptors to bind to the fusion complex, or may
rearrange receptors on the virion or cell surface.

The specific tropism gp42 lends EBV along with its unique binding structure and
hydrophobic pocket make it an interesting target for functional studies of membrane fusion to not
only characterize EBV fusion mechanisms, but also increase our overall understanding of

herpesvirus infection. Herpesviruses fusion complexes require more viral proteins than most
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other viruses, and therefore will prove to be more difficult in attempts to develop drugs that

target membrane fusion. Better understanding of the sequential and conformational requirements
of the glycoproteins involved will aid in targeting and designing effective therapies. We have
undertaken mutational structure/function studies of gp42 to confirm the predicted interaction of
gp42 with HLA class II and also to investigate the function of other gp42 domains such as the

amino-terminal ectodomain and the hydrophobic pocket in EBV-induced membrane fusion.



CHAPTER TWO—MUTATIONAL ANALYSES OF EPSTEIN-BARR VIRUS
GLYCOPROTEIN 42 REVEAL FUNCTIONAL DOMAINS NOT INVOLVED IN

RECEPTOR BINDING BUT REQUIRED FOR MEMBRANE FUSION
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INTRODUCTION

The mechanisms of EBV-induced membrane fusion have not yet been elucidated in
complete detail, but mutational studies coupled with x-ray crystallography have already provided
much insight into the intricacies of this finely tuned process. Previous work had demonstrated
the minimal EBV glycoprotein requirement for B-cell fusion in a virus-free system to be gH, gL,
gB and gp42 (47). Preliminary data of the crystal structure of EBV gp42 bound to the HLA class
II-DR1 allele along with mutational studies of HLA class II helped guide the generation of
several gp42 mutants (89, 95). We wished to confirm the sites of gp42 that directly interacted
with HLA class II, but we also wanted to determine if there were other functional domains
required for receptor binding and/or membrane fusion.

We randomly generated linker-insertion mutants and also created several site-specific
mutants of gp42 and assayed them for proper conformation in both membrane-bound and
secreted form. Those that expressed were then tested for their ability to mediate cell-cell fusion
using a luciferase reporter system. Many of the mutants did not work in the fusion assay, which
was quite surprising. All of the mutants were further tested in the secreted form for their ability
to bind HLA class II-expressing B cells, as well as their ability to co-precipitate with gH and gL.
From the data gathered, four categories of mutants emerged: (a) unaffected in their ability to bind
HLA class II and mediate fusion, (b) mutations located within the core of the protein, distant
from any domains, leading to proteins unable to bind HLA class II or mediate fusion, (c)
mutations located within the HLA class II binding site leading to loss of both binding and fusion,
and (d) mutations located within the hydrophobic pocket resulting in proteins that are able to
bind HLA class II but unable to mediate fusion. This last category was quite intriguing because it

demonstrated a functional domain involved in membrane fusion but separate from receptor
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binding. Although the ligand of this hydrophobic pocket remains unidentified, the domain is a

potential target for small molecule inhibitors of membrane fusion and infection. Identification of
the binding partner will also help provide a clearer image of how gp42 is able to trigger

membrane fusion with B cells in concert with the other glycoproteins.
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MATERIALS & METHODS

Cells and plasmids. Chinese hamster ovary cells (CHO-K1) kindly provided by Nanette
Susmarski were grown in Ham’s F-12 media with 10% fetal bovine serum and 1%
penicillin/streptomycin, referred to as complete media (all from BioWhittaker). EBV-positive
HLA class II- and CD21-expressing Daudi B lymphocytes were obtained from American Type
Culture Collection (Manassas, VA) and were grown in RPMI complete media (BioWhittaker).
To more easily monitor membrane fusion, a Daudi cell line stably transfected and expressing T7
RNA polymerase was constructed. Briefly, Daudi cells were electroporated with 40 ug of pOS2
plasmid DNA, containing a G418 selectable marker and bacteriophage T7 RNA polymerase
under transcriptional control of the simian virus 40 promoter. This plasmid was kindly provided
by Stanley Lemon (140). Following transfection, the cells were plated at 10,000 and 50,000 cells
per well in 96-well plates and selected with G418 (0.9, 1.1, or 1.3 mg/ml). Clones emerged
approximately 3 to 4 weeks post plating. Approximately 50 clones were expanded from the 96-
well plates and were tested in the fusion assay as described below. Of the tested clones, cell lines
22, 29, 31 and 36 provided the highest levels of luciferase expression in the fusion assay. Of
these lines, lines 29 and 36 were used for all subsequent experiments and were maintained in
RPMI complete media with 1.1 and 1.3 mg of G418/ml, respectively. Cells were grown in 75-
cm” cell culture flasks (Corning), and adherent cells were detached using either trypsin-Versene
(BioWhittaker) or Versene (phosphate-buffered saline [PBS]-1 mM EDTA). The various
plasmids used in the present studies are shown in Table 2.1.

Generation of mutants. Mutations were generated using either a GPS-LS linker scanning
system (New England Biolabs [NEB]) or a QuikChange kit (Stratagene) on an EBV gp42-

containing pCAGGS/MCS vector (72) and isolated by cesium chloride density gradients. The
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NEB kit uses a transposon-based random mutagenesis to introduce a selection marker. After

selection, clones are diagnostically digested and then sequenced to determine the exact location
of the mutation. Collapse of the marker leaves a 5-amino-acid insertion introducing a rare Pmel
site and a repeat of five host base pairs. The QuikChange kit uses PCR to introduce a specific
mutation via primers designed with a silent mutation for diagnostic purposes. The suggested
PCR protocol was followed to generate mutant clones, which were then diagnostically digested
and sequenced. Some mutants were generated without the QuikChange kit by using two-step
PCR to introduce a specific mutation via primers designed with a silent mutation for diagnostic
purposes, similar to those used with the kit. After confirmation of the introduced mutation,
plasmids were prepared and confirmed similarly.

Transfection. (i) Fusion assay. CHO cells were seeded in plastic 24-well plates (Corning),
grown 24 h to approximately 90% confluency, and transiently transfected with 0.125 ug each of
EBV gH, gL, and gB, 0.5 ug of gp42 or gp42 mutant, and 0.2 ug of a luciferase-containing
reporter plasmid with a T7 promoter (99). Transfections utilized 700 ul of Opti-Mem (Gibco)
and 1 ul of Lipofectamine 2000 (Invitrogen) per well.

(ii) Western blotting and cell-based enzyme-linked immunosorbent assay (CELISA). CHO
cells were seeded into six-well plastic plates (Corning) and transfected with 4 ug of plasmid
DNA with 2.5 mls of Opti-Mem and 5 ul of Lipofectamine 2000. The transfection efficiency was
always simultaneously assessed by transfection of pEGFP-N1 and expression of enhanced green
fluorescent protein (EGFP).

Expression of mutants. (i) Western blotting. CHO cells were transfected as previously stated.
Media was changed 12 h later and cells collected 24 h later. Cells were scraped, washed 2 to 3

times in PBS, and lysed using a 1% Triton X buffer with 1 mM sodium vanadate, 10 mM sodium
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fluoride, leupeptin (0.5 mg/ml), pepstatin (0.7 mg/ml) and 0.2 mM phenylmethylsulfonyl

fluoride. Lysates were run on Bio-Rad 12.5% criterion gels in sodium dodecyl sulfate running
buffer at 120 V for 90 min. Proteins were transferred to Immobilon-P membranes in transfer
buffer at 90 V for 90 min with cooling or at 15 V overnight. Blots were blocked in Tris-buffered
saline with Tween with 3% milk for an hour at RT or overnight at 4°C and then incubated for an
hour at RT with a rabbit polyclonal anti-gp42 antibody (PB1114) diluted at 1:1,000 in blocking
solution. Blots were washed, and a secondary protein A-horseradish peroxidase (HRP)
conjugated antibody (Amersham) was applied for half an hour at RT. Blots were then mixed in
equal volumes of ECL solutions and exposed to hyperfilm (Amersham Biosciences).

(ii) CELISA. CHO cells were transfected as previously stated. After 12 h media was changed,
and then 12 h later cells were detached with Versene and transferred to Corning 96-well plates, 3
wells per sample. After 16 h of incubation at 37°C, cells were washed with PBS-ABC (PBS with
0.89 g of CaCl, and 0.89 g of MgCl,*H,0 per 8 liters), incubated for 30 min at RT with a rabbit
polyclonal anti-gp42 antibody (PB1112) diluted 1:1,000 in PBS-ABC with 3% bovine serum
albumen (PBS-BSA), then fixed for 10 min in PBS with 2% formaldehyde and 0.2%
glutaraldehyde. Cells were washed three times with PBS-BSA, incubated with a biotinylated
goat anti-rabbit immunoglobulin G (IgG) (Sigma) at 1:500 for 30 min, washed five times, and
then incubated with a streptdavidin-HRP antibody (1:20,000) (Amersham) for 30 min, all at RT.
Cells were then mixed with a peroxide substrate (BioFX Laboratories) and read with a Victor
plate reader at 370 nm for 0.1 s.

Cell-cell membrane fusion assay. This assay was slightly modified from a previously published
protocol (47). Briefly, CHO cells were transfected as stated previously. After 12 h, these cells

were washed and overlaid with 5.0 x 10° target HLA class II-expressing Daudi B cells that had
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been stably transfected to express T7 RNA polymerase. After 24 h of incubation, the cells were

washed twice with PBS and lysed and 100 ul of firefly luciferin substrate was added to 20 ul of
lysate (Promega luciferase assay system). Relative luciferase activity was measured in
Visibottom 96-well plates by a Victor plate reader at 370 nm for 0.1 s.

Quantification of sgp42 levels by enzyme-linked immunosorbent assay (ELISA). A
baculovirus-generated soluble gp42 (sgp42) was used as a positive control in addition to
transfected soluble gp42. Twenty-five microliters of transfected CHO cell supernatants diluted in
PBSN (PBS with 0.02% sodium azide) were added to NUNC round-bottom plates (3 wells per
samples), covered with plastic wrap, and allowed to incubate overnight at RT. Samples were
blocked with PBS-1% BSA (blocking buffer) for 1 h at 37°C, followed by PB1112 diluted
1:1,000 in blocking buffer for 2 h at 37°C, goat anti-rabbit IgG diluted 1:500 in blocking buffer
for 2 h at 37°C, and streptavidin-HRP diluted 1:20,000 in blocking buffer for 2 h at 37°C.
Peroxide substrate was added, and plates were read on a Victor plate reader at 405 nm for 0.1 s.
Binding of sgp42 to HLA class II-expressing cells by flow-cytometry. This assay was slightly
modified from the previously published protocol (89). After measuring relative levels of soluble
gp42 in CHO cell supernatants by ELISA, supernatants were diluted in Ham’s F-12 complete
media and incubated with 5.0 X 10° Daudi cells in approximately 250 ul of RPMI complete
media while rotating at 4°C for 20 min. Cells were then washed with fluorescence-activated cell
sorting (FACS) buffer (PBS with 0.01% sodium azide, 1% HEPES buffer [BioWhittaker], and
1% fetal bovine serum), followed by incubation with PB1114 (diluted in FACS buffer to 1:250)
and a biotinylated anti-DQ Ia3 antibody (1:100) on ice for 15 min. After washing with FACS
buffer, secondary antibodies used were fluorescein isothyocyanate (FITC)-conjugated goat anti-

rabbit whole IgG and allophycocyanin-conjugated streptavidin (both at 1:250) (Pharmingen),
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also on ice for 15 min. Cells were washed and resuspended in 350 ul of FACS buffer.

Immunofluorescence was measured using a Becton-Dickinson FACS-Sort cytometer and
analyzed using Cell Quest Pro. As a positive control, a baculovirus-generated sgp42 of residues

33 to 233 was utilized.
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Table 2.1. Plasmids utilized for present studies.

PLASMID EXPRESSED RESTRICTION REFERENCE
OR MUTANT PROTEIN” SITE
pCAGGS.MCS  Ampicillin selec. marker Multiple (72)
pF42 EBV gp42 EcoRI/BglIl (47)
pF25 EBV gL EcoRI/BglIl (47)
pF85 EBV gH Clal/BglIl (47)
pF110 EBV gB EcoRI/Clal (47)
pEGFP-N1 EGFP Multiple Clontech
pOS2 T7 RNA Polymerase, (140)
G418 selec. marker
pT7EMCLuc T7 Luciferase (99)
LI12 EBV gp42 LFKQL-F Pmel (121)
LI27 CLNNF-L Pmel (121)
LI§2 CLNNW-T Pmel (121)
LI93 MFKHQ-N Pmel (121)
L1104 CLNSN-T Pmel (121)
LI112 CLNTY-K Pmel (121)
LI118 CLNIY-F Pmel (121)
L1122 MFKQK-K Pmel (121)
L1134 CLNSA-E Pmel (121)
L1148 MFKHD-I Pmel (121)
L1149 CLNNI-L Pmel (121)
LI179 CLNID-G Pmel (121)
L1193 CLNNC-T Pmel (121)
LI195 CLNTY-V Pmel (121)
LI206 CLNTH-H Pmel (121)
LI210 LFKHS-F Pmel (121)
LI216 CLNSF-C Pmel (121)
W44A TRP to ALA Acc651 (121)
Q89%A GLN to ALA Acc651 (121)
T104A THR to ALA Xhol (121)
Y107A TYR to ALA Bsall (121)
WI125G TRP to GLY BsrDI (121)
R154A ARG to ALA Munl (121)
E160A GLU to ALA Esp3I (121)
Y185F TYR to PHE Bglll (121)
F210A PHE to ALA AfIIT (121)
R220A ARG to ALA HindIII (121)

“The mutant EBV gp42-expressed protein either reveals the 5-amino-acid insert followed by the
residue (after the hyphen) indicating the location (LI12 contains LFKQL inserted before residue 12F)
or the change in point mutation (W44A is tryptophan to alanine).
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RESULTS

Construction of gp42 mutants. In order to better understand the mechanism of EBV-induced
membrane fusion, we wanted to define functional domains of gp42. Initially we utilized a
transposon-based linker insertion mutagenesis to generate random 5-amino-acid inserts spaced
throughout gp42. The NEB GPS-LS linker scanning system creates mutants with an insertion of
five amino acids containing a 5-bp repeat from the host sequence along with the addition of a
unique Pmel site. During this time, the crystal structure of a baculovirus expressed soluble form
of gp42 (sgp42) from residues 33 through 223 bound to HLA class II was solved, which revealed
a short stretch of residues 104 through 107, an a-helix of residues 149 through 154 with an
adjacent loop of residues 155 through 160, and arginine 220 all as areas of interaction with the
HLA-DR1 B-chain (Figure 2.1A). The HLA class II Ef46 forms a salt bridge with gp42 R220
and hydrogen bonds with T104 and Y107, RB72 forms hydrogen bonds with T104 and Y107,
and NP62, Sp63 and KB65 all form hydrogen bonds with the a-helix (89, 95) (Figure 2.1B).
Although the ectodomain up to residue 85 was disordered, other structural features were also
discovered. Ten cysteine residues of the native protein form five disulfide bonds (99 with 138,
102 and 115, 128 and 214, 132 and 216, and 192 with 208) and there are four potential N-linked
glycosylation sites at residues 64, 93, 98, and 173. A potential dimerization site was delineated
between residues 87 and 94, and a hydrophobic pocket was observed consisting of several
aliphatic and aromatic residues between residues 161 and 201 (Figure 2.1C). The proposed
binding site with the gH/gL dimer located in the amino terminus was in the disordered region.
Although the linker-insertion mutants spanned all of these domains, we constructed additional
site-directed mutations of individual residues to introduce specific mutations within certain

domains. For these mutations, the Stratagene QuikChange kit was utilized. For each site-specific
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mutation, a unique restriction site was silently incorporated into the reading frame to allow easy

identification of each mutant. More detailed procedures and the various plasmid clones used in
these studies are included in Material and Methods and in Table 2.1. Plasmid DNA was isolated
by cesium chloride density gradients and sequenced to locate and confirm the nature of each
mutation shown in Figure 2.1D. Linker insertion mutants are named based on the residue number
that follows the 5-amino-acid insert and are shown along with the locations of the point

mutations.
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Figure 2.1. Important Structural Features of EBV gp42 and Residue Sequence Mapping

Location of Mutations. (A) Three-dimensional ribbon model of soluble EBV gp42 (rose) bound
to HLA class I HLA-DRI1 (beige). The amino terminus of residues 33 to 85 was disordered in
the crystal structure. Backbones of residues interacting with HLA class II are yellow, oxygen
atoms red, and nitrogen atoms are blue. The orange and green arrows indicate the regions
enlarged in panels B and C, respectively. (B) Close-up depicting key gp42 contact residues at the
HLA class II interface. The color scheme is the same as in panel A. (C) Close-up of gp42
hydrophobic pocket highlighting aliphatic and aromatic residues. (D) The residue sequence of
gp4?2 reveals the locations of point mutations above residues and linker insertion mutations
containing 5-amino-acid inserts above arrows. Linker-insertion mutants are named based on the
residue that their mutation precedes, e.g. LI 12, and point mutants reveal original and mutation
residue, e.g. W44A. The baculovirus-produced soluble gp42 (89) used as a positive control in
many experiments spans residues 33 through 223 and was kindly provided by Maureen Mullen.
Residues of the potential gH/gL binding site are in green. HLA class II contact sites are indicated
as follows: aromatic ring residues in red, a-2-helix in purple, and arginine 220 in blue.
Hydrophobic residues in the pocket are in yellow. Mutants are color-coded by their function in
the fusion assay: those in green have levels similar to the wild-type levels, those in orange have

reduced levels of fusion, and those in red do not mediate fusion.
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Analysis of cell surface expression, whole cell expression, and secretion of the gp42

mutants. Prior to using the gp42 mutants in a cell-based fusion assay, we verified the expression
of each of the mutants following transfection in CHO cells. Cell surface expression for each of
the mutants was detected by CELISA at 40 h posttransfection. Only a subset of the mutants are
shown in Figure 2.2A, but all were tested. All mutants were expressed on the surface at
detectable levels (threefold above background at the left of Figure 2.2A), and many were
expressed at levels similar to wild-type gp42. The W125G mutant was expressed the least with
an approximate 50% reduction compared to wild type gp42. Total cellular expression of the gp42
mutants was measured by Western immunoblotting, and although the expression level for each
of the mutants was somewhat variable, each was expressed at levels greater than that observed
for wild-type gp42. Fourteen of the seventeen linker insertion mutants are shown in Figure 2.2B.
The linker insertion mutant L1193 consistently migrated higher than wild-type or other mutant
gp42 samples on a gel (Figure 2.2B, lane L1193). This mutant contains two asparagines residues
in the insert, likely introducing a new glycosylation site at the first asparagine, resulting in the
altered mobility. Finally, we investigated the levels of a secreted form of gp42 found in the
media of the CHO-transfected cells 24 h posttransfection. As shown in Figure 2.2C, the relative
levels of gp42 in the media supernatant for each of the gp42 linker insertions mutants were equal
to or greater than that observed for wild type gp42. Analyzed but not shown, the gp4?2 site-
specific mutants also had expression levels similar to those of linker insertion mutants shown in
Figure 2.2C, except for W125G, which showed reduced levels similar to those obtained with the

CELISA.



46
Figure 2.2. Verification of mutant gp42 surface expression by CELISA and whole-cell

expression by Western blotting. (A) CHO cells were transiently transfected to express wild-
type or mutant gp42 and transferred to 96 wells, 3 wells per sample. Shown is a representative
CELISA experiment with a random sampling of linker insertion mutants followed by point
mutants in sequential order from amino terminus to carboxyl terminus. Positive expression is at
least a threefold higher average reading of triplicate samples than the vector control shown at
left. OD, optical density. (B and C) Mutant gp42 expression was verified as both a
transmembrane form in whole lysates (B) and a secreted form in supernatants (C) of transiently

transfected CHO cells by Western blotting. Molecular mass (kDa) is noted to the left of blots.
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Function of gp42 mutants in membrane fusion. Since most gp42 mutants were expressed with

levels similar to that of the wild type, we screened them for their ability to mediate membrane
fusion in a virus-free assay (Figure 2.3) as previously described (47). Briefly, effector CHO cells
were transfected with expression constructs for gH, gL, gB, and either wild-type or one of the
mutant forms of gp42. In addition, a plasmid with the luciferase gene under control of the T7
RNA polymerase was included. The effector cells were then overlaid with Daudi cells
constitutively expressing T7 RNA polymerase. The T7 RNA polymerase-expressing cells were
constructed as detailed in Material and Methods. Upon fusion, luciferase expression is
upregulated, which provides a quantitative measure of fusion between the two cell types. The
fusion assay was repeated at least five times for each mutant, with clear patterns of the fusion
competence of each mutant emerging. Results from a representative experiment with all of the
gp42 mutants are shown in Figure 2.3. Although surface expression levels vary as demonstrated
in Figure 2.2A, it is not a completely accurate gage of fusion capability. Fusion levels
consistently appear similar even if one mutant surface expression level is measurably higher than
another, indicating a quantitative threshold of fusion and that detectable levels of surface
expression are sufficient to assess the ability to mediate membrane fusion (compare LI93 and
Y 185F in Figures 2.2A and 2.3). The mutants can be categorized by their fusion activity and, as
might be expected from the cystallization studies, the various groups of mutations localized to
specific domains of gp42, some in domains known to be functionally important and,
interestingly, in others with no function currently ascribed. The first group of mutants, all located
within the amino-terminal domain of gp42 or near the membrane-spanning domain of gp42, is
competent in mediating fusion (LI12, LI127, LI82, LI93, W44A, and Q89 [Figure 2.3]). Of the

nine gp42 mutants with mutations localized in areas predicted to be important for binding to



49

300

250

n
o
o

o
o
|

Relative Luciferase Activity
o
(@]

(O]
o
|

ARSI ARICATC LA SIS SN LI I IR S SNSRI o S o P CHIN S N R SN o\ of
G & S S \}\ N NT AV N NANANNN VTV $tx &&\0.\\0\‘\\% %\‘o Q}b_\,\‘b{i\é‘,’b

Figure 2.3. Mutant gp42s Vary in Ability to Mediate Cell-Cell Fusion.
CHO cells transiently transfected to express EBV gH, gL, gB, wild-type or mutant gp42, and
luciferase driven by a T7 promoter were overlaid with Daudi cells stably transfected to express
T7 RNA polymerase. Mutants are in order of location from the amino terminus to carboxyl
terminus, linker insertion mutants are followed by point mutants, and readings are averages of

two samples.
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HLA class II, six had clear defects in fusion (L1104, LI112, L1148, L1149, Y107A, and E160A

[Figure 2.3]). Two of the gp42 mutants localized in these regions had no effect on membrane
fusion (T104A and R154A [Figure 2.3]), with the mutants having levels of fusion similar to wild
type gp42, whereas the R220A mutant was reduced in membrane fusion when compared to wild-
type gp42. With the exception of the Y185F and L1210 gp42 mutants, the gp42 mutants localized
to the hydrophobic pocket dramatically reduced membrane fusion when compared to wild-type
gp42 (L1193, LI195, L1206, and F210A [Figure 2.3]). All the remaining mutants, with the
exception of L1134, were greatly reduced in fusion (LI118, L1122, L1179, LI216 and W125G
[Figure 2.3]). L1134 had a defect leading to a roughly fivefold reduction in membrane fusion.
These mutations, which do not localize to the gp42 hydrophobic pocket or the HLA class II
binding site, can be classified as “core/distant” mutations, since they are localized distant from
these two gp42 functional domains. They likely interrupt important structural determinants of
gp42, as they either are buried in the central part of the protein or are located in key structural
determinants, and they most likely contribute to the overall structural integrity of gp42. They will

be more fully discussed later. A summary of the results of the fusion assay is listed in Table 2.2.



Table 2.2. Summary of assays reveals four classes of gp42 mutations.
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Classification” Mutant Function” Fusion® Binding’
Unaffected LI12 TM Domain + +
Unaffected LI127 N-Terminus + +
Unaffected LI&2 N-Terminus + +
Unaffected LI93 N-Terminus + +
Unaffected W44A N-Terminus + +
Unaffected Q89A N-Terminus + +
Unaffected T104A HLA class II + +
Unaffected R154A HLA class II + +
Unaffected Y185F Pocket + +
Core/Distant LI118 Structural

Core/Distant L1122 Structural - -
Core/Distant L1134 Structural +/- +/-
Core/Distant LI179 Structural - -
Core/Distant LI195 Pocket - -
Core/Distant LI216 Structural - -
Core/Distant W125G Structural - -
HLA class II L1104 HLA class II - -
HLA class II L1112 HLA class II - -
HLA class II L1148 HLA class II - -
HLA class II L1149 HLA class II - -
HLA class II Y107A HLA class II - -
HLA class II E160A HLA class II - -
HLA class II R220A HLA class II +/- -
Pocket L1193 Pocket - +
Pocket L1206 Pocket - +
Pocket L1210 Pocket +/- +
Pocket F210A Pocket - +

“Classification based on location of mutation and results of cell-cell fusion and HLA class II

binding assays.

"Proposed or known functional domain where mutation is located. TM, transmembrane.
“Mutants were tested for ability to mediate membrane fusion in cell-cell fusion assays as
described in text and for Figure 2.3. Relative fusion levels were scored as follows: +, greater than

50%; +/-, roughly between 10 and 50%; and -, no fusion.

“Mutants were tested for ability of soluble form to bind HLA class II-expressing human B cells
as described in the text and for Figure 2.4.
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Binding of gp42 mutants to HLA class II positive B cells. In order to further characterize gp42

mutants, we assayed their ability to bind HLA class II. We reasoned that it was unlikely that all
mutants unable to mediate membrane fusion would also be defective in HLA class II binding and
that the results might reveal another requirement for membrane fusion. Similar to previous
studies in which the binding of a baculovirus expressed gp42 was assayed (89), the Daudi human
B-cell line, which expresses abundant levels of all alleles of HLA class II, was used (71). In this
assay, supernatants of transfected CHO cells were collected, and the amount of secreted gp42
quantified by ELISA (data not shown) and diluted so that similar amounts of the soluble gp42
were contained in each sample. The concentration-adjusted gp42 was then added to Daudi cells
at 4°C to allow binding of gp42 to HLA class II on the cell surface. Binding of gp42 to HLA
class II was detected by using rabbit serum directed against gp42 followed by FITC-conjugated
secondary antibody. HLA class II expression was monitored by using a biotinylated anti-HLA
class II antibody followed by allophycocyanin-conjugated streptavidin antibody. The cells were
then analyzed by FACS. Controls are shown in the first column of Figure 2.4. No FITC-positive
cells were detected when media alone (Ham’s) or cell supernatants from vector control-
transfected cells (pCAGGS) were tested, despite the abundance of HLA class II-positive cells.
When either the baculovirus-expressed gp42 or supernatants from wild-type gp42 were tested,
binding was readily detected (Figure 2.4, sgp42 [baculovirus] and gp42 [CHO cells]). Previous
studies have shown that gp42 binding to target cells is dependent on HLA class II expression
(81, 126).

Binding of a subset of gp42 mutants to HLA class II is shown in Figure 2.4, and the
remaining data with all of the gp42 mutants are summarized in Table 2.2. From this analysis and

our previous analysis of the gp42 mutants in fusion, the mutants can be subdivided according to
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Figure 2.4. FACS analysis reveals differences among mutants in binding to HLA class II

and mediating fusion. Daudi B lymphocytes (5 X 10” expressing HLA class II were incubated
with 25 ul of supernatant from transfected CHO cells expressing wild-type or mutant gp42. Cells
were stained for gp42 and HLA class II HLA-DQ and analyzed by flow-cytometry using a
Becton-Dickinson FACS-Sort. Columns represent five groups. Column 1 shows controls; the top
two are negative media and vector controls, the bottom are baculovirus-produced sgp42 and
transfected CHO cell supernatant gp42 (wild-type). Column 2 reveals the mutants that are
unaffected in binding to HLA class II and are able to mediate fusion. Column 3 shows those that
cannot mediate binding to HLA class II or fusion, but the locations are not in HLA class 11
contact sites. Column 4 contains mutants unable to bind HLA class II and mediate fusion, but the
mutations are localized to HLA class II contact sites. Column 5 contains mutants that are able to

bind to HLA class II but are unable to mediate fusion and localize to the hydrophobic pocket.
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characteristics of binding to HLA class II and fusion competence, resulting in four categories of

gp42 mutants. In the second column of Figure 2.4, examples of the first category of mutants are
shown. These mutants are unaffected in both binding to HLA class II and fusion. The mutants
are LI27, LI93, R154A, Y185F (all shown in Figure 2.4), LI12, LI82, W44A, Q89A, and T104
(data not shown). The second group consists of the so-called core/distant mutants (column 3).
These mutations do not localize to HLA class II contact sites or the hydrophobic pocket and are
generally negative in binding to HLA class II (L1118, L1122, L1179, and W125G [all shown in
Figure 2.4], L1134, L1195 and L1216 [summarized in Table 2.2]). None of these mutants is able
to efficiently induce membrane fusion, likely as a consequence of an inability to bind HLA class
II. The inclusion of linker-insertion mutant LI195 in this category is somewhat of a surprise.
Although the mutation localizes to the gp42 hydrophobic pocket, it appears to be close enough to
the a-helix region that mediates HLA class II binding to disrupt the correct conformation,
rendering the mutant unable to bind HLA class II. In the fourth column, representative mutants
are shown which have mutations that localize to HLA class II binding sites, are unable to bind
HLA class II, and as a consequence are unable to mediate fusion (L1104, L1148, Y107A, and
R220A [Figure 2.4]). Other mutants tested that were also unable to bind HLA class II are
summarized in Table 2.2 (LI112, L1149, and E160A). The T104A and R154A mutants, whose
mutations localize to HLA class II binding sites, are able to bind HLA class II and mediate
fusion, indicating that these sites tolerate mutation without affecting HLA class II binding. The
final group consists of gp42 mutants that localize to the hydrophobic pocket and is represented in
the fifth column. These mutants generally are not affected in binding to HLA class II (with the

exception of L1195, as described above), yet these mutants cannot mediate fusion (L1193, L1206,
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LI210, and F210A [Figure 2.4]). Y185F is the only mutant in the hydrophobic pocket able to

mediate fusion similar to the wild type (summarized in Table 2.2).
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DISCUSSION

We wished to confirm crystallization studies of EBV gp42 bound to HLA class II and
also ascertain if domains not binding HLA class II were involved in membrane fusion. The
analyses of gp42 mutants provide additional clues as to how gp42 may be involved in the
initiation of membrane fusion, an essential process for the entry of EBV into B lymphocytes.
From these studies, four general categories of gp42 mutants were identified and are summarized
in Table 2.2. Figure 2.5 shows three-dimensional ribbon models with the locations of the
mutations based on these categories that are explained further below. The four categories define
mutants that (A) are unaffected for binding and fusion, (B) likely induce folding defects in the
gp42 structure, disrupting HLA class II binding and fusion, (C) are located in the HLA class II
binding site, do not bind to HLA class II, and also do not mediate fusion, or (D) are located in
the hydrophobic pocket and are able to bind HLA class II but unable to mediate fusion.

Interestingly, for each of these categories we were able to identify a single point mutant.
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Locations of Inconsequential gp42 Mutations Locations of Core/Distant gp42 Mutations

Class Il Class Il

Figure 2.5. Ribbon models identifying locations of all gp42 mutants based on classes
identified from Table 2.2.
The classes are inconsequential, core/distant, HLA class II binding, or hydrophobic pocket. In
each panel, the sites of the linker-insertions (LI) mutants are indicated in blue and the site-
specific mutants are indicated in yellow. Abbreviations and color scheme follow those in

previous figures.
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Mutations in the transmembrane domain and amino-terminal domain located near the

membrane-spanning domain are unaffected in HLA class II binding and fusion (Figure 2.5,
upper-left). L112, LI27, LI82, LI93, W44A and Q89A, all located within the amino-terminal
domain of gp42, were unaffected in their ability to bind HLA class II and mediate fusion. These
results are compatible with results from our structural studies of gp42 bound to HLA class II that
indicate this region is not involved in the contact of gp42 with HLA class II. Interestingly, this
region may be important for the dimerization of gp42, as observed in our previous structural
studies, and the interaction of gp42 with the gH and gL complex. Previous studies have shown
by deletion that a region in the first 58 amino acids of gp42 is critical for the interaction of gp42
with gH and gL (138). In addition, this gp42 deletion mutant was unable to complement a gp42-
deficient recombinant virus, indicating that complex formation between gp42 and gH/gL is likely
essential for EBV infectivity. None of the present mutants within this region of gp42, the HLA
class II interface, or the hydrophobic pocket had any defect in the association of gp42 with
gH/gL (data not shown) indicating that additional mutants should be isolated to determine the
functional significance of the interaction of gp42 with gH/gL and its importance in fusion.
Although gp42 was observed as dimers in the crystal structure, formation of gp42 dimers has not
been detected by other analyses; thus specific mutants within the dimerization region of gp42
may directly test the functional significance of gp42 dimer formation.

Mutations that localize to neither the HLA class II binding site nor the hydrophobic pocket
are unable to mediate fusion and binding (Figure 2.5, upper-right). Surprisingly, several
mutants with linker insertions in regions that neither make contact with HLA class II nor are
located in the hydrophobic pocket do not bind HLA class Il HLA-DQ and are unable to mediate

fusion. These include L1118, L1122, L1134, L1179, and LI216, although L1134 seems to allow
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low levels of binding and fusion. Since each of the mutations is distant to the HLA class II

binding site but blocks HLA class II binding, with the possible exception of L1134, it is likely
that these mutants alter the overall structure of gp42. Compatible with this idea, many of these
mutants fall within major structural features of gp42. LI118 and LI216 fall within two
antiparallel f3-sheets, for which the insertion of the 5-amino-acid linker would be expected to
have dramatic structural consequences. L1134 is located at the base of one of two a-helices
within the gp42 structure. Although not within the core, this mutation may also be expected to
alter the gp42 conformation. Compatible with this, L1134 binds weakly to HLA class II and does
not mediate fusion at wild-type levels.

The linker insertion site for the mutants L1122 and L1179 are contained within exterior
loops that connect structural determinants of the gp42 core. Since both insertion sites are fairly
distant from the HLA class II binding site and are not near cysteines forming gp42 disulfide
bonds, these results may indicate that the overall gp42 structure is easily perturbed, as indicated
by the inability to bind HLA class II, but still sufficiently folded to result in expression and
secretion of gp42, as was observed with all of the mutants. The point mutant W125G would also
appear to globally alter the gp42 structure, as demonstrated by lack of binding to HLA class II
and fusion competence. The tryptophan residue mutated is within the core of gp42 and may act
as a platform for the gp42 hydrophobic pocket to rest on. The dramatic substitution to a glycine
residue, if the tryptophan does serve as a major structural determinant, may alter the stability of
the protein. Consistent with this idea, of all of the mutations described in the present study, the
W125G mutant exhibited both a decrease in cell surface expression and in the supernatant of

transfected cells.
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It was surprising that most of the mutations introduced did not drastically affect the

expression levels of gp42. This is in stark contrast to HSV-1 gB, which contains five main
domains and insertion of five amino acid residues in all of these domains can lead to loss of cell
surface expression (83). Based on CELISA and Western blot analysis, gp42 appears to tolerate
mutations quite well in comparison. However, subsequent characterization of newly generated
gp42-specific mouse monoclonal antibodies revealed that all three antibodies recognized the
gp42 Core/Distant mutants less than the other three classes of mutants, both in
immunoprecipitations and CELISA (data not shown). This indicates that although these mutants
are expressed well on the cell surface, the mutations in the core of the CTLD indeed perturb the
overall structure of the protein, interfering with receptor binding and required conformational
changes for membrane fusion.

Not all mutants localized to HLA class II binding domains disrupt gp42 function (Figure
2.5, lower-left). Y107A, E160A, and R220A mutants all lost their ability to bind HLA class II
and are unable to mediate fusion, highlighting the requirement of gp42 binding to HLA class II
in fusion. Surprisingly, low levels of fusion are consistently detected with the R220A, which
does not detectably bind to HLA class II expressed on Daudi cells. One possible explanation is
that perhaps the salt bridge is not as critical as the hydrogen bonds and some low-level binding
may occur that is not readily apparent in the binding assay, allowing for some measurable fusion
to occur. All of the linker insertion mutants that are within or close to HLA class II contact sites
are unable to bind HLA class II and are also unable to mediate fusion (L1104, LI112, L1148, and
LI149). A 5-amino-acid insert clearly eliminates all binding activity in this region. Although
T104A and R154A localize to HLA class II binding sites, they are able to bind to HLA class II as

well as mediate fusion. Previous structural studies of the gp42 HLA class II complex indicated
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that the carbonyl oxygens from the main chains of T104 and Y107 of gp42 form hydrogen bonds

with RB72 of HLA class II (95). Mutational analysis of RB72 of HLA class II indicated that this
residue is essential for gp42 binding to HLA class II and EBV entry (89). The T104A mutation,
which would be predicted not to disrupt the hydrogen bond between T104 and Rf72, has no
effect on gp42 binding to HLA class II or EBV-induced membrane fusion, as might be expected.
However, mutation of Y107 blocks both, probably due to multiple effects by potentially
changing the local conformation of the region that binds HLA class II as well as blocking a
hydrogen bond with EB46. In regard to the mutation of R154 of gp42, previous mutational
studies of HLA class II SB63, which hydrogen bonds with gp42 R154, indicated that this
interaction of R154 with SB63 is not important for gp42 binding to HLA class II or EBV entry
since mutation of SP63 to either an alanine or lysine did not block gp42 binding to HLA class II
or EBV entry (89). This result is further supported by the present results indicating that R154 of
gp42 is not important for gp42 binding to HLA class Il or EBV-mediated fusion.

Though gp42 is structurally similar to some other C-type lectin superfamily members, the
gp42/HLA class II interaction is unique compared to other natural killer (NK) receptor
complexes, namely, Ly49A/MHC class [ and NKG2D/MHC class I homolog (MICA) (95). The
interaction is also different from the HSV gD/HveA binding complex. McShane et al. clearly
showed that a single residue mutation of HLA-DQ could ablate sgp42 binding and EBV
infection, whereas single mutations of HveA did not affect HSV entry, suggesting that most of
those contact residues contribute to receptor function collectively rather than individually (28,
89).

Many mutations that localize to the hydrophobic pocket are unaffected in HLA class II

binding but do not mediate fusion (Figure 2.5, lower-right). L1193, L1206, L1210, Y185F and
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F210A are all able to bind to class II-expressing cells. However, of these, only Y 185F is able to

efficiently mediate fusion similar to wild type. In the hydrophobic pocket, it is interesting to see
that a single point mutant can distinguish HLA class II binding from the ability to mediate
membrane fusion. It is perhaps not surprising that the relatively conservative substitution of
tyrosine to phenylalanine at amino acid 185 does not alter fusion activity. In contrast, the more
drastic change of phenylalanine to alanine at amino acid 210 does disrupt fusion significantly. It
is likely, as with the case of HLA class II binding, that some of these hydrophobic residues are
more critical than others for generating a strong interaction with a potential unknown binding
partner. Interestingly, all of the linker insertion mutants within the gp42 hydrophobic pocket
have greatly reduced fusion when compared to wild type, L1210 clearly being positive for fusion
but at reduced levels, whereas L1193 and LI206 having fusion consistently above background but
not nearly as high as LI210. Of the linker insertions, only L1195 appears to be entirely negative
for fusion. Importantly, the site of this insertion is close to the a-helix HLA class II binding site,
resulting in a mutant gp42 that is unable to bind HLA class II. This may be the primary defect in
this mutant and not due to the gp42 hydrophobic pocket. It is likely that proximity of the
mutation to the HLA class II binding site coupled with the insertion of five amino acids disrupts
the HLA class II binding function of gp42 in the L1195 mutant. Therefore, this mutant has been
classified as a core/distant mutant, as it does not show the hydrophobic pocket mutant phenotype,
that is, the ability to bind HLA class II but not mediate fusion.

The mutants described in this report have helped to define functional domains required
for fusion. We have demonstrated that, in addition to a functional gp42/HLA class II binding
site, a structurally intact hydrophobic pocket is required to initiate membrane fusion. The

discovery of this hydrophobic pocket is interesting for two reasons: the functional requirement
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(1) adds to our current model of EBV-induced membrane fusion and (ii) provides a potential

target for antiviral strategies. Like the HSV gD/HveA interface, only a handful of the EBV
gp42/HLA class II contact residues that comprise the interface are actually required for binding
(27). Structural studies of gD by Carfi ef al. suggested that the N-terminal gD hairpin was
conformationally flexible and that a conformational change accompanying binding might be part
of the viral entry mechanism (20). Although structurally distinct from gD, gp42 could have a
similar functional mechanism and such a conformational change might also be required for
membrane fusion. Binding of HLA class II might induce a conformational change that reveals
the hydrophobic pocket, which is then able to bind its viral or cellular ligand. If the pocket is
occupied before binding to HLA class II, the structure could reposition the viral ligand to come
in contact with the host membrane. The functional requirement of the hydrophobic pocket makes
it an excellent target for antiviral inhibitors. Modis et al. discovered a ligand-binding
hydrophobic pocket in the dengue virus envelope glycoprotein E that is briefly exposed as
fusion-competent trimers form, implicating a multi-conformational mechanism of membrane
fusion (92). This hydrophobic pocket was discovered to bind a single molecule of the detergent
n-octyl-p-D-glucoside, indicating a potential site for small-molecule inhibitors. The hydrophobic
pocket of the human immunodeficiency virus gp120/41 trimer has already proven fruitful in
identifying both synthetic peptides and screening small-molecules to inhibit binding and fusion
(32, 36). Such results are encouraging for future studies of potential inhibitors of gp42-mediated
membrane fusion. The mutants generated from these experiments will be used to supplement our
knowledge of binding requirements with the gH/gL complex and with gB if there is a direct

interaction. We will next use these mutants to identify the ligand of this hydrophobic pocket,
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which could be viral or cellular, which would further characterize requirements and mechanisms

involved with initiating membrane fusion and provide a target to block viral entry.
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CHAPTER THREE—BINDING-SITE INTERACTIONS BETWEEN EPSTEIN-BARR

VIRUS FUSION PROTEINS GP42 AND GH/GL REVEAL A PEPTIDE THAT INHIBITS

BOTH EPITHELIAL AND B-CELL MEMBRANE FUSION
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INTRODUCTION

The interaction of EBV gp42 with gH/gL allows for membrane fusion and infection of B
cells, but inhibits fusion and infection of epithelial cells (13, 47, 82, 88, 138). It has been
demonstrated that the heterodimeric complex of gH/gL binds gp42 in a 1:1:1 ratio, and that gH
binds gp42 somewhere between residues 58 and 86 of the gp42 amino-terminus (70, 95, 101,
138, 147). Linker-insertion and point mutants of the gp42 amino-terminus did not affect binding
HLA class II receptor binding and had at most a modest effect on membrane fusion with B cells
(121). In order to precisely define the gH/gL. binding site of the gp42, several five residue
deletion mutants were created along with double deletion mutants and one mutant deleted of a
large portion of the amino-terminus.

The characterization of the gH/gL binding site on gp42 has revealed some surprising
results. The mutants were screened for the ability to mediate fusion with B cells in addition to
being tested for their ability to bind both transfected gH/gL by co-immunoprecipitation and
soluble gH/gL by CELISA. Based on the results, several peptides were designed, two of which
showed inhibition of both epithelial and B cell fusion. Determining the binding kinetics
demonstrated that a 46-mer peptide bound gH/gL at the same concentrations as soluble gp42. A
shorter 30-mer peptide was also able to inhibit, but at much higher concentrations. Shorter
peptides were unable to inhibit epithelial cell fusion alone, nor could they complement B-cell
fusion when used in combination. Greater inhibition of epithelial cell fusion was seen when
using the 30-mer peptide with another peptide (67-81), but not as high as the 46-mer. That data
indicated that there are two separate domains involved in gH/gL binding. There are also regions
adjacent to these two domains that are not involved in gH/gL binding but required for fusion.

The amino-terminal end of the first domain is near a putative cleavage site and hints at the
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requirement of soluble gp42 for fusion, while the carboxyl-terminal end of the second domain

indicates that either a linker-domain or possibly dimerization is required.
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MATERIALS AND METHODS

Cells and proteins. High Five insect cells (BTI-TN-5B1-4; Invitrogen) were grown in shaker
flasks in Excell-405 medium (JRH Biosciences). Sf9 insect cells (Invitrogen) were grown in
shaker flasks in Sf900 medium (Gibco).

All media for mammalian cell growth were made complete by supplementing with 10%
FetalPlex animal serum complex (Gemini Bio-Products) and 1% penicillin-streptomycin
(BioWhittaker), and all mammalian cells were grown in 75-cm” cell culture flasks (Corning).
Mammalian epithelial cells were human embryonic kidney 293 cells that express simian virus 40
large T antigen (293T; ATCC, Manassas, VA) and modified to stably express T7 RNA
polymerase under selection of 100 pg/ml zeocin in complete Dulbecco's modified Eagle medium
(BioWhittaker), which is known as line 14, as described previously (100). Mammalian B cells
were Daudi B lymphocytes that are EBV positive and express HLA class II and CD21 (ATCC)
and that are modified to stably express T7 RNA polymerase under selection of G418 (700 to 900
pg/ml) in complete RPMI 1640 medium (BioWhittaker) (121). Chinese hamster ovary cells
(CHO-K1) were kindly provided by Nanette Susmarski and were grown in complete Ham's F-12
medium (BioWhittaker). Versene (1 mM EDTA in phosphate-buffered saline [PBS]) or trypsin-
versene (BioWhittaker) was used to detach adherent cells.

Monoclonal antibodies E1D1 (anti-gH/gl) and F-2-1 (anti-gp42) were gifts generously
provided by L. Hutt-Fletcher (Louisiana State University Health Sciences Center, Shreveport,
LA) (7, 128). Monoclonal antibody 3H3 (anti-gp42) was obtained as previously described (70).
Polyclonal anti-gp42 antibody serum PB1114 was used as previously described (89). Milligram
quantities of antibodies were produced by the Northwestern Monoclonal Antibody Facility and

the National Cell Culture Center. For cell enzyme-linked immunosorbent assay (CELISA)
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experiments with soluble gH/glL, monoclonal antibodies 3H3 and E1D1 were purified by a

HiTrap protein G agarose column (Amersham Biosciences), eluted with 0.2 M glycine-HCI, pH
2.5, immediately neutralized to pH ~7 by adding 1/10 volume of 1 M Tris, pH 9.0. Purity was
>95% as demonstrated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis.
Purified antibodies were exchanged into PBS, and concentration was determined by absorbance
at 280 nm using a theoretical extinction coefficient (0.1%) of 1.4 for immunoglobulin G (IgG).
Soluble EBV gp42 and soluble EBV gH/gl. were produced and purified as described
elsewhere (70). Briefly, gp42 and gH/gL proteins were obtained using the baculovirus expression
system in High Five and Sf9 insect cells, respectively. Soluble gp42 was purified by cobalt metal
affinity chromatography, and soluble gH/gl. was purified by affinity purification using
monoclonal anti-gH/gL antibody E1D1. Gel filtration using a Superdex-200 HR 10/30 analytical
column (Amersham Biosciences) provided the final purification in running buffers consisting of
PBS or 25 mM Tris (pH 7.4)-150 mM NaCl (TBS).
Peptides. Synthetic peptides were obtained commercially (EZBiolab) at 95% purity, as
determined by high-performance liquid chromatography and mass spectrometry, and used
without further purification. Lyophilized peptides were reconstituted in TBS or PBS. Peptide
concentration was measured by absorbance at 280 nm using the theoretical 0.1% value. For
peptide labeled with fluorescein isothiocyanate (FITC), the absorbance maximum at 495 nm for
FITC was additionally used to confirm peptide concentration. Peptide 36-81 is N-terminally
labeled with FITC and corresponds to gp42 residues 36 to 81
(RVAAAAITWVPKPNVEVWPVDPPPPVNFNKTAEQEYGDKEVKLPHW). Peptide 36-65
corresponds to gp4?2 residues 36 to 65 (RVAAAAITWVPKPNVEVWPVDPPPPVNFNK) (70).

Peptide 36-56 corresponds to gp42 residues 36 to 56 (RVAAAAITWVPKPNVEVWPVD).



71
Peptide 42-56 corresponds to gp42 residues 42 to 56 ITWVPKPNVEVWPVD). Peptide 67-81

corresponds to gp42 residues 67 to 81 (AEQEYGDKEVKLPHW).

Mutants. Mutants were generated using a double-arm PCR approach. Mutant primers were
generated to incorporate either five-residue deletions or single-residue changes as well as silent
restriction enzyme cutting sites. The first PCR used primers matched to flank the EBV gp42 gene
in the pPCAGGS.mcs vector (5' primer p-1, TCCTGGGCAACGTGCTGGTTGTTG; 3' primer p-
2, GCCAGAAGTCAGATGCTCAAGGGG) paired with their complementary directional mutant
primer on a wild-type EBV gp42 plasmid template. The PCR Tails program was used as follows:
(1) 94°C for 2 min, (119) 94°C for 15 s, (iii) 58°C for 1 min, (iv) 72°C for 90 s (40 cycles of
steps ii to iv), (v) 72°C for 15 min, and (vi) 4°C for an unlimited period. PCR products were
confirmed by gel electrophoresis and then used as templates with the flanking primers in the
second PCR to generate full-length mutant gp42, which was confirmed by gel electrophoresis,
cut with EcoR1 and Bglll, and ligated overnight at 16°C with vector that had been digested
under the same conditions. Ligated products were transformed and selected on ampicillin plates.
Colonies were picked and grown overnight to generate mini-preparations, which were double
digested to confirm the introduction of the mutation. Mini-preparations were sequenced, and
positive clones were then grown in large quantities and isolated in cesium chloride density
gradients by ultracentrifugation and sequenced again. Double mutants were generated similarly
except mutant gp42 plasmids were used for the first PCR template. The first deletion mutant was
used as a template with a different pair of mutant primers to generate the second deletion; e.g.,
d37-41/67-71 (where d37-41 is a deletion mutant lacking gp42 residues 37 to 41) was created
using d37-41 plasmid template with d67-71 mutant primers for the first PCR. Two mutants

studied had incorporated inconsequential extra point mutations: mutant K47A gained P48S and
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d67-71 gained T131. These mutations were detected after sequencing of CsCl preparations, so

new mutants were generated and confirmed to lack any incidental mutations introduced by PCR.
Table 3.1 identifies mutants used in this study. Mutant W44A was generated as previously
described (121).

Transfection. CHO-K1 cells were transfected in Opti-MEM I medium (Gibco) by a uniform
protocol using Lipofectamine 2000 (Invitrogen) as previously described (121). Cells were plated
in a six-well format, and after 24 h each well received 5 pl of Lipofectamine 2000, and various
combinations of pCAGGS expression vector containing the gene of interest were used in the
following amounts: 0.5 pg for gH, 0.5 pg for gL, 0.8 pg for gB, 0.8 pg for luciferase, and 1.7 pg
for the pCAGGS vector control (47, 99). In the case of gp42-transfected CHO cells, pPCAGGS
vector control plasmid was replaced by 1.7 pg of gp42 vector. For fusion assays (see Figure 3.1),
amounts of DNA were changed to 0.5 pg for gB, 2.0 pg of wild-type or mutant gp42, and 1.0 pg
each of pCAGGS and enhanced green fluorescent protein (GFP) to allow for negative control
and visual confirmation of transfection. For immunoprecipitations, gB and luciferase plasmids
were excluded, and 1.0 pg of gH and gL was transfected with 2.0 pg of wild-type or mutant
gp42. For negative control and visualization, 2.0 pg each of pCAGGS and enhanced GFP was
included with no other glycoprotein.

Fusion assay. CHO-K1 cells were transiently transfected as described above. At 12 h
posttransfection, the cells were detached by versene, counted either by hand with a
hemocytometer or using a Beckman Coulter Z1 particle counter, and 2.0 x 10° to 2.5 x 10’
cells/well in 0.5 ml were transferred to a 24-well format, incubated for about 10 min after the
addition of peptide and/or soluble proteins (in TBS or PBS without azide), and subsequently

overlaid with 0.5 ml of target cells, either Daudi B cells or 293T epithelial cells. For
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simultaneous surface expression readings by CELISA, 4.0 x 10* to 5.0 x 10* CHO cells were

also plated in 96-well plates (described below). To induce fusion, equal or greater numbers of
Daudi or 293T cells were overlaid on CHO cells, and total volume was 1 ml or more per well.
Both of the target cell types, Daudi and 293T, used in the fusion assay stably expressed T7 RNA
polymerase and were under selection by G418 and zeocin, respectively (100, 140). After a 24-h
overlay, cells were washed with PBS and lysed with 100 pl of passive lysis buffer (Promega) per
well. Luciferase activity was quantified by transferring triplicate 20-ul aliquots of lysed cells to
96-well opaque plates with clear bottoms (Wallac), and luminescence was measured on a Perkin-
Elmer Victor plate reader immediately after adding 100 pl of luciferase assay reagent (Promega).
CELISA. For testing gp42 mutant binding to soluble gH/gL, 1.7 pg of gp42 (wild type or
mutant) DNA was added with 5 pl of Lipofectamine 2000 per well in the six-well format. After
12 h posttransfection, CHO cells were replated in the 96-well format. After a 24-h incubation,
the medium was removed, cells were washed with PBS-ABC (PBS with 0.89 g of CaCl, and
0.89 g of MgCl, - H,O per 8 liters), and soluble gH/gL. was added in PBS-ABC with 3% bovine
serum albumin (BSA) (Sigma). After a 30-min incubation, cells were washed, and primary
antibody at a 50 nM final concentration was added in PBS-ABC with 3% BSA. Cells were fixed
for 10 min in PBS with 2% formaldehyde and 0.2% glutaraldehyde and then blocked with 3%
BSA in PBS-ABC. Biotinylated anti-mouse-IgG at 1:500 was added as the secondary antibody,
followed by streptavidin-horseradish peroxidase at 1:20,000. TMB (3,3',5,5'-
tetramethylbenzidine; Sigma) substrate was added, and quantitative colorimetric measurement
was performed at 370 nm using a Victor plate reader, typically achieving a high signal over
background measurement by 30 to 60 min. Background measurements were obtained from

negative control wells that omitted the transfected glycoprotein expression plasmid and/or
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omitted primary antibody. Surface expression of transfected gp42 was measured using 50 nM

3H3 antibody, and binding of soluble gH/gL to transfected gp42 was measured using 50 nM
E1D1 antibody. Percent soluble gH/gL binding to gp42 was determined by dividing the
background-subtracted binding of soluble gH/gL by the background-subtracted surface
expression for each gp42 mutant. The wild-type gp42 sample binding to soluble gH/gL. was then
set to 100%, and gp42 mutants were normalized to that value. For measurement of cell surface
expression simultaneous with fusion assays, CHO cells transfected for fusion were also plated in
the 96-well format 12 h posttransfection, and CELISA was performed 24 h later. The primary
antibody was F-2-1 hybridoma supernatant used at a dilution of 1:150.

Immunoprecipitation. CHO cells were transfected with plasmids encoding EBV gH, gL, and
either wild-type or mutant gp42. Opti-MEM medium was removed 12 h posttransfection and
replaced with complete Ham's F-12 medium. After 24 h of incubation, cells were detached with
versene, counted, washed twice in PBS, and lysed as previously described (121). Equal volumes
of lysates were either added to 5X sample buffer or incubated with no antibody, anti-gH/gL
E1D1 monoclonal antibody, or anti-gp42 F-2-1 monoclonal antibody and rotated at 4°C for at
least 1 h. Agarose beads cross-linked to protein G (Amersham Biosciences) were incubated with
lysates at 4°C for at least 1 h and used to pull down IgG complexes by centrifugation. Samples
were washed at least three times with complete lysis buffer, and 100 pl of 2X SDS sample buffer
was added. Samples of whole-cell lysate and immunoprecipitate were run on 12.5% or 10%
Criterion Tris-HCI gels (Bio-Rad) at 120 V for 110 min, followed by transfer at 90 V for 90 min
to Immobilon-P transfer membranes (Millipore). Western blotting immunodetection of gp42 was
carried out using anti-gp42 antibody serum PB1114 as previously described (121). All the gp42

mutants with the exception of the d45-89 mutant were readily detected by Western blotting. The
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absence of the detection of the d45-89 mutant may be a result of the extensive deletion compared

to the other mutants.
Fluorescence polarization. A Beacon 2000 instrument (Invitrogen) was used to measure the
fluorescence polarization signal that occurs when FITC-labeled gp42-derived peptide binds to
soluble gH/gL.. Samples were made in parallel in 100-pl volumes using 10-fold serial dilutions of
protein and peptides, with subdivisions in between. To reduce nonspecific interactions and
reduce protein losses at low concentrations, samples contained 0.1% Tween-20 detergent. To
reduce pipetting errors, parallel samples were mixed in individual tubes (Kimble Glass) and
prepared identically using the same volumes for each dilution. Samples were allowed to incubate
at room temperature for at least 20 min before measurement. For competition assays, the two
competitors were mixed together (FITC-labeled peptide and competitor protein or peptide), and
then soluble gH/gL was added last. Data were collected at 25°C.
Cell-free virus infection assay. GFP-positive EBV was produced by Akata cells (a gift from L.
Hutt-Fletcher), as previously described (62, 94, 131). Briefly, Akata cells were grown in RPMI
1640 medium (BioWhittaker) with 10% fetal bovine serum (HyClone), 1% penicillin-
streptomycin, and 500 pg/ml neomycin (Gemini Bio-Products). At a high cell concentration, 4 x
107 cells were induced with 50 pg/ml anti-human Ig (MP Biomedicals) for 5 days. After the cells
were removed, 100 pg/ml bacitracin (Sigma Aldrich) was added, and virus was pelleted by
centrifugation at 16,000 X g at 4°C for 90 min. Virus was resuspended in 1 ml of RPMI medium
containing bacitracin and passed through a 0.8-pm-pore-size filter.

Virus aliquots were preincubated for 24 h at 37°C under conditions for testing viral
inhibition, during which time human embryonic kidney 293 epithelial cells were plated in the 96-

well format nearly at confluence. The infection assay was performed using 50 pl of cell-free
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virus per well that was centrifuged at 2,500 rpm for 1 h at 33°C. Subsequently, virus was

removed by aspiration, cells were washed with 200 pl of RPMI complete medium, and cells
were left with 200 pl of fresh RPMI complete medium to incubate for 72 h. Infected cells could
be observed producing GFP after 24 h. Fluorescence-activated cell sorting (FACS) with a BD
LSR II 488-nm laser was used to quantify GFP-expressing cells at 72 h postinfection. The
percentage of infected cells was measured by collecting 30,000 total events and gating on the

live cell population.



77
Table 3.1. Activity summary of gp42 deletion mutants.”

Category and Surface. . gH/gL binding
b Expressi Fusion .
mutant on Immunoprecipitation CELISA
Category 1
R30A + + Y ND
R32A + + Y ND
R36A + + Y ND
W44A + + Y ND
K47A + + Y ND
K47A/P48S + + Y ND
ES1A + + Y ND
d32-36 + + Y N
d57-61¢ + + Y B
d62-66 + + Y n
Category 2
NT1
d37-41 + — Y n
d42-46 + — Y n
NT2
d82-86 + — Y n
d87-91 + — Y n
d92-96 + — Y n
Category 3
NT1
d47-51 + — Y /
d52-56 + — Y B
NT2
d67-71 + +/— Y B
d72-76 + — Y B
d77-81 + — Y o
NT1 & NT2
d45-89 + — ND B
d37-41/d67-71 + — Y B
d42-46/d72-76 + _ N B
d47-51/d77-81 + — N ND
d52-56/d77-81 + — ND ND

d77-81/d47-51 + — ND —

“Activity is defined as 100% wild-type to 50% (+), between 50% and 25% (+/-), or less than 25% (-). ND; not
done; Y, observed by immunoprecipitation with Western blotting; N, greatly reduced or not observed by
immunoprecipitation with Western blotting.

» Category 1, functional; category 2, fusion impaired, not due to gH/gL binding; category 3, fusion impaired due to
altered gH/gL binding.

¢ Mutant d57-61 exhibits near wild-type fusion but reduced interactions with soluble gH/gL.
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RESULTS

Mutants of the gp42 N-terminal region. Mutants of gp42 were engineered to span the N-
terminal region from residues 30 to 96 (Figure 3.1A). Initially, six point mutants were made to
substitute alanine for charged residues or tryptophan (Figure 3.1A, bold amino acids). Since none
of these mutants dramatically altered fusion, a more systematic approach was employed to
remove five contiguous residues throughout the N-terminal region from amino acids 32 to 96
(Figure 3.1A). Cell surface expression of gp42 mutants was similar to wild-type gp42 in
transfected CHO cells as shown by CELISA (Figure 3.1B, black diamonds). The mutants were
tested for their ability to mediate membrane fusion using CHO cells transfected with gH, gL, gB,
and mutant or wild-type gp42 and overlaid with B cells. Mutants with five-residue deletions
between residues 37 to 56 or 72 to 96 showed significantly reduced membrane fusion activity,
less than 25% of wild type (Figure 3.1B, bar graph). In contrast, deletion of residues 57 to 61 or
62 to 66 showed only moderate reduction in membrane fusion activity to ~50% of wild-type
gp42. Mutant d67-71 averaged between 25% and 50% of wild-type fusion. These data suggest
that there are two functional regions within the gp42 N terminus that we designate N-terminal

region 1 (NT1) for residues 37 to 56 and N-terminal region 2 (NT2) for residues 67 to 96.
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Figure 3.1. Schematic of gp42 mutants, fusion assay, and CELISA data. (A) Map of EBV

gp42 amino-terminal ectodomain residues 30 to 100 depicting mutant constructs of either five-
residue and longer deletions or single-residue substitutions. Individual residues that were
mutated to alanine are shown in bold. Italics highlight predicted glycosylation sites. Putative
cleavage and crystal (Xtal) dimerization sites are indicated by dotted lines from above. Soluble
gp4?2 starts at residue 33 and is indicated by an angled arrow. Important functional domains
designated NT1 and NT2 are represented by double arrows, and peptides derived from gp4?2 are
shown below. The core binding residues based on concordance between activity in fusion and
binding soluble gH/gL in CELISA are below black boxes. Gray lines depict the peptides used in
this study. (B) Relative luciferase activity measured in a cell-cell fusion assay using CHO cells
transfected with gH, gL, gB, and wild-type or mutant gp42 and overlaid with B cells (bar graph).
Surface expression of gp42 is measured by CELISA using monoclonal F-2-1 antibody,
secondary biotinylated-anti-mouse-IgG antibody, tertiary streptavidin-horseradish peroxidase,
and TMB substrate (black diamonds). Line indicates 100% of wild-type gp42. Color
development was measured by absorbance at 370nm. Data shown are averages of at least three
independent experiments with wild-type gp42 luciferase activity and expression set at 100%, and

standard deviations are represented by the error bars.
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Figure 3.1. Schematic of gp42 mutants, fusion assay, and CELISA data
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Representative Western blotting of lysates immunoprecipitated with anti-gp42 mouse

monoclonal antibody demonstrated that the expression and size of mutant gp42 protein are
nearly the same as wild-type gp42, except for d62-66 and d92-96, where two and one,
respectively, potential glycosylation sites were removed (Figure 3.2B and data not shown). Loss
of the glycosylation sites did not affect the ability of the d62-66 mutant to trigger fusion,
although the d92-96 mutant was unable to mediate fusion (Figure 3.1B). This may indicate that
glycosylation, at least at the second site, may be important for gp42 function. This would be in
contrast to HSV-1 gD in which glycosylation is not essential for function (122). The observation
with the d92-96 mutant may also indicate another role of this region in gp42 function such as
dimerization, which was observed in the crystal structure (95). Immunoprecipitation with anti-
gH/gL E1D1 antibody followed by Western blotting for gp42 was performed to monitor gH/gL
binding with gp42 (Figure 3.2A to C). Surprisingly, none of the deletion mutants with the
exception of d45-89 was deficient in gH/gL binding as assessed by immunoprecipitation
(representative data in Figure 3.2A to C and summarized in Table 3.1). The d45-89 mutant is not
readily detected by Western blotting even though surface expression was confirmed by CELISA

(Figure 3.1B).
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Figure 3.2. Binding of gp42 mutants with transfected gH/gL in coimmunoprecipitations

and soluble gH/gL in CELISA. (A to C) SDS-polyacrylamide gel electrophoresis and Western
blotting of wild-type and mutant gp42 expressed in CHO cells, using rabbit polyclonal PB1114
anti-gp42 antibody at 1:1,000 for detection, reveal gp42 levels in immunoprecipitations using
either F-2-1 anti-gp42 antibody or E1D1 anti-gH/gL antibody as labeled. Samples are from the
same transfection and were simultaneously run in non-adjacent lanes. (D) CELISA-based
quantitative measurements of soluble gH/gL. binding to transfected gp42. CELISA experiments
were performed in collaboration with Austin Kirschner. Detection of bound gH/gL is carried out
with E1D1 anti-gH/gL antibody, as in the CELISA described in the legend of Figure 3.1B. Data
shown are a representative example of three or more independent experiments, and error bars
represent standard deviations across triplicate measurements within an experiment. Data for all

mutants are summarized in Table 3.1.
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As an alternative approach to further understand gp42 domains required for interaction

with gH/gL, more quantitative analysis was performed using CELISA experiments with 50 nM
soluble gH/gL to determine gp42 mutants that retain near wild-type binding, bind at a reduced
level, and completely lose binding function (Figure 3.2D). These experiments were performed in
collaboration with Austin Kirschner. Interestingly, these results did not entirely agree with the
immunoprecipitation data (Figure 3.2 and summarized in Table 3.1). Whereas all of the single
five-residue deletions in either NT1 or NT2 were able to bind to gH/gL in immunoprecipitation,
one deletion mutant in NT1 and two deletions in NT2 were completely deficient in binding
soluble gH/gL, while one in each category showed approximately half of wild-type binding.
These results appeared to more quantitatively characterize gH/gL binding, demonstrating that
some mutants at the beginning of NT1 and the end of NT2 were deficient for fusion but were still
able to bind soluble gH/gL (Figure 3.2D and Table 3.1). Most surprising was the d57-61 mutant
that bound gH/gL in immunoprecipitation but did not appear to bind gH/gL in CELISA. Double
deletion gp42 mutants were constructed to completely disrupt gH/gL binding since the
immunoprecipitation results with the single deletion mutants suggested that both NT1 and NT2
are important for gp42 binding to gH/gL. Many of the double deletion mutants were similar to
d45-89 in that although they appeared to express well on the surface of transfected cells, they
were unable to mediate membrane fusion (even lower than single deletion mutants), and some
were difficult to detect in Western blots (Figure 3.1A and 3.2B). However, d42-46/72-76 was
easily detected by Western blotting, and binding to gH/gL was greatly reduced (Figure 3.2B).
Although d37-41/67-71 was not detected well by Western blotting, gp42 levels in F-2-1 and

E1D1 immunoprecipitation were often nearly similar, implying that there was more gH/gL
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binding than in other double mutants (Figure 3.2B and data not shown). However, soluble gH/gL.

binding to these double mutants showed little to no binding (Figure 3.2D).

Peptide from gp42 residues 36 to 81 binds to soluble gH/gL with strong affinity. The gp42
mutants investigated here demonstrate that much of the N-terminal region of gp42 is critical for
membrane fusion and interactions with gH/gL.. We have previously demonstrated that a peptide
corresponding to residues 36 to 65 binds to gH/gL with micromolar affinity, but this peptide
appears to cover only one of the two N-terminal regions important for gH/gL binding (70). In
particular the gH/gLL CELISA data indicate that residues between 67 and 81, but not 82 and 96,
are important for gH/gL binding (Figure 3.2D). A FITC-labeled peptide containing residues 36
to 81 was therefore synthesized by Austin Kirschner to determine in fluorescence polarization
experiments the strength of binding to soluble gH/gL. This peptide was found to bind with low
nanomolar affinity, with 50% binding calculated to be 5.1 nM by a nonlinear least squares fit
(Figure 3.3A). Compared to the gp42 peptide consisting of residues 36 to 65, which binds with a
low micromolar K, the longer 46-mer peptide gains about 500-fold affinity by extending the 30-
mer by 16 C-terminal amino acids to residue 81 (70). These binding data are consistent with the
gp42 five-residue deletion mutants, demonstrating that mutants lacking residues between 72 and
81 were noticeably impaired in their ability to bind soluble gH/gL (Figure 3.2D). Key interaction
residues exist in the N-terminal region from residues 36 to 65 (based on activity of the peptide
36-65) and in the extended region from residues 66 and 81. These interaction regions were

further investigated by studying shorter peptides.
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Figure 3.3. Equilibrium binding of gp42 peptides to soluble gH/gL. measured by

fluorescence polarization. (A) Binding between soluble gH/gL. and FITC-labeled gp42-peptide
36-81 shows increased fluorescence polarization signal as the concentration of soluble gH/gL is
increased. The concentration of peptide was kept constant at 10 nM, and 50% of binding occurs
at 5.1 £ 1.1 nM gH/gL. (B to D) Fluorescence polarization measurements using constant 10 nM
concentrations of soluble gH/gL and 10 nM FITC-labeled gp42-peptide 36-81 with added
competitor (100% corresponds to no competitor): soluble gp42 protein, ECs at 8.5 £ 1.0nM (B);
peptide 36-65, ECsp at 1.5 uM (C); peptides 36-56, 42-56, and 67-81, the extrapolated theoretical
ECso for 42-56 is 150 uM (D). Competitor was premixed with labeled peptide 36-81, and soluble
gH/gL was added to initiate binding. The experiments in this figure were performed by Austin

Kirschner.
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Fluorescence polarization experiments with soluble gp42, an N-terminally truncated form

of gp42 beginning at residue 86, and short gp42-derived peptides 36-65, 36-56, 42-56, and
67-81. In order to further map the gp42 regions involved in binding to gH/gL, competition
fluorescence polarization experiments were performed by Austin Kirschner using 10 nM soluble
gH/gL and 10 nM FITC-labeled gp42-peptide 36-81 with the addition of a competitor gp42
protein (Figure 3.3B). Following the competitive reduction of the peptide polarization signal,
titrations of soluble gp42 demonstrated a binding affinity for gH/gL that is very similar to that of
the FITC-labeled 46-mer peptide. A nonlinear least squares fit calculated 50% inhibition of
binding to be at 8.5 nM soluble gp42. Addition of peptides 36-65, 36-56, 42-56, and 67-81
revealed their relative abilities to compete with peptide 36-81 for binding to gH/gL (Figure 3.3C
and 3.3D). Only peptides 36-65 and 42-56 were able to diminish the polarization signal, albeit at
significantly higher concentrations, with 50% binding inhibition at 1.2 uM for peptide 36-65 and
at an extrapolated value of approximately 150 uM for peptide 42-56. Peptides 36-56 and 67-81
did not show significant binding to soluble gH/gL up to the highest concentration tested (100
uM). Compared to the low nanomolar range for soluble gp42, these short peptides have much

lower affinity for gH/gL (Table 3.2).
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Table 3.2. Activity summary of gp42-derived peptides.

Soluble EBV gp42  50% bindingto ~ 50% inhibition of B- 50% inhibition of
residues gH/gL (nM)“ cell fusion (nM)” epithelial cell fusion (nM)*
33-223 8.5 - 5

36-81 5.1 ~2° 5
36-65 1,500 >10,000 5,000
36-56 >100,000 >50,000 >50,000
42-56 ~150,000° >50,000 >50,000
67-81 >100,000 >50,000 >50,000

“Measured by fluorescence polarization competition experiments with 10 nM purified soluble
gH/gL and 10 nM FITC-labeled gp42-peptide 36-81.

"Measured by luciferase activity in fusion assay using CHO cells transfected with gH, gL, and
gB and addition of known concentrations of soluble gp42, overlaid with Daudi B cells.
“Measured by luciferase activity in fusion assay using CHO cells transfected with gH, gL, and
gB and overlaid with 293T epithelial cells.

“Measured using lowest gp42 concentration tested.

“Theoretical extrapolated value based on trend of measured data.
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The binding kinetics for FITC-labeled gp42-derived peptide 36-81 and soluble gH/gL

were also studied. Fluorescence polarization measurements were taken by Austin Kirschner at
30-s time points after mixing 10 nM peptide and 10 nM soluble gH/gL (Figure 3.4A). Maximum
binding signal was achieved by 10 min, and the nonlinear least squares exponential fit for one-
site binding shows a binding rate of 0.908 + 0.039 min"'. For dissociation experiments, excess
soluble gp42 was added to preincubated 10 nM peptide and 10 nM soluble gH/gL. Time points
measured over 2 h were fit to an exponential dissociation curve with a calculated half-life of the
gH/gL/peptide complex at 9.86 + 0.6 min (Figure 3.4B). A control sample with 1 uM soluble
gp42-AN86 added to 10 nM peptide and 10 nM soluble gH/gL. did not show any peptide

dissociation (Figure 3.4B).
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Figure 3.4. Kinetics of FITC-labeled gp42 peptide 36-81 binding soluble gH/gL as
determined by fluorescence polarization.
The fluorescence polarization signal from FITC-labeled gp42 peptide 36-81 was monitored at
time points immediately after mixing samples. (A) Peptide 36-81 binding to soluble gH/gL, each
present at 10 nM concentration. Binding is nearly complete by 10 min with a rate constant of
0.908 + 0.039 min™. (B) Dissociation of premixed 10 nM gH/gL and 10 nM FITC-labeled gp42-
peptide 36-81 is observed by adding soluble gp42 at 1 uM. The half-life (#1,) of the
gH/gL/peptide complex is 9.86 + 0.6 min. The experiments in this figure were performed by

Austin Kirschner.
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Peptide from gp42 residues 36 to 81 is an efficient inhibitor of EBV-mediated membrane

fusion. Previous work with peptide 36-65 revealed that it acted as an inhibitor of EBV-mediated
epithelial cell membrane fusion in a dose-dependent manner in the low micromolar range (70).
This finding is consistent with the ability of peptide 36-65 to inhibit binding of peptide 36-81 in
the polarization assay. Since the longer peptide 36-81 bound gH/gl. with much higher affinity
than peptide 36-65, peptide 36-81 was also tested for inhibition of cell fusion. As shown in
Figure 3.5A, Austin Kirschner demonstrated that peptide 36-81 is a significantly stronger
inhibitor of epithelial cell fusion, with an apparent 50% effective concentration (ECsg) of
approximately 5 nM. Both soluble gp42 and peptide 36-81 had a very similar inhibitory effect
over comparable concentration ranges on epithelial cell membrane fusion (see Figure 5A in
reference (70). Further testing of the peptide in fusion assays with B cells by Austin Kirschner
revealed that the long peptide is also capable of inhibiting membrane fusion in the presence of
gp42. With CHO cells transfected with gH, gL, gB, and gp42, the degree of inhibition is ~25%
of the control, which is a significant amount (P value of < 0.05) as determined by a Student's ¢
test (Figure 3.5B). This decrease in fusion is modest and likely attributable to difficulties in
competing the membrane-bound gH/gL/gp42 complexes, which form over a 12-h transfection
incubation. A significant amount of preformed gH/gL/gp42 complexes likely remain intact after
the peptide is incubated with the CHO cells for only 10 min before it is overlaid with target B
cells, especially as the half-life for dissociation is approximately 10 min, based on our peptide
polarization results. Even greater inhibition of B cell fusion was observed by Austin Kirschner
when the peptide was allowed to incubate for longer times (data not shown). To examine direct
competition between gp42 and the peptide for binding cell-associated gH/gL, the B cell fusion

assay was performed by Austin Kirschner using known concentrations of soluble
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Figure 3.5. Peptide from gp42 residues 36 to 81 inhibits epithelial and B-cell membrane

fusion. Fusion assay graphs showing concentration-dependent effects of peptide 36-81 on the
cell-cell fusion assay. (A) Epithelial cell fusion. (B and C) B-cell fusion. CHO cells were
transfected with gH, gL, and gB (A and C) and additionally transfected with gp42 (B). (The data
at the far right of graph A are for cells also transfected with gp42). For panel C, soluble gp42
was added to trigger B-cell fusion and demonstrate efficient competition between the peptide and
soluble protein. Data shown are the mean of triplicate measurements from at least three
independent experiments, and error bars indicate standard deviations. The experiments in this

figure were performed in collaboration with Austin Kirschner.
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Figure 3.5. Peptide from gp42 residues 36 to 81 inhibits epithelial and B-cell membrane

fusion.
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gp42 added to CHO cells transfected with gH, gL, and gB. A clear dose-dependent inhibitory

effect on B cell fusion is observed when peptide and soluble gp42 compete for binding gH/gL on
the same timescale (Figure 3.5C). The data show a logical trend that as more soluble gp42 is
added, more peptide is needed to inhibit fusion. Soluble gp42 and the 46-mer peptide are
competitive in the same concentration ranges, suggesting that their binding affinities for gH/gL
are similar.

Complementation assays with peptides and gp42 deletion mutants. The membrane fusion
assay was used to test if B cell fusion with nonfunctional gp42 deletion mutants could be rescued
by adding gp42-derived peptides in trans by Austin Kirschner. First, the soluble truncated gp42-
ANSG6 protein was added along with the longest gp42-derived peptide (residues 36 to 81), but no
membrane fusion occurred (data not shown). This lack of fusion was observed with or without
transfected gp350 that might provide more favorable contacts between the fusion proteins and
the target B cell (data not shown).

Next, the short gp42-derived peptides spanning residues 36 to 56, 42 to 56, and 67 to 81
were tested by Austin Kirschner for the ability to inhibit epithelial cell fusion. Based on their
inability to block peptide 36-81 binding in the polarization assay, we did not expect the peptides
to block fusion, and indeed no inhibitory activity was detected up to a 50 uM final peptide
concentration (Figure 3.6A). The peptides were also added in combination to see if their
inhibitory effects would become apparent at micromolar concentrations, but none of these three
peptides exhibited any activity when added simultaneously. However, using the peptide derived
from residues 36 to 65, which has an inhibitory effect on epithelial cell fusion in the low
micromolar range in combination with the peptide from residues 67 to 81, we did observe

consistently enhanced inhibition, although the effect was still moderate and required peptide
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Figure 3.6. Shorter gp42-dervied peptides tested in epithelial and B-cell fusion assays. (A)

Fusion assay graphs showing no inhibitory effect on epithelial cell fusion with individual gp42-
derived peptides tested up to 50 uM final concentration. (B) Enhanced inhibition of epithelial
cell fusion using simultaneous addition of gp42 peptide 36-65 and 67-81 compared to peptide
36-65 alone. (C) There was no restoration of B-cell fusion using transfected gp42 deletion
mutants deficient in membrane fusion activity with added peptides, although wild-type soluble
gp42 restored fusion. Brackets above the solid bars indicate the peptides added. Data shown are
representative from at least two independent experiments, and error bars indicate standard
deviations. The experiments in this figure were performed in collaboration with Austin

Kirschner.
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Figure 3.6. Shorter gp42-dervied peptides tested in epithelial and B-cell fusion assays.
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concentrations in the low micromolar range (Figure 3.6B). Simultaneous addition of peptides

spanning residues 36 to 65 and 67 to 81 in the low micromolar range did not inhibit as strongly
as the single peptide spanning residues 36 to 81 used in the nanomolar range, indicating that their
covalent linkage is important for full binding and inhibition activity.

Subsequently, the reverse experiments were performed by Austin Kirschner to see if the
short peptides could complement gp42 deletion mutants deficient in membrane fusion activity.
Data were collected from the cell-cell fusion assay using CHO cells transfected with gH, gL, gB,
and mutant gp42 (five-residue and longer deletions), and micromolar concentrations of short
peptides were added immediately before overlay with B cells (Figure 3.6C). Fusion assay data
revealed that these short N-terminal gp42 peptides added in trans could not restore the function
of gp42 deletion mutants that lost the ability to trigger fusion with B cells. The longest peptide
from gp42 residues 36 to 81, which has nanomolar binding to gH/glL, was unable to rescue
membrane fusion with any of the gp42 mutants, including the gp42 mutant lacking residues 45 to
89. These data indicate that the contiguity of the gp42 C-terminal lectin domain with N-terminal
gp42/gH/gL complexes is important for full fusogenic activity.

EBYV infection assay with gp42-derived peptide 36-81. In order to test the effect of peptide 36-
81 on entry of the whole virus, Austin Kirschner infected epithelial cells with GFP-expressing
EBV, which was produced by Akata cells. Virus was preincubated with a 20 nM concentration
of anti-gH/gL antibody E1D1, soluble gp42, or peptide 36-81 for 24 h at 37°C prior to a 1-h spin
infection of cells in a 96-well format. The effect of peptide 36-81 on the infection of epithelial
cells by EBV was measured by FACS analysis. Each of the three experimental conditions
showed a reduction of infection to approximately 25% of the uninhibited EBV control (Figure

3.7). These data demonstrate that a low nanomolar concentration of peptide 36-81 is able to
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Figure 3.7. Peptide 36-81 inhibits EBV entry into epithelial cells.
A graph of a representative EBV infection assay shows the inhibitory effect of gp42-derived
peptide 36-81. Virus was incubated with anti-gH/gL antibody E1D1, soluble gp42, or peptide 36-
81 at 20 nM. FACS analysis was used to measure the GFP-expressing cells, and data were
transformed to set the medium-only control to 0% infected and the EBV-only control to 100%
infected so that each experimental condition demonstrates a fraction of the uninhibited 100%

infection. The data shown are representative of at least three independent experiments.
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inhibit the intact virus from entering epithelial cells, consistent with observations made in the

cell-cell fusion assays.



101
DISCUSSION

N-terminal deletion mutants of gp42 lose the ability to function in membrane fusion. The
deletion of five-residue segments within the N terminus of gp42 did not substantially affect
protein expression levels compared to wild type. Membrane fusion experiments with B cells
demonstrated that some mutants retain nearly wild-type fusion function, some allow moderate
levels of fusion, and some are inactive in fusion. These deletion mutants reveal that residues 37
to 56 and 72 to 96 are absolutely required functional regions of the N terminus of gp42 to trigger
fusion and suggest that some of the residues within residues 67 to 71 are also required (Figure
3.1B). The gp42 mutants defective in membrane fusion can be rescued by the addition of soluble
gp42 in the fusion assay but not with any gp42-derived peptides that span the regions deleted
(Figure 3.6C). Thus, there is a requirement for direct linkage between a gp42 lectin domain
(residues 111 to 217) and the N-terminal gH/gL binding site to be within the same molecule.

CELISA with gp42 five-residue deletion mutants quantitatively measures binding to
soluble gH/gL. The loss of membrane fusion activity for some gp42 mutants may be due to a
lack of binding to gH/gL or to deletion of gp42 residues otherwise important for fusion
activation. To investigate this hypothesis, a gH/glL-based CELISA was employed in addition to
immunoprecipitation, and the data revealed that some defective gp42 mutants are similar to wild-
type gp42 in binding gH/gL, some show moderately diminished binding, and some completely
lose any interaction with gH/gL. Correlating the ability of mutants to function in membrane
fusion with the ability to bind soluble gH/gL distinguishes three categories of mutants (Table
3.1): category 1, inconsequential mutants remaining fully functional; category 2, loss of fusion
but maintenance of wild-type gH/gL binding; and category 3, reduced or complete loss of fusion

due to altered binding to gH/gL. Category 1 mutants are innocuous deletions and/or single
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substitutions that have no major effect on gp42 or gH/gL function. The d57-61 mutant appears to

lack gH/gL binding in the CELISA but could mediate fusion. However, there are a few
discrepancies between the immunoprecipitation data and CELISA measurements for the binding
of gp42 mutants to gH/gL. These differences may be due to interactions gp42 may have with
transfected gH/gL during protein expression and folding, possibly within the proteins' membrane
spanning domains.

Mutant d57-61 is able to promote near wild-type membrane fusion but completely loses
binding to soluble gH/gL as detected in CELISA. This is a peculiar mutant that was difficult to
detect in Western blotting even though surface expression levels were consistently higher than
wild-type gp42 (Figures 3.1B and 3.2B). There may be a significant contribution by the unusual
tetra-proline structure (residues 57 to 60) in binding gH/gL, but a nearly wild-type degree of
fusion is maintained in its absence. For HSV gD, which is a functional homolog for gp42, it is
thought that a flexible proline-rich region becomes exposed upon receptor binding, thus
activating gH/gL and gB for membrane fusion (19, 23, 40, 74). We reasoned that the N-terminal
region of gp42 might play an analogous role and that for gp42 the presence of the tetra-proline
motif might enable a gH/gL-dependent regulation of the gp42-N-terminal peptide. In this
scenario, the d57-61 mutant might be capable of activating gB-dependent fusion in the absence
of gH/gL. However, fusion assays performed by Austin Kirschner revealed that the d57-61
mutant is not capable of membrane fusion without gH/gL, i.e., transfected gB and the d57-61
mutant do not cause membrane fusion (data not shown). Furthermore, epithelial cell membrane
fusion was inhibited in the presence of the d57-61 gp42 mutant, although d57-61 gp42 was
somewhat less effective than wild-type gp42 (data not shown). These data suggest that the d57-

61 mutant still binds gH/gL but with a lower affinity and significantly increased dissociation
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rate. As a preliminary test for altered binding kinetics, preformed E1D1-gH/gL complexes (500

nM E1DI and 50 nM gH/gL) were tested by Austin Kirschner in CELISA for binding d57-61,
but no binding was detected even though the antibody complex is bivalent and thereby might be
expected to interact more strongly with the mutant (data not shown). However, when the gp42
d57-61 mutant is transfected instead of wild-type gp42 in membrane fusion assays with B cells,
peptide 36-81 does inhibit fusion somewhat more efficiently (data not shown). These data
collected by Austin Kirschner also suggest that the d57-61 mutant forms complexes with gH/gL
with a lower binding affinity than wild-type gp42 and that this complex can be dissociated by
adding peptide 36-81.

Interestingly, category 2 mutants that are at the beginning of NT1 and the end of NT2 are
able to bind soluble gH/gL in the gH/gL. CELISA but are still unable to mediate membrane
fusion (Figures 3.1B and 3.2; Table 3.1). At the N terminus of NT1, mutants d37-41 and d42-46
both appear to bind gH/gL. well but are impaired in membrane fusion. The NT1 mutant d37-41
removes the cleavage site of residues 40 to 42 and does not secrete soluble gp42 (data not
shown), potentially indicating that soluble gp42 plays an important role in membrane fusion
(109). However, it is not clear why d42-46, which can bind soluble gH/gL, does not mediate
fusion. Perhaps these missing residues are essential for triggering gH/gL. function, even though
binding to gH/gL occurs at wild-type levels. The NT2 mutants d§2-86, d87-91, and d92-96 were
also able to bind gH/gL but not mediate fusion. These mutants fall in or near the dimerization
domain that was seen in the crystal structure of gp42-HLA-DRI that includes residues 86 to 95
(95). The dimerization site might therefore be important for membrane fusion; alternatively,
conceivably a linker region between the gH/gL binding site and the lectin domain is required. A

five-residue insertion mutant previously studied (LI93) at this site does not affect membrane
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fusion, consistent with the idea that a minimal, but perhaps sequence-independent, linker region

is important rather than dimerization (121). The d82-86 mutant had very low levels of fusion,
and these residues link the end of the gH/gL binding domain to the putative dimerization site.
Further studies are required to determine whether specific sequences, dimerization, or simply
linker residues are required for gp42 function in these regions of NT1 and NT2. For example, it
is possible that five-residue deletions between residues 82 to 96 primarily result in a loss of
fusion function due to altered geometry of the lectin domain relative to gH/gL in the complex.
These residues may act as a linker between the gH/gL binding site and the lectin domain,
providing needed flexibility for the fusion process to proceed. Nevertheless, category 3 mutants
reveal the "core" gp42 residues that interact with gH/gL. These residues are important for
binding soluble gH/gL and essential for membrane fusion function (Figure 3.1A).

The gp42-derived peptides directly bind to gH/gL. Fluorescence polarization experiments
performed by Austin Kirschner reveal that the FITC-labeled gp42-derived peptide from residues
36 to 81 binds to gH/gL with high affinity. This direct measurement allows quantitative data to
be gathered on the binding. Both binding at equilibrium and kinetics of binding were studied.
The measured values for the on-rate and off-rate of FITC-labeled peptide 36-81 binding to
soluble gH/gL are consistent with values obtained in equilibrium binding experiments. The
affinity of peptide 36-81 for gH/glL was found to be nearly equivalent to the binding affinity of
soluble gp4?2 protein. Thus, the residues sufficient for wild-type level binding to gH/gL appear to
be present in the 46-mer peptide. Additional competition experiments with shorter peptides
showed significantly weaker binding affinities. Peptide from residues 36 to 65 competes in the

low-micromolar-concentration range, while the peptide from residues 42 to 56 just begins
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binding soluble gH/gL in the mid-micromolar range, confirming that the minimum residues

required for high-affinity gH/gL binding cover a large residue range (Table 3.2).

Peptides derived from gp42 inhibit epithelial cell fusion. Membrane fusion studies by Austin
Kirschner investigating the effect of soluble gp42 and peptides derived from the N-terminal
region of gp42 revealed that they can effectively inhibit epithelial cell fusion. The soluble gp42
protein and the long peptide 36-81 inhibit in the low nanomolar range, the peptide 36-65 inhibits
in the low micromolar range, and the shorter peptides do not show inhibition up to 50 pM.
Nevertheless, a synergistic effect was found when adding peptides 36-65 and 67-81 in the low
micromolar range, somewhat enhancing the inhibitory effect compared to peptide 36-65 alone.
The small synergistic effect of peptides 36-65 and 67-81 suggests that these segments bind with
an extended peptide binding site on gH/gl, which exhibits only mild cooperativity in binding.
The fact that the longer peptide 36-81 gains nearly 1,000-fold binding affinity and concentration
for 50% inhibition compared to the shorter peptides demonstrates the importance of having these
two binding regions within a single peptide chain. Given that gp42 and gp42-derived peptides
function by binding to gH/gL, it can be inferred that the inhibitory mechanism is either blockage
of a critical binding site on gH/gL, such as an interaction of gH/gl with a gH/gL receptor, or
inhibition or induction of a conformational change in gH/gL rendering it unable to mediate
fusion.

Peptide from gp42 residues 36 to 81 inhibits B cell fusion when competing with soluble
gp42. The long peptide from gp42 residues 36 to 81 binds soluble gH/gL. with approximately the
same affinity as the soluble protein gp42. This suggests that their activities in membrane fusion
may be in the same functional range, namely, the low nanomolar concentration. Indeed, when

tested in direct competition with soluble gp42, peptide 36-81 is able to inhibit B-cell fusion when
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its concentration is above that of soluble gp42. However, membrane fusion with B cells proceeds

only when the N-terminal region of gp42 is connected to the lectin domain, which engages the
HLA class II receptor. B cell fusion did not occur in experiments with peptide 36-81 and soluble
gp42-AN86 added together (data not shown). Therefore, membrane fusion requires the
combination of the N-terminal region of gp42 occupying the gH/gL binding site and the same
protein's proximal C-type lectin domain engaging the HLA class II receptor. In addition, none of
the short gp42-derived peptides (peptides 36-56, 42-56, and 67-81) has any inhibitory effect on B
cell or epithelial cell fusion, testing even at 50 uM peptide. Moreover, none of the gp42-derived
peptides can rescue B cell fusion with transfected five-residue gp42 deletion mutants.
Nevertheless, the gp42 residues in this region are critical for binding to gH/gL and triggering
membrane fusion. It remains unclear why the presence of these residues is insufficient to
stimulate membrane fusion, even when the high-affinity peptide 36-81 and the gp42-AN86
protein are present.

Peptide 36-81 inhibits epithelial cell infection by whole virus. Since peptide 36-81 inhibited
EBV-mediated epithelial cell fusion in the low nanomolar range, its ability to inhibit intact virus
infection of epithelial and B cells was examined by Austin Kirschner. For epithelial cell
infections, virus was produced by Akata cells, which are thought to make virus with lower levels
of gp42 that is therefore more efficient at infecting epithelial cells. At a concentration of 20 nM,
which is approximately four times the ECs for inhibiting epithelial cell fusion, the peptide acts
similarly to anti-gH/gL antibody E1D1 and soluble gp42, reducing the infection to nearly one-
quarter of the uninhibited control (Figure 3.7). The peptide inhibits intact virus as effectively as
it inhibits epithelial cell membrane fusion in the virus-free cell-cell fusion assay. Since the

peptide is known to bind directly to gH/gL in competition for gp42, the infection assay data
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strongly suggest that the peptide is capable of binding gH/gL on the intact virus surface to inhibit

its ability to enter epithelial cells.

In contrast, when peptide 36-81 was examined in a B-cell infection assay, using virus

produced by B95-8 cells, it did not demonstrate inhibition (data not shown). This was likely due
to the presence of higher concentrations of viral gp42 forming tight membrane-bound
gH/gl/gp42 complexes, in which gp42 could not be displaced by the peptide. This finding is
consistent with the results observed for peptide inhibition of B cell membrane fusion in which
even high concentrations of peptide could achieve only a modest decrease in cell-cell fusion
when transfected gp42 was present (Figure 3.5B). Design of other peptides or peptidomimetics
might reveal a better inhibitor of viral entry into B cells.
Characterization of the gp42 residues important for gH/gL.-mediated membrane fusion.
The gp42 residues found to primarily contribute to binding gH/gL (47 to 61 and 67 to 81)
contain seven prolines, 10 charged residues, and three aromatic residues. Other residues
important for triggering fusion function, are hydrophobic (residues 37 to 46) and mostly neutral
(residues 82 to 96). However, there are putative glycosylation sites that suggest that these regions
are not likely to mediate direct protein-protein interactions. In addition, gp42 has a cleavage site
from residues 40 to 42 and a possible dimerization or linker region from residues 86 to 95. We
must await a crystal structure of the N-terminal region of gp42 and the structure of the gH/gL
complex to complete our understanding of this herpesvirus membrane fusion mechanism.

Based on the data gathered using the gp42-derived peptide 36-81 in vitro and in cell-
based assays, a model of its inhibition of EBV-mediated membrane fusion is proposed (Figure
3.8). Contacts mimicking gp42 are retained, and membrane fusion is inhibited when peptide 36-

81 is bound to gH/gL.
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Figure 3.8. Model of peptide inhibition of EBV membrane fusion apparatus.

The N-terminal region of gp42 binds gH/gL with high affinity, and the peptide from gp42
residues 36 to 81 mimics that interaction. Epithelial cell fusion is inhibited by nanomolar
concentrations of gp42, and the peptide 36-81 is sufficient to inhibit at those concentrations as
well. B-cell membrane fusion only proceeds when a gp42 lectin domain is supplied in cis with
the N-terminal region. Thus, peptide 36-81 is a strong inhibitor of both epithelial and B-cell

membrane fusion.
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The peptide derived from residues 36 to 81 acts as a low nanomolar inhibitor of B-cell

membrane fusion, and it is as potent as gp42 at inhibiting epithelial cell membrane fusion and
viral entry. This peptide proves useful for future drug development to treat EBV-mediated
diseases of both B cell and epithelial cell origin. The gp42-derived peptides, and others like

them, provide new tools for studying herpesvirus entry and designing effective therapeutics.
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CHAPTER FOUR—CONCLUSIONS AND FUTURE DIRECTIONS
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Epstein-Barr virus glycoprotein 42 has at least three functional domains required for B-cell

membrane fusion. EBV is able to infect both epithelial cells and B cells, with membrane fusion
occurring at the plasma surface of epithelial cells involving gH, gL, and gB, while B-cell
membrane fusion occurs after endocytosis and is mediated by gp42, gH/gL, and gB [(138); For
review see (60)]. Virion levels of EBV gp42 determine which cell type the virus is able to infect.
High levels of gp42 sterically hinder infection of epithelial cells, but allow for efficient infection
of B cells, whereas virus that is lacking gp42 can bind but not infect B cells (81, 137). Shortly
after biosynthesis in B cells, gp42 molecules associate intracellularly with -DR, -DP, or -DQ
alleles of its co-receptor, the class II human leukocyte antigen (HLA class II) (46, 48, 109, 126).
This leads to the emergence of virus with low levels of gp42, and these virions are able to
efficiently infect epithelial cells, but not other B cells (13). The alternating tropism of the virus
provides a model of how the virus is able to spread within and between human hosts to establish
latency.

Although the role of gp42 had been established in membrane fusion and infection, very
little was known specifically about the protein and how it interacted with other glycoproteins or
its receptor. Crystal studies of soluble gp42 (residues 33 — 223) bound to HLA-DR1 revealed
three sites on the gp42 C-type lectin domain (CTLD) that contact HLA-DR1: an a.-2-helix, an
aromatic ring, and a single arginine residue (95). Although the majority of the gp42 amino-
terminal ectodomain was unresolved in the structure, dimerization was observed along residues
87 — 94 in the crystal lattice. Although it could merely be an artifact of crystallization, the
formation of gp42 dimers after receptor binding could play a role in membrane fusion. A
hydrophobic pocket was also discovered on the surface of the CTLD, which was separated from

the HLA class II binding site by the a-2-helix. Mutational studies of individual residues of the
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HLA-DRI1 B1 chain confirmed that glutamic acid 46, lysine 65, and arginine 72 were all required

for efficient binding of soluble gp42 and infection by EBV (89). To determine the functional
significance of the various gp42 structures revealed by the structural and mutational studies of
HLA class II, we created several linker-insertion and point mutations in gp42 (Chapter 2). Our
data confirmed that the gp42 aromatic ring, a-2-helix, and arginine 220 are all required to
interact with the three key residues of HLA class II for receptor binding and fusion with B cells.
Mutations along the amino-terminal domain had modest if any effects on binding and fusion,
while mutations buried within the CTLD appeared to perturb the overall structure of gp42 and
disrupt both binding and fusion. Most interesting, mutations in the hydrophobic pocket did not
disrupt receptor binding, but mutants were unable to mediate fusion, demonstrating a functional
requirement separate from receptor binding to trigger B-cell membrane fusion.

Because the mutants from chapter 2 only had modest effects at most on membrane
fusion, additional mutants were created to further characterize the gp42 amino-terminal
ectodomain (Chapter 3). It had been demonstrated that soluble gp42.Fc missing the first 58, 90,
and 122 residues (A58, A90, and A122) could bind HLA class II but not co-immunoprecipitate
gH/gL (138). The mutants were unable to rescue gp42-null EBV infection of B cells, or block
infection of epithelial cells, although A58 appeared to weakly bind gH/gL based on a faint
EBNAI1 signal from infection. Binding studies of soluble gp42 with soluble gH/gL also proved
that the three proteins bind in a high affinity complex in a 1:1:1 ratio, and that this binding
occurs somewhere between residues 33 and 86 (70). We sought to precisely define the gp42
amino-terminal binding site of gH/gL by creating five residue deletions and testing them for
gH/gL binding and fusion. Our data proved that there are actually two separate domains of gp42,

both of which are required to bind soluble and transmembrane gH/gL, as well as to mediate B-
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cell membrane fusion. The data also hinted that both cleavage and dimerization of gp42 might

also play a role in fusion. Several peptides were designed to bind these domains separately, but it
was peptide 36-81 that spanned both, which could effectively inhibit gH/gL binding, epithelial
and B-cell membrane fusion, and infection of epithelial cells. Taken together these studies have
identified and helped to characterize three separate gp42 domains that are all required for
membrane fusion: the HLA class II binding site on the CTLD, the gH/gL binding sites on the
amino-terminal ectodomain, and the hydrophobic pocket on the CTLD, whose ligand remains to

be identified.

EBYV gp42 and HSV-gD are functionally similar, but uniquely trigger membrane fusion.
EBV and other herpesviruses use a multicomponent system for membrane fusion, which is
different from other known viral fusion systems that utilize a single fusion protein [For review
see (65)]. However, it remains unclear as to how all these proteins interact to accomplish entry.
Studies have solved the crystal structures of the EBV gp42-HLA class II complex and the herpes
simplex virus type 1 (HSV-1) functional homolog gD bound to the herpesvirus entry mediator
receptor (HVEM) (19, 95). The similarities between these herpesvirus proteins can provide us
insight into the mechanisms of EBV-triggered membrane fusion. The unliganded HSV-1 gD
crystals revealed a flexible N-terminus, the conformation of which is clearly altered when bound
to receptor (74). This similarly occurs in gp42 after HLA class Il engagement (Kirschner et al.,
submitted). Like EBV, HSV can infect epithelial cells as well as cells where the virus establishes
latency, i.e., neurons for the a-herpesviruses. However, unlike EBV gp42, HSV gD can bind
multiple receptors to trigger membrane fusion: HVEM, a member of the tumor necrosis factor

receptor family; nectin-1 or nectin-2, cell adhesion molecules belonging to the immunoglobulin
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superfamily; and specifically modified heparan sulfate (3-O-S HS) catalyzed by particular

isoforms of 3-O-sulfotransferase (124). Although HSV gD receptors HVEM and Nectin-1 bind
overlapping but distinct epitopes of gD, the conformationally flexible C-terminal region of gD is
clearly open when receptor-bound. In the case of HVEM, there is an N-terminal hairpin loop that
is formed upon receptor binding. This loop is not seen when gD binds nectin-1. Before binding,
the C-terminal ectodomain occupies this same space as the loop (19, 20, 74). The C terminus
also lies on top of residues involved in nectin-1 binding (26, 86). The movement of the C
terminus of gD was postulated to be required for receptor binding, rather than as a result of the
event (74). However, current studies also favor the hypothesis that interaction of gD with its
receptors alters its conformation and exposes the C-terminal of gD to fusogenic glycoproteins B,
H, and L (152). Kirschner et al. clearly demonstrated EBV gp42 receptor-induced
conformational changes, and preliminary data from our lab suggest that HLA class II
engagement with gp42 alters gH/gL binding from the amino-terminus to the hydrophobic pocket,
a step required for fusion to proceed (data not shown).

We have demonstrated that the EBV gp42 hydrophobic pocket is not involved with HLA
class II receptor binding, but still required for fusion (Chapter 2). HSV gD was similarly
demonstrated to have a defined region of residues 262 and 285 that are required for membrane
fusion, but not involved in receptor binding and has been termed the profusion domain (23, 150).
Lazear et al. proposed that this profusion domain is more tightly associated with the core of HSV
gD and that receptor binding is required for stable unwinding of the C terminus to expose that
domain (76). In the case of EBV gp42, the hydrophobic pocket might be similarly occluded
before receptor engagement, and interaction with B cells exposes the pocket, allowing ligand

binding and triggering of fusion. Another potential structural parallel discovered is that gD
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formed dimers before receptor engagement, which occludes receptor binding sites, although this,

too, could be an artifact of crystallization (74). Dimers of gp42 were seen whether receptor
bound or not, but in different sites (95, Kirschner et al., submitted). It is interesting to speculate
that dimerization might also play a role in herpesvirus membrane fusion.

The steps following these required conformational changes and receptor binding remain
unclear for EBV, but a few creative and well-executed studies with HSV have given some
insight into the specific mechanisms of membrane fusion. HSV-1 gD has been shown to form
complexes sequentially with both gH and gB (34, 66, 103, 129). Subramanian and Geraghty
developed an exquisite assay to detect hemifusion as well as complete fusion, demonstrating the
sufficiency of gD with gH/gL for hemifusion. Interestingly, gB was not required for hemifusion,
but was necessary for complete fusion, providing an elegant model of sequential glycoprotein
involvement in HSV-1 membrane fusion. It was later demonstrated using bimolecular
complementation that HSV gD associates with gB, and gD associates with gH/gL, but no
association was seen between gB and gH/gL unless gD was present (3). Results indicated that gD
binding its receptor concurrently triggers both fusion and the interaction between gB and gH/gL.
Most recently, Maurer ef al. used small vesicles reconstituted from the ends of neurons to catalog
images of these synaptosomes fusing with virions. Fusion pores were very difficult to observe
due to their transience, but based on identified fusion intermediates, it was proposed that receptor
binding of gD induces a conformational change, followed by interaction with gH/gL. This in turn
causes a conformational change in gH/gL, leading to binding of gH/gL to the plasma membrane,
followed by recruitment of gB, which then also binds the plasma membrane (87). We have yet to
demonstrate such sequential recruitment of EBV glycoproteins to induce membrane fusion, but

since the presence or absence of EBV gp42 appears to act as a switch for virus entry into B cells
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or epithelial cells, respectively, its interaction with gH/gL is a fundamental feature in EBV-

mediated membrane fusion (13). However, our work has added to the field by delineating
required functional domains of gp42 to trigger B-cell membrane fusion and suggesting an order

in which proteins must interact with gp42 for this to proceed.

Proposed model. The EBV gH/gL interaction with gp42 appears more complex than previously
hypothesized. Not only are two separate regions along the amino-terminal ectodomain of gp42
involved in both gH/gL binding and membrane fusion, the hydrophobic pocket, which is
required for membrane fusion, may also be involved in gH/gL binding for fusion to proceed. We
therefore propose that during EBV gp42-induced membrane fusion with B cells, the two amino-
terminal domains of gp42 initially bind gH/gL by “hugging” the heterodimeric complex via gH
and that gH either binds or occludes the gp42 hydrophobic pocket (Figure 4.1). Molecules of
gp42 that are not in complex with gH/gL dimerize to occlude the hydrophobic pockets of both
molecules. Receptor binding of HLA class II to gp42 induces a conformational change in the
amino-terminus that causes gp42 to release gH/gL, allowing gH/gL to now bind exclusively at
the hydrophobic pocket. The conformational change that also occurs in the hydrophobic pocket
not only allows gH/gL binding, but also brings gH/gL closer to the target membrane, which then
allows gH to insert the fusogenic domain into the membrane. Dimerization of gp42 along the
amino-terminal ectodomain closest to the CTLD would enable more gH to be drawn to the target
membrane. Hemifusion occurs at the outer leaflet of the membrane involving just gH/gL, while
gB is required for complete fusion. Alternately, the shift in gH/gL conformation with gp42 could

cause a shift in gB nearby, bringing gB in closer proximity to the cell and allowing gB to insert
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Figure 4.1. Proposed model of Epstein-Barr virus glycoprotein 42-induced B-cell

membrane fusion. Upper panel) EBV gp42 (multi-colored), gH (yellow), gL (light green), and
gB (blue) are depicted along the virus membrane (dark green) as they approach HLA class 11
molecules (purple) on the surface of the B cell (red). Structural determinants of gp42 include the
amino-terminal ectodomain (striped in light blue and black), the C-type lectin domain (CTLD)
(large black ball), HLA class II receptor binding site (concave portion of CTLD), the
hydrophobic pocket (protruding semi-circle in cayenne red), and the 158 loop of residues 156 —
161 adjacent to the a-2-helix between the receptor binding site and the hydrophobic pocket
(small protruding loop in dark blue) and are represented here as gp42 protein alone and in
heterotrimeric complex with gH/gL. The gp42 N-terminus binds the gH/gL complex in two
separate regions before HLA class II receptor engagement. The gp42 hydrophobic pocket binds
gH/gL or is occluded by gH/gL on the virus surface. Not depicted is gp350, which initially
tethers the virus to the cell by binding CD21. This adhesion enhances infection, but is not
essential for membrane fusion. Lower panel) After receptor binding, the gp42 N-terminus
extends away from the CTLD, the 158 loop is drawn in closer to the CTLD and the hydrophobic
pocket widens, depicted now as a partial-triangle in cayenne red (Kirschner ef al., submitted).
Binding of gp42 to HLA class II allows gH/gL to shift its position from the gp42 N-terminus and
thus to bind exclusively at the hydrophobic pocket. This shift repositions gH to insert itself

directly into the target membrane, and/or brings gB closer for insertion into the target membrane.
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itself into the target membrane. Insertion of either gH or gB would further tether the virion to the

cell to allow fusion to proceed. Our studies provide a simple model of gp42 triggered-membrane
fusion whereby HLA class II receptor-binding induces conformational changes in gp42. These
alterations may cause gH/gL to shift binding from the gp42 amino-terminus to the hydrophobic

pocket, providing the signal for fusion to proceed.

Future studies. To gain further insight into the mechanisms of gp42-triggered membrane fusion,
future studies should focus on viral complementation assays, which are more sensitive than the
fusion assay, and which will verify the mutant phenotypes in a viral system. The results should
be confirmed by both real-time PCR and clonal outgrowth of B cells. To further characterize
gp42 functional domains, more gp42-specific monoclonal antibodies should be generated and
tested. Furthermore, it is important to positively identify the hydrophobic pocket ligand. We have
no direct evidence that gH/gL binds the pocket, but have developed ways to demonstrate this or
identify the intermediate between gH/gL and the hydrophobic pocket. Future directions also
include investigation of the role of gp42 cleavage and dimerization in fusion.

One of the most exciting prospects is the targeting of the gp42 hydrophobic pocket for
the development of anti-viral therapies. It is possible to perform a small molecule inhibitor
screen using DOCK, a software program created by Dr. Brian Schoichet, which generates a 3-D
grid based on a protein structure and then screens known molecules from existing databases. The
parameters of the program allow adjustments for shape, size, and molecular bonds to identify the
best-fit candidates for the gp42 hydrophobic pocket. Our aim was to develop a rapid 96-well
format screen of molecules that had been selected by DOCK. Preliminary data from

collaboration with the Jardetzky lab indicated that compound AK0026 inhibited membrane
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fusion in a dose-dependent manner, and it was further tested for its ability to neutralize HSV-1 &

HSV-2 infection, and inhibit membrane fusion of KSHV, HSV-1 and HSV-2 glycoproteins.
Although AK0026 inhibited membrane fusion in an EBV-independent manner, these results
suggest that this methodology can be used for high-throughput screening of potential inhibitory
compounds of EBV fusion and infection, and that such studies can be undertaken even without
complete knowledge of the mechanisms of membrane fusion. The amino-terminus has already
proven to be an excellent target for inhibitory peptides, and the hydrophobic pocket provides an
even better opportunity for development of antiviral therapies such as small molecule inhibitors.
The studies described in this dissertation have laid the groundwork to identify all the key
players both spatially and temporally in gp42-triggered membrane fusion and infection of B
cells. We have defined the gp42-HLA class II receptor-binding site, the gp42/gH/gL binding site,
and demonstrated the functional requirement of the hydrophobic pocket for membrane fusion.
The pocket may bind gH/gL after receptor engagement to trigger fusion. Coupled with structural
and functional analyses, we are confident that future studies will elucidate precisely how the
altered interaction of gp42 with gH/gL triggers EBV fusion with B cells and enhance our
understanding of the mechanisms of herpesvirus entry, paving the way for the development of

novel and effective therapeutic agents.
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