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Summary

Glycoprotein B (gB) homologues within the herpesvirus family display high sequence conservation,
and a number of gB homologues contain a cleavage motif R-X-K/R-R recognized by the cellular
protease furin. Epstein-Barr virus (EBV) gB contains this motif and cleaved gB is found in EBV
virions. To determine the functional significance of this cleavage motif in EBV gB a deletion mutant
(9B Afurin) was created lacking the motif. This cleavage mutant was expressed well in cell culture
but not cleaved. Experiments examining gB Afurin in a cell fusion assay revealed that fusion was
reduced by 52% in epithelial and 28% in B cells when compared with wild type EBV gB. This
decrease in cell:cell fusion is similar to that observed with multiple a-herpesvirus gB cleavage
mutants and supports a conserved function for cleaved gB. Interestingly, cell-to-cell spread of EBV
may be more efficient in epithelial cells than B cells.

Epstein-Barr virus (EBV) is an orally transmitted human y-herpesvirus that establishes a
persistent infection in greater than 90% of the world’s adult population. EBV is spread through
saliva, and following initial infection the virus establishes life-long latency in B cells of its
human host (Rickinson, 2007). EBV is recognized to infect epithelial cells as well as B
lymphocytes during its normal cycle of persistence (Hutt-Fletcher, 2007). EBV is the causative
agent of infectious mononucleosis, and has also been associated with a number of human
malignancies of epithelial and B cell origin, including Burkitt’s lymphoma and of
nasopharyngeal carcinoma (Rickinson, 2007). Similar to other herpesvirus family members,
EBV encodes a number of membrane glycoproteins. Membrane glycoproteins are important
in a variety of viral processes including entry of herpesviruses into target cells. Along with
membrane glycoproteins gH and gL, herpesvirus glycoprotein B (gB) has been shown to be
essential for herpesvirus fusion, and together they form the core virus fusion machinery
(Pereira, 1994; Spear & Longnecker, 2003).

Herpesvirus gB homologues are highly conserved, and a number of gB homologues across all
three of the herpesvirus subfamilies (alpha, beta, and gamma) possess a known cleavage motif
R-X-K/R-R recognized by the cellular protease furin and are cleaved (Backovic et al., 2007;
Baghian et al., 2000; Britt & Vugler, 1989; Fleckenstein et al., 1982; Hampl et al., 1984;
Johannsen et al., 2004; Loh, 1991; Meredith et al., 1989; Okazaki, 2007; Ross et al., 1989;
Sullivanetal., 1989; van Drunen Littel-van den Hurk & Babiuk, 1986; Vey etal., 1995; Whealy
et al., 1990; Wolfer et al., 1990). Epstein-Barr virus has been shown to possess the defined
cleavage motif and is cleaved at this defined site by a cellular protease (Backovic et al.,
2007). In EBV virions, most gB present is in the cleaved form with only a fraction of total gB
present in the uncleaved form (Johannsen et al., 2004). The physiological relevance of this
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proteolytic processing of gB to its function in infection is not well understood and loss of
cleavage has no effect on viral growth of bovine herpes virus 1 (BoHV-1), pseudorabies virus
(PRV), or human cytomegalovirus (HCMV) gB (Kopp et al., 1994; Okazaki, 2007; Strive et
al., 2002). However, loss of cleavage in BoHV-1 and PVR gB decreases viral cell-to-cell
spread, suggesting that these cleaved herpesvirus gBs may function differently between virus-
cell and cell-cell fusion (Kopp et al., 1994; Okazaki, 2007). Previous studies have shown that
there is not sufficient homology between the different subfamily gBs to allow complementation
in other members of the herpesvirus family (Lee etal., 1997). Unlike alpha and betaherpesvirus
gB homologs, EBV gB is present predominantly in the membranes of the nucleus and
endoplasmic reticulum (ER) and only in small amounts on the plasma membrane (Emini et
al., 1987; Gong & Kieff, 1990; Gong et al., 1987; Qualtiere & Pearson, 1979).

While the function of gB cleavage has been investigated for a number of herpesviruses, the
function of EBV gB cleavage has not previously been examined. To investigate the importance
of gB cleavage for fusion activity of EBV gB, a group of mutants were constructed. Mutants
were generated using a QuikChange site-directed mutagenesis kit (Stratagene), with the
plasmid encoding wild type EBV gB in the Stratagene pSG5 vector used as a template (Haan
et al., 2001). Positive clones were sequenced, grown in large quantities, isolated using an
EndoFree Plasmid Maxi Kit (Qiagen), and sequenced again. Three mutants were constructed;
one in which the specific cleavage motif (RRRRR) was deleted and two in which five amino
acid stretches near each side of the cleavage motif (Fig. 1) were deleted to serve as controls.

To investigate the expression of wild type gB and the gB mutants described in Fig. 1,
immunoprecipitation followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (Laemmli, 1970) and Western blotting (Backovic et al., 2007;Burnette, 1981)
was performed on proteins expressed by Chinese hamster ovary (CHO)-K1-transfected cells
(Fig. 2). Briefly, following lysis of transfected CHO-K1 cells with 1% Triton-X lysis buffer,
EBV gB was immunoprecipitated with protein G-Sepharose beads (GE healthcare) bound to
monoclonal anti-gB antibody CL55 (Backovic et al., 2007;McShane & Longnecker, 2004)
before SDS-PAGE and Western blotting. Immunoprecipitates were run on 10% Tris-HCI
Ready Gel precast gels (Bio-Rad) in sodium dodecyl sulfate (SDS) running buffer at 100 V
for 100 min. Proteins were transferred to Immobilon-P membranes in transfer buffer at 100 V
for 90 min with cooling. Blots were blocked in Tris-buffered saline with Tween (TBST) with
5% milk for an hour at room temperature (RT) or overnight at 4°C and then incubated for an
hour at RT with a rabbit polyclonal anti-gB antibody (Backovic et al., 2007;McShane &
Longnecker, 2004) diluted 1:1000 in blocking solution. Blots were washed, and a horseradish
peroxidase (HRP)-conjugated anti-rabbit 1gG (Cell Signaling) was applied for 45 min at RT.
Blots were washed again and then mixed in equal volumes of ECL solutions and exposed to
hyperfilm (Amersham Biosciences).

Under reducing conditions (Fig. 2a), all three gB mutants were expressed similarly to wild type
gB, indicating that the described mutations did not affect production of the protein. However,
the C-terminal cleavage product of gB, indicated by an arrow, was not present in the lane of
gB Afurin indicating that this mutant was not cleaved as wild-type gB was. The mutants
containing the deletions on either side of the cleavage motif were cleaved similar to wild-type
gB, indicating that loss of gB cleavage was due to loss of the specific cleavage motif and was
not a non-specific effect of deletion in the region. Under non-reducing conditions (Fig. 2b) it
was shown that all three gB mutants were glycosylated and were able to oligomerize similar
to wild-type gB, indicating that these processes were not significantly affected by the described
deletions. The gB cleavage product was not visible under these conditions.

To examine cell surface localization of wild type gB and the gB mutants, transfected CHO-K1
cell surface proteins were biotinylated with the membrane-impermeable biotinylation agent
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sulfosuccinimidyl-6-(biotin-amido) hexanoate (Pierce) prior to lysis and SDS-PAGE and
Western blot analysis. This established approach (Daniels & Amara, 1998) has been used
successfully for detection of surface-expressed EBV gB (Backovic et al., 2007). Following
biotinylation, surface-expressed gB was immunoprecipitated with anti-gB antibody as
described, immunoprecipitates were run on a 7.5% Tris-HCI Ready Gel precast gel (Bio-Rad)
in SDS running buffer, proteins were transferred to Immobilon-P membranes as described, and
biotinylated gB was detected by avidin conjugated to horseradish peroxidase (Bio-Rad) (Fig.
2c). All three gB mutants showed comparable surface expression to wild type gB (Fig. 2c),
indicating that the deletions did not affect trafficking of the protein to the cell surface. A
background band was apparent in all samples including the vector control just under the 250
kDa marker (Fig. 2c).

To determine the ability of gB variants to mediate fusion with the two cell types that EBV
infects in vivo, epithelial and B cells, a virus-free cell-based fusion assay was utilized (Backovic
etal., 2007; Kirschner et al., 2006; McShane & Longnecker, 2004; 2005). Mammalian B cells
were Daudi cells (Daudi B lymphocytes; American Type Culture Collection) stably selected
with G418 to express T7 RNA polymerase (Silva et al., 2004). Mammalian epithelial cells
were human embryonic kidney 293T14 cells that express simian virus 40 large T antigen (293T;
American Type Culture Collection) and have been modified to stably express T7 RNA
polymerase under selection of 100ug/ml zeocin (Omerovic et al., 2005). The cells were
maintained in culture as previously described (McShane & Longnecker, 2004). Briefly,
effector CHO-K1 cells were transfected (Kirschner et al., 2006; McShane & Longnecker,
2004) with plasmids encoding the glycoproteins required for fusion (gB, gH, gL, and gp42
transfected for fusion with both epithelial and B cells), as well as a plasmid encoding luciferase
under the control of T7 polymerase. Six hours following transfection cells were washed and
returned to Ham’s F-12 complete media, and 24 h post transfection cells were washed with
PBS and detached with Versene. All cells (CHO-K1, 293T14, and Daudi-T7) were counted
with a Beckman Coulter Z1 particle counter, then the effector and the target cells were mixed
in equal amounts (0.25 x 10° cells per sample) and plated in duplicate into a 24-well plate in
Ham’s F-12 medium. Twenty-four hours later, the cells were washed with PBS and lysed, and
luciferase was quantified by using the Promega Reporter Assay system. Relative luciferase
activity was measured on a Perkin-Elmer Victor plate reader.

The ability of each of the three gB mutants to mediate fusion with epithelial and B cells is
summarized in Fig. 3. The gB A415-419 and gB A443-447 mutants showed no significant
difference in ability to mediate fusion similar to wild type gB, with epithelial or B cells. This
similar ability indicated that deletions made to this region of the EBV gB protein near the furin
cleavage motif had no significant effect on ability of gB to mediate fusion. A significant
decrease in fusion ability was seen, however, with the gB Afurin mutant, which exhibited 48%
and 72% of the wild-type gB fusion activity with epithelial and B cells, respectively. This
decrease in ability to mediate fusion indicated that loss of gB cleavage had an inhibitory effect
on EBV-induced cell-cell fusion, with both epithelial and B cells.

A role for proteolytic cleavage of gB has been previously indicated in cell-to-cell spread of
both BoHV-1 and PRV (Kopp et al., 1994; Okazaki, 2007). While this function of gB cleavage
in these a-herpesviruses is well characterized, the function of cleavage of other herpesvirus gB
homologues containing the identified cleavage motif was unknown. We have shown that
similar to BoHV-1 and PRV gB, cleavage of EBV gB plays a role in cell:cell fusion, indicating
a conserved function of cleavage across gB homologues from different herpesvirus
subfamilies. While a general decrease in cell-to-cell spread has been previously observed with
cleavage-deficient BoHV-1 and PRV gB mutants, our study is the first to attempt to quantify
cell fusion, allowing greater insight into the functional significance of gB cleavage.
Interestingly, a greater decrease was seen in EBV-induced fusion with epithelial cells than
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fusion with B cells. This difference, while small, was statistically significant (P < 0.05) and
may indicate a difference in gB function during fusion with each cell type. This hypothesis is
supported by a previous study showing that epithelial cell fusion, but not B cell fusion, is
mediated with gB mutants with enhanced cell-surface expression, independent of other viral
proteins (McShane & Longnecker, 2004).

It is possible that cell-to-cell spread of EBV is more efficient with epithelial cells than with B
cells. Fusion levels with transiently transfected HEK-293-P (epithelial) cells are increased in
relation to similarly transfected Daudi B cells in a virus-free cell fusion assay (McShane &
Longnecker, 2004), and this result was duplicated when the stably-transfected cell lines 293T14
(epithelial) and Daudi T7 (B) were substituted. Reactivation of EBV from latency is quickly
controlled by the immune system in immunocompetent individuals. Efficient cell-to-cell
spread of EBV between oral epithelial cells may improve viral spread to uninfected individuals
by allowing production of larger amounts of infectious virions during the small window of
virus reactivation before host immune system detection and elimination. EBV infection of
some epithelial cell lines is known to occur more efficiently by cell-cell contact (Imai et al.,
1998; Speck & Longnecker, 2000). Efficient cell-to-cell spread of EBV between B
lymphocytes may not significantly affect viral spread after EBV reactivation since virions
released from infected B lymphocytes efficiently infect epithelial cells, the cell type from which
a majority of viruses shed in saliva are produced (Hutt-Fletcher, 2007). Efficient cell-to-cell
spread of EBV between epithelial cells may confer a survival advantage to EBV. This
advantage could help explain both the general difference in quantity of cell-cell fusion observed
between epithelial and B cells and the specific difference in effect of gB cleavage motif
mutation. Further studies beyond our in vitro fusion assay will be necessary to conclusively
determine the efficiency or relevance of cell-to-cell spread of EBV between epithelial and B
cells. The varying levels of cell-cell fusion inhibition caused by eliminating gB cleavage and
the previously suggested difference in the function of EBV gB between virus entry and cell:cell
fusion highlight the critical and complicated role gB plays in EBV infection and spread.
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N-terminus C-terminus
signal cleavage transmembrane
sequence site domain

ER retention
signal

5'-PSPPAPSAARGSTPAAVLRRRRRDAGNATTPVPPTAPGKSLGT-3'
A415-419 Afurin A443-447

Fig. 1.

Schematic representation of EBV gB including cleavage motif and surrounding sequence. The
relative locations of other known functional domains are also indicated. Residues in bold are
deleted in the gB Afurin mutant and underlined residues are deleted in the gB A415-419 mutant
and gB A443-447 mutant respectively.
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Fig. 2.

Cleavage, intracellular expression, and cell surface expression of wild type and mutant EBV
gB. (a—c) CHO-K1 cells were transiently transfected to express wild type or mutant gB.
Transfected cells were lysed and gB protein was precipitated by the gB-specific monoclonal
antibody CL55. The immunoprecipitates were analyzed by SDS-PAGE and Western blotting
under reducing (a) or non-reducing (b-c) conditions. Reducing conditions indicate the presence
of B-mercaptoethanol in the SDS sample buffer utilized for SDS-PAGE. The full-length gB
monomer is indicated by an asterisk. (a) The gB C-terminal cleavage product is indicated by
an arrow. (c) To examine cell surface expression of gB transfected cells were biotinylated prior
to lysis and immunoprecipitation with gB-specific monoclonal antibody CL55. Biotinylated
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gB was visualized by SDS-PAGE and Western blotting with avidin conjugated to horseradish
peroxidase (Bio-Rad) under non-reducing conditions. Size markers in kDa are noted to the left
of blots. Differences in the apparent size of gB (compare gB indicated by an asterisk in panels
b withaand c) in reducing and non-reducing conditions is likely due to the presence of disulfide
bonds in non-reduced samples compared to reduced samples.
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Fig. 3.

Effect of gB cleavage site mutation on membrane fusion. Relative luciferase activity was
measured in a cell fusion assay using CHO-K1 cells transfected with gH, gL, gp42, and wild-
type or mutant gB and overlaid with epithelial cells (293T14) or B cells (DaudiT7). The data
shown were averaged from five independent experiments and luciferase activity was
normalized to wild-type levels, which was set to 100% for both epithelial and B cells. Error
bars represent standard deviation. Difference in fusion levels between epithelial and B cells
analyzed by Student’s t test, P values indicated above each gB mutant.
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