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ABSTRACT Both Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvi-
rus (KSHV) are human gammaherpesviruses and are important in a variety of malig-
nancies. Eph family receptor tyrosine kinase A2 (EphA2) is a cellular receptor for
KSHV and EBV. Previous studies identified five conserved residues (ELEFN50-54) in the
N-terminal domain of KSHV gH that are critical for Eph binding and KSHV infection.
However, the specific domains of EBV gH/gL important for EphA2 binding are not
well described. We found that the KSHV gH (ELEFN50-54) motif is important for
higher KSHV fusion and that EBV gH/gL does not utilize a similar motif for fusion ac-
tivity. We previously identified that an EBV gL N-glycosylation mutant (gL-N69L/S71V)
was hyperfusogenic in epithelial cells but not in B cells. To determine whether this
glycosylation site may be the binding region for EphA2, we compared the EphA2
binding activity of EBV gH/gL and the EBV gH/gL-N69L/S71V mutant. We found that
EBV gH/gL-N69L/S71V had higher binding affinity for EphA2, indicating that the EBV
gL N-glycosylation site might be responsible for inhibiting the binding of gH/gL to
EphA2. Loss of N-glycosylation at this site may remove steric hindrance that reduces
EBV gH/gL binding to EphA2. In addition, the mutations located in the large groove
of EBV gH/gL (R152A and G49C) also have decreased binding with EphA2. Taken to-
gether, our data indicate that the binding site of EphA2 on EBV gH/gL is at least in
part proximal to the EBV gL glycosylation site, which in part accounts for differences
in EphA2 binding affinity by KSHV.

IMPORTANCE Virus entry into target cells is the first step for virus infection. Under-
standing the overall entry mechanism, including the binding mechanism of specific
virus glycoproteins with cellular receptors, can be useful for the design of small mol-
ecule inhibitors and vaccine development. Recently, EphA2 was identified as an im-
portant entry receptor for both KSHV and EBV. In the present study, we investigated
the required binding sites within EphA2 and EBV gH/gL that mediate the interaction
of these two proteins allowing entry into epithelial cells and found that it differed in
compared to the interaction of KSHV gH/gL with EphA2. Our discoveries may un-
cover new potential interventional strategies that block EBV and KSHV infection of
target epithelial cells.
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Herpesviruses are a large, diverse family of double-stranded DNA enveloped viruses
capable of infecting a wide range of hosts and causing a variety of diseases. There

are nine human herpesviruses, including herpes simplex virus types 1 and 2, varicella-
zoster virus (VZV), human cytomegalovirus, Epstein-Barr virus (EBV), and Kaposi’s
sarcoma-associated herpesvirus (KSHV) (1). Among these nine viruses, EBV and KSHV
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belong to the gammaherpesvirus family and are oncogenic viruses associated with a
variety of human malignancies (2, 3).

EBV was the first identified human oncogenic herpesvirus and infection is associated
with Burkitt lymphoma and Hodgkin lymphoma both originating from B lymphocytes.
EBV is also associated with nasopharyngeal and gastric carcinoma, which are of
epithelial cell origin. These two cancer types reflect the two major target cell types for
EBV infection in humans (3). KSHV is associated with Kaposi’s sarcoma (KS) and two
lymphoproliferative disorders: primary effusion lymphoma and multicentric Castle-
man’s disease. Compared to EBV, KSHV has a broader cell tropism, including endothelial
cells, B cells, monocytes, epithelial cells, dendritic cells, macrophages, and fibroblasts
(4), whereas EBV infection is typically only observed in B cells and gastric and oral
epithelial cells.

EBV and KSHV entry into target cells is a complex multistep process and is initiated
by the binding and interaction of viral envelope glycoproteins with cellular receptors.
The core fusion machinery for both EBV and KSHV includes gH/gL and gB. EBV gB is a
class III viral fusogen that activates membrane fusion of virus and host cell membranes
(5). While gB activates fusion, gH/gL regulates fusion by triggering the conformational
change of gB from prefusion to postfusion form following receptor binding, resulting
in membrane fusion (6). Multiple receptors for EBV and KSHV infection have been
identified. Among these receptors, Ephrin receptor A2 (EphA2) is an entry receptor for
both EBV and KSHV (7–9). It has also been shown that EphA4, EphA5, and EphA7 are
entry receptors for KSHV infection in HEK293 cells and BJAB cells, respectively (10–12).
EphA receptors belong to the ephrin receptor family, a large family of receptor tyrosine
kinases that activate multiple diverse signaling pathways. The activation of ephrin
receptor involves receptor tyrosine phosphorylation and is induced by cell surface-
anchored ephrin ligands (13). It has been shown that KSHV interacts with EphA2
receptor to amplify signaling essential for productive infection (14). Binding of gH/gL to
EphA2 triggers EphA2 phosphorylation and endocytosis, a major pathway of KSHV
entry (9). There are 14 Eph receptors divided into two classes, A and B, based on
sequence and binding affinity with their ligands. Their functions include boundary
formation, cell migration, angiogenesis, proliferation, and cell differentiation (13). In-
terestingly, EphA2 has been identified as a host receptor for many pathogens, including
Cryptococcus neoformans, hepatitis C virus, EBV, and KSHV (7, 9, 15, 16).

Recently, the binding site for the KSHV gH/gL complex within EphA2 and the
corresponding interaction site on the KSHV gH/gL complex were identified (17, 18). This
information has remained elusive for EBV. In the present study, we aimed to identify the
binding regions of EphA2 and EBV gH/gL, allowing a better understanding of both EBV-
and KSHV-directed membrane fusion for the development of novel interventional
strategies.

RESULTS
The binding of KSHV gH/gL and EBV gH/gL to EphA2 differs. EphA2 is the entry

receptor for both KSHV and EBV gH/gL; however, it has a different affinity for KSHV and
EBV gH/gL. The affinity of EphA2 with KSHV gH/gL is higher than that with EBV gH/gL
(10). EphA2 is a membrane protein with extracellular portions that contain a ligand-
binding extracellular domain (LBD), a cysteine-rich region (CYS), and two fibronectin
regions (FBN). EphA2 and EphA4 share about 51% similarity at the amino acid level.
EphA2, but not EphA4, can mediate EBV fusion. Previously, the LBD domain of EphA2
was found important for EphA2 function in EBV fusion (7–9, 17). However, it is not
known whether LBD is the only domain that is important for fusion. To investigate this,
we used a series of EphA2/EphA4 chimeras that we previously constructed, as well as
additional constructs as illustrated in Fig. 1A (10). We found that substitution of each of
the EphA4 extracellular domains with the EphA2 extracellular domains increased fusion
activity beginning with the EphA2 LBD domain and ending with the FN domains (Fig.
1B). These results indicate each domain of the EphA2 ectodomain is important in EBV
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fusion. In contrast, it was shown that only the LBD is important for KSHV fusion (9, 10).
This suggests that the binding of KSHV and EBV gH/gL with EphA2 is different.

KSHV gH/gL mediates higher fusion activity compared to EBV gH/gL, and
heterologous gH/gL complexes are not functional. In our previous studies, we found
that KSHV gH/gL can mediate fusion in the presence of EBV gB in HEK293T cells (10, 19).
The fusion activity is three times higher than wild-type (WT) EBV fusion when KHSV
gH/gL is paired with EBV gB (Fig. 2A). As previously shown (10), this may be due to the
higher binding affinity of KSHV gH/gL to EphA2 compared to that of EBV gH/gL. To
determine whether gH and/or gL play a role in this higher fusion activity, we tested
fusion function of different combinations of EBV and KSHV gH/gL in the presence of
EBV gB (Fig. 2A). We found that EBV gH and KSHV gL or the reciprocal combination did
not mediate fusion in the presence of EBV gB using a luciferase reporter fusion assay
(Fig. 2A). This is consistent with our previous studies that heterologous complexes of
EBV/KSHV gH/gL are nonfunctional in fusion since they are not expressed at the cell
surface (19). We also tested fusion activity using a syncytium formation assay. We found
that KSHV gH/gL in combination with EBV gB had larger syncytia compared to EBV
gB/gH/gL (Fig. 2B, compare subpanels b and c). Syncytium formation is barely detect-
able when the gH/gL complex components are not from the same virus or when using
KSHV gB (Fig. 2B, subpanels d, e, and f).

The KSHV gH Eph-binding motif ELEFN50-54 is important for KSHV-mediated
fusion but does not increase EBV fusion activity when this motif replaces the
native EBV gH DIEGH28-32 motif. Previous studies from the Hahn laboratory identified
a conserved Eph family receptor-binding motif ELEFN50-54 contained within KSHV gH
and rhesus monkey rhadinovirus (RRV) (18). The conserved ELEFN50-54 residues are
located in the N-terminal domain of KSHV gH and are critical for Eph-binding and
infection. Homology-based structural prediction of the KSHV gH/gL complexes based

FIG 1 The ectodomain length of EphA2 is important for EBV fusion activity. (A) Schematic drawing of the
EphA2, EphA4, and, EphA2/EphA4 chimeras. LBD, ligand-binding domain; CYS, cysteine-rich region; FN,
fibronectin region. (B) EBV fusion with HEK293T cells transfected with control plasmid pcDNA3.1, EphA2,
EphA4, or EphA2/EphA4 chimeras, as indicated. The fusion activity of HEK293T cells transfected with
pcDNA 3.1 was set to 100%.
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on the EBV gH/gL crystal structure indicates that the ELEFN50-54 motif would be located
in a beta-hairpin on gH, which is likely stabilized by gL and is optimally positioned for
protein-protein interactions (18). Within the same region of EBV gH, a DIEGH28-32 motif
is found that is somewhat similar to the KSHV gH motif with the first three amino acids
(DIE) being similar in properties to the ELE found in KSHV gH, whereas the last two
amino acids of the ELEFN motif are dissimilar, being GH in EBV gH and FN in KSHV gH
(Fig. 3A). The DIEGH28-32 motif is also located in a beta-hairpin on EBV gH, as is the KSHV
ELEFN50-54. To investigate whether the KSHV ELEFN50-54 is important for the higher
fusion activity of KSHV gH compared to EBV gH, we mutated the KSHV gH ELEFN50-54

to ELAAN and found the fusion activity was decreased (Fig. 3B), as expected from
previous results from the Hahn laboratory (18). However, when the EBV gH DIEGH28-32

sequence was changed to ELEFN50-54, there was no change in fusion, suggesting that
this region of EBV gH does not play as dominant a role in EphA2 binding and fusion in
the context of EBV gH/gL (Fig. 3C).

EBV gL lacks 37 carboxy-terminal amino acids compared to the KSHV gL. Since
gH/gL forms a complex and both of them are important for the fusion function, we next
examined whether gL plays a role in the increased fusion activity of KSHV. To compare
the overall amino acid homology between EBV gL and KSHV gL, we aligned the relevant
amino sequence of the two proteins. The alignment indicated that the first 137 amino

FIG 2 KSHV gH/gL mediate higher fusion activity compared to EBV gH/gL, and heterologous gH/gL is not
functional. CHO-K1 cells were transfected with T7 luciferase plasmid (A) or GFP reporter (B) plasmid with
either control plasmid, EBV gB/gH/gL, EBV gB with KSHV gH/gL, or other combinations as indicated.
Transfected CHO-K1 cells were overlaid with HEK293T cells expressing T7 polymerase. Fusion activity was
measured either by luciferase assay (A) standardized to EBV gB/gH/gL fusion activity which was set to
100% or by syncytium formation assay (B) which was visualized and captured with a EVOS fluorescence
microscope. ***, P � 0.001 (Student t test), compared to EBV gB/gH/gL fusion activity.
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acids of EBV and KSHV gL have 26% of the amino acids being identical and 46% being
similar. Most interestingly in aligning the two gLs, it is readily apparent that KSHV gL
has an additional 37 amino acids compared to EBV gL (Fig. 4A). To test whether the
length of gL is important for increased KSHV fusion activity, we truncated KSHV gL to

FIG 3 The KSHV Eph binding motif ELEFN50-54on gH is important for KSHV fusion but does not increase
EBV fusion. (A) Alignment of EBV and KSHV gH showing KSHV Eph binding motif ELEFN50-54 and the
corresponding amino acids DIEGH28-32 on EBV gH. (B) CHO-K1 cells transiently transfected with T7
luciferase plasmid, along with vector plasmid (control), EBV gB plus KSHV His gH/gL, and KSHV His
ELAAN50-54/gL, were overlaid with HEK293T expressing T7 polymerase 24 h posttransfection. The
luciferase activity was monitored 24 h after overlay and normalized to cells, with EBV gB with KSHV His
gH/gL set to 100%. The data are means plus the SEM for three independent experiments. (C) CHO-K1 cells
were transiently transfected with T7 luciferase plasmid, along with vector plasmid (control), EBV gB plus
EBV gH/gL, EBV gH ELEFN28-32/gL, or KSHV gH/gL. At 24 h posttransfection, transfected CHO-K1 cells were
overlaid with HEK293T expressing T7 polymerase, and the luciferase activity was monitored 24 h after
overlay and normalized to cells with EBV gB/gH/gL, which was set to 100%. The data are means plus the
SEM for three independent experiments.
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be similar in length to EBV gL (131 amino acids). We found that fusion was nearly
identical to WT KSHV gL, indicating that the additional 37 amino acids of KSHV gL are
not important for KHSV gH/gL mediated fusion activity (Fig. 4B).

The EBV gL N-glycosylation site is important for binding EphA2. Previously, we
found mutation of a EBV gL glycosylation site (gH/gL-N69L/S71V) was hyperfusogenic in
epithelial cell fusion compared to B cell fusion (20). Interestingly, the EBV gL-N69L/S71V
hyperfusogenic phenotype is not observed when EphA2 is overexpressed in our
cell-based fusion assay (Fig. 5A). However, higher fusion levels are observed in control
pcDNA 3.1-transfected cells (Fig. 5A). To exclude the possibility that loss of the
hyperfusogenic phenotype was due to a saturation of fusion activity in the presence of
EphA2, we tested EBV fusion activity in the presence of another hyperfusogenic
phenotype mutant, EBV gB843 (Fig. 5B) (21). In contrast to EBV gH/gL-N69L/S71V, we still
observed the gB843 hyperfusogenic phenotype in the presence of EphA2. From these
data, we hypothesized that the EBV gL glycosylation site mutant altered EphA2
interactions since overexpression of EphA2 has a similar effect as expression of the EBV
gH/gL-N69L/S71V mutant in fusion function. To examine whether glycosylation of this
site might decrease KSHV fusion, we mutated the corresponding amino acids (TG66-67)

FIG 4 Deletion of the additional 37 amino acids in the KSHV gL C-terminal tail absent in the EBV gL tail
has no impact on KSHV fusion activity. (A) Alignment of EBV gL and KSHV gL using EMBOSS Needle,
indicating that 26% of the amino acids are identical and 46% are similar. The alignment shows the 37
additional C-terminal amino acids found in KSHV gL. (B) CHO-K1 cells were transiently transfected with
T7 luciferase plasmid alone with vector plasmid (control), EBV gB together with EBV gH/gL, KSHV gH/gL,
and KSHV gH/gL 131 stop. At 24 h posttransfection, transfected CHO-K1 cells were overlaid with HEK293T
expressing T7 polymerase, and the luciferase activity was monitored 24 h after overlay and normalized
to cells with EBV gB/gH/gL set to 100%. The data are means plus the SEM for three independent
experiments.
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in KSHV gL to NGSN66-69 (Fig. 4A) and examined the glycosylation of KSHV gL and its
effect on fusion activity. We found that mutation of TG66-67 to NGSN66-69 did not alter
fusion activity (Fig. 6A). Western blotting data showed that the molecular weight
increased for the KSHV His gL NGSN66-69 mutant (�26 kDa compared to the WT KSHV
His gL of �22 kDa) as expected (Fig. 6B), confirming the glycosylation of KSHV gL. Based
on the EBV gH/gL crystal structure, the EBV gH DIEGH28-32 sequence that corresponds
to the KSHV EphA2 binding motif ELEFN50-54 is located in a beta-hairpin on EBV gH (Fig.
6C). Interestingly, the EBV gL glycosylation site NGSN69-72 is located in another beta-
hairpin on EBV gL, which is symmetrical to the beta-hairpin on EBV gH (Fig. 6C). These
observations indicate that EBV and KSHV might use similar hairpin structures but
distinct sites for EphA2 binding.

The EBV gH/gL-N69L/S71V has higher affinity for EphA2 compared to WT EBV
gH/gL. We hypothesized that the glycosylation of EBV gL might block binding of EBV
gH/gL to EphA2 due to steric hindrance. To test this hypothesis, we compared the
binding affinity of EBV gH/gL and EBV gH/gL-N69L/S71V mutant to EphA2. We first

FIG 5 The N-glycosylation site within EBV gL is likely the EphA2 binding site for EBV fusion. (A) CHO-K1
cells transfected with T7 luciferase plasmid, together with either vector plasmid (control), EBV gB with
EBV gH/gL, or EBV gH/gL-N69L/S71V, were overlaid with HEK293 cells transfected with control plasmid
pcDNA 3.1, EphA2, or EphA4. EBV fusion with HEK293 cells transfected with pcDNA 3.1 was set to 100%.
The fusion activity was normalized to EBV fusion with pcDNA 3.1-transfected cells, which was set to
100%. The data are means plus the SEM for three independent experiments. (B) Virus-free EBV or EBV
gB843 fusion with WT HEK293T cells that overexpress EphA2 or EphA4. The bars represent the fusion
activity, and the data are means plus the SEM for three independent experiments.
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examined binding of soluble EphA-Fc to cells expressing EBV gH/gL or EBV gH/gL-
N69L/S71V. Cells were washed to remove unbound EphA2-Fc, and then lysed and bound
EphA2-Fc was determined using antibodies to the Fc region of EphA2 by Western
blotting. Expression of EBV gH (�80 kDa) or EBV gL expression was monitored using
anti-EBV gH/gL polyclonal antibodies directed against EBV gL (Fig. 7A). As expected, the
EBV gL glycosylation mutant (�21 kDa) migrates more rapidly than the WT gH/gL
(�25 kDa) (Fig. 7A), and there was more EphA2-Fc (�180 kDa) associated with EBV
gH/gL-N69L/S71V. The quantification data from three independent experiments showed
that the binding of EphA2-Fc with EBV gH/gL-N69L/S71V is about two times greater than

FIG 6 An increase in KSHV gL N-glycosylation does not have effect on KSHV fusion activity. (A) CHO-K1
cells were transiently transfected with T7 luciferase plasmid alone with vector plasmid (control), EBV gB
together with KSHV gH/gL, KSHV gH/His gL, and KSHV gH/His gL NGSN66-69. At 24 h posttransfection,
transfected CHO-K1 cells were overlaid with HEK293T cells expressing T7 polymerase, and the luciferase
activity was monitored 24 h after overlay and normalized to cells with EBV gB with KSHV gH/gL set to
100%. The data are means plus the SEM for three independent experiments. (B) CHO-K1 cells seeded in
6-well plates were transiently transfected with vector plasmid (control), KSHV gH/gL, KSHV gH/His gL, and
KSHV gH/His gL NGSN66-69. At 24 h after transfection, the cells were dissociated, washed once with
ice-cold PBS, and lysed with 100 �l of 1� SDS lysis buffer. Proteins were separated on Bio-Rad 10%
mini-Protean TGX gels. Western blot analyses were performed using a monoclonal anti-His antibody
(Calbiochem, OB05) at 1:1,000 to detect the KSHV His gL or KSHV His gL NGSN66-69 (�26 kDa for KSHV
His gL NGSN66-6 compared to the WT KSHV His gL of �22 kDa). (C) Structure diagram of gH/gL. gH
consists of four domains: DI (blue), DII (magenta), DIII (green), and DIV (yellow). gL is colored red and
interacts with gH in DI. The DIEGH28-32 sequence on gH is represented by blue spheres, and the NGSN69-72

sequence on gL is represented by colored spheres.
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WT EBV gH/gL (Fig. 7B). To further confirm these results, we used a cell enzyme-linked
immunosorbent assay (CELISA) assay to investigate the binding of the soluble EphA2-Fc
to cells expressing EBV gH/gL or EBV gH/gL-N69L/S71V. CHO-K1 cells seeded in 6-well
plates were transfected with soluble EphA2-Fc only or soluble EphA2-Fc with vector

FIG 7 EBV gH/gL-N69L/S71V has a higher affinity with EphA2 compared to WT EBV gH/gL. (A) CHO-K1 cells
seeded in 6-well plates were transfected with control plasmid pcDNA3.1, EBV gH/gL, or EBV gH/gL-N69L/
S71V. After 24 h, the cells were washed twice with ice-cold PBS and incubated with supernatants from
EphA2-Fc-transfected cells isolated 24 h posttransfection for 2 h at 4°C. The cells were then washed with
ice-cold PBS three times and lysed with 100 �l of 1� SDS lysis buffer. EphA2-Fc (�180 kDa) bound to the
cells expressing EBV gH/gL or EBV gH/gL-N69L/S71V was then analyzed using antibodies to the Fc region
of EphA2 by Western blotting. The expression of the EBV gH/gL or EBV gH/gL-N69L/S71V complex was
monitored by analyzing EBV gH (�80 kDa) or EBV gL (�21 kDa for gL-N69L/S71V and �25 kDa for WT EBV
gL) expression using anti-EBV gH/gL polyclonal antibodies directed against EBV gH/gL. (B) Quantification
data of associated EphA2-Fc from three independent experiments. (C) CHO-K1 cells seeded in 6-well
plates were transfected with soluble EphA2-Fc only or soluble EphA2-Fc with vector control plasmid, EBV
gH/gL, and EBV gH/gL-N69L/S71V. Transfected cells were seeded in 96-well plates in triplicate posttrans-
fection. The cells were then washed with ice-cold PBS three times and gH/gL-associated EphA2 (C) or
surface expression of EBV gH/gL (D) was determined by CELISA using anti-human IgG or E1D1 anti-gH/gL
antibodies.
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control plasmid, EBV gH/gL, and EBV gH/gL-N69L/S71V. Transfected cells were seeded in
96-well plates in triplicate posttransfection. The cells were then washed with ice-cold
phosphate-buffered saline (PBS) three times, and the gH/gL-associated EphA2 (Fig. 7C)
or surface expression of EBV gH/gL (Fig. 7D) was determined by CELISA using anti-
human IgG to detect bound EphA2-Fc or E1D1 anti-gH/gL antibodies.

Overall, we found that EBV gH/gL-N69L/S71V had about two times greater EphA2
binding affinity than WT EBV gH/gL, indicating that the EBV gL glycosylation site plays
a role in the binding of the EBV gH/gL complex with EphA2.

Our previous studies indicated that the flexibility between the large groove of EBV
gH/gL is important for epithelial cell fusion but not B cell fusion (22). When we
introduced disulfide bonds between domain I (DI) and domain II (DII) by mutating G49

to C, which forms a disulfide bond with C153, or by mutating the bulky R152 to A, we
observed decreased fusion in epithelial cell fusion but not B cell fusion (22). Thus, we
hypothesized that the large groove might also be part of the EphA2 binding region. To
test this, we examined the binding of our published gH/gL groove mutants (22) with
EphA2 and found that both R152A and G49C have decreased binding with EphA2 (Fig.
8). These data demonstrate the binding of EBV gH/gL with EphA2 is affected by
residues in both domain I and domain II, which differs from KSHV gH/gL in which only
domain I and especially the conserved KSHV ELEFN50-54 motif appears to be important
for binding (18). Based on our presented data, we propose a model of KSHV gH/gL and
EBV gH/gL binding to EphA2 shown in Fig. 9C and D. The crystal structure of EBV gH/gL
(Fig. 9A) (23) and EphA2 (Fig. 9B) (24) are shown for a better illustration. Our hypo-
thetical binding model of EBV gH/gL shows both domain I and II of gH/gL binding to
EphA2 (Fig. 9D) but less tightly compared to that of KSHV gH/gL (Fig. 9C). This weaker
binding may result from steric hindrance of the EBV glycosylation site which is not
found in KSHV gH/gL. This may also explain why KSHV gH/gL has higher affinity with
EphA2 compared to EBV gH/gL.

In the present study, we identified the region EphA2 binds to on EBV gH/gL, which
is the EBV gL N-glycosylation site, and the large groove between DI and DII. The binding
site of EphA2 on EBV gH/gL (gL NGSN69-72) is different from the binding site of EphA2
on KSHV gH/gL (gH ELEFN50-54). Unlike KSHV gH/gL, for which the EphA2 LBD is the
major binding region, the binding region of EBV gH/gL on EphA2 not only involves the
LBD region but also other regions in the EphA2 ectodomain. The different binding

FIG 8 EBV gH/gL R152A and G49C have a lower affinity with EphA2 than WT EBV gH/gL. CHO-K1 cells
seeded in 6-well plates were transfected with soluble EphA2-Fc only or soluble EphA2-Fc with vector
control plasmid, KSHV gH/gL, EBV gH/gL, and EBV gH G49C/gL. Transfected cells were seeded in 96-well
plates in triplicate posttransfections. The cells were then washed with ice-cold PBS three times, and
gH/gL-associated EphA2 was determined by CELISA using anti-human IgG.
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mode between KSHV and EBV gH/gL may explain the different affinity between KSHV
gH/gL and EBV gH/gL for EphA2 (Fig. 9). Further research, such as protein crystallog-
raphy and/or cryo-electron microscopy (Cryo-EM), to determine the structure of gH/gL
bound to EphA2 and targeted mutational studies will identify commonalities and
differences in the binding interactions of EBV gH/gL and KSHV gH/gL with EphA2.

DISCUSSION

Virus entry into target cells is an essential process for virus infection. Understanding
the entry process may aid the development of small molecule inhibitors to prevent
virus infection and aid in vaccine design. Eph family receptors, especially EphA2, have
been reported as host receptors and factors for many pathogens, including KSHV, EBV,
Cryptococcus neoformans, hepatitis C virus, Chlamydia trachomatis, and malaria para-
sites (15, 16, 25). In addition, Ephrin B2 has been identified as a receptor for Nipah virus
(26). It has also been shown that KSHV uses EphA4 and EphA7 as host entry receptors
in addition to EphA2 (10, 11). EBV does not use EphA4 as a receptor, indicating receptor
specificity of these viruses. The use of multiple EphA receptors may be one reason that
KSHV has a broader cell tropism compared to EBV. It has been shown that both KSHV

FIG 9 Model of EphA2 binding to KSHV gH/gL and EBV gH/gL. (A) EBV gH consists of four domains: DI
(blue), DII (magenta), DIII (green), and DIV (yellow) (23). gL is colored red and interacts with gH in DI.
Structural data are not available for KSHV gH/gL. The EBV gL glycosylation site (NGSN69-72) is shown as
spheres in green. (B) The EphA2 ectodomain structure consists of the ligand-binding domain (LBD) in red,
the cysteine-rich region (CYS) in green, and two fibronectin regions (FN) in dark blue (24). Our
hypothetical model of KSHV and EBV gH/gL binding to EphA2 is shown (see panels C and D), with
domain colors that are the same as in panels A and B. (C) Previous results have shown that an ELEFN50-54

motif found in KSHV gH DI is essential for KSHV fusion and entry, indicating that it may be the primary
determinate for KSHV binding to EphA2 (18), with the other domains of EphA2 playing little if any role
in binding, as indicated by the dotted line and question mark. (D) For EBV gH/gL binding to EphA2, we
propose that EBV gH/gL binds less tightly than KSHV to gH/gL as a result of the EBV gH/gL glycosylation
(NGSN69-72 green sphere) that is not present in KSHV gH/gL due to steric hindrance. We propose that the
increased fusion seen with the glycosylation-negative mutant may result from increased binding due to
removal of steric hindrance preventing DI binding to EphA2 and also other domains and, in particular,
the large groove between gH/gL domains DI and DII. This is indicated as dotted line and question mark.
Interestingly, this would provide an explanation why gp42 inhibits epithelial fusion since gp42 snakes
across the surface of DI through DIV of gH/gL that may prevent access of domains within DI, DII, DIII, and
DIV required for EphA2 binding to gH/gL.
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and EBV gH/gL bind to the LBD of EphA4, which can compete with the natural ephrin
ligands (7–9, 17). A conserved, distinct binding motif (ELEFN50-54) on DI of both KSHV
and RRV gH/gL has been identified (18); however, the specific interaction site on EBV
gH/gL is not known.

Previously studies showed that both KSHV gH/gL and EBV gH/gL interact with the
ephrin ligand binding region of EphA2 (7–9, 17), indicating that the binding mechanism
of EphA2 with KSHV or EBV gH/gL or EphA2 with ephrin ligand may be similar. Our
recent study identifying EphA4 as a new receptor for KSHV found the ligand-binding
regions of EphA2 and EphA4 are interchangeable for KSHV fusion and infection (10),
confirming that the ligand binding region is important for KSHV infection. Previous
studies found that deletion of the individual EphA2 ectodomains (LBD, CYS, and FBN)
all decreased EBV infection (8), indicating that all of the regions play some role in EBV
infection. However, it is not known whether the decreased infection is due to structural
disruption of the EphA2 ectodomain. To further determine whether the entire ectodo-
main of EphA2 is important for EBV fusion activity, we took the advantage of the finding
that EphA2 but not EphA4 can mediate fusion (7). We utilized previous EphA2/EphA4
chimeras that we constructed that have increasing length of the EphA2 ectodomain
(Fig. 1A). We found that the increasing length of the EphA2 ectodomain results in a
proportional increase in fusion activity (Fig. 1B). These data confirmed that the full
ectodomain plays a role in EBV fusion which differs from KSHV in which only the LBD
has been shown to be important for binding and fusion (9, 10).

When using a luciferase fusion assay to measure KSHV fusion, fusion activity is very
low when all of the fusion machinery consists of KSHV glycoproteins. In contrast, when
KSHV gH/gL is combined with EBV gB, the fusion activity is about three times higher
than the WT EBV fusion activity. Previously, our lab demonstrated that KSHV gH/gL has
higher binding affinity with EphA2 compared to EBV gH/gL (10). This also suggests that
EBV and KSHV may use different mechanisms for binding to EphA2. Although KSHV
gH/gL can function with EBV gB for fusion, KSHV and EBV gH/gL complexes cannot
function in fusion if gH and gL are from different viruses (Fig. 2). This is likely due to the
fact that these proteins evolved together in KSHV and EBV, where the association of gH
with gL is required for correct folding, cell surface trafficking, and membrane presen-
tation of the complex (27). This is consistent with the previous findings that heterol-
ogous complexes of EBV/KSHV gH/gL are nonfunctional in fusion since they are not
expressed at the cell surface (19). Interestingly, the Hutt-Fletcher lab compared EBV gL
to VZV gL. These researchers found that VZV gL could substitute for EBV gL and
apparently form a functional EBV gH/VZV gL complex although the gL proteins of
alphaherpesviruses and gammaherpesviruses do not have a significant percentage of
amino acid sequence homology (28). This indicates the importance of gH/gL complex
formation for its function.

Previously, the Hahn lab identified that both KSHV and rhesus monkey rhadinovirus
gHs contain a conserved Eph family receptor-binding motif ELEFN50-54. The corre-
sponding sequence on EBV gH is DIEGH28-32 by sequence alignment (18). Mutation of
KSHV gH ELEFN50-54 to ELAAN50-54 decreased the fusion activity (Fig. 3A). To identify
whether EBV also uses a similar region for binding EphA2 as KSHV, we mutated the
DIEGH28-32 motif in EBV gH to the corresponding KSHV gH EphA2-binding motif
ELEFN50-54 and expected to see higher fusion activity. However, the fusion activity of
the EBV gH mutant was the same as that for WT EBV gH (Fig. 3B). These data confirmed
that this motif is important for KSHV fusion but does not increase EBV fusion activity.
EBV gLs, as well as the gLs of other herpesviruses, function as chaperones for gH
processing and transport to the cell surface (28). KSHV gH does not require KSHV gL to
function as a chaperone (29). Studies with EBV gL demonstrated that, in addition to
functioning as a chaperone protein, gL might have a direct role in fusion, at least in B
cells (30). Previously, we demonstrated that the length of the EBV gH tail is important
for fusion function (31). Thus, we investigated in our current studies whether the length
of KSHV and EBV gL might contribute to the differential fusion activity of their gH/gL
complexes. Our data showed that if we truncate KSHV gL to the same length as EBV gL,
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the fusion activity is unchanged, indicating that the length of gL does not have a role
in fusion (Fig. 4).

Previous studies indicated that EBV gL is glycosylated at NGSN69-72 (20, 32). The
gL-N69L/S71V mutant enhances fusion only in epithelial cells but not in B cells (20, 32).
There are several possibilities for why this may be the case. The gL-N69L/S71V mutant
may alter the gL conformation and/or alter gH/gL complex formation since gL is the
chaperone protein for gH (28). The gL-N69L/S71V mutant might also alter the interaction
of gH/gL with gB. Previous studies in our laboratory showing a species-specific depen-
dence between gB and gL indicated that that there is a direct role of gL in gB-induced
membrane fusion (30). Functional analysis of EBV gL and rhesus lymphocryptovirus gL
mapped a domain with residues 54 and 94 as interaction sites for EBV-mediated fusion
on gL and EBV gB from residues 456 to 807 as the gB-gH/gL interaction region in
EBV-mediated fusion (30, 33). The final possibility is that mutation of the gL-N69/S71

glycosylation site may facilitate better interaction with a cellular protein that is impor-
tant for fusion. Recently, our lab and the Zeng lab identified that EphA2 functions as an
EBV entry receptor (7, 8). Overexpression of EphA2 in target cells increases EBV fusion
activity. Interestingly, when EphA2 is present in the target cells, the gL-N69L/S71V
mutant does not have its typical hyperfusogenic phenotype (Fig. 5A). This may be
because the N69/S71 N glycosylation site is the binding site of gL for EphA2. Glycosy-
lation of this region could prevent gL binding access to EphA2; therefore, mutation of
gL NGSN69-72 to gL-N69L/S71V removes the steric hindrance. One possibility for the loss
of the hyperfusogenic phenotype in the presence of EphA2 could be that overexpres-
sion of EphA2 saturates the fusion activity. To exclude this possibility, we used a gB
hyperfusogenic mutant, gB843. Interestingly, we still observed the hyperfusogenic
phenomenon in the presence of EphA2 (Fig. 5B). These data indicate that the EBV gL
glycosylation site might be the EphA2 binding site. These data also further confirmed
our previous observation that the regulatory mechanisms of gB-driven fusion by the
CTD of gB and the glycosylation site of gL are different (32). We further examined
whether this glycosylation site negatively regulates receptor binding. Posttranslational
modifications such as the N-linked glycosylation of viral envelope glycoproteins are
involved in a variety of functions: correct expression and transport, receptor binding,
fusion activity, and shielding against neutralizing antibodies, for example (34). Nipah
virus is an example of a virus that uses N-linked glycosylation of the viral envelope to
shield against neutralizing antibodies and also to negatively regulate fusion activity
(35). This may be the case for EBV gL NGSN69-72 glycosylation site, but further inves-
tigation will be required. For example, in avian coronavirus and influenza A virus, the
effect of glycosylation on receptor binding has shown both positive and negative roles.
(36, 37). Our study found that the gL-N69L/S71V mutant has increased binding affinity
with EphA2 compared to WT EBV gL, indicating that N-linked glycosylation of this site
reduces receptor binding (Fig. 7). Interestingly, KSHV gH ELEFN50-54 is also a potential
glycosylation site which is located in a putative beta-hairpin at the KSHV gH/gL
interaction site (18). Mutation of the ELEFN50-54 to ELAAN decreased fusion activity (Fig.
3A). These data may indicate that reduced glycosylation of the KSHV gH ELEFN50-54 site
decreases EphA2 binding and reduces subsequent fusion. The corresponding sequence
to KSHV ELEFN50-54 on EBV is DIEGH28-32. The DIEGH28-32 sequence is located on the
beta-hairpin of EBV, and the location is symmetrical to the site of EBV gL N69/S71 (Fig.
6B). The distance to the receptor binding site is different between the KSHV gH
ELEFN50-54 and EBV gL N69/S71 glycosylation sites, which might explain their different
effects on fusion activity. However, when we mutated the KSHV gL corresponding site
NG (EBV gL N69/S71) to NGSN66-69, the fusion activity was comparable to WT KSHV gL
(Fig. 2B). In contrast to KSHV, EBV, in addition to DI, also uses the large groove between
gH/gL DI and DII for receptor binding for epithelial fusion since the mutation of this
region specifically decreases epithelial cell fusion but not B cell fusion (22). Moreover,
mutations in this region also decrease the binding with EphA2 (Fig. 8). Taking together,
these data suggest that KSHV and EBV use different regions for EphA2 binding.

In the present study, we show that the N-linked glycosylation site NGSN69-72 on EBV
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gL and the large groove between EBV gH/gL are important for the association of EBV
gH/gL and EphA2. The results indicate that the mechanism of EphA2 binding to KSHV
gH/gL and EBV gH/gL is different (Fig. 9). Interestingly, this difference may also indicate
why gp42 is such an efficient inhibitor of epithelial cell infection since the binding of
gp42 to gH/gL could block EphA2 interactions with the gH/gL binding regions that we
found important for epithelial fusion (Fig. 9). The detailed mechanism of binding both
EBV and KSHV gH/gL with EphA2 will require additional studies using Cryo-EM or
crystallography. The interaction site may serve as an intervention target for small
molecule or monoclonal antibody development to prevent EBV and infection. EphA2
serves as a host receptor not only for gammaherpesviruses but also other pathogens.
Our study may also provide a better understanding of the interaction mechanism of
EphA2 with the other pathogens.

MATERIALS AND METHODS
Cell culture. Chinese hamster ovary (CHO-K1) cells (ATCC CCL-61) were grown in Ham’s F-12 medium

(Corning) containing 10% heat-inactivated fetal bovine serum (FBS; Corning) and 1% penicillin-
streptomycin (100 U penicillin/ml, 100 �g streptomycin/ml; Sigma). Human embryonic kidney 293T
(HEK293T) cells (ATCC CRL-3216) (38) were grown in Dulbecco modified Eagle medium (Corning)
containing 10% heat-inactivated FBS and 1% penicillin-streptomycin.

Constructs. The EphA2 and EphA4 constructs (7) were a gift from Spiro Getsios (Northwestern
University). The construction of the EphA2 and EphA4 LBD chimeras (EphA2A4 or EphA4A2) was as
described previously (7). The construction of the EphA2A4 CYS and EphA2A4 FBN chimeras was
performed using the forward primer EphA2A4 F AfeI (5=-ACGTGAAGCTGAACGTGGAGG-3=) and the
reverse primer EphA2A4 Xho I R (5=-AGACTCGAGTCACCCTTTGTCGTCGTCATCCT-3=). The overlapping
primers for EphA2A4 CYS were EphA2A4 CYS F (5=-ATGCCTTGCACACGACCCCCCTCTGCTCCCCTGAACTT
GATT-3) and EphA2A4 CYS R (5=-AATCAAGTTCAGGGGAGCAGAGGGGGGTCGTGTGCAAGGCAT-3=), and
the overlapping primers for EphA2A4 FBN were EphA2A4 FBN F (5=-GAGGGCCAGGGGGCCGGCAGCGA
GCCCTTGGAGGTTACAACC-3=) and EphA2A4 FBN R (5=-GGTTGTAACCTCCAAGGGCTCGCTGCCGGCCCCCT
GGCCCTC-3=). Soluble EphA2-Fc and EphA4-Fc were cloned in an Fc construct, as previously described
(10). KSHV His-tagged gL and gH were subcloned into the pSG5 vector using the following primers: KSHV
gL EcoRI F, 5=-GCGAATTCCATGGGGATCTTTGCGCTATTT-3=; KSHV His gL BglII R, 5=-TAAGATCTGTTTAGTG
GTGATGGTGATGATGTTTTCCCTTTTGACCTGCGTG-3=; KSHV gH BamHI F, 5=-TTGGATCCATGCAGGGTCTAG
CCTTCTTGGC-3=; and KSHV His gH DraI R, 5=-ATGTTTAAACTAGTGGTGATGGTGATGATGATAAAGGATGGA
AAACAGTCT-3=.

KSHV His gH and KSHV His gL point mutation mutants were generated using a QuikChange
site-directed mutagenesis kit (Stratagene). The primers used were as follows: KSHV His gL NGSN F,
5=-ATAGCCAAGCTGCGAAGCAAAAATGGCAGCAACGACATTACCGTGGAAACATGC-3=; KSHV His gL NGSN R,
5=-GCATGTTTCCACGGTAATGTCGTTGCTGCCATTTTTGCTTCGCAGCTTGGCTAT-3=; KSHV gL 131stop F, 5=-T
CTATTCACAACGTAAACTGAATTATAATAAGCGTGGGA-3=; KSHV gL 131stop R, 5=-TCCCACGCTTATTATAAT
TCAGTTTACGTTGTGAATAGA-3=; KSHV His gH ELAAN F, 5=-ACCAACCTCTCCATAGAACTGGCCGCCAACGG
CACTAGTTTTTTTCTA-3=; KSHV His gH ELAAN R, 5=-TAGAAAAAAACTAGTGCCGTTGGCGGCCAGTTCTATGG
AGAGGTTGGT-3=; EBV gH ELEFN F, 5=-AGCGAGGTTAAGCTGCACCTGGAACTGGAATTCAACGCTTCGCATTA
CACCATCCCA-3=; and EBV gH ELEFN R, 5=-TGGGATGGTGTAATGCGAAGCGTTGAATTCCAGTTCCAGGTGCA
GCTTAACCTCGCT-3=. Sequencing was performed for all constructs to confirm the correct sequence.

Fusion assay. The virus-free cell-based fusion assay was performed as previously described (39).
Briefly, CHO-K1 cells grown to approximately 80% confluence in a 6-well plate were transiently trans-
fected with T7 luciferase reporter plasmid with a T7 promoter (1.5 �g) or green fluorescent protein (GFP;
1.5 �g) for the syncytium formation assay, and the essential glycoproteins used for EBV fusion (EBV gB
[0.8 �g], EBV gH [0.5 �g], and EBV gL [0.5 �g]) or for KSHV fusion (EBV gB [0.8 �g], KSHV gH [0.5 �g], and
KSHV gL [0.5 �g]) with Lipofectamine 2000 transfection reagent (Invitrogen) in Opti-MEM (Gibco/Life
Technology) were as previously described (19). HEK293T cells were transfected with T7 polymerase
(1.5 �g) plus 1.5 �g of pcDNA 3.1, EphA2, or EphA4 for the fusion assay. By 24 h posttransfection, the
transfected CHO-K1 cells were detached, counted, and mixed in a 1:1 ratio with target cells (HEK293T
cells, 2.0 � 105 per sample) in a 48-well plate in 0.5 ml of Ham’s F-12 medium with 10% heat-inactivated
FBS. After 24 h, the cells were washed once with PBS and lysed with 50 �l of passive lysis buffer
(Promega). The luciferase activity was quantified by transferring 20 �l of lysed cells to a 96-well plate and
adding 50 �l of luciferase assay reagent (Promega). Luminescence was measured on a Perkin-Elmer
Victor II plate reader.

Cell enzyme-linked immunosorbent assay. The association of EphA2-Fc with EBV gH/gL or EBV
gH/gL-N69L/S71V was determined by CELISA. CHO-K1 cells were transiently transfected with EphA2 Fc
only or together with control plasmid pcDNA 3.1, EBV gH/gL, or EBV gH/gL-N69L/S71V. At 24 h after
transfection, the cells were incubated with anti-human IgG(H&L) (HRP, ab6759; Abcam, 1:1,000) against
the Fc region or E1D1 against EBV gH/gL for 30 min and fixed with 2% formaldehyde and 0.2%
glutaraldehyde in PBS for 15 min, followed by three PBS washes. TMB one-component HRP microwell
substrate was added, and the amount of bound EphA2-Fc or gH/gL on the cell surface was determined
by measuring the absorbance at 380 nm with a Perkin-Elmer Victor II plate reader. Binding activity was
standardized in comparison to EphA2-Fc binding to EBV gH/gL, which was set to 100%.
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Western blotting. The expression of His tagged KSHV gL and KSHV gL NGSN66-69 was examined by
Western blotting. CHO-K1 cells in 6-well plates were transfected with His-tagged KSHV gL and KSHV gL
NGSN66-69, together with KSHV gH. At 24 h after transfection, the cells were collected and resuspended
in 50 �l of PBS and then mixed with 50 �l of 2� SDS loading buffer (60 mM Tris-Cl [pH 6.8], 0.2% SDS,
25% glycerol, 0.01% bromophenol blue). Samples were boiled for 3 min and loaded onto a Bio-Rad 4 to
20% mini-Protean-TGX gel for Western blotting. After electrophoresis, the proteins were transferred to
nitrocellulose membranes (Schleicher & Schuell, Keene, NH). The blots were blocked with 5% nonfat dry
milk in PBS buffer (20 mM Tris-HCl [pH 7.6], 137 mM NaCl,) for 2 h at room temperature. The blots were
washed with PBS and incubated with primary anti-His tag antibody (OB05; Calbiochem, 1:1,000) for
His-tagged KSHV gL overnight at 4°C. Anti-mouse IRDye800 secondary antibody (LI-COR Biosciences,
Lincoln, NE) was added to the membranes at a dilution ratio of 1:10,000, followed by incubation for 1 h
at room temperature. For detection of EphA2-Fc, the membrane with transferred proteins was incubated
with anti-human IgG(H&L) (HRP, ab6759; Abcam, 1:1,000) against the Fc region. The membrane was then
incubated with 1 ml of SuperSignal chemiluminescent substrate (Thermo-Fisher Scientific) prior to
imaging. Protein bands on the membrane were visualized with an Odyssey Fc Western blotting imager
using Image Studio (v2.0; LI-COR Biosciences).

Statistical analysis. Data were collected from three independent experiments. Statistical differences
between multiple groups were determined by one-way analysis of variance with post hoc Tukey’s
multiple-comparison test. Two-group comparisons were analyzed by the two-tailed unpaired Student t
test. A P value of �0.05 denotes the presence of a statistically significant difference. Data are expressed
as means � the standard errors of the mean (SEM). The analysis was performed using GraphPad Prism
(v6.0c for Mac; GraphPad Software, San Diego, CA). Microscopy images are representative of at least two
independent experiments.
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