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Epstein-Barr virus (EBV) infection of B cells is associated with lymphoma and other human cancers. EBV infection is initiated by
the binding of the viral envelope glycoprotein (gp350) to the cell surface receptor CR2. We determined the X-ray structure of
the highly glycosylated gp350 and defined the CR2 binding site on gp350. Polyglycans shield all but one surface of the gp350
polypeptide, and we demonstrate that this glycan-free surface is the receptor-binding site. Deglycosylated gp350 bound CR2
similarly to the glycosylated form, suggesting that glycosylation is not important for receptor binding. Structure-guided
mutagenesis of the glycan-free surface disrupted receptor binding as well as binding by a gp350 monoclonal antibody, a known
inhibitor of virus-receptor interactions. These results provide structural information for developing drugs and vaccines to prevent
infection by EBV and related viruses.

EBV, a human herpesvirus, is a DNA tumor virus that primarily
infects B cells. EBV infection is associated with a variety of
human cancers, including Burkitt lymphoma, Hodgkin disease, naso-
pharyngeal carcinoma and various B-cell lymphomas1,2. Burkitt
lymphoma accounts for B50% of all childhood malignant tumors
in certain African areas3–5. In the primary phase of EBV infection, B
cell–specific complement receptor-2 (CR2 or CD21) is recognized by
EBV major membrane glycoprotein-350/220 (gp350). The EBV
gp350–CR2 interactions are responsible for viral attachment to the
cell surface6–8. EBV gp42 protein then binds a secondary receptor,
HLA-DR, leading to virus-mediated membrane fusion and virus entry
into the cell9,10.

CR2 is a B-cell surface receptor that is crucial for the humoral
response against foreign antigens. By interacting with the cellular
ligand C3d, a bioactive fragment of complement protein-3 (C3) that is
deposited on the surface of foreign antigens, CR2 can generate
downstream signals to stimulate the humoral response11–14. However,
when CR2 binds EBV particles through gp350, its interaction with
C3d is blocked, and so is the humoral response. Thus, EBV could
achieve two benefits by binding CR2 directly: attaching to the cell
surface for viral entry and blocking the humoral immune response.

The EBV gp350 polypeptide (907 residues) contains an 18-residue
peptide at the C terminus that is located inside the viral membrane, a
membrane-spanning domain and a large N-terminal segment (860
residues) predicted to extend outside the viral membrane15. The
extreme N-terminal region (residues 1–470) of gp350 is sufficient to
bind receptor CR2 (ref. 15). The gp350-binding region on CR2 has

been mapped to N-terminal short consensus repeats (SCRs)
1 and 2, which also bind C3d16,17. A soluble N-terminal gp350
fragment (residues 1–470) can prevent EBV attachment to cells
by blocking receptor binding, and soluble SCR1 and SCR2 from
CR2 can block EBV infection and EBV-induced lympho-
proliferation18,19. Furthermore, gp350 is a primary target of neutraliz-
ing antibody in human hosts, and immunization with gp350 has been
shown to provide protection from EBV challenge in an animal
model20–23. Thus, the interaction of gp350 with CR2 is an important
step for intervention against virus infection and virus-associated
cancer development.

To understand EBV-receptor interactions, we have determined the
crystal structure of the receptor-binding domain of gp350 (residues
1–470). This fragment is highly glycosylated. The gp350 structure
reveals some unusual polyglycan features, including some unique
conformations of the long polyglycan chains on the protein surface.
The structure has 14 glycan chains, 10 of which have long polyglycans
(7–12 residues) that shield almost the entire viral protein surface. The
structure also allows us to identify the loops and residues on the single
glycan-free patch on the gp350 polypeptide surface that are involved
in binding receptor CR2.

RESULTS
Overall structure of the protein moiety
EBV gp350 (residues 1–470) was purified from Sf 9 overexpressing
cells and crystallized in the space group P3221. The final structure
contains residues 4–443 (Fig. 1), which fold into three independent
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domains, referred to as A (4–153, cyan), B (165–305, red) and C
(317–426, pink). The three domains organize into an ‘L’-shaped (or
boomerang-like) structure (Fig. 1b), in which the N-terminal domain
(designated A) is located in the middle to form the foundation,
bridging domain B on one side and domain C on the other. Such an
L-shaped domain organization requires two long linkers, L1 and L2,
formed by residues 154–164 and 306–316, respectively (underlined in
Fig. 1a). Even though the links between the individual domains are
relatively long, they are anchored to the protein core through side
chain interactions clearly visible in our experimental electron density
maps, indicating that these regions are well structured.

There are ten cysteine residues in the gp350 structure (Fig. 1),
which pair to form a total of five intramolecular disulfide bonds.
Three of these disulfide bonds are used to fix the interdomain linkers
displayed on the protein surface.

The three domains have a core antiparallel b-barrel structure
(Fig. 1b) that shares no resemblance with other virus surface envelope
proteins. However, the b-barrels of domains A and B are somewhat
similar to the immunoglobulin-like fold, and that of domain C
resembles human T lymphocyte–associated protein-4 (CTLA-4 or
CD152), a negative regulator of T-cell activation24.

Structure of the polyglycans
According to sequence analysis, EBV gp350 has 15 predicted glyco-
sylation sites in the 443 residues present in the structure. The apparent
molecular weight of the gp350 protein purified from insect cells is
approximately 82 kDa, as estimated from gel-filtration chromato-
graphy and SDS-PAGE (data not shown), which is about 30 kDa larger

than the predicted molecular weight of the protein, consistent with
heavy glycosylation. SAD- and SIRAS-phased experimental electron
density maps were of sufficient quality to reveal the polyglycan chains
on the polypeptide (Fig. 2a,b).

Of the 15 predicted glycosylation sites, 14 are modeled onto the
gp350 structure (Fig. 2a). Ten of the 14 polyglycans have seven or
more sugar residues, and six contain nine or more residues. The final
model contains 101 sugar residues. Most of the polyglycans are the
high-mannose type. The polyglycans at residues Asn356 and Asn386
clearly have an extra sugar residue branching out from the first
N-acetylglucosamine, indicating fucosylation at these sites25. Close
examination of the gp350 structure shows that the long polyglycan
chains make several types of intermolecular interactions (Fig. 2c–e)
that could contribute to the order of the long polyglycan chains in the
crystal. One type of interaction is between a polyglycan chain and the
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Figure 1 The overall structure of gp350. (a) Sequence and secondary structure of gp350 fragment (residues 4–443). Arrows represent b-strands (b1–b25);

thin lines depict loop regions; the 14 glycosylated asparagine residues are colored green (residue numbers are listed below); the three peptides known to
block EBV attachment to CR2-expressing cells are colored orange, red and magenta29,30; the four cysteines near the ends of these peptides that form

disulfide bonds, stabilizing the peptides as surface loops, are colored cyan; red and blue asterisks mark the specific residues (inside or outside the

putative interface, respectively) that were mutated for receptor-binding assays; L1 and L2 are underlined. (b) Structure of the gp350 protein moiety,

containing three independently folded domains (A, B and C) composed of b-barrels and loops, which organize into an L-shaped structure. The linkers L1

and L2, which connect domains A to B and B to C, respectively, are colored yellow.
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Figure 2 The various polyglycan chain conformations on the protein surface.

Polyglycans are shown as sticks and polypeptide as ribbon. (a) Overall

gp350 structure with the 14 polyglycan chains on the surface. (b) A portion
of the electron density map corresponding to a polyglycan. (c) The poly-

glycan chain on Asn345 lying parallel to the protein surface, docking its

residues on the protein surface. (d) Two polyglycan chains (from Asn45

and Asn114) interacting with each other over a long distance through their

distal residues. (e) The polyglycan chain on Asn277 projecting out from the

protein surface. This type of polyglycan is stabilized by crystal contacts.
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protein surface, where the polyglycan lies somewhat parallel to the
protein surface and is anchored through hydrogen bonds and van der
Waals interactions (Fig. 2c). Another interaction is between two
distantly located polyglycan chains, where the terminal sugar residues
reach over to contact each other (Fig. 2d). In the remaining type of

interaction, the polyglycan chains emanating from the protein
(Fig. 2e) make contacts with neighboring molecules through crystal-
lographic packing.

Characterization of receptor binding By EBV gp350
A striking feature of the gp350 structure is that the 14 polyglycans
decorate almost the entire protein surface, effectively shielding it
(Fig. 3a). Despite the extent of the glycosylation, it is obvious that
one end of the L-shaped protein remains naked of glycans (arrow
in Fig. 3a).

The glycan-free area of gp350 is the only region with a high content
of negatively charged surface residues (Fig. 3b), reminiscent of the
surface acidic patches of C3d, another ligand for CR2 (refs. 12,26,27).
Previous results have suggested a marked influence of electrostatic
effects on C3d binding to CR2 (refs. 13,26). One surface of the

Figure 4 The receptor-binding site on gp350.

(a) Locations of the three short peptides (colored

yellow, magenta and red) on the gp350 surface.

These peptides, which have been shown

previously to bind CR2, are on one continuous

surface that is conspicuously free of glycans
(arrow and circle). Protein is drawn as ribbon,

polyglycans as cyan surfaces. (b) gp350

deglycosylation and CR2 binding. Native gp350

(gp) and Png-F–treated gp350 (Dgp) analyzed by

SDS-PAGE (lanes 1–3) and on nondenaturing gel

(lanes 4–8). Nondenaturing gel assay showed

band shift upon CR2 binding for both native and

Png-F–treated gp350 (lanes 6 and 8), indicating

that deglycosylated gp350 binds CR2. CR2 alone

did not migrate into the gel in this system (lane

4). (c) Mutations on the glycan-free surface of

gp350, shown as colored patches (also see

asterisks in Fig. 1b). Control mutant, MutC, has

mutations (E426A S427A) on the opposite side

(not visible in this view). Mosaic pink areas

represent polyglycans. (d) SDS-PAGE (top row)

and western blot (middle and bottom rows) of

purified WT and mutant His6-tagged gp350.
Mut1, Mut2 and Mut3 all showed defective

binding of 72A1, an antibody to gp350 known to

inhibit binding of gp350 to CR2. (e) ELISA

showing binding of plate-bound WT and mutant

gp350 to recombinant MBP-CR2 SCR1-SCR2.

WT and control mutant MutC bound CR2

similarly; by contrast, Mut2 and Mut3 had

undetectable binding and Mut1 had substantially

lower binding. Average and s.e.m. of normalized values relative to WT gp350 binding (at 1 mg ml–1 MBP-CR2 SCR1-SCR2) are plotted. Nearly identical

binding affinities were observed when MBP-CR2 SCR2 was immobilized and gp350 was in solution (binding detected with horseradish peroxidase–conjugated

streptavidin; data not shown).
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Figure 3 Protein surface features of glycosylated gp350 and its receptor,

CR2. (a) Full view of glycosylated gp350, showing extensive coverage of the

protein (ribbons) by the 14 polyglycans (molecular surface). Arrow marks the

glycan-free surface on the protein. (b) Surface representation of glycosylated

gp350 in the same orientation as in a, colored by charge (red, negatively

charged residues; blue, positive; white, neutral) to show a highly

negatively charged area on the glycan-free protein surface (arrow and circle).

(c) Surface charge features of the SCR1-SCR2 domain of CR2, which binds

gp350, showing a highly positively charged surface, in contrast to the

negatively charged surface in b. There are a total of 12 charged residues

(arginines and lysines) on this side of the surface, compared with 2 on the

opposite side (see d). (d) The CR2 surface opposite that in c, which is

mostly neutral.
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SCR1-SCR2 domain of the CR2 receptor is strongly positively charged
(Fig. 3c,d)12,28, and the shape of the positively charged surface is
somewhat complementary to the shape of the accessible and negatively
charged surface of gp350 on the glycan-free area.

Three synthetic peptides of gp350 have been identified previously as
binding CR2 (refs. 29,30). Although the three peptides (pep-1, pep-2
and pep-3 in Fig. 1a) are distant from one another on the linear
sequence of gp350 polypeptide, they form loops in one continuous
area on the glycan-free surface of gp350 (Fig. 4a). These loops are
presented on the surface as stable structures, partially owing to the two
disulfide bonds (Cys141-Cys8 and Cys165-Cys298) that cross-link the
ends of the three peptides to the core structure.

To determine whether the polyglycans of gp350 also have a role in
receptor binding, we deglycosylated the purified gp350 fragment using
N-glycosidase F (Png-F) to remove the N-anchored glycans. Png-F
treatment of recombinant gp350 generated a single band that migrated
faster than the untreated protein both in the denaturing SDS-PAGE
(Fig. 4b, lanes 2 and 3) and in the nondenaturing gel-shift assay
(Fig. 4b, lanes 5 and 7). This deglycosylated gp350 still retained the
ability to bind CR2, forming a complex that had a different mobility
in the nondenaturing gel-shift assay (Fig. 4b, lanes 5–8), suggesting
that the protein alone is sufficient for binding CR2 receptor. Together,
these results suggest that the glycan-free surface of gp350 may be
important for CR2 binding.

Mutational analysis of gp350 and receptor binding
The putative receptor-binding surface on gp350 was further examined
by generating gp350 mutants with amino acid substitutions in the
glycan-free surface (Mut1, Mut2 and Mut3, indicated in Fig. 4c).

These mutant gp350 proteins were initially tested for binding by
neutralizing monoclonal antibody (mAb) 72A1 (ref. 15). As expected,
wild-type (WT) and a control mutant gp350 (MutC, bearing
mutations outside the putative binding surface) associated with
72A1(Fig. 4d). In contrast, the three mutations on the exposed tip
(Mut1, Mut2, Mut3) prevented antibody binding (Fig. 4d). The same
result was obtained when using purified gp350 and CR2 proteins in an
ELISA binding assay (Fig. 4e).

To examine whether the gp350 mutations disrupt receptor binding
to cell surface–expressed CR2, cell-based receptor-binding assays were
carried out (Fig. 5). Consistent with the binding assays described
above, WT and control mutant gp350 proteins showed high affinity
for CR2-expressing cells (Fig. 5a,e). In contrast, the three exposed
mutations (Mut1, Mut2 and Mut3) disrupted binding with cells
expressing CR2 (Fig. 5b–d).

DISCUSSION
We have determined the crystal structure of the glycoprotein gp350,
the major envelope protein on the EBV surface, and identified the
receptor-binding site on gp350. The glycosylation pattern of gp350
reported here represents, to the best of our knowledge, the most
extensively glycosylated protein structure reported to date. The high
glycosylation density on gp350 appears to create an environment that
allows extensive interactions of polyglycans within a gp350 molecule.
Thus, in contrast to conventional beliefs, high levels of glycosylation
may in fact contribute to stabilizing the conformation of the otherwise
flexible long polyglycan chains and possibly aid the crystallization of
some highly glycosylated proteins.

The 14 polyglycan chains of gp350 are dispersed over most of the
protein surface. The actual glycan shielding of the protein surface may
be even more extensive than what is modeled here, as we can detect
additional but poorly defined glycan density beyond the chains built
in the structure. The poorly defined electron density in these regions
may simply reflect the flexible nature of the glycan structure.

Despite the extensive glycosylation of gp350, the polyglycans are not
required for receptor binding. The bulky polyglycans shield all except
for one surface of the gp350 protein, and binding studies using gp350
mutants suggest that the glycan-free surface is most probably the
receptor binding site, a conclusion supported by mapping of CR2-
binding synthetic peptides29,30 onto the same glycan-free surface.

Antibodies to gp350 seem to target only the protein of gp350
(refs. 31,32). One of the best-characterized antibodies to gp350, 72A1,
neutralizes EBV infection by blocking the attachment of gp350 to CR2
(ref. 15). This neutralizing antibody can bind two of the three free
peptides (pep-2 and pep-3) that are displayed as loops on the glycan-
free surface of gp350, further supporting a role for the exposed protein
surface in receptor binding.

The bulky polyglycans on the gp350 surface may have important
functions other than receptor binding, such as for folding or targeting
of gp350. Additionally, the heavy polyglycan coating of gp350 on the
virus surface may provide virions with the necessary protection from
proteolysis during viral transmission and generate a disguise for
evading the immune response33.

In summary, we have described the crystal structure of the receptor-
binding domain of the glycosylated gp350. The protein structure has
an unusual organization comprised of three independently folded
domains, which are composed entirely of b-strands and loops. The
bulky polyglycans of gp350 effectively shield most of the protein
surface, with the exception of one exposed patch, where amino acid
residues are accessible for protein-protein interactions. Our deglyco-
sylation and structure-guided mutagenesis results indicate that
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Figure 5 Cell-based receptor-binding assay for gp350 mutants. (a–e) Flow

cytometric analysis of the interaction between WT or mutant gp350 and

full-length CR2 expressed on the surfaces of K562 cells. Shown are data

for whole-cell populations under binding conditions described in Methods,

which indicate similar CR2 binding affinities for WT gp350 and MutC,

reduced binding for Mut1 and no appreciable binding for Mut2 and Mut3.
(f) Bar chart showing normalized binding affinities measured in this assay

(mean and s.e.m.).
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the accessible protein surface is important for receptor binding.
These findings delineate a molecular basis for virus–host cell
interactions and help explain the function of a potent class of antiviral
monoclonal antibodies.

METHODS
Crystallization and structure determination. gp350 (residues 1–470) with a

His6 tag was purified from Sf 9 cells by sequential chromatography in the

following order: Concanavalin A resin, ion-exchange Resource Q, Talon metal-

affinity beads and Superdex-200 size exclusion. Crystals were grown from

2.45 M sodium and potassium phosphate (pH 6.5), 95 mM MOPS (pH 6.5),

0.19 M NaCl and 2.5% (v/v) glycerol. Selenomethionine-substituted protein

was expressed in Sf9 cells and purified using the same protocol as for the native

protein. The native and Se-SAD data sets were collected at synchrotron

beamlines (see Table 1). Initial phases were obtained with a SAD data set

using SOLVE34 at 4.2 Å, and the phases were extended with the native data set

to 3.5 Å for building of the initial polyalanine model. The phases from the

partial polyalanine model were combined with the selenium sites and SAD data

using SHARP35. Several cycles of phase combination using the improved partial

protein model and experimental phases yielded an electron density map that

reveals clear amino acid side chains and polyglycans. During model building,

the locations of the selenium and glycan densities were good reference points

for sequence registration. The polyglycans were built in at the last step and then

refined with CNS36. The final refined R-factors are 33.85% and 36.84% at 3.5-Å

resolution. These relatively high R-factors may be partially due to the fact that

the final model omits 43 residues of the polypeptide and contains about 60% of

the polyglycan masses.

gp350 mutation and CR2 receptor binding assays. For WT and mutant gp350

binding experiments, gp350 (residues 1–470) was cloned into the pSecTag2/

Hygro B eukaryotic expression vector (Invitrogen) for fusion with the

Escherichia coli biotin carboxyl carrier protein (residues 70–156). Plasmid

DNA was then transfected into human embryonic kidney 293f ‘freestyle’

cells (Invitrogen) for soluble secretion of gp350 into the medium. gp350 WT

and mutant proteins were purified using successive immobilized-metal affinity

chromatography and size exclusion chromatography. Subsequent biotinylation

of these proteins for fluorochrome labeling followed standard manufacturer’s

instructions (Avidity). Dual color-flow cytometry experiments were carried

out using K562 erythroleukemia cells that had been stably transfected with

full-length human CR2. Briefly, cells were initially incubated with a fluorescein

isothiocyanate (FITC)-conjugated mAb to CR2, Hb5, and subsequently

incubated with 0.5 mg of recombinant biotinylated WT or mutant gp350

conjugated to phycoerythrin (PE)-neutrAvidin (Molecular Probes). Cells

were divided into high, medium and low CR2–expressing populations,

using a fluorescence intensity of 101 as the lower limit and gating on the lower

10%, middle 10% and upper 10% of CR2-expressing cells (FITC positive).

gp350 binding was then determined by PE mean channel fluorescence.

The mean fluorescence intensity value for WT CR2 was set at a relative value

of 100 and the other samples were normalized to this value. Values given here

are for the medium CR2–expressing population, but comparable relative

differences were observed for the high and low CR2–expressing K562 cell

populations (data not shown). Average and s.e.m. of the normalized values

are given.

CR2–gp350 ELISA assays were carried out using recombinant CR2

SCR1-SCR2, which was cloned into the pMAL-p2x vector (NEB) and expressed

in E. coli BL21 cells. Recombinant maltose-binding protein (MBP)-CR2 was

then purified from cell lysates using amylose affinity and size exclusion

chromatography. Plate-bound WT or mutant gp350 (5 mg ml–1) was tested

for binding to recombinant MBP-CR2 SCR1-SCR2 (4–0.0313 mg ml–1).

MBP-CR2 binding was detected using horseradish peroxidase–conjugated

anti-MBP (NEB).

Accession codes. Protein Data Bank: Coordinates have been deposited with

accession code 2H6O.
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Rwork / Rfree 33.85 / 36.84

No. atoms

Protein 3,302

Carbohydrate 1,199

B-factors

Protein 49.59

Ligand/ion 129.08

R.m.s. deviations

Bond lengths (Å) 0.018817

Bond angles (1) 2.36275

These data collection statistics were obtained from a total of two crystals. Values in
parentheses are for the highest-resolution shell.
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