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Structure of the Epstein-Barr Virus Oncogene BARF1
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The Epstein-Barr virus is a human gamma-herpesvirus that persistently
infects more than 90% of the human population. It is associated with
numerous epithelial cancers, principally undifferentiated nasopharyngeal
carcinoma and gastric carcinoma. The BARF1 gene is expressed in a high
proportion of these cancers. An oncogenic, mitogenic and immortalizing
activity of the BARF1 protein has been shown. We solved the structure of
the secreted BARF1 glycoprotein expressed in a human cell line by X-ray
crystallography at a resolution of 2.3 Å. The BARF1 protein consists of two
immunoglobulin (Ig)-like domains. The N-terminal domain belongs to the
subfamily of variable domains whereas the C-terminal one is related to a
constant Ig-domain. BARF1 shows an unusual hexamerisation involving
two principal contacts, one between the C-terminal domains and one
between the N-terminal domains. The C-terminal contact with an
uncommonly large contact surface extends the beta-sandwich of the
Ig-domain through the second molecule. The N-terminal contact involves
Ig-domains with an unusual relative orientation but with a more classical
contact surface with a size in the range of dimer interactions of Ig-domains.
The structure of BARF1 is most closely related to CD80 or B7-1, a
co-stimulatory molecule present on antigen presenting cells, from which
BARF1 must have been derived during evolution. Still, domain orientation
and oligomerization differ between BARF1 and CD80. It had been shown
that BARF1 binds to hCSF-1, the human colony-stimulating factor 1, but
this interaction has to be principally different from the one between CSF-1
and CSF-1 receptor.
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Introduction

The Epstein Barr virus (EBV) is a human gamma-
herpesvirus that persistently infects more than 90%
of the world population. If the first infection occurs
early during childhood, it often goes unrecognized
but EBV can lead to infectious mononucleosis if the
primo-infection occurs during adolescence or
adulthood. The virus persists life-long in B cells
and is able to promote B cell immortalization
in vitro. In immunocompromised and immunosup-
pressed patients it can lead to lymphoproliferative
disease due to an absence of the control of the virus
by the immune system. EBV is not only one of the
lsevier Ltd. All rights reserve
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causative agents of Burkitt’s lymphoma, a child-
hood cancer common in parts of Africa where
Plasmodium falciparum malaria is endemic,1 but EBV
is also associated with numerous human epithelial
cancers including undifferentiated nasopharyngeal
carcinoma (NPC) and gastric carcinoma. NPC is a
major health problem in South-East Asia and North
Africa, with an incidence of 5–40 per 100,000
individuals.2–4 Its association with EBV is constant
except in a few atypical highly differentiated
cases.5,6 About 5–20% of gastric carcinoma, a
widespread cancer, are associated with EBV.7

Among the about 86 proteins encoded by the EBV
genome,8 two viral oncogenes, LMP1 and BARF1,
were shown to induce malignant transformation in
rodent fibroblasts.9–11 LMP1 and BARF1 are
respectively expressed in 50% and 90% cases of
NPC.12,13 BARF1 transcripts are detected in a high
proportion of EBV-positive gastric carcinomas,
d.



Table 1. Data collection and model refinement statistics

BARF1CPt

Data collection statistics
Wavelength (Å) 0.9393
Resolution (Å) 30–2.3 (2.42–2.3)
Unique reflections 50,910
Completeness (%) 100 (100)
Rsym (%) 5.9 (22.8)
I/sI 10.7 (3.1)
Multiplicity 5.3 (4.7)

Refinement statistics
Rcryst (%) 17.5 (17.9)
Rfree (%) 23.4 (27.0)
Mean atomic B-factor (Å2) 28.1
RMS on bond length (Å) 0.022
RMS on bond angles (deg.) 2.15

Model composition (in the asymmetric unit)
Residues 748
Water molecules 533
Platinum atoms 12
N-acetyl glucosamine (Nag)
Mannose (Man) 4

Values for the highest resolution bin are given in parentheses.
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where LMP1 expression is consistently negative.14

BARF1-encoded protein was also found in epi-
thelial cells immortalised by NPC-derived EBV15

and in NPC biopsies.12 The oncogenic activity of the
BARF1 gene was first demonstrated in rodent
fibroblasts.10 BARF1 protein can also immortalize
primary monkey kidney epithelial cells16 and
induce malignant transformation in other estab-
lished cell lines, such as human Louckes B cells17

and EBV-negative AKATA18 cells. BARF1-immorta-
lised epithelial cells are not tumourigenic in nude
mice, while BARF1-transfected immortalised cell
lines induce tumours.10,17 This suggests that BARF1
can intervene in two oncogenic processes: immor-
talisation and malignant transformation. Several
cellular genes (Bcl2, CD21, CD23 and CD71) are
transactivated in BARF1-transfected cells.11,17,18

Following transfection of rodent fibroblast or
simian epithelial cell lines, or after infection of
human epithelial cells with recombinant adeno-
virus, or upon viral cycle activation in EBV-positive
B cell lines the BARF1 protein is secreted into the
medium after signal sequence (residues 1–20)
cleavage.19–21The addition of purified BARF1 pro-
tein into serum-free culture medium of Balb/c3T3
fibroblasts, human B cells and primary monkey
epithelial cells resulted in cell cycle activation,20

suggesting that BARF1 protein can act as a cell
growth factor.

Moreover, it has been shown also that BARF1
binds to the human cytokine hCSF-1 and reduces
the action of hCSF-1 on the proliferation of
macrophages19 and the alpha interferon production
by mononuclear cells,22 suggesting that BARF1
protein acts also in immunomodulation.

The BARF1 gene, its protein and its function have
recently been reviewed.23 A BARF1 homologue
with 75% sequence identity is found in Cercopithe-
cine herpesvirus 15 (Rhesus lymphocryptovirus,
rLCV,24), a lymphocryptovirus closely related to
EBV present in old world primates. As LCV is
strictly species-specific and as there is no BARF1
homologue present in LCVof newworld primates it
seems to be acquired late in evolution after the
separation of old and new world primates.25

Here we report the crystal structure of the BARF1
protein purified from human cells at 2.3 Å resol-
ution. The structure presents two immunoglobulin
(Ig) domains in a unique hexameric assembly.
Results

Protein production, crystallization and structure
determination

The BARF1 protein was expressed in HeLa cells
using a recombinant adenovirus system. As it is
secreted, it was purified from the culture media by
concanavalin A affinity chromatography followed
by size-exclusion chromatography where the pro-
tein eluted as an oligomer with an approximative
molecular mass of 240 kDa. Crystals were first
obtained by the vapour diffusion method using
nanodrop crystallization trials using standard
screens. Initial conditions were manually refined
using the hanging-drop method in order to obtain
crystals of suitable size for data collection. Rhom-
bohedric crystals belonging to spacegroup H3 with
cell parameters aZbZ179.25 Å, cZ95.72 Å dif-
fracted to 2.3 Å. Despite systematic twinning of
the crystals by merohedry with twinning fractions
between 0.1 and 0.45 the structure was solved by
the single anomalous dispersion (SAD) method
using a platinum derivative of a crystal with a
twinning fraction of 0.12. All steps of the structure
determination used less than 0.5 mg of pure
protein. The final model was refined to an R-factor
of 17.5% (RfreeZ23.4%). The asymmetric unit
contains four protein chains with the visible
residues 21 to 161 and 173 to 220 organized in two
dimers. Residue 21 is the first residue of secreted
BARF1 after cleavage of the signal peptide.
Statistics of the data collection and refinement are
shown in Table 1.
Overall fold

The BARF1 protein structure is composed of two
domains belonging to the immunoglobulin fold
superfamily, the first one ranging from residues 21
to 123 and the second one from residues 125 to 220
(Figure 1). The N-terminal domain is clearly related
to the variable subfamily (V-set) with an ABED/
C 00C 0CFG organization where the A strand is
hydrogen bonding to the G strand rather than the
B strand (Figure 1(b)). The C-terminal domain is
more difficult to classify due to the disordered
region 162–172, potentially containing the strand C 0

or D. Nevertheless, an ABED/CFG organization
characteristic of the constant subfamily (C-set) is
most probable as the few residues visible in electron
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density before the E strand are hydrogen bonding to
it and form the beginning of strand D. With a length
of only two residues, the inter-domain region is
very short leading to many contacts between the
two domains (salt-bridge between Lys123 and
Asp180, hydrophobic interactions around residues
Phe151 and Ile96). The link between the two
domains is further rigidified by inter-molecular
contacts within the BARF1 hexamer (salt-bridge
between Glu27 of one chain and Arg133 of the other
chain, see below). The long axes of the N-terminal
and the C-terminal Ig-domains are almost aligned,
so that the difference in orientation of 1238 between
the two domains corresponds roughly to a rotation
around the long axis.
Glycosylation

BARF1 has been shown to be glycosylated by
O-glycosylation and by N-glycosylation (M. de
T.-T., unpublished results), where the N-glycosyla-
tion is of the high-mannose type as indicated by the
endoglycosidase-H sensitiveness of BARF1, and its
binding to concanavalin A, a lectin specific for this
type of glycosylation (M. de T.-T., unpublished
results). The O-glycosylation site is predicted on
Thr169 using NetOGlyc, a server for the prediction
of mucin-like O-glycosylation sites.26 As Thr169 is
part of a disordered loop region it agrees with the
absence of an O-linked glycosylation site in the
electron density.
Figure 1 (legen
In contrast, attached to Asn95, three sugar
residues (Nag-Nag-Man) of the core structure of
the high-mannose glycosylation site are clearly
visible (Figure 2(b) and (c)), whereas electron
density for even more poorly ordered sugar
residues is present. The carbohydrate is located on
the inner side of the hexameric BARF1 ring. Matrix
assisted laser desorption/ionization (MALDI) mass
spectrometric analysis of the purified BARF1
protein used for crystallization gives a mass of
24,890 Da, in agreement with a theoretical mass in
the range of 24,814 to 24,960 Da for the protein
including one high-mannose glycosylation
(GlcNac2-Man9) and a trisaccharide sugar structure
at the O-glycosylation site.27
Oligomerization

BARF1 forms hexameric rings (Figure 2(a)–(c)) of
molecules related by 2-fold and 3-fold axes. In the
crystal the rings are oriented along the c-axis and
stack on top of each other. The two BARF1 dimers
present in the asymmetric unit of the crystal
correspond to two subsequent layers of these
rings, which are generated by the crystallographic
3-fold symmetry.
On gel filtrations experiments, BARF1 protein

showed a hydrodynamic radius of about 5 nm. In
solution, a bimodal size distribution was observed
using dynamic light-scattering. A small fraction of
aggregates corresponded to hydrodynamic radii
d next page)



Figure 1. Fold and sequence of BARF1. (a) View of the BARF1 monomer, a-helices are shown in blue. (b) Topology
diagram of BARF1. The diagram for CD80 is identical apart from the absence of the disordered region. (c) Alignment of
BARF1 (UniProt entry number EBV: Q777A5, rLCV: Q8UZD0) and CD80 (human: Q5DTB0, porcine: Q9TT71) protein
precursor sequences. Human and porcine CD80 sequences share about 70% identity, similar to the 75% identity between
human and rLCV BARF1. Gray shade, signal peptide; red letters, conservation within the two BARF1 sequences or the
two CD80 sequences; red background, strict conservation; green box, disordered residues in the BARF1 structure; yellow
background, likely O-glycosylation site; green background, (putative) N-glycosylation sites; cyan background, growth
factor receptor homology region;19 blue characters, experimental CD152-binding site for CD80,42 suggested ligand
binding site for BARF1. Black boxes, dimerization site of the N-terminal domain of BARF1 or CD80;29 blue box,
dimerization site of the C-terminal domain of BARF1.
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above 100 nm and a large majority of the protein
with a hydrodynamic radius of about 6 nm. Using
the crystal structure of the BARF1 hexamer, a radius
of 5.1 nm and a sedimentation coefficient of 6.3 S
(Svedberg) could be calculated using HYDRO-
PRO.28 The calculated values do not take into
account the disordered part of the N-linked
carbohydrate structure or the invisible residues
(162–172) together with their O-linked glycosyla-
tion. Furthermore, the hydration of the protein is
not considered. Altogether this leads to an under-
estimation of the hydrodynamic radius.

Rotary shadowing of purified BARF1 revealed a
homogenous population of very small globular
structures; most of them appeared as ring-shaped
particles (Figure 3(a)). At higher magnification,
the globules were unambiguously identified as
ring-shaped particles with an external diameter of
11(G2) nm (nZ60) and a central empty region of
about 3–4 nm in diameter (Figure 3(b)–(d) arrows,
and inset). Sometimes two facing elongated struc-
tures (Figure 3(c) and (d), arrowheads) were
observed, which could correspond to lateral views
of the ring-shaped particles. The dimensions of
these objects correspond to the ones of BARF1
hexamers obtained from the X-ray structure
(Figure 2(b) and (c)).

The hexameric rings are formed by two kinds of
contacts (Table 2), both relating domains by a 2-fold
axis: One contact involves the C-terminal domain of
BARF1 molecules which interact through an
extension of the b-sheets of the immunoglobulin
fold through strands A and G in order to form
continuous sheets (Figure 2(d) and (e)). This
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interaction has a contact surface of 1400 Å2 per
monomer. This interface is a very striking feature of
the BARF1 protein structure. The interaction is
mediated by hydrophobic contacts and 24 hydro-
gen bonds in total, of which 15 involve main-chain
atoms through the b-sheet structure. The hydro-
phobic contacts are mediated by Leu127 and Val129
inside the b-sandwich (Figure 2(e)), furthermore by
Val122 of strand G of the N-terminal Ig-domain,
Tyr218 of the C terminus and Phe24 of the AB loop
of the N-terminal domain.
The second interface involves the N-terminal Ig-

domains, which interact around a 2-fold axis
through their face involving strands C 00 and D as
well as the loops: AB, EF and C 00D, leading to a
contact surface of 580 Å2 (Figure 4(b)). The two
domains cross under a 658 angle. The interaction
includes hydrophobic interactions involving prin-
cipally Arg28, His81 and Ile68, together with
hydrogen bonds between arginine residues and
carbonyl oxygen atoms (Arg75–Thr92, Arg75–
Gly26, Arg82–Ser83) and salt-bridges (salt-bridge
Arg28–Asp79). Furthermore an asymmetric inter-
action of the AB loop of the C-terminal domain with
strands C 0 and C 00 contributes with a contact surface
of 250 Å2 to the interaction (hydrophobic contacts
involving in particular Arg62, Val67 and Phe69 on
one side and Gln135, Phe139 and Phe136).
Discussion

Comparison with CD80

Human CD80 (or B7-1) is, with an identity of 18%
(Figure 1(c)), not only the most closely related
protein, but has as well the same topology shown in
Figure 1(b) and its two domains can be superposed
onto the corresponding domains of BARF1 (90
residues aligned with an rms of 1.94 Å for the
N-terminal domain and 78 residues aligned with an
rms of 1.91 Å for the C-terminal domain, Figure 4(a)
and (b)) although their relative orientations are
completely different. BARF1 has an inter-domain
Figure 2. BARF1 hexamerisation. (a) Schematic
arrangement of BARF1 molecules and domains in the
hexamer. (b) Top view of a cartoon of the BARF1 hexamer
coloured according to peptide chains as in (a). The N-
linked glycosylation is shown in a stick representation.
The directions of the 2-fold axes relating N-terminal and
C-terminal domains are indicated by green arrows. Black
arrows show the AB loops of the C-terminal domains
involved in oligomerization through a contact with the N-
terminal domains. (c) Side view of the BARF1 hexamer.
(d) Dimer of C-terminal domains. (e) Dimerization
interface of the C-terminal domains. One subunit is
shown as an accessible surface coloured according to
atom type, the two stretches of residues forming the main
part of the interface and containing b-strands A and G are
shown on top of the surface in a stick representation.
His130 has an alternate conformation. Hydrogen bonds
are shown as cyan dotted lines.



Figure 3. Electron micrographs.
(a) Representative micrograph of
the ring-shaped structure of BARF1
oligomers after rotary shadowing.
(b)–(d) and inset: gallery of BARF1
images at higher magnification.
Arrows show ring-shaped struc-
tures, arrowheads indicate poten-
tial lateral views.
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angle of about 1258 and CD80 of about 708. In
contrast to BARF1, CD80 is a dimer formed by a
contact at the level of the N-terminal domains29

(Figure 4(c)).
Structural differences between the N-terminal

domains of CD80 and BARF1 concern mainly the
loops BC, CC 0 and FG. Additionally a difference in
the twist of strands C 0 and C 00 in BARF1 leads to a
repositioning of the C 0C 00 loop (Figure 4(b)). In
contrast, the loops contacting the C-terminal
domain are much more conserved. When the
C-terminal domains are compared, especially
the AB and EF loops differ, whereas the loops
facing the N-terminal domain are again more
conserved (Figure 4(a)).

CD80 is a membrane glycoprotein present on
antigen presenting cells, such as B lymphocytes,
closely related to CD86 (B7-2) but CD80 and CD86
share only 26% sequence identity. Upon interaction
with CD152 (CTLA-4) or CD28, CD80 transmits
inhibitory or activating signals to T lymphocytes.
CD80 and CD86 are primarily expressed on
activated dendritic cells and B lymphocytes.30

Soluble forms of human (GenBank entry
AY197778) and porcine31 CD80 generated through
alternate splicing have been observed. The soluble
form of human CD80 lost its C-terminal trans-
membrane domain but still carries its cytoplasmic
part, whereas the porcine protein is generated
through a C-terminal truncation, which yields a
protein with an extension similar to the one of
BARF1 (Figure 1(c)). As judged from the structural
Table 2. Comparison of oligomerization interfaces

C-term N-term

Interface accessible surface area (Å2) 1400 580
Length and breadth (Å) 50 and 22 26 and 26
% Non-polar atoms in interface 62 55
Hydrogen bonds 24 9
Salt-bridges 2 2

a These pdb entries have been selected because of the similarity o
similarity in agreement with the late acquisition of
the BARF1 gene during viral evolution, BARF1
appears to be derived from a primate CD80
molecule, possibly from its soluble form.

Solution structure and oligomerization

The observation of a hexameric molecule in the
crystal structure agrees with our results from gel
filtration, electron microscopy and diffuse light-
scattering, which showed a predominant presence
of a large species in solution. Furthermore the
theoretical sedimentation coefficient of 6.3 S is
similar to previous estimations of the size of the
assembly obtained from the speed of sedimentation
on a sucrose gradient (around 8 S).20

Both kinds of interactions between BARF1
monomers, the ones forming a continuous b-sheet
between the C-terminal Ig-domains and the less
extensive dimerization of the N-terminal domains
do not have equivalents in the CD80 structure. The
area involved in the contact between two
N-terminal domains of BARF1 is similar to the
one that mediates dimerization for CD80, but there
are no similarities concerning the residues forming
the interaction (Figure 1(c)) and the relative
orientations of the immunoglobulin domains of
the second molecule differ by about 1008 between
CD80 and BARF1 (Figure 4(b)).

The interaction between C-terminal domains of
the BARF1 molecule mediated by the formation of
continuous b-sheets by two Ig-domains through
N–C interface CD80 IgG-V 1FMAa IgG-V 8FABa

250 570 840 530
17 and 10 30 and 17 30 and 26 26 and 18

66 78 63 61
0 0 2 4
0 0 0 0

f their V-domain to the BARF1 N-terminal domain.



Figure 4. Comparisons and interactions of BARF1 and CD80. (a) Stereoview of a cartoon of the C-terminal domains of
BARF1 (red) superposed with the C-terminal domain of CD80 (blue) seen from the side of the stretch of disordered
residues in BARF1. The disulfide bridge is shown. (b) Two interacting N-terminal domains of BARF1 (red and orange)
superposed onto the N-terminal domains (blue and cyan) of the CD80 dimer are shown. The CD80 N-terminal domain
shown in red and the one from BARF1 shown in blue have been used in a least-squares alignment. The position of CD152
(green) in the CD80–CD152 complex (pdb 1I8L)42 is also shown. (c) Schemes of the CD80–CD152 interaction and the
typical interaction of four-helix-bundle cytokines with their receptors.
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hydrogen bonding involving strand A which
interacts with another strand A and strand G
which interacts with strand G is unique. There are
no other examples of such an interaction as judged
from the results of a SSM32 search with the dimer of
the two domains. At a first glimpse, the most similar
interaction is the dimerization of filamin through its
sixth rod domain (pdb 1WLH).33 But the individual
domains align only poorly (37 matched Ca atoms).
In addition for filamin only one of the b-sheets
composed of strands B, E, D (there is no equivalent
of strand A) extends across the dimer interface,
where strand B is the strand making the contact.
The interaction surface formed by the C-terminal
domain is much larger than the one observed for
other dimeric Ig-domains such as the dimerization
of CD80 or of variable domains of IgG (Table 2).
The dimerization of the N-terminal domains is

more similar to classical interactions between Ig-
domains, which interact most of the time via side-
chain contacts between the faces of their b-sheets.
Examples are the interactions between the different
Ig-domains of antibodies,34 the interaction between
b2-microglobulin and the heavy chain inMHC class
I molecules35 and the dimerization of CD80,29

CD15236 or coxsackie and adenovirus receptor.37
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The size of the interface of BARF1 is for example in
the typical range observed for the dimerization of
Ig-V domains (Table 2). But the relative orientations
of the domains of the N-terminal dimer do not have
equivalents as judged by the results of a search with
SSM.

BARF1–hCSF-1 interactions

Binding of BARF1 to activated peripheral blood
T-cells was observed by Strockbine et al.19 The
authors identified the cytokine hCSF-1 expressed on
the activated T-cells as the molecule mediating this
interaction. hCSF-1 functions either as a membrane-
bound molecule present in three isoforms or as a
soluble cytokine generated by proteolysis.38 The
soluble C-terminal part belongs to the four-helix
bundle family of cytokines. Immunoprecipitation
showed that all isoforms interact with BARF1 and
hence situate the BARF1 binding site on the four-
helix bundle domain. Furthermore, the authors
observed a neutralization of the hCSF-1 activity in
a mouse bone marrow macrophage non-adherent
proliferation assay, suggesting that the anti-prolif-
erative action of BARF1 may be due to a sequestra-
tion of hCSF-1.

In contrast to the other monomeric growth
factors of the same family, hCSF-1 forms a
disulfide-linked dimer in solution. The dimeri-
zation still leaves the side of the four-helix bundle
accessible for interactions as for the related
molecules. As only the Ca backbone structure of
hCSF-1 is available (pdb 1HMC),39 the absence of
full coordinates precludes a further analysis of the
surface of hCSF-1. The interaction of the CSF-1
with its receptor is likely to be similar to the
interaction of granulocyte colony stimulating factor
(G-CSF) with its receptor40 or of other four-helix
bundle cytokines with their receptors, like the one
between erythropoietin (EPO) and EPO-receptor.41

In the known structures this interaction involves
the hinge region between the Ig-domains
(Figure 4(c)), which interacts with a side of the
four-helix-bundle. Such a hinge does not exist for
BARF1 due to the different orientation of its
domains. The surprising orientation of the two
immunoglobulin-like domains of BARF1 in respect
to each other together with the unusual hexamer-
isation of the molecules does not agree well with
the idea that BARF1 is a soluble form of a hCSF-1
receptor.19 These observations can only be recon-
ciled with the structure of BARF1 if we assume
that during evolution BARF1 has acquired the
function of hCSF-1 binding using a different
interaction site than the one usually present within
the family of receptors for four-helix bundle
cytokines.

The sequence homology detected between
BARF1 and the CSF-1 receptor tyrosine kinase
c-fms19 actually corresponds only to a general
sequence homology within the Ig-constant domains
as the conserved residues have a structural role.
They are either part of the disulphide bridge,
hydrophobic residues or proline residues stabili-
zing a loop structure (Figure 1(c)). The homology
does not allow us to infer a common ligand-binding
site.

Further functional studies using BARF1 mutants
are necessary in order to establish the role of the
BARF1–hCSF-1 interaction, in particular, whether
the mitogenic effect of BARF1 is mediated through
the interaction with hCSF-1 or whether there are
still other, unknown partners in interactions with
BARF1. This may lead to an explanation of the
apparently contradictory actions of BARF1, on one
hand as a mitogen and on the other hand a
reduction of macrophage proliferation due to the
sequestration of hCSF-1 from its receptor.

Putative ligand-binding site

For CD80, the N-terminal immunoglobulin
domain is involved in the dimerization through
one face and in the interaction with CD152 through
the opposite face42 (Figure 4(b) and (c)). Experi-
mental evidence suggests that the interaction of
CD80 with CD2843,44 as well as the one between
CD86 and CD2845 use a similar surface. The
equivalent of the CD152 binding surface of CD80
differs completely for BARF1 concerning sequence
conservation and at the level of the structure of loop
regions (FG, CC 0) involved in the contact so that any
interaction of BARF1 similar to the CD80–CD152
interaction can rather be excluded. Still, this area is
accessible on the BARF1 hexamer and is thus a
possible site of interaction.

Several arguments are in favour of a location of
the ligand-binding site on the N-terminal domain.
(i) In order to create the intricate dimerization site
on the C-terminal domain, this domain has
certainly been subject to more evolutionary press-
ure potentially incompatible with the preservation
of a ligand-binding site on this domain. (ii) Part of
the outer surface of the C-terminal domain is
occupied by the disordered region 162–172.
A direct involvement of this region is unlikely due
to its O-glycosylation site and poor conservation
with rLCV BARF1.

As it is unlikely that the binding site would be
located inside the ring and as a large surface is
already involved in oligomerization, the possible
sites for ligand binding on the N-terminal domain
are considerably narrowed down. A visual inspec-
tion of the outer surface shows a relatively
hydrophobic area formed by residues Trp35,
Val38, Leu40, Leu108 and the aliphatic part of
Arg36 and Arg37 surrounded by several polar
residues (Figure 5(a)). Such an arrangement of
hydrophobic and hydrophilic residues is typical of
a binding “hotspot”.46 Furthermore, these residues,
besides a mutation Arg36Lys, are conserved
between the rLCV and EBV BARF1 (Figure 5(b)).
This makes this zone a good candidate for a
putative binding site. This hypothesis may help to
guide an identification of the interaction site by
mutagenesis.



Figure 5. Surface and possible interactions of the BARF1 hexamer. (a) Surface coloured according to atom type (C,
white; O, red; N, blue; S, orange). The green arrows show the visible putative ligand-binding sites of which the framed
one is shown in detail in an inset. (b) Surface coloured in yellow for conserved residues and in blue for residues differing
between EBV and rLCV BARF1. (c) View of a cartoon of the hexamer from the same viewpoint as the surface
representations in (a) and (b) coloured as in Figure 2.

Structure of EBV BARF1 Oncogene 675
Materials and Methods
Protein production and purification

Protein was produced in Hela cells by a recombinant
adenovirus expression system as described21 and purified
by concanavalin A affinity chromatography (M. de T.-T.,
unpublished results). The fractions containing the puri-
fied protein were concentrated and loaded on a Superdex
200 10/300 FPLC column (GE-Healthcare) equilibrated in
20 mM Hepes/NaOH (pH 7.5), 100 mM NaCl. The
protein eluted at the position of a 240 kDa globular
protein from a comparison with catalase (232 kDa) (GE-
Healthcare). It was concentrated to 7 mg/ml using
Ultrafree 0.5 concentrators with a 10 kDa cutoff (Milli-
pore).
Electron microscopy

Purified BARF1 was dialysed against 0.2 M ammonium
bicarbonate. Samples were diluted in the same buffer and
mixed with glycerol (1:1) to obtain final concentrations of
BARF1 ranging from 5 mg/ml to 20 mg/ml. A drop of the
solution was placed onto freshly cleaved mica sheets,
using the “mica sandwich” technique and immediately
transferred to the holder of a MED 010 evaporator
(Balzers). Rotary shadowing was carried out by evapora-
ting platinum at an angle of 88, followed by evaporation of
carbon at 908. Replicas were floated onto distilled water,
picked up on copper grids and examined with a Philips
CM120 microscope at the Centre Technique des Micro-
structures (Université Claude Bernard, Lyon I).

Mass spectrometry

MALDI mass spectrometry was performed with a
Perseptive Biosystems (Framingham, MA) Voyager Elite
XL time-of-flight mass spectrometer at the IBS, Grenoble.

Crystallization, data collection and reduction

Protein size and homogeneity were checked using a
DynaPro dynamic light-scattering apparatus (Wyatt
Technology). Extensive crystallization trials were per-
formed with a PixSys4200 robot (Cartesian) using crystal
screens I, II and Index (Hampton research) and the
vapour diffusion method in drops of 0.1 ml protein
solution and 0.1 ml reservoir solution. Successful crystal-
lization conditions were refined by hand using 2 ml
hanging drops leading finally to a crystallization con-
dition with 1 M ammonium sulphate, 1–2% (w/v) PEG
3350, 100 mM BisTris–HCl (pH 6.0) in the reservoir.
The platinum derivative was prepared by soaking

crystals overnight in the reservoir solution containing
additional 1 mM tetrachloroplatinate (II) (Fluka). Single
crystals were harvested, dipped into paraffin oil from the
panjelly kit (Jena Biosciences) and frozen directly at 100 K
in a nitrogen gas stream (Oxford Cryosystems). Data
collection (Table 1) was performed at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France)
on the beamline ID14-4. Data were integrated using
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MOSFLM47 and further processed using the CCP4
package.48 The crystals belonging to space group H3
were systematically twinned by merohedry described by
the operator (k,h,Kl) with twinning fractions varying
from 0.1 to 0.45 according to DETWIN.49 The data used
for the structure determination and refinement showed a
twinning fraction of 0.12 and were used without
detwinning for phasing as this improved neither the
maps nor the statistics, probably due to a degradation of
the anomalous signal.

Phase determination and refinement

Phases were determined by the SAD method on the
platinum derivative. The heavy-atom sites were found by
SOLVE50 at 3.2 Å resolution. A first model was built with
RESOLVE using the iterative model-building script.51

Further model building was performed using COOT52

and model refinement was done with REFMAC5 using
TLS refinement.53 Refinement statistics and model
composition are shown in Table 1. Refinement of the
structure in CNS54 using the refined twinning fraction of
0.12 improved neither statistics nor maps.

Structure analysis and comparisons

Structure alignments were performed with CCP4MG55

or LSQMAN.56 PyMol57 was used for the generation of
Figures. Interfaces were analysed with the protein–
protein interaction server†58 and visual inspection with
PyMol in order to exclude marginal contacts.

Protein Data Bank accession code

Atomic coordinates have been deposited with the RCSB
Protein Data Bank and are available under accession code
2CH8.
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