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Epstein-Barr virus (EBV) is a human herpesvirus that primarily infects B lymphocytes and is associated
with tumor development. Like other herpesviruses, EBV has pirated and modified host genes encoding
important regulatory cellular proteins to take over cellular control after infection. One of these genes

(BILF1) encodes a G protein-coupled receptor (GPCR). It is currently accepted that GPCRs exist and func-
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tion as dimers. B lymphocyte migration and functioning is regulated by chemokines acting on their cog-
nate receptors. In this study, we show that BILF1 heterodimerizes with various chemokine receptors
using BRET, trFRET and co-immunoprecipitation. Importantly, heterodimerization of BILF1 with chemo-

GPCR kine receptors may alter the responsiveness of B lymphocytes to chemokines thereby altering homing

Heterodimerization
Chemokines

and homeostasis of infected B lymphocytes and might be essential for EBV dissemination and/or involved
in EBV-induced pathogenesis.

© 2008 Elsevier Inc. All rights reserved.

Epstein-Barr virus (EBV) is one of the most successful patho-
gens, since more than 90% of the human population is infected
with this orally transmitted y-herpesvirus. Following primary
infection, EBV persists lifelong in a latent form in memory B cells.
Differentiation of these memory B cells into antibody-secreting
cells (ASCs) induces the transcription of viral lytic genes, resulting
in the production and shedding of infectious progeny into the sal-
iva [1]. One of these viral lytic genes is the G protein-coupled
receptor (GPCR) BILF1 [2-4]. GPCRs are cell membrane-associated
proteins that play a central role in the communication between
cells by activating intracellular signaling in response to specific
extracellular stimuli. Not surprisingly, EBV as well as other herpes-
and poxviruses have pirated GPCRs to modulate cellular function-
ing for their own benefits [5].

GPCRs have always been considered to exist and function as
monomeric entities. However, increasing evidence indicates that
GPCRs physically interact with each other. Importantly, heterodi-
merization of two different GPCRs can alter the functional proper-
ties of the individual partners, including ligand binding, signaling
and trafficking [6]. Appearance of BILF1 on the surface of EBV-in-
fected ASCs and the novel concept of GPCR dimerization, prompted
us to hypothesize that BILF1 might hijack cellular communication
through heterodimerization with human GPCRs. Like other leuko-
cytes, migration of B cells to and within specific tissues is coordi-
nated by the differential expression of chemokine receptor
subtypes on their cell surface, which confers responsiveness to lo-
cal gradients of cognate chemokines [7]. In addition, EBV infection
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upregulates the expression of the human EBI2 receptor [8]. Hence,
a subset of human chemokine receptors and EBI2 might be poten-
tial candidates for BILF1 heterodimerization.

Materials and methods

DNA constructs. DNA encoding for triple HA-tagged human che-
mokine receptors were purchased from Missouri S&T cDNA Re-
source Center. EBI2 receptor DNA was purchased from Origene.
BILF1 and US28 were previously described [2,9]. Receptors were
tagged at the N-terminus using PCR-based methods. Fusion pro-
teins for bioluminesence energy transfer (BRET) studies were gen-
erated by fusing the GPCRs in frame with Renilla luciferase (Rluc) or
enhanced yellow fluorescence protein (eYFP) as previously de-
scribed [10]. DNA encoding the chimeric G protein Goyis was a gift
from Dr. Conklin (University of California, San Francisco) [11]. All
generated constructs were verified by sequencing prior to use.

Cell culture and transfection. HEK293T cells were cultured and
transiently transfected with indicated amounts of cDNA using
25-kDa linear polyethylenimine (Polysciences) as previously de-
scribed [12]. Total DNA in gene-dosing experiments was kept con-
stant by addition of empty plasmid.

Inositol phosphate (InsP) accumulation. HEK293T cells (10°) were
cotransfected with 625 ng wild type or tagged BILF1 and 625 ng
Gogis DNA. Forty-eight hours after transfection, InsP accumulation
was quantified as previously described [13].

a-bungarotoxin (BTX)-binding. Whole cell ligand binding was
performed 48 h after transfection using ~0.25nM [!?%]]-BTX
(Amersham) or 0.6 pM rhodamine-conjugated BTX (Sigma-Al-
drich), essentially as previously described [9,14]. Alternatively,
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radioligand binding assays were performed on membrane frac-
tions, as described previously [12].

BRET. HEK293T cells were cultured and transfected in white-
bottomed 96-well plates. GPCR-eYFP expression was quantified
48 h after transfection using a Victor? plate reader (Perkin-Elmer)
by measuring fluorescence at 535 nm upon excitation at 498 nm.
Next, BRET and GPCR-Rluc expression was determined by measur-
ing fluorescence at 535 nm and luminescence at 460 nm, respec-
tively, in the presence of 5 UM coelenterazine h (Promega). BRET
ratio is defined as the difference in emission ratio (535/460 nm)
between cells expressing both GPCR-RIuc and GPCR-eYFP and cells
expressing GPCR-Rluc alone.

Time-resolved fluorescence resonance energy transfer (trFRET).
HEK293T cells were transfected with 250 ng FLAG-BILF1 and 0-
500 ng HA-GPCR DNA/10° cells. TrFRET was assessed on a Novostar
plate reader (BMG LabTechnologies) as previously described with
minor modifications [10]. Following incubation with either both
Eu®*-labeled anti-HA and XL665-labeled anti-FLAG antibodies
(AB), or Eu*-labeled ABs alone (CisBio International), the cells
were washed and resuspended in PBS containing 0.3 M KF
(107 cells/ml). Specific trFRET is expressed as A665 as previously
described [15].

Co-immunoprecipitation (Co-IP) experiments. HEK293T (~8x10°)
were transfected with 20 ng FLAG-BILF1 and/or 50 ng HA-GPCR
DNA/10° cells. Twenty-four hours after transfection, cell lysates
were prepared and incubated with anti-FLAG M2 affinity gel (Sig-
ma-Aldrich) for 1.5 h according to the manufacturer’s instructions.
Resins were washed three times with Tris-buffered saline (TBS)
supplemented with 0.1% Triton X-100 before resuspending the pel-
let in 2x SDS-PAGE sample buffer. Inmunocomplexes were re-
solved by 12% SDS-PAGE, and transferred to PVDF membranes
(AppliChem). After blocking in TBS supplemented with 0.1% Tween
and 5% low-fat milk, samples were subjected to immunoblotting
using anti-FLAG M2 (Sigma-Aldrich) or anti-HA (Roche) ABs, fol-
lowed by horseradish peroxidase (HRP)-conjugated secondary
ABs (Bio-Rad and Dako) and visualization using an ECL reagent
(GE Healthcare).

Results
Characterization of BILF1 and human GPCR constructs

BILF1 was tagged at the N- and C-terminus to allow detection of
dimerization by means of BRET, trFRET and Co-IP (Fig. 1A). Since
BILF1 is still an orphan GPCR, an a-bungarotoxin (BTX)-binding
site (BBS) was introduced immediately after the N-terminal methi-
onine [14]. BBS-BILF1-Rluc and BBS-BILF1-eYFP are expressed at
the cell surface at comparable levels as BBS-BILF1 (Fig. 1B and
1C). Constitutive signaling of BILF1 to phospholipase C in cells
co-expressing the chimeric G protein Goy;s is not affected by the
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various N- and C-terminal modifications (Fig. 1D) [2,4,11]. Confocal
microscopy imaging using rhodamine-conjugated BTX confirmed
that BBS-BILF1-Rluc and BBS-BILF1-eYFP are expressed on the cell
membrane, and colocalize with human GPCR-eYFP proteins (data
not shown).

BRET screening for BILF1 heterodimers

Saturation BRET experiments were carried out to assess close
proximity (<10 nm) between BILF1 and other GPCR proteins. To
this end, cells were cotransfected with 50 ng BBS-BILF1-Rluc
(~500 fmol/mg membrane protein; Fig. 2) and 0-2000 ng GPCR-
eYFP DNA per 106 cells. Specific close proximity between BRET do-
nor and acceptor pairs is reflected by a hyperbolic BRET ratio
(BRETT), which reaches an asymptote with increasing eYFP/Rluc ra-
tios [16]. Interestingly, BILF1 appears to be in close proximity with
most tested candidate GPCRs (Fig. 2), potentially forming dimers
with approximately equal propensities as revealed by the observed
BRETso values (Table 1) [16]. Nonspecific close proximity due to
random collision was observed in cells cotransfected with BBS-
BILF1-Rluc and HCMV-encoded US28-eYFP, and is reflected by a
quasi-linear increase in BRETr with increasing eYFP/Rluc ratios
and a significantly lower BRETs5q value (Table 1).

BILF1 heterodimerization at the cell surface

To demonstrate that the identified BILF1 homo and heterodi-
mers are localized at the cell surface, trFRET experiments were car-
ried out on intact cells using Eu®*- and XL665-conjugated ABs to
detect N-terminally HA-tagged GPCRs and FLAG-tagged BILF1,
respectively (Fig. 3A) [15]. Transfection of 250 ng FLAG-BILF1/10°
cells, resulted in submaximal FLAG-BILF1 protein detection, ensur-
ing that XL665-labeled FLAG-BILF1 is not a limiting factor for
trFRET (Fig. 3B). HA-tagged receptor cell surface expression was
measured as Eu>" fluorescence, yielding saturable expression levels
with increasing concentrations of cotransfected HA-GPCR DNA (0-
500 ng/10% cells). Typically, HA-BILF1 and 3HA-CXCR4 are ex-
pressed at high cell surface levels, whereas 3HA-CCR9, 3HA-
CCR10, and 3HA-CXCR3 are expressed at considerable lower levels
(Fig. 3B, E, and H). In contrast, 3HA-CCR6, 3HA-CCR7, HA-EBI2, and
3HA-CXCR5 were undetectable (not shown). Similar HA- and
FLAG-tagged GPCR detection was observed using ELISA and immu-
noblotting (not shown). Importantly, FLAG-BILF1 cell surface
expression was not significantly affected by increasing HA-CRs
protein levels (not shown). Significant emission was measured at
665 nm (i.e. F2) when dimers were labeled with both Eu®*- and
XL665-conjugated ABs, whereas marginal leakthrough was ob-
served at 665 nm (i.e. F1) when cells were labeled with only
Eu?*-conjugated ABs (Fig. 3A and C). Specific FRET (i.e. A665) in-
creases linearly with increasing 3HA-GPCR surface expression, if
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Fig. 1. N- and C-terminal modifications of BILF1 have minor effect on BILF1-mediated InsP accumulation. (A) BILF1 [WT] was tagged at the N-terminus with a BTX-binding
site (BBS), a HA-epitope (HA), or FLAG-epitope (FLAG). BBS-BILF1 was fused in frame with Rluc and eYFP sequences after deletion of the stopcodon. (B) BBS-BILF1-Rluc labeled
with rhodamine-conjugated BTX on the surface of transiently transfected HEK293T cells. (C) '?°I-BTX binding on intact HEK293T cells expressing BBS-BILF1, BBS-BILF1-Rluc
or BBS-BILF1-eYFP. (D) Constitutive accumulation of InsP upon cotransfection of BILF1 constructs with the chimeric G protein Golgjs. Data are means + SEM of representative

experiments performed at least 3 times.
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Fig. 2. Detection of BILF1 dimers in living cells by saturation BRET. Bioluminescence increases linearly with BBS-BILF1-Rluc protein expression (Rluc). HEK293T cells were
cotransfected with constant amount of BBS-BILF1-Rluc and increasing amount of GPCR-eYFP DNA. BRET ratio (BRETr) is defined as [BRET/RIluc] in the presence of GPCR-eYFP
minus [BRET/Rluc] in absence of GPCR-eYFP. BRETr was plotted as function of increasing GPCR-eYFP/BBS-BILF1-Rluc expression. Data were obtained from three to eight
independent experiments each performed in triplicate. Curves were fitted using nonlinear regression, assuming a single binding site.

Table 1
Heterodimerization between the EBV-encoded GPCR BILF1 measured by saturation
BRET and trFRET

Cotransfected BRET trFRET

GPCR BRETsq value FRET slope
BILF1 0.035 +0.009 1.139 £ 0.049
CCR6 0.030 + 0.006 ND

CCR7 0.038 + 0.006 ND

CCR9 0.047 + 0.005 0.641 +0.153
CCR10 0.019 +0.002 0.705 +0.105
CXCR3 0.031 £ 0.003 0.572 £ 0.105
CXCR4 0.055 + 0.006 0.676 + 0.036
CXCR5 0.027 + 0.006 ND

CXCR7 0.043 £0.011 ND

EBI2 0.015 + 0.003 ND

Us28 0.124 +0.030 ND

BRET was determined as function of increasing GPCR-eYFP and BBS-BILF1-Rluc
ratios. BRETso values (+SE) were determined from nonlinear regression curves,
assuming one binding site, fitted to pooled data from at least three independent
experiments. FRET (i.e. A665) was determined as function of increasing HA-GPCR
and constant FLAG-BILF1 cell surface expression. FRET slope values (+SE) were
determined from linear regression curves, fitted to pooled data from at least three
independent experiments. Both BRETso and FRET slope values represents the
dimerization propensity between BILF1 and host GPCRs. ND, not determined.

these receptors are in close proximity with FLAG-BILF1. Significant
AG665 was observed between FLAG-BILF1 and HA-BILF1 (Fig. 3D),
or 3HA-CXCR4 (Fig. 3]). On the other hand, much less A665 was
measured between FLAG-BILF1 and 3HA-CCR9 (Fig. 3F), 3HA-
CCR10 (Fig. 3G), or 3HA-CXCR3 (Fig. 3I), which is a direct conse-
quence of the low cell surface expression of these HA-tagged che-
mokine receptors. Nonetheless, linear regression analysis revealed
that FLAG-BILF1 dimerizes with equal propensities with all tested
HA-GPCRs (Table 1).

Co-immunoprecipitation of BILF1 heterodimers

Since BRET and trFRET only revealed close-proximity (<10 nm)
between GPCRs, direct physical interactions between FLAG-BILF1
and HA-GPCRs was evaluated by means of Co-IP using anti-FLAG
beads. Co-IP of HA-BILF1, 3HA-CCR9, 3HA-CCR10, 3HA-CXCR3,
and 3HA-CXCR4 monomers at ~35 kDa was revealed in SDS-PAGE
by anti-HA immunoreactivity in anti-FLAG immunoprecipitated

fractions of cells coexpressing FLAG-BILF1 (Fig. 4). No anti-HA reac-
tive bands were observed in anti-FLAG immunoprecipitated frac-
tions derived from mixing cells that expresss either FLAG-BILF1
or HA-GPCRs prior to immunoprecipitation, ruling out the forma-
tion of aggregates during solubilization in detergent. To confirm
appropriate expression of HA-GPCR in both mixed and cotrans-
fected cells, samples of cell lysates were immunoblotted with
anti-HA ABs. Weak anti-HA immunoreactivity (~35 kDa) was ob-
served in both mixed and cotransfected samples, which is a conse-
quence of transfecting low DNA quantities to obtain lowest
detectable receptor expression levels.

Discussion

Nowadays, it has become widely accepted that GPCR proteins
have the capacity to form dimers and even higher-order multimers
[6]. In the present study, we provide for the first time evidence on
the physical interaction between a pathogen-derived GPCR and
host cell GPCR proteins.

Hitherto, BILF1 expression has only been analyzed and detected
in EBV-positive cell lines in vitro, and is in particular upregulated
during reactivation of lytic replication in these latently infected
cells [2-4,8]. In vivo, expression of EBV lytic genes is induced by
the terminal differentiation of latently infected memory B cells into
ASCs. We therefore hypothesized that human GPCRs endogenously
expressed by these B cells are likely candidates to interact with
BILF1.

Interestingly, BILF1 is in close proximity with all tested chemo-
kine receptors (i.e. CCR6, CCR7, CCR9, CCR10, CXCR3, CXCR4,
CXCR5, CXCR7), EBI2, and itself as revealed by saturation BRET.
To confirm that these are indeed forming heterodimers and are
present as dimer on the cell surface co-immunoprecipitation and
antibody-based trFRET, respectively, were performed. In contrast
to the GPCR-eYFP constructs, the N-terminally HA-tagged CCR6,
CCR7, CXCR5, CXCR7, and EBI2 constructs were not detectable by
Eu3*-ABs, ELISA or immunoblotting, suggesting that this N-termi-
nal modification impairs protein expression, as also observed for
the mouse cytomegalovirus-encoded chemokine receptor M33
[17].

Direct physical interaction of BILF1 with itself, CCR9, CCR10,
CXCR3, and CXCR4 was confirmed by co-immunoprecipitation
experiments, whereas trFRET analysis revealed the presence of
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Fig. 3. Detection of BILF1 dimers in living cells by trFRET. (A) Cell surface expressed HA-GPCRs are labeled with Eu**-ABs, whereas FLAG-BILF1 is labeled with XL665-ABs.
Excitation with light of 337 nm causes Eu>* emission at 620 nm. Leakthrough emission from Eu* excitation is quantified at 665 nm in the absence of XL665-ABs, i.e. F1. If
XL665-ABs are in close proximity, resonance energy transfer occurs and light is emitted at 665 nm, i.e. F2. (B) FLAG-BILF1 and HA-BILF1 receptor surface expression (RSE) was
determined using XL665- and Eu*-ABs, respectively, on intact cells transfected with increasing DNA concentrations. (C) F1 (o) and F2 (®) emission determined on cells
expressing a constant level of FLAG-BILF1 and increasing HA-BILF1 RSE. (D) Specific FRET between FLAG-BILF1 and HA-BILF1 was calculated as A665 = F2-F1 and plotted as
function of increasing HA-BILF1 RSE. (E, H) HA-CR RSE (F, G, I, J) A665 in cells coexpressing FLAG-BILF1 and increasing RSE HA-CR. Data are means + SEM from three
independent experiments each performed in triplicate.
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Fig. 4. Detection of BILF1 dimers using Co-IP. HEK293T were transfected with FLAG-BILF1 and/or HA-CR. Prior to solubilization cells expressing FLAG-BILF1 were mixed (1:1)
with HA-CR-expressing cells (i.e. mix), whereas cells coexpressing these receptors were mixed (1:1) with control cells (i.e. co). Lysates were immunoprecipitated with anti-
FLAG-beads, resolved by SDS-PAGE and immunoblotted with anti-HA antibodies (top). Lysates were immunoblotted with anti-HA (middle) or anti-B-actin antibodies
(bottom). Immunoblots are shown from representative experiments that were performed three times.

lysate

these BILF1 homo and heterodimers on the cell surface. Even- consequence of this act of receptor hijacking? Recently, negative

though, the specific FRET (A665) signal was marginal for CCR9,
CCR10, and CXCR4, due to low HA-GPCR expression levels, linear
regression analysis revealed that BILF1 heterodimerizes with these
receptors with an equal propensity as with CXCR4.

In conclusion, BILF1 physically interacts with various host che-
mokine receptors on the cell surface of human cells, acting as a GPCR
scavenger. The obvious question that arises is what is the functional

binding cooperativity of both cognate chemokines and small drug-
like compounds was shown between CCR2/CCR5 and CCR2/CXCR4
chemokine receptor heterodimers [18-20]. Hitherto, BILF1 is still
an orphan GPCR. Consequently, in the absence of a ligand for BILF1
such a binding cooperativity cannot be investigated. Moreover,
BILF1 signals in a ligand-independent manner and might affect the
partnering receptor in the heterodimer by being in an active confor-
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mation. Alternatively, BILF1 signaling might also affect host cell
receptor signaling further downstream. Currently, we are investigat-
ing the functional consequence of BILF1 heterodimerization with
human chemokine receptors. Importantly, hijacking of human
GPCRs by virally encoded GPCRs will likely affect their normal func-
tioning and redirect them to be beneficial to herpesvirus survival or
might even turn them into malignant mediators of herpesvirus-
associated pathologies. In fact, these heterodimeric complexes be-
tween host- and pathogen-derived GPCRs might represent the hith-
erto unappreciated key mediators in herpesvirus-induced diseases
and may serve as novel therapeutic targets in the intervention of her-
pesvirus-associated pathologies.
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