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Bmax: Total number of specific binding sites

Ca: Intracellular calcium concentration

ECs,: Half-maximal effective concentration

ELISA: Enzyme-linked immunosorbent assay

GFP: Green fluorescent protein

GPCR: G-protein coupled heptahelical receptor

GRKs: G-protein coupled receptor kinases

HIV: Human immunodeficiency virus

ICs: Half-maximal inhibitory concentration

Kp: Dissociation constant

mAb: monoclonal antibody

M CP-2: Monocyte chemoattractant protein 2

MFI: Mean fluorescence intensity

MIP1-o: Macrophage inflammatory protein 1 alpha

MIP1-3: Macrophage inflammatory protein 1 beta

PTX: Pertussistoxin

RANTES: Regulated on activation of normal T cell expressed and secreted

sCD4: Soluble CD4

TAK779:N,N-dimethyl-N-[4-[[[2-(4-methylphenyl)-6,7-dihydro-5H-benzocyclohepten-8-
yl]carbonyl]amino]benzyl]tetrahydro-2H-pyran-4-aminium chloride

TM: transmembrane helice
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ABSTRACT

CCRS is a G-protein coupled receptor that governs migration of leukocytes and serves as a co-receptor for the
R5 tropic strains of Human Immunodeficiency Virus. CCR5-mediated signaling in response to CC chemokines relies on
G-protein activation. Desensitization, which rapidly turns off G-protein-dependent signaling, involves phosphorylation
of CCR5 that promotes interaction of the receptor with B-arrestins for endocytosis. Whether coupling to G-proteins,
desensitization and endocytosis of CCR5 require the same structural determinants remains a matter of investigations.
Here we show that CCR5 displayed agonist-independent coupling to G-proteins. This constitutive activity of the
receptor was abrogated by TAK779, a non peptidic CCR5 ligand that inhibits Human Immunodeficiency Virus
infection, and was found to depend on the integrity of the Asp-Arg-Tyr (DRY) motif. Changing Arg-126 by the neutral
resdue Asn (R126N-CCR5 mutant) abolished CCR5-mediated activation of G-proteins, either constitutively or in
response to agonists. In contrast, R126N-CCR5 not only retained agonist-promoted phosphorylation and B-arrestin-
dependent endocytosis, but also digplayed a higher basal phosphorylation than wild-type CCR5. Expresson of [3-
arrestin in R126N-CCR5-expressing cells resulted in receptor down-regulation, thereby suggesting that R126N-CCR5
spontaneously interacts with B-arrestins. However, while expression of B-arrestin favored wild-type CCR5-mediated
chemotaxis, it failed to promote migration of cells expressing R126N-CCRS5. Overall, these data indicate that structural
requirements for CCR5-mediated activation of G-proteins, albeit not involved in receptor desenstization and
internalization, are needed for B-arrestin-mediated chemotaxis. These results have implications for how distinct

biological responses of CCR5 might rely on adifferent set of receptor conformations.
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INTRODUCTION

CCRS is a G-protein coupled heptahelical receptor (GPCR) that initiates intracellular signaling in response to CC
chemokines including CCL3/MIP-10a, CCL4/MIP-18, CCL5/RANTES and CCL8/MCP-2. CCRS is involved in the
recruitment of leukocytes to the site of inflammation and is also associated to a number of pathological disorders, from
inflammatory diseases to AIDS (Proudfoot, 2002). In the present work, we deal with the molecular mechanisms that
underlie CCR5 conformational changes and functions.

Transduction of signals by GPCRs depends on the interaction of the receptors with distinct families of proteins,
including heterotrimeric G-proteins, G-protein coupled receptor kinases (GRKS), second-messenger-dependent protein
kinases and B-arrestins. Following agonist binding, GPCRs adopt an active conformation that interacts with G-proteins
(Seifert and Wenzel-Seifert, 2003). This event catalyzes the exchange of GTP for GDP in the nucleotide-binding pocket
of G-protein o-subunits, so that the G-proteins become activated and Go.-GTP as well as the Gy dimer can activate
effector proteins. The waning of G-protein dependent signaling, i.e. desensitization of GPCRSs, rapidly takes place with
the phosphorylation of agonist-occupied GPCRs, which then interact with -arrestins (Shenoy and Lefkowitz, 2003). 3-
arrestins target desensitized receptors to clathrin-coated pits for endocytosis, but also act as scaffolding proteins that
link GPCRs to the stimulation of additional signaling pathways (Shenoy and Lefkowitz, 2003).

Activation of GPCRs by agonists involves conformational changes that permit intracellular sequences to interact
with G-proteins. Relative mations of transmembrane helices (TMs) 3 and 6 are reported following activation of
rhodopsin-related GPCRs (Farrens et al., 1996; Gether et al., 1997), a family to which belongs the chemokine receptor
CCRS5 (Proudfoot, 2002). Studies on the molecular mechanisms that underneath the transitions between inactive and
active conformations of these GPCRs point to a key role for the highly conserved E/DRY motif lying at the interface
between TM3 and the second intracellular loop. When the first residue of the E/DRY motif is mutated, numerous
receptors display an agonist-independent activation, i.e. a constitutive activity (Rasmussen et al., 1999; Scheer et .,
1997) whereas mutation of the Arg residue generally impairs G-protein dependent signaling (Amara et a., 2003;
Ballesteros et al., 1998; Chung et al., 2002; Scheer et al., 2000). It was proposed that, in inactive states of rhodopsin-
related GPCRs, the anionic form of the Glu/Asp residue allow for the adjacent Arg to be buried with respect to the
cytosol (Ballesteros et al., 1998; Greadey et a., 2002; Scheer et al., 1997). Upon activation, protonation of the Glu/Asp
residue would shift Arg out of the helix bundle. This event was thought to promote rearrangements of TMs and to
trigger a conformation of receptors that can activate G-proteins.

Whether the receptor conformational changes that lead to activation of G-proteins are required for

desensitization and internalization is currently a matter of debate (Vilardaga et al., 2001). In fact, congitutively active
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receptors often display increased agonist-independent phosphorylation and internalization (Pei et al., 1994), and
efficiency of agonists in eliciting G-protein dependent signaling generally parallels their abilities in promoting receptor
phosphorylation (Benovic et al., 1988). In contrast, our present data show that mutating the DRY motif within CCR5
and antagonist binding to the receptor have contrary effects on G-protein coupling, desensitization and endocytosis.
Notably, replacement of Arg-126 in the DRY motif abrogated activation of G-proteins, but preserves phosphorylation
and interactions with B-arrestins for endocytosis. We show that 3-arrestins are involved in CCR5-mediated chemotaxis,
but this process is abolished following mutation of Arg-126. Overall, our results evidence that some of the structural
determinants needed for CCR5-mediated activation of G-proteins are also required for B-arrestin-mediated chemotaxis

but not for the receptor desensitization and internalization.
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MATERIALSAND METHODS

Materials — The recombinant human chemokine CCL5/RANTES was obtained from R&D Systems (London, United
Kingdom) and CCL4/MIP-1 was provided by Dr F. Baleux (Ingtitut Pasteur). Ten uM CCL5 and 100 uM CCL4 stock
solutions were prepared in sterile water. TAK779 was obtained from the AIDS Research and Reference Reagent
Program catalog of National Institutes of Health (Bethesda, MD). **I-CCL4 (specific activity, 2000 Ci/mmol) was
purchased from Amersham Inc. (Orsay, France). *S-gp140 from the Bx08 Human Immunodeficiency Virus (HIV)
strain was prepared as previously described (Staropoli et al., 2000). The pB-arrestin2-EGFP and pN1-EGFP plasmids
described elsewhere (Scott et al., 2002) were provided by Dr S. Marullo (Institut Cochin, France). Transient
transfections of these plasmids in CHO and HEK 293T cells were performed using the FUGENE 6 transfection system
(Boehringer Mannheim, Germany) and the calcium phosphate-DNA co-precipitation method respectively. Pertussis

toxin was purchased from Sigma (St. Louis, MO).

Flow cytometry analysis - Cell surface expression of receptors was determined as previously described (Amara et al.,
2003). Staining was performed using monoclonal antibodies (mAb) recognizing epitopes within the N-terminal domain
(MC-5, CTC5) or the second extracellular loop (Phycoerythrin (PE)-conjugated 2D7, 45531) of CCR5. MC-5 (from Dr.
M. Mack, Munich, Germany), CTC5 (from Dr. RW. Doms, Philadelphia, PN) and 45531 (R&D Systems) were
subsequently labeled with a secondary, PE-conjugated goat anti-mouse IgG antibody (Rockland Immunochemicals,
Gilbertsville, PA). PE-coupled mAb 2D7 is from BD Biosciences (San Diego, CA). Analysis was carried out on a

Becton Dickinson FACSCalibur.

CCRS5 constructs and expression - Plasmids encoding the CCR5 mutants (R126N-CCR5 and D125V-CCR5) were
constructed by site-directed mutagenesis using the quickchange procedure (Stratagene, La Jolla, CA) in the pcDNA3
plasmid. The mutated coding sequences were sub-cloned into the bicistronic expression vector pEFIN3 as previously
described (Blanpain et al., 2002). CHO-K1 cells were cultured in HAM's F12 medium supplemented with 10% fetal
calf serum (FCS), 100 units/ml penicillin and 100 pg/ml streptomycin (Life Technologies, Inc.). CCR5 constructs were
transfected using FUGENE 6 in the CHO-K1 variant cell line that is cultured with 250 pg/ml zeocin (Invitrogen, Cergy
Pontoise, France) for the maintaining of an apo-aequorine encoding plasmid (Blanpain et al., 2002). Selection of
receptor-expressing cells was obtained following a 14 days culture with 400 pg/ml neomycin (Life Technologies, Inc.).
The populations of mixed cell clones expressng the CCR5 variants were used for functional assays (*S-GTPyS
binding, endocytosis and calcium mobilization). Clones expressing the highest amounts of receptors at the cell surface

were used for chemokine binding assays. Clones were selected following cell limit dilution and screened for CCR5
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expression by flow cytometry analysis and **I-CCL4 saturation binding experiments (Bnna are equal to 206 + 34
fmol/mg protein for wt-CCR5 and 80 + 24 fmol/mg protein for D125V-CCR5). Receptor expression into HEK 293T
cells was conducted using a previously described lentiviral-based strategy (Amara et al., 2003). HEK 293T cells were
maintained in DMEM (Life Technologies, Inc.) supplemented with 10% FCS and antibiotics. Cell surface expression of

receptors was determined by flow cytometry analysis.

Membr ane prepar ation - For *S-GTPyS and iodinated chemokine binding experiments, membranes from HEK 293T
or CHO-K1 cells were prepared as follows. Cells were grown near to confluence and detached from plates in EDTA-
containing PBS. The cells were incubated for 30 min at 4°C in buffer A (15 mM Tris-HCI pH 7.5; 2 mM MgCl,; 0.3
mM EDTA; 1 mM EGTA) and then passed in a glass homogenizer. The supernatants resulting from a 5 min
centrifugation at 500 g were then centrifuged at 40,000 g for 30 min at 4°C. The pellets were suspended in buffer A and
centrifuged at 40,000 g for 30 minutes. The membrane pellets were then suspended in buffer B (75 mM Tris-HCI pH
7.5; 125 mM MgCly; 0.3 mM EDTA; 1 mM EGTA; 250 mM sucrose) at a protein concentration >1 mg/ml. Protein
content was quantified using the bicinchoninic acid protein assay reagent (Pierce, Brebiéres, France) with bovine serum

albumin (BSA) as a standard. Crude membrane fractions were stored at —80°C until use.

%3 GTPYS binding - ¥*S-GTPyS binding to crude membrane preparations was performed in 96-well microplates (NEN
basic flashplates, PerkinElmer Life Science, Boston, MA). Membranes (10 to 15 ug of proteins/well) were incubated
for 15 min at 30°C in 20 mM Hepes, pH 7.4, containing 100 mM NaCl, 10 pg/ml saponin, 1 uM GDP and 3mM MgCl,,
in the presence or absence (basal *S-GTPyS binding) of ligands. 0.1 nM *S-GTPyS (Amersham Biosciences) was then
added to membrane-containing mixes, which were incubated for 30 min a 30°C. The incubation was stopped by
centrifugation (800 g for 10 min) at 4°C, and removal of supernatants. Microplates were counted 2 min per well in a

Wallac 1450 Microbeta Trilux or in a Top count (PerkinElmer Life Science).

Binding experiments — Saturation binding experiments of CCL4 to membranes from CHO-K1 cells expressing wt-
CCR5 or D125V-CCR5 were performed using Minisorb tubes (Nunc, Rochester, NY). Samples containing 2 pg
membrane proteins and increasing concentrations of **I-CCL4 in 0.1 ml final volume of assay buffer (50 mM Hepes,
pH 74; 1 mM CaCl,; 5 mM MgCl,; 0.5% BSA) were incubated for 90 min at 27°C. Non-specific binding was
measured in the presence of a 200-fold excess of unlabeled CCL4. Bound CCL4 was separated by filtration through
GF/B filters pre-soaked in 0.5% polyethylenimine (Sigma). Filters were counted in a B-scintillation counter. Binding of

%3.gp140 from the Bx08 HIV-1 strain to CCR5-expressing HEK 293T cells was conducted as follows. 5.10° cells were
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suspended in 0.1 ml of assay buffer (50 mM Hepes, pH 7.4; 5 mM MgCl,; 1 mM CaCly; 5% BSA and 0.1% NaNs3)
containing a saturating concentration of soluble CD4 (sCD4, 180 nM, Progenics, Tarrytown, NY). Increasing
concentrations of **S-gp140 were added for the saturation binding experiments. For the competition binding assays, five
nM *S-gp140 were used as a tracer in the presence of increasing concentrations of unlabeled CCL4. Binding was
performed at room temperature for 1 h. Non-specific binding was determined either in the absence of sCD4 or using 1
uM TAK779. To remove unbound radioactivity, cell suspensions were diluted with 1 ml of ice-cold wash buffer (50
mM Hepes, pH 7.4; 150 mM NaCl; 5 mM MgCl,; 1 mM CaCl,) and pelleted at 16,000 g for 10 sec. Pellets were then
washed once and suspended in wash buffer prior to addition of optiphase supermix solution (PerkinElmer). Bound
radioactivity was counted in a 1450 Wallac Microbeta Trilux gamma counter. Binding parameters were determined

with the GraphPad Prism software using non-linear regression applied to a one-site model.

Intracellular calcium mobilization — Intracellular calcium measured in CCR5-expressing HEK 293T cells loaded with
Fluo-3-AM (Sigma) were conducted in a VICTOR multilabel counter (EG & G Wallac, PerkinElmer). Briefly, loading
of cells with fluo-3-AM was accomplished after two washes in buffer A (100 mM Hepes, pH 7.0; 140 mM NaCl; 5 mM
KCl; 5 mM Glucose; 1.2 mM CaCl,; 1 mM MgCl,; 2 mM Na,HPO,; 1.4 mM MgSOy; 0.3 mM KH,PO,). Cells were
then suspended in buffer A (5.10° cells/ml) and were incubated at 37°C for 30 min in the presence of 8 uM fluo-3-AM.
Cells were incubated for a further 30 min following addition of one volume of buffer B (i.e. buffer A supplemented
with 5% FCS, pH 7.4). Cells were then washed twice, suspended in buffer B (5.10° cells/ml) and stored at 4°C. For
measurements, aliquots of cells were preincubated at 37°C for 1 min, and then further diluted up to 0.2 ml with buffer
B, in a 96-well flat bottom plate, in the presence or absence of the indicated CCL4 concentrations. Intracellular calcium
release was recorded by monitoring fluorescence emission at 530 nm (with Ae, = 485 nm) every two seconds. Maximum
(Frax) and minimum (F,) fluorescence values were determined following addition of Triton X-100 and EGTA,
respectively. Calculation of intracellular calcium concentrations was performed as previously described (McColl and
Naccache, 1997), using the following equation:

Ca = 400 [(F-Fuin)/(Fmax-F)1, Where 400, in nM, refers to the equilibrium dissociation constant of Ca®* for fluo-3.

Chemotaxisassays - Migration of CCR5-expressing HEK 293T cells was evaluated using a Transwell system (Corning
Costar, Brumath, France) as follows. Prior to the assay, HEK 293T cells were detached from platesin EDTA-containing
PBS, washed twice in DMEM and resuspended at 2.10° cellsml in buffer A (DMEM supplemented with 20 mM
HEPES and 1% BSA). Cells (3.10° in 0.15 ml buffer A) were added to the upper chamber of a 6.5-mm diameter, 8 um

pore polycarbonate Transwell culture insert, and 0.6 ml of the same medium with or without CCL4 was added to the
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lower chamber. Chemotaxis proceeded for 4 h at 37°C in humidified air with 5% CO,. At the end of the incubation
period, the underside of the polycarbonate membrane was vigorously washed with EDTA-containing PBS to recover
transmigrated cells in the lower chamber. The fraction of cells migrating across the polycarbonate membrane was
assessed by flow cytometry and the chemotaxis index was calculated as follows: (number of cells that migrated toward

CCL4) / (number of cells that migrated spontaneously).

Receptor phosphorylation — Determination of receptor phosphorylation following metabolic labeling with [*2P)-
orthophosphate was performed as follows. HEK 293T cells detached from plates in EDTA-containing PBS were
washed twice in medium A (phosphate-free DMEM (Invitrogen), with 8% (v/v) dialyzed FCS (Sigma) and 1mM
NaPyruvate) and then incubated for 90 min at 37°C in medium A containing [*P]-orthophosphate (125 pCi/ml,
Amersham). Incubations performed in 6-well dishes (10’ cells’2ml/well) under gentle stirring were continued for the
indicated times in the absence (basal) or presence of ligands. Labeled cells were washed twice in ice-cold Hepes-based
buffer (20 mM Hepes, pH 7.4; 120 mM NaCl) before incubation for 1 h at 4°C on a rotating wheel into lysis buffer (10
cellsin 1 ml lysis buffer, i.e. 20 mM Tris-HCI, pH 7.4; 100 mM (NH4),SO4; 10% (v/v) glycerol; 1% (w/v ) Cymal-5,
supplemented with phosphatase (5 mM NAF, 10 mM p-nitrophenyl phosphate, 10 mM [B-glycerophosphate, 1 mM
orthovanadate) and protease (Roche Molecular Biochemical, Basel, Switzerland) inhibitors). Following centrifugation,
supernatants were measured for their protein contents according to the Bradford procedure. One mg of solubilized
proteins was further diluted up to 1 ml with lysis buffer and then incubated overnight at 4°C on arotating wheel with 3
ug of 2D7 anti-CCR5 mAb (BD Biosciences). The formed receptor/antibody complexes were captured with 35 pl of
Protein G Plus / Protein A agarose beads (Oncogene™ research products) for 3 h at 4°C. After 3 washes and
homogenization in 1 ml lysis buffer, beads-bound complexes were divided in two identical 0.5 ml samples to allow
quantification of both receptor phosphorylation and immunoprecipitated receptors by Western blot anaysis. After
electrophoresis on two separate 12% SDS-polyacrylamide gels overnight at 4°C under reducing conditions, one gel was
dried and analyzed for *P labeling using a Molecular Dynamics Phosphorimager. The other gel, after electroblotting
onto a PVDF membrane, was immunoblotted using the MC-5 mAb. Immobilized antigen-antibody complexes were
detected with a mixture of horseradish peroxydase-coupled protein A / protein G (1/1, Sigma), developed by enhanced
chemiluminescence (ECL+, Amersham Biosciences), and quantified usng a LAS-1000 CCD camera (Image Gauge 3.4
software, Fuji Photo Film Co., Tokyo, Japan). Additionally receptor amounts in whole cell lysates (4 ug of proteins)
were determined by immunoblotting with the MC-5 mAb to compare wt-CCR5 and R126N-CCR5 immunoprecipitation

efficiencies.
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Phosphorylation of serine residues at position 337 and 349 was determined using an enzyme-linked immunosorbent
assay (ELISA), as previously described (Pollok-Kopp et al., 2003). Briefly, 2.10° HEK 293T cells that express wt- or
R126N-CCR5 were incubated for 10 minutes at 37°C in the absence (basal) or presence of CCL4, washed once with
ice-cold PBS and then scraped in 0.7 ml lysis buffer (50 mM Tris-HCI, pH 8; 150 mM NaCl; 5 mM EDTA; 1% Triton
X-100; 0.05% SDS with the aforementioned phosphatase and protease inhibitors). Following centrifugation (3,000 g for
10 min), supernatants were assessed for their protein contents using the bradford procedure. Supernatants (0.1 ml) were
then applied for 1 h at room temperature either directly or after atwo-fold dilution in lysis buffer into wells of microtiter
plates coated with the anti-CCR5 mAb T21/8. The biotinylated mAb E11/19 and V14/2, which recognize
phosphorylated Ser-349 and Ser-337 respectively, were then added for a 1 h incubation at 37°C. Detection was
performed using streptavidin-HRP and Ortho-PhenyleneDiamine-HCI as substrate (PerkinElmer). The assays were
calibrated with a standard protein, which was obtained by the conjugation of BSA with synthetic N-terminal and non-
/phosphorylated C-terminal CCR5 peptides a 1:5:5 molar ratios using SMCC as a cross-linking reagent. Results were
expressed in arbitrary units (AU) (1 AU equals 1ng of BSA-peptide per ml), and normalized for the protein contents in

the cell lysates.

Receptor downmodulation - Receptor downmodulation was studied as previously described (Amara et al., 1997).
Briefly, cells were incubated a 37°C for 45 min in DMEM (HEK 293T cells) or Ham's F12 (CHO cells) containing 20
mM Hepes and 1% BSA (2.10° cells/ml), in the presence or absence of CCL4. Once treated, cells were placed on ice
and then washed twice with ice-cold PBS containing 1% BSA. To remove receptor-bound CCL4, cells were incubated
for 2 min in 50 mM glycine, pH 2.7 containing 100 mM NaCl, and subsequently diluted up to 1 ml with ice-cold
PBS/1% BSA buffer. Cells were washed twice with the same buffer before staining with PE-conjugated 2D7 mAb and
analysis by flow cytometry. No receptor downmodulation was found when cells were incubated at 4°C in the presence
of ligand. Receptor expression in treated cells was calculated as follows: [(receptor geometric mean fluorescence
intensity (MFI) of treated cells) / (receptor MFI of untreated cells)] x 100. 100% corresponds to receptor expression at

the surface of cellsincubated in the medium alone.
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RESULTS
Coupling of CCR5 to G-proteins: Therole of Arg-126 —

To assess the role of the DRY motif in the coupling of CCR5 to G-proteins, we first substituted Arg-126 by the neutral
Asn residue and stably expressed the resulting R126N-CCR5 mutant or its wild-type counterpart in HEK 293T cells.
We then selected cell populations showing similar cell surface expressions for both receptors using the 2D7 mAb that
recognizes a conformational epitope within the second extracellular loop (ECL-2) of CCR5 (Fig. 1A). Results were
confirmed with other mAbs targeted against epitopes within the N-terminal domain of CCR5 (MC-5 and CTC5) or
ECL-2 (45531) (data not shown), thus suggesting that both receptors share similar abilities to bind these antibodies.
Saturation binding experiments using increasing concentrations of *S-labeled gp140 from the Bx08 HIV-1 strain also
confirmed that wt-CCR5 and R126N-CCR5 expressed at similar levels at the surface of the selected HEK 293T cells
(Bmax = 50000 and 47000 receptors per cell for wt- and R126N-CCR5 respectively, with Kp = 10-11 nM for both
receptors). As previously reported (Amara et al., 2003), we found that R126N-CCR5 failed to promote intracellular
calcium mobilization in response to CCL4, in contrast to wt-CCR5 (Fig. 1B). Together with our observations that
R126N-CCRS5 conserves an affinity for CCL4 nearly similar to that of its wt counterpart (inset of Fig. 1B, 1C5=12+4
nM and 22+3 nM for wt-CCR5 and R126N-CCR5, respectively), these data suggest that charge-neutralizing mutation
of Arg-126 prevents CCR5 from activating G-proteins.

We then directly investigated this possibility using a ®*S-GTPyS binding-based assay to measure activation of G-
proteins mediated by wt- or R126N-CCR5. Exposure of membranes from wt-CCR5-expressing cells to CCL4 promoted
a robust, dose-dependent, 35SGTP\{S binding (Fig. 2A, circles, ECs=4.5nM). In contrast, CCL4 had marginal effects
on 3S-GTPyS binding to R126N-CCR5-expressing membranes (Fig. 2A, triangles). Similar results were obtained using
CCL5 as a ligand (not shown). This finding emphasized the pivotal role played by Arg-126 in allowing CCR5 to

activate G-proteins.

CCRS5 spontaneously interacts with G-proteins : Therole of the DRY motif and identification of TAK 779 as an
inver se agonist —

Expression of wt-CCR5 in HEK 293T cells resulted in a substantial increase in basal *S-GTPYS binding (Fig. 2A-C).
This suggests that a fraction of this receptor spontaneously activates G-proteins. It has been proposed that G-protein
availability as well as plasma membrane organization (Nasman et al., 2001; Ostrom et al., 2000), which differ from one
cell type to another, influence the efficiency of receptor to G-protein coupling. Additionally, coupling of some receptors
to G-proteins, including chemokine receptors, has been found to be cell type-specific (Arai and Charo, 1996). We rule

out this possibility by reproducing the enhanced basal **S-GTPyS binding to membranes from CHO-K 1 cells stably
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expressing wt-CCR5 (Fig. 2B and D). Pertussis toxin (PTX) treatment was found to abolish basal binding of *S-GTPyS
to membranes from both HEK 293T and CHO-K1 cells expressing wt-CCR5 (Fig. 2B), thus demonstrating that this
binding results from spontaneous activation of G/G, type o.-subunits.

Whether constitutive activity of CCR5 relies on intrinsic structural properties of the receptor was next investigated.
We first found that replacement of Arg-126 by Asn fully abrogated basal *S-GTPYS binding (Fig. 2C). The anionic
charge of the Arg-adjacent acidic residue of the DRY motif is believed to lock rhodopsin-related receptors in an
inactive state, and thus to prevent coupling to G-proteins (Ballesteros et al., 1998). Unexpectedly, replacing Asp-125 in
CCRS by the bulky hydrophobic residue Val (D125V-CCR5) neither increases congtitutive activity nor favors agonist-
induced coupling to G-proteins (Fig. 2A, squares). Even, we consistently observed that D125V-CCRS displayed slightly
reduced spontaneous (Fig. 2C) and agonist-induced coupling to G-proteins relative to its wild-type counterpart (Fig. 2A,
ECs0=11 nM). We controlled that D125V-CCR5 behaves as wt-CCR5 in calcium mobilization (data not shown) and
binding assays (Kp = 0.39-0.41 nM for CCL4).

Finally, the existence of basal coupling of CCR5 to G-proteins prompted us to search for inverse agonists of the
receptor. TAK779 isa low molecular weight, non peptidic molecule, which binds to CCR5 and then blocks HIV entry
into cells (Dragic et al., 2000). TAK779 inhibits agonist-induced signaling and is thus considered as a specific CCR5
antagonist (Baba et al., 1999). We confirmed this effect (data not shown) but additionally, we unraveled that TAK779
reduced basal *S-GTPyS hinding to CCR5-expressing membranes (Fig. 2C and 2D) in a dose dependent manner
(IC5=4.9 nM). In the presence of TAK779, we controlled that high concentrations of CCL4 fully restored *S-GTPyS
binding (not shown), thus ruling out unspecific effects of TAK779 on nucleotide binding to G-protein o subunits.

Altogether, these findings indicate that TAK779 is a potent inverse agonist of CCR5.

CCR5 endocytosisis preserved upon Arg-126 substitution —

Whether activation of G-proteins and endocytosis of CCR5 requires the same structural elements remains a matter of
investigations. We thus explored whether replacement of Arg-126 also impaired endocytosis of CCR5 in response to
chemokines. For these experiments, we preferred CHO-K 1 cells stably expressing wt-CCR5 or R126N-CCR5 (Fig. 3)
over HEK 293T cells that show limited CCR5 downmodulation (our datain Fig. 5 and (Aramori et al., 1997)). Figures
3A and 3B show that a 45 min exposure to 100 nM CCL4 resulted in arobust decrease of cell surface expression of wt-
CCR5 and R126N-CCR5 respectively. A time dependent analysis of CCL4-induced downmodulation of receptors
confirmed that R126N-CCR5 disappeared from the cell surface with even higher efficiency as compared to wt-CCR5

(Fig. 3C). Removal of CCL4 and further incubation of cellsin the absence of the chemokine resulted in the reexpression
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of both receptors (64% within 15 min, data not shown), thereby suggesting that R126N-CCR5 recycling to the cell
surface is preserved. These results indicate that activation of G-proteins is not required for endocytosis of CCR5 to

occur in response to chemokines.

The effects of Arg-126 replacement on CCR5 phosphorylation —
We further investigated the molecular mechanisms that underneath downmodulation of R126N-CCR5. Phosphorylation
of the CCR5 C-terminus that promotes -arrestin binding to the receptor is required for endocytosis through clathrin-
coated pits (Pollok-Kopp et a., 2003). Investigation of the phosphorylation status of wt-CCR5 and R126N-CCR5 was
thus carried out by metabolic labeling with [*?P]-orthophosphate of HEK 293T cells expressing similar amounts of
receptors (see Fig. 1A). Following incubation in the absence, i.e. basal phosphorylation, or presence of CCL4, receptors
were immunoprecipitated with the 2D7 mAb. We found that both wt-CCR5 and R126N-CCR5 were subjected to
phosphorylation after chemokine stimulation (Fig. 4A and B). Unexpectedly, under basal conditions, phosphorylation of
the mutant receptor was increased relative to that of its wt counterpart (Fig. 4A and B). In order for radioactivity to be
normalized for the amount of receptors, we performed quantitati ve detection of immunoprecipitated receptors using the
MC-5 mAb that targets a linear epitope within the N-terminal domain of CCR5 (Blanpain et al., 2002). We consistently
noticed a diminished recovery of R126N-CCR5 upon immunoprecipitation (Fig. 4C, IP panel), while this receptor
remained as efficiently detected in whole cell lysates (Fig. 4C, L panel), as compared to the wt receptor. These
observations are suggestive of a decreased ability of the 2D7 mAb to recognize the solubilized form of R126N-CCR5
(but not its native, i.e. unsolubilized structure, see Fig. 1A), which may indicate a conformation for R126N-CCR5 that
differs from that of wt-CCR5. When normalized for the amount of immunoprecipitated receptors, the radioactivity
values shown in Figure 4D indicate that exposure of wt-CCR5-expressing cells to CCL4 resulted in a 5-fold increase of
receptor phosphorylation respective to the basal level. For R126N-CCR5, CCL4 appeared less potent in increasing
phosphorylation of R126N-CCR5 (1.5 fold), but the mutant receptor displayed a magnified basal phosphorylation. In
some cases, reversion of basal phosphorylation by inverse agonists has been reported (Pei et al., 1994). However, we
found here that incubation of cellswith the inverse agonist TAK779 consistently failed to reverse basal phosphorylation
of wt-CCR5 or R126N-CCR5 (Fig. 4B and 4D).

Among the four distinct serine residues that are targeted for phosphorylation within the CCR5 C-terminus, we
recently quantified phosphorylations of Ser-337 and Ser-349 in intact cells using an enzyme-linked immunosorbent
assay (ELISA) (Pollok-Kopp et al., 2003). Following this approach, we confirmed that stimulation of wt-CCR5-

expressing HEK 293T cells with CCL4 caused phosphorylation of serine residues 337 and 349 (Fig. 4E, left and right
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panels respectively). Within R126N-CCR5, both serine were also phosphorylated after CCL4 stimulation (Fig. 4E). In
keeping with the experiments from metabolic labeling, we observed that basal phosphorylation of R126N-CCR5 at
position 349 was enhanced as compared to the wt receptor (Fig. 4E, right panel).

Overall, these results indicate that R126N-CCRS retains the ability to be phosphorylated, both spontaneously and in
response to chemokines. Importantly, this phosphorylation targets Serine residues that are required for B-arrestin-
dependent endocytosis (Pollok-Kopp et al., 2003), which highlights that mutation of Arg-126 in CCR5 has diverging

effects on G-protein activation and desensitization.

The effects of B-arrestins on cell surface expression of R126N-CCR5 —

To assess functional interactions of B-arrestins with wt-CCR5 and R126N-CCR5, we evaluated their ability to modulate
cell surface expresson of receptors in CHO (Fig. 5A) and HEK 293T (Fig. 5B) cells. Cells were transfected with [3-
arrestin2-EGFP (Barr2) or the pN1-EGFP control vector (N1), and cell surface expression of receptors was determined
in GFP-positive gated cells by flow cytometry analysis, in the presence (filled barsin Fig. 5) of absence (open barsin
Fig. 5) of CCL4. We found that B-arrestin2 first caused the down-regulation of up to 20% wt-CCRS5 at the surface of
CHO cells (Fig. 5A, left panel, p = 0.027). Second, it strongly enhanced the extent of receptor down-modulation in
response to CCL4 (75%, p = 0.002, Fig. 5A, left panel). Basal down-regulation of wt-CCR5 suggested that a part of the
receptor spontaneously interacts with B-arrestin2 (i.e. in an agonist-independent manner), which may rely on the
constitutive activity of the receptor we report in these cells. Strikingly, B-arrestin2 also down-regulated R126N-CCR5,
with even a higher efficiency (60%, p < 0.001, Fig. 5A, right panel). CCL4-mediated down-modulation of R126N-
CCR5 was moderately modified by B-arrestin2 expresson (80%, p = 0.030). Similarly, B-arrestin2 expresson was
found to promote basal down-regulation of R126N-CCR5 (30%, p = 0.002, right panel), and to enhance CCL4-
dependent down-modulation (50%, p = 0.007) in HEK 293T cells (Fig. 5B). In these cells, wt-CCR5 was impaired in its
ability to undergo agonist-promoted down-modulation as previously mentioned (Aramori et al., 1997) but B-arrestin2
partly restored this function of the receptor. Overall, these results indicate that R126N-CCR5 preserves its ability to
interact with B-arrestins, either spontaneously as revealed by B-arrestin-dependent down-regulation of the receptor, and

in the presence of CCL4.

B-arrestins regulate CCR5-mediated chemotaxis —
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B-arrestins have been implicated as playing a key role in cellular chemotaxis mediated by some receptors (Shenoy and
Lefkowitz, 2003). Yet, involvement of B-arrestins in CCR5-mediated chemotaxis is till a matter of debate. Indeed,
overexpression of B-arrestins augmented CCR5-mediated chemotaxis (Sun et al., 2002), but recent works suggested that
CCR5 desendgitization negatively regulates chemotaxis (Vroon et al., 2004). In fact, the molecular mechanisms that
underlie B-arrestin-dependent chemotaxis, and especialy whether this process requires G-protein activation, are
currently unclear.

We directly examined this possibility taking advantage of the fact that R126N-CCRS5, which is unable to trigger G-
protein dependent signaling, efficiently interacts with B-arrestins for endocytosis. The impact of B-arrestin2 expression
on the ability of HEK 293T cells expressing wt-CCR5 or R126N-CCR5 to migrate toward CCL4 was thus assessed
(Fig. 6). In wt-CCR5-expressing cells, we found that B-arrestin2 expression strongly reduced the maximal effective
chemotactic concentration of CCL4, i.e. increased CCL4 potency, from 5.10™ nM to 10™-102 nM. In striking contrast,
we observed that R126N-CCR5-expressing cells remain dramatically impaired in their ability to migrate toward CCLA4,
even upon expression of B-arrestin2. These results indicate that recruitment of B-arrestins to R126N-CCR5 is not
sufficient, per se, to promote chemotaxis. This highlights the possibility that the structural features for CCR5-mediated
activation of G-proteins, albeit not needed for desensitization and internalization, are required for B-arrestin-mediated

regulation of chemotaxis.
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DISCUSSION

According to the ternary complex model for receptor activation (Seifert and Wenzel-Seifert, 2003), GPCRs exid in
equilibrium between an inactive conformation (R) and an active conformation (R*). In the R* state, GPCRs activate G-
proteins. Agonists increase the proportion of R*, while inverse agonists are predicted to stabilize the R state. In natural
system where the receptor/G-protein ratio is low (Ostrom et al., 2000), the extent of constitutive activity is often not
high enough to be measured (Kenakin, 2001). However, ectopic expression of GPCRs is instrumental to attest that
congtitutive activity is a property shared by GPCRs (Burford et al., 2000). We report here that CCR5 is subjected to
agonist-independent coupling to Gi/Gq-proteins, thus highlighting that it spontaneously isomerizes from a R state to a
R* state. This constitutive activity is unlikely a peculiarity of a cell system, as it was observed in different cell types,
here (Fig. 2) and elsewhere (Chen et al., 2000). We have previously described that residues within the second and the
third TMs are critical for the conformational changes of CCR5 during activation (Govaerts et al., 2003). As TAK779 is
reported to interact with some of these residues (Dragic et al., 2000), this may explain why it behaves as an inverse
agonig for CCR5. TAK779 inhibits HIV entry into cells by preventing the viral glycoprotein gpl120 from binding to
CCRS (Dragic et al., 2000). However, how it acts as an antiviral molecule remains unclear, as it does not promote
CCRS internalization (our data not shown and (Baba et al., 1999)) and binds to regions of the receptor that are distinct
from those interacting with gp120 (Dragic et al., 2000). Our data demonstrating that TAK779 modifies CCR5
conformations make it likely that TAK779-induced inhibition of viral entry results from allosteric mechanisms rather
than from sterically hindering gp120 binding.

It isproposed for rhodopsin-related GPCRs that activation depends on the equilibrium between the deprotonated and
protonated forms of the first residue within the E/lDRY motif (Ballesteros et al., 1998; Scheer et al., 1997). Thus,
charge-neutralizing mutations of this residue generally result in the constitutive activation of these GPCRs (Rasmussen
et a., 1999). The natural occurrence of a VRY sequence in the Kaposi’'s sarcoma Herpesvirus-GPCR (KSHV-GPCR)
instead of the prevalent E/DRY motif is suggested to underlie the strong constitutive activity of this receptor (Burger et
al., 1999). Indeed, in CXCR2 that is the closest homologue of the KSHV-GPCR, replacement of Asp-138 by the bulky
hydrophobic Val resdue in the DRY motif resulted in its constitutive activation (Burger et a., 1999). In contrast, we
show here that subgtitution of Val for Asp-125 within CCR5 does not increase constitutive activity of the receptor, and
even diminishes it. Additionally, it does not affect chemokine affinities and alters modestly CCL4-induced activation of
G-proteins. This indicates that among GPCR, the first residue of the E/DRY motif plays distinct, and somewhat

opposite, roles in the equilibrium between active and inactive conformations of GPCRs.
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We found that mutation of Arg-126 by the neutral residue Asn disrupted chemokine-induced G-protein dependent
signaling of CCR5 and abolished constitutive activity of the receptor. Our results extend to CCR5 previous observations
from other GPCRs (Ballesteros et al., 1998; Chung et al., 2002) indicating the crucial role of Arg in G-protein
activation. The molecular mechanisms that underlie disruption of receptor-mediated activation of G-proteins following
replacement of Arg are a matter of debate. It has been proposed that activation of G-proteins by receptors relies in part
on ionic interactions between the Arg guanidinium group and a conserved Asp residue within the o5 helix of the G-
protein o subunit (Oliveira et a., 1999). According to this model, replacement of the cationic Arg-126 by the neutral
Asn residue would prevent CCR5 from interacting with G-proteins. Alternatively, R126N-CCR5 might bind to G-
proteins, but would be deficient in catalyzing GDP release, as proposed for other Arg mutants of GPCRs (Scheer et a.,
2000). Finally, inability of receptors carrying mutations of Arg to activate G-proteins was suggested to arise from
increased agonist-independent desensitization (Barak et al., 2001; Wilbanks et al., 2002). For example, the vasopressin
type Il receptor Arg mutant V2R R137H is unable to couple to G-proteins due to its constitutive association with 3-
arrestins (Barak et al., 2001). Our observations that R126N-CCR5 undergoes enhanced basal phosphorylation have been
made for others Arg mutant receptors that fail to activate G-proteins (Scheer et al., 2000). We showed that R126N-
CCRS5 phosphorylation targets some of the canonical Ser residues within the C-terminal domain of the receptor that are
needed for B-arrestin binding. Thus, it seems likely that congtitutive phosphorylation of R126N-CCR5 causes this
receptor to associate with B-arrestins in the absence of agonist, thereby impairing receptor to G-protein coupling
efficiency. Favored interactions of R126N-CCR5 with 3-arrestins may also account for the receptor down-regulation we
observed in cells transfected with B-arrestin2 (Fig.5), asit is known that B-arrestin binding to phosphorylated receptors
triggers them to clathrin-coated pits for endocytosis (Shenoy and Lefkowitz, 2003). Finally, these constitutive
interactions with B-arrestins could also cause the low cell surface expression of R126N-CCR5 we consistently observed
in CHO cells (Fig. 3), in contrast to HEK 293T cells (Fig. 1), which were described to contain cytosolic levels of GRKs
and B-arrestins not high enough to promote efficient endocytosis of CCR5 (Aramori et d., 1997). Taken together, our
results indicate that the Arg residue of the DRY motif in CCR5, beyond itsrole in G-protein activation, is of importance
for the stability of the receptor at the plasma membrane.

Up to recently, the prevailing model postulated that receptor coupling to G-proteins was required for phosphorylation
and internalization. It was also inferred that G-protein-dependent signaling and desensitization resulted from the same
agonigt-induced conformation, based on the fact that constitutively active mutants of GPCRs displayed increased
congtitutive internalization (Pei et al., 1994), and that partial agonists led to only modest receptor phosphorylation

(Benovic et al., 1988). In contrast to this model, we observed that while CCR5 constitutively interacts with G-proteins,
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R126N-CCR5, whichisimpaired in its ability to activate G-proteins is more efficiently internalized in response to CCL4
(Fig. 3), and subjected to higher constitutive phosphorylation (Fig. 4) and B-arrestin-dependent down-modulation (Fig. 5).
This indicates that G-protein activation is not a prerequisite for CCR5 desensitization and internalization, in accordance
with works in other receptor systems, which have reported that these functions are independent processes (Vilardaga et
al., 2001; Wei et al., 2003; Azzi et a., 2003; Olli-Lahdesmaki et al., 2004). Our data also strongly suggest that CCR5
assumes distinct conformational states for coupling to G-proteins and B-arrestin-dependent desensitization and
internalization. The differential effects that distinct ligands have on these functions of CCR5 strengthen this hypothesis.
Here we show that TAK779 abolishes the spontaneous coupling of CCR5 to G-proteins (Fig. 2), but have little effect on
receptor phosphorylation (Fig. 4). Conversely, some CCR5 ligands do not alter coupling to G-proteins but have effects on
desensitization or internalization of the receptor. For example, RANTES (9-68), a CCR5 ligand that blocks HIV
infection, is deficient in promoting G-protein-dependent signaling albeit being fully potent in internalizing CCR5
(Arenzana-Seisdedos et al., 1996). The fact that different ligands stabilize distinct conformations of the same receptor,
which in turn differ in their ability to promote signaling has been reported elsewhere. For example, CCL21 and CCL19
that bind to the chemokine receptor CCR7 activates G-proteins with equal potencies, but only CCL19 can trigger a
receptor conformation that is subjected to desensitization and internalization (Kohout et al., 2004). Similarly, some
agonigts of the p-opioid receptor that have similar effects on receptor-mediated signaling are known to substantially differ
in their capacity to promote endocytosis (Keith et al., 1996). Using a panel of chemically related ligands of the 2-
adrenergic receptor and fluorescence lifetime spectroscopy, Swaminath et al. have described a model for the 2-
adrenergic receptor activation where agonist binding promotes a succession of conformational states with at least two
digtinct functions: The first one that is coupling to G-protein and the other that refers to internalization (Swaminath et al.,
2004). Interestingly, the finding that f-arrestins, which bind to the activated receptor for endocytoss through clathrin
coated pits, can induce signaling in a G-protein independent manner (Wei et al., 2003; Azzi et al., 2003) also strongly
supports the notion that GPCR share different active conformations with distinct cellular responses.

It has been shown that two regions of CCR5, namely the C-terminus and the second intracellular loop,
interact with B-arrestin and that interaction with the second intracellular loop requires an intact DRY motif (Huttenrauch
et al., 2002). It is somewhat intriguing that mutation of Arg-126 does not result in impaired B-arrestin-dependent
endocytosis. It istherefore likely that interaction of B-arrestin with the DRY motif does not much contribute to the overall
CCRS endocytosis. However, it has been reported for other GPCRs that distinct functions of B-arrestins depend on
interactions with independent sites of the receptor (Cheng et al., 2000; Stalheim et al., 2005). For the V2 vasopressin

receptor and the angiotensin 11 receptor, phosphorylation at different sites on the receptor by different GRKs has been
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recently found to promote recruitment of B-arrestins with distinct functional potentials (Ren et al., 2005; Kim et al.,
2005). Similarly, one can assume that B-arrestin regulates distinct functions of CCR5 depending on its interaction with
the C-terminus or the second intracellular loop of the receptor. We extend previous results indicating that B-arrestins
modulate CCR5-mediated chemotaxis (Sun et al., 2002) and we show that replacement of Arg-126 fully disrupts this
process. This suggests that chemotaxis primarily requires G-protein activation and that B-arrestin recruitment to the
receptor, per se, is not sufficient to promote chemotaxis. As a consequence, these data highlight the possibility that
CCR5-mediated activation of G-proteins, albeit not reguired for desensitization and internalization, is needed for j-
arrestin-mediated regulation of chemotaxis. Alternatively, but not exclusvely, our data are compatible with the
hypothesis that B-arrestin-dependent chemotaxis, in contrast to B-arrestin-dependent endocytosis, requires interactions
with an intact DRY motif. For the chemokine receptor CXCR4, B-arrestin-dependent stimulation of extracellular signal-
regulated kinases also requires interactions of B-arrestins with regions of the receptor apart from the C-terminus (Cheng et
al., 2000). Further studies will be needed to delineate this possibility that the DRY motif of GPCRs, in addition to control

G-protein dependent signalling, regulates B-arrestin-mediated scaffolding of signaling pathways.
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FIGURE LEGENDS

Figure 1 — Wt-CCR5 and R126N-CCR5 cell surface expressions and functions in HEK 293T cells — (A) Cell
surface expressions of wt-CCR5 (regular line) and R126N-CCR5 (dotted line) were determined using the PE-
conjugated anti-CCR5 mAb 2D7 by flow cytometry. Nearly equal geometric Mean Fluorescence Intensities (or MFI,
which relate to receptor levels at the cell surface) for wt- (MFI=48) and R126N-CCR5 (MFI=55) were deduced as
illugtrated in this representative experiment. Staining of parental cells with PE-conjugated 2D7 (filled peak) was used as
a negative control. (B) Intracellular calcium mobilization is shown in wt-CCR5-expressing cells loaded with Fluo-3-
AM in response to 50nM (circles), 150 nM (sguares) and 500 nM (triangles) CCL4. 500 nM CCL4 failed to trigger
intracellular calcium release in cells expressing R126N-CCR5 (diamonds). The arrow indicates CCL4 stimulation.
Results are representative from three independent experiments. (Inset) Competition by CCL4 for **S-gp140 binding to
wt-CCR5- (open symbols) or R126N-CCR5- (filled symbols) expressing cells. Experiments were carried out in the
presence of 180 nM sCD4. Results were normalized for nonspecific (0%) and specific binding in the absence of

competitor (100%). A representative experiment out of two performed in duplicate is shown.

Figure 2 — Spontaneous and agonist-induced coupling of CCR5-derived receptors to G-proteins — (A) CCL4-
induced *S-GTPyS binding to membranes from parental HEK 293T cells (diamonds) or expressing wt-CCRS5 (circles),
D125V-CCR5 (squares) or R126N-CCRS (triangles). Membranes were incubated in assay buffer containing 0.1 nM *S-
GTPyS, 1 uM GDP, 3mM MgCl, and the indicated concentrations of CCL4. Results are representative from two to five
independent determinations performed in triplicate. Similar cell surface expressions of receptors were controlled by
flow cytometry analysis. (B) *S-GTPyS binding to membranes from HEK 293T (left pand) and CHO-K 1 (right panel)
cell populations expressing wt-CCR5 and cultured for 15h in the absence (open bars) or presence (filled bars) of 100
ng/ml pertussis toxin (PTX). Results in the absence or presence of agonist (30 nM CCL4 for HEK 293T cells and 60
nM CCL5 for CHO cells) are shown. Values from two to three determinations are expressed as the percentage of basal
%S GTPyS binding to membranes from wt-CCR5-expressing cells cultured in the absence of PTX (100%). (C) *S-
GTPYS binding to membranes from parental (P) HEK 293T cells or expressing wt-CCR5, D125V-CCR5 or R126N-
CCRS in the absence (open bars) or presence (filled bars) of 1 uM TAK779. (D) Dose-dependent effects of TAK779 on
basal *S-GTPyS binding to membranes from populations of CHO-K1 cells expressing wt-CCRS5 (filled squares) or
R126N-CCR5 (open squares). The data were normalized for basal binding in the absence of TAK-779 (100%). All
points were run in triplicate (means = SEM). A representative experiment out of three performed independently is

shown.
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Figure 3—W1t-CCR5 and R126N-CCR5 ar e subjected to CCL4-induced endocytosis — Representative cell surface
expressions of wt-CCR5 (A) and R126N-CCRS5 (B) in CHO cells are shown, following stimulation (dotted line) or not
(regular line) by 100 nM CCL4 for 45 min at 37°C. Analysis was performed by flow cytometry using the anti-CCR5
mAb PE-2D7. The filled peaks represent the signals using an isotype control mAb (PE-conjugated 1gG2a). (C) Time-
dependent endocytosis of wt-CCRS (filled circles) and R126N-CCR5 (open circles) induced by 100 nM CCL4 at 37°C.
The results, presented as the means + SD of three independent determinations, indicate the amount of receptors,

expressed in %, that remains at the cell surface following CCL4 stimulation, as compared to untreated cells.

Figure 4 — Wt-CCR5 and R126N-CCR5 are subjected to phosphorylation — Basal and CCLA4-induced
phosphorylations of wt-CCR5 and R126N-CCR5 were compared in HEK 293T cells expressing similar amounts of
receptors (see Fig. 1). (A) **P-labeled cells were incubated in the absence or presence of 500 nM CCL4 for 30 min at
37°C. Following solubilization of cells, one mg of proteins was immunoprecipitated overnight and the labeling of
immunoprecipitated receptors was assessed using a Molecular Dynamics Phosphorimager. Control experiments
performed with parental HEK 293T cells (P) are also shown. (B) The experiment was carried out as in (A). Basal
phosphorylation of receptors in the presence of 1 uM TAK779 for 4 h is shown. (C) Immunodetections using the MC-5
mAb of precipitated wt-CCR5 and R126N-CCR5 (IP panel) versus those of receptors in whole cell lysates (L panel).
(D) The phosphorylation amounts of receptors depicted in figure (B) are normalized for the amounts of
immunoprecipitated receptors, which were determined as illustrated in figure C (IP panel). The symbols are the
following: open bars, basal; grey bars, 1 uM TAK779; black bars, 500 nM CCLA4. (E) Phosphorylation of wt-CCR5 and
R126N-CCR5 at Ser-337 (left panel) and Ser-349 (right panel), in the absence (open bars) or presence (filled bars) of
100 nM CCLA4. The histograms are derived from sandwich ELISA experiments using phosphosite-specific mAbs and
calibrated with a BSA-phosphopeptide standard protein as detailed under “Materials and Methods’. A representative
experiment out of three independent determinations performed in triplicate (means = SD) is shown. The results are

expressed in arbitrary units (AU) normalized for one mg of cell proteins.

Figure 5 — Effects of B-arrestin2 on cell surface expressons of wt-CCR5 and R126N-CCR5 — Expression of wt-
CCRS5 or R126N-CCRS5 at the surface of CHO (A) and HEK 293T (B) cells transiently transfected either with pN1-
EGFP (N1) or pB-arrestin2-EGFP (Barr2), in the absence (open bars) or presence of 100 nM CCL4 for 45 min at 37°C

(filled bars), was assessed by flow cytometry using the anti-CCR5 mAb PE-2D7. The results (means £ SEM of 3t0 5
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independent determinations) represent receptor expression at the surface of GFP-positive gated cells, expressed as
percent of the values in GFP-positive, pN1-EGFP-transfected cells in the absence of CCL4 (100%). p values in

student’ st test are mentioned as follows: sk, p <0.05, sk, p < 0.01, k2%, p < 0.001.

Figure 6 - Effects of B-arrestin2 on chemotaxis of wt-CCR5- or R126N-CCR5-expressing HEK 293T cells —
CCL4-induced-chemotaxis of wt-CCR5- or R126N-CCR5-expressing cells, transiently transfected either with N1 or
Barr2, was evaluated using a Transwell system. CCL4 was used at the indicated concentrations. The data are from a
representative experiment out of two and represent chemotaxis indexes of GFP-positive gated cells. We controlled that
non transfected cells, GFP-negative gated cells and pN1-EGFP-expressing cells respond similarly to CCL4 stimulation

(data not shown). Spontaneous migrations, i.e. dotted line, were nearly equal for all cell populations.
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