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Abstract

In G protein-coupled receptors (GPCRs), the interaction between the cytosolic ends of transmembrane helix 3 (TM3) and TM6was shown to play an
important role in the transition from inactive to active states. According to the currently prevailing model, constructed for rhodopsin and structurally
related receptors, the arginine of the conserved “DRY”motif located at the cytosolic end of TM3 (R3.50) would interact with acidic residues in TM3 (D/
E3.49) and TM6 (D/E6.30) at the resting state and shift out of this polar pocket upon agonist stimulation. However, 30% of GPCRs, including all
chemokine receptors, contain a positively charged residue at position 6.30 which does not support an interaction with R3.50. We have investigated the
role of R6.30 in this receptor family by using CCR5 as a model. R6.30D and R6.30E substitutions, which allow an ionic interaction with R3.50, resulted
in an almost silent receptor devoid of constitutive activity and strongly impaired in its ability to bind chemokines but still able to internalize. R6.30A and
R6.30Q substitutions, allowing weaker interactions with R3.50, preserved chemokine binding but reduced the constitutive activity and the functional
response to chemokines. These results indicate that the constitutive and ligand-promoted activity of CCR5 can bemodified bymodulating the interaction
between the DRY motif in TM3 and residues in TM6 suggesting that the overall structure and activation mechanism are well conserved in GPCRs.
However, the molecular interactions locking the inactive state must be different in receptors devoid of D/E6.30.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The CC chemokine receptor CCR5 is expressed on memory
T lymphocytes and the monocyte-macrophage lineage [1–3]
and responds to nanomolar concentrations of MIP-1α/CCL3,
MIP-1β/CCL4, RANTES/CCL5, MCP-2/CCL8 and a truncat-
ed form of HCC-1/CCL14 [4–6]. When expressed in
recombinant systems, CCR5 displays a constitutive activity
that is inhibited by inverse agonists such as TAK-779 [7]. The
physiological significance of this constitutive activity in vivo
remains however to be determined. In addition to its role as a
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chemokine receptor involved in the recruitment of leukocytes in
a number of physiological and pathological situations (such as
rheumatoid arthritis, graft rejection, neurodegenerative diseases
and asthma), CCR5 constitutes the major co-receptor for
macrophage-tropic strains of human immunodeficiency virus
(HIV). It allows, together with CD4, the binding of the viral
particles to the cell surface through the envelope protein gp120,
and this interaction triggers the subsequent membrane
fusion process [8,9]. CCR5 forms homodimers, but also
heterodimers with its closest homologue CCR2, in a ligand-
independent manner [10–16]. This oligomeric organization was
demonstrated in native cells, and has functional consequences,
as negative binding cooperativity was demonstrated between
the binding pockets of each protomer, resulting in the binding of
a single chemokine molecule per receptor dimer [15,16].
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In the absence of experimentally determined tridimensional
structures for any other member of the GPCR family,[17] the
bovine rhodopsin crystal structure is used as a template for
homology modeling of rhodopsin-like GPCRs and as a common
support for structure–function relationship studies [18]. Bio-
chemical and biophysical approaches, supported by modeling
studies, have identified key structural motifs involved in the
activation mechanism of GPCRs [19–22]. Labeling of receptors
with fluorescent probes sensitive to the changes in biophysical
environment provided evidence that activation of selectedGPCRs
involved relative movements of their TM3 and TM6, suggesting
that the activation mechanisms would require the disruption of
intramolecular interactions that stabilize the receptor in its
inactive conformation [23]. One such constrain is the ionic lock
between the arginine of the highly conserved (D/E)RY motif in
TM3 with its adjacent Asp/Glu residue and an Asp/Glu residue at
the cytoplasmic end of TM6, which is conserved in a large subset
of GPCRs [24]. Disruption of these constrains can be promoted
either by agonists or by mutations affecting the key residues
involved and it has been demonstrated that charge-neutralizing
mutations of D3.49 or R3.50 in TM3, and D/E6.30 in TM6,
results in increased constitutive activity of rhodopsin and a
number of structurally-related class A GPCRs [19,25–29].
However, these charged residues are not shared by all GPCRs
and different interactions might therefore regulate the equilibrium
between inactive and active states in some receptor subfamilies,
more distantly related to rhodopsin. Among these, chemokine
receptors in general and CCR5 in particular do not share with
rhodopsin the negatively charged residue at position 6.30, which
is occupied by an arginine. It was also shown previously that
mutation of D3.49, within the “DRY box” of CCR5, results in a
reduction, rather than an increase, of both the basal and agonist-
induced activity of the receptor [7]. We have now extended this
study by investigating more specifically the role of the R6.30
residue located at the cytosolic end of TM6. The nature of this
amino acid does not allow an ionic interaction with the R3.50 of
TM3 and the locking of CCR5 in an inactive state. In addition,
chemokine receptors contain also the family-conserved D2.40 in
TM2, which is Asn in rhodopsin and in most other members of
class A GPCRs. It was shown that mutation of D2.40 increased
the constitutive activity of the chemokine-homologous Kaposi's
sarcoma-associated herpesvirus GPCR [30]. In order to study the
role of these chemokine family-specific residues we replaced by
using site-directed mutagenesis R6.30 and D2.40 with various
amino-acids to modulate their potential inter-helical interactions
and analyzed the properties of the resulting mutants in terms of
cell surface expression, receptor dimerization, chemokine
binding, basal and chemokine-stimulated activity and receptor
internalization.

2. Experimental procedures

2.1. Numbering scheme of GPCRs

We use in this work a general numbering scheme identifying residues located
at the same position in the transmembrane segments of different receptors [31].
Each residue is numbered according to the helix (1 through 7) in which it is
located and to the position relative to the most conserved residue in that helix,
arbitrarily assigned to 50. For instance, R6.30 is the arginine in transmembrane
helix 6 (TM6) twenty residues before the highly conserved proline P6.50.

2.2. Construction of CCR5 mutants

Plasmids encoding the CCR5 mutants were constructed by site-directed
mutagenesis using the QuikChange method (Stratagene). Following sequencing of
the constructs, the mutated coding sequences were subcloned into the bicistronic
expression vector pEFIN3, as previously described, for the generation of stable cell
lines [32]. All constructs were verified by sequencing prior to transfection.

2.3. Expression of mutant receptors in CHO-K1 Cells

CHO-K1 cells were cultured in Ham's F-12 medium supplemented with 10%
fetal calf serum (Invitrogen), 100 units/ml of penicillin and 100 μg/ml of
streptomycin (Invitrogen). Constructs encoding wild-type or mutant CCR5 in the
pEFIN3 vector were transfected using FusGENE 6 (Roche Molecular Bio-
chemicals) in a CHO-K1 cell line expressing an apoaequorin variant targeted to
mitochondria. Selection of transfected cells was made for 14 days with 400 μg/ml
G418 (Invitrogen) and 250 μg/ml zeocin (Invitrogen, for maintenance of the
apoaequorin encoding plasmid) and the population of mixed cell clones
expressing wild-type or mutant receptors was used for binding and functional
studies. Cell surface expression of the receptor variants was measured by flow
cytometry using monoclonal antibodies recognizing different CCR5 epitopes:
2D7 (phycoerythrin-conjugated, PharMingen) or MC-5 (kindly provided by
Mathias Mack, Munich, Germany). Unlabeled monoclonal antibodies were
detected by a phycoerythrin-coupled anti-mouse IgG secondary antibody (Sigma).

2.3.1. GTPγS binding assay
Membranes (10–20 μg) of cells expressing CCR5 were incubated for 15 min

at room temperature in binding buffer (20 mM HEPES, pH 7.4, 100 mM NaCl,
3 mM MgCl2, 3 μM GDP, 10 μg/ml saponine) containing chemokines or mAbs
in 96-well microplates (Basic Flashplates, PerkinElmer Life Sciences).
GTPγ35S (0.1 nM, Amersham) was added and microplates were incubated for
30 min at 30 °C in the absence or presence of 1 μM TAK-779. Incubation was
stopped by centrifugation of the microplates for 10 min at 800 g and 4 °C,
followed by supernatant removal. Microplates were counted in a TopCount
(Packard Instrument Co.) for 1 min per well.

2.3.2. Binding assay
Cells expressing receptors were grown near to confluence, collected from

plates in Ca2+- and Mg2+-free PBS, centrifuged for 5 min at 1500 g and washed
with PBS. Cells were then resuspended in buffer A (15 mM Tris–HCl pH 7.5,
2mMMgCl2, 0.3 mMEDTA, 1mMEGTA) and disrupted in a glass homogenizer.
The homogenates were first centrifuged for 5 min at 500 g and the resulting
supernatants at 40,000 g for 30 min at 4 °C. The cell membrane pellet was washed
in buffer A, and resuspended in buffer B (75 mM Tris–HCl pH 7.5, 12.5 mM
MgCl2, 0.3 mM EDTA, 1 mMEGTA, 250 mM sucrose) at a protein concentration
of approximately 1 mg/ml. Competition binding experiments were performed by
using 0.2 nM 125I-MIP-1β as labeled tracer and variable concentrations of
chemokines as unlabeled competitors. Samples were incubated for 60min at 27 °C,
and then bound tracer was separated by filtration throughGF/B filters presoaked in
0.5% BSA. Filters were counted in a γ-scintillation counter. Binding parameters
were determined with the PRISM software (Graphpad Softwares) using nonlinear
regression applied to a single site binding model.

2.4. Aequorin-based functional assay

The functional response to chemokines was estimated by an aequorin-based
assay [5]. Briefly, cells were harvested from plates with Ca2+- and Mg2+-free
DMEM supplemented with 5 mMEDTA and centrifuged for 2 min at 1000 g. The
pellet was resuspended in DMEMat a density of 5×106 cells/ml, and incubated for
4 h in the dark in the presence of 5 μM coelenterazine H (Promega Corporation).
Cells were then diluted 5-fold before use. Variable concentrations of chemokines in
a volume of 50 μl of DMEMwere added to 50 μl of cell suspension (25,000 cells)
per well. Luminescence was measured for 30 s in an EG and G Berthold
luminometer (PerkinElmer Life Sciences). Half-maximal effective concentrations



Fig. 1. A. Evolution of the unit twist angles (°) of a standard Pro-kink helix
(dashed line) and TM6 of bovine rhodopsin (solid line). The amino acid
sequence of TM6 in rhodopsin is shown (P6.50 is underlined). (B, C) Detailed
view of the network of interactions involving highly conserved amino-acids
within TMs 2, 6, and 7 and Hx8 in rhodopsin (PDB code 1GZM) (B) and a
rhodopsin-based CCR5 model C. The strong distortion at P6.50 is partly
stabilized by water#1, which links the backbone carbonyl at position 6.47 with
the backbone N–H amide at position 6.51. Water#9 mediates an inter-helical
interaction between the side chain of N7.49 and the backbone carbonyl at
position 6.40 to maintain the receptor in the inactive state. Water#7 participates
in a network of interactions between Y7.53 with N2.40 in rhodopsin or D2.40 in
CCR5 and FY.53. The ionic lock linking the intracellular part of TM3 and TM6
in rhodopsin is absent in CCR5 due to the presence of R6.30 instead of E6.30.
The α-carbon ribbons of TM2 (goldenrod), TM3 (dark red), TM6 (orange) and
TM7 (blue) are displayed. A standard Pro-kink α-helix (depicted as a cylinder)
is superimposed onto the backbones of the WxP(F/Y) motif and residue 6.40 of
TM6 in the CCR5 model.
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(EC50) were determined with the GraphPad Prism software using nonlinear
regression applied to a sigmoidal dose-responsemodel. The reported values are the
mean±S.E.M. of at least three independent experiments.

2.5. Phosphorylated p42/p44 MAP-kinase assay

Cells were serum-starved for 24 h and resuspended in 37 °C pre-warmed
serum-free DMEM one hour before stimulation. After 3 min of stimulation with
various concentrations of MIP-1β, cells were collected by centrifugation and
heated to 100 °C for 5 min in lysis buffer (100 mM Tris-HCl, pH 6.8, 4 mM
EDTA, 4% SDS, 20% glycerol, and 0.02% β-mercaptoethanol). For Western
blot analysis, solubilized proteins corresponding to 5×105 cells were loaded
onto 10% SDS-polyacrylamide gels in a Tricine buffer system. After transfer to
nitrocellulose membranes, proteins were probed with mouse anti-phospho-p42/
p44 (1:1000) or rabbit anti-total-p42/p44 (1:2000) antibodies (Cell Signaling
Technology). Immobilized antigen–antibody complexes were detected with
secondary horseradish peroxidase conjugated anti-species-IgG-(Amersham),
developed by enhanced chemiluminescence (ECL+, Amersham).

2.6. Receptor down-modulation assay

Cells were serum-starved for 12 h and incubated at 37 °C for 30min in DMEM
in the presence or absence of CCL4 at various concentrations. Once treated, cells
were placed on ice and then washed twice with ice-cold PBS. To remove receptor-
bound CCL4, cells were incubated for 2 min in 50mM glycine, pH 2.7, containing
100 mMNaCl, and subsequently diluted up to 1 ml with ice-cold PBS/0.1% BSA/
0.1% NaN3 buffer. Cells were washed twice with the same buffer before staining
with PE-conjugated 2D7 mAb and analysis by flow cytometry. No receptor down-
modulation was found when cells were incubated at 4 °C in the presence of ligand.

2.7. BRET assay

The cDNAs encoding EYFP and a humanized form of Renilla luciferase
were fused in frame to the 3′ end of CCR5 in the pcDNA3.1 vector, as described
previously [12]. A BRET protocol adapted to cell monolayers was developed
and the BRET experiments performed as described [20,33]. Human embryonic
kidney (HEK-293T) cells were transfected by the calcium phosphate
precipitation method with different receptor combinations. A control corre-
sponding to mock-transfected cells was included in order to subtract the raw
basal luminescence. Forty-eight hours after transfection, the BRET measurement
was performed using a Mithras LB 940 Multilabel Reader (Berthold) as described
[15,20]. The BRET ratio is defined as [(emission at 510–590)/(emission at 440–
500)]−Cf where Cf corresponds to (emission at 510–590)/(emission at 440–500)
for the -hRluc construct expressed alone in the same experiment.

2.8. Molecular modeling

The previously reported molecular model of CCR5 was used throughout this
manuscript [34,35]. This model takes into account the presence of the T2.56-X-
P2.58 motif in TM2 that results in the bending of its extracellular moiety toward
TM3 [36] and the subsequent relocation of TM3 toward TM5 [35]. Water
molecules 1, 2, 7, 9, and 12 observed in the P6.50/D2.50/N7.49/Y7.53
environment of rhodopsin were also included in the model [37]. These structural
water molecules mediate a number of interhelical interactions that are important
in maintaining the inactive state of the receptor [20,21]. Several procedures have
been described for measuring the distortion of transmembrane α-helices [38,39].
We will refer in this manuscript to two relevant parameters. First, the bend angle,
defined as the angle between the axis of the cylinders formed by the residues
preceding and following themotif that induces the distortion in the helix. Second,
a residue-residue twist angle, or unit twist, calculated for sets of four consecutive
Cα atoms, i.e. one turn, to analyze helical uniformity [38]. An ideal α-helix, with
approximately 3.6 residues per turn, has a unit twist of approximately 100° (360°/
3.6). A closed helical segment, with b3.6 residues per turn, possesses a unit twist
N100°, whereas an open helical segment, with N3.6 residues per turn, possesses a
unit twist b100°. Correlation between the physico-chemical properties of the side
chains at various positions were obtained with the Alignment Explorer Software
available at the GRIS database http://gris.ulb.ac.be [40].
3. Results

3.1. Computational analysis of TM 6 and its environment in
rhodopsin and chemokine receptors

In rhodopsin, TM6 displays a bend angle of 35°, which is
much higher than the average 20° bend angle of Pro-kinked α-
helices, and is opened by 20° at the 6.46–6.49 turn (N3.6 residues/
turn, twist of 79°) (Fig. 1A) [37,41,42]. This extreme conforma-
tion of TM6, in which both the bend and the twist angles are
modified, is energetically stabilized through two structural and
functional elements. First, a discretewatermolecule in the vicinity
of P6.50 of the highly conserved WxP(Y/F) motif stabilizes this
unusual Pro-kink conformation. Opening of the helix at the 6.46–

http://gris.ulb.ac.be


Fig. 2. Cell surface expression of CCR5 mutants. Cell surface expression of wt
or mutant forms of CCR5 was measured by fluorescence-activated cell sorting
using 2 different monoclonal antibodies. The 2D7 antibody (open bars)
recognizes a conformational epitope centered on ECL2, whereas MC-5 (filled
bars) targets a linear epitope located in the N-terminal domain of CCR5. Values
represent the average of mean cell fluorescence derived from three independent
experiments (error bar indicate S.E.M.).

1449J.-Y. Springael et al. / Cellular Signalling 19 (2007) 1446–1456
6.49 turn disrupts the intra-helical hydrogen bond between the
carbonyl group at position 6.47 and the N–H amide at positions
6.51 (Fig. 1B). Wat#1 acts as a hydrogen bond acceptor in the
interaction with the backbone N–H amide at position 6.51, and as
a hydrogen bond donor in the interactions with the backbone
carbonyls at positions 6.47 and 7.38 [37]. Importantly, 60% of
Class A GPCRs contain a non-bulky aminoacid at position 7.42
(A:40%; G:20%), creating a small cavity between TM6 and TM7
Fig. 3. Oligomerization of CCR5 mutants. HEK-293T cells were transfected with a co
of the corresponding EYFP fusion. Dimerization of CCR5 was investigated by measu
represents the BRET ratio (see Experimental procedures) over the relative level of ex
GraphPad Prism software v4.0 using nonlinear regression assuming a single-site s
experiments carried out with triplicate data points (error bars indicate S.E.M.). Open
hRLuc and GABAbR2-EYFP used as a control of specificity.
that allows accommodation of this water molecule [43]. The fact
that chemokine receptors possess W6.48, involved in the process
of receptor activation as shown in the structure ofmetarhodopsin I
[17,22,44], P6.50, and the non-bulky Ala or Gly at position 7.42
suggest that the interface between TMs 6 and 7 at the extracellular
domain is similar to rhodopsin (Fig. 1C). The second element that
stabilizes the strong bend of TM6 is the ionic and polar interaction
of E6.30 and T6.34 with R3.50 of the (D/E)RY motif in TM3
(Fig. 1B) [19,45]. Disruption of this ionic lock induces large
conformational changes of TM3 and TM6, considered to be an
essential step in the process of GPCR activation [23]. In contrast
to the highly conserved (D/E)RYmotif in TM3, the acidic residue
at position 6.30 is only present in 32% of GPCRs [46,47]. Opioid
receptors feature a Leu in 6.30, and the role of E6.30 in rhodopsin
is likely to be played by T6.34 in opioid receptors, through a
similar although specific set of intramolecular interactions with
R3.50 [45]. Chemokine receptors, as well as about 34% of class A
GPCRs, contain a basic residue at position 6.30 (K: 18%, R: 16%)
[46]. As the presence of a positively charged residue at that
position is incompatible with an interaction with the R3.50 of
TM3, the network of TM3–TM6 interhelical interactions in these
receptors is likely different from that determined in rhodopsin
(Fig. 1C, see discussion). Thus, we aim to explore the putative
role of the positive side chain at position 6.30 in CCR5.

Another important element in the process of GPCR activation
is the highly conserved NPxxY motif in TM7. N7.49 acts as an
on/off switch by adopting two different conformations in the
inactive and active states [20]. N7.49 is restrained in the inactive
state, in rhodopsin and possiblymost other GPCRs, towards TM6
by water#9, which mediates an inter-helical interaction between
nstant amount of the wt or mutant CCR5-hRLuc fusion and increasing amounts
ring the energy transfer between the two partners at room temperature. The graph
pression of CCR5-EYFP and CCR5-hRLuc. The analysis was performed using
aturation binding model. This figure is the compilation of three independent
squares in the upper left panel represent the transfer of energy between CCR5-



Fig. 4. Constitutive activity of CCR5 mutants. A. GTP-γ35S binding to membranes from CHO-K1 cells expressing wtCCR5 or CCR5 mutants. Constitutive activity
(white bars, left scale) corresponds to the value of bound GTP-γ35S in buffer alone (100%) minus de value in the presence of TAK-779. Stimulated activity (black
bars, right scale) corresponds to the value of bound GTP-γ35S in presence of 50 nM RANTES reported minus the value of bound GTP-γ35S in buffer alone (100%).
The data represent the mean of five independent experiments, each carried out with triplicate data points (error bars indicate S.E.M.). B. Competition binding assays
were performed on CHO-K1 cells expressing wt or mutant CCR5, using 125I-MIP-1β as tracer and TAK-779 as competitor. The data were normalized for nonspecific
binding, determined in the presence of 300 nM MIP-1β (0%), and specific binding in the absence of competitor (100%). The displayed data are representative of at
least three independent experiments. All data points were performed in triplicates (error bars indicate S.E.M.).
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the side chain of N7.49 and the backbone carbonyl at position
6.40 (Fig. 1B) [48]. In addition, Y7.53 interacts with F7.60 inHx8
and with the side chain and backbone (via water molecule #7) of
N2.40 in TM2 (Fig. 1B). The Y7.53–F7.60 aromatic–aromatic
interaction is disrupted during receptor activation, leading to a
proper realigning of Hx8 [49,50]. The conservation pattern of
Fig. 5. Ligand binding properties of CCR5 mutants. Competition binding assays were
MIP-1α, MIP-1β, RANTES and MCP-2 as competitors. The data were normalized fo
specific binding in the absence of competitor (100%). The displayed data are represen
in triplicates (error bars indicate S.E.M.). No detectable binding was obtained for th
these amino-acids in the chemokine family and the rhodopsin-
family of GPCRs suggest a conserved mechanism. However,
chemokine receptors contain D2.40 as a substitute to the most
common N2.40 (see Fig. 1B and C). It was shown that co-
substitution of D2.40 by Ala and V3.49 by Asp, restoring the
DRY box, act synergistically to increase basal signaling in the
performed on CHO-K1 cells expressing CCR5, using 125I-MIP-1β as tracer, and
r nonspecific binding, determined in the presence of 300 nM MIP-1β (0%), and
tative of at least three independent experiments. All data points were performed
e R6.30D and R6.30E mutants (not shown).



Table 1
Binding and functional properties of WT and mutant CCR5 receptor

MIP-1α MIP-1β RANTES MCP-2

EC50 (nM) IC50 (nM) EC50 (nM) IC50 (nM) EC50 (nM) IC50 (nM) EC50 (nM) IC50 (nM)

CCR5wt 1.08±0.65 0.40±0.34 1.69±0.84 1.07±0.53 2.38±1.71 8.4±0.6 4.28±2.97 0.19±0.1
R6.30A 2.99±1.49 0.13±0.04 4.26±2.00 0.59±0.37 15.10±6.12 4.58±1.67 20.21±5.01 0.14±0.07
R6.30Q N.D. a 0.13±0.08 12.36±5.62 0.64±0.2 34.77±17.45 3.29±0.42 67.75±16.64 0.07±0.02
D2.40A 2.80±1.89 0.36±0.12 1.25±0.31 0.57±0.33 1.39±1.72 3.47±1.56 5.12±0.95 0.17±0.09
D2.40R 15.65±8.07 0.05±0.01 4.68±1.44 0.34±0.31 9.25±6.57 1.21±0.65 39.39±8.64 0.05±0.01
D2.40A/R6.30A 6.95±3.44 N.T. b 5.08±2.05 N.T.b 5.03±2.45 N.T.b 10.40±0.08 N.T b

The IC50 values were obtained from competition binding experiment using 125I-MIP-1β as tracer (as displayed in Fig. 5). The EC50 values were obtained from
functional dose-response curves using the aequorin assay (as displayed in Fig. 6). Values represent the mean±S.E.M. of at least three independent experiments.
a N.D.: not detectable.
b N.T.: not tested.
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chemokine-homologous Kaposi's sarcoma-associated herpesvi-
rus GPCR [30]. Thus, we also explored in this manuscript the
possibility of a relation between the family-specific negatively
charged D2.40 and positively charged K/R6.30 amino-acids.

We engineered mutants in which the positively charged
arginine 6.30 was substituted by either alanine (R6.30A), aspar-
tate (R6.30D), glutamate (R6.30E), or glutamine (R6.30Q); and
the negatively charged aspartate 2.40 was replaced by either
alanine (D2.40A), or arginine (D2.40R). We also combined some
of these point mutations to generate D2.40A/R6.30A and
D2.40R/R6.30D double mutants, with the aim of assessing their
Fig. 6. Functional response of CCR5 mutants. Functional responses of receptors were
range of concentrations of MIP-1β, MIP1α, RANTES or MCP-2 and luminescence w
the cells in absence of agonist (0%) and the maximal response obtained for each rece
determined by nonlinear regression using the GraphPad Prism software and a sig
independent experiments. All data points were performed in duplicates (error bars in
mutants in this assay (not shown).
additive effects; or rather their compensatory consequences on the
receptor function.

3.2. Cells surface expression of the mutant receptors

We first examined the expression of CCR5 mutants at the cell
surface by using two well characterized monoclonal antibodies
that recognize either a linear epitope at the N-teminus of the
receptor (MC-5) or a conformational epitope within the second
extracellular loop (2D7) (Fig. 2). The average fluorescence
observed in FACS revealed that the R6.30A, R6.30D, R6.30E,
measured using the aequorin-based functional assay. Cells were incubated with a
as recorded for 30 s. The results were normalized for the basal luminescence of
ptor with the 10 μM ATP (100%). The functional parameters (EC50, Emax) were
moidal dose-response model. The displayed data are representative of three
dicate S.E.M). No functional response was obtained for the R6.30D and R6.30E



Fig. 8. Chemokine-induced internalization of CCR5 mutants. CHO-K1 cells
expressing wild-type or mutant CCR5 were incubated with various concentra-
tions of MIP-1β (nM) at 37 °C. Cell surface CCR5 was detected by flow
cytometry using a saturating concentration of the 2D7-PE antibody. Results were
normalized for the fluorescence of unstimulated cells (100%) and for background
fluorescence (0%). All experiments were performed in duplicates (error bars
represent S.E.M.).

Fig. 7. MAP kinase activation by CCR5 mutants. Immunoblot detection of phosphorylated p42/p44 MAP kinases revealed with anti-phospho p42/p44. CHO-K1 cells
expressing either wt or mutant CCR5 were stimulated with MIP-1β at three different concentrations (1, 10, and 100 nM) (upper panel). Detection of total p42/p44 by
Western blotting was used to ascertain that an equal amount of material was loaded in each lane (lower panel). A typical experiment out of three performed
independently is shown.
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R6.30Q and D2.40A mutants displayed expression levels similar
to that of wild-type CCR5, whereas D2.40R showed decreased
expression. The D2.40A/R6.30A and D2.40R/R6.30D double
mutants were characterized by surface expression levels similar to
that of their single 2.40 counterpart. Western blot analysis
performed on crude lysates of cells expressing the mutant
receptors showed that the amount of CCR5 immunodetected
correlated well with cell surface expression measured by FACS,
indicating that the mutations did not affect the subcellular
partitioning of the receptor (data not shown).

3.3. Oligomerization of CCR5 mutants

We have previously reported BRET and binding data
demonstrating that CCR5 homodimerize [12,15]. Before
studying further the functional consequences of the mutations
on receptor properties, we tested whether these mutations could
influence CCR5 dimerization in living cells, by using the BRET
technique. As described previously [15], energy transfer was
detected between CCR5-hRLuc and CCR5-EYFP (Fig. 3) in an
agonist-independent manner. Similarly, energy transfer was
detected between the various mutants fused to hRluc and to
EYFP (Fig. 3). Similar transfers of energy were obtained
between CCR5 mutants fused to hRluc and wtCCR5-EYFP or
between wtCCR5-hRluc and mutants fused to EYFP (Supple-
mentary data). The parameters of energy transfer (BRET50,
BRETMAX) were in the same range for dimers of wild-type and
mutants receptors, confirming that the ability to form homo-
dimers is not affected by the mutations analyzed here.

3.4. Constitutive activity of the mutant receptors

CCR5 was previously reported to display a constitutive
activity, characterized by its ability to activate G proteins and
intracellular cascades in an agonist-independent manner [7,51].
This constitutive activity is best demonstrated in a GTPγ35S
binding assay and is abrogated by TAK-779, a non-peptidic
CCR5 ligand with inverse agonist properties. We determined the
functional consequences of the mutations and their combination
on the constitutive activity of CCR5 in a GTPγ35S binding assay
on membranes prepared from clones expressing similar levels of
receptor (Fig. 4A). As previously reported, GTPγ35S binding to
wild-type CCR5-expressingmembranes was partially inhibited in
the presence of TAK-779. In subsequent analyses, the GTPγ35S
binding in the presence of TAK-779was considered as the basal G
protein activity, while the increment in the absence of TAK-779
was recorded as a measure of the receptor constitutive activity.
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Mutation of the charged residues at positions 6.30 and 2.40
reduced the constitutive activity although to a variable degree.
R6.30A and D2.40A and D2.40R substitutions decreased the
constitutive activity by about half. In contrast, the R6.30Q,
R6.30D, R6.30E mutants were devoid of significant constitutive
activity. In order to ascertain that this apparent lack of constitutive
activity was not due to the inability of TAK-779 to bind the
receptor, the affinity of the compound was tested for selected
mutants in a competitive binding assay using MIP-1β as a tracer
and TAK-779 was found to bind the mutant receptors with the
same affinity as wild-type CCR5 (Fig. 4B). The combination of
R6.30A and D2.40A mutations resulted in additive effects as
compared to the individual mutations, while the combination of
R6.30D and D2.40R mutations did not restore constitutive
activity, suggesting that the two residues participate to distinct
interaction networks. Finally, we observed that most of these
mutants led, upon stimulation by RANTES, to a significant
increase of GTPγ35S binding (two- to four-fold the basal level),
with the exception of the R6.30D, R6.30E and R6.30D/D2.40R
mutants, for which the effect of the agonist was very weak.

3.5. Binding and functional properties of the mutant receptors

We next characterized the affinity of the mutant receptors
for various CCR5 agonists (RANTES, MIP-1β, MIP-1α and
MCP-2), by using 125I-MIP-1β as labeled tracer and the four
chemokines as competitors (Fig. 5 and Table 1). Replacement of
the arginine at position 6.30 by an aspartate or a glutamate
abolished detectable binding (data not shown), whereas the
R6.30A or R6.30Q substitutions did not affect significantly
chemokine binding to the receptor. The D2.40A and D2.40R
mutants bound chemokines as efficiently as wild-type CCR5.

The mutants were further tested for their functional response
in an aequorin-based calcium mobilization assay (Fig. 6 and
Table 1). In line with the results of the binding experiments, the
R6.30E and R6.30D mutants did not respond to chemokines in
this assay, up to a concentration of 1 μM. The functional
response of the R6.30A mutant was modestly impaired, while
that of R6.30Q was strongly reduced. Finally, the D2.40A
substitution did not affect signaling significantly, whereas the
D2.40R mutation reduced the efficacy of chemokines by about
one order of magnitude. Previous studies have shown that
activation of CCR5 can also lead to the activation of p42/p44
MAP-kinases [52,53].We therefore investigated the influence of
selected CCR5 mutations on MAP-kinases activation. Stimula-
tion of CCR5 by MIP-1β led to a dose-dependent activation of
p42/p44. In this assay, MIP-1β stimulated the R6.30A or
R6.30Qmutants althoughwith a reduced efficiency as compared
to wild-type CCR5. Unexpectedly, the R6.30E mutant, which
did not respond in a calcium mobilization assay, and for which
binding was undetectable, resulted in a significant activation of
p42/p44 for the highest concentrations of MIP-1β (Fig. 7).

3.6. Down-regulation of the mutant receptors

As for other GPCRs, CCR5 desensitization, as a result of
ligand stimulation, requires phosphorylation of the receptor C-
terminus and recruitment of β-arrestin, which ultimately leads
to clathrin-dependent internalization [54,55]. We thus investi-
gated whether mutant CCR5 receptors were impaired in their
chemokine-induced endocytosis behavior. Exposure to MIP-1β
for 30 min resulted in a dose-dependent decrease of cell surface
expression of wild-type CCR5. The R6.30A mutant behaved
similarly, which was not unexpected given the relatively mild
alteration of its binding and activation profile in other assays.
Interestingly, internalization of the R6.30D and R6.30E mutants
following MIP-1β stimulation was similar to that detected for
wild-type CCR5, despite their low affinity for chemokine
ligands (Fig. 8).

4. Discussion

On the basis of studies performed on various receptors, the
mechanism governing activation of rhodopsin-like G protein-
coupled receptors was proposed to involve a relative movement
of TM3 and TM6. According to a currently accepted model, the
cytoplasmic end of TM6 would, upon activation, move away
from TM3, while rotating on its axis [23,25] and the side chain
of residue R3.50 would shift out of a polar pocket formed by D/
E3.49 and D/E6.30 in the resting state [19,20,56]. The so-called
DRY lock model is supported by studies showing that mutations
of D/E3.49 or D/E6.30 neutralizing the side chains lead to
constitutive activity of receptors [19,25,27–29]. However, this
model was validated only for receptors sharing a negatively
charged residue at position 6.30, and about 30% of GPCRs,
including chemokine receptors, display a positively charged
residue at that position. We therefore questioned how to apply
the DRY lock model to such receptors. Using CCR5 as a model,
we investigated the role of positively charged amino-acids at
position 6.30 on the functional properties of GPCRs. To our
knowledge, this is the first study investigating such role in an
attempt to extend the DRY lock model to GPCRs that do not
share the key residues involved.

4.1. Functional role of R6.30 in CCR5 receptor

Before studying the functional consequences of the muta-
tions affecting R6.30, we tested the cell surface localization and
dimerization properties of the CCR5 mutants and showed that
all mutants were expressed at the cell surface (although at
reduced levels for some) and dimerized as efficiently as wild-
type CCR5. By using a GTPγ35S binding assay, we showed that
CCR5 displayed a significant constitutive activity, i.e. an
activity in the absence of agonist, which can be abrogated by the
inverse agonist TAK-779, in agreement with our previous
studies [7]. We show here that the level of constitutive activity
of the mutants is modified according to the nature of the
interaction allowed between R3.50 in TM3 and the side chain of
residue 6.30 in TM6. In the wild-type receptor, position 6.30 is
occupied by a positively charged residue (R6.30) that does not
support interaction with R3.50, and would rather promote
repulsion between TM3 and TM6. Neutralization of the residue
(R6.30A) decreases the constitutive activity by half. Allowing
an interaction by the introduction at position 6.30 of TM6 a
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hydrogen bonding amino-acid (R6.30Q) or an acidic residue
(R6.30D or E) results in a decrease of constitutive activity,
down to undetectable levels. This observation in CCR5 is
therefore reminiscent of situations described for D/E6.30-
containing receptors, in which the mutation of position 6.30
promoted constitutive activity. Despite the absence of a classical
DRY lock in CCR5, the overall structure of the receptor allows
such lock to take place when the appropriate side chains are
introduced, and as in other receptors, a correlation exists
between the opening of the cytoplasmic face of the receptor and
the interaction with the G protein [19,25–28,57]. However, in
contrast to other receptors, R6.30 does not appear to contribute
to maintaining the inactive state of CCR5, and other
intracellular constrains maintaining its inactive state need to
be considered. The recent finding that the D3.49N mutation,
affecting the residue adjacent to R3.50, results in a decrease of
CCR5 constitutive activity, rather than an increase as observed
in D/E6.30-containing receptors, supports this hypothesis [7].

We showed also that mutations R6.30D and R6.30E,
introducing in CCR5 the negative charge present in D/E6.30-
containing receptors, abolished the high affinity chemokine
binding, and most of the functional responses to chemokines.
The inability of chemokines to activate the receptor in most
assays, and the absence of detectable high-affinity binding site
can also be attributed to the restoration of an ionic lock between
D/E6.30 and R3.50. In the presence of D/E6.30, the inactive
state is locked in such a way that agonist binding cannot trigger
the conformational change to the active conformation (or very
inefficiently), and only low affinity binding occurs. For CCR5,
such low affinity site cannot be detected provided the
expression level and the nonspecific binding of chemokines to
proteoglycans. Similar results were observed for the μ opioid
receptor that contains a leucine at position 6.30. Replacement of
this leucine with a lysine increased the affinity of the receptor
for its ligand, while its replacement by glutamate decreased
significantly its affinity [45]. Interestingly, G protein-coupling
is required for high affinity binding to these two receptors
[16,58]. G protein interaction likely stabilizes the active
conformation of the receptor, following the movement of
TM6 away from TM3. G protein uncoupling or increasing the
interaction between TM3 and TM6 therefore prevent the
formation of a high affinity binding site, while repulsion
between the two helices would favor the transition.

Interestingly, we observed that the R6.30D/E mutants, while
unable to bind MIP-1β with high affinity and to signal in a
calcium mobilization assay, were still able to stimulate MAP-
kinases, and displayed internalization in response to MIP-1β.
Inactive forms of other GPCRs were also shown to internalize
as efficiently as their wild-type counterpart [59,60]. It was also
reported that some receptor mutants bind efficiently their
ligands without any subsequent internalization [61]. Our
observations therefore support further the previous concept
following which a receptor can adopt a range of active
conformations, each linked to a set of downstream events, and
that various signaling and internalization processes can be
dissociated either by specific mutations, or according to the
agonist used to activate the receptor.
CCR5 contains the known signatures distinctive of the
rhodopsin family of GPCRs (the DRY, WxP(F/Y), and NPxxY
motifs), involved in the process of receptor activation.
However, the absence of the ionic lock between TM3 and
TM6 in CCR5 due to R6.30 probably induces TM6 to adopt a
less distorted Pro-kink α-helix. Fig. 1C shows the result of
superimposing a more standard Pro-kink conformation (shown
as a cylinder) to the highly conserved signatures in TM6, the
backbones of the WxP(F/Y) motif and residue 6.40 engaged in
the hydrogen bond with N7.49 of the NPxxY motif (see
Results).

4.2. Functional role of D2.40 in CCR5

We showed also in this study that the D2.40A and D2.40R
mutants display a reduced constitutive activity compared to
wild-type CCR5. The functional consequences of mutations
affecting D2.40 and R6.30 were essentially additives
suggesting that these two residues participate to independent
interaction networks. Nevertheless, mutation of D2.40 affects
the receptor's function, and this residue appears therefore as
involved in the CCR5 activation mechanism. In class A
(rhodopsin-like) GPCRs, position 2.40 is occupied by either
Asn (40%), Asp (10%), Phe, Tyr, or His (16%), Ser or Thr
(14%), Lys or Arg (4%), or other amino acids (16%) [46].
The N2.40A mutation in rhodopsin results in decreased Gt-
dependent activation by approximately 27% [62], while the
R2.40H substitution in the TSH receptor decreases TSH-
dependent cAMP response [63]. Thus, in these two other
receptors, residue 2.40 also appears important in stabilizing
the active state of the receptor.

5. Conclusion

Taken together, our data support the concept that CCR5
shares a common structure with rhodopsin and other receptors
for which the DRY lock was proposed. This means that the
intracellular parts of TM3 and TM6 interact in the resting state
and separate upon activation of the receptor. However, position
6.30 does not contribute to maintaining the inactive state of the
receptor through an ionic interaction with R3.50, but rather
favors the active state. Neutralization of this residue results in a
decreased constitutive activity while introduction of a negative
charge generates a receptor that has lost most of its signaling
properties and its ability to bind chemokines with high affinity.
It appears therefore that the inactive state of GPCRs is
maintained by a complex network of interactions between
transmembrane helices. For some receptors, the DRY lock
seems to play an important role within this network, in others
the side chains involved in the DRY lock are not present, and
other interactions are expected to play a similar role. Restoring
an operational DRY lock in these receptors favors greatly the
inactive state, in such a way that agonists are now unable to
promote efficiently the conformational change. Finally, our data
bring further support to the existence of multiple active states of
GPCRs, each being able to trigger a distinct set of downstream
events.
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