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The chemokine receptor CCR5 is the principal core-
eptor for R5 (macrophage-tropic) strains of HIV-1.
CR5 uses G-proteins as transducing elements. Here
e report the biochemical consequences of the inter-
ction between CCR5 and G-proteins. Macrophage in-
ammatory protein-1b (MIP-1b) binding to CCR5 was
otently and specifically inhibited by guanine nucleo-
ides. The molecular mechanism of this inhibitory ef-
ect was shown to be a dose-dependent reduction in

IP-1b receptors. We also show that the MIP-1b bind-
ng site is allosterically regulated by monovalent cat-
ons and that binding of this endogenous agonist is
ighly temperature sensitive and dependent on diva-

ent cations, characteristic of a G-protein-coupled
eceptor (GPCR). HIV-1 envelope glycoprotein de-
reased the affinity of CCR5 for MIP-1b but also al-
ered the kinetics of MIP-1b binding to CCR5, proving
hat it interacts with a distinct, but allosterically cou-
led binding site. The findings described herein con-
ribute to our understanding of how CCR5 interacts
ith chemokines and HIV-1 envelope. © 2001 Academic

ress

Key Words: chemokine receptor; CCR5; G-protein-
oupled receptor; HIV-1 envelope; macrophage inflam-
atory protein-1b; guanine nucleotides.

Chemokines provide directional cues for the move-
ent of leukocytes in development, homeostasis, and

nflammation (1–5). The dramatic increase in the se-
retion of chemokines during inflammation results in
he selective recruitment of leukocytes, including
-lymphocytes, into inflamed tissues. Generally, che-

1 This work was supported by NYU–CFAR AIDS Institutional
raining Grant AI-07382-09 to R.S. J.C.B. is the recipient of a VA
areer Development Award.

2 To whom correspondence and reprint requests should be ad-
ressed at Bronx VA Medical Center, 130 Kingsbridge Road, ID
ection 111F, Bronx, NY 10468. Fax: (718) 741-4606. E-mail:
andresj01@att.net.
41
itro responses include chemotaxis, enzyme release
rom intracellular stores, oxygen-radical formation, cy-
oskeletal rearrangements, generation of lipid media-
ors and induction of adhesion to endothelium or ex-
racellular matrix proteins (3–5). More recently,
hemokines and their receptors have been also shown
o play a key role in the regulation of angiogenesis and
euronal cell regulation (6, 7). In 1996, the chemokine
eceptor CCR5 was identified as the principal HIV-1
oreceptor for R5 tropic isolates (8–12). This discovery
as based on observations that a number of CC che-
okines can suppress infection of T-cells with R5

ropic, but not X4 tropic HIV-1 strains (13). The impor-
ance of chemokine receptors in the events leading to
IV-1 infection was reinforced by the discovery that
omozygosity for a 32-base-pair deletion in the human
CR5 gene, which produces a truncated protein that is
ot expressed on the cell surface, was found to confer
esistance to infection by HIV-1 (14–16). HIV-1 viral
nvelope glycoprotein has also been shown to inhibit
hemokine binding to CCR5, however the mechanism
f this inhibitory effect has not been investigated.
Chemokine receptors belong to the superfamily of
TP-binding protein coupled receptors (GPCR) (3). Ac-

ivation of a GPCR by an agonist engenders a confor-
ational change in the receptor that promotes inter-

ction with G-protein, which results in substitution of
DP with GTP and subsequent hydrolysis of GTP. In

he presence of GTP, the complex is not stable and the
-protein dissociates into subunits, and the receptor is
ncoupled from the G-protein (17, 18). Hereby, gua-
ine nucleotides regulate the interaction of ligand with
eceptor by promoting the conversion of the receptor
rom a high-affinity to a low-affinity state. This has
een documented for many receptors, the most thor-
ughly studied of which has been the b-adrenergic
eceptor (19). Here we describe that guanine nucleo-
ides modulate the number of binding sites for MIP-1b
ithout the appearance of a detectable low-affinity
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



binding state. We also show that the gp120–sCD4 com-
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lex inhibits chemokine binding to CCR5 by interac-
ion with a distinct, allosterically coupled binding site.

ATERIALS AND METHODS

aterials

Recombinant soluble CD4 (sCD4) was produced in CHO cells
Intracel, Issaquah, WA), 125I-MIP-1b (sp act 2200 Ci/mmol) was
urchased from New England Nuclear, R5 (macrophage-tropic) HIV
p120 (strain W61D) originates from Dutch Patient 320 from the
msterdam cohort and was a generous gift from Dr. Gerald Voss

Smith-Kline Beecham, Brussels, Belgium).

ell Culture

HOS–CCR5 cells were obtained from the AIDS Reagent Reference
rogram. Cells were grown in DMEM containing 10% fetal bovine
erum, 4 mM glutamine, 50 mg/ml of penicillin and streptomycin,
nd 1 mg/ml of puromycin.

inding Studies with Membrane-Bound CCR5
Membrane preparation. Crude membranes from HOS–CCR5

ells were prepared as described (20). Briefly, cells were rinsed with
hosphate-buffered saline (PBS), resuspended in lysis buffer (50 mM
epes, pH 7.4, 1 mM EGTA containing protease inhibitor cocktail)
nd then homogenized with 40 strokes with a tight pestle in a
ounce homogenizer. Nuclei and unbroken cells were then pelleted
y a low speed centrifugation (800g for 10 min at 4°C). The super-
atant was centrifuged at 45,000g for 30 min at 4°C. The crude
embrane pellet was washed once and then resuspended in above

uffer with the aid of a Dounce homogenizer.

eneral Assay Conditions

All binding studies were performed in 20 mM Hepes, pH 7.4, 1 mM
aCl2, 5 mM MgCl2, and 1% BSA, in a final assay volume of 0.1–0.25
l. The incubation temperature was 20°C, unless otherwise speci-
ed. 125I-MIP-1b (72–272 pM) was incubated with 0.048–0.17 mg/ml
OS–CCR5 membrane protein for 60 min. The definition of nonspe-

ific binding was 250 nM MIP-1b. Gp120 and sCD4 were preincu-
ated for 30 min at 20°C before addition to the binding assay.
eceptor-bound radioligand was separated from unbound ligand by
ltration through Whatman GF/C filters. Filters were washed twice
ith 4 ml of ice-cold incubation buffer containing 500 mM NaCl.

inetic Studies

For association kinetics of CCR5, gp120W61D and sCD4 (100 nM
ach) were preincubated with membranes for 30 min at 20°C and the
ssociation was started with 125I-MIP-1b. The reaction was termi-
ated at the indicated times by filtration. The data were normalized
sing the linearized, integrated second-order rate equation

@1/~L0 2 R0! p ln@~L0 2 x!/~R0 2 x!# 5 k11 p t 1 A,

here R 0 and L 0 are the total concentrations of receptor and radio-
igand, x is the receptor–ligand complex at the indicated times, t, and

is [1/(L o 2 R o)] p ln(L 0/R 0).
In dissociation experiments 125I-MIP-1b was incubated with HOS–

CR5 membranes in the absence and presence of 100 nM gp120W61D–
CD4 at 20°C for 60 min. Subsequently, dissociation was initiated by
he addition of 250 nM unlabeled MIP-1b. The reaction was termi-
ated at the indicated times by filtration. Data were transformed
42
he specifically bound radioligand at the indicated time after initia-
ion of the dissociation by unlabeled ligand, and B e is the concentra-
ion of radioligand specifically bound at equilibrium.

ata Analysis

Binding inhibition curves were parameter optimized using the
eneral dose–response equation according to DeLean et al. (21). The
issociation constant (KD) and the maximal density of binding sites
Bmax) were obtained by linear regression analysis after Scatchard
ransformation of the equilibrium saturation binding data.

ESULTS

nteractions between CCR5 and G-Proteins
in Membranes

One of the defining characteristics of a G-protein
ediated signal transduction pathway is the negative

eterotropic interaction between the binding of a gua-
ine nucleotide to the G-protein and the binding of the
gonist to its receptor (17, 18). In the absence of gua-
ine nucleotides, MIP-1b bound with high affinity to a
ingle class of binding sites in HOS–CCR5 membranes.

typical homologous competition curve is shown in
ig. 1A. Half maximal inhibition occurred at 492 6 108
M (mean IC50 from six independent experiments),
hich is in perfect agreement with the previously re-
orted IC50 value of MIP-1b binding to cellular CCR5
22). Scatchard analysis (Fig. 1B) of the equilibrium
aturation data revealed a homogeneous CCR5 recep-
or populations with a computed KD of 225 6 65 pM
nd a Bmax of 1.23 6 0.23 pmol/mg of membrane pro-
ein. The effects of several nucleotides on binding of
IP-1b to HOS–CCR5 membranes are shown in Fig.

A. GTP was a potent inhibitor of MIP-1b binding with
n IC50 of 115 nM (Fig. 2B). The inhibitory effect of
ucleotides was specific to GTP [or its nonhydrolyzable
nalogs GIDP, 59-guanylylimidodiphosphate and
TPgS, guanosine 59-O-(3-thiotriphosphate)] and
DP, which are known to bind to G-protein (17, 18),
hile GMP and ATP were without effect. More com-
rehensive studies of the interaction between CCR5
nd G-proteins were carried out with GTP. The effects
f GTP on the equilibrium binding properties of
IP-1b were determined from homologous competition

inding studies (Fig. 2B). In these experiments, mem-
ranes were pre-incubated with the indicated concen-
rations of GTP for 30 min. As can be seen in Fig. 2C,
TP caused a concentration-dependent decrease in the

omputed number of binding sites (Bmax), but had no
ffect on the affinity of the residual receptor sites. We
id not observe the appearance of a low-affinity state to
ccompany the loss of high-affinity sites.

emperature Dependence of MIP-1b Binding to CCR5

An agonist, in order to cause a biological effect, in-
uces an energy dependent conformational change in
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he receptor (17). We therefore examined the temper-
ture dependence of MIP-1b binding to CCR5. The
nteraction of CCR5 with its chemokine was extremely
ensitive to changes in incubation temperature. Incu-
ation at 4°C decreased binding by 95% (data not
hown).

ffect of Cations on MIP-1b Binding to CCR5

Since divalent cations promote agonist binding to
any GPCR in membranes by favoring the formation

f a high-affinity agonist/receptor/G-protein complex
17), we examined the effect of EDTA on MIP-1b bind-
ng to CCR5. Inclusion of 10 mM EDTA inhibited bind-
ng by 97% (Fig. 3A). Ca21 and Mg21 were essential for

IP-1b binding (data not shown), whereas Cd21 and
n21 blocked MIP-1b binding (Fig. 3A). It is well rec-

gnized that the interaction of receptor and G-protein
s allosterically regulated by Na1 and other monova-
ent cations (23). The site of Na1 action has been local-
zed to an aspartate residue in transmembrane helix

FIG. 1. Equilibrium binding parameters of 125I-MIP-1b to HOS–
CR5 membranes. (A) 84 pM 125I-MIP-1b were incubated with 0.08
g/ml of membrane protein in the presence of the indicated concen-

rations of unlabeled MIP-1b at 20°C for 60 min. IC50 value and slope
nH values) were calculated as described under Materials and Meth-
ds and the best fit curves drawn with the following parameters:
C50 5 550 pM, nH 5 1.12. (B) Scatchard transformation of equilib-
ium binding parameters. KD and Bmax values were calculated by
inear regression analysis: KD 5 290 pM, Bmax 5 1.40 pmol/mg, r 5
.98.
43
uces precoupling of the receptor (24). We therefore
xamined the effect of Na1, Li1, and K1 on MIP-1b
inding to CCR5 (Fig. 3A). The dose–response curve for
a1 is shown in Fig. 3B. The steep slope (pseudo-Hill

oefficient, nH 5 1.80) is indicative of an allosteric
odulation of the MIP-1b binding site.

p120–CD4 Complex Decreases
the Affinity for MIP-1b

It has been shown that gp120, in the presence of
CD4, inhibits binding of chemokines to CCR5 (25, 26),
ut the mechanism of this inhibitory effect has not
een clarified. In the absence of sCD4 the R5 tropic
p120W61D had no effect on MIP-1b binding (data not
hown), which confirms previous reports that binding
f HIV-1 viral envelope to CCR5 is absolutely depen-
ent on the interaction with CD4 (27). In the presence
f sCD4, 100 nM gp120W61D inhibited 125I-MIP-1b bind-
ng to CCR5 by 56 6 9%. We investigated the molecu-
ar mechanism of this inhibitory effect of the
p120W61D–CD4 complex. Homologous competition ex-
eriments were carried out in the absence and pres-
nce of 100 nM gp120W61D–sCD4. Scatchard analysis of
he equilibrium binding data revealed that gp120–
CD4 decreases the affinity of CCR5 for MIP-1b (KD 5
25 6 72 pM) with only a slight decrease in receptor
ensity (Bmax 1.08 6 0.21 pmol/mg). A typical experi-
ent is shown in Fig. 4.

p120W61D–sCD4 Affects Kinetics of MIP-1b
Binding to CCR5

Since gp120–sCD4 had mostly a KD effect on MIP-1b
inding to CCR5 in equilibrium binding experiments,
e examined this effect using kinetic studies. Dissoci-
tion kinetics revealed that gp120W61D–sCD4 acceler-
ted the decay of the MIP-1b–CCR5 complex (Fig. 5A),
roving that gp120W61D-CD4 is not a simple competitive
igand for the MIP-1b binding site (28). Gp120W61D–
CD4 also decelerated the association reaction of
IP-1b to CCR5 by 2.2-fold (Fig. 5B). The dissociation

onstants derived from kinetic constants were as fol-
ows: 112 pM in the absence and 340 pM in the pres-
nce of 100 nM gp120W61D–sCD4.

ISCUSSION

GPCRs serve as therapeutic targets for approxi-
ately 60% of the pharmaceutical agents currently

sed in clinical practice (29). Chemokines not only play
ajor roles in inflammatory pathology and may be

ood targets for anti-inflammatory drugs, but their
eceptors are also necessary cofactors for HIV-1 entry.
IV-1 entry blockers have received increasing atten-

ion, because they appear ideal therapeutic agents,
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ince they prevent infection a priori. For an effective
herapy to be developed, the molecular pathways need
o be characterized. It has become clear that G-proteins
lay an obligatory role in the activation of immune
ells by chemokines. Pertussis toxin (PTX), which
DP-ribosylates G, has been shown to inhibit a variety
f MIP-1b-stimulated responses in cells (30–33). On
he other hand, PTX was shown not to interfere with
he capacity of HIV-1 to infect T cell lines in vitro (30,
2, 34, 35). Also, truncation of the C-terminal tail of
CR5, which blocked chemokine-dependent activation
f classic second messengers, intracellular calcium
uxes, and the cellular response of chemotaxis, did not
lter the ability of CCR5 to act as an HIV-1 coreceptor
36). These results lead to the conclusion that the ini-
iation of signal transduction, the prototypic function
f GPCR, is not involved in the process of HIV-1 fusion.
urprisingly, a recent report described the important
nding that PTX specifically inhibited entry of HIV-1
hrough CCR5 in primary T cells and inhibited repli-
ation of R5 as well as X4 HIV-1 isolates (37). These
esults underscore the importance of the studies of the
nteraction of CCR5 and G proteins, not only for its
ole as a chemokine receptor, but also as an HIV-1
oreceptor.

FIG. 2. Effects of nucleotides on MIP-1b binding to CCR5. In th
ndicated concentrations of nucleotides for 30 min at 20°C and th

embrane protein were incubated with 265 pM 125I-MIP-1b in the ab
inding to CCR5. Half maximal inhibition (IC50) occurred at 115 nM
he saturation isotherms of MIP-1b binding to HOS–CCR5 membran
resence of 0.3 mM GTP (}), KD 5 299 pM, Bmax 5 0.68 pmol/mg, r 5
44
In this paper we have characterized the effects of the
CR5 interaction with G-protein on its binding prop-
rties for MIP-1b. We have shown that CCR5 in its role
s a chemokine receptor is profoundly affected by the
ssociation with G-protein. In the absence of guanine
ucleotide we observed a single class of high-affinity
inding sites for MIP-1b. Addition of GTP or the non-
ydrolyzable analog GTPgS potently and specifically

nhibited binding of MIP-1b to CCR5 in membrane
reparations. In the presence of GTP the G-protein is
nstable and dissociates into its subunits (17, 18). Un-
oupled from its G-protein, CCR5 is unable to bind
IP-1b. We suggest that the incomplete loss of binding

85% inhibition observed) is, in large part, due to the
naccessibility of some of the relevant G-proteins to
TP rather than receptor heterogeneity, as was also

uggested for the C5a receptor (38). Because the bind-
ng sites for MIP-1b and GTP lie on opposite sides of
he plasma membrane, receptor–G-protein complexes
ill not be accessible to GTP on sealed vesicles. Addi-

ion of GTP resulted in a dose dependent reduction in
he number of MIP-1b binding sites. It is well estab-
ished that guanine nucleotides regulate the interac-
ion of ligand with receptor by promoting the conver-
ion of the receptor from a high-affinity to a low-affinity

experiments HOS–CCR5 membranes were preincubated with the
eaction was started with 125I-MIP-1b. (A) 0.15 mg/ml HOS–CCR5
ce and presence of 100 mM nucleotide. (B) GTP inhibition of MIP-1b
hibition was incomplete (80%), nH 5 0.76. (C) Scatchard analysis of
n the absence (■), KD 5 274 pM, Bmax 5 1.12 pmol/mg, r 5 0.97 and
8 and 3 mM GTP (F), KD 5 272 pM, Bmax 5 0.26 pmol/mg, r 5 0.96.
ese
e r
sen
. In
es i
0.9
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tate (17–19). As we did not observe the appearance of
ow-affinity MIP-1b receptors to accompany the loss of
igh-affinity binding sites, the KD of the low-affinity
tate must be beyond the limits of detection in the

FIG. 3. Modulation of MIP-1b binding to HOS–CCR5 mem-
ranes by cations. (A) 180 pM 125I-MIP-1b were incubated with 0.15
g/ml membrane protein in the buffer described under Materials

nd Methods, 10 mM EDTA or 100 mM of indicated cations (chloride
alts) were included in the buffer. (B) Inhibitory effect of NaCl;
C50 5 57 mM, nH 5 1.80.

FIG. 4. Effect of gp120–sCD4 on equilibrium binding of MIP-1b
inding to CCR5. Scatchard analysis of homologous competition
inding: HOS–CCR5 membranes (0.048 mg/ml) were incubated with
17 pM 125I-MIP-1b in the presence of increasing concentrations of
nlabeled MIP-1b at 20°C for 60 min. Control (■), KD 5 204 pM,
max 5 1.18 pmol/mg, r 5 0.99; presence of 100 nM gp120W61D–sCD4
Œ). KD 5 497 pM, Bmax 5 0.95 pmol/mg, r 5 0.99.
45
inding assay, again resembling the C5a receptor (38).
n other aspects, CCR5 behaved like a typical GPCR.
inding of the agonist MIP-1b was allosterically regu-

ated by monovalent cations, dependent on Ca21/Mg21

nd extremely temperature sensitive. Given the impor-
ant recent findings that PTX interferes with entry of
5 strains of HIV-1 in primary T cells (37), it will be of
reat importance to determine the requirement of
-protein coupling for CCR5 to act as an HIV-1 core-

eptor. Studies of guanine nucleotide regulation of the
p120 binding site of CCR5 are currently underway in
his laboratory.

Finally, we examined the interaction of the
hemokine- and HIV-1 viral envelope binding sites of
CR5. It has been known that gp120 inhibits MIP-1
inding to CCR5 (25, 26). The molecular mechanism of
his inhibitory effect has not been elucidated. We show

FIG. 5. Effect of gp120–sCD4 on the kinetics of MIP-1b binding
o CCR5. (A) Dissociation kinetics of 125I-MIP-1b for CCR5. 0.15
g/ml HOS–CCR5 membrane protein was labeled in the absence

control) and presence of 100 nM gp120W61D–sCD4 with 173 pM
25I-MIP-1b at 20°C for 60 min. Dissociation was initiated by the
ddition of 250 nM unlabeled MIP-1b. Dissociation rate constants
ere determined as described under Materials and Methods: control

■), k21 5 0.0067 min21, r 5 0.98; presence of 100 nM gp120W61D–
CD4 (Œ), k21 5 0.0092 min21, r 5 0.99. (B) Linear transformation of
he association data according to the second order rate equation (see
aterials and Methods) to determine the association rate constant

11. Association was carried out in the absence (■) and presence of
00 nM gp120W61D–sCD4 (Œ). The slopes of the lines, as estimates of
he association rate constants were: control (■), 0.000060 pM21 3
in21; r 5 0.97; presence of 100 nM gp120W61D–sCD4 (Œ), 0.000027

M21 3 min21, r 5 0.99.
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CR5 for MIP-1b with only a minor effect on receptor
ensity (Bmax) in equilibrium binding studies. How-
ver, the gp120/sCD4 complex altered the kinetics of
IP-1b to CCR5, proving that it is an allotropic antag-

nist to MIP1-b (28). Therefore, the binding sites for
p120/sCD4 and MIP-1b are distinct, but allosterically
oupled. Using a panel of receptor chimeras, it has
een determined that regions of CCR5 involved in che-
okine ligand specificity and in the cofactor usage for

arious HIV-1 strains are not identical (39, 40). More
ecently, however, alanine-scanning mutagenesis and
-terminal truncation experiments suggested an over-

apping binding site of chemokines and gp120 on the
CR5 amino terminus (22). Others found only partially
verlapping binding sites (41). However, it is not
nown whether chemokines or gp120 interact directly
ith these regions or whether these mutations affect
verall CCR5 structure. Therefore, the results of our
inding studies add important information, since they
emonstrate that gp120–sCD4 binds to a site distinct
rom the MIP-1b binding site and that the inhibitory
ffect of gp120–CD4 must therefore be achieved by a
onformational change in CCR5. Because CCR5 che-
okines and analogs are potent inhibitors of HIV-1

nfection, understanding how these two binding sites
nteract could help in the design of more potent inhib-
tors of virus entry.
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