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Human immunodeficiency virus type 1 (HIV-1) entry is mediated by the consecutive interaction of the
envelope glycoprotein gp120 with CD4 and a coreceptor such as CCRS or CXCR4. The CCRS coreceptor is used
by the most commonly transmitted HIV-1 strains that often persist throughout the course of infection.
Compounds targeting CCR5-mediated entry are a novel class of drugs being developed to treat HIV-1 infection.
In this study, we have identified the mechanism of action of two inhibitors of CCRS5 function, SCH-350581
(AD101) and SCH-351125 (SCH-C). AD101 is more potent than SCH-C at inhibiting HIV-1 replication in
primary lymphocytes, as well as viral entry and gp120 binding to cell lines. Both molecules also block the
binding of several anti-CCRS monoclonal antibodies that recognize epitopes in the second extracellular loop
of CCRS. Alanine mutagenesis of the transmembrane domain of CCRS suggests that AD101 and SCH-C bind
to overlapping but nonidentical sites within a putative ligand-binding cavity formed by transmembrane helices
1, 2, 3, and 7. We propose that the binding of small molecules to the transmembrane domain of CCR5 may
disrupt the conformation of its extracellular domain, thereby inhibiting ligand binding to CCRS.

A new generation of antiviral drugs intended to counter
human immunodeficiency virus type 1 (HIV-1) entry into sus-
ceptible cells is now under development. These compounds,
generally referred to as fusion or entry inhibitors, are expected
to have different toxicity and resistance profiles than the exist-
ing reverse transcriptase and protease inhibitors (7, 8, 20, 28).
HIV-1 entry inhibitors that target CD4-gp120 interactions, co-
receptor function, and gp4l-mediated membrane fusion al-
ready are in different phases of preclinical or clinical develop-
ment (7, 8, 20, 28). The HIV-1 coreceptors are particularly
attractive from the perspective of identifying new antiviral
compounds, since they are seven-transmembrane-domain G
protein-coupled receptors, a family of proteins that is a well-
validated target for drug development (31).

Among the many chemokine receptors that can mediate
HIV-1 entry in vitro, only CCRS and CXCR4 are of frontline
pharmacological importance, since they are the coreceptors
used by HIV-1 to enter primary CD4" T cells, dendritic cells,
and macrophages (2, 8, 20, 42). In particular, CCRS is essential
for viral transmission and replication during the early, clinically
latent phase of disease (2, 14, 21). Moreover, in more than half
of HIV-1-infected people, CCR5-using viruses are found ex-
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clusively even during late-stage disease, whereas in the remain-
ing cases viruses that use the CXCR4 coreceptor are also
present (2, 8). In vitro experiments indicate that a lower level
of CCRS5 expression can reduce cellular infection by HIV-1
(26, 39). This observation might have clinical relevance, be-
cause individuals carrying a mutant CCRS allele that codes for
a nonfunctional protein have a reduced rate of disease pro-
gression, presumably because of the lower CCRS levels on
their cells (6, 14, 21). Furthermore, blocking the natural func-
tion of CCR5 may not significantly impact human health, since
individuals entirely lacking CCR5 do not exhibit any overt
immune dysfunctions (6, 18, 29).

For the reasons outlined above, the identification of inhibi-
tors of CCR5-mediated HIV-1 fusion and entry has been a
focus of antiviral drug development in recent years. The first
such inhibitors to be studied were the CC-chemokines macro-
phage inflammatory proteins la and 1B and RANTES (3).
Variants of chemokines with increased potency in vitro have
since been developed (5, 19, 32, 40, 41; F. Arenzana-Seisdedos,
J. L. Virelizier, D. Rousset, 1. Clark-Lewis, P. Loetscher, B.
Moser, and M. Baggiolini, Letter, Nature 383:400, 1996).
CCRS5-specific monoclonal antibodies (MAbs), in particular
those that recognize epitopes in the second extracellular loop
(ECL2), efficiently inhibit HIV-1 fusion and entry (16, 17, 22,
38). Chemokines and MAbs, however, would not be orally
available drugs because they are proteins, so an alternative
strategy has been to identify small-molecule inhibitors of
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FIG. 1. Inhibition of viral replication and entry by AD101 and
SCH-C. (a) Replication of HIV-1,_r was measured in mitogen-stim-
ulated human PBMC in the presence of different concentrations of
AD101 (black squares) or SCH-C (white circles). The perccent HIV-
1yr.pr. replication is defined as (nanograms of p24 with inhibitor/
nanograms of p24 without inhibitor) X 100% and is plotted as a
function of AD101 or SCH-C concentration. (b) Entry of HIV-1;g g
Env-pseudotyped reporter viruses into U87-CD4 cells transiently ex-
pressing the CCRS coreceptor was measured in the presence of dif-
ferent concentrations of AD101 (black squares) or SCH-C (white
circles). The percent viral entry is defined as (RLU with inhibitor/RLU
without inhibitor) X 100% and is plotted as a function of AD101 or
SCH-C concentration. All values are means = SD of three indepen-
dent experiments.

CCRS coreceptor function based on their ability to block che-
mokine binding and/or signaling (20, 31). The first such small-
molecule CCRS5 antagonist to be described was TAK-779 (1).
This particular compound is no longer being pursued as a drug
candidate, but other small molecules that specifically target
coreceptor function have now entered phase I clinical trials,
specifically SCH-351125 (SCH-C) against CCRS and AMD-
3100 against CXCR4 (9, 15, 24, 30, 33). Both SCH-C and
AMD-3100 have shown an ability to reduce plasma viremia in
HIV-1-infected people, validating coreceptor function as a
clinical drug target (31; J. Reynes, R. Rouzier, T. Kanouni, V.
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FIG. 2. Inhibition of gp120 and MADb binding by AD101 and
SCH-C. (a) Binding of gp120,x_p —~CD4-1gG2 to L1.2 cells expressing
the CCRS5 coreceptor was measured in the presence of different con-
centrations of AD101 (black squares) or SCH-C (white circles). The
percent inhibition of gp120-CCRS binding is defined as (MFI with
inhibitor/MFI without inhibitor) X 100% and is plotted as a function
of AD101 or SCH-C concentration. (b) Alternatively, binding of anti-
CCR5 MADs to L1.2 cells was measured in the presence of 100 nM
AD101 (gray bars) or SCH-C (white bars). The percent inhibition of
MAD binding is defined as (MFI with inhibitor/MFI without inhibitor)
X 100%. All values are means = SD of three independent experi-
ments.
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Baillat, B. Baroudy, A. Keung, C. Hogan, M. Markowitz, and
M. Laughlin, 9th Conf. Retrovir. Opportun. Infect., p. 53,
2002; D. Schols, S. Claes, E. De Clercq, C. Hendrix, G.
Bridger, G. Calandra, G. Henson, S. Fransen, W. Huang, J.
Whitcomb, and C. Petropoulos, 9th Conf. Retrovir. Opportun.
Infect., p. 53, 2002). SCH-C is a receptor antagonist that po-
tently inhibits RANTES binding as well as HIV-1 entry and
replication and has excellent oral bioavailability in rats, dogs,
monkeys, and humans (33; Reynes et al., 9th Conf. Retrovir.
Opportun. Infect.).

Small-molecule CCRS5 antagonists are thought to inhibit
HIV-1 entry by blocking the gp120-CCRS interaction. For
example, TAK-779 prevents gp120 and CC-chemokines, but
not anti-CCRS MAbs, from binding to CCRS5 (1, 12). Inhibi-
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TABLE 1. Effects of AD101 and SCH-C on HIV-1 entry mediated by CCRS extracellular domain mutants®

Relative % entry in presence of: Relative % entry in presence of:
Domain Mutant Domain Mutant
AD101 SCH-C AD101 SCH-C

Nt D2 0.0 £0.0 0.0 £0.0 ECL2 R168 03 +0.8 0.0 £0.0

Y3 0.0 £0.0 0.0 £0.0 S169 NA NA
Q4 0.0 £0.0 0.0 £0.0 Q170 0.5+0.8 25*+0.6
S6 03 £2.7 0.0 £0.0 K171A/E172A 0.0 0.0 0.0 £0.0
S7 0342 02+14 H175 0.0 0.0 0.0 £0.0
P8 0.8 0.4 1321 Y176 0.0 0.0 0.0 £0.0
Y10 0.0 £0.0 0.0 £0.0 T177 0.0 0.0 0.0 £0.0
D11 0.0 £0.0 0.0 £0.0 C178 27+23 2622
N13 0.0 £0.0 0.0 £0.0 S179 1518 0.0 £0.0
Y14 04 =15 0.0 £0.0 S180 0.7+23 1.8 0.8
Y15 NA NA H181 0.0 0.0 0.0 £0.0
T16 0.0 £0.0 0.0 £0.0 F182 40=1.0 34+09
S17 0.0 £0.0 0.0 £0.0 P183 1.0 =19 42+1.1
E18 0.0 £0.0 0.0 £0.0 Y184 0.0 £0.0 0.0 £0.0
P19 0.0 £0.0 0.0 £0.0 S185 0.0 0.0 0.0 £0.0
C20 09 = 1.0 0.0 £0.0 Q186 0.0 £0.0 0.0 £0.0
Q21 0.0 £0.0 0.0 £0.0 Y187 12*0.1 0.0 £0.0
K22 0.0 £0.0 0.0 £0.0 Q188 0.0 £0.0 0.0 £0.0
N24 0.0 £0.0 0.0 £0.0 F189 0.0 0.0 0.0 £0.0
K26 0.0 £0.0 02=x15 W190 0.0 £0.0 0.0 £0.0
Q27 0.0 £0.0 0.0 £0.0 K191A/N192A 09 =13 3808
R31 29+12 0.0 £0.0 F193 0.1 x0.7 0.0 £0.0
ECL1 HS88 04 *1.6 09x0.2 Q194 03 =05 0.0 £0.0
Y89 0.0 £0.0 0.0 £0.0 ECL3 E262 0.0 0.0 0.0 £0.0
Q93 1.7*+15 1.5+0.2 F263 0.0 £0.0 0.0 £0.0
Wo4 0.0 £0.0 0.0 £0.0 F264 0.0 0.0 0.0 £0.0
D95 0.0 £0.0 0.0 £0.0 N267 0.0 £0.0 0.0 £0.0
F96 0.0 £0.0 42+28 N268 0.0=1.8 0.0 £0.0
No98 1.3 *+1.6 3714 C269 0.0 £0.0 0.0 £0.0
T99 02£22 0.0 £0.0 S270 0.1 +28 0.0 £0.0
M100 05 *1.7 0.0 £0.0 S271 0.0 £0.0 0.0 £0.0
C101 NA NA S272 0.0 £0.0 0.0 £0.0
Q102 0.0 £0.0 0.0 £0.0 N273 0.0 £0.0 0.0 £0.0
R274A/D276A 22+1.6 63+ 1.0
Q277 0.6 2.1 0.0 £0.0

“ Entry of HIV-1;_ g Env-pseudotyped reporter viruses into U87-CD4 cells transiently expressing CCRS alanine mutants was measured in the presence of 100 nM
AD101 or SCH-C. Relative HIV-1 entry in the presence of inhibitors was calculated as (RLU with inhibitor/RLU without inhibitor) X 100%. All values are means =
SD of three independent experiments. NA, not applicable; alanine substitutions of residues Y15 in the Nt, C101 in ECLI1, and S169 in ECL2 were excluded from the
study because they are substantially defective at mediating HIV-1 entry (<1% of wild-type CCRS coreceptor function) (12, 13).

tion of ligand binding by TAK-779 probably occurs through an
allosteric mechanism, because this compound binds within a
putative ligand-binding cavity formed by transmembrane (TM)
helices 1, 2, 3, and 7 of CCRS5 (12). Here we show that SCH-
350581 (AD101) and SCH-C, two structurally related com-
pounds, inhibit CCR5-mediated viral replication and entry, as
well as gp120-CCRS binding. Both inhibitors are active in the
nanomolar range, but AD101 is about an order of magnitude
more potent than SCH-C. Unlike TAK-779, AD101 and
SCH-C also block the binding to CCRS of several MAbs di-
rected principally against the ECL2 of CCRS. Alanine scan-
ning mutagenesis of the CCR5 TM domain shows that the
activities of both AD101 and SCH-C depend on residues in
helices 1, 2, 3, 5, and 7. AD101 relies on additional residues in
helices 2 and 3, compared to SCH-C. According to a new
CCR5 TM domain model developed by Seibert et al. (C. Sei-
bert, W. Ying, S. O. Smith, B. Baroudy, S. McCombie, J. P.
Moore, T. Dragic, and T. P. Sakmar, unpublished data), some
residues are predicted to directly interact with the inhibitors,
whereas others indirectly affect their activity by an allosteric

mechanism. The residues involved in CCR5-inhibitor interac-
tions fall within a putative ligand-binding cavity that we previ-
ously showed to be the binding site for TAK-779 (12). We
propose that binding of small molecules to the TM domain of
CCRS disrupts the conformation of the extracellular domain,
thus inhibiting the binding of chemokines, MAbs, and gp120 to
CCRS.

MATERIALS AND METHODS

Reagents. AD101 is a piperidino-piperazine amide, and SCH-C is an oximino-
piperidino-piperidine amide. The compounds have molecular weights of 502.6
and 557.5, respectively (23, 24, 34, 35). Anti-CCRS5 MAbs (PAS, PA10, PA11,
PA12, and PA14), gp120;x_ gy, and CD4-immunoglobulin G2 (IgG2) were gen-
erously provided by William C. Olson (Progenics Pharmaceuticals, Tarrytown,
N.Y.). MAbs 23, 29, 02, 49, and 31 were purchased from R&D Systems (Min-
neapolis, Minn.).

Inhibition of HIV-1 replication and entry. Mitogen-stimulated peripheral
blood mononuclear cells (PBMC) (2 X 10°) were incubated for 1 h with AD101
or SCH-C at 1.3 times the final concentration before the addition of HIV-1;g g
(100 50% tissue culture infective doses), as previously described (37). The in-
hibitors were present throughout the duration of the culture. The production of
p24 antigen was determined after 4 to 6 days as a measure of HIV-1 replication.
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TABLE 2. Effects of AD101 and SCH-C on HIV-1 entry mediated
by CCRS5 TM mutants®

Relative % entry in presence of’:

™ Mutant
ADI101 SCH-C
TM1 L33 342 +22 19.9 = 2.7
Y37 71.5 £ 2.2 32.1%£55
F41 2.6 1.9 43+0.8
N48 0.0 = 0.0 0.0 £0.0
L55 1.8 £2.7 0.0 £0.0
156 0.7 3.0 0.0 £0.0
™2 Y68 NA NA
L69 0.0 = 0.0 0.0 £0.0
N71 0.0 = 0.0 0.0 £0.0
D76 447 = 5.1 20.6 = 3.3
F79 30.1 = 6.2 0.0 £0.0
T82 0.8 2.0 0.0 £0.0
F85 NA NA
W86 93.8 = 124 62.0 = 0.8
T™3 L104 0.0 = 0.0 0.0 £0.0
T105 23+1.3 6.6 = 1.0
Y108 42.6 = 1.0 9.6 0.2
F112 0.9 = 3.0 9.1 0.5
F113 58.2 = 8.7 18.1 =23
F117 11.8 = 2.0 54 0.7
F118 0.0 = 0.0 0.0 £0.0
L121 0.0 = 0.0 0.0 £0.0
L122 0.3 0.6 0.0 £0.0
T123 0.0 = 0.0 0.0 £0.0
T™4 F144 1.5 126 0.0 £0.0
TMS T195 05+14 0.0 £0.0
1198 79.6 = 6.7 722 =33
TM6 Y251 NA NA
N252 6.1 =14 11.1 = 2.0
L1255 37+1.5 28 £ 1.1
N258 0.0 = 0.0 0.0 £0.0
T259 0.0 = 0.0 0.0 £0.0
T™7 M279 0.0 = 0.0 0.0 £0.0
E283 118.7 = 18.4 94.6 + 13.3
H289 05+22 0.0 £0.0
N293 NA NA
Y297 29 +28 0.0 £0.0

“ Entry of HIV-1;g g Env-pseudotyped reporter viruses into U87-CD4 cells
transiently expressing CCRS5 alanine mutants was measured in the presence of
100 nM AD101 or SCH-C. Relative HIV-1 entry in the presence of inhibitors was
calculated as (RLU with inhibitor/RLU without inhibitor) X 100%. All values
are means = SD of three independent experiments. NA = not applicable;
alanine substitutions of residues Y68 and T82 in TM2, Y251 in TM6, and N293
in TM7 were excluded from the study because they are substantially defective at
mediating HIV-1 entry (<1% of wild-type CCRS5 coreceptor function) (13).

® Values shown in bold are significantly higher than the cutoff level of inhibi-
tion (16%).

NLluc*env™ viruses complemented in frans by envelope glycoproteins (Env)
from the HIV-1;g gy isolate were generated as previously described (11). U87-
CD4™" cells were lipofected with a plasmid expressing wild-type CCR5 and
infected 24 h later with Env-pseudotyped reporter viruses in the presence of
various concentrations of AD101 or SCH-C. The viral inoculum was equivalent
to ~10° relative light units (RLU) of luciferase activity, and inhibitors were
present throughout the first 16 h of infection. Lysis buffer (Promega, Madison,
Wis.) was added to the cells 48 h postinfection, and luciferase activity (in RLU)
was measured as described elsewhere (11). In both the replication and entry
assays, inhibitors were diluted 100-fold in dimethyl sulfoxide prior to being added
to the cells.

J. VIROL.

Inhibition of gp120 and MAb binding to CCRS. A soluble gp120-CD4 complex
formed from monomeric gp120;g_g; (100 nM) and biotinylated CD4-IgG2 (50
nM) was added to L1.2-CCRS5 cells (10°) in the presence of different concentra-
tions of AD101 or SCH-C for 1 h at 37°C. Inhibitors were diluted 100-fold in
dimethyl sulfoxide prior to being added to the cells. The mean fluorescence
intensity (MFI) was measured by flow cytometry after addition of phycoerythrin-
labeled streptavidin (Pharmingen, San Diego, Calif.). Alternatively, L1.2-CCR5
cells (10°) were incubated with 10 pg (50 nM) of anti-CCR5 MAb/ml with or
without 100 nM AD101 or SCH-C. MAb binding was detected using a phyco-
erythrin-labeled goat anti-mouse antibody (Caltag Laboratories, Burlingame,
Calif.).

HIV-1 entry mediated by CCR5 mutants. U87-CD4™" cells were lipofected with
a plasmid expressing wild-type or mutant CCRS as described previously (11).
After 24 h, the cells were infected with NLiuc"env™ virus pseudotyped with
HIV-1,g_ g Env, with or without 100 nM AD101 or SCH-C, a concentration that
causes >95% entry inhibition in this assay. The viral inoculum was equivalent to
~10° RLU of luciferase activity, and inhibitors were present throughout the first
16 h of infection. The cells were lysed 48 h postinfection, and luciferase activity
(in RLU) was measured. A typical RLU value (* standard deviation [SD]) for
wild-type CCRS without inhibitor was 75,000 *+ 15,000. The uninhibited value, in
each experiment, was defined as 100%. With inhibitor present, the extent of
HIV-1 entry was reduced to 1,000 + 200 RLU for wild-type CCRS. This residual
entry was defined as 0%. For each CCR5 mutant, the extent of HIV-1 entry with
and without inhibitor was normalized in the range of 0 to 100%. A few mutants,
apparently more sensitive than the wild-type receptor to AD101 and SCH-C,
yielded entry levels <0%. These effects were small and probably have no func-
tional implication. For clarity, values of <0% are represented as 0%.

Identification of CCR5 mutants that are significantly insensitive to AD101
and SCH-C. We estimate that a variation of =20% from the mean is not
significant in luciferase-based assays of HIV-1 entry, so all mutants yielding entry
levels <20% with the inhibitors were considered to be not significantly different
from wild-type CCRS5. The normalized mean entry level (+ SD) for this subset
of mutant receptors was 2% * 3%. Since a deviation from the mean of >2 SD
is considered significant, a level of =16% entry in the presence of 100 nM AD101
or SCH-C was used as a cutoff for significance. Mutants with <1% wild-type
CCRS5 coreceptor activity are unreliable for studies of entry inhibitors. The
following CCR5 mutants were therefore excluded from the study based on their
poor function as HIV-1 coreceptors: Y15A, Y68A, F85A, C101A, S169A,
Y251A, and N293A.

RESULTS

Inhibition of HIV-1 replication and entry. AD101 and
SCH-C have been shown to potently and specifically inhibit the
replication of a selection of CCR5-using (R5) primary HIV-1
isolates in human PBMC. The mean half-maximal inhibitory
concentrations (ICs,) determined using panels of test isolates
were 1.5 nM for AD101 and 2.3 nM for SCH-C (33, 38).
However, when the two inhibitors were compared directly, i.e.,
in the same PBMC-based replication assay, AD101 was gen-
erally found to be at least an order of magnitude more potent
than SCH-C for a number of RS isolates (J. P. Moore, A.
Trkola, and T. Ketas, unpublished observations). For example,
the IC5, for HIV-1, g replication in human PBMC is 0.3 nM
for AD101 and 6.1 nM for SCH-C (Fig. 1a). We also found
AD101 to be about 10-fold more potent than SCH-C in block-
ing a single cycle of entry mediated by HIV-1; i, envelope
glycoproteins into CCR5-expressing U87-CD4 cells. Half-max-
imal inhibition in this assay was observed at 1.0 nM for AD101
and 13.4 nM for SCH-C (Fig. 1b). The discrepancies in ICs,
values between the replication and entry assays are probably
due to differences in cell types, CCRS levels, and input inocula.

Inhibition of gp120 and MAb binding to CCRS. To investi-
gate the mechanisms by which AD101 and SCH-C inhibit
CCR5-mediated HIV-1 entry, we tested their abilities to block
binding of a soluble gp120-CD4 complex to CCRS. The ICs,
for binding of gp120,x_;z; ~CD4-IgG, to CCRS5-expressing L.1.2
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FIG. 3. Residues important for AD101 and SCH-C activity. A two-dimensional model of CCRS depicts the extracellular loops, the seven TM
helices, and the intracellular loops of the coreceptor. Residues important for binding of AD101 and SCH-C are in black; residues important only
for AD101 binding are in gray. Residues thought to exert indirect effects on the activities of the inhibitors are circled in bold.

cells was 1.8 nM for AD101 and 19.3 nM for SCH-C (Fig. 2a).
The differences between inhibitor concentrations necessary for
half-maximal inhibition of viral entry and gp120-CCRS binding
are probably due to the use of monomeric gp120 and/or vari-
ation in the expression of CCRS5 on different cell types.

We also tested the abilities of AD101 and SCH-C to inhibit
the binding of a panel of anti-CCR5 MAbs to the CCRS5-
expressing L1.2 cells. The binding of MAbs 23, 29, 31, and
PA14 was inhibited by 30 to 90%, depending on the combina-
tion of MAb and inhibitor (Fig. 2b). Similar binding inhibition
was observed when using 10- and 100-fold-lower MADb concen-
trations (data not shown). All of the MAbs for which binding
was inhibited by AD101 and SCH-C recognize epitopes that lie
in ECL2, with the exception of PA14, for which the epitope
straddles the Nt and ECL2 (16, 22).

Effects of AD101 and SCH-C on HIV-1 entry mediated by
extracellular CCR5 mutants. To examine the binding sites for
AD101 and SCH-C on CCRS5, we tested their inhibition of
HIV-1 entry mediated by an extensive selection of CCRS ala-
nine mutants. The aim was to identify mutants that still sup-
ported viral entry but were less sensitive or insensitive to
AD101 and SCH-C inhibition than was wild-type CCRS5. We
initially evaluated a panel of well-characterized alanine-substi-
tuted mutants with changes in the extracellular domain of
CCRS, because residues in the Nt and ECL2 are important for
coreceptor function (11, 13, 27). Alanine substitutions in the
extracellular domains of CCRS had little or no effect on the
inhibitory activities of AD101 and SCH-C (Table 1).

Effect of AD101 and SCH-C on HIV-1 entry mediated by TM

CCRS5 mutants. We also evaluated a panel of alanine substi-
tutions in the CCRS TM domain for their effects on the inhib-
itory activities of AD101 and SCH-C (12). Our initial mutagen-
esis effort was guided by a molecular model of the CCRS TM
domain based on the corresponding region of rhodopsin (12).
The CCRS structure predicted by this model suggested that a
cavity formed by the TM helices might be a binding site for
small-molecule antagonists of CCRS5 function. We therefore
studied residues with side chains that protrude into this cavity.
Residues found to be important for the inhibitory activity of
both AD101 and SCH-C include L33 and Y37 in TM1, D76
and W86 in TM2, F113 in TM3, 1198 in TM5, and E283 in TM7
(Table 2). Residues F79 in TM2 and Y108 in TM3 were es-
sential for AD101 but not SCH-C activity (Table 2). All of
these mutants exhibited between 50 and 150% of wild-type
CCRS activity, except for D76A and F113A, which exhibited
approximately 5% of wild-type CCRS activity. In all cases,
coreceptor activity correlated with expression levels of the mu-
tants (data not shown).

A new CCR5 TM domain model developed by Seibert et al.
(unpublished data), based on the crystal structure of rhodopsin
(25), predicts that residues L33, Y37, D76, W86, F113, and
E283 are common to the binding sites of AD101 and SCH-C,
whereas residues F79 and Y108 are only involved in AD101
binding (Fig. 3). The 1198 residue, found to affect the activ-
ity of AD101 and SCH-C, is probably involved in stabilizing
the conformation of the ligand-binding site (Fig. 3). Analyses
of novel alanine and nonalanine substitutions based on the
new CCRS model have also been described by Seibert et al.
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FIG. 4. Model of the mechanism of action of small-molecule inhib-
itors of CCRS5 coreceptor function. gp120 is initially in a closed state,
wherein the V1/V2 and V3 loops conceal the coreceptor binding site.
Upon CD4 binding to gp120, conformational changes create and/or
expose the coreceptor binding site. In the absence of inhibitor, the
CCRS Nt interacts with residues in the bridging sheet (BS) and the V3
stem, whereas ECL2 interacts with the V3 crown. In the presence of
inhibitor, the conformation of ECL2 is modified such that it can no
longer interact with the V3 crown, thus inhibiting viral entry.

and further refine our understanding of the ligand-binding
cavity formed by the TM helices of CCRS5 (Seibert et al.,
unpublished observations).

DISCUSSION

In this study we have analyzed the mechanisms of action of
two structurally related small-molecule inhibitors of CCR5
function, AD101 and SCH-C. These compounds were initially
characterized by their ability to inhibit RANTES binding and
signaling, and then they were shown to be potent and specific
inhibitors of CCRS-mediated HIV-1 entry into target cells (33,
36). Both AD101 and SCH-C efficiently block the replication
of multiple primary and molecularly cloned isolates in PBMC
(33, 36). Moreover, SCH-C has now shown antiviral efficacy in
phase I clinical trials (Reynes et al., 9th Conf. Retrovir. Op-
portun. Infect.). Small-molecule CCRS5 antagonists are there-
fore credible candidates for effective antiviral drugs, so it is
necessary that we understand as much as possible about their
interactions with CCRS.

AD101 and SCH-C inhibit HIV-1 entry into target cells by
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directly blocking the interaction between gpl120 and CCRS.
This is how TAK-779, another small-molecule CCRS5 inhibitor,
and anti-CCR5 MAbs are also thought to act (12, 22). Unlike
TAK-779, AD101 and SCH-C also inhibit the binding of sev-
eral anti-CCR5 MAbs (12). The specific MAbs that are
blocked by AD101 or SCH-C all recognize epitopes in ECL2,
with the exception of the PA14 MADb, for which the epitope
straddles the Nt and ECL2 domains (16, 22). In contrast,
MADs that continue to bind to CCRS in the presence of
AD101 or SCH-C recognize epitopes in the Nt, with the ex-
ception of the 2D7 MADb, which has an epitope in ECL2 (16,
22). All the anti-CCR5 MADs described to date recognize
elements of the Nt and/or ECL2, suggesting that these are the
two most exposed or immunogenic regions of the extracellular
domain of CCRS5. Furthermore, both the Nt and ECL2 have
been shown to be crucial for gp120-CCRS5 interactions and
viral entry (reviewed in reference 10). MAbs directed against
either one of these regions inhibit gp120-CCRS5 binding and
viral entry.

Mapping studies with a panel of CCRS alanine mutants,
coupled with molecular modeling, show that the activities of
both AD101 and SCH-C are dependent on residues in TM
helices 1, 2, 3, 5, and 7. Some of these residues are involved in
direct interactions with the inhibitors, whereas others probably
influence inhibitor activity indirectly by affecting the confor-
mation and stability of the ligand-binding pocket (Fig. 3). Ad-
ditional residues are involved in AD101 binding to CCRS that
do not appear to influence SCH-C binding. Other TM domain
residues that we have not yet studied by mutagenesis may also
exclusively interact with one or the other of the compounds.
Some, but not all, of the residues found to be important for
AD101 and SCH-C function were also previously shown to be
important for the inhibitory activity of TAK-779 (12). In par-
ticular, residues R31 (TM1) and T82 (TM2) affect TAK-779
activity, whereas D76, F79 (TM2), and F113 (TM3) do not.
TAK-779 has significant antagonist activity against CCR2 as
well as CCRS, whereas AD101 and SCH-C are pure CCRS
antagonists. The subtle differences between the binding sites of
TAK-779, AD101, and SCH-C may account for the greater
specificity of the latter compounds for CCRS. They may also
explain why TAK-779 does not inhibit MAb binding to the
CCRS surface, whereas AD101 and SCH-C do.

This study and general knowledge about gp120-CCRS inter-
actions enabled us to propose a model explaining the inhibitory
effect on viral entry of small molecules that bind to the putative
ligand-binding pocket of CCRS. Docking of gp120 to CCRS
involves interactions between conserved residues in the V3
stem-C4 region and the coreceptor Nt, as well as binding of the
V3 crown to a second region of CCRS, which a number of
studies suggest to be primarily ECL2 (reviewed in references 5
and 10). It is also possible that the V3 crown interacts with TM
domain residues, although none of the TM domain mutants
that we have studied were significantly impaired for viral entry.
We previously showed that TAK-779 does not disrupt the
gp120-Nt interaction (12). Taking all the data together, we
propose that the binding of small-molecule antagonists to the
TM domain of CCRS induces a conformational change in the
region of CCRS5 that interacts with the V3 crown, which we
suggest is likely to be ECL2 (Fig. 4). Disruption of the binding
site on CCRS for the V3 crown would inhibit the gp120-CCRS
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interaction and viral entry. In general, this may be the most
effective way to inhibit HIV-1 entry, since MAbs that recognize
ECL2 are 10-fold more efficient inhibitors of viral entry than
MADbs that recognize epitopes in the Nt (17, 22). If the gp120-
CCRS interaction occurs in two steps, wherein V3 crown bind-
ing to ECL2 (or another region of CCRS) is followed by the
binding of the V3 stem-C4 domain to the Nt, then inhibitors of
the latter interaction might be less potent simply because
gp120 and CCRS are already in contact by this time. Clearly,
however, other explanations for the actions of CCRS inhibitors
can be envisioned, so additional studies will be required to
refine our understanding of how these compounds prevent
HIV-1 entry.

Our study suggests that the binding of antagonists such as
AD101 and SCH-C profoundly alters the structure and func-
tion of CCRS, both as a chemokine receptor and as an HIV-1
coreceptor. The creation of new generations of CCR5 antag-
onists with more potency, greater specificity, and improved
pharmacological properties will no doubt be accomplished by
medicinal chemists over the coming years for applications both
within and perhaps also outside the HIV-1 therapeutic arena.
As more and more information on the binding sites for these
antagonists within the CCR5 TM domain becomes available
from studies such as the present one and our previous work on
TAK-779, some aspects of the design of these new compounds
might be facilitated. Perhaps the next challenge for developers
of CCR5-binding compounds with anti-HIV-1 activity will be
to produce “discriminatory” molecules that only disrupt gp120
binding and viral entry without affecting chemokine binding
and signaling. For this to be achieved by a rational approach,
much more knowledge of the precise conformational changes
induced by these small molecules in the CCRS extracellular
domains will be required. This is likely to involve a combina-
tion of further molecular modeling and biochemical studies of
the receptor and its various ligands.
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