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AD101 and SCH-C are two chemically related small molecules that inhibit the entry of human immunode-
ficiency virus type 1 (HIV-1) via human CCRS. AD101 also inhibits HIV-1 entry via rhesus macaque CCRS5, but
SCH-C does not. Among the eight residues that differ between the human and macaque versions of the
coreceptor, only one, methionine-198, accounts for the insensitivity of macaque CCRS to inhibition by SCH-C.
Thus, the macaque coreceptor engineered to contain the natural human CCRS residue (isoleucine) at position
198 is sensitive to HIV-1 entry inhibition by SCH-C, whereas a human CCR5 mutant containing the corre-
sponding macaque residue (methionine) is resistant. Position 198 is in CCR5 transmembrane (TM) helix 5 and
is not located within the previously defined binding site for AD101 and SCH-C, which involves residues in TM
helices 1, 2, 3, and 7. SCH-C binds to human CCRS5 whether residue 198 is isoleucine or methionine, and it also
binds to macaque CCRS. However, the binding of a conformation-dependent monoclonal antibody to human
CCRS is inhibited by SCH-C only when residue 198 is isoleucine. These observations, taken together, suggest
that the antiviral effects of SCH-C and AD101 involve stabilization, or induction, of a CCRS5 conformation that
is not compatible with HIV-1 infection. However, SCH-C is unable to exert this effect on CCRS5 conformation
when residue 198 is methionine. The region of CCRS near residue 198 has, therefore, an important influence

on the conformational state of this receptor.

A new generation of inhibitors of human immunodeficiency
virus type 1 (HIV-1) replication is now in clinical trials, based
on the blockade of virus entry (28, 43, 54, 59, 62). Among these
fusion inhibitors are small molecules targeted at the CCR5
coreceptor, a CC-chemokine receptor that is a member of the
7-transmembrane G-protein-coupled receptor (GPCR) super-
family (27, 53, 62). One such small-molecule CCRS inhibitor,
the RANTES antagonist SCH-C (SCH 351125), has been
shown to cause viral load reductions after administration to
HIV-1-infected individuals in phase I clinical trials (27, 39, 42,
66). Hence, it is relevant to drug development to know as much
as possible about how small molecules interact with CCRS5 and
thereby prevent HIV-1 from doing so.

Studies with SCH-C, the chemically related compound
ADI101 (SCH 350581), and the chemically unrelated TAK-779
molecule have shown that all three CCRS inhibitors block the
binding of the HIV-1 envelope glycoprotein gp120 to CCRS
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(21, 70). Thus, either there is a direct competition between the
small molecule and gp120, or else the small molecule induces
a structural change in CCRS that prevents its recognition by
gp120 (21, 63, 70). Moreover, the binding sites for SCH-C,
AD101, and TAK-779 have been mapped to a pocket formed
between transmembrane (TM) helices 1, 2, 3, and 7 of CCRS;
these binding pockets are similar but not identical (21, 63, 70).
Members of another set of chemically unrelated small-mole-
cule inhibitors interact with an overlapping binding pocket that
involves TM helices 2, 3, 6, and 7 (7). The CCR5 N terminus
(NT) and the extracellular loops (ECL) play at most a limited
role (more likely, no role) in the binding of the small-molecule
inhibitors (7, 21, 63, 70). This contrasts markedly with the
important function of the CCRS external regions in gp120
binding and hence in viral entry (10, 17, 18).

In this study, we show that SCH-C and AD101 have differ-
ential effects on CCRS coreceptor activity in primary human
and rhesus macaque peripheral blood mononuclear cells
(PBMC), as well as in cell lines transfected with human and
rhesus macaque CCRS (hu-CCRS and rh-CCRS, respectively).
While AD101 was a potent inhibitor of entry mediated by
either coreceptor, SCH-C was selective for hu-CCRS, with
little or no activity against entry mediated by rh-CCR5. We
sought to identify the basis for this difference by first mutating
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the coding sequences for hu-CCRS5 and rh-CCRS5 so as to
interchange their amino acid differences and then assessing
whether AD101 and SCH-C could inhibit the entry of HIV-1
Env-pseudotyped viruses into cells expressing the mutant co-
receptors. We found that the differential effects of SCH-C and
AD101 on the coreceptor activities of hu-CCRS5 and rh-CCR5
are due to a single amino acid difference: the replacement of
isoleucine (Ile) at position 198 of hu-CCRS by methionine
(Met) at the same position in th-CCRS. Thus, when the natural
Met at position 198 of rh-CCRS5 was altered to Ile to form the
rh-CCR5(M1981) mutant, SCH-C could inhibit HIV-1 entry
into cells expressing this mutant receptor. Conversely, the hu-
CCRS5(1198M) mutant was insensitive to SCH-C in this assay.
No other amino acid differences between rh-CCR5 and hu-
CCRS had a significant effect on the activities of SCH-C and
AD101. Amino acid 198 is in TM helix 5 and is not thought to
directly form part of the binding site for either AD101 or
SCH-C (63, 70). We further showed that SCH-C is able to bind
to rh-CCRS and to hu-CCRS containing Met-198. Its inability
to act as an entry inhibitor with these coreceptors is due to its
inability to induce or stabilize a receptor conformational state
that is incompatible with usage by HIV-1. These findings help
explain how small-molecule CCRS5 inhibitors block HIV-1 en-
try, and they may have general implications for understanding
the actions of other inhibitors of GPCR function.

MATERIALS AND METHODS

Reagents and plasmids. SCH-C and AD101 were synthesized by Schering-
Plough Research Institute. TAK-779 was obtained from the AIDS Research and
Reference Reagent Program, National Institute of Allergy and Infectious Dis-
eases, National Institutes of Health (NIH) (contributed by the Division of AIDS)
(2). The JR-FL, ADA, and YU-2 Env expression plasmids were provided by
Tanya Dragic (Albert Einstein College of Medicine, Bronx, N.Y.). The human
and macaque CCRS expression plasmids were pcDNA3-hu-CCRS (31), provided
by David Kabat (Oregon Health Sciences University, Portland, Oreg.), and
pc.Rh-CCRS5 (AIDS Research and Reference Reagent Program; contributed by
Preston Marx) (8), respectively. The fluorescein-conjugated mouse anti-human
CCRS5 monoclonal antibody (MADb) clone 45523 (33), the fluorescein-conjugated
mouse immunoglobulin G2B (IgG2B) isotype control MAb, and recombinant
human RANTES were all obtained from R&D Systems (Minneapolis, Minn.).
The phycoerythrin (PE)-conjugated mouse anti-human CCR5 MAD clone 2D7
and the PE-conjugated IgG2A isotype control MAb were from BD Pharmingen
(San Diego, Calif.).

Inhibition of HIV-1, SIV, and SHIV replication. The preparation of virus
stocks, the replication of HIV-1, simian immunodeficiency virus (SIV), or simi-
an-human immunodeficiency virus (SHIV) in human or macaque PBMC, and
the effects of inhibitors were measured as described elsewhere (69, 73). SHIV-
162P4 was obtained from Janet Harouse (The Rockefeller University, New York,
N.Y.) (24, 25).

Mutagenesis of the CCR5 coding sequence. Single-residue mutants of hu-
CCRS5 in pcDNA3.1 were constructed as previously described (20). The rh-
CCR5(M198I) expression plasmid was constructed from pc.Rh-CCRS5 (8) by the
QuikChange site-directed mutagenesis method (Stratagene, La Jolla, Calif.),
according to the manufacturer’s instructions. Mutations were verified by DNA
sequencing of the entire CCRS5 coding region (The Rockefeller University Pro-
tein/DNA Technology Center, New York, N.Y.).

Env pseudotype assay of HIV-1 infection. HIV-1 pseudotype particles capable
of single-round infection and bearing the firefly luciferase gene were generated
by cotransfection of pNL-Luc-E—R™ (12) and an Env expression vector for the
JR-FL, ADA, or YU-2 Env protein into 293T cells, as previously described (57).
Env pseudotype viruses are represented by the nomenclature HIV-1;g gy, etc,
where the subscript indicates the Env protein used to pseudotype the luciferase
reporter construct. Wild-type and mutant CCRS5 proteins were expressed in
US8TMG-CD#4 cells (9, 19) by transient transfection, as previously described (21,
63, 70). Entry of Env-pseudotyped HIV-1 reporter viruses into the transfected
U87MG-CD4 cells in the presence and absence of CCRS5 inhibitors was deter-
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mined by quantifying luciferase expression (21). The luciferase activity was di-
rectly proportional to viral entry, as confirmed by serial dilution of the input virus
in the absence of inhibitors (data not shown).

For the hu-CCRS5 mutants with single amino acid substitutions based on the
rh-CCRS sequence, and for the rh-CCR5(M198I) mutant coreceptor, the activ-
ities of AD101 and SCH-C were assessed by titrating the inhibitors over the
range from 12.8 pM to 1 uM. The extent of HIV-1 entry was calculated as a
percentage of luciferase activity in the absence of inhibitor. The 50% inhibitory
concentrations (ICs,) for SCH-C titration curves were calculated from the sig-
moid dose-response curves of entry versus the log value of the inhibitor concen-
tration by nonlinear regression using GraphPad Prism (GraphPad Software, San
Diego, Calif.). ICs, for each CCRS construct are reported relative to the ICs, for
hu-CCRS calculated from the same experiment. In addition to relative ICs, the
percent inhibition by SCH-C at a fixed concentration (1 wM) is also reported;
this was calculated for a given CCR5 mutant by using the formula 100 X {1 —
[(luciferase activity at 1 pM SCH-C)/(luciferase activity without SCH-C)]}.

For the hu-CCRS5 constructs with residue 198 mutated, entry supported by
each mutant CCRS was compared to entry supported by hu-CCRS at a fixed
inhibitor concentration, as described previously (21, 63, 70). The following con-
centrations were used: for TAK-779, 200 nM; for AD101, 100 nM; for SCH-C,
100 nM. The residual entry supported by a mutant CCRS in the presence of an
inhibitor, compared to entry of hu-CCRS5, was then calculated as described
elsewhere (21, 63, 70).

Modeling of CCR5. The TM domain model of CCRS was built by homology
modeling using the 2.8 A crystal structure of bovine rhodopsin (PDB ID 1F88)
(50) as a template as described previously (63). Energy-minimized structures of
AD101 and SCH-C were generated as described elsewhere (63). Molecular
graphics were prepared by using DINO: Visualizing Structural Biology (2002)
(http://www.dino3d.org).

Calcium mobilization. 293T cells were transfected with a hu-CCR5 or hu-
CCR5(I1198M) expression plasmid by using Lipofectamine 2000 according to the
manufacturer’s instructions. A total of 107 transfected 293T cells were resus-
pended in EBSS-H buffer, which contains Earles’s balanced salt solution (EBSS)
(Gibco/Invitrogen Life Technologies, Carlsbad, Calif.) supplemented with 26
mM HEPES, 1 mM MgSO,, 2 mM CacCl,, and 0.1% bovine serum albumin. The
cells were then loaded with 2 wM Fluo-3-AM (Molecular Probes, Inc., Eugene,
Oreg.) for 1 h at room temperature. After the cells were washed twice with
EBSS-H, fluorescence emissions were determined at 505 and 525 nm by using a
Hitachi F2500 fluorometer. After 2 min of recording, the cells were treated with
SCH-C or buffer for 5 min before addition of RANTES (34 nM). The magnitude
of the RANTES-stimulated calcium signal was normalized to the signal obtained
from the same cells in response to 1 wM carbachol (Sigma, St. Louis, Mo.).

MAD binding to CCR5. MAb binding assays were performed essentially as
described previously (70), except that 10° CCRS-transfected 293T cells were
incubated with the MAD in the presence or absence of AD101 (100 nM) or
SCH-C (1 uM). The stained cells were analyzed by flow cytometry. The mean
fluorescence intensity derived by using the appropriate isotype control MAb was
subtracted from the signal obtained by using each anti-CCR5 MAD. The extent
of staining in the presence of an inhibitor was then normalized to that observed
in the absence of any inhibitor.

RESULTS

Two related small-molecule CCRS inhibitors act differently
on the human and macaque receptors. SCH-C and AD101, an
earlier-generation compound from the same chemical family
of piperidine-based molecules, have been studied as model
CCRS inhibitors (37, 48, 49, 63, 66-70). AD101 is more potent
than SCH-C as an HIV-1 entry inhibitor in vitro, but its unfa-
vorable pharmacological properties have prevented it from
being pursued as a clinical candidate. While studying AD101
and SCH-C in vitro, we noted that whereas both compounds
were active against the hu-CCRS coreceptor, only AD101
could inhibit viral entry via rh-CCRS.

In a standard assay of HIV-1 JR-FL replication in human
PBMC from one representative donor (69), the ICs, for
AD101 and SCH-C were 0.3 and 5 nM, respectively, a 17-fold
difference (Fig. 1A). When PBMC from different donors were
used, a difference between the IC;, for AD101 and SCH-C was
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FIG. 1. Inhibitory activities of SCH-C and AD101 with human or
rhesus macaque PBMC. SCH-C or AD101 was added at the concen-
trations indicated to mitogen-activated PBMC in the presence of virus.
(A) Inhibition of replication of HIV-1 JR-FL in human PBMC by
AD101 (circles) and SCH-C (squares). (B) Inhibition of replication of
SIVmac251 in macaque PBMC by ADI101 (circles) and SCH-C
(squares). (C) Inhibition of SHIV-162P4 replication by SCH-C in
human PBMC (diamonds) and macaque PBMC (triangles). Results
shown are from one representative experiment. All data were normal-
ized to the amount of p27 or p24 produced in the absence of inhibitor
(defined as 100%) and are shown as percent virus replication. Similar
results were obtained by using PBMC from a minimum of two different
macaque and human donors.

consistently observed, although the magnitude of the differen-
tial varied from 10- to 100-fold among donors (data not
shown). Both compounds completely inhibited HIV-1 replica-
tion when present at a sufficiently high concentration (Fig. 1A
and data not shown). However, when macaque PBMC were
used to support SIVmac251 replication (73), the ICs, for
AD101 inhibition in a representative experiment was <5 pM
but the ICs, for SCH-C was >10 pM, a >10°fold difference
(Fig. 1B). Even at an SCH-C concentration as high as 10 uM,
the extent of inhibition of SIVmac251 replication in macaque
PBMC did not exceed 15% (Fig. 1B).

To confirm that the differential effect of the two inhibitors
was not due to the use of different test viruses (i.e., HIV-1
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JR-FL with human cells and SIVmac251 with macaque cells),
we tested a virus, SHIV-162P4, that replicates efficiently in
both macaque and human PBMC (24, 25). Again, AD101 was
a very potent inhibitor with cells from both species. The ICs,
were approximately 10 and <5 pM for the macaque and hu-
man coreceptors, respectively (data not shown). SCH-C, how-
ever, inhibited SHIV-162P4 replication only in human PBMC,
with an IC,, of 1.3 nM (Fig. 1C). Indeed, SCH-C consistently
caused a modest, dose-dependent enhancement of SHIV-
162P4 replication in macaque PBMC that varied in magnitude
from two- to fivefold in cells from different macaque donors
(Fig. 1C and data not shown). Note, however, that infection
enhancement did not occur when SIVmac was the test virus
(Fig. 1B), suggesting that the effect on SHIV-162P4 replication
has a specific cause. The underlying mechanisms are currently
under investigation.

A single-residue difference between human and macaque
CCRS5 accounts for their differential sensitivity to SCH-C.
Overall, the pattern of the results outlined above suggests that
the reason for the differential effect of AD101 and SCH-C on
virus replication in cells from humans and rhesus macaques lies
at the level of the CCRS receptor, not the test virus. Inspection
of the sequences of hu-CCRS5 and rh-CCRS revealed a total of
eight single amino acid differences between the two proteins
(Table 1). Three of these are within the ECL or NT of CCRS,
three are located in TM helices 1 and 2 near the putative
binding sites for AD101 and SCH-C, one is intracellular, and
one is in TMS5, a helix which is not thought to directly form a
part of the AD101 or SCH-C binding site (63, 70).

To determine which of the sequence variations between
hu-CCRS and rh-CCRS were responsible for the difference in
phenotype, we performed a mutagenesis study and used an
Env pseudotype assay of HIV-1 entry (21, 63, 70). We first
expressed the human and macaque CCRS proteins in trans-
fected US7TMG-CD#4 cells (9, 19) and then measured the entry
of Env-pseudotyped HIV-1,i 1, HIV-1,5,, and HIV-1y,,
in the presence and absence of CCRS inhibitors (21, 63, 70). In
this assay, AD101 was again a potent inhibitor of HIV-1;x 1
entry via both coreceptors (Fig. 2A) and also of HIV-1,,4 and
HIV-1y., entry (data not shown). In contrast, SCH-C was
again a poor inhibitor of the entry of all three Env-
pseudotyped viruses mediated by rh-CCRS, with ICs,, values
240- to >490-fold higher than those for entry via hu-CCRS
(Table 2; Fig. 2B). However, SCH-C efficiently inhibited the
entry of the same viruses via hu-CCRS5, with average 1Cs, of 3.7
+0.9,3.1 £22,and 1.2 = 0.2 nM for HIV-1;¢_ g, HIV-1,54,
and HIV-1,,_,, respectively (Fig. 2B and data not shown).

We next made eight single-residue mutants of hu-CCRS by
introducing individually each of the eight residues that were
different in the macaque version. Each of these hu-CCR5 mu-
tants was tested for its ability to mediate Env-pseudotyped
HIV-1 entry. Most of the mutant receptors could efficiently
support virus entry at levels similar to that with hu-CCRS5; with
six of the eight mutants, HIV-1;; 1, entry levels were on av-
erage between 80 and 130% that with hu-CCRS. The excep-
tions were hu-CCR5(I52V) and hu-CCR5(K171R), which, re-
spectively, supported HIV-1, ;; entry on average at 50 and
230% the levels seen with hu-CCRS5. However, the hu-
CCR5(I52V) and hu-CCR5(K171R) mutants supported the
entry of HIV-1y(,, at 160 and 60% of the level with hu-CCRS,
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TABLE 1. Amino acid differences between hu-CCRS5 and rh-CCRS
Amino acid at the following position (location?):
Species
9 (NT) 13 (NT) 49 (TM1) 52 (TM1) 78 (TM2) 130 (ICL2) 171 (ECL2) 198 (TMS5)
Human® I N M I F \% K I
Rhesus® T D 1 \'% L 1 R M

“ ICL, intracellular loop.
» GenBank accession number U54994.
¢ GenBank accession number U73739.

respectively, yet the results of SCH-C inhibition experiments
were broadly similar with both HIV-1,_, and HIV-1;
(Table 2). Hence, the modest differences in entry efficiency
mediated by these two mutant receptors are not likely to affect
our analyses. Furthermore, all the hu-CCRS mutants had sim-
ilar sensitivities to AD101 (Fig. 2A and C; also data not
shown), suggesting that each contained an intact, unimpaired
binding pocket for this small-molecule inhibitor.

Among the eight hu-CCRS5 mutants, hu-CCR5(1198M) was
uniquely insensitive to SCH-C (Table 2; Fig. 2D). This obser-
vation suggests that a single amino acid difference between the
macaque and human forms of CCRS accounts for their differ-
ential susceptibility to inhibition by SCH-C. To confirm this
supposition, we made the converse (M198I) change in rh-
CCRS and tested whether it was sufficient to confer SCH-C
sensitivity on the macaque coreceptor. Clearly, it was. Infection
by HIV-1 pseudotypes was efficiently supported by the rh-
CCRS5(M198I) mutant and was sensitive to both AD101 and
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SCH-C, with a concentration dependence similar to that seen
with hu-CCRS (Table 2, Fig. 2C and D, and data not shown).

Impact of other changes at residue 1198 in hu-CCRS on the
efficacy of SCH-C and AD101. To increase our understanding
of the role that residue 1198 might play in the interactions of
ADI101 and SCH-C with CCR5, we made additional amino
acid substitutions and then analyzed whether the mutant co-
receptors were still sensitive to the inhibitors (Table 3). We
also included TAK-779 in this analysis because, although it is
chemically unrelated to AD101 and SCH-C, the TAK-779
binding site on CCRS is very similar to those of AD101 and
SCH-C (21, 63, 70). Previous studies have shown that an ala-
nine substitution at amino acid 1198 of hu-CCRS substantially
impairs the inhibitory activities of AD101 and SCH-C but has
only a modest effect on TAK-779 action (21, 70).

We first evaluated the consequences of conservative amino
acid replacements. Replacement of 1198 with valine had no
effect on the inhibition of viral entry by TAK-779 or SCH-C
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FIG. 2. Inhibitory activities of SCH-C and ADI101 in an Env pseudotype assay of HIV-1 entry. SCH-C or AD101 was added at the
concentrations indicated to U§7MG-CD#4 cells that transiently expressed CCR5 or a CCRS mutant. The entry of HIV,i . Env pseudotypes was
then measured in the transfected cells. Shown is inhibition by AD101 (A and C) and SCH-C (B and D) of entry into cells expressing hu-CCRS
(squares), rh-CCRS5 (diamonds), hu-CCR5(I1198M) (triangles), or rh-CCR5(M198I) (circles). Data were normalized to the amount of luciferase
expressed in the absence of inhibitor and are shown as percent luciferase activity. Error bars, standard errors of the means for values derived from
three to five independent experiments.
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TABLE 2. Effects of amino acid substitutions in hu-CCRS and rh-CCR5 on HIV-1 Env pseudotype infectivity in a single-round assay

Result for the following Env-pseudotyped virus:

CCRS5 construct HIV;g & “ HIV spA” HIVy,©

Relative IC5,? % Inhibition® Relative 1Cs, % Inhibition Relative ICs, % Inhibition

hu-CCRS5 1 95.3 = 0.6 1 97.9 = 0.7 1 98.7 = 0.6
rh-CCRY 240 = 15 57321 >490 515 =74 >390 61.8 = 8.2
hu-CCR5(19T) 0.6 0.1 974+ 1.4 0.2 99 2.3 98
hu-CCR5(N13D) 21+0.1 959 +1.2 2.0 98 0.7 99
hu-CCR5(M49I) 1.0 = 0.6 952 +0.3 0.9 99 15+ 1.0 99.1 = 0.7
hu-CCR5(I52V) 03 +0.1 97.1 1.9 ND ND 1.5 100
hu-CCR5(F78L) 0.6 0.1 97.5*+12 0.1 100 0.6 =03 100
hu-CCRS5(V1301I) 37+35 96.0 = 2.5 0.5 98 1.8 97
hu-CCR5(K171R) 0.6 =04 96.4 = 2.0 1.8 98 0.2 98
hu-CCRS5(I198M) >250 21.0 = 16.6 >3,700 49 450 54
rh-CCR5(M198I) 0.8+0.2 953 3.1 ND ND 2.1 93

“n =5 for hu-CCR5; n = 4 for rh-CCR5(M198I); n = 3 for rh-CCR5 and hu-CCR5(1198M); n = 2 for hu-CCR5(I9T), hu-CCR5(N13D), hu-CCR5(M49I),
hu-CCR5(I52V), hu-CCR5(F78L), hu-CCR5(V130I), and hu-CCR5(K171R). Values are means =+ standard errors of the means where n is >2 and means * ranges

where n is 2.

b p =5 for hu-CCR5 and n = 4 for rh-CCRS5; values are means + standard errors of the means. n = 1 for all other CCRS5 constructs. ND, not done.
¢n =5 for hu-CCRS and n = 4 for rh-CCRS5; values are means *+ standard errors of the means. n = 2 for hu-CCR5(M491) and hu-CCR5(F78L); values are means

+ ranges. n = 1 for all other CCR5 constructs.

4 1Cs, were obtained from individual data sets fit to a sigmoidal dose-response curve by nonlinear regression using the Prism program (GraphPad Software) and were

normalized to the ICsy for hu-CCRS in the same experiment.

¢ Percent inhibition is the average percent reduction in luciferase activity at 1 uM SCH-C.
/Boldfaced values indicate those CCR5 constructs for which inhibition by SCH-C was significantly reduced relative to that for hu-CCRS.

and only a very minor impact on AD101 inhibition (Table 3).
However, replacement of isoleucine with leucine resulted in a
mutant coreceptor [hu-CCR5(1198L)] with properties similar
to those of the hu-CCR5(I1198M) mutant; the sensitivity of
hu-CCR5(I198L) to SCH-C was severely reduced, but its re-
sponses to AD101 and TAK-779 were not significantly af-
fected. Hence, altering the position of only the single methyl
group that differs between Ile and Leu is sufficient to interfere
with the activity of SCH-C but not with that of AD101 or
TAK-779. Conversely, the introduction of a polar side chain, to
make the hu-CCR5(1198T) mutant, modestly affected the in-

TABLE 3. Effects of conservative and polar substitutions of residue
1198 in hu-CCRS on HIV- 1 Env pseudotype infectivity in a single-
round assay

% HIV-1;g g, entry” in the presence of the

CCRS5 construct following inhibitor:

TAK-779 ADI01 SCH-C
hu-CCR5 0 0 0
hu-CCRS5(I198A) 19° 76.6 = 6.7° 72.2 = 3.3¢
hu-CCR5(I1198V) 32=*21 15.4 =45 11.0 = 2.3
hu-CCRS5(I198L) 1.6 1.6 10.2 = 2.6 50.2 = 8.5
hu-CCRS5(1198M) 04 2.4+ 0.6 67.6 =23
hu-CCRS5(I198T) 0.5+0.5 33.0 23 288 +1.8

“The entry of HIV-1;g g in the presence of the indicated inhibitors is nor-
malized to entry in the absence of inhibitors. All values are means * standard
errors of the means from at least three independent experiments. A value of
100% means that a mutant is insensitive to the inhibitor; a value of 0% means
that a mutant is as sensitive to the inhibitor as wild-type CCRS5. As described
elsewhere, mutants with entry levels above 14% are considered to have signifi-
cantly reduced sensitivity for the respective inhibitor (21). Values for these
mutants are boldfaced. Inhibitors were used at the following concentrations:
TAK-779, 200 nM; AD101, 100 nM; SCH-C, 100 nM.

" Data from reference 21.

¢ Data from reference 70.

@ Occasionally, values calculated by this method may be less than zero, which
would indicate that a mutation enhances the action of an inhibitor. In this case,
however, the value is not significantly different from that for hu-CCRS, and it has
been rounded to zero for clarity, as described elsewhere (21).

hibitory activities of both AD101 and SCH-C but not that of
TAK-779 (Table 3).

SCH-C inhibits RANTES signaling via CCRS. The results
described above show that viral entry via rh-CCRS or the
hu-CCR5(I198M) mutant is insensitive to inhibition by
SCH-C. The simplest explanation of these observations would
be that the presence of a Met residue at position 198 pre-
vents SCH-C from binding to CCRS. To confirm or refute
this hypothesis, we assessed whether SCH-C could inter-
fere with RANTES-induced calcium mobilization by the hu-
CCRS5(1198M) receptor. The calcium response of the wild-type
hu-CCRS receptor to RANTES was completely inhibited by
SCH-C at 500 nM and partially inhibited at 50 nM (Fig. 3A).
RANTES efficiently induced calcium mobilization in 293T
cells transfected with the hu-CCR5(I198M) mutant receptor,
showing that the 1198M substitution did not impair the ability
of CCRS to act as a chemokine receptor. RANTES signaling
via the hu-CCR5(I198M) receptor was also inhibited in a dose-
dependent manner by SCH-C; complete inhibition occurred at
500 nM (Fig. 3B). Similar results were obtained with rh-CCRS
(data not shown).

There may be quantitative, and fairly subtle, differences
among hu-CCRS5, hu-CCR5(I198M), and rh-CCRS in their
abilities to mediate RANTES signaling and their responses to
SCH-C inhibition. However, it is clear that, at 500 nM, SCH-C
can completely inhibit RANTES signaling through hu-
CCR5(1198M) and rh-CCRS (Fig. 3B and data not shown). To
be able to inhibit RANTES signaling, it is obvious that SCH-C
must actually bind to the receptor. Yet at the same 500 nM
concentration, SCH-C is incapable of inhibiting virus entry via
hu-CCR5(I198M) or th-CCRS (Fig. 2). The defect in the in-
hibitory process must, therefore, be exerted postbinding.

SCH-C inhibits MAb binding to CCR5. We next examined
the ability of a conformation-dependent anti-CCR5S MAb
(45523) with a complex epitope spanning the NT and ECL2
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FIG. 3. SCH-C inhibition of RANTES signaling via CCRS5 and
MAD binding to CCRS. (A and B) Calcium mobilization in response to
RANTES in 293T cells transfected with hu-CCRS (A) or hu-
CCR5(1198M) (B). RANTES (34 nM) was added 5 min after the
indicated concentration of SCH-C. The recordings begin ~25 s before
RANTES addition (indicated by the arrow). Signals are expressed as a
percentage of the response induced by carbachol (1 uM) in the same
cells and have been corrected for baseline signals. Results of one
representative experiment are shown. (C) Binding of MAb 45523
(open bars) or MAb 2D7 (solid bars) to 293T cells transfected with the
CCRS expression construct indicated in the presence or absence of
AD101 (100 nM) or SCH-C (1 uM). MAb binding is expressed as a
percentage of that occurring in the absence of an inhibitor (defined as
100% binding). Data shown were derived from a single representative
experiment.
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domains of CCRS (33) to bind to hu-CCRS and hu-
CCRS5(I198M) in the presence and absence of SCH-C. It has
previously been shown that the binding of MAb 45523 to hu-
CCRS expressed on the surfaces of mouse L1.2-CCRS cells is
inhibited by both AD101 and SCH-C (70). The binding of
MADb 45523 to hu-CCRS on transfected 293T cells is also
inhibited by both SCH-C and AD101 (Fig. 3C). However, the
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binding of the same MAD to cells expressing hu-CCR5(1198M)
was efficiently inhibited only by AD101; SCH-C had much less
of an effect even when added at 1 uM (Fig. 3C). In contrast,
the binding of the conformation-independent MAb, 2D7, di-
rected against ECL2 (33, 47, 71), to either hu-CCR5 or hu-
CCR5(I198M) was not affected by either AD101 or SCH-C
(Fig. 3C).

Clearly, then, the hu-CCR5(1198M) and hu-CCRS receptors
can be distinguished by how they respond to the binding of
SCH-C: respectively, they continue to display, or no longer
efficiently display, the CCR5 conformation-dependent epitope
for MAD 45523. The binding of SCH-C to the two versions of
the receptor must, therefore, have different consequences for
the conformation of CCRS.

Location of 1198 in a model of the hu-CCR5 TM domains.
The results for the hu-CCR(I198T) and hu-CCR5(1198A) mu-
tants clearly show that 1198 is a key residue for the CCRS
interactions of both SCH-C and AD101. However, SCH-C
differs from AD101 in being sensitive to small changes in the
size and structure of the amino acid 198 side chain, as shown by
the differential results obtained with the hu-CCR5(I198M) and
hu-CCR5(I198L) mutants. A simple explanation for these ob-
servations would be that residue 1198 interacted with AD101
and SCH-C directly. A model of the CCR5 TM domain sug-
gests that this is an unlikely scenario, however (Fig. 4) (63).
The model predicts that the small-molecule binding site is
located within a cavity formed by TM helices 1, 2, 3, and 7 (Fig.
4B and C). Residues L33, Y37, V83, W86, A90, and E283,
which are directly associated with this cavity (Fig. 4B and C),
have been shown to be crucial for the inhibitory activities of
both AD101 and SCH-C (63, 70). Hence, it is very likely that
these residues interact directly with common elements in
ADI101 and SCH-C (63, 70). Residues D76, F79, Y108, and
G286 are also associated with the putative small-molecule
binding pocket, forming a second layer of residues which
could interact with peripheral groups in the inhibitor mol-
ecules (Fig. 4B and C). Alternatively, these residues could
indirectly affect the conformation of the binding site (63,
70). While replacement of D76 or G286 reduces the inhib-
itory activities of both AD101 and SCH-C, changing F79 or
Y108 affects only AD101 (63, 70). In contrast to all the
above residues, 1198, which is located in TMS, is predicted
to be outside the small-molecule binding cavity formed by
TM helices 1, 2, 3, and 7 (Fig. 4B and C). Hence, we believe
that 1198 is not likely to be directly involved in the binding
of AD101 or SCH-C and that a Met substitution at this
position has an indirect effect (see below).

A similar situation might apply to residue F113, where re-
placement by alanine (F113A) substantially impairs the activity
of AD101 but has only a marginal effect on inhibition by
SCH-C (70). The side chain of F113 is located close to that of
1198, and it too is predicted to be outside the putative small-
molecule binding site (Fig. 3B and C). Hence, the F113A and
I198M substitutions have similar consequences, in that they
have differential effects on the inhibitory potencies of AD101
and SCH-C. But the two changes also have dissimilar out-
comes: the F113A substitution impairs only the activity of
ADI101, while I1198M impairs only that of SCH-C.
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1198

F113

1198

F113

FIG. 4. Structural model of the TM domain of CCRS with energy-
minimized structures of AD101 and SCH-C. (A) Energy-minimized
structures of AD101 and SCH-C were calculated by using the PM3
semiempirical method of the HyperChem software (Hypercube, Inc.)
(63) and are depicted in space-filling representation. Atoms are color-
coded: carbon, green; oxygen, red; nitrogen, blue; hydrogen, grey;
bromine, brown; fluorine, black. (B) Structural model of the TM do-
main of CCR5 viewed from within the plane of the membrane. The
extracellular surface is oriented toward the top of the figure; the
cytoplasmic surface is oriented toward the bottom. The seven a-helical
TM segments are depicted as blue ribbons. Amino acid side chains of
residues involved in the interaction of CCRS with AD101 and/or
SCH-C are shown in space-filling representation. Red, residue 1198;
orange, F113; yellow, L33, Y37, D76, F79, W86, V83, A90, Y108,
E283, and G286. (C) View of the CCRS model from the extracellular
side of the membrane after rotation of the model by approximately 90°
out of the paper plane from the orientation shown in panel B. Labeling
and color-coding are the same as for panel B. The CCRS model is
based on homology with rhodopsin by using the crystal structure of
bovine rhodopsin as a template (63). Models in all panels are shown at
the same scale.

DISCUSSION

In broad terms, we now know why rh-CCRS5 is insensitive to
the antiviral activity of SCH-C while remaining vulnerable to
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the structurally related compound AD101. Thus, a single
amino acid change between the two receptors determines
whether SCH-C does or does not act as an entry inhibitor. This
finding may have implications for the clinical use of SCH-C
and other small-molecule CCRS inhibitors as antiviral thera-
pies. More significantly, our studies further our understanding
of how small molecules interact with CCRS to inhibit HIV-1
entry.

Possible mechanisms of the I1198M substitution on the ac-
tion of SCH-C. How does the Ile-Met difference between hu-
CCRS and rh-CCRS at position 198 affect the actions of
SCH-C? Residue 198 is not located within the binding pocket
between TM helices 1, 2, 3, and 7 that has been defined for
SCH-C, AD101, and TAK-779 (21, 63, 70). Nor is it located in
proximity to the overlapping binding site for the chemically
unrelated 2-aryl-4-(piperidin-1-yl)butanamines and 1,3,4-
trisubstituted pyrrolidines, which involves TM helices 2, 3, 6,
and 7 (7). Based on the molecular model of the TM domains
of CCRS, it is unlikely that this residue directly contacts
SCH-C (Fig. 4) (63). One obvious explanation was that the
1198M substitution acted indirectly to alter the conformation
of the SCH-C binding site and thereby prevent the inhibitor
from binding to rh-CCRS or the hu-CCR5(I198M) mutant.
Any such effect on the SCH-C binding site would be extremely
subtle, because the activity of the closely related AD101 mol-
ecule is unaffected, but the possibility could not be excluded a
priori. Thus, the position of even a single methyl group on
CCRS [the hu-CCR5(I198L) mutant] can affect SCH-C activ-
ity.

We can, however, reject the above explanation with some
certainty. SCH-C must be able to bind to macaque CCRS5 and
the hu-CCR5(1198M) mutant, because it inhibits RANTES
signaling via these receptors (Fig. 3B and data not shown). We
argue, then, that SCH-C does bind to rh-CCRS5 and to hu-
CCRS5(1198M), but in a way that does not block HIV-1 entry.
This could happen if the geometry of SCH-C within its binding
site were altered by the presence of Met at position 198, such
that the inhibitor did not now block gp120 binding to CCRS. If
the action of SCH-C on gp120 binding were competitive, the
geometry of the inhibitor-binding site would have to be altered
such that SCH-C no longer sufficiently overlapped an as yet
undefined gp120-binding site in the core of CCRS.

However, our preferred explanation is that in the presence
of SCH-C, or a related CCRS5 inhibitor, the inhibitor binds
within the TM domains of hu-CCRS and prevents the core-
ceptor from adopting a conformation that is required for pro-
ductive gp120 binding (Fig. 5) (70). If this model is correct, we
could extend the argument to suggest that when a Met residue
is present at position 198 (as in rh-CCRYS), SCH-C becomes
incapable of blocking the conformational change in CCRS5
(Fig. 5). The latter scenario is supported by the finding that
SCH-C does not inhibit the binding of a conformation-depen-
dent anti-CCRS MAD to hu-CCR5(I198M) but does block the
binding of the same antibody to hu-CCRS (Fig. 3C). The
implication is that, when residue 198 is methionine, SCH-C
cannot prevent the transition of CCRS to a configuration that
is required for productive gp120 binding. The latter, gp120-
reactive configuration of CCRS is efficiently recognized by
MADb 45523. Exactly how the I198M change could alter the
ability of CCRS to undergo a conformational change is not
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gp120

SCH-C

hu-CCR5(1198M)

FIG. 5. Model for the mechanism of action of the I1198M substitution on SCH-C inhibition of HIV-1 infection. Orange circle, SCH-C; grey,
gp120; blue, CCRS. The interaction between gp120 and CCRS is shown in a simple, one-site form, with no intent to identify any individual gp120
domain(s) that might be involved in the overall interaction. (Top) hu-CCRS5 or hu-CCR5(I198M) in the absence of SCH-C adopts a conformation
permissive for gp120 binding, as indicated by the fit between gp120 and the extracellular regions of CCRS5. (Center) Binding of SCH-C to hu-CCRS5
stabilizes a conformation of CCRS5 that does not productively interact with gp120, as represented by the change in the shape of the extracellular
regions of CCRS5 and the red “X” indicating that productive interaction does not occur. (Bottom) SCH-C binds to the mutant CCRS as in the center
scenario, but it does not alter the conformation of the extracellular regions so as to block infection.

known, but again the effect must be both subtle and indirect.
By analogy, the F113A substitution would have a similar, ad-
verse effect on the activity of AD101 only.

We could extend the above model if we consider that the
binding of gp120 to CCRS5 might be a multistage process.
Suppose, then, that CCRS normally exists in a conformational
state that is recognized by only one domain of gp120, but the
initial contact between that region of gp120 and CCRS5 con-
verts the latter into a configuration that is now recognized by a
second gp120 domain. In this argument, the secondary inter-
action must take place before further conformational changes
are induced in the CCR5-Env complex to activate the final
stages of the gp4l-mediated fusion process. If this model is
correct, the small-molecule CCRS inhibitors might act to pre-
vent the transition of CCRS into the configuration that can be
recognized by the secondary binding site on gp120. Mutagen-
esis studies on gp120 do suggest that its CCRS binding site has

two components: (i) a relatively conserved surface involving
the bridging sheet and (ii) elements of the V3 loop (13, 14, 60).

If chemokines interact with their receptors in a broadly
similar manner, by using two distinct binding domains sequen-
tially (3, 40, 65), then HIV-1 gp120 may have hijacked a natural
process for its own purposes. However, the suggestion that the
gp120 V3 loop is itself a structural and functional mimic of the
40s loop region of chemokines (64) is not supported by most of
the available evidence on the structure of chemokines and the
function of the 40s loop, which is important for chemokine
binding to glycosoaminoglycans but not GPCRs (29, 30, 32, 35,
45, 55).

Our studies on CCR5 may have a wider implication for the
understanding of chemokine receptor structure-function rela-
tionships. Residue 1198 is highly variable among members of
the chemokine receptor family (51). The highly variable nature
of this residue might contribute to the receptor selectivity of
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chemokine receptor inhibitors in general. Attention might,
therefore, usefully be paid to this particular amino acid in
efforts to understand how and why small molecules inhibit the
natural or subverted functions of chemokine receptors.

Implications of CCRS sequence variation for the clinical use
of CCRS inhibitors. Natural variation in the responses of dif-
ferent individuals to CCRS inhibitors should be anticipated,
due, at least in part, to factors that influence virus-cell fusion
(42, 58). Increasing the rate of fusion by, for example, increas-
ing the density of CCRS5 on target cells inversely affects the
potency of coreceptor inhibitors (42, 58). CCRS expression
varies over at least a 20-fold range among individuals homozy-
gous for CCRS alleles that encode the wild-type CCRS protein
(41, 72). While a direct link has yet to be shown, some of this
variation is expected to be related to promoter polymorphisms
(5, 15,22, 23, 36, 38, 44, 46). Another factor that may influence
the efficacy of CCRS inhibitors is the local concentration of the
natural CC-chemokine ligands for CCRS (11, 42, 52). More
relevant to the present study is the fact that the coding region
of the CCR5 gene does vary among humans (1, 4-6, 15, 22, 23).
One very well characterized coding polymorphism, CCR5-A32,
truncates the CCRS protein and prevents its cell surface ex-
pression (4, 16, 34, 61). The frequency of the CCR5-A32 allele
in Caucasian populations is typically around 15%, although it
varies according to precisely where in Europe different indi-
viduals originated; the frequency of CCR5-A32 homozygosity
is ~1% (1, 6, 15, 46). Individuals homozygous for CCR5-A32
are strongly protected from HIV-1 infection, and disease pro-
gression is delayed in infected heterozygous individuals (5, 16,
22, 23, 44, 46). Another, much rarer polymorphism, T303A
(m303), also prevents CCRS expression via the premature in-
troduction of a stop codon; in CCR5-A32/T303A heterozy-
gotes, it is protective against HIV-1 infection (4, 6, 56).

By analogy to what we observed with SCH-C and rh-CCRS,
polymorphisms that result in the substitution of single amino
acids in hu-CCRS could have a direct effect on inhibitor activ-
ity. Several single-residue polymorphisms have been described,
some located within the CCRS5 NT and ECL, others within the
TM domain (1, 6, 15). The allele frequency is usually low
(<1%) and variable, but for some single-residue polymor-
phisms it can be as high as 4% in certain human populations (1,
6, 15). Most of the variant CCRS proteins that have been
tested for biological activity are functional as chemokine re-
ceptors and/or HIV-1 entry coreceptors (4, 26). Few functional
differences from wild-type CCRS have been reported, but
some mutant receptors do differ in how they bind chemokines
or mediate HIV-1 infection. Among these, the I12T, C20S, and
C178R variants differ only in the NT and ECL2 (4, 26), extra-
cellular regions distinct from the binding sites for the small-
molecule inhibitors (7, 21, 63, 70). However, there are three
reported CCRS variants with single amino acid changes in
TM1 (A29S, 142F, L55Q) and one with a change in TM2
(A73V), and both these TM helices form part of the binding
site for all the small-molecule CCRS inhibitors characterized
to date (7, 21, 63, 70). The biological effect of the I42F, L55Q,
and A73V variants is to increase the affinity of CCR5 for
RANTES but not for macrophage inflammatory protein 18,
whereas the A29S variant is defective in chemokine binding (4,
26). While the A29S, 142F, and A73V variants are relatively
rare (allele frequency, <1%), the L55Q allele occurs with a
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frequency of approximately 4% in U.S. Caucasians (4, 15). On
the CCRS model, L55 lies at the end of TM1 proximal to the
cytoplasm; it is therefore unlikely to be directly involved in
inhibitor binding. Among the naturally occurring polymorphic
residues, alanine substitutions have been made experimentally
at positions C20, LS55, and C178. None of these alanine mutant
coreceptors differed significantly from wild-type CCRS in their
sensitivities to AD101 and SCH-C (70). Leucine and serine
substitutions have also been made at A29; the A29L substitu-
tion affects the action of TAK-779 but not that of AD101 or
SCH-C (63; C. Seibert and T. P. Sakmar, unpublished data).

Unless new CCRS variants with unusual properties are dis-
covered at significant frequencies in as yet poorly sampled
population groups, it seems unlikely that single amino acid
polymorphisms will play a major role in influencing host-de-
pendent variable responses to CCRS inhibitors in vivo. How-
ever, as seen with the hu-CCR5(I1198M) mutant and SCH-C,
substitutions distant from the drug binding site can affect the
action of a CCRS inhibitor in a way that is completely unpre-
dictable from mere sequence inspection. It may therefore be
prudent to sequence the coding regions of CCRS genes from
any individuals who respond poorly to these drugs during clin-
ical trials. Any unusual polymorphisms could be rapidly eval-
uated with the Env pseudotype-based entry assays used in this
study. Sequencing of noncoding regions of the CCRS5 gene to
identify promoter polymorphisms that could affect CCRS ex-
pression, and hence perhaps the response to therapy, should
also be considered (42, 58).
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