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ABSTRACT: The results of investigations in these laboratories of 2-aryl-4-(piperidin-1-yl)butanamines and
1,3,4-trisubstituted pyrrolidines as human CCR5 antagonists have recently been disclosed. To facilitate
further development of these antagonists, we have developed a pharmacophore model based on the
structure-activity relationships (SAR) and a human CCR5 receptor docking model using the crystal
structure of rhodopsin as a template [Palczewski, K., et al. (2806@nce 289739-745]. Guided by the
receptor docking model, we have mapped the compounds’ site of interaction with CCR5 using site-
directed mutagenesis experiments. Our results are consistent with a binding site for the two series that is
located within a cavity near the extracellular surface formed by transmembrane helices 2, 3, 6, and 7.
This site is overlapping yet distinct from that reported for another antiviral agent which binds to CCR5
[Dragic, T., et al. (2000Proc. Natl. Acad. Sci. U.S.A. 93639-5644].

CCR5, a seven-transmembrane GP@Rthe chemokines, A Tight SAR, phenyl or 3-thienyl,
MIP-1a, MIP-13, and RANTES, has been identified as an only small substitutions
HIV coreceptor, which together with CD4 is used by allowed at €3 .
" . . . Basic N required; 4-substituted / Aromatic, many
macrophage-tropic (M-tropic) strains of HIV to infect target  iperidine crucial; other rings, C-4 substituents

cells (L—5). M-tropic strains initiate the infection and  substitution positions <<active tolerated
dominate during the asymptomatic stages of the disease. As

i i - i CH /
infection proceeds, T cell-tropic (T-tropic) viruses can \ I ’ /@
S

emerge which utilize another chemokine receptor, CXCRA4, NS

as the coreceptor. The importance of CCRS5 for the establish- 0// W

ment of the initial infection was demonstrated by human Sulfonamide reqired
genetic studies of high-risk individual®)( Individuals ) Longerorshorter«actwe

allelically homo- or heterozygous for a 32 bp deletion in

the gene encoding CCR5 exhibit either resistance to HIV-1
infection or delayed progression to frank AIDS, respectively 4-substitutions tolerated, most hydrophobic

(7, 8). Furthermore, the natural ligands of CCR5, RANTES,

but key polar site also identified

MIP-1a, and MIP-3, as well as N-terminally modified

forms of RANTES, have been shown to block infection of g Tight SAR, phenyl or
M-tropic strains 9). Basic N required; 4-substituted 3-thienyl, only small
piperidine crucial; other rings, substltutlons allowed

Given the importance of CCRS5 for the establishment, and substitution positions << active
possibly maintenance, of HIV-1 infection in vivo, numerous
efforts to identify suitable CCR5 antagonists for use as
potential anti-HIV-1 therapeutic agents have been initiated.

(12—16) describing small molecule human CCR5 receptor
antagonists that inhibit HIV replication have recently ap-
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Ficure 2: Methylenecyclohexane-derived isoxazolidones used to determine the pharmacophore shape shown in panel A. Two possible
rotamers for compound are shown in panel B.

peared. An alanine scanning mutagenesis study of CCR5
identified the receptor-binding site of Takeda’s dual CCR5
and CCR2b antagonist, TAK-77917). TAK-779 was
reported to bind within a cavity formed by helices3 and

7 near the extracellular surface of CCR5. Herein, we show
that the binding site for the Merck compounds is also located
near the extracellular surface of CCRS5, but primarily within
a cavity formed by transmembrane helices 2, 3, 6, and 7.

MATERIALS AND METHODS

Pharmacophore ModeConformations for all compounds
were generated using an in-house distance geometry program
(S. K. Kearsley, unpublished results) and energy-minimized
using a distance-dependent dielectric constant of 78 and the
MMFFs force field (8). The pharmacophore model was
created by generating a consensus overlay of all compounds
using MEGA-SQ 19). The final model was chosen on the
basis of comparison with the experimental SAR (Figures 1
and 2) and is shown in Figure 3. )

CCR5 Receptor Docking Modél 3D model of the human ~ F'GURE 3:  Pharmacophore model for CCRS5 antagonists. The

- yrrolidine series is shown in green and the acyclic series in
CCRS receptor was constructed on the basis of the manuarﬁ\agenta. The coloring scheme is as follows: green or magenta for
sequence alignment between bovine rhodopsin and humartarbon, red for oxygen, dark blue for nitrogen, orange for sulfur,
CCRS5 (Figure 4). Using the Protein Design module within and light blue for a heteroatom.
Quanta200020), the homology model was created from this
alignment using the coordinates of the bovine rhodopsin helices by searching a library of protein structures generated
crystal structure as the backbone template for the transmem4{rom the Protein Data Bank2() for protein fragments that
brane helices. The side chain positions were placed usingmost closely matched the geometric requirement of connect-
the following procedure. All atoms of the side chain in ing one helix to the next. The backbone and side chains for
common with atoms in the template were copied, and thosethese loops were added in a similar manner as in the helices
that differed with the template were built according to known using the closest fragment as the template. The receptor
side chain preferences. The loop regions were added to thenodel was then refined using the CHARMmM force fiek@)
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H1
bov_RhD MNGTEGFNFYVPFSNEKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLY
hum_CCRS ------- MDYQVSSPIYDINYYTSEPCQKINVEKQIAARLLPPLYSLVFIFGFVGNMLVIL
H2 H3
bov_RhD VIVQHEELRTPLNYILLNLAVADLFMVFGGFTTTLYTSLHGYFVFGPTGCNLEGFFATLG
hum_CCRS ILINCERLESMTDIYLLNLAISDLFFLLTVPFWAHYARAQ- -WDFGNTMCQLLTGLYFIG
H4
bOV_RhO GEIALWSLVVLAIERYVVVCKPMSNFRF - GENHAIMGVAFTWVMALACAAPPLVGWSRYI
hum_CCRS FFSGIFFIILLTIDRYLAVVHAVFALKARTVTFGVVISVITWVVAVFASLPGI-IFTRSQ
H5
bov_Rho PEGMQCSCGIDYYTPHEETNNESFVIYMFVVHFIIPLIVIFFCYGQLVFTVEEAAAQQQES
hum_CCRS KEGLHYTCSSHFPYSQYQFWENFQTLKIVILGLVLPLLVMVICYSGILKTLLRCREN-----
H6 H7

bov_Rho ATTQRKAEKEVTRMVIIMVIAFLICWLPYAGVAFYIFTHQGSD-------- FGPIFMTIPAFFA
hum_CCRS ---EEEKRHRAVRLIFTIMIVYFLFWAPYNIVLLLNTFQEFFGLNNCSSSNRLDQAMQVTETLG
bov_RhD KETSAVYNPVIYIMMNEQFRNCMVTTLCCGKNPLGDDEASTTVSKTETSQVAPA

hum_CCR5 MTHCCINPIIYAFVGEKEFRNYLLVFFQEHIAKRFCKCCSIFQQEAPERASSVYTRSTGEQ

bov_Rho
hum_CCR5 EISVGL

Ficure 4: Sequence alignment of bovine rhodopsin with human CCR5. The seven transmembrane helices are shown in the blue boxes.
The residues shown in red are typical conserved motifs found in many family A GPCRs.

in a stepwise process. First, the backbone of the transmem-=C for 1 min, 55°C for 1 min, and 72C for 2 min) for 30
brane helices was held fixed during 200 steps of steepestcycles and a GeneAmp kit (Perkin-Elmer). The resulting PCR
descent minimization to remove side chain close contacts.product, approximately 1.1 kb in length, was digested with
Next, theo-carbons of the transmembrane helices were held Hindlll and Xba (sites present on the'-band 3-primers,
fixed, and 1000 steps of molecular dynamics were carried respectively) and cloned into staging vector pSP72 (Prome-
out following 300 steps of heating to 300 K and 300 steps ga), and six clones were sequenced. Three clones were found
of equilibration. Finally, the resulting model minimized for to contain the identical human CCR5 sequence that was
200 steps of conjugate gradient minimization with no reported previouslyZ4). CCR5 mutants were prepared with
constraints yielded a model with no close contacts present.the QuickChange mutagenesis kit (Stratagene, La Jolla, CA),
A manual docking of the pharmacophore model into the as described by the manufacturer.
hCCRS receptor model was then carried out. First, the Expression of Wild-Type and Mutant CCR5 in CHO Cells
compounds were placed near thecldretinal chromophore- ~ CHO cells (16, ATCC CCL-61) were plated in F12 medium
binding site in the bovine rhodopsin crystal structu28&)( supplemented with 10% FBS 16 h prior to being transfected
The SAR and shape versus fit of the pocket versus thewith 20 ug of expression plasmid DNA using a standard
pharmacophore shape and characteristics were used to guidealcium phosphate procedure (Specialty Media, Lavallette,
the docking. The receptor docking model is shown in Figures NJ) or using Lipofectamine 2000 (Invitrogen). The DNA was
5 and 6. incubated with cells at 37C in 6% CQ for 6 h, whereupon
Materials. All human chemokines were from Peprotech the medium was removed and the cells were glycerol-
(Rocky Hill, NJ). Radioactive chemokines were from Perkin- shocked (for calcium phosphate-transfected cells only, 15%
Elmer NEN (Boston, MA)35S-labeled Merck compoungl glycerol shock solution, Specialty Media) and refed with
was prepared by the in-house Labeled Compound Synthesismedium containing 1.0 mg/mL Geneticin (Invitrogen). After
group. incubation for 10 days, the surviving foci were pooled. Stable
Cloning and Mutagenesis of CCRSince it was reported  expression of CCR5 was verified by determining that an
that human CCR5 was located within 17 kb of human CCR2 aliquot of these cells bound radiolabeled MI&{see binding
on human chromosome 3p224j, the human CCR5 open parameters below). The remaining cells were cloned by
reading frame would most likely be present on a genomic limiting dilution in 96-well microtiter plates, and the cells
clone carrying CCR2. Accordingly, human CCR5 was cloned were expanded. Stable cell lines were derived from individual
by PCR using 10 ng of a human P1 genomic DNA clone clones selected on the basis of binding and functional assays.
previously defined to contain CCR2 (DMPC-HFF No. 1: Alternatively for some mutants, cells from pooled foci were
Clone 785-8C; Genome Systems, Inc., St. Louis, MO) as aused in the binding assays following verification of radio-

template 25) with the following primers: 5primer, 3-ATA- labeled MIP-Ix binding.
TAT-TAA-GCT-TCC-ACC-ATG-GAT-TAT-CAA-GTG- Binding AssaysBinding of [*29]RANTES and [*A]MIP-
TCA-AGT-C-3; 3-primer, 3-ATA-TAT-TCT-AGA-GCG- la (2200 Ci/mmol, typically 20 000 cpm, 20 pM per assay

GCC-GCT-CAC-AAG-CCC-ACA-GAT-ATT-TC-3 PCR point) in the presence of unlabeled ligands or a serially
was carried out with the following cycling parameters (94 diluted compound was initiated by adding intact cells
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FiGure 5: (A) Human CCRS5 receptor binding model shown with
compound2 docked in the homology model. The residue color
scheme for the receptor model is as follows: green for hydrophobic,
white for polar, gray for aromatic, yellow for sulfur-containing,
red for acidic, and blue for basic. (B) View of the CCR5 receptor
docking model from its extracellular surface. The model is rotated
approximately 99from the orientation shown in panel A. All loops
have been removed for clarity.

(75000-200000 cells per point) as previously describizg).(
Binding proceeded at room temperature for 60 min, where-
upon the assay was terminated by filtering through GF/C
filters treated with 0.33% PEI. The filters were then washed
two times (500uL each) with buffer containing 50 mM
HEPES (pH 7.2), 0.1% BSA, 0.02% NaNL mM CacC}, 5

mM MgCl,, and 0.5 M NaCl. Binding assays usides-
labeled compound® were performed as described above
except that the binding proceeded foh atroom temperature

and the plates were washed three times with the above wash,

buffer containing 5% Tween 20 (Sigma). The filters were
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extracellular

( Y108
H3 H7

Ficure 6: Close-up view of the binding model with compouad
The color scheme is the same as in Figure 5A.

¢ Y251

H2

acyclic 2-aryl-4-(piperidin-1-yl)butanamine analogues as
CCR5 antagonists. Subsequently, the development of the
SAR around these lead compounds, as well as the 1,3,4-
trisubstituted pyrrolidines, has been reported recedi®y(

16). Figure 1 summarizes these SARs for receptor binding.
In general, the SARs for the pyrrolidine and acyclic series
are quite similar with one exception noted below. The
4-substituted piperidine with its basic nitrogen is crucial in
both series. Other ring sizes and substitution patterns were
found to be much less active. Appropriately substituted polar
groups off the 4 position of the piperidine ring were found
to be potency-enhancing in both series. In the pyrrolidine
series, there is a restricted SAR in the 3-aryl position, and
similarly in the 2-aryl position of the acyclic series. This
phenyl was found to be important for potency, and substitu-
tion was limited to small moieties at the 3 position. There is
a significant divergence in the SAR between the two series
in the 1 position. In the pyrrolidine series, numerous
N-substituents were tolerated, although hydrophobic groups
were preferred. In the acyclic series, an aryl sulfonamide
was required and 4-substitution off the phenyl group was
tolerated.

On the basis of this emerging SAR for the 2-aryl-4-
(piperidin-1-yl)butanamine and 1,3,4-trisubstituted pyrroli-
dine series, a pharmacophore model was developed. Several
overlays of multiple compounds from both series were
generated. The parallel SAR between the 3-aryl position in
the pyrrolidine series and the 2-aryl position in the acyclic
series led to the overlap of these aryl groups in the
pharmacophore model. The 4-phenyl piperidine ring was
overlapped between the two series, consistent with the
comparable SAR. Two rotamers were plausible for the N-1
substitution in the pyrrolidine series as shown in Figure 2B.
The acyclic series can be matched to either rotamer due to
its greater flexibility. An exact overlay of the 1 position is
ot expected since the SAR for the two series diverges at
this point. Bicyclic isoxazolidines, as shown in Figure 2A,

counted in a standard gamma counter, and the results wer§yere prepared as conformationally constrained N-1 substi-

analyzed using Graph Pad Prism software.

RESULTS AND DISCUSSION

Extensive screening of the sample collection of Merck
Research Laboratories led to the identification of several

tuted pyrrolidines and provided insight into the stereochem-
ical requirements at this positio87). Rotamer B was found

to be the preferred geometry for the pyrrolidine series. The
final pharmacophore model, shown in Figure 3, was chosen
on the basis of an overlay of both series, consistent with
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rotamer B and the overlap of the aryl and piperidine groups Table 1: Mutational Results for Compounds and Controls (M)

Ficure 7: CCR5 antagonists.

as discussed above. compound CCR5 D276A E283A Y108A Y251A Y37A WS6A
A hor_nology model for the human _CCRS receptor was 7 20 23 1000 1010 110 29 210
built using the recently released bovine rhodppsm crystal 5 10 16 >10000 165 110 NT  NT®
structure as a templat®3). The sequence alignment of 3 1.7 40 1000 230 18 1.3 130
human CCRS5 with bovine rhodopsin that was used is shown g 1%(3) 3;% 38888 32(7)8 9%%% 11%% >1008030
in F|gur§ 4. nghl|ghted in red are the reS|du_es that were 50 4.0 >10000 750 51 33 910
used to identify the seven transmembrane helices. These are 11 5.0 >10000 150 55 10 120
conserved motifs found in most family A GPCRs. An MIP-la.  0.65 6.6 1.8 N¥ NT® 1.1 4b.4
antagonist binding site model was developed by manually RANTES  0.50 8.3 091 17 045 NT NT

docking the pharmacophore model into the CCR5 receptor 2Shown are average values from at least three independent deter-
model. The SAR of the two series and the shape of the Minations.” Not tested.
pharmacophore model were used to predict the most likely
orientation of the compounds in the receptor model. As  After the publication of the TAK-779 alanine scanning
shown in Figures 5 and 6, the proposed antagonist bindingmutagenesis study, two additional mutants were made, Y37A
site in CCR5 is located in a pocket near the top of helices 2, (H1) and W86A (TM2), since alanine substitutions at these
3,6,and 7. two residues significantly hindered the ability of TAK-779
To test this model, several residues within the receptor to inhibit HIV viral entry (17). No significant effect on Merck
were picked for site-directed mutagenesis: Y108 (H3) and compound binding affinity was seen for Y37A in helix 1,
Y251 (H6) as well as two acidic residues, D276 (H7) and but a reduced affinity was seen for W86A in TM2 (Table
E283 (H7), which could potentially interact with the required 1). Further comparison revealed that while both TAK-779
basic amines in the two compound series. Each of theand the Merck compounds were strongly affected by the
residues was mutated to alanine, and the binding affinities Y108A mutation, E283A only moderately affected TAK-
of these modified receptors for a panel of compounds (Figure 779 antiviral activity (7), whereas a significantly reduced
7) were tested. MIP-d and RANTES were used as controls. binding affinity was observed for all the Merck compounds
The mutation results are summarized in Table 1, and a typical(Table 1). These results suggest that the TAK-779 and the
competition curve is shown Figure 8A. In general, reduced Merck compound binding sites partially overlap, or alterna-
affinity for the mutated receptors was seen for E283 in helix tively, these differences could due to virus and receptor
7, Y108 in helix 3, and Y251 in helix 6. No significant effect interaction versus compound and receptor binding. To
was seen for D276 in helix 7 or the controls MIB-and directly determine if TAK-779 and the Merck compound
RANTES with any substitution. binding sites overlap, competition binding was performed
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residues, and one can postulate that the compound’s place-

g 100 ment may shift slightly if interactions are made with these
8 other residues.
< 754 The N-1 substituents in the pyrrolidine series and the aryl
% sulfonamide in the acyclic series are docked into the pocket
% 504 formed by helices 2, 3, and 7 which contains hydrophobic,
e polar, and aromatic residues, including W86 and Y108
E 25 (Figure 6). The SAR for the two series diverges at this point,
5__ and this placement would accommodate these differences.
0 This pocket is just large enough to accommodate the C-4
1041 10°© 10° 10° 107 10 10 substitutions off the aryl ring in the acyclic series and could

Compound 1 (M) provide favorable inte_ra_ctions f(_)r the aryl sulfonam?de group,
as well as hydrophobic interactions for the pyrrolidine series.
Mutation of Y108 and W86 to alanine resulted in decreased
affinities for all compounds that were tested (Table 1). A

wide variety of 4-substituents off the piperidine ring is
tolerated in both series. Therefore, the 4-substitution off the
piperidine ring is docked heading out toward the extracellular
portion of the model and near the loop connecting helix 4

to helix 5, ECL2 (Figure 6). The piperidine fits nicely in
this channel with the 4-substitution going out toward the
extracellular region of the receptor. This placement accom-

. . . . : : modates the bulky substituents, such as in compolinds

10" 10-° 10° 10® 107  10% 6, and7 (Figure 7). Later in the program, a key polar site

Compound (M) was identified off the 4-phenyl piperidine in both series.

These polar groups could potentially interact with the polar

FIGURE 8: (A) Titration of Merck Compound. in the CCR5 blndlng res|dues in the extrace”ular |00p, ECLZ' or the nearby

assay using the wild-type recept@®)(or the Y108A mutant®). : . :
Data represent means the standard deviation of duplicate extracellular loop connecting helices 6 and 7, ECL3 (Figure

determinations from a single representative experiment. (B) Titration 6)- In bovine rhodopsin, ECL2 forms part of the chro-

1004

754

504

**s]Compound 3
(% Bound)

N
[é,]
1

of TAK-779 (@), compoundL (a), and compound (M) using3°S- mophore-binding pocket. It is connected to the top of helix
labeled compoun@ and wild-type CCRS. For data analysis, the 3 with a disulfide bond that is conserved in many family A
counts per minute obtained in the presence giM compound3 GPCRs, including the chemokines. This loop in CCRS5 is

were used to define maximal inhibition. Data represent means L . . - .
the standard deviation of quadruplicate determinations from asingleSlmllar in length to the loop In_bOVIne rhodopsin (Figure 4),
representative experiment. and one can postulate that it too would form part of the

binding pocket. Previously, it has been shown that G163 is
using labeled Merck compourBi(Figure 7). TAK-779 only a critical site for binding and infectivity of R5 strains of
partially inhibited compoun@ binding (Figure 8B), although ~ HIV-1 for human CCR5 Z4, 28) and is predicted to lie at
the observed affinity for CCR5 (2.8 nM) is in agreement the juncture of TM4 and ECL2.
with published valuesl(). In contrast, unlabeled compound In conclusion, we have developed a CCR5 antagonist
3 and compound. were able to completely inhibit binding  pharmacophore model based on the SAR from the 2-aryl-
to CCR5. These results are consistent with TAK-779 and 4-(piperidin-1-yl)butanamine and 1,3,4-trisubstituted pyrro-
the Merck compounds having only partially overlapping lidine series and a receptor docking model which we have
binding sites. tested using site-directed mutagenesis experiments. Our
As indicated earlier, since the basic nitrogen in the results are consistent with a proposed binding site for the
piperidine ring was required, it seemed reasonable to orienttwo series that is located within a cavity near the extracellular
the compounds to allow this nitrogen to interact with E283 surface formed by transmembrane helices 2, 3, 6, and 7. This
in helix 7 (Figure 6). This decision was supported by the site is in a region similar to that for other proposed GPCR
greatly reduced affinity (825000-fold reduction) seen for ~ small molecule binding sites. It is partially overlapping the
the E283A mutant receptor. Although D276, also in helix 7, 11-<is-retinal binding site in the bovine rhodopsin crystal
is another potential site of interaction, the lack of an effect structure 23) and the proposed TAK-779 binding sitE7].
of the D276A substitution indicates that this residue plays
little role in compound binding. ACKNOWLEDGMENT
In the 3-aryl position of the pyrrolidine series, as in the ~ We thank Ping Chen, Richard Budhu, and Bryan Oates
2-aryl position of the acyclic series, very little substitution for their synthetic assistance and Dr. Dennis Underwood for
is tolerated and an aromatic moiety is required. Therefore, many insightful discussions at the beginning of this project.
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