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Abstract—In the present study, we have used an approach combining protein structure modeling, molecular dynamics (MD) sim-
ulation, automated docking, and 3D QSAR analyses to investigate the detailed interactions of CCR5 with their antagonists. Homol-
ogy modeling and MD simulation were used to build the 3D model of CCR5 receptor based on the high-resolution X-ray structure
of bovine rhodopsin. A series of 64 CCR5 antagonists, 1-amino-2-phenyl-4-(piperidin-1-yl)-butanes, were docked into the putative
binding site of the 3D model of CCR5 using the docking method, and the probable interaction model between CCR5 and the antag-
onists were obtained. The predicted binding affinities of the antagonists to CCR5 correlate well with the antagonist activities, and
the interaction model could be used to explain many mutagenesis results. All these indicate that the 3D model of antagonist–CCR5
interaction is reliable. Based on the binding conformations and their alignment inside the binding pocket of CCR5, three-dimen-
sional structure–activity relationship (3D QSAR) analyses were performed on these antagonists using comparative molecular field
analysis (CoMFA) and comparative molecular similarity analysis (CoMSIA) methods. Both CoMFA and CoMSIA provide statis-
tically valid models with good correlation and predictive power. The q2ðr2crossÞ values are 0.568 and 0.587 for CoMFA and CoMSIA,
respectively. The predictive ability of these models was validated by six compounds that were not included in the training set. Map-
ping these models back to the topology of the active site of CCR5 leads to a better understanding of antagonist–CCR5 interaction.
These results suggest that the 3D model of CCR5 can be used in structure-based drug design and the 3D QSAR models provide clear
guidelines and accurate activity predictions for novel antagonist design.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Human immunodeficiency virus type 1 (HIV-1) infec-
tion, which eventually leads to the acquired immunode-
ficiency syndrome (AIDS), remains to be a lethal disease
threatening human�s health.1 To inhibit HIV-1 replica-
tion and slow the destruction of the immune system,
current therapies utilize a combination of protease and
reverse transcriptase inhibitors.2 While suppression of
viral replication through combination therapy delays
progression to AIDS, the virus is not eradicated and
the immune system eventually succumbs to infection.3–5
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Concerns about the long side effects of protease inhibi-
tors and the increasing transmission of resistant variants
emphasize the need to identify new classes of drugs,
which are able to suppress HIV-1 replication efficiently.

The recently discovered chemokine receptor CCR5, a
primary co-receptor essential for HIV recognition and
entry into cell, has been identified as a potential new tar-
get for the treatment of HIV-1 infection.6 The CCR5
receptor belongs to the rhodopsin family of G-protein-
coupled receptors (GPCR) characterized by seven
trans-membrane motif.7 Chemokines MIP-1a, MIP-1b,
and RANTES are the natural ligands of CCR5.8 Indi-
viduals homozygous or heterozygous for a 32-base pair
deletion in the gene for CCR5 exhibit either resistance
to HIV-1 infection or delayed disease progression.9,10

These observations provided remarkable evidence that
functional inhibition of CCR5 receptor can be highly
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protective against HIV-1 infection. Therefore, great
efforts have been initiated to identify suitable CCR5
antagonist as potential anti-HIV-1 therapeutic agents.

To date, many chemically diverse small molecule CCR5
antagonists have been reported through patents and sci-
entific literatures.11–25 For examples, TAK-779 was the
first CCR5 antagonist developed in Takeda Chemical
Industries in Japan.24,25 Merck Research Laboratories
reported a series of novel CCR5 antagonists as
anti-HIV-1 agents derived from 1-amino-2-phenyl-4-
(piperidin-1-yl)-butane.19,20,26,27 Correlating the physico-
chemical properties or structural features of compounds
with their biological activities is believed to gain an in-
sight into the interaction mechanism of CCR5 receptor
to antagonists, providing useful clues for designing
new anti-HIV-1 drugs. On the basis of rough alignments
of a series of CCR5 antagonists using atomic RMS (root
mean square) fit and rigid body field fit techniques, pre-
liminary 3D QSAR studies on the putative active con-
formation were performed by Song et al.28 The 3D
QSAR study based on simple alignment did not give de-
tailed information of how antagonists interact with
CCR5 and what interaction features between the recep-
tor and antagonists are important for biological activity.
A molecular modeling-guided mutagenesis study29 gave
a relatively clear image of CCR5–antagonists interac-
tions; this study, however, did not revealed a precise
interaction feature since the interaction model of recep-
tor–ligand was derived from a manual docking based on
a pharmacophore. However, structural information of
GPCR is difficult to obtain using experimental tech-
niques because of enormous difficulties in the prepara-
tion of samples suitable for subsequent X-ray or NMR
determinations. Nevertheless, site-directed mutagenesis
and other binding experiments have still given us infor-
mation important for its interaction with antagonists.
These available experimental data can be used to guide
the modeling of CCR5. In the present study, we used
an approach combining homology modeling, molecular
dynamics simulation, and automated docking methods
to investigate the antagonist–CCR5 interaction mecha-
nism and the structure–activity relationship of the
antagonists.

Firstly, taking the crystal structure of bovine rhodopsin
(PDB code of 1F88 at 2.80Å resolution)30 as a template,
the homology modeling and molecular dynamics simu-
lation techniques were employed to build three-dimen-
sional (3D) model of the human CCR5 receptor.
Afterwards, a series of 64 1-amino-2-phenyl-4-(piper-
idin-1-yl)-butane analogues were docked into the puta-
tive binding site of the 3D model of CCR5. The
binding conformations of these antagonists and their
alignment in the active site of the receptor were used
to construct 3D QSAR models, which can be further ap-
plied in activity prediction at a faster speed.31,32 The 3D
QSAR models were constructed by using approaches of
comparative molecular field analysis (CoMFA)33

and comparative molecular similarity indices analysis
(CoMSIA).34 The aims of the present research are (i)
demonstrate the common binding model of 1-amino-2-
phenyl-4-(piperidin-1-yl)-butane compounds with
CCR5; (ii) elucidate the structural features associate
with the chemical modifications and explain the SAR
data for CCR5 antagonists; and (iii) obtain stable and
predictive QSAR models involving the main intermo-
lecular interactions between antagonists and CCR5,
which can be used in rapidly and accurately predicting
the activities of new designed antagonists.
2. Computational details

2.1. Molecular structures and optimization

A series of 64 molecules were employed in the present
study, their chemical structures are shown in Table
1.17–20 The initial structures of these compounds were
built on the basis of the structure of compound 2 and
energetically minimized using Tripos force field with
Gasteiger–Hückel charges.35 The N-protonated forms
of the molecules, which are the prevalent species at phys-
iological pH, were used in the calculations. All of the
calculations were performed on a SGI O2 workstation,
and a SGI 3200 server using the Sybyl 6.8 program.36

2.2. Structural modeling of CCR5

2.2.1. Modeling a-helix bundle. The sequence of the 352
amino acids of human CCR5 receptor was taken from
the SwissProt database (entry P51681; http://us.exp-
asy.org/sprot/). Sequence analysis and conserved-resi-
dues identification were carried out among chemokine
receptors and other rhodopsin-like GPCRs. Using the
crystal structure of bovine rhodopsin at 2.80Å resolu-
tion (PDB entry 1F88)30 as a template, the Homology
module of InsightII37 and the ClustalW algorithm38

were applied in sequence alignment, and the Blosum
scoring matrix39 was employed to obtain the best-fit
alignment. The best alignment was selected according
to not only the value of the alignment score, but also
the reciprocal positions of conserved residues. In this
way, the trans-membrane (TM) segments were identified
and transformed into a-helices.

2.2.2. Modeling extracellular and intracellular regions.
The FASTAFASTA program40 was used to identify sequence
homologies through the in-house database41 containing
700 loops and proteins with medium to high sequence
identity. ClustalW38 was then used to determine the
fragments that had higher homology with the extracellu-
lar and intracellular regions of CCR5. The reasonable
fragment conformation was chosen from the top 10 can-
didates that had the lowest root mean square (RMS)
values and considerable geometrical compatibility. The
conserved disulfide bond between residues Cys101 at
the beginning of TM3 and Cys178 in the middle of
extracellular loop 2 (EL2) was also created and kept
as a constraint in the geometric optimization.

The resultant structure of CCR5 was optimized using
molecular mechanics method with the following para-
meters: a distance-dependent dielectric constant of 5.0;
nonbonded cutoff 8Å, Amber force field and Kollman-
all-atom charges; and conjugate gradient minimization
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Table 1. Chemical structures of 1-amino-2-phenyl-4-(piperidin-1-yl)-butane analogues and their antagonist activitiesa
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1 0 Phenyl 6.00 16* 2 4-NO2–Phenyl 7.22

2 1 Phenyl 7.46 17 1 4-MeO–Phenyl 7.40

3 2 Phenyl 7.00 18 1 4-Ph–Phenyl 7.40

4 1 2-Thienyl 7.22 19 1 Naphth-1-yl 6.44

5 2 2-Thienyl 6.92 20 1 Naphth-2-yl 7.22

6* 1 NMe2 6.47 21 1 Indan-5-yl 7.16

7 1 Benzyl 6.23 22 1 Pyridin-3-yl 7.00

8 1 Methyl 6.07 23 1 Quinolin-8-yl 7.05

9 1 n-Octyl 5.85 24 1 Quinolin-3-yl 6.92

10 1 Cyclopentyl 7.00 25 1 1-Me–Imidazol-4-yl 6.47

11 1 Cyclohexyl 7.00 26* 0 H 5.80

12 1 2-Cl–Phenyl 7.10 27 0 Et 5.00

13 1 3-Cl–Phenyl 7.16 28 1 H 6.64

14 1 4-Cl–Phenyl 7.40 29 1 Et 6.89

15 2 3-NO2–Phenyl 6.82 30 2 Et 6.80
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31 0 (S)-3-Cl–Phenyl 6.57 36* 1 (S)-3,4-OCH2O–Phenyl 6.70

32 1 (S)-3-Cl–Phenyl 8.00 37 2 (S)-3,4-OCH2O–Phenyl 7.10

33 2 (S)-3-Cl–Phenyl 7.82 38 (S)-3-Cl–Phenyl 7.52

34 1 (S)-4-Cl–Phenyl 6.57 39 (S)-4-F–Phenyl 6.00

35 1 (S)-4-F–Phenyl 6.24 40 (S)-3,4-OCH2O–Phenyl 6.52
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50-59

X Y–Z Y R

41 –CH2CH2– 6.75 50 –N– C6H5 6.16

42 –NHCH2– 7.30 51 –N– 2-MeC6H4 5.62

43 –C(O)CH2– 8.30 52 –CH– 2-MeC6H4 6.40

44 –C(O)NH– 7.35 53 –CH– 2-MeOC6H4 7.16

45 –C(O)N(Me)– 7.00 54 –CH– 3-CF3C6H4 6.92

46* –C(O)NHCH2– 7.46 55 –CH– 4-ClC6H4 6.70

47 –N(MeSO2)CH2– 7.46 56* –CH– 4-FC6H4 7.60

48 –CH(OH)CH2– 7.00 57 –CH– C6H5CH2 6.60

49 CH2 –O– 6.58 58 –CH– C6H5CH2CH2 7.19

59 –CH– C6H5CH2CH2CH2 8.30

(continued on next page)
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Table 1 (continued)
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60-64
R1 R2 R1 R2

60 n-Pr 4-NO2–C6H4–CH2 8.82 63 n-Pr 4-NH2COC6H4–CH2 8.70

61 Allyl 4-NO2–C6H4–CH2 8.70 64 n-Pr 4-NH2COC6H4–CH2 8.52

62 n-Pr 3-NH2COC6H4–CH2 9.10

* Compounds of the testing set.
a Compounds 1–30, 31–40, 41–59, and 60–64 were taken from Refs. 17–20, respectively.
b pIC50 = �logIC50.
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until the energy gradient RMS < 0.05kcal/(mol Å).
The minimized structure was validated using the
PROCHECKPROCHECK

42 program.

2.3. Structure refinement and molecular docking

A putative binding pocket was determined according to
the published result of site-directed mutagenesis.25,43–45

The pocket is situated in the extracellular side of the
trans-membrane domain and partly covered by the sec-
ond extracellular loop (EL2). The cavity is mainly com-
posed of the conserved residues of Tyr37, Trp86,
Tyr108, Phe112, Trp248, Tyr251, and Glu283. To con-
struct a concrete binding pocket of CCR5, compound
2 was docked into the putative binding site. During this
process, the structure of the CCR5 receptor, especially
the torsional angles of the side chains of the residues
lined the binding pocket, was adjusted manually to
avoid unacceptably steric contacts with the ligand. Sin-
gle-point calculation was performed on compound 2 at
the HF/6-31G* level, and its partial atomic charges were
determined using the electrostatic fitting method imple-
mented in the AMBER 7.0AMBER 7.0

46 program. To obtain a reason-
able structure of the antagonist bound CCR5, the
CCR5–antagonist complex model was minimized alter-
nately using molecular mechanics and molecular
dynamics methods. First, the main chains of the seven
TMs were held fixed to relax side chain steric clash.
Next, the Ca atoms were kept fixed to maintain the
a-helical structure while all other atoms were relaxed.
Afterwards, the complex structure was heated to
300K, and a 400ps molecular dynamics simulation
was conducted at this temperature without any con-
straints. Finally, the structure of the CCR5–antagonist
complex was optimized once again using the molecular
mechanics method, which produced the starting struc-
ture for molecular docking was obtained. AMBER 7.0AMBER 7.0

46

and above mentioned force field parameters were em-
ployed during the structural optimization.

The advanced molecular docking program AutoDock
3.0.3,47 which uses a powerful Lamarckian genetic algo-
rithm (LGA)48 method for conformational search and
docking, was applied for the automated molecular dock-
ing simulations. Briefly, the LGA described the relation-
ship between the antagonists and the receptors by the
translation, orientation, and conformation of the antag-
onists. These so-called �state variables� were the ligands�
genotype, and the resulting atomic coordinates together
with the interaction and the intramolecular energies
were the antagonists� phenotype. The environmental
adaptation of the phenotype was reverse transcribed
into its genotype and became heritable traits. Each
docking cycle, or generation, consisted of a regimen of
fitness evaluation, crossover, mutation, and selection.
A Solis and Wets local search49 was carried out to the
energy minimization on a user-specified proportion of
the population. The docked structures of the ligands
were generated after a reasonable number of evalua-
tions. The whole docking scheme could be stated as
follows.

First, the receptor molecules were checked for polar
hydrogen and assigned for partial atomic charges, the
PDBQS file was created, and the atomic solvation
parameters were also assigned for the macromolecules.
Meanwhile, all of the torsion angles of the antagonists
that would be explored during molecular docking stage
were defined. Therefore, it allowed the conformation
search for ligands during molecular docking process.

Second, the 3D grid was created by the AutoGrid algo-
rithm48 to evaluate the binding energies between the
antagonists and the receptors. In this stage, the CCR5
receptor was embedded in the 3D grid and a probe atom
was placed at each grid point. The affinity and electro-
static potential grid were calculated for varies type of
atoms in the ligands. The energetic configuration of a
particular ligand was found by trilinear interpolation
of affinity values and electrostatic interaction of the
eight grid points around each atom of the ligand.

Third, a series of the docking parameters were set on.
The atom types, generations and the run numbers for
LGA algorithm were properly assigned according to
the requirement of the Amber force field. The number
of generations, energy evaluations, and docking runs
were set to 370,000, 1,500,000, and 20, respectively.
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The kind of atomic charges were assigned as Kollman-
all-atom for CCR5 and Gasteiger–Marsili35 for the
ligands.

Finally, the docked complexes of ligand–receptor were
selected according to the criteria of interacting energy
combined with geometrical matching quality. These
complexes were used as the starting conformation for
further energetic minimization and geometrical optimi-
zation before the final binding models were achieved.

2.4. Binding free energy prediction

Typically, three binding energy terms used in the previ-
ous versions of AutoDock50 were included in the score
function; the van der Waals interaction represented as
a Lennard-Jones 12–6 dispersion/repulsion term, the
hydrogen bonding represented as a directional 12–10
term, and the Coulombic electrostatic potential. There-
fore, the binding energy of 1-amino-2-phenyl-4-(piper-
idin-1-yl)-butane analogues to CCR5 could be simply
described as the electrostatic, van der Waals and hydro-
gen-bonding interaction energy, respectively. On the
basis of the traditional molecular force field model of
interaction energy, a new score function at the level of
binding free energy was derived and adopted in the ver-
sion of AutoDock 3.0.3.47,48 Not only the restriction of
internal rotors, the global rotation, and the translation
were modeled depending on the number of torsion an-
gles of the ligand but also the desolvation upon binding
and the hydrophobic effect (solvent entropy changes
at solute–solvent interfaces) were calculated. The total
binding free energy was empirically calibrated based
on the above-stated terms and a set of coefficient
factors.48 Thus, the new score function was sufficient
to rank the antagonist in the different levels of
binding affinities. The total binding free energy between
1-amino-2-phenyl-4-(piperidin-1-yl)-butane analogues
and CCR5 was calculated using the new scoring func-
tion encoded in AutoDock 3.0.3.47,48

2.5. 3D QSAR studies

To more fully explore the specific contributions of
electrostatic, steric, and hydrophobic effects for these
1-amino-2-phenyl-4-(piperidin-1-yl)-butane analogues
binding to CCR5, CoMFA,33 and CoMSIA34 studies
were performed for these antagonists based on the con-
formational alignment predicted from the molecular
docking.

2.5.1. CoMFA. Usually, steric and electronic field ener-
gies were probed using an sp3 carbon atom and a +1
net charge atom, respectively. Steric and electrostatic
interactions were calculated using the Tripos force
field51 with a distance-dependent dielectric constant at
all intersections in a regularly spaced (2Å) grid. The
minimum r (column filtering) was set to 2.0kcal/mol
to improve the signal-to-noise ratio by omitting those
lattice points whose energy variation was below this
threshold. A cutoff of 30kcal/mol was adopted, and
the regression analysis was carried out using the full
cross-validated partial least squares (PLS) method (leave
one out) with CoMFA standard options for scaling of
variables. The final model (non-cross-validated conven-
tional analysis) was developed with the optimum num-
ber of components equal to that yielding the highest q2.

2.5.2. CoMSIA. In this study, three physicochemical
properties, namely steric, electrostatic, and hydrophobic
fields, have been evaluated. The steric contribution was
reflected by the third power of the atomic radii of the
atoms. Electrostatic properties were introduced as atom-
ic charges resulted from molecular docking. An atom-
based hydrophobicity was assigned according to the
parameterization developed by Ghose et al.52 The lattice
dimensions were selected with a sufficiently large margin
(>4Å) to enclose all aligned molecules. Singularities
were avoided at atomic positions in CoMSIA fields be-
cause a Gaussian-type distance dependence of the
physicochemical properties was adopted, thus no arbi-
trary cutoffs were required. In general, similarity indices
AF,k between the compounds of interest were computed
by placing a probe atom at the intersections of the lattice
points using Eq. 1,
Aq
F ;kðjÞ ¼ �

Xn

i¼1

W probe;kW ike
�ar2iq ð1Þ
where q represents a grid point; i is summation index
over all atoms of the molecule j under computation;
Wik is the actual value of physicochemical property k
of atom i; Wprobe,k is the value of the probe atom. In pre-
sent study, similarity indices were computed using a
probe atom (Wprobe,k) with charge +1, radius 1Å,
hydrophobicity +1, and attenuation factor a of 0.3 for
the Gaussian-type distance. The statistical evaluation
for the CoMSIA analyses was performed in the same
way as described for CoMFA.
3. Results and discussion

3.1. 3D model of CCR5 receptor

The X-ray crystal structure of rhodopsin is the only one
experimentally determined structure for GPCRs.30

However, recently, great success has been achieved in
the structure prediction of GPCRs based on the crystal
structure of bovine rhodopsin,53–56 and even the
homolog models of GPCRs have been used successfully
in virtual screening of chemical databases for drug
discovery.56 Accordingly, the crystal structure of bovine
rhodopsin is an appreciated template for modeling the
3D structures of GPCR family proteins. The primary
3D model of CCR5 resulted from the structural mode-
ling is shown in Figure 1. PROCHECKPROCHECK

42 statistics indi-
cated that �94% residues in the CCR5 model are in
either the most favored or in the additionally allowed
regions of the Ramachandran plot. The overall main
chain and side chain parameters, as evaluated by
PROCHECKPROCHECK, are all very favorable.

The 3D model of CCR5 was optimized alternately using
molecular mechanics and molecular dynamics (see
Section 2.3). Two kinds of interacting networks are



Figure 1. Ribbon representation of the 3D model for CCR5 receptor.

Intramolecular hydrophobic interactions represented as three aromatic

clusters are also shown: (1) cluster among TM2, TM3, and TM4; (2)

cluster between TM1 and TM2; and (3) cluster among TM3, TM5, and

TM6. (A) Side view. (B) Top view from the intracellular side (without

loops, C- and N-terminal for clear visual of TMs). This image was

rendered in the POV-Ray program.57
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observed from the optimized 3D model of CCR5, that
is, aromatic residue clusters (Fig. 1) and a hydrogen-
bonding network (Table 2). For the first network, aro-
matic residues are observed to assemble three clusters,
maintaining the geometry of the TMs by the favorable
stacking interactions as in known membrane pro-
teins.58,59 One aromatic cluster (cluster 1 in Fig. 1) lo-
cates at the middle of TM2, TM3, and TM4, being
composed of residues Tyr68, Phe78, Phe79, Tyr108,
Trp158, Phe112, Phe113, Phe117, and Phe118; these
aromatic interactions make TM2, TM3, and TM4 con-
gregate tightly. Another aromatic cluster (cluster 2 in
Fig. 1) locates at the upside of TM1 and TM2 formed
by the side chains of Phe41, Phe85, Trp86, and His88.
The third aromatic cluster (cluster 3 in Fig. 1), formed
by residues Tyr127, Tyr214, and Phe238, packs TM3
with TM5 and TM6 through van der Waals interactions.
The second network is formed by hydrogen bonds be-
tween residues conserved across the chemokines recep-
tor subtypes (Table 2). All the hydrogen bonds along
with above mentioned hydrophobic interactions enable
the helices conformation more stable.

Sequence alignment of bovine rhodopsin with CCR5 is
shown in Figure 2A, which indicates that residues com-
posing the trans-membrane regions of GPCRs are rela-
tively conserved, the trans-membrane regions of CCR5
are located at the similar positions of rhodopsin. The
structural superposition of the CCR5 model to the
X-ray crystal structure of bovine rhodopsin is shown
in Figure 2B and C, indicating again the conservation
of the trans-membrane regions, the root mean square
deviation (RMSD) for superposition the Ca atoms of
the seven trans-membrane helices of CCR5 with that
of bovine rhodopsin is �1.0Å. Moreover, similar to
the structure of rhodopsin, Cys178 of EL2 forms a con-
served disulfide bond with Cys101 of TM3, which makes
EL2 adopt a conformation that covers the putative
binding pocket.

3.2. Interactions between antagonists and CCR5 binding
pocket

The automated molecular docking may produce several
options of binding conformation for each antagonist.
The conformation corresponding to the lowest binding
energy with CCR5 was selected as the most possible
binding conformation. Thus the most probable binding
conformations of the 58 compounds in the training set
and the six compounds in the testing set were obtained.
The 3D binding model for compound 2 is shown in Fig-
ure 3A and B. The molecular superposition of the bind-
ing conformation for these 64 compounds extracted
from the optimized antagonist–CCR5 complexes is
shown in Figure 4. To illustrate the interaction mecha-
nism, compound 2 was selected for more detailed
analysis.

The aromatic rings of the ligands occupy the hydropho-
bic clusters of CCR5 (Table 3). Tyr108 and Phe112
in TM3 and Trp248 and Tyr251 in TM6 assemble
one hydrophobic cluster, which accommodates the
N-methyl-N-phenylsulfonylamino moiety of the ligands.
C-2 phenyl fits into the hydrophobic cluster consisted of
Ser179 in EL2, Tyr251 in TM6, and Met279 in TM7.
The 4-substitutioned piperidine moiety resides in the
cluster lined by Tyr37 in TM1, Trp86, Ala87, and
Ala90 in TM2, and Leu104 and Tyr108 in TM3. Most
of the site-directed mutagenesis on binding site of
CCR5 have a direct effect on antagonist binding, and
then resulting in decrease or even loss of activation of
the receptor.25,29,44,45 Tyr108 in TM3 is a very important
binding site in different GPCRs for neurotransmitters
and peptides. Tyr108Ala mutation strongly reduced
binding affinity 14–375-fold for different ligands.29 In
our present model, the Tyr108 side chain is positioned
in the face-to-edge orientation with the indole ring of
Trp86. This type of aromatic–aromatic interaction has
been described as stabilizing a protein structure. The
conformational changes induced in TM2 by Tyr108Ala
mutation would affect the orientation of the side chain
of Trp86. Similarly, Trp86Ala mutation would also
abolish the aromatic–aromatic interaction, and conse-



Table 2. Hydrogen bonds (beyond the backbone) formed by residues of TMs

Location Donor Acceptor Distance (Å)

Residue Group Group Residue

TM1–TM7 Tyr37 OH Oc1 Thr284 2.59

TM1–TM1 Asn48 Nd2H O@C< Gly44 2.58

TM1–TM7 Asn48 Nd2H O@C< Cys290 2.67

TM1–TM1 Asn57 Nd2H O@C< Asn57 2.78

TM2–TM4 Tyr68 OH O@C< Thr148 2.57

TM2–TM4 Asn71 Nd2H Oc Ser149 2.56

TM2–TM3 Trp86 Ne1H O@C< Met100 2.59

TM2–TM1 His88 Nd1H O@C< Pro34 2.56

TM3–TM3 Arg126 Ng1H Od1 Asp125 2.42

TM4–TM2 Trp153 Ne1H Od1 Asn71 2.59

TM5–TM4 Lys197 NfH O@C< Phe158 2.67

TM5–TM5 Lys197 NfH Oe1 Gln194 2.44

TM5–TM3 Cys213 ScH O@C< Thr123 2.84

TM6–TM3 Arg230 Ng1H Od1 Asp125 2.53

TM6–TM3 Arg230 Ng2H O@C< Asp125 2.53

TM6–TM3 Arg230 Ng2H Od1 Asp125 2.46

TM6–TM7 Arg232 NeH O@C< Val300 3.09

TM6–TM7 Arg232 Ng1H Od2 Glu302 2.36

TM6–TM3 Tyr244 OH O@C< Phe112 2.52

TM6–TM6 Trp248 Ne1H OH Tyr244 2.61

TM7–TM7 Gln277 NH Od1 Asp276 2.51

TM7–TM2 Cys290 ScH O@C< Asp76 2.81

TM7–TM1 Cys291 ScH O@C< Phe43 2.69

TM7–TM2 Asn293 Nd2H Od2 Asp76 2.54

TM7–TM7 Asn293 Nd2H O@C< His289 2.46

TM7–TM2 Tyr297 OH Od1 Asp66 2.45

TM7–TM7 Arg305 Ng1H O@C< Ala298 2.52

TM7–TM7 Arg305 Ng1H O@C< Phe299 2.47
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quently affects the binding affinity of ligands. In fact, it
has been demonstrated that Trp86Ala mutation reduced
the binding affinities for the Merck compounds to
CCR5.29 In addition, Tyr251Ala mutation was also
found to reduce the binding affinities of the ligands.29

Our interaction model indicated that this mutation
may decrease the hydrophobic interaction of the aro-
matic rings at C-1 and C-2 positions of compound 2
to CCR5.

Our model revealed that hydrogen bonding is an impor-
tant interaction between the antagonists and CCR5.
There are three hydrogen bonds formed between com-
pound 2 and CCR5 (Fig. 3B). These hydrogen bonds
act as anchors, intensely determining the binding orien-
tations of the ligands in the binding pocket of CCR5.
The basic piperidine nitrogen atom of compound 2 acts
as a donor to form hydrogen bonds with the carboxyl
oxygen atom of Glu283 and hydroxy oxygen atom of
Thr177 (Fig. 3B). Glu283 is the only acidic residue in
the extracellular end of the seven trans-membrane bun-
dles. The binding models indicate that almost all of the
compounds in this study adopt binding conformations
that may form hydrogen bonds between the basic nitro-
gen of the compounds and the carboxyl oxygen atom of
Glu283 in TM7. This result is in agreement with the
mutagenesis data that a significantly reduced binding
affinity was observed for the Merck compounds (re-
duced about 1000 times) and TAK779 upon Glu283Ala
mutation.25,43 Quaternization of piperidine nitrogen
seemed to be essential for the interaction between the
ligands and CCR5 as well as for the orientation of the
4-phenyl substitution. The sulfonamide oxygen of 2 acts
as an acceptor to form a hydrogen bond with the amide
nitrogen atom of Met287, indicating the sulfonamide
may be a key pharmacophore for antagonist activity
of the antagonists. This is in good agreement with the
experimental result that compounds without sulfon-
amide such as the amides or substituted benzamide ana-
logues are inactive.17

As mentioned above, the putative binding site is a
pocket surrounded by TM1, TM2, TM3, TM6, and
TM7. This cavity is very similar to the cavity proposed
by others.25,29,53,61 The consistency between the 3D
model of ligand–receptor complex and the experimental
mutagenesis results indicates the reasonability of the
modeled structure, and the binding pocket may act as
a starting point for structure-based ligand design. In
addition, our ligand–receptor interaction model re-
vealed the importance of Thr177 and Met287 to the lig-
and binding, restricting the antagonists in their proper
locations. So far, no site-directed mutagenesis analyses
have been conducted on these two residues, which will
be a direction for further functional study of CCR5.

3.3. The correlation between binding free energy and
antagonist activity

Table 4 lists the predicted binding free energies of the
1-amino-2-phenyl-4-(piperidin-1-yl)-butane analogues to
CCR5. Satisfied that the 3D structures of CCR5–antagonist



Figure 2. (A) Sequence alignment of CCR5 with rhodopsin (1F88) generated by CLUSTALWCLUSTALW (1.81). In the sequences, an asterisk (*) indicates an

identical or conserved residue, a colon (:) indicates a conserved substitution, a stop (.) indicates a semi-conserved substitution, a triangle (m) indicates

a residue formed the binding pocket. (B) Side view and (C) top view of superposition of the 3D model of CCR5 (green) with the X-ray crystal

structure of rhodopsin (red), only seven TMs and EL2 regions are shown for clarity.
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complexes were indeed reasonable, we then performed a
linear regression analysis to explore whether the antago-
nist potencies of the 1-amino-2-phenyl-4-(piperidin-1-
yl)-butane analogues could be correlated with the
energetic parameters. By using experimentally deter-
mined IC50 values, we calculated the regression equation
for the antagonist activities, �logIC50 values, using the
total binding free energies, DGs, as the sole descriptor
variable. A good correlation was found between the
antagonist activities and the predicted binding energies
(Eq. 2), and this relationship is graphically shown in
Figure 5.
� log IC50 ¼ �2:163 � 0:417 � DG

ðn ¼ 58; r2 ¼ 0:591; F ¼ 80:770; s ¼ 0:517Þ ð2Þ
Based on the binding free energies and their correlation
with the antagonist activities, we can give a more quan-
titative explanation to the structure–activity relationship
of the antagonistic mechanism for these antagonists. It
is obvious that there would be about a 2.4kcal/mol dif-
ference in binding free energy if there is one order of
magnitude for numerical difference in the antagonist
potency (IC50). The trend of change in the binding free
energy is in agreement with that of change in the antag-
onist activity.

The sophisticated method for binding free energy
calculation is the free energy perturbation (FEP)
approach.62,63 However, the FEP approach is time-con-
suming; thus, it cannot be extended to predict the bind-
ing affinities for a large set of molecules. Automated
molecular docking can identify the binding conforma-
tion and predict the binding affinity very quickly; there-
fore, it can be applied in constructing the prediction
model for a series of molecules in a tolerable time, as
indicated above that the antagonist potency correlates
well with the AutoDock predicted binding free energy
(Eq. 2 and Fig. 5). This relationship suggests that those



Figure 3. (A) Close-up view of the putative binding pocket of CCR5

bounded with antagonist 2. This image was generated using the

MOLCADMOLCAD program encoded in Sybyl 6.8. (B) Three-dimensional

structural model of the main interactions between compound 2 and

the putative CCR5 binding pocket.

Figure 4. Superposition of 64 compounds based on probable binding

conformations with CCR5.
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potential CCR5 antagonists exhibiting stronger binding
free energies using this paradigm would therefore be ex-
pected to have greater efficacy toward antagonist action.
3.4. 3D QSAR models

3.4.1. CoMFA. Although CoMFA is not able to appro-
priately describe all aspects of the binding forces, being
based principally on standard steric and electrostatic
molecular fields to model ligand–protein interaction, it
is still a widely used tool for the study of QSAR at the
3D level. The major objective of CoMFA analysis for
1-amino-2-phenyl-4-(piperidin-1-yl)-butane analogues
is to find the best predictive model within the system.
PLS analysis results based on least squares fit are listed
in Table 5, which shows that all of the statistical indexes
are reasonably high. As listed in Table 5, CoMFA mod-
els with cross-validated r2crossðq2Þ of 0.568 for four
components was obtained based on the binding confor-
mations and their alignment in the active site of CCR5.
The non-cross-validated PLS analysis was repeated with
the optimum number of components, as determined
by the cross-validated analysis, to give an r2 of 0.947,
F = 237.484, and the estimated standard error of
0.191. The values indicated a good conventional statis-
tical correlation, and the CoMFA model had a fair pre-
dictive ability. The predicted antagonist activities of
these 58 compounds are listed in Table 6 and also shown
in Figure 6A, indicating that the fitting power is rational
and potent and the predictive ability is satisfactory.

3.4.2. CoMSIA. CoMSIA analysis results are also sum-
marized in Table 5. A CoMSIA model with an r2crossðq2Þ
value of 0.587 for six components and a conventional
r2 of 0.967 for 1-amino-2-phenyl-4-(piperidin-1-yl)-
butanes was obtained. These data demonstrate that
the CoMSIA model is also fairly predictive, and the pre-
dicted antagonist potencies of these 58 compounds are
listed in Table 6 and also shown in Figure 6B. The high
value of the conventional r2 relating to three different
descriptor variables (steric, electrostatic, and hydropho-
bic) illustrates that these variables are necessary to
describe the interaction mode of 1-amino-2-phenyl-
4-(piperidin-1-yl)-butane analogues with the CCR5
receptor, as well as the field properties around the
antagonists. CoMSIA analysis revealed that the steric,
electrostatic, and hydrophobic field distributions are
16.6%, 41.5%, and 41.9% (Table 5), respectively, indicat-
ing that electrostatic and hydrophobic interactions
equally dominate the binding between 1-amino-2-phe-
nyl-4-(piperidin-1-yl)-butane analogues and CCR5. This
is in agreement with the binding model of the antago-
nists to CCR5 (Fig. 3). Furthermore, the CoMFA steric
field can be seen as a comprehensive contribution of the
pure steric and hydrophobic effects because the steric
contribution of CoMFA is 58.7% (Table 5), which is
approximately equal to the summation of the steric and
hydrophobic contributions of CoMSIA (58.5%). The
CoMSIA model indicates that the fitting power is ra-
tional and potent and the predictive ability is satisfactory.

3.4.3. Validation of the 3D QSAR models. To validate
our 3D QSAR models, six antagonists (star-denoted in
Table 6) that were not included in generating CoMFA
and CoMSIA models were selected as testing com-
pounds. The results are simultaneously shown in Table
6 (star labeled), Figure 6A and B (in red star symbols).



Table 3. Hydrophobic contacts between compound 2 and CCR5*

CCR5 residue Atom type Ligand atom type Distance (Å) CCR5 residue Atom type Ligand atom type Distance (Å)

Met287 Ce C3 3.84 Cys178 Cb C1 3.90

Gly286 C C41 3.70 Cys178 C C6 3.54

Gly286 C C15 3.51 Cys178 C C1 3.75

Gly286 C S12 3.86 Cys178 Ca C1 3.65

Gly286 Ca C56 3.41 Thr177 C C1 3.87

Gly286 Ca C15 3.39 Thr177 Ca C49 3.76

Gly286 Ca S12 3.58 Tyr176 Cb C50 3.73

Glu283 Cd C21 3.81 Tyr176 C C50 3.54

Glu283 Cd C7 3.05 Tyr176 C C49 3.46

Glu283 Cd C4 3.75 Phe112 Cb C43 3.58

Glu283 Cc C7 3.85 Phe112 Cb C42 3.44

Glu283 Cc C4 3.57 Tyr108 Cd2 C40 3.28

Glu283 C C4 3.87 Tyr108 Cc C40 3.81

Met279 Sd C20 3.32 Tyr108 Cb C40 3.42

Met279 Sd C19 3.54 Leu104 Cd1 C26 3.70

Met279 Cc C20 3.85 Leu104 Cd1 C53 3.65

Tyr251 Ce1 C21 3.71 Leu104 Cd1 C49 3.58

Tyr251 Ce1 C20 3.71 Leu104 Cd1 C25 3.31

Tyr251 Ce1 C19 3.46 Leu104 Cd1 C1 3.10

Tyr251 Ce1 C18 3.17 Leu104 Cd1 C2 3.62

Tyr251 Ce1 C17 3.17 Leu104 Cb C26 3.68

Tyr251 Ce1 C16 3.47 Leu104 Cb C1 3.87

Tyr251 Cd1 C21 3.08 Ala90 Cb C51 3.57

Tyr251 Cd1 C20 3.28 Ala90 Cb C50 3.73

Tyr251 Cd1 C19 3.57 Ala87 Cb C52 3.21

Tyr251 Cd1 C18 3.67 Ala87 Ca C52 3.12

Tyr251 Cd1 C17 3.48 Ala87 Ca C51 3.39

Tyr251 Cd1 C16 3.20 Trp86 Cg2 S54 3.45

Tyr251 Cd1 C10 3.62 Trp86 Cg2 C53 3.77

Trp248 Cf3 C56 3.90 Trp86 Cf3 S54 3.30

Trp248 Ce3 C56 3.68 Trp86 Cf3 C53 3.39

Trp248 Ce3 C55 3.65 Trp86 Cf3 C52 3.15

Trp248 Ce2 C55 3.52 Trp86 Ce3 C52 3.60

Trp248 Ce2 C43 3.78 Val83 Cc1 S54 3.63

Trp248 Cd2 C56 3.89 Tyr37 Ce2 C53 3.85

Trp248 Cd2 C55 3.34 Tyr37 Ce2 C52 3.44

Trp248 Cc C55 3.69 Tyr37 Ce2 C51 3.51

Ser179 Cb C18 3.85 Tyr37 Cd2 C52 3.68

* Calculated using the LIGPLOTLIGPLOT program.60
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The predicted activities values are in good agreement
with the experimental data in a statistically tolerable
Figure 5. Correction between the binding free energies (DGs) of 1-

amino-2-phenyl-4-(piperidin-1-yl)-butane compounds with CCR5 and

the experimental activities (�logIC50s). j, compounds of the training

set; w, compounds of the testing set.
error range, r2 = 0.920 and 0.686 for CoMFA and CoM-
SIA models, respectively. To investigate the structural
differences of binding modes between the testing set of
compounds and the training set, automated molecular
docking was performed for the testing set using the same
method as that of the training set. The testing results for
the six antagonists indicate that the CoMFA and CoM-
SIA models can be further used in new antagonists
design for CCR5.

3.4.4. Mapping of CoMFA and CoMSIA model onto
CCR5 binding site. The QSAR produced by CoMFA,
with its hundreds or thousands of terms, was usually
represented as 3D �coefficient contour�. It shows regions
where variations of steric or electrostatic nature in the
structural features of the different molecules contained
in the training set lead to increases or decreases in the
activity. The CoMFA steric and electrostatic fields for
the analysis based on the alignments of the binding con-
formations are presented as contour plots in Figure 7.
To aid in visualization, compound 2 is displayed in the
maps. In general, the colored polyhedra in the map sur-
rounded all lattice points where the QSAR strongly



Table 4. Predicted binding free energies versus experimental activities (�logIC50s) of the CCR5 antagonists

No DG (kcal/mol) �logIC50 No DG (kcal/mol) �logIC50

1 �20.75 6.00 33 �22.99 7.82

2 �24.10 7.46 34 �22.51 6.57

3 �23.25 7.00 35 �19.58 6.24

4 �20.54 7.22 36* �20.80 6.70

5 �19.74 6.92 37 �23.69 7.10

6* �19.43 6.47 38 �23.00 7.52

7 �20.09 6.23 39 �18.51 6.00

8 �19.43 6.07 40 �21.50 6.52

9 �19.94 5.85 41 �22.97 6.75

10 �22.46 7.00 42 �20.97 7.30

11 �22.34 7.00 43 �25.24 8.30

12 �23.13 7.10 44 �22.05 7.35

13 �22.76 7.16 45 �22.94 7.00

14 �23.39 7.40 46* �23.86 7.46

15 �22.40 6.82 47 �22.36 7.46

16* �21.24 7.22 48 �23.45 7.00

17 �22.00 7.40 49 �20.01 6.58

18 �21.60 7.40 50 �20.36 6.16

19 �20.28 6.44 51 �20.18 5.62

20 �22.80 7.22 52 �20.68 6.40

21 �23.95 7.16 53 �21.25 7.16

22 �22.76 7.00 54 �19.58 6.92

23 �24.19 7.05 55 �21.20 6.70

24 �20.78 6.92 56* �23.70 7.60

25 �22.41 6.47 57 �20.47 6.60

26* �19.26 5.80 58 �20.25 7.19

27 �17.63 5.00 59 �24.29 8.30

28 �23.40 6.64 60 �24.00 8.82

29 �22.81 6.89 61 �24.90 8.70

30 �23.25 6.80 62 �25.10 9.10

31 �20.92 6.57 63 �23.80 8.70

32 �22.68 8.00 64 �24.80 8.52

* Antagonists of the testing set.

Table 5. Statistical indexes of CoMFA and CoMSIA models based on 58 1-amino-2-phenyl-4-(piperidin-1-yl)-butane analogues binding

conformations

Cross-validated Conventional

q2ðr2crossÞ Optimal comp. r2 s F

CoMFA 0.568 4 0.947 0.191 237.484

CoMSIA 0.587 6 0.967 0.158 251.677

Field distribution (%)

Electrostatic Steric Hydrophobic

CoMFA 0.413 0.587

CoMSIA 0.415 0.166 0.419

Y. Xu et al. / Bioorg. Med. Chem. 12 (2004) 6193–6208 6203
associated changes in the compounds� field values with
changes in biological potency. The CoMFA contour
plots show green-colored regions where increased steric
is associated with enhanced activity and yellow-colored
regions where increased steric bulk is associated with
decreased activity (Fig. 7A).

A big region of green contour near the terminal of 4-
substitutioned piperidine moiety suggests that more
bulky substituents in these positions will significantly
improve the biological activities. For example, com-
pound 60–64 exhibited a considerable gain in binding
affinity due to the increased bulky substituents. As men-
tioned above, 4-substitutioned piperidine binds to the
hydrophobic cluster lined by Tyr37 in TM1, Trp86,
Ala87, and Ala90 in TM2, and Leu104 and Tyr108 in
TM3. Around this hydrophobic cluster, there is enough
space left to allow bulky group interact with CCR5 res-
idues. The yellow polyhedron near 4-position substitu-
tions on the C-2 phenyl indicates that increased steric
bulk is unfavorable for the antagonist activities. This
may rationalize why the antagonist activity of com-
pounds have the order of 37 > 36 > 34 > 35. This is
quite complementary with the model structure of antag-
onist–CCR5 complex. The yellow polyhedron under the
N-(methyl)-N-(phenylsulfonyl)-amino moiety may bring



Table 6. Predicted activities (PA) from CoMFA and CoMSIA models compared with the experimental activities (EA) and the residuals (d)

No pIC50 CoMFA CoMSIA No pIC50 CoMFA CoMSIA

PA d PA d PA d PA d

1 6.00 6.12 �0.12 5.94 0.06 33 7.82 7.58 0.24 7.80 0.02

2 7.46 7.15 0.30 7.11 0.35 34 6.57 6.65 �0.08 6.99 �0.42

3 7.00 7.06 �0.06 6.98 0.03 35 6.24 6.48 �0.24 6.46 �0.22

4 7.22 6.89 0.33 7.19 0.04 36* 6.70 6.75 �0.05 7.02 �0.32

5 6.92 6.81 0.11 6.90 0.02 37 7.10 7.13 �0.03 7.08 0.02

6* 6.47 6.84 �0.37 6.78 �0.31 38 7.52 7.10 0.43 7.32 0.20

7 6.23 6.29 �0.06 6.01 0.22 39 6.00 6.22 �0.22 6.06 �0.06

8 6.07 5.85 0.22 5.87 0.20 40 6.52 6.43 0.10 6.54 �0.01

9 5.85 5.92 �0.07 5.85 0.00 41 6.75 6.77 �0.02 6.79 �0.04

10 7.00 6.84 0.16 6.95 0.05 42 7.30 7.20 0.10 7.36 �0.06

11 7.00 6.96 0.04 6.99 0.01 43 8.30 8.19 0.11 8.33 �0.03

12 7.10 7.28 �0.18 7.17 �0.07 44 7.35 7.30 0.05 7.15 0.20

13 7.16 7.02 0.14 7.07 0.09 45 7.00 7.16 �0.16 7.15 �0.15

14 7.40 7.41 �0.02 7.19 0.21 46* 7.46 7.45 0.01 7.02 0.44

15 6.82 6.63 0.19 6.82 0.01 47 7.46 7.31 0.15 7.53 �0.07

16* 7.22 7.54 �0.32 6.81 0.41 48 7.00 6.59 0.41 6.90 0.10

17 7.40 7.45 �0.06 7.37 0.03 49 6.58 6.90 �0.31 6.90 �0.31

18 7.40 7.61 �0.21 7.35 0.05 50 6.16 6.22 �0.06 6.25 �0.09

19 6.44 6.74 �0.30 6.81 �0.37 51 5.62 5.80 �0.18 5.54 0.08

20 7.22 7.42 �0.20 7.31 �0.09 52 6.40 6.22 0.18 6.23 0.17

21 7.16 7.21 �0.05 7.13 0.03 53 7.16 6.98 0.18 7.03 0.13

22 7.00 7.11 �0.11 7.14 �0.14 54 6.92 6.65 0.27 6.69 0.24

23 7.05 6.85 0.20 6.97 0.08 55 6.70 6.50 0.20 6.84 �0.14

24 6.92 7.05 �0.13 7.01 �0.09 56* 7.60 7.47 0.13 7.68 �0.08

25 6.47 6.86 �0.39 6.67 �0.20 57 6.60 6.75 �0.14 6.59 0.01

26* 5.80 6.26 �0.46 6.31 �0.51 58 7.19 7.36 �0.17 7.21 �0.03

27 5.00 5.09 �0.09 5.07 �0.07 59 8.30 8.41 �0.11 8.36 �0.06

28 6.64 6.73 �0.09 6.76 �0.12 60 8.82 8.71 0.11 8.77 0.06

29 6.89 6.99 �0.11 6.89 0.00 61 8.70 8.78 �0.08 8.67 0.03

30 6.80 6.87 �0.07 6.93 �0.14 62 9.10 8.91 0.19 8.95 0.15

31 6.57 6.57 0.00 6.43 0.14 63 8.70 8.69 0.01 8.72 �0.02

32 8.00 8.05 �0.05 7.89 0.11 64 8.52 8.78 �0.26 8.63 �0.11

* Antagonists of the testing set.
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steric clash of these antagonists with Leu104 and
Tyr108. This is consistent with the observation that
the N-ethyl analogues (27, 29, and 30) are less potent
than corresponding N-alkyl analogues (1, 2, and 3).

Regions where increase positive charge is favorable for
antagonist activity are indicated in blue, while regions
where increased negative charge is favorable for activity
are indicated in red (Fig. 7B). The blue contours near 4-
position substitutions on the C-2 phenyl indicate that
positively charged substituents may increase the antago-
nist activity. Near the sulfonamide group, there are one
red polyhedron region on one side and one blue polyhe-
dron region on the other side. This information gave a
powerful argument that the sulfonamide is a critical
pharmacophore for this scaffold since the related amides
and all substituted benzamide analogues were essentially
inactive. The sulfonamide group plays a critical role in
assuring the phenyl moiety insert into one of the
CCR5 hydrophobic pocket formed by Tyr108, Phe112,
Trp248, Tyr251, and His 289.

The steric and electrostatic fields of CoMSIA, as shown
in Figure 7C and D, are generally in accordance with the
field distribution of CoMFA maps (Fig. 7A and B).
Besides the structural features already mentioned in the
CoMFA steric field analysis, there is a big yellow poly-
hedron at the center of the image that corresponds to
the second extracellular loop (EL2) region. Obviously,
it is very reasonable because that the binding pocket is
partly covered by the second extracellular loop. Some
of the EL2 residues, such as Thr177 and Ser179, take
part in the binding of the antagonists with the CCR5
receptor and restrict the location of antagonists. The
green contours near the sulfoxide group at the lower left
of Figure 7C indicate that bulky substituents in these
positions will significantly improve the biological activi-
ties. This is in agreement with that sulfoxide derivative
was preferred and the corresponding sulfones were
usually equipotent or slightly less active while the sulfides
were much poorer or inactive antagonists.17 The blue
contours (Fig. 7B) near 4-position substitutions on the
C-2 phenyl in CoMFA electrostatic field and the red con-
tours (Fig. 7D) near 3-position substitutions on the C-2
phenyl in CoMSIA indicate that electron-rich chlorine
substitution at the 3-position appeared to be preferred.

Furthermore, the hydrophobic analysis of CoMSIA
(Fig. 7E), based on the atomic hydrophobicity distribu-
tion, could demonstrate more clearly the hydrophobic
interactions between the 1-amino-2-phenyl-4-(piper-
idin-1-yl)-butane analogues with CCR5. For the



Figure 6. Correlation between predicted activities (PA) by CoMFA

(A) and CoMSIA (B) models and the experimental activities of

1-amino-2-phenyl-4-(piperidin-1-yl)-butane analogues on CCR5 (d,

compounds of the training set, r2 = 0.947 and 0.967 for two QSAR

models, respectively; w, compounds of the testing set, r2 = 0.920 and

0.686 for the two QSAR models, respectively).
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hydrophobic maps of CoMSIA, contour plots show
magenta-colored regions where increased hydrophobic
interaction is associated with enhanced activity and
white-colored regions where increased hydrophilic inter-
action is associated with increased activity. As shown in
Figure 7E, the magenta-colored polyhedron at 4-posi-
tion substitutions on the C-2 phenyl indicates that these
structural moieties interact with the side chains of resi-
dues at the binding site of CCR5 through hydrophobic
interaction. While the white-colored polyhedron at 3-
position substitutions on the C-2 phenyl illustrates that
adding hydrophobic group at this position would be det-
rimental to antagonist activity. This information farther
validate that electron-rich chlorine substitution at the 3-
position will increase activity. The big white-colored
polyhedron near the sulfoxide group demonstrated
again that sulfoxide is a better pharmacophore element
than sulfones and sulfides.17 The magenta-colored poly-
hedra on the upper-left corner, on the upper-right cor-
ner and on the lower-right corner of the image suggest
that these regions would prefer substituents with hydro-
phobic group. The residues around magenta-colored
polyhedra are all hydrophobic. The consistency between
the CoMSIA field distributions and the structural topo-
logical properties of the CCR5 binding site demon-
strates the reasonability of the CoMSIA results.

Combining the CoMFA and CoMSIA contour maps
with the 3D structural topology of the CCR5 binding
site, several insights into the binding of 1-amino-2-phen-
yl-4-(piperidin-1-yl)-butane analogues with CCR5 can
be readily observed. Not only does the field property
coincide perfectly with the environmental characteristics
of the binding pocket but also indication for some fur-
ther structural modification of this kind of compounds
could be found. Most of the amino acids around the
1-amino-2-phenyl-4-(piperidin-1-yl)-butanes in the bind-
ing pocket are hydrophobic in nature (Fig. 3B). These
colored polyhedra of CoMFA and CoMSIA located in
the cavity of the binding pocket are direct indexes for
the kinds and magnitude of the substituents in the proc-
ess of CCR5 antagonist synthesis.
4. Conclusions

Homology modeling and molecular dynamics simula-
tions have been applied to build up the 3D model of
the CCR5 receptor. From the resultant model, we have
predicted the binding conformations of 1-amino-2-phen-
yl-4-(piperidin-1-yl)-butane compounds to CCR5
employing the LGA algorithm of AutoDock. The mode-
ling results provide a satisfactory explanation for the
binding between the antagonists and CCR5, and the
predicted ligand–receptor interaction model is in agree-
ment with the experimental mutagenesis results. Addi-
tionally, the binding free energies of these compounds
calculated by LGA algorithm based on the ligand–
receptor interaction models correlate very well with the
reported antagonist potencies against CCR5. All these
indicate the reasonability of the modeling results. On
the basis of the binding conformations of these com-
pounds, we have developed stable and predictive 3D
QSAR models with acceptable r2cross values using CoM-
FA and CoMSIA techniques, and these models could
be mapped back to the 3D topology of the binding site
of the CCR5 receptor.

Understanding protein–ligand interactions is essential
for designing novel synthetic candidates, while those
interactions are difficult to describe. Structure-based
design is focused on the elucidation of ligand–protein
interactions but does not always lead to predictive mod-
els. On the other hand, 3D QSAR results based on
CoMFA allow focus on those regions, where steric, elec-
tronic, or hydrophobic effects play a dominant role in
ligand–receptor interactions. These models are usually
built using alignment rules, which are not always similar
to the bioactive conformation. In this study, we success-
fully combined with two approaches: the complex
3D model of 1-amino-2-phenyl-4-(piperidin-1-yl)-bu-
tane antagonists with CCR5 was derived by AutoDock
3.0 and the predictive 3D QSAR models were derived by
using alignment conformations extracted directly from
the 3D models of the ligand–protein complexes. This
leads to a better understanding of important ligand–
receptor interactions and thus provides guidelines for



Figure 7. Contour maps as compared with the topology of compound 2–CCR5 complex. Only the residues relevant to the discussion are shown for

clarity. Steric (A) and electrostatic (B) field distributions of CoMFA and steric (C), electrostatic (D), and hydrophobic (E) field distribution of

CoMSIA were shown, respectively. The residues are represented as sticks, and the ligand is shown in ball-and-stick. Sterically favored areas are in

green; sterically unfavored areas are in yellow. Positive potential favored areas are in blue; positive potential unfavored areas are in red. Hydrophobic

favored areas are in magenta; hydrophilic favored areas are in white.
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ligand design plus a predictive model for scoring novel
synthetic candidates. The predictive activity from 3D
QSAR and their consistency to CCR5 antagonist activ-
ities indicate the validity of those models.
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