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Abstract Chemokine receptor 2 (CCR2) is a G-protein
coupled receptor (GPCR) and a crucial target for various
inflammatory and autoimmune diseases. The structure
based antagonists design for many GPCRs, including
CCR2, is restricted by the lack of an experimental three
dimensional structure. Homology modeling is widely used
for the study of GPCR-ligand binding. Since there is
substantial diversity for the ligand binding pocket and
binding modes among GPCRs, the receptor-ligand binding
mode predictions should be derived from homology
modeling with supported ligand information. Thus, we
modeled the binding of our proprietary CCR2 antagonist
using ligand supported homology modeling followed by
consensus scoring the docking evaluation based on all
modeled binding sites. The protein-ligand model was then
validated by visual inspection of receptor-ligand interaction
for consistency of published site-directed mutagenesis data
and virtual screening a decoy compound database. This
model was able to successfully identify active compounds

within the decoy database. Finally, additional hit com-
pounds were identified through a docking-based virtual
screening of a commercial database, followed by a
biological assay to validate CCR2 inhibitory activity. Thus,
this procedure can be employed to screen a large database
of compounds to identify new CCR2 antagonists.

Keywords CCR2 . Consensus scoring . Docking
evaluation . GPCR . Ligand supported homology modeling .
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Introduction

Chemokines play a crucial role in the trafficking of
leukocytes in the body through the binding to their cognate
receptors. Chemokine receptors belong to the superfamily
of G-protein-coupled receptors (GPCRs). CCR2 is one of
the chemokine receptors and is expressed by a variety of
cell types, including monocytes, immature dendritic cells,
activated T lymphocytes, basophils, and endothelial and
vascular smooth-muscle cells. CCR2 binds several chemo-
kines, including CCL2, CCL7, CCL8, and CCL13 [1, 2].
Among the chemokines that bind CCR2, monocyte chemo-
attractant protein-1 (MCP-1 or CCL2) is upregulated in
many autoimmune and inflammatory conditions [3]. CCR2
and MCP-1 have been implicated in the pathophysiology of
several inflammatory and auto-immune diseases, including
rheumatoid arthritis [4], multiple sclerosis [5], atheroscle-
rosis [6], organ transplant rejection [7], and insulin
resistance [8]. Therefore, blocking the binding of MCP-1
to CCR2 may have therapeutic potential in treating chronic
inflammatory conditions, and the discovery and develop-
ment of small molecule CCR2 antagonists has been
regarded as an important goal.

J.-H. Kim :K. T. No (*)
Department of Biotechnology, Yonsei University,
Seoul 120-749, Republic of Korea
e-mail: ktno@yonsei.ac.kr

J.-H. Kim
e-mail: jonghoon@yonsei.ac.kr

J.-H. Kim : J. W. Lim : S.-W. Lee :K. Kim
Research and Development Center, YangJi Chemicals,
Suwon 443-766, Republic of Korea

J. W. Lim
Department of Chemistry, Sejong University,
Seoul 143-747, Republic of Korea

K. T. No
Bioinformatics and Molecular Design Research Center,
Seoul 120-749, Republic of Korea

J Mol Model (2011) 17:2707–2716
DOI 10.1007/s00894-010-0943-x



A number of CCR2 antagonists have been reported during
the past decade and are structurally diverse (Fig. 1). Among
the various scaffolds reported, the glycinamide-linked series,
such as compounds 1, 3, and 6 (Fig. 1), have been explored
by several companies [9, 10]. Recently, we synthesized new
Glycinamide-linked compounds (Fig. 2) that have antago-
nistic activity against CCR2 [11]. Compound 7, shown in
Fig. 2, displayed good binding affinity and cellular func-
tional (chemotaxis) inhibition, as shown. We hereby report
the docking study of our lead molecule, compound 7, using
ligand supported homology modeling of CCR2.

Structure-based ligand modeling of GPCRs has been
hampered by the difficulty in solving X-ray crystallograph-
ic structure of GPCRs. Thus, structural information about
GPCRs is often inferred by de novo structure prediction
strategies [12–14] or by homology modeling from the
solved GPCR structures. For example, in 2000 bovine
rhodopsin was the first GPCR to have an atomic structure
determined [15]. This structure has been used as a template
protein for homology modeling of many GPCRs. The
recently published crystal structure of the engineered
human β2 adrenergic receptor (β2AR) [16, 17] provided
alternative structural information to bovine rhodopsin. In
contrast to the rhodopsin crystal structure, the β2AR crystal
structure has a larger and more open space in the upper
helices region and contains a reversibly bound ligand [16].
Because of this feature, we used the structure of β2AR as
the template for a ligand supported homology modeling
study.

A number of small molecule ligands for GPCRs are
known to bind within the upper region of the protein, along
the seven TM helices. Since homology models of GPCRs
are built on the same β2AR template, they reveal common

TM arrangements. Therefore, the difference in ligand
binding sites across GPCRs mainly comes from side chain
orientation. Thus, refinement of the side chain orientation
and conformation is crucial in the process of homology
modeling for GPCRs. One method is to optimize the side
chains through mechanics and/or dynamics in an empty
pocket; however, this method may be inaccurate, due to
possible disruption of the binding site. Recently, it has been
suggested that ligand-supported homology modeling [18,
19], ligand-steered homology modeling [20], and
homology-modeling protein-ligand interactions [21] can
reduce the uncertainty in binding site modeling results.
These methods introduce the ligand in the early stage of
homology modeling and retain the ligand during the
optimization procedure. Thus, it is important to incorporate
bound ligand information in the process of modeling GPCR
binding pockets, if known ligands are available. Consider-
ing the apparent flexibility of GPCRs and the diversity in
ligand types, binding pockets, and binding modes, GPCR
models should be tailor-made, using all possible experi-
mental data to guide their construction and validation
during the different modeling steps [22].

Based on these the ligand-supported strategies, we used
a protocol in which the ligand was incorporated throughout
the modeling process. We kept the ligand from the β2AR
crystal structure, carazolol, during the initial homology
model building of CCR2. Then compound 7 was replaced
during the process of building a pool of the docking poses.
We generated the pool of ligand-receptor complexes using
LibDock [23, 24] docking to several homology models
obtained from the structure of β2AR and refined each
complex through energy minimization of the region
surrounding the bound ligand.

1
Teijin lead
IC50 54 nM

O

N
H

N
H

O
N

CF3

2
TAK-799

IC50 27 nM

4
MK-0812 (Merck)

IC50 5 nM

3
INCB3344 (Incyte)

IC50 10 nM

5
Compound 1d (J&J)

IC50 5 nM

N
H

N
F

F
F

O

O OH

N
N
H

O
N
H

O

NH

CF3

O

NH

O

S

6
Compound 22 (BMS)

IC50 5.1 nM

N
H

+

O

N
H

O

Cl O

N
H

N
H

O
N

CF3

O

O

O
OH

N

CF3N

O

N
H

O

O

2708 J Mol Model (2011) 17:2707–2716

Fig. 1 Various CCR2 antagonists



Another challenging task in developing a docking model is
selecting receptor-ligand binding mode from the docking pose
pool. To do this we employed a consensus scoring method.
The top ranked model from the consensus scoring, using 10
scoring functions, was assumed to be the binding mode of
compound 7. This binding mode was then validated by small
scale virtual screening of a decoy database and a database that
included the active compounds. Through this procedure, the
docking pose of compound 7 in the CCR2 binding pocket was
successfully proposed. In addition, we applied this docking
model to a virtual screening of a commercial library and
identified a hit compound.

Materials and methods

Sequence alignment between CCR2b and human β2

adrenergic receptor

The sequence of human chemokine receptor CCR2b was
obtained from the NCBI database, and the crystal structure
of human β2AR (PDB code 2RH1) and rhodopsin (PDB
code 1F88) were obtained from the PDB database.
Modeling was performed using modules bundled in the
Discovery Studio (DS) version 2.1 package (Accelrys, San
Diego, CA).

The multiple sequence alignment of β2AR, rhodopsin,
and CCR2b was generated by an alignment protocol based
on the clustal W program in DS. The initial sequence
alignment was carried out using automatic sequence
alignment using a BLOSUM 30 pair-wise alignment
scoring matrix and default values in DS. Then the
alignment was modified to maintain the conservation of
key residues and establish no gap in the helices region by
comparing β2AR and CCR2b sequences.

Building homology models

Homology modeling was carried out using the program
MODELLER [25] in the DS software package. During the
homology modeling calculation, the ligand (carazolol) in
the crystal structure of β2AR was copied to maintain a
cavity in the space surrounded by the seven TM helices.
The disulfide bond between Cys113 in Helix III and
Cys190 in Extracellular loop II (ECL2) was included and
all of the intracellular and extracellular loops were
generated. Twenty models were generated and sorted by
PDF total energy. Three models having the lowest energy
were selected and refined by the energy minimization with
a fixed backbone constraint. The CHARMm force field and
conjugate gradient algorithms with the maximum of 500
iterations were applied. The models were evaluated by
PROCHECK [26].

Building a pool of ligand-docked receptors

Ligand files were prepared using the SD file format and
then each ligand was ionized at the physiological pH range
of 7.3 - 7.5 using the module in DS. The generation of
ligand conformers was carried out using the BEST
algorithm in the Catalyst program (Accelrys). The BEST
method uses a poling algorithm [27] to generate a diverse
set of low-energy conformations. The maximum number of
conformers was set to 255 with a 20 kcal mol-1 energy
window from the lowest energy. The conformers from the
ligand were docked into the three homology models using
the LibDock program. The binding site sphere for LibDock
calculation was defined to be centered on a point located
halfway between the Glu291 acidic carbon and the Tyr120
phenolic oxygen, and had a radius of 13 Å. Hydrophilic and
lipophilic hot spots were generated with a density of 250.
The number of saving poses was assigned to 50 for each
protein model. Since three protein models from homology
study were tried, 150 different docking poses for the ligand
were obtained and analyzed. The rest of the docking
parameters were set to default values.

Optimization of docking poses

Docking complexes were energy-minimized using ligand
minimization protocols within the DS software package.
The flexible residues in the receptor were defined to include
any residues within a 15Å radius sphere from the center of
the docked conformer. All atoms in the ligand were also
included in the minimization calculation. CHARMm force
field and smart minimizer algorithm in DS were employed.
The dielectric constant was set to 4.0 and a maximum of
1000 iterations were allowed. This minimization calculation
was applied to all 150 ligand-CCR2 binding complexes.

X = C or N 
W = CO, SO2, CH2
R1 = aryl
R2, R3 = H, alkyl
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Fig. 2 4-Piperidinoethyl and piperazinoethyl pyrrolidine analogs have
been synthesized. The structure and in vitro activities of the lead
molecule, compound 7, are shown
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Analysis of docking poses

After minimization calculations, docking scores were
evaluated for the 150 binding complexes using scoring
functions implemented through the DS program, including
LigScore1 [28], LigScore2 [28], PLP1 [29], PLP2 [29], Jain
[30], PMF01 [31], PMF04 [31], LUDI1 [32], LUDI2 [32],
and LUDI3 [32]. Consensus scoring using a rank-by-rank
strategy [33] was also evaluated using these ten scoring
functions. All of the binding models are ranked by the
average ranks predicted for each of the scoring functions.
For example, if a binding model ranks no. 3 according to
scoring function A and ranks no. 5 according to scoring
function B, then its average rank will be (3+5)/2=4. The
top ranked ligand-protein complex from the consensus
scoring method was selected as the best binding site model.
To confirm the validity of protein coordinates, the ligand
was removed from the complex and the resulting structure
was evaluated by PROCHECK.

Preparation of the validation set

The active compound database, which contained com-
pounds having CCR2 antagonistic activity, was constructed
from the in-house synthesized proprietary compounds. The
active database includes 27 compounds whose IC50 against
CCR2 binding are below 5 μM. The potentially inactive
compound database was constructed from the Comprehen-
sive Medicinal Chemistry (CMC) database (Symyx Tech-
nologies, Inc., Sunnyvale, CA). This database consisted of
1206 molecules that have MW ranging from 400 to 550. A
SD file for the databases was prepared by having the

compounds ionized in the physiological pH range of 7.3 -
7.5 using the module in DS.

Validation of the binding site model using virtual screening
of small molecule databases

LigandFit [34], a docking program in DS, was used for the
docking calculations. The LigandFit docking procedure

Fig. 3 Sequence alignment of human CCR2b and human β2AR
(PDB code 2RH1). The Ballesteros-Weinstein numbering [38] system
was adopted to mark all the conserved amino acid residues in each
helix and these residues are shadowed in black. Identical residues

between CCR2b and β2AR are shadowed in gray. Residue numbering
corresponds to the CCR2b protein sequence. The secondary structure
of the CCR2 receptor, based on β2AR crystal structure, is indicated
out below the sequence
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Fig. 4 The three initial models derived by PDF energy in MOD-
ELLER from 20 homology models. Model A is shown in green, B in
blue, and C in purple. The side chain of Glu291 (one of the residues
that interacts with the ligand) from each model clearly shows the
variation in the orientation
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consists of two parts: 1) definition of cavity as the active
site for docking; 2) docking ligands into the site. The
volume of the docked ligand was defined as the binding site
cavity. The calculations were performed with the set of
default parameters. One docked conformation for each
molecule was collected. Docking scores per each molecule
were evaluated using ten scoring functions in DS. Enrich-
ment factors were calculated at 10% of the ranked database
using the following equation [35].

EF10% ¼ Hitssampled =Nsampled

� � � Hitstotal =Ntotalð Þ:

Virtual screening of a commercial small molecule database

The binding site model of compound 7 was virtually
screened using a chemokine focused library (ChemDiv,
Inc., San Diego, CA). LigandFit was used for the
docking calculation and set to retain the top ranked
conformations. The docking poses were evaluated using
the 10 scoring functions. Selected compounds were

tested using a CCR2 ligand binding inhibition assay
(below).

Biological assay

Membranes from the stable HEK293-EBNA cell line express-
ing the human chemokine CCR2b receptor (PerkinElmer Life
and Analytical Sciences, Boston, USA) were used. For the
CCR2b receptor binding assay, cell membranes (8 μg/well),
0.03 nM [125I]-MCP-1 (PerkinElmer) and appropriate con-
centrations of the test compounds were added to 0.25 ml of
25 mM HEPES (pH 7.2) buffer containing 2 mM CaCl2,
1 mMMgCl2 and 0.2% BSA. The mixture was incubated for
60 min at 27 °C, and the reaction was terminated by rapid
filtration using a cell harvester (Inotech, Switzerland)
through Filtermat A GF/C glass fiber filter presoaked in
0.3% polyethylenimine. The filter was covered with Melti-
Lex, sealed in a sample bag followed by drying in a
microwave oven, and bound radioactivity was determined by
scintillation counting using MicroBeta Plus (Wallac, Turku,

Table 1 Data from the Ramachandran plot of the three initial CCR2 homology models

Initial model MFRa AARb GARc Subtotald Number of
Gly and Pro

Totale

n % n % n %

Model A 217 84.4 35 13.6 5 1.9 257 26 283

Model B 215 83.7 37 14.4 5 1.9 257 26 283

Model C 218 84.8 35 13.6 4 1.6 257 26 283

a The most favored regions
b The additional allowed regions
c The generously allowed regions
d The total number of residues evaluated except glycines and prolines
e The total number of amino acids in the receptor models

Table 2 Consensus scoring results by rank-by-rank. Among the 150
binding site models, the top 10 models sorted by rank-by-rank are
shown. Mode 1, 3, 7, 8, 9, and 10 models originated from homology

model A, and the others from B. Mode 1 ranked the best and was
selected to the best binding model

Binding site model Rank by each scoring function Rank-by-rank

Lig score1 Lig score2 PLP1 PLP2 Jain PMF01 PMF04 LUDI1 LUDI2 LUDI3

Mode 1 10 6 31 9 14 4 9 1 1 3 8.8

Mode 2 3 2 20 17 6 27 11 13 9 18 12.6

Mode 3 13 1 34 14 21 20 23 9 12 6 15.3

Mode 4 9 3 6 4 13 51 55 14 11 2 16.8

Mode 5 5 13 1 1 3 94 69 4 2 25 21.7

Mode 6 16 17 4 3 2 69 67 10 8 31 22.7

Mode 7 8 4 33 42 30 21 15 23 29 28 23.3

Mode 8 1 5 9 12 16 59 57 29 34 27 24.9

Mode 9 17 16 54 49 10 11 4 34 42 15 25.2

Mode 10 25 21 48 47 12 9 1 32 44 14 25.3
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Finland). Nonspecific binding was determined in the presence
of 0.05 μMhumanMCP-1. Competition binding studies were
carried out with 10 μM test compounds run in duplicate tubes.

Results and discussion

Homology modeling of CCR2

Homology modeling of the CCR2 receptor based on the
structure of β2AR at 2.4 Å (PDB code 2RH1) includes the
following steps: 1) automatic sequence alignment; 2)
manual modification of the alignment; 3) generation of
homology models using the ligand-bound template; and 4)
relaxation of strain by the energy minimization.

The automatic sequence alignment for the entire CCR2
sequences was performed against two GPCR sequences,
bovine rhodopsin and β2AR. Then, manual modification
was performed to ensure no gaps occurred in the TM
helices of CCR2, in comparison to the β2AR structure. The
positions of all conserved amino acids found in most
GPCRs were maintained according to the β2AR sequence.
The final alignment is shown in Fig. 3.

Twenty homology models of CCR2 were initially built
based on the structure of the β2AR-carazolol complex

using MODELLER, step 3. Three homology models in the
lowest probability density functions (PDF) energy were
selected for the next stage, step 4. After removing the
carazolol ligand from the three models, energy minimiza-
tion with a fixed backbone coordinate was performed to
relieve the structural strain of side chains that occurs due to
the presence of non-conserved residues during homology
modeling. Although these three models had similar back-
bone structures within their respective seven TM regions,
the orientations of side chains are varied (Fig. 4). These
variations provided the flexibility of the models in the early
stages of generating the docking pose pool. Analysis of the
models using PROCHECK is shown in Table 1. All three
models are acceptable for use in docking studies.

Generation of a pool of ligand-binding poses
through ligand docking

Experimental evidence of ligand-receptor interactions are
obtained usually from the results of site-directed mutagen-

Table 3 Data from the Ramachandran plot of CCR2 docked with compound 7

Model MFRa AARb GARc Subtotald Number of
Gly and Pro

Totale

n % n % n %

Docked pose 221 86.0 31 12.1 5 1.9 257 26 283

a The most favored regions
b The additional allowed regions
c The generously allowed regions
d The total number of residues evaluated except glycines and prolines
e The total number of amino acids in the receptor models

Table 4 Fold change in binding IC50 of known CCR2 antagonists for
Mutant CCR2, relative to wild type CCR2. These data are come from
the references, 36 and 42

Mutant Fold change in IC50

Teijin lead TAK-799

Y49F 0.9 4

Y120A 5.4 15

H121A 7.6 2.6

D284A 1.9 1.8

Q288A 0.9 3.3

E291Q Inactive 30

T292A 22.9 11

I
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III

IV

V

VIVII

E291

Y120

Y259
Y124

H121
Y49

T292

T117

Fig. 5 Protein-ligand interactions in the binding site model. Several
interacting residues previously shown by site-directed mutagenesis to
be important for ligand interactions [42] are displayed. Hydrogen
bonds are indicated by green lines
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esis studies. Several residues in the upper helices region of
CCR2 have been shown to participate in the binding of
small molecule ligands [36, 37]. Among those residues, the
interaction between the acidic side chain Glu2917.39(resi-
dues are numbered according to the Ballesteros-Weinstein
nomenclature [38]) in TM helix VII and the basic amine of
the ligand has been considered critical in CCR2, as well as
in other chemokine receptor family members [39]. Conse-
quently, we tried to track and maintain this interaction
during the docking calculation process. Therefore, the
binding site sphere for LibDock docking calculation was
defined to have the center on the acidic oxygen in Glu291.
During docking, the flexible conformations of the ligand
were generated and applied. The diverse conformers of
compound 7 generated by the Catalyst program were
docked into each of three CCR2 models. The top 50
ranked conformers, which were evaluated and ranked by
their docking score in LibDock, were saved. Thus, an initial
pool of 150 binding site models was obtained from the
docking between the flexible ligands and the rigid protein.

To refine the docking models, the flexibility of the
protein should be considered. Protein flexibility was
generated through energy minimization. All atoms in both
ligand and protein within a sphere of 15Å radius from the
center of the docked ligand were included in the energy
minimization procedure. Optimization of the complexes

through energy minimization resulted in the final pool of
150 ligand-receptor complexes.

Selection of the binding site model

Ligand incorporation into the binding site model may
reduce the uncertainty in side chain orientations. However,
uncertainty in the models remained because they are based
upon a homology model. Thus, inferring the final binding
site model from a binding pose pool is challenging. We
employed the consensus scoring method to infer the best
model. The consensus scoring method is generally
employed for virtual screening to improve performance by
compensating for the deficiencies of each of the scoring
functions [40, 41]. We thought models selected by
consensus scoring compensate for bias that comes from
the exact calculation technique. Further, this method is able
to accurately describe the interactions between the GPCR
and the antagonist, and provides a high predictability value
for structure based screening.

There are several strategies for consensus scoring, includ-
ing rank-by-rank, rank-by-number, and rank-by-vote of
multiple scoring functions [33]. We used the rank-by-rank
strategy. This strategy uses relative ranks rather than absolute
binding affinities for ranking binding models. Ten kinds of
scoring functions were used to evaluate all 150 binding
models in the pool. Table 2 shows the top 10 ranked models
using the rank-by-rank strategy. Binding mode 1, derived
from the initial model A, scored best and was selected to be
the binding site model. The binding site model was analyzed
by PROCHECK. Table 3 shows that the final binding site
model was improved in the number of the residues in the
most favored regions (MFR) compared to the initial model in
Table 1. This means the energy minimization refinement
stabilized the secondary structure of the receptor.

Validation of the binding site model

Table 4 shows interacting residues obtained from the
mutagenesis studies using two antagonists in Fig. 1 [36,
42]. The interaction with Glu291 is inevitable and the
interactions with Tyr120, His121, and Thr292 are signifi-
cant for the binding of antagonists. The interaction with
Tyr49 or Gln288 seems to depend on the type of
antagonists. Figure 5 shows that binding mode 1 well
described the interaction between the ammonium moiety of

Fig. 6 Fraction of known CCR2 antagonists recovered as a function
of the ranked database. Colored bold lines indicate the results from
each scoring function and thin line indicates random

J Mol Model (2011) 17:2707–2716 2713

Table 5 Enrichment factors (EF) for virtual screening of the validation set. EF values for each scoring function were calculated at 10% of the
ranked database

Ligscore1 Ligscore2 PLP1 PLP2 Jain PMF PMF04 Ludi1 Ludi2 Ludi3

EF10% 4.8 1.8 3.7 4.0 3.3 5.1 4.4 1.1 1.8 2.2



the ligand and the Glu291 carboxylate in the helix VII. The
docked compound 7 is stabilized through hydrogen bonds with
Glu291, Tyr49, and Thr117. Tyr120 supports the interaction
between the ligand and Glu291 through a hydrogen bond with
Glu291. His121 interacts with trifluoromethyl-substituted
phenyl ring of compound 7 and comprise a hydrophobic
pocket with Tyr124 and Tyr259. Thr292 interacts with both
piperidinyl and phenyl rings in compound 7.

Virtual screening with a decoy database and an active
database was performed to evaluate the derived binding
model. The active 27 compounds used were our in-house
synthesized CCR2 antagonists [11] and have a binding
affinity IC50 below 5 μM. The putatively inactive com-
pounds that comprise a decoy database were selected from
the CMC database, and had molecular weight ranging from
400 to 550. The range was designed to have molecular
weights similar to the in-house CCR2 antagonists. The CMC
database includes the structures of each of the marketed
drugs. These drugs were developed using targets different
from CCR2 and can therefore be considered putatively
inactive compounds with respect to CCR2 antagonism.

Virtual screening was performed using the LigandFit
docking algorithm. Ten scoring functions were employed
for the evaluation. The fraction of the active ligands
recovered as a function of the ranked database is shown
in Fig 6. The ranked database contained only 250
molecules, which resulted in docking poses, from a total
of 1206 molecules in the decoy database. The enrichment
factor analysis based on the ranked database is shown in
Table 5. Of the 10 scoring functions, the binding site model
showed better enrichment for LigScore1, PLP1, PLP2,
PMF, and PMF04. Thus, if the whole decoy database is
considered, the ability of the model to discriminate binders
and nonbinders can be improved. The validation results
showed that the selected model possess good predictability
and is suitable for structure based molecule screening.

The binding model selected by consensus scoring
showed consistency with interactions inferred from exper-
imental data and predictability toward screening for active
compounds. This model is not the best scored model for
each scoring function (Table 2). However, the averaged
result from 10 scoring functions produced good model and
implied an alternative strategy for GPCR homology model
without dynamics calculation.

Virtual screening of a commercial database

LigandFit docking screening of the ChemDiv database,
which consists of 23,066 compounds, was performed. The
top 10 ranked compounds from each scoring function were
examined by visual inspection for a rational docking pose
and commercial availability. Fourteen of the commercially
available compounds were tested in a biological screen for
the ability to inhibit CCR2 binding. The two compounds
exhibited >25% inhibition at a concentration of 50 μM

Y49

T117

H121

E291
T292

Y259 Y124

Fig. 7 Comparison of docked poses between compound 7 (orange)
and hit compound G365-0350 (cyan). Hydrogen bonds are indicated
by green dashed lines

Table 6 Hit compounds and percent inhibition of CCR2 binding

Compound ID Structure % inhibition @50µM 
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(Table 6). Although the IC50 value was not measured,
G365-0350, which showed 54% inhibition at 50 μM, was
identified as a hit. The comparison of the docking poses
between compound 7 and G365-0350 are illustrated in
Fig. 7. While G365-0350 has hydrogen bonds only with
Glu291, compound 7 has additional hydrogen bonds with
Tyr49 and Thr117, and G365-0350 does not fully occupy
the binding site pocket modeled for compound 7.

Conclusions

Binding site models of CCR2 based on the proprietary
compound 7 were built by ligand supported homology
modeling using the atomic structure of the human β2

adrenergic receptor. A pool of diverse binding poses was
initially constructed by allowing the flexible conformations
of the ligand. Then, the binding poses in the pool were
refined through the energy minimization, in which the
flexibility of the protein was taken into consideration.
Consensus scoring of docking evaluation functions was
used to identify the best binding site model from the pool.
Considering the apparent flexibility of GPCRs and the
diversity in ligand types, binding pockets, and the binding
modes, the quality and applicability of GPCR models
strongly depends on its consistency with experimental data,
more than on the exact modeling techniques employed or
the prospective predictability of the model for structure
based virtual screening [22]. Thus, the model presented
here fit these criteria, as it fit well with reported site-
directed mutagenesis data and the enrichment study using
small scale virtual screening with databases consisting of
active and inactive compounds showed the model pos-
sessed good predictability. The binding model derived from
ligand supported homology modeling into a pool of binding
modes and selection by consensus scoring has usefulness,
although it has the possible limitation to be not the most
stabilized model in terms of free energy.

Finally, the model was used to perform a virtual screen
for potential CCR2 antagonists, which was followed by
using a biological assay to identify lead compound hits.
This method entails a powerful filter to screen for CCR2
antagonists from large molecule databases.
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