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Abstract—CCR?2 is the major family of chemokine receptors which involve in the pathophysiology of the acute or chronic inflam-
matory conditions such as rheumatoid arthritis, atherosclerosis, asthma, obesity, and type-2 diabetes. Herein, we report the results
of HQSAR model, developed for CCR2 antagonistic activity of indolopiperidine derivatives. The best HQSAR model with
r*=0.916, ¢> = 0.562 with atom count = 4—7 was used to predict the activity of the test set molecules. The predicted values are
in good agreement with experimental results and show the potential of the model for untested compounds. Analysis of molecular
fragments throws light on essential structural and topological features of indolopiperidine derivatives for antagonist activity. The
analysis shows that the presence of tertiary hydrogen bond acceptor groups is important for CCR2 antagonism. Fragments contain-
ing benzene ring substituted with one or more chlorine atoms show the positive effect of electron withdrawing group for favorable

activity.
© 2008 Elsevier Ltd. All rights reserved.

Chemokines, also known as chemotactic cytokines, are
small molecular weight (8-10 kDa) water soluble pro-
teins consisting of 340-380 amino acid residues.! They
play an important role in the immunomodulation and
host defense mechanism by attracting the cells such as
monocytes, macrophases, T-cells, eosinophils, and baso-
phils to the site of inflammation. Different chemokines
produce different leukocyte responses depending on
the complementarity of their chemokine receptors.*>
There are 50 types of chemokines known till now and
they are classified into four families viz., CC, CXC,
CX3C, and XC based on their structure and function.
The CC chemokines is the major family which consists
of the Monocyte Chemoattractant Protein-1 (MCP-1),
the most characterized protein, also known as ‘chemo-
kine ligand CCL2’.5® The CC family consists of several
CC receptors (CCR 1-10), of which CCR2 is the pri-
mary receptor for MCP-1. Studies show that MCP-1 in-
volves in the pathophysiology of the acute or chronic
inflammatory conditions such as rheumatoid arthritis,
atherosclerosis, asthma, obesity, and type-2 diabetes
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making CCR2 receptor as an attractive target for the
drug discovery.®!! A few pharma companies are work-
ing on the antagonism of CCR2 and several molecules
are under phase 1 and phase 2 clinical trials (Chart
1).!2 The crystal structure of CCR2 is not yet reported.
In the absence of structural information the ligand-
based approaches are more valuable than structure-
based methods. In the present case, however, a few
studies based on modeled structure of CCR2 have been

Company Representative Status Disease Condition

molecule

ChemoCentryx CCX915 Phase 1 Multiple sclerosis and
atherosclerosis.

IND filed

Incyte and Pfizer INCB3284 Phase Il a Rheumatoid arthritis and
type 2 diabetes

Merck MKO0812 Phase 11 Multiple sclerosis and pain.

Millennium MLN1202 Phase 1T Rheumatoid arthritis,

Pharmaceuticals multiple sclerosis, and
atherosclerosis.

Telik MCP-1 antagonist Preclinical Rheumatoid arthritis,
multiple sclerosis,
inflammatory bowel
disease, atherosclerosis,
asthma, and cancer.

Chart 1. Representative CCR2 antagonists in different phases of
clinical trials.
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reported in the literature.!3'* The aim of the work is not
only to develop a statistically significant HQSAR model
but also to explore the structural and topological
requirements of the molecules for CCR2 antagonism.

For the present study, we used the CCR2 receptor
antagonistic activity of 35 conformationally restricted
indolopiperidine analogs reported by Forbes et al.!'®
and Witherington et al.'® (Table 1). The biological
activity was carried out using a radioligand binding
displacement assay.!> Out of 44 reported molecules
we selected 35 molecules for generating the model.
Four molecules reported twice and five molecules
without definite K; values were excluded from the
study. We segregated the 35 molecules in the data
set into training and test set having 29 and 6 mole-
cules, respectively. The K; (nM) values were converted
into the —logK; (nM).

All molecular modeling studies were performed using
the molecular modeling package SYBYL 7.1!7 installed
on a Silicon Graphics Fuel Work station. Molecules
were sketched and minimized using Powell’s conjugate
gradient method.'® The minimum energy difference of
0.001 kcal/mol was set as a convergence criterion.

Hologram QSAR (HQSAR) is a technique which em-
ploys fragment fingerprints as predictive variables of
biological activity or other structural related data. These
molecular fingerprints are broken into strings at fixed
interval as specified by a hologram length (HL) param-
eter. The hologram length determines the number of
bins in the hologram into which the fragments are
hashed. Each corresponding fragment SLN is then
mapped to a pseudo-random integer in the range 0—
231 using the CRC (cyclic redundancy check) algo-
rithm.!” The integer generated by the CRC algorithm
is unique and reproducible for each and every unique
SLN string. The hashing then occurs by folding the
pseudorandom integer for a particular SLN string into
the bin range defined. In HQSAR, bins contain informa-
tion about the number of fragments hashed into each
bin. The optimal HQSAR model was derived from
screening through the 12 default HL values, which were
a set of 12 prime numbers ranging from 53 to 401.

HQSAR uses different parameters for model develop-
ment. The parameters like atom count, hologram length
and fragment distinctions?® are important while generat-
ing the molecular holograms. The atom parameters en-
able fragment determination based on elemental atom
types while the bonds and connections consider the
bond orders and hybridization states within fragments,
respectively. Initially, for the developing the model, we
used the default parameters namely atoms (A), bonds
(B), and connections (C) that gave poor r* (0.453) and
¢* (0.280) values. Alternatively additional parameters
as hydrogen atoms (H) chirality (Ch), donor acceptor
(DA) were included to develop robust models. We devel-
oped numerous models with the combination of param-
eters such as A/B, A/DA, B/DA, A/B/C, A/B/H, A/B/
DA, A/B/C/H, A/B/H/DA, A/B/C/Ch, A/B/DA/Ch, A/
B/C/H/Ch, A/B/C/Ch/DA, A/B/C/H/DA, A/B/H/DA/

Ch, A/B/D/H/Ch/DA.?! These models were built using
the default atom count 4-7 (Table 2). The combination
having atoms, bonds, chirality, and donor acceptor gave
statistically significant > and ¢° of 0.916 and of 0.562
values, respectively. As the second criterion for improv-
ing the statistical values, we used the atom count which
refers to the minimum and maximum length of the
molecular fragment. The statistical parameters obtained
for a variety of models developed using A/B/Ch/DA
parameters with different atom count are depicted in Ta-
ble 3. A significant difference was noticed in statistical
values when the model was developed with atom count
4-7 (Table 3). Further increase or decrease in the atom
count reduced the overall statistical power of the model.
Therefore, we selected the model developed with atom
count of 4-7 with essential parameters namely atoms,
bonds, donor acceptor, chirality for further analysis. It
is interesting to note that in the present study all the 6
molecules of test set were predicted well by the model
with a notable predictive r* of 0.662. The plot of actual
versus predicted —log K; (nM) of the training and test set
molecules is shown in Figure 1.

The HQSAR module in SYBYL uses the color coding to
show the atomic contributions to the activity. While the
color codes red, red orange, and orange show the unfa-
vorable or negative contribution to the activity, the col-
or codes yellow, green blue, and green denote favorable,
or positive contribution to the activity. The white color
shows the intermediate contribution to the activity
(Fig. 2).22 The molecules in the data set can be classified
into four groups based on the substitutions of the func-
tional groups. The first group contains four molecules
(1-4 in Table 1), with ring as the linker group. The most
active molecule 2 in this class has 5 substituted OH on
the indole ring, which probably contributes for its high
activity (Table 1). This may be supported by the pres-
ence of green color code between the piperidine and
cyclohexane rings. The second class of molecules has
variation in the amide group and contains six molecules
(5-10, Table 1). And in this group, the piperidine ring
probably contributes to the enhancement of activity as
shown by the code green at the piperidine ring. Consid-
ering one of the active molecules 10 in this class, the
presence of additional nitrogen contributes for increase
in activity of the molecule. It is encoded by yellow, infer-
ring moderate contribution to the biological activity.
The third group contains seventeen molecules with the
variation in the cinnamide group (13-27, 28, 29, Table
1) and in this group the two molecules (28 and 29) exhi-
bit distinct chain lengths. This group also has the least
active molecule 26 shown by red and orange color cod-
ing in the CH, of aliphatic chain. The indole ring con-
tributes favorably for molecules 13, 20, 21, 23, 24, 25,
26, and 27 as pointed out by the green color in the indole
ring. The fourth class of molecules has variation in the
indole ring and contains eight molecules (31-38, Table
1). Substitution of 5-OH on the indole ring increases
the activity as in the most active molecule 32. The same
may be coded by yellow and white to show positive con-
tributions. Overall, the activity of the molecules arises
due to the presence of the piperidine ring and the active
molecules, for example, 1, 2, 32, 33, 35, and 36 all have
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Table 1. The data set chosen for HQSAR study, K; values, actual and predicted —log K; (nM) values, and residuals

7NKER\

N NH
(0]
X \
N
H
Cl Cl
No. Molecule Linker X K; (nM) Actual —logK; (nM) Predicted —log K; (nM) Residual
1 1 H 126 6.90 6.52 0.38
2 2 OH 79 7.10 6.90 0.20
3 3 k . H 631 6.19 6.52 —-0.33
C ) i1y,
4 4 k< >-l, ) OH 316 6.50 6.90 —0.40
1y
/(CHg)n
N '}‘H
X AN
. |
jRZ /I\ R
N
H
No. Molecule X R! R? n K; (nM) Actual —logK; (nM) Predicted —log K; (nM) Residual
5 5" Cc=0 4-Ph H 5 5400 5.26 5.34 —0.08
6 6 C=0 4-Br H 5 7100 5.14 5.18 —0.04
7 7 Cc=0 3,4-diCl H 5 5100 5.29 5.28 0.01
8 8 C(=0)CH, 3,4-diCl H 5 4400 5.35 5.27 0.08
9 9 C(=0) CH,CH, 3,4-diCl H 5 5900 5.22 5.19 0.03
10 10 C(=0O)NH 3,4-diCl H 5 1600 5.79 5.75 0.04
11 13 trans C(=O)CH=CH H H 5 870 6.06 5.97 0.09
12 14 trans C(=0O)CH=CH 4-Cl H 5 520 6.28 6.15 0.13
13 15 trans C(=O)CH=CH 3-Cl H 5 560 6.25 6.19 0.06
14 16 trans C(=O)CH=CH  2-Cl H 5 4400 5.35 5.80 —0.45
15 17" trans C(=0O)CH=CH 4-Br H 5 350 6.45 6.15 0.30
16 18" trans C(=0O)CH=CH 4-1 H 5 460 6.33 6.03 0.30
17 19 trans C(=O)CH=CH 3-CF3 H 5 790 6.10 6.06 0.04
18 20 trans C(—O)CH=CH  4-Me H 5 550 6.25 6.10 0.15
19 21 trans C(=0O)CH=CH 3-Me H 5 790 6.10 6.09 0.01
20 22" trans C(=O)CH=CH  4-Ph H 5 1450 5.83 5.85 —0.02
21 23 trans C(—O)CH=CH  4-But H 5 1700 5.76 5.88 —0.12
22 24 trans C(=O)CH=CH  4-NMe, H 5 1200 5.92 5.99 —0.07
23 25 trans C(=O)CH=CH  4-OH H 5 6300 5.20 5.21 —0.01
Line miss-

ing
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24 26 trans C(=O)CH=CH 4-NHAc H 5 12,900 4.88 4.80 0.08
25 27 trans C(=O)CH=CH  4-CN H 5 2800 5.55 5.66 —0.11
Table 1 (continued)
No. Molecule X R! R? n  K;(nM) Actual —logK; (nM) Predicted —logK; (nM) Residual
26 28 trans C(=O)CH=CH 34-diCl H 3 2500 5.60 5.46 0.14
27 29" trans C(=O)CH=CH 34-diCl H 4 660 6.18 6.65 —0.47
28 31 trans C(=O)CH=CH 34-diCl H 5 420 6.37 6.52 —0.15
29 32 trans C(=O)CH=CH 3,4-diCl 5-OH 5 50 7.30 6.91 0.39
Line miss-
ing
Table 2. Statistical parameters obtained for different HQSAR parameters
Model Fragment 7*(LOO) r’nev SE BHL Component
distinction
1 A/B 0.242 0.394 0.507 83 1
2 A/DA 0.255 0.437 0.489 401 1
3 B/DA 0.422 0.759 0.333 97 3
4 A/BIC 0.280 0.453 0.482 199 1
5 A/B/H 0.421 0.78 0.324 71 4
6 A/B/DA 0.437 0.876 0.249 53 5
7 A/B/IC/H 0.355 0.734 0.349 199 3
8 A/B/H/DA 0.464 0.779 0.325 53 4
9 A/B/C/Ch 0.290 0.459 0.479 199 1
10 AIB/IDA/Ch 0.562 0.916 0.209 53 6
11 A/B/C/H/Ch 0.406 0.721 0.358 199 3
12 A/B/C/Ch/DA 0.345 0.719 0.359 83 3
13 A/B/C/H/DA 0.400 0.789 0.318 199 4
14 A/B/H/DA/Ch 0.440 0.803 0.307 53 4
15 A/B/DA/H/Ch/DA 0.378 0.781 0.323 151 4
The best model is highlighted in bold font.
Table 3. Statistical parameters obtained for model 10 with different 7.5 -
: o Training
atom count
Atom count  ¢*(LOO) r*ncv  SE BHL Component 7
= Test .
1-4 0.295 0.68 0.383 83 3
2-5 0.320 0.71 0.364 257 3 3 6.5 -
3-6 0.341 0.604 0.418 59 2 e
4-7 0.562 0916 0209 53 6 g
5-8 0.362 0.74  0.345 97 3 R
6-9 0.374 0.702  0.37 83 3 =
7-10 0.406 0.684  0.381 71 3 =
X 5.5
The model chosen for analysis is highlighted in bold fonts. e
. S . 5 1
contributions from the piperidine ring as coded by .
green. Furthermore, the indole ring shows partial contri- .5
butions to the activity as shown by the white color code. “rB z 55 & 65 7 75

Finally the red and orange codes may be indicative of
negative contributors to the Cs chain. This is reflected
by molecules 6, 7, 9, 16, 25, and 26.

In HQSAR the fragment is useful in predicting the var-
iability in biological activity. We analyzed the fragment
produced by HQSAR which aided us to throw light on
some of the important features as highlighted below.
The final HQSAR model produced hundreds of frag-
ments. Although direct correlation between the activity
and all the produced fragments may not be possible,
yet fragments indicated useful hints toward improve-
ment of the activity. Analysis of the fragments and their
contributions shows that the presence of fragments pos-

pKi (nM)Actual

Figure 1. Plot of actual versus predicted —logK; (nM) values of the
training and test set molecules. The training set and test set molecules
are shown in blue (diamond) and pink (square) spots, respectively.

sessing positive values contributes favorably to the
activity. Similarly fragments possessing negative values
contribute unfavorably to the activity. For example,
the fragment F1 (Fig. 3) having positive coefficient value
of 0.045 has a tertiary hydrogen bond acceptor. This
fragment is present in all the molecules of the data set
and shows one may prefer tertiary hydrogen bond
acceptor group while designing new scaffolds for
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Positive
contribution

neutral

Negative
contribution

Figure 3. A few fragments showing positive and negative contributions toward CCR2 antagonism.

CCR2 antagonism, as found in all the molecules of the
data set. This point is supported by the literature study
that the tertiary acceptor like nitrogen is identified as an
important fragment for CCR2 antagonism in the Roche,
Takeda’s, and Smithkline Beecham compounds.'23
This point is further sustained by the recent 3D-QSAR
CoMFA study of Dasse et al. wherein they have pointed
out that all their newly designed molecules possess ter-
tiary nitrogen acceptor group highlighting its impor-
tance toward CCR2 antagonism.?*

On consideration of the three fragments F2, F3, and F4
having benzene ring with mono substituted chlorine
(0.049), mono substituted bromine (0.003), and unsub-
stituted ring (—0.002), respectively, a decline in the coef-
ficient values may be noticed. This emphasizes the effect
of electron withdrawing group for favorable activity.
The fragment F2 is present in the molecule 15
(K; = 560 nM) which shows good activity. The unsubsti-
tuted ring fragment F4 is present in the molecule
13 (K; =870 nM) which is having lesser activity than
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molecule 15. The bromine containing fragment F3 is
seen in the molecule 6 (K; = 7100 nM) which is the least
active molecule among the three. Despite having the
bromine containing fragment which displays medium
coefficient value, the molecule 6 illustrates the least
activity among the three. This may be due to the reason
that, other fragments presumably have an influence on
the activity of 6. The fragment F5 consists of two chlo-
rine atoms displaying higher positive value as the coeffi-
cient and further highlights the effect of more chlorine
substitutions on the activity. It is interesting to note
many of the active molecules contain this fragment.

Analysis of the two fragments F6 (0.025) and F7
(0.013) showed F6 has piperidine with carbon attached
to it where as F7 does not have any substitution on the
ring. The coefficient value for F7 shows, the attached
carbon on piperidine moiety may play a positive role
in increasing the activity. In F8 (0.025) and F9
(—0.005), the sulfur atom plays a role, the hexa-valent
sulfur atom present in F8 (0.025) in methyl sulfonamide
group contributes positively while penta-valent sulfur
present in F9 contributes negatively. This shows the
influence of multi valency of sulfur atoms on activity
as seen in the molecule 33 (K;=79). It is interesting
to note that, in F10 (0.029), the three substitutions
viz., acceptor group, Zaccany (Oxygen or Acceptor),
and Donor are arranged consecutively so that the elec-
trons delocalization is effected. This particular way of
arrangement causing electrons delocalization seems to
be a favorable property for the increase in activity. It
is interesting to note that when the three groups are ar-
ranged in different order, then the contribution to the
activity decreases as shown by the F11 (—0.017). By
looking at F12 (0.033), F13 (—0.057), we can say the
aliphatic chain length increases the activity of the mol-
ecules because of the increase in the electron density on
the nitrogen of piperidine ring as seen in 29 and 28
(K; = 2500 and 660). The fragment F14 (0.025) is hav-
ing mono substitution and in F15 (0.011) the substitu-
tion is on the nitrogen atom and it increases the
electron density on nitrogen and thus decreases the
activity as in 37 (K; = 4200). The F16 (0.035) exhibits
resonance effect that contributes favorably to the activ-
ity. In this fragment nitrogen has lone pair of electrons,
the aromatic carbons have delocalized electrons, and
the oxygen has lone pair of electron, and all these three
substitutions cause resonance effect in the molecule.
This fragment is present in the most active molecule
32 (K; = 50). Further, we can note that when the donor
group is present at the end of fragment as the one in
F17 (0.045) the resonance effect further increases and
so the contribution. While the highest active molecule
contains the fragments like F1, F2, F6, F12, F16, and
F17 that contribute positively, the least active molecule
26 (K;=12,900) has fragments that contribute nega-
tively for the activity.

CCR2 is the major family of chemokine receptors which
are implicated in the pathophysiology of the acute or
chronic inflammatory conditions such as rheumatoid
arthritis, atherosclerosis, asthma, obesity, and type-2
diabetes. HQSAR model was developed for a set of

indolopiperidine derivatives. The model 10 developed
using the combination of parameters having atoms,
bonds, chirality, donor acceptor, and atom count 4-7
gave statistically significant > and ¢* of 0.916 and of
0.562 values, respectively. The analysis of contribution
map shows the activity of the molecules arises due to
the presence of the piperidine ring. For example, the
molecules 1, 2, 32, 33, 35, and 36 all have contributions
from the piperidine ring as encoded by green. The less
active molecules have the negative contributions from
Cs chain as reflected by the presence of red and orange
codes in the molecules 6, 7, 9, 16, 25, and 26 at Cs chain.
Analysis of molecular fragments throws light on essen-
tial structural and topological features of indolopiperi-
dine derivatives for antagonist activity. The model so
generated is also consistent with the literature support
that the tertiary acceptor like nitrogen is identified as
an important fragment for CCR2 antagonism.

Through HQSAR analysis we noted the following for
the improvement of CCR2 antagonist activity.

1. Presence of tertiary acceptor group.

2. Presence of one or more chlorines, substituted at 3, 4,
or 5 position of benzene.

3. Effect of resonance in 5 substituted indole ring.

4. Aliphatic chain length up to 5 increases the activity of
the molecules due to increase in the electron density
on the nitrogen of the piperidine ring.

Overall, the information gained from our analysis will
be useful in guiding the chemists in obtaining novel
and more active molecules for CCR2.
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