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Abstract: The CC Chemokine Receptor 1 (CCR1) is closely related to various chronic inflammatory diseases like 
rheumatoid arthritis and multiple sclerosis, and plays a crucial role in transplant rejection. Inhibiting its activity with 
CCR1 antagonists has been proved to be effective in preventing some diseases. A number of in vivo experiments have 
been carried out to shed light on the underlying mechanism of the interactions between the CCR1 and its ligands. 
However, their conclusions are still controversial. In this study, ligand-based computational drug design is applied as a 
new and effective way to study the structure-activity relationship of CCR1 antagonists. Three-dimensional pharmacophore 
models were generated for CCR1 antagonists, using both HypoGen and HipHop algorithms in Catalyst software. Two 
optimal pharmacophore models were defined through careful qualification processes. Both of them have four features: one 
hydrogen-bond acceptor, one positive ionable and two hydrophobic groups. Additional information was obtained through 
comparison between the two models. Our results can be valuable tools for the discovery and development of specific, 
highly potent CCR1 antagonists. For Supplement material, please see the online version of the article. 

For Supplement material, please see the online version of the article. 
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INTRODUCTION 

 Chemokines are chemotactic cytokines, a group of small 
proteins that play an important role in the immune response 
by regulating leukocyte-trafficking [1, 2]. Chemokines are 
mainly divided into CC and C-X-C families, based on the 
position of the first two cysteine residues [3]. All chemokines 
exert their effects by activating corresponding cell surface 
receptors (chemokine receptors), eliciting mobilization of 
immune cells against pathogenic organisms by direct re-
cruitment and activation [4-6]. The CC Chemokine Receptor 
1 (CCR1) is crucial in transplant rejection and chronic in-
flammatory diseases like rheumatoid arthritis and multiple 
sclerosis [7-12]. For these reasons, selective antagonists of 
CCR1 may be interesting therapeutic tools against chronic 
inflammatory diseases. 

 Several chemotypes have been described for CCR1 an-
tagonists: xanthene-9-carboxamides, piperazines, 4-hydroxy-
piperidines and aminoquinolines [13-18]. Most CCR1 an-
tagonists reported so far suffered from poor species cross-
reactivity or insufficient oral bioavailability, and did not un-
dergo further pharmacological evaluation [19]. Our objective 
was to generate 3D-pharmacophore models to deepen the 
understanding of interactions between the receptor and its 
ligands, and to design novel antagonists.  

MATERIALS AND METHODS 

 In this paper, both quantitative and qualitative approaches 
(HypoGen and HipHop) within Catalyst 4.11 software were  
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applied to automated pharmacophore model generation for 
CCR1 antagonists [20]. 

HypoGen Model 

 HypoGen aims to construct a pharmacophore that best 
correlates the three-dimensional arrangements of features in 
training compounds with the activities of those compounds. 
Relatively accurate experimental data are required. Thus, 26 
CCR1 antagonists with xanthene-9-carboxamide structures 
were selected to form the HypoGen training set (Table 1). 
The activities of those molecules spanned 5 orders of magni-
tude, from 0.9 nM to 10000 nM. Another 15 xanthene de-
rivatives and 15 piperazine derivatives made up the test set 
(Tables 2, 3) for HypoGen model validation.  

HipHop Model 

 The HipHop study further investigates the structure-
activity relationship, calculating hypotheses by aligning 
those features that are common to all molecules in a given 
training set. Hypothesis generation is based on the conforma-
tional models of a set of compounds selected for their high 
activity and structural diversity; exact activity values are not 
needed. In our study, antagonists with three kinds of core 
structure (xanhene-9-carboxamide, piperazine and 4-hydro-
xypiperidine) were selected for the HipHop training set 
(eight: 23, 25, 39, 40 and 57~60) and test set (eleven: 13~15,
20~22, 24, 26 and 61~63). Their structures are showed in 
Fig. (1). 

 All structures were built using a 2D/3D editor-sketcher 
and were minimized to a local energy minimum using the 
CHARMm-like force field. The conformer generation for all 
compounds was set at a maximum of 250 conformers with 
an energy threshold of 15kcal/mol by means of the Poling 
algorithm [21]. Based on the characteristic features of the  
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HypoGen and HipHop training-set molecules analyzed with 
Catalyst, the hydrogen-bond acceptor (HBA), positive ioni-
zable (PI) and hydrophobic (H) features were selected from 
the feature dictionary for pharmacophore model generation. 

RESULTS 

HypoGen Model 

 Hypothesis generation based on the HypoGen training set 
returned ten pharmacophore models. According to the re-
sults, the first hypothesis was the best pharmacophore model 

characterized by the highest cost difference (71.37) and the 
best correlation coefficient (0.90). This was further con-
firmed by the validation process. We renamed this best 
model as Hypo-1. It consists of one HBA, one PI and two H 
features. The 2D representation of the Hypo-1 model and 
distances between its features is shown in Fig. (2).  

 Table 4 shows the actual and estimated Ki inhibitory ac-
tivities of the HypoGen training set based on Hypo-1. All 
compounds in this study were classified according to their 
activity as ‘highly active’ 10 nM, +++), ‘moderately ac-
tive’ (10 n 1000 nM, ++), or ‘inactive’ 1000 nM, +). 
All inactive compounds were correctly predicted, two mod-
erately active compounds were predicted to be highly active 
and one was predicted as inactive. All but four of the highly 
active compounds were predicted correctly. Altogether, for 
19 out of 26 compounds, the predicted Ki values were found 
to be within the same scale as the experimentally determined 
ones. Finally, in order to further assess the predictive power 
of Hypo-1, the activities of the 30 test-set compounds were 
evaluated. About 87% of them had experimental and esti-
mated activities falling within the same range (supplement 
Table S1). Hypo-1 was regressed using each molecule in the 
training and test sets. The regression line shown in Fig. (3)
indicates a good correlation between measured and estimated 
activities. All the facts above strongly confirmed the reliable 
ability of our model to predict the activity of compounds.  

Table 1. Structures of Compounds 1-26 [13] 

N

N
H

O

R1

R2

R3

Compds R1 R2 R3

1 9-xanthenyl H cyclooctyl 

2 9-xanthenyl H phenyl 

3 9-xanthenyl H 2-naphthyl 

4 9-anthracenyl H cyclooctyl 

5 diphenylmethyl H cyclooctyl 

6 2,7-dichloro-9-xanthenyl H cyclooctyl 

7 2,7-dibromo-9-xanthenyl H cyclooctyl 

8 9-xanthenyl H 1-cyclooctenyl 

9 2,7-dichloro-9-xanthenyl H 1-cyclooctenyl 

10 2,7-dibromo-9-xanthenyl H 1-cyclooctenyl 

11 9-xanthenyl methyl cyclooctyl 

12 9-xanthenyl ethyl cyclooctyl 

13 9-xanthenyl n-propyl cyclooctyl 

14 9-xanthenyl n-butyl cyclooctyl 

15 9-xanthenyl allyl cyclooctyl 

16 9-xanthenyl phenyl cyclooctyl 

17 9-anthracenyl methyl cyclooctyl 

18 diphenylmethyl methyl cyclooctyl 

19 2,7-dichloro-9-xanthenyl methyl cyclooctyl 

20 2,7-dibromo-9-xanthenyl methyl cyclooctyl 

21 2,7-dibromo-9-xanthenyl ethyl cyclooctyl 

22 9-xanthenyl methyl 1- cyclooctenyl

23 9-xanthenyl ethyl 1- cyclooctenyl

24 9-xanthenyl n-propyl 1- cyclooctenyl

25 2,7-dichloro-9-xanthenyl ethyl 1- cyclooctenyl

26 2,7-dibromo-9-xanthenyl ethyl 1- cyclooctenyl

Table 2. Structures of Compounds 27-41 [14] 

O

N
H

N (CH2)nO

R

9

No. R n 

27 H 3 

28 H 4 

29 H 5 

30 H 6 

31 NHCO2Allyl 6 

32 CONHCH2C6H4(2-OMe) 6 

33 CONHCH2C6H4(4-OMe) 6 

34 CONHCH2(4-pyridylmethyl) 6 

35 OCNH(4-piperidine) 6 

36 OCNH(4-piperidine) 5 

37 OCNH(CH2)3NH2 6 

38 OC(4'-NH2)piperidine 6 

39 OC(3'-CH2NH2)piperidine 6 

40 OC(3'R-CH2NH2)piperidine 6 

41 9S-OC(3'S-CH2NH2)piperidine 6 
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Table 3. Structures of Compounds 42-56 [15] 

Cl NH

NH2O

O
N

O

N

F

56 (BX-471)

R2

O
N

O

N
NH

O

O

NHR3

R14 4

No. R1 R2 R3

42 Ph Cl Me 

43 4-chlorophenyl Cl Me 

44 2-fluorophenyl Cl Me 

45 3-fluorophenyl Cl Me 

46 5-chloro-2-thienyl Cl Me 

47
4-chlorophenyl 

(des-methyl piperazine) 
Cl Me 

48 4-fluorophenyl H Me 

49 4-fluorophenyl Me Me 

50 4-fluorophenyl Cl Et 

51 4-fluorophenyl Cl CH2Ph 

52 4-fluorophenyl Cl (CH2)2N(CH3)2

53 4-fluorophenyl Cl (CH2)2OH

54 4-fluorophenyl Cl (CH2)2pyrrole 

55 4-fluorophenyl Cl CH2(2-pyridyl) 

Fig. (1). Structures of some HipHop compounds.
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Fig. (2). Hypo-1, the best quantitative model.

 The affinities of highly active xanthene-9-carboxamide 
derivatives were correctly estimated, thanks to the possibility 
of complete mapping of those molecules onto the model. In 
their case, the HBA feature was occupied by the oxygen on 
the xanthene ring, the PI region mapped to the piperidine 
nitrogen (or quaternary ammonium nitrogen), whereas the 
cyclooctyl (or 1-cyclooctenyl) moiety mapped to the two H 
features. See 25 in Fig. (4A).  

Table 4. Experimental Biological Data and Estimated Ki of 

Compounds in the HypoGen Training Set Based on 

Hypo-1 

No. 
Act Ki 

[nM] 

Est

Ki [nM] 
Act Scale

a
 Est Scale

a

25 0.9 3.5 +++ +++ 

26 1.9 4.3 +++ +++ 

23 2.0 3.0 +++ +++ 

22 2.5 6.4 +++ +++ 

24 2.8 8.8 +++ +++ 

21 3.3 27 +++ ++ 

13 3.6 51 +++ ++ 

20 3.9 4.4 +++ +++ 

14 5.0 3.4 +++ +++ 

12 5.2 18 +++ ++ 

15 9.7 12 +++ ++ 

11 14 5.4 ++ +++ 

19 17 4.7 ++ +++ 

8 51 390 ++ ++ 

1 140 16 ++ ++ 

10 150 62 ++ ++ 

(Table 4. Contd….) 

9 200 950 ++ ++ 

16 370 81 ++ ++ 

18 800 1300 ++ + 

5 1100 1200 + + 

17 1800 1200 + + 

7 5100 1200 + + 

4 10000 1200 + + 

3 10000 3200 + + 

2 10000 1500 + + 

6 10000 1300 + + 

a.Activity scale: highly active ( 10 nM, +++), moderately active (10 

nM<Activity 1000 nM, ++), and inactive (>1000 nM, +). 

Fig. (3). Plot of predicted activities against experimental values (Ki 
in nM).

 Our analyses highlighted some differences in the fitting 
mode of the piperazine derivatives. Their mapping results 
indicated that the 4-piperazine nitrogen mapped to the PI 
feature. The chlorophenyl (or fluorophenyl) on the pipera-
zine cycle, together with the chlorine atom (or methyl) on the 
middle phenyl ring form a large hydrophobic group that 
could occupy both H1 and H2, just like the cyclooctyl (or 1-
cyclooctenyl) moiety in xanthene derivatives. The HBA re-
gion was occupied by the diaminocyclobutenedione group. 
See 53 in Fig. (4B).  

 The mapping analysis suggested that the inability of 
some inactive compounds, such as 4, 5, 17 and 18, to map 
with the HBA feature of Hypo-1 was due to their lack of 
xanthene oxygen atom (supplement Fig. (S1)). This fact ac-
counted for an approximately 10-fold reduction in activity 
when the xanthen-9-yl moiety of 1 was replaced with an an-
thracen-9-yl (4) or diphenylmethyl (5) [13]. Another interest-
ing molecule was 56 (BX-471). Its urea group, compared to 
the diaminocyclobutenedione moiety in other piperazine 
derivatives, was too small to reach the HBA region concur-
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rently with the mapping of the terminal fluorophenyl group 
to the H2 feature. However, replacement of the urea moiety 
with a diaminocyclobutenedione (54 and 55) enhanced the 
antagonist activity, as it makes the molecules recover the 
HBA feature (Fig. 4B). All the facts above indicated that the 
HBA feature in Hypo-1 is essential for high activity. There-
fore, both the xanthene group in xanthen-9-carboxamide 
derivatives and the diaminocyclobutenedione moiety in 
piperazine derivatives work as hydrogen-bond acceptors to 
improve the binding affinity.  

 Additionally, we found that compounds mapping poorly 
to the H1 and H2 features in Hypo-1 were inactive. This fact 
confirmed that the presence of the two H features is critical 
for high activity. In most of the training-set compounds, the 
terminal groups on the piperazine cycle were big hydropho-
bic rings, such as cyclooctane (or cyclooctene), which could 
fully occupy the two H features. However, the small phenyl 
ring in 2 could map only one H feature. Although 3 pos-
sessed a large 2-naphthylmethyl, it could not simultaneously 
map the two H features because of its rigid conformation. 
Both those compounds adopted a conformation that mapped 
H1 in the upper place but not H2 in the downer place (3 in 
Fig. (4A) and supplement Fig. (S2A)). Also, while the PI and 
HBA features could be mapped by most ligands in the test 
set, the two H features can be mapped only if the volume of 
the ligands’ terminal hydrophobic groups is big enough. For 
example, 27 and 28, which have terminal hydrophobic rings 
composed of six or seven atoms, were inactive due to the 
difficulty in mapping with the two features simultaneously 
(supplement Fig. (S2B). This was in good agreement with 
experimental data. As discussed by Naya’s group in their 
SAR study, the voluminal minification of the terminal 
chemical group results in a loss in antagonist activity [14]. 
Corresponding to the two H features, there is probably a hy-
drophobic pocket with a radius of more than 3.0 Å on the 
receptor site (Fig. (2)). 

 In addition, compared to the para-substituted terminal 
benzyl in most piperazine derivatives, the ortho or meta sub-
stitutions in 44 and 45 lowered the activity. Fig. (5) shows 
the overlay of 44 and 45 mappings onto Hypo-1. When the 
terminal benzyl fully occupies the H1 feature, the fluorine at 
the ortho- or meta-position causes some sort of stereo-

specific blockade that prevents the mapping of the middle 
benzyl with H2. 44 entirely missed H2, while the meta-
fluorine of 45 could map only partly to H2. Therefore, nei-
ther molecule adopted a conformation that could fully map 
both H features simultaneously. In fact, experimental data 
showed that those substitution transpositions significantly 
reduced potency (by over 2000 nM).  

Fig. (5). The Hypo-1 mapped with 44 and 45.

HipHop Model 

 Furthermore, ten hypotheses were selected on the basis of 
high ranking scores in the HipHop module. The statistically 
best model obtained through validation of the training and 
test sets was renamed as Hypo-2. It contained one HBA, one 
PI and two H features. To distinguish these features from 
those of Hypo-1, they are marked in italics (HBA, PI, H1 and 
H2). The 2D hypotheses and distances between the features 
of Hypo-2 are shown in Fig. (6).  

 Our best-fit analysis of the mapping of all 19 compounds 
(from HipHop training and test sets) to Hypo-2 revealed that 
they possess all four features of Hypo-2. Their average pre-
dicted best-fit value was 3.9 (supplement Table S2). Map-
ping results showed that compounds with various structures 
map with all features of Hypo-2, and that Hypo-2 is able to 
successfully identify all the crucial features common to 
highly potent CCR1 antagonists.

Fig. (4). The Hypo-1 model mapped with some of the HypoGen compounds (A. 3 and 25; B. 53 and 56). 
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Fig. (6). Hypo-2, the best qualitative model.

 Fig. (7) shows the mappings of different structural com-
pounds onto Hypo-2. For xanthene-9-carboxamide deriva-
tives, the H1 feature mapped the chlorine atom at position 2 
or 7 of the xanthene group, the HBA feature was occupied by 
the carbonyl oxygen, the piperidine nitrogen mapped to the 
PI region like in Hypo-1, and the H2 feature was occupied 
by the terminal hydrophobic functional group (cyclooctane 
or cyclooctene). The mappings of this class onto Hypo-2 are 
shown in supplement Fig. (S3).  

 57 and 58 were overlaid and mapped onto Hypo-2, as 
shown in Fig. (7A). The PI region was occupied by the 4-
piperazine nitrogen atom, and the H2 feature mapped the 4-
fluorophenyl on the piperazine cycle. As for the substitution 
on the 1-piperazine nitrogen, the HBA feature was occupied 
by the carbonyl oxygen on the bicycle[2.2.2]octane ring, and 
the H1 feature was occupied by the terminal phenyl ring. 
Furthermore, 62 and 63, as analogues of 57, showed a simi-
lar mapping with Hypo-2.  

 For 59 and 60 (Fig. 7B) the PI region interacted with 
their quaternarized piperidine nitrogen atom, and the H2
feature mapped either one of the phenyl rings. For the 4-
hydroxy-4-phenylpiperidine group, the HBA feature was 
occupied by the hydroxyl group, while the H1 feature
mapped the chlorine atom on the phenyl ring.  

 Through validation of the models and mapping analyses, 
we identified four features in Hypo-1 that seemed to be nec-
essary for high antagonist activity. Hypo-2 contained the 
same number of seemingly essential features. A superimpo-

sition (Fig. (8)) of the two models showed that the PI and H1 
features almost exactly matched PI and H2, respectively. The 
other features had no match in the other model. We thus 
theorized that the receptor site has a big pocket that includes 
PI/PI and H1/H2 and the four other features (HBA, H2, H1
and HBA), but that PI/PI and H1/H2 are the most essential 
for ligand-receptor binding. Antagonist activity requires 
functional groups that can map with the PI/PI and H1/H2
features, but higher affinity is achieved when other func-
tional groups map with the other four features to some ex-
tend, no matter whether those features belong to Hypo-1 or 
Hypo-2. The more complete the mapping, the higher the 
affinity would be. We found that compounds 3 and 25 in Fig. 
(4A) can illustrate that idea. They both could map to the 
HBA, PI and H1 features, but differed in that 25 could addi-
tionally map to H2. This difference would explain the fact 
that the antagonist activity of 25 is 10000 times higher than 
that of 3.

Fig. (8). Comparison of Hypo-1 and Hypo-2.

CONCLUSION  

 A ligand-based computational approach was used to 
study the molecular structure-activity relationship of CCR1 
antagonists. A highly predictive pharmacophore model 
(Hypo-1) was generated, consisting of one HBA, one PI, and 

Fig. (7). The Hypo-2 model mapped with some of the HipHop compounds (A 57 and 58; B 59 and 60).
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two H features. The mapping analysis of the two H features 
established that the receptor site includes a hydrophobic 
pocket with a radius of more than 3.0 Å. Thus, a hydropho-
bic group of proper size is essential for high docking affinity. 
Hypo-2, our qualitative pharmacophore model possesses 
features that are similar, in type and number, to those of 
Hypo-1. However, a closer comparison between the two 
models showed that only the PI and H1 features in Hypo-1 
and PI and H2 features in Hypo-2 are located at matching 
sites on the receptor. Therefore, the design of novel CCR1 
antagonists should primarily focus on those PI/PI and H1/H2
features. We also highlighted the importance of other fea-
tures like HBA and H2 for higher antagonist activity. Hence, 
our models can serve as a three-dimensional query in data-
base screening to facilitate the discovery and development of 
new lead-compounds with high CCR1 antagonist activity. 
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