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Abstract

Molecular Modeling Study of Human Chemokine

CCR5 Receptor

Gadhe Changdev Gorakshnath

Advisor: Prof. Seung Joo Cho, Ph.D.

Department of Bio-New Drug Development

Graduate School of Chosun University

Human Chemokine CCR5 receptor is an integral membrane protein which aid entry of

human immunodeficiency virus type 1 (HIV-1) into host cell. HIV-1 causes acquired

immunodeficiency syndrome (AIDS), which has infected millions of people

worldwide. CCR5 is a membrane protein and a member of G-protein coupled receptor

(GPCR) superfamily. Unavailability of CCR5 X-ray crystal structure hampers in-depth

research of it. So, it is a challenging task to design inhibitors for this integral membrane

protein as well as to find out exact binding mode of action for any known inhibitor. To

address this problem, we developed a homology model for the human CCR5, based on

the recently reported CXCR4 (PDB code: 3ODU) X-ray crystal structure. This was

subsequently used to map the binding mode of several CCR5 inhibitors. The

piperidine-4-carboxamide derivatives were used for receptor based 3D-QSAR studies,

whereas oxamino-piperidino-piperidine amide (OPPA) derivatives were used for MD

simulations. 3D-QSAR methods such as, comparative molecular field analysis
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(CoMFA) and comparative molecular similarity indices analysis (CoMSIA) were

performed using receptor based alignments for all the inhibitors. The CoMFA model

was obtained with the good statistics (q2=0.722, NOC=4, Q2=0.619 and r2=0.884),

while in CoMSIA, SHDA model (q2=0.712, NOC=4, Q2=0.522 and r2=0.825) gave

satisfactory results. The robustness of the developed CoMFA and CoMSIA models was

checked with the test set molecules, which were excluded during the model

development (r2
pred for CoMFA, 0.680 and CoMSIA, 0.705). The CoMFA and

CoMSIA contour maps were plotted back onto CCR5 and structural variations with

biological activity were explained in the presence of CCR5. Molecular dynamics (MD)

simulation for the three OPPA derivatives were performed by embedding complexes

(ligands-CCR5) into lipid bilayers. 20 nanosecond MD simulations were performed

independently for each complex. MD simulation identifies salt bridge contact between

tertiary nitrogen of inhibitors and carboxyl of Glu283 is important. Residues from

TM1-TM3 and TM5-TM7 participated in the close interactions. Our MD simulation

results are in agreement with previous experimental studies. Combined usage of 3D-

QSAR and MD simulation could be efficient to guide the design and development of

novel inhibitors.

Keywords: CCR5, Homology modeling, Docking, QSAR, MD simulation
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초 록
인간 케모카인 CCR5 수용체의 분자 모델링 연구

가데 창데브 고라그스나트
지도교수: 조 승 주
바이오신약개발학과
조선대학교 대학원

인간 케모카인 CCR5 수용체는 후천성면역결핍 바이러스 1 형이
숙주세포에 들어가는 것은 돕는 통합된 막단백질이다. HIV-1 은 후천성
면역결핍증을 유발하여 전세계적으로 수백만명의 사람들이 감염되었다.
CCR5 는 막단백질이면서, G 단백질에 결합된 수용체군의 하나이다.
CCR5 의 x 선구조가 밝혀지지 않았기 때문에, 이 단백질의 깊은 이해가
어렵다. 따라서 이 단백질의 억제제가 어떻게 결합하는지와, 나아가서는
어떠한 기작을 가지고 있는지를 연구하는 것이 중요하다. 이 문제를
해결하기 위하여, 본 연구에서는 최근에 보고된 비슷한 CXCR4 의 구조에
근거하여, 인간 CCR5 에 대한 호몰로지 모델을 만들었다. 이것은 다양한
CCR5 억제제의 결합모드를 결정하는데 사용되었다. piperidine-4-
carboxamide 유도체들은 수용체기반의 3D-QSAR 연구에 사용되었고,
oxamino-piperidino-piperidine amide (OPPA) 유도체들은 분자동력학적인
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연구를 하였다. 3D-QSAR 모델로는 수용체기반의 배열을 활용하여
비교분자장 분석(CoMFA)과 비교분자 유사성인덱스 분석(CoMSIA)과 같은
방법을 사용하였다. CoMFA (q2=0.722, NOC=4, Q2=0.619 and
r2=0.884)와 CoMSIA (q2=0.712, NOC=4, Q2=0.522 and r2=0.825) 의
결과로 얻은 통계량은 만족할 만 하였다. 이 모형의 안정성은 검증집합
분자들로서 다시 검증하였다. (r2pred CoMFA, 0.680; CoMSIA, 0.705)
CoMFA 와 CoMSIA 의 컨투어 맵은 CCR5 속에 그렸고, CCR5 와의
구조활성관계를 얻을 수 있었다. 3 개의 OPPA 유도체들의 분자동력학적
시뮬레이션은 리간드와 CCR5 의 컴플렉스모형은 리피드 2 층으로
넣음으로서 행할 수 있었다. 20 나노초동안의 분자동력학적인
시뮬레이션이 각각의 컴플렉스에 대하여 행하였졌다. 이 결과로
억제제들에 있는 터셔리 아민과 Glu283 의 카복실기가 중요하다는 것을
알았다. TM1-TM3 의 잔기들과 TM5-TM7 의 잔기들이 이들의 상호작용에
중요하다는 것을 알았다. 본 연구의 결과는 기존의 연구결과와 같은 결론을
었었다. 3D-QSAR 과 MD 시뮬레이션을 합하면, 새로운 억제제를 설계하고
개발하는데 효율적일 수 있다.

키워드 : CCR5, 상동 모델링, 도킹, QSAR, MD 시뮬레이션
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1. Introduction

G-protein coupled receptor (GPCR) is a largest pool of membrane proteins

structures in human genome, which represents the richest source of drug targets for the

pharmaceutical industry (1). Previous report revealed that the human genome contains

800 unique GPCRs, of which 460 were predicted to be olfactory receptors (2). On the

basis of sequence similarity within seven transmembrane (TM), these receptors can be

clustered into five families, namely: rhodopsin family (701 receptors), adhesion family

(24 receptors), frizzled/taste family (24 receptors), secretin family (15 receptors) and

glutamate family (15 receptors) (2). Chemokines are classified into the subgroups based

on the conserved N-terminal cysteine such as CXC, CC, C and CX3C (3). The

chemokines regulate development, activation, and recruitment of leukocyte through

binding and activation of seven transmembrane (TM) GPCRs (4).

Reports on joint United Nations program of acquired immunodeficiency

syndrome (UNAIDS) shows that by the end of 2011, 34 million people were living

with the HIV/AIDS. 2.5 millions new HIV/AIDS infections were occurred in 2011 and

1.7 millions AIDS related death occurred (5). AIDS remain world’s major health

challenge and majority of infections are from sub-Saharan Africa. For the treatment of

acquired immunodeficiency syndrome (AIDS) along with reverse transcriptase (RT)

and protease (PR) inhibitors, integrase (IN), CCR5 was found to be an important target

for AIDS treatment. Today’s most useful drug treatment is highly active antiretroviral

therapy (HAART) (6), which is targeted against RT and PR enzyme. There are more
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than 20 drugs available for the treatment of HIV/AIDS such as nucleoside reverse

transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors

(NNRTIs), protease inhibitors (PIs), integrase inhibitors, entry inhibitors (including

fusion inhibitors), maturation inhibitors and cellular inhibitors. However, toxicities and

emergence of drug resistant virus necessitate the examination of complimentary target

for therapeutic development (7, 8).

HIV primarily infects vital cells in the human immune system such as helper

T-cells (specifically CD4+ T-cells), macrophages and dendritic cells (9, 10). It enters

into these cells by the adsorption of glycoprotein (11) on its surface to receptors on the

target cell followed by fusion of the viral envelope with the cell membrane and the

release of the HIV capsid into the cell (12). HIV infection leads to low levels of CD4+

T-cells through three main mechanisms: Firstly, direct viral killing of infected cells;

secondly, increased rates of apoptosis in infected cells; and thirdly, killing of infected

CD4+ T-cells by CD8 cytotoxic lymphocytes that recognize infected cells. CCR5

receptor is a member of GPCR superfamily (13, 14). It has been identified as a primary

co-receptor on CD4+ cells for entry of macrophage-tropic (M-tropic or R5) HIV-1

isolates. Individuals homozygous for a 32-base pair deletion in the gene for CCR5 do

not express functional receptor on their cell surfaces and have been identified as being

highly resistant to HIV-1 infection whereas heterozygous individuals, who possess only

one intact CCR5 allele advance more slowly to AIDS compared with patients having

no deletion (15-17).
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However, no structural information regarding the precise CCR5 binding site of

any known ligand is available, and we considered that a detailed understanding of the

binding modes of existing inhibitors would help design more potent antagonists. A

number of studies have been undertaken on CCR5 modeling using computational

methods, in which approaches, such as quantitative structure-activity relationship

(QSAR) analysis, pharmacophore modeling, virtual screening, molecular docking,

molecular dynamics simulation, and membrane simulations, were used to deduce the

interaction mechanisms of novel inhibitors. Structure-based methods are expected to

provide better results than ligand-based methodologies. Virtual screening and QSAR

studies based on 1-(3,3-diphenylpropyl)-piperidinylamide derivatives have shown that

for high affinity binding, chemical and structural requirements can be identified using

one dimensional (1D) physicochemical properties, 2D topological descriptors, and 3D

properties, such as steric, electrostatic, hydrophobic, and hydrogen bond acceptor/donor

fields around a family of aligned molecules (18, 19). Furthermore, combined molecular

modeling techniques, such as comparative receptor modeling, 3D-QSAR, docking, and

virtual screening have been used to identify novel entry inhibitors (20), and a docking-

based 3D-QSAR approach has been utilized (21) with protein modeling, MD

simulation, automated docking, and 3D-QSAR analysis to investigate the detailed

interaction of CCR5 with its antagonists. Previous report (22) on dual antagonists

docking into the CCR2 and CCR5 suggested the conserved interaction patterns among

chemokine receptors. Recently, the design of CCR5 allosteric antagonist’s mutagenesis
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and modeling approach was successfully used, which shows N-terminal region and

ECL2 are important in the interactions (23). Homology modeling, docking and MD

simulation study was also performed by Shahlaei et al. (24).

To develop novel antagonistic agents with high potency and selectivity,

detailed information is required about structural features influencing biological activity

towards CCR5 receptor. To date, crystal structure of CCR5 or its complex with any

ligand is not available and interactions between the CCR5 receptor and its antagonists

are not known. In the absence of crystal structure of target protein, homology modeling

could be a better approach to generate 3D model of target protein. The 3D molecular

structures of ligand-protein complexes are considered foundations of structure-based

drug design. Frequently, 3D data are available for the protein and drug separately, but

infrequently for the protein/drug complex. Molecular docking is a process that enables

a ligand and its receptor protein to be arranged in their near native 3D conformation.

MD simulations can provide intimate details of individual particles motions as a

function of time, and thus, can be used to tackle specific questions about ligand–

receptor interactions without resorting to laboratory-based experimentation. Although

experiments play a crucial role in the validation of simulation methodologies, as

comparisons of simulation and experimental data serve to confirm the validities of

calculated results and provide criteria for improving simulation methods.
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Here, we performed 3D modeling of CCR5, docking study of known

inhibitors, QSAR and MD simulation in explicit lipid bilayers, to know the structural

requirement for potent inhibitors and important interacting residues.
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2. Materials and Methods

2.1. Sequence alignment

Primary sequence of human CCR5 was retrieved from UniProt database

(Accession number: P51681) (http://www.uniprot.org/). The protein BLAST (25) of

CCR5 sequence was performed to identify the known homologous three dimensional

(3D) structure, which can be further used as a template to model CCR5. Prediction of

the TM helices is a difficult task and plays a major role in the investigation of

membrane proteins. In protein data bank (PDB) relatively small numbers of crystal

structures are reported for the membrane proteins, because of the difficulty in

crystallization process (26). The recently reported crystal structure of CXCR4 (PDB

code: 3ODU) (27) was used as a template structure to model the human CCR5.

Sequence alignment was performed using CLUSTALW 2 program

(http://www.ebi.ac.uk/Tools/msa/clustalw2) (28).

2.2. Homology modeling

Actual homology modeling was performed using MODELLER 9v4 program

(29). Alignment obtained from CLUSTALW program was used as input and 100

models were developed. MODELLER derived models composed of non-hydrogen

atoms. Final model for further analysis was chosen based on the lowest molecular

probability density function (MolPdf) score and lowest backbone root mean square
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deviation (RMSD) with the template. Stereochemical property of the selected model

was assessed using PROCHECK (30), ERRAT (31), ProSA (32), evaluation servers.

2.3. Molecular docking

Docking study for the known inhibitors (TAK779 and TAK220, Figure 1) of

CCR5 was performed. However, for receptor based 3D-QSAR, docking study of potent

piperidine-4-carboxamide (Table 1-3) (33-36) derivative (compound 85) was

performed in CCR5. For MD simulation, oxamino-piperidino-piperidine amide (OPPA)

(37, 38) derivatives were used and docking study of 14-OPPA, 25-OPPA and 37-OPPA

(Figure 1) was performed.

Figure 1: Chemical structure of CCR5 inhibitors.
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Binding site for docking experiment was defined based on the previous

mutational reports (39-42), as well as knowledge of important acidic amino acid

residue (Glu283) in TM7. All the molecules were drawn using SYBYL 8.1 (43)

modeling package and minimized using conjugate gradient minimizer with Tripos force

field, finally partial atomic charges were assigned using Gasteiger-Hückel method.

Autogrid was used to assign grid points, center of grid was assigned onto the OE2 of

the Glu283, and box was expanded in such a way so that it covers all the important

binding site residues. AUTODOCK (44) program with default settings was used for the

docking calculations and Lamarckian genetic algorithm was employed. Final docked

conformations of ligands were selected from the lowest energy cluster for further

computational study.

2.4. Data set

Data set for 3D-QSAR was selected from previous report (33-36) (Table 1-3).

The docked conformation of compound 85 was used to modify other compounds of

dataset. The common substructure of template molecule was used to draw the

molecules, and variable part was minimized inside CCR5 binding site. Gasteiger-

Hückel partial charges were applied to each molecule.  All original IC50 values of each

inhibitor were converted into pIC50 (-logIC50) in order to use the data as the dependent

variable in both CoMFA and CoMSIA models. Dataset consists of 122 molecules with

wide range of activity (pIC50 = 5.28-9.53), which was divided into training (97
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compounds) and test (25 compounds) set by maximum dissimilarity algorithm. QSAR

models were generated using training set and validated by test set.

2.5. CoMFA and CoMSIA

CoMFA was designed by the Cramer et al. (45) in 1988, which can be used on

aligned data set to develop 3D-QSAR model. CoMFA calculates steric and electrostatic

fields at each lattice intersection points and grid box dimensions were expanded in each

direction by 4 Å from the coordinates of each molecule. 0.5 Å grid spacing was used.

Steric field in CoMFA was calculated by Lennard Jones potential, whereas electrostatic

field was calculated by Columbic potential. Generated fields were scaled by

CoMFA_STD setting with the default energy cutoff +30 kcal/mol. The distance

dependent dielectric constant 1.00 was used. A sp3 hybridized carbon atom having +1

charge served as a probe for calculating steric and electrostatic fields. Any singularities

were avoided at the atomic position in the CoMSIA (46) field, because a Gaussian type

distance dependence of physicochemical properties was adopted. Hence no arbitrary

cutoff was required. Similarity indices were calculated using probe atom with charge

+1, radius 1 Å, hydrophobicity +1, H-bond donor and acceptor property +1, and 0.3

attenuation factor (a) for Gaussian type distance.
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Table 1 Structures of CCR5 inhibitors their actual activities and predicted activities.

Sr.
No. R1 R2 X R3

Actual
activity

Predicted activity

pIC50 CoMFA CoMSIA

01* - CH CO(4-F-Ph) 5.72 6.26 6.15

02 - CH Ph 5.44 5.77 6.13

03* - COH 4-Cl-Ph 5.28 6.02 5.12

04* - 5.68 6.20 5.58

05 - CH CH2Ph 6.32 6.12 6.23

06 - CH (CH2)2Ph 5.96 6.11 5.49

07* - CH OPh 5.80 6.31 6.19

08 - CH OCH2Ph 5.82 5.97 5.34

09 - CH
CH2(4-F-
Ph)

6.51 6.43 6.26
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Table 2 Structures of CCR5 inhibitors their actual activities and predicted activities.

Sr.
No. R1 R2 R3

Actual
Activity Predicted Activity

pIC50 CoMFA CoMSIA

10 2-Me H 5.33 5.90 6.23

11 3-Me H 6.80 6.31 6.46

12 4-Me H 7.05 6.63 6.49

13 4-t-Bu H 6.80 6.39 6.73

14
3,4-
(CH2)3-

H 6.74 6.54 6.57

15* 4-MeO H 5.82 6.23 6.25

16 3-Cl H 6.92 6.28 6.64

17 4-Cl H 5.92 6.43 6.46

18
3,4-
diCl

H 7.24 6.58 6.86

19
3-Cl, 4-
F

H 6.22 6.24 6.71

20 3,4-diF H 5.68 6.14 6.43
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21* 3-CF3 H 6.29 6.07 6.55

22 4-CF3 H 5.46 6.20 6.60

23 3-CN H 5.39 5.93 6.09

24
3,4-
diCl

F 7.30 6.81 6.90

25
N

O

H H 6.89 6.78 7.03

26 H H 6.96 7.26 7.03

27
N

O

H H 6.64 7.03 7.18

28 H H 6.51 6.49 6.61

29 H H 7.42 7.27 7.09

30 H H 7.48 7.50 7.11

31 H H 7.07 7.17 7.17

32 H H 6.66 6.67 7.15

33 H H 6.48 7.15 7.10
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34 H H 6.44 6.30 6.28

35* H H 7.09 7.31 6.74

36* H H 6.62 7.24 6.51

37 H H 6.24 6.10 5.63

38 H H 7.12 6.43 6.44

39 H H 7.47 7.26 7.40

40 3-Cl H 7.36 7.44 7.51

41
3,4-
diCl

H 7.37 7.77 7.98

42 H H 7.74 7.24 7.33

43 H H 6.82 6.61 7.47

44* H H 7.62 7.02 7.59

45 H H 7.21 7.07 7.16

46 H H 5.18 5.03 5.69



Gadhe Changdev Gorakshnath Ph.D. Thesis

Chosun University, Department of Bio-New Drug Development

- 14 -

47 H H 5.64 5.75 5.83

48* H H 6.35 6.08 6.06

49 H H 6.04 6.19 6.09

50* H H 5.70 6.26 6.24

51 H H 8.23 7.82 7.75

52 H F 8.11 8.03 7.79

53 H F 7.89 7.56 7.43

54 H F 7.74 8.03 7.89

55 H F 8.18 7.76 7.71

56 H F 7.12 7.57 7.76

57* H F 7.85 7.71 7.79

58 H F 7.82 8.06 7.88

59* H F 6.55 7.86 7.93



Gadhe Changdev Gorakshnath Ph.D. Thesis

Chosun University, Department of Bio-New Drug Development

- 15 -

60 H F 6.46 7.02 7.53

61 H F 7.54 7.29 6.92

62 H F 7.52 7.58 7.84

63 H F 7.82 8.00 8.06

64* H F 7.59 7.69 8.48

65 4-Me H 7.96 8.33 8.00

66 3-Cl H 7.72 7.56 7.97

67*
3,4-
diCl

H 7.21 8.26 8.39

68 H SO2Me 8.92 8.51 8.60

69* H SO2(morpholino) 9.00 8.48 8.59

70 H H 7.32 7.21 7.14

71 H H 5.37 5.95 5.41

72 H H 7.80 8.05 7.83

73 H H 7.41 6.98 6.79
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74 H H 7.48 7.33 7.13

75 H H 7.40 7.52 7.63

76 H H 5.92 5.96 6.01

77 H H 6.11 5.96 5.85

78 H H 6.17 5.85 6.25

79* H H 6.74 5.74 5.63

80 3-Cl F 8.52 8.46 8.27

81 4-Me F 8.55 8.81 8.11

82
3,4-
diCl

H 8.72 8.51 8.46

83
3,4-
diCl

F 8.92 8.72 8.50

84
3-Cl, 4-
Me

H 9.21 8.74 8.48

85
3-Cl, 4-
Me

F 9.54 8.85 8.41

86
3-Cl, 4-
i-Pr

F 7.74 8.80 8.70

87*
3-Cl, 4-
MeO

F 7.52 8.60 8.28

88
3,4-
diCl

F 8.48 8.16 8.27

89
3-Cl, 4-
Me

F 9.30 8.42 8.31
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90
3,4-
diCl

CF3 8.06 7.91 8.40

91
3,4-
diCl

NO2 8.62 8.32 8.47

92
3,4-
diCl

NH2 8.04 8.22 7.91

93
3,4-
diCl

NHAc 8.23 8.38 7.92

94
3,4-
diCl

NHMs 8.66 8.37 8.55

95
3,4-
diCl

Morpholino 8.55 8.68 8.85

96
3,4-
diCl

OMe 8.10 8.30 8.30

97
3,4-
diCl

SMe 8.51 8.53 8.46

98
3,4-
diCl

SO2Me 8.66 8.52 9.03

99
3,4-
diCl

SO2Et 8.72 8.81 9.15

100*
3,4-
diCl

SO2i-Pr 8.82 8.55 8.58

101
3,4-
diCl

SO2NH2 8.47 8.62 8.56

102
3,4-
diCl

SO2NHMe 8.82 8.92 8.76

103
3,4-
diCl

SO2NMe2 8.92 8.92 8.78

104
3,4-
diCl

SO2(morpholino) 8.89 9.22 8.89
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Table 3 Structures of CCR5 inhibitors their actual activities and predicted activities.

Sr.
No. R1 R2 X R3

Actual
Activity

Predicted Activity

pIC50 CoMFA CoMSIA

105
3,4-
diCl

CH2 4-Ms 8.66 8.65 8.74

106*
3,4-
diCl

S 4-F 8.77 7.76 7.83

107
3,4-
diCl

SO 4-F 8.49 8.98 8.59

108*
3,4-
diCl

SO2 4-F 8.54 8.06 8.23

109*
3,4-
diCl

NH 4-F 7.70 7.73 7.33

110*
3,4-
diCl

NHSO2 4-F 8.34 7.73 6.84

111
3,4-
diCl

NHCO 4-F 6.14 8.06 8.21

112
3,4-
diCl

CH2 4-CN 8.77 7.90 7.94

113
3,4-
diCl

CH2 4-CO2Me 8.34 8.73 8.39

114
3,4-
diCl

CH2 4-COOH 7.18 6.82 5.88

115
3,4-
diCl

CH2 4-CONH2 8.05 8.40 8.06
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116
3,4-
diCl

CH2 3-CONH2 8.55 8.24 8.22

117*
3,4-
diCl

CH2 2-CONH2 7.92 7.96 7.90

118
3,4-
diCl

CH2 4-CONHMe 8.29 7.90 8.14

119
3,4-
diCl

CH2
4-CONHt-
Bu

7.96 8.06 8.05

120
3,4-
diCl

CH2 4-CONMe2 7.72 7.94 8.00

121
3,4-
diCl

CH2 4-CONH2 8.42 8.44 8.64

122*
3-Cl,
4-Me

CH2 4-CONH2 8.46 8.66 8.66

Test set compounds (rationally designed) indicated by *

2.6. Partial Least Square (PLS)

In CoMFA and CoMSIA regression analysis was carried out using PLS

method (47). To derive 3D-QSAR models, CoMFA and CoMSIA descriptors were

used as an independent variable and pIC50 value as dependent variable. The cross-

validation analysis was performed using leave-one-out (LOO) method, wherein one

compound was removed from the dataset and its activity was predicted using the model

derived from rest of the molecules. To speed up analysis and to reduce the noise,

column with values (r) below 2.0 kcal/mol was filtered off. Non-cross-validated

analysis was performed with the optimum number of components (ONC), which were

obtained during LOO cross-validation. The q2 value was selected from the analysis
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which had lowest standard error of prediction (SDEP) and ONC. q2 was calculated

from the following formula.

















2

2

2

)(

)(

1
meanactual

actualpred

q

where, γpred, γactual and γmean are predicted, actual, and mean values of the target property

(pIC50) respectively.

Progressive scrambling (48) was performed to validate the model and to check

the dependency of chance correlation. Fifty independent scrambling were carried out

with the critical point value of 0.85 (49). The non-parametric redundancy corrected

internal prediction parameter (Q2) was also calculated.

2.7. Predictive correlation coefficient (r2
pred)

Predictive ability of the developed CoMFA and CoMSIA models were

assessed using twenty five test set compounds. Geometry optimization and energy

minimization of test set compounds were same as the training set compounds. The

predictive correlation coefficient (r2
pred), based on the test set molecules was computed

by using following formula.

SD

PRESSSD
rpred

)(2 


where, SD is sum of squared deviation between the biological activity of test

set molecules and mean activity of the training set molecules. PRESS is the predictive



Gadhe Changdev Gorakshnath Ph.D. Thesis

Chosun University, Department of Bio-New Drug Development

- 21 -

residual sum of square and is calculated by taking difference in predicted and actual

activity of test set molecules. For all conventional analysis (non cross validation) the

‘minimum sigma’ standard deviation threshold was set to 2.0 kcal/mol.

2.8. MD simulation

MD simulations were carried out using GROMACS 4.5.1 simulation package

(50) with 53A6 GROMOS96 force field (51). Ligand topology and coordinates was

generated using PRODRG (http://davapc1.bioch.dundee.ac.uk/prodrg/) server (52).

Complexes to be simulated (14-OPPA-CCR5, 25-OPPA-CCR5 and 37-OPPA-CCR5)

were packed in explicit bilayers of 128 dipalmitoylphosphatidylcholine (DPPC). The

topology and coordinates of DPPC were taken from the previously described source of

Tieleman et al. (http://moose.bio.ucalgary.ca) (53). Complex structure was inserted into

the center of DPPC bilayers, by keeping α-helices parallel to Z-axis using

INFLATEGRO script (54). Overlapping lipid molecules (2 from upper and 4 from

lower layer) were deleted, and alternate compression (26 times) and energy

minimization was performed to achieve the desired results. Compressed complex-

DPPC systems were hydrated (2486 water molecules) using pre equilibrated simple

point charge (SPC) water model (55) with periodic boundary conditions. The total

charge of each system was neutralized with the 14 Cl atoms by replacing water

molecules. Final system had dimensions 67.4 Х 67.6 Х 61.2 Å.

Constant volume, constant temperature (NVT) ensemble was adopted

at 0.1 ps coupling constant and 323 K temperature with the time duration of 500 ps.
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Berendsen coupling algorithm was used to heat system (56), with separate coupling of

solutes (protein, ligand and DPPC) and solvents (Water and Cl). The SETTLE

algorithm (57) was used to keep water molecule bond lengths at their equilibrium

values, and the LINCS algorithm (58) was employed to keep all remaining bonds

constrained. The time step for integrating the equations of motion was 0.002 ps. The

particle mesh ewald (PME) method with a cutoff value of 12 Å was used to calculate

long-range electrostatics (59). Followed by NVT ensemble, constant pressure, constant

temperature (NPT) simulation was invoked. Pressure was coupled semi-isotropically

(coupling constant 1.0 and compressibility 4.5 X 10-5 bar-1), which resulted in

independent coupling of lateral and perpendicular pressure. In this simulation, 5.0 ps

coupling constant, 1 bar constant pressure was used for 1000 picoseconds (ps). After

stabilization of both temperature and pressure, production run for 20000 ps was

performed using a Nose´-Hoover thermostat [60] at 323 K and a Parrinello-Rahman

barostat at 1 bar (61).
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3. Results

3.1. Analysis of sequence alignment

Blast search shows that 3ODU as top template with 35 % sequence identity,

which is higher than the traditionally used bovine rhodopsin structure and β2 adrenergic

receptors. In blast search lower E value (1e-33) is considered to be good, and it reflects

alignment is real and not occurred by chance. 3ODU was chosen as a template structure

to model CCR5. CLUSTALW program was employed to generate alignment between

target (CCR5) and template (3ODU) structure, and resultant alignment is shown in

Figure 2. Obtained alignment was checked for the correct transformation of TM

regions.

Figure 2: Sequence alignments between CCR5 and 3ODU. TM helices positions were

indicated at the top of alignment by grey cylinder.
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3.2. Homology model analysis

Sequence alignment generated by CLUSTALW was used as an input to

develop 3D-model of CCR5 using MODELLER. 100 models were generated for

CCR5. Best model was chosen based on the lower molecular probability density

function (MolPdf) score, and lesser backbone root mean square deviations (RMSD)

(0.179 Å). Cross-checking was done to ensure the correct TM prediction according to

the template structure. The conserved disulfide bonds (Cys20-Cys269 and Cys101-

Cys178) were generated in model. Selected model for further study was checked for its

stereochemical quality (Figure 3), non-bonded interaction pattern (Figure 4) and

knowledge based energy profile (Figure 5).

Figure 3: PROCHECK plot of the derived 3D-CCR5 model. The red color indicates

residues in the most favored region, yellow indicates residues in an additionally
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allowed region, faint yellow indicates residues in a generously allowed region, and

white indicates the disallowed region.

Figure 4: ERRAT plot for the CCR5 model.

Figure 5: ProSA energy plot (knowledge based) for the CCR5 model (Z-score = -3.03).
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Ramachandran plot shows that 99.6 % residues were in most favored and

additionally allowed regions, whereas 0.4 % residues were in generously allowed

region and no residue was in a disallowed region. ERRAT plot analysis showed an

overall model quality of 95.32 %, indicating good model according to template

structure plot. Another structure validation parameter, namely, goodness factor (G-

factor) was explored. For a good structure, the overall value of G-factor should be

above -0.5 and/or close to zero. Our developed CCR5 model had a G-factor value of

zero, indicating that the developed model is of good quality. Developed model was

validated using ProSA knowledge based energy, which obtained overall Z-score of

-3.03. From the above analyses we concluded that the developed model was good for

further computational analysis.

3.3. Docking analysis

Molecular docking is a most powerful mean to analyze interaction between

two molecules. From the mutational reports on CCR5, it is apparent that the binding

site was located in TM1 (Tyr37), TM2 (Trp86, Tyr89), TM3 (Tyr108, Phe109,

Phe113), TM5 (Ile198), TM6 (Tyr251) and TM7 (Glu283) with the partial involvement

of extracellular loop 2 (ECL2).

3.3.1. Binding mode of TAK779

Binding mode of TAK779 inside CCR5 active site was shown in Figure 6.

Binding mode was selected from the topmost cluster with more negative binding
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energy. It was observed that quaternary ‘N’ of TAK779 make salt bridge contact (4 Å)

with Glu283.

Figure 6: Top view of putative binding pocket for CCR5 along with the docked pose of

TAK779. TM helices are shown in transparent light brown, whereas, constructed

binding pocket residues were shown in green sticks. All the TM regions are labeled by

violet color on the top of helices. The hydrogen bonds between TAK779 and CCR5

residues are indicated by dotted cyan color, whereas salt bridge contact between

quaternary ‘N’ and Glu283 is denoted by dotted magenta line. Figure generated using

Pymol program (http://www.pymol.org).

Two hydrogen bonds were observed between tetrahydro-2H-pyran and Tyr37

and central amide ‘O’ and Thr167. Other part of ligand (4-methyl-phenyl) was docked
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into aromatic cluster formed by the Tyr108, Phe109, Ile198, Tyr251, Asn252 and

Leu255. Residues from TM4 were not involved into interactions.

3.3.2. Binding mode of TAK220

Figure 7: Docked mode of TAK220 inside CCR5. TM helices are shown in faint cyan,

whereas residues were shown in white stick. TAK220 displayed in green stick.

Hydrogen bond between TAK220 and Asn252 shown by dotted cyan line, while

hydrogen bond between basic ‘N’ of TAK220 and Glu283 was shown by dotted

magenta line. TM numbers were displayed on each TM helix.

Docked mode of TAK220 (Figure 7) revealed that the interactions are mainly

hydrophobic and hydrophilic in nature. Protonated ‘N’ of TAK220 was hydrogen

bonded (2.1 Å) with the Glu283 and acetyl ‘O’ bonded (1.8 Å) with Asn252. The

central phenyl ring was accommodated into a hydrophobic pocket lined by the residues
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Tyr108, Phe109, Gly163, Thr167 and Gln194, whereas N-acetyl-piperidine ring was

situated into Phe112, Phe113, Ile198, Trp248, Tyr251, Asn252, Leu255 and Glu283. At

other end, 4-benzamide was docked into Tyr37, Trp86, Tyr89, Tyr108, Gln280 and

Glu283.

3.3.3. Binding mode of compound 85

Figure 8: Docked mode of compound 85 inside CCR5. TM helices are shown in faint

smudge color, whereas residues are shown in green stick. TAK220 was displayed in

yellow stick. Hydrogen bond between compound 85 and Asn252 shown by dotted cyan

line, while hydrogen bond between protonated ‘N’ of compound 85 and Glu283 was

shown by dotted magenta line. TM numbers were displayed on each TM helix.

Compound 85 was docked in a similar orientation as TAK220 in CCR5

(Figure 8). Central 3-Cl, 4-Me phenyl was docked into Tyr108, Phe109, Gly163,
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Thr167, Ser189 and Gln194, whereas N-acetyl piperidine was situated deep into a

pocket formed by the residues Ile198, Trp248, Tyr251, Asn252 and Leu255. Hydrogen

bond was established between carbonyl ‘O’ and Asn252. Another hydrogen bond was

found between protonated ‘N’ of compound 85 and Glu283. 4-F-phenyl was placed

into the residues Tyr37, Trp86, Tyr89, Tyr108, Gln280, Glu283 and Met287.

3.3.4. Binding mode of 14-OPPA

Figure 9 represents docked mode of the 14-OPPA inside CCR5. It was

scrutinized that the nature of interaction between 14-OPPA and CCR5 was

hydrophobic. Tertiary ‘N’ of 14-OPPA makes salt bridge contact (3.8 Å) with acidic

Glu283. 2,4-Dimethyl-3-pyridinyl ring interacts with the hydrophobic residuesTrp86,

Tyr89, Trp94, Leu104, Thr105, Thr167, Cys178 and Ser179. It was also determined

that this ring and Trp86 interacts through the π-π stacking interactions. 4-Bromophenyl

ring at other side docked into a pocket formed by the Tyr108, Phe109, Phe112, Phe113,

Ile198, Val199, Tyr251 and Leu255, whereas ethoxime interacted with the Thr105,

Thr167, Gln194 and Thr195. Central polar part of ligand was situated near Met279,

Gln280 and Glu283.
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Figure 9: Docked mode of the 14-OPPA inside CCR5. Helices are shown in

transparent sky blue color and residues are shown by faint brown color. Ligand is

shown in cyan color and salt bridge contact (4.2 Å) shown by dotted magenta color.

TM helix numbers are shown on top of each helix.

3.3.5. Binding mode of 37-OPPA

Figure 10 represents binding mode of 37-OPPA inside CCR5. We have

obtained similar kind of binding mode for the 37-OPPA as 14-OPPA, because of

similar scaffold structure. Orientation of 4-bromophenyl ring was differed than in 14-

OPPA docked mode. 4-Bromophenyl moiety of ligand was docked into a pocket

formed by TM3 (Tyr108, Phe112), TM5 (Ile198, Val199 and Leu201) and TM6
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(Tyr251, Asn252 and Leu255). Ethoxime moiety was docked into the TM3 (Thr105,

Tyr108, Phe109), TM4 (Gly145) and TM5 (Gln194, Thr195 and Ile198). Salt bridge

contact between central basic nitrogen and acidic Glu283 was detected at a distance of

3.8 Å.

Figure 10: Docked mode of the 37-OPPA inside CCR5. Helices are shown in

transparent green color and residues are shown by cyan color. Ligand is shown in violet

color and salt bridge contact by dotted magenta color. TM helix numbers are shown on

top of each helix.
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3.3.6. Binding mode of 25-OPPA

Figure 11 represents the docked mode of lowest active compounds from OPPA

series inside CCR5. It was observed that TM1 do not participate in the interaction with

ligand. Salt bridge contact (4 Å) was detected between the tertiary ‘N’ of ligand and

acidic Glu283 of CCR5. 2,6-Dimethylphenyl moiety of ligand and Trp86 interacted

through the π-π stacking interactions. This moiety docked into the Trp86, Tyr89, Trp94,

Leu104 and Thr105. However, residues from ECL2 such as Thr167, Cys178, Ser179

and Ser180 were also interacted with ligand. At other side, 4-bromophenyl moiety was

docked into a hydrophobic pocket lined by the residues Tyr108, Phe109, Phe112,

Phe113 and Ile198.
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Figure 11: Docked mode of the 25-OPPA inside CCR5. Helices are shown in

transparent magenta color and residues were shown by cyan color. Ligand is shown in

yellow color and salt bridge contact by dotted magenta color. TM helix numbers are

shown on top of each helix.

3.4. 3D-QSAR Analysis

3.4.1. CoMFA model

Atom by atom matching was performed to align entire molecules of dataset

over template (compound 85), which is shown superimposed in Figure 12.

Figure 12: Molecular alignment of the dataset compounds over template (compound

85) inside CCR5 cavity. Aligned dataset molecules were represented by lines and

active site residues were shown by stick model. CCR5 is shown by orange helices.
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We developed good predictive CoMFA models for the training set (97 CCR5

inhibitors). Rationally designed model showed q2 = 0.722, r2 = 0.884 with SEE = 0.375

and 4 ONC. Further robustness of the developed model was assessed by 1,000 runs of

bootstrapping and it provided BS-r2 = 0.907 with SD = 0.013. Progressive scrambling

was done to correct redundancy of q2, and it showed a value of 0.619. The predicted

and actual activities of training set compounds are given in Tables 1-3 and plotted in

Figure 13A. Statistical summary of the final CoMFA model is given in Table 4.

3.4.2. CoMSIA model

We developed different CoMSIA models (Table 5) using Gasteiger-Hückel

charge, 0.5 Å grid spacing and steric (S), electrostatic (E), hydrophobic (H), hydrogen

bond acceptor (A) and hydrogen bond donor (D) parameters. A final CoMSIA model

was obtained with SHDA parameters. The developed model displayed q2 = 0.712, r2 =

0.825 with ONC = 4. The SEE (0.461) was lower and ANOVA test (F = 108.6) showed

good prediction. Statistical summary of the final CoMSIA model was given in Table 4.

The q2 was corrected for redundancy by progressive scrambling and a good value

(0.522) was obtained. Further robustness of the developed CoMSIA model was

checked with 1,000 runs of bootstrapping analyses, producing a BS-r2 = 0.851 with BS-

SD = 0.020. Higher bootstrapping value indicated that model was sufficiently

predictive for further analysis. The corresponding field contribution values for SHDA

parameters in the model development were 13.4, 27.8, 32.1 and 26.7 %. The predicted
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and actual activities of training set compounds were given in Tables 1-3 and plotted in

Figure 13B. Histogram of different CoMSIA models was depicted in Figure 14.

Figure 13: Actual versus predicted activity of training set (solid black circle) and test

set (grey square) compounds in (A) CoMFA and (B) CoMSIA models.



Gadhe Changdev Gorakshnath Ph.D. Thesis

Chosun University, Department of Bio-New Drug Development

- 37 -

Figure 14: Histogram of twenty seven CoMSIA models and q2 values. Model (SHDA)

selected for further analysis is shown in solid black cylinder.

3.4.3. Predictive r2
pred

CoMFA and CoMSIA models were developed for training set (97 compounds)

and validated using test set (25 compounds). During the model development test set

molecules were excluded. The r2
pred for selected CoMFA model was 0.680 and for

CoMSIA model it was 0.705, which indicates the reliability of developed models. The

graph plot of actual and predicted activities of test set compounds were shown in Figure

13.
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Table 4. PLS summary results of the CoMFA and CoMSIA models.

Parameter CoMFA
(Rational)

CoMSIA
(SHDA)

aq2 0.722 0.712
bNOC 4 4
cSDEP 0.581 0.591

dQ2 0.619 0.522
er2 0.884 0.825

fSEE 0.375 0.461
gF-value 175.7 108.6

hBS-r2 0.907 0.851
iBS-SD 0.013 0.020

jr2
pred 0.680 0.705

Field Contributions %
S 60.1 13.4
E 39.9 -
H - 27.8
A - 32.1
D - 26.7

across validated correlation coefficient after leave one out (LOO). bNumber of

component. cStandard error of prediction after LOO. dScrambled correlation coefficient

after 50 individual scrambling. eNon cross validated correlation coefficient. fStandard

error of estimate after non cross validation. gANOVA test value. hCorrelation

coefficient after 1000 runs of bootstrapping analysis. iStandard deviation after 1000

runs of bootstrapping analysis. jPredictive correlation coefficient.

Table 5. Statistical summary of CoMSIA models.

aNOC bq2 cQ2 dr2 eSEE fFvalue gBS-r2
hBS-
SD

Percentage Contribution (%)

S E H A D

CoMSIA

S 6 0.614 0.513 0.782 0.520 53.93 0.825 0.024 100 - - - -

E 2 0.490 0.434 0.589 0.699 67.27 0.650 0.040 - 100 - - -

H 3 0.553 0.490 0.685 0.615 67.43 0.727 0.027 - - 100 - -

A 4 0.465 0.522 0.597 0.700 34.04 0.646 0.051 - - - 100 -
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D 3 0.076 0.489 0.177 0.994 6.685 0.176 0.084 - - - - 100

SE 3 0.581 0.490 0.720 0.580 79.58 0.767 0.046 31.4 68.6 - - -

EH 4 0.658 0.522 0.815 0.474 101.1 0.859 0.040 - 51.2 48.8 - -

EA 4 0.514 0.521 0.691 0.613 51.37 0.756 0.049 - 60.8 - 39.2 -

ED 4 0.542 0.521 0.728 0.575 61.41 0.784 0.030 - 64.9 - - 35.1

SH 2 0.591 0.434 0.688 0.609 103.5 0.720 0.028 38.4 - 61.6 - -

HA 4 0.664 0.522 0.790 0.505 86.45 0.821 0.041 - - 51.4 48.6 -

HD 4 0.596 0.521 0.762 0.530 75.53 0.789 0.031 - - 59.8 - 40.2

SEH 6 0.681 0.513 0.893 0.364 125.3 0.922 0.017 18.8 43.5 37.7 - -

SEA 4 0.571 0.489 0.704 0.596 73.75 0.764 0.038 25.0 46.5 - 28.5 -

SED 4 0.608 0.521 0.780 0.516 81.77 0.817 0.026 25.4 44.9 - - 29.7

EHA 4 0.648 0.522 0.808 0.483 96.57 0.855 0.010 - 33.8 41.1 25.1 -

EHD 3 0.628 0.490 0.772 0.523 105.2 0.809 0.020 - 45.4 26.5 - 28.1

SHA 4 0.661 0.522 0.802 0.490 93.41 0.861 0.021 17.4 - 42.4 40.3 -

SHD 3 0.654 0.489 0.759 0.538 97.46 0.772 0.032 24.9 - 39.3 - 35.8

EDA 4 0.590 0.521 0.771 0.527 77.64 0.796 0.027 - 37.5 - 29.2 33.3

HAD 4 0.699 0.522 0.817 0.472 102.5 0.850 0.017 - - 34.1 38.1 27.8

SEHD 4 0.673 0.520 0.837 0.446 117.7 0.870 0.023 15.7 34.4 28.6 - 21.2

SEHA 6 0.655 0.513 0.892 0.367 123.4 0.920 0.013 13.6 32.0 33.3 21.1 -

SEAD 4 0.646 0.522 0.799 0.494 91.33 0.837 0.030 17.5 28.7 - 26.5 27.2

EHAD 4 0.688 0.521 0.837 0.445 117.8 0.857 0.021 - 25.8 29.3 23.7 21.3

SHDA 4 0.712 0.522 0.825 0.461 108.6 0.851 0.020 13.4 - 27.8 32.1 26.7

SEHAD 4 0.691 0.520 0.836 0.447 117.0 0.863 0.024 11.5 23.6 23.0 20.4 21.5

aOptimum number of components as determined by the PLS leave one out cross

validation study. bCross validated correlation coefficient by LOO. cScrambled

correlation coefficient. dNon cross validated correlation coefficient. eStandard error of

estimate. fF-test value. gCorrelation coefficient after 1000 runs of bootstrapping.

hStandard deviation for 1000 runs of bootstrapping. S = steric, E = electrostatics, H =



Gadhe Changdev Gorakshnath Ph.D. Thesis

Chosun University, Department of Bio-New Drug Development

- 40 -

hydrophobic, A = hydrogen bond acceptor,   D = hydrogen bond donor.  Model used

for CoMSIA analysis is marked in bold face.

3.5. Contour map Analysis

3.5.1. CoMFA contour map

CoMFA contour map represents the steric and electrostatic requirements for

improving the potency. CoMFA steric maps are represented by the green and yellow

color, where green represents the steric bulk is favorable for enhancing affinity, which

is correspond to increased Lennard-Jones potential. While, yellow denotes steric bulk is

unfavorable for enhancing activity and reduced Lennard-Jones potential could be

expected at that region. Electrostatic contour maps are represented by the blue and red

color. Blue color represents the points where increase in Columbic potential by

electropositive group enhances the affinity, whereas red color designates the region

where electronegative group are favorable for the affinity. CoMFA steric stdev contour

map (Figure 15) along with the most potent molecule (compound 85) was shown in

CCR5 active site. Beneath the central phenyl ring at 3, 4 positions, green contour maps

were observed which indicates that the smaller substituent at this region could be

beneficial for inhibitory activity. Binding pocket at this region was surrounded by the

Tyr108, Phe109, Gy163 and Thr167. Para position of the phenyl ring was substituted

by the t-butyl, methoxy and i-propyl groups in the compound 13 (pIC50 = 6.80), 15

(pIC50 = 5.82) and 86 (pIC50 = 7.74), which showed reduced inhibitory activity. It
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indicates that the binding pocket at this region is sterically restricted and larger

substituents are unfavorable for inhibitory activity.

Figure 15: Superposed CoMFA steric stdev coefficient contour maps in CCR5 active

site. Transparent green represents sterically favorable region, whereas yellow color

represents sterically unfavorable region. Compound 85 showed in stick model and

CCR5 in orange helices.

CoMFA steric stdev electrostatic contour map is shown in Figure 16. In

vicinity of R3 substituent red and blue contours were observed, which indicates that the

para position with electronegative substituent is highly desirable for the improved

inhibitory activity. This is the reason why these compounds 68 (pIC50 = 8.92), 69

(pIC50 = 9.00), 84 (pIC50 = 9.21) and 89 (pIC50 = 9.30) are highly active. In contrast, at

para position electropositive substitutions like amino, acetamino and methoxy
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containing compounds 92 (pIC50 = 8.04), 93 (pIC50 = 8.23) and 96 (pIC50 = 8.10) have

reduced binding affinity. Blue contour underneath central phenyl ring indicates the

favorability of small electropositive substituents. The R3 position is surrounded by the

Tyr37, Trp86, Tyr89 and Gln280.

Figure 16: CoMFA electrostatic stdev coefficient contour maps for the most active

compound (85) in CCR5 receptor. Contour maps are shown in transparent blue and red

color. Blue contour indicates electropositive favorable and red contour represents

electronegative favorable for activity. CCR5 is shown in orange helices.

3.5.2. CoMSIA contour map

CoMSIA steric stdev coefficient contour map plotted onto the CCR5 interface

is shown in Figure 17. A small green contour was observed near R1 substituent

indicating that sterically bulky substituents are favorable. Binding pocket at this region
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is lined by the Trp248, Tyr251, Asn252 and Leu255. Beside green contour two yellow

contours were observed, which indicates that substituent penetrating to that site are

unfavorable for the inhibitory activity. For higher inhibitory effect, at R1 position polar

moieties need to be in proper position and orientation. For e.g. 1-acetylpiperidin-3-yl in

compound 78 (pIC50 = 6.17) versus 1-acetylpiperidin-4-yl group afforded compound 72

(pIC50 = 7.80). 3-substituted piperidine at R1 position did not offered any advantage in

CCR5 inhibition. At R3 position medium yellow contour map was observed, which

indicates the substituent penetrating that direction are unfavorable for inhibitory

activity, because the pocket is sterically restricted.

Figure 17: Superposed CoMSIA steric stdev coefficient contour maps in CCR5 active

site. Transparent green represents sterically favorable region, whereas yellow color
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represents sterically unfavorable region. Compound 85 showed in stick model and

CCR5 in orange helices. Residues are shown by the lines.

CoMSIA hydrophobic stdev coefficient contour map was superposed on CCR5

active site and shown in Figure 18. CoMSIA contour map is denoted by the yellow and

white color, where yellow represents hydrophobically favorable region and white

indicates unfavorable for hydrophobic groups. Yellow contour map was observed in the

vicinity of 1-acetylpiperidin-4-yl group, indicating that the place is suitable for the

hydrophobic groups to enhance potency. The pocket at this position lined by the

residues Ile198, Trp248, Tyr251, Asn255 and Leu255.

Figure 18: CoMSIA hydrophobic stdev coefficient contour map is superposed on

CCR5 active site. Yellow represents hydrophobically favorable region and white
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indicates unfavorable for hydrophobic substituents. Compound 85 represented by the

stick model, active site residues by the line model and CCR5 by orange helices.

However, medium sized white contour nearby yellow contour was observed,

indicating that unfavorable position for hydrophobic groups. A medium sized yellow

contour map was observed in the vicinity of central phenyl ring, which indicates that

the small hydrophobic substitutions are most welcomed for improved inhibitory

potency.

CoMSIA hydrogen bond acceptor stdev coefficient contour map is shown in

Figure 19. Contour map was superposed on CCR5 active site.

Figure 19: Hydrogen bond acceptor stdev coefficient contour maps was shown

superposed on the CCR5 active site. Transparent magenta denotes favorable for

hydrogen bond acceptor, whereas, red indicates unfavorable for hydrogen bond
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acceptor. Active site residues were shown by lines and ligand by stick model. CCR5

was shown by orange helices.

Hydrogen bond acceptor contour map was denoted by the magenta and red.

Magenta denotes hydrogen bond acceptor favorable and red indicates hydrogen bond

acceptor unfavorable. Our docked model shows that acetyl ‘O’ forms hydrogen bond

with Asn252. In case of compound 71 (pIC50 = 5.37), where R1 position is de-

acetylated shows reduced potency, indicating that the importance of hydrogen bond for

the higher inhibitory potency. Lesser the hydrogen bond distance stronger the hydrogen

bond and vice versa. Similarly in compound 75 (pIC50 = 7.40), the R1 group was

substituted by methylsulfonyl group which showed slightly lesser activity than the

compound 72 (pIC50 = 7.80), which had acetyl group at respective position.
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Figure 20: Hydrogen bond donor stdev coefficient contour maps was shown

superposed on the CCR5 active site. Transparent cyan denotes favorable for hydrogen

bond donor, whereas, violet indicates unfavorable for hydrogen bond donor. Active site

residues were shown by lines and ligand by stick model. CCR5 was shown by orange

helices.

Hydrogen bond donor contour map was shown in Figure 20. Transparent violet

contours near Phe112, Ile198 and Val255 shows that these positions are unfavorable for

hydrogen bond donor group because these residues do not have hydrogen bond donor

atom. However, small cyan contour was observed near Tyr251, which indicates

favorable position for hydrogen bond donor. Hydroxyl group of Tyr251 can donate the

hydrogen bond to a ligand which has corresponding hydrogen bond acceptor atom.

3.6. MD simulation analysis

MD simulation analyses of ligand-protein (14-OPPA-CCR5, 25-OPPA-CCR5

and 37-OPPA-CCR5) complexes were performed for the 20000 ps using GROMACS

simulation package. During system preparation longer axis of box was kept parallel to

CCR5 long axis. Inflategro script was used to pack the lipid molecules around CCR5.

Total six lipid (DPPC) molecules were deleted from the system. Systems were

compressed and minimized alternately to remove the steric clashes between CCR5 and

lipids. Figure 21 represents the simulated system containing solvent (water, Cl-) and

solute molecules (ligand-CCR5-DPPC). NVT ensemble was simulated at 323 K and

NPT ensemble was simulated at 1 bar pressure.



Gadhe Changdev Gorakshnath Ph.D. Thesis

Chosun University, Department of Bio-New Drug Development

- 48 -

Figure 21: CCR5 embedded in DPPC bilayers. Ligand represented by magenta sphere.

CCR5 is shown by the cyan helices, DPPC by green lines, chloride atoms by solid blue

sphere and water molecules by dotted sphere.

3.6.1. Backbone RMSD and potential energy analyses

Backbone atoms RMSD of CCR5 were computed from three simulated

systems and plotted as a function of time in Figure 22A. It indicated that the proteins

RMSD was raised upto ~2000 ps and then maintained throughout simulation time in all

system. CCR5 structures in all the simulated systems were affected by the lipid

environment, which was evident from Figure 22A. For 14-OPPA-CCR5 system it was

observed that after equilibration RMSD was fluctuated between 0.35 nm to 0.41 nm

with an average of 0.38 ± 0.03 nm. However, in case of 25-OPPA-CCR5 system, the
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backbone RMSD increased constantly up to first 5000 ps and leveled off for rest of the

simulation period. After 5000 ps of equilibration, RMSD constantly fluctuated in 0.33

and 0.39 nm, with an average of 0.36 ± 0.03 nm. It was detected that for first 5000 ps

CCR5 was equilibrated and afterward fluctuated in 0.35 - 0.41 nm frequency, with an

average of 0.38 ± 0.03 nm.

Figure 22: (A) Backbone atoms RMSD of CCR5 in three simulated systems as a

function of time. (B) Potential energy of the three systems plotted as function of time.

Color markers for each system were given at the right of each figure.

Protein structure stability was assessed by calculating potential energy as a

function of time and represented in Figure 22B. For 14-OPPA-CCR5 system all the

structures were laid within -2.83e+05 to -2.90e+05 kJ/mol range, with an average of -

2.89e+05 kJ/mol. Small deviation in potential energy was observed in last 5000 ps

simulation time. Potential energy for 25-OPPA-CCR5 (Figure 22B) system was

calculated, which showed that the entire structures were positioned within the -

2.77e+05 to -2.85e+05 kJ/mol energy range. It was also observed that the potential
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energy decreased gradually. The average potential energy of last 5000 ps of 20,000 ps

was -2.83e+05 kJ/mol. Similarly, potential energy for 37-OPPA-CCR5 system was

calculated which indicated that the potential energy was gradually decreased

throughout simulation period. The average energy of last 5000 ps was calculated and it

was -2.83e+05 kJ/mol. All the structures had energies between -2.77e+05 to -2.85e+05

kJ/mol.

3.6.2. Temperature and inhibitors RMSD analyses

Figure 23: (A) Graph of temperature as a function of time during simulations. Average

temperature of each simulated system was 300 K. (B) RMSDs of simulated inhibitors

(14-OPPA, 25-OPPA and 37-OPPA) as a time function.

Temperature of each simulated system was monitored throughout simulation

period and depicted in Figure 23A. Average temperature was 323 K in each system for

20000 ps simulation, which indicated that the simulations were performed at constant

temperature. RMSDs of ligand (14-OPPA) showed that it remained constant (~0.065

nm) up to 14,500 ps, then dropped to ~0.05 nm, and after 16,000 ps rose and leveled off
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at ~0.065 nm throughout the remainder of the simulation. The RMSD for 25-OPPA

(Figure 23B) showed that up to 14,192 ps the average RMSD was ~0.065 nm and

afterward it elevated to ~0.116 nm for rest of the simulation period. For 37-OPPA

another trend of RMSD was noted. The RMSD constantly rose up to 5000 ps and

afterward gradually decreased throughout 20,000 ps simulation. The average RMSD for

37 was found to be 0.137 nm. After MD simulations, the complexes (14-OPPA-CCR5,

25-OPPA-CCR5, and 37-OPPA-CCR5) were extracted from trajectories and 100 steps

minimization was performed using the steepest descent method with the aim of

removing bad contacts from the crude complex structures.

3.6.3. RMSF and radius of gyration (Rg) analyses

Atomic fluctuations also called root mean square fluctuations was calculated

for the CCR5 in three simulated systems. RMSF of backbone atoms of CCR5 were

calculated and depicted in Figure 24A. In case of 14-OPPA-CCR5 system greater

fluctuations were observed for the intracellular loop 2 (ICL2) (Lys138, Gln184), ICL3

residues (Lys228, His231) and C-terminal residue (Phe304). For the 25-OPPA-CCR5

system it was observed that the very few fluctuations were exceeded 0.3 nm (Ile23,

Ile27 and Leu174). For the 37-OPPA-CCR5 system, it was scrutinized that most of the

residues were fluctuated less than 0.2 nm and very few exceeded 0.3 nm (Arg60,

Tyr184, Arg225, Arg232, Arg267 and Glu302). From this figure it was also evident

that average fluctuations were below 0.2 nm. We can conclude from the above results

that the N-terminal, C-terminal and intracellular loops were fluctuated considerably,
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and α-helices and β-sheets are stable. During MD simulations it was observed that the

Tyr108, Tyr251 and Glu283 forms hydrogen bond and stabilized the architecture of

TMs.

Figure 24: (A) RMSF of CCR5 in the simulated systems. (B) Radius of gyration as a

function of time for the simulated systems.

Radius of gyration (Figure 24B) was calculated to measure the compactness of

CCR5 throughout simulation period. For the 14-OPPA-CCR5 system, a slow increase

in Rg from ~2.075 to ~2.185 nm was observed, which indicates CCR5 compactness

was slowly diminished. However, in 25-OPPA-CCR5, the Rg value was found to be

increased from ~2.05 to ~2.12 nm up to ~4000 ps and afterward it maintained between
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~2.07 and ~2.12 nm, which indicated that CCR5 structure was compact throughout the

simulation. For the 37-OPPA-CCR5 system, Rg was increased up to 5000 ps from

~2.062 to ~2.13 nm, afterward up to 15,000 ps simulation it was maintained and again

rose up in last 5000 ps. It indicates that the compactness of CCR5 was maintained

between 5000 and 15,000 ps and afterward it slowly diminished the CCR5 packing.

3.6.4. Characterization of loop regions

CCR5 consists of uncharacterized N-terminal and C-terminal region. Also it

contains six loops, namely ECL1-3 and ICL1-3. In CCR5 highly conserved two

disulfide bridges (Cys20-Cys269, Cys101-Cys178) are present and previously it was

reported that they are important in the ligand binding (62). Figure 25 depicts the

calculated distance between the S-S of disulfide bridges.

Figure 25: Distance between disulfide bridges as a function of time. (A) Disulfide

Cys20-Cys269 and (B) Cys101-Cys178 bridges distance in three simulated system.

The average RMSD of Cys20-Cys269 was ~0.052 nm in 14-OPPA-CCR5,

~0.015 nm in 25-OPPA-CCR5 and ~0.02 nm in 37-OPPA-CCR5 systems. However,
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for Cys101-Cys178 it was ~0.015 nm in 14-OPPA-CCR5, ~0.012 nm in 25-OPPA-

CCR5 and ~0.011 nm in 37-OPPA-CCR5. From this result we could say that disulfide

bridges were intact throughout simulations and helped to maintain the TM architecture

of CCR5.

N-terminal (Pro19-Ala30), ECL1 (Ala90-Gln102), ECL2 (Thr167-Ile198) and

ECL3 (Gln261-Gln277) were treated as different groups and RMSD was calculated to

know the deviation from original position.

Figure 26 depicts the RMSD of (A) N-terminal, (B) ECL1, (C) ECL2 and (D)

ECL3 as a function of time. RMSD of N-terminal region was ~0.35 nm for 14-OPPA-

CCR5 system. However, it was less than ~0.3 nm for the other two simulated systems.

For the 14-OPPA-CCR5 system, it was observed that ECL2 loop was more dynamic

and fluctuated with maximum amplitude of ~0.5 nm. The average RMSD for ECL1

was ~0.082 ± 0.002 nm and for ECL3 it was ~0.135 ± .002 nm. However, for 25-

OPPA-CCR5 system it was noticed that ECL1 has RMSD of ~0.225 nm, whereas it

reached to ~0.4 nm for ECL2 and ~0.21 nm for ECL3. For 37-OPPA-CCR5 system it

was scrutinized that ECL1 was stable with the maximum of RMSD reached to ~0.16

nm. ECL2 RMSD was ~0.3 nm and ECL3 was ~0.275 nm with an average of ~0.225

nm. From these results we can conclude that the N-terminal region and ECL2 loop are

more dynamic among the simulated systems, which is in line with the previous reports

(62-65).
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Figure 26: RMSD of (A) N-terminal, (B) ECL1, (C) ECL2 and (D) ECL3 regions as a

function of time.

3.7. Binding modes analyses after MD simulation

3.7.1. 14-OPPA-CCR5 interaction

20000 ps MD simulation was performed for the complex structure embedded

in DPPC lipid bilayers. Complex was extracted and minimization was performed for

100 steps using steepest descent algorithm in order to remove bad contacts. Figure 27

represents the binding mode of 14-OPPA after MD simulations. It was observed that

the some residues were changed after MD simulation. Pyridine, ethoxime and

bromophenyl was reoriented into the active site and stabilized in CCR5. 2,4-dimethyl-
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3-pyridinyl ring was stabilized into a hydrophobic pocket lined by the residues Tyr37,

Trp86, Tyr89 and Ala90.

Figure 27: Top view of MD simulated binding mode of 14-OPPA inside CCR5. TM

helices are shown in brown, whereas active site residues were shown by white-blue

sticks. Salt bridge (3.8 Å) contact was shown by blue dotted line and hydrogen bond

contact by red dotted line. Ligand is shown by violet. TM helices were numbered at the

top.

The docking predicted π-π stacking interaction between pyridine and Trp86

was disappeared and edge-to-edge interactions were observed with pyridine and Tyr37

and Tyr89. It was also detected after MD simulation that Tyr37 came closer to pyridine

ring, which was not nearer in docked mode. It indicated that Tyr37 is an important

residue in ligand-CCR5 interaction. After MD simulation it was observed that ethoxime
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was relocated into a pocket Thr105, Phe109, Ser180, His181, Phe166, Trp190 and

Gln194. Bromophenyl ring was moved to a pocket lined by the residues Tyr108,

Phe109, Phe112, Ile198, Tyr251 and Leu255 from its original position in Phe112,

Ile198, Trp248, Tyr251, Asn252 and Leu255. After MD simulation bromophenyl

exhibited π-π stacking interactions with Phe109 and face-to-edge with Tyr251. The salt

bridge distance (0.42 nm) identified in docking was reduced after MD simulation (0.38

nm), indicated the importance of it in the ligand-CCR5 interactions. Halogen-π

interaction (0.38 nm) was detected between Br and Phe112. After MD simulation it was

observed that ligand forms one hydrogen bond interaction with Gln280, which was not

detected in docked model.

3.7.2. 37-OPPA-CCR5 interaction

Figure 28 depicted the MD simulated mode of 37-OPPA in CCR5 cavity. After

20000 ps simulations complex was extracted and minimized for 100 steps using

steepest descent algorithm in order to remove bad contacts. Salt bridge contact was

detected between basic ‘N’ of ligand and carboxyl of Glu283 at a distance of 3.6 Å.

Ligand positioned into CCR5 cavity like 14-OPPA. Hydrophobic interactions were

detected between bromophenyl and Phe109, Phe112, Ile198, Trp248, Tyr251 and

Leu255. On the other hand it is visible that pyridine ring was stabilized into TM2, TM3

and TM7 containing residues Trp86, Tyr89, Trp94, Leu104, Tyr108, Cys178 and

Gln280. Internal hydrogen bonding were observed in Tyr108-Glu283-Tyr251, which

gave stability to TM architecture. However, it was also noted that the ethoxime moiety
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was located into a pocket formed by the residues Thr105, Phe109, Ser160, Trp190 and

Gln194.

Figure 28: Top view of MD simulated binding mode of 37-OPPA inside CCR5. TM

helices are shown in white-blue, whereas active site residues were shown by yellow

sticks. Salt bridge (3.6 Å) contact was shown by cyan dotted line. Ligand is shown by

cyan color. TM helices were numbered at the top.

3.7.3. 25-OPPA-CCR5 interaction

Figure 29 represents the MD simulated binding mode of 25-OPPA inside

CCR5 cavity. Salt bridge contact was detected between tertiary ‘N’ and acidic Glu283

at a distance of 3.8 Å. Ligand was tightly packed into the TM helices and internal

hydrogen bonding was detected between Tyr108-Glu283-Tyr251, which maintained the

structural organization of CCR5. Strong π-π stacking interaction was detected between
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2,6-dimethylphenyl and Trp86 and hold ligand tightly near it. Face-to-edge interactions

were detected between 2,6-dimethylphenyl and Tyr89 and Trp94. Para bromophenyl

was stabilized into a hydrophobic cavity lined by the residues Tyr108, Phe112, Ile198,

Val199, Leu203, Tyr251 and Leu255. Edge-to-edge interactions were observed

between para-bromophenyl and Phe112 and Tyr251. In MD simulation it was observed

that the central polar part of ligand was stabilized into the Tyr108, Gln280 and Glu283

residues. Polar hydroxyl group interacted with the Thr195 and Ile198.

Figure 29: Top view of MD simulated binding mode of 25-OPPA inside CCR5. TM

helices are shown in brown, whereas active site residues were shown by cyan sticks.

Salt bridge (3.8 Å) contact was shown by blue dotted line. Ligand is shown by magenta

stick. TM helices were numbered at the top.
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2D-schematic plot interactions of inhibitors and CCR5 were shown in Figures 30 and

31.

Figure 30: 2D-schematic plot interactions between (A) 14-OPPA-CCR5 and (B) 37-

OPPA-CCR5 were generated using Ligplot server. Hydrogen bond was shown by the

green dashed line. Interacting residues were shown by the half moon containing spoke.

Ligands are shown by the violet color stick.
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Figure 31: 2D-schematic plot interactions between 25-OPPA-CCR5 were generated

using Ligplot server. Interacting residues were shown by the half moon containing

spoke. Ligand is shown by the violet color stick.
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4. Discussion

In this study we performed comparative modeling, docking, 3D-QSAR and

MD simulation of CCR5 inhibitors. 3D-model of CCR5 was developed based on the

recently reported CXCR4 (PDB code: 3ODU) (27) structure. We chose this structure

over traditional bovine rhodopsin and β2-adrenergic receptors because higher sequence

identity and larger binding pocket volume. CCR5 shares 35.4 % sequence identity with

CXCR4, which is higher than bovine rhodopsin (23.3 %) and β2-adrenergic (25.4 %)

receptors. Most of the previous modeling reports are based on the bovine rhodopsin and

β2-adrenergic receptors (21, 24, 66-70). However previous report stated the importance

of larger binding pocket volume in GPCR, which was developed based on the bovine

rhodopsin structure (71). Quality of developed CCR5 model was assessed using various

validation servers (Figures 2-4) (30-32), which indicated the reliability of model. A

putative binding pocket for the docking study was defined according to the previous

mutagenesis reports and knowledge of important acidic amino acid residue in TM7

(Glu283) (39-42).

Molecular docking of the TAK779, TAK220, compound 85, 14-OPPA, 25-

OPPA and 37-OPPA were done to know the interaction at atomic level. Autodock

program was used for the docking study. Our docking results are in line with the

previous reports, which states that the inhibitors dock into TM1, TM2, TM3, TM5,

TM6 and TM7 (39-42, 72). Our results are in line with the previous study reported by

Li et al., (68), which states that Glu283 (TM7) is an important residue in the positively
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charged inhibitor binding to CCR5. Also, this report confirmed that Tyr108 (TM3),

Ile198 (TM5), Tyr251 (TM6) and Glu283 (TM7) are the crucial residues in all the

tested compounds (Anibamine, Aplaviroc, Maraviroc and Vicriviroc) and in agreement

with our results for TAK779, TAK220 and compound 85 binding. Our results are in

line with previously published mutagenesis studies, which concluded that mutation of

Glu283Ala reduces the binding affinity of TAK779 (40, 69). As with the CCR5

inhibitors, positively charged or basic nitrogen atoms, as well as aromatic groups, are

the key pharmacophore elements of antagonists.

Docked pose of TAK779 (Figure 5) indicated that the hydrogen bond

interaction of the tetrahydropyran rings oxygen atom with the hydroxyl group of Tyr37

(TM1) is essential for the inhibitory effect, which is consistent with previously

published results (69). Furthermore, the docked model places only the N,N-dimethyl-

N-benzyl-tetrahydro-2H-pyran-4-aminium moiety of TAK779 in the pocket formed by

TM1, TM2 and TM7. However, the larger 4-methylphenyl-6,7-dihydro-5H-

benzocycloheptenyl moiety, on the other hand, is predicted to bind outside this pocket

and to interact with residues in TM5 and TM6, which is consistent with a previous

report (73). TAK220 finds out similar binding site as of TAK779 and interacted with

CCR5 residues. Our result is in accordance with the previous report, which indicated

that Gly163 and Ile198 interact with TAK220 (41, 73). It was also observed that the

Asn252 and Leu255 interacts with TAK220, which is in line with previous Alanine

scanning mutagenesis reports indicating that mutation of these two residues are



Gadhe Changdev Gorakshnath Ph.D. Thesis

Chosun University, Department of Bio-New Drug Development

- 64 -

resistant to antiviral effect of TAK220 (41). Similar kind of binding mode and

interaction were observed for the compound 85. It has been previously demonstrated

that for inhibitor effectiveness basic nitrogen and hydrophobic aromatic groups are

highly desirable (38, 74, 75).

Docking based 3D-QSAR was done on piperidine-4-carboxamide derivatives.

All the inhibitors of dataset were sketched based on the docked conformation of

template (compound 85) and minimized inside CCR5 by keeping constraint on core

part. 3D-QSAR was used to identify the requirement of high affinity binder to CCR5.

CoMFA and CoMSIA were utilized to develop 3D-QSAR models. In this study,

rational selection was done based on the 2D fingerprints as molecular topological

descriptors contain information about molecular fragments. Here, designed subset was

used as internal validation (training) set for 3D-QSAR. Model designed from this set

was utilized into the prediction of remaining compounds (test set). We developed

robust and predictive CoMFA and CoMSIA models in terms of q2, r2, Q2 and r2
pred.

Previous study stated that the q2 > 0.5 is not always a sufficient measure to assess

reliability of QSAR model. But, external validation is the only way to establish a

reliable QSAR model (76). Thus, we validated developed models by test set (25

compounds), which gave satisfactory r2
pred for both CoMFA (0.680) and CoMSIA

(0.705). To strengthen the developed QSAR models we performed progressive

scrambling. Developed CoMFA and CoMSIA models were validated for redundancy

correction of LOO q2. Previously it is reported that the Q2 ≥ 0.350 signifies that the
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originally unperturbed LOO QSAR model is robust and predictive. Our CoMFA and

CoMSIA models were validated using progressive scrambling, which has obtained the

satisfactory Q2 values for CoMFA (0.619) and CoMSIA (0.522).

Developed CoMFA and CoMSIA models were plotted back onto CCR5 to

know the requirements for the improved inhibitory potency. Contour maps revealed

that, at the R1 position, filling the cavity with the bulky group containing a polar

substituent is highly desirable for inhibitory activity, because the ligand interacts

through a hydrogen bond with the receptor. Our 3D-QSAR models with the receptor

information demonstrated the importance of electrostatic, hydrogen bond donor and

acceptor parameters for the CCR5 antagonism. Moreover, molecular view of ligand-

protein interactions demonstrated how the ligand is interacting with the receptor, and

can give correct guidelines to optimize ligands with enhanced inhibitory potency.

Our group is actively involved in chemokine receptors (CCR2 and CCR5)

modeling (77, 78). In particular, previously we published ligand based HQSAR,

CoMFA and CoMSIA study for 38 CCR5 inhibitors (77). Current study differed from

the previous study in the sense that we used receptor based conformation for the most

potent ligand (compound 85), and all the other ligands were modeled inside the

receptor. In addition, two well known inhibitors (TAK779 and TAK220) were docked

to map the binding site in CCR5, and to locate the crucial interacting residues. Very

recently, we performed the modeling study of dual inhibitor (CCR2 and CCR5) and

identified the residues important for dual antagonists in CCR2 and CCR5 cavities
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through an in silico modeling and MD simulation (78). Our interaction model of ligand-

CCR5 revealed the importance of Tyr89 and Gly167.

Docking and MD simulation was performed for the oxamino-piperidino-

piperidine amide (OPPA) derivatives (14-OPPA, 25-OPPA and 37-OPPA). MD

simulations can provide intimate details of individual particles motions as a function of

time, and thus, can be used to tackle specific questions about ligand-receptor

interactions without resorting to laboratory-based experimentation. Although

experiments play a crucial role in the validation of simulation methodologies, as

comparisons of simulation and experimental data serve to confirm the validities of

calculated results and provide criteria for improving simulation methods. We used three

derivatives of OPPA for docking and MD simulations. 20000 ps MD simulations were

performed for the complexes (ligand-CCR5-DPPC-Sol-Cl). All the simulations were

performed under constant temperature (300 K) and pressure (1 bar) conditions.

Potential energy of the simulated systems were calculated, which indicated the

energy decreased gradually and systems were stabilized. Our results showed that the

disulfide bridges (Cys20-Cys269 and Cys101-Cys178) were intact after MD

simulations, indicating its importance to keep structural organization of TM, which is in

accordance with the previous reports (62, 63). Our MD simulation results indicated that

the N-terminal region and ECL2 (Figure 25) are the most dynamic loops, which is

supported by the previous studies (62-65) indicating that dynamic nature of loop

regions are necessary for viral entry. MD simulation results indicated that the simulated
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inhibitors interacted through the salt bridge and hydrophobic interactions. MD

simulation of the most potent compound (14-OPPA) indicated that it was oriented into

the pocket and interacted with new residues such as Ala29, Ala90, Ser180, His181,

Phe166, and Trp190. Docking identified salt bridge distance was decreased after MD

simulation for all the simulated inhibitors, indicating the importance of Glu283, which

is in line with previous reports (40, 69). MD simulation result suggests that the Ala29

(TM1) and Ala90 (TM2) are important in the interaction with inhibitors, which is

supported by the previous report indicating that mutation by aliphatic amino acid

residues altered binding of TAK779, AD-101 and SCH-C (69). All the simulated

inhibitors (14-OPPA, 25-OPPA and 37-OPPA) showed hydrophobic interaction with

the Trp86 (TM2), which is in accordance with previous report (67) stated that mutation

of Trp86Ala showed significant reduction in binding affinities of TAK779, TAK220,

Maraviroc and Vicriviroc. MD simulation results of 25-OPPA shows the importance of

Thr195, which is supported by the previous report (67) indicating mutation of

Thr195Ala reduced the binding affinity for Aplaviroc, Maraviroc, Vicriviroc and

TAK779 in CCR5.

The entire MD simulated models found Ile198 as an important residue in the

interactions. Our results in line with prior mutational studies indicating Ile198 is a vital

residue in the binding pocket (39, 41, 73, 78). Nishikawa et al. (41) explained the

importance of Leu255 (TM6) for interaction with TAK779 and TAK220, which is in

accordance with our MD simulation results. From MD simulation results we can say
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that the most potent inhibitor (14-OPPA) interacts with all seven TMs, whereas

medium potent inhibitor (37-OPPA) interact with all the TMs except TM1, and least

potent inhibitor devoid of any interaction from TM1 and TM4. After MD simulation it

was observed that the salt bridge distance was reduced, which indicates the importance

of this interaction. In fact it seems that Glu283 anchors the ligand and pulled towards it

(39, 42).  Nishikawa et al. also demonstrated that the mutation of Glu283 abolished the

activity of TAK779 and TAK220 (41).

Our MD simulation results are in line with the most of previous mutagenesis

reports (39-42, 67, 69, 73, 79), but in contrast with the Shahlaei et al. report (24).

However, inhibitors (14-OPPA, 25-OPPA and 37-OPPA) in the current MD study

identified essential residues (Trp86, Tyr89, Tyr108, Phe112, Ile198, Tyr251, Leu255

and Gln280) and interacted closely, which is in line with previous reports (39-42, 69).

Partial involvement of ECL2 was observed in the all MD simulated binding modes.

Here, we proposed general binding modes of OPPA derivatives based on MD

simulation results of the most potent (14-OPPA), medium potent (37-OPPA) and least

potent (25-OPPA) inhibitors. We find some trend for the simulated inhibitors, such as

each inhibitor shows essential salt bridge contact with Glu283, which seems to be

necessary for inhibitory activity. Also central polar region (TM7) flanked by the two

aromatic pockets (pocket 1, TM1-3 and pocket 2, TM3-6) in CCR5 and shared by

simulated inhibitors. All the simulated inhibitors showed important interactions with
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the Trp86, Tyr89, Tyr108, Phe112, Ile198, Tyr251, Leu255 and Gln280 residues. Our

MD simulation results could be exploited to design and develop novel CCR5 inhibitors.
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5. Conclusion

This work addresses the homology modeling, docking, 3D-QSAR and MD

simulation study of CCR5. Computational 3D-model of CCR5 was developed using

recently reported CXCR4 X-ray crystal structure as a template. Developed model was

validated using RAMACHANDRAN plot, ERRAT plot and ProSA energy. Molecular

docking study was performed for the potent CCR5 inhibitors inside 3D-model of

CCR5. Docked conformations of TAK779, TAK220 and compound 85 were selected

according to the previous reports on important residues. Docked conformation of

compound 85 was considered as a bioactive conformation and rest of the molecules

were developed based on the bioactive conformations. Predictive 3D-QSAR models in

terms of q2, r2 and Q2 were developed using CoMFA and CoMSIA. Developed QSAR

models were validated using test set compounds, which gave satisfactory prediction

(r2
pred). CoMFA/CoMSIA models were plotted as 3D coefficient contour maps onto

CCR5 active site to explain in detail SAR. Our 3D-QSAR models allow us to focus on

those regions, where steric, electrostatic, hydrophobic and hydrogen bond

donor/acceptor parameters plays important role in the interactions of inhibitors with

CCR5. Contour map analyses revealed that at R1 position polar substituents with proper

orientation is highly desirable for maximal inhibitory activity. Also our model indicates

the importance of hydrogen bond acceptor/donor interaction for CCR5 activity. Para

position of central phenyl ring is well-tolerated for steric and hydrophobic groups,

which displayed favorable green and yellow contour
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To know the important residues of CCR5 and detailed interaction mechanism

of ligand-CCR5, we performed MD simulation of three CCR5 inhibitors (14-OPPA,

25-OPPA and 37-OPPA) in explicit lipid bilayers. 20000 ps MD simulations were

performed for the three complexes (ligand-CCR5-DPPC-Sol-Cl). It was observed that

the substituents reoriented into the binding site and stabilized the conformations.

Potential energy and RMSDs indicated that both ligands and CCR5 were stable in the

simulations. Our simulation indicated importance of salt bridge to hold ligand tightly

inside CCR5. Simulation results also suggested Trp86, Tyr89, Tyr108, Phe112, Ile198,

Tyr251, Leu255, and Gln280 are important in the binding locus, which is in accordance

with previous mutational studies.

Obtained results could be exploited to design and develop novel CCR5

inhibitors with the improved potency.
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