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Molecular modeling of a series of HIV reverse transcriptase (RT) non-nucleoside inhibitors (2-amino-6-
arylsulfonylbenzonitriles and their thio and sulfinyl congeners) was carried out by comparative molecu-
lar field analysis (CoMFA) and comparative molecular similarity indices analysis (CoMSIA) approaches.
Docking simulations were employed to position the inhibitors into RT active site to determine the most
probable binding mode and most reliable conformations. The study was conducted using a complex
receptor-based and ligand-based alignment procedure and different alignment modes were studied to
obtain highly reliable and predictive CoMFA and CoMSIA models with cross-validated q2 value of 0.723
and 0.760, respectively. Furthermore, the CoMFA and CoMSIA contour maps with the 3D structure of
the target (the binding site of RT) inlaid were obtained to better understand the interaction between
the RT protein and the inhibitors and the structural requirements for inhibitory activity against HIV-1.
We show that for 2-amino-6-arylsulfonylbenzonitriles inhibitors to have appreciable inhibitory activity,
bulky and hydrophobic groups in 3- and 5-position of the B ring are required. Moreover, H-bond donor
groups in 2-position of the A ring to build up H-bonding with the Lys101 residue of the RT protein are also
favorable to activity.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The HIV type 1 reverse transcriptase (HIV-1 RT) is an essential
viral enzyme in HIV-1 virus. After HIV-1 infects a cell, RT plays a
central role in the viral replication cycle by catalyzing the conver-
sion of genomic single-stranded RNA into double-stranded proviral
DNA. The viral DNA is then integrated into the host chromosomal
DNA which then allows host cellular processes, such as transcrip-
tion and translation to reproduce the virus. HIV-1 RT is an asym-
metric heterodimer consisting of two polypeptides, p66 and p51.1

Due to its importance, HIV-1 RT has been one of the major tar-
gets of the antiretroviral drugs. Nucleoside and non-nucleoside RT
inhibitors (NRTIs and NNRTIs) are two different categories:2–4 the
former is an analogue of the natural deoxynucleotides that com-
pete with the natural deoxynucleotides for incorporation into the
growing viral DNA chain; the latter noncompetitively inhibits the
movement of protein domains of RT that are needed to carry out
the process of DNA synthesis. Nevirapine is a NNRTI used to treat
ll rights reserved.
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HIV-1 infection and AIDS, which was discovered by Hargrave
et al.5 Later, different types of NNRTIs with similar interaction be-
tween inhibitors and RT protein have been discovered or de-
signed.6,7 The high bioactivity and effectivity of nevirapine and
other inhibitors proved that RT is an important and significant tar-
get to design anti-HIV drugs.

A series of NNRTIs (2-amino-6-arylsulfonylbenzonitriles and
their thio and sulfinyl congeners) (Table 1) were designed by Chan
et al.8 Because of their high activity and low toxicity, researchers
have studied them in order to get more information about the
activity and to design more potential anti-HIV-1 drugs.9–11 In the
present work, a receptor-guided and ligand-based three-dimen-
sional quantitative structure–activity relationship (3D-QSAR)
study was carried out for the first time for this series of inhibitors.
Receptor-guided QSAR is only available when the 3D structures of
a target protein or its homologue bound to the active compound
have been experimentally solved. We thus performed a docking
study to search for reasonable conformations and alignments for
CoMFA and CoMSIA studies and gain an insight into the interaction
between ligands and RT protein.

CoMFA relates the bioactivity of inhibitors with their steric and
electrostatic fields sampled at grid points defining a 3D box around
molecules.12 CoMSIA is most commonly applied in drug discovery
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Table 1
Observed and predicted anti-HIV-1 activity of 2-amino-6-arylsulfonylbenzonitriles and their congeners by CoMFA and CoMSIA
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Sulfide family: 1-23 Sulfone family: 39-68Sulfoxide family: 24-38

No. R substituent Observed pIC50 Predicted

CoMFA CoMSIA

1 H 1.836 1.469 1.847
2 2-OCH3 2.367 1.898 2.128
3 3-OCH3 2.222 1.704 2.37
4 2-CH3 1.796 1.794 1.915
5 3-CH3 2.215 2.102 1.879
6 4-CH3 0.939 1.632 1.112
7* 2-Cl 2.387 1.792 1.459
8* 3-Cl 2.131 1.923 1.715
9# 4-Cl – 1.530 –
10 2-Br 1.523 1.768 1.39
11* 3-Br 2.292 2.019 1.41
12 3-F 2.009 2.376 1.873
13# 2-CN – 1.860 –
14 3-CN 2.762 2.111 2.888
15 4-CN 1.359 1.454 1.495
16 3-CF3 1.893 1.992 1.563
17 3-NH2 1.502 1.987 1.53
18# 2,5-Cl2 – 2.752 –
19 3,5-(CH3)2 3.367 3.178 3.388
20# 3,5-Cl2 – 2.979 –
21 3-Cl,5-CH3 2.754 3.177 3.082
20# 3-OCH3,5-CH3 2.699 2.744 3.751
23 3-OCH3,5-CF3 2.292 2.134 2.403
24 2-OCH3 2.319 2.447 2.368
25 3-OCH3 1.796 1.631 1.833
26* 2-CH3 1.032 1.574 1.567
27 3-CH3 1.534 2.149 1.902
28 4-CH3 1.310 1.191 1.275
29* 2-Br 1.407 2.305 1.206
30* 3-Br 4.097 2.671 2.78
31* 4-Br 1.694 0.958 1.283
32 2-CN 2.409 1.826 2.254
33* 3-CN 1.848 2.902 1.881
34 3-CF3 1.398 1.315 1.687
35 3,5-(CH3)2 3.469 3.116 3.353
36 2,5-Cl2 2.007 2.617 2.124
37 3-Cl,5-CH3 3.495 3.127 3.027
38 3-OCH3,5-CF3 2.684 3.237 2.569
39 H 2.699 2.526 2.403
40* 2-OCH3 3.222 2.639 2.849
41 3-OCH3 3.046 2.975 2.787
42 4-OCH3 1.602 1.134 1.613
43 2-CH3 2.638 2.553 2.525
44* 3-CH3 3.398 3.881 4.071
45 4-CH3 2.022 1.793 1.852
46 2-Cl 2.387 2.572 2.398
47 3-Cl 3.229 3.561 3.511
48* 4-Cl 2.523 1.781 1.973
49 2-Br 2.301 2.548 2.385
50 3-Br 3.268 2.885 3.108
51 4-Br 1.699 1.77 2.021
52 2-F 2.523 2.514 2.343
53 3-F 2.523 3.064 2.776
54 2-CN 2.268 2.477 2.436
55 3-CN 2.62 2.815 2.547
56 4-CN 1.097 1.398 0.959
57 3-CF3 2.456 2.743 2.746
58 2,5-Cl2 3.523 3.276 3.54

(continued on next page)
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Table 1 (continued)

No. R substituent Observed pIC50 Predicted

CoMFA CoMSIA

59 3,5-Cl2 4.155 3.913 4.11
60 (739W94)3,5-(CH3)2 5.000 4.369 4.694
61 3-Br,5-CH3 4.699 4.206 4.815
62* 3-Cl,5-CH3 4.523 4.165 4.598
63 3-OCH3,5-CH3 4.301 4.334 4.295
64 3-OCH3,5-CF3 4.046 4.082 3.992
65 3-OH,5-CH3 3.367 3.607 3.393
66 3-OCH2CH3,5-CH3 4.222 4.322 4.434
67 3-O(CH2)2CH3,5-CH3 4.222 3.929 4.025
68 3-O(CH2)3CH3,5-CH3 3.222 3.594 3.427

Compounds labeled with ‘*’ are the test set; Compounds labeled with ‘#’ are the predicted set; other compounds are the training set.
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to find the common features that are important in binding to the
relevant biological receptor, where steric and electrostatic features,
hydrogen bond donor and acceptor and hydrophobic fields are con-
sidered.13 Based on docking, a complex molecular alignment pro-
cedure makes CoMFA and CoMSIA models more reliable.

CoMFA and CoMSIA contour maps were extracted and superim-
posed to the 3D protein structure to get more interactional infor-
mation of substituents and the bioactivity of corresponding
molecules. Our final high quality correlation between actual activ-
ity and predicted values and the similarity in ligand–protein inter-
actions, either from docking results or from 3D-QSAR results,
proved that the receptor-guided and ligand-based 3D-QSAR meth-
od is a powerful tool to design more potent HIV-1 RT inhibitors.

2. Methods

2.1. Data

The 2-amino-6-arylsulfonylbenzonitriles and congeners data,
represented by anti-HIV-1 activity IC50 (lM), were obtained from
published data.8 The structures and bioactivity values of poten-
tial inhibitors are presented in Table 1. The pIC50 (�logIC50) val-
ues were used to derive 3D-QSAR models. The whole data set of
68 compounds was separated into two groups in the approxi-
mate ratio 4:1: a training set with 51 compounds, a test set with
13 compounds and a prediction set with compounds 9, 13, 18
and 20 for which no experimental data are available (Table 1).
The selection of the training and test sets was done manually
such that low, moderate and high anti-HIV activity compounds
were present in roughly equal proportions in both sets. The
training set was used to build predictive models, while the test
set was used to validate the predictive ability of the models.
The activities of molecules in the prediction set were predicted
in the present work.

2.2. Preparation of ligands and protein

Among the inhibitors, the crystal structure of compound 60
complexed with HIV-1 RT is known. Therefore, the complex of
HIV-1 RT receptor and 739W94 (compound 60) was extracted from
the protein data bank (PDB code: 1JLQ).14 739W94 and RT receptor
were isolated from the complex.

Compound 60 was chosen to define the most likely binding con-
formation in molecular docking. It was modified to add hydrogen
atoms without any change of conformation and was minimized
using the molecular modeling software Sybyl 8.0 with the follow-
ing steps: (i) optimization by Steepest Descent with initial optimi-
zation of 20 simplex iterations using Tripos force field15 and
Gasteiger–Marsili charges;16 (ii) optimization by conjugate gradi-
ent (iii) optimization by BFGS.
Three-dimensional structures of the other molecules were con-
structed from compound 60. Energy minimizations of each com-
pound were performed according to the above procedure. The
receptor isolated from the crystal structure was treated by adding
H and Gasteiger–Marsili charges and optimized using Powell con-
jugate gradient algorithm and the AMBER7 FF99 force field with a
distance-dependent dielectric function.

2.3. Molecular docking

AutoDock4 was used to perform automated docking of ligands
to their macromolecular protein receptor. A grid with spacing of
0.375 Å and 60 � 60 � 60 points was created. Energy grid maps
for all possible ligand atom types were calculated before perform-
ing docking. While keeping the protein structure rigid, we selected
Lamarckian genetic algorithm (LGA) to search the conformational
and orientational space of the ligands, because LGA was proved17

to be the most efficient, reliable and successful technique as com-
pared to Monte Carlo simulated annealing, or a traditional genetic
algorithm. Compound 60, which conformation was generated from
739W94, was first docked into the binding pocket of RT in order to
compare docking results with the crystal structure and check the
validity of the docking procedure. As this comparison was success-
ful, the other compounds were then docked to RT. 100 Independent
docking runs were performed, then the 100 solutions were clus-
tered into groups with RMS deviations lower than 0.5 Å. The clus-
ters were ranked according to the lowest energy representative of
each group.

2.4. 3D-QSAR: CoMFA and CoMSIA

Several factors influence the modeling results of CoMFA and
CoMSIA: among them, the most important are alignments and
fields. Molecular alignment is a prelude to CoMFA and CoMSIA. It
is necessary to align molecules in a common orientation relative
to a template compound in order to compare the different features
of analogues. A CoMFA field is then generated by creating a grid
around molecules and calculating the steric and electrostatic po-
tential at each point on the grid using a charged probe atom.

2.4.1. Alignments for CoMFA and CoMSIA
In CoMFA and CoMSIA studies, the position of a molecule is

important because the descriptors are calculated based on the
coordinates of atoms, hence, different methods of alignment will
give different results. There are three main different procedures
proposed for aligning molecules for QSAR: substructure overlap,
pharmacophore overlap and docking-based alignment.

In the present work, first, alignment based on the geometries
obtained from docking was applied to build a receptor-based mod-
el. Second, a complex of docking-based alignment and maximum



Figure 1. Comparison between X-ray crystal structure and structure from docking for compound 60 (red: docking; blue: crystal structure). For the sake of clarity, two
different viewing angles are provided.
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common substructures (MCSS) overlap approach was used18 to
build a receptor and ligand-based model. We have three families
of molecules which might have different interaction modes with
protein according to docking results. The second method was per-
formed in two steps. In the first step, for each family, the mole-
cules, which conformations were derived from docking, were
aligned through MCSS overlap. Compounds 19, 35 and 60 were
chosen as templates for molecular alignment of the three types,
respectively. In the second step, all the molecules of the three fam-
ilies were entered into the same data base.

2.4.2. Regions and fields of CoMFA and CoMSIA
In CoMFA, the steric fields were calculated using a Lennard–

Jones potential, while the electrostatic fields were calculated using
a Coulombic potential.19 In CoMSIA, five different similarity fields
(steric, electrostatic, hydrophobic, H-bond donor, and H-bond
acceptor) were calculated.13

To calculate the CoMFA fields, a 3D cubic lattice with grid spac-
ing of 2.0 Å in X, Y and Z directions was created automatically by
SYBYL. The grid pattern extended 4.0 Å units in all directions beyond
the dimensions of each molecule. The steric and electrostatic
probe–ligand interaction energies were calculated by using a car-
bon probe atom with Van der Waals radius of 1.52 Å and a +1.0
charge with a distance-dependent dielectric function at each lat-
tice point. The cut-off for energies was set to ±30 kcal/mol and
the electrostatic contributions were ignored at lattice points with
maximal steric interactions. CoMSIA models were also derived
with the same lattice box and all five fields were calculated using
a probe of charge +1, a radius of 1, hydrophobicity and hydrogen
bonding properties of +1, and an attenuation factor of 0.3 for the
Gaussian distance-dependent function.13

2.4.3. Statistical analysis
In order to derive CoMFA and CoMSIA models, CoMFA and CoM-

SIA descriptors were used as independent variables and the values
as the dependent variables. PLS method with cross-validation
(leave-one-out) was used in SYBYL 8.0 to determine the optimal
numbers of components using cross-validated coefficient q2 (r2

cv).
After obtaining the optimal numbers of components, a PLS anal-

ysis was performed with no validation and column filtering 2.0 to
generate the final model with the training set. The final correlation
coefficient (r2) is a measure of the quality of the model. A boot-
strapping20,21 procedure was applied to validate the final model.

The predictive capability of the 3D-QSAR models was deter-
mined from the predictive correlation r2

pred. The predicted activities
for the test set were obtained from the model produced by the
training set.

3. Results and discussion

3.1. Docking

3.1.1. Comparison between X-ray crystal structure and
structure from docking

To ensure the validity of docking calculations and of the condi-
tions and parameters of docking, we performed a test. 739W94
(compound 60), isolated from the complex crystal structure (PDB
code: 1JLQ) was docked into the RT receptor, isolated from the
complex. The docking procedure (100 runs) yielded only one clus-
ter with conformations differing by less than 2 Å. The docked con-
formation of compound 60 which we choose for this study was the
lowest energy one. It was close to the crystal structure since the
RMSD between the two conformations was only 1.1 Å, which is
quite satisfactory. Some conformations of higher energy had a
slightly smaller RMSD relative to the crystal structure, but not less
than 1.0 Å, except the highest energy one (0.96 Å). Relative to the
crystal conformation, compound 60 docked thus correctly to the
active site with only a slightly different conformation. Figure 1
shows the comparison between the X-ray crystal structure (in blue
color) and cluster conformation (in red color).

3.1.2. Cluster selections
Clustering analysis of each molecule was done after docking cal-

culations. For most molecules there are one, two or three clusters.
These are sorted by energy (from the lowest to the highest) and
their height is proportional to the number of conformations in each
cluster. In order to choose the most reliable docked conformation
for each compound, three strategies should be followed: (i) com-
pare the population of each cluster and choose the one which is
obviously the highest; (ii) if some clusters have similar popula-
tions, choose the one with the lowest energy; (iii) if the energies
are close, choose the conformation similar to that of other
molecules.

3.1.3. Binding mode of inhibitors
We studied three types of inhibitors: 2-amino-6-aryl-

sulfonylbenzonitriles and their thio and sulfinyl congeners. Two
different interactional modes with the RT receptor were generated
from docking: those of the sulfide and sulfone families were anal-
ogous because their substituents on ring A point in the same direc-



Figure 2. Interaction modes between RT receptors and compounds 19 (a), 35 (b), 60
(c).
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tion. One compound of each family (compounds 19, 35 and 60)
with the same substituents on ring B (3,5-(CH3)2) was selected to
study the interaction with the protein.

Figure 2 shows the interactions and H-bonds between the RT
receptor and the three families of molecules. Every compound
has at least one strong H-bond between the amino group in the
A ring and a functional group of a residue in the protein. Some of
them have only one H-bond. A few of them have two H-bonds.
As a representative compound for the sulfide family, compound
19 Figure 2a has two H-bonds: one between the carbonyl oxygen
of Lys 101 and one amino hydrogen (>C@O� � �H–N) with a O� � �H
distance of 2.11 Å and an angle (deviation from linearity) of 43�;
the other one between the amino nitrogen of Lys 103 and the sec-
ond amino hydrogen (–C–N� � �H–N) with a N� � �H distance of 2.18 Å
and an angle of 26�. It should be noted here that compound 19 has
a relatively high activity (pIC50 = 3.367).

The conformation of compound 35 in Figure 2b changes a lot
when docked into RT. The amino group located in the opposite
direction as compared to the amino group of compound 60 has
an H-bond interaction with the hydroxyl oxygen of Tyr 318. The
stability of this H-bond is probably less because of its larger angle
(57�; distance: 2.10 Å). Compound 35 has also a relatively high
activity and is involved in other interactions, for instance, steric
effects.

For compound 60, there exists a competition in forming one H-
bond. One of the hydrogens in the amino group can connect to Lys
101 nitrogen by a –C–N� � �H–N bond with a N� � �H distance of
2.41 Å and an angle of 28� and can also connect to Lys 101 oxygen
by a –C@O� � �H–N bond with a O� � �H distance of 1.89 Å and an an-
gle of 60� (Fig. 2c). It should be noted that compound 60 has the
highest bioactivity among all the compounds.

3.2. CoMFA and CoMSIA statistical results

We first used a receptor-based alignment procedure. All the
molecules were aligned based on their docking conformations
without a separation of training and test sets. For the 64 com-
pounds, the CoMFA model yielded q2 = 0.580, which is rather high
and r2 = 0.851, which is less satisfactory. All statistical data appear
in Table 2. The CoMSIA model with all the five above-mentioned
fields yielded q2 of 0.488 and r2 of 0.793. Although the correlations
are not as satisfactory as we expected, the q2 values much higher
than 0.322 indicate that it is proper to use a receptor-based QSAR
procedure as a first approach.

Next, receptor- and ligand-based alignment was performed
without separating training and test sets. We obtained better
models (q2 = 0.674 and r2 = 0.806 for CoMFA; q2 = 0.695 and
r2 = 0.860 for CoMSIA). Either from the q2 or from r2 results, this
second method of alignment is obviously better that the first
one. This indicates not only that a complex alignment approach
is powerful enough but also that the models are affected by the
different alignment protocols. We thus used the complex align-
ment technique in what follows, with a separation of training
and test sets.

An important step was to determine the optimum number of
components with the training set. Figure 3 is the plot of q2 and
SEP (standard error of prediction) versus the number of compo-
nents in CoMFA and CoMSIA. Plot (a) in Figure 3 shows that q2 is
increasing and SEP is decreasing when the number of components
increases, up to 4 components. Then, q2 remains constant while
SEP slowly increases. Therefore, the optimal number of compo-
nents for CoMFA is 4. With the model derived from the training
set, we obtained the following statistical results by PLS:
q2 = 0.723, SEP = 0.532, r2 = 0.868, and SEE = 0.368, where SEE
means the standard error of estimation. q2 > 0.6 means the model
is fairly good.

The predicted values of activity are listed in Table 1. The distrib-
uted proportion of steric field is 47% and that of electrostatic field
is 53%, emerging as a relative balance. Further, the robustness and
statistical confidence of the models was verified by bootstrapping
analysis. We performed 100 bootstrap samplings: a bootstrapped
r2

boot of 0.912 and a standard deviation (StdDev) of 0.294 were ob-



Table 2
Statistical data for CoMFA and CoMSIA models

Statistical parameters Receptor-based models Receptor- and ligand-based models

64-Compound model 64-Compound model 51-Compound model

CoMFA CoMSIA CoMFA CoMSIA CoMFA CoMSIA (SEHDA) CoMSIA (SHDA)

No. of components 5 5 4 5 4 9 8
q2 0.580 0.488 0.674 0.695 0.723 0.741 0.760
SEP 0.657 0.724 0.575 0.561 0.532 0.545 0.519
r2 0.851 0.793 0.806 0.860 0.868 0.969 0.959
SEE 0.391 0.461 0.443 0.380 0.368 0.190 0.214
r2

boot 0.912 0.984 0.976
StdDev 0.294 0.008 0.158
r2

pred 0.483 0.431 0.520

Contribution %:
Steric 47 18.0 26.9
Electrostatic 53 23.7
Hydrophobic 32.0 38.0
H-bond donor 11.2 13.7
H-bond acceptor 15.0 21.4
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Figure 3. Plots of q2 and SEE versus number of components in CoMFA (a) and
CoMSIA (b) with 4 descriptors (SHDA).
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tained, indicating a good internal consistency in the underlying
data set.

In CoMSIA studies, all five fields were calculated, thus, five dif-
ferent indices were obtained at the same time: steric (S) and elec-
trostatic (E), hydrogen bond donor (D), hydrogen bond acceptor (A)
and hydrophobic (H) descriptors. Their relative contributions are
presented in Table 2. With 9 components, we obtained a global
descriptors CoMSIA model, with q2 = 0.741; SEP = 0.545;
r2 = 0.969; SEE = 0.190.

It is true that CoMSIA model is superior to CoMFA model, how-
ever, the global descriptors model is not the best model in all prob-
ability. Some papers23,24 have discussed whether the five different
descriptor fields in CoMSIA are totally independent of each other.
The dependencies of the individual fields usually decrease the sig-
nal-to-noise ratio in the data24 and lower the statistical signifi-
cance of the results. Hereby, an optimization of 31 possible
combinations of different CoMSIA fields was evaluated from the
values of the q2 parameter (tested by leave-one-out cross-valida-
tion of PLS method) (Fig. 4). The higher the value of q2, the better
of the model. With the highest q2 of 0.760, CoMSIA model with
SHDA was finally chosen as the most predictive one. It should be
noted that the electrostatic descriptor was eliminated from the
combination. This indicates that the electrostatic fields are not to-
tally independent from the others.

Figure 3b shows that 8 is the optimal number of components
SEP on LOO, r2 and SEE on no validation are, respectively 0.519,
0.959 and 0.214. The r2

boot and StdDev of bootstrapping (100 runs)
are 0.976 and 0.158, respectively, indicating that the model is sta-
ble and has high internal predictive ability. The distribution of the
four descriptors is as follows: steric field is 26.9%; hydrophobic
field is 38.0%; H-bond donor field is 13.7%; and H-bond acceptor
field is 21.4%.

The fact that the correlation for CoMSIA models is much higher
than that of CoMFA indicates that the steric and electrostatic ef-
fects are not enough to describe the accurate relationships be-
tween structures and activity. Hydrophobic effects and H-bond
interactions already detected in our docking study are important
too.

3.3. Validation of 3D-QSAR models

Although the bootstrapping analysis is a way to validate the
accuracy of models, a predictive correlation coefficient r2

pred was
used to determine the predictive abilities of the CoMFA and CoM-
SIA models from the 13 compounds (test set) which were not in-
cluded in the generation of the models. The predicted values for
the test set are listed in Table 1 (compounds labeled with ‘*’).
The final results appear in Table 2. r2

pred is 0.483 for CoMFA (com-
plex alignment with training set) and 0.520 for CoMSIA (complex
alignment with training set on SHDA). Because of the high values
of r2

pred, either CoMFA models or CoMSIA models are thus shown
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Figure 5. Plots of the predicted versus observed activity data of 3D-QSAR from both
CoMFA and CoMSIA (SHDA) for the training set and test sets (the dotted line
represents y = x).
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to have a strong capability in predicting bioactivities. Correlation
between predicted and observed activities is presented in Figure
5. The best 3D-QSAR model derived from CoMSIA with SHDA is
quite satisfactory with respect to statistical significance and actual
predictive ability.
3.4. CoMFA contour maps

3.4.1. Steric fields
The 3D contour maps of CoMFA steric fields are shown in Fig-

ure 6. They are represented by green colored contours (sterically
favorable) and yellow colored contours (sterically unfavorable),
with 80% and 20% level contributions, respectively. Three main
contour areas (green one and two yellow ones) appear in Figure 6a.

In order to aid the visualization, the most potent compound
(number 60) is overlaid on the map. The green contour located
near a methyl group in the 3-position of B ring indicates that a
bulkier group in this position is favorable to activity. Indeed, most
molecules with a large group in 3-position have higher bioactivity
compared with molecules without any substituent in that position
such as compounds 11, 14, 19, 21, 22 and 23 in the sulfide family,
compounds 30, 35 and 37 in the sulfoxide family, and compounds
61, 62, 66 and 67 in the sulfone family.

A series of compounds (numbers 61–63 and 65–68) were ex-
tracted as an example. They have the same methyl substituent in
the 5-position and varying substituents in the 3-position. The
activities of the seven molecules can be sorted from the highest
activity to the lowest activity according to the substituents in the
3-position: –Br > –Cl > –O(CH2)2CH3 = –OCH2CH3 > –OCH3 > –OH >
–O(CH2)3CH3. Except the molecule with –O(CH2)3CH3 in 3-position,
the calculational results match the experimental results. The rea-
son for this exception is that –O(CH2)3CH3 is too large and does
not easily enter the pocket of active site. In fact, compound 60
(with only –CH3 groups in 3 and 5-positions) is also an exception
with the highest bioactivity. This phenomenon is not haphazard,



Figure 6. 3D contour maps (standard deviation � coefficient) for CoMFA. (a) Steric field. (Green: sterically favorable; yellow: sterically unfavorable); (b) electrostatic field.
(Red: negative potential favorable; blue: negative potential unfavorable).
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and shows that the steric effect is not the only factor to describe
the interaction with protein.

The yellow contour surrounding the 4-position of B ring is a re-
gion where a bulkier group is not favorable to activity. This is con-
firmed by the low activity of compounds 6 with a –CH3 group, 15
with a –CN group, 31 with –Br, 42 with –OCH3 and 56 with –CN.

3.4.2. Electrostatic field
The electrostatic field contour is presented in Figure 6b; with a

contribution of 53% it holds an important position in CoMFA. Com-
pound 60 and the molecules of the sulfoxide family also repre-
sented for comparison.

The blue areas are the regions where negative potential is unfa-
vorable to activity, while in the red areas a negative potential is
favorable. In the 2-position and 3-position of B ring, the activity
can be enhanced if an electronegative group is present. In the 4-po-
sition, the situation is quite the contrary since compounds with an
electronegative group in this position are less active, which is con-
firmed by the low activity values of compounds 15, 42, 31, 56 and
61. As an example, compound 30 with a –Br in the 3-position has a
more active inhibitory activity than compound 31 with a –Br in 4-
position. A further example is given by compounds 40–42 which
have the same –OCH3 group in 2-, 3- and 4-position, respectively.
The value of pIC50 of compound 42 is obviously less that the other
two ones. Similar results will be found in the series of compounds
49–51 and in the series 54–56.

3.5. CoMSIA contour maps

The steric and hydrophobic, H-bond donor and acceptor fields
are represented as 3D contour plots in Figure 7. For each field,
the favorable and disfavored contours represent 80% and 20% level
contributions, respectively.

3.5.1. Steric field
From Figure 7a, where green regions are sterically favorable

and yellow areas regions are sterically unfavorable, the distribu-
tion of steric field in CoMSIA is seen to be totally consistent with
CoMFA results. The steric field is related to the structure of the
RT protein pocket. Figure 7f is the surface of the RT protein.
Compound 60 is located in the pocket of the active site. In this
pocket, there is no free space to accept bulkier groups in the 4-
position of the B ring. This ring is constrained between the two
protuberant parts of the protein and steric hindrance arises con-
sequently. Two hollow regions exist on both sides of the protu-
berant parts in the direction of the 3- and 5-position of the B
ring. The lengths of substituents in the two positions can thus
be increased to a certain extent. This is why the two areas are
sterically favorable.

3.5.2. Hydrophobic field
Figure 7b is the hydrophobic contour map. Two large yellow

areas in 3-position and 5-position of the B ring indicate that the
two positions favor hydrophobic groups. This is supported by sev-
eral examples. Compounds 19, 35 and 60 are, respectively almost
the most active inhibitors in their families. They possess –CH3

groups in 3- and 5-positions. Comparing 19 with 21 and 22, or
60 with 62 and 63 it is clear that compounds with –CH3 in 5-posi-
tion are more active. An hydrophobic pocket indeed exists in these
areas, composed of several amino acid residues (Leu100, Glu138,
Val179, Trp229) of the protein. Comparing compounds 22 and
23, or compounds 63 and 64 with –OCH3 in the 3-position, it also
appears that molecules with a –CH3 group in the 3-position are
more active.

There are also two large regions, one above the B ring and the
other one below the ring (in white in Fig. 7b), where hydrophilic
groups would be favorable.

3.5.3. H-bond donor field
The H-bond donor contour maps are presented in Figure 7c.

Three pieces of contours in cyan appear in the map pointing out
three possible H-bond donors. In order to aid visualization, com-
pound 35 and compound 60 were overlaid into the fields. The larg-
est region in the donor field corresponds to one of the amino
hydrogen atoms offered by the sulfide family (represented by com-
pound 60) and the sulfone family. The second large region corre-
sponds to the hydrogen atoms offered by the sulfoxide family
(represented by compound 35).

There is still a smaller region corresponding to the other amino
hydrogen atom, located not far from the largest region. As we men-
tioned in the discussion of docking results, the sulfide family (rep-
resented by compound 19, in Fig. 2a, has two hydrogen bonds
interacting with the receptor. The CoMSIA results are thus consis-
tent with the results from docking.

Figure 7e is the H-bond donor field with the RT protein super-
imposed. The favorable H-bond donor contours are exactly over-
lapping the residues of Lys 101 and Tyr 318, which are H-bond
acceptors in the protein. Figure 2 offers more information about
H-bond interactions between inhibitors and the protein.

3.5.4. H-bond acceptor field
The acceptor field contains information about where hydrogen

bond donating groups should be located on the receptor. The –
OH, –CF3, –CN, –NH2, –OH and >C@O groups can be H-bond donors



Figure 7. 3D CoMSIA contour maps (standard deviation � coefficient). (a) Steric field for compound 60 (green: sterically favorable; yellow: sterically unfavorable); (b)
hydrophobic field for compound 60 (yellow: hydrophobic favorable; white: hydrophobic unfavorable); (c) H-bond donor field for compounds 35 and 60 (cyan: H-bond donor
favorable; purple: H-bond donor unfavorable); (d) H-bond acceptor field for compounds 32, 34, 35, 54, 55, 56 and 60 (magenta: H-bond acceptor favorable; red: H-bond
acceptor unfavorable); (e) H-bond donor field with the RT protein and compounds 35 and 60 (magenta: H-bond acceptor favorable; red: H-bond acceptor unfavorable); (f)
compound 60 and distribution of hydrophobic and hydrophilic residues at the surface of the protein according to the hydrophobic scale of Eisenberg25,26 (green: hydrophobic
part; blue: hydrophilic part; white: intermediate).
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by donating a lone pair. H-bond acceptors contour field can be seen
in Figure 7d. Compounds 32, 34, 35, 54–56 and 60 are overlaid. Sur-
rounding the B ring, two large magenta-colored areas located in
the 2,3-position, are favorable to H-bond acceptors. One small
red-colored area located in the 4-position is not favorable to H-
bond acceptors. This is confirmed by the activities of compound
54 with a 2-CN group, of compound 55 with a 3-CN group and of
compound 56 with a 4-CN group which are 2.268, 2.620 and
1.097, respectively.
Around the A ring, there are a large red area and a small magen-
ta area. For a better visual effect, the protein is overlapping the
acceptor field. The cyano substituents on ring A of molecules from
the sulfide family and the sulfone family are located near the ma-
genta area and the cyano groups substituents on ring A of mole-
cules from the sulfoxide family are located in the red area. From
Table 1, it may be remarked that the mean activity of inhibitors
in the sulfoxide family is lower than the mean activity of the sul-
fide and especially the sulfone family. This might be due to the fact
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that the H bond in the sulfone family is stronger that in the sulfox-
ide family (see Section 3.1).

3.6. Prediction of activity values of compounds without
experimental data

This work allows not only prediction of activities for molecules
with no experimental activity available, but also rationalization of
the predictions on the basis of our COMFA/COMSIA results. We
give a few examples in what follows.

Compounds 9, 13, 18 and 20 have no known experimental
activity values. Compound 13, 9 has a -Cl substituent in the 4-po-
sition of the B ring. According to the CoMFA and CoMSIA steric
field, its activity should be the lowest compared with compounds
7 (2.387) and 13. According to the electrostatic field in CoMFA,
its activity should be the higher than that of compound 15
(1.359) with a more electronegative –CN group in the same posi-
tion. The predicted value 1.530 from CoMFA model is absolutely
consistent with this.

We can infer that compound 13 is not very active (but more
than compound 15 with 4-CN) considering the steric, electrostatic
and H-bond acceptor fields, because it has a –CN in 2-position. This
is consistent with the fact that its predicted activity values are
1.860 from CoMFA and 1.636 from CoMSIA.

For compound 20, the activity is expected to be less than that of
compounds 19 and 21 and more than that of compound 23 from
hydrophobic field. The predicted value of 2.577 from CoMSIA sup-
ports this.

Compound 18 should have an activity close to that of com-
pound 20 from the CoMSIA fields. However, from the steric field,
the activity should in fact be lower than that of compound 20. This
ties in with the predicted values of 2.577 from CoMFA and 2.979
from CoMSIA.

3.7. Comparison with previous work

Roy and Leonard9,10 built several 2D-QSAR models for this ser-
ies of molecules with various parameters. With eight different
molecular connectivity Hall and Kier E-state parameters, and for
the whole data set (64 compounds with anti-HIV activity values),9

the best model yielded q2 = 0.761 and R2 = 0.799. The best of 2D-
QSAR models10 built using different physicochemical parameters
like hydrophobicity, electronic and steric descriptors, for the whole
data set and seven descriptors, gave q2 = 0.758 and R2 = 0.809. Fre-
itas performed a MIA-QSAR11 study on the same compounds and
obtained q2 = 0.712 and R2 = 0.814. The present work offers good
statistical results and relates activity to steric, electrostatic, hydro-
phobic, donor and acceptor fields surrounding the structures. It is
not only a predictive model of anti-HIV activity, but also a direct
tool to help design new inhibitor candidates.

4. Conclusion

A study of 68 2-amino-6-arylsulfonylbenzonitriles and their
thio and sulfinyl congeners was carried out using docking and
3D-QSAR (CoMFA and CoMSIA) techniques. The conformations
were generated from docking. A complex alignment method
(receptor-based and ligand-based) was chosen to align the mole-
cules after a comparison with a single docking alignment. Boot-
strapping analysis showed that a good internal consistency exists
in the data set.

Quite satisfactory cross validated and non-validated correla-
tions were obtained and showed the superiority of the complex
alignment. The models were also validated using a predictive cor-
relation coefficient. The good agreement between observed and
predicted activity values for the test set indicated the reliability
of the QSAR models.

The bioactivity of the inhibitors can be rationalized to some ex-
tent owing to our results. The CoMFA steric and CoMSIA hydropho-
bic fields show that bulkier and hydrophobic groups are favorable
to bioactivity in the 3- and 5-positions of the B benzene ring. On
the contrary, they are unfavourable in the 4-position. The CoMSIA
H-bond donor and acceptor fields suggest that the sulfide and sul-
fone inhibitors are more active than the sulfoxide ones due to H-
bonding with protein residues.

In conclusion, our 3D-QSAR models based on docking, CoMFA
and CoMSIA studies show a satisfactory predictive power in the
three families of molecules and will be useful to evaluate novel po-
tential drugs.
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