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Three-dimensional quantitative structure-activity relationship (3-D QSAR) studies and docking
simulations were developed on indolyl aryl sulfones (IASs), a class of novel HIV-1 non-nucleoside
reverse transcriptase (RT) inhibitors (Silvestri, et al. J. Med. Chem. 2003, 46, 2482-2493)
highly active against wild type and some clinically relevant resistant strains (Y181C, the double
mutant K103N-Y181C, and the K103R-V179D-P225H strain, highly resistant to efavirenz).
Predictive 3-D QSAR models using the combination of GRID and GOLPE programs were
obtained using a receptor-based alignment by means of docking IASs into the non-nucleoside
binding site (NNBS) of RT. The derived 3-D QSAR models showed conventional correlation
(r2) and cross-validated (q2) coefficients values ranging from 0.79 to 0.93 and from 0.59 to 0.84,
respectively. All described models were validated by an external test set compiled from
previously reported pyrryl aryl sulfones (Artico, et al. J. Med. Chem. 1996, 39, 522-530). The
most predictive 3-D QSAR model was then used to predict the activity of novel untested IASs.
The synthesis of six designed derivatives (prediction set) allowed disclosure of new IASs endowed
with high anti-HIV-1 activities.

Introduction

Human immunodeficiency virus (HIV) is the caus-
ative agent of acquired immuno deficiency syndrome
(AIDS)/infection characterized by loss of helper T lym-
phocytes and heavy damage of lymphatic tissues. Global
estimates of WHO/UNAIDS showed 40 million people
infected with HIV/AIDS at the end of 2003, with 5
million newly infected and 3 million deaths. Every day
in 2003 an estimated 14000 people were newly infected
with HIV.1

Anti-AIDS therapy is actually based on three classes
of anti-HIV drugs, the nucleoside reverse transcriptase
inhibitors (NRTIs), the non-nucleoside reverse tran-
scriptase inhibitors (NNRTIs), and the protease inhibi-
tors (PIs). More recently enfuvirtide, a 36-amino acid
residue peptide acting as viral entry inhibitor, has been
licensed for the treatment of HIV infection.2 NRTIs,
NNRTIs, and PIs are mixed in the highly active anti-
retroviral therapy (HAART), which dramatically re-
duces the incidence of AIDS infection and death. HAART
regimens slow the viral replication to very low levels,
but they are unable to eradicate the viral infection.3 The
needed long-term or permanent use of anti-AIDS drugs
induces the selection of drug-resistant viral variants and
the emergence of unwanted metabolic side effects.3

Moreover, similarities in chemical structures and/or
mechanisms of action often lead to the emergence of
cross-resistance among members of the same class.4
Rapid development of drug resistance and toxicity
problems make urgent the discovery of novel anti-HIV
agents effective against resistant mutants and deprived
of unpleasant side effects. Actually, the search for novel
anti-HIV drugs is pursued either by improvement of the
existing the drug classes (NRTIs, NNRTIs, and PIs) or
by discovery of new agents targeting different mecha-
nisms of action (integrase, Rnase-H, and viral entry
inhibitors).5

The NNRTIs are characterized by different unrelated
chemical structures. The marketed drugs nevirapine (1),
delavirdine (2), and efavirenz (3) are significant ex-
amples of such inhibitors (Chart 1). At the molecular
level NNRTIs act by a specific allosteric effect arising
from noncompetitive binding to a hydrophobic pocket,
the non-nucleoside binding site (NNBS), located near
the catalytic site.6,7 Despite their low toxicity, the use
of first-generation NNRTIs in multidrugs anti-AIDS
cocktails led to unsuccessful results, due to the rapid
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emergence of drug resistance.8,9 As a consequence,
second-generation NNRTIs having good activity against
wild-type (wt) reverse transcriptase (RT) and the most
prevalent mutant viral strains are nowadays needed.
Continuous efforts in this field are documented by the
wide number of NNRTIs described in the literature,8-12

some of which are under clinical trials.5

Among them, L-737,126 (4), a benzenesulfonylindol-
carboxamide endowed with potent antiviral activity and
high selectivity, has been developed by Merck A. G.
Despite its highest activity, L-737,126 was not suitable
for clinical trials, because of its low bioavailability rising
from its scarce solubility in water.13 Merck Research
Laboratories attempted to overcome this problem by
replacing the 2-carboxamide function with some het-
erocycles (for example compounds 5a-5c), but the new
compounds increased only marginally the water solubil-
ity of 4.14 Nevertheless, some of them were found to be
active against resistant mutants, with compound 5a
being 11 times more active than 4 against the K103N
mutant (Chart 2). On the basis of these results, the
search for L-737,126 analogues was abandoned by
Merck.

During extensive structure activity relationship (SAR)
studies on diaryl sulfones, we first identified pyrryl
sulfones (PASs, for example compound 6)15-17 as highly
potent NNRTIs and then we extended our research to
novel indolyl aryl sulfones (IASs compounds 30, 31, and
38) related to L-737,126 (Chart 3). In particular, indole
derivatives bearing 2-methylphenylsulfonyl (30) or 3-
methylphenylsulfonyl (31) moieties were found to in-
hibit HIV-1 (EC50s) at nanomolar concentrations. Fur-
thermore, the introduction of a 3,5-dimethylphenylsul-
fonyl moiety led to compound 38, displaying high
activity and selectivity not only against the wt strain
but also against the Y181C and K103N-Y181C viral
variants and the efavirenz resistant (EFVR) mutant
K103R-V179D-P225H.18

Pursuing this research line, we have undertaken
docking and 3-D QSAR studies on a training set
(compounds 7-75) of previously reported IASs.18 To that
end, Merck’s findings14 suggested that little chemical
modification of the 2-carboxyamido moiety could lead
to new IAS derivatives with improved antiviral activity
against both wild type and mutant strains of HIV-1. In
this paper we report the development of 3-D QSAR
models by means of the programs Autodock, GRID, and
GOLPE. The most predictive 3-D QSAR model was then
used to design novel IAS derivatives containing a
2-hydroxyethylaminocarbonyl or a 2-hydroxyethylhy-
drazinocarbonyl moiety at position 2 of the indole ring
(Chart 4). 2-Hydroxyethyl and 2-hydroxyethylamino
moieties were chosen with the idea that introduction of
chain elongators containing H-bond acceptors to the
nitrogen of carboxamide group of indoles 4 and 38 would
be beneficial for increasing the interaction between the
new designed inhibitors and RT.

Docking and 3-D QSAR Studies
Docking Studies and Binding Mode Analysis of

Lead Compound 4. The binding mode of IAS deriva-
tives was investigated by means of docking studies into
the HIV-1 NNBS using compound 4 as a representative
member. To take into account the experimental NNBS

Chart 2

Chart 3

Chart 4
Figure 1. Graphical result of the dockings of reference
compound 4 into 14 NNBSs. Conformations docked in the
different NNBS are color coded; in the legend are reported the
PDB entry codes of the used RTs. A sketch of the NNBS
subpockets is also reported.
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Table 1. Structures and Anti-HIV-1 Activities of Compounds 4 and 7-75,18 the Training Set Used for the 3-D QSARs

compd structure X Y Z R wtIIIB EC50 (µM)

4 A SO2 NH2 Cl H 0.001
7 A S OEt H H 1.4
8 A S OEt H 2-NH2 >200
9 A S OEt H 2-NH2-5-Cl g200

10 A S OEt Cl 2-NH2 2.3
11 A S OEt Cl 2-NH2-5-Cl 2.5
12 A SO2 OEt H H 3.7
13 A SO2 OEt Cl 2-NH2 >200
14 A SO2 OEt H 2-NH2-5-Cl 2.5
15 A SO2 OEt Cl 2-NH2-5-Cl 1.9
16 A S NH2 H H 1.4
17 A S NH2 H 2-NH2-5-Cl 9
18 A S NH2 Cl H 0.02
19 A S NH2 Cl 2-Me 0.3
20 A S NH2 Cl 4-Me >0.45
21 A S NH2 Cl 4-F 1.4
22 A S NH2 Cl 4-Cl 3.1
23 A S NH2 Cl 4-iso-Pr 1.9
24 A S NH2 Cl 4-tert-Bu 8
25 A S NH2 Cl 3,5-Me2 0.006
26 A S NH2 Cl 2,6-Cl2 1.2
27 A S NH2 Cl 2-NH2-5-Cl 1.6
28 A SO2 NH2 H H 0.18
29 A SO2 NH2 H 2-NH2-5-Cl 0.3
30 A SO2 NH2 Cl 2-Me 0.001
31 A SO2 NH2 Cl 3-Me 0.001
32 A SO2 NH2 Cl 4-Me 0.003
33 A SO2 NH2 Cl 4-F 0.014
34 A SO2 NH2 Cl 4-Cl 0.011
35 A SO2 NH2 Cl 4-iso-Pr 0.08
36 A SO2 NH2 Cl 4-tert-Bu 0.13
37 A SO2 NH2 Cl 2,4-Me2 0.004
38 A SO2 NH2 Cl 3,5-Me2 0.004
39 A SO2 NH2 Cl 2,6-Cl2 0.1
40 A SO2 NH2 Cl 2-NH2-5-Cl 0.04
41 A SO2 NH2 Br 3,5-Me2 0.002
42 A SO2 NH2 COMe 3,5-Me2 0.015
43 A SO2 NH2 CH(OH)Me 3,5-Me2 0.025
44 A S NHNH2 Cl H 0.55
45 A S NHNH2 Cl 4-Me 1.5
46 A S NHNH2 Cl 4-F 5
47 A S NHNH2 Cl 4-Cl 10
48 A S NHNH2 Cl 2-NH2-5-Cl >13
49 A SO2 NHNH2 H H 0.53
50 A SO2 NHNH2 Cl H 0.01
51 A SO2 NHNH2 Cl 4-Me 0.05
52 A SO2 NHNH2 Cl 4-F 0.32
53 A SO2 NHNH2 Cl 4-Cl 0.19
54 A SO2 NHNH2 Cl 3,5-Me2 0.13
55 A SO2 NHNH2 Cl 2-NH2-5-Cl 0.3
56 B SO2 H H H >150
57 B SO2 COOEt H 4-Cl >100
58 B SO2 COOEt H 2-NO2 1.8
59 B SO2 COOEt H 2-NO2-5-Cl >100
60 B SO2 COOEt H 2-NH2-5-Cl 1.8
61 B SO2 H 3-COOEt H >32
62 B SO2 H 3-COO-i-Pr H >54
63 B SO2 H 5-Cl H >75
64 B SO2 COOEt 5-Cl H >200
65 B SO2 COOEt 5-Cl 4-Me >200
66 B SO2 COOEt 5-Cl 4-Cl >200
67 B SO2 COOEt 5-Cl 2-NO2-5-Cl >31
68 B SO2 COOEt 5-Cl 2-NH2-5-Cl 8.3
69 B SO2 H 5-Cl-3-COOEt H >42
70 B SO2 H 5-Cl-3-COO-i-Pr H >200
71 B SO2 CONH2 H H 15
72 B SO2 CONHNH2 H H >200
73 B SO2 CONH2 5-Cl H 66.6
74 B SO2 H 3-CONH2 H >32
75 B SO2 H 5-Cl-3-CONH2 H g200

a Compound concentration (µM) required to achieve 50% protection of infected MT-4 cells from wtIIIB-HIV-1-induced cytopathogenicity
(MTT method). Data represent mean values for three separate experiments. Variation among triplicate samples was less than 15%.
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flexibility, the structural data of 14 RTs (pdb codes
1dtq,19 1dtt,19 1eet,20 1fk9,21 1hni,22 1hnv,23 1jlq,24 1rt1,25

1rt2,25 1rt3,26 1rt4,27 1rt5,28 1rt7,28 1vrt,29 and 1vru19,23)
were used to explore the binding mode of 4. The
program Autodock30 was used for the docking of 4 into
the 14 RTs. In all cases the docked conformations (either
the first ranked or the most populated cluster repre-
senting conformations) were in good agreement with
each other, identifying a unique binding mode of 4 for
all the used RTs (Figure 1). The only chemical feature
displaying some uncertainty was the carboxamide func-
tion in position 2 of the indole ring, which in some cases
showed the amide carbonyl in the cis position with the
indole NH, while in other cases the carboxamide moiety
was rotated 180°. Apart from the carboxamide group,
the other chemical features of 4 shared a common
binding mode, namely, (i) the indole NH makes a
hydrogen bond with the Lys101 carbonyl; (ii) the phenyl
ring of the benzenesulfonyl moiety occupies a hydro-
phobic aromatic-rich pocket formed mainly by the side
chains of Tyr181, Tyr188, Phe227, and Trp229; (iii) the
sulfonyl group fits in a little hydrophobic pocket made
by the side chains of Val106, Lys103 (only R and â CH2),
and Val179; and (iv) the 5-chlorine atom of indole makes
favorable contacts with Pro236 (left side of Figure 1).
To validate the docking procedure, parallel docking and
cross-docking studies were conducted on all the com-
plexes of the ligands cocrystallized within the NNBS of
the 14 RTs. Autodock was able to reproduce with a
minimal error the experimental binding mode of all the
ligands.31

GRID/GOLPE 3-D QSAR of IASs. Training Set.
A training set of 70 IASs derivatives18 was used to
develop the 3-D QSAR (Table 1). The structures of the
training set were modeled starting from the closely
structurally related diaryl sulfone 739W9424 extracted
from the corresponding complex with the HIV-1 RT (pdb
code 1jlq) (Figure 2).

Alignment Rules. Receptor-based alignment rules32,33

were obtained by means of docking experiments on the
training set into the NNBS extracted from the 739W94/
RT complex. In several cases, different binding modes
were found among the conformations suggested by the
Autodock program.34 Since the molecular alignment of
the training set is a crucial step in a 3-D QSAR, two

different alignment rules were used: the lowest energy
docked conformations of the most populated clusters
(named “best cluster alignment”, Figure 3) and the first
ranked docked conformations as obtained from the
Autodock run (named “best docked alignment”).

Calculation of Molecular Interaction Fields
(MIFs). The MIFs for the 3-D QSAR studies were
calculated by means of the GRID35,36 program. The
NNBS is characterized at least by two important spatial
regions: (i) the hydrophobic aromatic-rich binding
pocket formed mainly by residues Tyr181, Tyr188,
Phe227, and Trp229 and (ii) the hydrogen-bonding site
where most of the known RT inhibitors make at least
one hydrogen bond with either the amide or carbonyl
group of Lys101. To include these two binding site
features into the 3-D QSAR studies, the aromatic carbon
probe (grid format C1d) and the water probe (grid
format OH2) were used to calculate the MIFs.

Definition of the 3-D QSAR Models. The program
GOLPE36,37 was used to define six 3-D QSAR models
from two alignments and three combinations of MIFs
(aromatic, water, and aromatic + water) (Table 2). The
MIFs of the training set were imported in GOLPE along
with the inverse of the logarithm of the experimental
anti-HIV-1 activities (pEC50s). It could be argued that
cell-based activities would not be suitable for such a 3-D
QSAR study, enzyme-based assays (IC50s) being a more
appropriate choice. Nevertheless, it has been proved
that there is a good correlation between enzyme-based
(IC50) and cell-based (EC50) assays,38 and therefore, data
derived from cell-based activities were expected not to
affect the 3-D QSAR. Moreover, we aimed to obtain a
3-D QSAR model able to discriminate active versus
inactive derivatives, the latter being a source of impor-
tant structural information. Inactive compounds were

Figure 2. Structure of 739W94 (left). Superimposition of the
experimental conformation found in the 739W94/RT complex
with the docked conformation of 4 (right).

Figure 3. Training set molecules as in the best cluster
alignment.

Table 2. Statistical Results of the 3D QSAR Models

model alignment grid probes varsa PCb r2 q2 SDEPCV

1 best cluster C1d 665 3 0.88 0.72 0.88
2 best docked C1d 683 3 0.93 0.84 0.69
3 best cluster OH2 752 2 0.85 0.68 0.95
4 best docked OH2 669 3 0.92 0.81 0.74
5 best cluster C1d and OH2 1140 2 0.79 0.59 1.07
6 best docked C1d and OH2 709 3 0.91 0.79 0.76

a Number of selected variables. b Number of principal compo-
nents which showed the maximum q2 value.
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thus included in the training set, to which was arbi-
trarily assigned an EC50 value equal to 50% of the least
active compound39,40 (Table 1).

After data pretreatment (see Experimental Section),
consecutive fractional factorial design (FFD) selections
were conducted to refine the initial models. The FFD
selections were continued until no further statistical
improvements were observed. To measure the goodness
of the model, the statistical indices r2, q2, and SDEP
were employed. The six final 3-D QSAR models were
characterized by correlation coefficient (r2), predictive
correlation coefficient (q2), and cross-validated standard
deviation of errors of prediction (SDEPCV, Chart 5)
values falling in the ranges 0.79-0.93, 0.59-0.84, and
0.69-1.07, respectively (Table 2). For both the FFD
selections and the cross-validations, the group method
was used, setting to five the number of groups to be
used.

As the six 3-D QSAR models were endowed of similar
statistical profiles, an external test set (compounds 76-
83) taken from a previously reported series of indolyl-
aryl sulfones16 was used to measure their predic-
tive ability (Table 3). On the basis of the standard
deviation error of prediction value on the test set
(SDEPTest-Set), the external validation proved the best
cluster alignment/OH2 GRID probe combination (model
3, SDEPTest-Set ) 0.88, Figure 4) as the most predictive.
It was therefore selected for description of the 3-D QSAR
maps and it was chosen as a tool for design and
prediction of pEC50s of new IAS derivatives. Apart from
the optimal combination between the alignment and the
probe choice, the higher predictive ability of model 3 can
also be attributed to the fact that the model is defined
with two principal components (PC) only. In fact, it

seems that the extraction of a further PC (models 1, 2,
4, and 5) enhances the self-consistency (cross-validation)
of the model, but less predictive 3-D QSAR are obtained
(Table 2).

Interpretation of Model 3. One important feature
of 3-D QSARs is the graphical representation of the
model, which makes its interpretation easier. In the
GOLPE software, several options are available to dis-
play the final model. Among these, the PLS pseudo-
coefficients and the activity contribution plots are very
useful. The PLS pseudo-coefficients plot allows the
visualization of the selected grid points at determined
molecules/probe interaction energy level, indicating
graphical information of the whole training set. How-
ever, in this plot the signs of the coefficients can induce
errors, as coefficients have opposite meaning depending
on the fact that the compound produces positive or
negative field values in a specific area. On the other
hand, the activity contribution plot gives the possibility
to display spatial regions that are individually impor-
tant for the selected molecule. The activity contribution
plot, different for every molecule within the training set,
results from multiplying the values of the coefficients
by the actual values of the field for that molecule. In
Figure 5 is reported the superimposition of the PLS
coefficients plot with the activity contribution plots of
the highly active compound 38 (EC50 ) 0.001 µM) and
the poorly active 27 (EC50 ) 1.2 µM). Negative PLS
coefficients, individualized in the red polyhedrons,
indicate an increase or decrease of activity when favor-
able or unfavorable interaction occurs, respectively. On
the contrary, blue polyhedrons (positive PLS coef-
ficients) show areas with decreased or increased activity
as a consequence of favorable or unfavorable interaction.
Comparing the top view (highly active compound 38)
and the bottom view (low active compound 27) of Figure
5, it can be seen that the two molecules show some
differences in activity because of their dissimilar spatial
arrangements of the substituted phenyl groups. The 3,5-
dimethylphenyl moiety of 38 makes favorable interac-
tions with either red (parallel to the benzene ring π
cloud) or blue (positive interactions with methyl group)
polyhedrons, while the 2-amino-5-chlorophenyl moiety
of 27 lacks any favorable interaction. Another crucial
difference is shown by the sulfone/sulfur bridge con-
necting indole with benzene. The sulfone group of 38
makes favorable interactions (blue polyhedrons), which
are fully absent in the sulfur-bridged derivative 27.
Regarding the activity contribution plots, Figure 5 also
shows for compound 38 a wider area of favorable
interactions (yellow polyhedrons, top view) than for 27
(bottom view).

As a rule, the 3-D QSAR maps cannot be employed
to extract information about ligand/receptor interac-
tions, as the model has been created just with the
training set structures. This implies any receptor model

Chart 5. a

a Yi ) experimental value; Yfit ) recalculated value; Yh ) mean value; Ycv ) predicted value, and N ) number of experiments.

Table 3. Test Set Predictions and SDEP Values Obtained with
Models 1-6

pEC50

predictedb

compd R expa M1 M2 M3 M4 M5 M6

76 2-NO2 5.30 5.37 5.87 4.42 4.59 4.77 4.08
77 2-NH2 4.96 5.96 5.89 5.33 5.58 5.76 5.39
78 2-NO2-5-Cl 5.40 5.11 3.26 4.42 3.68 4.33 4.32
79 2-NH2-5-Cl 6.00 6.43 2.70 5.28 4.52 5.74 3.82
80 2-NO2-4-Cl 4.80 3.43 5.58 4.19 5.18 3.71 4.61
81 2-NH2-4-Cl 4.13 3.79 5.56 3.81 5.35 3.54 5.28
82 2-Cl-5-NO2 5.22 5.19 5.35 4.68 5.50 5.12 4.53
83 2-Cl-5-NH2 3.82 6.31 6.23 5.56 6.39 5.96 5.55
SDEPTest-Set 1.09 1.31 0.88 1.29 1.08 1.25

a Experimental pEC50 (pEC50 ) -log EC50 (M)). b Predicted
pEC50: M1 ) model 1, M2 ) model 2, M3 ) model 3, M4 ) model
4, M5 ) model 5, M6 ) model 6.
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being extremely affected by lack in design, correlation
in structural features, and alignments. Since the align-
ment of the IASs training set was based on docking
studies, it would be useful to check for matching
between the receptor pocket (NNBS) and the 3-D QSAR
maps. In Figure 5 a 4 Å core of NNBS residues is
overlapped with the 3-D PLS coefficients maps, and the
close match between the NNBS residues and the PLS
polyhedrons is evident. The biggest and thus most
important polyhedrons are close to crucial residues of
the NNBS: big red polyhedrons are situated near
Lys101, Lys103, Val179, Tyr188, and Pro235 residues,
likely identifying those NNBS regions more involved in
electrostatic interactions with the bound ligand, while
blue polyhedrons can be observed in the vicinity of
Leu100, Val179, Tyr188, and Phe227, to which hydro-

phobic and steric ligand/receptor interactions could be
mainly assessed.

Design of New IASs Derivatives, 3-D QSAR
Predictions, and Binding Mode. On the basis of the
structure-activity relationships of the training set, 24
new IAS derivatives bearing 2-hydroxyethylaminocar-
bonyl and 2-hydroxyethylhydrazinocarbonyl moieties at
position 2 of the indole nucleus were modeled and
receptor-based aligned. Application of the 3-D QSAR
model 3 allowed the pEC50 prediction of the modeled
derivatives (Table 4). Three compounds for each series
(hydroxyethylamide and hydroxyethylhydrazide), for a
total of six, were synthesized and tested for their anti-
HIV-1 activity. Among predicted derivatives, the top
predicted four (94 and 95 for structure A and 104 and
107 for structure B) and the bottom predicted two (84

Figure 4. Fitting (left side) and cross-validation (right side) plots of the model 3 with two principal components.

Figure 5. Stereoview of the PLS coefficients of the GRID plots. Polyhedrons in red are negative coefficients (data level ) -0.008),
polyhedrons in blue are positive coefficients (data level ) +0.008). For interpretation are also reported activity contribution plots
for derivatives 38 (Figure 5A, carbon atoms colored in white) and 27 (Figure 5B, carbon atoms colored in magenta). Positive
contribution (data level ) +0.035) to the activity is color coded as a yellow polyhedron. Negative contribution (data level ) -0.035)
to the activity is color coded as a cyan polyhedron. A 4 Å core of NNBS is also displayed for 3-D QSAR map/receptor matching.
Hydrogen atoms are omitted for sake of clarity.
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for structure A and 100 for structure B) were chosen
for the synthesis (Table 4, prediction set).

Chemistry. Amides 84, 94, and 95 were obtained by
reacting the corresponding esters with ethanolamine at
room temperature overnight. Similarly, hydrazides 100,
104, and 107 were prepared by reacting the esters with
ethanolhydrazine under the same reaction conditions
(Scheme 1). The required esters were prepared as
previously reported.18

Results and Discussion

Once the molecules chosen from the prediction set
were synthesized and tested against HIV-1 in cell-based
assay, the experimental pEC50 values proved the 3-D
QSAR model 3 to be predictive. Moreover, application
of the other five 3-D QSAR models to the prediction set
confirmed model 3 as the most predictive one. In fact,
the standard deviation error of the prediction set
(SDEPPred-Set) value, achieved from the application of
model 3, was lower than those obtained from the other
models (Table 5).

Inspection of the docked conformations of derivatives
84, 94, 95, 100, 104, and 107 disclosed a different
binding mode compared to that of the reference com-
pound 4. All six derivatives seem to arrange the indole
ring in a different orientation (Figure 6), rotated by
about 180°, while the benzene ring maintained almost
overlapped with that of 4. In this new orientation the
indole ring still maintains the important hydrogen bond
to Lys101 (not shown) as observed for 4, allowing the

hydroxyethylamide/hydroxyethylhydrazide moieties to
fit into the NNBS entrance channel formed by both the
main chain and the side chain of Val106, Pro225,
Phe227, Leu234, His235, Pro236, and Tyr318. Further-
more, the highly active compounds 95 and 107 seem to
make a hydrogen bond between the terminal OH of the

Table 4. pEC50 Predictions of 2-Hydroxyethylamide and
2-Hydroxyethylhydrazide Derivatives of IASsa

compd structure X R
predicted

pEC50

84 A S H 5.93
85 A S 2-Me 5.96
86 A S 3-Me 6.00
87 A S 4-Me 6.54
88 A S 2,3-Me2 5.97
89 A S 3,5-Me2 6.41
90 A SO2 H 6.76
91 A SO2 2-Me 6.32
92 A SO2 3-Me 7.05
93 A SO2 4-Me 7.11
94 A SO2 2,4-Me2 7.13
95 A SO2 3,5-Me2 7.53
96 B S H 6.49
97 B S 2-Me 6.70
98 B S 3-Me 6.12
99 B S 4-Me 6.55

100 B S 2,4-Me2 6.16
101 B S 3,5-Me2 6.62
102 B SO2 H 7.06
103 B SO2 2-Me 7.10
104 B SO2 3-Me 7.36
105 B SO2 4-Me 6.98
106 B SO2 2,4-Me2 6.65
107 B SO2 3,5-Me2 7.79

a The four highest and the two least active predicted compounds
are highlighted in bold.

Scheme 1

Table 5. Predicted pEC50 and SDEPPred-Set Values Obtained
with Models 1-6 after the Prediction Set

pEC50

predictedb

compd expa M1 M2 M3 M4 M5 M6

84 6.89 5.16 5.78 5.93 5.86 6.09 5.25
94 8.00 6.85 6.17 7.13 5.69 7.08 5.81
95 9.00 6.54 4.10 7.53 4.36 6.51 4.09
100 5.64 7.38 4.37 6.16 4.87 7.25 4.36
104 8.00 5.54 6.97 7.36 5.92 5.91 6.27
107 9.00 6.59 6.37 7.79 7.00 6.69 6.41
SDEPPred-Set 1.55 2.90 1.00 2.82 1.38 2.96

a Experimental pEC50 (pEC50 ) -log EC50 (M)). b Predicted
pEC50: M1 ) model 1, M2 ) model 2, M3 ) model 3, M4 ) model
4, M5 ) model 5, M6 ) model 6.

Figure 6. Superimposition of reference compound 5 and
derivative 102 (colored in green). A 5 Å core of the NNBS is
also included for comparison purposes. Nonpolar hydrogens
are not displayed for sake of clarity.
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ethanolamide/ethanolhydrazide groups and the carbonyl
of Leu234 (distance OH95/107···OdCLeu234 ) 1.9 Å). As a
matter of fact, this change in the binding mode makes
the 3-D QSAR model, while reproducing the exact
activity trend, slightly underpredictive for five out of
six derivatives (compare experimental and predicted
activities for 84, 94, 100, 104, and 107 in Table 4). The
problem of this underpredictivity would certainly be
resolved by using a wider training set (i.e., including
the newly synthesized IAS derivatives).

The above different binding mode of the new IASs
suggested that a different activity profile against mu-
tated forms of RT could occur. Thus, the most active
derivatives 95 and 107 were also tested against HIV-1
mutant strains (Table 6) to see if the introduction
of hydroxyethylamide/hydroxyethylhydrazide moieties
would strengthen the antiretroviral activity of the novel
IASs in comparison with 4 against resistant mutants.
Indeed, derivative 95 showed against either wild type
or mutant strains activities superior to those of 4, while
compound 107 was found less active than 4, especially
against the double mutant K103N-Y101C.

Conclusions
The need for novel NNRTIs with improved activity

against resistant mutants was a stimulus for the design
of novel indolyl aryl sulfones (IASs) related to Merck
derivative L-737,126 (4). A receptor-based 3-D QSAR
model with good predictive power was developed by
means of the programs Autodock, GRID, and GOLPE,
using a training set of 70 IAS derivatives recently
described by us. The introduction of chain elongators
containing H-bond acceptors to the nitrogen of 2-car-
boxamide function of IASs was expected to be beneficial
for enhancing the interaction between the inhibitors and
the RT at the NNBS. 2-Hydroxyethyl and 2-hydroxy-
ethylamino moieties were chosen as activating elonga-
tors in order to examine our assumption and find more
potent new IAS derivatives. Among six developed
models the most predictive model 3 was used with
success to prove its prediction power on a set of 24 new
IAS derivatives bearing 2-hydroxyethylaminocarbonyl
and 2-hydroxyethylhydrazinocarbonyl moieties. To con-
firm the goodness of the receptor-based 3-D QSAR
model, six derivatives were selected and synthesized for
acquiring experimental antiretroviral data to be com-

pared with data predicted from model 3. On the basis
of the obtained results, the model proved to be of value
in designing new IAS derivatives endowed with high
activities and demonstrated the ability to discriminate
between high and low activity compounds before their
effective synthesis. Newly synthesized indole N-(2-
hydroxyethyl)carboxamide 95 and N-(2-hydroxyethyl)-
carbohydrazide 107, as predicted by model 3, turned out
highly active in cell-based assay against both HIV-1 RT
and some resistant mutants of clinical interest.

Experimental Section

Chemistry. Melting points (mp) were determined on a
Büchi 510 apparatus and are uncorrected. Infrared spectra (IR)
were run on Perkin-Elmer 1310 and SpectrumOne spectro-
photometers. Band position and absorption ranges are given
in cm-1. Proton nuclear magnetic resonance (1H NMR) spectra
were recorded on Bruker AM-200 (200 MHz) and Bruker
Avance 400 MHz FT spectrometers in the indicated solvent.
Chemical shifts are expressed in δ units (ppm) from tetra-
methylsilane. Column chromatographies were packed with
alumina (Merck, 70-230 mesh) and silica gel (Merck, 70-230
mesh). Aluminum oxide TLC cards (Fluka, aluminum oxide
precoated aluminum cards with fluorescent indicator at 254
nm) and silica gel TLC cards (Fluka, silica gel precoated
aluminum cards with fluorescent indicator at 254 nm) were
used for thin-layer chromatography (TLC). Developed plates
were visualized by a Spectroline ENF 260C/F UV apparatus.
Organic solutions were dried over anhydrous sodium sulfate.
Concentration and evaporation of the solvent after reaction
or extraction was carried out on a rotary evaporator (Büchi
Rotavapor) operating at reduced pressure. Elemental analyses
were found within (0.4% of the theoretical values.

N-(2-Hydroxyethyl)-3-(phenylthio)-5-chloro-1H-indole-
2-carboxamide (84). A mixture of methyl 3-(phenylthio)-5-
chloro-1H-indole-2-carboxylate18 (0.48 g, 1.5 mmol), eth-
anolamine (7 mL), and ethanol (7 mL) was stirred at room
temperature overnight. After dilution with water, the mixture
was stirred for an additional 15 min and the outstanding solid
was filtered, washed, and dried to afford pure 84 (0.43 g, 82%).
Mp: 170-172 °C (from ethanol). 1H NMR (DMSO-d6): δ 3.40-
3.53 (m, 4H), 4.77 (m, 1H, disappeared on treatment with D2O),
7.08-7.36 (m, 6H), 7.45 (d, J ) 1.9 Hz, 1H), 7.55 (d, J ) 8.7
Hz, 1H), 8.43 (t, J ) 4.9 Hz, 1H, disappeared on treatment
with D2O), 12.43 ppm (br s, 1H, disappeared on treatment with
D2O). IR (Nujol): ν 1630, 3210 and 3300 cm-1 Anal. Calcd
(C17H15ClN2O2S (346.83)) C, H, N, Cl, S.

N-(2-Hydroxyethyl)-3-[(2,4-dimethylphenyl)sulfonyl]-
5-chloro-1H-indole-2-carboxamide (94) was prepared as 84
using methyl 3-[(2,4-dimethylphenyl)sulfonyl]-5-chloro-1H-
indole-2-carboxylate.18 Yield: 94%. Mp: 176-178 °C (from
ethanol). 1H NMR (DMSO-d6): δ 2.29 (s, 3H), 2.31 (s, 3H), 3.34
(m, 2H), 3.55 (m, 2H), 4.83 (br s, 1H, disappeared on treatment
with D2O), 7.14 (s, 1H), 7.27 (d, J ) 8.1 Hz, 1H), 7.35 (dd, J )
2.0 and 8.9 Hz), 7.58 (d, J ) 8.9 Hz, 1H), 7.86 (d, J ) 1.8 Hz,
1H), 8.02 (d, J ) 8.1 Hz, 1H), 8.88 (t, J ) 5.2 Hz, 1H,
disappeared on treatment with D2O), 13.03 ppm (br s, 1H,
disappeared on treatment with D2O). IR (Nujol): ν 1630, 3190,
3290, 3550 cm-1. Anal. Calcd (C19H19ClN2O4S (406.88)) C, H,
Cl, N, S.

N-(2-Hydroxyethyl)-3-[(3,5-dimethylphenyl)sulfonyl]-
5-chloro-1H-indole-2-carboxamide (95) was prepared as 84
using methyl 3-[(3,5-dimethylphenyl)sulfonyl]-5-chloro-1H-
indole-2-carboxylate.18 Yield: 92%. Mp: 272-274 °C (from
ethanol/water). 1H NMR (DMSO-d6): δ 2.31 (s, 6H), 3.44 (m,
2H), 3.60 (t, J ) 4.7 Hz, 2H), 4.81 (m, 1H, disappeared on
treatment with D2O), 7.27 (s, 1H), 7.34 (dd, J ) 2.0 and 8.7
Hz, 1H), 7.54 (d, J ) 8.7 Hz, 1H), 7.66 (s, 2H), 8.00 (d, J ) 2.0
Hz, 1H), 9.05 (m, 1H, disappeared on treatment with D2O),
12.96 ppm (br s, 1H, disappeared on treatment with D2O). IR
(Nujol): ν 1640, 3150, 3400-3510 cm-1. Anal. Calcd (C19H19-
ClN2O4S (406.88)) C, H, Cl, N, S.

Table 6. Anti-HIV-1 Activity of Compounds 4, 95, and 107
against HIV-1 wt Strain and Some Clinically Relevant
Resistant Mutantsa

compd
wtIIIB
EC50

b
wtIIIB
EC90

c
Y181C
EC50

b

K103N-
Y181C
EC50

b
EFVR
EC90

d

95 0.001 0.005 0.01 0.5 0.1
107 0.001 0.006 0.03 10 0.2
4 0.001 0.0007 0.02 8 0.9
NVPe (1) 0.37 0.12 >30 >30 >30
EFVf (3) 0.004 0.008 0.025 0.15 1.8

a Data represent mean values for three separate experiments.
b Compound concentration (µM) required to achieve 50% protection
of MT-4 cells from the indicated strain HIV-1 induced cytopatho-
genicity as determined by the MTT method. c Compound concen-
tration (µM) required to reduce the amount of p24 by 90% in wtIIIB-
infected C8166 cells. d Compound concentration (µM) required to
reduce the amount of p24 by 90% in C8166 cells infected with an
efavirenz-resistant strain EFVR carrying mutations K103R, V179D,
and P225H. e NVP, nevirapine. f EFV, efavirenz.
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N′-(2-Hydroxyethyl)-3-[(2,4-dimethylphenyl)thio]-5-
chloro-1H-indole-2-carbohydrazide (100) was prepared as
84 using ethanolhydrazine. Yield: 88%. Mp: 170-172 °C (from
toluene/ligroin). 1H NMR (DMSO-d6): δ 2.17 (s, 3H), 2.41 (s,
3H), 2.82 (m, 2H), 3.43 (m, 2H), 4.54 (t, J ) 5.2 Hz, 1H,
disappeared on treatment with D2O), 5.41 (br s, 1H, disap-
peared on treatment with D2O), 6.44 (d, J ) 8.0 Hz, 1H), 6.78
(d, J ) 8.0 Hz, 1H), 7.04 (s, 1H), 7.21-7.34 (m, 2H), 7.54 (d, J
) 8.6 Hz, 1H), 9.60 (br s, 1H, disappeared on treatment with
D2O), 12.43 ppm (br s, 1H, disappeared on treatment with
D2O). IR (Nujol): ν 1620, 3280 cm-1. Anal. Calcd (C19H20-
ClN3O2S (389.90)) C, H, Cl, N, S.

N′-(2-Hydroxyethyl)-3-[(3-methylphenyl)sulfonyl]-5-
chloro-1H-indole-2-carbohydrazide (104) was prepared as
84 using methyl 3-[(3-methylphenyl)sulfonyl]-5-chloro-1H-
indole-2-carboxylate18 and ethanolhydrazine. Yield: 100%.
Mp: 210-215 °C (from ethanol). 1H NMR (DMSO-d6): δ 2.36
(s, 3H), 2.95 (m, 2H), 3.58 (m, 2H), 4.58 (br s, 1H, disappeared
on treatment with D2O), 5.46 (br s, 1H, disappeared on
treatment with D2O), 7.33 (dd, J ) 1.7 and 8.3 Hz, 1H), 7.43-
7.57 (m, 3H), 7.87-7.95 (m, 3H), 10.30 (br s, 1H, disappeared
on treatment with D2O), 13.02 ppm (very br s, 1H, disappeared
on treatment with D2O). IR (Nujol): ν 1620, 3250 cm-1. Anal.
Calcd (C18H18ClN3O4S (407.87)) C, H, Cl, N, S.

N′-(2-Hydroxyethyl)-3-[(3,5-dimethylphenyl)sulfonyl]-
5-chloro-1H-indole-2-carbohydrazide (107) was prepared
as 84 using methyl 3-[(3,5-dimethylphenyl)sulfonyl]-5-chloro-
1H-indole-2-carboxylate18 and ethanolhydrazine. Yield: 90%.
Mp: 228-230 °C (from ethanol). 1H NMR (CDCl3): δ 1.75 (m,
2H), 2.32 (s, 6H), 2.69 (m, 2H), 4.62 and 4.64 (2 s, 2H), 7.16
(s, 1H), 7.31 (dd, J ) 2.1 and 8.7 Hz, 1H), 7.45-7.57 (m, 3H),
8.18 (d, J ) 2.1 Hz, 1H), 10.02 (br s, 1H, disappeared on
treatment with D2O), 11.2 ppm (very br s, 1H, disappeared
on treatment with D2O). IR (Nujol): ν 1635, 1770, 3200 cm-1.
Anal. (C19H20ClN3O4S (421.89)) C, H, N, Cl, S.

Antiviral Assay Procedures.38 Compounds. Compounds
were solubilized in DMSO at 200 mM and then diluted in
culture medium.

Cells and Viruses. MT-4, C8166, and H9/IIIB cells were
grown at 37 °C in a 5% CO2 atmosphere in RPMI 1640
medium, supplemented with 10% fetal calf serum (FCS), 100
IU/mL penicillin G, and 100 µg/mL streptomycin. Cell cultures
were checked periodically for the absence of mycoplasma
contamination with a MycoTect Kit (Gibco). Human immuno-
deficiency viruses type-1 (HIV-1, IIIB strain) was obtained
from supernatants of persistently infected H9/IIIB cells. The
HIV-1 stock solutions had titers of 4.5 × 106 50% cell culture
infectious dose (CCID50)/mL. The K103R mutant (which also
contains the mutations V179D and P225H) was derived from
an IIIB strain passaged in C8166 cells in the presence of
efavirenz (up to 2 µM). The Y181C mutant (NIH N119) derives
from an AZT-sensitive clinical isolate passaged initially in
CEM and then in MT-4 cells, in the presence of nevirapine
(10 µM). The K103N-Y181C (NIH A17) derives from the IIIB
strain passaged in H9 cells in the presence of BI-RG 587 (1
µM). K103R, Y181C, and K103N-Y181C stock solutions had
titers of 3.0 × 105, 1.3 × 106, and 2.5 × 105 CCID50/mL,
respectively.

HIV Titration. Titration of HIV was performed in C8166
cells by the standard limiting dilution method (dilution 1:2,
four replica wells per dilution) in 96-well plates. The infectious
virus titer was determined by light microscope scoring of
syncytia after 4 days of incubation. Virus titers were expressed
as CCID50/mL.

Anti-HIV Assays. The activity of test compounds against
multiplication of wt HIV-1, Y181C, and K103N-Y181C in
acutely infected cells was based on inhibition of virus-induced
cytopathicity in MT-4 cells. The activity of the compounds
against the K103R multiplication in acutely infected cells was
based on inhibition of p24 antigen in C8166 cells. Briefly, 50
µL of culture medium containing 1 × 104 cells was added to
each well of flat-bottom microtiter trays containing 50 µL of
culture medium with or without various concentrations of test
compounds. Then 20 µL of HIV suspensions (containing the

appropriate amount of CCID50 to cause complete cytopathicity
at day 4) was added. After incubation at 37°C, cell viability
was determined by the 3-(4,5-dimethylthiazol-1-yl)-2,5-di-
phenyltetrazolium bromide (MTT) method.39 Alternatively, p24
levels were determined by an immunoenzymatic kit (Abbott).
The cytotoxicity of test compounds was evaluated in parallel
with their antiviral activity and was based on the viability of
mock-infected cells, as monitored by the MTT method.

Molecular Modeling. Docking Studies and Molecular
Alignment. All molecular modeling calculations and manipu-
lations were performed using the software packages Macro-
model 7.1,42 Autodock 3.0.530 running on IBM-compatible AMD
Athlon 3.0 GHz workstations with the Linux operating system
Mandrake 9.0. For the conformational analysis and for any
minimization, the all-atom Amber43 force field was adopted
as implemented in the Macromodel package. The crystal
structure of 739W9424 extracted from the corresponding RT
complex filed in the Brookhaven Protein Data Bank44 (entry
code 1jlq) was used as a template to model all the IASs
derivatives. The NNBS was defined by selecting all the
residues within 20 Å from the inhibitor.

The binding mode of 4 was analyzed by a docking procedure
using the program Autodock. For the docking, a grid spacing
of 0.375 Å and 60 × 80 × 60 points were used. The grid was
centered on the mass center of the experimental bound
739W94 coordinates. The GA-LS method was adopted using
the default settings. The Amber united atom was assigned to
the protein using the program ADT (Auto Dock Tools). Au-
todock generated 100 possible binding conformations grouped
in clusters. Similar setting were also adopted for the dockng
of the IAS derivatives.

The starting conformations for all the docking studies were
obtained using a molecular dynamic run with simulated
annealing procedure as implemented in Macromodel version
7.1 and conducted as follows: each molecule was energy
minimized to a low gradient. The nonbonded cutoff distances
were set to 20 Å for both van der Waals and electrostatic
interactions. An initial random velocity to all atoms corre-
sponding to 300 K was applied. Three subsequent molecular
dynamics runs were then performed. The first was carried out
for 10 ps with a 1.5 fs time-step at a constant temperature of
300 K for equilibration purposes. The next molecular dynamic
was carried out for 20 ps, during which time the system is
coupled to a 150 K thermal bath with a time constant of 5 ps.
The time constant represents approximately the half-life for
equilibration with the bath; consequently, the second molec-
ular dynamic command caused the molecule to slowly cool to
approximately 150 K. The third and last dynamic cooled the
molecule to 50 K over 20 ps. A final energy minimization was
then carried out for 250 iterations using conjugate gradient.
The minimizations and the molecular dynamics were in all
cases performed in aqueous solution.

Upon docking based on the above setting, the IASs deriva-
tives were receptor-based aligned using the Autodock program.
To this each molecule contained in the three sets (training set,
test set, and prediction set) was docked into the NNBS. The
first ranked docked conformation (best docked conformation)
and the lowest energy conformation of the most populated
cluster (best cluster conformation) were selected to obtain two
different alignment rules.

GRID Calculations. The interaction energies were calcu-
lated by using GRID (version 21)35 running on IBM-compatible
AMD Athlon 3.0 GHz workstations equipped with the Linux
operating system SUSE 9.0. A grid spacing of 1 Å was used
setting the grid dimensions (Å) to Xmin/Xmax, 6.0/28.0; Ymin/Ymax,
-46.0/-14.0; and Zmin/Zmax, -12.0/10.0, centered on the ex-
perimental bound conformation of 739W94.

The aromatic C1d and water OH2 probes were used alone
and in combination to evaluate the molecular interaction fields
of the modeled molecules.

GOLPE PLS Analyses. PLS models were calculated with
GOLPE 4.5.1237 running on a O2 SGI workstation equipped
with the operating system 6.5.11. Six models were derived
from the two alignments and the three probe combinations
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(C1d, OH2 and C1d + OH2). The resulting probe(s)-target
interaction energies for each compound were unfolded to
produce one-dimensional vector variables for each compound,
which were assembled in the so-called X matrix. This matrix
was pretreated by first using a cutoff of 5 kcal/mol to produce
a more symmetrical distribution of energy values and then
zeroing small (<0.01) variable values and finally by removing
variables with small standard deviation, using appropriate
cutoffs. In addition, variables taking only two distributions
were also removed. The Smart Region Definition (SRD)45

algorithm as implemented in the GOLPE program was also
used. A number of seeds (1000) were selected using a D-
optimal design criterion in the weight space. Structural dif-
ferences between different molecules in the series will be
reflected in groups of variables, and therefore, groups were
generated around each seed in the 3D-space. Variables with
a distance of no more than 2 Å to the seeds were included in
the groups. If two neighboring groups (with a distance smaller
than 10 Å) contained the same information, the groups were
collapsed. The groups were used in the variable selection
procedure replacing the original variables. The effect of the
groups on the predictivity was evaluated, and groups instead
of individual variables were removed from the data file. The
effect of the grouped variables on the predictivity was evalu-
ated using a fractional factorial design (FFD) procedure. A
number of reduced models (twice the number of variables) were
built by removing some of the variables according to the FFD
design. The effect of dummy variables (20%) on the predictivity
was calculated, and only if a variable had a positive effect on
the predictivity larger than the effect of the average dummy
variable was the variable included in the final model. The FFD
selection was repeated until the r2 and q2 value did not
increase significantly. In the FFD selection the cross-validation
was conducted using five random groups for 20 times and a
maximum of three principal components. The models were
validated using random groups. Molecules were assigned in a
random way to five groups of equal size. Reduced models were
built by keeping out one group at a time. The formation of the
groups was repeated 20 times and using a maximum model
dimensionality of three components.
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