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a b s t r a c t

BMS-378806 (BMS-806) is a small molecule that blocks the binding of host-cell CD4 with viral gp120
protein and therefore inhibits the first steps of HIV-1 infection. Recently, 36 analogs compounds of
BMS-806 were synthesized and their biological activity evaluated. Based on these compounds, a molecular
docking was firstly performed with BMS-806 to the gp120 cavity in order to get a representative ligand
conformation for the 3D-QSAR process. Comparative molecular field analysis (CoMFA) and comparative
molecular similarity indices analysis (CoMSIA) were then conducted for these 36 compounds. CoMFA and
CoMSIA models give reliable correlative and predictive abilities but the CoMFA model performance was
slightly better than CoMSIA. CoMFA contours were analysed and have been correlated to the gp120 viral
protein. The discussion indicates several key fragment positions on the ligands and their implications on
the gp120 protein binding. The computational approach used in this paper provides reliable clues for
further design of small molecules gp120/CD4 inhibitors based on the BMS-806.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Acquired immunodeficiencysyndrome (AIDS) is due tothe infection
by the HIV-1 virus and remains a major concern for worldwide health.
The temporary control over viral progression is made thanks to
a combination of several reverse transcriptase and protease inhibitors
which is called highly active anti-retroviral therapy (HAART). Currently,
HAART toxicities restrict their uses in anti-HIV therapies. Furthermore,
the continuing emergence of new viral resistance strains limits the
biological activity of such drugs. Therefore, original and efficient anti-
retroviral drugs elaboration is still desired.

The gp120 and gp41 HIV-1 proteins play essential roles in
orchestrating the viral entry process and therefore, represent
promising antiviral targets. These viral proteins’ behaviours are
concerted in order to lead to the cellular infection [1]. The first
event is the binding process between CD4 and gp120 is the inter-
action of the N-terminal moiety of the receptor with the viral cavity
of gp120 protein. This binding creates the necessary exposure of an
interacting surface for the CCR5 or CXCR4 host-cell chemokine
receptor. This chain of events triggers the release of gp41 which,
ultimately, undergoes a large conformational change responsible
for the viral and cellular membranes’ apposition, thereby allowing
entry of the viral genetic material into the cytosol [2,3]. All these
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steps provide potential HIV-1 targets for new drugs and are
attractive because they are at the first steps of HIV-1 life cycle,
preceding the cellular infection [4,5].

Three crystal structures of gp120, bounded to a protein which
mimics CD4, were previously obtained by X-ray diffraction and are
available in the protein databank [1,6,7]. All possess a highly
conserved structural motif between gp120 and CD4. The recogni-
tion between the two proteins is essential and the amino-acids
belonging to this area of interaction are highly conserved among
HIV-1 isolates. Consequently, the CD4-gp120 cavity has been
suggested to be a potential target for drug-design [1,7,8].

To date, most of the gp120 inhibitors are proteins or peptides
[9]. Therefore, a peptidomimetic strategy was already tempted,
with several aminoglycoside antibiotic compounds modified with
additions of arginine residues [2,10–14]. Concerning small organic
molecules, BMS-806 (Scheme 1) and BMS-043 (formally BMS-
378806 and BMS-488043 – see Table 1) are the most promising
agents and demonstrated the ability to reduce viral load in man
[15–17]. Their mode of action was controversial [18–21] but a study
finally stated that the binding pocket on gp120 for these molecules
was the same as the CD4-gp120 interacting cavity [22].

Recently, a series of BMS-806 analogs were synthesized and
biologically evaluated [23]. The main originality of these molecules
dwells on the replacement of a ketoamide group by a sulfonamide
function which roughly adopts the same arrangement and then
constitutes an isosteric group. This fact was demonstrated previ-
ously by a theoretical approach that led to a molecular
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Scheme 1. Molecular scheme of the BMS-806 molecule and its dihedral angles used
for the docking calculation.
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superposition which has clearly shown the isosteric behaviour of
sulfonamide function to the ketoamide group [23]. Among the 36
compounds synthesized, several compounds present good and
promising affinities to gp120. The purpose of this work was to
rationalize the molecular variations to the inhibitory activities. To
do that, comparative molecular similarity analysis (CoMSIA) along
with comparative molecular fields analysis (CoMFA) were used to
build 3D-QSAR models. The predictive abilities of such models were
checked and validated statistically with a representative test set of
compounds. Furthermore, the 3D-QSAR CoMFA contour maps were
superimposed to the BMS-806/gp120 docked structure. The good
correspondences between the contour maps and the properties of
the gp120 amino acids interacting with the ligand led us to identify
several key points of the binding mode for the BMS-806 analogs. To
our knowledge, this work provides the first 3D-QSAR study for this
family of compounds and provides a platform for the prediction of
HIV-1 entry inhibitors derived from BMS-806.

2. Computational details

2.1. Molecular docking calculations

In a 3D-QSAR analysis, the ligand geometry must correspond to
the one which is responsible for the biological effect. As no
experimental gp120 complex structure suits with BMS-806, dock-
ing calculations were conducted to obtain a structure of the
complex. Then the complex structure was optimized.

Autodock [24] software version 3.0 was used for this molecular
docking process. After removing the CD4 protein of the complex
structure [7] (pdb code 1G9N), a grid box of 70 Å in the three axis
directions was constructed around the gp120 hydrophobic binding
cavity. The Lamarckian Genetic Algorithm method [24] was used for
the global optimum binding position search. One hundred cycles of
calculations were performed in order to get a final binding position
as accurate as possible. All ligand flexible dihedral angles (see
Scheme 1) were set free to move during the simulation in order to
authorize all binding conformations possibilities.

Because Autodock software works with only polar hydrogen, the
missing hydrogen atoms were added, with SYBYL software, to the
BMS-806 conformation which displayed the lowest docking energy.

An optimization of the whole system (protein and ligand) was
then performed, in the Hakwins et al. generalized Born (GB)
implicit solvent model [25,26], with AMBER 9.0 software [27]. The
calculation started with 1000 steps of steepest descent followed by
1000 steps of conjugate gradient minimization with a gradient
tolerance of 0.05 kcal mol�1. Visualization and analysis of protein
ligand interactions were made with the help of the visual molecular
dynamic software [28] (VMD).

2.2. Dataset compounds

In this work, all activity data, reported as IC50 antiviral activity,
were determined in the same conditions [23] following
a previously published protocol [29,30]. This point is essential since
homogeneity of experimental conditions is required to get good
3D-QSAR models. The activities of 36 compounds were reported
and they constitute the global dataset. These compounds, listed in
Table 1, were constructed with the SYBYL software using BMS-806
docked conformation as scaffold. Minimizations were performed
with SYBYL program along with Tripos force field and Gasteiger–
Marsili atomic partial charges. To obtain the molecular spatial
alignment required for the 3D-QSAR models, the constructed
molecules were superimposed to the docked conformation of BMS-
806 according to the heavy atoms of the piperazine ring and the
carbonyl of benzoyl moiety. These atoms were chosen according to
the maximum common sub-structure method (MCSS). The yielded
superposition, represented in Fig. 1, is homogeneous.
2.3. 3D-QSAR models

To calculate the required 3D descriptors, a grid box, with a 2 Å
spacing, was created to contain all molecules. The dimensions were
automatically determined in such a way that the boundaries were
extended beyond 4 Å in the x, y and z directions for all molecules.

For the CoMFA field generation, the van der Waals (Lennard
Jones) and Coulombic potentials, which respectively represent the
steric and electrostatic interactions, were calculated at each lattice
intersection of the defined box. These calculations were performed,
for all molecules, with a carbon probe atom positively charged
which was moved to every lattice point. To speed up the analysis
and reduce noise, a minimum column filtering value of 2.0 kcal/mol
was used for the cross-validation.

CoMSIA fields were derived with the same lattice box carried
out for CoMFA. CoMSIA incorporates five descriptors: steric, elec-
trostatic, hydrophobic, hydrogen bond donor and hydrogen bond
acceptor. These descriptors, called similarity indices, were calcu-
lated according to the method defined by Klebe et al. [31].

Partial Least Square (PLS) methodology [32,33] was performed
to quantify the relationships between the CoMFA and CoMSIA
descriptors and the biological activities. To evaluate the reliability
of the models, cross-validation analysis were accomplished with
the ‘‘leave one out’’ methodology (LOO) wherein one compound
was moved away from the dataset and its activity was predicted by
using the model derived from the rest of the dataset. A cross-vali-
dated coefficient, q2, was then obtained and provided a glimpse of
model predictive power. To minimize the data overrating tendency,
the number of components was systematically optimized to
produce the highest q2 value. Finally, a non-cross-validation anal-
ysis was computed and the Pearson coefficient, r2, was calculated.
To further assess the robustness and statistical confidence of the
derived models, bootstrapping analysis [34] were performed for
100 runs and the corresponding r2 and standard error of estimates
(SEE) were reported. The 3D-QSAR contour maps generated from
the models were displayed and analysed in the protein environ-
ment with the SYBYL software.

The predictive power of the models was evaluated by predicting
the activities of the six compounds belonging to the test set.
The selection of these six compounds (marked with an asterisk in
Table 3) was made by considering the fact that the test set must
represent structural diversity and a range of antiviral activities
similar to that of the training set. A predictive r square (r2

pred) value
was then obtained with the following formula:

r2
pred ¼ ðSD� PRESSÞ=SD

In this equation, SD represents the sum of squared deviation
between the biological activities of the test set molecule and the



Table 1
Structures of the compounds used in this article. Values in bracket are the experimental IC50, in nM.
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Fig. 1. Alignment of the 36 ligands’ 3D structures employed for the molecular field
generation and analysis.

Table 3
Experimental activities (IC50) and predicted values of CoMFA and CoMSIA. Residual
values represent the predicted minus the observed values. Compounds with a star
represent the test set.

Name IC50 (nM) pIC50 CoMFA CoMSIA

Predicted Residual Predicted Residual

MOL01 8 8.10 8.34 0.24 7.61 �0.49
MOL02 520 6.28 6.07 �0.22 6.50 0.21
MOL03* 30 7.52 6.88 �0.65 7.11 �0.41
MOL04 26 7.59 7.54 �0.04 7.82 0.23
MOL05 5 8.30 8.26 �0.04 8.28 �0.02
MOL06 860 6.07 5.45 �0.62 5.44 �0.63
MOL07* 420 6.38 5.78 �0.60 5.34 �1.04
MOL08 520 6.28 6.03 �0.26 6.21 �0.08
MOL09 1900 5.72 5.69 �0.03 5.59 �0.14
MOL10 2300 5.64 5.72 0.08 5.54 �0.10
MOL11* 2400 5.62 6.00 0.38 5.88 0.26
MOL12 3000 5.52 5.47 �0.05 5.46 �0.07
MOL13 3300 5.48 5.57 0.08 5.56 0.08
MOL14 8400 5.08 5.41 0.34 5.04 �0.04
MOL15 9100 5.04 5.37 0.33 5.30 0.26
MOL16 22,000 4.66 4.80 0.14 5.01 0.36
MOL17 16,000 4.80 5.15 0.35 5.17 0.38
MOL18 13,000 4.89 4.49 �0.39 4.48 �0.41
MOL19 430 6.37 6.15 �0.22 6.21 �0.15
MOL20 200 6.70 6.57 �0.13 6.23 �0.47
MOL21 370 6.43 6.19 �0.24 6.32 �0.11
MOL22* 4700 5.33 5.71 0.38 6.31 0.98
MOL23 4200 5.38 5.60 0.23 6.10 0.72
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mean activity of the training set molecules, PRESS is the sum of
squared deviations between the experimental and predicted
activities of the test molecules.
MOL24 3600 5.44 5.96 0.52 5.98 0.54
MOL25 10,000 5.00 4.99 �0.01 5.27 0.27
MOL26 150 6.82 7.29 0.47 7.11 0.29
MOL27 200 6.70 6.56 �0.14 6.17 �0.53
MOL28 500 6.30 6.54 0.24 6.38 0.08
MOL29 80 7.10 6.89 �0.21 7.30 0.20
MOL30* 150 6.82 6.21 �0.61 6.47 �0.36
MOL31 27 7.57 7.05 �0.51 7.32 �0.25
MOL32 620 6.21 6.44 0.23 6.45 0.25
MOL33 36 7.44 7.24 �0.21 7.35 �0.09
MOL34* 7 8.15 7.20 �0.95 7.29 �0.86
MOL35 250 6.60 6.59 �0.01 6.07 �0.53
MOL36 240 6.62 6.70 0.08 6.87 0.25
3. Results and discussion

3.1. Molecular docking studies

Docking calculations were used to find the optimal position of
BMS-806 in the binding pocket of gp120 protein. The hundred
resulting docking structures were clustered into conformations
families according to a RMSD lower than 1 Å. It should be noted
that the selection of a representative docking structure is often
complicated as the results are particularly sensitive to the scoring
function. In this work, the conformation selected was the one
which presented the lowest docking free energy of binding
(�10.5 kcal/mol) in the most populated cluster (6). Then, to provide
an accurate view of the complex structure and authorize small
adaptations of the protein geometry to the ligand, the gp120/BMS-
806 complex was energetically minimized with AMBER software.
The coordinates of the bound orientation of the gp120/BMS-806
complex are available in Supplementary material.

In the resulting geometry of BMS-806, the piperazine group is
orthogonally placed with the azaindole part, at the entrance of the
binding pocket formed by the protein residues Ile193, Gly287,
Table 2
Summary of CoMFA and CoMSIA statistical results.

QSAR parameter CoMFA model CoMSIA model

q2 0.534 0.583
Number of components 4 4
Standard error of prediction (SEP) 0.763 0.864
r2 0.921 0.884
Standard error of estimate (SEE) 0.151 0.363
r2 prediction 0.651 0.532
F-test value 73.022 47.513
r2 bootstrapping 0.957� 0.017 0.931� 0.024
SEE bootstrapping 0.212� 0.126 0.274� 0.151

Percentage of field contribution
Steric 50.7% 22.2%
Electrostatic 49.3% –
Hydrophobic – 36.7%
Acceptor H-bond – 41.1%
Trp241 and Asn239. This last residue makes hydrophobic interac-
tions with the piperazine methyl group and also, with the help of
Val244 with the phenyl group of BMS-806, at the outside of the
gp120 cavity. Moreover, a hydrogen bond (distance 2 Å and angle
149�) is identified between the NH atoms of the azaindole moiety
and the side chain oxygen omega of Thr108. This hydrogen bond
might be responsible for the azaindole group location in the
hydrophobic pocket.

Although the validation of these calculations cannot be checked
by comparison with experimental structure (not yet available) it
could be noted that our results are in agreement with previous
theoretical work [22]. Comparison with the complex structure of
CD4 with gp120 points out that the azaindole group is more deeply
inserted in the gp120 hydrophobic cavity than phenyl 43 of CD4.
This observation was correlated with experimental mutagenesis
data [35]. Indeed, large side chain modifications, like S375W or
T257R, were made in the gp120 cavity. These mutations abate the
BMS-806 affinity but stabilize the CD4-gp120 complex by residue
filling. This result can only be explained if the ligand is deeply
inserted in gp120 binding pocket, therefore when the azaindole is
in its cavity [22].

Docking calculation was also performed for the most active
compound: mol05 (IC50¼ 5 nM). Its binding geometry inside gp120
is displayed in Fig. 2 (left) and is similar to the orientation obtained
with BMS-806. Mol05 contains a ketoamide group. Therefore, in
order to see the isosteric behaviour of sulfonamid on gp120 cavity,
mol06 was also docked. This compound has been chosen because



Fig. 2. Docking orientations of mol05 (left) and mol06 (right) on gp120 viral protein. For comparison, BMS-806 is displayed with orange color. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Mol06 contains a sulfonamid group instead of a ketoamide and it is
the most similar to BMS-806. The result docking orientation of
mol06, shown in Fig. 2 (right), indicates that the binding position is
identical to BMS-806 (in orange in Fig. 2) and demonstrates that the
sulfonamide group is really isosteric to the ketoamide group, as
suggested by Lu and coworkers [23].
3.2. 3D-QSAR studies

3.2.1. CoMFA model
To determine the optimum number of PLS components and

minimize the tendency to over fit the data, the number of
components, corresponding to the lowest SEP (Standard Error of
Prediction) and highest q2, was chosen to derive the final PLS
regression model. In the CoMFA model, an optimum number of
components of 4 with a q2 of 0.534 and an SEP of 0.763 were
obtained. According to the fact that q2 coefficient is usually used as
a measure of 3D-QSAR quality, the value of 0.534 indicates
a reasonable correlation.
Fig. 3. Graph of the 31 possible CoMSIA descriptors’ combinations (S¼ steric, E¼ electros
Above bars are reported their optimal number of components.
A non-cross-validated regression was then made and yielded
a value of conventional r2 of 0.921 which indicates that the corre-
lation is statistically correct. To support the statistical validity of
these models, 100 runs of bootstrapping method were produced to
determine the error on the r2 (r2

boot) and the standard error of
estimate (SEEboot). An average r2

boot value of 0.957� 0.017 and an
SEEboot value of 0.212� 0.126 demonstrate that the CoMFA model is
very stable, possesses a statistical significance and a good predic-
tive ability.

3.2.2. CoMSIA model
CoMSIA method adds three other descriptors to the CoMFA

method. These are: hydrogen bond donor, hydrogen bond acceptor
and hydrophobicity. Furthermore, to calculate 3D descriptors,
CoMSIA includes a gaussian type distance dependent factor which
smoothes the different fields contributions and can provide a better
interpretable 3D-QSAR model [31]. As a consequence, several
studies reported that CoMSIA models are less dependent on the
spacing and positions (translation and rotation) in the grid [36,37].
tatic, H¼ hydrophobic, D/A¼H-bond donor/acceptor) with their respective q2 values.
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Fig. 4. Plots of predicted versus observed pIC50 values of CoMFA (top) and CoMSIA
(bottom) models. Square points represent the compounds of the test set.
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Former studies demonstrated that the five CoMSIA descriptors
dependency may reduce the model significance and predictivity
[36,38]. For this reason, all 31 possible descriptors’ combinations
were calculated with their respective q2 value and optimum
number of components (Fig. 3). The combination of steric, hydro-
phobicity and hydrogen bond acceptor presents the highest q2

value and was then selected for further analysis. This best CoMSIA
correlation was reported with a q2 of 0.583 which is slightly better
than the value of the previous CoMFA model (0.534). However, the
standard error of prediction was higher with 0.864 (0.763 in
CoMFA). Hence, with only these results, it was impossible to decide
which 3D-QSAR model was the most meaningful.

The non-cross-validated regression gave a value of conventional
r2 of 0.884 which indicates that the CoMSIA model was statistically
good, even if it was less reliable than CoMFA (0.921). The 100
bootstrapping runs produced an average r2

boot value of
0.931�0.024 and SEEboot value of 0.274� 0.151. Once again, CoM-
SIA model appeared less attractive.
3.2.3. Model validation and selection
All 3D-QSAR statistical results are summarized in Table 2. The

predictive r2 was calculated to assess the quality of the 3D-QSAR
models’ predictive abilities. Values of 0.651 (see Table 2) and 0.532
were obtained for CoMFA and CoMSIA methods.

The CoMFA and CoMSIA correlations are plotted in Fig. 4
whereas the predicted and residual values for both models are
compiled in Table 3. The test set molecules are also reported in the
table and in the graphs. These points are placed above and below
the correlation line; this indicates that both 3D-QSAR models’
prediction ability is correct. However, like this has been demon-
strated statistically, CoMSIA predictive power appears to be lower
than CoMFA. Therefore, taking all statistical results into account,
the CoMFA model has been selected for the structural analysis.

3.3. Analysis of CoMFA contours and structural implications

The contour maps generated from such CoMFA model can
provide precious insights about the molecular binding to the tar-
geted protein. With this objective, the CoMFA contours have been
superimposed on the binding pocket of gp120 protein. Statistically,
steric effect accounts for 50.7% of the antiviral activities whereas
electrostatic effect represents 49.3% (Table 2). This ratio emphasizes
the good balance between these two descriptors indicating that
both are essential to explain the activity.

3.3.1. Steric contours
In the CoMFA steric fields, green areas indicate region where

bulky groups increase the inhibitory activity (favourable) whereas
yellow contours indicate where bulky groups decrease the activity
(unfavourable). These contours are represented in Fig. 5. Four
sterically unfavourable contours are localized on the azaindole ring
with two above and two below. Azaindole ring is a planar fragment
and deeply inserted in the gp120/CD4 cavity. Therefore, the
unfavourable contours represent the limitation of the binding
pocket (Fig. 6). The fact that unfavourable contours are placed
above and below the azaindole ring suggests that a planar group,
like an aromatic moiety, is required for increasing the inhibitory
activity. As a consequence, we strongly propose to keep an aromatic
fragment at this molecular position in order to fill the gp120 the
binding pocket.

A supplementary unfavourable contour (yellow) is situated near
the phenyl group of BMS-806. This one suggests that, even if this
part is outside the cavity, ligand extension should be limited to
small fragments. In fact, the phenyl part is close to a backbone coil
of gp120 which restricts the size of this group. This area might
explain some activity variations like for mol06 (IC50¼ 860 nM) and
mol14 (IC50¼ 8400 nM) where the phenyl part is increased in size
with a chlorine atom and then the IC50 is multiplied by a 10 factor.

Favourable contours, displayed in green in Fig. 5, are presented
with the protein environment in Fig. 6. Only two favourable areas
are reported, the first one is placed near the methyl group of the
piperazine ring and the second one is situated above the NH atoms
of the azaindole ring. The first favourable contour, located near the
methyl group of the piperazine ring, explains why compounds
mol03 and mol06 are better than, respectively, molecules mol02
and mol16. Indeed, the methyl group in the piperazine group seems
to enhance the inhibitory activity.

The behaviour of this methyl fragment can be explained with
the protein structure. Indeed, the azaindole and ketoamide group
are deeply inserted in the gp120 cavity whereas the piperazine
group is at the entrance of the interaction zone. The methyl frag-
ment is making a hydrophobic interaction with the CH2 group of
Asn239 amino acid side chain (Fig. 6) which is also placed at the
entrance of the gp120 cavity. This interaction suggests that the



Fig. 5. CoMFA steric (left) and electrostatic (right) contours. Green areas indicate regions where bulky groups increase activity whereas yellow contours indicate where bulky groups
decrease activity. Blue areas represent regions where positive groups enhance activity and red contours where negative groups increase the activity. BMS-806 compound is shown
with ball and stick representation. For the comparison, mol06 which possess a sulfonamide instead of a ketoamide group is displayed in wireframe. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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methyl group is essential for a good binding with gp120 protein.
This conclusion has been previously proposed and experimentally
demonstrated [23].

More surprising is the favourable contour positioned above the
NH group of the azaindole ring. In fact, the gp120 binding cavity
geometry hints that there is not enough room to extend the
azaindole ring. However, compounds mol34, mol31 or even mol33
display a good affinity while they possess a supplementary five
member ring. A first analysis of the gp120 cavity prohibits every
extension in the azaindole ring indicating the binding pocket is
Fig. 6. CoMFA steric contour maps superimposed on the gp120 structure with BMS.
Green contours indicate regions where bulky groups increase activity whereas yellow
areas indicate regions where bulky groups decrease activity. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
already filled. Nevertheless, as it has been demonstrated by
molecular dynamics [22], gp120 is a flexible molecule and move-
ments in the binding cavity cannot be excluded. The CoMFA steri-
cally favourable contour is directly pointed to the peptide coil
IVTHS from 193 to 197. This amino acids sequence does not present
significant intramolecular interaction like salt bridges, hydrogen
bonding or even hydrophobic contacts. The evidence suggests that
this peptide sequence could be easily stretched to let enough room
at a small fragment, like a five member ring, which could then reach
other amino acids, more deeply inserted into gp120 core, to
generate new interactions.
Fig. 7. CoMFA electrostatic contours. Blue areas represents region where positive
group increases activity whereas red contours indicates region where negative charge
increases the biological affinity. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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3.3.2. Electrostatic contours
In the CoMFA electrostatic fields, the blue and red contours

represent the electropositive favourable and unfavourable regions,
respectively. Therefore, an electropositive molecular fragment near
a blue area would enhance the inhibitory activity whereas in the
proximity of a red contour an electronegative fragment would be
favourable. The CoMFA electrostatic contours are shown in Fig. 5.

Only one electropositive map is observed. This one is placed above
the NH group of the azaindole ring. So, from this analysis, it appears
that a positive group is welcome at this position for a good binding to
gp120. The electropositive contour is broadly placed around the NH
vector. A glimpse to Fig. 5 shows that the NH atoms are differently
located on the superposition; this is due to the global compounds’
superposition which was made on the central piperazine ring and
carbonyl of benzoyl group. Thus, since the NH atoms are present in all
compounds, the CoMFA surface is as broad as the different NH posi-
tions observed on the compounds’ superposition. Moreover, the
nitrogen of the azaindole ring participates to this electropositive map
to discriminate indolic and azaindolic compounds. This fact explains
the difference of inhibitory activity between mol06 and mol19,
respectively of 860 and 430 nM, where 7-azaindole is replaced by an
indole. Indeed, this nitrogen induces a modification of the electronic
environment for mol06 and generating an electronegative area which
is not favourable for a good antiviral activity like this has been defined
with the electropositive surface of CoMFA.

The localization of this electropositive area onto the gp120 protein
(Fig. 7) indicates why an electropositive group is needed at this
position. Indeed, a hydrogen bond between the hydrogen of the NH
indolic group of the ligand and the oxygen omega of threonine 108 is
reported. This hydrogen bond is essential to the binding onto gp120.

In Fig. 5, a large electronegative contour is observed near the
–OCH3 group of BMS-806. This area explains why this last group is
beneficial for the biological activity. For example, a comparison
between compounds mol01 and mol03 (or mol29 and mol33)
shows that an electronegative fragment increases the biological
activity. The superposition of this contour onto the gp120 binding
site gives a clue of the behaviour of this supposed interaction
(Fig. 7). A supplemental hydrogen bond could justify the presence
of this electronegative area around this ligand position, but such
direct interaction is not observed with gp120. However, a slightly
movement of gp120 could approximate two NH groups near the
ligand, at the -OCH3 substituent, and therefore promote a hydrogen
bond between them. These groups are the NH atoms of the indole
Fig. 8. Electrostatic potentials (ESP) plot on molecular surfaces of fragments making the dis
the top of the figure and the unit is volt. Arrows indicate supposed position of the hydroge
side chain of Trp241 and the NH atoms of the peptide chain of
Asn239 (Fig. 7). Indeed, these two candidates are close to the –OCH3

but their NH vectors need a small motion for being aligned and
producing a hydrogen bond. We suggest that a rotation of the
dihedral angle between Ca and Cb of Trp241 might be involved to
completely expose the NH indole atoms for this hydrogen bond.

The last electrostatic contour of the CoMFA model is an elec-
tronegative area located above the electropositive area discussed
previously (Fig. 5). The presence of two consecutive surfaces with
opposite requirements (electronegative and electropositive) might
be surprising. Yet, these two contours are clearly separated and
then denote that these areas involve distinct interactions. Since this
electronegative contour is a little bit far away from the azaindole
ring, this area implicates compounds which possess a bulky frag-
ment at the vicinity of the indolic NH like the ortho position. Eleven
compounds present a nitrogenated five-membered ring at this
position and these ligands generally own a good affinity. This
strongly suggests that a supplementary interaction to gp120 is
observed for these molecules.

Fig. 7 localizes the proximity of this electrostatic contour to the
corresponding amino acids of gp120. The closest amino acid of this
electronegative map is glutamine 109 in which the amido moiety is
hydrogen bond donor. Thus, the presence of an electronegative
group in the ligand may permit the creation of a hydrogen bond. As
a consequence, compounds with a five-membered nitrogenated
ring should make this hydrogen bond with Gln109. However, this
amino acid is buried in gp120 and is only accessible if the peptide
coil IVTHS is stretched (Fig. 6). The flexibility of this peptide
sequence was previously proposed, according to the position of
a sterically favourable area at this position (Figs. 5 and 6). The
supplemental CoMFA area is then an additional argument to our
hydrogen bond hypothesis with Gln109.

Among the eleven compounds in which there is a five-
membered nitrogenated ring, the affinities are various. Among
them, three compounds, mol34, mol33 and mol32 with respective
IC50 of 7, 36 and 620 nM, differ only by the heterocycle ring. Due to
the fact that an electronegative fragment is required for affinity,
electrostatic potentials were calculated at semi-empirical quantum
level with PM3 method using the Ampac software [39]. The elec-
trostatic potentials are then displayed on their molecular surfaces
in Fig. 8. The comparison between these three compounds clearly
suggests that a nitrogen atom is desired at the position marked
with an arrow in this last figure. One might suppose that this
tinction between, from left to right, mol34, mol33 and mol32. The scale is provided on
n donor atom of Gln109.
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nitrogen is the best candidate as hydrogen bonding acceptor with
Gln109 amido group of gp120.

4. Conclusions

The global purpose of this work was to produce a 3D-QSAR
model for the prediction of BMS-806 analogs. To summarize,
molecular docking study was firstly performed to obtain a satis-
factory position of the ligand in the binding pocket of gp120. This
one was then optimized with the protein to get an accurate view of
the interactions with gp120. Secondly, the geometry of BMS-806
obtained from this calculation was then used to construct the 36
analog compounds. 3D-QSAR models were then computed with the
CoMFA and CoMSIA method. The resulting models have been
generated and give reliable correlative and predictive abilities.
However, the CoMSIA model, even if all permutations between the
five available 3D descriptors were considered, presented a lowest
predictive performance than the CoMFA model. This last model was
then chosen to elaborate structure–activity relationships.

The CoMFA 3D contour maps are in good agreement with the
chemical variations of the dataset. Even if the protein structure is
not required for a QSAR-3D study, the superimposition of gp120
with the 3D contour maps gives us key features on the ligand
binding mode of interaction. For example, we observed that the
azaindole ring position, located in the gp120 cavity, is crucial and
must be kept as an aromatic. Like it was previously determined, the
hydrogen bond of the indolic amino group with Thr108 appears to
be essential to the binding. Two others modifications on this moiety
might also give hydrogen bonds. It is the case for an electronegative
group at the R1 position (see Table 1) of the ligand NH indolic group
to target the amino group of Trp241 sidechain. The second
hydrogen bond may be obtained by an extension with an electro-
negative fragment at the ortho position to target the amido group
of Gln109. Furthermore, the methyl group on the piperazine ring
seems to take the role of an anchor for the gp120 cavity with
a hydrophobic interaction with the lateral chain of Asn239. All
these results yield reliable and precious informations for further
structure-based and ligand-based drug-design optimization.
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