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I N T R O D U C T I O N

HIV-1 is a retrovirus that attacks the human immune system
and causes acquired immunodeficiency syndrome (AIDS) [1].
This virus replicates through the action of resverse transcriptase
(RT) enzyme. Drugs available today for treating AIDS are
designed to inhibit the functioning of the reverse transcriptase
enzyme. Drugs for preventing AIDS are broadly classified into
two categories viz. nucleoside reverse transcriptase inhibitors
(NRTIs) and non-nucleoside inhibitors [2]. 3′-Azidomythidine
(AZT) [3] is an example of the nucleoside inhibitor, whereas,
HEPT [4] and TIBO [5] are currently available non-nucleoside
inhibitors. Drugs belonging to both categories are beset with
problems of cytotoxicity and drug-resistance [6]. Thus quest
for better drug molecules to restrain the activity of HIV-1 retro-
virus is still an ongoing challenge. Molecules, based on dihydro-
alkoxybenzyloxopyrimidines (DABO) have been reported to
exhibit efficient anti HIV-1 activity [7].

CoMFA, CoMSIA and molecular docking studies have been carried
out for a set of 42 dihydroalkoxybenzyloxopyrimidine (DABO)
derivatives for which anti-HIV activity values are available. In 3D-
QSAR studies-comparative molecular field analysis (CoMFA) as well
as comparative molecular similarity indices analysis (CoMSIA) have
been performed. Both the QSAR model nicely explains the inhibitory
activities of DABO derivatives as well as provides molecular level
insights revealing which regions in 3D space around the molecules
are more important for their anti HIV-activities. These models have a
quite high square correlation coefficient (r2 = 0.817 for CoMFA and
r2 = 0.943 for CoMSIA). A docking study of the highest active mole-
cule into the binding site of the protein HIV-1 RT (PDB ID-1RT1)
shows that hydrogen bonding between pyrimidine moiety of the ligand
and the Lysine-101 moiety along with Valine-106 moiety of the HIV
protein play most important role for stabilizing the ligand in the binding
pocket of the protein.
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Successful design of effective drug molecules is fundame-
ntally dependent on the clear understanding of the electronic
nature and its correlation among the members of a closely related
set of molecules. This in turn leads to the relative importance of
the steric, electrostatic, hydrophobic, van der Waals and hydrogen
bond donor-acceptor functionality in the chosen set of molecules.
Three dimensional quantitative structure activity relationship
(3D-QSAR) is a well established methodology in the field of
rational drug design which provides a mathematical relationship
between the activities and interaction fields for a given set of
molecules [8,9]. This relationship (the QSAR equation) in
essence, captures the common chemical characteristics of the
set of molecules towards their inhibitory activities.

In present study, a comparative molecular field analysis
(CoMFA) [10] and a comparative molecular similarity indices
analysis (CoMSIA) [11,12] have been carried out for a set of
42 closely related DABO derivatives that correlate their HIV-1
reverse transcriptase inhibition activities with their electronic
and structural features. The derived 3D-QSAR models have
provided detailed molecular level insights regarding the relevant
interacting fields and the corresponding regions over the mole-
cular surface where these interactive fields are operative.

Docking studies have also been performed that have provided
a valuable information regarding the nature of intermolecular
interactions and mode of binding of the highest active molecule
in the binding site of the relevant HIV-1 RT protein (PDB ID:
1RT1.pdb) [13-15]. Docking studies have been carried out

using the Surflex-Dock module of Sybyl-X software package
[16].

E X P E R I M E N T A L

Selection of dataset: Anti HIV activity data of a series of
DABO derivatives have been taken from published literature
[17-20]. Activity values for a set of 42 molecules collected
from these sources have been listed in Table-1. In these studies,
the biological profile of the molecules were evaluated in HIV-1
RT affinity binding assays using [3H]-dGTP as the radioligand.
IC50 values of the molecules were transformed into log(1/IC50),
abbreviated as pIC50. This pIC50 values range from 4.23 M to
6.70 M.

Out of 42 DABO derivatives, 34 molecules were chosen
for the training set and others were used as test set. The consti-
tution of test set was based on the consideration that the mole-
cules belonging to the test set span the whole activity range
evenly and also the test set is the true representative of the
chemical and structural diversity of the whole dataset. External
predictivity of the resulting QSAR model was tested for the
molecules belonging to this test set.

3D-QSAR (CoMFA and CoMSIA) analysis

Alignment of molecules: Alignment of the relevant set
of molecules is an important part of the development of succe-
ssful CoMFA and CoMSIA models [21]. In present study, ligand
based alignment technique has been chosen. In the ligand based

TABLE-1 
CHEMICAL STRUCTURE AND HIV-1 REVERSE TRANSCRIPTASE  

NON-NUCLEOSIDE INHIBITION ACTIVITY DATA OF DABO DERIVATIVES 

N

N
X

Ar

O

H

Y 
No. X Ar Y pIC50 No. X Ar Y pIC50 

1# Me 2-Naphthyl S-sec-Bu 4.23 22 H Ph S-Cyclopentyl 5.55 
2# H 1-Naphthyl S-Cyclopentyl 4.31 23 H 3-Me-Ph S-Cyclopentyl 5.59 
3 Me 1-Naphthyl S-Cyclopentyl 4.35 24# Me 3-Me-Ph S-Me 5.60 
4 Me 4-F-Ph S-sec-Bu 4.59 25 Me 3-Me-Ph S-iso-Pr 5.60 
5 Me 4-Cl-Ph S-sec-Bu 4.77 26 Me 3-Me-Ph S-Cyclohexyl 5.66 
6 H 1-Naphthyl S-sec-Bu 4.79 27 Me Ph S-tert-Bu 5.72 
7 H 2-Naphthyl S-sec-Bu 4.83 28 Me 2,6-di-Cl-Ph S-Cyclopentyl 5.80 
8# H 4-Cl-Ph S-sec-Bu 5.02 29 H 2,6-di-Cl-Ph S-iso-Pr 5.89 
9 H 3-Me-Ph 4-tert-Ph 5.09 30 Me 2,6-di-Cl-Ph S-iso-Pr 5.94 

10# Me 2,6-di-Cl-Ph S-Cyclohexyl 5.31 31 Me 2,6-di-Cl-Ph S-n-Pr 5.94 
11 Me Ph S-Me 5.31 32 Me 2,6-di-Cl-Ph S-tert-Pr 5.96 
12 Me Ph S-sec-Bu 5.32 33# H 2,6-di-F-Ph S-Me 6.10 
13 Me 3-Me-Ph S-tert-Bu 5.34 34 Me 2-Cl-Ph S-sec-Bu 6.10 
14 Me Ph S-Cyclohexyl 5.37 35 Me 2-F-Ph S-sec-Bu 6.10 
15 H 3-Cl-Ph S-sec-Bu 5.42 36# Me 3-NO2-Ph S-sec-Bu 6.10 
16 Me 3-Me-Ph S-Cyclohexyl 5.47 37 H 2-F-Ph S-sec-Bu 6.22 
17 H 2-Cl-Ph S-sec-Bu 5.49 38 H 3-NO2-Ph S-sec-Bu 6.22 
18 Me 3-F-Ph S-sec-Bu 5.52 39 H 2,6-di-Cl-Ph S-tert-Bu 6.22 

19# H 2,6-di-Cl-Ph S-Me 5.52 40 H 2,6-di-Cl-Ph S-n-Bu 6.30 
20 H Ph S-Cyclohexyl 5.52 41 H 2,6-di-Cl-Ph S-Cyclopentyl 6.40 
21 H 3-Me-Ph S-iso-Pr 5.54 42 H 2,6-F-Cl-Ph S-n-Bu 6.70 

#Molecules belonging to test set 

 

2,6-di-F-Ph
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alignment, first a template molecule is isolated and then the
remaining molecules are aligned over this. Here molecule no.
42 showing the highest activity has been chosen as the template
molecule. The aligned set of molecules has been depicted in
Fig. 1.

Fig. 1. Molecules have been aligned over the template molecule 42 which
is shown in the inset. The common moiety is pyrimidine ring (marked
purple)

CoMFA and CoMSIA setup: Both CoMFA and CoMSIA
models have been built separately based on the aligned set of
molecules as described earlier. A 3D cubic lattice has been
taken to generate the CoMFA and CoMSIA molecular descri-
ptor fields. The grid spacing of the 3D cubic lattice was taken
to be 1 Å. This lattice extended 4 Å beyond the aligned set of
molecules in every direction. Tripos force field was utilized to
calculate the van dar Waals potential as well as the Coulombic
potentials. A sp3 hybridized carbon atom bearing +1 charge
was taken as the probe atom for calculating the steric and the
electrostatic fields in the CoMFA model. Truncation limit for
energy values were set at 30 kcal/mol. In the CoMSIA method
we have used the same lattice box. A probe atom having radius
1.0 Å with charge +1 was utilized for integration of steric,
hydrophobic, electrostatic, hydrogen bond donor and hydrogen
bond acceptor fields. Both hydrophobic as well as hydrogen
bond properties were set at +1. Attenuation factor was taken
to be 0.3, which is the default value in Sybyl-X software [16].

Derivation and validation of the model: Partial least
squares (PLS) were used to find the linear relationship between
the CoMFA fields and the pIC50 values. Another linear relation-
ship was established between CoMSIA fields and pIC50 values
in a similar manner. Leave-one-out (LOO) method was the basis
of cross-validation analysis. The general procedure adopted
here is to remove one molecule from the data set and predict
its activity from a model based on the rest of the data set [22].
For determining optimum number of components (ONC), PLS
was combined with the cross-validation option. ONC were
then used in deriving the final CoMFA and CoMSIA model
without cross-validation. ONC is the number of components
resulting in highest cross-validated correlation coefficient (r2

cv

or q2). In the cross-validation procedure a default value of 2.0
kcal/mol was set for column filtering. Non-cross-validated
analysis with the ONC was used to derive the final models

along with its correlation coefficient r2. A test set of seven
molecules not included in the training set was employed to
test the predictive abilities of the model. For predicting the
pIC50 values, these seven molecules were aligned to the temp-
late molecule. Eqn. 1 was employed to compute the predictive
correlation coefficient (r2

pred), based on the molecules of the
test set.

2
obs(test) pred(test )2

pred 2
obs(test) training

(Y Y )
r 1

(Y Y )

−
= −

−
∑
∑ (1)

here Ypred(test) and Yobs(test) are the predicted and observed activity
values of the test set molecules. trainingY indicates the mean
activity value of the training set molecules. The value of r2

pred

for an acceptable model should be greater than 0.5 [23].
Molecular docking: To investigate the protein-ligand

interactions, molecule 42 having the highest experimental
activity value was selected as a reference and docked into the
binding site of HIV-1 RT (PDB ID: 1RT1.pdb) using Surflex-
Dock module of Sybyl-X package [16]. The Surflex uses an
empirical scoring function and a patented search engine to
dock ligand into the receptor’s binding site. Crystal structure
of HIV-1 RT (1RT1) complexed with MKC-442 (resolution
value is 2.55 Å) obtained from the Protein Data Bank has been
used for docking studies as the original ligand of MKC-442 is
very similar in structure to our dataset. The HIV-1 RT structure
was utilized in subsequent docking experiments without energy
minimization. All ligands and water molecules have been
removed and the polar hydrogen atoms were added. Protomol
was established using the ‘ligand’ option in Sybyl-x, which
finds the ligand location in the same coordinate space as in
the receptor. To visualize the binding mode between the protein
and ligand, the molecular computer aided design (MOLCAD)
program, implemented in Sybyl-X [16], was employed.

R E S U L T S A N D   D I S C U S S I O N

3D-QSAR model: The statistical parameters correspon-
ding to the CoMFA model has been listed in Table-2. The CoMFA
model of the DABO derivatives has a good correlation
coefficient (q2) 0.673 with an optimized component of 4, which
suggests that the model should be a valuable tool for predicting
the pIC50 values. A high non-cross-validated correlation coeffi-
cient (r2) of 0.817 with a low standard error estimate (SEE) of
0.247, F value of 32.402 and predictive correlation coefficient
(rpred

2) value 0.668 have been obtained. Steric and electrostatic
contri-butions surrounding the aligned set of molecules were
found to be 0.525 and 0.475, respectively. The actual pIC50

TABLE-2 
PLS RESULTS OF CoMFA AND CoMSIA MODELS 

PLS Statistics CoMFA CoMSIA 
q2 0.673 0.695 
r2 0.817 0.943 
r2

pred 0.668 0.684 
ONC 4 5 
SEE 0.247 0.140 
F Value 32.402 93.047 
Field contributions   
Steric 0.525 0.437 
Electrostatic 0.475 0.563 
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values of the training set and the test set along with the
predicted pIC50 values given by the CoMFA model is given in
Table-3 and the graph of actual activity versus predicted pIC50

values of the molecules is depicted in Fig. 2.
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Fig. 2. Observed versus the predicted activity values following the CoMFA
model

In CoMSIA model, five CoMSIA descriptors in different
combinations change the model significance and predictivity.
For this reason, all 31 possible descriptors’ combinations were
calculated with associated parameters. The best CoMSIA
model, based on Steric and Electrostatic fields has the highest
q2 value (0.695) and a high non-cross-validated correlation
coefficient r2 of 0.943 with a low SEE value of 0.140 and F
value of 93.047. Contributions of Steric and Electrostatic fields
were 0.437 and 0.563, respectively. All the statistical para-

meters for the CoMSIA model have been listed in Table-2.
The actual pIC50 values of the training set and the test set along
with the predicted pIC50 values given by the CoMFA model is
given in Table-3 and the graph of actual activity versus predicted
pIC50 values of the molecules is depicted in Fig. 3.
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Fig. 3. Observed versus the predicted activity values following the CoMSIA
model

The calculated results of the external validation for CoMFA
and CoMSIA models have been listed in Table-2. It was shown
by this external validation that both the model posses high
predictive power and are reliable for predicting the activities
of new molecules.

Interpretation of the 3D-QSAR model: To visualize the
information content of the derived 3D-QSAR model, CoMFA
contour maps were generated to rationalize the regions in 3D

TABLE-3 
PREDICTED ACTIVITY VALUES FROM THE CoMFA AND CoMSIA MODELS 

CoMFA CoMSIA CoMFA CoMSIA 
S. No. 

Obsd 
Act Pred 

Act 
Res Pred 

Act 
Res 

S. No. 
Obsd 
Act Pred 

Act 
Res Pred 

Act 
Res 

01# 4.23 4.90 0.67 4.73 0.50 22 5.55 5.48 -0.07 5.460 -0.09 
02# 4.31 5.06 0.75 5.06 0.75 23 5.59 5.45 -0.14 5.481 0.11 
03 4.35 4.56 0.21 4.57 0.22 24# 5.60 5.79 0.19 6.107 0.51 
04 4.59 4.54 -0.05 4.59 0.00 25 5.60 5.57 -0.03 5.379 -0.22 
05 4.77 4.81 0.04 4.63 -0.14 26 5.66 5.63 -0.03 5.595 -0.07 
06 4.79 4.65 -0.13 4.65 -0.14 27 5.72 5.61 -0.11 5.584 -0.14 
07 4.83 5.07 0.24 4.82 0.00 28 5.80 5.85 0.05 5.907 0.11 

08# 5.02 5.06 0.04 5.00 -0.02 29 5.89 6.20 0.31 6.131 0.24 
09 5.09 5.21 0.12 5.31 0.22 30 5.94 5.91 -0.03 5.884 -0.06 

10# 5.31 5.50 0.19 5.17 -0.14 31 5.94 5.99 0.05 5.982 0.04 
11 5.31 5.40 0.09 5.45 0.14 32 5.96 6.03 0.07 5.969 0.01 
12 5.32 5.35 0.03 5.38 0.06 33# 6.10 6.08 -0.02 6.291 0.19 
13 5.34 5.39 0.05 5.39 0.05 34 6.10 6.05 -0.05 6.059 -0.04 
14 5.37 5.56 0.19 5.54 0.17 35 6.10 6.09 -0.01 5.957 -0.14 
15 5.42 5.37 -0.05 5.45 0.03 36# 6.10 5.54 -0.56 6.543 0.44 
16 5.47 5.49 0.02 5.50 0.03 37 6.22 6.25 0.030 6.021 -0.20 
17 5.49 5.90 0.41 5.84 0.35 38 6.22 6.13 -0.09 6.225 0.01 
18 5.52 5.62 0.104 5.47 -0.05 39 6.22 6.32 0.104 6.266 0.046 

19# 5.52 5.83 0.31 5.20 -0.32 40 6.30 6.27 -0.03 6.272 -0.03 
20 5.52 5.54 0.02 5.50 -0.03 41 6.40 6.23 -0.17 6.252 -0.15 
21 5.54 5.49 -0.05 5.45 -0.10 42 6.70 5.61 -1.09 6.671 -0.03 

#Molecules belonging to test set 
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space around the molecules where changes in the steric and
electrostatic fields would affect the activity in a positive or in
a negative way. The CoMFA steric and electrostatic contour
maps have been shown in Figs. 4 and 5, respectively. The steric
field is represented by green and yellow contours, in which
green contours indicate regions where bulky group would be
favourable, while the yellow contours represent regions where
bulky group would decrease the activity. Molecule #42 was
selected as a reference structure. As shown in Fig. 4, in the
CoMFA steric map the yellow contours are located near the
substitution X on the central ring and the green contours surround
the –Ar group attached to the central ring. This indicates that
less bulky substituents at the position of X will favour the anti
HIV activity and more bulky substituents at the position of Ar
will increase the anti-HIV activity. As can be seen from Table-
1, this is the general trend of the activity data, molecule 37 to
42 all of which has X=H show relatively higher activity values.
Similarly for the molecules 38 to 42 where there are double
substitution of the –Ar moiety, show relatively higher anti HIV
activity.

Fig. 4. CoMFA Steric field. Green contours favour bulky groups for higher
activity and yellow contours favour less bulky groups for higher
activity

Fig. 5. CoMFA Electrostatic contour maps. Blue contours represent regions
where positive charge will favour activity and red contours represent
regions where excess negative charge will favour activity

The CoMSIA steric contour maps (Fig. 6) also has more
or less similar nature to the CoMFA steric fields (Fig. 4).
CoMSIA model shows that the bulky substituent at the
periphery of Ar group and at the position of the Y substituent
on the central ring is favourable for the better activity.

Fig. 6. CoMSIA Steric field. Green contours favour bulky groups for higher
activity and yellow contours favour less bulky groups for higher
activity

The electrostatic contour maps are also nearly identical
in both the cases of CoMFA and CoMSIA models (Figs. 5 and
7). In the CoMFA electrostatic map the large blue contours
surround the X and Ar regions away from the molecule and a
small red contour lie close to the Ar group. This indicates that
the electropositive regions on the binding protein will act as
suitable donor for the electronegative acceptor regions on the
molecule. Small red contours also indicate that increase of the
negative charge concentration on the periphery of the Ar group
and at the Y position will favour the increased anti HIV activity.
In the CoMSIA electrostatic contour map (Fig. 7) prominent
red contours around the lower region of the –Ar group indicates
the possibility of designing better anti-HIV active molecules
by increasing the negative charge concentration at the periphery
of –Ar moiety and blue contour around the central core indicates
electron withdrawing substituents on it will make it more
positive and is likely to increase the anti-HIV activity. Molecule

Fig. 7. CoMSIA Electrostatic field. Blue contours represent regions where
positive charge will favour activity and red contours represent regions
where excess negative charge will favour activity
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39 to 42, for which there are two chloro substitutions on the
–Ar moiety, show higher activity as this increases the negative
charge concentration on the –Ar ring. These chlorine atoms
are likely to act as donor in the interaction with the protein
moieties.

Molecular docking: The binding mode of molecule 42
with 1RT1 protein, obtained from docking analysis is shown
in Fig. 8. The pyrimidine moity play decisive role in establi-
shing a cyclic hydrogen bonding motif with the Lysine 101
residue. The pyrimidine moiety and the Lysine group are
complementary to each other, each having a NH donor group
and C=O acceptor group. A R2

2(9) cyclic hydrogen bonding
synthon [24] is established between these two. The N···O dis-
tance between the N donor of Lysine 101 and O acceptor atom
of the pyrimidine moiety is 3.192 Å, H···O distance is 2.273 Å
and the <NH···O angle is 152.17°. On the other hand the N···O
distance between the N donor of the pyrimidine moiety and O
acceptor atom of Lysine 101 is 2.735 Å, the H···O distance is
1.800 Å and the <NH···O angle is 161.59°. There is a further
hydrogen bonding between the pyrimidine moiety the Valine
106 residue in which pyrimidine N atom act as the acceptor
for the CH donor from the Valine 106 residue. C···N distance
is 3.664 Å, H···N distance is 2.948 Å and <CH···N angle is
122.93°. It is to be noted that the above mentioned cyclic hydro-

gen bonding pattern is a generic feature between the DABO
class of ligands and the 1RT1 protein (Fig. 8) as the common
pyrimidine scaffold is involved in this hydrogen bonding.

Fig. 8. Binding mode of molecule 42 at the active site of 1RT1 protein

(a) (b) 

(c) (d)

Fig. 9. MOLCAD surfaces of the binding site of 1RT1 protein with molecule 42. (a) Cavity depth (CD); colour ramp ranges from blue (low
depth values, outside the pocket) to light red (high depth values deep, cavities deep inside the pocket); (b) Electrostatic potential (EP);
colour ramp ranges from red (most positive) to purple (most negative); (c) Hydrogen bonding sites surface (HB); (d) colour ramp
ranges from red (hydrogen bond)
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The difluorobenzene moiety of the ligand 42 also interact
with the surrounding protein residues (LEU100, TYR188 and
TRP229). CH···F hydrogen bonding is established between
the CH donor of LEU100 and the F acceptor on the ligand
with C···F distance 3.42 Å, H···F distance 2.75 Å and <CH···F
angle is 104.66°. Another CH···F hydrogen bonding is also
established between the CH donor of TYR188 residue and
the F acceptor on the ligand with C···F distance 2.86 Å, H···F
distance 2.205 Å and <CH···F angle is 115.0°.

A CH···π hydrogen bonding is established between the
terminal CH group of the difluorobenzene moiety and the
TRP229 residue of the protein. The H···centroid of phenyl ring
distance is 3.130 Å.

Further, the MOLCAD surfaces of the binding site of
1RT1 have been developed to show the hydrogen bonding sites
(HB) (Fig. 9a), electrostatic potential (EP) (Fig. 9b), lipophilic
potential (LP) (Fig. 9c) and cavity depth (CD) (Fig. 9d). The
molecular electrostatic potential on a protein surface can be
used to find the areas that act as attraction sites for the regions
of the ligand having matching opposite colours. The red colour
shows the electron-withdrawing zone and purple colour shows
electron-donating zone. The interactions depicted for hydrogen
bonding contacts in Fig. 8 correlate to that of the CoMFA
electrostatic contour map.

Conclusion

3D-QSAR and docking studies have been performed to
rationalize the cause of anti HIV-activity of a set of dihydro-
alkoxybenzyloxopyrimidines (DABO) molecules whose
activity values are known. 3D-QSAR has been formed using
CoMFA and CoMSIA methods. The CoMFA analysis reveals
that electrostatic field is more important than the steric field
in case of anti-HIV activity of DABO molecules. Whereas
less bulkysubstituents are preferred at the position of X, more
electronegative subtituents at the periphery of the Ar substituent
is likely to increase the anti HIV activity. CoMSIA analysis
also indicate the same trend like the CoMFA analysis. A doc-
king analysis has been performed which show that hydrogen
bonding as well as π-stacking interactions are important for
binding of the molecules with the HIV protein 1RT1. In the
3D-QSAR analysis, it was revealed that suitable donor groups
on the protein will help in greater binding affinity of the dabo
molecules, which have multiple acceptor sites. The docking
analysis revealed that the core moiety of the DABO molecules
have a nice donor acceptor complementary for binding with
the lysine residue of a protein and forms a cyclic hydrogen
bonding motif. The symmetrically positioned acceptors on the
Ar group also suitably binds with different protein residues.
In line with the CoMSIA analysis, in the docking study also it
is revealed that besides the central core the Ar group is
important for binding with the protein and should be carefully
designed for better anti-HIV drug molecules. In summary, the
present 3D-QSAR analysis clearly explains the observed anti-
HIV activity of the DABO molecules. Insight obtained from
this study should be helpful in designing more effective anti-
HIV drug molecules.
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