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AbstractÐA set of TIBO derivatives endowed with reverse transcriptase (RT) inhibitory activity were analyzed by comparative
molecular ®eld analysis (CoMFA). Besides conventional steric and electrostatic ®elds, molecular lipophilicity potential (MLP) was
also used as a third ®eld in CoMFA. An informative and statistically signi®cant model (q2=0.70, r2=0.90, s=0.46) was obtained
by taking into account the three ®eld types together. The key molecular determinants governing the RT inhibition by TIBO con-
geners were detected at the 3-D level by a careful analysis of the CoMFA isocontour maps. To challenge the predictive ability of the
CoMFA model, an external set of thiazolobenzimidazole (TBZ) derivatives were examined. Good predictions, suggesting a similar
binding mode for TIBO and TBZ derivatives, emerged. Flexible docking experiments on TBZ, TIBO and other NNIs con®rmed
common binding characteristics, as found out also by CoMFA, and moreover a good correlation between calculated binding
energies and inhibitory potency was found. # 1999 Published by Elsevier Science Ltd. All rights reserved.

Introduction

In the life of human immunode®ciency virus (HIV), the
reverse transcriptase (RT) is a key multifunctional
enzyme that constitutes an important target for the
development of new antiviral agents. RT is essential for
HIV replication and moreover contains multiple sites
where inhibitors can e�ciently bind.1

In previous publications,2±5 the synthesis of a series
of 1H,3H-thiazolo[3,4-a]benzimidazoles exhibiting sig-
ni®cant anti-HIV activity led to the discovery of TBZ (53)
(NSC 625487)2 as a potent and selective non-nucleoside
HIV-1 RT inhibitor.6,7 TBZ (53) was active against a
panel of biologically diverse strains, including the AZT
resistant strain G910-6, but it was inactive against HIV-
2. Combination of TBZ with AZT and ddI synergisti-
cally inhibited HIV-1-induced cell killing.6

The biological activity of TBZ (53) seems to be asso-
ciated to its capability to assume a `butter¯y-like' con-
formation6 as already observed for other NNIs such as
Nevirapine (1)8 and TIBO [31] (Chart 1).

The aim of the present research was to obtain further
insight into the relationships between the structure and
inhibitory potency of TIBO RTIs, to locate at the 3-D
level the main intermolecular interactions involved in
the RT inhibition and ®nally to use these results to
derive informative SAR on a series of TBZ derivatives
prepared in our laboratories.2,3,5

A further important goal of our study was the demon-
stration of a common binding mode of a series of
structurally diverse NNIs. To reach our research objec-
tives two modeling techniques have been used, namely
comparative molecular ®eld analysis (CoMFA) and
¯exible docking, implemented, respectively, in the Sybyl
6.49 and QXP10 molecular modeling packages.

CoMFA11 is a widely-used tool for the study of quan-
titative structure±activity relationships (QSAR) at the
3-D level. Unlike the traditional Hansch analysis, which
relies on substituent parameters, CoMFA relates the
biological activity of a series of molecules with their
steric and electrostatic ®elds sampled at grid points
de®ning a large 3-D box around the molecule. CoMFA
columns (descriptors) consist of steric (Lennard±Jones)
and electrostatic (Coulomb) potentials computed for
each molecule, at each grid point, by means of a suitable
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probe, usually an sp3 carbon atom with a charge of +1.
Partial least squares (PLS)12 is the regression method
used to develop the relationship between independent
variables (steric and electrostatic potentials) and biolo-
gical activity (dependent variable). PLS analysis pro-
duces model equations which explain the variance in the
target property in terms of the independent variables.
The optimum number of components (latent variables)
is determined by cross-validation and the model
predictive ability is assessed by cross-validated r2 (r2cv,
q2). The graphical representation of CoMFA results
(isocontour maps) indicated the regions where the var-
iation in steric and electrostatic properties of di�erent
molecules in a data set is correlated with the variation of
biological activity.

CoMFA is not able to appropriately describe all bind-
ing forces, being based only on standard steric and
electrostatic molecular ®elds to model receptor±ligand
interactions. Furthermore, CoMFA describes only the
enthalpic component of the ligand±receptor interac-
tions. Introducing the molecular lipophilicity potential
(MLP)13 as an additional ®eld has been shown to sig-
ni®cantly improve the descriptive, predictive and inter-
pretative powers of CoMFA in many cases. Indeed the
MLP encodes hydrogen bonds and hydrophobic
interactions not su�ciently described by the steric
and electrostatic ®elds and includes also an entropy
component.14

For these reasons, the CoMFA methodology, with the
inclusion of the MLP, was selected as an appropriate
tool to study the SAR of TIBO congeners. Regrettably,
for TBZ derivatives the lack of parametrization of some
molecular fragments prevented the use of MLP as a
third ®eld in CoMFA.

Results and Discussion

High resolution crystallographic coordinates of HIV-1
RT15 and its complexes with some NNIs were used as
good starting points for the 3-D-QSAR CoMFA study.
Those data were particularly useful to select reliable
inhibitor conformations both for the alignment in
CoMFA and for the subsequent docking studies. In
particular CoMFA was carried out starting from a
TIBO conformation recovered from the crystallographic
data of RT/TIBO R86183 (31) complex.8

TIBO, tetrahydroimidazo(4,5,1-JK)(1,4)-benzodiaze-
pin-2(1H)-ones and thiones,16±18 are potent and highly
selective anti-HIV-1 inhibitors whose mechanism of

action has been ascribed to an allosteric inhibition of
viral RT, through a tight binding in a region close to the
polymerase site.19

Thirty-seven TIBO derivatives (Table 1) carrying di�er-
ent substituents at N-6 and at the benzodiazepine ring
and an ureidic or thioureidic function at the condensed
®ve-membered ring, were selected as a training set (TS)
for the CoMFA study. The selection was made so as to
have a good variation of steric, electrostatic and lipo-
philic properties. Moreover the biological data were
homogeneous and regularly distributed in a relatively
wide activity range (pIC50 from 3.80 to 8.52).

Also the TIBO molecules used as a prediction set (PS,
Table 1) showed a good spread and distribution of data
points. The inhibitory potency was expressed as ÿlog
IC50 where IC50 is the concentration of compound
required to achieve 50% protection of MT-4 cells
against the cytopathic e�ect of HIV-1.

Table 1 lists the chemical structures and biological
activities of TIBO derivatives forming the TS, used to
derive the CoMFA models, and the PS used to chal-
lenge their predictive capability.

CoMFA studies on TIBO congeners

The statistical results obtained in the CoMFA study of
TIBO inhibitors are summarized in Table 2.

With the exception of model 1, PLS models based on
single ®eld are not very signi®cant in terms of predictive
(q2) and ®tting (r2, s) values. The pair-wise combination
of the three ®elds yielded only marginal statistical
improvements. The most satisfactory statistical model,
both in ®tting and predictive terms, was model 7 com-
bining all the three ®elds.

The relative ®eld contributions were 49% steric, 30%
electrostatic, 21% lipophilic suggesting a balanced
model with prevalent steric e�ects. Its ®tting power can
easily be judged from the plot of measured versus pre-
dicted pIC50 values shown in Figure 1.

The CoMFA steric, electrostatic and lipophilic ®eld
signals for model 7 are shown as single ®eld contour
maps and as merged ®elds in Figure 2.

Figure 2 (upper left) shows the steric contour map from
model 7. Compounds 3 (pIC50=3.80), 8 (pIC50=5.18)
and 26 (pIC50=8.52) were added to aid interpretation.
The green and red polyhedra represent areas of steric
bulk tolerance and steric hindrance, respectively. The red
contours surround groups like NHCOCH3 of compound
3 and OCH3 of compound 8, while the green contours
surround the side chain at N-6. Compound 26 (the most
active one) occupies only sterically allowed areas.

Figure 2 (upper right) shows compounds 8 (pIC50=
5.18) and 34 (pIC50=8.48) embedded in the CoMFA
electrostatic contour maps. The magenta and white
polyhedra de®ne, respectively, areas of favorable or

Chart 1.
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Table 1. Chemical structures of TIBO derivatives 2±47

Compounds X R6 Rs R9 Rx
a pIC50 Setx

b

2 O H H 5.00 PS

3 O H NHCOCH3 3.80 TS

4 O H NO2 4.48 TS

5 O H NH2 4.22 TS

6 O N(CH3)2 H 5.18 TS

7 O CH2CH=C(CH3)2 H H 5.40 TS
8 O CH2CH=C(CH3)2 H H R10�OCH3 5.18 TS
9 O CH2CH=C(CH3)2 C�CH H 6.36 PS
10 O CH2CH=C(CH3)2 CN H 5.94 PS
11 O CH2CH=C(CH3)2 CH3 H 6.00 PS
12 O CH2CH=C(CH3)2 I H 7.06 TS
13 O CH2CH=C(CH3)2 Br H 7.33 TS
14 O CH2CH=C(CH3)2 CONH2 H 5.20 TS
15 O CH2CH=C(CH3)2 H CF3 5.23 TS
16 O CH2CH=C(CH3)2 H Cl 6.74 TS
17 O H Cl 5.66 TS

18 O CH2C(CH3)=CH2 H H 4.82 TS
19 O CH2CH=C(Et)2 H CH3 6.50 TS
20 O CH2CH=C(Et)2 H Cl 7.54 TS
21 O CH2CH2CH3 H H 4.22 TS
22 O H Cl 6.42 PS

23 S CH2CH=C(CH3)2 H H 7.36 TS
24 S CH2CH=C(CH3)2 H H R10�OCH3 5.33 TS
25 S CH2CH=C(CH3)2 OCH2CH3 H 7.02 TS
26 S CH2CH=C(CH3)2 Br H 8.52 TS
27 S CH2CH=C(CH3)2 Cl H 7.34 TS
28 S CH2CH=C(CH3)2 F H 8.24 TS
29 S CH2CH=C(CH3)2 CN H 7.25 TS
30 S CH2CH=C(CH3)2 CH3 H 7.85 TS
31 S CH2CH=C(CH3)2 Cl H 8.34 TS
32 S CH2CH=C(CH3)2 I H 7.32 TS
33 S CH2CH=C(CH3)2 C�CH H 7.53 PS
34 S CH2CH=C(CH3)2 H Cl 8.48 TS
35 S CH2CH=C(CH3)2 H Cl R5�H 6.80 TS
36 S CH2CH=C(CH3)2 H F 7.60 TS
37 S CH2CH=C(CH3)2 H CF3 6.31 TS
38 S H Cl 6.38 TS

39 S CH2C(CH3)=CH2 H H 7.85 TS
40 S CH2CH=C(Et)2 H Cl 7.92 TS
41 S CH2CH=CH2 H H 4.17 TS
42 S H H 7.22 TS

43 S H Cl 7.47 TS

44 S H NO2 5.61 PS

45 S H Cl 7.88 TS

46 S CH2CH2CH3 H H 5.78 TS

a Additional structural features.
b Used in the prediction set (PS) or training set (TS).
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unfavorable interactions for negative charges. The
magenta area surrounds the ureidic or thioureidic
groups, while the white area is occupied by electron-rich
groups in the case of less active compounds.

In Figure 2 (lower left) the lipophilic contour map is
shown with compounds 3 (pIC50=3.80), 34 (pIC50=
8.48) and 26 (pIC50=8.52). The yellow color refers to a
large region of favorable lipophilic binding occupied by
halogen substituents at position 9 occurring in very
active compounds. It is worth noting that for this class
of inhibitors no favorable hydrophilic interactions were
found by MLP.

In Figure 2 (lower right) the isocontour graphs coming
from the merging of the three single ®eld maps are
shown together with ligands 3, 8, 26 and 34: highly
active molecules (34 and 26) do not occupy forbidden
steric regions whereas positive electrostatic contribu-
tions can be mainly located close to electron-rich groups
in the magenta regions. Lipophilic substituents such as
Cl and Br in compounds 34 and 26 respectively, lie on a
lipophilic yellow region. Low activity molecules such as
3 and 8 show the OCH3 and NHCOCH3 substituents
within unfavorable steric (red) and electrostatic (white)
zones.

The salient features of model 7 emerging from the pre-
vious analysis of the contour maps furnish signi®cant
insight into the physicochemical characteristics and
location of the key interactions governing the inhibitory
binding process of TIBO congeners.

Interestingly, our 3-D-QSAR analysis of TIBO con-
geners is in full agreement with a recent QSAR study20

carried out by the traditional Hansch approach on the
same set of compounds. Our results permit, however, a
better de®nition of the favorable lipophilic interaction
of substituents at positions 8 and 9 and a detection of a
steric e�ect for substituents at position 10.

To further evaluate the validity of model 7, especially in
predictive terms, compounds forming the PS were
examined. The statistical parameters used for this eva-
luation were the r2pred and spred, which represent, respec-
tively, the squared correlation coe�cient resulting from
the regression equation of the observed versus predicted
activities and the standard deviation as a measure of the
prediction error.

The r2pred and spred from model 7 were much better than
those from model 1, assuming the values of 0.96 and
0.15, respectively.

These ®gures reinforce the high statistical value of the
PLS model 7. From Table 3, it can be seen that the
activities of all the compounds in the PS were predicted
within 0.40 log units of their actual pIC50 with an aver-
age absolute error of 0.19 log units along a range of 2.53
units. Also these ®ndings were quite gratifying.

Molecular modeling of the inhibitory potency of TBZ
congeners

The predictive ability of PLS model 7 was tested also
on an external set of structurally diverse inhibitors

Table 2. CoMFA statistical results

Model Fields NOC q2 a r2 a r2pred
a spred

a

1 ste 2 0.70 0.81 0.78 0.46
2 ele 1 0.52 0.86
3 lipo 3 0.55 0.73
4 ste, ele 2 0.65 0.78 0.69 0.59
5 ste, lipo 2 0.71 0.81
6 ele, lipo 1 0.58 0.67
7 ste, ele, lipo 4 0.70 0.90 0.96 0.15

a q, r, NOC are the cross-validated correlation coe�cient, the corre-
lation coe�cient and the optimal number of components, respectively;
rpred and spred are the correlation coe�cient and the standard deviation
referred to the linear correlation between predicted and observed
values for the prediction set.

Figure 1. Plot of measured versus predicted pIC50 values for the TIBO
prediction set.

Figure 2. Isocontour maps for PLS model 7 expressed as
STEV�COEFF. (A) Steric map (contour levels: 0.052 green; ÿ0.048
red. Color codes: green increased a�nity, red decreased a�nity),
compounds 3, 8 and 26 are shown to help interpretation. (B) Electro-
static map (contour levels: 0.043 white; ÿ0.095 magenta. Color codes:
white decreased a�nity for negative charge; magenta increased a�nity
for negative charge), compounds 8 and 34 are shown to help inter-
pretation. (C) Lipophilic map (contour levels: 0.023 yellow. Color
codes: yellow increased a�nity), compounds 3, 34 and 26 are shown to
help interpretation. (D) CoMFA three-®eld isocontour map, com-
pounds 3, 8, 34 and 26 are shown to help interpretation.
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constituted by the 1-aryl-1H,3H-thiazolo[3,4-a]benzimi-
dazoles 47±53 (TBZ) reported in Table 4.

The 3-D structures of TBZ were compared with those
of TIBO derivatives, aiming at the maximum overlap
of the most plausible pharmacophoric elements. The
enantiomers with R absolute con®guration were
selected since they give a better ®t in a butter¯y-like
geometry.

The molecular model of the most active compound TBZ
(53), was constructed using available crystallographic
data6 and its geometry optimized by the semi-empirical
molecular orbital method AMI.21 Then, a conforma-
tional search was carried out on the phenyl torsion
angle N(2)-C(1)-C(10)-C(11) looking for the minimum
energy conformer. All the other TBZ derivatives were
constructed from the structure of compound 53 and
optimized with the same method.

The best geometric ®t between the two classes of com-
pounds TIBO and TBZ resulted from the alignment
shown in Figure 3 (rms=0.18) in which the ®tted ele-
ments were numbered and labeled with an asterisk.

The orientation of compound 53 resulting from this ®t
was used as starting conformation for docking studies
into the non-nucleosidic binding site of RT.

Figure 4 shows compounds 47±53, overlaid according to
the previously indicated ®tting elements, surrounded by
CoMFA steric, electrostatic and lipophilic contour
maps. In other terms, the isocontour maps, as resulting
from the CoMFA analysis of TIBO, were used as ®eld
template to test, at a qualitative level, their capability to
predict the rank order of activity of another di�erent
class of RT inhibitors. It was interesting to observe in
Figure 4 that the lipophilic region surrounds the halo-
gen of the substituted aromatic rings in the most active
TBZ compounds, while the nitro group of compound 47
(pIC50=5.12) is embedded in the red and white poly-
hedra which represent areas of steric hindrance and
unfavorable interactions for negative charges.

These ®ndings indicated that model 7 can be used to
correctly estimate, at least at a qualitative level, the
inhibitory activity of TBZ derivatives. As previously
stated, the lack of parametrization of some molecular
fragments prevented the possibility to calculate the
MLP for TBZ molecules and therefore model 7 could
not be used for a quantitative prediction of their inhi-
bitory potency. However, the relatively good statistics
of the steric and electrostatic two-®elds model 4 (54 and
46% contribution, respectively) prompted us to use it
for a tentative quantitative prediction of the TBZ inhi-
bitory activity: model 4 revealed a certain predictive
ability with an average absolute error of 0.3 log units.

Table 3. Observed and predicted values from model 7 for the TIBO

prediction set

Compounds
observed

pIC50 (obs) pIC50 (pred) pIC50 (obs)ÿpIC50 (pred)

2 5.00 5.34 ÿ0.34
44 5.61 5.84 ÿ0.23
10 5.94 6.07 ÿ0.13
11 6.00 6.40 ÿ0.40
22 6.42 6.31 0.11
12 7.06 6.94 0.12
23 7.36 7.29 0.07
33 7.53 7.64 ÿ0.11

Table 4. Chemical structures and inhibition data of TBZ derivatives

47±53

Compounds R1R2 pIC50 (obs)

47 2Cl,5NO2 5.12
48 3CN 5.46
49 3F 5.54
50 2NO2 5.65
51 2Cl,6Cl 6.30
52 2Cl,6F 6.39
53 2F,6F 6.41

Figure 3. Superimposition criteria of TIBO and TBZ compounds: ®t-
ted elements are labeled with an asterisk and numbered.

Figure 4. Merging of TBZ congeners 47±53 in the CoMFA three-®eld
isocontour map from model 7.
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Docking studies of NNIs into RT

RT is a dimeric protein having a polymerase site
(catalytic aminoacids are ASP110, ASP185 and
ASP186), and an allosteric binding site close to the
active site and partially included in it. The most impor-
tant aminoacids involved in hydrophobic interactions
with NNIs are VAL106, VAL108, TYR181, TYR188,
PHE227, TRP229 and GLU696 while VAL179 and
LYS101 may be responsible for hydrogen bonding
interactions.22,23

To further prove a common binding mode with RT of
some selected NNIs and our TBZ derivatives, an inter-
molecular docking study was performed by means of
the QXP (Quick eXPlore) molecular modeling pack-
age10 and the interaction energies calculated from the
minimized structures of the RT-inhibitor complexes.

QXP has been recently proposed as an original and
rapid method for docking, template (pharmacophore)
®tting and pseudo-receptor building. Its algorithms take
advantage of the classical Monte Carlo24 procedure to
perform e�cient conformational searches on ¯exible
cyclic and acyclic molecules being the energy calcula-
tions made by a mixed AMBER/MM2 force-®eld.25

For the molecular ®tting procedure, QXP uses a super-
position force-®eld which automatically assigns short-
range attractive forces to similar atoms in di�erent
molecules according to the following equation
Esup=Ksup (dist2-d 2

cut)/d
4
cut where Esup is the super-

imposition energy, dist is the interatomic distance and
dcut is the cuto� distance. Ksup is the energy constant for
a perfect superimposition. Fast Monte Carlo searches
are used to match proposed molecules to a template or a
pharmacophore and for ¯exible docking to a binding
site. The Polak±Ribiere conjugate gradient (PRCG)
minimization26 is then used to optimize the ®tting or
binding energies.

Docking is carried out using a molecular mechanics
force-®eld without superposition energy. Guide atoms
are automatically generated inside the binding site
before the search starts. A dielectric constant of e=4r is
used in the calculation.

The docking study of NNIs was limited to TIBO (34),
TBZ (53), Nevirapine (1) and the a-anilinophenylaceta-
mide derivative (a-APA) (54) (Chart 2).

Preliminary superimposition studies of the diverse NNIs
were performed before docking simulations, aimed at
evaluating possible binding similarities of NNIs ligands.
A qualitative analysis of the binding mode found in
RT±NNIs crystal complexes showed that compounds 34,
1 and 54 could bind to RT assuming a superimposable
butter¯y-like conformation (Fig. 5, upper part).

A ¯exible ®tting procedure (see Experimental) was
applied to the selected NNIs molecules. In the best
developed alignment, two unsaturated zones correspond-
ing to the wings of the butter¯y and a hydrophobic alkyl

region on the plane dissecting the two wings are visible
(Fig. 5, lower part).

Moreover, to validate the TIBO/TBZ alignment chosen
in our CoMFA studies, a ¯exible ®tting of compounds
53 and 34 was performed by QXP. The resulting align-
ment was quite similar to the one previously used in
CoMFA, as shown in Figure 6.

Finally, ¯exible docking simulations (see Experimental)
of the ligands into the RT allosteric binding site were
executed. The resulting TIBO (34)±RT complex shows
the ligand NH forming a hydrogen bond with the
backbone carbonyl oxygen of LYS101, the allylic group
interacting with the phenolic rings of TYRI81 and
TYR188, the ®rst one being probably involved in a
edge-to-face p±p stacking.27 In fact, a measured distance

Chart 2.

Figure 5. Upper part: superimposition of NNIs 34 (green), 1 (blue),
and 54 (orange) as extracted from their crystal complexes. Lower part:
alignment of compounds 34 (green), 53 (red), 1 (blue) and 54 (orange)
resulting from QXP ®tting.
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of 2.64 AÊ between the centers of mass of the two groups
and a nearly orthogonality (87.8�) of the planes passing
through them was observed. Moreover, the methyl
group is trapped in a hydrophobic pocket de®ned by
TYR181, LEU100 and GLU696 (Fig. 7, upper part).

The binding mode of the a-APA (54) (not shown in
Fig. 7) presents the acetophenyl group parallel to the
phenolic ring of TYRI81 (but perpendicular to the cor-
responding allylic portion of TIBO (34)), the dichloro-
phenyl group in the same place of the TIBO bicyclic
region, and the methyl substituent into the hydrophobic
pocket. Moreover, one of the amidic hydrogens forms a
HBwith the backbone carbonyl oxygen atom of VAL179.

In the binding of Nevirapine (1) (not shown in Fig. 7),
several favorable lipophilic interactions seem to take
place and the butter¯y-like conformation is practically
conserved (pyridine rings take up the wing zones).

TBZ derivative 53 shows the indolic region interacting
hydrophobically with the side-chains of PHE227 and
TYR188 and the di¯uorophenyl group close to the
hydrophobic pocket (Fig. 7, lower part). Unlike TIBO
(34) and a-APA (54), TBZ (53) forms no hydrogen
bond. Thus, the formation of H-bonds does not seem
essential for an e�cient binding to RT. Nevirapine (1),
in fact, strongly interacts with RT even if no HB is
formed.

The interaction energies, calculated only for ligands for
which homologous biological data were available, are
shown in Table 5. The value obtained for TBZ (53)±RT
complex is about 10 Kcal/mol higher than TIBO (34)±
RT and this is in full agreement with its lower inhibitory
potency. The higher stability of the TIBO (34)±RT
complex could result both from the formation of one
hydrogen bond with the LYS101 and from much more
extended hydrophobic interactions of 34 compared to
53 as can be easily perceived by a simple visual com-
parison of the red ligand surfaces in the upper and lower
parts of Figure 7.

Conclusions

A very informative and statistically signi®cant CoMFA
model was developed for a large series of TIBO derivatives

Figure 6. Alignments of compounds 34 (green) and 53 (red) resulting
from QXP (upper part) and CoMFA (lower part).

Figure 7. Upper part: minimum binding energy conformation of com-
pound 34 into RT allosteric binding site. Red and green surfaces repre-
sent respectively the ligand and receptor cavity van der Waals surfaces
as computed by the program Surfnet l.4.37 Lower part: minimum binding
energy conformation of compound 53 into RT allosteric binding site.
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endowed with interesting inhibitory potency towards
the HIV reverse transcriptase. The main molecular
determinants responsible for high inhibitory activity
were identi®ed and proved valid also for a series of TBZ
derivatives displaying the same type of biological activ-
ity. The butter¯y-like conformation and a suitable spa-
tial location of lipophilic and electron-rich groups are
the key structural requirements for a potent enzyme
inhibition by the two classes of NNIs, TIBO and TBZ,
extensively examined in this study.

Comparative molecular ®eld analysis and ¯exible dock-
ing experiments showed that TBZ and TIBO have very
similar structural and binding properties. A plausible
interpretation of the lower potency elicited by TBZ
congeners compared to TIBO derivatives was also given.

As already stressed in recent publications,28±30 the
coordinated use of CoMFA and docking approaches,
can yield signi®cant and complementary insight into
complex biological processes such as the enzyme±ligand
binding.

Finally, it could be interesting to challenge the validity
of the common binding mode proposed herein for TIBO
and TBZ, by synthesizing new and original NN inhibi-
tors designed on the basis of the key molecular require-
ments for high potency identi®ed in the present study.
Future work towards this important goal has been
already planned.

Experimental

Molecular modeling

For our CoMFA studies of TIBO derivatives, com-
pound 31 (Table 1), whose crystal structure complexed
with HIV-1 RT is known, was chosen as the template to
de®ne the most likely binding conformation to be used
for molecular alignment.

The molecule was isolated from its crystal complex RT±
TIBO (Brookhaven Protein Data Bank, entry code
1HNV) and optimized by the semiempirical quantum
mechanics method AM1 using the molecular modeling
software Sybyl 6.4. The torsion angles of the side-chain,
found essential to maintain a butter¯y-like molecular
shape, were frozen in the conformation seen in the
X-ray crystallographic study of the complex.

Three-dimensional structures of the other molecules
were constructed from compound 31. A conformational
search of the principal rotatable bonds was then exe-
cuted and the best ®tted butter¯y-like conformation was

selected (allowing an energy penalty up to 3 kcal/mol
over the global minimum) and optimized by the same
method used for the template.

All molecules were superimposed by least-square ®tting
of some selected atoms, indicated by an asterisk in Fig-
ure 8, on the corresponding atoms of the template.

For molecular modeling studies of TBZ derivatives, the
template molecule (53) was built from its crystal-
lographic data (available for the S enantiomer) with the
CRYSYN module of Sybyl 6.4 and fully optimized by
the semiempirical quantum mechanics method AM1.
The subsequent conformational search on the inter ring
torsion angle was executed with a 30� increment in the
range 0±180�. The geometry of the lowest energy con-
former compared well to that found by X-ray analysis.
The remaining TBZ derivatives were built in the ground
of compound 53 and optimized with the same method.

CoMFA study

A 3-D cubic lattice, with a 2 AÊ grid spacing, was gener-
ated around the aligned compounds based on the mole-
cular volume of the structures (grid beyond the
molecules extended by 4 AÊ in all directions). Steric and
electrostatic potentials were generated by a sp3 carbon
atom probe with a charge of +1. The option `drop
electrostatic' was set to NO.

The molecular lipophilic potentials were calculated by
using the Broto and Moreau atomic fragment system31

and used in CoMFA. The ®elds values were calculated
at each grid point as the scalar product of the associated
QSAR coe�cients times the standard deviation of all
values in the corresponding column of the data ®eld
table (STDEV�COEFF).

The CoMFA models were derived by the partial least
squares (PLS) method, implemented in Sybyl 6.4, with
cross-validation (leave-one-out procedure).

The predictivity ability of the model was quanti®ed in
terms of q2 which is de®ned as:

q2=(SD ± PRESS)/SD

where PRESS=� (Ypred-Yactual)2 and SD=� (Yac-
tual-Ymean)2.

SD is the sum of squares of deviations of the observed
values from their mean and PRESS is the prediction
error sum of squares. The ®nal models were developed
by a conventional (non-cross-validated) regression ana-
lysis with the optimum number of components equal to

Table 5. Binding interaction energies of the listed ligands with RT

Ligand pIC50 (obs) Ei (kcal/mol)

TIBO (34) 8.30 ÿ64.49
a±APA (54) 8.48 ÿ73.82
TBZ (53) 6.30 ÿ54.30

Figure 8. Fitting elements in TIBO derivatives (labeled by an asterisk).
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that yielding the highest q2 value. It can be observed in
Table 2 that all the retained ®nal CoMFA models had
q2 well above 0.3, which corresponds to a low prob-
ability of chance correlation (p<0.05, that is <5%).32

However, to be safer on the potential risk of chance
correlations, the biological data were reassigned ran-
domly to the compounds and the PLS analysis were
repeated. In no case were good predictive PLS
models obtained (q2 always <0.2). The ®nal non-cross-
validated equations are not very useful to represent
e�ciently the CoMFA models and therefore 3-D gra-
phics or isocontour maps were developed. They repre-
sent areas in the space where steric, electrostatic and
lipophilic interactions are responsible for the observed
variations of the biological activity.

Docking study

X-ray structures of NNIs and reverse transcriptase were
recovered from Brookhaven Protein Database. In par-
ticular, crystal structures of a±APA (54), TIBO (34) and
Nevirapine (1) complexed with RT allosteric binding site
can be retrieved from PDB (entry codes 1RVL, 1RVQ
and 1RVO, respectively).33 The whole RT crystal struc-
ture used for our study was recovered from RT±TIBO
(34) complex (code 1TVR, resolution factor 3AÊ ).34

Homogeneous biological data were available for a±APA
(54) (pIC50=8.30), TIBO (34) (pIC50=8.48) and TBZ
(53) (pIC50=6.41, for the R enantiomer).7

Missing side-chains of the unbound RT 3-D structure
were added using the fragment library of the BIOPO-
LYMER module in Sybyl 6.4 software package.

The obtained 3-D structure was checked by PRO-
CHECK3.3 software.35 The resulting Ramachandran
plot shows unfavorable f and 	 values only for the
0.2% of aminoacids.

Prior to the docking study, the most likely alignment for
NNIs was evaluated. The binding modes observed in
1RVL, 1RVM, 1RVO and 1RVQ complexes were qua-
litatively analyzed by rigid ®tting of C-alpha atoms of
the aminoacids in the allosteric binding site. TIBO (34)±
RT complex was chosen as the template 3-D model.
The diverse superimposition modes of NNIs on the
template TIBO (34) extracted from its complex with the
whole RT were studied by an automatic ¯exible ®tting
procedure. This calculation was performed with the
TFIT algorithm of QXP software (1000 cycles of Monte
Carlo conformational search). In the multiple alignment
the lowest superimposition energy conformer was selec-
ted whereas in the TIBO/TBZ alignment a higher
energy conformer (ranking ®fth, energy penalty of
about 2 kcal/mol over the global minimum) giving an
alignment close to that used in CoMFA was chosen.

Subsequent ¯exible docking studies were performed by
MCDOCK algorithm of QXP (1000 cycles of Monte
Carlo search). To keep the cpu time at an acceptable
level, only a portion of the target protein including all
the important aminoacids involved in the ligand bind-
ing was considered; it was comprised within a sphere of

15 AÊ ray centered at the mass center of TIBO (34) in the
TIBO±RT complex. Ligand molecule and side-chains of
the RT aminoacids included within a sphere of 5 AÊ ray
around the ligand were made ¯exible.

Minimum energy complexes resulting from each calcu-
lation were optimized by molecular mechanics (Merck
Molecular force-®eld,36 PRCG method for convergence).

The interaction energy Ei of the protein±ligand com-
plexes was obtained as follows:

Ei � Epl ÿ Ep � El

� �
where Epl is the total energy of the complex, and Ep and
El are the energies of the isolated allosteric binding site
and ligand, respectively.
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