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Abstract—Potent non-nucleoside reverse transcriptase inhibitors (NNRTIs) of the pyridinone derivative type were docked into nine
NNRTIs binding pockets of HIV-1 reverse transcriptase (RT) structures. The docking results indicate that pyridinone analogues
adopt a butterfly conformation and share the same binding mode as the crystal inhibitors in the pocket geometries of nevirapine,
1051U91, 9-Cl-TIBO, Cl-a-APA, efavirenz, UC-781, and S-1153. The results are in agreement with the data concerning mutational
and structure–activity relationships available for pyridinone analogues and aid in the understanding, at the molecular level, of the
biological response of published hybrid pyridinone molecules. Strategies to design further pyridinone derivatives active against RT
containing mutations are discussed.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The reverse transcriptase (RT) of the human immunode-
ficiency virus type 1 (HIV-1) is an attractive target in the
treatment of the acquired immune deficiency syndrome
(AIDS), for which no completely successful chemother-
apy is yet available.1,2 RT inhibitors are classified as
nucleoside and non-nucleoside, depending on their
action mechanism. One advantage of the latter group
is that they lack the toxic effects associated with the for-
mer. To date, three non-nucleoside RT inhibitors have
been approved for clinical use named nevirapine (VIRA-
MUNE�), delavirdine (RESCRIPTOR�), and efavirenz
(SUSTIVA�),1 however, all these and other approved
drugs induce drug resistant variants of HIV-1.
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Franco.
* Corresponding authors. Tel./fax: +52 5622 5287 (R.C.); tel.: +34

91534 6623; fax: +34 91564 4853 (J.J.); e-mail addresses:

jjbarbero@cib.csic.es; rafaelc@servidor.unam.mx
Pyridinone derivatives3 are a class of non-nucleoside
reverse transcriptase inhibitors (NNRTIs). From kinetic3

and analysis of resistance mutations4 it was concluded
that this type of inhibitors should bind in the same pocket
as other NNRTIs. Extensive structure–activity relation-
ship (SAR) studies have been conducted for these
compounds leading to potent RT inhibitors (Fig. 1).5–8
Figure 1. Pyridinone derivatives studied.
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Figure 2. Hybrid pyridinone analogues with anti-HIV-1 RT inhibitory

activity.
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Compound 1 was subject to clinical studies, which
showed good activity in patients, but rapid resistant
strains of the virus emerged.9,10 Amino acid substitu-
tions mainly at positions 103 and 181 are responsible
for the emergence of resistant virus not only for 1 but
also for other pyridinone derivatives.10–12

Several quantitative structure–activity relationship analy-
ses (QSAR)13,14 have been performed for pyridinone
analogues in which a hydrophobic character of the bind-
ing pocket appears. Recent hybrid pyridinone–NNRTIs
designs have generated molecules with RT inhibitory
activity against wild type and mutant strains (Figs. 2
and 3).15–17 This suggests the importance of the pyridi-
none ring for RT inhibitory activity and demonstrates
how the pyridinone ring can lead to active compounds
against mutant strains; however, in these studies15–17

an explanation for the activity of the hybrid pyridinone
inhibitors against the mutant strains at the molecular
level is not provided.
Figure 3. NNRTIs found in the crystal HIV-1 RT complexes.
Studies of several crystal structures of HIV-1 RT in the
apo form18 and complexed with different NNRTIs have
been published.19–30 The non-nucleoside inhibitor bind-
ing pocket of HIV-1 RT is formed by the amino acids
Pro95, Leu100, Lys101, Lys103, Val106, Val179,
Tyr181, Tyr188, Gly190, Phe227, Trp229, Leu234,
His235, Pro236, and Tyr318 of the p66 subunit and
Glu138 of the p51 subunit. Crystal structures of RT–
NNRTIs complexes reveal that some amino acids of
the binding pocket adopt different conformations when
bound to different inhibitors leading to distinct pocket
volumes.20,24,27 A marked variation in the pocket geom-
etry is due to the modified position of the amino acid
Pro236 when RT is complexed with 1-[(2-hydroxyeth-
oxy)-methyl]-6-(phenylthio)thymine (HEPT) deriva-
tives.20 Despite these variations, several NNRTIs share
a common binding mode, which is a butterfly-like con-
formation,19–23,25,26,28,29 however, no crystal structures
of HIV-1 RT in complex with pyridinone analogues that
explain the resistance of HIV-1 RT to pyridinone ana-
logues are available.

In order to gain an insight into the binding mode and
interactions of pyridinone derivatives with HIV-1 RT
and, consequently, to improve the development of more
efficient HIV-1 RT inhibitors, especially active against
mutant strains, we hereby describe a study of the dock-
ing of potent pyridinone derivatives (Fig. 1) with HIV-1
RT. The docking studies will provide information for a
better understanding of drug resistant mechanisms. The
compounds were flexibly docked with the program
AutoDock 3.031 into several crystal structures of RT
complexed with structural diverse NNRTIs. Since no
crystal structure is available for RT in complex with
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pyridinones, computational docking is a useful tool to
develop models that will assist in the rational design of
further inhibitors. Previous docking studies with other
NNRTIs have been conducted.32–36 Using different
pocket geometries is a good approach to model the flex-
ible binding site.32,37,38
2. Results

Crystal HIV-1 RT structures complexed with the NNR-
TIs nevirapine, 1051U91, 9-Cl-TIBO, Cl-a-APA, efavi-
renz, MKC-442, TNK-651, UC-781, and S-1153 were
used (Fig. 3). Table 1 provides a summary of the data
and source of these structures.
2.1. Validation of the docking protocol

The docking protocol was validated for each crystal
structure predicting the binding mode of the corre-
sponding inhibitor. Each NNRTI was removed from
the active site and docked back into the binding
pocket in the conformation found in the crystal struc-
ture. The results of the validation are summarized in
Table 2.

AutoDock successfully predicted the binding mode of
the crystal NNRTIs with RMS deviations below or near
1Å. The highly-populated clusters obtained in most
cases indicate that the docking program found one bind-
ing mode mainly.
Table 1. Crystal HIV-1 RT structures used in this study

NNRTI PDB code Resolution Å R-factor Reference

Nevirapine 1VRT 2.2 0.186 19

1051U91 1RTH 2.2 0.214 19

9-Cl-TIBO 1REV 2.6 0.224 21

Cl-a-APA 1VRU 2.4 0.187 19

Efavirenz 1FK9 2.5 0.218 22

MKC-442 1RT1 2.55 0.197 20

TNK-651 1RT2 2.55 0.207 20

UC-781 1RT4 2.90 0.237 29

S-1153 1EP4 2.50 0.254 23

Table 2. Docking of crystal NNRTIs

NNRTI Members

in clustera
Lowest energy

(kcal/mol)b
Average energy

(kcal/mol)

RMSD

(Å)

Nevirapine 100 �9.68 �9.67 0.70

1051U91 100 �9.97 �9.95 1.25

9-Cl-TIBO 100 �11.83 �11.82 0.89

Cl-a-APA 68 �10.49 �10.31 0.96

Efavirenz 99 �10.97 �10.96 0.24

MKC-442 97 �11.15 �11.05 0.75

TNK-651 88 �14.01 �13.82 0.46

UC-781 93 �12.38 �12.03 0.92

S-1153 59 �15.63 �15.30 0.54

a The first cluster of a total 100 runs is shown.
b Value for the optimal structure in the cluster. Docking energies are as
2.2. Docking of pyridinone derivatives

The top ranked binding conformation found for each
compound in the binding pocket of nevirapine was
docked into the binding pockets of the other eight
NNRTIs. The results are summarized in Table 3. Since
the different binding sites were superimposed onto the
structure of the RT–nevirapine complex before docking
(see Section 5 for details), the RMSD values in Table 3
are an approximation of the similarity between the con-
formation found for each compound within a binding
pocket and the pocket of nevirapine. According to the
most populated clusters, 1–4 occupy the same binding
pocket as the corresponding NNRTI and have the same
orientation as nevirapine, 1051U91, 9-Cl-TIBO, Cl-a-
APA, efavirenz, UC-781, and S-1153. In the pockets
of nevirapine and Cl-a-APA, the most populated cluster
for each compound also showed the lowest average
docked energy (Figs. 4 and 5).

In the binding pockets of MKC-442 and TNK-651
(HEPT derivatives) it was predicted that the pyridinone
analogues would have a different binding mode from
that of the crystal inhibitor. In these pockets, the benz-
oxazol ring of the pyridinone derivatives is located in
the same sub-pocket volume as the ethoxymethyl group
of MKC-442 and the (benzyloxy)methyl group of TNK-
651 (Figs. 6 and 7). In all binding pockets it was pre-
dicted that the docked pyridinone molecule would have
a butterfly-like geometry.

For the binding pockets of nevirapine, 1051U91, 9-Cl-
TIBO, Cl-a-APA, efavirenz, UC-781, and S-1153 a very
good agreement between the docking energies calculated
by AutoDock and the biological activity was observed.
Table 4 summarizes the IC50 reported for 1–43 and the
average of docking energies estimated within the seven
binding pockets. This good relationship is an indication
that the docking calculation produced reasonable bind-
ing modes within these binding geometries. For the
binding pockets of MKC-442 and TNK-651 no good
agreement between the biological activity3 and the dock-
ing energies (Table 3) was observed.

After docking, the binding pocket of nevirapine in com-
plex with the top ranked binding conformation of 1–4
was fully optimized.39 Very small variations were
observed between the conformations predicted by
AutoDock and the conformations of 1–4 after minimi-
zation.
3. Discussion

3.1. Docking model

The docking results indicate that the pyridinone deriva-
tives have a common binding mode in the binding
pockets of nevirapine, 1051U91, 9-Cl-TIBO, Cl-a-
APA, efavirenz, UC-781, and S-1153. The hydrophobic
character of the binding pocket is in very good agree-
ment with the QSAR data available for pyridinone
derivatives.13,14 The pyridinone molecules adopt a



Table 3. Docking of 1–6 into different binding pockets

Binding pocket Compound Clustera Members in cluster Lowest energy (kcal/mol)b Average energy (kcal/mol) RMSD (Å)c

Nevirapine 1 1 92 �11.13 �11.08 0.00

2 1 93 �11.69 �11.64 0.00

3 1 94 �11.18 �11.14 0.00

4 1 96 �10.63 �10.58 0.00

5 1 100 �9.67 �9.53 0.40

6 1 3 �10.62 �10.60 3.10

6 2 92 �10.51 �10.49 0.15

1051U91 1 1 91 �10.90 �10.81 0.33

2 1 99 �11.73 �11.70 0.55

3 1 93 �10.97 �10.89 0.34

4 1 3 �10.85 �10.74 2.65

4 2 89 �10.58 �10.45 1.08

5 1 96 �9.42 �9.22 0.70

6 1 96 �10.42 �10.39 0.59

9-Cl-TIBO 1 1 3 �11.50 �11.40 3.01

1 4 49 �11.08 �10.90 0.75

2 1 93 �12.12 �11.75 1.07

3 1 3 �11.47 �11.37 2.95

3 6 65 �11.13 �10.98 0.74

4 1 97 �11.23 �11.13 0.78

5 1 100 �10.15 �9.96 0.62

6 1 5 �10.37 �10.32 1.88

6 2 73 �10.35 �10.27 1.04

Cl-a-APA 1 1 92 �10.96 �10.82 0.68

2 1 94 �11.65 �11.53 0.62

3 1 96 �11.02 �10.91 0.67

4 1 95 �10.68 �10.56 0.63

5 1 91 �9.32 �9.12 0.55

6 1 4 �10.07 �10.03 1.68

6 2 94 �9.90 �9.88 0.35

Efavirenz 1 1 10 �11.49 �11.25 1.47

1 2 74 �11.47 �11.26 0.56

2 1 84 �11.95 �11.84 0.63

3 1 75 �11.57 �11.39 0.60

4 1 80 �11.12 �10.97 0.53

5 1 83 �10.42 �10.18 0.67

6 1 15 �10.75 �10.54 2.91

6 3 40 �10.43 �10.28 2.43

MKC-442 1 1 24 �11.76 �11.66 3.18

2 1 4 �12.09 �12.05 3.06

2 2 35 �12.04 �11.99 2.89

3 1 25 �11.80 �11.72 3.15

4 1 5 �11.21 �11.00 3.29

4 9 59 �10.66 �10.60 0.59

5 1 79 �9.56 �9.34 1.41

6 1 97 �11.01 �10.99 0.72

TNK-651 1 1 1 �11.84 �11.84 3.88

1 2 32 �11.71 �11.66 3.03

2 1 4 �12.49 �12.29 3.52

2 2 34 �12.19 �12.13 2.87

3 1 3 �12.28 �12.19 3.63

3 2 34 �11.76 �11.71 2.97

4 1 3 �11.74 �11.53 3.39

4 8 29 �10.89 �10.82 2.76

5 1 98 �9.95 �9.61 0.96

6 1 96 �11.00 �10.98 0.66

UC-781 1 1 16 �11.39 �11.21 3.15

1 4 67 �10.60 �10.54 0.68

2 1 15 �12.05 �11.88 2.78

2 2 75 �11.46 �11.38 0.74

3 1 13 �11.41 �11.14 3.15

3 3 78 �10.82 �10.77 0.79
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Table 3 (continued)

Binding pocket Compound Clustera Members in cluster Lowest energy (kcal/mol)b Average energy (kcal/mol) RMSD (Å)c

4 1 2 �10.76 �10.49 2.87

4 2 93 �10.73 �10.67 0.62

5 1 56 �9.84 �9.57 1.20

5 2 38 �9.67 �9.41 1.24

6 1 96 �10.65 �10.61 1.02

S-1153 1 1 2 �10.93 �10.91 3.08

1 3 71 �10.76 �10.62 1.22

2 1 73 �11.30 �11.10 1.34

3 1 3 �10.90 �10.83 3.65

3 2 88 �10.77 �10.70 1.37

4 1 18 �10.41 �10.27 3.69

4 9 53 �10.03 �9.98 1.14

5 1 37 �8.99 �8.76 1.28

6 1 99 �10.07 �10.05 0.56

a The best clusters of a total 100 runs are shown.
b Value for the optimal structure in the cluster. Docking energies are as determined by AutoDock.
c Coordinates found with the docking into the nevirapine binding pocket were used as reference.

Figure 4. Top ranked binding mode of 1 (red), 2 (green), 3 (blue), and 4 (yellow) into the binding site of nevirapine. Nevirapine (colored by atom

type) is displayed for comparison. Hydrogens are omitted for clarity.

Figure 5. Top ranked binding mode of 1–4 into the binding site of Cl-a-APA (displayed for comparison). The color scheme is that of Figure 4.

Hydrogens are omitted for clarity.

Figure 6. Top ranked binding mode of 2 (colored by atom type) into the binding site of MKC-442 (thick purple sticks). The position of Pro236 is

displayed when MKC-442 (thin purple sticks) and nevirapine (thin green sticks) are the crystal inhibitors. Nevirapine is in thick green sticks.

Hydrogens are omitted for clarity.
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Figure 7. Top ranked binding mode of 2 (colored by atom type) into the binding site of TNK-651 (thick orange sticks). The position of Pro236 is

displayed when TNK-651 (thin orange sticks) and nevirapine (thin green sticks) are the crystal inhibitors. Nevirapine is in thick green sticks.

Hydrogens are omitted for clarity.

Table 4. Comparison between the docking energy and biological

activity

Compound IC50 (nM) Docking energy (kcal/mol)a

1 19 �10.99

2 9.6 �11.70

3 20 �11.07

4 22 �10.71

a Average of docking energies of the optimal structure in the most

populated clusters obtained within the binding sites of nevirapine,

1051U91, 9-Cl-TIBO, Cl-a-APA, efavirenz, UC-781, and S-1153.
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butterfly-like conformation and may be roughly over-
lapped with the crystal structures of the NNRTIs (Figs.
4 and 5). Similar results have been obtained for other
NNRTIs for which no crystal structures of the complex
are available.34 A butterfly-like shape has also been
calculated to be the most stable for several pyridinone
analogues in the unliganded state based on ab-inito
methods.40

According to the optimized RT–pyridinone complexes,
the residues Pro95, Leu100, Try181, and Tyr188 form
the binding pocket of the benzoxazol ring. The amino
acids Lys101, Lys103, His235, and Tyr318 form the
pocket of the pyridinone ring. A hydrogen bond
between the polar proton of the pyridinone ring and the
main-chain carbonyl oxygen of Lys101 may be formed
(Fig. 8). A similar hydrogen bond to the main-chain car-
bonyl oxygen of Lys101 is observed for several other
NNRTIs.20–22,25–27,29,30 The hydrophobic contacts
Figure 8. RT–2 complex. Optimized complex of 2 into the binding pocket of

Amino acids within 3.6Å of the benzoxazol and pyridinone ring are labeled
between the aromatic ring of Tyr181 and the benzoxazol
ring of the pyridinone derivative may stabilize the com-
plex and also be responsible for the decrease of activity
upon the mutation of this residue.11,12 Similar interac-
tions are observed between one of the aromatic rings
of other NNRTIs and Tyr181.41 The hydrophobic con-
tacts with Lys103 may also explain the decrease of
potency of pyridinone derivatives when the mutation
of this amino acid occurs.12

A further interesting feature of the docking model is the
region surrounding the linker between the aromatic
rings of the pyridinone analogues. The linker occupies
the same sub-pocket volume as the cyclopropyl group
of nevirapine, the amide group of Cl-a-APA, the tri-
fluoromethyl group of efavirenz, the methylfuran-3-car-
bothioamide group of UC-781 and the isopropyl group
of S-1153 (Figs. 4 and 5. See also Figs. 9, 13, 15), the
ethyl group of 1051U91 and the 5(S)-methyl group of
9-Cl-TIBO. These structural relationships among sev-
eral NNRTIs have been previously quoted.20 It is inter-
esting to note that though the chemical structures of
these groups are different they all seem to play a steric
role,20 which is in full agreement with the SAR data of
pyridinone analogues. Moreover, in the QSAR studies
of pyridinones no significant difference was found
between and ethyl or aminomethylene as linkers on
the inhibitory potency.13

AutoDock predicted a different binding mode for the
pyridinone analogues in the pocket geometries of
nevirapine is shown. The hydrogen bond is displayed as yellow dashes.

. Trp229 is also labeled for reference. Hydrogens are omitted.



Figure 9. Top ranked binding mode of 2 (ball and sticks) into the binding site of efavirenz. Efavirenz (sticks) is displayed for comparison. Hydrogens

are omitted for clarity.

Figure 10. Top ranked binding mode of the hybrid pyridinone–efavirenz (5) (ball and sticks) into the binding site of efavirenz. Efavirenz (sticks) is

displayed for comparison. Hydrogens are omitted for clarity.

Figure 11. Top ranked binding mode of 2 (ball and sticks) found within the binding site of nevirapine compared with the binding mode of MKC-442

(sticks). Hydrogens are omitted for clarity.
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MKC-442 and TNK-651. In these pockets, one of the
aromatic rings of the pyridinone analogues roughly
occupies the same sub-pocket volume as the N-1 substit-
uent of these HEPT derivatives (Figs. 6 and 7). The dif-
ferent binding orientations found within these pockets
may be explained by the different pocket geometries. It
has been described that in the crystal structures of
HEPT derivatives, the N-1 substituent is a �tail� of the
inhibitor that causes the highly flexible Pro236 loop to
have a conformation similar to that observed in the un-
liganded RT structure.20 AutoDock found better interac-
tions if one of the aromatic rings of the pyridinones
occupies the sub-pocket volume generated as a conse-
quence of the Pro236 loop position (Figs. 6 and 7).
Since pyridinone derivatives lack the �tail� of HEPT
derivatives to maintain the Pro236 loop in that charac-
teristic conformation, the actual binding pocket of
pyridinone derivatives might be more related to the
pocket geometries of the other NNRTIs studied. More-
over, for the binding pockets of MKC-442 and TNK-
651 a good relationship between the docking energies
(Table 3) and the biological activity3 was not observed.

3.2. Understanding at the molecular level hybrid pyridi-
none–NNRTIs designs

Comparing the docked conformations of pyridinone
derivatives in the pocket of efavirenz with the position



Figure 12. Top ranked binding mode of the hybrid pyridinone–MKC-442 molecule (6) (balls and sticks) into the binding site of MKC-442. MKC-442

(sticks) is displayed for comparison. Hydrogens are omitted for clarity.

Figure 13. Top ranked binding mode of the most populated cluster of 2 (ball and sticks) into the binding site of UC-781. UC-781 (sticks) is displayed

for comparison. Hydrogens are omitted for clarity.

Figure 14. Examples of pyridinone derivatives with potential activity

against RT containing the mutations Tyr181Cys (pyridinone–UC-781

hybrid) and Lys103Asn (pyridinone–S-1153 hybrid).
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of efavirenz found within the crystal, it is observed that
the benzoxazol ring of pyridinones overlaps the cyclo-
propyl-propynyl group of efavirenz (Fig. 9). A close
comparison of the binding modes of pyridinones and
efavirenz helps to understand at the molecular level
the strategy of substituting the pyridinone ring at posi-
tion 4 with a cyclopropyl-propynyl group to generate
an active compound (5).17 In order to test this hypothe-
sis the pyridinone–efavirenz hybrid molecule (5) was
flexibly docked into several pocket geometries. Docking
results are in Table 3. In the binding pocket of efavirenz,
and in most binding geometries, the top ranked binding
conformation showed the expected conformation and
position with a butterfly-like conformation. The cyclo-
propyl-propynyl groups of the hybrid molecule and
efavirenz overlap, besides, the pyridinone ring of the
hybrid overlaps the benzoxazin-2-one ring of efavirenz
(Fig. 10).

When the binding mode of pyridinone derivatives found
within the pocket geometries of nevirapine, 1051U91, 9-
Cl-TIBO, Cl-a-APA, efavirenz, UC-781, and S-1153
was compared with the binding modes of MKC-442
and TNK-651 it was observed that the pyridinone ring
overlaps the uracil ring of these HEPT derivatives
(Fig. 11). The linker of pyridinones occupies the same
sub-pocket volume as the isopropyl group of MKC-
442 and TNK-651. Also, the benzoxazol ring of pyridi-
nones is approximately in the same binding region as
the benzyl group of the HEPT derivatives. These struc-
tural relationships aid in the understanding, at the
molecular level, of several SAR results obtained for a
series of published hybrid pyridinone–HEPT mole-
cules.15,16 The docking model totally agrees with the
approach of substituting the pyridinone molecule at
position 4 with a benzyl (Fig. 2) or phenylthio groups
(Fig. 11). The docking of the hybrid pyridinone–
MKC-442 molecule (6) into different pocket geometries
shows that the hybrid molecule adopts the expected
butterfly conformation (Fig. 12). The docking results
are in Table 3.

3.3. Strategies to design further pyridinone derivatives
active against RT containing mutations

One major objective in the current design of NNRTIs is
to develop compounds, which can inhibit mutant forms



Figure 15. Top ranked binding mode of the most populated cluster of 2 (ball and sticks) into the binding site of S-1153. S-1153 (sticks) is displayed

for comparison. Hydrogens are omitted for clarity.

J. L. Medina-Franco et al. / Bioorg. Med. Chem. 12 (2004) 6085–6095 6093
of the enzyme. Some NNRTIs show greater resilience
to drug resistance mutations within HIV-1 RT compa-
red with first generation drugs such as nevirapine,
1051U91, and Cl-a-APA. Some of these compounds,
so-called second-generation inhibitors, are efavirenz,
UC-781, and S-1153.

It has been proposed that the main contribution to drug
resistance for the Tyr181Cys mutation is the loss of aro-
matic ring stacking interactions between Tyr181 and an
aromatic system, associated with a �butterfly wing�, of
several NNRTIs.42 A good example of such an aromatic
system is the benzoxazol ring of pyridinone derivatives
that makes contacts with Tyr181, however, in the case
of UC-781, the (3-methylbut-2-enyl)oxy group makes
fewer significant interactions with Tyr181 than an aro-
matic system and it is thought to be responsible for
the activity of this compound against RT containing
the single point mutation Tyr181Cys.29 Comparing the
binding mode of the top ranked conformation of 1–4
of the most populated cluster obtained within the pocket
of UC-781 with the binding mode of UC-781 (Fig. 13) it
is observed that the benzoxazol ring of the pyridinone
derivatives may be replaced by a (3-methylbut-2-enyl)-
oxy group. This may lead to pyridinones derivatives ac-
tive against the RT containing the mutation Tyr181Cys.
The (3-methylbut-2-enyl)oxy group can be at position 4
of the pyridinone ring. A dimethylamine or isopropyl
group at position-3 can play the steric role of the ethyl-
ene or aminomethylene linker of pyridinone derivatives,
as previously shown for 6 (Fig. 14).

The carbamate group of S-1153 has the ability to form
an extensive net of hydrogen bonds with surrounding
amino acids, thus making S-1153 active against RT con-
taining the single point mutation Lys103Asn.23 Compar-
ing the top ranked conformation of 1–4 of the most
populated cluster obtained within the binding pocket
of S-1153 with the binding mode of the crystal inhibitor
it is observed that the methyl group at the pyridinone
ring shares the same sub-pocket volume as the carba-
mate group of S-1153 (Fig. 15). This observation sug-
gests that substituting the position-6 of the pyridinone
ring with a carbamate group or other group with the
ability to form hydrogen bonds may lead to pyridinone
derivatives active against RT containing the Lys103Asn
mutation. The activity against RT containing the
Tyr181Cys mutation may also be achieved by replacing
the benzoxazol ring with a phenylthio or benzyl group
m-substituted with methyl or chlorine groups. This
strategy to overcome the Tyr181Cys mutation has
already been successful for other NNRTIs.15,16,43 Similar
to the pyridinone–UC-781 design proposed above, a
dimethylamine or isopropyl group at position 3 can play
the steric role of the ethylene or aminomethylene linker.

The docking of the pyridinone–UC-781 and pyridinone–
S-1153 hybrids in Figure 14 into several NNRTIs bind-
ing pockets shows that the hybrid molecule can adopt
the expected conformation within these pockets. The
proposed molecules represent potential alternatives to
RT inhibitors that still present resistance issues in clini-
cal studies. The modified pyridinones could be less toxic
than some current second-generation inhibitors such as
S-1153, which showed negative results in animal toxicity
studies.1 Also, the novel molecules will provide informa-
tion for a better understanding of the drug resistant
mechanisms and are examples of structure based
designed compounds.
4. Conclusions

Automated flexible docking was used to study the bind-
ing mode of four pyridinone derivatives in the NNRTIs
binding site. A single docking model was derived consid-
ering the pocket geometries of nevirapine, 1051U91, 9-
Cl-TIBO, Cl-a-APA, efavirenz, UC-781, and S-1153.
According to the docking model proposed, that agrees
with the mutational and structure–activity relationship
data available for pyridinone derivatives, the pyridinone
analogues have a very similar binding mode to that of
the crystallographic NNRTIs. The docking model
helped to understand, at the molecular level, the biologi-
cal activity reported for hybrid pyridinone–NNRTIs
molecules. A different binding mode was predicted for
the pyridinone derivatives within the pocket geometries
of MKC-442 and TNK-651. The conformation of the
Pro236 loop in these binding geometries, which is a con-
sequence of the particular structure of HEPT deriva-
tives, is thought to be the responsible to modify the
docking predictions. Comparison of the predicted bind-
ing mode of pyridinone analogues with the actual bind-
ing mode of second generation NNRTIs suggests
substitutions at the pyridinone ring that may lead to
compounds active against RT containing mutations.
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5. Experimental

Sybyl 6.844 was used for ligand and protein preparation.
Molecular structure viewing was carried out with Sybyl
6.8 and Viewer Pro 4.2.45 RT crystal structures were
obtained from the Protein Data Bank.46 Docking calcu-
lations were conducted with AutoDock 3.0.31 In short,
AutoDock performs an automated docking of the lig-
and with user-specified dihedral flexibility within a pro-
tein rigid binding site. The program performs several
runs in each docking experiment. Each run provides
one predicted binding mode.

All water molecules and magnesium ion, when present,
were removed from the original Protein Data Bank files.
The binding sites were separately superimposed before
docking onto the structure of the RT–nevirapine com-
plex, the structure with the highest resolution available,
to compensate for differences in crystal form and domain
orientations based on the �core� of the p66 palm domain
(residues 94–118, 156–215, and 225–243), residues 317–
319 from the p66 connection domain, and residues
137–139 from the p51 fingers domain using Sybyl 6.8.

Polar hydrogen atoms were added and Kollman
charges,47 atomic solvation parameters and fragmental
volumes were assigned to the protein. For validation
of the docking protocol, ligand coordinates in the crys-
tal complexes were removed and the bond orders were
checked. The structure of 1051U91 in the PDB file
1RTH was corrected with Sybyl 6.8. For all ligands,
Gasteiger charges48 were assigned and non-polar hydro-
gen atoms merged. All torsions were allowed to rotate
during docking.

The coordinates of the best docked conformation found
for 1–4 within the pocket of nevirapine were used as
starting coordinates to dock these compounds into the
pockets of the other NNRTIs. To conduct docking vali-
dations the initial coordinates of NNRTIs were as found
within the crystal.

The auxiliary program AutoGrid generated the grid
maps. Each grid was centered at the crystal structure
of the corresponding NNRTI. The grid dimensions were
23 · 23 · 23Å3 with points separated by 0.375Å. Len-
nard-Jones parameters 12–10 and 12–6, supplied with
the program, were used for modeling H-bonds and
van der Waals interactions, respectively. The distance-
dependent dielectric permittivity of Mehler and Solma-
jer49 was used for calculation of the electrostatic grid
maps. For all ligands, random starting positions, ran-
dom orientations, and torsions were used. The transla-
tion, quaternion, and torsion steps were taken from
default values in AutoDock. The Lamarckian genetic
algorithm and the pseudo-Solis and Wets methods were
applied for minimization using default parameters. The
number of docking runs was 100. The population in the
genetic algorithm was 50, the energy evaluations were
250,000 and the maximum number of iterations 27,000.

After docking, the 100 solutions were clustered
into groups with RMS deviations lower than 1.0Å.
The clusters were ranked by the lowest energy represent-
ative of each cluster.

In order to describe pyridinone-binding pocket interac-
tions, the top ranked binding mode found by AutoDock
for 1–4 in complex with the binding pocket of nevirapine
was subject to full energy minimization utilizing Gast-
eiger-Hückel partial charges50 and the Tripos force
field51 until the gradient of 0.05kcal/mol was reached.
During minimization, atoms within 6Å from the ligand
were free to move (other atoms were fixed).
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