200

J. Med. Chem. 2005, 48, 200—212
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Nonnucleoside reverse transcriptase inhibitors (NNRTIs) have, in addition to the nucleoside
reverse transcriptase inhibitors (NRTIs) and protease inhibitors (PIs), a definitive role in the
treatment of HIV-1 infections. Since the appearance of HEPT and TIBO, more than 30
structurally different classes of compounds have been reported as NNRTIs, which are specific
inhibitors of HIV-1 replication, targeting the HIV-1 reverse transcriptase (RT). Nevirapine
and delavirdine are the first formally licensed for clinical use, and others have been licensed
afterward, while several are in preclinical or clinical development. The NNRTIs interact with
a specific site of HIV-1 RT (nonnucleoside binding site, NNBS) that is close to, but distinct
from, the NRTI binding site. In this work we report the application of the Autodock program
assessing its usability through reproduction of 41 NNRTI experimental bound conformations.
Moreover, cross-docking experiments on the wild-type and mutated RT forms were conducted
to take into account the enzyme flexibility as a valuable tool for structure-based drug design
(SBDD) studies and to gain insight on the mode of action of new anti-HIV agents active against

both wild-type and resistant strains.

Introduction

Failure of HIV monotherapy,! due to the growth of
resistant viral variants, moved attention to a therapy
that uses a combination of potent antiviral agents. This
treatment is called HAART, highly active antiretroviral
therapy.2

Nonnucleoside reverse trascriptase inhibitors (NNR-
TIs) such as tivirapine® (TIBO derivative) and laviride3
(an alpha-APA derivative) were the first to have a
significant activity against wild-type enzyme of HIV-1,
but they had no effect against mutants.

This led to the study of chemical and structural
modifications of these compounds for designing new
NNRTIs effective against a wide range of mutants.*®

Crystal structure analysis of HIV-RT enzyme showed
that the first generation of drugs (TIBO, alpha-APA,
Nevirapine) filled up an allosteric hydrophobic pocket
(nonnucleoside binding site, NNBS) and bound the
enzyme in a “butterfly-like” mode.® One of the “wings”
of this butterfly is made of s-electron-rich moiety
(phenyl or allyl substituents) that interacts through 7—x
interactions with a hydrophobic pocket formed mainly
by the side chains of aromatic amino acids (Tyr181,
Tyr188, Phe227, Trp229, and Tyr318). On the other
hand, the other wing is normally represented by a
heteroaromatic ring bearing on one side a functional
group capable of donating and/or accepting hydrogen
bonds with the main chain of the Lys101 and Lys103.
Finally, on the butterfly body a hydrophobic portion
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Figure 1. Schematic view of the NNBS. The experimentally
bound conformation of the ligand in the 1EP4 complex is also
reported.

fulfills a small pocket formed mainly by the side chains
of Lys103, Vall106, and Vall179 (Figure 1).

Upon complexation the NNBS hydrophobic pocket
changes its own conformation leading to inactivation of
the enzyme itself. Because of the different chemical and
structural features of the inhibitors and the side-chain
flexibility, the bound NNBS undergoes different con-
formations.” Moreover, mutations of some amino acids
cause a variation of the NNBS pocket properties, thus
decreasing affinities of most the inhibitors.®

In particular, the NNRTI resistance mutation of
Tyr188 and Tyrl81 reduces m—x interactions; the
G190A mutation leads to a lower active-site space
because of a steric conflict between the methyl side
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Table 1. PDB Code, Ligand Name, Ligand Structures, and Residue Mutations of the 41 RT Complexes Used in the Present Study

PDB Code  Ligand Name Ligand structure Mutation(s) Ref.
O,N D67N, K70R,
IRT3 2NN N( N T2I5F. K219Q 2
1051091 S \
1IRTH N None 33
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H S
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8-CI TIBO 3
R86183 N
o
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H S
v
IREV N None 37
9-C1 TIBO 3-"'"
R82913 cl N

ITVR \\>\ 2808 36

BHAP U-90152

IKLM Delarvidine None 38
1COT BM+21.1326 None 39
1COU BM+50.0934 None 39

HN 2O o
Br2 a-APA
1HNI RO5845 N I f C280S 40
|
H
O Br
H,N._O
CI12 o-APA ¢
1VRU R90385 N None 41
|
H
o <l

1FK9 None 42
1FKO 42
1IKV Efavirenz KI103N 43
1IKW 44
UKH Y181C 45
IC1B 0
Ho
N
GCA-186 o PY None 46
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Table 1 (Continued)

5
|
1BQM N =S C280S 47
HBY 097 o )N\ oSN
1BQN o )O\ Y188L,C280S 47
0
IRTI HEPT None 33
IRTI MKC-442 None 48
1IKY MSC194 K103N 44
1EET MSC204 None 49
1FKP K103N 4
1JLB Y181C 45
Nevirapine
1JLF Y188C 45
1VRT None 33
HooH
IDTT N\ N\[rN N None 50
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(PETT-2) cl F
1ILC 0 Y181C 45
W
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1IKX PNU142721 K103N 44
1EP4 S-1153 None 51
1c1c TNK-6123 None 46
1JLA Y181C 45
TNK-651
1RT2 None 48
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chain and the inhibitor, and the formation of a hydrogen
bond between K103N and Tyr188 reduces the inhibitor
entering in the NNBS.?

In view of the above observations, the design of new
NNRTIs must consider structures with high conforma-
tional freedom to suit the different steric conformations
of NNBS and, at the same time, must contain suitable
chemical features capable of interact with highly con-
served residues such as Trp229 (part of the “primer
grip”).1

X-ray crystal structures of ligand—protein cocom-
plexes have been important tools for medicinal chemists
in the discovery, design, and optimization of drug
candidates.!1~13 These structural data, along with the
computational analysis tools that have been developed
to implement structure-based drug design (SBDD), have
proved to be very successful in medicinal chemistry. As
a greater number of X-ray crystal structures become
available to medicinal chemists, with the advent of
structural genomics,! computational methods that take
advantage of protein—ligand structural data are becom-
ing more critical to the drug design process.

Several docking programs are now available. Among
them, many are able to consider the flexibility of the
ligand while maintaining the protein rigid.15-22 We
focused on application of the Autodock?? program which
has been widely used with success in reproducing the
bound conformation of different ligand/protein sys-
tems.?3 Although some limited docking and cross-
docking studies have been reported on the RT system
using other programs,?¢~2® to date, except for some
single applications,?? 3! no extensive use of the Au-
todock program has been reported in the case of reverse
transcriptase inhibitors.

In this paper we report the application of Autodock
to 41 NNRTI cocrystallized with the RT (Table 1). This
docking study was twofold: first, each ligand was
docked in the native protein in order to assess the re-
liability of the docking program and, second, an exten-
sive cross-docking of every ligand in each non-native RT
enzyme was conducted to inspect the ligand adaptability
to different states of the experimentally determined
bound NNBS. Moreover, the cross-docking experiment
was also conducted on the mutated forms of RT to see
if it would be of some help to discriminate between
active and nonactive compounds against mutated RTs.

Table 2. Assessment of the Autodock Program. RMSD Values
for the First Ranked Pose, the Lowest Energy Docked
Conformation of the Most Populated Cluster, and the One
Closest to the Experimentally Bound Conformation Are
Reported®

best docked best cluster lowest RMSD
PDB cluster RMSD cluster RMSD cluster RMSD

1BQM 1 1.53 1 1.53 4 0.84
1BQN 1 1.18 2 1.45 1 1.07
1COT 1 2.38 3 0.86 3 0.59
1CoU 1 2.35 2 0.86 2 0.69
1C1B 1 0.82 1 0.82 1 0.59
1C1C 1 1.16 1 1.16 1 0.69
1DTQ 1 1.44 1 2.23 2 0.58
1DTT 1 1.49 2 0.85 2 0.84
1EET 1 1.06 1 1.06 1 1.07
1EP4 1 0.89 1 0.89 1 0.89
1FKO 1 0.41 1 0.41 1 0.36
1FK9 1 0.35 1 0.35 1 0.24
1FKP 1 1.06 1 1.06 1 1.04
1HNI 1 0.61 1 0.61 1 0.43
1HNV 1 1.20 1 1.20 1 0.97
1IKV 1 0.33 1 0.33 1 0.25
1IKW 1 0.30 1 0.30 1 0.11
1IKX 1 0.89 1 0.89 1 0.64
1IKY 1 1.15 1 1.15 1 0.83
1JKH 1 0.86 1 0.86 1 0.56
1JLA 1 1.03 1 1.03 1 0.98
1JLB 1 1.41 1 1.41 1 0.59
1JLC 1 1.77 2 1.36 2 0.87
1JLF 1 1.24 1 1.24 1 1.16
1JLG 1 1.26 1 1.26 1 1.00
1JLQ 1 0.90 1 0.90 1 0.48
1KLM 1 1.42 1 1.42 1 1.03
1REV 1 1.00 1 1.00 1 0.75
1RT1 1 0.90 1 0.90 1 0.76
1RT2 1 0.99 1 0.99 1 0.71
1RT3 1 0.83 1 0.83 1 0.81
1RT4 1 1.16 1 1.16 1 1.08
1RT5 1 0.81 1 0.81 1 0.76
1RT6 1 1.57 1 1.57 1 1.30
1RT7 1 1.30 1 1.30 1 1.22
1RTH 1 1.16 1 1.16 1 1.08
1RTI 1 1.51 1 1.51 1 1.04
1TVR 1 3.05 2 0.63 2 0.61
1UWB 1 0.61 1 0.61 1 0.60
1VRT 1 3.00 3 1.54 3 1.12
1VRU 1 2.07 2 0.70 2 0.63

¢« RMSD values are referred to IVRT.

Results and Discussion

Assessment of Docking. Although almost 50 ligand/
RT complexes are available, no extensive use of any
molecular docking program has yet been reported on
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this important issue (while this manuscript was in
preparation a cross-docking experiment on 18 HIV-RT
was reported by Daeyaert et al.2” using an in-house
pharmacophore docking algorithm). Thus far, only
limited docking and cross-docking experiments on the
RT system have been previously reported: Titmuss et
al.?* applied the DOCK program to a limited set of seven
RT complexes reporting that a uniform ligand binding
mode can occur, although they experimentally observed
flexibility of the NNBS; Halgren et al.?5 used the 1VRT
and 1RT1 complexes as RT complex examples to evalu-
ate the docking accuracy of the docking program GLIDE;
Wang et al.?3 and Ranise et al.28 applied the DOCK 4.0
program to dock the PETT-1 (1DTQ) and 8CI-TIBO
(1UWB), respectively; Zhou et al.26 used the 1VRT and
1RTH to validate the MOE-dock program and study the
binding mode of several diterpenoids as NNRTI; Au-
todock 3.0 was recently used for structure-based drug
design studies on new DABO,?° APAS,?0 arylthiopyr-
idylmethylisopropylpyrrole carbinols,?! and small pep-
tide RT inhibitors® assessing the usability of the
program by reproducing the bound conformations of
MKC-442 (1RT1), 739W94 (1JLQ), S-1153 (1EP4), and
UC-781 (1RT4), respectively. To assess the usability of
the nonprofit free Autodock program, we performed
docking studies on 41 RT complexes (see Table 1,
Materials and Methods). Although it has been reported
that for a high-throughput screening only the first-
ranked docked conformation (hereafter referred to as
the best docked conformation) should be considered,20
we are confident that in the case of the Autodock
program in some cases the lowest energy docked con-
formation of the most populated cluster (herein named
best cluster conformation) should be also taken into
account.’® In Table 2 and Figure 2 the RMSD for the

133333833

Figure 2. Assessment of the Autodock program. Graphical comparison of the RMSD values obtained for the first ranked pose,
the lowest energy docked conformation of the most populated cluster, and the one closest to the experimentally bound conformation

o =
EEE
565 3333

best docked, best cluster, and lowest RMSD values
found are reported. It is clear that in those cases where
the best cluster conformation does not coincide with the
best docked conformation (1BQN, 1COT, 1COU, 1DTT,
1JLC, 1TVR, 1VRT, and 1VRU), a better RMSD value
is observed except for 1BQN (whose values were al-
though quite similar) increasing from 87.8% (best
docked) to 100% (lowest RMSD) the percentage of the
number of conformations found below the threshold
value of 2.0 A. Indeed, if one considered all the docked
conformations, the accuracy of the docking would be
even better, obtaining 70.7% of conformations docked
with RMSD values below 1 A, while for the best cluster
and best docked only 48.8% and 36.6% of RMSD values,
respectively, were found under a very restrictive thresh-
old of 1 A. These good values assess the usability of the
Autodock program for the RT system.

Cross-Docking. Wild-Type RTs. In the previous
section we demonstrated the ability of the Autodock
program in reproducing the binding mode of several
known bound conformations of NNRTI. A striking
feature of RT is its considerable conformational flex-
ibility5657 (believed to be essential for several of its
catalytic actions),’® which has complicated attempts at
traditional structure-based drug design (SBDD) of non-
nucleoside RT inhibitors (NNRTIs).5°

As a measure of the RT flexibility, the RMSD
values (using the 1VRT complex as a reference) for
the 182 selected RT residues (see Materials and Meth-
ods) and for each residue in a 5 A core of the NNBS
(Pro95A,Leul00A-Lys103A, Val106A, Tyr115A,Val179A-
Tyr181A, Tyr188A-Gly190A, Lys219A, Thr215A, Phe227A,
Trp229A, Leu234A-Pro236A, Tyr318A) have been cal-
culated and reported in Table 3. For the backbone atoms
(C, O, CA, and N in the PDB notation) the RMSD value
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Tyrif

Frp229

Figure 3. Flexibility of the NNBS. A 5 A core of residues from
nevirapine (1VRT) is displayed. The higher flexibility of
Lys101, Lys102, Tyr181, Trp229, Leu234, His235, and Pro236
residues is clearly visible.

(mean RMSDy.cidbone = 1.13 A) indicates that the overall
wild-type structure does not undergo significant back-
bone movements upon binding of diverse ligands. On
the other hand, a greater NNBS movement is observed
on the side chains (mean RMSDaj atoms = 1.59) upon
ligand binding. Deeper inspection of the RMSD values
calculated on the single amino acids suggests that the
more flexible side chains are those connected to Lys101,
Lys102, Tyr181, Trp229, Leu234, His235, and Pro236
whose RMSDs were calculated to be higher than a
threshold value of 1 A (Table 3 and Figure 3). For
further information the reader is referred to a recent
extensive study in the structural rearrangement and
ligand-induced fit of HIV-RT reported by Lawtrakul et
al.”

In view of the above RT flexibility, inclusion of such
structural variability in a docking study becomes of
fundamental importance. The ideal situation would be
a program able to dock a ligand into a protein structure
from a different complex easily and with reasonable
accuracy. This has been referred to as “cross-dock-
ing”.1960 There are a number of ways that the issue of
local flexibility can be approached when applied to
systems with only small induced-fit effects. Different
docking methods and the ways in which they accom-
modate protein flexibility may be found elsewhere.5!
Autodock 3.0.5 (version 4.0%2 with protein flexibility has
been announced to be released soon) as well as many
other molecular docking programs is not able to consider
the protein flexibility. To overcome this limitation we
performed an extensive cross-docking study in order to
check if different ligands can still bind different NNBS
at a low energy level.

To quantify the ligand docking quality, the docking
accuracy (DA) function was used,?3-%3 which makes use
of RMSD values and measures how accurately the
ligands are docked

DA =frmsd <a + 0.5 (frmsd < b — frmsd < a) (1)

where frmsd < a indicates the fraction of ligands docked
into a given receptor with RMSD less than or equal to
a A. The docking accuracy is zero if frmsd < b is zero.

Ragno et al.

As previously indicated by Vieth el al., correctly docked
conformations are those with less than 2 A RMSD on
all atoms from the crystallographic structure of the
ligand in the ligand/receptor complex. Structures with
a RMSD value larger than 4 A were considered incor-
rectly docked or misdocked. Structures with RMSD
between 2 and 3 A were considered partially docked,
whereas those with RMSD between 3 and 4 A were
partially misdocked and not considered in the DA
calculation.

Each ligand was docked in each of the 27 wild-type
NNRTI binding sites. The RMSD between the coordi-
nates of the docked ligands and the coordinates in their
native crystal structure was calculated. For this purpose
the backbone atoms of each generated complex were
superimposed onto the corresponding atoms of the
native crystal structure. The RMSD was calculated for
the ligand atoms only, taking into account possible local
symmetries of the ligands. The average RMSD between
the 20 A binding pocket structures is 1.13 A for the
backbone atoms and 1.58 A for all heavy atoms. Similar
to what was found by Daeyaert,?” the average RMSD
between the binding pocket atoms in the Macromodel-
minimized complexes and the original binding pockets
was very low (0.2 A), indicating that the complexes are
rather stable and that it is reasonable to consider the
RMSD values for the ligand atoms only. The results are
presented in matrix form in Tables 4 and 5. Each entry
gives the result of the docking of the ligand (figuring in
the row header) into the binding site (figuring in the
column header). The diagonal entries in Tables 4 and 5
are the RMSDs found when the ligands are docked into
their native binding sites (see previous section for
details). The off-diagonal entries in Tables 4 and 5
mimic the predictive docking of newly designed ligands
into the binding pocket of a ligand with known crystal
structure.

As already outlined in the previous paragraph, in
general, the best cluster selection criteria gave the best
results, having an average DA value of 0.75 higher than
that of the best docked (DA = 0.64). Analogously, the
number of correctly docked conformations was also
higher for the best cluster selection (average number
of correctly docked conformations = 17.8) than those
obtained by the best docked criteria (average number
of correctly docked conformations = 12.4). Furthermore,
considering either the docking of the inhibitors in the
same protein or the docking of the same inhibitor in the
different proteins in 23 and 22 out of 27 cross-docking
experiments, respectively, the best cluster conformation
selection performed better (higher DA values) than the
best docked conformation selection. In those cases where
a decrease occurred, the absolute differences of the DA
values between the two selection methods were com-
prised in the range of only 0.02—0.09.

As an example, the DA improvement upon the best
cluster conformation choice is evident in the 1EP4
NNBS, which seems to be highly susceptible to the
induced fit from the highly flexible native ligand (S-
1153). In fact, using the best cluster conformation
selection, 14 out of 27 inhibitors were correctly docked
in 1EP4 NNBS, while using the best docked conforma-
tion selection only 9 conformations were found correctly
docked. On the other hand, from the point of view of
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Table 4. Matrix of RMSDs Obtained by Cross-Docking 27 NNRTIs into 27 Wild-type HIV—RT Binding pockets. Values are from the
Best Docked Conformations (First Ranked)

Proteins
2 = oD m U o = %+ & =z P o E > — ®M © w o wm v -~ T = g = D
- = &
S EE3Z:EEEEREZ2ZEEEEEEEREEEE B

1BQM 166 139 138 138 194 1.06 237 243 2.52 [ 1.81 1.74 161 2.04 188 194 1.02 254 239 171 1.53 2.3 2.34|0.80

1C0T 179 234 223 228 B3] 0.80 215 227 226 0.82 277 083 246 193 248 249 2.3 284 219 279 2.59 [EHE 2.75 | 0.59
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the same inhibitor docked into different proteins, the Delarvidine (1KLM), which is a peculiar NNRTI
best cluster criteria seems to fail in reproducing the bearing unique features if compared to the others (see
S-1153-bound conformation in all the NNBSs except for Table 1), was the worst cross-docked compound. Basi-
the native one (1EP4) (1 correctly docked, 26 mis- cally, Autodock was able to reproduce only its experi-
docked), while the best docked selection is more efficient mentally bound conformation, and almost no increase

(2 correctly docked, 6 partially docked, 10 partially in the docking efficacy was obtained going from the best
misdocked, and 4 misdocked). docked (3 correctly docked, 5 partially docked, 2 par-
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Table 6. Matrix of RMSDs Obtained by Cross-Docking 14 NNRTIs into 14 Mutated HIV—-RT Binding Pockets. Values are from the

Best Docked Conformations (First Ranked)

Proteins

> R = = < m v @ §

M oM M ¥ ¥ 4J d 4 4 2 5

1BQN i 39 127 127 230 127 LI8 192 134 149 148 126 2.51

1FK0 ) 82 104 071 350 095 079 121 081 094 118 133 357

IFKP : 06 ] 307 142 121 208 109 382 121 148 210 106 231

1KV . 91 [ 033 ] 052 359 079 080 113 072 LIS 105 LI10 383

1IKW . 87 062 | 030 | 354 092 068 112 088 LI2 366 095 3.7l

2 | KX : 67 231 088 | 0.80 | 265 081 302 085 344 333 059 288
€ | 1KY [330 252 143 227 (347 119 [115] 112 394 143 LIS 153 121 336
Eb | UKH | 387 08 (332 108 112 320 153 | 086 ] 140 091 124 103 144 327
= | LA | 236 249 173 223 240 247 208 | 1.03 | 215 183 161 261 234
1JLB | 320 194 154 28 251 148 264 141 399 | 141 | 1.83 207 220 186

JLC | 369 154 136 311 139 179 153 173 205 | 177 | 156 236 239

ILE | 301 189 121 062 150 204 102 124 252 120 158 | 1.24 | 123 224

LG | 374 203 103 126 124 263 195 119 143 145 161 269 | 1.26 | 1.49

IUWB | 306 228 133 298 LI7 LIS 296 110 295 106 295 086 L17 | 0.61

DA. | 010 074 085 070 085 056 081 096 057 092 089 074 089 04l

tially misdocked, and 17 misdocked) to the best cluster
conformation selection (4 correctly docked, 4 partially
docked, 1 partially misdocked, and 18 misdocked).

Data in Tables 4 and 5 allow also the virtual com-
parison of a classical docking study (many ligands
against a single site) versus the cross-docking study
(many ligands docked into several sites). In fact, if one
considers the panel of the 27 ligands cocrystallized in
the wild-type RTs as a set of newly designed anti-RT
candidates, applying the classical docking approach the
risk of uncorrected binding mode is definitively higher
(from 1 to 13 and 2 to 14 for the best docked and best
cluster conformations, respectively) than using the
cross-docking approach in which the different NNRTI
binding pockets allow each ligand to adopt different
poses that seem to converge to that experimentally
observed (in 23 out of the 27 ligands more than 50% is
correctly docked in the 27 sites for both the best docked
and best cluster conformations).

While this paper was in preparation we also studied
application of the cross-docking approach which led to
disclosing the binding mode of a series of anti-RT indolyl
aryl sulfones (IAS).6465 In this paper the Merck lead
compound L-737126 was docked against 14 RTs. In all
cases, the docked conformations (either the best cluster
or the best docked conformations) were in good agree-
ment with each other, identifying a unique binding
mode for L-737126 and confirming the usefulness of the
cross-docking approach. Moreover, the use of the Au-
todock program allowed the structure-based alignment
of 70 IASs derivatives to develop a predictive 3D QSAR
model, which was used as a tool to design new potent
anti-HIV compounds.

Mutated RTs. In parallel to the previously discussed
studies on the wild-type RTs, cross-docking experiments
were also conducted on the mutated RT set.

Observing NNRTI-bound conformations in the wild-
type or mutated RT forms, it seems that for ligands also
able to inhibit the RT mutants a unique binding mode
exists for both enzymes. This observation is supported
by the low RMSD (Figure 4) values between wild-type
and mutated bound conformations for 8CI-TIBO

Figure 4. Examples of superimposed NNRTI-bound confor-
mations in either wild-type or mutated RTs (see Table 1 for
details).

(RMSDlHNV71UWB = 0.365), efavirenz (RMSDlFKgleKO
= 0.969; RMSDlFKgquV = 1.122; RMSDlFKgquW =
1.000; RMSDlFKg_lJKH = 0.324), Hby 097 (RMSDlBQM_lBQN
= 0.681), nevirapine (RMSD;vrr—1rp = 0.330; RMSD11.8
—JLF — 0.543; RMSD1VRT —1JLF — 0.736), PETT 130A94
(RMSDiprr-151.c = 0.391), TNK-651 (RMSD1RT2-1J1.4 =
0.362), and UC-781 (RMSDlRT4_1JLG = 0.526). Thus,
parallel cross-docking experiments on both wild-type
and mutated RT would be a useful tool for SBDD studies
to design new inhibitors able to tightly bind both
enzymes.

Each ligand found in the RT-mutated crystals was
docked in the 14 mutated enzyme similar to the previous
section mimicking the SBDD of new ligands active
against RT mutants.

The results are presented in matrix form in Tables 6
and 7. Each entry gives the result of the docking of the
ligand (figuring in the row header) into the binding site



HIV-Reverse Transcriptase Inhibition

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 1 209

Table 7. Matrix of RMSDs Obtained by Cross-Docking 14 NNRTIs into 14 Mutated HIV—-RT Binding Pockets. Values are from the

Best Cluster Conformations

Proteins
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(figuring in the column header). The diagonal entries
in Tables 6 and 7 are the RMSDs found when the
ligands are docked into their native binding sites (see
previous section for details). The off-diagonal entries in
Tables 6 and 7 mimic the predictive docking of newly
designed ligands into the binding pocket of a ligand with
known crystal structure. Again, compared to the best
docked conformation selection, the best cluster method
proved to be more efficient, reaching an average DA
value of 0.89. In only three cases the best cluster
selection afforded inferior DA values; these are the 1JLA
ligand docked into the different mutated proteins and
all the ligands docked into the 1JKH and 1JLB proteins
(Tables 6 and 7); nevertheless, in the latter the DA
values were only marginally decreased (about 10%),
while for TNK-651 (1JLA) its high flexibility could be
the reason for alternate binding mode selected by the
best cluster method.

These results are even more encouraging than those
obtained from the previous cross-docking studies. In
fact, Autodock was able to correctly dock the NNRTI
into the mutated RTs with higher efficiency, thus
demonstrating that it is a suitable tool for SBDD and
docking of new ligands into the wild-type and mutated
RT forms. Moreover, it could be also applied to gain
insight on the mode of action (based on its ability to
reproduce the most profitable orientations/conforma-
tions of binding) of new NNRTI active toward both the
wt and mutated forms of RT.

Conclusions

We presented an evaluation of the Autodock program
for the docking of ligands into the nonnucleoside binding
pocket of HIV-1 reverse transcriptase. Autodock proved
to efficiently reproduce, under a threshold RMSD value
of 2.0 A, 98% of the NNRTI-bound conformations in
their native NNBSs. Moreover, to address the important
issue on the NNBS conformational flexibility, cross-
docking experiments conducted by docking 41 NNRTIs
into 41 different RTs (full tables are available in the
Supporting Information) proved the Autodock program
to be a useful tool for structure-based drug design in
developing new anti-RT agents active against wild-type

and mutated forms of the enzyme and for exploring (in
terms of their preferential orientations/conformations
within the binding site) the mode of action of such
compounds. To support our results, we recently applied
the cross-docking approach to define in a unique way
the binding mode of the L-737126 lead compound and
design new and potent anti-HIV IASs derivatives.
Application of a cross-docking study on using mutated
RTs to design anti-HIV agents active against resistant
strains is underway and will be reported soon.

Materials and Methods

Structures Preparation. Forty-one publicly available
X-ray crystal structures of reverse transcriptase complexed
with a NNRTI were retrieved from the Protein Data Bank®-68
(Table 1). Of the 41 complexes, 27 belonged to the wild-type
enzyme [because the long distance from the NNBS, the
tetramutant 1RT3 and the C280S mutated forms were con-
sidered as wild-type RT, Table 1] and 14 to RT mutated forms.
For the cross-docking studies all the complexes were super-
imposed on each other arbitrarily using nevirapine/RT (1VRT)
as reference complex. The superimposition of the RT complexes
was performed by means of the program ProFit version 2.2%°
using the implemented McLachlan algorithm;™ all residue’s
backbone atoms comprised in a 20 A core from nevirapine
(1VRT) were selected with the Chimera program™ (182
residues) and used as reference for the fitting; the same
number of residues (Trp88A-Tyrll5A, Serl56A-Leu210A,
Trp212A, Leu214A-Ile244A, Lys263A, Asn265A-Tyr271A,
Glu312A-11e326A, Tyr339A-Thr351A, I1e375A, Thr377A-
Lys385A, GIn23B, Pro25B-Glu28B, Ile31B-Lys32B, Val35B,
Thr131B-Arg143B) was used for all complexes superimposi-
tions. The above aligned protein/ligand complexes were pre-
pared uniformly for docking in order to minimize introduction
of bias. First, to reduce CPU time, each complex was reduced
to a smaller size by removing solvent and any residues atoms
out 20 A from the cocrystallized ligands. Then, using the
Macromodel program, the complexes were minimized to al-
leviate steric contacts which usually arise due to the random
way in which hydrogens are added to the heavy atoms.
Hydrogens were added to the receptors and ligands with the
Maestro program.” Protonation states were assumed to be
those most common at pH 7, i.e., lysines, arginines, aspartates,
and glutamates were considered in the ionized form.

During the minimization water and any ions in the crystal
structures of the complex were left with the receptor. It was
our intent to simply relieve steric contacts created from this
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addition, not to have large conformational changes occur
during minimization. The criteria used to set up the minimiza-
tion helps to ensure that this was the case. The minimizer
used was the batchmin minimizer distributed with Macro-
model.” Several force field implementations are available with
this minimizer, and we used the Amber’* all-atom implemen-
tation. This force field was selected because it was generally
well parametrized for most of our complexes. The setup criteria
for the minimization basically involved selecting an 8 A core
of atoms around the ligand for minimization and a 10 A shell
of atoms surrounding that to be used for long-range electro-
static interactions during the minimization. Atoms in the
ligand and selected core of the receptor underwent the full
minimization process. Atoms in the shell surrounding this
were fixed in place, but charges were placed on them by the
minimizer to be used for nonbonded electrostatic interactions
with atoms in the core and ligand. Atoms beyond the shell were
ignored. The minimizations were run with a gradient conver-
gence of 0.1 and an iteration limit of 20 000 for all complexes.
A solvation model was not used; however, in many cases
numerous waters from the crystal structures were included
in the core and shell. Minimizations were run on an IBM-
compatible PC equipped with an AMD 3GHz CPU, running
the SUSE 9.0 distribution of Linux.

Once the minimizations were complete, the ligands and the
receptors were extracted into separate files to be used for the
subsequent docking set up.

Docking Setup. Autodock 3.0.5%2 was used for all docking
calculations. Several detailed studies by the McCammon group
on binding modes and affinity of HIV-1 integrase inhibitors
have shown that the estimated free energies from the Autodock
program are in good agreement with the available experimen-
tal values.”™ Prior to any docking, to eliminate any possibility
of biasing the docking experiments, the ligand-bound confor-
mations were extracted from the minimized complexes and
energy minimized using the following protocol: each molecule
was energy minimized to a low gradient. The nonbonded cutoff
distances were set to 20 A for both van der Waals and
electrostatic interactions. An initial random velocity to all
atoms corresponding to 300 K was applied. Three subsequent
molecular dynamics runs were then performed. The first was
carried out for 10 ps with a 1.5 fs time step at a constant
temperature of 300 K for equilibration purposes. Next, mo-
lecular dynamics was carried out for 20 ps, during which the
system is coupled to a 150 K thermal bath with a time constant
of 5 ps. The time constant represents approximately the half-
life for equilibration with the bath; consequently, the second
molecular dynamics command caused the molecule to slowly
cool to approximately 150 K. The third and last dynamic cooled
the molecule to 50 K over 20 ps. A final energy minimization
was then carried out for 250 iterations using conjugate
gradient. The minimizations and molecular dynamics were in
all cases performed in simulated aqueous solution using the
batchmin GBSA keyword. The AutodockTools package was
employed to generate the docking input files and analyze the
docking results; the same procedures as those described in the
manual were followed. All the nonpolar hydrogens and the
water molecules were removed. The kollmann charges were
loaded for the proteins, while the all atom amber charges
applied by the Macromodel program were retained in the
ligand. A grid box size of 61 x 81 x 61 points with a spacing
of 0.375 A between the grid points was implemented and
covered more than 8 A of the NNBS. The grid was centered
on the mass center of the experimentally bound nevirapine
(1IVRT) coordinates taken as NNRTI representative. For all
the inhibitors the single bonds including the amide bonds were
treated as active torsional bonds (see all structures in Table
1). Thirty docked structures, i.e., 30 runs, were generated by
using genetic algorithm searches. A default protocol was
applied, with an initial population of 50 randomly placed
individuals, a maximum number of 2.5 x 105 energy evalu-
ations, and a maximum number of 2.7 x 104 generations. A
mutation rate of 0.02 and a crossover rate of 0.8 were used.
Results differing by less than 2.0 A in positional root-mean-

Ragno et al.

square deviation (RMSD) were clustered together and repre-
sented by the result with the most favorable free energy of
binding. The RMSD values reported in this work are based
upon all atom comparisons between the docked structures and
the initial structures of the inhibitors.
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