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Abstract
A virtual screening protocol has been applied to seek non-nucleoside inhibitors of HIV-1 reverse
transcriptase (NNRTIs) and its K103N mutant. First, a chemical similarity search on the Maybridge
library was performed using known NNRTIs as reference structures. The top-ranked molecules
obtained from this procedure plus 26 known NNRTIs were then docked into the binding sites of the
wild-type reverse transcriptase (HIV-RT) and its K103N variant (K103N-RT) using Glide 3.5. The
top-ranked 100 compounds from the docking for both proteins were post-scored with a procedure
using molecular mechanics and continuum solvation (MM-GB/SA). The validity of the virtual
screening protocol was supported by (i) testing of the MM-GB/SA procedure, (ii) agreement between
predicted and crystallographic binding poses, (iii) recovery of known potent NNRTIs at the top of
both rankings, and (iv) identification of top-scoring library compounds that are close in structure to
recently reported NNRTI HTS-hits. However, purchase and assaying of selected top-scoring
compounds from the library failed to yield active anti-HIV agents. Nevertheless, the highest-ranked
database compound, S10087, was pursued as containing a potentially viable core. Subsequent
synthesis and assaying of S10087 analogs proposed by further computational analysis yielded anti-
HIV agents with EC50 values as low as 310 nM. Thus, with the aid of computational tools, it was
possible to evolve a false positive into a true active.

Introduction
HIV/AIDS has caused more than 20 million deaths since 1981, and an estimated 40 million
people are currently HIV-positive.1 Despite the availability of the highly active antiretroviral
therapy (HAART), 3 million HIV/AIDS-related deaths occurred in 2006. HAART suppresses
HIV replication through administration of a combination of nucleotide (NtRTIs), nucleoside
(NRTIs), and non-nucleoside reverse transcriptase inhibitors (NNRTIs), and HIV protease
inhibitors.1 The target for the first three drug classes is HIV-1 reverse transcriptase (HIV-RT),
which is vital to replication of the HIV-1 virus by converting its single-stranded RNA into a
double-stranded DNA.2-4 HIV-RT is a 1000-residue heterodimer consisting of 66-kDa (p66)
and 51-kDa (p51) subunits.5,6 The present study focuses on NNRTIs, which bind to an

allosteric site that is ca.  from the polymerase active site in the p66 subunit, and thus
provide noncompetitive inhibition. Many crystal structures of HIV-RT complexed with
NNRTIs have been reported.7-19 To date, three NNRTIs have been approved for clinical use:
nevirapine (Viramune®), delavirdine (Rescriptor®), and efavirenz (Sustiva®).20 Other
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promising NNRTIs that have been developed include HEPT derivatives,21 TIBO derivatives
(i.e., 8-Cl-TIBO (tivirapine)),22-23 pyridinone derivatives (L-697,661),24 loviride (alpha-
APA),25 the imidazole derivative S-1153 (capravirine),26 PETT derivatives,27,28 MKC-442
(emivirine),29 DPC082 and DPC083,30 QXPT derivatives,31 DABO derivatives,32
thiocarboxanilides (UC-781),33 and DAPY derivatives (TMC-125).34,35

A major limitation to the success of therapy with NNRTIs is the rapid development of drug-
resistant mutants. One of the most common resistances that emerge during failure of an NNRTI-
containing regimen is a lysine to asparagine mutation at codon 103 (K103N). This mutation
confers cross-resistance to all currently available NNRTIs.36-37 The activities of all three
FDA-approved NNRTIs mentioned above are diminished by factors of 40−200 due to the
K103N mutation.38

A major focus of the drug discovery efforts to obtain new NNRTIs is to identify compounds
that have activity against both the wild-type and mutants. One way to search for new
compounds is to screen databases of molecular structures. As an initial step, it is possible to
retrieve potentially active molecules from these databases applying a chemical similarity
search.39 This type of search is based on the Similar Property Principle,40 which states that
structurally similar molecules should reveal similar physicochemical and biological properties.
41 This approach involves the specification of one or more molecules in the database, the
target structures, characterized by one or more descriptors. This set is compared with the
corresponding sets of descriptors for each of the molecules in the database. These comparisons
enable the calculation of a measure of similarity between the target structures and each of the
database structures. As a second step, assuming a high-resolution crystal structure of the protein
is available, the best-ranked molecules identified by the chemical similarity search can be
docked into the binding site to narrow down the number of potentially active molecules.42

The goal of this study is to seek new non-nucleoside inhibitors of HIV-RT and its K103N
mutant. The top-ranked molecules from a similarity search on the Maybridge database were
selected and docked into the binding sites of HIV-RT and its K103N variant (K103N-RT).
Nine previously reported inhibitors designed by our group43 and known HIV-RT inhibitors
were also docked. To circumvent limitations of the docking scoring function, particularly those
associated with estimation of dehydration and intramolecular strain for the ligands upon
binding, the top-scoring molecules obtained from docking were post-scored with a molecular
mechanics and continuum solvation model, as described below.

Theoretical Methods
Database Searching

The intermolecular structural similarity can be measured through distance and association
coefficients. Distance coefficients quantify the degree of difference between two molecules
and have been extensively used when real-valued variables (physicochemical or biological
descriptors) are employed; the Euclidean distance is an example (eq 1), where DA,B is the
distance or degree of similarity between molecules A and B, xjA and xjB are the property values
for A and B, and wj is the corresponding descriptor weight.

(1)

Association coefficients are used with real-value descriptors or binary data, and are often
normalized to lie within the range of zero (no similarity at all) and unity (identical sets of
descriptors); the Tanimoto coefficient is an example (eq 2), where SA,B is the degree of
similarity between molecules A and B, and xjA and xjB are the property values for A and B.
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(2)

Initially, all molecules from the Maybridge database (ca. 70,000 molecules) were processed
by QikProp 2.3, which computed 36 properties for each compound. These properties were used
to run the chemical similarity searches, carried out by QikSim 2.3.44 The program computed
the Euclidean and Tanimoto coefficients for all compounds with respect to the average of
physicochemical and biological properties of 26 known NNRTIs (Figure 1). It was previously
demonstrated that the property space for NNRTIs only overlaps a small subspace of the
property space for the Maybridge library.45 In addition, enrichment factors were calculated
and included running tallies of the number of known NNRTIs that were found in proceeding
from the best ranked molecules to the worst. To maximize the retrieval of known NNRTIs
among the first 5% of the best ranked molecules, a genetic algorithm was employed to guide
the selection of descriptors for the calculation of both Euclidean and Tanimoto coefficients
and to optimize the descriptor weights for the former. Specifically, the genetic algorithm was
used to obtain the set of descriptors and weights that maximize the Tanimoto and Euclidean
enrichment factors simultaneously. The top-ranked compounds obtained by this procedure
were then used in the molecular docking calculations.

Docking
The crystal structures for HIV-RT complexed with the inhibitor UC-781 (PDB ID: 1rt4) and
the K103N variant complexed with the inhibitor TMC-125 (PDB ID: 1sv5) were employed in
the docking calculations performed with Glide 3.5.46a,b The complexes were submitted to a
series of restrained, partial minimizations using the OPLS-AA force field.47 All compounds
used in the docking calculations were submitted to a pre-minimization with the MMFF94 force
field48 using a “4r” distance-dependent dielectric constant. In order to accommodate the fact
that the protein structure used for docking is not in general optimal for a particular ligand, the
van der Waals radii for non-polar protein atoms were scaled by a factor of 0.8, while those for
the ligands were not scaled. All compounds selected from the database by the similarity search
were docked and scored using the Glide standard-precision (SP) mode. The top ranked
compounds obtained in this way were redocked and rescored using the Glide extra-precision
(XP) mode.

Post-Scoring with MM-GB/SA
The calculation of binding affinities using molecular mechanics and a continuum solvation
model was introduced by Kuhn and Kollman using PB/SA to represent the solvent.49 Since
then, several modifications of this procedure have appeared in the literature.50 In our version,
a conformational search for the molecules in the unbound state and energy minimization for
the complexes using OPLS-AA and GB/SA51 within Macromodel52 were performed. In the
unbound state, all conformers within 5.0 kcal/mol of the lowest-energy conformer were
retained. A root-mean-square deviation (RMSd) value of 0.3 Å for heavy atoms and hydrogens
connected to heteroatoms was used to obtain unique conformations. Assuming a Boltzmann
distribution, the probabilities for each conformer (Pi) were calculated and the average
intramolecular and hydration energies for each compound obtained. The conformational
entropies (Sconf) were calculated from the probabilities using eq 3, where kB is the Boltzmann
constant.

(3)
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To better account for the protein flexibility, the best pose for a selected molecule was energy-
minimized in the bound state. In the energy minimization, no constraints were applied to
residues within 5 Å from a point near the center of the binding site. A second shell of 3 Å
around the first shell was defined and constraints of 50 kcal/mol·Å2 applied to the residues
therein. The remaining residues were held fixed. The application of constraints during the
energy minimization step is very important to reduce the noise in the protein energy values
(EPTN). Besides the protein energies, the energy-minimized structures for the complexes
provided the intramolecular and solvation energies for the ligands in the protein environment,
and the van der Waals (EVDW) and electrostatic (EElect) interaction energies. In the bound state,
it was assumed that there is only one conformation accessible to each ligand; its conformational
entropy is therefore zero. This approximation should be revisited, though it may require a
conformational search in the bound state. In this manner, the binding energy (ΔGbind) was
calculated by eq 4.

(4)

In eq 4, ΔEintra and ΔEsolv are the intramolecular and desolvation penalties for each ligand
upon binding, obtained by the difference between these quantities in the bound and unbound
states. ΔSconf is the conformational entropy penalty, which is multiplied by the temperature to
convert it into free energy. The final ranking was obtained by calculating relative binding
energies (ΔΔGbind) using a NNRTI as reference (see below).

Results and Discussion
Chemical Similarity Search

Four different solutions that maximize the Euclidean and Tanimoto enrichment factors
simultaneously were obtained. All of them retrieved well the known NNRTIs in the top 5%
molecules (ca. 3500 molecules), specifically 62% and 54% for the Euclidean and Tanimoto
coefficients, respectively. In each solution, the Euclidean and Tanimoto coefficients have
identical sets of descriptors, whereas the descriptors for the first are weighted. MW (molecular
weight), FOSA (the hydrophobic component of the total solvent accessible surface area
(SASA)), FISA (the hydrophilic component of SASA), and HB donor (number of hydrogen
bonds donated by the solute to water molecules), appear in all solutions. HB acceptor (number
of hydrogen bonds accepted by the solute from water molecules), polarizability, and QPlogS
(predicted aqueous solubility) occur in three solutions, while SASA and EA (PM3 calculated
electron affinity) are in two and one solutions. A total of 1856 molecules, compounds that
ranked among the top 2500 molecules in all solutions, together with 9 NNRTIs designed by
our group and 26 other known NNRTIs (Figure 1), were docked in the binding sites of the
wild-type and K103N enzymes.

Validation of the docking method
To ensure that the ligand orientations and positions obtained from the docking calculations
were likely to represent reasonable binding modes for the compounds analyzed, nine NNRTIs
complexed to HIV-RT for which either crystal structures or theoretical models are available
were used to validate the Glide 3.5 XP function. The NNRTIs selected for our test calculations
are TMC-125, DPC-083, S-DABO-3w, Sustiva (efavirenz), UC-781, MKC-442, loviride
(alpha-APA), 9-Cl-TIBO and nevirapine. No crystal structure for the inhibitors TMC-125,
DPC-083, and S-DABO-3w complexed to HIV-RT are available. The complexes obtained
from the docking calculations in these cases were compared to theoretical models previously
suggested by our group for the first two compounds53,54 and to a docking study performed
by Mai et al. for the last.55
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The experimental binding conformations for Sustiva, UC-781, MKC-442, loviride (alpha-
APA), 9-Cl-TIBO and nevirapine agree very well with the conformations obtained by docking
into the 1rt4 HIV-RT binding site. The RMSd between the predicted and the observed X-ray
conformation for five of the NNRTIs is less than 1.0 Å (Figure 2). The only exception is 9-Cl-
TIBO. The larger RMSd value in this case can be attributed to the different position for the
methyl group attached to the seven-membered ring and to the orientation of the flexible 3,3-
dimethylallyl group.

The docked structures for TMC-125, DPC-083 and SDABO-3w are shown in Figure 3. As in
the theoretical models previously reported, the inhibitors display the characteristic hydrogen
bonds with the backbone oxygen and nitrogen atoms of Lys101. Hydrophobic interactions with
the arene pocket formed by the residues Tyr181, Tyr188, Phe227 and Trp229 were also
reproduced as well as the interactions with the pocket formed by Leu234 and Tyr318.

Docking into the Wild-Type Reverse Transcriptase and Post-Scoring with MM-GB/SA
After this validation, the docking was extended to the 1856 compounds selected from the
similarity search and the known NNRTIs. The Glide SP function was used as a filter to eliminate
the least promising molecules. The top 500 compounds from the SP scoring were then redocked
and rescored using the Glide XP function. Finally, the top 100 compounds were post-scored
with MM-GB/SA. According to the docking score, 15 of the 35 known NNRTIs are among
the top 100 compounds: S-DABO-3w (#1), TMC-125 (#4), DPC-083 (#11), DPC-961 (#12),
Sustiva (#15), DPC-24 (#36), DPC-963 (#58), UC-781 (#62), MKC-442 (#71)), and 6 of the
9 compounds from our group, 23o (#2), 23n (#6), 23p (#7), 23j (#9), 23d (#10), and 23h (#28).
43b The remaining molecules are from the Maybridge database. Although loviride, 9-Cl-TIBO,
and nevirapine are not among the first 100 compounds, they were also included in the post-
scoring analysis because Glide reproduced their experimental binding modes very well (Figure
2).

Although more computationally demanding, the MM-GB/SA scoring gives far superior
correlations with experimental activity data than standard docking scoring functions, as
reported in the literature.50 In our own experience, the MM-GB/SA methodology has, in
general, also been much more reliable than docking for rank-ordering.56 The final MM-GB/
SA ranking was obtained by calculating relative binding energies (ΔΔGbind) using S-
DABO-3w, the ligand with the most favorable binding energy, as reference. Figure 4 shows
that the MM-GB/SA scoring yields a very good correlation with the biochemical assay data
for S-DABO-3w, TMC-125, DPC-083, DPC-961, Sustiva, DPC-963, UC-781, MKC-442,
loviride, 9-Cl-TIBO, and nevirapine.57 Notably, a similar result was obtained with the Glide
XP function. This might be associated with the relative rigidity of these molecules; the
desolvation and intramolecular strain penalties for more flexible ligands can be expected to
show greater variation. Though Glide works well for this subset of inhibitors, Figure 5 shows
poor correlation between the scores obtained by Glide and MM-GB/SA for the top 100
compounds. Since this set contains more flexible analogs, the deficiencies of the docking
function are amplified. For example, the compounds NRB00180, RJC03153, SP01208,
S09268, RJC01037, and HTS02435 rank among the top 20 according to Glide. Once they are
post-scored with MM-GB/SA, they are moved to the bottom of the list because of desolvation
and intramolecular penalties of 8−11 kcal/mol and 7−17 kcal/mol, respectively. For example,
the first four have a cis conformation for amides that is not penalized enough by the docking
method. Forcomparison, S-DABO-3w has desolvation and intramolecular penalties of 3.6 and
0.8 kcal/mol.

The MM-GB/SA results for the top 20 compounds are listed in Table 1. Seven of the compounds
are well-known NNRTIs, S-DABO-3w, TMC-125, UC-781, DPC-963, DPC-961, efavirenz,
and DPC-24. Loviride, DPC-083, nevirapine, 9-Cl-TIBO, and MKC-442 scored less well,
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ranking #40, #41, #52, #53, and #60, respectively. Comparing to S-DABO-3w, loviride has a
greater desolvation penalty, nevirapine and MKC-442 have poorer electrostatic
complimentarity with the enzyme, DPC-083 has poorer VDW interactions, and 9-Cl-TIBO has
both larger intramolecular penalty and poorer interactions. The analysis of the contributions
to ΔΔGbind for the top-scoring NNRTIs shows that they bind well to HIV-RT due to very
favorable interactions with the enzyme for TMC-125, UC-781, and DPC-24, and because of
small intramolecular and desolvation penalties for the more rigid DPC-963, DPC-961, and
Sustiva. SDABO-3w is the best ranking NNRTI according to the calculations because it
combines favorable interactions with small intramolecular and desolvation penalties.

As shown in Table 1 and Figure 6, 10 of the first 20 compounds are from the Maybridge
database: S10087, NRB03328, KM06633, KM06632, NRB03323, KM06631, NRB03309,
NRB03321, NRB03310, and NRB03324. S10087 is the only one of its class that is among the
top 20, although the closely related analogs S10089, S10085, and S10076 rank very well, #21,
#26, and #35. KM06631 and KM06632 are analogs of KM06633, while NRB03323,
NRB03309, NRB03321, NRB03310, and NRB03324 are analogs of NRB03328. It is notable
that Muraglia and co-workers recently reported a series of aryltetrazolylacetanilides,
structurally similar to NRB03328 and analogs, with very good potency against HIV-RT.58
The analysis of the contributions to ΔΔGbind shows that the van der Waals interactions and the
entropy penalty term are comparable for S-DABO-3w and the top scoring compounds from
the database. It also shows that S10087, NRB03328, KM06633, and analogs yield minimal
protein deformation; EPTN is ca. −953.0 kcal/mol compared to −947.3 kcal/mol for
SDABO-3w. On the other hand, the small protein deformations for these compounds are
partially offset by greater desolvation and intramolecular penalties; S10087, NRB03328,
KM06633, and analogs have combined desolvation and intramolecular penalties ranging from
6.0 to 12.0 kcal/mol, while the value for SDABO-3w is 4.4 kcal/mol. As for the electrostatic
interactions with HIV-RT, the values are ca. −14.0 kcal/mol for NRB03328, KM06633, and
analogs, compared to −20.4 and −17.9 kcal/mol for S10087 and S-DABO-3w, respectively.

Figure 7 illustrates the complexes between HIV-RT and S10087, NRB03328, and KM06633.
The top compounds from the database are predicted to bind to HIV-RT in a very similar manner
to known NNRTIs. S10087 and KM06633 display simultaneous hydrogen bonds with the
backbone oxygen and nitrogen atoms of Lys101, while NRB03328 forms a single hydrogen
bond with the backbone oxygen of Lys101. These compounds also form hydrophobic
interactions with the arene pocket (Tyr181, Tyr188, Phe227 and Trp229) and with the pocket
formed by Leu234 and Tyr318.

Previous analyses by our group pointed to the Het-NH-Ph-U class as promising NNRTIs, where
Het is an aromatic heterocycle and U is an unsaturated hydrophobic group.43a Thus,
compounds with Het = 2-thiazoyl and 2-pyrimidinyl were synthesized and assayed for anti-
viral activity. Nine of them were docked to HIV-RT, six 2-pyrimidinyl and three 2-thiazoyl
derivatives. The thiazoles did not survive the docking filter, while all of the 2-pyrimidinyl
compounds appeared among the best 100 candidates. Our previous findings also showed that
the pyrimidines are generally more active than the thiazoles.43a Post-scoring with MM-GB/
SA resulted in three of the pyrimidines ranking among the top 20 as shown in Table 1 and
Figure 6 (23p, 23h, and 23o). The other three, 23n, 23d, and 23j, ranked #25, #32, and #43.
The contributions to ΔΔGbind are equivalent for the top scoring 2-pyrimidines and S-
DABO-3w, particularly the protein deformation and van der Waals interactions. The more
favorable binding of SDABO-3w can be attributed to smaller desolvation and intramolecular
penalties. The combined penalty for S-DABO-3w is 4.4 kcal/mol, while it is 9.6, 7.6, and 10.5
kcal/mol for 23p, 23h, and 23o. The amino group in 23p and 23o is responsible for the larger
desolvation and intramolecular penalties, but provides a more favorable electrostatic
interaction with the enzyme due to hydrogen bonding with the Glu138 carboxylate group.
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The complexes for the best scoring 2-pyrimidines are shown in Figure 8a; they are completely
consistent with what we have obtained previously using the BOMB ligand-growing program
and Monte Carlo simulations.43 A pyrimidine and the diarylamino nitrogen are hydrogen
bonded to the backbone nitrogen and oxygen atoms of Lys101, the phenyl ring is interacting
with Leu234 and Tyr318, and the 3,3-dimethylallyloxy group is in the arene pocket. This pocket
is occupied by such unsaturated groups for most NNRTIs, e.g., in Figures 2, 3, and 8b.

Docking into the K103N Reverse Transcriptase and Post-Scoring with MM-GB/SA
The top 100 compounds ranked by the Glide XP function after docking with K103N-RT were
post-scored with MM-GB/SA. The top 20 compounds after the MM-GB/SA scoring are
displayed in Figure 9. The results for the mutant show that 9 well-known NNRTIs scored
among the first 20 (DPC-24 (#5), DPC-27 (#6), TMC-125 (#8), 6-FQXPT (#9), DPC-963
(#10), 2-methyl-nevirapine (#11), S-DABO-3w (#12), 8-Cl-TIBO (#14), and DPC-961 (#15)).
Other post-scored NNRTIs were Sustiva (#21), nevirapine (#25), loviride (#31), delavirdine
(#33), 4-methyl-MBI (#34), DPC-083 (#37), PNU-32945 (#78), and MKC-442 (#95). Of those,
it is known that the activities for DPC-961, DPC-963, TMC-125, and S-DABO-3w against the
K103N mutant are moderately reduced, while other NNRTIs like loviride, Sustiva, nevirapine,
delavirdine, MKC-442, and 6-FQXPT are more adversely affected by this specific mutation.
59

It has been suggested elsewhere that the K103N mutation hampers the binding and confers
resistance to many classes of NNRTIs because of enhanced stabilization of the unliganded
state; this stabilization is derived from a hydrogen bond between the Asn103 and Tyr188 side
chains.60 Thus, in order to compensate for the loss of this hydrogen bond in the bound state,
the design of compounds that specifically interact with Asn103 is desirable. A carbonyl in the
inhibitor seems preferred to target the K103N mutant as it can accept simultaneous hydrogen
bonds from the Lys101 backbone and Asn103 side-chain NH groups. Most of the top-scoring
NNRTIs (DPC-24, DPC-27, DPC-961, DPC-963, SDABO-3w, and Sustiva) have a carbonyl
group that interacts with both residues.

The compounds from the Maybridge database that ranked among the best 20 for the mutant
are HTS03792 (#7), RJF01584 (#13), KM06633 (#16), NRB02128 (#17), RJC03349 (#18),
HTS02435 (#19), and RJC03153 (#20). Thus, the only one that scored well for both the wild-
type and K103N forms was KM06633. This compound also has a carbonyl group that interacts
with Lys101 and Asn103. Although analogs of KM06633 like KM06623, KM06632, and
KM06631 are not among the top 20 for K103N-RT, they also ranked well, i.e, #22, #28, and
#35. Analogs of S10087 and NRB03328 did not survive the docking filter except for S10085.
Figure 10 shows the computed complexes for K103N-RT with S-DABO-3w, DPC-963, and
KM06633.

The amino-pyrimidines 23o, 23n, 23p, and 23j are the best ligands for the mutant according to
MM-GB/SA. The mono-substituted pyrimidine analog 23h lacking the amino group did not
survive the docking filter. A practical problem with these amino derivatives is that they turned
out to be relatively cytotoxic, e.g., 23n and 23o have CC50 values of 2 and 55 nM, while this
is not a problem for methoxy analog 23h, which has EC50 and CC50 values of 10 nM and 9
μM in the wild-type assay.43b,c Figure 10 illustrates the complex between 23o and K103N-
RT. In the mutant, one of the pyrimidine nitrogens accepts a hydrogen bond from the Asn103
side-chain, even though the directionality for this interaction is not optimal. The pyrimidine
and the diarylamino nitrogens are hydrogen bonded to the backbone nitrogen and oxygen atoms
of Lys101, while the amino group is hydrogen bonded to Glu138. The amino-pyrimidines bind
to both the mutant and the wild-type enzymes in a very similar manner. This contrasts with
TMC-125. For HIV-RT, TMC-125 interacts simultaneously with Lys101 and Glu138. In the
mutant, however, the less flexible TMC-125 is shifted in the pocket and establishes new

Barreiro et al. Page 7

J Chem Inf Model. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



interactions. The predicted binding mode agrees with the one displayed in the X-ray structure
for TMC-125 complexed with the K103N mutant (PDB ID: 1sv5). The pyrimidine and the
diarylamino nitrogens are now hydrogen bonded to the backbone nitrogen and oxygen atoms
of Lys102, while the amino group of TMC-125 is no longer hydrogen bonded to Glu138. In
spite of that, the activity of TMC-125 is not significantly affected by the K103N mutation.35

Assay Results and Modifications of S10087
Six of the top-20 library compounds from Figure 6 were purchased from Maybridge: S10087,
KM06631, KM06632, KM06633, NRB03321, and NRB03323. Many of the other high-
ranking library compounds were in these series including the four additional NRB compounds
in Figure 6 and three analogs of S10087, which differ by replacement of the 4-methyl group
with 3-fluoro (S10076), 3-chloro, 4-methyl (S10085), and 2,4-dichloro (S10089). The two
purchased NRB compounds were impure and gave incorrect mass spectra. The other four gave
correct NMR and mass spectra. After purification, they were submitted to an anti-HIV assay
using infected human T-cells, but they failed to inhibit HIV replication in the MT-2 cells at
concentrations up to 100 μM.

The lack of activity might have several sources. (1) The library with ca. 70,000 members is
not large, though known actives were retrieved well by the MM-GB/SA protocol, and library
compounds were interspersed with the known actives. (2) There is high sensitivity of activity
to structure for HIV-RT inhibitors;43 for example, the core may be viable, but the substituents
may be not quite right. The assay was only run to 100 μM. Though some compounds might
show activity at higher concentrations, 100 μM is often a practical limit owing either to
solubility of the compounds or their cell-toxicity. For example, the CC50 values for S10087,
KM06631, KM06632, and KM06633 are 61, 41, 75, and 3 μM with the MT-2 cells. (3) Perhaps
more compounds should have been purchased, “digging deeper into the deck”. In fact, 16
compounds had been purchased from Maybridge and assayed from a preliminary version of
the same docking exercise that did not include the MM-GB/SA post-scoring. This included
KM06633, and HTS02435 and RJC03153 from Figure 9. All 16 compounds were purified and
characterized by NMR and mass spectrometry, and all were found to be inactive in the MT-2
assay. Structure visualization indicated that there were generosities in the evaluation of
conformational energetics by Glide including some twisted groups such as amides that should
be more-or-less planar, which led to the development and application of the present MM-GB/
SA post-scoring.

Thus, we then chose to focus on the oxadiazole lead, which ranked third in Figure 6, as a
possible near-miss. A limited substituent scan was performed for the anilinylbenzyloxadiazole
core with the BOMB program,43a which creates analogs from a core that has been placed in
the binding site. The computational analysis suggested removal of the methoxy groups in the
benzyl ring and addition of smaller, more hydrophobic groups to the anilinyl and benzyl rings
like chlorine and methyl. Subsequent synthesis and assaying of several polychloro-analogs
yielded anti-HIV agents with EC50 values as potent as 310 nM in the wild-type MT-2 cell
assay, as illustrated for the analog JL0203 in Figure 11. Nevirapine yields an EC50 of 110 nM
in the same assay. Full details of these experimental studies are provided elsewhere.61 Thus,
the docking exercise was unsuccessful in directly delivering active compounds from the
Maybridge library. However, it was provocative and did lead to a novel NNRTI core that has
now been demonstrated to be viable with the aid of synthetic chemistry.

Conclusions
A chemical similarity search on the Maybridge database was performed by QikSim using
known non-nucleoside inhibitors of the HIV-1 reverse transcriptase as reference structures in
order to identify potentially active compounds. The top ranked molecules obtained from this
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procedure and 35 known NNRTIs were docked into the binding sites of both the wild-type RT
(HIV-RT) and its K103N variant (K103N-RT) using Glide 3.5. The docking method provided
good agreement between the binding poses and X-ray structures or theoretical models available
for the complexes between HIV-RT and nine NNRTIs. The top 100 compounds ranked by
Glide XP after docking into the binding pockets of HIV-RT and K103N-RT were post-scored
with molecular mechanics and continuum solvation (MM-GB/SA). Three NNRTIs (23p, 23h,
and 23o) from our group, seven other known NNRTIs (S-DABO-3w, TMC-125, UC-781,
DPC-963, DPC-961, Sustiva, and DPC-24) and 10 compounds from the database (S10087,
KM06633, KM06631, KM06632, NRB03328, NRB03323, NRB03309, NRB03321,
NRB03310, and NRB03324) appeared among the top 20 ligands for HIV-RT. The results were
encouraging as Muraglia and co-workers recently reported a series of
aryltetrazolylacetanilides, structurally similar to NRB03328 and its top scoring analogs, with
good potency against HIV-RT.58 The viability of the present approach is further supported by
the results obtained for K103N-RT. The NNRTIs S-DABO-3w, TMC-125, DPC-961, and
DPC-963, which are known to retain activity well against the K103N mutant, also scored
among the best 20 in this ranking. However, purchase and assaying of representative, top-
scoring compounds from the Maybridge library failed to yield active anti-HIV agents. As HIV-
RT is a target known to be very sensitive to the ligand's substituent pattern, S10087 was
subjected to further computational analysis to seek modifications that would potentially
provide a true active. Subsequent synthesis and assaying revealed that S10087 was in fact a
“near-miss” since several closely related analogs were found to be potent anti-HIV agents.
Thus, with the aid of computational tools, it was possible to evolve a false positive from the
virtual screening into a true active.
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Figure 1.
The 26 known non-nucleoside HIV-RT inhibitors used in the virtual screening.
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Figure 2.
Comparison between the docked (light gray) and the observed crystal structures for six
NNRTIs. The RMSd values are noted. All NNRTIs were docked into the 1rt4 structure.
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Figure 3.
Docking poses for three additional known NNRTIs, TMC-125, S-DABO-3w, and DPC-083.
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Figure 4.
MM-GB/SA Score (left) and Glide XP function (right) versus pIC50 for 11 NNRTIs.

Barreiro et al. Page 17

J Chem Inf Model. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
ΔΔGbind versus XP docking score. S-DABO-3w, the ligand with the most favorable binding
energy (ΔGbind), was used as reference to obtain ΔΔGbind.
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Figure 6.
Top 20 compounds from the MM-GB/SA post-scoring after docking into wild-type HIV-RT.
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Figure 7.
Energy-minimized complexes between HIV-RT and S10087, NRB03328, and KM06633.
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Figure 8.
(a) Overlay of the energy-minimized complexes for the best scoring 2-pyrimidines (23p
(yellow), 23h (green), and 23o (magenta)). (b) Hydrophobic interactions between the arene
pocket (CPK) and unsaturated groups; 3,3-dimethylallyloxy in UC-781 (dark green), methyl-
pyridinyl in nevirapine (blue), benzyl in MKC-442 (magenta), 3,3-dimethylallyl in 9-Cl TIBO
(light green), ethynylcyclopropyl in Sustiva (yellow), and phenoxy in TMC-125 (light blue).
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Figure 9.
Top 20 compounds ranked by the MM-GB/SA post-scoring after docking into the K103N
variant of HIV-RT.
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Figure 10.
Energy-minimized complexes between K103N-RT and S-DABO-3w, DPC-963, 23o, and
KM06633. All four ranked among the best 20 compounds for both HIV-RT and K103N-RT.
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Figure 11.
Modifications of S10087 that generated the anti-HIV agent JL0203.
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