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The interactions and energetics associated with the binding of 20 HEPT and 20 nevirapine
nonnucleoside inhibitors of HIV-1 reverse transcriptase (RT) have been explored in an effort
to establish simulation protocols and methods that can be used in the development of more
effective anti-HIV drugs. Using crystallographic structures as starting points, all 40 inhibitors
were modeled in the bound and unbound states via Monte Carlo (MC) statistical mechanics
methods. Potentially useful descriptors of binding affinity were configurationally averaged for
each inhibitor during the MC simulations, and correlations were sought with reported
experimental activities. A viable regression equation was obtained using only four descriptors
to correlate the 40 experimental activities with an r2 of 0.75 and cross-validated q2 of 0.69.
The computed activities show a rmsd of 0.94 kcal/mol in comparison with experiment and an
average unsigned error of 0.69 kcal/mol. The MC results reveal three physically reasonable
parameters that control the binding affinities: (1) loss of hydrogen bonds with the inhibitor is
unfavorable, (2) burial of hydrophobic surface area is favorable, and (3) a good geometrical fit
without steric clashes is needed for the protein-inhibitor complex. It is gratifying that the
corresponding descriptors are statistically the most important quantities for determining the
anti-HIVRT activity for the 40 compounds. Representative examples are also given in which
structural and thermodynamic information from the MC simulations is used to help understand
binding differences for related compounds. A key π-type hydrogen bond has been identified
between secondary-amide nevirapine analogues and Tyr188A of HIVRT that explains their
otherwise surprising activity and the ineffectiveness of nevirapine against the Y188C mutant.

Background
The human immunodeficiency virus (HIV), which has

been identified as the causative agent of acquired
immune-deficiency syndrome (AIDS),1 infected about
15 000 people each day in 1999.2 The World Health
Organization and the Joint United Nations Programme
on HIV/AIDS estimate that 16.3 million persons have
died from the disease, 33.6 million people are currently
infected with HIV, and over 95% of new infections are
in developing countries.2 The need for potent, safe, and
inexpensive chemotherapeutics is clear, and the thera-
pies must also be effective against mutant strains of
HIV which arise from and circumvent existing anti-HIV
treatments.3

One of the key enzymes packaged within the HIV
virion capsid is a reverse transcriptase (RT) that plays
an essential role in the replication of the virus.1,4,5

Consequently, HIVRT has emerged as a prime target
for the development of drugs for HIV/AIDS therapy.1,3

The HIVRT protein has both RNA-dependent DNA
polymerase and RNaseH activities that are required for
the conversion of genomic viral RNA to DNA; this viral
DNA is subsequently incorporated into the host cell
genome.1,4,6 Inhibitors of HIVRT fall into two main
classes:3,6 (1) Nucleoside inhibitors (NRTIs) are com-
pounds that mimic normal nucleoside substrates but
lack the 3′-OH group required for DNA chain elongation.
NRTIs compete with native nucleosides and effectively

stall polymerase activity by becoming incorporated into
the growing DNA strand thereby causing premature
chain termination.3,6 (2) Nonnucleoside inhibitors (NNR-
TIs) are molecules that bind to a region of HIVRT
located near the polymerase catalytic site.6 The binding
event alters the conformation of critical residues and
thereby inhibits the ability of the enzyme to perform
normal RT functions.3

Although both NRTIs and NNRTIs dramatically
decrease viral load in most infected persons on initiation
of antiviral therapy, resistance to the chemotherapeutics
invariably develops.3 After the onset of infection, the
virus replicates quickly within the host and a genetically
related swarm (quasispecies) of virions is soon estab-
lished.7,8 This viral pool of variants arises rapidly mainly
due to the low fidelity of HIVRT, which has been
estimated to yield from 5-10 errors per HIV genome
per round of replication.9,10 Since as many as 109 virions
are produced each day,11 resistance to both nucleoside
and nonnucleoside drugs quickly develops.3 Since re-
sistance arises in response to the chemotherapy, struc-
turally unique inhibitors are needed that can challenge
the swarm of virions in different ways. The use of
combinations of NRTIs, NNRTIs, and HIV protease
inhibitors is currently the best method for controlling
HIV infection.12,13 However, it is also desirable to have
multiple inhibitors within a class since their unique
modes of binding can lead to different resistance pro-
files. The present study has used computer simulations
in an effort to develop protocols and methods that can
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be used in the design of improved anti-HIV drugs. In
particular, computations have been carried out for the
binding affinities of 40 analogues of the NNRTIs, HEPT,
and nevirapine (Tables 1 and 2). Nevirapine was the
first FDA-approved NNRTI, and the HEPT analogue
MKC-442 is in clinical trials.

Specific goals of the research are twofold: (1) estima-
tion of binding affinities in the context of structure-
based drug design using available experimental data
and (2) understanding the variations in binding affini-

ties through interpretation of energetic and structural
results from simulations.

Theoretical Methods
The most rigorous computational approaches used for

the calculation of binding affinities (∆Gb) are the free
energy perturbation (FEP) and thermodynamic integra-
tion (TI) methods.19-22 These methods typically employ
molecular dynamics (MD) or Monte Carlo (MC) simula-
tions and have yielded impressive results for a number
of protein-ligand systems, as reviewed elsewhere.19-22

A more approximate method for the estimation of ∆Gb
is based on linear response (LR) theory, as introduced
by A° qvist and co-workers (eq 1).23 This approach is
considerably faster than the FEP or TI alternatives
because no intermediate transformation process is
required to calculate the binding affinity.23

Here, 〈 〉 signifies an ensemble average of the difference
in interaction energies (∆E) of the inhibitor-solvent
plus inhibitor-protein interaction energies in the bound
state and of the inhibitor-solvent interaction energies
in the unbound state (Figure 1).23 The two energy terms
represent the differences in average van der Waals
(Lennard-Jones) and electrostatic (Coulombic) contribu-
tions, respectively, which are normally calculated using
a molecular mechanics force field and either MD or MC
simulations. The Coulombic energy differences were
originally scaled by a factor â ) 0.50, while the coef-
ficient R was determined by fitting the simulation
results to known experimental binding affinities.23

Jorgensen et al. modified the LR approach for the
calculations of free energies of solvation, which corre-
sponds to eq 2 for computing free energies of binding.24,25

In this approach, both coefficients R and â are allowed
to vary and a third term representing the solvent-
accessible surface area (SASA) of the solute is included
and scaled by a coefficient γ. The rationale for the SASA
term is that it provides a means to account for possible
positive free energies of hydration caused by the penalty
for solute cavity formation in water.24,25

Encouraged by prior MD/LR23,26-30 and MC/LR31-33

binding studies, we endeavored to treat larger data sets
to see if good correlations with experimental data could

Table 1. Inhibition of HIV-1 RT by HEPT Analogues

no. R1 R2 R3 EC50 ca. ∆Gexptl

H01 Me CH2OCH2CH2OH SPh 7.0a -7.32
H02 Me CH2OCH2CH2CH3 SPh 3.6a -7.73
H03 Me CH2OCH2CH3 SPh 0.33a -9.20
H04 Me CH2OCH3 SPh 2.1a -8.06
H05 Me CH2OCH2Ph SPh 0.088a -10.01
H06 i-Pr CH2OCH2Ph SPh 0.0027a -12.16
H07 Me Et SPh 2.2a -8.03
H08 Me Me SPh >150.0a > -5.43
H09 Et CH2OCH2CH3 SPh 0.019a -10.96
H10 i-Pr CH2OCH2CH3 SPh 0.012a -11.24
H11 i-Pr CH2OCH2CH3 CH2Ph 0.004b -11.89
H12 c-Pr CH2OCH2CH3 SPh 0.1a -9.93
H13 Me CH2OCH2CH2OH CH2Ph 23.0c -6.52
H14 Me CH2OCH2CH2OH OPh 85.0c -5.78
H15 Me CH2OCH2CH2OH SPh-3,5-diMe 0.26d -9.35
H16 Et CH2OCH2CH2OH SPh-3,5-diMe 0.013d -11.19
H17 i-Pr CH2OCH2CH2OH SPh-3,5-diMe 0.0027d -12.16
H18 Et CH2OCH2Ph SPh 0.0059a -11.68
H19 Me H SPh >250.0a > -5.11
H20 Me Bu SPh 1.2a -8.40

a Ref 14. bRef 15. cRef 16. dRef 17. H01 is parent HEPT; H11 is
MKC-442. EC50 in µM at 37 °C. Estimated experimental binding
energies ∆Gexptl ≈ RT ln(EC50) in kcal/mol.

Table 2. Inhibition of HIV-1 RT by Nevirapine Analogues

no. R1 R2 R3 IC50
a ca. ∆Gexptl

N01 Me Et H 0.125 -9.42
N02 Me Et 2-Me 0.17 -9.24
N03 Me Et 2-Cl 0.15 -9.31
N04 Me Et 3-Me 0.76 -8.35
N05 Me Et 3-Cl >1.0 >-8.19
N06 Me Et 4-Me 1.9 -7.81
N07 H Et H 0.44 -8.67
N08 H Et 4-Me 0.035 -10.17
N09 H Et 4-Cl 0.095 -9.58
N10 H c-Pr 4-Me 0.084 -9.65
N11 Me c-Pr 4-Me >1.0 >-8.19
N12 Me Pr H 0.45 -8.66
N13 Me t-Bu H 11.0 -6.77
N14 Me COCH3 H 15.3 -6.57
N15 Me Et 4-Et 0.11 -9.49
N16 Me CH2SCH3 H 0.85 -8.28
N17 H c-Pr 4-CH2OH 3.0 -7.54
N18 H c-Pr 4-CN 1.25 -8.05
N19 Me CH2CH2F H 2.9 -7.56
N20 H c-Pr H 0.45 -8.66

a Ref 18. N10 is nevirapine. IC50 in µM at 25 °C. Estimated
experimental binding energies ∆Gexptl ≈ RT ln(IC50) in kcal/mol.

∆Gb ) R〈∆Evdw〉 + â〈∆ECoul〉 (1)

∆Gb ) R〈∆Evdw〉 + â〈∆ECoul〉 + γ〈∆SASA〉 (2)
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still be obtained with a higher ratio of data points to
parameters. Simultaneously, Duffy and Jorgensen have
correlated results from aqueous MC simulations with
solvation properties for more than 200 diverse organic
compounds.34 The descriptors were expanded from those
in eq 2 to include, for example, hydrogen-bond counts
and the hydrophobic, hydrophilic, and aromatic compo-
nents of the SASA. A multivariate fitting approach was
used which corresponds to eq 3 for computing binding
affinities.

Here, cn represents an optimizable coefficient for the
associated descriptor ên. In principle, any physically
reasonable quantity could be considered as a descriptor
in this extended linear response (ELR) approach. Specif-
ically relevant to protein-ligand binding was the suc-
cess in predictions of log P (octanol/water) for 200
solutes. Only four descriptors were needed to yield a
correlation with an r2 of 0.91 and a rms error of 0.53.34

Given the potential parallel between solute octanol-
water partitioning and ligand protein-water partition-
ing, we sought to consider alternative descriptors too
for protein-ligand binding with the data set for the 40
NNRTIs.

It should be emphasized that the ELR method relies
on using experimental data, in conjunction with a set
of descriptors obtained via computer simulations, to
derive a regression equation. However, once a reason-
able, cross-validated regression equation is derived, no
additional experimental data is needed in order to make
activity predictions for novel compounds. Simulations
for the bound and unbound states are all that is needed
to make activity predictions for any new compound.
Ideally, a universal regression equation (scoring func-
tion) may emerge through additional studies.

Computational Details
System Setup. Given the large size of HIVRT, simulations

of the entire protein-ligand complex are currently impractical.
Therefore, a model of the NNRTI binding site was constructed
which incorporated only nearby residues (Figure 2). Using the
initial crystal structure coordinates for MKC-442 bound to
HIVRT (PDB entry 1rt1),35 a representative model was
constructed by including only those residues within ca. 15 Å
of atom C6 of the HEPT uracil core. To avoid excessive
fragmentation of the protein backbone, a few additional amino
acids were included. Hydrogen atoms were added, and clipped
residues were then capped with acetyl and methylamine
groups. Residues with all atoms outside a 10 Å sphere from
C6 were kept rigid during the MC simulations. The final

system size was 123 protein residues plus the inhibitor.
Specifically, the rigid residues are 91-94A, 109-110A, 116-
178A, 84-185A, 192-197A, 199-205A, 222-224A, 230-232A,
240-242A, 316-317A, 320-321A, 343-349A, 381-383A,
134-135B, 137B, and 140B. The flexible residues are 95-
108A, 179-183A, 186-191A, 198A, 225-229A, 233-239A,
318-319A, 136B, and 138B. To impose overall charge neutral-
ity for the system,26 all but one of the rigid Asp, Lys, Glu, and
Arg residues were made neutral. The tautomeric states of His
residues in the binding site were assigned by visual inspection.
A residue-based cutoff at 9 Å was used for the solute-solvent
and intrasolute nonbonded interactions. The water-water
cutoff was also at 9 Å, based on the O-O separation. The
nevirapine analogues were treated similarly starting from the
coordinates of the X-ray structure of nevirapine bound to
HIVRT (PDB entry 1vrt).36

The initial Cartesian coordinates for each HEPT or nevi-
rapine analogue were generated by analogy to the conforma-
tions in the crystal structures of HIVRT with MKC-44235 and
nevirapine36 using the XChemEdit program.37,38 The Z-matrix
connectivity was then graphically assigned, and the results
saved both as a PEPZ database39 and as a Gaussian95 input
file.40 The OPLS-AA force field41,42 was used for the systems
except the partial charges for the inhibitors were determined
using the ChelpG procedure at the HF/6-31G* level.40 Any
missing OPLS-AA torsional parameters were assigned by
analogy to existing ones with the exception of two new torsions,
which were fit to results of dihedral angle energy scans at the
HF/6-31G* level for the model compounds methyl benzyl ether
and thioanisole, as previously described.41 The OPLS-AA
parameters have been developed to reproduce accurately
molecular geometries, torsional energetics, free energies of
hydration, enthalpies of vaporization, and liquid densities for
a wide range of model compounds.41

Crystal Structure Choice. H01 (the parent HEPT) and
analogue H11 (MKC-442) differ in potency by about 4.6 kcal/
mol (Table 1); a possible explanation has been suggested by
Hopkins et al. based on an interpretation of crystallographic
evidence.35 A difference of ca. 100° in the ø1 dihedral angle for
Tyr181A was found between the structures for H01 (1rti) and
H11 (1rt1).35 It was suggested that H11 (R1 ) i-Pr) is a more
potent compound than H01 (R1 ) Me) because the larger group
at R1 sterically forces Tyr181A “up”.35 A favorable aromatic
π-stacking interaction can then occur between Tyr181A and
the phenyl ring in the R3 substituent (Table 1).35 We believe
that this interpretation is flawed for the following two rea-
sons: (1) No steric clashes are visually apparent when H11 is
docked into the H01 crystal structure (Figure 3), and conjugate

Figure 1. Schematic representation of a binding event
showing different environments for HIVRT inhibitors. Small
arrows depict potential interactions of a drug with water
(unbound state) or water and protein (bound state).

∆Gb ) ∑
n

cnên + constant (3)

Figure 2. HIVRT binding site model surrounded by a 22 Å
cap of water. Blue residues sampled in the MC simulations,
red residues rigid, green residues not used. Crystal structure
coordinates, PDB entry 1rt1, from ref 35.
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gradient energy minimizations reveal no energetically unfa-
vorable steric interactions between the i-Pr group of H11 when
Tyr181A is “down” as in the parent HEPT (H01) structure.
This suggests that unfavorable steric interaction are not
responsible for the “up” conformational preference observed
in the MKC-442 crystal structure. (2) More importantly, an
overlay of 16 experimental HIVRT/NNRTI crystal structures
all show Tyr181A to be in the same “up” conformation with
the lone exception of the structure for the parent HEPT (Figure
4). The 16 experimental structures include six different
inhibitor cores. In fact, the NNRTIs based on nevirapine
(green; 3hvt, 1rth, 1vrt),36,43 HEPT (magenta; 1rt1, 1rt2, 1rti),35

R-APA (red; 1hni, 1vru),36,44 TIBO (yellow; 1hnv, 1tvr, 1rev),45,46

BHAP (gray; 1klm),47 and carboxanylide (cyan; 1rt4, 1rt5, 1rt6,
1rt7)48 could potentially allow Tyr181A to adopt the “down”
conformation given that no steric clashes would result, yet this
is not reported. A change in ø1 for Tyr181A of ca. 100° would
be expected to be a rare event in computer simulations of the
present lengths and was not observed. Therefore, given the
consistency in which Tyr181A is observed to be in the “up”
conformation (Figure 4), PDB entry 1rt135 was chosen as the
starting point for all simulations of HEPT analogues.

MC Simulations. Each protein-inhibitor complex was
subjected to 50 steps of conjugate gradient energy minimiza-
tion, using a distant-dependent dielectric constant of 4 (ε )
4r) to relax the crystal structure with the force field prior to
the MC simulations. For the MC simulations, a 22 Å water
cap was used containing 851 (bound) and 1485 (unbound)
TIP4P water molecules.49 All HIVRT side chains with an atom
within ca. 10 Å from the defined center of the water cap were
sampled, the protein backbone was fixed, and each inhibitor

was fully flexible. Bond lengths for the protein remained fixed
after the initial energy minimizations. A protein residue-
inhibitor list, which was kept constant during the entire
simulation, was determined for each complex during the initial
solvent equilibration stage of the simulation. A MC move for
a side chain was attempted every 10 configurations, while a
move for the inhibitor was attempted every 56 configurations.
All remaining moves were for solvent molecules. Solvent-
solvent neighbor lists were also used, and the maximum
number of internal coordinates to be varied for an attempted
move was limited to 30. All MC simulations and energy
minimizations were performed with the MCPRO program.50

The computations were executed on a PC cluster with ca. 70
processors running Linux. The complete processing of one
inhibitor (bound and unbound) requires 2.5 days using one 800
MHz PentiumIII processor. Thus, ca. 300 inhibitors could be
processed in 1 week on a PC cluster with 100 top-end
processors.

Bound Simulations. Each MC simulation for a protein-
inhibitor complex consisted of 1 million configurations of
solvent-only equilibration, 10 million configurations of full
equilibration, and 10 million configurations of averaging. In
general, convergence of the results for complexes is less
problematic than for the simulations of the inhibitors alone
in water. This probably results from the facts that in the
simulations of the complexes the ligands are more conforma-
tionally restricted than in pure water and about one-half as
many water molecules are used for the complexes than for the
unbound inhibitors.

Unbound Simulations Using an Annealing Protocol.
Initial results for the inhibitors alone in water revealed that
the solute-water Coulombic interaction energy showed the
slowest convergence among the descriptors and that it was
not well-converged with MC simulations of the same length
as for the complexes. Surprisingly, the same average energies
were not obtained when the simulations were initiated from
two similar yet distinct geometries. After additional testing,
an annealing protocol (Figure 5) was developed to enhance the
convergence. Each unbound MC simulation consisted of 1
million configurations of solvent-only equilibration at the
experimental temperature of 37 or 25 °C. Then, 5 million
configurations of equilibration ensued in which only the water
and the dihedral angles of the inhibitor were sampled. The
MC acceptance rate for the inhibitor was also increased
through a local heating option in MCPRO with the tempera-
ture specified to be 727 °C (1000 K) for the attempted moves
of the inhibitor. This was followed by an additional 5 million
configurations of full equilibration at the normal temperature,
followed by 10 million configurations of averaging. The latter
three processes were then repeated for a total of five cycles
(Figure 5). The local heating is applied only to the inhibitor
and no bonds or angles are sampled during this stage. The
focus is on increased conformational sampling for the inhibitor.
Since local heating is only specified for the inhibitor, the bulk
water structure is largely unaffected during the heating phase,
and the dihedral-only sampling ensures that bond lengths and
angles do not have to be cooled upon reequilibration.

Figure 3. No steric clash is observed between HIVRT side
chain Tyr181A and the i-Pr group of MKC-442 in the modeled
structure using the “down” conformation, which is only
reported for the parent HEPT.

Figure 4. Experimental conformation of Tyr181A for 16
HIVRT nonnucleoside inhibitor complexes: nevirapine (green),
HEPT (magenta), BHAP (gray), R-APA (red), TIBO (yellow),
and carboxanylide (cyan) analogues. The complexes were
aligned by minimizing the rmsd between CR carbons at
residues Leu100A, Lys103A, Tyr181A, and Val106A. See text
for PDB references.

Figure 5. Annealing protocol showing heating, equilibration,
and averaging portions used in the MC simulations for the
unbound inhibitors.
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Convergence of the solute-solvent ECoul was greatly im-
proved, as illustrated in Figure 6, using the new protocol. For
Figure 6, simulations were initiated from two alternative
geometries of all 20 HEPT analogues; one was based on the
1rt1 structure and the other on the 1rti structure.35 The
annealing results for the HEPT compounds clearly show that
in five cycles acceptable convergence is obtained independent
of small differences in the starting geometry of the unbound
inhibitors. It may be noted that the annealing protocol formally
corresponds to averaging the MC results from five independent
simulations of 10 million configurations each. The importance
of well-converged results cannot be overestimated for the LR
or ELR equations to have good predictive value. For example,
5 kcal/mol of noise in the unbound ECoul value can easily
translate to 1-3 kcal/mol of noise in the predicted ∆Gb with
usual values for â in eqs 1 or 2.

FEP. To help in interpreting the results for nevirapine
analogues, a FEP calculation was performed to determine the
difference in free energy of hydration (∆∆Ghyd) between model
tertiary and secondary amides. Specifically, N,N-dimethylac-
etamide (DMA) was converted to N-methylacetamide (NMA)
using well-established methods.19 No internal degrees of
freedom were sampled, so ∆∆Ghyd could be computed simply
by performing one mutation in water.19,51 The FEP calculations
were performed for the solute in a periodic cube containing
500 TIP4P water molecules. Both solute-solvent and solvent-
solvent cutoffs were at 10 Å based on the separations of amide
nitrogens and water oxygens. Each of the 10 windows consisted
of 6 million configurations of equilibration, followed by an
additional 5 million configurations of averaging. The potential
functions for the amides were the same as for the HEPT and
nevirapine inhibitors, OPLS-AA with HF/6-31G* ChelpG
atomic charges.

Experimental Activities. The experimental EC50 activities
at 37 °C reported for the HEPT series14-17 and the IC50 values
at 25 °C for nevirapine analogues18 were converted into
approximate free energies of binding (∆Gexptl) by eq 4 as listed
in Tables 1 and 2. Although not formally equivalent, relative
activities should correspond to relative free energies of binding
for closely related series of inhibitors.52

To correlate both data sets simultaneously, an offset might
be necessary, though it turned out not to be needed. Measured
activities from the same laboratory53 indicate that nevirapine
(N10) is more potent than the parent HEPT (H01) by ca. 2.8
kcal/mol in general agreement with the difference of 2.3 kcal/

mol from the data in Tables 1 and 2. In another study,54 MKC-
442 (H11) was reported to be more potent than nevirapine
(N10) by about 1.0 kcal/mol, while the data in Tables 1 and 2
imply 2.2 kcal/mol. The experimental HEPT activities span a
range of 7.1 kcal/mol, which is twice as large as the range for
the nevirapine analogues (Tables 1 and 2). Uncertainties were
not reported for the experimental data, but they are typically
at least 0.5 kcal/mol.

Results and Discussion

Regression Equations. Correlations were derived
using the statistical software package JMP.55 Equation
5 shows the best four-descriptor equation obtained by
fitting the experimental activities of the 40 compounds
using the generic regression, eq 3.

∆HBtotal is the change in the total number of hydrogen
bonds for the inhibitor; a hydrogen bond is defined here
by a distance of less than 2.5 Å between an N, O, or S
atom and a hydrogen attached to a heteroatom.34 EXX-
LJ is the ligand-protein Lennard-Jones interaction
energy, ∆PHOBarea is the change in hydrophobic SASA
upon binding, and secondary amide is an indicator
variable (1 or 0) for compounds with or without a
secondary-amide functional group. The contributions for
each term are recorded in Table 3. For the 40 com-
pounds, the correlation coefficient r2 of 0.75 reflects good
accord between theory and experiment (Figure 7). Cross-
validation by the leave-one-out procedure yields a q2 of
0.69 and implies reasonable predictive power for com-
pounds not included in the original data set. The
computed activities show a rmsd of 0.94 kcal/mol in
comparison with experiment and an average unsigned
error of only 0.69 kcal/mol. The uncertainties in the
experimental data and in the convergence of the MC
results are estimated to be at this level. All of the
descriptors in eq 5 are significant. Probability > F ratios
(regression model mean square/error mean square) are
small: ∆HBtotal (0.0005), EXX-LJ (<0.0001), ∆PHOBarea
(0.0037), secondary amide (<0.0001). This implies that
the probability of a greater F value occurring by chance
is low. No systematic deviation in the predicted ∆Gcalcd
values was found; the computed residuals show random
scatter.

The four descriptors in eq 5 make physical sense: (1)
∆HBtotal is always negative; water is the best hydrogen-
bonding medium, so there is an inevitable loss in
number of hydrogen bonds for an inhibitor upon bind-
ing. The coefficient implies that the loss of each hydro-
gen bond costs 0.94 kcal/mol in free energy of binding.
(2) The EXX-LJ term implies that a good geometrical
fit between the ligand and the protein is also important.
Favorable packing contributions to binding are con-
tained in this term as well as any unfavorable steric
interactions. The change in ligand-water Lennard-
Jones energy (∆ESX-LJ) is highly correlated with EXX-
LJ (greater loss in ∆ESX-LJ corresponds with greater
gain in EXX-LJ), so its inclusion does not improve the
regression. (3) The ∆PHOBarea term is also negative;
SASA for a ligand is always lost upon binding. The
associated coefficient is positive so that the removal of
hydrophobic surface area upon binding is favorable for

Figure 6. Convergence of the inhibitor-water Coulombic
energy for the HEPT data set after 10 million (1 cycle) and 50
million (5 cycles) configurations of averaging using the an-
nealing protocol. Each inhibitor was simulated twice starting
from two different conformations. Initial geometries of the
inhibitors were derived from the 1rt1 and 1rti crystal struc-
tures.

∆Gexptl ≈ RT ln(activity) (4)

∆Gcalcd ) -0.94〈∆HBtotal〉 + 0.30〈EXX-LJ〉 + 0.0085
〈∆PHOBarea〉 - 2.8(secondary amide) + 4.6 (5)
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the free energy, which simply reflects the hydrophobic
effect. (4) Finally, as described in the next section, a
secondary-amide indicator is needed to account for
deficiencies in the partial charges.

The separate data sets yield modified optimal fits. For
the HEPT analogues alone, an r2 of 0.83 is obtained with
eq 6:

All descriptors in eq 5 are still significant except no
secondary amides are present for HEPT analogues, so
this descriptor is eliminated. For the nevirapine data
set alone, however, only the ∆HBtotal and secondary-
amide descriptors are significant. A fit with these two
descriptors plus a constant yields an r2 of 0.58 (eq 7).
In this case, the lower r2 may reflect challenges associ-
ated with the compressed range of the experimental
activities in comparison with the data for the HEPT
series.

Binding affinity fits with the traditional ELR ap-
proach (eq 2) were also made for comparison. A reason-
able r2 of 0.56 and rmsd of 1.24 kcal/mol are obtained
with eq 2 augmented by the secondary-amide indicator
and a constant. Nevertheless, eq 5 is clearly superior
with the same number of descriptors. It may be noted
that eq 5 does not include a term that obviously reflects
differences in flexibility for the inhibitors. A rotatable-
bond count was considered but was not found to be
statistically significant. For more diverse sets of ligands,
it is likely that such a term may be needed to reflect
the entropic penalty for loss of conformational freedom
upon binding.56

Secondary-Amide Indicator. During the fitting, it
was discovered that acceptable correlations could not
be obtained for the nevirapine analogues unless an
indicator variable was included for secondary amides.
Suspecting that the use of the 6-31G* ChelpG charges
was overestimating hydration differences in the un-
bound state, the FEP calculation was performed for the
model tertiary-amide f secondary-amide conversion of
DMA f NMA in water (Figure 8). The computed ∆∆Ghyd
of -2.47 ( 0.24 kcal/mol is too negative by 1 kcal/mol
in comparison with the experimental value of -1.53
kcal/mol.57 By analogy, nevirapine analogues with sec-
ondary amides would be expected to be too well-
hydrated in the unbound state and thus pay an artifi-
cially high desolvation penalty for binding. Thus the
indicator coefficient of -2.8 in eq 5 has the correct sign,
though the magnitude is larger than from the simple
model, as clarified below.

It should be noted that obtaining correct relative free
energies of hydration for amines and amides has been
a long-standing problem in the computational commun-
ity.58-62 Successful parameters for primary, secondary,
and tertiary aliphatic, cyclic, and aromatic amines have
now been reported,62 and parallel improvements for
amides have recently been achieved.63

Analysis of Binding Trends - HEPT Series.
Equation 5 presents a straightforward framework for
understanding the trends in the observed activities. For
the HEPT analogues in Table 3, the ranges for the
contributions from the hydrogen-bond loss, protein-
inhibitor Lennard-Jones energy, and burial of hydro-
phobic surface area are 1.9, 6.2, and 2.7 kcal/mol,
respectively. There is variation in the R2 side chain
(Table 1), and the side chains with no oxygen atoms

Table 3. Individual Contributions to the Total Computed Free
Energies of Binding for HEPT and Nevirapine Analogues with
HIV-1 RT

no.
∆Gexptl
total total ∆HBtotal

∆Gcalcd
EXX-LJ ∆PHOBarea

secondary
amide

H01 -7.32a -7.33 3.24 -13.70 -1.47 0.00
H02 -7.73a -10.05 2.24 -14.93 -1.96 0.00
H03 -9.20a -9.62 2.05 -14.39 -1.87 0.00
H04 -8.06a -7.65 2.29 -13.04 -1.48 0.00
H05 -10.01a -10.11 1.67 -15.41 -0.96 0.00
H06 -12.16a -11.89 1.88 -16.79 -1.56 0.00
H07 -8.03a -8.04 1.46 -12.69 -1.39 0.00
H08 -5.43a -6.75 1.64 -11.89 -1.09 0.00
H09 -10.96a -9.92 2.23 -14.59 -2.15 0.00
H10 -11.24a -10.30 2.18 -14.68 -2.39 0.00
H11 -11.89b -10.07 2.34 -14.61 -2.39 0.00
H12 -9.93a -10.47 1.99 -14.87 -2.18 0.00
H13 -6.58c -6.59 3.17 -12.77 -1.58 0.00
H14 -5.78c -6.83 3.48 -13.32 -1.58 0.00
H15 -9.35d -9.82 3.24 -14.79 -2.86 0.00
H16 -11.19d -10.94 2.96 -15.29 -3.19 0.00
H17 -12.16d -11.20 3.10 -15.60 -3.28 0.00
H18 -11.68a -11.30 1.46 -16.05 -1.29 0.00
H19 -5.11a -4.86 1.68 -10.56 -0.58 0.00
H20 -8.40a -10.07 1.62 -14.35 -1.93 0.00
N01 -9.42e -7.78 2.08 -12.85 -1.60 0.00
N02 -9.24e -9.05 2.15 -13.47 -2.32 0.00
N03 -9.31e -8.16 2.44 -13.62 -1.57 0.00
N04 -8.35e -8.93 2.08 -13.32 -2.28 0.00
N05 -8.19e -7.87 2.54 -13.46 -1.54 0.00
N06 -7.81e -8.53 2.23 -13.28 -2.07 0.00
N07 -8.67e -7.76 3.58 -12.19 -0.91 -2.82
N08 -10.17e -9.32 3.71 -13.26 -1.54 -2.82
N09 -9.58e -8.42 3.92 -13.15 -0.97 -2.82
N10 -9.65e -9.98 3.60 -13.62 -1.73 -2.82
N11 -8.19e -8.72 2.67 -13.87 -2.10 0.00
N12 -8.66e -8.30 2.24 -13.37 -1.77 0.00
N13 -6.77e -7.86 2.77 -13.38 -1.84 0.00
N14 -6.57e -6.41 3.36 -13.21 -1.15 0.00
N15 -9.49e -10.56 3.22 -13.67 -1.88 -2.82
N16 -8.28e -8.09 2.57 -13.74 -1.52 0.00
N17 -7.54e -8.05 5.53 -13.85 -1.50 -2.82
N18 -8.05e -8.99 4.32 -13.81 -1.27 -2.82
N19 -7.55e -7.04 2.85 -13.17 -1.31 0.00
N20 -8.66e -8.75 3.42 -12.95 -0.99 -2.82

a Ref 14. bRef 15. cRef 16. dRef 17. eRef 18. ∆Gexptl ≈ RT
ln(activity). ∆Gcalcd obtained from eq 5. Energies in kcal/mol.

Figure 7. Predicted binding affinities (∆Gcalcd) using eq 5 vs
experimental activities (∆Gexptl) for 20 HEPT (B) and 20
nevirapine (0) analogues with HIVRT.

∆Gcalcd ) -1.00〈∆HBtotal〉 + 0.31〈EXX-LJ〉 + 0.0112
〈∆PHOBarea〉 + 5.6 (6)

∆Gcalcd ) -1.10〈∆HBtotal〉 - 2.44
(secondary amide) - 11.2 (7)
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(H07, H08, H19, H20) show smaller desolvation penal-
ties (Table 3). In the simulations of the complexes, R2

is in a channel that contains some water and the
terminal hydroxyl in, for example, H01 is involved in
hydrogen bonds with water or the backbone carbonyl
of L234A. So, the range of desolvation penalties is not
as great as might have been expected. The larger
analogues then benefit from more favorable Lennard-
Jones interactions (H05, H06, H16, H17, H18), which
is the dominant discriminator. The HEPT derivatives
with R3 as 3,5-dimethylthiophenyl (H15, H16, H17) or
with isopropyl groups at R1 (H06, H10, H11, H17) get
an additional boost for burial of more hydrophobic
surface area than their less substituted analogues. The
factors combine such that H06, H17, and H18 are
observed and predicted to be in the most active group.
Some comments can also be made on specific pairs of
inhibitors with small structural but large activity dif-
ferences.

H08 vs H07. The HEPT analogues H08 (R2 ) Me)
and H07 (R2 ) Et) differ only by a Me group yet have
an experimental activity difference (∆∆Gexptl) of more
than 2.6 kcal/mol. The computed relative free energy
of binding (∆∆Gcalcd) is 1.3 kcal/mol, in qualitative
agreement with experiment. In Table 3, the computed
free energy penalties for lost hydrogen bonds (∆HBtotal)
are similar: 1.46 kcal/mol for H07 and 1.64 kcal/mol
for H08. However, the larger Et group of H07 improves
the hydrocarbon packing in the binding pocket (Figure
9) and yields a more favorable EXX-LJ contribution by
about 0.8 kcal/mol over H08. Additional benefit for H07
comes from the burial of more hydrophobic surface area
(-1.4 kcal/mol) than for H08 (-1.1 kcal/mol). Given the
structure in Figure 9, these results for the descriptors
are reasonable. In addition, two water molecules are
displaced from the binding pocket upon expansion of the
methyl group in H08 to ethyl in H07 (Figure 9). In
general, this should be an entropically favorable process
since the bound water molecules likely gain transla-
tional and rotational freedom upon transfer into the
bulk solvent56,64 In contrast, homologation of H03 to
H02, though reported to diminish activity (Table 1), is
also predicted to enhance activity (Table 3). A steric
problem is not found for H02 here, which is consistent

with the observed accommodation of the even larger
benzyloxy group for H05.

H14 vs H01. H14 (R3 ) OPh) and the parent HEPT
H01 (R3 ) SPh) only differ in the atom linking the
phenyl ring to the uracil core, yet H01 is more potent
than H14 by 1.5 kcal/mol (Table 1). The computed
results are again qualitative accord with the difference
diminished to 0.5 kcal/mol. Examination of the compo-
nents in Table 3 shows that H14 has a computed
∆G(∆HBtotal) of 3.48 kcal/mol compared to 3.24 for H01.
Though an ether oxygen is expected to be better
hydrated in the unbound state than a thioether sulfur,
these atoms are hindered in the bisaryl analogues H01
and H14, so there is only a small differential. However,
the more favorable ∆G(EXX-LJ) contribution for H01
(-13.70) compared to H14 (-13.32) makes sense given
that sulfur is more polarizable than oxygen and has a
larger Lennard-Jones ε (0.25 vs 0.14 kcal/mol).41 Finally,
the ∆G(∆PHOBarea) values are essentially the same for
H01 (-1.47 kcal/mol) and H14 (-1.58 kcal/mol) reflect-
ing similar burial of hydrophobic surface area. Thus,
the greater activity of the sulfur analogue H01 is
predicted to come primarily from better van der Waals
interactions with some help from a smaller desolvation
penalty.

Analysis of Binding Trends - Nevirapine Series.
For the nevirapine series, the ranges are 3.5, 1.7, and
1.4 kcal/mol for the desolvation penalty, protein-
inhibitor Lennard-Jones interactions, and burial of
hydrophobic surface area (Table 3). The compressed
ranges are consistent with the smaller variation in
activities (Figure 7). The small ranges for the latter two
effects are also consistent with the diminished differ-
ences in total size and hydrophobic surface area; i.e.,
the ranges of SASA and FOSA values are 468-530 and
115-275 Å2 for the nevirapines and 448-648 and 66-
409 Å2 for the HEPT analogues. The dominant term
then becomes desolvation and the secondary-amide
indication. Thus, the inhibitors with more polar side
chains are less active, i.e., N14, N17, and N18 (Table
2).

However, the experimental results for the secondary-
amide vs tertiary-amide analogues are interestingly
mixed: N08 and N10 are experimentally more active
than their tertiary homologues; N06 and N11, by more
than a factor of 10 (Table 2), while the secondary N07
is reported to be less active than its tertiary derivative
N01 by a factor of 3.5, and another pair with R2 ) Et

Figure 8. Plot of ∆G (kcal/mol) vs λ for the perturbation of
N,N-dimethylacetamide to N-methylacetamide. The nonbond-
ed parameters and geometries were scaled using the coupling
coordinate λ.

Figure 9. Two water molecules (cyan) are displaced by
compound H07 (green; Et analogue) that are observed in
simulations of compound H08 (magenta; Me analogue) with
HIVRT.
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and R3 ) 2,3-dimethyl is reported to have the tertiary
compound more active than the secondary by a factor
of 2.18 In the crystal structure for nevirapine (N10) with
HIVRT,36 there are water molecules hydrogen-bonded
to both pyridine nitrogens and the amide carbonyl,
though there is no hydrogen bond for the amide NH.
The simulation results typically have one water mol-
ecule hydrogen-bonded to a pyridine nitrogen, but there
is no water molecule within hydrogen-bonding range of
the amide carbonyl. Thus, the secondary-amide frag-
ment is not well-accommodated in any event, and in the
absence of another factor, the secondary amides should
not be so competitive with the tertiary analogues.

The missing factor appears to be a favorable NH-aryl
π-type hydrogen bond for the secondary amides with the
phenyl ring of Y188A. Though this has not been specif-
ically noted in the crystallographic studies, it is il-
lustrated in Figure 10.36,43 The structures are shown for
N10 and N11 with Y188 from the last configuration of
both MC runs, which is representative. For comparison,
the optimal structures and interaction energies using
the OPLS-AA force field for the complexes of the model
amides, cis-NMA and DMA, with benzene are also
shown. The shortest distance between the amide NH
and an aromatic carbon is only 0.26 Å longer for N10
than cis-NMA and a comparably attractive interaction
is indicated. The longer distance is reasonable since the
optimized NMA-benzene structure is effectively at a
temperature of 0 K; it may also be noted that the
interaction energy for trans-NMA with benzene is
somewhat more attractive, -5.55 kcal/mol. For DMA
and benzene, the π-type hydrogen bond is lost and the
attraction drops nearly 3 kcal/mol. The shortest distance
between the N-methyl carbon and a ring carbon of Y188

is now 3.4 Å, which is 0.2 Å shorter than in the optimal
DMA-benzene complex. In the crystal structure for N10
with HIVRT,36 the shortest distance between the amide
N (coordinates are not given for the H) and the Y188
ring carbons is 3.54 Å for CD2, while the corresponding
distance for the computed structure in Figure 10 is 3.24
Å. Thus, we propose that the binding of the secondary
amides in the nevirapine series benefits significantly
from a π-type hydrogen bond with Y188. This factor
coupled with the overestimate of the desolvation energy
of secondary amides is responsible for the magnitude
and significance of the secondary-amide indicator in eq
5. Such strong π-type hydrogen bonds could be included
in the hydrogen-bond counts in the future. In support
of this analysis, it is known that the Y188C mutant of
HIVRT is 100-1000-fold less sensitive to nevirapine
(N10) that the wild-type protein.65 The decrease in
activity for tertiary analogues such as N11 should not
be as severe, but this has not been studied to our
knowledge.

One final point for the nevirapines is that N13 (R2 )
t-Bu) is observed to have low activity (Table 2). This is
the only compound in this series with a tertiary sub-
stituent at R2, and not surprisingly, the hydration of
the proximal pyridine nitrogens is affected. The effect
is actually not great for N13 unbound in water; it is
computed to accept an average of 3.0 hydrogen bonds
from water, which is just a little less than the 3.2-3.6
for tertiary amides N01-N06. However, in the complex
with HIVRT, the bulkier tert-butyl group displaces the
water molecule from the pocket near the pyridine
nitrogens. Both the hydration of a pyridine nitrogen and
the backbone of K101A are adversely affected. This is
illustrated in Figure 11 by contrasting representative
configurations from the MC simulations of the com-
plexes for N13 and N01. The energetic penalty for the
net loss of the hydrogen bonding with the pyridine
nitrogen is about 0.7 kcal/mol in comparing N13 with
N01 in Table 3. Equation 5 does not obviously reflect
the penalty for the poorer solvation of K101A, which
may account for N13 being predicted to be too active
by 1 kcal/mol.

Conclusion
The results of the MC simulations presented here

revealed three physically reasonable parameters that
control binding for two series of inhibitors with

Figure 10. (Top) Computed snapshots of nevirapine (N10)
and N-methylnevirapine (N11) with Y188 from the MC
simulations. (Bottom) Optimized structures of model secondary
and tertiary amides, N-methylacetamide and N,N-dimethy-
lacetamide, with benzene. The net interaction energy is shown
along with the shortest distances to aromatic carbons.

Figure 11. A water-mediated hydrogen bond is consistently
observed between N01 (Et analogue) and Lys101A that is not
observed in the MC simulations of N13 (t-Bu analogue) with
HIVRT.

152 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 2 Rizzo et al.



HIVRT: loss of hydrogen bonds with the inhibitor upon
binding is unfavorable, burying hydrophobic surface
area of the inhibitor is favorable, and a good geometrical
match between the inhibitor and the protein is impor-
tant. The best regression equation that was generated
(eq 5) reveals a strong correlation with experimental
activities (Figure 7, r2 ) 0.75), and the cross-validated
q2 of 0.69 implies reasonable predictive power for
compounds not included in the original data set. Given
the comparatively large size of the data set (40 com-
pounds), the results provide strong support for the
utility of the ELR method. On the technical side,
convergence of the results for the unbound inhibitors
in water was carefully investigated and led to the
development of an effective annealing method. Further
efforts on improving the efficiency and convergence of
both the unbound and bound simulations are ongoing.

The structural details from the MC simulations are
also valuable in interpreting trends in the binding and
activity data. In particular, a key π-type hydrogen bond
between the secondary-amide fragment of nevirapine
analogues and the aryl ring of Tyr188A of HIVRT was
identified that explains the otherwise surprising activity
of the secondary amides and the poor activity of nevi-
rapine against the Y188C mutant. Detailed knowledge
of the hydration of the inhibitor and the protein by
specific water molecules is also repeatedly found to be
relevant in interpreting binding/activity data.

Finally, the development of improved, low-cost anti-
HIV drugs is critical.2 The present study has been
successful in advancing the potential for computational
methods to participate in achieving this goal. It has been
demonstrated that computer simulations can be used
to make predictions of binding affinities for sizable data
sets in a reasonable time frame. And, the examination
of the associated energetic and structural results can
provide bases for understanding activity differences and
for rational drug design.
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