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Monte Carlo (MC) simulations in combination with a linear response approach were used to
estimate the free energies of binding for a series of 12 TIBO nonnucleoside inhibitors of HIV-1
reverse transcriptase. Separate correlations were made for the R6 and S6 absolute conformations
of the inhibitors, as well as for the analogous N6-monoprotonated species. Models based upon
the neutral unbound inhibitors produced overall better fits to experimental values than did
those using the protonated unbound inhibitors, with only slight differences between the neutral
R6 and S6 cases. The best results were obtained with a three-parameter linear response equation
containing van der Waals (R), electrostatic (â), and solvent accessible surface area (SASA, γ)
terms. The averaged (R6 and S6) rms error was approximately 0.88 kcal/mol for the observed
range of 4.06 kcal/mol in inhibitor activities. The averaged values of R, â, and γ were -0.150,
0.114, and 0.0286, respectively. Omission of the R term gave â 0.152 and γ 0.022 with a rms
of 0.92. The unweighted van der Waals components were found to be highly attractive but
failed to correlate well across the series of inhibitors. Contrastingly, while the electrostatic
components are all repulsive, they show a direct correlation with inhibitor activity as measured
by ∆Gbinding. The role of γ is primarily to produce an overall negative binding energy, and it
can effectively be replaced with a negative constant. During the MC simulations of the unbound
solvated inhibitors, the R6 and S6 absolute conformations do not interconvert due to the
formation of a favorable hydrogen bond to solvent. In the complex, however, interconversion
of these conformations of the inhibitor is observed during the course of the simulations, a
phenomenon which is apparently not observed in the crystalline state of the complex. Hydrogen
bonding of the inhibitor to the backbone NH of K101 and the lack of such an interaction with
the CdO of K101 or with solvent correlate with enhanced activity, as does the ability to assume
a number of different orientations of the inhibitor dimethylallyl moiety with respect to residues
Y181 and Y188 while retaining contact with W229. Overall, the use of a combination of MC
simulation with a linear response method shows promise as a relatively rapid means of
estimating inhibitor activities. This approach should be useful in the preliminary evaluation
of potential modifications to known inhibitors to enhance activity.

Introduction
The reverse transcriptase (RT) of HIV-1 has been an

active target for drug development for a number of
years. Two major classes of inhibitors have been re-
ported: nucleoside inhibitors (NIRT) such as zidovudine
(AZT) and nonnucleoside inhibitors (NNIRT) such as the
derivatives of tetrahydroimidazo[4,5,1-jk][1,4]benzo-
diazepine-2(1H)-thione and -one (TIBO; Table 1, 1g and
1l). Both the mode of action and the binding site are
different for these two classes of inhibitors. Nucleoside
analogues are competitive inhibitors that irreversibly
terminate extension of the primer strand of the poly-
merase reaction and bind in the polymerase active site.1
Nonnucleoside inhibitors are, for the most part, non-
competitive inhibitors2 and bind noncovalently in a site
different from, but proximal to (∼15 Å), the site of the

polymerase reaction. Inhibitors in the latter class are
particularly attractive drug candidates in that their
binding site is unique to the reverse transcriptase of
HIV-1, and thus they are less likely to cause adverse
side effects by disruption of normal DNA polymerase
activity.

A number of crystal structures exist for various forms
of RT: alone,3 in combination with DNA,4 and in
combination with a variety of NNIRT inhibitors,5 in-
cluding two (1a and 1f) derivatives of TIBO.5d,f From
those data it can be seen that RT is a relatively flexible
protein. The NNIRT binding pocket does not exist as
such in structures that do not contain an NNIRT.5d

Complexation with inhibitors of this class results in the
creation of a common binding pocket, bound on virtually
all sides by protein residues. Only a narrow channel,
suggesting the point of initial inhibitor entry, permits
contact of the bound inhibitor with solvent.

Most known NNIRT inhibitors share a common
“butterfly” shape5d consisting of two (or more) “wings”,
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more specifically π-electron-containing moieties, that do
not share a common plane. In general these π-systems
are aromatic rings; however, in TIBO derivatives one
wing is simply a dimethylallyl moiety. Within the
common binding site, existing crystal structures and
molecular modeling studies show that the amino acid
residues adopt somewhat different orientations for
inhibitors of even very similar structure.5d-f,6 Conse-
quently the term “shrink-wrap” has been used to
describe the unique accommodation of the protein to
different inhibitors.6

Binding of an NNIRT inhibitor to the enzyme is
believed to result in an alteration of the optimum
geometry of the substrates (nucleic acid template-primer
and nucleoside triphosphate) and protein residues (in-
cluding two Mg2+ ions) at the site of the polymerase
reaction.4,5a Crystallographic evidence shows a substan-
tial difference in the conformation of the NNIRT-RT
complex from that of either RT alone or complexed with
a strand of duplex DNA.4,5d,e This allosteric effect of the
inhibitor may lower the efficiency of formation of the
requisite sugar-phosphate bond that is central to the
polymerase reaction. Other effects, such as alteration
of the Kd for the enzyme-substrate binary and ternary
complexes, could also be operative. Nonetheless, it is
reasonable to assume that an effective NNIRT inhibitor
will be one that binds strongly to the enzyme and, upon
binding, results in deleterious alteration of the geometry
at the polymerase site. While the kinetics of NNIRT
inhibition of RT are complex,7 it appears that knowledge
of the strength with which the inhibitor binds to the
enzyme is germane.

The development of efficient computational methods
for the estimation of free energies of binding for
enzyme-inhibitor complexes has been an area of active
investigation in the search for new and more effective
inhibitors. Energy minimization approaches to the
current problem offer the advantage of being relatively
rapid and have yielded valuable information.6,8 These
methods, however, generally rely upon single structures

for the unbound inhibitor and the complex and thus
suffer from the difficulty of locating an appropriate local
minimum for these species. Of necessity, a single
structure is incapable of representing the range of
ligand and protein flexibility found in solution.

In recent years a number of methods have relied upon
free energies calculated from averages based on ther-
mally equilibrated collections of configurations. These
populations are generated either deterministically
through molecular dynamics (MD) or stocastically by
Monte Carlo (MC) simulations. Using ensembles thus
obtained, reasonably accurate absolute binding free
energies have been estimated from a linear response
(LR) assumption for a combination of electrostatic and
van der Waals nonbonded interaction terms.9 In some
cases a cavitation penalty term has also been included
in the relationship.10

Essentially, MD-LR and MC-LR methods evaluate
the nonbonded interaction energy of the inhibitor with
its environment. In the case of the unbound inhibitor,
this environment consists solely of the solvent. For the
bound inhibitor, the environment includes not only
solvent but also the surrounding protein. Thus a typical
LR equation takes the form:

The terms 〈Uvdw〉 and 〈Uelec〉 refer to the Lennard-Jones
and electrostatic average interaction energies for the
bound and unbound states of the inhibitor. The coef-
ficients R and â are either assigned or empirically
determined to obtain the best fit to the experimental
observable, the free energy of binding. While a theoreti-
cal case can be made for a value of 0.5 for â, it has been
argued that this value can vary depending upon the
structural/polar nature of the inhibitor11 and the par-
ticular force field employed.12 In some cases a third term
is included to account for the cost of creating a cavity
in the environment. This has been necessary particu-
larly in cases such as alkanes where ∆Ghyd is posi-
tive.10,13

Based upon the change in solvent-accessible surface
area (∆SASA) of the inhibitor during complexation, this
term is γ〈∆SASA〉, with γ being a third coefficient to be
fit empirically to the experimental data.

The present study involves the application of the
above LR approach to MC-generated assemblies of
configurations of the species involved in the complex-
ation of one class of NNIRT inhibitors, derivatives of
TIBO, with HIV-1 reverse transcriptase. A total of 12
substituted TIBO derivatives, shown in Table 1, have
been included in this study. The goal is to determine if
binding energies estimated in this fashion can be
correlated with experimental IC50 values, a measure of
the ability of the inhibitor to retard the polymerase
action of the enzyme.

Computational Method
Inhibitor Structure. A number of different conformations

can be considered for the basic TIBO structure. The S absolute
configuration at C5 is crucial for activity against HIV-1 RT. A

Table 1. Structure and IC50 Values for TIBO Inhibitors of
HIV-1 RT

compd R8 R9 A IC50 (mM)

1a Cl H S 0.0043
1b F H S 0.0058
1c methyl H S 0.0136
1d ethynyl H S 0.0295
1e methoxy H S 0.0339
1f H Cl S 0.0340
1g H H S 0.0440
1h CN H S 0.0563
1i ethynyl H O 0.4371
1j methyl H O 0.9890
1k CN H O 1.1400
1l H H O 3.1550

∆Gbinding ) R(〈Ubound
vdw 〉 - 〈Uunbound

vdw 〉) + â(〈Ubound
elec 〉 -

〈Uunbound
elec 〉) (1)

∆Gbinding ) R(〈Ubound
vdw 〉 - 〈Uunbound

vdw 〉) + â(〈Ubound
elec 〉 -

〈Uunbound
elec 〉) + γ(〈SASAbound〉 - 〈SASAunbound〉) (2)
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crystal structure of S5-9-Cl TIBO has been published14 which
shows the presence of two different conformations of the
diazepine ring. In one, the TS conformation14,15 (Figure 1C),
C5 and N6 lie on opposite sides of the plane of the ring,
reminiscent of the twist conformation of cyclohexane. In the
second conformation (Figure 1A), TC/BS,14,15 C5 and N6 both
lie on the same side of the plane, somewhat analogous to the

boat conformation of cyclohexane. In both of these conforma-
tions, N6, which is presumably capable of inversion, was
reported only as existing in the R absolute conformation in
the crystal. NMR studies (methanol-d6) from this same report
indicate a 90:10 mixture of two species in solution. On the basis
of semiempirical PM3 calculations, the authors14 determined
the TS conformation to be more stable and thus assigned that

Figure 1. Stereoplots of AM1-minimized (S5)-8-Cl TIBO conformations. R6 and S6 refer to the absolute conformation of N6.
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structure to the more populated species in methanol solution.
In confirmation of this trend, we have found the (S5,R6)-TS
conformation (-1637.8743853 Hartrees) of 8-Cl TIBO to be
0.82 kcal/mol more stable than the (S5,R6)-TC/BS conformation
(-1637.8730791 Hartrees) at the 6-31G* ab initio level of
theory.

Considering the structures A and C in Figure 1, however,
it can be seen that the TS (C) and TC/BS (A) conformations
differ significantly in the orientation of the dimethylallyl side
chain. Interconversion would require extensive molecular
motion to shift this moiety from one side of the ring plane to
the other. In the 8-Cl and 9-Cl TIBO complexes with RT,5d,f

the structure of the inhibitor is (S5,R6)-TC/BS (A). It seems
reasonable to assume that the conformation of the inhibitor
that enters the protein would be similar to that found in the
RT complex. Once within the protein, molecular motions of
the inhibitor would be significantly restricted and TS-to-TC/
BS conversion would appear unlikely. Thus the TC/BS con-
formation was chosen as the initial structure for the unbound
inhibitor calculations. It should be noted that, in the (R6)-TC/
BS conformation, the nitrogen lone pair lies over the diazepine
ring and is directed toward the aromatic rings, while in the
(R6)-TS conformation it is directed away from the tricyclic ring
system. (The designation of this absolute conformation of N6
is based upon assigning the lone pair the lowest priority in
the Kahn-Ingold-Prelog system. The authors of the crystal-
lographic study14 assigned these structures as S, apparently
following a different convention.)

In Figure 1, it can be seen that a second TC/BS structure
(B) of almost identical overall shape to conformation A can be
obtained in which N6 has the S absolute conformation (Figure
1B). In this structure, (S6)-TC/BS, the N6 nonbonded pair is
directed away from the aromatic rings. Only minor bond
rotations are required to invert N6 and interconvert these two
diastereomers. Gas-phase ab initio geometry optimizations
(using the Gaussian94 program16) for these similarly shaped
R6 and S6 conformations of 1a-1l show the R6 structure
consistently to be the more stable (data included in Supporting
Information). Across the series, the difference ranges from
significant (1.4 kcal/mol, 1h) to negligible (0.01 kcal/mol, 1l).
Consequently, it seemed prudent to include consideration of
both the R6 and S6 structures for the unbound inhibitor.

Two pKa values have been determined experimentally for
8-Cl TIBO17 (1a): pKa1 ) 9.5, pKa2 ) 6.3. Thus the majority of
the unbound inhibitor will exist in the monoprotonated state
in solution at physiological pH. The most probable site for
protonation is N6, the tertiary amino nitrogen. It is unlikely,
given the hydrophobic nature of the RT binding pocket, that
the bound inhibitor is protonated; thus the conjugate acid of
the inhibitor must lose a proton before entering the protein.
An acidic residue, E138 of p51, is situated at the putative site
of entry and thus may function in this capacity. To test the
possible role of the protonated form of the inhibitor, the
unbound conjugate acids of TIBO were also investigated.

Monte Carlo Simulations. For each inhibitor, two MC
simulations were performed, one for the unbound inhibitor in
solvent and a second with the inhibitor bound in a model of
the NNIRT binding pocket of RT in solvent. All calculations
were performed using the program MCPRO18 implemented on
R10000 Silicon Graphics workstations.

1. Unbound Inhibitors. The starting conformation for the
unbound inhibitor simulations was obtained by gas-phase AM1
minimization of the (R6)-TC/BS conformation of 8-Cl TIBO,
as it is found in its crystallographic complex with HIV-1
reverse transcriptase.5d,f Subsequent 6-31G* minimization
produced only a 0.04-Å rms heavy atom change in those
portions (see later) of the molecule that were held fixed in the
MC simulations. The AM1 (as opposed to 6-31G*)-minimized
structure was chosen as the starting structure because it
contained the dimethylallyl side chain in an orientation that
was slightly closer to that in the crystal structure of the RT/
8-Cl TIBO complex. Test calculations revealed no significant
difference in the resultant energies regardless of which
minimized structure was used as the starting conformation

for the inhibitor. The S6 conformation was obtained by manual
alteration of the appropriate bond angles to generate the
structure B shown in Figure 1, followed by AM1 minimization.
Structures for the N6-protonated conjugate acid of the R6 and
S6 conformations were obtained simply by addition of the
requisite proton in the same orientation as the lone pair in
the respective neutral compounds. Appropriate atom substitu-
tions were then made to these four basic structures to modify
the group on position 8 (or 9) of the benzene ring. Thus four
series of inhibitors were generated: neutral R6, neutral S6,
and their conjugate acid analogues.

All atoms of the inhibitor were explicitly included. The
majority of the parameters for the inhibitor were assigned from
the OPLS all-atom force field.19 The exceptions were for the
dihedral torsion parameters for the CNCC and CN+CC dihe-
dral angles. These were determined by fitting the MM3-
generated dihedral profile for 15° incremental rotation about
the CNCC bond of N,N′-dimethylethanamine and the N,N′-
dimethylethanammonium ion. Energy minimization was car-
ried out at each step in the rotation. Appropriate parameters
were then obtained to match these profiles to analogous OPLS
all-atom force-field-minimized profiles from the BOSS pro-
gram20 lacking the CNCC dihedral term: V0, V1, V2, V3 (kcal/
mol) ) 0.0, -2.389, 1.753, 0.982 (CNCC); 0.0, 1.109, 0.127,
0.212 (CN+CC).

In all of the linear response models discussed above, much
emphasis is placed upon the electrostatic nonbonded interac-
tion term, Uelec. Thus the determination of partial charges on
the atoms of the inhibitor is critical. Carlson and Jorgensen10

found good correlation for ∆Gsolv using electrostatic potential
surface (EPS) charges from 6-31G* ab initio calculations, and
this method was used in the present study to determine partial
charges. In calculations of this type, however, care must be
exercised to select a molecular conformation that is relevant
to the system for which the charges are intended. Thus, partial
charges for each R6 and S6 neutral inhibitor and its conjugate
acid were obtained using the ChelpG routine21 in the Gauss-
ian94 program by fitting to the EPS from ab initio full
geometry optimizations with the 6-31G* basis set.

The thiazolobenzimidazole ring system and the six atoms
associated with the allylic double bond were held internally
rigid during the MC simulations owing to the assumption that
variations in the geometry of these portions of the inhibitor
would be minimal. Because these regions were linked by
geometry elements that vary, they could, however, move
relative to one another and would of course follow rigid body
motions of the inhibitor. For the aqueous simulations, the
inhibitor was surrounded by a 26-Å sphere of 2434 TIP3P
waters. A 1.5 kcal/mol harmonic restraining force was applied
to waters at the surface of the sphere to prevent their escape.

MC simulations of the unbound inhibitors consisted of an
initial solvent equilibration of 10 × 106 configurations in which
the solute remained fixed, followed by an additional 10 × 106

configurations of equilibration in which the inhibitor was also
permitted to move. Energy averages were then accumulated
over a final 10 × 106 configurations, during which atomic
coordinates were saved after each 2 × 105 configurations.
Separate running averages were maintained for the Lennard-
Jones and Coulombic components of the solute-solvent non-
bonded interaction energies throughout the simulation. The
standard deviation for each of these components during the
energy-averaging phase was e1.5% of the mean, indicating
that the system had apparently equilibrated. As has been
previously observed, electrostatic interaction energies showed
slightly greater variation than did van der Waals energies.
The average SASA22 and absolute conformation of N6 were
determined for the geometry snapshots from the final energy-
averaging phase of the simulation. In determining the SASA,
the atomic radii for the all-atom representation of the inhibitor
were calculated based on OPLS all-atom σ nonbonded param-
eters using radius ) 21/6 × σ/2 and a solvent radius of 1.4 Å,
as implemented in MCPRO.

2. RT-Inhibitor Complexes. The model for the complex
of inhibitor and RT was based on the crystal structure of 8-Cl
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TIBO/HIV-1 reverse transcriptase.5d From this structure and
in a fashion previously reported,6 a model of the inhibitor
binding pocket was constructed from amino acid residues
roughly within 20 Å of the inhibitor. This resulted in 133
amino acid residues in eight strands, terminated with either
an acetyl or methylamino group at their N- and C-terminal
ends, respectively. Basic (Arg and Lys) and acidic (Asp and
Glu) residues were assumed to be in their charged states.
These criteria led to the inclusion of amino acid residues
mainly from the p66 domain of RT, with one short segment
from the p51 domain. All amino acid residues within 10 Å of
the inhibitor were permitted to vary, while more distant
residues remained fixed during minimization and MC simula-
tions. The amino acid residues comprising the site were thus:
(flexible) from the p66 domain 94-111, 176-193, 223-237,
and from p51 136-138; (fixed) from p66 90-93, 112-113,
157-175, 194-206, 214-222, 238-242, 266-270, 314-322,
347-350, 381-383, and from p51 133-135, 139-141. This
structure was initially minimized using the AMBER force field
in the Discover module of InsightII (Molecular Simulations,
Inc.). The three-stage minimization protocol for this calculation
was the same as that previously reported.6 The geometry of
8-Cl TIBO in this structure was then replaced by that of the
AM1-minimized unbound R6 conformation of the inhibitor.
These structures differed only very slightly in geometry, but
this replacement was deemed prudent in order that the
internal geometry of fixed portions of the inhibitor would be
the same in both bound and unbound simulations.

For MC simulations, the protein-ligand complex was
partially surrounded in a 26-Å sphere of 1592 TIP3P water
molecules that was centered at the geometric center of the
inhibitor. This resulted in the inhibitor and all variable amino
acid residues being surrounded by at least 10 Å of water and/
or fixed amino acid residues. A 9-Å cutoff distance was used
for all nonbonded interactions. For the protein, a partial united
atom approach12,23 was used in which all hydrogens are explicit
except those on saturated carbon atoms. The backbone con-
formation and all bond lengths of the protein were fixed
throughout the MC simulations. In a fashion similar to the
unbound inhibitor calculations, the above-derived conforma-
tion and orientation (in the binding pocket) of the 8-Cl TIBO/
RT complex was used as the template for structural modifi-
cation to the variously substituted TIBO derivatives. None of
the structural modifications to the inhibitor led to van der
Waals overlap with the protein, and thus no subsequent
positional adjustments were required.

Simulations for the bound inhibitor-protein complex con-
sisted of three phases: 10 × 106 configurations of equilibration
with only water moving, 4 × 106 configurations of equilibration
in which the inhibitor and protein (partially constrained as
described above) were also allowed to move, and a final 8 ×
106 configurations during which energy averages and geometry
snapshots were acquired. Separate running averages were
obtained for the Lennard-Jones and Coulombic components
for both inhibitor-solvent and inhibitor-protein nonbonded

interactions. As in the case of the unbound inhibitor simula-
tions, the standard deviations for each of these components
was e1.5% of the mean. The average SASA, individual
absolute conformation of N6, H-bond distances, and orientation
of the dimethylallyl moiety were determined from these
snapshots.

Inhibitor Activity. The IC50 values for most of the inhibi-
tors in Table 1 have been reported previously.24 Additional
data were kindly provided by the authors of that study. These
values were then converted to estimated experimental free
energy values using the standard ∆Gbinding ) -RT ln Kform

relationship at 37 °C. Here Kform, the equilibrium constant for
the formation of the complex, is taken to be the reciprocal of
the IC50 value. This estimate was required because Ki data
are not available for TIBO complexes with RT. Given the very
close similarity in structure and presumed mechanism of
action of the inhibitors in this study, however, it is reasonable
to expect that IC50 and Ki, while not equivalent, should be
linearly related25 for this series of TIBO derivatives.

Results and Discussion

Inhibitor Conformation. Throughout the MC simu-
lations of all of the unbound inhibitors, it was found that
the diazepine ring system remained in the TC/BS
conformation. Further, it was observed that N6 did not
invert from its initial R6 conformation. In part, this
could be due to unfavorable energy terms associated
with the N6 planar transition state, a requisite for R6

to S6 conversion. Gas-phase 6-31G* ab initio calcula-
tions, however, showed that the planar N6 conformation
of the TC/BS conformation of 1g lies 1.75 kcal/mol above
the R6 conformer and 1.50 kcal/mol higher than the S6

form. Given this surprisingly low barrier, the explana-
tion for the lack of inversion during MC simulations
likely lies in the observation that in approximately one-
half of the acquired geometry snapshots there exists a
H-bond between N6 and a solvent water molecule.
Traversing the N6 planar transition state barrier would
involve a diminution of this favorable energy term, thus
increasing the effective barrier to N6 inversion.

In contrast, N6 inversion does occur in many of the
simulations of the inhibitor-protein complexes. Analy-
sis of the conformation of N6 in the geometry snapshots
showed that in those cases where R to S inversion is
observed, the inhibitor passes over this barrier in both
directions a number of times during the simulation. The
data in Table 3 show that the extent to which one
absolute conformation is sampled versus the other
varies throughout the series, with no obvious structure-
based pattern to these variations. It is interesting to

Table 2. Average Interaction Energies from Bound and Unbound Neutral Inhibitor MC Simulations (kcal/mol)

Uelec UvdW

inhibitor inhibbd-solv inhibbd-enz
R6

inhibunbd-solv
S6

inhibunbd-solv inhibbd-solv inhibbd-enz
R6

inhibunbd-solv
S6

inhibunbd-solv

1a 4.06 -23.13 -22.14 -22.06 -1.60 -47.22 -30.58 -29.31
1b 4.74 -24.19 -26.86 -26.60 -1.66 -44.55 -29.19 -29.47
1c 3.79 -20.53 -26.04 -22.04 -1.98 -49.59 -29.62 -31.27
1d 1.82 -23.73 -30.67 -26.04 -1.64 -51.02 -31.18 -30.38
1e 6.78 -25.17 -29.52 -28.88 -2.11 -47.73 -31.66 -30.53
1f 6.88 -20.93 -27.66 -25.62 -2.17 -46.51 -30.76 -30.89
1g 3.24 -25.09 -22.61 -26.50 -2.45 -45.89 -29.73 -28.43
1h 2.82 -21.79 -32.16 -37.81 -0.95 -50.21 -28.77 -29.00
1i 4.34 -21.93 -28.91 -36.72 -2.09 -49.15 -29.65 -27.69
1j 4.26 -20.49 -32.04 -28.35 -2.66 -47.67 -28.07 -29.60
1k 4.15 -20.86 -35.35 -34.52 -1.79 -49.62 -28.34 -26.63
1l 4.28 -19.45 -26.14 -29.96 -1.88 -45.86 -27.13 -26.69
SDa 0.29 0.17 0.47 0.51 0.06 0.18 0.23 0.24
a Average standard deviation from batch means calculations for all inhibitors.
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note that this interconversion appears to be retarded
in crystals of the complex in that only the R6 conforma-
tion is seen.5d,f As in the unbound simulations, the
diazepine ring system remained in the TC/BS conforma-
tion in the complex.

Linear Response Investigation. From the MC
simulations, average electrostatic and van der Waals
interaction energies were determined between the un-
bound R6 and S6 inhibitors and R6 bound inhibitors 1a-
1l and their surrounding environments (see Table 2).
The average SASA was also determined for the saved
representative structures (Table 3). The data in Tables
2 and 3 were then used to evaluate the fit to experi-
mental ∆Gbinding values with various forms of the LR
eqs 1 and 2. It will be recalled that R, â, and γ are
weighting parameters for the van der Waals, electro-
static, and SASA terms, respectively.

The results based on the R6 unbound inhibitor will
be considered first. Using eq 1 or 2 with previously
reported9a,b,10,12 values of R, â, and γ gave poor prediction
of experimental ∆Gbinding, with root-mean-square (rms)
errors between experimental and calculated ∆Gbinding
ranging between 12.13 and 2.03 kcal/mol. Given a total
range in experimental ∆Gbinding of only 4.06 kcal/mol, it
was clear that reparametrization was needed to improve
the estimates.

Determination of new R, â, and γ parameters for the
various LR equations was accomplished by a least-
squares fitting routine. The results of the various models
for fitting the MC simulation data to the experimental
binding energies are shown in Table 4. Reparameter-
izing eq 1 for both R and â (model 1) gave a slight
improvement (rms error 1.71).

Reparametrization of eq 2 for all coefficients (model
2) gave a significantly improved fit (rms error 0.87). A
plot of these results and the associated least-squares
line is shown in Figure 2. The coefficient R, however,
was negative (-0.139), a value which seems unreason-
able on physical grounds. Setting R ) 0 and reparam-
eterizing for â and γ (model 3) also produced a very good
estimate of binding energies, rms error 0.91. It might
be argued, however, that this approach is also counter-
intuitive in that it ignores the Lennard-Jones contribu-
tion to binding. Arbitrary assignment (model 4) of a
small but significant weight to the Lennard-Jones
component, R ) 0.100, and reparametrization of â and
γ did not dramatically degrade the fit (rms error 0.98).

The difficulty in achieving reasonable values for R and
â is perhaps best seen by comparison of the unweighted
changes in the van der Waals (R) and electrostatic (â)
interactions energies for the complexation reaction
(Table 5). The van der Waals terms are all highly
attractive but do not follow any clear pattern across the
series of inhibitors. If anything, the less active inhibitors
have more favorable van der Waals interactions. Hence,
any inclusion of this term in the model worsens the
accuracy of the estimate. On the other hand, while the
electrostatic components are all repulsive, the value of
this term correlates in a rational fashion with inhibitor
activity. Thus, while electrostatic interactions roughly
predict the correct orderings of inhibitor activities, to
compensate for their repulsive character, there appears
to be a relatively large negative component missing from
the model. Inclusion of the cavitation term supplies that
component.

An alternative approach is to supply this negative
component in a model that replaces the ∆SASA term
with a constant, δ.

The results of this approach are very similar to, but
slightly less predictive than, the analogous models based
on eq 2. Fitting both R and â (model 2a) again produces
a presumably unreasonable negative value for R (rms
error 0.93). Neglecting R (model 3a) gives a slightly
poorer fit (rms error 1.00), and assigning R the value of
0.100 (model 4a) is even less predictive (rms error 1.07).

Overall, assuming all parameters should be positive,
the best model (3) is one that includes only the electro-
static and SASA components, â ) 0.171 and γ ) 0.0229,
rms error 0.91. If one assumes for the sake of potential
applicability to other systems that a positively weighted
Lennard-Jones term should be present in the final
relationship, then models 4 and 4a are reasonable
candidates. The value for â in these two models is
similar, the average being 0.192. Of the two, model 4 is
slightly better at estimating ∆Gbinding for the present
system, rms error 0.98.

Results of a LR analysis of the data in which values
for the R6 unbound inhibitors are replaced with those
for the S6 unbound inhibitor lead to essentially the same
conclusions (Table 6). Poor fits again are obtained with
previously published parameters. In all of the models
that incorporate a SASA term, the S6 unbound MC
simulation data produce a slightly higher rms error than
do those for the R6 unbound inhibitor. The opposite is
true for models that substitute a constant, δ, for the
SASA term. Consideration of the unweighted compo-
nents (Table 5) again reveals highly attractive van der
Waals components that run counter to the order of
inhibitor activity and replusive electrostatic values that
correlate directly with observed binding energies. The
values for â are slightly smaller than those obtained
with the R6 unbound inhibitor data, e.g., for model 3, â
) 0.133 (S6) compared with 0.171 (R6). It is reassuring,
however, that the accuracy of the prediction and the
estimated values of the parameters are similar, ir-
respective of whether the LR is based on the unbound
R6 or S6 inhibitor simulations. This suggests a rather

Table 3. Percentage Bound (R6)-TIBO Configurationa and
Calculated Average SASA (Å2) for Bound and Unbound Neutral
Inhibitors

compd % R6
bd SASAbd R6 SASAunbd S6 SASAunbd

1a 8 44.4 558.0 561.3
1b 5 43.4 551.4 552.7
1c 30 40.6 554.7 548.6
1d 82 57.2 565.3 597.6
1e 100 62.4 591.8 576.5
1f 48 37.2 579.8 558.8
1g 2 21.2 550.8 541.4
1h 40 40.6 579.0 569.8
1i 85 74.3 567.5 553.0
1j 62 22.4 540.8 542.5
1k 100 24.1 540.8 534.5
1l 72 32.4 531.2 537.6
SDb 28.1 7.5 9.5
a Unbound inhibitor shows no inversion of N6. b Average stan-

dard deviation for all inhibitors.

∆Gbinding ) R(〈Ubound
vdw 〉 - 〈Uunbound

vdw 〉) + â(〈Ubound
elec 〉 -

〈Uunbound
elec 〉) + δ (3)
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robust LR relationship that is capable of predicting
binding energies with a rms error of 0.9 and 1.0 kcal/
mol.

Inhibitor Protonation State. Structurally, TIBO
derivatives are tertiary amines that also bear a benz-
imidazole moiety. As such, there are three potential
sites for protonation in the near-neutral pH range, the

benzylic nitrogen (N6) and the tertiary nitrogens (N1
and N3) of the imidazole ring. As was previously noted,
two pKa values have been determined for 8-Cl TIBO17

(1a): pKa1 ) 9.5, pKa2 ) 6.3. Given a pKa for benzyl-
amine26 of 9.34, it is reasonable to assume that pKa1 is
the acidity constant for the singly charged conjugate
acid bearing a proton on N6 and pKa2 is the correspond-
ing value for the diprotonated species bearing an
additional proton on the imidazole ring. At pH 7.5, the
dominant species present in solution would be the N6-
monoprotonated species. It is not known whether the
neutral or protonated form of the inhibitor reacts with
the enzyme in the complexation reaction. For all but
the 8-MeO, 1b, and 9-Cl, 1e, protonated inhibitors, the
gas-phase 6-31G* RHF energies (data in Supporting
Information) show the R6 conformation to be more stable
than the S6 form, with the largest difference being 1.43
kcal/mol. It seemed reasonable, therefore, to explore the
existence of a LR relationship based upon solvation
energies of the N6-protonated form of the unbound
inhibitor in both the R6 and S6 conformations.

The electrostatic and van der Waals components and
SASA values from the MC simulations for 10 of the 12
inhibitors are listed in Tables 7 and 8, respectively. The
ethynyl derivatives 1d and 1i were not included in this
study. Unweighted changes in these terms for the
complexation reaction are presented in Table 9. In these
calculations, the inhibitor in the complex was assumed
to be neutral. The ∆Uvdw values are attractive and
similar in magnitude to those for the neutral inhibitors
(Table 5) and again show no clear pattern across the
series of inhibitors. As might be expected given the
favorable solvation of a cationic species, the ∆Uelec

values are now significantly more repulsive than in the
neutral case. There still remains, however, a general
trend that more active inhibitors have lower ∆Uelec

values. Data are shown in Tables 10 and 11 for the
reparametrization attempts using the same models as
those in the neutral unbound inhibitor series. In each
case the fit is poorer than that obtained from either of
the neutral conformations (Tables 4 and 6) of the
inhibitors. This difference is not sufficient, however, to
shed light on the possible involvement of the protonated
species in the complexation reaction.

Because the charge on the unbound (+1) and bound

Table 4. Comparison of Experimental and Calculated ∆Gbinding for Various Parameter-Fitting Models Using R6 Neutral Unbound
Inhibitors

model 1 2 3 4 2a 3a 4a
eq 1 2 2 2 3 3 3
R 0.624 -0.139 0.000 0.100 const -0.225 0.000 0.100 const
â 0.261 0.136 0.171 0.196 0.108 0.164 0.189 exptl
γ 0.000 0.0276 0.0229 0.0195 0.000 0.000 0.000
δ -15.769 -11.783 -10.013

1a -10.59 -11.25 -11.25 -11.25 -11.33 -11.28 -11.26 -11.87
1b -8.69 -10.67 -10.38 -10.16 -11.14 -10.57 -10.32 -11.69
1c -11.28 -9.90 -10.19 -10.40 -9.82 -10.26 -10.46 -11.16
1d -11.12 -9.87 -10.14 -10.34 -9.99 -10.35 -10.51 -10.69
1e -8.44 -10.60 -10.23 -9.96 -10.48 -9.96 -9.73 -10.60
1f -7.64 -10.66 -10.11 -9.71 -10.27 -9.56 -9.24 -10.60
1g -11.41 -11.96 -12.01 -12.04 -11.50 -11.66 -11.73 -10.44
1h -10.54 -9.99 -10.09 -10.16 -9.31 -9.63 -9.77 -10.29
1i -10.52 -9.10 -9.37 -9.56 -9.69 -9.93 -10.04 -9.02
1j -9.77 -9.09 -9.18 -9.24 -9.06 -9.20 -9.26 -8.52
1k -9.54 -8.55 -8.66 -8.73 -8.57 -8.73 -8.81 -8.43
1l -10.00 -9.44 -9.56 -9.64 -9.95 -9.99 -10.01 -7.81

rms error 1.71 0.87 0.91 0.98 0.93 1.00 1.07

Figure 2. Plot of calculated and experimental ∆Gbinding for
R6 neutral inhibitor complexation (Table 4, model 2).

Table 5. Unweighted Changes in Energy and SASA from MC
Simulationsa Using Bound and Unbound Neutral Inhibitors

R6 inhibitor S6 inhibitor

compd ∆Uelec ∆UvdW ∆SASA ∆Uelec ∆UvdW ∆SASA

1a 3.06 -18.24 -513.6 2.98 -19.52 -516.9
1b 7.42 -17.02 -508.0 7.15 -16.74 -509.3
1c 9.30 -21.96 -514.0 5.30 -20.30 -508.0
1d 8.77 -21.48 -508.0 4.14 -22.28 -540.4
1e 11.13 -18.18 -529.5 10.49 -19.31 -514.1
1f 13.61 -17.93 -542.6 11.57 -17.80 -521.6
1g 0.77 -18.60 -529.6 4.65 -19.91 -520.2
1h 13.18 -22.40 -538.4 18.83 -22.16 -529.2
1i 11.32 -21.59 -493.2 19.12 -23.55 -478.7
1j 15.81 -22.25 -518.4 12.12 -20.72 -520.1
1k 18.64 -23.07 -516.7 17.80 -24.78 -510.4
1l 10.96 -20.60 -498.8 14.78 -21.04 -505.2
a R6 and S6 sections of the table refer to calculations based on

the respective inhibitor simulations.
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(0) systems is different, a Born correction term9a,27 of
-13.83 kcal/mol (assuming εr ) 4) for long-range
(beyond 9 Å) electrostatic effects upon the unbound
inhibitor is necessary. This correction can be applied to
the LR equation (e.g., eq 1) in two slightly different
fashions: either as a correction to the unbound Uelec (eq
4) or as an overall correction to ∆Gbinding (eq 5). Both
approaches, however, gave higher rms errors (data not
shown) than the results in Tables 10 and 11 for which
the Born correction was not included.

Uncertainty in LR Parameters and MC Results.
A cross-validation analysis was used to assess the
uncertainties in the LR parameters (R, â, γ, and δ). This
method consists of a series of 12 (10 in the case of the
protonated inhibitor studies) individual refitting calcu-
lations, each involving the omission of one of the
inhibitors. The average value of the coefficients and the
standard deviation for the cross-validation of each of the
models are listed in Table 12. The averages are all very

close to the value obtained from the complete data set,
and the standard deviations are within reasonable
limits.

It was noticed that large deviations in the individual
cross-validation fits consistently were observed for two
inhibitors in the R6 series, 1g and 1l. In both of these
compounds there is no substituent on the benzene ring.
If these two inhibitors are excluded from consideration
and the model is reparameterized, there is a substantial
improvement in the accuracy of the fit. For example,
the rms error for models 3 and 4 in Table 4 are 0.41
and 0.52 kcal/mol, respectively. The values of â (0.269

Table 6. Comparison of Experimental and Calculated ∆Gbinding for Various Parameter-Fitting Models Using S6 Neutral Unbound
Inhibitors

model 1 2 3 4 2a 3a 4a
eq 1 2 2 2 3 3 3
R 0.607 -0.162 0.000 0.100 const -0.187 0.000 0.100 const
â 0.243 0.092 0.133 0.159 0.118 0.159 0.180
γ 0.000 0.0280 0.0224 0.0189 0.000 0.000 0.000
δ -15.232 -11.799 -9.964 exptl

1a -11.13 -11.06 -11.18 -11.25 -11.23 -11.33 -11.38 -11.87
1b -8.43 -10.91 -10.45 -10.17 -11.25 -10.66 -10.35 -11.69
1c -11.05 -10.46 -10.67 -10.79 -10.81 -10.96 -11.04 -11.16
1d -12.53 -11.16 -11.55 -11.79 -10.58 -11.14 -11.45 -10.69
1e -9.18 -10.32 -10.11 -9.98 -10.38 -10.13 -10.00 -10.60
1f -8.00 -10.67 -10.14 -9.80 -10.53 -9.96 -9.66 -10.60
1g -10.96 -10.93 -11.03 -11.09 -10.96 -11.06 -11.12 -10.44
1h -8.89 -9.51 -9.34 -9.23 -8.86 -8.81 -8.78 -10.29
1i -9.66 -7.85 -8.17 -8.37 -8.56 -8.76 -8.87 -9.02
1j -9.65 -10.11 -10.03 -9.98 -9.92 -9.87 -9.85 -8.52
1k -10.73 -8.66 -9.05 -9.30 -8.49 -8.97 -9.23 -8.43
1l -9.19 -9.39 -9.34 -9.31 -9.55 -9.45 -9.40 -7.81

rms error 1.69 0.88 0.93 1.01 0.83 0.90 0.98

Table 7. Average Interaction Energy and SASA from MC
Simulationsa for Unbound N6-Protonated Inhibitors

Uelec UvdW

inhi-
bitor

R6

inhibunbd-solv
S6

inhibunbd-solv
R6

inhibunbd-solv
S6

inhibunbd-solv

1a -102.96 -112.25 -29.55 -29.21
1b -105.83 -109.88 -28.45 -28.05
1c -103.50 -109.96 -29.74 -27.10
1e -99.52 -107.26 -31.48 -29.76
1f -102.07 -104.76 -31.87 -31.85
1g -105.68 -107.40 -28.63 -28.57
1h -108.40 -118.68 -32.13 -26.92
1j -103.49 -111.24 -27.53 -26.18
1k -116.42 -125.88 -27.03 -25.98
1l -108.16 -113.77 -26.66 -25.68
SDb 0.83 0.95 0.26 0.27

a R6 and S6 refer to absolute configurations of unbound N6-
protonated inhibitor. b Average standard deviation for all inhibi-
tors.

∆Gbinding ) R(〈Ubound
vdw 〉 - 〈Uunbound

vdw 〉) + â(〈Ubound
elec 〉 -

〈Uunbound
elec 〉 - Born) (4)

∆Gbinding ) R(〈Ubound
vdw 〉 - 〈Uunbound

vdw 〉) + â(〈Ubound
elec 〉 -

〈Uunbound
elec 〉) - Born (5)

Table 8. Calculated Average SASA (Å2) for Unbound
N6-Protonated Inhibitors

compd R6 SASAunbd S6 SASAunbd

1a 557.2 561.9
1b 561.5 558.0
1c 573.1 569.7
1e 600.0 580.6
1f 578.8 582.5
1g 557.0 546.5
1h 558.6 560.6
1j 544.9 545.7
1k 537.4 550.1
1l 538.4 531.9
SDa 7.7 6.5

a Average standard deviation for all inhibitors.

Table 9. Unweighted Changes in Energya and SASA from MC
Simulations for Unbound N6-Protonated and Bound Neutral
Inhibitorsb,c

R6 inhibitor S6 inhibitor

compd ∆Uelec a ∆UvdW ∆SASA ∆Uelec a ∆UvdW ∆SASA

1a 83.88 -19.27 -512.9 93.17 -19.61 -517.5
1b 86.38 -17.76 -518.0 90.43 -18.16 -514.6
1c 86.76 -21.84 -532.5 93.21 -24.47 -529.1
1e 81.12 -18.36 -537.7 90.71 -16.84 -545.4
1f 88.02 -16.82 -541.6 88.86 -20.08 -518.2
1g 83.83 -19.71 -535.8 85.55 -19.76 -525.3
1h 89.42 -19.03 -518.0 99.70 -24.24 -519.9
1j 87.25 -22.80 -522.4 95.01 -24.15 -523.3
1k 99.70 -24.37 -513.3 109.16 -25.43 -526.0
1l 92.98 -21.08 -506.0 98.59 -22.06 -499.5
a Not included Born correction. b R6 and S6 sections refer to the

respective starting configuration of N6 in both the unbound and
bound neutral simulations. c For these calculations, the unbound
inhibitor was N6-protonated, but the bound inhibitor was neutral.

Predicting Binding Affinities via MC Simulations Journal of Medicinal Chemistry, 1998, Vol. 41, No. 26 5279



and 0.297, respectively) are similar for the two methods
but are significantly larger than those from the 12
inhibitor analyses (Table 4). The Lennard-Jones coef-
ficient (model 3) is significantly smaller, R ) -0.059.
The value of γ (0.0224 for both models) is less influenced
by omission of 1g and 1l. These anomalous results for
the unsubstituted TIBO derivatives are discussed more
fully in the Structural Considerations section. They
suggest, however, that for substituted TIBO derivatives,
the Uelec term is highly predictive of activity.

Earlier reports12 using the same MC method as that
in the present study estimated the total statistical
uncertainty in computed ∆Gbinding to be about 0.5 kcal/
mol due to noise in the MC simulations. That estimate
was based on the following equation, where SUtot is the
total statistical uncertainty and SD is the average
uncertainty (1σ) in the individual components from the
MC simulations:

From Table 2 for the neutral unbound inhibitor runs,
the average uncertainties (1σ) for the Uvdw components
are about 0.25 kcal/mol and those for Uelec components
are about 0.50 kcal/mol. With values of 0.15 and 0.20
for R and â, respectively, these energy components
would contribute a total uncertainty of about 0.15 kcal/
mol. For the protonated inhibitor studies, the uncer-
tainty is only slightly higher, 0.20 kcal/mol. The maxi-

mum uncertainty (Table 3) in the SASA values (ca. 35
Å2) is due mainly to variation in the SASA of the bound
inhibitor and would contribute an additional 0.7 kcal/
mol, given a value for γ of about 0.02. Variation in the
δ values, taken from the cross-validation study, is
comparable at 0.7 kcal/mol. Thus the total maximum
uncertainty in the ∆Gbinding values is approximately 0.85
kcal/mol for the present study, assuming the unlikely
occurrence that all of the uncertainties add together.

Structural Considerations. General. Previous crys-
tallographic and computational reports have described
the nonbonded interactions that are responsible for the
favorable binding of TIBO derivatives in the NNIRT
binding pocket.5d,f,6,8 As was noted earlier, the inhibitor
assumes a “butterfly” shape with two wings, and the
protein forms a complementary pocket to accommodate
this shape in a “shrink-wrap” fashion. The dimethylallyl
moiety of the inhibitor interacts favorably with p66
amino acid residues P95, Y181, Y188, G190, and W229.
The benzodiazepine ring system interacts with p66
residues K101, K103, V106, F227, H235, P236, and
Y318. Located near the middle of the pocket, p66
residues L100, V179, and L234 make contact with both
portions of the inhibitor.

The results of the present MC simulations show
interactions with the same amino acid residues noted
above. Figure 3A presents a simplified stereographic
representation of a snapshot acquired during the energy-

Table 10. Comparison of Experimental and Calculated ∆Gbinding for Various Parameter-Fitting Models Using R6 Unbound
N6-Protonated and Bound Neutral Inhibitors

model 1 2 3 4 2a 3a 4a
eq 1 2 2 2 3 3 3
R -0.390 -0.218 0.000 0.100 const -0.227 0.000 0.100 const
â -0.176 0.050 0.108 0.135 0.119 0.182 0.210 exptl
γ 0.0374 0.0403 0.0417
δ -26.764 -28.655 -29.489

1a -7.25 -10.79 -11.62 -12.00 -12.45 -13.40 -13.81 -11.872
1b -8.29 -11.19 -11.56 -11.73 -12.50 -12.94 -13.13 -11.688
1c -6.76 -10.82 -12.10 -12.69 -11.53 -12.87 -13.46 -11.163
1e -7.12 -12.06 -12.92 -13.32 -12.98 -13.90 -14.30 -10.600
1f -8.94 -12.20 -12.33 -12.40 -12.52 -12.64 -12.70 -10.598
1g -7.08 -11.56 -12.55 -13.01 -12.36 -13.40 -13.86 -10.439
1h -8.32 -10.76 -11.23 -11.44 -11.85 -12.39 -12.62 -10.287
1j -6.47 -10.22 -11.65 -12.30 -11.25 -12.78 -13.46 -8.521
1k -8.05 -8.91 -9.93 -10.40 -9.42 -10.52 -11.00 -8.433
1l -8.15 -9.69 -10.37 -10.67 -10.96 -11.74 -12.08 -7.806

rms error 2.95 1.20 1.82 2.17 1.87 2.70 3.09

Table 11. Comparison of Experimental and Calculated ∆Gbinding for Various Parameter-Fitting Models Using S6 N6-Protonated
Unbound and R6 Neutral Inhibitors

model 1 2 3 4 2a 3a 4a
eq 1 2 2 2 3 3 3
R -0.330 -0.124 0.000 0.100 const -0.137 0.000 0.100 const
â -0.182 0.075 0.114 0.145 0.087 0.131 0.162 exptl
γ 0.0382 0.0401 0.0417
δ -21.337 -22.510 -23.368

1a -10.48 -10.33 -10.14 -9.99 -10.54 -10.34 -10.20 -11.872
1b -10.45 -10.61 -10.34 -10.12 -10.98 -10.70 -10.50 -11.688
1c -8.88 -10.17 -10.60 -10.95 -9.87 -10.34 -10.68 -11.163
1e -9.54 -10.63 -10.66 -10.69 -10.85 -10.91 -10.94 -10.600
1f -10.94 -11.93 -11.54 -11.23 -11.14 -10.66 -10.32 -10.598
1g -9.04 -11.19 -11.33 -11.44 -11.19 -11.34 -11.45 -10.439
1h -10.14 -9.36 -9.50 -9.60 -9.34 -9.49 -9.60 -10.287
1j -9.31 -9.86 -10.17 -10.42 -9.76 -10.10 -10.35 -8.521
1k -11.46 -8.74 -8.66 -8.60 -8.36 -8.25 -8.18 -8.433
1l -10.65 -8.94 -8.81 -8.70 -9.74 -9.64 -9.56 -7.806

rms error 1.73 1.04 1.06 1.11 1.05 1.07 1.12

SUtot ) R‚SDvdw + â‚SDelec + γ‚SDSASA
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averaging portion of MC simulation for the (R6)-8-Cl
TIBO/RT complex. Several of the above-named residues
have been omitted from these figures for ease of viewing.
To orient the reader to the general location of the
binding pocket with respect to the site of polymerase
activity, two members (D185 and D186) of the aspartate
triad that binds the nucleoside triphosphate through
two Mg2+ ions have been included. The DNA template
and primer strands would be located above and extend
to the left of W229 in the figure.

The putative original site of entry of the inhibitor into
the protein and the only point of contact for the bound
inhibitor with solvent is a channel bordered by p51
residue E1138 (so numbered to distinguish it from E138
in p66) and p66 residues K101 and V179. Figure 4,
taken from the snapshot of the last frame in the 8-CN
TIBO(O), 1k, simulation, illustrates this last point by
including the four water molecules in this channel that
are within 4 Å of the inhibitor. No solvent molecules
are found elsewhere in the hydrophobic binding pocket.

Hydrogen Bonding. The solvent-protein network
of hydrogen bonds (H-bonds) in the vicinity of the
putative entrance point (see Figure 4) is similar to that
found in all of the other simulations, though the number
of waters within 4 Å of the inhibitor varies from 3 to 5.
Criteria for assigning the presence of a relatively strong
H-bond are based on favorable geometry28a (angular
orientation) and CdX‚‚‚H-O distances of 2.40 and 1.90

Å for X ) S and O, respectively.28 A weaker H-bond was
assigned using criteria where each of these distances
is increased by 0.50 Å. For the analogous CdX‚‚‚H-N
H-bonds, an additional increment of 0.10 Å was added.28c

The inhibitor-solvent interaction, seen in Figure 4, is
present in many, but not all, of the complexes. Strong
H-bonds between the thione group and a water molecule
were frequently found in the 8-MeO TIBO, 1e, and 8-CN
TIBO, 1h, complexes. Weaker H-bonds of this type were
only rarely observed in the 8-F TIBO, 1b, 8-Me TIBO,
1c, and 8-ethynyl TIBO, 1d, complexes and not seen at
all in the remaining thione derivatives. For inhibitors
bearing a keto group, only the 8-ethynyl TIBO, 1i, and
8-CN TIBO, 1k, complexes frequently showed a weak
H-bond to solvent.

H-Bonds between the inhibitor and the backbone NH
and CdO of K101 were observed in virtually all of the
complexes, but the variation in these interactions may
be significant. While all complexes showed a H-bond
between the NH of TIBO and the backbone CdO of
K101, this interaction is weakest in the most active
inhibitors. By way of contrast, the existence and strength
of a H-bond between the thione or keto group of the
inhibitor and the backbone N-H of K101 diminish in
direct proportion to the activity of the inhibitor. For
example, this interaction is strong and ever present in
the snapshots of 8-Cl TIBO, 1a, while it is virtually
absent in the complex with 8-H TIBO(O), 1l.

Table 12. Cross-Validation Results for R, â, γ, and δ Parameters Determined from Fitting ∆Gbinding Dataa,b

model

1 2 3 4 2a 3a 4a

R6 Neutral Inhibitorunbd Complexation Simulations
R 0.624 -0.139 0.100 const -0.225 0.100 const

0.625 (0.020 -0.138 (0.036) 0.222 (0.047)
â 0.261 0.136 0.171 0.196 0.108 0.164 0.189

0.261 (0.038) 0.138 (0.033) 0.153 (0.041) 0.199 (0.033) 0.110 (0.026) 0.165 (0.025) 0.190 (0.026)
γ 0.0276 0.0229 0.0195

0.0277 (0.0013) 0.0230 (0.0008) 0.0196 (0.0008)
δ -15.769 -11.783 -10.013

-15.728 (0.775) -11.802 (0.308) -10.033 (0.328)

S6 Neutral Inhibitorunbd Complexation Simulations
R 0.607 -0.162 0.100 const -0.187 0.100 const

0.578 (0.103) -0.161 (0.043) -0.186 (0.021)
â 0.243 0.092 0.133 0.159 0.118 0.159 0.180

0.274 (0.112) 0.093 (0.018) 0.130 (0.016) 0.159 (0.017) 0.119 (0.017) 0.159 (0.016) 0.181 (0.017)
γ 0.0280 0.0224 0.0189

0.0280 (0.0016) 0.0224 (0.0004) 0.0189 (0.0004)
δ -15.232 -11.799 -9.964

R6 N6-Protonated Inhibitorunbd Complexation Simulations
R -0.390 -0.218 0.100 const -0.227 0.100 const

0.392 (0.091) -0.221 (0.088) -0.229 (0.075)
â 0.176 0.050 0.108 0.135 0.119 0.182 0.210

0.177 (0.018) 0.050 (0.029) 0.108 (0.014) 0.135 (0.014) 0.121 (0.040) 0.186 (0.026) 0.213 (0.023)
γ 0.0374 0.0403 0.0417

0.0376 (0.0034) 0.0404 (0.0028) 0.0417 (0.0028)
δ -26.764 -28.655 -29.489

-27.376 (3.643) -29.032 (2.625) -29.789 (2.332)

S6 N6-Protonated Inhibitorunbd Complexation Simulations
R -0.330 -0.124 0.100 const -0.137 0.100 const

-0.334 (0.098) -0.133 (0.089) -0.140 (0.077)
â -0.182 0.075 0.114 0.145 0.087 0.131 0.162

0.183 (0.021) 0.072 (0.030) 0.114 (0.013) 0.146 (0.013) 0.087 (0.030) 0.132 (0.015) 0.165 (0.016)
γ 0.0382 0.0401 0.0417

0.0381 (0.0033) 0.0400 (0.0025) 0.0417 (0.0024)
δ -21.337 -22.510 -23.368

-21.380 (1.537) -22.661 (1.375) -23.564 (1.564)
a Parameters obtained using all points shown in normal text. Cross-validated values (with uncertainties) shown in italics. b const refers

to fixed values.
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Thus it appears that the most active inhibitors are
those that strongly hydrogen-bond to the backbone NH
of K101 but do not form hydrogen bonds either to the
backbone CdO of K101 or to solvent water. It is
important to note, however, that this pattern may be a
consequence of inhibitor-protein interactions elsewhere
in the binding pocket that cause subtle shifts in the

position of the inhibitor in the entrance region which
in turn permit certain hydrogen-bonding interactions
while excluding others.

Inhibitor Conformation and Position. During the
simulations of the bound inhibitors, varying amounts
of N6 inversion of the inhibitor were observed (Table
3). Returning to Figure 3, structure 3A was obtained

Figure 3. Stereoplots of key residues in the binding pocket from MC simulation of the 8-Cl TIBO, 1a, complex with RT: (A) R6

conformation of inhibitor; (B) S6 conformation of inhibitor, illustrating inversion of N6 during simulation.

Figure 4. Stereoplot showing putative entrance to the binding pocket from MC simulation of the 8-CN TIBO(O), 1k, complex
with RT. H-Bonding network in this region between solvent, inhibitor, and protein is indicated by ‚‚‚, and the (TIBO) CdO‚‚‚
H-O-H distance is labeled.
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from a snapshot about 25% of the way into the energy-
averaging portions of the 8-Cl TIBO simulation and
structure 3B is the final snapshot from that same
simulation. These two representations demonstrate that
inversion of N6 occurs during the simulation of the
complex. Further, they show that the shape of the
inhibitor and the orientation of the surrounding resi-
dues are very similar, irrespective of whether the
inhibitor exists in the R6 (3A) or S6 (3B) conformation.
Through much of the simulation, N6 is essentially

planar, as can be seen in Figure 6. In both cases the
(E)-methyl group of the dimethylallyl moiety makes
close van der Waals contact with W229, while the (Z)-
methyl group interacts with W229 and Y188. Only a
more distant interaction is observed between the di-
methylallyl group and Y181. In both conformations, the
8-chloro substituent extends into a relatively open
region of the pocket surrounded by Y188, F227, and
V106 and terminated in the C-Cl direction by V108 (not
shown). The distance between the 8-chloro group and

Figure 5. Stereoplots of different orientations of TIBO inhibitors in the binding pocket from MC simulation complexes with RT:
(A) 8-MeO TIBO, 1e, dimethylallyl directed toward Y188; (B) 8-Me TIBO, 1c, dimethylallyl directed between Y181 and Y188; (C)
9-Cl TIBO, 1f, dimethylallyl directed toward Y181.
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the nearest atoms (hydrogens on CG2) of V108 is 3.5 Å,
allowing reasonable space to accommodate the various
C8 substituents included in this study (Table 1). The 9
position on the inhibitor is, however, located in a more
restricted region. This likely accounts for the poorer
calculated binding energy for the 9-Cl TIBO complex,
the observed lower activity of 9-Cl TIBO, and the
significant alteration in the conformation of the protein
in the reported crystal structure.5f

There appear to be several somewhat different ori-
entations for the inhibitor in the binding pocket. Keying
upon the position of the dimethylallyl group relative to
the two tyrosines, Y181 and Y188, one observes three
different orientations (Figure 5). In two of these posi-
tions, the plane of the dimethylallyl moiety either is
oriented such that it intersects the side chain of Y181
as illustrated in Figure 5A by the 8-methoxy derivative
1e or is oriented such that it intersects Y188, as in
Figure 5C for the 9-Cl derivative 1f. In the third
position, illustrated in Figure 5B by the 8-methyl
derivative 1c, this plane takes an intermediate orienta-
tion, falling between Y181 and Y188. In the crystal
structure of the 8-Cl TIBO/RT complex,5d the orientation
is intermediate between 5B and 5C. In all three orienta-
tions, greater contact is maintained between the di-
methylallyl moiety and residue Y188 as opposed to
Y181. Contact between the (E)-methyl of the dimeth-
ylallyl group and the benzene ring of W229 is significant
in all three orientations. Only in the 5B orientation,
however, does the (Z)-methyl also make close contact
with this ring of W229. Across the 5A-C series, a
rotation of ∼11° (away from Y188) about the Y181 CA-
CB bond indicates loss of interaction between the aryl
side chain and the (Z)-methyl of the dimethylallyl group.
Further, as the dimethylallyl reorients toward Y188, the
imidazole end of the benzimidazole ring moves about
0.8 Å toward L100 and the K103 side chain follows this
shift, maintaining contact with the inhibitor from below.

As might be expected, the position of each inhibitor
varies throughout its respective simulation, but these
variations are not the same for all of the inhibitors. For
three TIBO derivatives 1a, 1b, and 1c, the inhibitor
visits all three of the above-noted conformations, 5A-
C, in a more or less random fashion. In the case of two
TIBO derivatives, 1h and 1i, while the initial portion
of the energy averaging shows variable orientation, the
dimethylallyl side chain settles into the 5A position

about halfway through the run. For the remaining
inhibitors, the side-chain location remains relatively
stable, either in the 5A (1e, 1g, 1i, and 1k) or in the 5C
(1d, 1f, and 1l) orientation throughout the simulation.
Although there is no overwhelming pattern to the
preference of a given inhibitor for one or more of the
orientations, it does appear that the more active inhibi-
tors are those that assume a variety of conformations
(5A-C) in the binding pocket during the simulation.

Unsubstituted TIBO Anomaly. As was noted ear-
lier, the calculated binding energies (Tables 4 and 6)
for the unsubstituted thione and keto TIBO derivatives
1g and 1l are much more negative (favorable) than
would be expected from their observed activities. Com-
parison of the 8-H TIBO, 1g , structure in Figure 6 with
those of 8-Cl TIBO, 1a, in Figure 3 reveals that the
absence of a substituent at position 8 leaves a relatively
open region between the inhibitor and residue F227. A
similar gap exists in the analogous keto derivative 1l
complex (structure not shown). The role this gap plays
in the inordinately favorable calculated binding energies
for these two inhibitors is unclear. What is even more
perplexing is that the MC simulation achieves a con-
figuration which is apparently more stable than that
which actually exists. One possible explanation is that,
in the absence of a substituent at position 8, the
inhibitor cannot induce the protein to adopt the protein
backbone conformation of the 8-Cl TIBO/RT complex.
It will be recalled that the simulation is based on the
8-Cl TIBO/RT crystal structure and the MCPRO pro-
gram does not allow for movement of the backbone
during the simulation. Unfortunately, crystallographic
data for the 8-H TIBO/RT complex are not currently
available. It is known that there is a substantial
difference in the protein backbone conformation for the
8-Cl TIBO, 1a, and 9-Cl TIBO, 1f, complexes with RT.5f

In the case of 9-Cl TIBO, however, the predicted
∆Gbinding (Table 4) is less favorable than the observed
activity. On the basis of the structure-activity trends
noted above, one might venture that the actual 8-H
TIBO/RT complex will show a weak H-bond to solvent,
a strong NH H-bond to the K101 CdO, a weaker thione
H-bond to the NH of K101, and a protein backbone
conformation somewhat different from that of the 8-Cl
TIBO/RT complex, but these suppositions must await
crystallographic validation.

Figure 6. Stereoplot of key residues in the binding pocket from MC simulation of the 8-H TIBO, 1g, complex with RT.
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Conclusion

Monte Carlo simulations in combination with a linear
response approach were used to estimate the free
energies of binding for a series of 12 TIBO inhibitors of
HIV-1 reverse transcriptase. Separate correlations were
made for the R6 and S6 absolute conformations of the
inhibitors, as well as for the analogous N6-monoproto-
nated species. Models based upon the neutral unbound
inhibitors produced overall better fits to experimental
values than did those using the protonated inhibitors,
with only slight differences for the neutral R6 and S6

cases. Equation 2, a three-parameter model, gave the
best overall fits when all three parameters were varied.
The averaged (R6 and S6) rms error was approximately
0.88 kcal/mol for the observed range of 4.06 kcal/mol in
inhibitor activities. The averaged values of R, â, and γ
were -0.150, 0.114, and 0.0286, respectively. The nega-
tive value for the van der Waals parameter, however,
is questionable on physical grounds. Omission of that
component gave a very slightly worse average rms error
of 0.923, with R ) 0.152 and â ) 0.022. The unweighted
van der Waals components are highly attractive but fail
to correlate well across the series of inhibitors. Con-
trastingly, while the electrostatic components are all
repulsive, they show a direct correlation with inhibitor
activity as measured by ∆Gbinding. The role of γ, the
SASA parameter, which can effectively be replaced with
a negative constant, is primarily to produce an overall
negative binding energy.

During the MC simulations of the unbound solvated
inhibitors, the R6 and S6 absolute conformations do not
interconvert, due to the formation of a favorable hydro-
gen bond to solvent. In the complex, however, intercon-
version of these conformations of the inhibitor is ob-
servedduringthecourseofthesimulations,aphenomenon
which is apparently not observed in the crystalline state
of the complex. Hydrogen bonding of the inhibitor to the
backbone NH of K101, but not to the K101 CdO or
solvent, seems to predict enhanced activity. Activity also
appears to correlate with the ability to assume a number
of different orientations of the dimethylallyl moiety with
respect to residues Y181 and Y188 while continuously
maintaining contact with the benzene ring of W229.

Overall, the use of a combination of Monte Carlo
simulation with a linear response method shows prom-
ise as a relatively rapid means of estimating inhibitor
activities. This approach should be useful in the pre-
liminary evaluation of potential modifications to known
inhibitors to enhance activity.
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