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Abstract: HIV-1 reverse transcriptase (RT) is an important target for drugs used in the treatment of AIDS.
Drugs known as non-nucleoside RT inhibitors (NNRTI) appear to alter the structural and dynamical properties
of RT which in turn inhibit RT’s ability to transcribe. Molecular dynamics (MD), principal component analysis
(PCA), and binding free energy simulations are employed to explore the dynamics of RT and its interaction
with the bound NNRTI nevirapine, for both wild-type and mutant (V106A, Y181C, Y188C) RT. These three
mutations commonly arise in the presence of nevirapine and result in resistance to the drug. We show that
a bound NNRTI hinders the motion of almost all RT amino acids. The mutations, located in the
non-nucleoside RT inhibitor binding pocket, partially restore RT flexibility. The binding affinities calculated
by molecular mechanics/Poisson-Boltzmann surface accessibility (MM-PBSA) show that nevirapine interacts
stronger with wild-type RT than with mutant RT. The mutations cause a loss of van der Waals interactions
between the drug and the binding pocket. The results from this study suggest that a good inhibitor should
efficiently enter and maximally occupy the binding pocket, thereby interacting effectively with the amino
acids around the binding pocket.

Introduction

The Acquired Immunodeficiency Syndrome (AIDS) is one
of the most serious threats to human health. Important advances
in its treatment have been made with the discovery of new drugs
and the administration of combinations of drugs. The Reverse
Transcriptase of the Human Immunodeficiency virus type 1
(HIV-1 RT) is one of the main targets of drugs used in the
treatment of AIDS. Several RT inhibitors have been developed
and approved by the FDA and are in clinical use.1,2 In particular,
the non-nucleoside RT inhibitors (NNRTIs) are highly effective
and produce few side effects. However, RT mutations rapidly
emerge that confer resistance to all known NNRTIs, reducing
the efficiency of the drugs.3,4 Therefore, it is essential to
understand the detailed interactions of the inhibitors with wild-
type and mutant RT, to design drugs that are effective across
mutations.

HIV-1 RT is part of the HIV capsid and has an essential role
in the replication of the AIDS virus. It transcribes the single-
stranded RNA genome of the AIDS retrovirus to a double-

stranded DNA. RT is a protein dimer consisting of two subunits
of 66 kDa (p66) and 51 kDa (p51).4-9 The p66 and p51 subunits
are composed of four subdomains called thumb, palm, fingers,
and connection. The p66 subunit also contains the RNase H
subdomain. The polymerase active site is located in the p66
palm and contains three aspartic acids (Asp110, Asp185,
Asp186). The p66 fingers, palm, and thumb subdomains form
a large cleft that binds the template-primer DNA.10

NNRTIs bind to a common hydrophobic site, the non-
nucleoside inhibitor binding pocket (NNIBP), located in the p66
palm subdomain approximately 10 Å away from the polymerase
active site.3,4,11-14 Mutations that make RT resistant to NNRTIs
are known to arise for most of the amino acids that comprise
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the binding pocket. Crystal structures of RT complexed with
different NNRTIs8,15-18 and our own docking calculations19 of
different NNRTIs show that structurally homologous inhibitors
have similar binding patterns and interaction modes to RT.
Although the overall shape of the NNRTI binding site is similar
among the different crystal structures of RT/NNRTI complexes,
there are subtle differences among them, showing that the
binding pocket is flexible and can adapt to the shape of different
NNRTIs.20-22 Amino acids in the NNIBP, such as Tyr 181,
Tyr 188, Val 179, and Phe 227, interact with the bound NNRTI
via van der Waals interactions. Hydrogen bonds can form
between some inhibitors and amino acids Val 189 and Tyr 318.
Water molecules also can form a hydrogen bond bridge network
between the inhibitor and amino acids at the mouth of the
NNIBP.19

Crystallographic studies have shown that the binding of an
NNRTI induces several conformational changes.23 While the
p66 thumb subdomain of unliganded RT is in a “closed”
configuration almost touching the p66 fingers subdomain,20,24

upon ligation of an NNRTI the p66 thumb subdomain moves
to an “open” or upright position.5 Other structural changes
induced by the bound NNRTI include displacements of the base
of the p66 thumb, the p66 connection, and RNase H subdo-
mains20 and of the region known as the “primer grip”.4,7,8,17,20,24,25

The primer grip positions the primer terminus near the poly-
merase active site.9 Smaller structural changes include the
reorientation of side chains to form the non-nucleoside inhibitor
binding pocket (the NNIBP does not exist in the crystal
structures of RT without an NNRTI).4,7,8,24 There are also
differences at the catalytic site between the crystallographic
structures of RT/DNA and RT/NNRTI.7,8

Based on structural and biochemical information, three
models have been proposed for the mechanisms of inhibition
of RT by NNRTIs (for a review, see Sarafianos et al.23). The
model known as “molecular arthritis” postulates that the bound
NNRTI impairs the mobility of the p66 thumb subdomain.5 The
“primer grip” and the “active site” models propose that the
bound NNRTI distorts the exact configuration of the primer

grip4,7,8,20,24or of the catalytic aspartic acids,5,26 respectively.
Biochemical studies have shown that NNRTIs block the
chemical step of the polymerization reaction, the formation of
the phosphodiester bond.23,27-29 The “molecular arthritis” model
does not appear adequate to explain the inhibition of this
chemical step.23 However, the bound NNRTI could inhibit RT
by a combination of structural and dynamical factors.18

Comparison of crystallographic structures and site-directed
spin labeling experiments30 have shown that RT has regions of
extreme flexibility, and it has been proposed that this flexibility
is essential for the polymerization process.7-9,20,31 Molecular
dynamics (MD) simulations of unliganded RT and RT com-
plexed to double-stranded DNA have shown that the flexibility
of RT depends on its ligation state, increasing upon DNA
binding.32,33 The two ligation states studied (unliganded and
complexed to DNA) presented different patterns of concerted
motions. The motions of the amino acids that form the non-
nucleoside binding pocket upon binding of the NNRTI are
anticorrelated to the p66 fingers (in the RT/DNA complex) and
correlated to the RNase H subdomain (in unliganded RT).
Studies using the Gaussian network model have also shown that
RT has the potential to undergo large concerted motions.34,35

Recently, targeted MD simulations, with a water shell around
the NNIBP, have been used to study the conformational changes
during the association/dissociation of ligand from a K103N
mutant. A series of 0.5 ns MD simulations showed that the
hydrogen bond formed between N103 and Y188 plays a role
on inhibitor entry.36,37

Motivated by the important role that flexibility appears to
play on RT function and on the inhibition of RT by NNRTIs,
in this study we present molecular dynamics simulations of RT
complexed to an NNRTI, solvated with an explicit water box,
with periodic symmetry. Simulations were performed for 2.5
ns on both wild-type (WT) and mutant RT (MT) complexed to
the NNRTI nevirapine (Nev). Multi-nanosecond simulations
with explicit water and periodic symmetry conditions are
essential to explore the dynamics of protein affected by ligation.
The mutations were simulated by changing three amino acids
in the binding pocket (V106A, Y181C, and Y188C). These
mutations were chosen because they commonly arise in the
presence of nevirapine and result in resistance to the drug.38-49
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RT without nevirapine was also simulated for comparison
purposes. The effect that a bound NNRTI has on the dynamics
of wild-type (WT) and mutant RT was investigated by compar-
ing the three molecular dynamics simulations using principal
component analysis (PCA) methods. Free energy simulations
of nevirapine with wild-type and mutant RT were done to
identify the intermolecular interactions important upon binding.

Methods

Preparation of the Initial Structures. The starting coordinates for
the RT/nevirapine complex were obtained from the Protein Data Bank
(www.rcsb.org), PDB code 1VRT (2.2 Å resolution).16 Hydrogen atoms
were added to the nevirapine molecule with the Molecular Operating
Environment (MOE) software.50 Partial charges for nevirapine were
calculated with AM151 in MOPAC7. The calculated charges were fitted
into the AM1-bcc type of charge.52 The force field parameters of
nevirapine were prepared with the module Antechamber53 of AM-
BER.54,55

Hydrogen atoms were added to the crystallographic protein with the
AMBER module leap. Five chloride counterions were added to
neutralize the system. The system was then solvated with a rectangular
box of TIP3P56 water molecules. This water model was used for
comparison of previous simulations. The minimum distance from the
surface of the protein to the faces of the box was 11 Å. The final box
dimensions were∼100 × 112 × 116 Å3.

RT without nevirapine (unliganded) was started from the RT/
nevirapine complex, from which the nevirapine molecule was removed.
This starting structure differs from the crystallographically determined
unliganded structures (which have the p66 thumb subdomain in a
“closed” configuration and no non-nucleoside inhibitor binding pocket)
but was chosen for this study in order to compare directly the effect of
a bound nevirapine and of an open, empty binding pocket on RT
mobility.

RT with three point mutations (V106A, Y181C, Y188C) was built
using MOE. The mutations were performed using the homology tool
of MOE. The backbone of the system was assumed not to change during
the mutation since in all cases the side chain of the mutated amino
acid is shorter than that of the wild-type. After mutation, minimization
was performed on the side chains. All three molecular systems,
(unliganded RT, nevirapine complexed to wild-type RT, and nevirapine
complexed to the mutant RT) were prepared in the same manner and
each was simulated for 2.5 ns. Each solvated system contains
approximately 142 000 atoms and 42 000 water molecules.

MD Protocol. MD simulations were carried out with AMBER7 on
the Terascale Computing System at the Pittsburgh Supercomputing
Center. The force fields used were Amber99 for the protein and GAFF
for nevirapine.57 The particle mesh Ewald (PME) method was used to
treat long-range electrostatic interactions, with a cubic B-spline
interpolation. The cutoff for nonbonded interactions was 9 Å. SHAKE
was used to constrain all bonds involving hydrogen atoms with a
geometric tolerance of 0.000 01 Å. Periodic boundary conditions were
used. The time steps were 1 fs during the equilibration and 2 fs during
the production dynamics. The translational and rotational motions of
the center of mass were removed every 1000 ps. The temperature was
rescaled with the Berendsen weak-coupling algorithm,58 with a time
constant of 0.5 ps for the heat bath. After the system was heated to
300 K from the initial temperature of 100 K, molecular dynamics were
performed at a constant temperature of 300 K.

First, the water atoms and counterions were minimized for 500 steps
of steepest descent and 1500 steps of conjugate gradient while
restraining all other atoms with a force constant of 5000 kcal/mol Å2.
This was followed by three series of minimizations, during which the
hydrogen atoms, side chains, and finally the whole protein were
successively allowed to move, while restraining the rest with a force
constant of 500 kcal/mol Å2. In each step, 100 steps of steepest descent
and 400 steps of conjugate gradient minimizations were performed.
Using the module leap of AMBER7 to solvate a protein, we usually
obtain a low-density solution. The dimensions of the box were adjusted
so as to increase the density to 0.93-0.94 g/cm3 prior to performing
minimizations. The density of the system quickly reached∼1 g/cm3

during the heating stage of the equilibration simulation.
The production stage consisted of 300 ps at constant pressure (with

a pressure relaxation time of 0.2 ps) followed by 2.1 ns at constant
volume, for a total of 2.4 ns. All molecular structure visualization and
analysis were performed with MOE.

Free Energy Calculations.The free energy of ligand binding in
the non-nucleoside inhibitor binding pocket was analyzed by the
Molecular Mechanics-Poisson-Boltzmann Surface Area (MM-PBSA)
method,53,59,60 integrated in AMBER7. The binding free energy was
calculated as the average of the binding free energy of the last 150
snapshots, taken at 2 ps intervals from the trajectories of each
simulation. Similar results where obtained when a different range of
snapshots was considered for the wild-type RT/nevirapine complex.
The free energy was calculated as

where∆EMM is the molecular mechanics energy, comprised of a van
der Waals and an electrostatic contribution;∆Gsol is the solvation
energy, which consists of electrostatic and nonpolar interactions. The
electrostatic solvation energy is determined using the finite difference
Poisson-Boltzmann method, and the nonpolar contribution is estimated
by the solvent-accessibility surface method.T∆S is the entropy
contribution to the free energy, which is estimated using normal-mode
analysis. The binding free energy for ligand in a protein can be estimated
using

where c, p, and l denote the protein/ligand complex, the protein, and
the ligand, respectively.

The same force field used in the MD simulations was used in the
free energy calculations. The entropy contribution to the binding free
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energy was neglected because it has been shown that it mostly cancels
when it is estimated from the same set of coordinates for the protein,
ligand, and the protein/ligand complex.61-70

Principal Component Analysis (PCA).PCA can be used to simplify
a large set of data by decreasing the number of variables using
multivariate analysis. PCA has been used to analyze the structures from
MD simulations and has been previously described in detail.61-71

A symmetric matrixA with elements equal to the pairwise RMS
coordinate difference between superimposed structures along the
trajectory is employed in this work:

where RMSD is the structural RMS deviation of two snapshots. The
RMS coordinate difference is a measure of structure similarity, and

the matrixA allows a representation of the conformational sampling
of the protein during simulation. In this work, the RMSD matrix was
generated using 100 snapshots from each set of MD trajectories,
sampled in equal intervals. The total 300 sets of structures were then
used to build an RMSD matrix. All structures were aligned based on
the CR atoms onto the first structure of WT, followed by a 2-D RMSD
calculation. The source code of Ptraj module of AMBER7 was modified
to output a 2-D RMSD matrix.

A “similarity” matrix S is constructed with elementsSij.71

The eigenvectors and eigenvalues are obtained by diagonalizing the
S matrix.72,73 After diagonalization the eigenvalues are ranked from
largest to smallest. Since it was found that the first three eigenvalues
account for∼86% of the variation, these three eigenvalues were
projected on a 2D plot. All PCAs were carried out using MatLab 6.5.74

Results

Analysis of the MD Simulations.The potential energies of
the three systems studied (wild-type RT/nevirapine, mutant RT/
nevirapine, and RT without nevirapine) are plotted as a function
of time in Figure 1A-C. The root-mean-square deviations
(RMSDs) between the CR atoms of the structures obtained
during the trajectories and the initial structures are shown in
Figure 2 for the three systems. Figures 1 and 2 show that the
potential energies and the structures remain stable after ap-
proximately the first 800 ps of the simulation.

The B-factors of the wild-type RT/nevirapine complex
(calculated by multiplying the atomic positional fluctuations
from the MD simulation by (8/3)π2 are compared to the
crystallographic B-factors (Figure 3). Overall agreement is
observed between the calculated and crystallographic B-factors.
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Figure 1. Potential energies during the molecular dynamics simulation
for the three systems studied: (A) wild-type RT/nevirapine; (B) mutant
RT/nevirapine; (C) unliganded RT.

Aij ) RMSDij (3)

Figure 2. RMDs of the CR atoms as a function of time, for each of the
systems studied: (A) wild-type RT/nevirapine; (B) mutant RT/nevirapine;
(C) unliganded RT.

Sij ) -0.5× Aij
2 (4)
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In particular, the simulations reproduce the sharp peaks observed
in the crystallographic structure around amino acids 50, 70, and
140 (p66 fingers subdomain), 445-450 and 527-532 (RNase
H subdomain), 620-630 (p55 fingers), and 720-730 (p55

palm). In most regions, the MD simulation predicts B-factors
similar to those observed experimentally.

Since hydrogen bonds can play an important role in ligand
binding, water proton and protein hydrogen bonds around the
NNIBP were checked. Water molecules were observed to form
hydrogen bonds around the putative entrance of NNIBP of the
wild-type and mutant RT/nevirapine complexes during the 2.5
ns molecular dynamics trajectories. The hydrogen bond bridges
formed by these water molecules between nevirapine and
hydrophilic amino acids around the putative entrance help to
stabilize the binding of nevirapine in the NNIBP. This water
network is consistent with the water bridge network observed
in the crystallographic structure16 and in our docking results.19

During molecular dynamic simulation, these water molecules
are dynamically moving around (see Supporting Information
Figure S1 for the comparison of the water molecules from a
simulation snapshot with the crystal water molecules and the
hydrogen bond network).

Principal Component Analysis. To cluster the conforma-
tional spaces and compare the feature structures from each
different structure space, PCA is employed to identify the
conformational clusters for the simulations. The structure
clustering analysis was done with snapshots taken from three
MD trajectories at equal intervals and should represent all major
conformational spacing.

The first three principal components (PCs) of the CR atoms
account for approximately 86% of the total sample variance
for the three sets of structures (Figure 4). Therefore, these three
principal components (PC1, PC2, and PC3) are used to analyze
the structures of the three simulations, and their projections are
shown in Figure 5. It can be seen that unliganded RT has two

Figure 3. B-factors calculated from the molecular dynamics simulation
(red) and reported for the crystallographic structure of the RT/nevirapine
complex (pdb code 1vrt) (blue).

Figure 4. Values of the first five eigenvalues calculated.

Figure 5. Charts of the first three principal components (PC1, PC2, and PC3) calculated from 300 structures of the three MD trajectories. Wild-type
RT/nevirapine complex (red stars), mutant RT/nevirapine complex (blue squares), and unliganded RT (green triangles).
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well-defined clusters, while the two liganded systems do not
present well separated clusters. These results indicate that the
unliganded system samples two distinct minima during the
molecular dynamics trajectory. In addition, the size of each
cluster in Figure 5 appears to indicate that unliganded RT
undergoes larger conformational changes than the liganded
systems.

Motions of the p66 Thumb, Fingers, and Palm Subdo-
mains. To illustrate the movements undergone by the p66
fingers, palm, and thumb subdomains, six structures were taken
from each MD trajectory of unliganded RT (Figure 6A), mutant
RT complexed to nevirapine (Figure 6B), and wild-type RT
complexed to nevirapine (Figure 6C), from different areas of
the PCA plots shown in Figure 5. It is seen that the p66 fingers
of unliganded RT undergo the largest amplitude movements
during the trajectories, while these motions are smallest in the
wild-type RT/nevirapine complex. The average structures from
each of the simulations are superimposed in Figure 6D, showing
that the inside tip of the p66 fingers subdomain of unliganded
RT (green) closes down toward the p66 palm subdomain the
most during the MD trajectories, while that of wild-type RT/
nevirapine (red) moves down the least.

Table 1 compares the RMSD between the average structures
from each of the three simulations and the unliganded crystal
structure (PDB code 1HMV).24 The table shows the RMSDs
between the CR atoms of the p66 subunit and, in parentheses,
of the whole protein. It is seen that the three simulated structures
(WT/Nev, MT/Nev, and unliganded RT) remain similar to each
other. The RMSD between the p66 subunits of the simulated

unliganded RT and the crystal structure is 5.1 Å, indicating that
2.5 ns of molecular dynamics in explicit solvent, at room
temperature, are not sufficient to overcome the potential barriers
needed to reach the experimentally observed crystallographic
structure starting from the WT RT/nevirapine structure, from
which the nevirapine molecule was removed.

Table 2 compares the RMSD of amino acids Asp110-Tyr115
and Met184-Asp186, which are part of the polymerase active
site, between the average structures of the simulations and the
crystal structure of RT/Nev. The RMSDs are listed for the CR
atoms and, in parentheses, for all heavy atoms, based on the
superposition of the p66 subunits. It is seen that these amino

Figure 6. Superposition of snapshots picked from different areas of the PCA charts (Figure 5) for the three MD trajectories: (A) unliganded RT; (B) mutant
RT/nevirapine complex; (C) wild-type RT/nevirapine complex; (D) superposition of the average structure from each MD trajectory: wild-type RT/nevirapine
(red), mutant RT/nevirapine (blue), and unliganded RT (green). The ligand, nevirapine, is shown in the space-filled ball model in the RT/nevirapinecomplexes.

Table 1. RMSD between the CR Atoms of the Average Structures
from the Three Simulations and the Unliganded Crystal Structure
(1HMV),24 for the P66 Subunit (and the Whole Protein)

RMSD (Å) MT/Nev
unliganded

RT
unliganded
crystal RT

WT/Nev 2.6 (2.8) 2.7 (3.0) 6.0 (8.4)
MT/Nev 2.2 (2.4) 5.6 (7.8)
unliganded RT 5.1 (7.0)

Table 2. RMSD of CR (and All Heavy Atoms) between the
Polymerase Active Sites of the Average Structures from the Three
Simulations and the Crystal Structure of WT RT/Nevirapine
Complex (1VRT)16

RMSD (Å) MT/Nev
unliganded

RT
WT/Nev

crystal RT

WT/Nev 1.2 (1.6) 1.3 (1.7) 1.5 (2.1)
MT/Nev 0.5 (1.0) 1.5 (1.7)
unliganded RT 1.7 (1.9)
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acids have similar conformations in the three structures simu-
lated and in the crystal structure.

The distances between the geometric centers of the CR atoms
of amino acids 254-266 (located in the p66 thumb subdomain)
and amino acids 75-80 (located in the p66 fingers) are
monitored during the trajectory for unliganded RT, RT/
nevirapine, and mutant RT/nevirapine (Figure 7A). The large
fluctuations in these distances correspond to motions of the p66
thumb and fingers relative to each other. The faster motions,
on the picosecond time scale, correspond to local vibrations.
Of the three systems studied, unliganded RT shows the larger
variations in these distances, between∼31 and 41 Å (in green
in Figure 7A). Conversely, the RT/nevirapine complex shows
the smallest variation in the distances between the p66 thumb
and p66 fingers, with distances ranging between∼35 and 41 Å
(in red in Figure 7A). The distances corresponding to the mutant
RT/nevirapine complex (in blue in Figure 7A) fluctuate between
∼31 and 39 Å.

The distances between amino acids that form part of the
binding pocket were monitored in order to study the dynamics
of the binding pocket, as follows. The distances between the
CR atoms of Leu 100 and Tyr 181 and between Ile 94 and Tyr
188 that are located on two subdomains forming the binding
poeckt are shown in Figure 7B and 7C, respectively. It is seen
that the largest fluctuations in these distances correspond to
unliganded RT (in green in Figure 7B and 7C), while these
distances remain approximately constant for wild-type RT/
nevirapine (in red in Figure 7B and 7C).

In summary, the distances studied indicate that, for the atoms
involved, the wild-type RT/nevirapine complex is the most rigid
(in red in Figure 7A-C), while unliganded RT is the most
flexible (in green in Figure 7A-C). After the first 1000 ps, the
distance between Leu 100 and Tyr 181 increases for unliganded
RT (Figure 7B green). During the same period of time, the
distances between the p66 thumb and fingers for unliganded
RT also increase (Figure 7A green), indicating that the motions
of these portions of the p66 thumb, fingers, and palm subdo-
mains in unliganded RT might be correlated.

The atomic positional fluctuations (APF) of the CR atoms
are shown in Figure 8. It is seen that, of the three systems
studied, unliganded RT (with an open NNIBP) has the largest
fluctuations for almost all CR atoms. The most flexible regions
correspond to amino acids 20-75 and 130-140 of the p66
fingers subdomain. The presence of nevirapine in the binding
pocket of the RT/nevirapine complex results in the smallest
atomic fluctuations for both the p66 and p51 subunits. The
mutations produce a partial restoration of the fluctuations of
all CR atoms. In particular, most of the fluctuations of the p66
thumb subdomain (amino acids 244-322) are restored by the
presence of the mutations.

Figure 9 shows the atomic positional fluctuations of the CR
atoms of amino acids that compose the NNIBP, for the last 1.5
ns of the trajectory. As expected, the amino acids surrounding
the binding pocket are most flexible when the binding pocket
is open but without a bound NNRTI, as in the case of RT
without nevirapine. The presence of an NNRTI in the binding
pocket diminishes this flexibility, while the mutations in the
binding pocket slightly increase the flexibility of the amino acids
surrounding the binding pocket.

Binding Free Energy. The predicted free energies of
nevirapine bound to wild-type and mutant RT are-54.78 kcal/

Figure 7. Distances as a function of time for wild-type RT/nevirapine (red),
mutant RT/nevirapine (blue), and unliganded RT (green). (A) Distance
between the geometric centers of the CR atoms of amino acids 254-266
(p66 thumb) and amino acids 75-80 (p66 fingers). (B) Distance between
the CR atoms of Leu 100 and Tyr (NNIBP). (C) Distance between the CR
atoms of Ile 94 and Tyr 188 (NNIBP).

Figure 8. Atomic positional fluctuations of the CR atoms of the three
systems studied.

Figure 9. Atomic positional fluctuations of amino acids in the NNIBP,
for the three systems studied.
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mol and -48.84 kcal/mol, respectively, indicating that the
interaction of nevirapine with wild-type RT is stronger than that
with mutant RT. This is consistent with the fact that nevirapine
is less effective in the presence of mutations. The van der Waals
(vdW) interaction energies between nevirapine and wild-type
and mutant RT are-43.90 kcal/mol and-40.24 kcal/mol,
respectively. Thus, vdW interactions are the largest contribution
to the free energy (∼80%), suggesting that nevirapine fills the
NNIBP and that there is good contact between the inhibitor and
the receptor. The calculated difference in free energy of binding
between wild-type and mutant RT is-5.94 kcal/mol. The
relative free energy difference can be used to measure the
binding affinity difference of nevirapine in wild-type and mutant
RT and can be correlated to nevirapine’s activity. The binding
free energy difference of nevirapine bound to wild-type RT and
to a one-point mutant has been predicted, by means of Monte
Carlo simulations,75,76 to be between 3.33 and 3.88 kcal/mol.
In addition, biochemical experiments suggest that nevirapine
has a 500 times higher dissociation constant (Kd) value with
Y181C mutant/DNA complex, which corresponds to a free
energy of 3.7 kcal/mol for the binding/dissociation reaction.29

The cavity change of the NNIBP in our study is larger than
that in this previous study, because we have mutated three amino
acids to ones with shorter side chains. Thus, it is reasonable
that the interaction energy change between nevirapine and RT
in our calculation is larger than previous computational and
experimental results.

Conclusions

We have studied the flexibility and free energy of binding
of wild type and mutant RT complexed to the non-nucleoside
RT inhibitor nevirapine. In addition, unliganded RT was
simulated from the crystallographic coordinates of the RT/
nevirapine complex, from which the nevirapine molecule was
removed, leaving an empty non-nucleoside binding pocket and
the p66 thumb subdomain in an “open” configuration.

Comparisons of the atomic positional fluctuations of the CR
atoms during the molecular dynamics trajectories show that the
above-mentioned unliganded RT undergoes the largest atomic
positional fluctuations. Particularly large fluctuations are ob-
served for amino acids 20-75 and 130-140, located in the p66
fingers subdomain. Large mobility of the p66 fingers subdomain
has also been previously observed in the molecular dynamics
simulations of RT complexed to dsDNA.33 This flexibility is
consistent with the ability of the p66 fingers to close down on
the dNTP binding site, as evidenced by the RT/dsDNA/dNTP
crystal structure.10,77

The bound nevirapine in the binding pocket of wild-type RT
decreases the flexibility of almostall amino acids of HIV-1

RT, both in the p66 and p51 subunits, providing support for
the theory of “molecular arthritis”, which postulates that the
bound NNRTI decreases the flexibility of the p66 thumb
subdomain. The amino acid mutations V106A, Y181C, and
Y188C in the binding pocket partially restore RT flexibility,
which can be attributed to the fact that the mutated, smaller,
amino acid side chains provide more space in the NNIBP for
the amino acids to move without steric collisions. Evidence for
this larger NNIBP is given by the predicted loss of van der
Waals interactions between nevirapine and the mutated RT with
respect to the wild-type RT of 3.66 kcal/mol. The increased
flexibility of the binding pocket results in an overall increase
of RT flexibility due to correlated motions.

In summary, our simulations indicate that RT flexibility
depends on the volume of the binding pocket occupied by the
NNRTI, with the flexibility increasing in the presence of the
three mutations studied, and becoming most flexible when the
nonnucleoside inhibitor binding pocket is empty. These results
are consistent with recent molecular dynamics simulations,
which show a decrease in the distances between the p66 fingers
and thumb subdomains while the NNRTIRAPA is pulled out
of the binding pocket and once it has left the binding pocket.50

Based on the molecular dynamics and principal component
analyses, we hypothesize that unliganded RT samples a larger
conformational space during the trajectories than the two
liganded systems.

It is suggested that the larger the NNRTI and the stronger
the interaction with amino acids around the NNIBP, the stronger
it will inhibit RT, provided that it can enter efficiently and bind
effectively inside of the NNIBP. This is partly supported by
our docking study19 results that highly active neotripterifordin
inhibitors can bind in the NNIBP well and occupy more space
in the direction from amino acids 92-94 to amino acids 185-
188 than the less active and smaller nevirapine. Thus, the ligand
can interact well with these amino acids and affect the dynamics
of RT.
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