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Summary. The structural rearrangement due to the unbind-
ing of HBY 097 in K103N mutant HIV-1 reverse transcriptase
(RT) was studied using two nanosecond molecular dynamics
simulations. The simulations showed the dynamics of an open
or upright position of the p66 thumb subdomain moving to a
closed configuration together with the dynamic correction of
protein residues around the non-nucleoside inhibitor binding
pocket (NNIBP) and its putative entrance.
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Introduction

In the human immunodeficiency virus type 1 (HIV-1)

replication, a virus enzyme called reverse transcrip-

tase (RT), synthesizes a double strand of DNA com-

plementary to the virus RNA. This double-stranded

DNA is then incorporated into the host cell’s DNA; it

directs the host cell machinery to produce copies of

the virus. RT is a heterodimer composed of p66 and

p51 subunits with identical amino acid sequences,

but it differs in conformational rearrangements

[1–4]. Generally, p66 resembles a human right hand

and folds into four domains called fingers (residues

1–84 and 120–150), palm (residues 85–119 and

151–243), thumb (residues 244–322), and connec-

tion (residues 323–437), joined to the RNase H do-

main (residues 438–556), which is not present in

p51 [5]. The polymerase catalytic site of the enzyme

is specifically located on p66. Presently, 114 crystal-

lographic structures of HIV-1 RT in various forms are

contained in the RCSB Protein Data Bank (RCSB

PDB) [6]. Some can distinguish between the differ-

ent conformational states of RT, the free enzyme, RT

bound to RNA=DNA, and RT bound to non-nucleo-

side inhibitors (NNIs) [4, 7–12]. These extend the

understanding of the RT transcription mechanism and

also the inhibition mechanisms of inhibitors. How-

ever, the drug-resistance mechanism by virus muta-

tion is only partly known.

The X-ray structures provide information on the

crystalline state, but, of course, contain no mobility

data of biomolecules. One way to bring the biomol-

ecular structures alive is molecular dynamics (MD)

simulation, which provide dynamical properties in a

solution on different timescales. All molecular mod-

eling of the enzyme-substrate complexes have been

based on the X-ray structures. The free energy cal-

culations and the structural information from MD

simulations have used advanced computer-assisted

techniques in drug discovery and drug design [13–

15]. Not many publications of studies of RT simula-

tions have been presented because HIV-1 RT is a

very large system. MD simulations of this enzyme

require huge computer resources and rather long

calculation times. All MD simulation results of RT

[16–21] are in reasonable agreement with the assump-

tion that NNIs inhibit enzyme activity by enlarging the

DNA-binding cleft and limit the flexibility and mo-

bility of the p66 thumb subdomain. This subdomain

plays an important role in the translocation of the tem-� Corresponding author. E-mail: luckhana@siit.tu.ac.th



plate-primer during DNA polymerization. However, a

number of questions concerning the dynamics impli-

cations of the enzyme-inhibitor binding and the virus

mutations in drug-resistance remain unanswered.

NNIs bind to a common hydrophobic pocket locat-

ed in the palm subdomain of p66, 10 Å away from the

polymerase catalytic site called the NNIs binding

pocket (NNIBP). Drug resistant mutations are found

for many residues, which are in close contact to NNIs

(L100, K101, K103, V106, T107, V108, V179, Y181,

Y188, V189, G190, F227, W229, L234, and Y318)

and residues at the entrance of the binding pocket

(P95, L100, K101, K103, V179, and Y181) [3, 9,

11]. Biochemical data indicate that K103N, Y181C,

and Y188L RT mutations confer considerable drug

resistance to most NNIs [10, 22–27]. The tyrosine

amino acids (Y181C and Y188L) mutations involve

loss of interactions between the protein and the bound

inhibitor while asparagine amino acid (N103) of the

K103N mutant RT acts as a gatekeeper controlling the

entrance of the drug to the NNIBP [12, 28].

One recent paper has used a new methodology

which uses constrained MD simulations in vacuo

to predict NNIs (nevirapine) conformation in the

K103N mutant RT [29]. Because of the short simu-

lation time (0.175 ns) in a vacuum, this simulation

shows a relatively poor fit when compared to the

crystal structures. The present work studies 2 ns MD

simulations of the K103N mutant RT unbinding

process of HBY 097 [(S)-4-isopropoxycarbonyl-6-

methoxy-3-(methylthiomethyl)-3,4-dihydroquinoxa-

lin-2(1H)-thione] in aqueous solution. HBY 097 is

an extremely potent second generation NNRTI, which

potently inhibits both K103N (EC50¼ 3 nM) and

Y181C (EC50¼ 2 nM) mutant RTs [30, 31]. The

structural rearrangement and the motion of impor-

tant residues at the NNIBP are investigated to gain

more understanding of the inhibition mechanism of

HBY 097 in the K103N mutant RT.

Results and Discussion

Energy minimization was used to remove the ineffi-

cient contacts in the starting geometry, which were

taken from X-ray structure and solvated with TIP3P

water. The total energy after minimization is around

8.37�104 kJ mol�1 lower than that of the starting

system.

This work was performed as a two-stage equili-

bration. In the first stage of equilibration, the system

started at 100 K and gradually heated up to 300 K

over 10 ps of simulation time with the volume held

constant. Next, we equilibrated the system using pres-

sure and temperature controls to adjust the density of

water to the experimental value over 10 ps of simula-

tion time. The temperature of the system was gradu-

ally increased over the 10 ps simulation time. It was

267.3 K, not exactly 300.0 K, but the temperature was

close enough to be used in the next step. After equili-

brating the system for 10 ps in stage 2, the system had

a temperature 294.3 K and a density of 1.0 g cm�3,

i.e., the experimental density of water. To guarantee

that the system held these conditions, the simulation

used 100 ps equilibration runs at constant temperature

and constant pressure to reach equilibrium.

After the 120 ps equilibration, the conformation of

the molecular system reached a stationary phase with

a temperature of 298.6 K and a density of 1.0 g cm�3.

Finally, the whole system was equilibrated for 2 ns

at 300 K with constant pressure using 2 fs time steps.

The system properties that can be extracted from

the data output files during 2 ns of MD simulation

are energies, temperatures, pressures, volumes, and

densities.

All energies increased during the first few ps, cor-

responding to heating the system from 100 to 300 K.

The kinetic energy then remained constant for the

remainder of the simulation, implying that the sys-

tem’s temperature, which acts on the kinetic energy,

was in thermal equilibrium, and the system was

working correctly. It remained within 2.7 K of 300 K

for the remainder of the simulation. The potential

energy, and consequently the total energy initially in-

creased and then remained constant for the remain-

der of the simulation, indicating that the relaxation

was completed and that an equilibrium was reached

at a density of 1.0 g cm�3.

In the MD simulation, the system started from a

non-equilibrium state, since the X-ray structure cor-

responds to a K103N mutant RT in complex with

HBY 097, while the inhibitor was removed in the

simulation. We expected to see the movement of

the p66 RT subdomains during these simulations

due to the ligands absence in the NNIBP.

The root mean square deviations (RMSD) of the

C� atoms of the whole 437 amino acid residues as a

function of the simulation time are shown in Fig. 1.

The average RMSD of the trajectories during the

simulations were aligned based on the C� atoms

from the X-ray structure of the K103N mutant RT=
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HBY 097 complex (PDB code 1HQU) [12] and the

X-ray structure of the K103N mutant RT (PDB code

1HQE) [12] and are 3.99 and 9.07. This shows that

the trajectories from our MD simulation are more

similar to the starting structure (1HQU) than the

expected structure (1HQE). These trajectories provide

mobility information of RT during the NNI binding

and unbinding processes. The overall structural differ-

ences of p66 of (i) the starting X-ray structure K103N

mutant RT=HBY 097 complex (1HQU); (ii) X-ray

structure of the K103N mutant RT (1HQE); and (iii)

the average structure from MD simulations are pres-

ented in Fig. 2. The crystal structure of K103N mu-

tant RT without inhibitor is in a closed conformation

Fig. 1. Root mean square deviations (RMSD) (Å) of C�

atoms as a function of simulation time. All structures were
aligned based on the C� atoms with: (i) the 10 ps previous
structures (black line); (ii) the X-ray structure of the K103N
RT=HBY 097 (1HQU) (magenta line); (iii) the average struc-
ture during 2 ns simulation (blue line); and (iv) the structure
at 2 ns simulation (orange line)

Fig. 2. Superposition showing the orientation of the p66 thumb
subdomain. The X-ray structures of the K103N RT (1HQE),
K103N RT=HBY 097 (1HQU), and the average structure dur-
ing 2 ns MD simulation are represented in green, magenta,
and blue ribbons

Fig. 3. Schematic diagram showing superposition of NNIBP
and the amino acid residues at the entrance of the binding
pocket between crystal structures of K103N RT (1HQE;
green sticks) and K103N RT=HBY 097 (1HQU; magenta
sticks) together with the average structure during 2 ns simu-
lation (MD; blue sticks)

Fig. 4. Superposition showing the orientation of amino acid
residues at the entrance of NNIBP (P95, L100, K101,
K103N, V179, and Y181). Crystal structures of K103N RT
(1HQE), K103N RT=HBY 097 (1HQU), and the average
structure during 2 ns simulation (MD) are represented in
green, magenta, and blue sticks
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when compared to the K103N in complex with the

HBY 097 structure. These differences point to the gap

between finger and thumb subdomains. The average

structure from the MD simulations point to the right

up translation as expected. This motion occurs be-

cause of the unbinding of HBY 097. The structures

of the residues composing the NNIBP and the en-

trance of the pocket are shown in Fig. 3.

Upon loss of interaction with NNI, the residues re-

arrange to reduce the volume inside the pocket. The

major portions that can be clearly seen in Fig. 3 are

the motion of the aromatic tyrosine rings (Y181,

Y188, and Y318), F227, and W229. Generally, the

average NNIBP structure from the simulation is

more similar to the starting structure (RT=HBY 097

complex) than to the free enzyme as shown in Fig. 3

and Table 1. These imply that the 2 ns simulation run

is not of sufficient length for the translocation cor-

rection of all protein residues at NNIBP. However, a

number of adjustments in the average conformation

of NNIBP and the putative entrance residues may

partially compensate for the loss of inhibitor inter-

action. As shown in Fig. 4, the orientations of K101,

K103N, and V179, which act as the gatekeepers con-

trolling the entrance of the drug to the NNIBP and

the side chains of K101 and K103N, are quite flexible

while V179 in three different structures does not vary

much. The putative entrance residues have high move-

ment capability upon removal of theHBY097 inhibitor.

The hydrogen bond distances of amino acid resi-

dues at the NNIBP and the putative entrance are

presented in Fig. 5A–C and Table 2. The hydrogen

bond of N103–K101 (ND2-O) in HBY 097 binding

structure is lost in the average structure of MD sim-

ulations and in the free enzyme (1HQE) confor-

mation. During the HBY 097 unbinding process the

hydrogen bond distance of V179 N–O G190 de-

creases while in G190 N–O V179, it increases. These

point out that hydrogen bonds of V179–G190 (N–O

and O–N) are significant in the RT=HBY 097 com-

plex. The hydrogen bonds between these amino acids

stabilize the putative entrance and the NNIBP in an

active shape, which compensates for the loss of the

K103N interaction. This may explain why HBY 097

is still a potent inhibitor in the K103N RT mutant

structure.

Methods

Molecular Model

All of the MD simulations were performed with the AMBER 7
program [32] using the f f99 force field running on a 3 GHz
processor of a Dell model Optiplex GX260 Mini Tower
computer. The graphical displays were generated with the
WebLab ViewerPro 4.0 [33] software program. The simula-
tion models were constructed based on the X-ray structures of
K103N mutant HIV-1 RT (PDB code 1HQE), while the inhib-
itor was removed before the simulation. The entire structure of
HIV-1 RTwas too large to be simulated by our current compu-
tational facilities. Structural and biochemical data indicate that
the NNIBP is mainly composed of structural elements of the
p66 subunit, and that the RNase H subdomain and the p51
subunit are not directly involved in NNI binding, and play a
minor role in the sensitivity to NNIs. Therefore in the present

Table 1. Root mean square deviations (RMSD) of C� atoms (16 atoms), back-bone atoms (94 atoms), and all atoms (280 atoms)
of amino acid residues at NNIBP and the putative entrance (P95, L100, K101, K103N, V106, T107, V108, V179, Y181, Y188,
V189, G190, F227, W229, L234, and Y318)

RMSD

Å

C� Back-bone All atoms

1HQE 1HQU MD 1HQE 1HQU MD 1HQE 1HQU MD

1HQE 0.00 1.03 1.66 0.00 1.07 1.75 0.00 2.52 2.94
1HQU 1.03 0.00 1.01 1.07 0.00 1.16 2.52 0.00 1.57
MD 1.66 1.01 0.00 1.75 1.16 0.00 2.94 1.57 0.00

Table 2. Distances of hydrogen bonds of amino acid residues
at NNIBP and the putative entrance (P95, L100, K101,
K103N, V106, T107, V108, V179, Y181, Y188, V189,
G190, F227, W229, L234, and Y318)

Distance=Å

1HQE 1HQU MD

N103 ND2-O K101 N=H 2.92 N=H
T107 N-O V189 2.92 2.73 2.80
V179 N-O G190 N=H 3.14 2.95
Y181 N-O Y188 2.85 N=H 2.99
Y188 N-O Y181 2.83 3.16 2.80
V189 N-O T107 2.82 2.60 2.90
G190 N-O V179 2.89 2.89 3.12
F227 N-O L234 3.16 3.02 3.04
W229 NE1-O P95 N=H N=H 2.85
L234 N-O F227 2.86 2.86 2.89

N=H is no hydrogen bond
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simulation study, both RNase H and the p51 subunit were
omitted to facilitate the simulation and save computation time.
The tleap module of AMBER added the hydrogen atoms and
some side chains with missing coordinates. The simulation
model was solvated into a truncated octahedral 18.77 Å3 box
of TIP3P water. The system required Cl� as counter ions to
complete the model. In total, the simulation system contains
7244 protein atoms, 4 Cl� counter ions, and 103278 atoms
from water molecules.

Molecular Dynamics Simulation

The whole system was first energy-minimized by the Sander
module of AMBER using 200 steps of steepest descent, fol-
lowed by 1500 steps for conjugate gradient to reduce steric
conflicts between water molecules and the protein. Solvent
equilibration was performed in a two-stage equilibration. In
the first stage, the system was started from a temperature of
100 K and gradually heated up to 300 K over 10 ps of simula-
tion time with the volume held constant. Next, the system was

Fig. 5. Schematic diagrams representing the hydrogen bonding (black dashed lines) between amino acid residues of NNIBP and
the entrance of the binding pocket. (A) K103N RT (1HQE), (B) K103N RT=HBY 097 complex (1HQU), and (C) the average
structure during 2 ns simulation (MD)
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equilibrated using pressure and temperature controls at 300 K
over 10 ps to adjust the density of water to experimental values.
Then these conditions were used to continue through 100 ps to
equilibration. Finally, the whole system was equilibrated for
2 ns at 300 K with constant pressure using 2 fs time steps.
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