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Molecular Dynamics Model of Unliganded HIV-1 Reverse Transcriptase
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Abstract: HIV-1 RT is one of the most important antiviral targets in the treatment of acquired immunodeficiency
syndrome (AIDS). Several crystallographic structures are available for this enzyme, mostly with bound inhibitors. Despite
their importance for structure based drug design towards new anti-HIV retrovirals, the X-ray structures of the unliganded
enzyme could only be obtained incomplete, with a low resolution and until recently even the conformation of the p66

thumb was controversial.

In this work we have aligned different X-ray RT structures, and built up a computational model of RT using homology
modeling, which was afterwards refined and validated through MD simulations with explicit solvent.

The model enzyme was structurally stable through the whole MD simulation, showing a RMSD of 2 A from the starting
geometry. The Ramanchandram plot has improved along the simulation. Both intra-domain and interdomain movements
were observed. The thumb kept its closed conformation through the whole simulation. A contact map, hydration sites
study and a detailed analysis of the solvation of the nucleotide binding site are also presented.
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INTRODUCTION

HIV-1 reverse transcriptase, RT, an essential enzyme for
human immunodeficiency virus-1 replication, has distinct
catalytic activities that enable it to convert the single stranded
RNA of the virus into double-stranded DNA suitable for
integration in the host cell genome by HIV-1 integrase [1].
Beyond having a polymerase active site that can copy a RNA
and DNA template, HIV-RT has a RNAse catalytic domain
that cleaves the RNA strand in the DNA:RNA hybrids and
defines the ends of the double stranded DNA.

The enzyme is a heterodimer of 66 and 51 kDa poly-
peptides. The two subunits are derived from the gag-pol
poly-protein by cleavage by the protease, but p51 lacks the
C-terminal domain with the RNAse activity [2].

The subunits share four subdomains that are designed
fingers, thumb, palm and connection due to their resemblance
to a hand [3]. Although the subunits have the same type of
subdomains, the relative subdomain packing is different. pS1
which is catalytically inactive is important for the overall
reverse transcriptase structure [4].

The fingers, palm and thumb of the p66 subunit form the
nucleic acid binding cleft. The palm contains three residues
Asp 185, Asp 186 and Asp 110 that are critical for the poly-
merase catalytic activity [5, 6].

Due to its key role in HIV-1 infection, the RT enzyme
has been subjected to several studies. Kinetic analysis
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indicated an ordered mechanism, for DNA synthesis by RT,
in which primer/template (p/t) binds first followed by
addition of ANTP [7]. It was proposed that p/t binding to RT
originates two different RT.p/t complexes: a productive com-
plex that is capable of nucleotide incorporation, and a non
productive complex which has to undergo a conformational
change in order to incorporate nucleotides. In addition a
dead-end complex incapable of nucleotide incorporation is
formed, that can incorporate nucleotide only upon dissoci-
ation followed by reassociation [8].

At the same time, X-ray structures for almost all the
intermediates in the mechanism of DNA-template based
DNA synthesis were determined [9-21]. Furthermore, several
structures of RT with bound nucleoside (NRTIs) [20, 21],
non-nucleoside inhibitors (NNRTIs) [13, 15, 22-43] and a
structure with a DNA-RNA hybrid [44] were also made
available.

The superposition of the different crystallographic struc-
tures reveals the high degree of flexibility of the enzyme.
The most striking difference is the thumb subdomain move-
ment that undergoes a 30-40° rigid-body movement relative
to the p66 palm subdomain on going from the unliganded
enzyme to the E.p/t complex. The conformations are desig-
nated closed and open thumb, respectively.

Almostall the crystal structures of the unliganded enzyme
display a closed thumb conformation. An open thumb confor-
mation is found only in the crystal structure determined by
Esnouf ef al. [11]. However, the structure was produced by
soaking out a weak binding non-nucleo-side inhibitor from a
pregrown crystal, and hence it cannot be excluded that in this
case the open conformation is stabilized by crystal packing.

© 2006 Bentham Science Publishers Ltd.
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Experimental evidence to which conformation was adop-
ted by unliganded RT in solution came from a site directed
spin labeling study in which residues Trp24 and Lys287
were replaced by spin-labeled cysteine residues and the
distance between them was estimated. The results indicated
that unliganded RT adopts primarily the closed thumb
conformation at physiological temperatures in solution [45].

In this work we build a new model for RT using “homo-
logy modeling”. Our model was then subjected to a mole-
cular dynamics simulation with explicit solvent. This new
model is excellent for subsequent analysis of the p/t binding
to RT a process that is not very well understood yet.

RESULTS

The modeling protocol was different from traditional
homology modeling. The templates used were not homologs
but different X-ray structures of the same enzyme.

To build the new model for the unliganded HIV-1 RT,
(Fig. (1)), the highest resolution crystallographic structures
were used (listed in the methods section) not only of the
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unliganded enzyme but also from the enzyme with bound
inhibitors.

The binding pocket formed the NNRTIs is located about
10 angstrom away from the polymerase active site and is
primarily consisted of residues of the palm and thumb. When
the NNRTI burrow and enters the binding pocket it distorts
the active site geometry which results in the inability of
DNA synthesis to proceed. However, the superposition of
unliganded and bound NNRTI enzymatic structures shows
differences only in the palm, thumb and fingers [19]. The
other domains maintain the same conformation, and hence
we could use x-ray structures with bound NNRTIs that have
a higher resolution than the available x-ray structures of
unliganded RT for these domains.

In this sense the construction of the model was like a
puzzle because each domain was built using the highest
resolution structure possible for RT.

Because the whole modeling procedure was different some
of the quality checks normally used were not applicable.
However, the RMS Z-scores for the bond lengths and angles
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Fig. (1). (A)Two perspectives of the structure of obtained model for unliganded RT. (Left) p66. (Right) p51. (B) Ramanchandran plot for the

x-ray structure 1DLO and for the simulated structure.
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were 0.813 and 1.098 for p66 and 0.726 and 1.140 for p51
which are good results. The chil/chi2 rotamer normality Z-
score was 4.611 for p66 and 4.177 for p51. The backbone
conformation Z-score was -0.245 for p66 and 0.440 for p51.
The Ramanchandran plots for the new structure and for the
x-ray structure 1DLO are depicted on Fig (1B). As can be
seen the Ramanchandran plot appearance is better for the
new structure.

The structure of unliganded RT is depicted on Fig. (1A).

The analysis of the RMS deviation of the Ca carbons
along the entire simulation shows that the obtained enzymatic
structure is stable and kept the geometry obtained from the
modeling process (RMSD = 2). Analyzing the RMS devi-
ation of the two monomers we can see that the p51 structure
is kept more rigidly during the course of the simulation, as
expected. The p66 subunit has a somewhat larger degree of
conformational flexibility Fig. (2).

Regarding the domains in the p66 subunit, the RMS
deviation of the thumb domain is maintained low during the
entire simulation. The region that presents the major value in
the RMS deviation from the first structure is the portion of
the fingers domain between residues 120 to 150. However,
this large variance is not synonymous of thumb-fingers
increasing distance, because residues 120-150 are in the
extreme opposite from the thumb Fig. (3).

Another interesting observation is that the RMSD values
for the individual domains are much smaller than the one for

Medicinal Chemistry, 2006, Vol. 2 No. 5 493

region of the fingers domain. This means that the RMSD
value for the p66 subunit has a larger contribution from
global domain movements, an evidence of both intra and
inter domain flexibility.

We begin with a closed thumb conformation structure
and, at the end of the simulation the thumb is still in the
closed form. The RMSD of the thumb subdomain, as men-
tioned is maintained low during the whole simulation. Our
results are then in agreement with the hypothesis of a closed
conformation for unliganded RT, in which, as stated in the
literature the p66 subdomain folds down into the DNA
binding cleft and makes contacts with the tips of the fingers.

To define the regions of RT that interact with each other
in the simulation and specially to analyze the mentioned
contacts between thumb and fingers a contact map was cal-
culated. This is shown in Fig. (4) along with a map generated
from the crystal structure 1DLO for comparison. The new
structure maintains the same outline of contacts during the
simulation as the crystallographic structure.

The contact maps are similar for the p51 and p66
subunits, except in the region that corresponds to the RNAse
domain (residue 438 to 556). The darker spots of the contact
map correspond to intradomain close contacts. However, it is
also visible some close contacts between the residues of the
fingers and thumb with the palm.

Although the thumb is in the closed conformation, there
are few contacts between the fingers and thumb during the
simulation. The closer contacts between these different
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Fig. (3). RMS deviation of the alpha carbons of each p66 subdomain.
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Fig. (4). (A) Ca-Co Contact maps. (Lower diagonal) Contacts calculated from an average structure obtained from the simulation (from 200
to 1000 ps). (Upper diagonal) Contacts between the alpha carbons of the crystallographic structure IDLO. A graph square is colored black at
0.0 angstrom distance, to a linear gray scale between 0.0 and 10.0 angstrom and white when equal or greater than 10.0 angstrom.

domains are between 7 and 13 angstrom and hence are not
very clear in the contact map, and correspond mainly to
combinations of contacts between residues 289 to 290 of the
thumb and residues 58-63 and 76, 78 and 79 of the fingers

Fig. (4).

We measured and plotted the time distance between some
of these closer residues. As can be seen in Fig. (5) the
distances between the alpha carbons of these residues are
kept along the simulation, which means that the relative
positions of the thumb and fingers domains are kept stable in
the closed conformation.

Our results agree with the hypothesis pointed out in the
literature that the closed conformation of the thumb sub-
domain is the preferred state for the unliganded enzyme in
solution, as mentioned. However, the time scale for a confor-
mational change such as the thumb movement is larger

(should be around 1ns), and hence our simulation time is not
enough to exclude the possibility of thumb opening.

In an already mentioned spin labeling study [45], a
temperature dependent equilibrium between the open and
closed conformations was observed by measuring the
distance between residue 24 and residue 287 by EPR, indi-
cating a distinct motion of the thumb subdomain. This hypo-
thetical equilibrium was pointed out to be involved in the
translocation of the nucleic acid substrate along the enzyme
during polymerization. However, in vivo, homeostasis main-
tains a constant temperature within the cell. Furthermore, the
hypothesis of a thumb movement is only applicable during
distributive synthesis that is believed to occur only during
initiation of DNA synthesis. During polymerization, DNA
synthesis is believed to be processive and, in this case, the
thumb closing movement should be prevented by steric
hindrance with the primer/template.
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Fig. (5). (A) Ca-Ca distance during the simulation for the residue pairs 289-76, 289-78 and 290 -61. Residues 289 and 290 are located on

the thumb tip and 76, 78 and 61 on the fingers.

The dNTP Site

With the determination of the structure of RT with bound
p/t and incoming nucleotide came the first description of the
dNTP binding site. According to Huang et al. the triphos-
phate moiety of this group is coordinated by Lys65, Arg72,
the main chain NH groups of residues 113 and 114 and two
metal ions (Mg). One of the Mg ions is coordinated by two
oxygens of the pyrophosphate and by a backbone carbonyl
(111) and the side chains from aspartates 110 and 185. The
3’0OH of the dTTP projects into a small pocket lined by the
side chains of Asp113, Tyr 115 Phe 116 and Gln 151 and the
peptide backbone between 113 and 115 [19]. The whole
binding site is solvated in our model of the unliganded RT.

Interestingly, in our simulated model of unliganded RT
the NH group of the residue 113 is involved in a hydrogen
bridge with the side chain of Asp185. The Asp110 side chain
establishes a hydrogen bridge with Gly112 NH. Finally and
regarding the ANTP OH pocket, the side chain of Aspl13
establishes a hydrogen bridge with the tyrosine 115 hydro-
xyl.

These residues are also involved in hydrogen bridges
with the solvent. The lifetimes and maximum occupancies
are listed on Table 1.

Therefore, extensive desolvation is needed to the binding
ofthe ANTP. As the substrate is also hydrophobic and charged,
a high desolvation penalty should be associated with subs-
trate binding.

However, it is very important to mention that dNTP
binding only occurs after primer/template binding. For the
p/t to bind, the enzyme has to adopt the open conformation
of the thumb. The network of interactions in the bound p/t
enzyme is obviously completely different from the unliganded
enzyme and then we can not state that the described environ-
ment is the same as the one the dNTP encounters.

In order to investigate if the geometry of the binding
pocketofthe ANTP was maintained within the same accuracy
as the rest of the protein during the course of the simulation,
we also determined the RMSD profile for these residues. An
average RMSD of 2 A was obtained, showing that a good
description of the binding pocket resulted from the
computational model.

Table 1. Lifetimes and Maximum Occupancies of Hydrogen
Bridges of the dNTP Site Residues with Solvent

Molecules
Lifetime (ps) Maximum
occupancy(ps)
Lys 650 8.9 90.2
Arg 720 9.3 63
Aspl110 OD1 72 64.6
Aspl110 OD2 7.7 75.8
Asp 110 O 10.0 63
Val 111 O 8.7 63
Gly 1120 8.3 63
Aspl13 OD1 8.8 49.8
Aspl13 OD2 8.2 73.8
Asp 1130 10.5 63
Ala 1140 8.3 28.4
Phe 116 O 9.8 45.6
GInl51 OEl 6.1 25.8
GIn 1510 9.9 45.6
Aspl185 OD1 8.0 63.0
Asp185 OD2 8.5 163.6
Asp 1850 11.4 45.6
Aspl186 OD1 11.3 127.8
Aspl186 OD2 8.9 103.6
Asp 186 O 8.7 27.8

The RMSD for the dNTP site residues during the simu-
lation and in relation to the x-ray structure 1DLO are plotted
on Fig. (6).
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Fig. (6). RMSD for the dNTP site residues during the simulation and in comparison to the X-ray structure 1DLO.

Hydration Sites

The spatial distribution of hydration sites around RT is
highly asymmetric and anisotropic around the enzyme (Fig.
(7)). There are few high-density solvent peaks in the cavity
between fingers and thumb and in the connection domains of
both subunits. The residues in the areas without high-density
solvent peaks do not belong to one particular residue class.
In fact, charged and polar residues are found in these regions.

The thumb is positioned in such a way that seems to
maximize the interaction of its residues with the solvent in
the high-density peaks. This could be one explanation for the
apparent higher stability of the closed form in solution.

DISCUSSION

Our obtained model for unliganded RT is an excellent
complement to the presently available experimental models
of reverse transcriptase. The analysis of the trajectories
obtained from the molecular dynamics simulations shows

that the structure of the protein is stable. Furthermore, the
analysis of the RMS deviations for each subunit and then for
each subdomain of the p66 subunit is in agreement with the
expected. All values are small, typically between 1-2 ansgtrom
and the p66 subunit presents a larger degree of flexibility
relative to p51.

In the p66 subunit the portion of the finger tips between
residues 120 to 150 presents the larger degree of flexibility.
The RMS deviation of the alpha carbons of the thumb is
relatively low (below 1.5 A).

The new structures establish close contacts mainly
between residues of the same domain. However some close
contacts between the thumb and palm and between the
fingers and palm are also observable in the contact map.
Interestingly, the fingers and thumb, in the closed form,
establish few contacts. Following the distance over time of
these close contacts between the two domains we can see
that the distance between them stabilizes, which is indicative
of the stability of the closed form of unliganded RT.

Fig. (7). Three-dimensional distribution of high-density solvent peaks around RT. The figures correspond to two different orientations of the

same enzyme.
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The solvation of the dNTP binding site was also studied.
It was shown that this site is extensively solvated in the
unliganded state. Almost all the binding site residues are
accessible to the solvent. The hydrogen bonding network
with the solvent and the mean and maximum lifetime of the
hydrogen bonds with the solvent were also analyzed. The
RMSD between the 1DLO crystallographic structure and the
computational model exhibit a value around 2 A during the
whole simulation.

Observing the three dimensional distribution of high den-
sity peaks around RT, it seems that the thumb is positioned
in such a way that maximizes the interaction of its residues
with the solvent in these high density peaks. This could be a
factor that could explain the stability of the closed form of
RT. However, longer simulation runs are necessary to assure
that the closed conformation of the thumb is the preferred
one in solution.

METHODS
Modeling

The structure of HIV-1 RT was obtained by performing a
multiple sequence alignment of domains of the available x-
ray structures. For the p66 subunit the following crystallo-
graphic structures were used: the p66 subunit of the unli-
ganded RT 1DLO (2.70 A resolution) [12] the p66 subunit of
the mutated unliganded enzyme 1QE1 (2.85 A resolution)
[14], the connection domain of structure 1RTJ (2.35 A reso-
lution) [11] and the RNAse domain of IRTH (2.2 A reso-
lution) [26] (Fig. (6)).

For the most rigid p51 subunit we used the p51 subunit of
IRTJ [11], the 51 kDa polypeptide of the complex rt-U0S5
IRTH [26] and the p51 subunit of the complex rt-nevapirine
IVTR (2.2 A resolution) [26].

As previously stated, our choice of the structures used for
templates was based in the known rigidity of some domains.
The best resolution structures of RT are bound to NNRTIs or
are derived from crystals grown in the presence of an
NNRTI. It is known by superposing the determined x-ray
structures that some domains of RT have the same con-
formation in the presence of the inhibitor as in the unli-
ganded state (connection and RNAse of p66 and p51 subunit).
We used only the connection domains of 1RTJ because,
although this structure has one of the best resolutions for
unliganded RT, it presents the thumb in the open form as a
result of soaking an NNRTI from a pregrown crystal. The
1RTH and 1 VTR x-ray structures are complexed with NNRTI
inhibitors, so we used them as templates only for the p51
subunit.

This was again verified by superimposing the structures
(data not shown).

The performed alignments for each subunit were then
submitted to Swiss model protein structure homology mode-
ling server [46]. It is worth mention that the entire templates
used were from the same enzyme and hence the obtained
structure is more reliable than one obtained from a normal
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homology modeling procedure. The quality of the models
was verified using the WHAT IF program [47].

The obtained theoretical models for each subunit were
then merged to form the heterodimer.

Molecular Dynamics

The energy minimizations and molecular dynamics simu-
lations were carried using the SANDER module of the amber
8 package [48]. We began by adding the missing hydrogens
using the LEAP module. Subsequently, eight Cl- ions were
added to neutralize the system. The structure was then sol-
vated with an octahedral box of TIP3P waters with each box
side at a distance of at least 15 A from the protein (180278
waters).

The minimizations were then performed with the parm94
force field [49]. Firstly, we equilibrated the solvent and ions
maintaining the protein atoms constrained by weak harmonic
restraints. Then we performed 1500 steps of steepest descent
followed by 1000 of conjugate gradient of the entire system.

The molecular dynamics simulations were performed
using periodic boundary conditions. The previously mini-
mized systems were initially equilibrated at 300K for 50 ps
in a canonical ensemble, using Langevin dynamics. Produc-
tion simulations were carried at 300K using Langevin dyna-
mics with a collision frequency of 1.0 ps™'. Constant pressure
periodic boundary was used with an average pressure of 1
atm. Isotropic position scaling was used to maintain the
pressure with a relaxation time of 2 ps. The time step was set
to 2 fs. Shake constraints were applied to all bonds involving
hydrogen atoms. The particle mesh Ewald (PME) method
was used to calculate the electrostatic interactions. All inter-
molecular interactions were treated with a cut-off distance of
12 A. The trajectories were saved every 100 steps for analysis.
The length of the production run was 1112 ps.
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