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ABSTRACT: The drug Darunavir (DRV) is a potent inhibitor of HIV-1 protease (PR), a homodimeric essential enzyme of the
AIDS virus. Recent experimental data suggest that DRV is able to prevent dimerization of HIV-1 PR, which, together with its
high aﬃnity for the mature enzyme, has been linked to the high genetic barrier to the development of viral resistance. The
mechanism of dimerization inhibition and the binding mode(s) of DRV to monomeric HIV-1 PR are unknown. Here, multiple
molecular dynamics simulations with explicit solvent (for a total of 11 μs with the CHARMM force ﬁeld and 1 μs with the Amber
force ﬁeld) show that the monomer of HIV-1 PR is structurally stable and reveal a major binding mode of DRV. This binding
mode is stabilized by favorable interactions between the apolar groups of DRV and the hydrophobic residues Ile32, Ile47, Ile50,
Ile54, Pro79, Val82, and Ile84. The binding mode to monomeric HIV-1 PR identiﬁed by molecular dynamics is diﬀerent from the
two binding modes observed in the crystal structure of the complex with dimeric HIV-1 PR. As an example, there are no
interactions between DRV and the catalytic Asp25 in the binding mode to monomeric HIV-1 PR revelead by the simulations. In
contrast, the simulations show extensive and stable interactions between DRV and the ﬂap (residues 46−55), which are likely to
sterically hinder the formation of the ﬂap interface as observed in the dimeric structure. Which of the two mechanisms of
inhibition (dimerization inhibition by association with the ﬂap or binding to the active site of the mature enzyme) dominates
might depend on the HIV-1 PR mutations, and it is likely that dimerization inhibition is predominant for multiple mutations at
the active site in multidrug resistant strains.

1. INTRODUCTION
Acquired immunodeﬁciency syndrome (AIDS) is caused by the
human immunodeﬁciency virus (HIV), which encodes, among
other indispensable enzymes, an aspartic protease (HIV-1 PR)
whose proteolytic activity is essential for viral replication.1
There are 10 inhibitors of HIV-1 PR used routinely in the
clinics to ﬁght AIDS.2 A major problem with most of these, as
well as others that have failed in clinical trials, is that rapid
mutation of HIV can lead to drug resistance.3,4 Darunavir
(abbreviated here as DRV, Figure 1), the inhibitor of HIV-1 PR
most recently approved by the FDA,5 has shown to be less
susceptible to viral resistance than the previously approved
HIV-1 PR inhibitors.6,7 It has been suggested that the superior
proﬁle of resistance of DRV is due, at least in part, to its

inhibition of the dimerization of HIV-1 PR,8,9 which is a
homodimer in its native functional state. Yet, the mechanism of
inhibition of HIV-1 PR dimerization by DRV is not known.
There is indirect evidence from experimental and computational studies that HIV-1 PR has a structurally stable
monomeric fold despite it assuming a homodimeric state in
the mature form under physiological conditions. In other
words, monomer folding and dimerization of HIV-1 PR are
decoupled, as suggested by molecular dynamics (MD)
simulations.10−13 Experimentally, nuclear magnetic resonance
(NMR) spectroscopy studies of mutants that destabilize the
interface have suggested that HIV-1 PR has a (meta)stable
monomeric form.14−16 Recently, it has been shown by NMR
and size-exclusion chromatography that the protease of HIV-2,
another retrovirus which can cause AIDS, can assume a stable
monomeric structure.17 Other retroviral proteases, e.g., from
spumaretroviruses, have been reported to exist mainly in the
monomeric form.18
The available experimental data suggest that DRV has more
than one binding mode in HIV-1 PR. The X-ray structures of
two HIV-1 PR mutants show that DRV binds at the active site
and at an exosite on the surface of one of the two ﬂaps (PDB
ﬁles 2HS1 and 2HS2).19 The latter binding mode is likely to be
an artifact of the crystallization conditions for the following
reasons. First, DRV is surrounded by four HIV-1 PR molecules,
and most of the interactions and contacting surface of DRV
involve three symmetry-related neighboring HIV-1 PRs. In
particular, the bis-tetrahydrofuran moiety of DRV, which was
designed to optimize potency,20 is not in contact with the ﬂap.

Figure 1. Chemical structure of Darunavir (abbreviated as DRV in the
text).
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Table 1. Details of MD Simulations of Monomeric HIV-1 PR
name

HIV-1 PR monomer
mutant

Apo1
Apo2
Apo3
Apo4
Rand1
Rand2
X1
X2
Xﬂap
MD1
MD1-Ae

V32I/L33I
V32I/L33F/I54M/V82A
V32I/L33F/I54M/V82I
V32I/L33F/I54M/I84 V
V32I/L33I
V32I/L33F/I54M/V82I
V32I/L33I
V32I/L33I
V32I/L33I
V32I/L33I
V32I/L33I

no. of DRV
molecules

2
2
1
1
1
1
1

initial binding
mode

no. of
trajectories

length of individual trajectories
(ns)

total simulation time
(ns)

randoma
randoma
X-ray1b
X-ray2b
X-ray (ﬂap)c
MD1d
MD1d

3
3
3
3
98
87
20
20
20
5
2

100
100
100
100
15−25
20−30
60
60
20
500
500

300
300
300
300
1800
2500
1200
1200
400
2500
1000

a

The initial distance between any atom of HIV-1 PR and DRV was larger than 6 Å. bThere are two possible orientations of DRV in monomeric HIV1 PR because the active site of HIV-1 PR is at the dimer interface.19 cBinding mode on the solvent-exposed surface of the ﬂap observed by X-ray
crystallography.19 dMost populated binding mode observed in the 40 X1 and X2 runs. eThese two control simulations were carried out using the
Amber force ﬁeld.

simulation study were obtained under physiological conditions.8 It has been reported that the equilibrium dissociation
constant of dimeric HIV-1 PR at pH 5.5, which is the optimal
pH value for catalytic activity, is about 17 times lower than at
pH 7.23 Note that the pH value of 5.5 would have required a
diﬀerent protonation state only for His69 (positively charged
instead of neutral) with marginal inﬂuence on the main
simulation results because the His69 side chain has a distance
of about 25 Å and 20 Å from the tip of the ﬂap and the carboxy
groups of the two catalytic aspartates, respectively.
The structure of monomer A from the PDB ﬁle 2HS1 was
immersed in a triclinic box of pre-equilibrated water molecules.
The size of the box was chosen to have a minimal distance of
13 Å between the boundary and any atom of the protein. Water
molecules within 2.4 Å of any heavy atom of the protein or
DRV were removed except for six water molecules present in
the crystal structure. The simulation system contained 21
sodium and 24 chloride ions to approximate an ionic strength
of about 150 mM and to compensate for the total charge of the
HIV-1 PR monomer, which is +3 electron units. The MD
simulations were carried out with Gromacs 4.5.324,25 using the
CHARMM PARAM22 force ﬁeld26 and the TIP3P model of
water.27 The parameters of DRV were determined according to
the general CHARMM force ﬁeld.28 To check whether the
results are dependent on the choice of force ﬁeld, two 0.5-μs
runs of the complex of DRV with monomeric HIV-1 PR were
carried out with the Amber force ﬁeld29 and the previously
reported Amber parameters for DRV.30
Periodic boundary conditions were applied, and electrostatic
interactions were evaluated using the particle-mesh Ewald
summation method.31 The van der Waals interactions were
truncated at a cutoﬀ of 10 Å, and a switch function was applied
starting at 8 Å. The temperature of 310 K was kept constant
with an external bath with velocity rescaling,32 and the pressure
was kept close to 1 atm using Berendsen et al.’s coupling
algorithm.33 The SHAKE algorithm was used to ﬁx the covalent
bonds involving hydrogen atoms. The integration time step was
2 fs, and snapshots were saved every 10 ps.
Multiple MD runs of monomeric HIV-1 PR were carried out
for each of the three following systems: (1) apo, (2) in the
presence of one molecule of DRV and starting from one of the
three poses of DRV observed in the ultrahigh resolution crystal
structure, and (3) in the presence of two DRV molecules

Second, given that the homodimeric structure has an intrinsic
symmetry, it is not clear why the exosite is only on one of the
two ﬂaps and not in both. Third, the exosite binding mode does
not appear in the X-ray structures of 27 HIV-1 PR (mutants)
cocrystallized with DRV (PDB codes in the Supporting
Information). Also, there is no supporting evidence by NMR
spectroscopy, and only one binding site for DRV to HIV-1 PR
has been deduced from a surface plasmon resonance study.21
On the other hand, another kinetic analysis has shown mixedtype competitive−uncompetitive inhibition of HIV-1 PR by
DRV (and the chemically related amprenavir).22
Here, we use explicit solvent MD simulations to analyze the
structural stability of monomeric HIV-1 PR and search for
binding modes of DRV. This simulation study was motivated
by the following questions: Is HIV-1 PR structurally stable as a
monomer? Does DRV bind to monomeric HIV-1 PR? If there
is a major binding mode of DRV, does it explain the mechanism
of dimerization inhibition? Are the (meta-)stable binding
modes of DRV consistent with its superior resistance proﬁle?
The simulation results provide evidence that monomeric HIV-1
PR has a well-deﬁned structure except for strong disorder at
both terminal segments. Importantly, the MD simulations and
clustering analysis reveal a major binding mode of DRV to
monomeric HIV-1 PR which is signiﬁcantly diﬀerent from
those observed in the crystal structure of the complex with
mature HIV-1 PR. This binding mode is stable during the 0.5
μs time scale of the MD runs and is stabilized mainly by
hydrophobic interactions with residues in the substrate binding
site.

2. METHODS
MD Simulations. The coordinates of the V32I/L33I
mutant of HIV-1 PR in complex with DRV were downloaded
from the protein database (PDB code 2HS1). This X-ray
structure was chosen because of its ultrahigh resolution of 0.84
Å.19 Note that V32I/L33I is a drug-resistant mutation which
does not inﬂuence the binding aﬃnity or antiviral activity of
DRV. To reproduce neutral pH conditions, the side chains of
aspartates and glutamates were negatively charged, those of
lysines and arginines were positively charged, and the His69
side chain was neutral and protonated at the Nε atom. The
structure of monomeric HIV-1 PR was prepared at neutral pH
as the experimental results of highest relevance for the present
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with a diﬀerent force ﬁeld (Amber). The total simulation time
is about 12 μs. Table 1 lists the simulated systems and other
details including starting structure and length of individual
simulations.
3.1. Stability and Flexibility of Monomeric HIV-1 PR.
The structural stability of the HIV-1 PR monomer was studied
previously using implicit solvent as well as short explicit water
MD simulations.10,11 Here, much longer explicit solvent MD
simulations are carried out (12 runs of 0.1 μs each, Table 1) to
assess the stability of four mutants of monomeric HIV-1 PR.
One of them is the V32I/L33I mutant from the X-ray structure
of the complex with DRV (PDB code 2HS1). Of the three
remaining variants, the four-point mutants V32I/L33F/I54M/
V82I and V32I/L33F/I54M/I84V cause DRV to lose
dimerization inhibition, whereas V32I/L33F/I54M/V82A
does not.9 The Cα atomic ﬂuctuations of the four mutants
are similar (Figure 2), which suggests that diﬀerences in DRV

initially positioned at random in the bulk solvent. In the latter
simulation system, the concentration of DRV is about 15 mM.
Multiple MD runs with identical starting conformations were
started with diﬀerent initial random distributions of the atomic
velocities. A list of all of the MD simulations of monomeric
HIV-1 PR is given in Table 1.
To analyze the stability of the dimeric structure of the
mutant V32I/L33F/I54M/V82I, two additional runs of 0.5 μs
each were carried out. One of these two runs concerned the
wild type sequence (and was started from the PDB structure
7UPJ upon removal of the inhibitor), while the other
concerned the mutant V32I/L33F/I54M/V82I for which the
mutated side chains were modiﬁed on the basis of the PDB
structure 2HS1. The same simulation setup and protocols (with
CHARMM PARAM22 force ﬁeld) were used as for monomeric
HIV-1 PR.
Cut-Based Free Energy Proﬁle Analysis. The analysis of
the MD trajectories was carried out with the programs
CHARMM34 and WORDOM.35,36 The leader algorithm as
implemented in WORDOM was employed for clustering
according to the distance root-mean-square (DRMS) between
two MD snapshots a and b, DRMS = [n−1∑n(i,j)(daij − dbij)2]1/2,
which was calculated using the intermolecular distances dij
between pairs of non-hydrogen atoms in DRV and the
following 12 residues in the substrate binding site of HIV-1
PR: Asp25, Thr26, Gly27, Ala28, Asp29, Ile32, Ile47, Gly48,
Gly49, Ile50, Val82, and Ile84. A DRMS threshold of 2 Å was
used for clustering the 240 000 snapshots of the 2.4 μs
sampling of the X1 and X2 runs.
The cut-based free energy proﬁle method37 was used to
identify metastable states of DRV on the surface of monomeric
HIV-1 PR and their relative stability. The input for the cutbased free energy proﬁle calculation is the network of
conformational transitions, which is derived from the direct
transitions between clusterized snapshots (nodes of the
network) sampled at a given time interval (10 ps here) along
the MD simulations. For the calculation of the cuts and related
free energy values, nodes are ﬁrst sorted according to increasing
mean ﬁrst passage time to a reference node. After the sorting,
nodes are partitioned into two groups A and B. Group A
includes only the reference node at the beginning and is
iteratively expanded by moving the kinetically closest node (i.e.,
the one with smallest mean ﬁrst passage time) from group B to
A. The cut is determined at every iteration, and the free energy
is related to the maximum ﬂow across the cut and
approximated as ΔG = −kT ln(ZAB), where ZAB is the partition
function of the cutting surface based on the mean ﬁrst passage
time (for further details, see Figure 2 of ref 38). The result is a
one-dimensional proﬁle along a reaction coordinate (the
relative partition function) that preserves the barrier height
between well-separated free energy basins.37

Figure 2. Flexibility of termini and ﬂap of monomeric HIV-1 PR. The
four mutants of monomeric HIV-1 PR have a similar proﬁle of the Cα
root-mean-square ﬂuctuations along the 99-residue sequence (solid
lines). In the presence of DRV (dashed line), the ﬂuctuation proﬁle
does not change signiﬁcantly except for the reduced mobility of the
ﬂap residues 46−55. Positions of point mutations are emphasized
(black circles). Each line shows values of the ﬂuctuations averaged over
three runs of 100 ns each.

aﬃnity for monomeric HIV-1 PR between V32I/L33F/I54M/
V82I and V32I/L33F/I54M/V82A are due to the intermolecular interactions rather than diﬀerences in ﬂexibility. The
largest ﬂuctuations are observed at the termini (residues 1−10
and 91−99) and the ﬂap (residues 46−55). Excluding the
ﬂexible termini and the ﬂap, the Cα root-mean-square deviation
(RMSD) from the X-ray structure of HIV-1 PR (PDB code
2HS1) almost never exceeds 2 Å (Figure 3 and Figures S1 and
S2). Interestingly, the time series of the RMSD from the crystal
structure (Figure S3) indicates that the folded conformation of
monomeric HIV-1 PR is preserved also with the Amber force
ﬁeld, which provides further evidence for the kinetic stability of
the monomer. Congruent with the ﬂuctuation and RMSD
analysis, the average value and standard deviation of the radius
of gyration are signiﬁcantly smaller if one neglects the termini
and the ﬂap (10.8 ± 0.1 Å) than for the whole monomer (12.8
± 0.3 Å, Figure S4). Fast changes of orientation of the ﬂap are
observed during the MD runs. As an example, the distance
between the Cα atoms of Ile51 (at the ﬂap tip) and Ile32 (at
the base of the active site) oscillates between 12 and 22 Å on a

3. RESULTS AND DISCUSSIONS
Three types of MD simulations were carried out, and they are
analyzed in the next three subsections. First, the stability of four
mutants of monomeric HIV-1 PR was investigated by
performing 12 runs of 0.1 μs each in the absence of DRV.
Second, the binding modes of DRV to monomeric HIV-1 PR
were explored by performing 185 and 3 × 20 MD runs started
from completely dissociated DRV and its three poses derived
from the crystal structure of dimeric HIV-1 PR. Finally, the
most stable binding mode identiﬁed by MD was further
validated by ﬁve MD runs of 0.5 μs each and two 0.5-μs runs
1788
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Figure 3. Structural stability of monomeric HIV-1 PR. Time series of
the Cα RMSD from the X-ray structure of HIV-1 PR (PDB code
2HS1) during one of the three Apo1 runs. (Top) All 99 residues;
(middle) without termini, i.e., considering only residues 11−90;
(bottom) without termini and ﬂap, i.e., considering only residues 11−
45 and 56−90. The other 11 Apo1−4 runs show similar RMSD time
series (Figures S1 and S2).

Figure 4. Map of DRV/HIV-1 PR monomer contact frequencies.
(Top) Contact frequency as a function of HIV-1 PR residue number.
The binding site residues and sites of mutations are emphasized by
green rectangles and black circles, respectively. Note that the very high
overlap for more than half of the residues indicates that the contact
frequency has reached convergence, and the diﬀerences between the
mutants V32I/L33I (black line) and V32I/L33F/I54M/V82I (red
line), e.g., at the ﬂap residues 46−55, are statistically signiﬁcant.
(Middle) Map of contact frequencies for the mutant V32I/L33I.
(Bottom) Map of contact frequencies for the mutant V32I/L33F/
I54M/V82I. The contact frequency is the percentage of MD snapshots
in which the center of mass of any of the two DRV molecules is within
10 Å of any residue of monomeric HIV-1 PR. For V32I/L33I and
V32I/L33F/I54M/V82I, 98 MD runs for a total of 1.8 μs and 87 MD
runs for a total of 2.5 μs were used, respectively. All ﬁgures with
structures were prepared by pyrol.46

5 to 50 ns time scale (Figure S5), which is consistent with
NMR spectroscopy data for the monomeric R87K mutant14
and dimeric HIV-1 PR.39,40
3.2. DRV Binding to Monomeric HIV-1 PR. To eﬃciently
explore the association of DRV to monomeric HIV-1 PR, two
sets of simulations were carried out. First, a total of 185 MD
runs, of 15 to 30 ns each, were started from two DRV
molecules initially positioned and oriented randomly with
respect to monomeric HIV-1 PR in the simulation box (runs
called Rand1 and Rand2 with mutants V32I/L33I and V32I/
L33F/I54M/V82I, respectively, see Table 1). Only two DRV
molecules (concentration of 15 mM) were used to avoid
aggregation. Overall, DRV associates mainly to the ﬂap and
residues of the substrate binding site (Figure 4).
In the second set of simulations, 20 independent MD runs of
60 ns each were started from each of the two orientations of
DRV in the active site as derived from the X-ray structure of the
complex with mature HIV-1 PR.19 Since DRV is not a
symmetric molecule, two possible binding modes to the
monomer exist, and both modes were used in the simulations

(called X1 and X2, Table 1). Analysis of the 40 X1,2 runs
reveals that multiple poses exist close to the residues of the
substrate binding site. The cut-based free energy proﬁle
analysis37 reveals two major free energy basins for DRV
binding to monomeric HIV-1 PR (Figure 5). The barrier to
unbinding from the most populated binding mode (called
MD1) is about 3 kcal/mol. Remarkably, in eight of the 40 X1,2
1789
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Figure 5. Binding modes of DRV into the HIV-1 PR monomer. (Top)
The MD1 (left) and MD2 (right) poses of DRV (stick model, carbon
atoms in orange) into monomeric HIV-1 PR (surface model with
green, blue, and red patches corresponding to C, N, and O atoms,
respectively). (Bottom) Cut-based free energy proﬁle37 of DRV
binding. The most populated pose, i.e., most populated MD1 cluster,
is used as a reference and the value of the reaction coordinate is zero
for it. The 4500 data points correspond to the 4500 clusters obtained
by DRMS clustering of the 240 000 snapshots of the X1 and X2 runs
using a threshold of 2 Å.
Figure 6. Comparison of binding mode of DRV to monomeric HIV-1
PR obtained by MD simulations (MD1) with the X-ray structure of
the complex with dimeric HIV-1 PR. (Top) Overlap of DRV in the
binding mode MD1 (stick model, carbon atoms in orange) to the Xray structure of the complex with mature HIV-1 PR (carbon atoms in
yellow). The two binding modes are superimposed using the Cα
atoms of HIV-1 PR excluding the residues at the termini and ﬂap
which are ﬂexible. The monomeric HIV-1 PR structure (snapshot
from the MD runs) is rendered by green ribbons, while the X-ray
structure of dimeric HIV-1 PR is not shown for clarity. (Bottom) Twodimensional illustration of the MD1 binding mode. The red dashed
lines are the most frequent hydrophobic contacts between DRV and
individual residues of monomeric HIV-1 PR during the 2.5 μs of the
elongated runs started from the MD1 binding mode. The program
LIGPLOT was used to prepare this picture.45

simulations, DRV reaches spontaneously the MD1 binding
mode (with DRMS < 2 Å, Figure S6), which is preserved until
the end of the runs (see also subsection 3.3. Validation of Most
Populated Binding Mode of DRV to Monomeric HIV-1 PR). A
metastable binding mode (called MD2) is reached in 10 of the
40 X1,2 simulations, but in about ﬁve of them, it is not
preserved until the end of the runs (Figure S6). The reduced
stability of the MD2 pose is due, at least in part, to the
orientation of the bis-tetrahydrofuran group which is exposed
to solvent (Figure 5, top right). The comparison of MD1 with
the binding mode in the X-ray structure of the homodimer
(Figure 6) shows that DRV is not in contact with Asp25 (the
residue of the catalytic dyad in mature homodimeric HIV-1
PR). The lack of direct interactions with Asp25 is consistent
with the DRV inhibition of dimerization of the Asp25Ala
mutant as measured by a cellular assay based on intermolecular
FRET.9 Another interesting feature of the MD1 binding mode
is that the sulfonyl-(2-methylpropyl)amino moiety moves to
the position originally occupied by the ﬂap of the other
monomer when in dimer format. As a consequence, the
dimerization is likely to be hindered because the two ﬂaps
cannot associate (Figure 7). Another possible scenario is that
the plasticity of the ﬂap could allow for association with another
monomer but with a signiﬁcantly distorted active site and/or
reduced stability of the dimeric state, and the presence of DRV
would prevent substrate binding. In this context, it is important

to note that the extensive interactions between Darunavir and
the ﬂap signiﬁcantly reduce the ﬂexibility of the latter as
evidenced by smaller Cα atomic ﬂuctuations (black dash line,
Figure 2). The bis-tetrahydrofuran moiety binds at a similar
position to that in the mature HIV-1 PR but with a diﬀerent
orientation. Its carbon atoms are involved in hydrophobic
interactions with the Ile residues 32, 47, and 84 (Figure 6,
bottom). However, since the substrate binding site is more
solvent-exposed in the monomer than in the dimer, only one of
the two hydrogen bonds involving the bis-tetrahydrofuran
oxygens (and backbone NH groups of Asp29 and Asp30) is
preserved but becomes a water-bridged hydrogen bond (Figure
1790
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Figure 7. Binding of DRV to monomeric HIV-1 PR prevents dimerization. In these stereoviews DRV is shown by a yellow van der Waals surface,
while the HIV-1 PR structure is rendered by a ribbon model with diﬀerent colors for the two monomeric subunits. (Top) X-ray conformation of the
complex between DRV and mature HIV-1 PR (PDB code 2HS1).19 The bound DRV ﬁts in the active site without aﬀecting the ﬂap interface.
(Middle) DRV in the MD1 binding mode interferes with the dimerization of the ﬂaps. The X-ray structure of dimeric HIV-1 PR (red, only one
subunit is shown) is superimposed to monomeric HIV-1 PR (green) using the Cα atoms without the termini and ﬂap. (Bottom) Same as middle for
binding mode MD2.

elongated trajectories with a DRMS almost always smaller than
2.0 Å (Figure 8 and Figure S10) except for a transient opening
of the ﬂap over about 30 ns in one of the ﬁve runs. Moreover,
the interactions between DRV and the hydrophobic side chains
in the substrate binding site of monomeric HIV-1 PR are
preserved (Figure S11). The stability of the MD1 binding mode
was also checked using the Amber force ﬁeld.42 Despite a slight
shift and reorientation of the phenyl group, which results in a
DRMS deviation of 2.2 Å from the MD1 pose obtained by the
CHARMM force ﬁeld, the main interactions of the MD1
binding mode are preserved. Furthermore, the time series of
DRMS shows that the “Amber-reﬁned” MD1 pose is stable
over a time scale of 0.5 μs (Figure S12).
3.4. Analysis of a DRV-Resistant Mutant. The
simulations with random initial positions and orientations of
DRV with respect to monomeric HIV-1 PR were carried out
with two mutants V32I/L33I and V32I/L33F/I54M/V82I. The
V32I/L33F/I54M/V82I mutant forms mature (i.e., dimeric)
HIV-1 PR even in the presence of a 1 μM concentration of

S7). On the other hand, there is a direct hydrogen bond
between one of the two sulfonamide oxygens and the backbone
NH of Ile50 at the ﬂap tip (Figure S8). Moreover, both phenyl
rings of DRV are in van der Waals contact with the side chain
of Ile50.
Finally, the binding mode at the exterior surface of the ﬂap
observed by X-ray crystallography19 was assessed by 20
independent MD runs of 20 ns each. Notably, DRV unbinds
from this site in 14 of the 20 runs (characteristic unbinding
time of about 13 ns, Figure S9). This result is consistent with a
kinetic binding study by surface plasmon resonance21 and
provides further evidence that the binding site at the ﬂap
surface is a crystal packing eﬀect.41
3.3. Validation of Most Populated Binding Mode of
DRV to Monomeric HIV-1 PR. The kinetic stability of the
binding mode MD1 was further assessed by elongating ﬁve of
the eight MD simulations that had spontaneously reached the
MD1 binding mode. Strikingly, in all ﬁve runs, the MD1
binding mode is stable over the 0.5 μs time scale of the
1791
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particularly interesting because its antiviral activity is not
reduced by a large number of HIV-1 PR mutants, including
clinical HIV strains isolated from AIDS patients. Inhibition of
HIV-1 PR dimerization by DRV has been suggested as one of
the reasons for the high genetic barrier against HIV’s
attainment of resistance to DRV,9 but there is no direct
experimental evidence of the binding of DRV to monomeric
HIV-1 PR (e.g., a crystal structure of the complex). Moreover,
the evidence for the stability of the monomeric fold is not
deﬁnitive, as it is based on NMR spectroscopy data of mutants
that destabilize the dimerization interface14−16 and short MD
simulations of the wild type.10,11
Here, multiple MD simulations of monomeric HIV-1 PR in
the absence and presence of DRV were carried out to assess the
structural stability of the monomer and identify the binding
mode(s) of DRV, respectively. Three main results emerge from
the analysis of a total of nearly 12 μs of explicit solvent MD
sampling. First, excluding the ﬂexible termini, the structure of
monomeric HIV-1 PR is stable over a 0.1 μs time scale (12 MD
runs without DRV) and is essentially identical to the one
observed in the X-ray structure of the dimer. The RMSD of the
80 nonterminal Cα atoms is almost always smaller than 3.0 Å
and smaller than 2.0 Å if one also excludes the 10 residues at
the ﬂap (Figure 3). The structural stability of monomeric HIV1 PR (with bound DRV) is also observed over a 0.5 μs time
scale in multiple MD simulations and with two diﬀerent force
ﬁelds.
Second, the MD simulations reveal a major binding mode to
monomeric HIV-1 PR which is diﬀerent from those in the
crystal structure of the complex with mature HIV-1 PR. It is
located at the substrate binding site and is mainly stabilized by
the following hydrophobic interactions: the DRV isopropyl
group with Ile32, Ile47, and Ile84; the DRV phenyl ring with
Ile50 and Val82; the DRV aniline with Ile50, Ile54, Pro79, and
Thr80; and the DRV bis-tetrahydrofuran group with Ala28,
Ile32, Ile47, and Ile84 (Figure 6). The kinetic stability of this
binding mode is further validated by ﬁve independent MD runs
of 0.5 μs each during which the aforementioned intermolecular
contacts are preserved (and the DRMS almost never exceeds
2.0 Å, Figure 8). Thus, the MD simulations show multiple
stable interactions between DRV and several residues at the
ﬂap. These intermolecular interactions are likely to sterically
interfere with the formation of the ﬂap contacts which are
present in the dimeric structure of the mature enzyme.
Mutations at the ﬂap residues Ile50 and Phe53 have been
shown to aﬀect the stability of the wild type dimer.43 The MD
simulation results and in particular the major binding mode
suggest that interactions between DRV and the ﬂap prevent the
association of the ﬂap of the other monomer (Figure 7) by a
steric eﬀect similar to the one of destabilizing mutations.
Third, two mutants V32I/L33I and V32I/L33F/I54M/V82I
were investigated in detail because dimerization of the former is
inhibited by DRV while the latter is not.9 Multiple simulations
starting from diﬀerent initial positions and orientations of DRV
show similar patterns of association to most of the HIV-1 PR
surface. The largest diﬀerences in the contact maps are
observed for residues 54 and 82, which bind DRV more in
the case of monomeric V32I/L33I HIV-1 PR than for the
V32I/L33F/I54M/V82I mutant (Figure 4). The less frequent
binding of DRV to the mutant V32I/L33F/I54M/V82I is
consistent with the reduced inhibition of dimerization
measured by a FRET-based HIV-1 expression assay.9

Figure 8. Spontaneous binding of DRV to monomeric HIV-1 PR and
stability of the MD1 binding mode. (Left) Time series of DRMS from
the MD1 binding mode for two of the eight runs that reached it
spontaneously. The time series in the bottom refers to an elongated
run and shows that the MD1 binding mode is stable over a time scale
of 0.5 μs. Other time series of DRMS for the elongated runs are shown
in Figure S10. (Right) Four MD snapshots extracted from one of the
runs. DRV is shown by sticks with carbon atoms in orange, while
monomeric HIV-1 PR is shown by a gray ribbon with the ﬂap region
in four diﬀerent colors corresponding to the circles along the time
series. Note that the MD1 binding mode is stable despite the motion
at the ﬂap and terminal segments.

DRV, while the dimerization of the V32I/L33I mutant is
inhibited already at a DRV concentration of 0.1 μM.9 The
simulations show that DRV interacts with various positions of
the monomeric HIV-1 PR surface. The frequencies of contact
with more than 60 residues are higher than 30% for both
mutants, which is likely due to the high concentration of DRV
(15 mM) in the simulation box. Importantly, the contact
frequencies comparison (Figure 4) shows that the largest
diﬀerences between the two mutants are in the segments 45−
57 and 79−83, which bracket the two residues that are diﬀerent
between these two mutants. In the MD1 binding mode
(mutant V32I/L33I), there are favorable hydrophobic interactions between the side chains of Ile54 and the aniline ring of
DRV as well as Val82 and the phenyl ring of DRV (Figure 6,
bottom), which are less stable for the V32I/L33F/I54M/V82I
mutant.
Finally, it was veriﬁed (by two simulations of 0.5 μs each)
that the mutations in V32I/L33F/I54M/V82I do not prevent
dimerization by a comparison of homodimeric HIV-1 PR wild
type and the eight-point mutant V32I/L33F/I54M/V82I/
V32′I/L33′F/I54′M/V82′I. The similar RMSD values and
essentially identical RMSF proﬁles along the sequence (Figure
S13) show that the structural stability and ﬂexibility,
respectively, are not inﬂuenced by the additional point
mutations. Taken together, the simulation results obtained
with monomeric and dimeric HIV-1 PR indicate that the
resistance to DRV of the V32I/L33F/I54M/V82I variant is due
to reduced binding of DRV to its monomeric structure rather
than a lack of dimerization.

4. CONCLUSIONS
Among the many inhibitors of HIV-1 PR, 10 of which are in
clinical use to treat AIDS, the drug DRV (Figure 1) is
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Taken together, the stable binding mode to monomeric HIV1 PR revealed by this MD study and experimental data, in
particular the FRET measurements of inhibition of dimerization by DRV and kinetic binding studies, provide a possible
explanation for the high genetic barrier and broad eﬃcacy of
DRV against HIV strains resistant to other HIV-1 PR
inhibitors. The concentration of DRV in plasma is >4 μM in
the patients treated by DRV and ritonavir, while in vivo
concentration of HIV-1 PR is <50 nM.8 Given the high
concentration of DRV and low concentration of HIV-1 PR in
plasma, a micromolar aﬃnity of DRV for the monomer should
be suﬃcient to signiﬁcantly prevent the dimerization process. In
addition, DRV has a conventional mechanism of inhibition of
mature HIV-1 PR by strong binding to the active site. This
mechanism plays the main role for the wild type because of the
very high aﬃnity of DRV for dimeric HIV-1 PR (dissociation
constant smaller than 1 nM) and the very slow oﬀ-rate.21 The
dissociation constant of the homodimer/monomer equilibrium
of wild type HIV-1 PR is about 10 nM, and binding of DRV
further stabilizes the dimer44 so that DRV does not disrupt
mature HIV-1 PR. For some multidrug-resistant HIV-1 PR, a
decrease in DRV binding aﬃnity by a factor of about 1000 but
full antiviral activity have been reported.21 It is likely that for
these clinical isolates not only the potency of DRV for the
mature HIV-1 PR weakens but at the same time the dimer
stability decreases. Thus, the main mechanism becomes less
important, and the second mechanism, i.e., binding to the
monomeric form of the protease and inhibition of dimerization,
becomes dominant. With this dual mechanism, DRV antiviral
activity does not change unless the mutations not only interfere
with binding to the dimer but also to the monomer and/or lead
to a more stable dimer. However, the chances for such mutants
are signiﬁcantly lower than in the case of a single mechanism of
inhibition. Therefore, the dual mechanism of inhibition, i.e.,
binding to both dimer and monomer species, explains the
superior resistance proﬁle of DRV.
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