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Abstract Drug resistance is a very important factor
contributing to the failure of current HIV therapies. The
ability to understand the resistance mechanism of HIV-
protease mutants may be useful in developing more
effective and longer lasting treatment regimens. In this
paper, we report the first computational study of the
clinically relevant E35D mutation of HIV-1 protease in its
unbound conformation and complexed with the clinical
inhibitor amprenavir and a sample substrate (Thr-Ile-Met-
Met-Gln-Arg). Our data, collected from 10 ns molecular-
dynamics simulations, show that the E35D mutation results
in an increased flexibility of the flaps, thereby affecting the
conformational equilibrium between the closed and semi-
open conformations of the free protease. The E35D
mutation also causes a significant reduction of the
calculated binding free energies both for substrate and
amprenavir, thus giving a plausible explanation for its
ability to increase the level of resistance. One possible
explanation for the emergence of this mutation, despite its
unfavorable effect on substrate affinity, might be the role of
E35D as an escape mutation, which favors escape from the
immune system in addition to conferring drug resistance.

Keywords HIV-1 protease . E35D mutant . Molecular
dynamics . MM/PBSA . Drug resistance

Introduction

The Human Immunodeficiency Virus Type-1 (HIV-1),
which causes acquired immunodeficiency syndrome
(AIDS), is a member of the retrovirus family [1]. HIV-1
protease (PR), part of the aspartic protease family of
enzymes, is essential for replication and assembly of the
virus. Inactivation of the HIV-1 protease leads to the
production of non-infectious viral particles [2]. This viral
protein is a homodimer composed of two identical
polypeptides of 99 amino acids (Fig. 1a) [3]. The active
site is formed at the dimer interface and contains two
catalytic aspartic-acid residues.

In recent years, HIV protease has become an important
target for the design of antiviral agents for AIDS
treatment. However, a major problem shared by current
therapies is the rapid development of resistance to
antiretroviral drugs by genetic mutation. Mutations can
either occur at active-site or non-active-site locations in
HIV-1 protease and can also confer different levels of
resistance. Primary mutations confer resistance directly to
one or more protease inhibitors, whereas secondary
mutations only contribute to resistance and often occur
together with primary ones or in synergistic form with
other secondary mutations. Generally, both types of
mutations arise as a consequence of the selective pressure
exerted from the medication of protease inhibitors and
result in variants of HIV protease that exhibit a decreased
binding affinity for inhibitors. One example for the group
of secondary non-active-site mutations is E35D, which is
observed after treatment of HIV patients with amprenavir
(APV) and ritonavir [4].

At least four alternative pathways leading to the
development of APV resistance have been identified: the
I50V mutation, the V32I mutation plus the I47V mutation,
the I54L/M mutation, or, less commonly, the I84V
mutation [5, 6]. In addition to these primary mutations,
the accumulation of several additional secondary muta-
tions, including E35D, has been shown to increase the level
of resistance and to lead to a clear decrease in viral
response to treatment [4].
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To rationalize the effects of the E35D mutation on an
atomic level, molecular-dynamics simulations of wild-type
and E35D mutant HIV-1 protease were performed for the
unbound conformation and complexed with the clinical
inhibitor amprenavir and a sample substrate (Thr-Ile-Met-
Met-Gln-Arg). In addition, the protease-ligand interaction
energies were calculated for wild-type and mutant protease
using the MM/PBSA approach. Similar investigations have
been carried out previously for several active-site [7–9] and
non-active-site [8, 9] mutants and have provided valuable
insight into the molecular mechanisms underlying drug
resistance.

Materials and methods

Preparation of starting structures

The starting structures of the protease-drug and the
protease-substrate complexes were taken from the Protein
Data Bank (PDB). The PDB entries were 1HPV for
protease complexed with amprenavir [10] (APV) and
4HVP for the protease with bound substrate analogon [11].
The structure of the substrate was generated from the
4HVP crystal structure containing a substrate analog
(MVT-101) by replacing the uncleavable CH2NH linkage
between Nle–Nle by a Met–Met peptide bond, leading to a
substrate (Acetyl-Thr-Ile-Met-Met-Gln-Arg) as described
previously [8, 12]. As no high-resolution crystal structure
of an unliganded HIV-1 protease is available, the starting
structures of the unbound form were generated by deleting
the inhibitor from the APV-bound form following a
common approach [7, 13]. The E35D mutant structures
were generated using Swiss PDB Viewer [14]. All water
molecules present in the crystal structures were maintained
throughout the preparation process.

Molecular dynamics simulations

All molecular dynamics (MD) simulations presented in this
work were performed using the AMBER 7 program [15,
16] with the parm99 force field [17, 18] and the TIP3P
water model [19]. For the organic compound APV, the
general AMBER force field (gaff) [20] was used, and
missing parameters and partial atomic charges were taken
from a previous quantum mechanical parameterization of
APV [8].

Simulations were performed in a periodic water box with
at least 10 Å of solvent around every atom of the solute. An
appropriate number of counterions was added to neutralize
the charges of the systems, and the Particle Mesh Ewald
summation method [21] was employed to calculate the
long-range electrostatic interactions. All structures were
minimized in a three-step procedure using the SANDER
module of AMBER following a previously established
protocol [8].

MD simulations were performed using the SHAKE
procedure [22] to constrain all bonds involving hydrogen
atoms. The integration time step of the simulation was 1 fs,
and an 8.5 Å cutoff was used for the non-bonded
interactions, which were updated every 15 steps. The
temperature of each system was gradually heated to 298 K
during the first 10 ps. Subsequently, 10 ns MD simulations
were performed for data collection.

For the visualization and structural analysis of the
programs Sybyl 6.9 [23], IsisDraw [24], DS ViewerPro
Suite 6 [25], AMBER [16], and X-PLOR [26] were used.

Calculation of binding energies

The binding free energy ΔGb was calculated according to
the standard MM/PBSA approach [27, 28], which is briefly

Fig. 1 a The structure of the dimeric HIV-1 protease in complex
with Amprenavir [10]. The inhibitor, the two catalytic aspatates
(D25, D25’), the flap water molecule, and residues G48 and I50
that are important for ligand binding are shown as stick pre-

sentation. Residues E35 (green) and R57 (yellow) are shown in
space-filled presentation. b Enlargement showing the salt bridge
between Glu35 and Arg57. c Enlargement showing the Lewis
structure of Amprenavir
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recapitulated here for the sake of completeness. ΔGb is
calculated according to Eq. 1:

ΔGb ¼ ΔGMM þΔGsol � TΔS; (1)

where ΔGMM is the molecular mechanics (MM)
interaction energy between protein and ligand, ΔGsol is
the solvation free energy, and −TΔS is the conformational
entropy contribution to the binding. ΔGMM is calculated
from the MM interaction energies (Eq. 2):

ΔGMM ¼ ΔGele
int þΔGvdw

int ; (2)

where ΔGele
int and ΔGvdw

int are the electrostatic and van
der Waals interaction energies between the ligand and the
receptor, respectively, which are calculated using the
SANDER module in AMBER. Analogously, the solvation
free energy, ΔGsol , can be divided into two parts, the
electrostatic (ΔGele

sol ) and nonpolar (ΔGnonpolar
sol ) contribu-

tions (Eq. 3).

ΔGsol ¼ ΔGele
sol þΔGnonpolar

sol (3)

The electrostatic contribution to the solvation free
energy is calculated via the DelPhi 4 software package
[29], which solves the Poisson–Boltzmann equations
numerically and calculates the electrostatic energy accord-
ing to the electrostatic potential. The nonpolar contribution
to the solvation free energy is computed as a linear function
of the solvent accessible surface area (SA) [30].

ΔGnonpolar
sol ¼ γSAþ b; (4)

with γ=0.00542 kcal mol−1 Å−2, and b=0.92 kcal mol−1.

One particular structural feature of HIV-1 protease is
the presence of a structural water molecule that bridges
the protease flaps with the ligand [10, 11]. Previous
studies have demonstrated that explicit consideration of
this water molecule is crucial for the calculation of ΔGb

[31]. Thus, this particular water molecule was explicitly
included in our MM/PBSA calculation, while the other
water molecules were removed before the analysis
calculation according to the standard MM/PBSA ap-
proach.

Epitope prediction analysis

SYFPEITHI [32], a database of MHC ligands and
peptide motifs (http://www.syfpeithi.de/), was used for
the epitope prediction. The underlying method relies on
the scoring of binding motifs. In particular, the
SYFPEITHI matrix applied here is based on the
observed amino acid frequencies and the positions of
primary anchors to each amino acid at each position in

the peptide. The MHC class I molecule (HLA-B*4402)
was considered into our analysis.

Results and discussion

Stability of the MD trajectories

Examination of the trajectories obtained from the six MD
simulations performed for wild-type and E35D proteases
(Fig. 2) shows that all systems deviated to a quite similar
extent from their starting structures, resulting in a backbone
RMSD of approximately 1.0–1.9 Å after 10 ns. The
magnitude of the fluctuations is in the same range as those
reported in other recent simulations of HIV-1 protease [7, 8,
31]. One can, therefore, conclude that the simulation runs
produced stable trajectories that should provide a suitable
basis for the subsequent analyses.

Analysis of the interactions at the site of mutation

In wild-type HIV-1 protease, E35 forms a salt bridge to
R57 (Fig. 1b). Although glutamate and aspartate can in
principle form the same type of electrostatic side-chain
interactions, previous model building based on the static
crystal structure of HIV-protease suggested that the shorter
side chain of aspartate, compared to glutamate, might result
in a larger distance of the charged groups of residues 35 and
57 and, thus, lead to a weaker interaction (data not shown).
Therefore, the presence of the salt bridge during the MD
simulation was investigated in detail by monitoring the
distances between the E/D35 side chain oxygens and the
R57 side-chain nitrogens (Fig. 3).

From the panels in Fig. 3, it can be seen that short
distances of <3.2 Å between the charged heavy atoms,
which are indicative for the presence of a stable salt bridge,
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Fig. 2 RMSD of the protease backbone atoms to the starting
structure as a function of the simulation time for unliganded (a),
substrate-bound (b), and APV-bound (c) protease. Black: WT-
protease; red: E35D mutant
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are more frequently observed in the simulations of the wild
type.

One example, from which this different behavior
becomes particularly evident, is subunit 1 of the sub-
strate-bound protease (Fig. 3b). While a stable salt bridge is
formed in the wild-type over the entire simulation time, the
mutant exhibits stable salt bridges only over short periods
of the simulation time (0–1.0 ns, 8.3–9.3 ns). Interestingly,
this decreased stability of the salt bridge in the mutant is
observed in all simulations, regardless of the type of
substrate bound, and also for the unbound protease (Fig. 3;
Table 1; Table S1).

The fact that the E35D mutation is located far from the
active site and the ligand-binding pocket poses the question
by which mechanism this mutation actually confers
resistance to the protease. For that purpose, several
analyses were performed focusing on structural features
like local RMSD values, hydrogen-bonding pattern, and
length of the secondary-structure elements. Most of these
analyses proved similar properties of wild-type and mutant
protease and are, therefore, not discussed in detail in this
paper. The most prominent differences between wild-type
and mutant protease were observed in the flap region and
are, therefore, presented in detail below.

Effects of the E35D mutation on the flaps of HIV
protease

R57 is located in the antiparallel β-sheet that is part of the
protease’s flaps (Fig. 1). The flaps represent a functionally
important segment that must open to allow substrate access
to the active site. Once the appropriate region of the
polyprotein is in the active-site, the flaps must close over
the substrate to allow cleavage. In the crystal structures of
ligand-bound protease, the flaps are in a closed conforma-
tion and residues of the flap contribute crucial interactions
to substrate or inhibitor binding [10, 11].

In contrast, the flaps of the unliganded protease in
solution have been shown by nuclear magnetic resonance
(NMR) relaxation studies to be mobile and to move on the
100-μs timescale [33]. Ishima et al. also observed reduced
15N R2 and NOE values for flap residues (Gly49, Ile50,
Gly51 and Gly52) that were interpreted as a rapid
conformational exchange, on a timescale <<10 ns. This
high flexibility can be rationalized by the sequence of the
Met-Ile-Gly-Gly-Ile-Gly-Gly-Phe-Ile turn that connects the
two strands of the β-sheet.

Recent MD simulations on the nanosecond timescale [7,
34] were able to detect flap-opening motions of HIV
protease and pointed out the likely role of these motions in
context with the emergence of drug resistance. We have
analyzed flap motions in an identical fashion as Perryman
et al. [7] by measuring the distances between residue I50
(Cα) located at the tip of the flap and the catalytic residue
D25(Cβ) (Fig. 4).

Comparison of the distances between the unliganded
wild-type and mutant protease clearly shows that the
mutant’s flaps open farther during the simulation (Fig. 4a).
According to a previous definition [7] deduced from a
crystal structure of a semi-open form of HIV protease (pdb
code: 1HHP) [35], an I50(Cα)–D25(Cβ)>15.8 Å corre-
sponds to a semi-open conformation.

While for the wild-type the corresponding distance stays
below this threshold over almost the entire simulation time,
this threshold is permanently exceeded for both flaps of the
mutant during the last third of the simulation time. Thus, a
semi-open conformation is observed for the mutant, but not
for the wild-type at the end of the simulation time. The final
distances reached in the mutant at the end of the simulation
are in the range from 18 to 21 Å, which is very similar to
the distances observed in a previous 22-ns simulation of the
V82F/I84V double mutant that mediates drug resistance
[7]. This suggests that the E35D mutation also affects the
equilibrium between semi-open and closed conformations,
which might represent one mechanism of drug resistance
for this mutant.

We also analyzed whether opening of the flaps is also
observed in the presence of bound ligands. Analysis of the
substrate- and APV-bound proteases (Figs. 4b and c) shows
that the I50(Cα)–D25(Cβ) distance is <15.8 Å over the
entire simulation time, indicating that the protease adopts a
closed conformation. This finding is not unexpected, as
numerous stabilizing interactions between the flaps of the
protease and the bound ligand exist.

3Fig. 3 Distances between the side chain oxygens of E/D35 and the
side chain nitrogens of R57. Protease: a unliganded, b complexed
with SUB, and c complexed with APV. The upper diagram panels
show the WT and the lower parts the mutated systems. The color
coding is as follows: E=D35 O"1=O�1ð Þ � R57 N�1

� �
; black;

E=D35 O"1=O�1ð Þ � R57 N�2

� �
; red;

E=D35 O"1=O�1ð Þ � R57 N"ð Þ; green;
E=D35 O"1=O�2ð Þ � R57 N�1

� �
; blue;

E=D35 O"1=O�2ð Þ � R57 N�2

� �
; yellow;

E=D35 O"1=O�2ð Þ � R57 N"ð Þ; brown

Table 1 Electrostatic interaction energy between the E/D35 and
R57 side chain in both subunits of HIV-1 protease

Energya [kcal mol−1]

Protease Ligand Subunit 1 Subunit 2
WT Free −45.45±13.13 −27.44±16.30
E35D Free −39.64±7.28 −8.30±7.59
WT SUB −35.61±8.64 −38.33±16.03
E35D SUB −11.74±12.54 −34.09±7.43
WT APV −40.57±13.86 −48.38±7.10
E35D APV −40.97±7.37 −9.52±8.75
aThe electrostatic energy was calculated with the AMBER parm99
force field using a distance-dependent dielectric constant. Water
molecules and ions were not included. Mean energy values and
standard deviations are based on a total of 10,000 structures
collected over the simulation time
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Subsequently, we analyzed whether these stabilizing
interactions are affected by the increased mobility of the
flaps that became evident from the simulation of the
unbound protease (Fig. 4a). For this purpose, we
concentrated on two key interactions that are crucial for
substrate and inhibitor binding. The crystal structure of
HIV protease in complex with a substrate-based inhibitor
(pdb code: 4HVP) [11], which was used as starting
structure in our simulation, exhibits a hydrogen bond
between the carbonyl oxygen of G48 of the protease’s flap
and the amide proton of the second residue (I201 in our
simulation) of the bound ligand. While this hydrogen bond
is stable in the wild-type protease over the entire simulation
time (Fig. 5a), larger fluctuations are observed for the
mutant protease, suggesting a weaker binding of the
substrate.

A similar behavior is observed in the simulation of the
APV-bound protease (Fig. 5b). For this complex we have
monitored the distance between the amide proton of I50
located in the flap and the sulfonyl-oxygen (O5) of APV.
The interaction between the two groups is mediated by a
water molecule (‘flap-water’; Fig. 1) and has been reported
to be crucial for tight APV binding [10]. While the distance
between I50(HN) and APV(O5) remains quite constant and
similar to that observed in the crystal structure (3.91 Å), a
large fluctuation is observed for the mutant at the end of the
simulation (Fig. 5b), indicating that this interaction no
longer exists.

As evident from Fig. 4c, the loss of this interaction is not
accompanied by an opening of the flap. Inspection of the
backbone geometry of the flap reveals that the loss of this
interaction is rather caused by a local change of the ϕ-angle
of residue I50 from −73° in the starting structure to ∼ +60°
during the simulation of the APV-bound mutant.

Binding energy calculation

To estimate the effect of the loss of protease–ligand
interactions in the E35D mutant on the binding free energy
for substrate and APV, an MM/PBSA analysis was
performed using 100 snapshots from the last 1 ns of the
MD simulation. The calculated binding energies for APV
in Table 2 show that the E35D mutation weakens the
interaction between protease and inhibitor. The major
contribution to this weaker interaction energy comes from
the electrostatic energy term, which is consistent with our
observation that the motions of the flap affect hydrogen
bonds between the protease and the ligand. Interestingly,
the E35D mutant also has a significant effect on the
substrate binding affinity (Table 2). The decrease of the
interaction energy with the substrate is even larger than that
observed for APV, suggesting that the E35D mutant has a
negative effect on the catalytic activity of the protease.

A quantitative analysis of the effects of the E35D
mutation on the binding free energies would require a
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consideration of entropic effects. As quantitative measures
of entropic contributions are inherently difficult to obtain,
we only performed a qualitative estimate of the conforma-
tional entropy contributions of the wild-type and mutant
protease on the binding free energy: The conformational
entropy of the ligand-bound wild-type and mutant protease
appear to be similar, as none of them are observed to
undergo larger conformational changes over the entire
simulation time. In contrast, a semi-open flap conformation
is observed for the unliganded mutant, but not for the
unbound wildtype protease. Therefore, the loss of
conformational entropy upon ligand binding is expected
to be larger in the mutant protease than in the wild-type

protease. As this effect is not taken into account in Table 2,
the calculated differences of the binding free energies
(15.58 and 6.89 kcal mol−1 for SUB and APV, respectively)
are expected to underestimate the magnitude of the affinity
decrease caused by the E35D mutant.

Putative selective mechanisms promoting
the emergence of the E35D mutation

The large effect of the E35Dmutation on the affinity for the
substrate poses the question whether the selective pressure
arising from APV treatment alone is sufficient for the
emergence of the E35D mutation and suggests that
additional selection mechanisms might be involved.

Recent studies have shown that, besides the selective
pressure exerted by antiviral agents, immunological pres-
sure represents a second cause for the emergence of
mutations in HIV protease [36–38]. The latter pressure is
exerted by the immune system, in which human leucocyte
antigens (HLA) bind peptide epitopes originating from the
HIV protease and presents them on the cell surface, thus
triggering the cellular immune response. “Escape muta-
tions” in the corresponding epitopes or the HIV protease
impede this recognition process and lead to a suppression
of the cellular immune response.

A role as escape mutation is quite plausible for E35D,
because it is located in an epitope (EEMSLPGRW) that is
recognized by HLA allele B44 [39]. In addition, E35 is the
N-terminal anchoring residue of this epitope, underlining
its importance for HLA binding [39, 40]. To substantiate
this hypothesis, we have calculated the probability that the
wild-type and mutant sequences (EEMSLPGRW and
EDMSLPGRW) represent HLA-B44 epitopes. The score,
which indicates the likelihood of an interaction with HLA-
B44, is significantly decreased by a factor of two,
indicating that this mutant very likely facilitates escape of
the virus from the immune system. Thus, this mutation is
expected to arise preferentially when both selective
pressure and immunological pressure exist in an infected
host.

Conclusions

In summary, our data show that the E35D mutation causes
an increased flexibility of the flaps, thereby affecting the

0 1 2 3 4 5 6 7 8 9 10
time [ns]

0

0.5

1

1.5

2

2.5

3

3.5

4
D

is
ta

nc
e

[Å
]

a

0 1 2 3 4 5 6 7 8 9 10
time [ns]

2

3

4

5

6

7

8

D
is

ta
nc

e
[Å

]

b
Fig. 5 Distance between a residue G48(O) and the substrate residue
I201(HN), and b residue I50 (HN) to APV(O5) as a function of the
simulation time. Black curves correspond to the wild-type and red
curves to the mutant system

Table 2 Binding free energies (in kcal mol−1) of the HIV-1 protease (WT and E35D) associated with substrate (SUB) and amprenavir
(APV), calculated using the MM/PBSA strategy as described in the Materials and methods section

�Gvdw
int �Gele

int �Gnonpolar
sol

�Gele
sol

�Ga
b

WT-protease-SUB −78.42 −91.51 −6.25 123.45 −52.73
E35D-protease-SUB −84.12 −73.81 −6.89 127.67 −37.15
WT-protease -APV −58.81 −50.82 −5.00 37.69 −76.94
E35D-protease-APV −56.30 −49.36 −4.89 40.50 −70.05

a�Gb ¼ �Gvdw
int þ�Gele

int þ�Gnonpolar
sol þ�Gele

sol
The entropic contribution, −TΔS, is not included (see text for details)
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conformational equilibrium between the closed and semi-
open conformations of the free protease. In addition, the
mutation results in a decreased affinity for both the
substrate and the inhibitor APV, thus giving a plausible
explanation for its ability to increase the level of resistance.
One possible explanation for the emergence of this
mutation despite its unfavorable effect on substrate affinity
might be that E35D plays a role as an escape mutation that
favors escape from the immune system in addition to
conferring drug resistance.
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