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ABSTRACT HIV-1 protease is most active un-
der weakly acidic conditions (pH 3.5–6.5), when the
catalytic Asp25 and Asp25� residues share 1 proton.
At neutral pH, this proton is lost and the stability of
the structure is reduced. Here we present an investi-
gation of the effect of pH on the dynamics of HIV-1
protease using MD simulation techniques. MD simu-
lations of the solvated HIV-1 protease with the
Asp25/25� residues monoprotonated and deproto-
nated have been performed. In addition we investi-
gated the effect of the inclusion of Na� and Cl� ions
to mimic physiological salt conditions. The simula-
tions of the monoprotonated form and deprotonated
form including Na� show very similar behavior. In
both cases the protein remained stable in the com-
pact, “self-blocked” conformation in which the ac-
tive site is blocked by the tips of the flaps. In the
deprotonated system a Na� ion binds tightly to the
catalytic dyad shielding the repulsion between the
COO� groups. Ab initio calculations also suggest the
geometry of the active site with the Na� bound
closely resembles that of the monoprotonated case.
In the simulations of the deprotonated form (with-
out Na� ions), a water molecule bound between the
Asp25 Asp25� side-chains. This disrupted the dimer-
ization interface and eventually led to a fully open
conformation. Proteins 2005;58:450–458.
© 2004 Wiley-Liss, Inc.
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INTRODUCTION

HIV-1 protease is a homodimer formed by 2 chains of 99
amino acid residues each. HIV-1 PR belongs to the class of
aspartic retrovirus proteinases that are characterized by a
highly conserved catalytic triad Asp25(25�)-Thr26(26�)-
Gly(27�). The loss of either the Asp25 or Asp25� residues in
the dimer results in the complete loss of enzymatic activ-
ity. Both monomers contribute equally to the dimer, which
in the unbound state exhibits C2-symmetry. Both subunits
provide catalytic amino acids, which are located at the
base of the active site (see reviews1,2). Two �-hairpins, the
so-called flaps, cover and control the access to the active
site. In the crystal structure of the unbound form of HIV-1
PR, the dimer has a horseshoe-like shape (semiopen

conformation) with strong intersubunit interactions to-
ward the bottom of the structure and weak interactions
between the flaps at the top of the enzyme (see Fig. 1).1–4

When a substrate binds to the active site, the flaps close
over a ligand (closed conformation) and the structure of the
protease becomes more torus-like. Note that the semiopen
conformation corresponds neither to the substrate bound
complex nor would permit the ligand to enter into active
site. It has been suggested, therefore, that semiopen
conformation results from crystal packing effects.5

HIV-1 PR is of great pharmaceutical importance, be-
cause it is required for the formation of mature virions6

and, as such, has been the focus of numerous experimental
and theoretical studies. In particular, the mechanism of
action and nature of the active site has attracted much
debate. Initially, a nucleophilic mechanism for the aspar-
tic proteinases was proposed.7 This mechanism implies
formation of the covalently bonded HIV-1 PR-substrate
complex during the course of reaction. There is as yet no
direct experimental support for this mechanism, although
recent, state-of-the-art computational studies do indicate
that a direct nucleophilic reaction is feasible.8,9 In con-
trast, the GA/GB mechanism as originally proposed by
Fruton10 appears supported by numerous studies.11–22

According to the GA/GB mechanism, a lytic water mole-
cule takes part in the reaction. Common to both these
mechanisms is the requirement that one of the catalytic
Asps be charged while the other neutral. In line with this,
the stability and reactivity of HIV-1 PR as a function of pH
is bell-shaped between pH �3.5 and �6.5 (weak acidic
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pH), with the maximum stability and enzymatic activity
occurring at pH �5–6.11,23–25 It is believed that the 2
residues share a proton under weakly acidic conditions
and are chemically equivalent in the unbound state. The
most widely accepted model based on the GA/GB mecha-
nism is one in which a proton is attached to the outer
oxygen of the Asp25� (close to scissile peptide carbonyl
group) and a lytic water molecule forms bifurcated hydro-
gen bonds with inner oxygen atoms of the Asp25/
25�,11,15,22,24,26–33 although other arrangements have been
proposed.9,34

Besides the role of the protonation state of Asp25 or
Asp25� in catalysis, pH is a major determining factor in the
stability of the protein and the binding of inhibitors.35–38

Depending on the particular inhibitor, various configura-
tions of the HIV-1 protease active site could be sug-
gested.26,28–31,33,38 In particular, the suggestion is that
specific inhibitors bind to different protonation states of
the catalytic dyad. Certainly, the binding of some inhibi-
tors increases the structural stability of the protease39,40

and can be associated with a shift in the pKa of the
Asp25/25� dyad.31 Kinetic and thermodynamic studies of
the unbound protease show that the protease is most
stabile at weakly acidic pH, where the Asp dyad is
monoprotonated.4,11,23–25,41,42 There is, however, little
direct experimental data on what structural changes (if
any) accompany deprotonation. The conformational flexibil-
ity of the active-site unbound HIV-1 protease has been
addressed in a number of fluorescent, computational, and
NMR studies.43–57 In particular the stability of the dimer52

and the opening of the flap47 have been examined as a
function of pH. A consistent picture, however, has yet to

emerge. For example, based on NMR experiments55,56 it
was suggested that, in solution, HIV-1 protease could best
be described as ensemble of predominantly semiopen
conformations, but the existence of closed conformations
could not be excluded. In contrast, in the MD simulations
of Scott and Schiffer,54 only a fully open conformation was
obtained. The flaps opened after just 3 ns of the simulation
and remained stable for an additional 7 ns (total 10 ns).
The NMR data were, however, obtained at slightly acidic pH
(the Asp dyad is monoprotonated), whereas in the MD study,
the Asp25 and the Asp25� residues were deprotonated.

It is clear from the above that there remains much
uncertainty in regard to the effect that the protonation
state of the catalytic dyad has on the structural stability
and conformational flexibility of the protease. For this
reason, we have performed a systematic investigation of
the influence of the Asp25/Asp25� protonation state on the
dynamics of the protease at an atomic level. Our aim was
to understand in detail the factors that may stabilize or
destabilize the protease at neutral pH as compared with
weakly acidic pH. In contrast to previous studies, we have
attempted to work close to physiological conditions. To this
end, we have performed a series of MD simulations of the
unbound HIV-1 PR, in which the catalytic residues are
monoprotonated and deprotonated catalytic residues in
the presence of Na� and Cl� ions to mimic a 0.15 M salt
concentration.

MATERIALS AND METHODS
Molecular Dynamics Simulations

All simulations and trajectory analysis were performed
with a parallel implementation58 of the GROMACS59

Fig. 1. A schematic representation of the secondary structure of HIV-1 protease from the systems Asp (left) and AspH (right) as a function of time.
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package in conjunction with the GROMOS96 force field.60

The Verlet integration scheme (leapfrog)61 was used,
together with a 2-fs timestep. The PME62 algorithm was
applied to treat long-range electrostatics, and a twin-range
cutoff was used for the van der Waals interactions. Interac-
tions within 0.9 nm were updated every step, while those
within 1.4 nm were updated only every 10 steps, together
with the pair list. All bonds within the protein bonds were
constrained using the SHAKE63 algorithm. The SETTLE64

procedure was to constrain the SPC water molecules. The
temperature and the pressure were maintained by cou-
pling temperature and pressure baths using the method of
Berendsen et al.,65 with relaxation times of 0.1 ps and 0.5
ps, respectively. The pressure was adjusted to 1 atm with
compressibility of 4.5 � 10�5 bar�1. All the simulations
were performed at 310 K (body temperature).

Three MD simulations were performed: (1) HIV-1 PR
with monoprotonated Asp25/25� residues (AspH system)
at a physiological salt concentration; (2) HIV-1 PR with the
deprotonated residues (Asp system) at a physiological salt
concentration; and (3) the protease with the deprotonated
catalytic dyad, but with only 5 Cl� counterions included
(Asp_cions system). For the AspH system, the active site
was constructed in accordance with previous ab initio
calculations.33 The proton was arbitrarily attached to the
O�1 oxygen of the Asp25 (note that, in principle, there is no
difference between the Asp25 and Asp25� residues in the
dimer) and the water “Wat_b” was oriented to form
equivalent hydrogen bonds with both O�2 atoms of the
Asp25 and Asp25� residues. For each of the systems, the
following procedure was applied unless stated otherwise.
The 1hhp structure66 from the PDB67 was used as initial
configuration. The system was subjected to 200 steps of
steepest descent energy minimization. The protease was
placed in an octahedron box. The minimal distance the
between protein and the box wall was 1 nm. The box was
then filled with SPC water molecules (11,571 water mol-
ecules).68 A 50-ps simulation, in which all protein atoms
were positionally restrained, was performed to relax the
solvent. The GENION procedure from GROMACS pack-
age was then used to replace water molecules that have
most favorable electrostatic potential by ions Na� and Cl�.
In order to mimic physiological salt concentration 34 Cl�

and 29 Na� ions were added to AspH system, whereas to
the Asp system, 33 Cl� and 29 Na� ions were inserted. For
the Asp_cions system, only 4 Cl� ions were inserted. The
resulting systems were electrically neutral overall. The
systems were again energy-minimized and a further 100-ps
simulation with position restraints was performed at 310
K. New velocities were then generated. The Asp and AspH
systems were simulated for 8.5 ns. The Asp_cions system
was simulated for 8 ns. Data were recorded each 1 ps. All
simulations were performed in parallel using a cluster of 4
dual-processor AMD-based machines.

Ab Initio Calculations

Ab initio calculations were performed using PC
GAMESS,69 a PC-optimized implementation of the
GAMESS program.70 An initial configuration was con-

structed based on the 1hhp protein structure.
Leu24(carbonyl group only)-Asp25-Thr26-Gly27 residues
from each chain were treated explicitly in order to describe
the active site without constraints. In the AspH system, a
proton and “Wat_b” were placed as described above for the
MD simulations, in accordance with the method of Geller
et al.33 In the Asp system, the “Wat_b” water was replaced
by a Na� ion (at the oxygen atom position). A RHF
geometry optimization procedure with 6-31�G(d,f)71–73

basis set was then performed.

Calculations of the Generalized Order Parameters

The model-free formalism of Lipari–Szabo74,75 was used
for the calculation of the generalized order parameter of a
peptide N-H bond vector. In order to remove the rotational
motion of the protein, a least-squares fit of the C�-atoms to
the initial structure was performed for each frame. The
calculations were performed using the expression76

S2 � �
k	i

j �
l	j

i

peq
k�peq
l�P2 (cos�kl),

where S2 is a generalized order parameter, kl is the angle
between N-H bond directions in the k- and l-states, P2 is
the second order Legendre polynomial, and peq(i) is the
probability of the ith state. S2 is a measure of backbone
flexibility (the movement of the axis is anisotropic if S2 	
0, and the axis is rigid if S2 	 1). The trajectory of the Asp
system was divided into 100-ps windows; the order param-
eter was calculated for each window separately, and the S2

value was averaged over all windows. Errors were esti-
mated from the variance of the values between different
windows.

Graphical and Structural Analysis

The SPDBV,77 Molekel,78 and VMD79 programs were
used for trajectory visualization and graphical structure
analysis. A WASP80 code was used in order to check a
possibility to find Na� ions in HIV-1 protease crystal
structures. The DSSP81 program was used to evaluate the
secondary structure content.

RESULTS AND DISCUSSION
Global Structural Flexibility

Figure 1 shows a plot of the secondary structure as a
function of time for the simulations Asp and AspH. As can
be seen, well-ordered secondary structure elements (e.g.,
�-sheets and �-helix) remain stable throughout the simula-
tion. The C� RMSD from the experimental X-ray structure
[Fig. 2(a)] and the radius of gyration [Fig. 2(b)] also show
that, at least for the period simulated (8.5 ns), the Asp and
AspH systems behave in an almost identical fashion.
Other factors investigated, such as the nature of the
solvent accessible surface area and the hydrogen-bonding
pattern (data not shown), are also similar for the two
systems. Overall, the conformation of the protease re-
mains close to that of the crystal structure. The largest
deviations are observed in the tips of the flaps (Fig. 3). A
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slight inward shift of the top part of the protease is also
evident. The RMSD of C� atoms the final configurations
from the Asp and AspH simulations is only 0.14 nm. This
difference is significantly less than the deviation of both
structures from the starting X-ray structure, �0.25 nm.
All of the above suggest that the Asp and AspH simula-
tions behave in an almost identical fashion.

Flap Motion

In both the Asp and AspH trajectories, the flaps are the
most flexible part of the protein. Three distinct types of
motion could be distinguished: (1) concerted motion of
residues 39–60 [Fig. 4(a)]; (2) rotation of flaps (residues
45–55) around an axis along the b-hairpin structure [Fig.
4(b)]; and (3) the flipping of the tips of the flap (residues
48–53) [Fig. 4(c)]. In both simulations, a compact “self-
blocked” conformation forms after 4 ns that remains stable
thereafter. In this conformation, the flaps approach the
catalytic Asp25 and Asp25� residues and block completely

access to the active site (Fig. 3 and Fig. 1 of Supplemental
Material). Additional inter- and intrasubunit interactions
form with the side-chain of Ile50 interacting with the
side-chains of Pro80, Val82, and Ile84 residues [Fig. 5(a)].
These residues belong to a flexible loop (residues Gly78–
Ile84). Forming these interactions does not require any
significant change in the conformation of the flap or of the
protein as a whole. However, the formation of this cluster
may also provide a hydrophobic environment for the
isoleucines within the tips of the flap and thus contribute
to the overall stability of the dimer. We note that the
Val82Phe mutant is more than 100 times less stable than
the wild-type.82 Structural studies of the Val82Phe mu-
tant complexed with cyclic urea inhibitors suggest that the
phenyl ring is not directed toward the active site but
instead forms external hydrophobic contacts with Leu10
and Val23, or with the inhibitor itself. As such, it would not
be available to interact with Ile50, as seen in the simula-
tions, and could explain the marked decrease in stability
seen in the Val82Phe mutant. On average, only 1.55
hydrogen bonds are formed between the 2 flap tips during
the simulations, and no specific hydrogen bond could be
considered as stable [Fig. 5(b)]. Our results on the HIV-1
protease flexibility are in agreement with thermodynamic
studies of the HIV-1 protease by Freire and coworkers,4,39

who suggested that residues 33–60 (from each chain)
comprise the most labile part of the protein.4 However,
upon ligand binding, the flaps become highly ordered and
structurally stable.39 The flexibility of the flaps of HIV-1
protease has also been studied by Freedberg et al. using
NMR techniques.56 They concluded that on a nanosecond
timescale, substantial motion in the flaps is restricted to
residues 27–41 and 49–53 at the tips of the flaps, and
suggested that the fast fluctuations reflect a dynamic
equilibrium between semiopen and possibly closed confor-
mations. The “self-blocked” conformation can be seen as an
intermediate between these 2 conformations, if the tips of
the flaps are excluded. As a way of comparing the results of

Fig. 2. RMSD (a) and gyration radius (b) of C� atoms of HIV-1 protease in Asp, AspH, and cions simulations.

Fig. 3. Superposition of the final conformations from Asp (black) and
AspH (dark gray) simulations on the initial crystal structure (light gray).
Note the similarity between the final structures and that the flap tips curl in
and, thus, block access to the active site.
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the simulations with the available NMR data,56 the S2-
generalized order parameters for the protease from the
Asp system have been calculated and are plotted in Figure
6, together with the experimental results. As can be seen,
there is general agreement between the values predicted
in the simulations and those obtained experimentally
(correlation coefficient 0.6), suggesting the simulations are
a reasonable representation of the degree of motion found
in solution.

The Active Site

In the simulations, almost identical results were ob-
tained for the Asp and AspH systems. This is in contrast to
previous MD simulation studies54 and what might be
initially expected based on some NMR studies.55,56 Consid-
ering the active site of the Asp and AspH systems in more
detail, we see that in the AspH system, the initial coplanar
configuration of the Asp25 and Asp25� carboxylic groups

Fig. 4. Contributions to the flap motions. The initial backbone positions are colored in light gray, the final
positions in dark gray. The directions of the motion are indicated by the arrows. (a) Global motions of residues
39–60 from both subunits. (b) Rotation of residues 45–55 around an axis along the �-hairpin structure. The
residues rotate up to �110° of the space, while residues outside the 45–55 region are not sensitive to the
motion. (c) Flipping of residues 48–53. These residues form a plane that moves relative to the plane of the
other flap residues. These planes are shaded in the corresponding flapcolors.

Fig. 5. Interactions within the tips of the flaps. (a) Intrasubunit, hydrophobic interaction of Ile50 with Pro81,
Val82, and Ile84 residues. C� atom of Ile50 points toward the ring of Pro81 but also interacts with Val82. The
Ile50 interacts tightly with Ile84. (b) Intersubunit hydrogen bond and van der Waals interactions of the
backbone atoms of Fly48 and Fly52 within the tips of the flap. The amide groups orient in order to form
favorable hydrogen bond and van der Waals interactions. On average, 1.55 hydrogen bonds are formed.
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(see Material and Methods section) is not preserved.
Instead, the Asp25 and Asp25� carboxylic groups rotate
around C�-C� bond, and the environment of the proton
becomes more tetrahedral with interactions to the 4
carboxylic oxygen atoms of Asp25 and Asp25�. A similar
tendency for the carboxylic groups to rotate was observed
in previous MD simulations of the HIV-1/substrate com-
plex, where the proton was detached from the Asp25/25�
residues.83 However, this change could be related to
limitations of the classical force field when describing
charge–dipole interactions.

In the simulations of the Asp system, we found that a
Na� ion bound between the Asp25 and Asp25� carboxylic
groups (see Fig. 7). The position of the Na� ion is similar to
that of the H� in the work of Harrison and Weber83 or the
oxygen of “Wat_b” in the studies of Piana and Carloni.32

The average distance between the carboxylic oxygens and
the Na� ion was �0.25 nm. Once bound, the Na� ion did
not exchange either with a water molecule or another Na�

ion during the simulation. As an independent check of
whether it was possible for a sodium ion to have bound
instead of the “Wat_b” water molecule in crystal structures
of the free protease, the WASP program36 was used to scan
the HIV PR database.84 The result was negative. We note,
however, that as all the crystals were obtained under weak
acidic pH, where Asp dyad is monoprotonated, a negative
result was not surprising.

As another indication of the relative stability of the
different states, ab initio geometry optimizations were
performed for the AspH and Asp active sites. A superposi-
tion of the optimized active sites from the final configura-
tions of the Asp and AspH systems onto crystal structure
are shown in Figure 7. The close similarity of the active-
site geometry from Asp and AspH systems suggests that
Na� could substitute for H� and “Wat_b”33 at the neutral
pH. Studies11,23–25 indicate that the structural stability of
the protease is highest when only one of the active-site
residues Asp25 or Asp25� is protonated. In the simulations
of the Asp system, we find that once 1 Na� ion has bound,

Fig. 6. Comparison of NMR order parameter S2 from the experiment (black line) and from the MD simulation of the Asp system ( light gray line). The
estimated error for calculated S2 from the Asp system is shown as bars.

Fig. 7. Superposition of the active-site configuration from ab initio
calculations (Asp system shown in black, AspH in dark gray) onto the
crystal structure (light gray). For clarity, only heavy atoms are shown. The
Na� ion from the Asp system is drawn as a ball. The similarity of the AspH
and Asp systems is evident.
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no other Na� ions were observed in close proximity to the
catalytic dyad.

Experimentally, Na� does not inhibit HIV-1 protease.85

This does not, however, exclude the possibility that the
Na� ion could also bind at the active site. The GA/GB
catalytic mechanism requires a proton and a lytic water
molecule for enzymatic activity. At neutral pH, Asp25 and
Asp25� are deprotonated; the proton must bind to the
catalytic dyad upon or after a ligand binding to the active
site. So long as the affinity for the Na� ion is significantly
lower than the affinity for the proton, the Na� ion will
replaced with hydrogen ion upon ligand binding. In con-
trast, earlier experimental and theoretical works have
shown that Zn2� can bind to the active site and does
competitively inhibit enzymatic activity at neutral pH.85–87

As a divalent transition metal cation, Zn2� is expected to
interact much more strongly with the Asp oxygens than
Na�.

Conformational Flexibility of Asp_cions System

To examine the possible importance of other interac-
tions between Asp25/25� residues and the environment,
one simulation of the HIV-1 protease with only 4 CL�

counterions (Asp_cions) was performed. In this case, a
water molecule rapidly bound between, but below, the
side-chains of the Asp25/25� residues (Fig. 8). The carboxy-
lic groups turned such that each of the 4 oxygen atoms
formed an equal hydrogen bond with the bound water
molecule. A second water molecule also bound in a similar
fashion above the carboxylic groups, forming a symmetric
complex. In contrast to the first water molecule, it did not
exchange with other water molecules; during the first 4.4
ns, the second water molecule was quite labile. In addition,
after �1.7 ns, the structure began to deviate dramatically

from the initial configuration. This is reflected in the C�
RMSD and the gyration radius shown in Figure 2(a and b,
respectively). These changes resulted in a fully open
structure similar to that obtained previously by Scott and
Schiffer54 (without counterions). Comparing this fully
open conformation with the starting structure, it can be
seen that the secondary and tertiary structural elements
are affected only slightly (Fig. 2 of Supplemental Mate-
rial). Most differences occur at the dimerization interface.

CONCLUSIONS

We have presented a systematic analysis of the effect of
changing pH on the structural stability of the free HIV-1
protease using MD techniques. Specifically, we have inves-
tigated the structural and dynamic differences between
the protease with the monoprotonated and depotonated
catalytic dyad under physiological salt concentrations. It
was found that when residues Asp25 and Asp25� are both
deprotonated, as they would be at neutral pH, the dynam-
ics and structural stability are extremely sensitive to the
presence of counterions. The MD simulations and ab initio
calculations suggest that when a Na� ion binds to the
catalytic dyad, the configuration of the active site is almost
identical to that of the monoprotonated catalytic dyad. The
simulations suggest that Na� may act to stabilize the
protease at neutral pH, and that the protein will be less
stable at low ionic strength. In addition, the large struc-
tural changes observed in some previous simulations could
be attributed to the low salt concentration in the simula-
tions. The results may also have implications for drug
design studies. The “self-blocked” conformation that was
shown to be stable in the simulations, and could be an
alternate target for drug design, suggests that metal-
based inhibitors or compounds that carry a positive charge
may be effective in stabilizing a closed, inactive form of the
enzyme. We note in this regard that a number of Cu2�-
based inhibitors of HIV protease have recently been pro-
posed (see Lebon et al.88 and references therein).
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