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ABSTRACT: The complementary spatial relationship between fullerene C60 and the hydrophobic cavity
region of the human immunodeficiency virus (HIV) protease, which houses the active site of the enzyme,
has led to the suggestion that fullerene-based derivatives could have potential use as effective HIV protease
inhibitors. The ability of such compounds to desolvate the cavity region leads to a strong hydrophobic
interaction between the C60 moiety and residues in the cavity region. In this study, the connection between
the motion of the so-called flexible flaps of the cavity and favorable binding of a fullerene-based protease
inhibitor is explored using multiple-time scale molecular dynamics simulations and free energy techniques.
In addition, the effect of the interaction between the C60 moiety and the residues in the cavity region on
the water content of the cavity is also investigated. Conformational free energy profiles along a suitably
chosen flap opening coordinate show a considerable barrier to flap opening in the presence of the inhibitor,
while no such barrier exists for the protease alone. This result is interpreted in terms of a strong hydrophobic
interaction between the C60 moiety and the flexible flaps, which cause the latter to close tightly around
the inhibitor, thereby expelling water from the cavity and leading to a favorable binding interaction. This
interpretation is rationalized by direct analysis of the water content in the cavity in the presence and
absence of the inhibitor.

It is estimated that approximately 28 million people
worldwide have thus far died from AIDS and that, currently,
more than 36 million people are living with human immu-
nodeficiency virus (HIV) or AIDS. These statistics under-
score the urgent need for robust therapies in the fight against
the spread of AIDS. The HIV-1 protease (PR), a small
homodimeric enzyme consisting of two 99-residue strands
that cleaves thegag and pol viral polyproteins into the
enzymes and structural proteins of the virus (1-8), has
emerged as an attractive target for novel therapies, and many
of the currently approved drug regimens are based on
inhibition of this enzyme (8-12). Other therapies are focused
on inhibition of reverse transcriptase (see ref13) or combina-
tion (“cocktail”) therapies based on inhibition of both HIV-1
PR and reverse transcriptase (14-16). The active site of the
HIV-1 PR, which belongs to the class of aspartic proteases,
is composed of two catalytic aspartic acid residues (Asp 25
and Asp 25′ contributed by the two monomers), which assist
the attack of a water molecule on the scissile peptide bond
of the polyprotein. The active site is contained within a
largely hydrophobic cavity capped by two flexible flaps as
shown in Figure 1. Although the precise role of these flaps
is unknown, it is generally thought that they are important
in facilitating substrate binding and product release (17, 18).

The hydrophobic cavity of the HIV-1 PR is a roughly
open-ended cylinder, a fact that led Wudl, Friedman, and
co-workers in 1993 (19, 20) to propose the use of a fullerene-
C60 derivative as an inhibitor of the HIV-1 PR on the basis
of the former’s structural complementarity to the cavity
region. This complementarity translates into favorable bind-
ing to the active site, effective inhibition, and, therefore,
potential for therapeutic application. Indeed, many antiviral
fullerene drugs show good in vitro antiviral activity and lack
of toxicity (at concentrations up to∼100µM) (21-25). Since
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FIGURE 1: Three-dimensional rendering of the HIV-1 protease from
the crystal structure of Spinelli et al. (34), showing the atomic detail
of the catalytic Asp residues.
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this proposal, a number of C60-based compounds have been
proposed and subsequently synthesized (19-26), and general
discussions of the biological applicability of fullerene deriva-
tives have entered the literature (27). Two such fullerene-
based compounds are depicted in Figure 2 along with C60

(Figure 2a). Compound1 (Figure 2b) (19) was found to have
an inhibition constant (Ki) value of 53µM and to desolvate
approximately 333-352 Å2 of hydrophobic surface area in
the active site region (19), while compound2 (Figure 2c)
(28, 23) was found to have aKi value of 103 nM and to
desolvate approximately 472 Å2 of hydrophobic surface area
(23). Both compounds were found to be sufficiently soluble
to be assayed in the presence of 1% dimethyl sulfoxide
solvent (19, 23). It should be noted that compound2 is
actually synthesized as a mixture of the compound and its
enantiomer (23). By comparison, C60 alone is capable of
desolvating only∼298 Å2 of surface area. Friedman et al.
(19, 20, 23) have proposed that a direct correlation exists
between the activity of a compound and the amount of
hydrophobic surface area it is capable of desolvating. Clearly,
if this notion is correct, it should be associated with (and
enhanced by) specific conformational rearrangements within
the cavity region that create a “tight fit” around the spherical
C60 moiety, thereby strengthening hydrophobic interactions
between it and the active site residues.

In this paper, we employ molecular dynamics (MD)
calculations as a means of investigating this hypothesis. In
particular, we focus on the role played by the flexible flaps
in facilitating the binding of an inhibitor in the active site
region. Using free energy techniques, it will be shown that

a barrier to flap opening exists in the presence of an inhibitor
that is not found for the HIV-1 PR alone. To our knowledge,
this is the first microscopic investigation of the connection
between the flap motion and the binding of a compound to
the active site of the protease. In addition, we investigate
the effect on the free energy profile of the protonation state
of the catalytic Asp residues. Finally, we show that the
distribution of water molecules in the HIV PR cavity is
strongly affected by the presence of a C60-based inhibitor, a
fact that supports the computed flap opening free energy
profiles.

The MD simulations performed herein employ an all-atom
force field and explicit solvent. In addition, a large number
of relatively long trajectories is needed to address all of the
issues posed above. It is, therefore, crucial that efficient
simulation techniques be employed. In the calculations
presented here, a novel simulation protocol is employed
which is based on a number of state-of-the-art algorithms.
These include (i) multiple-time step integration (29, 30),
which allows for a large gain in the MD time step; (ii) an
efficient canonical dynamics approach (31), which enhances
local fluctuations; and (iii) fast electrostatics (32) (details of
the scheme will be presented in Methods).

This paper is organized as follows. A description of our
system setup and simulation protocol, including the multiple-
time scale scheme mentioned above, is given in Methods.
The results and discussion are presented next. Specifically,
conformational free energy profiles associated with the
flexible flap motion are discussed in Free Energy Profiles
for Flap Opening and Protonation Effects, average structural
properties of the cavity are discussed in Cavity Structure,
and an analysis of the water content in the cavity is presented
in Water Content in the Active Site. Conclusions and future
directions are presented in the final section.

METHODS

The initial structure for the HIV-1 PR was based on the
2.7 Å resolution X-ray data of Spinelli et al. (34) that are
available in the Brookhaven Protein Data Bank (PDB entry
1hhp). The program InsightII (Molecular Simulations, Inc.)
was used to add hydrogens to the X-ray structure; in addition,
the docking module of InsightII was used to create an initial
configuration of compound2 docked into the active site.
Since compound2 is experimentally synthesized as a mixture
with its enantiomer, we choose here the conformer that was
shown by Friedman et al. (23) to cause optimal hydrophobic
desolvation. The HIV-1 PR and HIV-1 PR-2 (HIV-1 PR
with compound2) complex were solvated in 50 Å× 50 Å
× 75 Å and 70 Å× 70 Å × 70 Å boxes, respectively, subject
to periodic boundary conditions. These box sizes were chosen
according to the approximate shape of each complex obtained
from previous gas-phase simulations (35). The boxes con-
tained initially 6000 and 11 232 water molecules, respec-
tively. Water molecules within 1.8 Å of any atom of the
protease were deleted from the system, leaving 5068 water
molecules remaining for the HIV-1 PR alone and 10 238
water molecules remaining for the HIV-1 PR-2 complex.
Finally, counterions were added to each system to ensure
overall charge neutrality.

All MD simulations were performed using the PINY_MD
software package developed by Tuckerman, Martyna, and

FIGURE 2: Schematic diagrams of (a) C60, (b) compound1, (c)
compound2, and (d) Saquinavir (SAQ). For each compound, the
reported inhibition constant,Ki, is specified, whereKi ) [E][I]/
[EI], where [E] and [I] are the concentrations of the uncomplexed
enzyme and the inhibitor in solution, respectively, and [EI] is the
concentration of the enzyme-inhibitor complex.
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co-workers (36). Interactions were modeled using the fully
flexible CHARMM22 force field (37) and the TIP3P water
model (38). In particular, parameters for compound2 were
developed on the basis of the existing CHARMM22 atom
types and interaction parameters (see section 1 of the
Supporting Information). For comparison of its effect on the
cavity structure, a similar model based on the CHARMM22
parameters for the commercial drug Saquinavir (52) (Invirase,
Ro 31-8959, Hoffman-La Roche, denoted, here, as SAQ; see
Figure 2) was constructed as well. Although these models
are not comparable to, for example, a mixed ab initio/force
field-based approach in which high-level quantum mechan-
ical calculations are used to treat the complexation in the
active site region and a force field is used to treat the
remainder of the system (so-called quantum mechanical/
molecular mechanical or QM/MM methodology), they are
computationally efficient and allow long time scales to be
accessed. Moreover, we believe our drug models are suf-
ficient for the purposes of this study, which is concerned
with the effect of the compound on flap opening. Indeed,
despite the crudity of the drug models, we find that the
compound generally remains within only a few angstroms
of the active site, indicating that the model does allow for a
favorable binding interaction.

Bonds between carbon atoms of the C60 moiety were
treated as rigid using the SHAKE (39-41) and RATTLE
(42) algorithms, and the three atoms in each water molecule
were treated as a rigid 3× 3 constraint group via a direct
matrix equation technique. Each system was first equilibrated
at a temperature of 300 K for approximately 30 ps at a
constant volume and temperature (NVT ensemble) in con-
junction with a “massive” Nose´-Hoover chain thermostating
scheme (31), in which a Nose´-Hoover chain of length 4 was
coupled toeach degree of freedomor each group of atoms
involved in a common constraint. This approach has been
shown to be highly effective in enhancing the fluctuations
in systems containing stiff intramolecular interactions (43).
Following this initial NVT equilibration phase, each system
was further equilibrated at a constant pressure (isotropic NPT
ensemble) of 1 atm and a temperature of 300 K for
approximately 50 ps using the Martyna-Tobias-Klein
equations of motion (44) in conjunction with the massive
thermostating scheme. Finally, production runs 2 ns in length
for both compound2 and SAQ at 300 K were carried out
also using the NVT ensemble approach and massive Nose´-
Hoover chain thermostating. In addition, a separate series
of runs approximately 150 ps each in length using a reaction
coordinate constraint (45, 46) was performed on the HIV-1
PR-2 complex to calculate the flap opening free energy
profiles (see the Results and Discussion section).

In all cases, the equations of motion were integrated using
the reversible multiple-time scale approach (r-RESPA)
method of Tuckerman, Martyna, and Berne (29), wherein
intramolecular forces are updated with a time step of 0.5 fs,
short-range intermolecular forces with a time step of 3.0 fs,
and long-range intermolecular forces with a time step of 6.0
fs. This leads to an overall factor of approximately 8 savings
in CPU time over a single-time step simulation with a time
step of 0.5 fs. The reversible integration algorithms for
r-RESPA in the NVT and NPT ensembles (30) were
employed. In addition, long-range electrostatic interactions
were treated using the smooth particle-mesh Ewald technique

(32, 33), which saves a factor of 30 in CPU time over a
simulation using the standard Ewald method for these
systems. Finally, all hydrogens were assigned a mass of 10
amu, which has no effect on equilibrium properties but leads
to an additional factor of 2 savings in CPU time. When all
of the CPU savings factors are combined, the overall CPU
savings for these calculations, compared to a single-time step
simulation using standard Ewald and light hydrogens (and
no bond constraints in the enzyme), is 480. It should be
noted, however, that this number would be reduced by a
factor of 3-5 if all bonds are constrained via the SHAKE/
RATTLE algorithm.

RESULTS AND DISCUSSION

Free Energy Profiles for Flap Opening and Protonation
Effects.As indicated in prior studies by Collins et al. (17)
and by Mi et al. (35), the opening and closing of the flexible
flaps is a rare event on the time scale of the simulations
performed here. Therefore, to explore the conformational free
energy change associated with the opening of the flaps in
the presence and absence of an inhibitor compound in the
active site, specialized free energy methodology is required
along with additional simulations. In the study presented here,
the so-called “bluemoon ensemble” approach (45, 46) was
employed in which a reaction coordinate characterizing the
flap opening is defined, a constraint is imposed on this
coordinate at each of a wide range of values, a simulation is
performed at each value, and the free energy profile is
obtained by subsequent thermodynamic integration along this
coordinate.

To define a useful reaction coordinate, we chose the
distance between the two CR atoms of the Ile (Ile 50 and Ile
50′) residues at the tips of the flaps as a measure of the
separation between the flaps. In terms of this coordinate, the
“closed” and “open” conformations of the flaps are depicted
in Figure 3. The distance constraint is maintained via a
Lagrange multiplier (λ), and the free energy profile is, then,
constructed via

where∆F(R) denotes the relative Helmholtz free energy as

FIGURE 3: Three-dimensional rendering of the HIV-1 protease with
the flaps in the closed and open states as they appear in terms of
the chosen reaction coordinate (see the text).

∆F(R) ) - ∫Rmin

R
dR′ 〈λ〉R′

cond- F0 (1)
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a function of the distance,R, between the two CR atoms,
Rmin is the minimum value of the reaction coordinate,F0 is
a constant reference free energy, and〈λ〉R′

cond denotes a
conditional ensemble average (46) of the Lagrange multiplier
with the reaction coordinate fixed at the valueR′:

where p and r denote the momenta and coordinates,
respectively, of theN-particle system (protease, compound,
and solvent),H(p,r ) is theN-particle Hamiltonian, andâ )
1/kBT. In practice, the ensemble averages are evaluated as
weighted averages over the constrained MD trajectory (46).
[Note that the curvature term discussed by Ciccotti and Sprik
(46) vanishes for a distance constraint and, therefore, does
not appear in eq 1.]

The free energy profiles for flap opening for the HIV-1
PR-2 complex and for HIV-1 PR alone are shown in Figure
4. Trajectories of 150 ps at each of 13 constraint values using
the protocol described in Methods were performed. This
corresponds to a total run length of approximately 2 ns for
each case. Runs of this length for this system would not have
been possible without the efficient methodology outlined in
the Results and Discussion. As an independent check, we
have reproduced several of these profiles using a recently
introduced adiabatic dynamics approach (47, 48). Note that
there are two curves for the HIV-1 PR-2 free energy profile
in Figure 4. These represent two different protonation states
of the catalytic oxygens in the active Asp residues, namely,
unprotonated and monoprotonated. In addition, the inset in
Figure 4 shows the free energy curve for the case of
diprotonation of the active site. Although the protonation state
is not known for the HIV-1 PR-2 complex, recent plane
wave-based ab initio molecular dynamics calculations (49)

as well as NMR measurements (50) of the active site region
of the HIV-1 PR complexed with pepstatin suggest that the
system is at least monoprotonated; i.e., one of the two
catalytic oxygens on an Asp residue is protonated. The
connection between these studies and the present investiga-
tion lies in the fact that pepstatin, SAQ, and compound2 all
share a common design feature, namely, an OH group
capable of forming hydrogen bonds with the catalytic
oxygens of the Asp dyad in the active site. Indeed, the ab
initio MD calculations strongly favor a diprotonated form
for the pepstatin complex; however, given the fact that there
are fewer possible hydrogen bonding sites on compound2,
it is not clear whether the HIV-1 PR-2 complex would most
likely exist in the mono- or diprotonated form. It should be
noted that other compounds chemically related to pepstatin
tend to stabilize monoprotonated forms; see the discussion
in ref 49 and references therein. Taking this result together
with the fact that the free protease generally exists in a
monoprotonated state (51, 53), we chose to consider all three
(unprotonated, monoprotonated, and diprotonated) forms to
investigate the trend in the free energy profile as a function
of protonation. In the diprotonated form, one of the catalytic
oxygens on both Asp 25 and Asp 25′ is protonated.

The free energy curves (see Figure 4) show that the free
energy profile for the free protease in water is flat in the
region in whichR ) 9.5-15 Å, indicating a wide range of
possible flap separation values and, hence, the flexibility of
the flaps. In sharp contrast, the free energy profile for the
unprotonated complex shows a barrier to flap opening of
approximately 3 kcal/mol (for our particular choice of
reaction coordinate) whenR ≈ 11 Å and a minimum when
R ≈ 9 Å. Monoprotonation of the active site leads to an
even deeper free energy minimum whenR ≈ 11 Å and a
barrier of 5 kcal/mol whenR≈ 13 Å. Finally, diprotonation
leads to yet a deeper minimum whenR ≈ 12.5 Å and a
barrier of 8 kcal/mol whenR ≈ 16 Å. It should be noted
that for R values ofJ15 Å, the flaps are considered to be
fully “open” (17). This shift in the location of the minimum
as the protonation state is increased is due to the fact that
the proton on one of the catalytic oxygens donates a hydrogen
bond to the OH group of compound2. This additional
“anchor” causes the compound to experience smaller fluctua-
tions about its docked position in the active site. This leads
to slight increases in the cavity dimensions and the flap
separation as the compound “sits” better in the cavity and
causes it to dilate slightly compared to the unprotonated state.
Diprotonation further stabilizes the compound in the active
site, causing still further dilation of the cavity. This trend is
consistent with the observed averaged distances between the
compound and the active site. If this distance measure is
defined as the average distance between the OH oxygen on
compound2 and the four catalytic oxygens in the active site
Asp dyad, it is found that the average of this distance measure
over the bluemoon trajectory segment corresponding to the
free energy minima in Figure 4 is 8.2 Å for the unprotonated
case, 7.4 Å for the monoprotonated case, and 5.2 Å for the
diprotonated case. These values indicate that increasing the
level of the protonation state leads to more favorable binding.

It is important to note that the actual values of the free
energy barrier obtained through the bluemoon ensemble
approach are not as relevant as their valuerelatiVe to each
other. The reason for this is that the actual barrier value will

FIGURE 4: Conformational free energy profiles at 300 K corre-
sponding to the flap opening process as functions of the flap
separation reaction coordinate (R) defined in the text. The short
dashed line with filled squares corresponds to data for the
uncomplexed protease alone in water, the solid line with filled
triangles to data for the unprotonated HIV-1 PR-2 complex, and
the long dashed line with filled diamonds to data for the mono-
protonated HIV-1 PR-2 complex. The inset shows the free energy
profile obtained for the diprotonated HIV-1 PR-2 complex.

〈λ〉R′
cond)

∫dNp dNr λ(p,r )e-âH(p,r )δ(RCR
(Ile 50)-CR

(Ile 50′) - R′)

∫dNp dNr e-âH(p,r )δ(RCR
(Ile 50)-CR

(Ile 50′) - R′)
(2)
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depend on the choice of reaction coordinate. Although the
chosen distance is a physically meaningful reaction coordi-
nate, it is not the only possible distance choice. Moreover,
other reaction coordinates could have been selected, and the
details of the free energy profiles would be expected to
depend on this choice, although the overall qualitative trend
observed here should be the same. Once a coordinate is
chosen, however, free energy profiles obtained along this
coordinate for different systems relative to each other are
meaningful.

The free energy curves in Figure 4 indicate a connection
between inhibitor binding and the motion of the flaps.
Specifically, they suggest a tight closing of the flaps in the
presence of the inhibitor. They also indicate that there is an
overall attractive interaction between the C60 moiety of
compound2 and the active site residues in the cavity region
of the protease that is responsible for this tight closing of
the flaps. As will be shown in the next two subsections, the
structure of the cavity adjusts to create a “tight fit” to the
fullerene compound, which has the effect of “squeezing out”
water from the active site region, leading to a strong
hydrophobic interaction between the drug and the interior
of the cavity, a notion that is consistent with the suggestion
that activity is directly connected to hydrophobic desolvation
of the cavity.

CaVity Structure.We begin our investigation of the cavity
structure by examining the ability of the potential model to
describe the active site region. To this end, we report the
average values of the distances between the two Cγ atoms
in Asp 25 and Asp 25′ as well as the distances between the
Oδ1 atoms and Oδ2 atoms in the Asp dyad over the MD run
of the protease alone in water. These distances are 6.1, 5.1,
and 5.6 Å, respectively. These numbers are in reasonable
agreement with those reported in ref53 and indicate that
the model describes the active site accurately enough for the
purposes of this study.

Next, to quantify how the shape of the cavity changes upon
complexation with fullerene compound2, we introduce the
following measures of cavity height and width. The cavity
height is defined as the distance between Câ of Ile 50 and
the catalytic carboxylate oxygen OD2 of Asp 25; the cavity
width is taken to be the distance between Cγ of Val 32 and
that of Val 32′. These measures are the same as those used
in previous gas-phase studies (35). The distance measures
are averaged over the MD trajectories described in Methods
for the HIV-1 PR alone and for the HIV-1 PR-2 and HIV-1
PR-SAQ complexes. (In this section, all complexes refer
to the monoprotonated state of the active site.) In the HIV-1
PR-SAQ complex, a particular crystallographic water
(W301) that serves as an anchor for the drug to Ile 50 and
Ile 50′ in the flap region was explicitly included in the initial
setup; however, it is observed that this water is often
exchanged with other waters in the bath. The results obtained
for the average cavity dimensions are summarized in Table
1.

The table clearly indicates that, for HIV-1 PR alone, the
cavity width exceeds its height considerably, suggesting a
more elliptical rather than circular cross section for the cavity.
Interestingly, in the HIV-1 PR-SAQ complex, the dimen-
sions experience only very minor changes. In contrast, in
the HIV-1 PR-2 complex, the cavity width and cavity height
are much closer in value, suggesting a more circular cross

section; i.e., the cavity has adjusted its shape to accommodate
the spherical C60 moiety of compound2. The substantial
change in the structure of the cavity upon complexation with
compound2 underscores the importance of performing MD
simulations in which all degrees of freedom are allowed to
evolve and no restraints are imposed. Since the diameter of
C60 is approximately 7 Å, the approximate space between
C60 and the inner surface of the cavity is roughly between 3
and 4 Å all around (accounting for the fact that the atoms
used to define the height and width of the cavity are
approximately 2 Å from the cavity’s inner surface). While
this narrow space could, in principle, be occupied by
hydrogen-bonded strands of water molecules, the strong
hydrophobic nature of the C60 moiety and its interaction with
the hydrophobic residues lining the surface of the cavity tend
to exclude water from this region. This point is investigated
in the next subsection.

Water Content in the ActiVe Site.An important question
that arises in the context of drug binding studies for the HIV
PR concerns the distribution of water molecules in the cavity
region in the absence and presence of a particular ligand.
The exclusion of water from the cavity region in the presence
of the C60-based drugs can significantly enhance hydrophobic
interactions between the compound and the inner surface of
the cavity, particularly in the flap region. Moreover, inhibi-
tion of the catalytic mechanism of the protease is most likely
a combination of favorable binding of a particular compound
and exclusion of water from the active site region. For this
reason, we have investigated the water content and distribu-
tion of water molecules in the cavity region in the absence
and presence of the different inhibitors.

First, we consider the average number density of water
molecules in the cavity region. This quantity is obtained by
defining an orthorhombic box that fits just inside the cavity.
Clearly, the shape of the box depends on the average shape
of the cavity. The dimensions of this box are chosen
according to the algorithm described in section 2 of the
Supporting Information. Table 2 gives the dimensions of the
box for each system that has been considered. Note that
compound2 corresponds to the largest box dimensions
because of the dilation of the cavity due to the C60 moiety.
Once the box dimensions are obtained, the volume within
the box available to water molecules is computed. In the
case of the protease alone, this is the entire box volume;
however, in the presence of a drug, the volume excluded by
the drug needs to be subtracted. The excluded volumes (Vexcl)

Table 1: Average Dimensions of the HIV-1 PR Cavity for HIV-1
PR Alone and for Complexes with Compound2 (HIV-1 PR-2) and
with Saquinavir (HIV-1 PR-SAQ)

HIV-1 PR HIV-1 PR-2 HIV-1 PR-SAQ

cavity width (Å) 20.69 19.23 20.60
cavity height (Å) 12.32 17.29 13.18

Table 2: Average Cavity Box Dimensions (depth× width ×
height), Excluded Volume (Vexcl), and Number Density (F) of Water
in the Cavity Region

box dimensions (Å) Vexcl (Å3) F (Å-3)

HIV PR 20.5× 20.5× 10.8 0 0.0200
HIV PR-2 (monoprotonated) 21.4× 19.0× 14.9 1232 0.0156
HIV PR-2 (diprotonated) 17.8× 19.4× 14.3 1232 0.0125
HIV PR-SAQ 20.8× 20.2× 13.0 841 0.0178
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are also reported in Table 2. The number density of water
molecules is then calculated as the ratio of the number of
water molecules within the box divided by the available
volume within the box. The number densities (F) thus
obtained are reported in Table 2. Note that, here, both the
monoprotonated and diprotonated states of the HIV-1 PR-2
complex are studied. The table shows that, despite the large
box volume of compound2, the number density (0.0156 Å-3

for monoprotonated form and 0.0125 Å-3 for the diproto-
nated form) is lowest for this compound. Each of the number
densities for water in the cavity is lower than the number
density for bulk water (F ) 0.033 Å-3). To illustrate where
the largest water deficit occurs spatially, we show typical
configurations from the MD simulation of the water mol-
ecules contained within the box in panels a and b of Figure
5. For the HIV-1 PR-2 complex, it can be seen from the
configuration in Figure 5b that, in addition to the exclusion
of water in the 3-4 Å region around the C60 moiety, water
is largely excluded from the region between the C60 moiety
and the flaps. The exclusion of water from this region allows
for a strong hydrophobic interaction between the C60 moiety
and residues in the flap region, thus enhancing flap closing,
consistent with the picture implied by the free energy profiles
of Figure 4.

Finally, the distribution of water around the catalytic Asp
residues is investigated by computing a radial probability
distribution function between the catalytic carboxylate oxy-

gens of the active site Asp residues and the water oxygens.
The results are shown in Figure 6. The figure shows that
there is a sharp peak atr ) 3 Å for the protease alone in the
water bath. This distance corresponds to the length of a
hydrogen bond and indicates that water is fairly structured
around these catalytic residues. For the HIV-1 PR-2
complex, we consider, again, both the monoprotonated and
diprotonated (49) states of the catalytic Asp oxygens. In the
monoprotonated state, there is some reduction in the first
peak, but the most dramatic reduction occurs in the dipro-
tonated state, suggesting that it is this state which most
effectively excludes water from the region near the active
site. Given the crudeness of the drug model, the reduction
in the peak must be viewed only as a general trend. We are
currently developing a more accurate model to refine this
qualitative picture. Although no definite conclusions about
the protonation state of the active site can be drawn directly,
the results described in this section together with the flap
opening free energy profiles in Figure 4 strongly suggest
that it is the diprotonated state that leads to the most favorable
binding in the HIV-1 PR-2 complex.

CONCLUSIONS

We have carried out molecular dynamics simulations of
the HIV-1 PR complexed with a novel C60-based inhibitor
compound to investigate the connection between flap motion,
binding affinity, and hydrophobic desolvation. The simula-
tions provide the first microscopic level prediction of the
tight closing of the flexible flaps when an effective binder
is docked into the active site. The simulations also show that
significant conformational adjustments occur within the
cavity to accommodate the spheroidal C60 moiety of the
inhibitor compound, thereby creating a relatively “tight fit”
between the cavity and the inhibitor. The result is an
exclusion of water in the roughly 3-4 Å region between
the C60 moiety and the residues lining the inner surface of
the cavity, particularly near the flap regions and around the

FIGURE 5: Typical snapshot configurations from the MD simula-
tions of the distribution of water molecules in the cavity region of
(a) the uncomplexed protease and (b) the HIV-1 PR-2 complex.
The isolated spheres are water oxygens, and hydrogens are not
explicitly shown. Also, for easier viewing, the drug is not shown
in panel b.

FIGURE 6: Radial distribution functions of the catalytic Asp oxygens
with respect to water oxygens computed over the MD trajectories.
The solid line corresponds to data for the uncomplexed protease
alone in water, the long dashed line to data for the monoprotonated
HIV-1 PR-2 complex, and the short dashed line to data for the
diprotonated HIV-1 PR-2 complex.
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catalytic Asp residues. This exclusion of water leads to an
enhancement of the hydrophobic interaction between the C60

moiety and the interior of the cavity, including the flaps.
Our finding is consistent with that of Friedman et al., who
showed that the activity of an inhibitor compound can be
improved by maximizing the amount of hydrophobic surface
area desolvated by the compound. Moreover, the finding
presented here provides a molecular mechanism for this
desolvation by connecting it with the flap motion, thereby
providing important insights into how the fullerene-based
inhibitors interact with the active site of the HIV-1 PR.
Finally, the simulations indicate that the most effective
binding of the C60-based inhibitor to the active site occurs
when the Asp dyad is diprotonated. Future work will focus
on refinement of the drug and active site models and on
estimation of binding free energies using novel adiabatic
alchemical transition techniques currently being developed
by us (54).
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SUPPORTING INFORMATION AVAILABLE

Potential parameters for compound2 in the form of a list
of CHARMM22 atom types and partial charges; in addition,
this material describes the algorithm used to construct the
rectangular box in the cavity used to compute the water
number densities in Water Content in the Active Site. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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