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The flexibility and stability of both monomeric and dimeric HIV-1 PR were explored by 100 ns implicit
solvent molecular dynamics simulation at 350 K with the aim to correlate the monomer stability with the
dimerization mechanism. The principal component analysis (PCA) was applied to visualize the available
regions in the conformational space of the two HIV-1 PR forms, to compare their structural diversity and to
map the bottom of their underlying energy landscapes. It was found that whereas the flap tips (residues
45-55) are flexible and adopt close and open conformations in both monomeric and dimeric forms, the N-
and C-termini (residues 1-4 and 96-99, respectively), which constitute the interface between the two subunits,
are flexible only in the monomer. The different flexibility of the monomeric and dimeric HIV-1 PR is reflected
in the different topography of their underlying energy landscape. Although the bottom of the monomer energy
landscape is broad and rough, that of the dimer is narrower, deeper, and smoother, reflecting the enhanced
flexibility of the monomer and the stabilizing interactions between the dimer subunits. Accordingly, blocking
one or both terminals may prevent the formation of the active site. Despite the different flexibility of the
termini in the monomeric and dimeric HIV-1 PR, their secondary structure contents are similar. The partial
stability of the monomer together with the flexibility of its termini suggest that the HIV-1 PR is not a two-
state dimer, as indicated by equilibrium denaturation experiments, but a three-state dimer with a marginally
stable monomeric intermediate. This involves the swapping of the flexible termini across the two chains to
form the dimer interface.

Introduction

Many proteins carry out their biological function as multi-
meric assemblies.1 Though small monomeric proteins are
essential for rapid diffusion to the sites of action and for stability
at low concentration, larger oligomeric proteins are more stable
against denaturation, have a reduced surface area, and can
involve a cooperative interaction between the subunits. In
particular, homooligomers are favored because the association
of several small individual subunits allows the creation of a
large structure with a minimum of genetic material. Homo-
oligomers are advantageous not only with respect to coding
efficiency but also because their construction involves an error
control, as a single point error may be reduced more easily by
discarding the defected subunit. The formation of macro-
molecular structures from identical components is frequently
associated with high symmetry.2 The advantage of symmetrical
complexes over asymmetric aggregates in the evolution of
oligomeric proteins is due to the stability of the association,
which is a consequence of the specificity of protein-protein
interfaces and the maximum numbers of intersubunit inter-
actions. It has been suggested that a symmetrical protein
structure is not only favorable thermodynamically but also
kinetically as its energy landscape is smoother and thus includes
fewer kinetics barriers to folding than that of completely

asymmetric structures.3 Moreover, the point group symmetry
provides a method to create oligomers of defined copy number
and thus avoids aggregation, which is associated with diseases
such as sickle-cell anemia, Alzheimer’s disease, and prion-
related diseases.4-6

Although the chemical and biological advantages of a
symmetric oligomeric protein in comparison to a monomeric
protein are familiar, the mechanism and evolutionary pathway
of their formation is still under study.7-9 Recently, Nussinov
and her colleagues7 classified the symmetric homodimers into
three groups according to the mechanism of their association:
2-state and 3-state association and domain swapping mechanism.
The 2-state model suggests that folded dimers (N2) are in
equilibrium with unfolded monomers (U) and that individual
folded monomers (N) do not exist.

The dissociation equilibrium constant,Kd, for 2-state dimers is
often measured with denaturation equilibrium experiments.10-12

In the 3-state model the formation of a stable monomer, which
is detected experimentally as an intermediate state, is a
prerequisite for the association.

Because the overall equilibrium constant for unfolding,Ku

()K1K2
2), depends on the two coupled equilibrium constants,

the unfolding of a three-state dimer is expected to be concentra-
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tion dependent.13 One should note that forK2 . K1 eq 2
represents a two-state dimer. For some three-state homodimeric
proteins, a dimeric intermediate is detected rather than a
monomeric one; however, this type of dimer is not discussed
here. The domain swapping mechanism14-16 is characterized
by replacing one segment in a monomer by an equivalent
segment from an identical chain in the dimer. A domain
swapped dimer can fold via a two-state mechanism or via a
three-state mechanism where a partially stable monomer con-
stitutes the intermediate state. Understanding the mechanism
of dimerization is important not only for the origin of oligomers
but also for the design of functional oligomers. Moreover, the
mechanism by which an unstable monomer forms a stable
functional homodimer is important for the understanding of
binding and recognition processes. Recently, an increasing body
of experimental evidence indicates that for certain proteins
folding and binding to small ligands are coupled processes,
similar to a two-state dimerization, and that the unbound protein
is intrinsically unstructured.17-19

In the present study, the effect of dimerization on the
flexibility and stability is explored using molecular dynamics
(MD) simulations with the aim to correlate the monomer
stability with the dimerization mechanism. To address these
issues, we selected the homodimeric human immunodeficiency
virus type 1 (HIV-1) protease (PR), a dimer with a key role in
maturation and replication of the virus that causes the acquired
immunodeficiency syndrome (AIDS). The HIV-1 PR is a
homodimer withC2 symmetry in the absence of ligands20,21that
has been intensively studied both theoretically and experimen-
tally. The enzyme is an aspartic protease that consists of two
identical 99 residue subunits, each containing one catalytic
aspartic acid (Asp25). The active site region is capped by two
identical â-hairpin loops, the flaps, residues 45-55 in each
monomer (Figure 1a), which regulate substrate entry into the
active site. Although the flapâ-hairpins in the ligand-bound
protease are well-ordered and interact with the substrate, in the
free protease the flaps are very flexible and adopt close and
open conformations.22-26 The two subunits are stabilized by
intermolecular interactions, and the largest part of the interface
is formed by a four-stranded antiparallelâ-sheet consisting of
the N- and C-termini of the protease monomers (residues 1-4
and 96-99, respectively, Figure 1b). Two main strategies are
used to develop inhibitors for the HIV-1 PR: designing
inhibitors that compete with natural substrates for the same
active site27-30 or, alternatively, developing compounds that
destabilize the dimeric structure of the protease by binding at
the subunit interface.31-33 Because the active site is defined by
the two subunits and does not exist in a single monomer,
disruption or destabilization of the dimer will therefore destroy
its activity. The design of more powerful dissociative inhibitors
will be facilitated by an accurate knowledge of the dimerization
energetics and the structural stability of the dimer as well as of
the isolated monomer.

The flexibility and stability of both monomeric and dimeric
HIV-1 PR are studied by sampling their conformational spaces
from 100 ns MD simulation at 350 K using an implicit solvent
model. The relatively high value of the temperature was chosen
to improve sampling of conformational space. Experimental data
on an HIV-1 PR mutant indicate that the monomeric structure
is essentially identical to a single subunit of the dimer.34 The
principal component analysis (PCA) was applied to visualize
the available regions of the conformational space, to compare
their structural diversity, and to map the bottom of their
underlying energy landscapes. MD simulations were previously

used to study the dynamics of both monomeric35 and di-
meric25,36-40 forms of HIV-1 PR. Although the flaps were found
to be very flexible in the dimeric form, in agreement with
experimental studies,22,24,26the N- and C-termini that constitute
the interface between the two subunits were found to be flexible
only in the monomeric form. However, based on these MD
studies, a comparison between the flexibility of the two forms
might be misleading due to different time scales. Although the
longest simulation of the dimer sampled 10 ns, the isolated
monomer was simulated for only 160 ps. Additional regions of
the monomeric protein might be flexible (e.g., secondary
structure elements) on longer time scales. Moreover, experi-
mental denaturation studies classified HIV-1 PR as a two-state
dimer where the dissociation of the dimer and its unfolding are
concomitant processes and the monomer is unstructured in
solution.12,41,42 Accordingly, longer MD simulations of the
isolated HIV-1 PR monomer are required to study its flexibility
and to specifically address the question of the coupling of
dissociation with unfolding and between assembling with
folding.

Methods

The flexibility of monomeric and dimeric HIV-1 PR was
studied by molecular dynamic simulations at 350 K. The initial

Figure 1. Two orientations of the HIV-1 protease homodimer showing
the active site of the enzyme and the interface between the two subunits.
(a) The active site is defined by Asp25 of the two subunits (represented
by gray vdW spheres). The flap tips (residues 45-55) of each subunit
that allow substrate entry to the active site are represented by pink
ribbon. The N- and C-termini (residues 1-4 and 96-99) are shown
by green and yellow ball-and-stick representation, respectively. (b) The
two subunits were colored by different colors, and the four-stranded
antiparallelâ-sheet is represented by spheres. The interface of the two
subunits illustrate a domain swapping mechanism, which involve the
exchange of the termini across the two chains.
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conformation in the simulations of the dimeric molecule was
the crystal structure of the unliganded protease (PDB entry
1hhp43) and the conformation of the monomeric molecule was
a single subunit of the homodimer. For each system (monomeric
or dimeric HIV-1 PR), five trajectories (each of 20 ns) were
performed. Conformations were sampled every 20 ps along the
trajectories, resulting in a total of 5000 conformations of
monomeric and dimeric HIV-1 PR. The two conformational
samples were reduced by applying a distance criterion for similar
conformations. Two monomeric/dimeric conformations are
defined as being similar if the all-atom Cartesian rms deviation
between the conformations is smaller than 2.0/1.8 Å, respec-
tively. After the redundant conformations were removed, the
diluted samples included 1512 distinct monomeric HIV-1 PR
and 1210 distinct dimeric HIV-1 PR. All simulations were
performed with the molecular dynamics program CHARMM44

and the param19 polar hydrogen force field44 using 2 fs time
steps and a 10 Å cutoff for the nonbonding interactions.

The simulations were performed with the EEF1 implicit
solvent model,45 which approximates the solvation-free energy
as a sum over group contributions, where the solvation-free
energy of each group is corrected for the screening by
surrounding groups in the first solvation shell. This model uses
neutralized ionic side chains and a linear distance-dependent
dielectric function to simulate the shielding effects of water on
electrostatic interaction. The EEF1 model has been shown to
give good results for the folding46-48 and unfolding49,50processes
of various proteins and is able to discriminate between native
and misfolded protein structures.51-53 Moreover, simulations
using this model have been shown to yield a good agreement
with explicit solvent simulations.45,54-56

To examine the stability of the dimeric HIV-1 protease with
the EEF1 force field, three 20 ns MD simulations of the dimer
were performed at 300 K. The three trajectories differ in the
value of the seed used for generating the random numbers that
assign the initial velocities. The structural stability along these
trajectories is evaluated by the root-mean-square deviation
(RMSD) relative to the X-ray structure after least square
superposition. The RMS deviationdij between conformationi
and j of a given molecule is defined as the minimum of the
functional

whereN is the number of atoms in the summation,k is an index
over these atoms, andrk

(i), rk
(j) are the Cartesian coordinates of

atomk in conformationi and j. Because several experimental
and theoretical studies indicated that the flap tips (residues 45-
55 of each dimer subunit, see Figure 1) are flexible in solution,
the RMSD was calculated on the basis of backbone atoms, both
including and excluding the flap residues. The average RMS
deviations with and without the flap regions are 5.3 and 2.0 Å,
respectively (Figure 2). This indicates that the HIV-1 PR dimer
is stable and that the pronounced flexibility at 300 K is located
in the flap regions.

To estimate and compare the flexibility of monomeric and
dimeric HIV-1 PR, the principal component analysis (PCA)57-62

was applied on a distance matrix to project the high-dimensional
molecular conformational spaces of monomeric and dimeric
HIV-1 PR onto a low dimensional sub-space. A distance matrix
based PCA was applied in this study, although it is computa-
tionally more expensive than the more common covariance
matrix based PCA. Though the latter concentrates on the
collective motion of the atoms and was successfully applied to
find functionally relevant motions,57-60,62,63the distance-matrix
based PCA concentrates on the structural diversity in confor-
mational samples. Recently, the distance-based PCA has been
used to compare the conformational spaces of analogous
molecules and in that way has provided a visualization and a
quantitative measure for the shifting and shrinking of the
conformational space as a result of structural constraints,64 point
mutations,56,65 and the chemical environment.55 The distance
matrix based PCA was applied here to visualize the effect of
dimerization on the flexibility of HIV-1 PR and to quantify the
different conformational space of its monomer and dimer.

A key element in the distance matrix based PCA is the choice
of distance measure used to construct the distance matrix∆,
which reflects the relationship between the conformations. In
this study, the distance between any pair of conformations is
measured as the RMS deviation in Cartesian coordinates (eq
4). The minimum value of eq 4 is obtained by an optimal
superposition of the two structures. The resulting RMS devia-
tions are usually compiled into an upper diagonal distance matrix
∆a, where the elements∆ij are the RMSD between conforma-
tions i and j of moleculea (for i > j). When conformations of
two analogous moleculesa and b (or of different samples of
the same molecule) are to be compared with each other, the
“cross”-distance matrix,∆a,b, must be calculated in addition to

Figure 2. Average RMS deviation of the HIV-1 PR along three 300 K molecular dynamics trajectories relative to the PDB structure. The RMS
deviations are based on all backbone atoms (thin line) and backbone atoms excluding the flap regions (thick line). The RMS values indicate that
most of HIV-1 PR is stable and that the pronounced flexibility of the dimeric HIV-1 PR at 300 K is due to the flap regions.

dij ) x1

N
∑
k)1

N

|rk
(i) - rk

(j)|2 (4)
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the two self-distance matrices,∆a and ∆b.66 The elements of
the rectangular “cross” matrix are the distances between all
conformations of moleculea and all conformations of molecule
b. Thus, to obtain a joint projection of moleculesa andb, PCA
is applied to the combined matrixD,

where∆a and∆b are the upper diagonal “self”-distance matrices
and∆a,b is the rectangular “cross” distance matrix. The size of
the jointD matrix is (n + n′) × (n + n′), with n conformations
of moleculea andn′ conformations of moleculeb. Equation 5
is easily extended to any arbitrary number of analogous
molecules.

In the present study, the PCA was applied to project the five
conformational samples of either monomeric or dimeric HIV-1

PR onto the same subspace and in that way to explore the
flexibility of each molecule and examine the region in confor-
mational space sampled by each trajectory. Because each
sample, obtained from a trajectory along 20 ns, contains 1000
conformations a 5000× 5000 distance matrixD is calculated

where the diagonal elements are the RMSD between the
conformations generated by each simulation and the other
nonzero elements are the RMSD between conformations gener-
ated by different simulations. In these calculations, the RMSD
were calculated on the basis of the backbone without the flaps.

Figure 3. Projections of the five trajectories (simulated at 350 K) of monomeric HIV-1 PR onto a plane defined by the first two principal coordinates.
Each trajectory includes 1000 conformations sampled along 20 ns. The initial and final sampled conformations in each trajectory (corresponding
to 0 and 20 ns) are denoted by dashed arrows. The projected dynamics illustrate that the monomer is flexible and that it can adopt various structures
beside the PDB structure (designated by a star). The various occupied regions of the 2D subspace are marked by ellipses, indicating that the bottom
of the energy landscape of the monomer is rough and contains several basins connected by small barriers.

D ) (∆a ∆a,b

0 ∆b
) (5)

D ) (∆trj1 ∆trj1,2 ∆trj1,3 ∆trj1,4 ∆trj1,5

0 ∆trj2 ∆trj2,3 ∆trj2,4 ∆trj2,5
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0 0 0 ∆trj4 ∆trj4,5
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Besides the comparison between the conformations generated
by the five trajectories of the monomer and the dimer, the PCA
is also used to examine the flexibility of the two identical
subunits of the HIV-1 PR homodimer. To do so, the following
1210× 1210 distance matrix is constructed

where∆subunita and ∆subunitb are the “self”-distance matrix of
subunita and of subunitb, respectively, and∆subunita,subunitb is
the “cross” distance matrix between the conformations of subunit
a and those of subunitb. Applying the PCA to this matrix may
enable us to compare the flexibility of both subunits in the
homodimeric structure.

To quantitatively explore the effect of the reduced flexibility
due to dimerization, we compare the sampled conformational
spaces of monomeric and dimeric HIV-1 protease. The calcula-
tion of this matrix is more difficult in comparison to the previous
ones because comparing a monomeric conformation to a dimeric
conformation is less intuitive as their chains are of different
lengths (i.e., the monomer and the dimer composed of 99 and
198 residues, respectively). To overcome this limitation, the
structural difference between a monomeric and a dimeric HIV-1
PR conformation was estimated by calculating the RMSD
between the isolated monomer and each of the dimer subunits.
To reduce the size of the matrix and make the calculations more
efficient, each dimeric conformation is represented by one
subunit. Moreover, among the two RMSD values, the largest
was selected with the aim to represent the largest flexibility.
This approach reflects the flexibility of the two subunits and
ignores the inter-subunit motion. A similar approach was applied
to quantify the flexibility of the dimeric isoform. In this case,
the two subunits of a given conformation were compared with
the two subunits of another dimeric conformation, resulting in
four RMSD values. The maximal value among these four was
selected to represent the largest structural variance of the dimeric
HIV-1 PR. According to this scheme the following 2722× 2722

distance matrix was calculated,

where

The 1512× 1512 self-distance matrix∆monomerand the 1210
× 1210 self-distance matrix∆dimer represent the flexibility of
the isolated monomer and the maximal flexibility of a single
dimeric subunit (i.e., a bound monomer). The 1512× 1210
cross-distance matrix∆monomer,dimerrepresents the difference in
the flexibility of isolated and bound monomer.

All the 2D projections capture 40-52% of the normalized
sum of all eigenvalues and the 3D projections capture 56-60%
of that sum. The secondary structure determinations used for
calculating the secondary structure content and for the prepara-
tion of Figure 10 were preformed by the program DSSP.67

Results and Discussion

Monomeric HIV-1 Protease. When the PCA is applied to
the 5000× 5000 monomeric HIV-1 PR distance matrix (eq 4),
the whole conformational space of the protein as described by
the 350 K trajectories can be characterized. Additionally, it is
possible to examine the dynamics of the protein and evaluate
its structural diversity. Figure 3 shows five projections (onto
the same plane defined by the first two principal coordinates)
of the conformations of monomeric HIV-1 PR sampled along
the five 20 ns trajectories. The projections illustrate that the
monomeric HIV-1 protease is flexible and adopts various
structures that differ from the X-ray structure of the dimeric
HIV-1 PR subunit. The maximal RMSD for the isolated
monomer based on all backbone atoms without the flaps is 9.2

Figure 4. Principal coordinate projections of the full and reduced conformational samples of monomeric HIV-1 PR. The full sample includes 5000
conformations and is denoted by triangles and the reduced sample includes 1512 conformations and is denoted by circles.

D ) (∆subunita ∆subunita,subunitb

0 ∆subunitb
) (7)

D ) (∆monomer ∆monomer,dimer

0 ∆dimer
) (8)

∆monomer,dimer) max(∆monomer,subuniti a,∆monomer,subuniti b) (9)

Ddimer ) max(∆subuniti a,subunitj a ∆subuniti b,subunitj b

∆subuniti a,subunitj b ∆subuniti b,subunitj a
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3072 J. Phys. Chem. B, Vol. 107, No. 13, 2003 Levy and Caflisch



Å. Projecting a trajectory characterized by complex dynamics
onto a plane defined by collective motions allows us to group
the sampled conformations and to compare the initial and final
structures to those sampled along the simulation. In the projected
trajectories each group of conformations may correspond to a
different basin on the energy landscape and is marked in Figure
3 by an ellipse. In the projection of trajectory #1 four regions
are defined (regions 1-4). This indicates that the monomeric
HIV-1 PR is flexible and can adopt other structures besides the
structure of a single subunit of the symmetrical dimer. The
projection of trajectory #2 indicates again the flexibility of the
monomeric HIV-1 PR; however, in this trajectory only three

groups of structures (regions 1, 3, and 5) are sampled. It is
interesting to note that in trajectory #2 the monomeric HIV-1
PR visited two regions that were already detected by trajectory
#1 (regions 1 and 3) and one additional region (region 5) is
characterized. All other projected trajectories exhibit fluctuations
between different conformational regions. The fact that seven
regions, corresponding to different types of conformations, were
sampled during a total of 100 ns may indicate that the bottom
of the energy landscape of monomeric HIV-1 PR is rough and
the transition between these basins is accessible at 350 K.

A single 20 ns trajectory at 350 K is not sufficient to represent
the flexibility of the monomer. Accordingly, several trajectories

Figure 5. Projections of the five trajectories (simulated at 350 K) of dimeric HIV-1 PR onto a plane defined by the first two principal coordinates.
The conformations are compared by calculating the RMS deviation based on the backbone atoms of a single subunit of the dimer (a) and based on
all the backbone atoms of the two subunits (b). Whereas the projected trajectories in (a) illustrate the flexibility of a bound monomer, the projected
trajectories in (b) include in addition the rigid body motion between the two bound subunits. Each trajectory includes 1000 conformations sampled
along 20 ns. The initial and final sampled conformations in each trajectory (corresponding to 0 and 20 ns) are denoted by dashed arrows. The
projected dynamics illustrates that the monomer is flexible and that it can adopt various structures besides the PDB structure (designated by a star).
The various occupied regions of the 2D subspace are marked by ellipses, indicating that the bottom of the energy landscape of the dimer contains
several basins, similar to that of the monomer (see Figure 3).
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are required to characterize the conformational space of the
flexible monomeric HIV-1 PR. However, the five trajectories
include groups of similar conformations, which are redundant
as far as mapping the conformational space is concerned. By
applying a distance criterion, similar conformations are pruned
from the conformational sample. Two conformations are defined
as being similar if the backbone atom RMS between the two is
smaller than 2 Å. After the redundant conformations are
removed, the diluted sample includes 1511 conformations. To
verify that the pruning does not affect the projections, the PCA
was used to compare the conformation coverage before and after
the reduction. Figure 4 shows the full and reduced conforma-
tional sample of the monomeric HIV and clearly indicates that
the reduced conformational sample overlaps very well with the
original full sample and that the reduction does not adversely
affect the quality of the results.

Dimeric HIV-1 Protease. To explore the flexibility of the
dimeric HIV-1 PR, its conformational space was sampled by
applying a similar sampling procedure as for the monomeric
HIV-1 PR, resulting in 5000 conformations. In three runs
(trajectories #1, #4, and #5) the dimer was stable. The CR
RMSD oscillated around 2.2, 3.1, and 3.0 Å, respectively. In
run2, the RMSD reached a value of about 5.5 Å in the first 4
ns and then decreased to about 3 Å. In run3, the structure
deviated by about 3 Å until 12 ns, after which the RMSD
increased to about 6 Å. To better explore the dimer flexibility
and differences among the five trajectories, the multidimensional
conformational space of the dimeric HIV-1 PR was projected
onto 2D subspace obtained by the PCA. The motion of a dimeric
protein consists of fluctuations within the two subunits and the
relative reorientation between the two constituents. Accordingly,
to study the dynamics of the dimeric HIV-1 PR, we define two
RMSD measures for the flexibility of the dimer. In the first
measure, the deviation between two dimeric conformations is
calculated on the basis of a single subunit of the dimer (i.e., 99
residues) and thus reflects the internal flexibility of the bound
monomer. In the second measure, the RMSD is calculated on
the basis of all backbone atoms (i.e., 198 residues) and thus
reflects both the internal flexibility of its two subunits and the
relative motion between them. It should be noted that the
distance matrices (eq 6) were calculated differently for the two
RMSD measures. In the matrix calculated on the basis of the
second RMSD, each element is the RMSD between pairs of
dimeric conformations whereas in the corresponding matrix
based on the first RMSD measure, each element is the largest
RMSD among the four RMSDs calculated between the two
subunits of one conformations and the two of another (similar
to eq 10).

The dynamics of the bound monomeric HIV-1 PR at 350 K
is characterized by sampling several conformational regions
(Figure 5a). However, the dynamics of the bound monomeric
HIV-1 PR (Figure 5b) is much reduced compared to that of the
isolated monomer, as illustrated by the number of visited
conformational regions and their structural diversity. The bound
monomer samples five conformational regions compared to
seven regions for the isolated monomer. Moreover, although
the conformational regions of the isolated monomer include
conformations with RMSD of about 9.2 Å (Figure 3), the
maximal deviation described by the projected trajectories of the
bound monomer is about 5.0 Å. The dynamics of the dimeric
HIV-1 PR is more complicated than the dynamics of its moiety.
Comparing the small area that is captured by the projected
trajectories of the bound monomer (Figure 5a) to the relatively
large area of the projected dimer trajectories (Figure 5b)

illustrates that the dimer experiences an additional relative
motion between the two moieties. The dimer dynamics, as the
dynamics of isolated and bound monomers, is characterized by
traveling among different conformational regions (Figure 5b)
where the maximal RMSD between any couple of conformations
is 7.8 Å. The small RMSD values between the structures
representing different conformational regions of the bound
monomer suggests that, due to its reduced internal flexibility,
extensive sampling by several trajectories is not required.

The full conformational sample of the dimeric HIV-1 PR was
reduced from 5000 to 1210 conformations by applying a distance
criterion of 1.8 Å cutoff. Because the HIV-1 PR dimer is
composed of two identical subunits, it is interesting to explore

Figure 6. RMS deviation between the two subunits of each dimeric
conformation (among the reduced sample) calculated on the basis of
all backbone atoms (dashed line) and all backbone atoms without the
flaps (black line).

Figure 7. Joint projections of the sampled conformation spaces of
the bound subunit A (full circles) and bound subunit B (empty circles)
onto planes defined by the first and second principal axes (a) and by
the first and third principal axes (b). The projections illustrate, as
expected, that the flexibility of the two identical subunits of the HIV-1
PR is similar.

3074 J. Phys. Chem. B, Vol. 107, No. 13, 2003 Levy and Caflisch



the flexibility of each subunit and to observe to what extent the
complex remains symmetric along the trajectory. The RMSD
between the two subunits of each dimeric HIV-1 PR conforma-
tion was calculated on the basis of the backbone atoms as well
as on the backbone without the flaps (Figure 6). The average
RMSD between the two moieties of the homodimer is about
1.9 Å and reflects that their dynamics is not symmetric.
However, one may expect that because the two moieties of the
dimer are identical, the volume of the conformational space
covered by each of them should be the same.

To compare the flexibility of the two subunits, the PCA was
applied on the distance matrix (eq 7). Figure 7 shows a joint
projection of the 1210 conformations of subunitA as well as
those of subunitB onto the best 2D subspace defined by the
first two principal axes. As expected, the projected conforma-
tional spaces of the two identical subunits reflect similar
flexibility. The fact that the two subunits of the dimeric HIV-1
PR sample similar regions indicates that the sampling covers
the dimeric HIV-1 protease conformational space at 350 K. It
is assumed that additional sampling at 350 K on a similar time
scale may produce conformations that are similar to those that
have been already sampled and would be redundant or “fill”
holes in the joint 2D projection. Thus, additional conformations
sampled along further 20 ns would not qualitatively affect the
analysis.

Monomer Flexibility versus Dimer Flexibility. It is well-
known, from both theoretical23,25and experimental24,26studies,
that the flaps (residues 45-55) are flexible in both monomeric
and dimeric forms of HIV-1 protease. Additionally, the N- and
C-termini (residues 1-4 and 96-99, respectively) of the isolated
monomer are flexible,34 whereas in the dimer the termini
constitute the interface between the two subunits and are
therefore rigid.41 Accordingly, two distance matrices (eq 8) were
constructed: the first is based on the backbone atoms excluding
the flap residues and the second on the backbone atoms
excluding the flaps and the two termini. Figure 8 shows joint
2D projections of the monomeric and dimeric HIV-1 PR, as
obtained by applying the PCA on the two isoforms of the
distance matrix. The projected conformational space of the
isolated monomeric protein is much larger than that of the
dimeric protein and illustrates that the bound monomer is less
flexible due to the interaction with the other subunit. Namely,
the dimerization confines the structure of the monomer and the
flexibility of each subunit is limited (Figure 8a). Neglecting the
two termini results in larger overlap between the two confor-
mational spaces (Figure 8b). Namely, the segments constituted
of residues 5-44 and residues 56-95 of the monomeric and
dimeric proteins have similar structures with larger flexibility

for the isolated monomer. These projected conformational spaces
demonstrate that the domain is quite stable in both monomeric
and dimeric forms and most of the flexibility of the monomer
is located in the two termini.

The N- and C-termini contribute most significantly to the
subunit association, as reflected by their major contributions to
the Gibbs energy of intersubunit interaction at the dimerization
interface in comparison to other residues.41 Accordingly, the
large motion of the monomer in the interface region of HIV-1
PR is most likely due to solvation of residues that would be in
close contact with the complementary subunit in the dimer. The
loss of hydrophobic contacts, andâ-sheet hydrogen bonds with
the complementary subunit is the origin for the termini mobility
when the other subunit is replaced by water. Similar flexibility
of the termini of isolated monomeric HIV-1 PR were previously
reported on the basis of 160 ps MD simulation at 300 K35 and
the general features of the tertiary structure were preserved over
the course of that simulation.

To examine the stability of the domain of the monomeric
and dimeric HIV-1 PR along the 100 ns MD simulations at
350 K, the secondary structure content of the conformational
samples of both polypeptides was explored. Figure 9 shows
histograms of theR-helical and â-sheet contents for both
molecules. To focus on the monomer stability, the secondary
structures of the dimeric structures were calculated for the

Figure 8. Joint projections of the monomeric and dimeric HIV-1 PR onto 2D subspace. The dimeric conformations are represented by one of its
two subunits. The RMS deviation between the two conformations was calculated on the basis of all backbone atoms except for the flap (a) and on
the basis of all backbone atoms except for the flap and the two terminals (b).

Figure 9. Histograms of theR-helical and â-sheet contents for
monomeric and dimeric HIV-1 PR. The histograms indicate that the
secondary structure contents of the isolated monomer and of the dimer
are very similar. To focus on the monomer stability, the secondary
structure of the dimeric structures were calculated for the subunits, thus
neglecting the contribution of the interface. The calculations were done
with the DSSP program.
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subunits, thus neglecting the four-stranded antiparallelâ-sheet
constituting the N- and C-termini of the monomers. The two
histograms indicate that the secondary structure contents of the
isolated monomer and of the dimer are very similar. This
observation together with the fact that the monomer is more
flexible than the dimer illustrates that the domain is stable and
that the flexibility of the monomer is mainly of the termini and
not due to the unfolding of secondary structure elements. Four
monomeric conformations located at different regions of the
joint 2D projection and three dimeric conformations were chosen
to illustrate the stability of the secondary structure elements in
both the monomer and dimer and the enhanced flexibility unique
to the termini of the monomeric HIV-1 PR compared to their
stability in the homodimeric protein (Figure 10). It should be
noted that in the three dimeric structures only the subunit with
the larger RMS deviation relative to the PDB structure is
presented.

The conformations of the monomeric HIV-1 protease (Figure
10, top) and the conformations of the subunit of the dimeric
HIV-1 protease (Figure 10, middle) illustrate that the secondary
structure contents are very similar in each sample. The main
structural difference between the monomeric and dimeric HIV-1
PR is related to the two termini. In the dimer, the two termini
are close to each other and participate in the stabilizing
interactions between the two subunits. In the monomer, due to
the lack of interactions with the other subunit, the two termini
are flexible. Additional evidence for the different flexibility of

the two HIV-1 PR forms is obtained from the RMS fluctuations
of each residue (Figure 11). This figure emphasizes that the
flexibility of the monomer and dimer is very similar with the
exception of the enhanced flexibility of the two termini of the
monomer. Although the monomer is rather stable on the 20 ns
time scale at 350 K, it is expected to unfold at longer time scales.

Figure 10. Four conformations of monomeric HIV-1 PR (conformations 1-4) and three conformations of the dimeric HIV-1 PR (conformations
5-7) selected from different regions of the projected conformation samples (Figure 8). For the dimeric HIV-1 PR only one subunit is shown. The
â-sheets andR-helices are indicated in blue and red, respectively, and illustrate that the monomer is structured. The N- and C-termini are represented
by green and purple vdW spheres to emphasize their destabilization and flexibility due to the absence of the second subunit. The secondary structure
elements were determined on the basis of the DSSP program.

Figure 11. RMS fluctuations of the CR atoms of monomeric and
dimeric HIV-1 PR from the average 350 K conformation as a function
of residue number.
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Energy Landscapes of Monomeric and Dimeric HIV-1
Protease.The different dynamic properties of the monomeric
and dimeric HIV-1 PR are a consequence of their energy
landscapes. To highlight the topography of the energy landscape
the “minimal energy envelope” was applied by adding the
potential energy of each conformation to the 2D projected
conformational spaces.61 Using this approach, the effect of
conformational constraints,66,68 the solvent,55 and point muta-
tions65 on the energy landscapes of polypeptides were studied.
Because the conformational space of the dimer is characterized
by one of its two subunits, the potential energy of a dimeric
conformation was divided by 2. The potential energy is
interpreted in terms of stability, and the joint projected confor-
mational space of the monomer and dimer (Figure 8) enables
us also to comparestructural diVersity. Because in the present
study the conformations were sampled with moderately high
temperature MD simulations (350 K), crossing high barriers is
impossible and thus only thermodynamically and kinetically
stable conformations were sampled. Accordingly, only the
bottom of the energy landscape is described.

Figure 12 shows the bottom of the energy landscapes of
monomeric (Figure 12a) and dimeric (Figure 12b) HIV-1 PR.
The topography of the two energy landscapes is significantly
different, reflecting the different dynamics of the two proteins.
The energy landscape of monomeric HIV-1 PR is broad and
contains multiple local minima whereas the energy landscape
of the dimer is narrower and deeper. These properties are
reflected in the high flexibility of the isolated monomer and
the small structural fluctuations of the dimer. Moreover, the
global minimum of the dimeric HIV-1 PR is deeper, indicating
larger stability, presumably due to the hydrophobic interaction
between the two subunits. Recently, a statistical survey of crystal
structures with different inhibitors complemented by MD
simulations and normal modes analysis was published. The
authors suggested that the potential energy surface of the HIV-1
PR is characterized by many local minima in the neighborhood
of the native state that differ little in energy.40 This is in
agreement with our results as reflected by the flexibility of the
dimer (Figure 5). We also propose that the flexibility of the
monomer is larger than that of the dimer and the bottom of its
energy landscape is rougher.

The energy landscapes of monomeric and dimeric HIV-1 PR
illustrate the effect of association on the dynamics and on the
stability. Although the energy landscape of an isolated subunit
is rough and shallow, the energy landscape of a bound subunit
is smoother and deeper. The properties of the energy landscape
of a dimeric protein, as found in the present study, are in good

agreement with a prediction made by Nussinov and her
colleagues on the effects of binding and association on an energy
landscape of an isolated protein. They suggest that if a dimer
is formed by association of two already folded proteins (i.e., a
three-state dimer), the funnel landscape of the complex can be
considered as the fusing of two individual folding funnels of
the monomers, making the bottom of the newly fused funnel
deeper and occupied by a collection of favorable associations
of two conformations.69,70 It should be noted that because only
the bottom of the dimer energy landscape is presented here,
only conformations that are stabilized by the termini swapping
are described and thus the focus is on the stability and flexibility
of the formed dimer. To study the mechanism of termini
swapping, upper regions of the landscape have to be explored.

Conclusions

The flexibility of monomeric and dimeric forms of HIV-1
protease was studied by MD simulations. The sampled confor-
mations were projected on a two-dimensional subspace whose
axes were obtained by applying the principal component analysis
(PCA) on the distance matrix of each molecule. In agreement
with NMR measurements24,26and previous MD simulations,23,25

it was found that the flap tips (residues 45-55) are flexible
and adopt closed and completely open conformations in solution.
The isolated monomeric HIV-1 PR is more flexible than the
dimeric HIV-1 PR. The projected trajectories illustrate that the
monomer adopts various conformations, which are grouped
using the collective coordinates into seven clusters where the
maximal RMSD among the 5000 projected conformations is
9.2 Å. The limited dynamics of each of the two subunits that
constitute the dimeric HIV-1 PR is reflected by only three visited
conformational regions that have a maximal RMSD of about
5.0 Å. It was found that although the dynamics of the dimer is
not symmetric (the average RMS deviation between the two
identical subunits of a given dimeric conformation is 1.9 Å),
the flexibility of the two subunits is identical and they sample
similar regions of conformational space. The motion of the dimer
has two important components: the first is an intradynamics
of each of the subunits and the second is the displacement of
one subunit with respect to the other. Though the intradynamics
is very significant for the isolated monomer, it is minor for the
dimer. The interaction between the two subunits constrains their
internal flexibility and the major contribution to the dynamics
of the dimer, besides the flap motion, is the relative motion
between the two bound monomers.

The different flexibility of the isolated and bound monomer
is reflected in the topography of its underlying energy land-

Figure 12. Energy landscapes of monomeric (a) and dimeric (b) HIV-1 PR. TheXYplane represents the structural diversity of the monomeric and
dimeric HIV-1 PR conformations as described in Figure 8a.
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scapes. The bottom of the dimer energy landscape is deeper
and much narrower than the one of the monomer. Moreover,
the energy landscape of the isolated monomer is rougher (i.e.,
contains multiple minima) than that of the dimer, reflecting its
enhanced flexibility. The fact that the energy landscape of the
bound monomer is deeper in comparison to that of the isolated
monomer illustrates that the interactions between the two
subunits at the interface stabilize each subunit. The enhanced
flexibility of the isolated monomer is mostly in the N- and
C-termini (residues 1-4 and 96-99, respectively), which are
almost rigid in the dimeric form. This observation suggests, in
agreement with a previous study,41 that the two termini constitute
the interface between the two subunits and contribute signifi-
cantly to subunit association, indicating that blocking one (or
both) of them may prevent the formation of the active enzyme.

With the exception of the different flexibility of the N- and
C-termini, the tertiary structure of the two HIV-1 PR forms is
very similar and no destabilization of secondary structure
elements was observed. This result suggests that along 20 ns
trajectories at neutral pH and 350 K the monomer is structured;
however, it is expected to unfold at longer time scales. It should
be noted that under denaturating conditions (i.e., denaturant,
high temperature, or low pH) the monomeric form of HIV-1
PR is unstable and the dimer unfolding was described by a two-
state model in which folded dimers were in equilibrium with
unfolded monomers.12,41 In addition, the dissociation of the
dimeric HIV-1 PR under physiological conditions is ac-
companied by a loss ofâ-sheet content,39 which may be
attributed to the breaking up of the four-stranded antiparallel
â-sheets that define the interface between the two subunits,
whereas the monomers remained structured. NMR measure-
ments on a mutant protease containing the R87K substitution
showed that the monomer is folded with a structure similar to
a single subunit of the dimer.34

The finding that the isolated monomeric HIV-1 PR has similar
secondary and tertiary structure as a single subunit of the dimer
suggests that under physiological conditions the active dimer
is in equilibrium with a partially structured monomer. Moreover,
the existence of structured monomer suggests that partial folding
of the monomer is a prerequisite for the dimerization of the
HIV-1 PR and thus the folding and recognition are not coupled
processes, indicating that the folding of dimeric HIV-1 PR may
not obey a two-state model. On the basis of the flexibility of
the monomer termini and the fact that they constitute the
interface between the two subunits, we propose that the
association of the HIV-1 PR subunits follows a domain
swapping mechanism, which involves the exchange of the
flexible termini across the two chains as illustrated in Figure
1b. Additional support for the description of the association of
HIV-1 PR by domain swapping was previously obtained from
the compactness profile of the dimer, which resembles that of
known domain-swapped dimers rather than that of known two-
state dimers.7

Categorizing the HIV-1 PR as a two-state dimer based on
equilibrium denaturation experiments might be explained by the
low value ofKd (50 nM and 0.023 nM at pH) 3.4 and 5.0,
respectively)41 and by the fact that these experiments were
performed at significantly higher concentrations (few micro-
molar) than that in vivo, as dictated by the instrument sensitivity.
Because the unfolding of a three-state dimer is concentration
dependent, experiments should be carried out at a lower
concentrations (i.e., values similar to that of theKd) to asses
the validity of a two- or three-state dimerization model.71 At
concentration much larger than the dimer’sKd a monomeric

intermediate becomes unstable relative to the dimer and
therefore is less populated at equilibrium. Accordingly, the dimer
might be wrongly classified as a two-state dimer. Presumably,
folded monomeric HIV-1 PR R87K mutant was detected
because of the loss of specific interactions at the interface.34

Destabilization of the dimer by the mutation results in higher
Kd and enables detection of the folded monomer even at
concentrations of a few micromolar. On the basis of MD
simulations, we propose that wild-type HIV-1 PR is a three-
state dimer and expect that more sensitive instrumentation will
be able to detect a folded monomeric HIV-1 PR.
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