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ABSTRACT: We provide insight into the first stages of a kinetic mechanism of lateral drug expulsion
from the active site of HIV-1 protease, by conducting all atom molecular dynamics simulations with
explicit solvent over a time scale of 24 ns for saquinavir bound to the wildtype, G48V, L90M and G48V/
L90M mutant proteases. We find a consistent escape mechanism associated with the G48V mutation.
First, increased hydrophilic and hydrophobic flap coupling and water mediated disruption of catalytic
dyad hydrogen bonding induce drug motion away from the dyad and promote protease flap transition
to the semi-open form. Conversely, flap-inhibitor motion is decoupled in the wildtype. Second, the
decrease of total interactions causes unidirectional lateral inhibitor translation by up to 4 Å toward
the P3 subsite exit of the active site, increased P3 subsite exposure to solvent and a complete loss of
hydrophobic interactions with the opposite end of the active site. The P1 subsite moves beyond the
hydrophobic active site side pocket, the only remaining steric barrier to complete expulsion being
the “breathable” residue, P81. Significant inhibitor deviation is reported over 24 ns, and subsequent
complete expulsion, implemented using steered molecular dynamics simulations, is shown to occur
most easily for the G48V-containing mutants. Our simulations thus provide compelling support for
lateral drug escape from a protease in a semi-open flap conformation. It is likely that some mutations
take advantage of this escape mechanism to increase the rate of inhibitor dissociation from the
protease. Finally, unidirectional translation may be countered by designing inhibitors with terminal subsites
that provide sufficient anchoring to the flaps, thus increasing the steric barrier for translation in either
direction.

Overcoming the development of inhibitor induced resis-
tance by the human immuno deficiency virus (HIV1) remains
one of the greatest challenges in the struggle against AIDS.
The aspartyl protease synthesized by HIV is a homodimer
with C2-symmetry, composed of 99 amino acids in each
chain. The active site of the enzyme is formed by the dimer
interface with an aspartic acid from each chain at the base,
enclosed by a pair of hairpinâ-sheets known as the “flaps”.
Due to its key role in the cleavage and subsequent maturation
of the matrix (gag) and enzymatic (pol) proteins from their
precursors, the protease has been a key target for structure-
based antiretroviral inhibitors (1, 2). Unfortunately, the high
replication rate of the virus and low fidelity of the reverse

transcription process have led to the proliferation of several
resistant strains that follow emerging mutational patterns
(3-6).

The loss in binding affinity of inhibitors to drug resistant
mutants of HIV-1 protease as compared to the wildtype has
been very well studied experimentally (7-9) and computa-
tionally (10-12). However, such calculations do not provide
information about the kinetic mechanism of drug association
or dissociation, nor can they alone explain the variation in
the kinetic role of mutations in causing resistance.

For example, while it is likely that some active site
mutations like V82A and I84V cause resistance through
direct steric hindrance, other mutations not in the active site
cause resistance through an alteration in the dynamical
properties of the enzyme (13, 14). Furthermore, for some
such mutations, although structural differences between
proteases remain small, significantly different clinical be-
havior is observed (15).

The role of the flaps in the catalytic mechanism of HIV-1
protease has been extensively studied. Ligands bind to the
protease in a two-step process, first forming a loose complex,
with the flaps in an open conformation, and second with the
flaps securing the ligand in a closed conformation (16).
Previous studies of the many crystal structures reported for
HIV protease complexes have revealed the characteristic
flexibility of the flaps together with the stability of the
catalytic region (17). Furthemore, the crystal structures of
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apo-proteases are almost entirely in a third, semi-open flap
conformation, while ligand-bound structures are predomi-
nantly in a closed conformation.

Protease flexibility, stability and flap motion have also
been extensively studied using computational techniques such
as molecular dynamics (18-20) Recent studies on both the
free and inhibitor-bound enzyme suggest the predominance
of the semi-open flap conformation in the unliganded
protease which can repeatedly open and close, while showing
that the flaps remain stably closed when an inhibitor is bound
(21). This is in good agreement with previous NMR studies
(22, 23) that have suggested equilibria between open, semi-
open and closed forms of the flaps. Interestingly, a recent
crystal structure of an unbound multi-drug resistant (MDR)
protease with flaps in an open conformation was found to
revert back to a semi-open form in molecular dynamics
simulations (24), and it was suggested that such an open form
was due to crystal packing effects. Molecular dynamics (MD)
simulations have also provided insights into the mechanism
of the reversal of flap handedness upon binding of a substrate,
which varies between closed and semi-open conformations
(25, 26).

The effect of drug resistant mutations on the dynamics of
the protease has also been studied. Previous, fully atomistic
simulations have shown the increase in flexibility of the
unliganded form of the drug resistant V82F/I84V double
mutant over the wildtype (27), with the flaps occupying a
semi-open conformation more often in the mutant. Course-
grained Brownian dynamics simulations have also shown that
an effect of mutations is to reduce the frequency of flap
opening with respect to the wildtype thus contributing to a
decrease in the association rates of inhibitors (28).

However, while significant work has now been done in
determining the flap-associated mechanisms of drug-binding
to the protease in an open flap conformation, the reverse
process of mechanistic drug dissociation remains poorly
understood, especially at the atomistic level. Due to the
stabilization of the flaps in a closed conformation upon
inhibitor binding, the time scale to observe any significant
drug deviation away from a bound state coupled to an
opening of the flaps has remained beyond the scope of
molecular simulation (21).

Here, we perform temporally extended, fully atomistic
molecular simulations, each of 24 ns with explicit solvent,
of the wildtype protease and three drug resistant mutants
(G48V, L90M and G48V/L90M) bound to the inhibitor
saquinavir. Using several dynamical analyses, including
principal component analysis (PCA) (29), we provide insights
into the first stages of a lateral drug dissociation mechanism
from the active site of the protease, following reversion of
the flaps into a semi-open conformation. Furthermore, we
explore the differential interactions in each protease mutant
compared to the wildtype and thus provide insights into the
mechanistic basis of drug resistance conferred by the G48V
mutation due to enhanced inhibitor coupling with the highly
flexible flaps of the protease. Such an expulsion mechanism,
which we investigate through the use of steered molecular
dynamics simulations (30), is not likely to require the full
opening of the flaps, and the subsequent alteration of
previously proposed dissociation rates for inhibitors from
wildtype and mutant proteases (7) is therefore discussed.

METHODS

Initial Preparation.The 1HXB crystal structure (resolution
2.3 Å) was used as the starting point for all the molecular
dynamics simulations of HIV-1 protease complexed with
saquinavir. The residues of protease monomers labeled A
and B in the crystal structure were numbered 1-99 and 101-
199 respectively. Drug coordinates were extracted and
missing hydrogens inserted on the drug using the PRODRG
tool (31). Gaussian 98 (32) was used to perform geometric
optimization of the inhibitor at the Hartree Fock level with
6-31G** basis functions. The restrained electrostatic potential
(RESP) procedure, which is also part of the AMBER
package, was used to calculate the partial atomic charges.
The force field parameters for the inhibitor were completely
described by the general amber force field (GAFF) (33).
GAFF has been used before in a comparison between
saquinavir and a second generation inhibitor (10). Mutations
on the protease were incorporated using a protocol from the
visualization package VMD (34) which also inserted all
missing hydrogens on the protease. The standard AMBER
force field for bio-organic systems (ff99) (35) was used to
describe the protein parameters.

A dianionic protonation state was assigned for the aspartic
acid dyad. As the protonation state of the aspartic acid dyad
can vary under different conditions (see (36) and references
therein), we also studied the effects of using the alternative,
monoprotonated state (see Results and Supporting Informa-
tion).

The Leap module (37) in the AMBER7 software package
(38) was then used to combine each apo-protease system
with the inhibitor. Four Cl- counterions were added to
electrically neutralize each system, which was then solvated
using atomistic TIP3P water (39) in a cubic box with at least
10 Å distance around the complex. The size of each prepared
system was 31845, 31860, 31841 and 31856 atoms for the
wildtype G48V, L90M and G48V/L90M systems respec-
tively.

Minimization and Equilibration Protocols.The molecular
dynamics package NAMD2 (40) was used throughout the
production simulations as well as for the employment of
minimization and equilibration protocols. Minimization was
conducted using the conjugate gradient and line search
algorithms available in NAMD2 for 700 iterations for each
system with a force constant of 25 kcal/mol/Å2 applied to
all restrained atoms. This achieved a desired gradient
tolerance of between 10 and 20 in each case. Restrained
atoms included all heavy atoms of HIV-1 protease and
saquinavir.

The long-range Coulombic interactions were handled using
the particle mesh Ewald summation method (PME) (41). A
nonbonded cutoff distance of 12 Å was used for all
simulations. For the equilibration and subsequent production
run the SHAKE algorithm (42) was employed on all atoms
covalently bonded to a hydrogen atom, allowing for an
integration time step of 2 fs. Each system was gently
annealed from 50 K to 100 K over a period of 10 ps, followed
by further annealing to 300 K over a period of 20 ps. The
systems were then maintained at a temperature of 300 K
using a Langevin thermostat with a coupling coefficient of
5/ps for the rest of the equilibration and for all subsequent
production runs. The systems were equilibrated for 200 ps
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while maintaining the force constants on the restrained atoms
to allow for thorough solvation of the complex and to prevent
premature flap collapse (43). The L90M and G48V/L90M
systems were then equilibrated for 50 ps with the force
constraints of all atoms within a 5 Å radius of the L90M
mutation and their respective residues set to zero. This was
to allow optimal reorientation of the substituted methionine.
The atoms within the 5 Å radius of L90M were then kept
unrestrained for all further simulations. The force constant
on restrained atoms was then reduced sequentially to 20, 15,
10 and 5 kcal/mol/Å2, equilibrated for 50 ps at each value.
This was followed by a completely unrestrained isothermal
equilibration for 800 ps in the canonical (NVT) ensemble,
and all systems were then simulated for a further 1 ns under
NPT conditions using a Berendsen barostat (44) with a target
pressure of 1 bar and a pressure coupling constant of 0.1 ps.

Production Runs.The output coordinates from each of the
four protease systems were then used as the starting point
for all subsequent production runs, each of which continued
in the NPT ensemble for a further 24 ns. Coordinate
trajectories were recorded every 1 ps throughout all equili-
bration and production runs. In total, over 100 ns of
simulation was achieved, performed under conditions of
optimal computational efficiency using NAMD2 (40), with
a wall-clock rate of approximately 8 h/ns, using 30 processors
on a 512 processor SGI Altix at CSAR, University of
Manchester, U.K., 32 processors (1 node) at the U.K. national
HPCx facility, Daresbury, and 32 processors on the TeraGrid
cluster at NCSA. These simulations also made use of the
U.K. National Grid Service (NGS), specifically 32 processors
on the Leeds compute node.

Post-Production Analysis and Steered Molecular Dynam-
ics. Root-mean-squared deviation (RMSD) and distance
vector analyses were implemented using VMD. Radii of
gyration and radial distribution functions were calculated
using the PTRAJ module in the AMBER9 software package.
PTRAJ was also used for implementation of principal
component analysis (PCA). For PCA, the backbone protease
atoms (CR, C and N) as well as the non-hydrogen drug atoms
were used for the analysis. Production trajectories of all
systems were combined and fitted to the 1HXB crystal
structure; the covariance matrix and principal eigenvectors
were calculated using this combined trajectory, making direct
comparison between systems possible over a consistent
eigenvector set. Principal projections for each system were
superimposed every 250 snapshots and represented schemati-
cally (see Figure 5) using the IED package (45) interfaced
with VMD.

Steered molecular dynamics (SMD) simulations were
implemented for each protease system using NAMD2, and
made use of 32 processors on the Leeds and Oxford compute
nodes of the U.K. NGS, from the last coordinates of the
unsteered MD simulation. The steered “dummy” atom was
attached via a force constant ofk ) 10 kcal/mol/Å2 to all
non-hydrogen drug atoms and pulled with a steered velocity
of V ) 0.01 Å/ps. These values of force constant and steered
velocity correspond to a stiff spring in the drift regime (46).
Furthermore, the velocity was slow enough to allow relax-
ation of the solvent in response to steering. To prevent
translation and rotation of the protease molecule upon
application of the steering force, several CR atoms were held
fixed, specifically those of the N- and C-termini residues 1,

99, 101 and 199 as well as residues 30, 108, 123 and 181 at
the back end of the protease. The direction of steering was
determined by the vector with origin at the CR atom of
residue R108 pointing in the direction of the CR atom of
residue R8; the “dummy” atom was pulled to a distance of
15 Å from its starting position, corresponding to a steered
simulation time of 1.5 ns. Center of mass displacement and
SMD force values were output every 10 time steps, and all
other MD parameters were kept the same as those used in
the NPT ensemble, described above.

RESULTS

Structural Flexibility.As a preliminary indication of global
backbone flexibility, we measured both the backbone root-
mean-squared deviation (RMSD) and the radius of gyration
of each of the four systems from their original starting
structures across the entire 24 ns trajectory (see Supporting
Information). Over the first 5 ns of simulation, no significant
difference in RMSD is discernible between any of the
systems with values ranging from 1.25 Å to 1.5 Å. However,
further RMSD analysis shows that the L90M mutant is more
flexible than the other three systems, manifesting the largest
deviation from the original structure over the rest of the
simulation. There is also little change in the radius of gyration
of each of the four systems over such a time scale, with mean
values of 17.56( 0.37 Å, 17.58( 0.37 Å, 17.65( 0.39 Å
and 17.53( 0.39 Å for the wildtype, G48V, L90M and
G48V/L90M systems respectively. The results show that the
L90M mutant exhibits the largest flexibility in accord with
the RMSD analysis.

The backbone root-mean-squared fluctuations (RMSF)
relative to the average structure across the whole of the
production run for the wildtype, G48V, L90M and G48V/
L90M systems are 0.93( 0.14 Å, 0.84( 0.10 Å, 1.01(
0.20 Å and 0.87( 0.12 Å respectively, also supporting the
slightly increased flexibility of the L90M mutant.

In addition to changes in global flexibility of the enzyme,
the specific changes in flexibility across each of the residues
were also calculated (see Supporting Information). All
systems showed similar fluctuations in their catalytic residues
except for monomer B in the L90M mutant system, which
showed an RMSF of 1.08 Å as compared to 0.64 Å in the
wildtype.

Coupled Flap and Inhibitor Dynamics.Previous studies
on HIV apo-proteases have shown that some mutations alter
the equilibrium between more open and more closed
conformations of the flaps, facilitated by curling of the flap
tips (27, 47). Inhibitors have also been shown to stabilize
the flaps in a closed conformation (48).

To investigate the degree of flap opening in the presence
of an inhibitor and the corresponding relationship to the
position of the inhibitor, we calculated the evolution of
several metrics within the active site (Figure 1(a)). The size
of the active site of each protease was measured using the
distance between the center of mass of the bottom of the
flaps (residues 49 and 149) termed “Flap” and the center of
mass of the Câ atoms of the aspartic acid dyad, termed “Asp”
(Flap-Asp distance:|rFA|). The distances between Flap and
the center of mass of saquinavir, termed “Saq” (Flap-Saq
distance: |rFS|), and between Saq and Asp (Saq-Asp
distance:|rSA|) were also measured (see Figure 1(b)) as well
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as the cross-correlation coefficients (Cc) of these distance
metrics across each trajectory (see Supporting Information).

In our simulations, the drug manifests stable binding to
the wildtype protease at a distance of 6.5 Å from the aspartic
acid dyad, while also stabilizing the flaps at 11 Å. A low
cross-correlation coefficient between the Flap-Asp and
Saq-Asp distances, Cc(|rFA|:|rSA|) ) 0.41, indicates that the
flap motion is decoupled from the motion of the drug while
a high cross-correlation coefficient between the Flap-Asp
and Flap-Saq distances, Cc(|rFA|:|rFS|) ) 0.85, confirms that
the drug is coupled tightly to the aspartic acid dyad.
Conversely, the G48V mutant shows tight coupling between
the motion of the drug and the flaps (Cc(|rFA|:|rSA|) ) 0.91),
demonstrated clearly after 12 ns of simulation, where a
discrete change in the Saq-Asp distance (orange line)
precedes that of Flap-Asp distance (black line) by ap-
proximately 50 ps. In the subsequent 13 ns of the simulation
the drug moves nearly 3 Å away from the active site center.
The L90M mutant shows the most fluctuation in flap
dynamics, although no stable open conformation is achieved
by the end of the simulation. Even though there is no
significant coupling between the flaps and saquinavir (Cc-

(|rFA|:|rSA|) ) 0.13), there is a significant reduction in the
coupling between the aspartic acid dyad and the drug (Cc-
(|rFA|:|rFS|) ) 0.25), as compared to wildtype. This facilitates
significant lateral motion, as indicated by the convergence
of the Flap-Asp (black line) and Saq-Asp (orange line)
distances. The G48V/L90M double mutant shows stable
positioning of the drug in the active site for approximately
19 ns, succeeded by a rapid 3 Å motion away from the
aspartic acid dyad within the subsequent 6 ns, during which
the drug is clearly coupled to the flaps. This is supported by
a high cross-correlation coefficient across the entire trajectory
(Cc(|rFA|:|rSA|) ) 0.90).

The frequency distribution of the Flap-Asp distance for
all systems is shown in Figure 2. The PDB structure 1HHP
of the apo-protease with flaps in a semi-open conformation
was taken as our reference structure. The corresponding
Flap-Asp vector for this structure is 14.90 Å. If the
conformation of the flaps in the 1HHP structure is taken as
a definition of a semi-open conformation, then none of our
systems sampled the semi-open conformation significantly,
although there were observable differences in the frequency
distributions of the Flap-Asp distance exhibited by the

FIGURE 1: (a) Schematic diagram of saquinavir bound to HIV-1 protease. Three coordinates are shown (black circles); Flap, Saq and Asp,
defined as the centers of mass of residues 49 of each monomer, all saquinavir atoms, and enzymatic aspartic acid Câ atoms respectively.
The black, red and orange lines are the magnitudes of Flap-Asp (|rFA|), Flap-Saq (|rFS|) and Saq-Asp (|rSA|) vectors respectively. (b)
Time evolution of the Flap-Asp, Flap-Saq and Saq-Asp vectors over 24 ns for a single representative trajectory of each protease system.
Coupled flap-inhibitor motion as well as the transition of the flaps from a closed to a semi-open conformation are observed in the G48V
and G48V/L90M systems.

FIGURE 2: (a) Frequency distribution of the Flap-Asp distance for all four systems (wildtype, black; G48V, red; L90M, orange; G48V/
L90M, blue). This color coding is used throughout, when all four protease variants are compared to each other. (b) Schematic diagram of
the degree of flap opening in each system by the end of the 24 ns simulations (green), as compared to the 1HHP crystal structure (blue).
The G48V and G48V/L90M systems sample the most open conformations and reach a semi-open conformation (defined by the 1HHP
Flap-Asp distance) 14.9 Å) by the end of the simulation.
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mutants as compared with the wildtype. While the flaps of
the wildtype remained in a closed conformation throughout
the 24 ns simulation, the mutants sampled less closed
conformations and, in the case of the G48V and G48V/L90M
systems, approached the semi-open conformation by the end
of the simulation (Figure 2). However, although an interesting
bimodal distribution is discernible for the G48V mutant and
to a lesser extent for the G48V/L90M mutant, as only one
transition of the flaps from a closed to a semi-open
conformation is observed in each of these systems, the
aforementioned distribution does not represent statistical
conformational sampling.

Inhibitor Protrusion and Conformational Changes.Comple-
mentary to an analysis of drug motion along the active site
axis, angular deviation of the Saq-Asp vector from the
Flap-Saq vector together with the perpendicular distance
of Saq from the Flap-Asp vector provides a direct indicator
of lateral motion (Figure 3). The greatest lateral (dL) and
angular motion (θ) of the drug out of the active site is
exhibited by the L90M mutant (orange line), which reaches
a distance of 6 Å from the active site only 10 ns into the
simulation. G48V (red line) and G48V/L90M (blue line)
mutants show trimodal and bimodal distributions respec-
tively, and in both the drug proceeds laterally to a perpen-
dicular distance of 4 Å away from the Flap-Asp vector.
Interestingly, in the G48V mutant, the drug first moves into
the center of the active site before being laterally directed
away from the center. Only in the wildtype (black line) does
the drug maintain lateral proximity (perpendicular distance
1 Å to 2.5 Å) to the active site center throughout the
simulation.

The protrusion of the quinoline moiety of the P3 subsite
(see Figure 4(a)) is observable from the alteration of the
radial distribution function of water molecules around it at
the end of the simulation as compared to the start. Figure
4(b) shows the radial distribution function of water molecules
out to 10 Å from the C35 atom which is the quinoline atom
furthest from the central plane of the active site, averaged
over 1 ns at the start of the production runs and at the end.
The wildtype and L90M systems both show increased
exposure to water at the start of the simulation as compared
to the end, supporting an increased burying of the quinoline

moiety into the active site. The G48V and G48V/L90M
mutations show converse behavior, in that the quinoline
moiety is more exposed to water by the end of the simulation.
In fact, for the G48V mutant, the extent of quinoline
protrusion is large enough to cause significant increase in
the radial distribution function even as far out as 10 Å from
the C35 atom.

FIGURE 3: (a) Lateral motion of saquinavir out of the active site. The schematic diagram shows the lateral vectordL measured by the
perpendicular distance of the center of mass of saquinavir (Saq) from the Flap-Asp vector (see Figure 1) and the angleθ between the
Saq-Asp vector and the Flap-Asp vectors. (b) The time evolution ofdL and (c) the correlation ofθ with the magnitude of the Saq-Asp
vector.

FIGURE 4: (a) Chemical structure of saquinavir showing subsites
and the C35 atom on the quinoline moiety. (b) Radial distribution
function of water molecules out to 10 Å for all systems for the 1st
ns of production (solid line) as compared to the 24th ns (dashed
line) of production from the C35 atom. There is increased solvation
around the quinoline moiety in the G48V containing systems,
associated with a pronounced protrusion from the active site.
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Conformational changes of both the drug and the protease
were analyzed further using both RMSD analysis (reported
in Supporting Information) and principal component analysis
(PCA), reported here. Protease backbone atoms and all non-
hydrogen drug atoms were used for PCA, and all production
trajectories were combined in order to produce a common
set of principal component eigenvectors for all protease
systems. The projections of the first three principal compo-
nents for each system are shown in Figure 5. The zero-
projection structures are shown in red and blue for the drug
and protease respectively and the corresponding projections
onto each principal component, in gray and ice-blue respec-
tively.

As viewed from the top of the flaps looking down, the
first principal component eigenvector (pc1) is characterized
by the correlated rotations of the drug, such that when the
quinoline moiety rotates downward, the P1′ subsite rotates
upward into the flaps. This correlates with the up-curling of
the flap tips to accommodate the P1′ subsite of the inhibitor.
The wildtype, G48V and G48V/L90M systems exhibit
similar and only marginal projections onto pc1. The L90M
system, however, exhibits two distinct conformational dis-
tributions, one similar to that of the other systems and the
other corresponding to the large rotational motion described
above. This large conformational change is sufficient to
dominate the variation across the entire trajectory and results
in the motion described uniquely by the L90M system being
selected as the first principal component.

The second principal component (pc2) is characterized by
the lateral motion of the drug in the active site, correlated

with the conformational sampling of the flap of monomer
B, as well as the rotation of the phenyl group of the drug in
relation to the quinoline moiety. The wildtype uniquely
exhibits conformational sampling corresponding to the rota-
tion of the phenyl group down into the active site, as well
as sampling of drug conformations closer to the active site
center. The L90M projection corresponds to the drug
sampling conformations distributed around the zero-projec-
tion center, while the G48V-containing systems exhibit
projections corresponding to significant lateral motion of the
drug out of the active site, as well as the rotation of the
phenyl group into a plane parallel to the quinoline moiety.
This is coupled to the sampling of more open conformations
of the flap of monomer B, which contains a mixture of both
lateral and vertical motions.

The third principal component (pc3) is characterized by
the conformational flexibility of the flaps as well as the
coupled motion of the inhibitor. The flaps in the G48V/L90M
system sample significantly more of the conformational space
than the wildtype, G48V and L90M systems. The G48V-
containing systems exhibit the largest conformational sam-
pling of the drug in relation to conformational changes in
the flaps, indicating a more strongly coupled interaction
between flaps and inhibitor as compared to the other two
systems.

Differential Interactions in the ActiVe Site.In order to
investigate the molecular basis for the differential dynamics
between the inhibitor and the various protease systems,
especially the differential coupling to specific regions of the
active site, we analyzed both the hydrophilic and hydrophobic

FIGURE 5: Principal component analysis of conformational sampling in each system. Superposition of the projections of each trajectory on
the first three common principal component eigenvectors (pc1, pc2 and pc3) for all protease systems. The zero-projection structure is
shown in red and blue for the drug and protease respectively, and projections are shown in gray and ice-blue respectively. pc1 is dominated
by conformational changes in L90M; the G48V-containing systems exhibit similar conformational sampling in pc2, the drug being laterally
displaced from the active site center with pronounced coupling of the drug to the flaps in both pc2 and pc3.
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interactions within the active site across the course of the
simulations.

First, the active site of the protease is decomposed into
separate spatial subregions (see Figure 6(a) and 6(b)) in a
way that encompasses all hydrophilic and hydrophobic
interactions between the drug and the active site. The
observed motion of the mutant systems away from the center
toward the quinoline moiety “exit” of the active site allows
us to define an asymmetric direction to the active site
subregions. The components of the active site that are on
the P3-P1 side of the drug are therefore referred to as “front”
subsites, and those at the other end (P1′ and P2′) are denoted
as “back”.

The “Flap” subregion consists of residues I47 to I50 (front)
and I147 to I150 (back) that make up the inner strands of
the flaps as well as the tetrahedrally co-ordinated water
molecule between the flaps and the inhibitor. The “Asp”
subregion is composed of the catalytic aspartic acid dyad;
as it is central in the active site, it is not further designated
as “front” or “back”. The “Outer” subregion consists of
residues G27 to G30, R108 and L123 (back) and G127 to
G130, R8 and L23 (front). Finally the “Wall” subregion of
the active site consists of V32, P81, V82 and I84 at the front
and V132, P181, V182 and I184 at the back. The “Flap”
and “Outer” subregions therefore contain a mixture of
hydrophilic and hydrophobic residues, while the “Asp”
subregion is hydrophilic and the “Wall” subregion entirely
hydrophobic. By comparison, the subsites of the drug are
largely hydrophobic (P3, P1, P′ and P2′); the only explicitly

hydrophilic subsite is P2, identical to an asparagine residue.
Other polar groups are largely contained within the backbone
of the inhibitor.

Hydrophilic interactions are assessed by calculating the
running average number of hydrogen bonds, using a 100 ps
time window, between saquinavir and all of the distinct
subregions across the simulation span for each system. A
donor-acceptor distance of 3.5 Å and a donor-hydrogen-
acceptor angle of 150o were used as the criteria for the
formation of a hydrogen bond (see Figure 6(c)). The total
number of hydrogen bonds (black line) throughout the
simulations is largest for the wildtype. Furthermore, in the
wildtype, there is an isotropic distribution of hydrogen bonds
between the “Flap” (red line) and “Asp” (blue line) subre-
gions with running averages of 2.2 and 2.7 bonds respectively
as well as almost no hydrogen bonding with the “Outer”
(orange line) sub region. The wildtype also exhibits greater
hydrogen bonding with the catalytic dyad than any of the
mutant systems. This is explained due to the P2 subsite of
saquinavir, which bonds uniquely with the dyad in the
wildtype, while bonding with the “Flap” subregion in the
G48V and L90M systems and, first, with the “Outer”
subregion in the G48V/L90M system, later to the “Flap”
subregion. Due to this differential coupling in the G48V and
G48V/L90M mutants, there is at least one more hydrogen
bond with the “Flap” subregion than with the “Asp” for the
entire duration of the simulation. The anisotropy is further
increased after 12 and 19 ns respectively for these two mutant
systems, at which point all hydrogen bonding with the “Asp”

FIGURE 6: Schematic diagrams of active site decomposition into several distinct subregions from (a) side view and (b) top-down view:
Flap (residues 47 to 50 and 147 to 150 as well as the tetrahedrally coordinated water molecule between the flaps and the inhibitor), Asp
(D25 and D125 residues), Wall (residues V32, P81 to I84, V132 and P181 to I184) and Outer (residues R8, L23, G127 to D130, R108,
L123 and G27 to G30). Note also that the flaps are not shown in (b). (c) Time evolution of inhibitor hydrogen bonds with the subregions
for each system (note the Wall subregion does not mediate any hydrogen bonds with the drug), using a 100 ps running average window.
The wildtype maintains isotropy between the Flap and Asp subregions while in all other systems, Asp hydrogen bonding is significantly
reduced and hydrophilic coupling to the flaps is larger. In G48V-containing systems, there is complete loss of Asp hydrogen bonds. (d)
Time evolution of hydrophobic contacts with each subregion (note the Asp subregion does not mediate hydrophobic interactions). There is
again a distinct loss of inhibitor contact with the Outer subregion in G48V-containing systems. Interactions with all regions are color
coordinated, the total interaction being represented by the black line.
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subregion terminates. The increased time to complete decay
of hydrogen bonding between the inhibitor and the “Asp”
subregion in the G48V mutant is due to the hydroxyethylene
group of the inhibitor which switches acceptors from the
carbonyl oxygen of D25 to that of D125, hydrogen bonding
intermittently for several nanoseconds before being disrupted
completely. In both these mutants, there is a decay of
hydrogen bonding with the “Outer” subregion within 2 and
6 ns respectively. However, toward the end of the simulations
there is re-establishment of a single hydrogen bond between
the inhibitor and the highly polar R8 residue.

In the L90M system, there is initially an anisotropic
distribution between “Flap” and “Asp” subregions with a 2
hydrogen bond difference, followed by isotropy between all
three subregions 11 to 20 ns into the simulation. At this point
there is a marked increase in hydrogen bonding by 3 or 4
bonds with the “Outer” subregion. This is due to the
hydrogen bond established between the oxygen at the base
of the P3 subsite of the drug and the R8 residue as well as
the formation of two hydrogen bonds between the P2 subsite
and the Outer subregion.

Hydrophobic interactions are assessed by calculating the
number of hydrophobic contacts between the drug and the
different subregions using the same running average criteria
and with the same cutoff distance of 3.5 Å (see Figure 6(c)).
The total number of hydrophobic contacts does not vary
substantially between the different mutants and the wildtype.
However, only in the wildtype is isotropy maintained
between all three hydrophobic subregions. The significant
number of contacts with the “Wall” subregion is maintained
owing to the proximity of the P1, P1′ and P2′ subsites, while
contact with the “Flap” subregion is mediated by a combina-
tion of all the hydrophobic subsites. Interestingly, unlike the
hydrophilic interaction in the wildtype, which decays to zero,
there is a pronounced hydrophobic interaction with the
“Outer” subregion, owing again to the P1′ and P2′ subsites.
At 15 ns into the wildtype simulation there is complete
convergence between the number of “Flap” and “Outer”
contacts due to a conformational change in the P1 subsite
toward L23. This again is unique to the wildtype; in all
mutant systems, the P1 subsite remains coupled to the “Flap”
subregion. In the G48V and G48V/L90M systems, there is
a decay in the number of contacts with the “Outer” subregion
at 12 and 19 ns which again coincides with the previously
mentioned rise in the position of the drug with respect to
the base of the active site and the protrusion of the inhibitor.
Finally there is an inversion in the number of contacts with
the “Flap” and “Wall” subregions in the L90M system, owing
to a conformational change in the P1′ subsite by which it
associates with the “Flap” subregion instead of the “Wall”.

The running average number of water molecules within 3
Å around the catalytic dyad was calculated across the entire
trajectory for each system (see Supporting Information),
again with a time window of 100 ps. In all mutants there
are at least two water molecules coordinated around the
catalytic dyad within 5 ns of the beginning of the simulation.
In contrast, the wildtype protease exhibits no water coordina-
tion around the dyad until after 20 ns of simulation. The
difference in water coordination between the wildtype and
mutant systems ranges from 0 to 8, and by the end of the
simulation there is still a coordination difference of 2 between
wildtype and mutant systems. The previously mentioned

abrupt changes in the Flap-Asp and Saq-Asp vectors for
both the G48V and G48V/L90M systems after 12 and 19 ns
respectively, as well as termination of hydrogen bonds with
the “Asp” subregion, coincide with increased water coordi-
nation around the catalytic dyad. In particular, at these points
a water molecule enters into the cavity between the dianionic
dyad and the hydroxyethylene group of saquinavir, in both
systems leading to disruption of the hydrogen bond between
the dyad and the inhibitor. For the wildtype and L90M
systems, even though increased water coordination occurs,
direct hydrogen bonding between the inhibitor and the dyad
is not disrupted by any specific water molecule.

Mutation-Assisted Lateral Inhibitor Escape.To understand
the molecular mechanism for the first stages of translation
out of the active site, observed in all three mutants, and to
assess the subsequent ease of lateral escape, we further
investigated the change in the subsite interaction properties
of the drug with various active site subregions across the
course of the simulations, as well as laterally extracting the
drug from the active site through steered molecular dynamics
(SMD) simulations from the final conformation attained by
the drug in each system.

In the L90M mutant, a clear mechanism for drug transla-
tion was not discernible. The cause of the observed lateral
displacement of the center of mass (see Figure 3) is the
increased flexibility of the mutant protease as well as
increased hydrophobic association of the P1′ subsite with
the flaps through a conformational change, which places the
subsite in between the I50 and I150 residues of the protease.
Furthermore, the protrusion signature of the quinoline moiety
as calculated by the radial distribution function (see Figure
4) is less at the end than at the start of the simulation in the
L90M mutant: no clear mechanism of translation was
observed over the course of the simulation.

By contrast, the drug in both the G48V and G48V/L90M
mutant proteases not only shows substantial deviation from
the original position but also shares a common mechanism
of translation. The properties of increased flap coupling,
combined with a loss of hydrophobic contacts and hydrogen
bonds with the “Outer” subregion, are common to both G48V
containing mutants (see Figure 6(c) and 6(d)), as well as a
similar signature of quinoline protrusion from the active site
(Figure 4).

Figure 7 shows key drug-protease interactions in the
G48V system at the start (Figures 7(a) and 7(b)) and the
end (Figures 7(c) and 7(d)) of the simulation. At the start of
the simulation, the P1′ and P2′ subsites form hydrophobic
contacts with the back part of the “Outer” subregion
(specifically with residues L23 and A28 respectively). These
contacts are lost at 12 and 17 ns respectively (Figures 7(e)-
[1] and 7(e)[2]) and are correlated with an increase in
hydrophobic contacts with the Flap and Wall subregions. This
is due to a translation of the P1′ subsite away from L23 and
a rotation of the P2′ subsite into the hydrophobic Wall cavity
composed of V32, P81, V82 and I84 residues (Figure 7(c)).
Furthermore, unlike the wildtype system in which the P1
subsite rotates to form hydrophobic contacts with the front
“Outer” subregion, the presence of valine at position 148
allows maintenance of hydrophobic contacts with the flaps
in the G48V containing mutants. This results in the P1
subsite, which initially also has hydrophobic contacts with
the Wall cavity, moving clear of it by the end of the
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simulation. This is facilitated by the flexibility of the Wall
tip, the Wall tip distance (P81-P181 CR) varying by up to
5 Å across the simulation (Figure 7(e)[4]); such breathing
allows the P1 subsite to move beyond the hydrophobic pocket
initially constraining it.

As well as conformational changes in the drug, we noticed
a large conformational change in the R8 residue which guards
the exit to the active site (Figure 7(b) and (d)). At the
beginning of the simulation, both “gate” arginines R8 and
R108 are approximately equidistant to the hydroxyethylene
moiety of the inhibitor. Figure 7(e)[3] shows the evolution
of these distances over the course of the simulation. At 17
ns into the simulation, there is a coupled movement of the
OH group away from R108 (red line) and toward R8 (black
line), as well as significant motion of R8 toward the OH
group. This coincides with the loss of hydrogen bonding with
the aspartic acid dyad (Figure 6(e)), following the flap-
induced lifting of the drug at 17 ns (Figure 1 orange line).

The R8 conformational change establishes a stable, strong
hydrogen bond which endures for the remainder of the
simulation, preventing motion of the OH group back toward
the catalytic dyad and subsequent re-formation of a hydrogen
bond with it. Stability of the arginine backbone is confirmed
by the constancy of the inter-arginine CR separation (green
line) and confirms a rotation of R8 toward the drug (Figure
7(e)) instead of motion of the backbone. All of these
mechanisms also occur in the G48V/L90M mutant (data not
shown), but do not appear in either the L90M or the wildtype
systems.

SMD simulations of lateral drug extraction from the active
site reveal that the G48V-containing systems share a similar
force profile to the wildtype but with varying magnitude (see
Figure 8). The wildtype exhibits a well-defined two-phase
extraction profile; the resistive force of the first barrier
(∼1000 pN) occurs at around 500 ps into the extraction and
is due to the conformation adopted by the R8 residue (see
Figure 7(d)), which obstructs the P1 subsite as well as the
P1′ and P2′ subsites being pulled underneath the flaps. The
second barrier (∼750 pN) is due to the hydrophobic

interactions mediated by the P1′ and P2′ subsites as they
are pulled completely clear of the flaps of the protease
approximately 1000 ps into the simulation.

The G48V-containing systems also exhibit a two-phase
extraction profile with a significantly reduced peak resistive
force upon extraction (∼600 pN) as compared to the wildtype
system. This occurs at around 440 and 600 ps into the
simulation for the G48V and G48V/L90M systems respec-
tively. The coupled motion of the drug toward the flaps and
the R8 conformation adopted by the G48V-containing
systems in the conventional MD simulations (see Figure 7(d))
allow the P1 subsite to be already clear of the R8 residue,
thus avoiding any additional barriers caused by lateral
obstruction of R8 and explaining the reduced force exhibited
by the G48V-containing systems. Furthermore, as the drug
is already more laterally displaced in the G48V-containing
mutants at the start of the SMD simulations, the P1′ and P2′
subsites do not interact as much with the “back” flap. The
main barrier to overcome is that of the P1′ and P2′ subsites
moving past the front flap. The small secondary force peaks
of ∼400 pN and∼350 pN exhibited in these systems at
around 900 and 1000 ps respectively into the simulations
are due to residual interactions of the P2′ subsite with the
front “Wall” of the protease.

The L90M mutant exhibits a substantially different extrac-
tion profile from the other three systems with a resistive force
fluctuating around 500 pN for the whole simulation. This is
due to the P1′ and P2′ subsites being caught between the
flaps of the protease. Upon extraction the hydrophobic
interactions between the front flap and the P1′ and P2′
subsites are maintained and the flap rotates laterally outward
as the drug is expelled.

Previous molecular simulations on the protease complexed
with saquinavir have suggested a monoprotonated dyad with
Asp 25 being thermodynamically favored (49). However, at
physiological pH the catalytic dyad is dianionic, and so the
proton would have to bind after or upon ligand binding. We,
therefore, also investigated the effects of altering the pro-
tonation state of the catalytic dyad. A full account can be

FIGURE 7: (a) Distinct inhibitor subsite contacts with active site subregions and (b) position of the R8 “gate” residue for the G48V mutant
system at the start of the simulation. (c) Unidirectional translation of P1, P1′ and P2′ inhibitor subsites in the G48V system and (d) position
of inward rotated R8 “gate” residue at the end of the simulation. (e) Time evolution of hydrophobic contacts of [1] the P1′ and [2] the P2′
subsites with the active site subregions, following the same color scheme as Figure 6. Complete decay of contacts with the back Outer
subregion occurs as well as transfer of subsite contacts to the Flap and Wall subregions. [3] Interatomic distances for R8 and R108 CR
atoms (green line), saquinavir hydroxythylene group oxygen SAQ:O-R8:NH1 atom (black line) and SAQ:O-R108:NH1 (red line). While
interatomic separation of the backbone of R8 and R108 gate residues remains constant, a combination of inhibitor motion toward R8 and
away from R108 as well as rotation of R8 toward the hydroxythylene oxygen results in the formation of a hydrogen bond. [4] Time
evolution of the interatomic separation of P81 and P181 CR Wall tip residues. The Wall tip breathes with distance fluctuations up to 5 Å,
allowing for the passage of the P1 subsite past the Wall region in the course of the simulation.
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found in the Supporting Information, but we also provide a
brief summary of the results here.

Simulation of all four protease systems over a period of
10 ns, with the dyad in a monoprotonated state, reveals the
comparative immobility of the drug and the flaps of the
protease in these systems. The flaps remain in a closed
conformation with a Flap-Asp distance of around 12 Å,
while the drug shows no flap-coupling in any system, nor
does it exhibit significant lateral motion out of the active
site. Indeed, lateral motion is largest for the wildtype system,
for which the center of mass of the drug moves ap-
proximately only 1 Å from the starting position. The first
stage of the G48V-assisted escape mechanism, reported here,
is therefore facilitated more by a dianionic dyad state than a
monoprotonated state and is thus able to take advantage of
the dianionic state to confer drug resistance.

DISCUSSION

In order to provide molecular insight into the kinetic basis
of drug resistance conferred by the characteristic G48V and
L90M mutations of HIV-1 protease to the inhibitor saquinavir,
we have compared the dynamics of the two single mutants
and the G48V/L90M double mutant bound to the drug, over
24 ns molecular dynamics simulations in explicit water. Our
results show that the degree of isotropy of hydrogen bonding
and hydrophobic contacts, between the inhibitor and various
subregions of the active site, plays a key role in determining
the subsequent dynamics of the inhibitor. Only in the
wildtype is there a significant isotropic distribution between
flap-inhibitor and catalytic dyad-inhibitor hydrogen bonds
(Figure 6(c)), due to drug P2 subsite bonding with the dyad
as well as isotropy in the hydrophobic contacts with different
subregions of the active site (Figure 6(d)). Consequently,
there is little bulk motion of the inhibitor within the active
site across the entire 25 ns, as well as no change in the
conformation of the flaps (Figures 1, 2).

We observe a common mechanism of drug translation out
of the active site in the G48V-containing mutants over the
24 ns period. The presence of the G48V mutation in the
protease not only increases hydrophobic interactions with
the P3 and P1 subsites, but induces an extra hydrogen bond
between the P2 subsite and the flaps. This, together with
the lack of significant hydrogen bonds with the catalytic dyad
for these mutants, has a pronounced effect (Figure 6).

First, increased flap coupling facilitates motion of the
inhibitor toward the flaps (Figure 1), leading to complete
disruption of hydrogen bonding with the catalytic dyad
(Figure 6) as well as coinciding with entry of water molecules
into the catalytic region (see Supporting Information).
Second, it induces the flaps to sample more open conforma-
tions, in turn leading to further subsequent motion of the
inhibitor away from the catalytic dyad.

Flap induced lifting of the drug away from the dyad also
causes loss of hydrophobic interactions between the P1′ and
P2′ subsites with L23 and A28 hydrophobic residues in the
outer regions of the active site respectively, resulting in the
pronounced rotation of P2′ into the Wall subregion cavity
composed of V32, P81, V82 and I84 (Figure 7). The P1
subsite moves clear of this hydrophobic well, facilitated by
significant breathing of the Wall tip residues, and the
quinoline moiety of the drug becomes more exposed to
solvent (Figure 4) due to a 4 Ålateral shift out of the active
site (Figure 3). Furthermore, principal component analysis
(PCA) confirms the significant increase in lateral confor-
mational sampling by the drug in the G48V-containing
mutants (see Figure 5(pc2)) as well as the coupled expulsive
motion of the flaps. Such lateral drug translation induces a
conformational change in the R8 active site gate residue,
which subsequently forms a hydrogen bond with the emerg-
ing central hydroxyethylene moiety of the drug (Figure 7).

Although, by the end of these simulations, the drug has
not been completely expelled from the active site, the

FIGURE 8: Steered molecular dynamics (SMD) lateral extraction of saquinavir from the HIV-1 protease active site. The force is calculated
using a running average time window of 100 ps. The wildtype exhibits a well-defined two-phase extraction profile, the first barrier being
due to the conformation adopted by the R8 residue (see Figure 7(d)), which obstructs the P1 subsite during drug extraction. The second is
due to the hydrophobic interactions mediated by the P1′ and P2′ subsites as they are pulled past the flaps of the protease. The G48V-
containing mutants are initially already more laterally displaced than the wildtype. The resistive force along the steered pathway is subsequently
smaller for the G48V-containing systems as compared to the wildtype by approximately 400 pN.
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distinctive mechanisms described above, together with their
occurrence in both G48V-containing mutants, provide com-
pelling insight into a plausible mechanism of lateral drug
escape from the active site. By the end of the simulations,
the flaps in these mutants are in a semi-open conformation;
the only remaining steric barrier to complete drug expulsion
is the Wall tip residue P81 constraining the P2′ subsite.
However, the breathing capability of this tip implies that,
over a longer time scale, such a steric barrier would diminish,
allowing for complete expulsion to occur. SMD simulations
of the drug in the direction of lateral extraction (see Figure
8) confirm the relative ease with which the G48V-containing
mutants can be extracted in comparison to the wildtype and
are comparable with steered dissociation forces observed in
studies of different biomolecular systems (50).

The increased sampling of more semi-open conformations
of the flaps in the mutant proteases, especially the G48V
and G48V/L90M systems, agrees well with previous com-
putational studies on apo-proteases (27) over a similar time
scale. In those studies the extent of flap opening was
marginally greater than in our studies owing to the absence
of a bound inhibitor. Previous studies on the multi-
nanosecond time scale have also shown that the flaps are
stabilized in a closed position when bound to an inhibitor
(21). However, in those simulations, an implicit solvent was
used, resulting in decreased solvent viscosity. This results
in enhanced flap opening in the apo-protease while the
reverse effect is expected in the inhibitor bound case due to
the increased apparent strength of flap-inhibitor interactions.

In our simulations, using explicit solvent, we show a
transition to the semi-open conformation while the inhibitor
is bound to the protease. The fact that G48V-containing
systems reach a semi-open conformation by the end of the
24 ns simulation, in the presence of an inhibitor, is consistent
both with an increase in sampling of semi-open conforma-
tions by mutant proteases and with a slightly reduced rate
of opening of the flaps in an inhibitor-bound protease as
compared to an apo-protease.

Furthermore, the significant deviation of the inhibitor away
from the initial position reported here and the relative ease
of extraction using SMD, together with the fact that full flap
opening is rare compared to the semi-open conformation (21),
provide a strong basis for the hypothesis that lateral drug
expulsion from a semi-open protease is possible.

Binding of peptidomimetic inhibitors to the protease occurs
by a previously cited two step process (16):

where I represents the inhibitor, Eo‚I and Ec‚I represent
“loose” and “tight” forms of the protease complex with the
flaps in an “open” and “closed” form respectively andk1,
k-1 andk2, k-2 are the rate constants from the first and second
steps of these complexes respectively. In such a process, the
combination of the forward and backward rates give rise to
observable association (kon) and dissociation (koff) rate
constants from unbound to tightly bound proteases. It has
recently been shown, using coarse-grained Brownian dynam-
ics simulations, that binding of ligands is gated by the flaps,
which modulate access to the active site (28). Gating rates
for the G48V and L90M mutations alone were comparable

to the wildtype in these studies, while being smaller for
proteases with several mutations including these two muta-
tions. In the above context, changes in “slow gating”
observed in these studies correspond to alteration ink1.

Previous authors attributed the decrease in binding affinity
of saquinavir with mutant proteases, represented by an
increase inkoff, to a decrease in the equilibrium constant (KE

) k2/k-2) between “tight” and “loose” forms of the complex
(7). Furthermore, complete dissociation of the inhibitor from
the protease was only suggested from the flap-open protease.

Based on our simulations, which exhibit a tendency toward
lateral expulsion, we propose a simultaneously occurring and
alternative mechanism for the increase inkoff induced by the
G48V mutant, which results in a decrease in the dissociation
constant. In such a mechanism, complete dissociation can
occur with the protease in a semi-open flap conformation:

Eso represents the unbound form of the enzyme with the flaps
in a semi-open conformation. The rate constantsk3 andk-3

are for binding and unbinding of inhibitors from a semi-
open apo-protease.

As binding of inhibitors is most likely diffusion limited
(28), it is plausible thatk3 is sufficiently small as not to be
an alternative viable mechanism for binding, thus preserving
the original two-step binding process. From the bound state
however, inhibitor dissociation may proceed via both mech-
anisms providedk-3 is not too small. Furthermore, as
experimentallykon is found not to change significantly in
the G48V mutant, resistance may be manifested by an
increase ink-3 as compared to the wildtype, as well as the
increase ink-2 suggested by previous authors (7). This slight
increase would mean that it is additionally viable for the
inhibitor to become unbound via a lateral expulsion mech-
anism before being restabilized in a flap-closed protease. In
the case of the G48V mutant systems simulated here, it is
the increased coupling of the flaps to the inhibitor that alters
the position of the drug sufficiently explaining howk-3 could
be increased while, even though some flap fluctuation is
observed in the wildtype (Figure 1), the lack of extensive
coupling prevents the drug from any large slip in positioning.
Furthermore, it is plausible that there may be a whole class
of mutations for various inhibitors that takes advantage of
the increased rate of such lateral inhibitor expulsion to confer
resistance to inhibitor binding. It would be very interesting
to see the effects of such long time scale simulations on
different inhibitor/mutant combinations.

Our study shows that the dianionic protonation state of
the catalytic dyad plays a significant part in the assistance
of the observed lateral motion. A mechanism of lateral
dissociation in alternative protonation states has not been
reported in the literature, nor in our own studies of the
protease in the monoprotonated state, in which no lateral
motion is observed over a time scale of 10 ns (see Results
and Supporting Information). As any protonation of the dyad
most likely occurs upon or after ligand binding (36), our
work shows that the G48V mutation is able to take advantage
of the dianionic state of the protease to confer drug resistance
through the expulsion mechanism described here.

Eo + I y\z
k1

k-1
Eo‚I y\z

k2

k-2
Ec‚I (1)

Eso + I y\z
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k-3
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k-4
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Finally, the significant translation of the inhibitor in a
concerted direction provides the basis for an improved
strategy in drug design. Steric hindrance of the large P3
subsite/quinoline moiety with the flaps prevents lateral shift
of the inhibitor toward the P1′ and P2′ side exit of the active
site in the semi-open conformation, thus acting as an
“anchor”. The lack of a sufficiently large anchor at the other
end of the drug, especially one that can oppose lateral motion
through steric hindrance with the flaps, allows the drug to
be translated unidirectionally. Inhibitors with symmetric and
sufficiently sized anchors at both ends of the drug may
enhance drug binding in the semi-open state and counter the
translational effects induced by excessive flap coupling.
Indeed, the lack of sufficient interaction with the catalytic
dyad in the mutants studied here promotes this excessive
flap coupling. Inhibitors should therefore also be designed
to incorporate stronger binding with the catalytic dyad.
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SUPPORTING INFORMATION AVAILABLE

Graphical analysis of the global structural flexibility of
the enzyme backbone is provided as well as changes in
flexibility across amino acid residues. There are also ad-
ditional specifications of cross-correlation coefficients be-
tween drug and protease distance vectors and supplemental
RMSD analysis of net drug-conformational changes. Graphi-
cal analysis of the water-coordination around the dyad is also
provided. Finally, there is a full account of the molecular
dynamics of saquinavir bound to HIV-1 protease variants in
the monoprotonated dyadic state. This material is available
free of charge via the Internet at http://pubs.acs.org.
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