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ABSTRACT: Describing biological macromolecular energetics from computer simulations can pose major challenges, and often
necessitates enhanced conformational sampling. We describe the calculation of conformational free-energy profiles along carefully
chosen collective coordinates: “consensus” normal modes, developed recently as robust alternatives to conventional normal modes.
In an application to the HIV-1 protease, we obtain efficient sampling of significant flap opening movements governing inhibitor
binding from relatively short simulations, in close correspondence with experimental results.

Predicting protein dynamics remains a challenge in computa-
tional biology. The configurational space in which a solvated

macromolecule evolves is so large that we cannot reasonably ex-
pect to ever explore it fully. Standard molecular dynamics (MD)
simulations have their limits: for proteins of normal size, all-atom
simulations are typically limited to time scales largely inferior to
that of many biologically interesting movements and conforma-
tional changes. Although such limits to computation are being
pushed back every year (e.g., ref 1), exploration of long-time-
scale dynamics by MD alone is still not feasible. The difficulty is
especially acute for the identification of new molecules binding
flexible biological targets and understanding related allosteric
effects.2,3 Improved understanding of the dynamics of biological
macromolecules can thus facilitate the proposal of new inhibitors
ormodulators of biological macromolecules in the search for new
therapies.4,5

Properly taking into account features of the energy landscape
“in the large” allows one to arrive at accurate conclusions con-
cerning the dynamic behavior of macromolecules while using
shorter simulations. For example, coarse-grained potentials represent
groups of atoms by a single, larger particle, leading to increased
efficiency of the simulation.6,7 Other approaches are based
on the use of biasing techniques to enhance MD sampling along
interesting directions in the conformational space, using for example
umbrella sampling or metadynamics.8�12 In both cases, the goal
is essentially to look past noisier, smaller-scale degrees of free-
dom in order to exploit larger-scale features of the structure and/
or the energy surface. Representative collective-coordinate de-
scriptionsmust be found that are appropriate to the system under
study. Principal components obtained from molecular simula-
tions of the macromolecule have been successfully adapted for
this purpose.13�15 Normal modes analysis of the macromolecular

structure also provides information concerning its most favorable
modes of deformation, which correspond to gently sloped direc-
tions on the energy landscape.16�18 Normal-mode-based coordi-
nates have been correlated with directions of conformational
change in known systems19�21 and offer productive directions
for exploring the mechanisms of conformational change.22,23

Consensus normal modes take this one step further through a
statistical approach to identifying robust directions from multiple
normal mode descriptions, in which the shape of the free energy
surface is averaged over several minima via the covariancematrix.24

As well as being more robust to intrinsic variability in the analyzed
structure, the resulting consensus modes are more collective than
the individual normal modes and provide a more natural means of
accommodating solvent effects.24

A particularly challenging case is that of the HIV-1 protease
(PR), the major target of anti-AIDS drugs. PR is a homodimer
consisting of two chains of 99 amino acid residues in which access
to a central substrate binding site is mediated by symmetrically
disposed β hairpins called the “flaps”.25 Movement of the flaps
has been shown in experimental studies to be critical for inhibitor
binding.25 Indeed, 450 crystal or NMR structures of this mole-
cule under various conditions show conformational variability
mainly in this region (Figure S1, Supporting Information). Inter-
flap distance distributions established by electron paramagnetic re-
sonance (EPR) measurements using spin labeling confirm the
importance of flap conformational dynamics in solution.26 Char-
acterizing these dynamics is thus critical in the search for new
inhibitors of the protease and for understanding mutations that
allow HIV to evade existing therapies.27
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Nevertheless, the amplitude of the conformational dynamics
seen in unbiasedMD simulations only accounts for a small part of
the conformational variability observed experimentally, due to
the long time scales characterizing the motion, which have been
estimated to be on the order of several hundred nanoseconds or
microseconds.28,29 Further, enhanced sampling methods do not
always increase exploration of flap opening movements. In a
recent study of the binding of a peptide substrate to PR, seven
different collective coordinates were biased simultaneously using
explicit solvent simulations over 1.6 μs.30 Only semiopen struc-
tures were observed; full flap opening that would be necessary
to allow the entrance of the natural polyprotein substrate was not
observed.

We show here that umbrella sampling along strongly collective
consensus modes of the HIV-1 protease permits calculation of a
potential of mean force (PMF) along these reaction coordinates
using relatively short MD simulations. The collective coordinates
allow statistical sampling of representative conformations of the
protein with alternative flap conformations including highly open
states and largely account for the conformational dynamics ob-
served in the spin label measurements.

The consensus modes (CM) for the apoHIV-1 protease were
calculated as described previously from normal modes analyses
of 20 protease structures, which were extracted at regular intervals
from a 1 ns explicit-solvent MD simulation and quenched.24 An
advantage of the consensus modes formalism is its adaptability to
practical constraints; here, for example, the consensus modes were
calculated for the R carbons alone in order to obtain applicability
to mutational studies, yet they reflect a set of PR conformations
sampled from the original all-atom, explicit solventMD simulation
as well as the individual hydration layers used in the initial normal
mode determinations.24 The third and fifth lowest consensus

modes most involved in flap movement are shown in Figure 1. In
the orientation shown, mode 3 is associated with a horizontal
separation of the flaps while mode 5 describes vertical movement
of the flaps, which expands the active site. A movie of the indi-
vidual modemovements is provided (see Supporting Information,
movies 1 and 2).

Sampling along the consensus mode directions was performed
using generalized-Born implicit solvent31 MD simulations, using
theVMODcommand integrated intoCHARMMversion c35.32This
command adds a term to the energy function which is propor-
tional to the squared deviation of the instantaneous normal co-
ordinate of the protein from a prescribed target value. In this pro-
cedure, a given instantaneous structure R is first superimposed
onto a structure Ro that served as the reference for the consensus
modes calculations. The normal coordinate is then defined as
the projection of the mass-weighted coordinate difference vector
between R and the Ro onto the mode vector considered. VMOD
can be used to bias several collective coordinates simultaneously.
The approach has been used along with energy minimization to
explore the effects of variability in the shape of the binding pocket
in inhibitor docking to proteins33,34 and to the study of the energy
variations of large conformational changes.23,35 In the current study,
we used 41 independent MD simulations, each restrained by
VMOD to a different consensus normalmode coordinate (from�2
to +2 Å, every 0.1 Å). The starting structure was first dis-
placed to the target coordinate by energy minimization using the
VMOD restraint; MD heating, equilibration, and production
followed, all performed with the restraint in place in order to ob-
tain the desired sampling. PMFs along the consensus mode co-
ordinate were calculated using the weighted histogram (WHAM)
procedure as implemented by Grossfield.36 Additional details are
given in the Supporting Information and associated Figure S2.
We emphasize that exploring a normal mode coordinate using a
VMOD restraint is not the same as simply displacing the struc-
ture along the normal coordinate. Employment of VMODrestricts
only the normal mode coordinate itself; the remaining degrees of
freedom are free to adapt to the imposed coordinate restraint.

The PMFs calculated for consensus modes 3 and 5 are shown
in Figure 2. The free energy profile along mode 3 (top panel)
shows a wide basin for displacements ranging from �1.5 Å to
+1.5 Å with energy less than 2kT, while mode 5 (bottom panel)
shows a narrower basin between�0.5 and +0.5 Å. In both plots,
the sign has been chosen so that the negative coordinate cor-
responds to closure of the flaps and the positive to opening. Out-
side the basin region, the free energy increases rapidly. We also
show in red the distributions of normal mode coordinates cal-
culated for the 450 known PDB structures, as described in the
Supporting Information. Most of these structures contain ligands
and are thus of the closed form, and correspondingly the bulk
of the distribution for each mode is seen to lie to the left of the
origin. However, several unbound forms of the protease have been
solved as well, and these correspond to the small peaks around
0.5 Å in the distribution of mode 3. For both open and closed
forms, the experimentally determined structures are seen to re-
present low-energy regions of the PMFs, as should be expected.
In comparing the PMFs of modes 3 and 5, we see that the profile
along mode 5, in which the flaps move vertically in Figure 1, is
higher in energy but simpler in form than that of mode 3, asso-
ciated with horizontal flap separation. As can be seen in Figure 2,
mode 3 shows small barriers on the order of 2kT which tend to
delineate the starting structure from either more-open or more-
closed forms.

Figure 1. Snapshots of HIV-1 protease taken from MD simulations
with umbrella sampling along the consensus mode directions describing
flap opening. Each frame contains 20 superposed snapshots sampled at
5 ps intervals from an independentMD trajectory restrained to a particular
normalmode value: from�2 to +2Å for themode 3 and from�1 to +1Å
for mode 5.
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The necessity for umbrella restraints in exploring the flap
opening can be seen by examining the normal mode coordinates
calculated for the structures obtained from a 50 ns unrestrained
MD simulations, shown in the distribution in green (Figure 2).
Clearly, the unrestrained MD sampled closed forms of the
binding site rather well, producing structures having projections
along both modes 3 and 5 that are consistent with the calculated
PMFs. But the sampling of open forms along consensus mode 3
was poor. This may be related to the barrier seen at 0.5 Å in
Figure 2 (top) for this mode, although this barrier must be of a
different nature from that at �0.75 Å of the same height, which
did not prevent sampling in the direction of closing. The asym-
metry of the sampling seen in the unrestrained MD simulations
in this study is consistent with the under-representation of highly
open structures seen in over 460 replicated 50 ns explicit solvent
MD simulations reported by Sadiq and De Fabritiis,37 in which it
was suggested that the time scale for the conformational dynamics
accompanying full flap opening is very long and judging fromNMR
studies may be on the order of microseconds and beyond.28,37

Another way of looking at flap opening is to calculate the dis-
tance between the flaps. In EPR26 and MD38 studies of the pro-
tease, spin labels attached to residue 55 in each flap allowed deter-
mination of the interflap distance distribution in the presence and
absence of the protease inhibitor ritonavir. Figure 3 compares the
experimental distribution for the apo-protease (in red) to the
distribution of distances calculated for structures obtained from a
50 ns explicit solvent unrestrained MD simulation (green). It is
clear that the unrestrained simulations do not sample structures
having the larger interflap distances seen in the EPR results.

Figure 3 also shows the distance distribution obtained for struc-
tures sampled in the MD simulations employing umbrella sampling
along consensusmode 3 (in black), in which each distance has been
weighted by theBoltzmann factor corresponding to thePMFshown
in Figure 2 in order to allow comparison. The agreement with the
experimental curve suggests that both closed and open flap con-
formations are properly sampled along this reduced coordinate.

Sutto et al., in comparing unbiased and biased exploration of
the energy surface for a pentapeptide, concluded that the sampl-
ing performance strongly depends on the choice of the collective
coordinates.15 Indeed, other collective coordinates used for the
HIV-1 protease did not particularly enhance sampling of large
flap opening movements, although they were sufficient to study
peptide binding.30 From this point of view, the consensus modes
provide valuable collective coordinates for exploring the HIV-1
PR potential energy surface in the direction of flap opening, as
will be necessary for characterizing conformational factors play-
ing a role in the binding of the natural substrate.

Several conclusions can be drawn from this study, both for
consensus normal mode sampling in general and for the dy-
namics of the HIV-1 protease. First, the use of umbrella sampling
along a well-chosen collective coordinate—here, consensus mode
directions—enables one to explore HIV-1 protease flap opening
that would require long conventional MD simulations in order to
properly account for its conformational and energetic aspects.
The free energy increase associated with highly open structures is
less than 2kT despite their rarity in conventional simulations,
underlining the kinetic difficulties that can confront sampling
using conventional MD. Also, the distribution of experimental
PR structures, the majority containing ligands, on the free energy
landscape clearly shows that a population shift mechanism
applies,39�42 as the binding of the ligand would appear to
stabilize closed forms of the apoprotein that are already energe-
tically allowed, in agreement with pulsed EPR experiments.43 It
may also be noted that the free energy landscape along the
opening/closing mode (Figure 2) is rather flat, with a highly
anharmonic nature, while that corresponding to a higher energy
mode (5th mode in Figure 2) is closer to a quadratic shape. The
PMF approach using the consensus normal mode direction as the
collective coordinate allows one to estimate upper bounds for the
amplitude of large conformational changes and corresponding
energy, and to describe structural aspects thatmay be very different
from those derived from a simple normal-mode analysis itself.

Figure 3. Correspondence between interflap distances (using Lys55
NZ atoms) obtained fromMDwith umbrella sampling (black) and from
EPR of the spin-labeled protease (red). Data for structures extracted
from an unrestrained explicit-solvent 50 ns MD are also shown (green).

Figure 2. Free energy profiles for PR flap opening motions along CM
directions. Two different modes (3rd and 5th CMs) were explored. The
black line corresponds to the mean ((SD) of the free energies obtained
over three independent simulations. The distribution in red shows the
normal mode coordinates calculated for the 450 experimental PR struc-
tures deposited in the Protein Data Bank. The distribution shown in green
corresponds to the normal mode coordinates of structures sampled from
an unrestrained 50 ns explicit-solvent MD simulation.
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Further, using consensus modes24 allowed us to frame the
problem of exploring the conformational space of the HIV-1
protease in terms of the R carbon atoms alone, while the mode
determinations themselves still benefit from the high quality of
the individual normal mode determinations in which an all-atom
representation of the protein was used in addition to a solvation
layer.44 We note that the protocol used here is entirely adaptable
for use on distributed computing platforms, as the simulations
corresponding to the individual displacements along the mode
coordinate are completely independent. This will enable us to
further explore the protease motions to understand the effects of
certain mutants such as the drug-resistant MDR769, in which
experimental evidence suggests the flap distribution to be shifted
toward much larger distances.45

Improved free energy evaluations fromMD simulations, which
as we have shown here can be obtained using enhanced sampling
along consensus normal mode directions, offers the possibility of
differentiating the behavior of different mutants of HIV-1 in view
of obtaining clues about their resistance mechanisms.

’ASSOCIATED CONTENT

bS Supporting Information. Additional data, movies of the
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