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ABSTRACT: Free energy governs the equilibrium extent of many biological processes. High
barriers separating free energy minima often limit the sampling in molecular dynamics (MD)
simulations, leading to inaccurate free energies. Here, we demonstrate enhanced sampling and
improved free energy calculations, relative to conventional MD, using windowed accelerated MD
within a Hamiltonian replica exchange framework (w-REXAMD). We show that for a case in which
multiple conformations are separated by large free energy barriers, w-REXAMD is a useful enhanced
sampling technique, without any necessary reweighting.

1. INTRODUCTION

The change in the Gibbs free energy is the thermodynamic
property that drives equilibrium aspects of complex biological
processes like the folding of proteins, drug binding, and
molecular recognition of proteins in cell signaling pathways.1−3

A great deal of progress has been made in the area of free
energy calculations in recent years.4−8

One of the obstacles in using computer simulation to
calculate free energy changes, for example in the solvation of
small molecules like ibuprofen, or in comparing protein−drug
binding interactions, is the limit of conformational sampling.9,10

A transformation of interest, perhaps changing a substitutent on
a drug-like molecule, or a mutation in a protein active site, may
involve a conformation change that is inaccessible on the time
scale of the simulation. Without considering the mutation in
both possible conformations, the calculated free energy change
for the process is inaccurate. This sampling problem can be
particularly difficult to solve if the two (or more) conformations
are not known beforehand.
Enhanced sampling techniques are often leveraged to

mitigate the sampling problem.11−13 Accelerated molecular
dynamics (aMD)14 is a Hamiltonian-modifying technique that
has been used extensively in our group to simulate micro- to
millisecond time scale conformational changes in biomole-
cules.15−23 The original form of aMD adds a bias to potential
energy minima, making barriers easier to cross, without defining
a reaction coordinate a priori. While this method has been
shown to be a useful tool in exploring the conformational space
of large proteins, the simulation must be reweighted to recover
the Boltzmann distribution. In this exponential reweighting, the
conformations at energy minima make significantly larger
contributions than all other conformations to the average value,
and the effective number of data points is reduced, introducing

statistical noise in ensemble averages. By using the original
aMD equation in Hamiltonian replica exchange (REXAMD),
Fajer et al. showed that the exponential reweighting problem
could be ameliorated by simulating replicas at various states of
acceleration, including an unaccelerated “ground” state, and
collecting data only from the unaccelerated state.24

Recently a new “windowed” aMD (w-aMD) method has
been introduced in which the potential energy barriers are
scaled down while preserving the original features of the
landscape (eqs 1 and 2).25 The advantage of this
implementation relative to the original aMD implementation
is that the structures already at energy minima remain on the
unbiased potential energy surface, and energy barriers are
scaled without affecting the overall shape of the energy
landscape. While this method was shown to be an improvement
on the previous barrier-lowering aMD method,26 one limitation
of the windowed aMD method is the introduction of additional
parameters that determine the degree of acceleration: E1 and E2
define the window in which the dynamics are accelerated, while
α1 and α2 are tuning parameters (see Supporting Information
for details). Here, we implement the windowed aMD equation
in a Hamiltonian replica exchange framework (w-REXAMD),
in which multiple sets of acceleration parameters distinguish the
Hamiltonians of exchanging replicas.
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In our discussion of w-REXAMD simulations, a “state” refers
to a particular set of aMD parameters introduced in eq 2. A
“replica” refers to an evolving configuration which may
exchange its state with that of its neighbor’s, according to the
Metropolis criterion. In an analogous temperature replica
exchange simulation, the “state” would be defined by the
temperature, while a “replica” may visit different temperatures.
We anticipate that the additional conformational sampling

from multiple replicas at different acceleration states will enrich
the sampling in the unaccelerated state ensemble. As with any
replica exchange method though, we must acknowledge the
increase in computational cost associated with the multiple
replicas. To account for both the advantage in sampling simply
from multiple independent simulations and the limitation of
increased computational cost, we compare w-REXAMD to
conventional MD in the same replica exchange framework,
which we refer to as REGREX. In a REGREX simulation,
multiple independent conventional MD replicas exchange their
configurations at the same frequency at which exchanges are
attempted in a w-REXAMD simulation. The states in a
REGREX simulation are equivalent to each other, and each
state contains equivalent portions of independent MD
trajectories. One REGREX state, then, may also benefit from
conformational space sampled in multiple replica trajectories
but will still contain the same number of structures as one w-
REXAMD state.

We first compare the extent of conformational sampling in
w-REXAMD and REGREX simulations of two systems: butane
and cyclohexane, both in explicit water solvent. For the case of
butane, conventional MD, and thus REGREX simulations, can
exhaustively sample the easily characterizable conformational
space of the system (Figure 1A) and provide a reference for a
converged result. In the case of cyclohexane, however, a large
(≈10 kcal/mol) barrier separates the two stable chair
conformations (Figure 2A), making the interconversion
between the two conformations, so-called “chair-flipping,” a
rare event that occurs on the microsecond time scale.27 Since
cyclohexane is a model system in which the time scales are no
longer accessible for reference REGREX simulations, we
instead use umbrella sampling calculations as an appropriate
reference to which we compare ensembles generated in w-
REXAMD simulations.
We then present an application of w-REXAMD to free

energy calculations using an alchemical identity transformation.
As mentioned earlier, multiple kinetically trapped conforma-
tions can be a major obstacle in free energy calculations. Here,
we discuss a simple example of such asymmetry in the
transformation of bromocyclohexane to itself. This identity
transformation, in which the bromine is displaced from one
carbon to another (shown in Figure 3), should result in a free
energy change of zero and serves as a force-field independent
benchmark. With the bromine substituent, the two chair
conformations of the cyclohexane are no longer equivalent. The
bromine occupies either an equatorial or axial position, and
interconversion of these two conformers occurs on the
microsecond time scale. In our alchemical self-transformation,
the bromine in equatorial-substituted bromocyclohexane is

Figure 1. Conformational sampling of butane. (A) A schematic of butane conformational landscape according to the C1−C2−C3−C4 dihedral angle
(the cis and eclipsed (+) structures are shifted slightly so that the opposed groups are visible). Fractions of state ensembles in the trans (black series),
gauche(−) (red series), gauche(+) (blue series), and eclipsed (green series) are shown for (B) REGREX, (C) w-REXAMD, and (D) w-aMD
simulations. Total number of frames corresponds to 500 ps of simulation. Error bars show standard deviation from three independent simulations.

Journal of Chemical Theory and Computation Letter

dx.doi.org/10.1021/ct300896h | J. Chem. Theory Comput. 2013, 9, 18−2319



displaced to the axial position at another carbon. The axial and
equatorial conformers exist in equilibrium, so constructing the
transformation in this way requires sampling of both con-
formers according to their thermodynamic probabilities in
order to reach the analytical result of zero. On the typical
nanosecond time scale of MD simulations, the axial and
equatorial configurations are kinetically trapped, and the
identity transformation is a good test case for the convergence
problem encountered when multiple conformations are
separated by high barriers. We show that the enhanced

sampling in w-REXAMD simulations is useful in mitigating
this convergence issue in the free energy calculation.

2. RESULTS AND DISCUSSION

2.1. Conformational Sampling. We distinguish between
state trajectories (corresponding to the ensemble of structures
sampled with a certain set of acceleration parameters) and
replica trajectories (corresponding to the trajectory of a replica
as it visited different states).
We use the dihedral angle (C1−C2−C3−C4) of butane

during the simulations to monitor the interconversion between
gauche(∓) and trans conformations of butane (Figure 1A). In
order to probe convergence in conformational sampling in
butane, we clustered multiple independent unaccelerated state
trajectories into gauche(+), gauche(−), or trans conformations
and plot the cumulative fraction for each conformation during
the time scale of the w-REXAMD, REGREX, and w-aMD
simulations. In the w-REXAMD simulations, all conformation
populations converge to fractional occupancies that lie within
the error intervals reached in reference REGREX simulations
(Figure 1B and C). The two equivalent gauche conformations
quickly converge in the w-REXAMD simulations in consid-
erably fewer steps than in the REGREX simulations. For the
nonexchanging w-aMD simulations, the equivalent gauche
conformations are sampled exhaustively (Figure 1D), but the
less favorable eclipsed conformation is sampled to a greater
extent, indicating the effectiveness of the windowed aMD
equation in scaling down the barriers but illustrating the need

Figure 2. Conformational sampling of cyclohexane. (A) Umbrella sampling along the ε coordinate shows a high barrier between chair
conformations. (B) Observed probability of chair and boat-like conformations from w-REXAMD (black series), windowed-aMD (red series), and
REGREX (magenta series) simulations. Error bars show standard deviation from three independent simulations. Green bars mark the expected
probability from umbrella sampling calculation in A as a reference. (C) ε conformation coordinate during windowed-aMD (red series), w-REXAMD
(black series), and REGREX (magenta series) shows interconversion of cyclohexane conformations.

Figure 3. Thermodynamic cycle of alchemical identity transformation
of bromocyclohexane. In alchemical transformations 1 and 2, the
bromine substituent is displaced from C1 to C4, either from an
equatorial to an axial position (transformation 1: “C1,eq-to-C4,ax”) or
vice versa (transformation 2: “C1,ax-to-C4,eq”). Transformations 3 and 4
represent the slow conformational change isolating the two con-
formers in conventional MD. ΔG1 + ΔG4 = ΔG3 + ΔG2 = 0 kcal/mol.
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for Boltzmann reweighting in order to attain information about
the equilibrium ensemble.
Unlike those of butane, the two stable conformations of

cyclohexane are separated by a 10 kcal/mol free energy barrier,
making interconversion between the two conformations a rare
event.27 Using a conformation coordinate ε (eq 3), which is a
function of the six correlated cyclohexane dihedral angles (τi),
we analyzed the sampled conformations of cyclohexane (chair1,
boat-like, and chair2).

17

ε τ τ τ τ τ τ= − + − + −( )/61 2 3 4 5 6 (3)

By clustering the ε coordinate over multiple trajectories, we
were able to observe the fractional occupancies of the two chair
conformations (ε ≈ ± 50) of cyclohexane. Chair-flipping
cannot be observed on reasonable time scales of cMD (0.5 μs,
data not shown), and REGREX simulations similarly only
sample the initial chair conformation (Figure 2B, magenta
series). The probability of each chair conformation for the
unaccelerated state from w-REXAMD simulations agrees well
with expected probability from reference umbrella calculations
(Figure 2A and B, black series). The use of the w-aMD
equation allows for enhanced sampling of cyclohexane
conformations (Figure 2C, red series). Without the replica
exchange framework, w-aMD simulations must be reweighted
to obtain the same equilibrium populations (Figure 2B, red
series). Although this reweighting is quite successful in
recovering equilibrium populations for small systems such as
these,25 it has been shown to introduce statistical noise in
ensemble averages.28 This issue may be more prominent in
more complex systems.
2.2. Alchemical Free Energy Calculations. In the

previous section, we showed that w-REXAMD is a reasonable
method to rapidly explore conformational space, particularly in
the presence of high barriers separating relevant conformations.
We expect, then, that w-REXAMD should also improve the
convergence of free energy calculations. We consider the

transformation of bromocyclohexane to itself, which has a free
energy change of zero. Similar to cyclohexane, bromocyclohex-
ane has a considerable barrier separating its two chair
conformations, making sampling of the conformations a
microsecond time scale event, presently inaccessible to routine
alchemical free energy calculations. The presence of the
bromine substituent creates a difference between the two
chair conformations; one chair conformation is the axial
conformer, while the other is the equatorial conformer. The
equatorial conformer is thermodynamically favored, as it results
in less steric hindrance between the bulky bromine and
neighboring hydrogens, but bromocyclohexane exists in
equilibrium between both conformers. To highlight the
sampling problem, we let the two conformers be the initial
and final states and considered the bromocyclohexane identity
transformation, where the bromine is displaced from one
carbon to another, in both directions: C1,eq-to-C4,ax, and C1,ax-
to-C4,eq. In the C1,eq-to-C4,ax transformation, for example, the
equatorial bromine at carbon 1 and an axial hydrogen at carbon
4 are decoupled from the rest of the system, while a bromine
atom appears at the axial position on carbon 4 and a hydrogen
atom appears at the equatorial position initially occupied by the
bromine, at carbon 1 (Figure 3).
Using the REGREX simulations at each of nine lambda

intermediates along the alchemical pathway, we found that the
observed free energy change for the transformation did not
result in zero, and that it depended upon the directionality of
the transformation (see Figure 4A). The REGREX C1,ax-to-C4,eq
bromocyclohexane transformations converged to a value of
approximately −0.2 kcal/mol (Figure 4A, red series), while the
C1,eq-to-C4,ax self-transformations converged to approximately
+0.3 kcal/mol (Figure 4A, blue series). Because of the presence
of the high free energy barrier separating the two conformers,
bromocyclohexane did not flip into its equatorial conformation
during the alchemical transformation and instead remained
exclusively in the axial conformation (see Figure 4B, blue

Figure 4. Free energy of identity transformation for bromocyclohexane. (A) REGREX transformations were done in both the C1,eq-to-C4,ax (blue
series) and C1,ax-to-C4,eq (red series) directions. w-REXAMD transformations were performed for just the C1,eq-to-C4,ax direction. The free energy
from the unaccelerated state of the w-REXAMD simulations is shown in the black series, and the reweighted most accelerated state is shown in
maroon. Each series shows the average of three independent transformations, weighted by their statistical uncertainties. (B) Representative values for
ε at λ = 0.7 for the transformations show that only one chair conformation is sampled in REGREX C1,eq-to-C4,ax (blue series) and C1,ax-to-C4,eq (red
series) transformations, whereas both chair conformations are sampled in the w-REXAMD unaccelerated state of the C1,eq-to-C4,ax transformation
(black series).
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series). In this case, where the relevant conformations are
kinetically trapped, we find that the alchemical identity
transformation results in a nonzero free energy change.
Without any enhanced sampling, the alchemical self-trans-
formations only complete either transformation 1 or 2 of the
thermodynamic cycle in Figure 3, with ΔG1 = −ΔG2, within
statistical uncertainty. In order for the analytical result to be
reached with conventional MD, the conformational changes
depicted by transformations 3 and 4 of the thermodynamic
cycle in Figure 3 must also be completed. On the other hand,
with the w-REXAMD method the initial and final states are able
to sample both axial and equatorial conformations, and as a
result the identity transformation quickly converges to the
analytical result of 0 kcal/mol (Figure 4A, black series). It is
important to note that for this small system, reweighting of the
most accelerated w-aMD state trajectory also converges to the
analytical result (Figure 4A, maroon series).

3. CONCLUSIONS

We presented an enhanced sampling method, w-REXAMD,
which is capable of sampling conformations that would
normally interchange on microsecond time scales. We showed
that w-REXAMD could be used to improve alchemical free
energy calculations, particularly when the conformation of the
initial or final state is kinetically trapped. Similar to the use of
accelerated molecular dynamics, an advantage of the w-
REXAMD method is the gain in sampling without having to
define any reaction coordinate a priori. The replica exchange
framework offers the additional advantage of (1) avoiding any
reweighting of data in obtaining equilibrium ensemble averages
relevant for free energy calculations and (2) using multiple sets
of acceleration parameters. To optimize the w-REXAMD
method, future studies should focus on the distribution of the
sets of acceleration parameters in order to both maximize
sampling and retain efficient diffusion rates among replicas.
The replica exchange framework does come with the need

for additional parallel computing resources, and this need will
be amplified as system size increases. In systems with multiple,
slow-exchanging conformational states though, a common
protocol is to calculate the change in free energy for some
transformation, e.g., a mutation in an enzyme active site, for
each constrained conformation separately, and then combine
the transformations in a thermodynamic cycle to estimate the
actual free energy of the mutation. We believe that in such
cases, and particularly in cases where the conformational
landscapes are not well characterized, w-REXAMD will be a
useful enhanced sampling method.

4. COMPUTATIONAL METHODS

Hamiltonian Replica Exchange. Each thermodynamic
state in the w-REXAMD simulation corresponds to a set of four
parameters (E1, E2, α1, and α2) that determine the degree of
acceleration of a replica at that state. Four replicas were used in
each simulation, and the least accelerated state was always the
unmodified Hamiltonian. Every 300 MD steps (0.3 ps),
exchanges between adjacent replicas were attempted. A
description of how parameters were selected can be found in
the Supporting Information. Only torsional potential energy
terms were accelerated in these test cases. The Amber ff99SB
force field29 was used for all simulations, with the TIP3P water
model.30

Thermodynamic Integration. All atoms being coupled or
decoupled according to the parameter λ were treated with soft-
core potentials. Nine evenly spaced λ points were chosen
between 0 and 1 for each transformation, and 1.5 ns of
REGREX and w-REXAMD was run at each λ point (NVT)
after an equilibration period of 150 ps (NPT). ⟨dV/dλ⟩λi from
one state (the unaccelerated state in w-REXAMD simulations)
was used for the free energy calculations. Free energies were
calculated by numerically integrating the ⟨dV/dλ⟩λi values from
0 to 1 using the Trapezoid rule. The uncertainty associated with
each of the nine ⟨dV/dλ⟩λi values was calculated as

δ σ=
N g/

2
2

(4)

where N is the number of dV/dλ values used to compute the
average and g is the statistical inefficiency, as defined by
Chodera et al.,31 which contains the integrated autocorrelation
time τ (g = 1 + 2τ). The variance of the free energy from one
transformation was estimated by propagating the uncertainty at
each of the nine lambda values. Three independent C1,ax-to-
C4,eq and C1,eq-to-C4,ax transformations were performed using
REGREX, and three C1,eq-to-C4,ax transformations were done
using w-REXAMD. The final free energies reported are
averages weighted by each transformation’s uncertainty:
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∑ Δ

∑
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j j
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3

(5)

where wj = 1/δj
2.

Umbrella Sampling. The umbrella sampling simulations
were performed in NAMD32 using the Amber ff99SB29 force
field. At each of 63 evenly spaced ε centers, ranging from ε =
−62° to ε = 62°, a 2 ns MD simulation was performed with a
harmonic potential centered at the value of ε. A force constant
of 1.0 kcal/mol/deg2 was used for all simulations, and only the
last 1.5 ns were used to construct the free energy profile. Initial
structures were taken from pre-equilibrated structures from
cyclohexane NVT simulations. The free energy profile was
constructed using the python implementation of MBAR.33

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed computational methods, additional data on cyclo-
hexane conformational sampling, and replica exchange
efficiency metrics provided. This material is available free of
charge via the Internet at http://pubs.acs.org/.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: marrar@ucsd.edu.
Present Address
∥Currently at Department of Biochemistry and Molecular
Biology, University of Chicago, Chicago, IL
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors congratulate Professor Wilfred van Gunsteren for
his many contributions on the occasion of his 65th birthday.
The authors thank Denis Bucher for helpful discussions. This
work was supported by NSF Graduate Research Fellowships

Journal of Chemical Theory and Computation Letter

dx.doi.org/10.1021/ct300896h | J. Chem. Theory Comput. 2013, 9, 18−2322

http://pubs.acs.org/
mailto:marrar@ucsd.edu


(M.A. and M.F.), Molecular Biophysics Training Grant
GM08326 (W.S.), the National Science Foundation Grant
MCB-1020765, NBCR, CTBP, and Howard Hughes Medical
Institute (J.A.M.), and National Institutes of Health Grant
GM31749 (J.A.M.).

■ REFERENCES
(1) Bryngelson, J. D.; Onuchic, J. N.; Socci, N. D.; Wolynes, P. G.
Proteins 1995, 21, 167−195.
(2) Straatsma, T. P.; McCammon, J. A. Annu. Rev. Phys. Chem. 1992,
43, 407−435.
(3) Kollman, P. Chem. Rev. 1993, 93, 2395−2417.
(4) Jorgensen, W. L. Science 2004, 303, 1813−1818.
(5) Chodera, J. D.; Mobley, D. L.; Shirts, M. R.; Dixon, R. W.;
Branson, K.; Pande, V. S. Curr. Opin. Struct. Biol. 2011, 21, 150−160.
(6) Baron, R.; McCammon, J. A. Annu. Rev. Phys. Chem. 2013, in
press.
(7) Palmer, D. S.; Frolov, A. I.; Ratkova, E. L.; Fedorov, M. V. Mol.
Pharm. 2011, 8, 1423−1429.
(8) Liu, H.; Mark, A.; van Gunsteren, W. F. J. Phys. Chem. 1996, 100,
9485−9494.
(9) Klimovich, P. V.; Mobley, D. L. J. Comput.-Aided Mol. Des. 2010,
24, 307−316.
(10) Lawrenz, M.; Wereszczynski, J.; Amaro, R.; Walker, R.;
Roitberg, A.; McCammon, J. A. Proteins 2010, 78, 2523−2532.
(11) Huber, T.; Torda, A. E.; van Gunsteren, W. F. J. Comput.-Aided
Mol. Des. 1994, 8, 695−708.
(12) Li, H.; Fajer, M.; Yang, W. J. Chem. Phys. 2007, 126, 024106.
(13) Min, D.; Yang, W. J. Chem. Phys. 2008, 128, 094106.
(14) Hamelberg, D.; Mongan, J.; McCammon, J. A. J. Chem. Phys.
2004, 120, 11919.
(15) Pierce, L. C. T.; Markwick, P. R. L.; McCammon, J. A.;
Doltsinis, N. L. J. Chem. Phys. 2011, 134, 174107.
(16) de Oliveira, C. A. F.; Hamelberg, D.; McCammon, J. A. J. Chem.
Phys. 2007, 127, 175105.
(17) Bucher, D.; Pierce, L. C. T.; McCammon, J. A.; Markwick, P. R.
L. J. Chem. Theory Comput. 2011, 7, 890−897.
(18) Hamelberg, D.; Shen, T.; McCammon, J. A. J. Chem. Phys. 2005,
122, 241103.
(19) Markwick, P. R. L.; Bouvignies, G.; Blackledge, M. J. Am. Chem.
Soc. 2007, 129, 4724−4730.
(20) Grant, B. J.; McCammon, J. A.; Gorfe, A. A. Biophys. J. 2010, 99,
L87−L89.
(21) Wereszczynski, J.; McCammon, J. A. Q. Rev. Biophys. 2011, 1−
25.
(22) Pierce, L. C. T.; Salomon-Ferrer, R.; de Oliveira, C. A. F.;
McCammon, J. A.; Walker, R. C. J. Chem. Theory Comput. 2012, 8,
2997−3002.
(23) de Oliveira, C. A. F.; Grant, B. J.; Zhou, M.; McCammon, J. A.
PLoS Comput. Biol. 2011, 7, e1002178.
(24) Fajer, M.; Hamelberg, D.; McCammon, J. A. J. Chem. Theory
Comput. 2008, 4, 1565−1569.
(25) Sinko, W.; de Oliveira, C. A. F.; Pierce, L. C. T.; McCammon, J.
A. J. Chem. Theory Comput. 2011, 8, 17−23.
(26) de Oliveira, C.; Hamelberg, D. J. Chem. Theory Comput. 2008,
1516−1525.
(27) Chandler, D. Barrier crossings: classical theory of rare but
important events. In Computer Simulation of Rare Events and Dynamics
of Classical and Quantum Condensed-Phase Systems − Classical and
Quantum Dynamics in Condensed Phase Simulations; Berne, B., Ciccotti,
G., Coker, D., Eds.; World Scientific: Singapore, 1998; pp 3−23.
(28) Shen, T.; Hamelberg, D. J. Chem. Phys. 2008, 129, 034103.
(29) Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.;
Simmerling, C. Proteins 2006, 65, 712−725.
(30) Tan, C.; Tan, Y.-H.; Luo, R. J. Phys. Chem. B 2007, 111, 12263−
12274.
(31) Chodera, J. D.; Swope, W. C.; Pitera, J. W.; Seok, C.; Dill, K. A.
J. Chem. Theory Comput. 2007, 3, 26−41.

(32) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid,
E.; Villa, E.; Chipot, C.; Skeel, R. D.; Kale,́ L.; Schulten, K. J. Comput.
Chem. 2005, 26, 1781−1802.
(33) Shirts, M. R.; Chodera, J. D. J. Chem. Phys. 2008, 129, 124105.

Journal of Chemical Theory and Computation Letter

dx.doi.org/10.1021/ct300896h | J. Chem. Theory Comput. 2013, 9, 18−2323


