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In simulations, molecular dispersion interactions are frequently neglected beyond a cutoff of around 1 nm. In
some cases, analytical corrections appropriate for isotropic systems are applied to the pressure and/or the
potential energy. Here, we show that in systems containing macromolecules, either of these approaches introduce
statistically significant errors in some observed properties; for example, the choice of cutoff can affect computed
free energies of ligand binding to proteins by 1 to 2 kcal/mol. We review current methods for eliminating this
cutoff-dependent behavior of the dispersion energy and identify some situations where they fail. We introduce
two new formalisms, appropriate for binding free energy calculations, which overcome these failings, requiring
minimal computational effort beyond the time required to run the original simulation. When these cutoff
approximations are applied, which can be done after all simulations are completed, results are consistent
across simulations run with different cutoffs. In many situations, simulations can be run with even shorter
cutoffs than typically used, resulting in increased computational efficiency.

I. Introduction

The simulation of molecular systems is computationally
intensive, and significant effort has gone into increasing
computational efficiency in these simulations.1-6 One common
optimization in simulations with pairwise potentials is to divide
the interactions into long and short range, which are treated
differently. This can be done by evaluating long-range interac-
tions via alternate summation methods like particle-mesh
Ewald,1 by evaluating long-range interactions less frequently,2

or in the simplest case, simply by neglecting certain types of
interactions beyond a given cutoff. By cutoffs, we mean any
sort of truncation or tapering scheme by which the interaction
energy is reduced to zero as a function of distance; it is well-
known that abrupt cutoffs can lead to significant unphysical
artifacts.7,8

Significant effort has gone especially into improving the
efficiency of calculating long-range electrostatic interactions.
It is well-established that simply truncating electrostatic interac-
tions (either abruptly or with a tapered cutoff) can introduce
significant inaccuracies.4,9-11 Methods such as particle-mesh
Ewald (PME),1 reaction field (RF),12 and particle-particle
particle-mesh (P3M)6 have been developed to increase the
efficiency by calculating the potential energy and forces of an
infinite periodic system. These approaches introduce fewer
artifacts than even very long direct electrostatic cutoffs.5,9

In comparison, very little effort has gone into the treatment
of dispersion interactions due to van der Waals forces, which

are modeled in most force fields by the attractive part of the
Lennard-Jones 12-6 potential. These interactions are much
smaller in magnitude than electrostatic interactions beyond very
short distances, since they decay asr-6. Thus, they are usually
not computed between atoms separated by more than some
cutoff distance, typically between 0.8 and 1.2 nm. There are
well-known, robust, and efficient corrections for the effect of
these cutoffs on the potential energy and pressure for isotropic
liquids.13 These corrections are usually also used for nonisotropic
systems, like solvated proteins, with the assumption that any
deviations are negligible.

However, the validity of this isotropic assumption has not
been thoroughly tested for many observables, and here, we show
that it can introduce significant errors in important properties
in several types of systems. For example, even when using such
corrections, discrepancies in binding affinity between simula-
tions run with different cutoffs can be up to 2 kcal/mol unless
prohibitively expensive long-range cutoffs are used.14 In this
paper, we present efficient methods to correct the binding
energies for cutoffs in the van der Waals term, which remain
robust even down to cutoffs of 0.7 or 0.8 nm. Here, we provide
a brief overview of how to apply corrections to general observ-
ables using reweighting methods but focus mainly on developing
accurate corrections for binding free energy calculations.

II. Background: Analytical Dispersion Corrections in
Isotropic Systems

A. Analytical Corrections for Truncation of Dispersion
Interactions. Dispersion is a purely attractive interaction.
Although the interaction energy between any two particles
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diminishes asr-6, a single particle interacts with all of the other
particles in a system. Thus, the neglected portion of this
interaction energy involves an integral over all space wherer
> rc, and hence (with uniform particle density) diminishes only
as rc

-3. Standard cutoffs of 0.8-1.2 nm typically employed in
molecular simulation protocols can therefore neglect a signifi-
cant fraction of the total potential energy.

Since a major goal of simulation is to be able to provide
quantitative insight and predictions when compared with experi-
ment, treating cutoffs as an adjustable parameter is undesirable.
A cutoff is an unphysical parameter, in that it is not something
that can be defined experimentally. Using the same simulation
parameters, two groups could obtain two different sets of
predictions for exactly the same set of simulations by virtue of
using two different sets of cutoffs. Which set of predictions is
“correct”? One could argue that the cutoff parameters that
were used to develop the parameters should be used.
However, this is problematic if the cutoff method used in the
original parametrization is not suitable for molecular simulations
as, for example, with abrupt cutoffs.7,8 Thus, we believe the
best solution, short of parametrizing new force fields using
extremely long cutoffs, is to make sure computed observables
are independent of the choice of cutoff method or cutoff
distance.

1. Isotropic Fluids with Homogeneous Lennard-Jones Sites.
It is well-known how to correct for a radial cutoff of dispersion
interactions in a homogeneous, isotropic fluid.13 There, the radial
and angular pair distribution functions,g(r) and g(θ, φ), are
both assumed to be equal to unity outside the chosen cutoff
distances. This is well-satisfied beyond 0.8 nm by a variety of
common water models, as well as by real water.15-17 However,
this standard correction also assumes that all Lennard-Jones sites
outside the cutoff are identical. This is true for solvent models
which only have one Lennard-Jones site per molecule (such as
SPC/E18 and TIPnP19); however, some water models have
additional Lennard-Jones sites centered on the hydrogens, and
simulations of many other solvent types are frequently of inter-
est. Alternate variants can be derived that remove the require-
ment for homogeneous particle types, as we discuss below.

For the next section, we will assume the use of a Lennard-
Jones 6-12 potential with an abrupt cutoff to compute the
dispersive part of the energy, unless noted otherwise. However,
most of the equations are trivially generalizable to other models
of long-range interactions, such as tapered cutoffs,17,20 which
provide greatly improved energy conservation. In most cases,
ther-12 volume exclusion term will indeed be negligible outside
of any commonly used cutoff distance, but the derivations
presented will include this term as well, as at shorter distances
it can become non-negligible. For clarity of discussion, here,
however, we will refer to the neglected component of the energy
as dispersive, as the large majority of the neglected energy is
from the dispersion term.

With these assumptions, the corrections to the energy and
the pressure can then be computed as:13,17

whereUfull and (PV)full are the potential energy and instantaneous
pressure-volume for a liquid with a non-truncated potential,Uc

and (PV)c are the values determined using the cutoff for the
potential,F is the average density of the pure solvent,N is the
number of Lennard-Jones interaction sites in the entire system,
andε andσ are the Lennard-Jones well depth and characteristic
radius and the subscript LRC indicates a long-range correction.
TheN/2 factor in eqs 1 and 2 is to correct for double counting
of pairwise interactions, and ther dU/dr term comes from the
virial theorem and the definition of the virial. The part of the
correction due to ther-6 dispersion term will dominate this
correction term in most cases. For example, ifrc ) 3σ, the
repulsive r-12 term will contribute only 0.1% of the total
correction energy. For Lennard-Jones van der Waals interactions,
this energy will scale withε. It will not necessarily scale with
the number van der Waals sites per moleculesrather, it scales
linearly with the number density of sites per unit volume in the
system.

With this formula, we can estimate the amount of dispersion
energy neglected with a given cutoff. For example, consider
TIP3P water, for whichε ) 0.1521 kcal/mol andσ ) 0.315061
nm, and assume a density of 1.0 g/cm3.19 Define the energetic
contribution from the integral from the single particle pair
potential minimum radius to infinity, divided byN, as the
dispersion energy per molecule. This definition will somewhat
underestimate the true dispersion energy, asg(r) > 1 near the
minimum but provides the correct scale. The per molecule
dispersion energy for TIP3P is then-1.9 kcal/mol. A cutoff of
0.9 nm neglects 0.11 kcal/mol or 6% of the dispersion energy.
Although relatively small, this can result in a noticeable change
in system observables. The heat of vaporization for most water
models is about 10 kcal/mol, while the hydration free energy is
about 6 kcal/mol. A value of 0.11 kcal/mol represents about
2% error in the free energy, which may be insufficient for high
precision calculations.

2. Consequences for Pressures and Densities.If simulating
a canonical ensemble, the volume (and thus the density) will
not change during the simulation, and the dispersion correction
can easily be applied afterwards. However, if the volume is
allowed to change during the simulation, this dispersion
correction to the virial must be included at each time step or
the resulting density will be incorrect.

Take the case of a box of 900 TIP3P molecules, simulated
for 5.0 ns (other simulation details described in section IV),
with results shown in Table 1 for a NPT simulation at 298 K
and 1 atm. All densities reported here are in grams per cubic
centimeter, and uncertainties are less than 2× 10-4 g/cm3 in
all cases. With a Lennard-Jones cutoff tapered from 1.2 to 1.3
nm, the density is 0.986 with a correction and 0.983 without
the correction. Thus, even with these long cutoffs, the difference
is statistically significant. With a Lennard-Jones cutoff tapered
from 0.8 to 0.9 nm, however, the density is 0.986 with a
correction, and 0.977 without. Extending down to a Lennard-
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Jones cutoff of 0.7 to 0.8 nm (short enough that theg(r) ) 1
assumption may begin to fail), the density is 0.973 without a
correction and 0.985 with the correction. This is a difference
of more than 1% between cutoff values without the correction,
while with the correction, the density values are statistically
indistinguishable across different cutoffs. Assuming an ap-
proximate experimental value ofB ) 4.5× 10-5 atm-1 for the
isothermal compressibility of water and approximatingδP )
-B-1(δV)/V, we find the difference in density between even
the 1.2 nm cutoffs and the corrected results is equivalent to a
pressure difference of about 50 atm. Clearly, some sort of
dispersion correction is necessary to obtain values that are
independent of cutoff in dense fluids.

3. Isotropic Fluids with Heterogeneous Lennard-Jones Sites.
In systems with more than one type of Lennard-Jones site, we
can rewrite eq 1 as a sum over multiple particle types and
compute “average” Lennard-Jones terms (where the brackets
indicate averages over all particle interaction pairs, not ensemble
averages):

If the radial and angular distribution functions of all Lennard-
Jones particles are uniform outside of the cutoff (for example,
if the system is a isotropic collection of molecules, each mole-
cule containing several Lennard-Jones sites), then this formula-
tion will be as exact as the homogeneous case. This treatment
can be trivially extended to the virial term as well, to obtain:

This heterogeneous isotropic analytical correction should be
applied to get correct densities when simulating a system such
as a protein or other heteropolymer in solvent or with a mixed
solvent system. We have not been able to find this version of
the analytical correction in the published literature, but it has
nevertheless found its way into at least current versions of
biomolecular simulation codes AMBER21 and GROMACS22 and
is likely in others, although this is often not well-documented.
CHARMM uses an alternate method that appears to solve the
problem of cutoff dependent densities by calculating the pressure
with very long cutoffs at infrequent intervals and keeping the
long-range part of the pressure constant between updates.23

4. Corrections to the Chemical Potential.The same formalism
used to correct the energy and pressure for the effect of Lennard-

Jones cutoffs can be used to correct the excess chemical potential
of one particle in solution as well, withε and σ taken as the
solvent-solute Lennard-Jones constants in place of solvent-
solvent Lennard-Jones constants. Returning to the pure solvent
case and integrating over all particles interacting with the solute
particle, we can compute this as:13

This correction can easily be rederived for different van der
Waals formulations and cutoff schemes. This long-range cor-
rection to the chemical potential can be calculated either at each
step or after the simulation has completed, as long as the average
density is correct (for example, by use of the correction from
eq 2 during the simulation), and the other terms in eq 5 will
not change significantly during a simulation.

A similar expression for heterogeneous isotropic sites can
be derived by analogy to eqs 3 and 4. In the case of the chemical
potential, the averages of theij parameters are over the pairs of
solute-environment interactions, not all pairs of interactions
in the system. However, this heterogeneous correction to the
chemical potential can cause problems when applied to highly
nonisotropic systems. If we are simulating the removal of a
single ligand from complex with a solvated protein, then the
value of the correction will depend on the size of the box, as
the ratio of water to non-water van der Waals sites will change.
Thus, the resulting chemical potential will also be box-size
dependent, which is undesirable. Additionally, the bulk number
density of Lennard-Jones sites in the solvent will be a poor
approximation of the density of Lennard-Jones sites of a
heterogeneous system such a solvated protein. One approach
would be to use the actual density in the box, instead of the
bulk solvent density, forF in eq 5. However, this number is
also highly dependent on the ratio of solvent to protein on the
system, which depends on the box size. Because of these
difficulties, we do not recommend using a heterogeneous version
of the analytical correction in eq 5 to compute the free energy
of ligand binding.

However, using the homogeneous correction of eq 5 for
hydration free energies is recommended. Comparison of free
energies of hydration for small molecules computed over a wide
range of cutoffs show that, with this correction, computed free
energies are essentially independent of cutoff.20 For large solutes
and short cutoffs, the condition thatg(r) ) 1 might be violated
slightly, but this contributes very little when the effective solute
radius becomes noticeably larger than the cutoff distance.14

B. Failure of the Isotropic Assumption. The assumption
that the system is isotropic outside the cutoff clearly is not
satisfied in the case of simulations of heteropolymers, at least
when the cutoff is smaller than the maximum dimension of the
heteropolymer. Consider the case of computing the binding free
energy of a ligand to a protein in solution. The ligand in complex
is in a very heterogeneous environment. In a hydration free
energy calculation, the end states are the solvated and vapor
states; in binding, the end states are the bound state and the
solvated state. If the contribution to the chemical potential from
the dispersion energy neglected because of the cutoff were equal
in both states, no correction would be necessary, as it would
cancel. However, the correction terms are not equal. In

TABLE 1: Density of TIP3P Water with Different
Dispersion Cutoffs

cutoffa

nm
no correctionb

g/cm3
with correctionb

g/cm3
difference

%

1.2-1.3 0.9829 0.9855 0.3
1.0-1.1 0.9815 0.9856 0.4
0.8-0.9 0.9775 0.9860 0.9
0.7-0.8 0.9731 0.9859 1.3

a Dispersion cutoffs are tapered over 0.1 nm.b Densities are com-
puted with and without the isotropic analytical correction to the pressure
from eq 2. All uncertainties in density are 0.0002 g/cm3. Further
simulation details in Methods.
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particular, in the complex, both the angular and the radial
distribution functions are very far from uniform outside the
cutoff. The ligand is fixed into position on or near the surface
of the protein, meaning that the distributions now have
substantial angular-dependence, whereas the distributions will
be relatively flat around the solvated ligand. Additionally, the
density of Lennard-Jones sites will be different around the
solvated ligand relative to the bound ligand because of the
difference between the densities of water and protein. Further-
more, the Lennard-Jones sites of water and the protein have
substantially different dispersion parameters.

How large is this difference from the analytical correction?
We take as an example the case of FK506 binding to FKBP-12
(simulation details discussed in Methods below). As a first order
estimate of the problems with the analytical correction, we
calculate the Lennard-Jones interaction energy between the
solute and the environment in the region from 0.75 to 2.5 nm,
averaged over a number of saved system configurations. Because
the box is finite, we can only evaluate the Lennard-Jones energy
out to the largest cutoff distance in the box, approximately 2.5
nm in this case. We assume that the distribution functions are
uniform beyond 2.5 nm (a safe approximation, as the diameter
of the protein is approximately 0.8 nm less than this) and add
the analytical correction from 2.5 nm to infinity to the explicitly
evaluated energy from cutoffrc to 2.5 nm. We call this sum
the evaluated dispersion energy neglected by cutoff atrc. We
then compare this with the analytical estimate from eq 5. As
we will explain below, this approach is not adequate for
providing quantitative corrections but provides a simple estimate
of the rough magnitude of the correction.

In Figure 1, we compare the evaluated dispersion energy with
the analytic dispersion energy, as well as the difference between
the two, from 0.75 to 2.5 nm, as a function of the cutoffrc.
This is an estimate of the error inherent in the assumptions
behind the analytical correction, which includes only an average
dispersion energy from the part of the system outside the cutoff.
The analytical correction is extremely poor for even moderate

distance cutoffs in a protein-ligand complex. Even at a cutoff
of 1.5 nm, the difference between the two correction methods
is approximately 0.4 kcal/mol. If our target accuracy is 0.5 kcal/
mol, this suggests that 1.5 nm would be the shortest cutoff that
would give sufficiently precise results. These results are obtained
with FK506, an unusually large ligand; a smaller molecule might
have a dispersion correction only half of this value. In the case
of such a molecule, the dispersion error would still be over 0.5
kcal/mol for cutoffs less than 1.2 nm.

For ligands in pure solvent, the analytical dispersion correc-
tion will be roughly correct, usually within the uncertainty of
the hydration free energy. But for binding free energies, the
free energy of decoupling the ligand in solvent must be
subtracted from the free energy of decoupling in the complex.
It is here that the analytical correction is not valid.

One potential approach to handle this correction is to use
very long cutoffs. Frequently, long-range cutoffs of 1.2-1.4
nm are used, especially with twin-range potentials, where the
longer range forces are not evaluated every step.2,24 With an
increase of dispersion cutoff to 1.6-1.8 nm, most of the
neglected energy in ligand binding may be recovered, as can
be seen in Figure 1. These simulations, however, can be
computationally expensive: the computational effort goes
roughly asrc

3 for largerc. Using twin-range multiple time step
simulations can decrease this significantly but is still somewhat
expensive and introduces some additional complications. Is it
possible to measure observables that are independent of cutoff
for heterogeneous systems without having to use such long
cutoffs?

One possibility is to follow a procedure similar to what was
done for Figure 1 above. We can evaluate the ligand-
environment interaction energy from simulations of the bound
and unbound ligand. The change in this interaction energy with
cutoff, evaluated by reprocessing stored configurations, can be
taken as the dispersion correction. This approach was applied
in one study, removed much of the cutoff-dependence of the
computed binding free energies,14 and significantly improved
fit to experiment. But this approach is fundamentally flawed.
This analysis uses only the interaction energy between the ligand
and the system, and therefore, it neglects any changes in the
rest of the system as a function of cutoff. As the ligand is
removed, water often occupies the binding site. Thus, changing
the cutoff when the ligand is unbound should increase dispersion
interactions between the water and the protein, as well. This
effect will not be captured by considering only the interaction
energy, and thus, this method is inadequate. In practice, for the
FKBP system considered here, it seems to overestimate the
magnitude of the correction by 10-20% because of the neglect
of the changes in protein-environment interactions.

III. Correcting for Cutoffs in Nonisotropic Systems

In this work, we focus mainly on binding free energy
calculations, as we can quantitatively demonstrate the impor-
tance of a proper treatment of long-range dispersion interactions
for binding free energies. However, neglected dispersion
interactions may also result in significant errors in other
observables, as well, so we also briefly overview how to use
similar reweighting strategies for more general observables.

A. Corrections to Binding Free Energies.Here, we present
two methods appropriate for computing cutoff-independent
binding free energies in heterogeneous, nonisotropic systems.
In these methods, we simulate with the approximate, truncated
function, using an analytical correction to the total pressure and
energy to achieve (at least approximately) the right densities.

Figure 1. An approximate estimate of the neglected intermolecular
dispersion potential energy and the analytic approximation to this
energy, as a function of the cutoff, for FK506 bound to FKBP-12
simulated in TIP3P water. Also graphed is the difference between the
two energies. The neglected dispersion energy is computed by averaging
the evaluated energy over 400 configurations, with uncertainty less than
0.05 kcal/mol for all cutoffs. The difference is greater than 0.5 kcal/
mol out to almost 1.5 nm, indicating that virtually all ligand binding
energies calculated without a proper treatment of dispersion energies
are not independent of simulation cutoff.

Corrections for Missing Dispersion Interactions J. Phys. Chem. B, Vol. 111, No. 45, 200713055



We then reprocess a relatively small number of (ideally
uncorrelated) individual configurations with the long-range
energy function. Finally, we use reweighting to estimate the
free energy difference appropriate for the simulations with the
long cutoffs. These methods do not make any assumptions about
the shape of the van der Waals potential function.

To introduce and illustrate these methods, we apply them in
the context of a particular approach to computing absolute
binding free energies. We use an alchemical thermodynamic
cycle in which we separately compute the free energy of
decoupling a ligand from solvent and the free energy of
decoupling a ligand from the binding site of a protein.25,26These
corrections are applicable more broadly, as well, to other
approaches, to alchemical calculations, or to potential of mean
force calculations. “Decoupling” the ligand involves computing
the free energy of eliminating the interactions between the ligand
and the solvent or the ligand and the protein. Considering only
the protein-ligand part of the cycle (for simplicity, we assume
the electrostatic interactions between the ligand and the protein
have already been removed), we seek to perform the transfor-
mation:

where P denotes the protein,LN denotes the ligand with its
electrostatic interactions with the environment removed, and
LN,LJ denotes the ligand with its electrostatic and Lennard-Jones
interactions removed. We will denote the free energy of this
decoupling transformation as∆GLJ.

Now, we compute the free energy of decoupling by running
separate simulations at a series of alchemical intermediate states
(with associated intermediateλ values) spanning these two end
statesPLN andP + LN,LJ, using a relatively short Lennard-Jones
cutoff rSR at all states. We can compute an estimate of this free
energy∆GLJ

SR directly from the these short-range simulations
using standard methods like thermodynamic itegration TI,27 the
Bennett acceptance ratio (BAR) approach,28,29 or the weighted
histogram analysis method (WHAM).30,32Reanalyzing configu-
rations stored from these simulations, we can then compute an
estimate of∆GLJ

LR, the free energy difference using a Hamilto-
nian computed with a cutoff large enough for the analytic long-
range van der Waals correction to be appropriate. In general,
the subscript SR represents quantities obtained at the simulated
cutoff, and LR represents quantities corresponding to a longer
dispersion cutoff, at which no simulations were actually
performed.

1. EXP-LR Approach.The simplest way to do this is to
reevalute the energy of each saved configuration using this
longer cutoff,rLR, from the simulations where the ligand is fully
interacting (withλ ) 0) and the simulations with the ligand
fully decoupled (withλ ) 1). For convenience, define a reduced
potentialu(λ) ) â(U(λ) + PV), whereU is the potential energy,
P is the external pressure, andV is the volume, thePV term
being included if we are simulating an isobaric ensemble.F
represents the free energy, Helmholtz or Gibbs, depending on
the ensemble. Other terms such as chemical potential of the
solvent or electrical work can also be included in this reduced
potential. Then, at each of these two endpointλ values, we use
exponential averaging33 (EXP; sometimes known as the Zwanzig
relation) to compute the free energy of extending the cutoff from
rSR to rLR:

where∆u(qSR, λ) ) uLR(qSR, λ) - uSR(qSR, λ), and the angular

brackets denote an average over all configurations,qSR, obtained
from a simulation using the short-range cutoff at that particular
λ. uSR anduLR are the reduced potentials at short and long range,
respectively. To obtain the total correction, we compute the
difference between the corrections atλ ) 0 andλ ) 1. The
total correction is then∆FLRC ) ∆FLR(λ ) 1) - ∆FLR(λ ) 0).

The free energy∆FLJ
LR will asymptotically (in the limit of a

sufficiently large number of uncorrelated configurations sampled)
satisfy∆FLJ

SR + ∆FLJ
LRC ) ∆FLJ

LR. We will refer to this method
as EXP-LR in this paper.

A known drawback of exponential averaging is that the most
important energy differences are those at the extremes of the
distribution of energy differences. The variance scales expo-
nentially with the variance of the distribution of energy
differences, meaning that it requires a large amount of data to
obtain adequate statistics when the variance of the distributions
becomes large with respect tokT.34-36 Thus, we can expect
EXP-LR to approach to work well only as long as the
distribution of potential energy differences is relatively narrow
with respect tokT, as we will typically have only a relatively
small number of configurations at which we compute the long-
range energies. Note that the magnitude of the difference
between the short and the long-range potentials can be much
larger thankT, as long as the variance is low.

2. WHAM-LR Approach.An alternative method can partially
overcome this limitation of EXP-LR by using additional
information from the intermediate states that were also simu-
lated. Essentially, in EXP-LR, we compute a correction to the
binding free energy by reweighting the end states. Another
approach, instead of computing a correction at the end states,
is to use all of the intermediate states and recompute a binding
free energy using the samples first reweighted to long cutoffs.
This can be done by the weighted histogram analysis method
(WHAM),30 which provides a way to estimate the free energy
difference between adjacent pairs of alchemical states at an
arbitrary potential, given the sampled configurations.31 We can
therefore use samples collected from simulations run with the
short-ranged potentialuSR(q; λ) to estimate the free energy
difference ∆Fn

LR ≡ Fn+1
LR - Fn

LR between two adjacent al-
chemical states,λn and λn+1, had we sampled from the long-
ranged potentialuLR(q; λ) instead:

Here,Tn denotes the number of configurations stored from the
simulation conducted at potentialUSR(q; λn), and theqnt

SR, t )
1, . . ., Tn denote the configurations themselves. As both
equations contain the free energiesFn and Fn+1 (uniquely
determined only up to an additive constant), they must be
iterated to convergence. As can be seen, this scheme requires
that, for each neighboring pair of alchemical intermediates, we
compute bothuSR anduLR at bothλn and λn+1. ∆FLJ

LR will be
equal to∑i)n

N-1 ∆Fn
LR. In this study, we only include weighting

over nearest statesn andn + 1, but it could easily be generalized
to more states. We will term this method WHAM-LR.

PLN f P + LN,LJ (6)
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Fn
LR ) -â-1 ln ∑

k)n

n+1

∑
t)1

Tk exp[-uLR(qkt
SR; λn)]

∑
k′)n

n+1

Tk′ exp[âFk′
SR - uSR(qkt

SR; λk'′)]

Fn+1
LR ) -â-1 ln ∑

k)n

n+1

∑
t)1

Tk exp[-uLR(qkt
SR; λn+1)]

∑
k′)n

n+1

Tk′ exp[âFk′
SR - uSR(qkt

SR; λk′)]

(8)
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This expression does provide the total decoupling free energy
using a long cutoff, which is what we seek. However, it uses
only the (perhaps infrequently) stored configurations which we
have reprocessed with a long cutoff. When the short-range
component of the free energy calculations is done internally in
a simulation package, the short-range free energy may have
greater accuracy because of averaging over additional configu-
rations. In such cases, it may be desirable to only estimate a
correction using reweighting and add this to the short-range
component computed with the full set of configurations. The
correction can be computed by first using the stored configura-
tions qnt

SR to compute:

Again, these equations must be iterated to convergence. The
necessary correction is then given by∆Fn

LRC ) ∆Fn
LR - ∆Fn

SR,
and∆FLRC ) ∑n)1

N)1 ∆Fn
LRC. The advantage of computing both

the short and the long-range energy using these configurations
is that because we use the same potential energies to compute
the short-range free energies as the long-range free energies,
variance from the short-range part of the total potential energy
is eliminated. This leaves a free energy whose uncertainty
depends only on the variances in the differences between the
long-range and the short-range potential.

Since the variation of these long-range interactions between
different configurations is generally much lower than the
variance of the other energy terms, the number of configurations
that must be stored and reprocessed in this manner to obtain
results with a given uncertainty is relatively small compared
with the amount of data needed to generate the same amount
of uncertainty at short cutoffs. The computational expense
involved in reprocessing will be much less than that in running
the original simulation.

This method does not directly depend on the variance in the
potential energy differences betweenrSR andrLR but rather on
the overlap of the distributions of potential energy differences
between differentλ values, which means that it has a different
limitation than EXP-LR. If the phase space overlap betweenλ
values is low and few configurations are saved, then the
uncertainty in∆GLJ

LR will be dominated by the uncertainty in
the free energies between intermediate states. In other words,
we trade the need for tight distributions in the potential energy
difference between short-range and long-range cutoffs with a
need for overlapping distributions in the potential energy
difference between the intermediate states.

3. Comparison of Approaches.In limit that the distribution
of potential energies betweenrSR andrLR is sufficiently narrow,
and the distribution of energies between intermediate states
is narrow, both methods should give similar estimated free
energy differences. In this case, EXP-LR will be preferable,
as it involves fewer energy evaluations in the reprocessing
step. With large differences in the phase space between inter-
mediates, EXP-LR will also be preferable, if few configurations
are stored for reprocessing. WHAM-LR can handle much larger

variances in potential energy difference distributions. However,
for efficient calculations, one typically usesλ states that are
already widely spaced. If snapshots are stored less frequently
than the energy differences are evaluated for the short-range
calculations, the overlap betweenλ states in the reprocessed
energies may be insufficient. It is not always clear a priori which
method will give the best performance for a given choice of
biomolecular system, short-range cutoff, and frequency of
sampling configurations, although, as we show here, either
correction gives far more consistent values than leaving results
uncorrected.

In either case, error analysis should be done, as for any
simulation method. Methods for estimating uncertainties for
WHAM are given in ref 37 and Appendix A of ref 32 and for
EXP are given in ref 34. Where specific uncertainty formulas
are not available or unsuitable, block bootstrap analysis can be
performed.26

B. Corrections to Other Observables.In general, other
observables computed from molecular simulations may be
sensitive to the Lennard-Jones cutoff used in the simulation. In
this work, we focus on corrections to binding free energies.
However, reweighting techniques can also be used to estimate
corrections to other observables. One can run simulations with
short cutoffs, reprocess configurations with longer cutoffs, and
use reweighting to estimate corrected observables appropriate
for the long cutoffs.

The corrected equilibrium expectation of an observableA(q)
for cutoff rLR is given in terms of expectations with cutoffrSR

by the well-known umbrella reweighting formula

where∆u(q) ≡ uLR(q) - uSR(q), and the average is over all
configurations are sampled from the short-range ensemble.

IV. Simulation Methods

In section V, we present two different examples of the
application of these methods in ligand binding. The first, the
computation of the binding free energies of two molecules to
FKBP-12 using the Folding@Home distributed computing
system,38 demonstrates the magnitude of the needed correction
and the robustness of these methods in computing this correction
in the limit of a large amount of sampling. With the second,
the binding of toluene to the engineered binding pocket of T4
lysozyme, we give an example of what the performance of these
correction methods may be like in a more typical, small
computer cluster setting. In this system, we demonstrate some
problems in signal-to-noise analysis when applying these
methods and explore the small cutoff limits of the method.

The FKBP-12 simulations were run with the modified version
of GROMACS 3.1.4 described in previous papers,14,39-41

running in double precision and using the Folding@Home
distributed computing network.38 The two ligands considered
were L20 (FK506) and L2 from Holt et al.42 (Figure 2).
Integration of the equations of motion was performed using the

Fn
SR ) -â-1 ln ∑

k)n

n+1

∑
t)1

Tk exp[-uSR(qkt
SR; λn)]

∑
k′)n

n+1

Tk′ exp[âFk′
SR - uSR(qkt

SR;λk′)]

Fn+1
SR ) -â-1 ln ∑

k)n

n+1

∑
t)1

Tk exp[-uSR(qkt
SR; λn+1)]

∑
k′)n

n+1

Tk′ exp[âFk′
SR - uSR(qkt

SR; λk′)]

(9)

〈A〉LR )
∫ dq exp(-uLR(q))A(q)

∫ dq exp(-uLR(q))

)
∫ dq exp(-uSR(q)) exp(-[uLR(q) - uSR(q)])A(q)

∫ dq exp(-uSR(q)) exp(-[uLR(q) - uSR(q)])

)
〈exp (-∆ u(q))A(q)〉SR

〈exp (-∆u(q))〉SR

(10)
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velocity Verlet algorithm43 with a time step of 2.0 fs. Bond
lengths were constrained with SETTLE44,45 for waters and
Rattle,46 with a relative accuracy of 10-6, for all other bonds.
Twenty copies of each simulation were run from the same initial
structure but different velocities. The inital structures were taken
from the 10 ns point of 20 trajectories of a simulation of the
protein-ligand complexes in a previous study.14

Andersen pressure and temperature control47 were used to
ensure sampling from an isobaric-isothermal (NPT) ensemble.
The pressure was calculated using an atom-center based virial.
Isotropic scaling of the truncated octahedron at each step was
performed by scaling the atomic positions and then correcting
the intramolecular distances with SETTLE44 (for waters) or
Rattle.46 The Andersen piston mass was chosen to correspond
with a compressibility with 4.5× 10-5 bar-1 and a time constant
of 1.67 ps. Andersen temperature control was implemented by
complete reassignment of all velocities every 2.0 ps (every 1000
steps). The thermostat temperature was 283 K, the experimental
temperature for the binding experiments.42

All FKBP simulations used the same electrostatic parameters.
The neighborlist was set to 1.2 nm, updated every 10 steps.
Particle mesh Ewald (PME)1 was used, with the short-range
Ewald cutoff set at 1.1 nm, spline interpolation of the charges
with order 6, Fourier spacing of at most 0.15 nm, and a Gaussian
width (1/â) of 0.323334 nm. Three different Lennard-Jones
cutoffs, with the switching function implemented in GROMACS
3.1.4, were used in separate sets of simulations: switched off
from 0.75 to 0.9 nm (referred to in this paper as LJ75), from
0.9 to 1.0 (LJ9), and from 1.0 to 1.1 nm (LJ10). A Lennard-
Jones correction term to the total energy and virial, a switched-
cutoff version of eqs 3 and 4, for both ther-12 and ther-6

terms was included. AMBER-99φ48 parameters were used for
the protein. The ligand parameters were identical to a previous
FKBP binding paper,49 using generalized Amber force field
(GAFF) parameters50 and partial charges generated by AM1-
BCC51 using MOPAC, with TIP3P water as the solvent. All
topology files and initial coordinate files are included in
Supporting Information.

To compute binding free energies, we used the thermody-
namic cycle discussed elsewhere.14,26,52 For this cycle, it is
necessary to remove the ligand both from a solvent environment
and from the binding site. We broke each of these calculations
into Coulombic and Lennard-Jones parts. The Coulombic parts
are done by scaling to zero the ligand electrostatic interactions
entirely, while the Lennard-Jones components are done by

decoupling the ligand Lennard-Jones interactions (leaving in
intramolecular Lennard-Jones interactions).

For calculation of the free energies, potential energy differ-
ences between intermediates were output every 50 steps or 0.1
ps. Theλ values of 0, 0.1, 0.25, 0.40, 0.55, 0.70, 0.85, and 1.0
were used for Coulombic decoupling, and 0.0, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.65, 0.70, 0.75, 0.80, 0.85, 0.9, 0.95, and 1.0
were used for decoupling of Lennard-Jones terms, using a soft
core potential. Short-range free energies of decoupling were
computed using BAR28,29 (the equivalent of WHAM for two
states) between neighboring intermediateλ values, again as
described in a previous study.40 Simulations were equilibrated
for 2.0 ns (in the case of L20) or 1.0 ns (in the case of L2),
after which the free energy data was collected. Data were
collected from 20 independent runs to compute the short cutoff
free energy. These runs were approximately 10.0 ns (depending
on the intermediate state and run) for L20 and the longest cutoff
for L2 and approximately 6.0 ns for the other two cutoffs for
L2. Reprocessed energy differences were generated at each
snapshot between all pairs of cutoffs, every 200 ps, for a total
of approximately 700 snapshots per intermediate state for L20,
800 snapshots for the longest cutoff for L2, and 400 for the
other two cutoffs. Uncertainties in the short-range free energies
were taken as the standard deviation in the average of the free
energies computed from the 20 separate copies.

For Figure 1, with L20, the 200 ps interval snapshot structures
were reprocessed starting from 2.0 ns and extending to 6.0 ns,
for a total of 400 snapshots. The uncertainty of the average
excluded energy was estimated by taking the standard deviation
in this energy over all snapshots and dividing by the square
root of the total number of snapshots. Uncertainty in the average
energies was less than 0.05 kcal/mol for all points, too small to
display on the graph.

Pure TIP3P water simulations were also run with the same
modified GROMACS version 3.1.4. These boxes were equili-
brated for 100 ps at their new cutoffs, starting from a previously
equilibrated water box, and then run for 1.0 ns. The PME
parameters used order 6 interpolation, with a grid size of 0.1
nm, and Gaussian width (1/â) of 0.215556 nm. The temperature
was set to 298 K, and velocities were reassigned every 5.0 ps.
A neighborlist cutoff of 1.4 nm was used for all pure water
simulations. In all other details, the simulations were identical
to the FKBP simulations.

Calculations for the T4 lysozyme L99A mutant were run
using GROMACS 3.33,53with several crucial bugfixes described
previously.26 The system was prepared as discussed previously,26

taking the initial ligand orientation from docking (to the apo
structure) and using the apo structure of the protein. GAFF
parameters50 and AM1-CM2 charges54 were used for the ligand,
and AMBER 96 parameters55 for the protein. For every system
simulated, the system was first minimized with up to 5000 steps
of L-BFGS56 minimization, then 500 steps of steepest descent
minimization;57 then dynamics were begun after assigning
velocities randomly from the Maxwell-Boltzmann distribution
at 300 K. The Langevin integrator was used both to integrate
the equations of motion and to provide temperature control at
300 K. The friction coefficient was 1 ps-1. Dynamics used a
time step of 2.0 fs; bond lengths for water were constrainted
with SETTLE,44 and protein and ligand bonds were constrained
with LINCS.58 Equilibration was done first for 10 ps using
constant volume, then 100 ps using constant pressure and the
Berendsen59 barostat for temperature control. The compress-
ibility was set to 4.5× 10-5 bar-1, and the time constant was
set to 0.5 ps. Production simulations followed; they were 1 ns

Figure 2. Free energies of binding of the ligands L20 (FK506) and
L2 from Holt et al.42 were calculated with different dispersion cutoffs
and corrections in this study.
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in length at every alchemical intermediate state for the ligand
in the protein and 5 ns each for the ligand alone in solvent.

All simulations for lysozyme used the same electrostatic
parameters. The neighborlist was set to 1.2 nm and updated
every 10 steps. Particle-mesh Ewald (PME)1 was used, with
the short-range Ewald cutoff set at 0.9 nm, spline interpolation
order 6, Fourier spacing at most 0.1 nm, and a Gaussian width
(1/â) of 0.260197 nm. We tried a variety of different Lennard-
Jones cutoff schemes using switched cutoffs. Switching dis-
tances were 0.55 to 0.65 nm (scheme LJ55), 0.6 to 0.7 nm
(scheme LJ6), 0.65 to 0.75 nm (LJ65), 0.7 to 0.8 nm (LJ7),
0.75 to 0.9 nm (LJ75), 0.8 to 0.9 nm (LJ8), 0.9 to 1.0 nm (LJ9),
and 1.0 to 1.1 nm (LJ10). The GROMACS analytical Lennard-
Jones correction to the energy and pressure (with average
Lennard-Jones parameters) was included for ther-6 term. A
key difference is that, in GROMACS 3.3, the dispersion
potential depends onλ, and this adds an effective heterogeneous
analytical dispersion correction to the short-range Lennard-Jones
energy. In the lysozyme simulations, for the free energy of
Coulombic charging, we usedλ values of 0, 0.25, 0.5, 0.75,
and 1.0. For Lennard-Jones decoupling, we used 0.0, 0.05, 0.1,
0.2, 0.3, 0.4, 0.5, 0.65, 0.7, 0.8, 0.85, 0.9, 0.95, and 1.0. As in
the FKBP simulations, we used BAR to compute the free
energies. However, because of differences in the codes used,
to apply BAR, we saved full (single) precision simulation
snapshots every 1.0 ps from every simulation and then
reprocessed these snapshots at adjoiningλ values in order to
obtain the necessary potential energy differences to compute
the short-range free energy.

Single precision structures were reprocessed using double-
precision energy evaluation to avoid introducing additional
numerical noise in the long-range corrections; preliminary
analysis indicated that single precision energy evaluations could
result in errors of up to 0.05 kcal/mol in the correction term.
Reprocessing was done using the full saved trajectory in every
case, so snapshots were spaced every 1.0 ps. We also used the
confine-and-release approach, combined with umbrella sam-
pling, to account for kinetic trapping of a valine side chain in
the binding site, as described previously.60 For this particular
ligand, toluene, both valine rotameric states contribute to the
overall binding free energy.

Because our focus here is on the Lennard-Jones decoupling
portion of the calculation when the ligand is in complex with
the protein, we directed our computational effort there. In
particular, all other components of the binding free energy
calculation were run with only one cutoff scheme (L8), and we
performed only one trial at eachλ value for the other
components of the calculation. For the Lennard-Jones decou-
pling calculations in the complex, however, we performed three
sets of simulations beginning from the same starting coordinates.
The final results were obtained by averaging over these three
sets.

A potential limitation of the approaches, as applied here, is
that they are applied only to the Lennard-Jones decoupling
portion of the cycle, when the ligand’s electrostatic interactions
have already been decoupled. Thus, implicitly, they assume that
the density of Lennard-Jones sites around the bound ligand,
outside the original short cutoff, does not depend on whether
the ligand is interacting electrostatically with the protein. This
is probably a good assumption for both systems considered here,
as both are quite rigid and undergo minimal conformational
change on ligand binding,42,62essentially all of which is localized
to the region immediately around the ligand (thus falling within
the short cutoff region). However, this assumption may break

down in the case of protein conformational changes that are
coupled to ligand binding and electrostatics and that involve
protein regions outside the original cutoff. In such cases, the
correction approaches described here should be applied not just
to the Lennard-Jones decoupling portion of the binding calcula-
tion, but to the full binding calculation, including the electrostat-
ics component. Such an extension was not done here, but is
straightforward.

All uncertainties for lysozyme calculations and uncertainties
in the long-range dispersion corrections for FKBP were
computed using the block bootstrap approach described previ-
ously,26 taking the standard deviation over 40 bootstrap trials,
with block lengths taken to be equal to the autocorrelation time.

V. Results

As we discuss in Methods above, computed ligand binding
free energies can depend on the Lennard-Jones cutoff used in
the simulations, even when using an analytical correction which
assumes the system is isotropic outside the cutoff. We presented
approaches for computing corrections (EXP-LR and WHAM-
LR) to obtain consistent free energies regardless of the cutoff
with which the simulation was originally run. We present here
the results of applying these corrections to the systems described
above.

In the first of these, FKBP, we studied two ligands. FK506
(a relatively large molecule, over 700 Da) binds with high
affinity, with an experimental binding free energy of-12.1(
0.2 kcal/mol at 283 K (from aKd of 0.45 ( 0.15 nM); L2
binds with significantly lower affinity (-7.38( 0.08 kcal/mol,
from a Kd of 2000 ( 300 nM). With simulations run using
three different cutoff schemes, as described in Methods, we
can directly test the consistency of the long-range correction
methods over a range of cutoff distances. Not only can we
compare the sum of the short-range free energy plus the long-
range correction term, but also we can measure the free energy
to change the cutoffs using the correction. If the formalism
is correct, we will obtain the same free energy difference
between cutoffsrA and rB whether we sample using cutoffrA

or cutoff rB.
Table 2 shows the free energy difference computed between

simulations with different Lennard-Jones cutoffs, evaluated by
EXP-LR and WHAM-LR, for the two FKBP ligands studied.
Both methods clearly produce corrections that agree well with
one another, forward and backward, within statistical uncer-
tainty, though EXP-LR appears to have slightly lower variance,
for reasons we discuss later.

We can then examine the effect of these new dispersion
corrections on the total free energy of binding. In our thermo-
dynamic cycle,14,26 the total binding energy (∆G°) is the free
energy of decoupling the ligand from the complex with the
solvated protein (∆GP) minus the free energy of decoupling the
ligand from the solvent (∆GS). Both of these decoupling free
energies can be written as the sum of the free energy to turn
off the Coulombic interactions (∆GS,C) and (∆GP,C), plus the
free energy to turn off the Lennard-Jones interactions (∆GS,LJ)
and (∆GP,LJ), plus a free energy for restraining the ligand in
complex and releasing it to the standard state when unbound,
∆Gr°. The Lennard-Jones decoupling free energy, using a
longer cutoff (∆GLJ

LR), is the sum of the short-range Lennard-
Jones energy (∆GLJ

SR), and any dispersion correction (∆GLJ
LRC).

The dispersion correction will not affect either of the Coulombic
decoupling energies. We will assume that the Lennard-Jones
decoupling energy in pure solvent includes the analytical
correction, which is presumed to be valid for this smaller system,
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and thus the total∆GS,LJ
LR does not depend on cutoff. We can

then write the binding energy as:

where∆GREM includes all Coulombic decoupling terms and the
solvent Lennard-Jones decoupling term, as well as the restrain-
ing/standard state component, and we have dropped the subscript
P from the protein-bound Lennard-Jones terms for simplicity
in the rest of the section. For FKBP, this remainder term,
computed with BAR as described in ref 14 is-1.49 ( 0.24
kcal/mol for L20 and 2.05( 0.08 kcal/mol for L2.

For L20,∆GLJ
SR computed with different cutoffs has a spread

of more than 6 kcal/mol (second column of Table 3). Adding
the analytic correction∆GLJ

LRC (third column) results in bind-
ing free energies with a spread of 0.8 kcal/mol (fifth column).

This is larger than the mutual uncertainty between different
cutoff schemes and still more than 2.0 kcal/mol less than the
total binding free energy when EXP-LR or WHAM-LR is
applied. With∆GLR

LRC computed with EXP-LR (third column),
the spread in computed binding free energies (sixth column)
drops to only 0.45 kcal/mol, which is almost within the mutual
uncertainty of the calculations. In the case of L2,∆GLJ

SR for
different cutoffs are spread over 3 kcal/mol, while the spread
in analytically corrected binding energies is approximately 0.7
kcal/mol. Again, this is not nearly as good as the results with
the EXP-LR or WHAM-LR correction, which have a spread of
only 0.15 kcal/mol in the total binding energy, well within the
mutual uncertainties of the calculations with the three different
cutoffs.∆GP,LJ

SR is much more sensitive to the dispersion cutoff
than is the binding energy, because, for the binding free energy,
the cutoff dependence of∆GP,LJ

SR partially cancels with that of
∆GS,LJ

SR .68

These simulations demonstrate the importance of including
such a correction in ligand binding, as a small change in cutoff

TABLE 2: Free Energy Differences between Simulations with Different Dispersion Cutoffs Evaluated by EXP-LR and
WHAM-LR for L20(FK506) and L2 Bound to FKBP-12

L20 (FK506) L2

simulationsa
WHAM-LR
(kcal/mol)

EXP-LR
(kcal/mol)

WHAM-LR
(kcal/mol)

EXP-LR
(kcal/mol)

From LJ75
LJ9 -4.23( 0.05 -4.22( 0.02 -1.71( 0.05 -1.78( 0.02
LJ10 -6.39( 0.05 -6.42( 0.02 -2.50( 0.05 -2.66( 0.03
LONGb -12.20( 0.07 -12.28( 0.03 -4.72( 0.10 -4.89( 0.04

From LJ9
LJ75 4.27( 0.05 4.19( 0.01 1.71( 0.05 1.76( 0.02
LJ10 -2.24( 0.02 -2.20( 0.01 -0.88( 0.03 -0.85( 0.01
LONG -8.12( 0.03 -8.02( 0.01 -3.09( 0.04 -3.07( 0.02

From LJ10
LJ75 6.50( 0.04 6.37( 0.02 2.59( 0.05 2.58( 0.02
LJ9 2.20( 0.03 2.16( 0.01 0.86( 0.02 0.84( 0.01
LONG -5.86( 0.02 -5.82( 0.01 -2.21( 0.02 -2.21( 0.01

Sumsb

(LJ75 to LJ9)+(LJ9 to LONG) -12.35( 0.06 -12.24( 0.03 -4.80( 0.06 -4.85( 0.03
(LJ75 to LJ10)+(LJ10 to LONG) -12.25( 0.05 -12.24( 0.03 -4.71( 0.05 -4.87( 0.03
(LJ75 to LJ9)+(LJ9 to LJ10)+(LJ10 to LONG) -12.33( 0.06 -12.24( 0.02 -4.80( 0.06 -4.84( 0.02

a LJ75 indicates a cutoff tapered between 0.75 and 0.9 nm, LJ9 indicates a cutoff between 0.9 and 1.0 nm, and LJ10 indicates a cutoff between
1.0 and 1.1 nm. LONG indicates the cutoff independent binding energy described in the paper. Free energies computed with WHAM-LR and
EXP-LR agree very well in both forward and reverse directions. The total correction to go from LJ75 to LONG is also consistently estimated.
b Summing the free energies between intermediate cutoff ranges demonstrates even shorter cutoffs correctly predict the total correction to very
long-range cutoffs.

TABLE 3: Free Energies of Binding for L20 and L2 to FKBP-12, Computed with Three Different Dispersion Cutoffsa

simulationb
∆GLJ

SR

(kcal/mol)c
∆GLJ

LRC analytic
(kcal/mol)c

∆GLJ
LRC EXP-LR

(kcal/mol)c
∆G° analytic
(kcal/mol)d

∆G° EXP-LR
(kcal/mol)d

∆Gexp°
(kcal/mol)e

L20 (FK506)
LJ75 -1.13( 0.17 -10.40 -12.67( 0.03 -13.02( 0.17 -15.29( 0.17 -12.1( 0.20
LJ9 -5.60( 0.22 -6.77 -8.41( 0.01 -13.86( 0.22 -15.50( 0.22 -12.1( 0.20
LJ10 -7.35( 0.23 -5.01 -6.21( 0.01 -13.85( 0.23 -15.05( 0.23 -12.1( 0.20

L2
LJ75 -3.65( 0.18 -3.88 -5.04( 0.04 -5.48( 0.18 -6.64( 0.18 -7.38( 0.08
LJ9 -5.37( 0.13 -2.53 -3.22( 0.02 -5.85( 0.13 -6.54( 0.13 -7.38( 0.08
LJ10 -6.38( 0.11 -1.87 -2.36( 0.01 -6.20( 0.11 -6.69( 0.11 -7.38( 0.08

a When properly corrected, computed binding free energies should be cutoff-independent; they are not, except in the second to last column. The
cutoff dependence is, in fact, drastic except with the EXP-LR or WHAM-LR corrections. Using either EXP-LR or WHAM-LR as described in this
study yields free energies that are consistent within the mututal statistical uncertainty.b Different cutoff schemes are tapered from 0.75 to 0.9 nm
(LJ75), tapered from 0.9 to 1.0 nm (LJ9), and tapered from 1.0 to 1.0 nm (L10).c First three columns are the short-range Lennard-Jones component
of the binding free energy, the analytical estimate of the long-range correction, and the long-range correction from EXP-LR.d Last two columns
are the computed binding free energies using different correction schemes (the analytical correction and the EXP-LR scheme). The binding energy
includes additional terms, independent of the dispersion cutoff, as detailed in the text, but exclude the uncertainty of these extra terms, as they are
independent of the Lennard-Jones cutoffs in these tables.e Final column is the experimental value.

∆G° ) ∆GP - ∆GS + ∆Gr°
) (∆GP,C + ∆GP,LJ) - (∆GS,C + ∆GS,LJ) + ∆Gr°

) (∆GLJ
SR + ∆GLJ

LRC) + ∆GREM

) ∆GLJ
LR + ∆GREM (11)
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of a dispersion term can significantly affect computed binding
free energies; in this example, by almost 1 kcal/mol for typical
cutoffs. Even with a relatively long cutoff of 1.0 to 1.1 nm, the
result differs from the full dispersion binding energy by more
than 0.5-1.5 kcal/mol. Table 3 demonstrates that these methods
can very effectively compensate for extremely large differences
caused by differing dispersion cutoffs.

We also note that the uncertainty in the long-range correction
for L2 is not any smaller than that in the correction for L20,
even though the correction itself is smaller.61 The fact that the
uncertainty does not decrease with ligand size highlights a
potential problem with the methods presented here. The variance
in the potential energy differences from configuration to
configuration, and thus the uncertainty in WHAM-LR and EXP-
LR, is primarily dependent on the environment. Thus, as the
size of the system grows, the uncertainty grows larger. For large
systems, uncertainties may grow unacceptably large.

We also studied the binding of toluene in the apolar T4
lysozyme L99A binding cavity. This cavity is interesting as an
extremely simple cavity binding site that binds relatively small
nonpolar molecules like benzene and toluene, among others.62-65

As in FKBP, we examine the binding of toluene in this cavity
by computing its absolute binding free energy. The simulation
lengths we use (1 ns at eachλ value) are relatively short and
easily accessible for a variety of systems on small computer
clusters. We show uncorrected and corrected Lennard-Jones
decoupling free energies for the ligand-in-complex portion of
the calculation in Table 4.

The total binding free energy for toluene, in this case, is given
by ∆G° ) ∆GLJ + 3.55 ( 0.05 kcal/mol, where∆GLJ is the
Lennard-Jones decoupling energy in the complex. The other
term includes the remainder of the binding free energy including
ligand desolvation and other factors, computed as described
previously.26,66 With ∆GLJ taken as the uncorrected∆GLT

SR

from the L55 cutoff in Table 4, this gives a binding free energy
of -2.65 ( 0.05 kcal/mol (using the analytical correction
implemented in GROMACS), while the value from the LJ10
cutoff scheme gives a binding free energy of-4.33 ( 0.06
kcal/mol (using the same correction). This is very large
difference and is solely due to the choice of Lennard-Jones
cutoff. The experimental value is-5.52 ( 0.06 kcal/mol.63

While neither of the computed values agree perfectly with
experiment, obviously the value from the LJ10 scheme agrees
much better.

The goal of the methods described here is to provide
corrections to yield computed free energies that are independent
of cutoff. When these corrections are applied, the∆GLJ

LR values
(Table 4) are all within a much tighter range (-7.63 to-8.04

kcal/mol with WHAM-LR and-7.58 to-8.21 kcal/mol with
EXP-LR). This leads to a much smaller range of possible
resulting binding free energies with different cutoff schemes
(-4.08 to-4.48 kcal/mol with WHAM-LR and-4.03 to-4.66
kcal/mol with EXP-LR), rather than the range of nearly 1.7 kcal/
mol when no correction was applied. Thus, the corrections
greatly improve the consistency of computed binding free
energies and improve agreement with experiment, even down
to cutoffs as small as 0.6 nm.

As discussed in Methods, a potential pitfall of the methods
as presented here is that the correction is applied only for the
part of the thermodynamic cycle with the decoupling of
Lennard-Jones particles and not for the decoupling of electro-
static interactions. As the results presented for FKBP and
lysozyme are essentially independent of cutoff, any additional
correction for the change in dispersion correction when elec-
trostatic interactions are decoupled appears to be negligible but
might need to be included in other cases.

The corrections computed with lysozyme are less precise than
the corrections with FKBP. For example, EXP-LR and WHAM-
LR diverge to a greater extent than for FKBP, even with the
LJ75 cutoff scheme. This is due in large part to fewer
decorrelated snapshots being used in the computations for
lysozyme but also because the lysozyme system is larger, with
a total potential energy twice as large. This results in larger
errors in the correction term, primarily because of noise in the
water-water interactions. For example, the variances inULR-
(qSR, λ ) 1) - USR(qSR, λ ) 1) andULR(qSR, λ ) 0) - USR-
(qSR, λ ) 0) are 0.41 and 0.43 kcal/mol, respectively, for the
LJ75 cutoff for both FKBP ligands, but are 0.52 and 0.60 kcal/
mol for LJ75 in lysozyme, and rising to over 1.7 for LJ55. Since
EXP-LR grows exponentially with energy scalekT, as the width
of the distribution becomes comparable tokT, its variance begins
to grow.34

VI. Conclusions

Our main goal in this study is to obtain computed binding
free energies that are independent of the Lennard-Jones cutoff
with which the original simulation was run; any improved
agreement with experiment is a bonus. In this study, we show
that, without corrections or by using only analytical corrections,
computed binding free energies can depend strongly on the
cutoff used in the simulation. We find that this cutoff depen-
dence can be up to 0.8 kcal/mol in the FKBP case and up to
1.6 kcal/mol for lysozyme.69 By using the two new methods
we introduce (EXP-LR and WHAM-LR), the computed ligand
binding free energies are essentially cutoff-independent. This
strongly suggests that previous free energy calculations done

TABLE 4: Lennard-Jones Decoupling Free Energies for Toluene in the Apolar Engineered Site in T4 Lysozyme Using
Different Dispersion Cutoff Schemesa

simulationb
∆GLJ

SR

(kcal/mol)
∆GLJ

LRC WHAM-LR
(kcal/mol)

∆GLJ
LRC EXP-LR

(kcal/mol)
∆GLJ

LR WHAM-LR
(kcal/mol)

∆GLJ
LR EXP-LR

(kcal/mol)

LJ55 -6.20( 0.03 -1.48( 0.34 -1.68( 0.20 -7.68( 0.35 -7.88( 0.20
LJ6 -6.47( 0.03 -1.22( 0.14 -1.11( 0.08 -7.68( 0.15 -7.58( 0.09
LJ65 -6.73( 0.03 -0.90( 0.08 -1.11( 0.07 -7.63( 0.09 -7.85( 0.07
LJ7 -7.02( 0.03 -0.69( 0.06 -1.03( 0.03 -7.71( 0.06 -8.05( 0.04
LJ75 -7.54( 0.03 -0.43( 0.03 -0.67( 0.02 -7.97( 0.05 -8.21( 0.04
LJ8 -7.29( 0.03 -0.41( 0.03 -0.50( 0.02 -7.70( 0.04 -7.79( 0.04
LJ9 -7.57( 0.03 -0.29( 0.01 -0.29( 0.01 -7.87( 0.03 -7.86( 0.03
LJ10 -7.89( 0.04 -0.15( 0.01 -0.13( 0.01 -8.04( 0.04 -8.02( 0.04

a Shown are the short-range component, the long-range corrections computed with WHAM-LR and EXP-LR, and then the overall decoupling
free energies with the corrections. The total here is a favorable contribution for binding, so without additional corrections, the shorter cutoffs
neglect more than 1 kcal/mol of the total binding free energy.b Different simulations use different dispersion cutoff schemes, from short to long,
and are as detailed in Methods.
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without long-range corrections may have produced results with
significant cutoff dependence.

In most cases, EXP-LR will likely be the preferred method.
It requires fewer energy re-evaluations, only at the states where
λ ) 0 andλ ) 1, and thus will be significantly more efficient
if there are a large number of intermediate states. If the width
of the distribution of energy differences is significantly larger
thankT, or the system is particularly large, however, WHAM-
LR should also be tested. Error analysis is essential to identify
signs of potential problems.

We have primarily described our method in terms of
correcting to a very long-range cutoff in order to remove an
arbitrary unphysical simulation parameter. This is not unprec-
edented and can improve agreement with experiment. Several
studies have shown that using corrections to include long-range
dispersion can improve fit to experiment for many of the current
biomolecular force fields.20,40 Additionally, here, applying
corrections usually improves the agreement with experiment
relative to the uncorrected free energies. But this is not
universally true. For FKBP, the binding free energy of L20
actually becomes somewhat further away from the experimental
binding affinity with the addition of the correction.

The method presented here can alternatively be used to correct
observables to any alternate cutoff scheme for dispersion. For
example, if a particular parameter set performs best with 0.9
nm abrupt dispersion cutoffs, the formalism here can be used
to obtain correct free energies for this cutoff independent of
the cutoff used to obtain the sampling, while tapered cutoffs
with better energy conservation properties are used for molecular
dynamics.

In the future, an alternate cutoff independent method to
include Lennard-Jones interactions is to implement a fast Ewald
summation over Lennard-Jones sites, which was already pro-
posed and derived by the originators of the smooth PME
method.1 This summation would presumably be very fast,
because of the fast decay of both ther-12 and ther-6 functional
forms would likely add little overhead to most simulations if
implemented efficiently. However, it becomes complicated to
implement with additiveij combination rules such as the current
CHARMM or AMBER potential functions1 and will not work
with non-polynomial dispersion functions. If Ewald summation
of long-range Lennard-Jones treatments were implemented, the
corrections presented here would thus be unnecessary, and for
ease of use, this approach may eventually turn out to be
preferable to methods presented here. Introducing periodicity
into the dispersion interaction does add artifacts, but since the
Lennard-Jones interactions fall off much faster than electrostatic
interactions, if simulation boxes are large enough that electro-
static errors are small, any Lennard-Jones artifacts will be
negligible.

Other non-isotropic systems may also require improved
treatment of long-range dispersion interactions. For example,
protein aggregation is important in a number of diseases,67 and
small changes to the strength of dispersion interactions (i.e.,
due to the handling of long-range dispersion interactions) could
potentially make the difference between aggregation and
solubility in simulations of protein aggregation. However, the
methods here might not be sufficient to handle such cases, where
the phase space difference between long and short-range
dispersion cutoffs is large.

The formalisms presented in this paper may also be general-
ized to correct for the exclusion of other relatively low variance
potential energy terms in a simulation; for example, one could
potentially simulate with a fast and coarse set of parameters

for PME treatment of long-range electrostatics, to gain com-
putational speed, and then use reprocessing with better param-
eters and reweighting to obtain corrections.

We have presented two general approaches for correcting for
the effect of truncating long-range Lennard-Jones interactions,
in order to obtain conistency in computed free energies
regardless of the cutoff. This study demonstrates that compu-
tational estimates of binding free energies from studies using
different cutoffs might be significantly less comparable to each
other than previously assumed, as these studies neglected
significant long-range dispersion interactions beyond the cutoff.
Discrepancies in binding free energies between different studies
on the same system might partially be explained by different
cutoffs. We believe that future binding free energy studies
should include this or another accurate treatment of the long-
range correction, to allow easier comparisons of binding free
energies computed with different cutoff schemes. Additionally,
future force fields should be parametrized with this cutoff
dependence in mind.
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