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Abstract: Proteins and other biomolecules function in cellular environments that contain significant
concentrations of dissolved salts and even simple salts such as NaCl can significantly affect both the kinetics
and thermodynamics of macromolecular interactions. As one approach to directly observing the effects of
salt on molecular associations, explicit-solvent molecular dynamics (MD) simulations have been used here
to model the association of pairs of the amino acid analogues acetate and methylammonium in aqueous
NaCl solutions of concentrations 0, 0.1, 0.3, 0.5, 1, and 2 M. By performing simulations of 500 ns duration
for each salt concentration properly converged estimates of the free energy of interaction of the two
molecules have been obtained for all intermolecular separation distances and geometries. The resulting
free energy surfaces are shown to give significant new insights into the way salt modulates interactions
between molecules containing both charged and hydrophobic groups and are shown to provide valuable
new benchmarks for testing the description of salt effects provided by the simpler but faster Poisson-
Boltzmann method. In addition, the complex many-dimensional free energy surfaces are shown to be
decomposable into a number of one-dimensional effective energy functions. This decomposition (a) allows
an unambiguous view of the qualitative differences between the salt dependence of electrostatic and
hydrophobic interactions, (b) gives a clear rationalization for why salt exerts different effects on protein-
protein association and dissociation rates, and (c) produces simplified energy functions that can be readily
used in much faster Brownian dynamics simulations.

Introduction

Most biological molecules, whether in living cells or on the
lab bench, are immersed in aqueous salt solutions and it has
long been appreciated that salts can exert significant, and
sometimes profound effects on the behavior of biomolecules.
Well-known examples include the widely varying influences
of salts on protein solubility exemplified by the Hofmeister
effect,1,2 the effects of salt on DNA duplex stability,3 and on
the thermodynamics and kinetics of electrostatically driven
protein-DNA4,5 and protein-protein associations.6-8 Since
significant salt concentrations are routinely encountered by
biological macromolecules in physiological conditions, a thor-
ough understanding of the ways salts affect thermodynamic and
kinetic properties may ultimately be important for understanding
their in vivo behavior. The present work therefore describes

the use of explicit solvent molecular dynamics (MD) simulations
aimed specifically at understanding the effects of the simple
salt NaCl on a prototypical biomolecular association event in
which both hydrophobic and electrostatic interactions operate
between the solutes.

As might be expected, MD simulations have been used
extensively over the years to investigate many of the key effects
of salt on aqueous solutions. Most such studies have however
not considered biomolecular association events but instead have
focused on the behavior of solute-free salt solutions. A number
of different aspects have been examined including the effects
of different ion types on water structure,9,10 the connection
between such effects and hydration thermodynamics,11-16 and
the tendencies for ions to form clusters.17,18In addition, studies
focused solely on single-ion-in-water systems have also proven
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to be extremely useful for developing an understanding of how
to deal with long-range electrostatic interactions adequately in
molecular simulations.19,20

Most of the MD studies that have directly addressed the
effects of salts on molecular associations have focused primarily
on the association of simple hydrophobic molecules (such as
methane) whose association is thought to be significantly
strengthened by salts at high concentrations (∼1 M). Some of
these studies have limited their attention to the effects of high
salt concentrations on thehydration of hydrophobic mol-
ecules,21,22 but others have explicitly examined the effects of
salt onassociationsthrough computation of potentials of mean
force as a function of intermolecular distance between two
hydrophobic solutes.23,24

Perhaps surprisingly, MD simulations of the effects of salt
on electrostatically driven biomolecular association events are
harder to find; in fact, to our knowledge the only example is a
very recent study of salt effects on amino acids using relatively
short (15 ns) constrained potential of mean force (PMF)
calculations.25 Instead, the understanding of salt effects on
electrostatic interactions has relied more on traditional theoretical
treatments such as counterion condensation theory26,27 and the
Poisson-Boltzmann equation.28 Since the latter method can be
routinely used to study atomically detailed structures of arbitrary
geometry it has become the method of choice for most
biomolecular applications;29 numerical solutions of the PB
equation have even been reported for molecular assemblies as
large as the ribosome.30 Atomically detailed PB calculations
have been successfully used to understand the effects of
monovalent ions on the thermodynamics of ligand-DNA
interactions,31 protein-DNA interactions4,32 and protein stabil-
ity.33,34 In addition, the electrostatic potentials obtained from
PB theory have been used in Brownian dynamics (BD)
simulations to understand the effects of salt on the kinetics of
protein-protein association events;35-37 interestingly, these
effects have also been successfully modeled with simple
Debye-Hückel calculations.38,39Relative to explicit-solvent MD
simulations, PB theory makes two major simplifications: the
solvent is treated as a dielectric continuum and the distribution

of dissolved ions is treated as continuous and adequately
modeled with a mean-field treatment that neglects ion-ion
correlations. The validity of the first of these simplifications
has been examined in a number of studies by comparison of
hydration and binding thermodynamics obtained from PB with
those obtained from explicit-solvent MD simulations.40-43

Although these comparisons have highlighted some anticipated
failings of PB, the level of agreement is in general sufficiently
good that it is now often used as a “gold standard” for testing
of still more approximate implicit solvent methods.44,45

One motivation of the present work is to show that both major
simplifications of PB theorysi.e., its description of waterand
ionsscan now be simultaneously tested through the use of MD
methods of the kind now widely used to simulate the dynamic
behavior of biological macromolecules.46 In principle, it should
be clear that MD simulations can provide a much more
structurally detailed and thermodynamically refined view of salt
effects than can be obtained by PB theory. In practice, however,
this can only be done if sufficient sampling of the ion, water
and solute configurations can be performed with MD to obtain
converged thermodynamic information, and one goal of the
present work is to examine whether current computational
resources allow this to be achieved. In examining this issue,
we aim to build on recent work performed by ourselves and
others showing that the association thermodynamics (equilibrium
constants) for small molecule pairs in water can be directly
computed from unforced explicit solvent MD simulations in
which the interacting molecules are left to freely diffuse
throughout the solution and associate with one another by any
pathway that they might choose.47-49 These previous studies
considered a range of molecule types from complete amino acids
to smaller prototypical molecules, butsimportantly for the
present studyswere all performed in pure water. There is clearly
an additional level of sampling required when the solvent, as
in the case of an aqueous salt solution, is of a heterogeneous
composition and it is therefore a key result of the present work
that the same basic approach used previouslysbut with MD
simulations that are 500 ns in lengthscan be used to obtain
converged results for small molecule associations in salt
solutions.

We have chosen to study the effects of NaCl on the
association of the small molecules acetate and methylammo-
nium. These molecules have been selected for two reasons. First,
they can be considered to be simplified analogues of the charged
amino acid side chains glutamate/aspartate and lysine, for which
salt effects are likely to be considerable; the decision to use
simpler, prototypical molecules rather than actual amino side
chains has been based on our previous experience of the
difficulties in disentangling the various driving forces that
operate even in molecules as apparently simple as amino acids.
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Second, the two molecules contain both chargedand hydro-
phobic groups, and it is therefore possible for them to associate
with one another via an electrostatic (salt bridge) interaction,
via a hydrophobic interaction (through juxtaposition of their
methyl groups), or perhaps via some combination of the two
(e.g., in a side-by-side orientation). The simulated association
behavior of these two very simple molecules therefore has the
potential to provide quite rich information into the interplay
and balance between charge-charge and hydrophobic interac-
tions and the differential effects of salt on these different types
of interaction. As becomes apparent, however, to fully under-
stand these different effects, it proves necessary to develop a
scheme for decomposing the many-dimensional free energy
surface obtained from the simulations into one-dimensional
effective energy functions that can be more easily interpreted.
This decomposition has the added benefit however of yielding
simple pairwise energy functions that may in the future be useful
for simulation methods (such as BD) in which salt ions and
water molecules are modeled implicitly.

Methods

MD Simulations. Each of the six 500 ns MD simulations discussed
here contained a single acetate and a single methylammonium molecule
immersed in a 25× 25× 25Å box of explicit solvent. One simulation
was performed in pure water and five others were performed at the
following NaCl concentrations: 0.1, 0.3, 0.5, 1, and 2 M; the number
of Na+ and Cl- ions included in these simulations was 1, 3, 5, 9, and
18, respectively. An illustration of the 2 M NaCl simulation system is
shown in Figure 1. Parameters for the acetate and methylammonium
were obtained from the OPLS-AA force field50 with the partial charges
being adapted from those assigned in the force field to glutamate and
lysine respectively (see Table 1 of Supporting Information). Parameters
for the Na+ and Cl- ions were obtained from works by Aqvist51 and
Jorgensen and co-workers;52 water molecules were described by the
TIP3P model.53 Although there may be significant polarization effects

involved in highly charged systems such as aqueous ionic solutions,
previous simulation work has indicated that nonpolarizable force fields
remain surprisingly useful for modeling such systems.16,54

All MD simulations were performed with the GROMACS soft-
ware.55,56van der Waals and short-range electrostatic interactions were
truncated at 10Å; longer range electrostatic interactions were calculated
using the PME method.57 All covalent bonds were constrained with
the LINCS algorithm58 allowing a 2 fstime step to be used. Simulations
were performed in the NPT ensemble (constant number of atoms,
pressure and temperature) with the pressure being maintained at 1atm
using the Parrinello-Rahman barostat59 and the temperature being
maintained at 298 K using the Nose´-Hoover thermostat.60,61Since the
strong interaction between salt ions and water molecules causes a
modest contraction of the periodic box (since the box volume is not
constrained), short pilot simulations were conducted to ensure that the
final molar concentrations of salt were close to their intended values.
All simulation systems were initially energy minimized for 100 steps
with the steepest-descent algorithm, heated in 50K steps at intervals
of 50 ps and equilibrated for 10 ns; following this point each system
was simulated for an additional 500 ns. An indication that this length
of simulation is likely to be sufficient for properly sampling both the
associated and dissociated states is that in the case of the pure water
simulation a total of 525 independent association events were observed
(with each separate event being considered to begin when the charged
groups reached a separation of 10Å, and to end when both the charged
and hydrophobic groups came within 0.2Å of their separations in the
global minimum configuration; see Results). During simulations, atomic
coordinates were saved every 0.1 ps, thereby yielding five million
structural snapshots per simulation system for further data analysis.

Free Energy Surface Calculations.Free energy surfaces for the
interaction of acetate and methylammonium were computed by
constructing histograms of inter-solute atomic distances extracted from
the simulation snapshots. At first sight, it might be thought that separate
free energy profiles for the charge-charge and hydrophobic interactions
could be directly obtained simply by constructing and analyzing separate
histograms for the two dimensions (e.g., a one-dimensional histogram
of charge-charge distances could be used to compute a free energy
profile for the charge-charge interaction). However, as has been
recognized by others in somewhat different contexts,62 when different
types of interacting groups are located near or adjacent to one another
in a molecule their effective interactions can be so tightly coupled that
they cannot really be considered to be independent of one another.
This makes examining the charge-charge and hydrophobic interactions
by constructing separate one-dimensional histograms potentially very
misleading.

The simplest way around this problem, and as it turns out also the
most visually informative way of describing the interaction, was found
to be to construct two-dimensional histograms and free energy surfaces
(2D-FESs) in which one dimension is the distance between the two
charged groups of the molecules (specifically the Ccarboxyl to Namino

distance) and the second dimension is the distance between the two
hydrophobic groups (the Cmethyl to Cmethyl distance). For a more complete
analysis of the interaction thermodynamicssalbeit one that does not
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Figure 1. Illustration of the acetate-methylammonium pair in a 2 MNaCl
solution. Acetate and methylammonium are shown in space-filling repre-
sentations; water molecules are shown as licorice bonds; Na+ and Cl- ions
are shown as blue and red spheres, respectively.
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lend itself to visual inspectionsfour-dimensional free energy surfaces
(4D-FESs) were also constructed in which the additional dimensions
were the two Ocarboxyl to Naminodistances. To construct the 2-dimensional
histograms bin widths of 0.1Å were used for both distances; to construct
the 4-dimensional histograms coarser bin widths of 0.2Å were used
because of the sparser sampling in 4D space.

It is important to note that in histograms constructed in this way the
population within each distance bin will be determined not only by
the effective strength of the interaction between the two solutes at that
distance, but also by the number of ways that the two solutes can be
arranged within the simulation box with that distance. Since it is the
former that we are interested in, we must first subtract out the latter
contributionswhich in effect represents a configurational entropy terms
in order to obtain an effective interaction free energy surface. We do
this by comparing the MD-simulated histograms with reference
histograms that are constructed from additional simulations in which
the two solutes do not physically interact with one another. In previous
work we have constructed these reference histograms simply by
performing repeated random placements of the two solutessmodeled
fixed in their equilibrium conformationssinto the periodic simulation
box. In the current work the reference histograms have instead been
obtained by running very long (7.5µs) stochastic dynamics (SD)
simulations of the two solutes with all intermolecular interactions turned
off while retaining the intramolecular parameters of the “true” MD
simulations. This latter approach has the advantage that it ensures that
the (minor) fluctuations that naturally occur in the internal geometries
of the solutes are present in both the MD-simulated and reference
histograms and do not therefore serve as a unnecessary source of noise.

Having converted the 2D MD-simulated and reference histograms
into probability distributions, the (excess) interaction free energies can
be calculated using:

where∆G°(i,j) is the interaction free energy of thei,jth bin on the
2D-FES,PinteractingandPnon-interactingare the probabilities of occupancy
of that bin obtained from the MD-simulated and reference histograms
respectively,R is the Gas Constant, andT is the temperature. An
analogous equation, though of course with additional dimensions, is
used to compute the 4D-FES.

The procedure outlined above only allowsrelatiVe interaction free
energy surfaces to be computed: for example, the difference in
interaction free energies of two bins on the same 2D-FES can be
obtained simply by subtracting the∆G°(i,j) values computed for the
two bins. What it does not do is enable us to place these free energy
surfaces on anabsolutescale; to do this we must be able to match at
least some of the computed values with known∆G°(i,j) values. For
systems with no long-range electrostatic interactions, it would be
possible to simply assume that the computed∆G°(i,j) values must
become zero at long intermolecular distances, and find the additive
constant that best enforces this behavior. But in the present case, there
are significant interactions between the two solutes even at compara-
tively long distances (e.g., 12 Å) and the simulation box is not large
enough that we can reach a distance where the interaction can truly be
assumed to be zero. To circumvent this problem we instead assume
that at long distances the interaction between the two solutes can be
accurately described by Poisson-Boltzmann theory; as will be shown
below the results justify this assumption. We therefore find the additive
constant necessary to convert the relative 2D-FES into an absolute 2D-
FES by linear regression of the former with a corresponding 2D-FES
calculated with Poisson-Boltzmann (PB) theory (details outlined
below). Because there is reason to expect that MD- and PB-computed
free energies may be in poor agreement at short intermolecular
distances, this regression was performed using only those 2D bins in
which both the inter-charge and inter-methyl distances were between
10 and 15Å (see Figure S1), these bins being chosen because they are
the most highly sampled during the reference SD simulations.

Poisson-Boltzmann Calculations.All Poisson-Boltzmann calcu-
lations were performed with the electrostatics program UHBD.63 PB
2D-FESs corresponding to the MD 2D-FESs were computed as follows.
The 5 million structural snapshots sampled during each MD simulation
were assigned to the appropriate 2D histogram bins, and five snapshots
from each bin were randomly selected. The direct electrostatic
interaction energy between the two solutes was calculated by solving
the PB equation for all five of these snapshots and the average of the
five energies was used to construct the 2D-FES. In practice, there was
very little difference between the five computed interaction energies
at long distances: the standard deviation was around 3-5% at∼12Å
separation; however, as might be expected, at much shorter distances
standard deviations of∼20-50% were obtained. In all PB calculations,
the partial charges assigned to atoms were identical to those used in
the MD simulations; atomic radii were taken from the PARSE parameter
set.64 All calculations used a solvent dielectric of 78.4 and a solute
dielectric of 12. Additional calculations were also performed using a
solute dielectric of 2 and (separately) a solvent dielectric of 92
(corresponding to the dielectric of TIP3P water)65 but produced results
that did not differ significantly (data not shown). The boundary between
solute and solvent dielectric regions was defined by the molecular
surface as calculated with a solvent probe radius of 1.4 Å. In contrast
to the way that PB calculations are usually conducted, regions of space
that were assigned the solvent dielectric value were also considered to
be accessible to dissolved ions, i.e., no ion-exclusion radius (Stern layer)
was applied. This decision was based on the finding that calculations
conducted with the more usual ion-exclusion radius of 2 Å produced
results that were in poorer agreement with the MD results (see Results;
Supporting Information). All PB calculations were performed in two
stages using the technique of “focusing”.66 In a first stage, the PB
equation was solved on a relatively coarse 50× 50× 50 grid of spacing
1 Å with the electrostatic potential at the boundary of the grid being
set by applying the Debye-Hückel equation to the solute partial
charges. In a second stage, the PB equation was solved on a much
finer 100× 100 × 100 grid of spacing 0.25 Å with the electrostatic
potentials at the boundary of the grid being interpolated from values
obtained in the first stage calculation.

A simple comparison of the 2D-FES computed from these direct
PB electrostatic calculations and the 2D-FES obtained from the explicit
solvent-explicit salt MD simulations is hampered by the fact that the
latter use the PME method to compute long-range electrostatic
interactions. This means that in addition to the direct electrostatic
interactions computed between the two solutes in the central simulation
box, there are also “indirect” electrostatic interactions between a solute
and the periodic images of the other solute. In principle, this can
significantly affect the apparent long-range behavior of the inter-solute
interaction: when the charged solutes are separated by a long distance
their indirect interactions with periodic images become similar in
magnitude to their direct interaction. More importantly, these indirect
interactions would be present implicitly in the FES computed from the
MD simulations but would be absent from the direct PB electrostatic
energy calculations described above. It is to be noted that perhaps the
simplest way to avoid this problem would be to perform the PB
calculations with periodic boundary conditions applied; unfortunately
however software that performs these kinds of calculations does not
appear to be generally available. An alternative approach is to find a
way to remove the indirect effects of the neighboring image boxes from
the MD-simulation FES so that a MD FES that describesonly the direct
inter-solute interaction is obtained.
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To accomplish this, we assume that the long-range indirect electro-
static interactions present in the MD simulations can themselves be
approximated using PB theory.20,67 With this assumption in mind, we
proceed as follows. For each bin on the 2D-FES, three simulation
snapshots were randomly selected (note that this is fewer than the five
snapshots used to compute the direct PB interaction owing to the
increased computational expense of the calculations). Two complete
shells of images were then constructed around each snapshot (so that
there was a total of 125 copies of each moleculessee Figure S2), and
PB calculations were then performed to calculate the electrostatic
interaction energy between the two solutes in the central box and the
124 surrounding image boxes. These calculations were performed using
three stage focusing: a 50× 50 × 50 grid of spacing 2.5 Å was used
to obtain boundary potentials for a 50× 50 × 50 grid of spacing 1 Å
which in turn was used to obtain boundary potentials for a final 100×
100 × 100 grid of spacing 0.25 Å. These indirect electrostatic
interaction energies were calculated only for the 0 M and 0.1 M MD-
generated 2D-FESs since these had significant indirect electrostatic
interactions (maximum energy of∼0.15 kcal/mol); for higher salt
concentrations, pilot calculations of the PB-computed indirect contribu-
tions showed them to be insignificant (<0.02 kcal/mol) and so no
correction for the periodicity effects was required. Interestingly, and
providing support for the methodology outlined above, subtraction of
the indirect contributions for the 0 M and 0.1 M salt systems
substantially improved the agreement between the MD 2D-FES and
the PB 2D-FES: for example, in the case of the 0 M system, ther2

value for the regression of the two sets of data before correction for
the indirect contribution was 0.74, whereas after correction it was 0.81
(see Figure S1 in Supporting Information).

Ion Distributions from MD and PB. To examine how Na+ and
Cl- ions interact with the acetate and methylammonium solutes in the
MD simulations, and to compare the observed behavior with the
predictions of PB theory, local ion concentrations were obtained for a
number of structures of interest in the 2D-FES. These comparisons
were performed using structural snapshots taken from the 0.3 M NaCl
MD simulation since this (a) contained a sufficient number of ions
that adequate sampling of their configurations was readily obtained
while (b) still being at a low enough salt concentration that PB theory
should still be valid. The ion distributions from MD were obtained by
superimposing all snapshot structures (solutes and ions) contained within
the corresponding bins on the 2D histograms onto a single solute
structure selected as representative of the geometry of interest. In
practice, the representative solute structure chosen was the one having
the lowest average RMSD from all other structures in the same sample.
The ion distributions predicted by PB theory were obtained by solving
the PB equation (on a 100× 100× 100 grid of spacing 0.25Å) for the
same representative solute structure.

Pairwise Energy Function Decomposition.Since it was of interest
to see whether the complex interaction behavior observed in the MD
simulations could be described by simpler energy functions, the 4D-
FESs were used as references for extraction of pairwise “effective”
energy functions. A number of methods for deriving simplified effective
potentials from higher-dimensional systems have been reported previ-
ously;62,68,69 the specific methodology used here will be described in
detail in a future publication. Briefly, we used a standard Monte Carlo
(MC) scheme to simultaneously optimize three separate 1D energy
functions (Ccarboxyl-Namino, Cmethyl-Cmethyl, and Ocarboxyl-Namino) so that
a 4D-FES computed using these (assumed additive) energy functions
reproduced as well as possible the 4D-FES obtained from MD. A single
Ocarboxyl-Namino energy function was fitted because the two Oxygen-
Nitrogen dimensions in the 4D-FES shouldsby symmetrysbe identical,
and the optimization procedure was conducted using only data from

the MD simulations in which all four of the distances were between 2
and 15 Å. Initial “guesses” for each 1D energy function were made by
randomly assigning free energy values at each distance (in 0.2 Å
intervals) within the range(0.5 kcal/mol; this ensured that no prior
knowledge of the “true” 1D energy functional form was used in the
optimization of the energy functions. Using these initial guessed energy
functions, a trial 4D-FES was constructed and an initial average error
of this FES relative to the actual MD 4D-FES was calculated. A Monte
Carlo procedure was then conducted in which one of the three 1D
energy functions was selected at random, and a random alteration
(within the range(1 kcal/mol) was made to the energy function at a
distance chosen at random in the range from 2 to 15 Å. The new trial
1D energy function was used to recompute the 4D-FES and a
Metropolis test70 was used to determine whether to accept or reject the
new energy function based on whether the average error obtained with
the new energy function was lower than that obtained with the previous
energy function. This MC optimization was conducted for a total of
30 000 steps with the only quirk being that for the first 5000 steps
only the Ocarboxyl-Namino energy function was optimized; this helped to
ensure that the long-range electrostatic interaction of the two solutes
was described only by this function and did not, for example, end up
being partially described by the more intuitively short-range Cmethyl-
Cmethyl function. The entire optimization procedure was independently
repeated 200 times and the 200 sets of three energy functions averaged
to produce the final functions reported in Results; in practice, the 200
independent energy functions thus obtained were all very similar to
one another, suggesting that together they represent a unique solution
for fitting the 4D-FES. Finally, the quality of the fits was visually
assessed: 2D-FESs were constructed by scoring 100 million random
configurations of the solutes with the averaged pairwise 1D energy
functions; these pairwise-computed 2D-FESs could then be compared
directly with the corresponding MD 2D-FESs (see Results).

Results

Free Energy Surface for Acetate-Methylammonium As-
sociation in Water. A series of 500 ns MD simulations was
used to compute the interaction free energy of acetate and
methylammonium for all possible intersolute geometries in pure
water and aqueous NaCl solutions. Interaction free energies were
obtained by analysis of histograms of the intersolute atomic
distances sampled during the simulations. Obviously, in terms
of the degrees of freedom of the solutes a complete interaction
free energy surface might be considered to have 8 dimensions,
since there are 4 non-hydrogen atoms on acetate× 2 non-
hydrogen atoms on methylammonium. Since sampling this 8
dimensional space would be challenging, and visualizing it even
more so, a more convenient way of viewing the free energy
surface is to limit it to 2 dimensions; we therefore focus most
of our analysis on 2D free energy surfaces (2D-FESs), the
natural choice of coordinates for which are the charge-charge
distance and hydrophobic-hydrophobic distance (see Methods).

The 2D-FES obtained from the MD simulation performed in
pure water is shown in Figure 2 along with schematic structures
illustrating relevant minima on the surface. Despite the simplic-
ity of the solutes, the 2D-FES is quite complex and contains a
number of distinct free energy minima and maxima. As indicated
schematically, structures along the upper edge of the diagonal
are those where the primary associating factor is the charge-
charge interaction; following this mode of association along the
diagonal, three distinct minima are observed: a deep free energy
minimum corresponding to a direct contact of the two charged(67) Kastenholz, M. A.; Hu¨nenberger, P. H.J. Phys. Chem. B2004, 108, 774-

788.
(68) Lyubartsev, A. P.; Laaksonen, A.Phys. ReV. E 1995, 52, 3730-3737.
(69) Apostolakis, J.; Hofmann, D. W. M.; Lengauer, T.Acta Crystallogr. A

2001, 57, 442-450.
(70) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.; Teller,

E. J. Chem. Phys.1953, 21, 1087-1093.
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groups and two local minima corresponding to solvent-separated
contacts. Structures along the lower edge of the diagonal are
those where the primary associating factor is the hydrophobic
(methyl-methyl) interaction; for this mode of association two
clear free energy minima are observed, again corresponding to
direct and solvent-separated configurations. It is apparent from
the figure that in terms of relative strength the charge-charge
interaction is much the greater; in fact, as shown in the inset,
the interaction free energy of the actual direct contact minimum
is ∼-3.5 kcal/mol for the charge-charge interaction, whereas
that of the direct contact for the hydrophobic interaction is
∼-1.0 kcal/mol.

There are two other features of the pure water 2D-FES that
are worth noting. First, the elliptical shape of the free energy
minimum for the direct hydrophobic contact indicates that for
the solute configurations that correspond to this minimum the
methyl-methyl distances are considerably more constrained
than are the charge-charge distances: the latter can apparently
adopt a broad range of values (from∼4.5 to ∼6.5Å). The
probable explanation for this is that the hydrophobic contact is
not directionally specific: there are therefore many possible,
isoenergeticways to arrange the two solutes such that their
methyl groups are in direct contact. In effect then the charge-
charge interaction distance is afforded a considerable amount
of “wiggle room” in the solute configurations in which the
methyl groups are in direct contact.

A second interesting feature is revealed by comparing free
energy pathways for interconverting structures on the 2D-FES.
If we consider as a starting point the side-by-side solute
configuration (in which the two methyl groups are in direct
contact with each other and the charged groups are also in direct
contact with each other), then there are two simple pathways
by which geometries representing other local minima can be
reached. One pathway involves keeping the methyl-methyl
distance fixed at 4.0 Å and rotating the charged groups away
from each other until a collinear arrangement of the two solutes
is attained (Figure 3). Perhaps not surprisingly, a significant
free energy maximum is encountered along this pathway as
increasing the distance between the two charged groups

diminishes their direct Coulombic interaction more rapidly than
it is compensated by increased hydration. Once this free energy
maximum is overcome, however, the broad local minimum
geometry is reached in which relatively free motion of the
charged groups is allowed (see above). A second pathway that
can be followed involves keeping the charge-charge distance
fixed at 3.4 Å and rotating the two methyl groups away from
each other. One might expect to findsas was seen following
the first pathwaysthat a significant free energy barrier would
also be encountered along this pathway, especially so given that
MD-computed potentials of mean force for methane-methane
dissociation usually show a significant free energy maximum
separating a direct contact from a solvent separated contact.24

In fact, however, a maximum is not seen, and the interaction
free energy smoothly decreases to the global minimum on the
2D-FES. The most likely explanation for this behavior is that
the charge-charge interactionsin contrast to the methyl-
methyl interactionsis directionally specific, and that it becomes
much more favorable when the two charged groups face each
other than when they lie alongside one another. The strong
improvement in the charge-charge interaction caused by
rotation of the methyl groups therefore likely masks the presence
of any free energy maximum caused by separation of the methyl

Figure 2. Two-dimensional free energy surface (2D-FES) for association of acetate and methylammonium computed from MD simulations in pure water
(in kcal/mol). The inset at top left shows the charge-charge contact minima on an expanded energy scale in order to allow the position of the global
minimum on the 2D-FES to be identified. Schematics indicating the approximate structures of energy minima of interest are shown (see text for details).

Figure 3. (a) Free energy profile obtained by rotating the charged groups
of the acetate-methylammonium pair away from each other with the Cmethyl-
Cmethyl distance held constant at 4.0 Å. (b) Free energy profile obtained by
rotating the methyl groups of the acetate-methylammonium pair away from
each other with the Ccarboxyl-Namino distance held constant at 3.4 Å. Both
free energy profiles taken from the MD simulation in pure water.
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groups: this provides one demonstration therefore of the
difficulties in dissecting out hydrophobic and charge-charge
interactions from the observed behavior.

Effects of Salt on 2D Free Energy Surfaces for Acetate-
Methylammonium Association.The 2D-FESs obtained for the
five NaCl concentrations investigated (Figure 4) are all quali-
tatively similar to those of pure water (Figure 2) but the depths
of free energy minima and the heights of energy maxima differ
significantly. Importantly, these changes all occur smoothly, and
there is a gradual, monotonic transition in the appearance of
the 2D-FESs as the salt concentration increases from 0 M to 2
M NaCl: this provides one simple indication that the free energy
surfaces obtained from the simulations are converged.

As the NaCl concentration increases, the depths of the three
free energy minima that are primarily associated with the
charge-charge interaction all become noticeably less favor-
able: this result is to be expected given the known salt
dependence of salt bridge interactions.71 Notably, however, the
three minima all remain clearly visible even at the very high
salt concentration 2 M, where it is often assumed that
electrostatic interactions are completely screened. Addition of
NaCl also slightly affects the two free energy minima that are
primarily associated with hydrophobic interactions since they
become somewhat less favorable as the NaCl concentration
increases from 0 to 0.3 M; upon further addition of NaCl
however the depths of these free energy minima remain

essentially unchanged. This behavior contrasts with that seen
in previous MD simulations examining the effects of salt on
methane-methane interactions,24 which have shown that such
purely hydrophobic interactions are significantly stabilized by
the addition of salt. It turns out however that the discrepancy is
simply another manifestation of the difficulties in separating
out the hydrophobic and charge-charge effects from the present
simulations: in fact, as shown below, when a “true” hydrophobic
interaction is extracted from the MD data, its salt dependence
is in much closer agreement with expectations.

Comparison of MD Free Energy Surfaces with PB Free
Energy Surfaces.The availability of converged association free
energy surfaces obtained from explicit solvent-explicit salt MD
simulations provides an excellent opportunity to test predictions
made by the more computationally rapid but approximate PB
theory. As noted in the Introduction, the use of PB in the present
context introduces two major simplifications: (a) solvent is
treated as a dielectric continuum, and (b) dissolved ions are
modeled as continuous distributions obtained via a Boltzmann
relationship to the electrostatic potential.28 The consequences
of the first simplification can be addressed simply by comparing
the 2D-FES obtained from the MD simulations in pure water
with a 2D-FES computed by solving the Poisson equations
since this is what the PB equation reduces to when the ionic
strength is zerosfor structural snapshots extracted from the MD
simulations (see Methods). This comparison is shown in the
upper panels of Figure 5. Not surprisingly, since the PB
methodology treats the solvent as a continuum it does not
adequately capture the presence of multiple maxima and minima
on the surface: these features are reflections of the molecular
nature of the solvent. However, despite these anticipated
problems in capturing the local features of the 2D-FES, it is
clear that the global appearance of the PB 2D-FES is actually
in very good accord with that of the MD 2D-FES.

This encouraging impression is amplified considerably when
the adequacy of the PB method’s second assumptionsa
continuum description of the saltsis investigated. This is most
easily done by subtracting the 2D-FES obtained in pure water
from the 2D-FES computed at a salt concentration of interest
for both MD and PB results: since this subtraction largely
cancels out the errors due to the implicit-solvent approximation
it allows the salt dependence predicted by the PB method to be
compared directly with the salt dependence obtained from the
MD simulations. When these comparisons are made, it is
apparent that the PB calculations perform rather well. Figure
5c,d compares the MD and PB 2D-FESs obtained from the
difference of the 0.1 M and 0 M surfaces; Figure 5e,f compares
the results obtained from the difference of the 2 M and 0 M
surfaces (a comparison of the absolute 2D-FESs is provided in
Figure S3). In both MD and PB, the addition of salt destabilizes
all solute-solute configurations; as might be expected, however,
destabilization is greater for those configurations in which the
charged groups of the solutes are close. Interestingly, the most
obvious region of disagreement between MD and PB for the 0
M f 2 M salt dependence is where the (hydrophobic) methyl
groups of the solutes are in direct contact (Figure 5e,f). In all
probability, this arises because the PB calculations capture only
the effects of salts on electrostatic interactions, and do not
describe their effects on hydrophobic interactions; one way that
the latter might be incorporated in future would be via inclusion(71) Smith, J.; Scholtz, J. M.Biochemistry1998, 37, 33-40.

Figure 4. Two-dimensional free energy surfaces (2D-FESs) for association
of acetate and methylammonium computed from MD simulations in salt
solutions (in kcal/mol). Panels (a) through (f) show 2D-FESs obtained for
NaCl solutions of concentration 0, 0.1, 0.3, 0.5, 1, and 2 M, respectively.
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of a solvent accessible surface area-based term as has been done
recently.34 That said, the generally good agreement in regions
of the 2D-FES dominated by the charge-charge interaction
provides important new support for the use of PB calculations
for describing the effects of salt on molecular associations.

Comparison of Ion Distributions Obtained from MD and
PB. A second test of the adequacy of PB’s modeling of salt
effects is to compare the ion distributions obtained from the
theory with those extracted directly from the MD simulations;
it should be recognized however that this is a stringent test,
and it should not be expected that PB will perform perfectly
for the same reason that we do not expect PB to correctly
describe the maxima and minima on the pure water 2D-FES
(see above). We focus on the distribution of ions around the
direct contact and solvent-separated charge-charge free energy
minima; comparisons for each of these configurations are shown
in Figure 6 with the distributions obtained from MD (solid
surfaces) and PB (wiremesh surfaces) being contoured at the
same concentrations. One clear discrepancy that is present in
all cases is that negative ions consistently approach much closer
to the methylammonium in the PB calculations than they do in
the MD simulations. This can be rectified by introducing an
ion-exclusion radius into the calculations as is commonly done
in PB calculations (see Methods) but this comes at the expense
of a correspondingly poorer description of the distribution of

positive ions and a generally worse agreement between the MD
and PB 2D-FESs (Figure S4).

For the (global minimum) direct contact (Figure 6a), it is
first important to note that the acetate and methylammonium
are preferentially arranged in a “bent” configuration, not
collinear as one might expect; this appears to be because in
this configuration a polar amine hydrogen is neatly tucked
between the two negatively charged carboxyl oxygens of the
acetate (notably, the preference for a bent configuration isnot
simply a consequence of there being a larger number of bent
configurations than linear configurations since this effect has
been canceled out in the free energy surface calculations: see
Methods). For this direct contact configuration, the ion distribu-
tions computed from PB are in reasonable agreement with the
distributions obtained from the MD simulations. In MD, Na+

ions localize in the plane of the acetate carboxylate group
adjacent to the oxygens, whereas Cl- ions form a more diffuse
ring around the methylammonium. In the PB calculations, this
behavior is reversed: the positive ion density tends to be more
diffusely distributed around the acetate while the negative ion
density is localized on the far side of the methylammonium as
distant as possible from the acetate. Despite these differences,
the overall local ion concentrations predicted by MD and PB
are in quite close agreement.

The ion distributions for the first solvent-separated charge-
charge interaction (Figure 6b) exhibit a more substantial
disagreement between PB theory and the MD simulations. In

Figure 5. Comparison of two-dimensional free energy surfaces (2D-FESs)
for association of acetate and methylammonium computed from MD
simulations and PB calculations (in kcal/mol). Panels (a) and (b) show MD
and PB results respectively for pure water. Panels (c) and (d) show the 0
M f 0.1 M salt dependence obtained from MD and PB, respectively. Panels
(e) and (f) show the same for the 0 Mf 2 M salt dependence. Note that
while different energy scales are used for the different salt dependences to
aid visualization, all MD-PB comparisons use identical energy scales.

Figure 6. Comparison of ion distributions obtained from MD and PB
around selected solute configurations; concentration isosurfaces obtained
from MD are shown as solid, those obtained from PB are shown as
wiremesh. For each of the three solute configurations investigated, two
roughly perpendicular views are shown. (a) the direct charge-charge
contact, (b) the first solvent-separated charge-charge contact, (c) the second
solvent-separated charge-charge contact. In panels (a) and (b) surfaces are
contoured at 0.9 M salt concentrations; in panel (c) surfaces are contoured
at 1.2 M. Blue and red surfaces represent distributions of Na+ (positive)
ions and Cl- (negative) ions, respectively.
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the MD simulations the ion distributions are similar to those
seen in the direct contact minimum and there is no indication
that either Na+ or Cl- ions localize directly between the two
solutes: this suggests therefore that in MD this is exclusively
a water mediated contact. In contrast, the PB calculations show
significant concentrations of both negative and positive ions
intervening between the two solutes. This is a qualitative
discrepancy between the two methods attributable in the present
case to the continuoussrather than discretesdescription of the
ions in PB theory; again however it is worth noting that this
effect can be avoided by imposition of an ion exclusion radius
(Figure S5). Interestingly, for the second solvent-separated
charge-charge minimumsin which two solvent layers intervene
between the solutessbetter agreement is obtained between the
PB predictions and the MD results (Figure 6c). Perhaps of most
interest is the fact that in the MD simulationsboth Na+ and
Cl- ions are seen to localize in the inter-solute region, indicating
that the interaction between the two solutes at this point on the
2D-FES may be mediated at least some of the time by a Na+/
Cl- ion pair. This behavior is nicely captured by the present
PB calculations, but importantly is not reproduced by PB
calculations that include an ion-exclusion radius (Figure S5).

Extraction of Pairwise Effective Energy Functions. Al-
though the 2D-FESs obtained from MD provide the most natural
way of visualizing the interaction free energy between the two
solutes and explicitly recognize that there is an inter dependence
of the charge-charge and hydrophobic interactions, this inter-
dependence makes it difficult to unambiguously assess the
relative contributions from the two types of interactions. In the
present case, this is particularly problematic for the hydrophobic
interaction, which appears to be swamped by the much stronger
charge-charge interaction in at least two ways that have already
been discussed: (a) the salt dependence of the interaction free
energy for the direct hydrophobic contact does not correspond
with that obtained by others for MD simulations of methane-
methane interactions,24 and (b), there is no apparent free energy
maximum encountered when the methyl groups are separated
from one another and the charged groups are held in direct
contact (Figure 3b). In an attempt to circumvent this problem,
and obtain a more direct view of the effects of salt on charge-
charge and hydrophobic interactions, we have developed a
simple Monte Carlo scheme aimed at finding optimized pairwise
effective energy functions that best reproduce the FESs obtained
from MD. As detailed in Methods, this optimization process
has been carried outsindependently for each salt concentrations
using 4D-FESs in which the additional dimensions are the two

Oxygen-Nitrogen distances: the remaining four distances are
modeled simply as hard-sphere interactions. Crucially, the
optimization process makes no assumptions about the functional
form of any of the energy functions and allows them to be
adjusted arbitrarily at 0.2Å intervals; the extent to which
interpretableenergy functions are obtained therefore provides
one indication of the method’s utility.

Figure 7a shows the energy functions obtained for the
Ocarboxyl-Naminodistance for all salt concentrations studied. We
anticipate that this function should provide the best representa-
tion of a pure charge-charge interaction, and it is therefore
encouraging to find that the derived functions have a clear
Debye-Hückel-like dependence on salt at long distances. Closer
in, the energy function also has the expected solvent-separated
and direct-contact minima, and as discussed below, the behavior
of these peaks provides a surprisingly ready explanation for the
salt dependence of protein-protein association and dissociation
kinetics. Figure 7b shows the energy functions derived for the
hydrophobic Cmethyl-Cmethyl distance. Again, the functions have
a readily interpretable shapessimilar to the PMFs obtained by
others for methane-methane interactions24sand with an expected
decay to zero at long distance. Notably, a free energy maximum
intervenes between the direct-contact and solvent-separated
minima, which was masked by the charge-charge interaction
in the rotational energy profile (Figure 3b). In addition, and
most interestingly, the salt dependence of the direct-contact free
energy minimum in the derived hydrophobic energy function
is the same- both qualitatively and quantitativelysas that
obtained in MD simulations of methane-methane interactions:
24 the direct-contact minimum is computed to be stabilized by
0.2 kcal/mol by increasing the NaCl concentration from 0 to 2
M, which corresponds exactly with that obtained by Garde and
co-workers for methane-methane.24 Moreover, the monotonic
change of the free energy minimum with salt (Figure 7b; inset)
provides a further argument in support of the precision of the
MD results. The third derived energy function (Figure 7c)s
that for the Ccarboxyl-Namino distanceshas behavior that is less
easily interpreted; it should be noted however that this pair of
atoms rarely come into direct contact with each other and that
the interaction between the amino group and the carboxyl group
is instead in effect always mediated by direct contacts between
the Namino and the Ocarboxyl atoms. Because of this, it might be
too much to expect that this energy function’s behavior would
be physically interpretable; it is however encouraging to note
that, with the exception of the 2 M case, it is salt-independent,
which indicates that the salt dependence is instead primarily

Figure 7. Pairwise effective energy functions obtained from independent Monte Carlo-based decompositions of the MD 4D-FESs obtained for each NaCl
solution (see Methods for details). (a) the Ocarboxyl-Namino energy function, (b) the Cmethyl-Cmethyl energy function, (c) the Ccarboxyl-Namino energy function.
In each panel, the inset highlights the salt dependence of the global minimum of the energy function.
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captured by the more easily interpreted hydrophobic and
charge-charge functions. Despite this, it is probably more
reasonable to view the Ccarboxyl-Naminosimply as an extra fitting
parameter that aids the description of the orientational or angular
dependence of the association. It is likely that alternative
methods might be used to describe this orientational dependence,
e.g., an explicit grid-based approach such as that which has been
recently proposed for describingæ-ψ dependences in amino
acids.72

Figure 8 provides the “acid test” of the derived effective
energy functions: their ability to reproduce the actual 2D-FESs
obtained from MD simulations. The agreement is actually quite
good, and although the magnitudes of the various free energy
minima and maxima are not always quantitatively described,
their positions on the 2D map are well reproduced. Since these
structural features are not reproduced at all by PB calculations
(Figure 5b) it appears that the energy functions derived here
might eventually provide a viablesand extremely rapid to
computesalternative to PB calculations of intermolecular
interaction free energies. It is of course likely that a closer
correspondence between the 2D-FES approximated with pair-
wise energy functions and the actual MD 2D-FES could be
achieved by optimizing the other four distances currently

modeled as hard-sphere interactions, but this might come at the
expense of more limited interpretability of the resulting func-
tions.

Discussion

Since the work reported here describes the use of MD
simulations, comparisons with PB theory, and a possible route
to developing new pairwise energy functions, it contains a
number of results that require further comment. One important
result of the MD simulations, which is immediately apparent
in the 2D-FESs shown in Figure 4, is that while the inter-solute
charge-charge interaction is subject to significant screening by
NaCl, a strong favorable interaction between the ammonium
and carboxylate groups persists even at 2 M NaCl. This result
is consistent with experimental tests of salt effects on charged
side chains in designedR-helical peptides71 and recent work
suggesting that weak Hofmeister salts such as NaCl have a
limited ability to screen electrostatic interactions.73 It is however
in contrast with the view often expressed in the literature that
charge-charge interactions are completely screened at high
salt,38 and in fact, it is common for experimental behavior of
an electrostatically driven system at high salt to be used as a
proxy for how the same system might behave in the absence of
any electrostatic interactions. If correct, then the present MD
results would indicate that this view is suspect.

A finding that provides substantial support for the present
MD results is that they successfully capture the very different
salt dependences of the association and dissociation kinetics of
charge-charge interactions. As has been discussed in detail by
Zhou recently,39 the experimental association rate constants for
electrostatically driven protein-protein interactions depend
linearly on the square root of the salt concentration whereas
the experimental dissociation rate constants for the same systems
are effectively independent of salt. Zhou39 has considered these
differences in terms of the differential stabilizing effects of salt
on the protein-protein complex, the transition state for associa-
tion and the unbound proteins using a Debye-Hückel model
of electrostatic interactions. It is therefore interesting that these
same observations can also be rationalized using results obtained
from the present explicit salt-explicit solvent MD simulations.
Figure 9a plots the salt dependence of the free energy barrier
to association obtained from the Ocarboxyl-Namino 1D energy
function shown in Figure 7a; interestingly, this observed salt
dependence fits with anr2 value of 0.97 to the theoretical
expression derived by Zhou.39 Figure 9b plots the salt depen-
dence of the free energy barrier to dissociation of the direct-
contact minimum obtained from the Ocarboxyl-Namino1D energy
function; in line with experimental results for dissociation of
electrostatically driven protein-protein complexes, it shows a
much lower dependence on the NaCl concentration: the
gradients of the lines shown in Figures 9a and 9b differ by
approximately 4-fold. Although these results were obtained from
the derived Ocarboxyl-Naminopairwise energy function, essentially
identical results are also obtained from 1D PMFs computed
directly from MD histograms of the charge-charge distance
(Figure S6).

Because the MD simulations yield a view of salt effects that
is both structurally detailed and thermodynamically refined, they

(72) Mackerell, A. D.; Feig, M.; Brooks, C. L.J. Comput. Chem.2004, 25,
1400-1415.

(73) Perez-Jimenez, R.; Godoy-Ruiz, R.; Ibarra-Molero, B.; Sanchez-Ruiz, J.
M. Biophys. J.2004, 86, 2414-2429.

Figure 8. Two-dimensional free energy surfaces (2D-FESs) for association
of acetate and methylammonium computed from Monte Carlo optimized
1D energy functions in salt solutions (in kcal/mol). Panels (a) through (f)
show 2D-FESs obtained for NaCl solutions of concentration 0, 0.1, 0.3,
0.5, 1, and 2 M, respectively. These surfaces can be compared with those
in Figure 4.
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also provide a valuable new benchmark for testing simpler
implicit solvent models that might be used to simulate much
larger systems, where obtaining converged thermodynamic
results from explicit solvent simulations may be difficult. With
this idea in mind, we have conducted an extensive comparison
of the MD results with the predictions of PB theory: to our
knowledge this is the first attempt to directly compare PB with
explicit salt-explicit solvent MD results for an intermolecular
association reaction. Overall, it appears that PB provides a rather
good thermodynamic description of the effects of NaCl on the
particular system studied here (Figure 5), thereby reinforcing
its use for describing the effects of salt on binding thermodyna-
mics.4,31-34 As expected, however, PB cannot begin to describe
all of the structural features of the MD-computed FESs, and in
terms of developing a rapid energetic treatment for use in
dynamic simulations it might be that a better approach is to
derive specific pairwise energy functions by an optimization
procedure such as the one outlined here. As shown by Figure 8
such energy functions can produce FESs that are in much closer
agreement with MD results than those that might be obtained
using PB theory. We are currently investigating therefore
whether pairwise energy functions derived in this way might
be transferable to different molecular systems.

Finally, any simulation study must consider potential defi-
ciencies of the methods used, and one obvious concern in this
regard is the validity of the force field parameters. The OPLS-
AA force field used here is likely to perform equally well with
respect to other fixed charge molecular mechanics force fields

(see ref 74 and references therein), and importantly for the
present application, the parameters for NaCl have been shown
to produce structural properties in good agreement with experi-
ment and with other NaCl parameter sets.75 Although it is likely
that quantitative differences in the FESs would be obtained with
alternative parameter sets, it is unlikely that qualitative differ-
ences (e.g., in the order of stabilities of minima) would result.
This is particularly true for the salt dependent effects since gross
errors in parameters will be canceled out by subtraction of FESs
obtained in different salt concentrations.

Although the strength of the direct charge-charge contact
interaction obtained here is similar to that seen in other MD
studies of amino acid salt bridges in water,76-79 it is to be noted
that experimental estimates of the contributions of salt bridge
interactions to protein stability are more generally in the range
0.5-1.5 kcal/mol.71,80-82 This difference would seem to warrant
further investigation: obvious factors that might contribute to
the discrepancy are entropic penalties due to side chain
restrictions (which will be present in real proteins but which
are canceled out in our FESs) and local environmental influences
that may modulate the interaction.76,81 Although there perhaps
is still some way to go before a direct connection between
explicit solvent-explicit salt MD simulations and experimental
studies of protein stability can be established, it would appear
that simulations of the type reported here have the potential to
provide fundamental insights into the effects of simple salts on
molecular associations.
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Figure 9. Salt dependence of barrier heights taken from the Ocarboxyl-
Namino 1D energy function shown in Figure 7a. (a) the energy barrier for
association, and (b) the energy barrier for dissociation of the direct charge-
charge contact. Lines show the fits of the functional form proposed by Zhou
(eq 20 in ref 39);r2 values are 0.97 and 0.43 for panels (a) and (b),
respectively.
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