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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 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

lab bench, are immersed in aqueous salt solutions and it has . poth hydrophobic and electrostatic interactions operate
long been appreciated that salts can exert significant, andbetween the solutes

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}2 the effects of salt on DNA duplex stabilifyand on

the thermodynamics and kinetics of electrostatically driven
protein-DNA*S and proteir-protein associatiorfs:® 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

Most biological molecules, whether in living cells or on the

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 structu?é? the connection
between such effects and hydration thermodynadiid$,and
the tendencies for ions to form clustérg®in 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 of dissolved ions is treated as continuous and adequately
to deal with long-range electrostatic interactions adequately in modeled with a mean-field treatment that neglects—im
molecular simulation&?2° correlations. The validity of the first of these simplifications

Most of the MD studies that have directly addressed the has been examined in a number of studies by comparison of
effects of salts on molecular associations have focused primarily hydration and binding thermodynamics obtained from PB with
on the association of simple hydrophobic molecules (such asthose obtained from explicit-solvent MD simulatiois*3
methane) whose association is thought to be significantly Although these comparisons have highlighted some anticipated
strengthened by salts at high concentrationd M). Some of failings of PB, the level of agreement is in general sufficiently
these studies have limited their attention to the effects of high good that it is now often used as a “gold standard” for testing
salt concentrations on thaydration of hydrophobic mol- of still more approximate implicit solvent methotis?®

eculesi*?2 but others have explicitly examined the effects of  One motivation of the present work is to show that both major
salt onassociationghrough computation of potentials of mean simplifications of PB theory-.e., its description of wateand
force as a function of intermolecular distance between two jons—can now be simultaneously tested through the use of MD
hydrophobic solute®24 methods of the kind now widely used to simulate the dynamic
Perhaps surprisingly, MD simulations of the effects of salt behavior of biological macromoleculéln principle, it should
on electrostatically driven biomolecular association events are e clear that MD simulations can provide a much more
harder to find; in fact, to our knowledge the only example is a structurally detailed and thermodynamically refined view of salt
very recent study of salt effects on amino acids using relatively effects than can be obtained by PB theory. In practice, however,
short (15 ns) constrained potential of mean force (PMF) this can only be done if sufficient sampling of the ion, water
calculations® Instead, the understanding of salt effects on and solute configurations can be performed with MD to obtain
electrostatic interactions has relied more on traditional theoretical converged thermodynamic information, and one goal of the
treatments such as counterion condensation tAé&fgnd the  present work is to examine whether current computational
Poissor-Boltzmann equatiof? Since the latter method can be  resources allow this to be achieved. In examining this issue,
routinely used to study atomically detailed structures of arbitrary we aim to build on recent work performed by ourselves and
geometry it has become the method of choice for most others showing that the association thermodynamics (equilibrium
biomolecular application® numerical solutions of the PB  constants) for small molecule pairs in water can be directly
equation have even been reported for molecular assemblies agomputed from unforced explicit solvent MD simulations in
large as the riboson®@. Atomically detailed PB calculations  \which the interacting molecules are left to freely diffuse
have been successfully used to understand the effects ofthroughout the solution and associate with one another by any
monovalent ions on the thermodynamics of ligafi?NA pathway that they might choo4&:4? These previous studies
interactions?! protein-DNA interaction$32and protein stabil-  considered a range of molecule types from complete amino acids
ity.3334In addition, the electrostatic potentials obtained from to smaller prototypical molecules, btimportantly for the
PB theory have been used in Brownian dynamics (BD) present studywere all performed in pure water. There is clearly
simulations to understand the effects of salt on the kinetics of an additional level of sampling required when the solvent, as
protein—protein association event®;®’ interestingly, these in the case of an aqueous salt solution, is of a heterogeneous
effects have also been successfully modeled with simple composition and it is therefore a key result of the present work
Debye-Hickel calculation$®*Relative to explicit-solvent MD  that the same basic approach used previetisiyt with MD

simulations, PB theory makes two major simplifications: the simulations that are 500 ns in lengtban be used to obtain
solvent is treated as a dielectric continuum and the distribution converged results for small molecule associations in salt
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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 systéfifs.

All MD simulations were performed with the GROMACS soft-
ware®>%van der Waals and short-range electrostatic interactions were
truncated at 10A; longer range electrostatic interactions were calculated
using the PME methotl. All covalent bonds were constrained with
the LINCS algorithr 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 ParrinelleRahman barost# and the temperature being
maintained at 298 K using the Noskloover thermostdt ¢ Since 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

Figure 1. lllustration of the acetatemethylammonium paimia 2 MNaCl
solution. Acetate and methylammonium are shown in space-filling repre-
sentations; water molecules are shown as licorice bondsaNd Cf~ ions

are shown as blue and red spheres, respectively. groups reached a separation of 104, and to end when both the charged
and hydrophobic groups came within 0.2A of their separations in the
Second, the two molecules contain both charged hydro- 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

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 juxta}po§iti0n of their interaction of acetate and methylammonium were computed by
methyl groups), or perhaps via some combination of the tWo ¢onsirycting histograms of inter-solute atomic distances extracted from
(e.g., in a side-by-side orientation). The simulated association the simulation snapshots. At first sight, it might be thought that separate
behavior of these two very simple molecules therefore has the free energy profiles for the chargeharge and hydrophobic interactions
potential to provide quite rich information into the interplay could be directly obtained simply by constructing and analyzing separate
and balance between chargeharge and hydrophobic interac-  histograms for the two dimensions (e.g., a one-dimensional histogram
tions and the differential effects of salt on these different types of charge-charge distances could be used to compute a free energy
of interaction. As becomes apparent, however, to fully under- profile 'for the chargt_écharge intera_ction). However, as _has been
stand these different effects, it proves necessary to develop d€c0gnized by others in somewhat different contétshen different
scheme for decomposing the many-dimensional free energyPes Of interacting groups are located near or adjacent to one another

. . . . . . in a molecule their effective interactions can be so tightly coupled that
surface obtained from the simulations into one-dimensional

ffecti f . h b iV i d they cannot really be considered to be independent of one another.
effective energy functions that can be more easily interpreted. This makes examining the chargeharge and hydrophobic interactions

This decomposition has the added benefit however of yielding py, constructing separate one-dimensional histograms potentially very

simple pairwise energy functions that may in the future be useful misjeading.

for simulation methods (such as BD) in which salt ions and  The simplest way around this problem, and as it turns out also the

water molecules are modeled implicitly. most visually informative way of describing the interaction, was found
to be to construct two-dimensional histograms and free energy surfaces

Methods (2D-FESSs) in which one dimension is the distance between the two

MD Simulations. Each of the six 500 ns MD simulations discussed charged groups of the molecules (specifically th@rwsxy t0 Namino

here contained a single acetate and a single methylammonium moleculedistance) and the second dimension is the distance between the two

immersed in a 25« 25 x 25A box of explicit solvent. One simulation ~ hydrophobic groups (theGinyi to Crey distance). For a more complete

was performed in pure water and five others were performed at the analysis of the interaction thermodynamiedbeit one that does not

following NaCl concentrations: 0.1, 0.3, 0.5, 1, and 2 M; the number

of Na' and CF ions included in these simulations was 1, 3, 5, 9, and (52) Chandrasekhar, J.; Spellmeyer, D. C.; Jorgensen, \l..Am. Chem. Soc.
. . . . . . 1984 106, 903-910.
18, respectively. An illustration of 2 M NaCl simulation system is (53) Jorgensen, W. L.: Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,

shown in Figure 1. Parameters for the acetate and methylammonium( I\S/I L.hJ. Chem. Phys1983 78,h926—9ﬁ,5. 004 1003 2766

; _ i ; 54) Smith, D. E.; Dang, L. XJ. Chem. Phys1994 1 757-3766.
were obtained from the OPLS AA forpe fiéfdwith th_e partial charges (55) Lindahl, E.. Hess, B.; van der Spoel, D.Mol. Mod. 2001 7, 306-317.
being adapted from those assigned in the force field to glutamate and(56) Berendsen, H. J. C.; van der Spoel, D.; van DrunenC&nput. Phys.
lysine respectively (see Table 1 of Supporting Information). Parameters Comm.1995 91, 43-56.

)
)
)
)
)
for the N& and CI ions were obtained from works by Aq\fréiand (57) Essman, U.; Perela, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen,
)
)
)
)
)

L. G. J. Chem. Phys1995 103 8577-8592.
Jorgensen and co-worketswater molecules were described by the (58 gﬁss, ?éggefgeihlgé:_lii%ndsen, H. J. C; Fraaije, J. G. El.Il@omput.
3 ianifi i ati em. , 18, .
TIP3P modeP? Although there may be significant polarization effects (59) Parrinello, M. Rahman, Al. Appl. Phys1981, 52, 7182-7190.
(60) Nose S. J.J. Chem. Phys1984 81, 511-519.
(50) Kaminski, G. A.; Friesner, R. A.; Tirado-Rives, J.; Jorgensen, WJ.L. (61) Hoover, W. GPhys. Re. A 1985 31, 1695-1697.
Phys. Chem. 001, 105 6474-6487. (62) Thomas, P. D.; Dill, K. AProc. Natl. Acad. Sci. U.S.A996 93, 11628~
(51) Aqvist, J.J. Phys. Chem199Q 94, 8021-8024. 11633.
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lend itself to visual inspectionfour-dimensional free energy surfaces Poisson-Boltzmann Calculations. All Poisson—Boltzmann calcu-
(4D-FESs) were also constructed in which the additional dimensions lations were performed with the electrostatics program UHBPEB
were the two Qumoxyit0 Naminodistances. To construct the 2-dimensional  2D-FESs corresponding to the MD 2D-FESs were computed as follows.
histograms bin widths of 0.1A were used for both distances; to construct The 5 million structural snapshots sampled during each MD simulation
the 4-dimensional histograms coarser bin widths of 0.2A were used were assigned to the appropriate 2D histogram bins, and five snapshots
because of the sparser sampling in 4D space. from each bin were randomly selected. The direct electrostatic
It is important to note that in histograms constructed in this way the interaction energy between the two solutes was calculated by solving
population within each distance bin will be determined not only by the PB equation for all five of these snapshots and the average of the
the effective strength of the interaction between the two solutes at that five energies was used to construct the 2D-FES. In practice, there was
distance, but also by the number of ways that the two solutes can bevery little difference between the five computed interaction energies
arranged within the simulation box with that distance. Since it is the gt long distances: the standard deviation was arousP8 at~12A
former that we are interested in, we must first subtract out the latter separation; however, as might be expected, at much shorter distances
contribution—which in effect represents a configurational entropy term  standard deviations of20—50% were obtained. In all PB calculations,
in order to obtain an effective interaction free energy surface. We do the partial charges assigned to atoms were identical to those used in
this by comparing the MD-simulated histograms with reference the MD simulations; atomic radii were taken from the PARSE parameter
histograms that are constructed from additional simulations in which ggt64 AJl calculations used a solvent dielectric of 78.4 and a solute
the two solutes do not physically interact with one another. In previous gielectric of 12. Additional calculations were also performed using a
work we have constructed these reference histograms simply by sojute dielectric of 2 and (separately) a solvent dielectric of 92
performing repeated random placements of the two sotutesdeled (corresponding to the dielectric of TIP3P waféhut produced results
fixed in their equilibrium conformationsinto the periodic simulation that did not differ significantly (data not shown). The boundary between
box. In the current work the reference histograms have instead beenso|yte and solvent dielectric regions was defined by the molecular
obtained by running very long (7.s) stochastic dynamics (SD)  gyrface as calculated with a solvent probe radius of 1.4 A. In contrast
simulations of the two solutes with all intermolecular interactions tumned 4 the way that PB calculations are usually conducted, regions of space
off while retaining the intramolecular parameters of the “true” MD 3¢ \vere assigned the solvent dielectric value were also considered to
simulations. This latter approach has the advantage that it ensures thapg 5ccessible to dissolved ions, i.e., no ion-exclusion radius (Stern layer)
the (minor) fluctuations that naturally occur in the internal geometries |, o applied. This decision was based on the finding that calculations
of the solutes are present in both the MD-simulated and reference conducted with the more usual ion-exclusion radifi€ & produced
histograms and do not therefore serve as a unnecessary source of NOISEasults that were in poorer agreement with the MD results (see Results;

. HaVIr;)g t():_clJ_nvs_rte(_ibthg 2D I\;ID-SlmuIate_d and r_eferfence hlstqgrams Supporting Information). All PB calculations were performed in two
into probability distributions, the (excess) interaction free energies can stages using the technique of “focusirf§’ln a first stage, the PB

be calculated using: equation was solved on a relatively coarse<580 x 50 grid of spacing

AG® (i) = = RTIN [Py eractindi ) Pron-interactindi+})] 1 A with the electrostatic potential at the boundary of the grid being
set by applying the DebyeHuckel equation to the solute partial
where AG°(i,)) is the interaction free energy of thigth bin on the charges. In a second stage, the PB equation was solved on a much

2D-FES, Pinteracting@Nd Pron-interacing @re the probabilities of occupancy  finer 100 x 100 x 100 grid of spacing 0.25 A with the electrostatic
of that bin obtained from the MD-simulated and reference histograms potentials at the boundary of the grid being interpolated from values
respectively,R is the Gas Constant, ant is the temperature. An obtained in the first stage calculation.
analogous equation, though of course with additional dimensions, is A simple comparison of the 2D-FES computed from these direct
used to compute the 4D-FES. o _ PB electrostatic calculations and the 2D-FES obtained from the explicit
The procedure outlined above only allovedative interaction free gojyent-explicit salt MD simulations is hampered by the fact that the
energy surfaces to be computed: for example, the difference in |5ier yse the PME method to compute long-range electrostatic
interaction free energies of two bins on the same 2D-FES can be jyteractions. This means that in addition to the direct electrostatic
obtained simply by subtracting th&G°(ij) values computed for the  iteractions computed between the two solutes in the central simulation
two bins. What it does not do is enable us to place these free energyyoy there are also “indirect” electrostatic interactions between a solute
surfaces on aabsolutescale; to do thls_we must be_ 'able to match at ;4 the periodic images of the other solute. In principle, this can
least some of the computed values with knoG°(i j) values. For significantly affect the apparent long-range behavior of the inter-solute
systems with no long-range electrostatic interactions, it would be jeraction: when the charged solutes are separated by a long distance
possible to simply assume that the compufe@°(ij) values must — yoi jngirect interactions with periodic images become similar in
become zero at long intermolecular distances, and find the additive magnitude to their direct interaction. More importantly, these indirect

const_ant_ t.hat bgst enfqrces this behavior. But in the present case, ther(?nteractions would be present implicitly in the FES computed from the
gre 5|gn|f|ca_nt interactions between the tW‘? solut_es even'at compara-\,h simulations but would be absent from the direct PB electrostatic
tively long distances (e.g., 12. A) and the 5|mula}t|on bo_x Is not large energy calculations described above. It is to be noted that perhaps the
enough that we can reach a distance where the interaction can truly besimplest way to avoid this problem would be to perform the PB

assumed to be zero. To circumvent this problem we instead assUM&alculations with periodic boundary conditions applied; unfortunately

that at long distances the interaction between the two solutes can be, . :
. . . however software that performs these kinds of calculations does not
accurately described by PoisseBoltzmann theory; as will be shown . . ) .
appear to be generally available. An alternative approach is to find a

below the results justify this assumption. We therefore find the additive L . o
. . way to remove the indirect effects of the neighboring image boxes from
constant necessary to convert the relative 2D-FES into an absolute 2D- . . . .
. . ; . the MD-simulation FES so that a MD FES that describwely the direct
FES by linear regression of the former with a corresponding 2D-FES inter-solute interaction is obtained
calculated with PoissenBoltzmann (PB) theory (details outlined ’
below). Because there is reason to expect that MD- and PB-computed

i i ; (63) Davis, M. E.; Madura, J. D.; Luty, B. A.; McCammon, J.@omput. Phys.
free energies may be in poor agreement at short intermolecular Commun1991, 62, 187-197.

distances, this regression was performed using only those 2D bins in(64) Sitkoff, D.; Sharp, K. A.; Honig, BJ. Phys. Chenl994 98, 1978-1988.
which both the inter-charge and inter-methyl distances were between (65) Van der Spoel, D.; Van Maaren, P.JJChem. Theory Compu200§ 2,

10 and 15A (see Figure S1), these bins being chosen because they argse) Eéén M. K.; Sharp, K. A.; Honig, B. HJ. Comput. Chem1988 9
the most highly sampled during the reference SD simulations. 327-335.
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To accomplish this, we assume that the long-range indirect electro- the MD simulations in which all four of the distances were between 2
static interactions present in the MD simulations can themselves be and 15 A. Initial “guesses” for each 1D energy function were made by
approximated using PB theofy$” With this assumption in mind, we randomly assigning free energy values at each distance (in 0.2 A
proceed as follows. For each bin on the 2D-FES, three simulation intervals) within the ranget0.5 kcal/mol; this ensured that no prior
snapshots were randomly selected (note that this is fewer than the fiveknowledge of the “true” 1D energy functional form was used in the
snapshots used to compute the direct PB interaction owing to the optimization of the energy functions. Using these initial guessed energy
increased computational expense of the calculations). Two completefunctions, a trial 4D-FES was constructed and an initial average error
shells of images were then constructed around each snapshot (so thabf this FES relative to the actual MD 4D-FES was calculated. A Monte
there was a total of 125 copies of each moleetdee Figure S2), and Carlo procedure was then conducted in which one of the three 1D
PB calculations were then performed to calculate the electrostatic energy functions was selected at random, and a random alteration
interaction energy between the two solutes in the central box and the (within the ranget+1 kcal/mol) was made to the energy function at a
124 surrounding image boxes. These calculations were performed usingdistance chosen at random in the range from 2 to 15 A. The new trial
three stage focusing: a 5050 x 50 grid of spacing 2.5 A was used 1D energy function was used to recompute the 4D-FES and a
to obtain boundary potentials for a 5050 x 50 grid of spacing 1 A Metropolis test® was used to determine whether to accept or reject the
which in turn was used to obtain boundary potentials for a final £00  new energy function based on whether the average error obtained with
100 x 100 grid of spacing 0.25 A. These indirect electrostatic the new energy function was lower than that obtained with the previous
interaction energies were calculated only foe thhM and 0.1 M MD- energy function. This MC optimization was conducted for a total of
generated 2D-FESs since these had significant indirect electrostatic30 000 steps with the only quirk being that for the first 5000 steps
interactions (maximum energy of0.15 kcal/mol); for higher salt only the Quaroxy—Namino€nergy function was optimized,; this helped to
concentrations, pilot calculations of the PB-computed indirect contribu- ensure that the long-range electrostatic interaction of the two solutes
tions showed them to be insignificant.02 kcal/mol) and so no was described only by this function and did not, for example, end up
correction for the periodicity effects was required. Interestingly, and being partially described by the more intuitively short-rangeuG—
providing support for the methodology outlined above, subtraction of Cpemy function. The entire optimization procedure was independently
the indirect contributions for th 0 M and 0.1 M salt systems repeated 200 times and the 200 sets of three energy functions averaged
substantially improved the agreement between the MD 2D-FES and to produce the final functions reported in Results; in practice, the 200
the PB 2D-FES: for example, in the case of th M system, the? independent energy functions thus obtained were all very similar to
value for the regression of the two sets of data before correction for one another, suggesting that together they represent a unique solution
the indirect contribution was 0.74, whereas after correction it was 0.81 for fitting the 4D-FES. Finally, the quality of the fits was visually
(see Figure S1 in Supporting Information). assessed: 2D-FESs were constructed by scoring 100 million random

lon Distributions from MD and PB. To examine how N&a and configurations of the solutes with the averaged pairwise 1D energy
Cl~ ions interact with the acetate and methylammonium solutes in the functions; these pairwise-computed 2D-FESs could then be compared
MD simulations, and to compare the observed behavior with the directly with the corresponding MD 2D-FESs (see Results).
predictions of PB theory, local ion concentrations were obtained for a
number of structures of interest in the 2D-FES. These comparisons Results

were performed using structural snapshots taken from the 0.3 M NaCl  £rag Energy Surface for Acetate-Methylammonium As-
th 5|;nulat|?n S':fel,:]h's ﬁ:at)th;ntaL:\fc_ed ftsu:'c'ent ?”md'?fr Ogt'c_’nnsd sociation in Water. A series of 500 ns MD simulations was
a adequateé samping ot fheir configurations was readily obtaned oo 1, compute the interaction free energy of acetate and

while (b) still being at a low enough salt concentration that PB theory hvi . f I ble i | .
should still be valid. The ion distributions from MD were obtained by methylammonium for all possible intersolute geometries in pure

superimposing all snapshot structures (solutes and ions) contained withinVater and aqueous NaCl solutions. Interaction free energies were
the corresponding bins on the 2D histograms onto a single solute Obtained by analysis of histograms of the intersolute atomic
structure selected as representative of the geometry of interest. Indistances sampled during the simulations. Obviously, in terms
practice, the representative solute structure chosen was the one havin@f the degrees of freedom of the solutes a complete interaction
the lowest average RMSD from all other structures in the same sample.free energy surface might be considered to have 8 dimensions,
The ion distributions predicted by PB theory were obtained by solving since there are 4 non-hydrogen atoms on acetat2 non-
the PB equation ((_)n a 100 100 x 100 grid of spacing 0.25A) for the hydrogen atoms on methylammonium. Since sampling this 8
same representative solute stucture. _ dimensional space would be challenging, and visualizing it even
Pairwise Energy Function DecompositionSince it was of interest more so, a more convenient way of viewing the free energy

to see whether the complex interaction behavior observed in the MD surface is to limit it to 2 dimensions: we therefore focus most
simulations could be described by simpler energy functions, the 4D- u : Imit ! ! W u

FESs were used as references for extraction of pairwise “effective’ Of OUr analysis on 2D free energy surfaces (2D-FESs), the
energy functions. A number of methods for deriving simplified effective Natural choice of coordinates for which are the chargearge
potentials from higher-dimensional systems have been reported previ-distance and hydrophobidydrophobic distance (see Methods).
ously$26869the specific methodology used here will be described in The 2D-FES obtained from the MD simulation performed in
detail in a future publication. Briefly, we used a standard Monte Carlo pure water is shown in Figure 2 along with schematic structures
(MC) scheme to simultaneously optimize three separate 1D energy jllustrating relevant minima on the surface. Despite the simplic-
functions (Caroxy—Namina Cretyr~Crmetnys @nd Qavoy—Namind SO that jty of the solutes, the 2D-FES is quite complex and contains a
a 4D-FES computed using these (assumed additive) energy functions, ;e of distinct free energy minima and maxima. As indicated
reproduced as well as posm_ble the 4D-FES obtained from MD. A single schematically, structures along the upper edge of the diagonal
Ocamoxy—Namino €nergy function was fitted because the two Oxygen . S .
Nitrogen dimensions in the 4D-FES shottoly symmetry-be identical, are tho§e Where the prlrr_]&ry a.SSOCIatmg factor. IS. the charge
and the optimization procedure was conducted using only data from Charge 'nteraCt'o_n;_fOHOW_'n_g this mode of association along the
diagonal, three distinct minima are observed: a deep free energy

(67) Kastenholz, M. A.; Haenberger, P. HI. Phys. Chem. B004 108 774~ minimum corresponding to a direct contact of the two charged

(68) Lyubartsev, A. P.; Laaksonen, Rhys. Re. E 1995 52, 3730-3737.

(69) Apostolakis, J.; Hofmann, D. W. M.; Lengauer, Acta Crystallogr. A (70) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.; Teller,
2001, 57, 442—450. E. J. Chem. Phys1953 21, 10871093.
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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 chargharge 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

.. . 1
groups and two local minima corresponding to solvent-separated

contacts. Structures along the lower edge of the diagonal are = o a) =0 b)
those where the primary associating factor is the hydrophobic £ £

(methykmethyl) interaction; for this mode of association two £ -i*

clear free energy minima are observed, again corresponding to g_z / E'Z H H
direct and solvent-separated configurations. It is apparent from @ H = |5

the figure that in terms of relative strength the charglearge £ T g, \
interaction is much the greater; in fact, as shown in the inset, ‘\I I/‘ (I I\*

the interaction free energy of the actual direct contact minimum 3 4 5 s S 4 5 6
is ~—3.5 kcal/mol for the chargecharge interaction, whereas charge separation (A) hydrophobic separation (A)
that of the direct contact for the hydrophobic interaction is Figure 3. (a) Free energy profile obtained by rotating the charged groups
~—1.0 kcal/mol. of the acetate-methylammonium pair away from each other with thg/E

~ Cmethyi distance held constant at 4.0 A. (b) Free energy profile obtained by
There are two other features of the pure water 2D-FES that rotating the methyl groups of the acetate-methylammonium pair away from

are worth noting. First, the elliptical shape of the free energy each other with the Groxy—Namino distance held constant at 3.4 A. Both
minimum for the direct hydrophobic contact indicates that for free energy profiles taken from the MD simulation in pure water.

the solute configurations that correspond to this minimum the
methymethyl distances are considerably more constrained diminishes their direct Coulombic interaction more rapidly than
than are the chargecharge distances: the latter can apparently itis compensated by increased hydration. Once this free energy
adopt a broad range of values (fromé.5 to ~6.5A). The maximum is overcome, however, the broad local minimum
probable explanation for this is that the hydrophobic contact is geometry is reached in which relatively free motion of the
not directionally specific: there are therefore many possible, charged groups is allowed (see above). A second pathway that
isoenergeticways to arrange the two solutes such that their can be followed involves keeping the chargiharge distance
methyl groups are in direct contact. In effect then the charge fixed at 3.4 A and rotating the two methyl groups away from
charge interaction distance is afforded a considerable amounteach other. One might expect to finds was seen following
of “wiggle room” in the solute configurations in which the the first pathway-that a significant free energy barrier would
methyl groups are in direct contact. also be encountered along this pathway, especially so given that
A second interesting feature is revealed by comparing free MD-computed potentials of mean force for methane-methane
energy pathways for interconverting structures on the 2D-FES. dissociation usually show a significant free energy maximum
If we consider as a starting point the side-by-side solute separating a direct contact from a solvent separated cotitact.
configuration (in which the two methyl groups are in direct In fact, however, a maximum is not seen, and the interaction
contact with each other and the charged groups are also in direcfree energy smoothly decreases to the global minimum on the
contact with each other), then there are two simple pathways 2D-FES. The most likely explanation for this behavior is that
by which geometries representing other local minima can be the charge-charge interactiortin contrast to the methy
reached. One pathway involves keeping the methyéthyl methyl interactior-is directionally specific, and that it becomes
distance fixed at 4.0 A and rotating the charged groups away much more favorable when the two charged groups face each
from each other until a collinear arrangement of the two solutes other than when they lie alongside one another. The strong
is attained (Figure 3). Perhaps not surprisingly, a significant improvement in the chargecharge interaction caused by
free energy maximum is encountered along this pathway asrotation of the methyl groups therefore likely masks the presence
increasing the distance between the two charged groupsof any free energy maximum caused by separation of the methyl
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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.

groups: this provides one demonstration therefore of the
difficulties in dissecting out hydrophobic and chargharge
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 oV 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 interactidh$lotably, however, the

three minima all remain clearly visible even at the very high
salt concentration 2 M, where it is often assumed that

essentially unchanged. This behavior contrasts with that seen
in previous MD simulations examining the effects of salt on
methane-methane interactioffsyhich 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 chargeharge 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 potenfi&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 equation
since this is what the PB equation reduces to when the ionic
strength is zerefor 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 assumption
continuum description of the satts 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 athO M surfaces; Figure 5e,f compares
the results obtained from the difference oétA@ 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

electrostatic interactions are completely screened. Addition of charged groups of the solutes are close. Interestingly, the most

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 concentratio
increases from 0 to 0.3 M; upon further addition of NaCl
however the depths of these free energy minima remain

(71) Smith, J.; Scholtz, J. MBiochemistry1998 37, 33—40.
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obvious region of disagreement between MD and PB for the 0
M — 2 M salt dependence is where the (hydrophobic) methyl

pdroups 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
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. . . . roughly perpendicular views are shown. (a) the direct chacparge
Figure 5. Comparison of two-dimensional free energy surfaces (2D-FESS) ¢qniact, (b) the first solvent-separated chargearge contact, (c) the second

for association of acetate and methylammonium computed from MD
- A . ) solvent-separated chargeharge contact. In panels (a) and (b) surfaces are
simulations and PB calculations (in kcal/mol). Panels (a) and (b) show MD contoured at 0.9 M salt concentrations; in panel (c) surfaces are contoured

and PB results respectively for pure water. Panels (c) and (d) show the 0 4; 1 5 M. Blue and red surfaces represent distributions of fdasitive
M — 0.1 M salt dependence obtained from MD and PB, respectively. Panels ions' and.Ct (negative) ions respecrt)ively o2 )
(e) and (f) show the same for the 0™ 2 M salt dependence. Note that ' '
while different energy scales are used for the different salt dependences to

aid visualization, all MB-PB comparisons use identical energy scales. positive ions and a generally worse agreement between the MD

and PB 2D-FESs (Figure S4).
of a solvent accessible surface area-based term as has been doneFor the (global minimum) direct contact (Figure 6a), it is
recently3* That said, the generally good agreement in regions first important to note that the acetate and methylammonium
of the 2D-FES dominated by the chargeharge interaction are preferentially arranged in a “bent” configuration, not
provides important new support for the use of PB calculations collinear as one might expect; this appears to be because in
for describing the effects of salt on molecular associations.  this configuration a polar amine hydrogen is neatly tucked
Comparison of lon Distributions Obtained from MD and between the two negatively charged carboxyl oxygens of the
PB. A second test of the adequacy of PB’s modeling of salt acetate (notably, the preference for a bent configuratiomis
effects is to compare the ion distributions obtained from the simply a consequence of there being a larger number of bent
theory with those extracted directly from the MD simulations; configurations than linear configurations since this effect has
it should be recognized however that this is a stringent test, been canceled out in the free energy surface calculations: see
and it should not be expected that PB will perform perfectly Methods). For this direct contact configuration, the ion distribu-
for the same reason that we do not expect PB to correctly tions computed from PB are in reasonable agreement with the
describe the maxima and minima on the pure water 2D-FES distributions obtained from the MD simulations. In MD, Na
(see above). We focus on the distribution of ions around the ions localize in the plane of the acetate carboxylate group
direct contact and solvent-separated chaigearge free energy  adjacent to the oxygens, whereas @ins form a more diffuse
minima; comparisons for each of these configurations are shownring around the methylammonium. In the PB calculations, this
in Figure 6 with the distributions obtained from MD (solid behavior is reversed: the positive ion density tends to be more
surfaces) and PB (wiremesh surfaces) being contoured at thediffusely distributed around the acetate while the negative ion
same concentrations. One clear discrepancy that is present irdensity is localized on the far side of the methylammonium as
all cases is that negative ions consistently approach much closedistant as possible from the acetate. Despite these differences,
to the methylammonium in the PB calculations than they do in the overall local ion concentrations predicted by MD and PB
the MD simulations. This can be rectified by introducing an are in quite close agreement.
ion-exclusion radius into the calculations as is commonly done  The ion distributions for the first solvent-separated charge
in PB calculations (see Methods) but this comes at the expensecharge interaction (Figure 6b) exhibit a more substantial
of a correspondingly poorer description of the distribution of disagreement between PB theory and the MD simulations. In
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Figure 7. Pairwise effective energy functions obtained from independent Monte Carlo-based decompositions of the MD 4D-FESs obtained for each NacCl

solution (see Methods for details). (a) theafbxy—Namino €nergy function, (b) the Gethy—Cmethyt €nergy function, (c) the Giboxy—Namino €nergy function.
In each panel, the inset highlights the salt dependence of the global minimum of the energy function.

the MD simulations the ion distributions are similar to those Oxygen—Nitrogen distances: the remaining four distances are
seen in the direct contact minimum and there is no indication modeled simply as hard-sphere interactions. Crucially, the
that either Na or CI~ ions localize directly between the two  optimization process makes no assumptions about the functional
solutes: this suggests therefore that in MD this is exclusively form of any of the energy functions and allows them to be
a water mediated contact. In contrast, the PB calculations showadjusted arbitrarily at 0.2A intervals; the extent to which
significant concentrations of both negative and positive ions interpretableenergy functions are obtained therefore provides
intervening between the two solutes. This is a qualitative one indication of the method’s utility.
discrepancy between the two methods attributable in the present Figure 7a shows the energy functions obtained for the
case to the continuousather than discretedescription of the Ocarboxy—Namino distance for all salt concentrations studied. We
ions in PB theory; again however it is worth noting that this anticipate that this function should provide the best representa-
effect can be avoided by imposition of an ion exclusion radius tion of a pure chargecharge interaction, and it is therefore
(Figure S5). Interestingly, for the second solvent-separated encouraging to find that the derived functions have a clear
charge-charge minimurm-in which two solvent layers intervene  Debye-Hiickel-like dependence on salt at long distances. Closer
between the solutesbetter agreement is obtained between the in, the energy function also has the expected solvent-separated
PB predictions and the MD results (Figure 6¢). Perhaps of most and direct-contact minima, and as discussed below, the behavior
interest is the fact that in the MD simulatiobsth Na© and of these peaks provides a surprisingly ready explanation for the
Cl~ ions are seen to localize in the inter-solute region, indicating salt dependence of proteiprotein association and dissociation
that the interaction between the two solutes at this point on the kinetics. Figure 7b shows the energy functions derived for the
2D-FES may be mediated at least some of the time by & Na hydrophobic Grethy— Cmethyi distance. Again, the functions have
ClI~ ion pair. This behavior is nicely captured by the present a readily interpretable shapsimilar to the PMFs obtained by
PB calculations, but importantly is not reproduced by PB others for methane-methane interactidnsnd with an expected
calculations that include an ion-exclusion radius (Figure S5). decay to zero at long distance. Notably, a free energy maximum
Extraction of Pairwise Effective Energy Functions. Al- intervenes between the direct-contact and solvent-separated
though the 2D-FESs obtained from MD provide the most natural minima, which was masked by the charggharge interaction
way of visualizing the interaction free energy between the two in the rotational energy profile (Figure 3b). In addition, and
solutes and explicitly recognize that there is an inter dependencemost interestingly, the salt dependence of the direct-contact free
of the charge-charge and hydrophobic interactions, this inter- energy minimum in the derived hydrophobic energy function
dependence makes it difficult to unambiguously assess theis the same— both qualitatively and quantitativetyas that
relative contributions from the two types of interactions. In the obtained in MD simulations of methanenethane interactions:
present case, this is particularly problematic for the hydrophobic 24 the direct-contact minimum is computed to be stabilized by
interaction, which appears to be swamped by the much stronger0.2 kcal/mol by increasing the NaCl concentration from 0 to 2
charge-charge interaction in at least two ways that have already M, which corresponds exactly with that obtained by Garde and
been discussed: (a) the salt dependence of the interaction freeo-workers for methane-methatfeMoreover, the monotonic
energy for the direct hydrophobic contact does not correspond change of the free energy minimum with salt (Figure 7b; inset)
with that obtained by others for MD simulations of methane- provides a further argument in support of the precision of the
methane interactior?d,and (b), there is no apparent free energy MD results. The third derived energy function (Figure -#c)
maximum encountered when the methyl groups are separatedhat for the Garboxy—Namino distance-has behavior that is less
from one another and the charged groups are held in directeasily interpreted; it should be noted however that this pair of
contact (Figure 3b). In an attempt to circumvent this problem, atoms rarely come into direct contact with each other and that
and obtain a more direct view of the effects of salt on charge the interaction between the amino group and the carboxyl group
charge and hydrophobic interactions, we have developed ais instead in effect always mediated by direct contacts between
simple Monte Carlo scheme aimed at finding optimized pairwise the Namino @and the Qarboxyl atoms. Because of this, it might be
effective energy functions that best reproduce the FESs obtainedoo much to expect that this energy function’s behavior would
from MD. As detailed in Methods, this optimization process be physically interpretable; it is however encouraging to note
has been carried otttndependently for each salt concentration  that, with the exception of 2 M case, it is salt-independent,
using 4D-FESs in which the additional dimensions are the two which indicates that the salt dependence is instead primarily
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modeled as hard-sphere interactions, but this might come at the
expense of more limited interpretability of the resulting func-
tions.

-
o

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 eveér2 & NaCl. This result
is consistent with experimental tests of salt effects on charged
side chains in designed-helical peptide$ and recent work
suggesting that weak Hofmeister salts such as NaCl have a
limited ability to screen electrostatic interactiofist is however
in contrast with the view often expressed in the literature that
charge-charge interactions are completely screened at high
salt3® 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
Figure 8. Two-dimensional free energy surfaces (2D-FESs) for association charge-charge mteractlops. As has be?n_dlscussed in detail by
of acetate and methylammonium computed from Monte Carlo optimized Zhou recently?? the experimental association rate constants for
1D energy functions in salt solutions (in kcal/mol). Panels (a) through (f) electrostatically driven proteifprotein interactions depend
show 2D-FESs obtaineq for NaCl solutions of concentration 0, 0:1, 0.3, linearly on the square root of the salt concentration whereas
0.5, 1, and 2 M, respectively. These surfaces can be compared with those, . . e

the experimental dissociation rate constants for the same systems

are effectively independent of salt. Zi¥8has considered these
captured by the more easily interpreted hydrophobic and differences in terms of the differential stabilizing effects of salt
charge-charge functions. Despite this, it is probably more ©n the proteir-protein complex, the transition state for associa-
reasonable to View theGboxy—NaminoSIMply as an extra fitting ~ ion and the unbound proteins using a Debytickel model
parameter that aids the description of the orientational or angularOf electrostauc_|nteract|ons. Itis th_erefgre mte_restlng that the_se
dependence of the association. It is likely that alternative S2Me observations can also be rationalized using results obtained
methods might be used to describe this orientational dependencel©M the present explicit salt-explicit solvent MD simulations.
e.g., an explicit grid-based approach such as that which has beer19ure 9a plots the salt dependence of the free energy barrier

recently proposed for describing—1 dependences in amino to association obtained from thecfoyrNamino 1D energy
acids?? function shown in Figure 7a; interestingly, this observed salt

dependence fits with an® value of 0.97 to the theoretical
Figure 8 provides the “acid test” of the derived effective P ns Wi v \

: S expression derived by Zhdtl.Figure 9b plots the salt depen-
energy functions: their ability to reproduce the actual 2D-FESs dence of the free energy barrier to dissociation of the direct-

obtained from MD simulations. The agreement is actually quite
good, and although the magnitudes of the various free energysncion: in line with experimental results for dissociation of
minima and maxima are not always quantitatively described, gjectrostatically driven proteirprotein complexes, it shows a
their positions on the 2D map are well reproduced. Since these,,ch lower dependence on the NaCl concentration: the
structural features are not reproduced at all by PB calculationsgradiemS of the lines shown in Figures 9a and 9b differ by
(Figure Sb) it appears that the energy functions derived here approximately 4-fold. Although these results were obtained from
might eventually_prowde a wabiean_d extremely rapid t0  the derived @uboxy—Namino Pairwise energy function, essentially
compute-alternative to PB calculations of intermolecular jgentical results are also obtained from 1D PMFEs computed

interaction free energies. It is of course likely that a closer girectly from MD histograms of the chargeharge distance
correspondence between the 2D-FES approximated with pair-(Figure S6).
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contact minimum obtained from thec{hoxy—Namino 1D energy

wise energy functions and the actual MD 2D-FES could be
achieved by optimizing the other four distances currently

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. LJ. Comput. Chem2004 25,
1400-1415.

(73) Perez-Jimenez, R.; Godoy-Ruiz, R.; Ibarra-Molero, B.; Sanchez-Ruiz, J.
M. Biophys. J.2004 86, 2414-2429.
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0.5 (see ref 74 and references therein), and importantly for the
present application, the parameters for NaCl have been shown
§ 0.4 to produce structural properties in good agreement with experi-
§ ment and with other NaCl parameter s&télthough it is likely
< 03 that quantitative differences in the FESs would be obtained with
%, alternative parameter sets, it is unlikely that qualitative differ-
202 ences (e.g., in the order of stabilities of minima) would result.
§ This is particularly true for the salt dependent effects since gross
g 0.1 errors in parameters will be canceled out by subtraction of FESs
obtained in different salt concentrations.
0.0 o0 o8 10 1a 20 Although the strength of the direct chargeharge contact
12 112 interaction obtained here is similar to that seen in other MD
1" (M™) . . . . . .
26 studies of amino acid salt bridges in watér’?it is to be noted
that experimental estimates of the contributions of salt bridge
325 interactions to protein stability are more generally in the range
E 0.5—-1.5 kcal/mol?-80-82 This difference would seem to warrant
g 24 further investigation: obvious factors that might contribute to
% the discrepancy are entropic penalties due to side chain
23 / restrictions (which will be present in real proteins but which
& . are canceled out in our FESs) and local environmental influences
E 292 that may modulate the interactiéh®! Although there perhaps
. b) is still some way to go before a direct connection between
21 explicit solvent-explicit salt MD simulations and experimental
00 05 10 15 20 studies of protein stability can be established, it would appear
1"2 (M2 that simulations of the type reported here have the potential to
Figure 9. Salt dependence of barrier heights taken from thgyQy— provide fundamental insights into the effects of simple salts on

Namino 1D energy function shown in Figure 7a. (a) the energy barrier for mglecular associations.

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), Acknowledgment. We are grateful to Andrej Sali for the

respectively. suggestion of SD simulations as a reference state for free energy
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also provide a valuable new benchmark for testing simpler y,o roy 3. Carver Charitable Trust and a CAREER award (no.
implicit solvent models that might be used to simulate much 0448029) from the National Science Foundation

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

Supporting Information Available: Partial charges assigned
to the acetate and methylammonium solutes; linear regression

knowledge this is the first attempt to directly compare PB with ?f MD ?nd EB-computed mteractl_on energies, |IIustrat|9n .Of
explicit salt-explicit solvent MD results for an intermolecular crystal Iamge used_ for computgtlon of long-range periodic
association reaction. Overall, it appears that PB provides a ratherSlectrostatic |nter§ct|ons; comparison of absolute MD and PB
good thermodynamic description of the effects of NaCl on the 2D-FESS; comparison of MD and PB 2D-FESs computed with
particular system studied here (Figure 5), thereby reinforcing @n ion-exclusion radius of 2 A; comparison of MD and PB ion
its use for describing the effects of salt on binding thermodyna- distributions around selected solute configurations computed
mics31-34 As expected, however, PB cannot begin to describe With an ion-exclusion radius of 2 A; salt dependences of
all of the structural features of the MD-computed FESs, and in association and dissociation energy barriers obtained from
terms of developing a rapid energetic treatment for use in directly computed 1D PMFs of the chargeharge interaction.
dynamic simulations it might be that a better approach is to This material is available free of charge via the Internet at
derive specific pairwise energy functions by an optimization http://pubs.acs.org.

procedure such as the one outlined here. As shown by Figure 8

such energy functions can produce FESs that are in much closePA058637B

agreement with MD results than those that might be obtained
using PB theory. We are currently investigating therefore (74) Mackerell, A. D.J. Comput. Chen2004 25, 1584-1604.

)
.. . . . . . (75) Patra, M.; Karttunen, MJ. Comput. Chen2004 25, 678-689.
whether pairwise energy functions derived in this way might (76) kumar, S.; Nussinov, FBiophys. J2002 83, 1595-1612.
)
)

i (77) Maksimiak, K.; Rodziewicz-Motowidlo, S.; Czaplewski, C.; Liwo, A.;
be transferable to different molecular systems. Scheraga. H. AJ. Phys. Chem. B003 107 13466-13504.

Finally, any simulation study must consider potential defi- (78) Masunov, A.; Lazaridis, TJ. Am. Chem. So@003 125, 1722-1730.
ianci i in thig(79) Hassan, S. AJ. Phys. Chem. B004 108 19501-19509.
ciencies of the n_"le_thods used, anq one obvious concern in thIS(SO) Makhatadze, G. L Loladze, V. V.. Ermolenko, D. N.. Chen, XF.: Thomas,
regard is the validity of the force field parameters. The OPLS- S. T.J. Mol. Biol. 2003 327, 1135-1148.
: ia i ; (81) Luisi, D. L.; Snow, C. D.; Lin, J.-J.; Hendsch, Z. S.; Tidor, B.; Raleigh, D.
AA force field use_d here is likely to perform equqlly well W|_th P. Biochemistry2003 42 7080-7060.
respect to other fixed charge molecular mechanics force fields (82) Igbalsyah, T. M.; Doig, A. JBiochemistry2005 44, 10449-10456.
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