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Binding Enthalpy Calculations for a Neutral Host-Guest Pair 
Yield Widely Divergent Salt Effects across Water Models

Kaifu Gao, Jian Yin, Niel M. Henriksen, Andrew T. Fenley, and Michael K. Gilson*

Skaggs School of Pharmacy and Pharmaceutical Sciences, University of California San Diego, 
9500 Gilman Drive, La Jolla, California 92093-0736, USA

Abstract

Dissolved salts are a part of the physiological milieu and can significantly influence the kinetics 

and thermodynamics of varied biomolecular processes, such as binding and catalysis, so it is 

important for molecular simulations to reliably describe their effects. The present study uses a 

simple, non-ionized host-guest model system to study the sensitivity of computed binding 

enthalpies to the choice of water and salt models. Molecular dynamics simulations of a 

cucurbit[7]uril host with a neutral guest molecule show striking differences in the salt dependency 

of the binding enthalpy across four water models, TIP3P, SPC/E, TIP4P-Ew and OPC, with 

additional sensitivity to the choice of parameters for sodium and chloride. In particular, although 

all of the models predict that binding will be less exothermic with increasing NaCl concentration, 

the strength of this effect varies by 7 kcal/mol across models. The differences appear to result 

primarily from differences in the number of sodium ions displaced from the host on binding the 

guest, rather than from differences in the enthalpy associated with this displacement; and it is the 

electrostatic energy that contributes most to the changes in enthalpy with increasing salt 

concentration. That a high sensitivity of salt effects to the choice of water model is observed for 

the present host-guest system, despite its being non-ionized, raises issues regarding the selection 

and adjustment of water models for use with biological macromolecules, especially as these 

typically possess multiple ionized groups which can interact relatively strongly with ions in 

solution.
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INTRODUCTION

The types and concentrations of dissolved salts can profoundly influence the stability and 

function of biomolecular systems, including ones involving proteins, nucleic acids, and lipid 

membranes. Such effects are particularly important for highly charged molecules, such as 

nucleic acids, and for those where ions are of central functional importance, such as ion 

channels1–6. Even simple salts can affect the thermodynamics of noncovalent association. 

For instance, increased concentrations of NaCl cause an apparent conformational shift and 

enhanced catalytic activity of HIV-1 protease7, and the concentration of NaCl can strongly 

influence the binding enthalpy of protein-nucleic acid systems8. A more complex array of 

salt effects emerges when one considers the full palette of dissolved cations and anions that 

play roles in the physiological milieu and in vitro. Thus, similar cations, such as Na+ and 

K+, or Mg2+ and Ca2+, can interact very differently with biomolecules in solution9,10, while 

the well-known Hofmeister series3,11 catalogs the spectrum of effects due to various anions.

Computer simulations of biomolecules must therefore include realistic representation of ions 

and their interactions, in order to provide meaningful mechanistic explanations of 

experimental observations and reliable predictions for applications like enzyme engineering 

and drug design. Accordingly, substantial effort has been devoted to the development of 

reliable force field parameters, not only for biomolecules12–29 and water30–33, but also for 

the dissolved salts34,35. In addition, molecular dynamics (MD) simulations of biomolecular 

systems often only include a few Na+ or Cl− counterions to make the simulation system 

electrically neutral, rather than modeling a more realistic concentration and composition of 

the electrolyte. This approach may suffice for some applications, but an assumption that 

dissolved salts do not affect simulation results is not necessarily justified. Computing salt 

effects can be difficult, however, due to the challenges of obtaining convincingly converged 

experimental observables for large, complex biomolecules.

The small size and chemical simplicity of host-guest systems make them appealing models 

for mechanistic studies of noncovalent binding, via both experiments11,36–48 and 

computational methods49–54, and for the evaluation of force fields52–55. Host molecules are 

miniature receptors, whose affinities for the guest molecules they bind span the same range 

as protein-ligand systems38,39,50,56, and they share many key features of their larger, 

biomolecular relatives. In particular, salt effects can substantially influence host-guest 

binding thermodynamics. For example, the association of the non-ionic hosts cucurbit[6]uril 

(CB6) and cucurbit[7]uril (CB7; Figure 1) with various guests are strongly salt-

dependent,35,55,56, while the enthalpy of binding for the octa-acid host41 with adamantane 

carboxylic acid varies by nearly 10 kcal/mol when 100 mM Na2SO4 in the buffer is replaced 

by 100 mM NaClO4 40.

We recently reported that host-guest binding enthalpies can be computed efficiently to high 

numerical precision with GPU-equipped computers55 and that the computed enthalpies 

depend strongly on the choice of the water model. In particular, the TIP4P-Ew31 model 

yielded binding enthalpies systematically more favorable, by about 4 kcal/mol, than those 

obtained with the TIP3P30 model, across a set of eight CB7-guest systems55. This high 

degree of sensitivity to details of the water model suggested that the results might also be 
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sensitive to the treatment of salt in the simulations, and, furthermore, that the salt effects 

might themselves depend on the choice of water model. The present study explores these 

issues by studying the consequences of salt concentration, water model, and ion model, on 

the association of the non-ionic CB7 host59 with a non-ionic guest50 (B2 in Figure 1) in 

aqueous solution. Strong sensitivities are indeed observed, in calculations spanning salt 

concentrations of 0 to 500 mM, for several three-site (TIP3P30, SPC/E32) and four-site 

(TIP4P30, TIP4P-Ew31, OPC33) water models. Three models of NaCl are also considered. 

Structural analysis and energy decompositions of the results provide insight into the 

mechanisms underlying the observed effects, and suggest possible explanations for the 

substantial differences among the results from the various water models. The present results 

have implications for force field development and biomolecular simulations.

METHODS

Microsecond timescale molecular dynamics simulations, with explicit solvent comprising 

water and dissolved ions, were used to compute the binding enthalpies at 300K for the host 

CB7 with guest B2 at four different NaCl concentrations, 0, 100, 300, 500 mM. Results 

were obtained and analyzed for several water models, TIP3P, SPC/E, TIP4P, TIP4P-Ew and 

OPC, with three sets of NaCl force field parameters. Methodological details follow.

Binding Enthalpy Calculations

The binding enthalpy of the CB7-B2 system was computed as the difference between the 

mean potential energies associated with four separate simulations. The two initial states are 

the free host and guest in aqueous solution; the two final states are the complex in a 

matching solvent, and a solvent-only simulation which balances solvent counts between the 

initial and final states:

Eq 1

No salt was included in the simulations for 0 mM salt. For the simulations with NaCl at 100 

mM, 300 mM and 500 mM, the numbers of Na+ and Cl− ions included in each of the four 

simulations were 3, 9 and 15, respectively. The mean potential energies in Eq 1 were 

computed by using the sander. MPI module of Amber 1460 to postprocess all trajectory 

snapshots from the simulations. Convergence of the total potential energy from a simulation 

was evaluated by plotting the cumulative average as a function the total simulation time, and 

by using blocking analysis61 to estimate the standard error of the mean(SEM). All average 

potential energies in the present calculations have a SEM of 0.11 kcal/mol or less (Table S1 

and Figures S1, S2); thus, if the same simulation were repeated multiple times, with 

different randomly assigned initial velocities, the resulting set of mean potential energies 

should have a standard deviation within about 0.11 kcal/mol. Because the binding enthalpy 

in Eq 1 is an additive combination of four mean energies, the variances of the mean energies 

add, and the standard deviation of the reported binding enthalpy is given by 

, where σi is the SEM for simulation i.
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Calculation of density distributions for ions and water

Spatial density distributions for ions and water were calculated using the grid command in 

the cpptraj module of Amber 1460. Prior to performing the grid analysis, each frame of the 

trajectory was aligned to a reference frame via mass-weighted RMS fit of the CB7 atoms. 

The grid bin size in each dimension (X, Y, and Z) was 0.5 Å. Additionally, we computed the 

conditional density distribution of the solvent for trajectory frames in which a Na+ ion was 

bridging two specified CB7 portal oxygens. This was accomplished by performing the grid 

command on only a subset of trajectory frames for which bridging condition was met. The 

subset trajectory was generated using cpptraj’s native contacts and filter commands. To 

analyse the distributions of cations and anions qualitatively, we divided a spherical region 

centered on CB7 and having a radius of 10 Å into ten shells, each of thickness 1 Å. The 

average numbers of both Na+ and Cl− ions in the MD simulations of free host and CB7-B2 

complex were calculated for each shell, and the standard errors of these means were 

estimated by blocking analysis55,61.

Molecular Dynamics Simulations

All simulations were set up and run with the Amber suite of programs60, using the GPU-

enabled version of pmemd for production. The general AMBER force field (GAFF)15 was 

used for all bonded and Lennard-Jones parameters of CB7 and the guest molecule, with 

partial atomic charges generated with the AM1-BCC method62,63 as implemented in the 

program Antechamber60. In addition, RESP charges64, based on Hartree-Fock calculations 

with the 6–31G* basis set, were assigned to the host and guest with Antechamber by 

performing a two-stage fit on an electrostatic potential grid generated with Gaussian 0965. 

These charges were used for a sample calculation at 0 M NaCl, with the TIP3P water model. 

Calculations were run with the TIP3P, TIP4P, TIP4P-Ew, SPC/E and OPC water models. 

For most calculations, parameters for Na+ and Cl− were drawn from the work of Joung and 

Cheatham34, who provided ionic parameters specific for the TIP3P, TIP4P, TIP4P-Ew and 

SPC/E water models; note that TIP4P and TIP4P-Ew use the same salt parameters. We 

considered the ionic model associated with TIP4P-Ew to be the default match to the OPC 

water model, based on a case study of ion-ion interactions in OPC33. We first used each 

water model with its matching ion model, then experimented with nonstandard combinations 

in order to distinguish the effects of water models from the effects of ion models. 

Calculations at 100 mM NaCl were also carried out with TIP3P and TIP4P-Ew using 

alternative Na+ and Cl− parameters recently proposed for use with these water models35.

The starting conformations of CB7 is from a crystal structures59, B2 was built using 

Gaussview 566, and the initial conformation of their complex was obtained from a previous 

computational study67. The host/guest system was placed in a cubic water box containing 

1665 water molecules, along with the appropriate number of Na+ and Cl− ions (see above) 

under periodic boundary conditions. To remove potential bad contacts, the initial model was 

subjected to two rounds of energy minimization: first 1000 steps of steepest descent 

followed by 9000 steps of conjugate gradient with the host and guest atoms restrained with a 

harmonic potential with a force constant of 100 kcal/mol; and then another 1000 steps of 

steepest descent and 9000 steps of conjugate gradient without any restraints. A heating 

phase, at constant volume, lasted 2 ns and raised the temperature from 0 to 300 K. 
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Equilibration and production runs then were carried out at constant temperature (300 K) and 

pressure (1 bar) with a cubic orthorhombic box having equal side lengths of about 37 Å. The 

temperature was set using the Langevin thermostat with the collision frequency set to 1.0 

ps−1, and pressure was set with the Berendsen barostat with the relaxation time set to 2 ps. 

The first 10 ns of each production simulation was discarded to allow for additional 

equilibration. The production simulation times were at least 1 μs for each system, for a total 

simulation time of over 100 μs across the various force field combinations.

RESULTS

Calculated binding enthalpies as a function of NaCl concentration

Prior isothermal titration calorimetry experiments for binding of the host CB7 to its guest B2 

(Figure 1), carried out in the absence of dissolved NaCl, yielded a measured binding 

enthalpy of −15.8 kcal/mol50. The corresponding results from molecular dynamics 

calculations overestimate it, for all four water models examined here, TIP3P, TIP4P-Ew, 

SPC/E and OPC (Table 1, Figure 2). This observation is consistent with previously 

published results for TIP3P and TIP4P-Ew55. The recently developed OPC model is closest 

to experiment, at −18.9±0.2 kcal/mol, while the results from TIP3P, SPC/E and TIP4P-Ew 

are all more negative than −21 kcal/mol. As a check of the AM1-BCC atomic partial 

charges, we reran the 0mM NaCl concentration with TIP3P water and RESP partial charges. 

This calculation led to a binding enthalpy of 23.2±0.4 kcal/mol, which overestimates the 

binding enthalpy even more than the corresponding AM1-BCC result, −21.6±0.2 kcal/mol.

The computed binding enthalpies become less favorable (i.e., more positive) with increasing 

NaCl concentration (Table 1, Figure 2). The largest changes occur between 0 and 100 mM, 

with smaller changes for successive increases in the salt concentration. The choice of water 

molecule strongly impacts the sensitivity of the binding enthalpy to salt concentration. Thus, 

while the change in binding enthalpy between 0 to 100 mM is only 1.9 kcal/mol for TIP3P, 

the changes for SPC/E, TIP4P-Ew, and OPC are 7–9 kcal/mol (Table 1, Figure 2). 

Nonetheless, the overall picture of less exothermic binding with increasing salt 

concentration is broadly consistent with experimental studies of CB7 with various guest 

molecules; for example, the enthalpy of association of CB7 with two dipeptides becomes 

less favorable by about 4 kcal/mol when the NaCl concentration increases from 0 to 100 

mM68.

Coulombic and Lennard-Jones contributions to computed binding enthalpies

The computed binding enthalpies may be decomposed into physically interpretable terms, 

due to the additive form of the force field55. Accordingly, Table 1 lists the electrostatic and 

van der Waals contributions to the binding enthalpies, as reflected in the Coulombic and 

Lennard-Jones terms, respectively. (The contributions of bond-stretch, bond-angle and 

dihedral terms, are much smaller; these are not explicitly listed, but their sum may be 

inferred from the data in the table.) In the absence of dissolved NaCl, both the Coulombic 

and Lennard-Jones terms contribute strongly (−7 to −13.3 kcal/mol) to the total binding 

enthalpy, for all water models.
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The Coulombic contribution to the binding enthalpy is strongly sensitive to the salt 

concentration, becoming much less favorable with increasing salt concentration, for all 

water models. Indeed, it is the Coulombic term which accounts for the salt sensitivity of the 

overall binding enthalpy evident in Figure 2. The Coulombic term thus accounts for the 

strikingly reduced salt-sensitivity of the TIP3P results relative to the other three models: 

whereas raising the salt concentration from 0 to 500 mM makes the Coulombic term more 

positive by 8.0 to 11.8 kcal/mol for SPC/E, TIP4P-Ew and OPC, the corresponding change 

for TIP3P is only 2.4 kcal/mol. The largest Coulombic change due to added salt, 11.8 kcal/

mol, is observed for the OPC model, but this large Coulombic change is partly cancelled by 

the opposite shift in its Lennard-Jones term, noted above.

In contrast, the Lennard-Jones term is relatively insensitive to salt concentration. It changes 

by at most 1 kcal/mol with increasing NaCl, except in the case of the OPC model, where the 

Lennard-Jones term becomes more favorable by −3 kcal/mol as the NaCl concentration rises 

from 0 to 500 mM. Another notable difference among the water models is that the Lennard-

Jones term for TIP3P is several kcal/mol more negative than that obtained with the other 

water models, across all salt concentrations.

Dissecting the roles of the water and ion model as determinants of computed binding 
enthalpies

Each calculation above uses the Na+ and Cl− force field parameters deemed most 

appropriate for the water model used, as is standard practice34,35. Thus, the TIP3P and 

TIP4P-Ew models were paired with their own tailored ion models34, here termed Ion3P and 

Ion4P, respectively; the SPC/E model also was used with its own tailored salt parameters34; 

and the OPC model was paired with the Ion4P ion model. The latter selection was motivated 

by the fact that both OPC and TIP4P-Ew are 4-point water models, and the fact that salt 

parameters tuned for OPC are not yet available. Because of these pairings, the differences in 

computed binding enthalpy across water models could result from differences in the water 

models themselves, differences in the ion parameters, or the combination. In order to dissect 

these dependencies, we ran new calculations for several water models with the “wrong” ion 

parameters. To limit the number of calculations, results were obtained only for 100 mM 

NaCl.

We find that, for every water model tested, the Ion3P model yields binding enthalpies which 

are less sensitive to NaCl concentration than those from the Ion4P model, by 1.3 to 2.4 

kcal/mol (Figure 3, and Table S2). At the same time, the TIP3P water model still gives the 

least salt-sensitive results, even if TIP3P is made maximally sensitive by using Ion4P while 

other models are made minimally sensitive by using Ion3P. Therefore, the water model 

plays a greater role than the ion model in determining the salt-dependence of the binding 

enthalpies, for this system, at least for the models tested here.

For completeness, we also computed the binding enthalpies with the TIP4P model at 0 M 

and 100 mM NaCl, with the Ion4P NaCl model. Perhaps not surprisingly, the results match 

the corresponding TIP4P-Ew results to within ~1 kcal/mol. It is nonetheless worth noting 

that TIP4P provides the most problematic overestimate of the experimental binding enthalpy 

at 0mM NaCl of any water model tried here, at −24.3 kcal/mol.
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Recently, four new sets of NaCl parameters have been tuned for use with the TIP3P and the 

TIP4P-Ew water models35. For each of these water models, one set of ion parameters 

focuses on reproducing the hydration free energies of the ions, and the other focuses on 

replicating ion-oxygen distances. Enthalpy calculations using these parameters with their 

corresponding water models give slightly weaker salt effects than those obtained with the 

Ion3P and Ion4P models. For TIP3P and 100mM NaCl, the computed enthalpies are −20.6 

and −20.2 kcal/mol, respectively, while the results are −15.5 and −15.4 kcal/mol for TIP4P-

Ew. These values may be compared with −19.7 and −14.7 Kcal/mol for TIP3P and TIP4P-

Ew with the Ion3P and Ion4P parameters, respectively.

Displacement of Na+ ions upon binding and the salt-dependence of binding enthalpy

Experimental studies indicate that dissolved cations compete with guest molecules for 

binding to cucurbiturils36, and crystal structures of cucurbiturils often reveal cations near the 

portal carbonyl oxygens36. In order to determine whether the salt-dependence of the binding 

enthalpies computed here could be accounted for by competitive displacement of Na+ ions 

from the host by the guest, we analyzed the distributions of Na+ ions around CB7 in the 

simulations. Direct inspection of the animated simulation trajectories revealed that, for the 

host in solution, Na+ ions are frequently present near the carbonyl oxygens at the portals of 

CB7, and occasionally enter its binding cavity. However, they are not bound tightly, but 

instead exchange frequently with those in solution. In contrast, the Cl− ions barely form any 

direct interactions with the host molecule. In the presence of bound guest, Na+ ions associate 

less with the complex, though they still tend to lie closer to it than the Cl− ions.

Visualization of the spatial distribution of Na+ ions in and around the CB7 host (Figure 4a) 

shows peaks in Na+ density at sites between each pair of neighboring carbonyl oxygens at 

each portal of the host. The degree of localization appears somewhat less for TIP3P than for 

TIP4P-Ew; the densities computed with the SCP/E and OPC water models are similar to 

those from TIP4P-Ew (Figure S3). Unlike the other three water models, TIP3P also yields a 

peak of Na+ density within the binding cavity, although this is less pronounced than those at 

the carbonyl oxygens.

Despite the symmetric appearance of the Na+ densities in Figure 4a, Na+ ions are not 

normally present simultaneously at all seven sites at each portal. This point is elucidated in 

Figure 4b, which shows the distribution of Na+ density conditioned on the presence of a Na+ 

ion at one of the sites between the carbonyl oxygens, for the TIP4P-Ew model; results are 

similar for the other water models. The presence of one Na+ ion at the left-most site (large 

orange contour) essentially deletes any density from the four nearest sites, while allowing 

some density at the two sites across the portal. However, the distribution of Na+ at the other 

portal is not perturbed much by the conditioning Na+. Interestingly, there are four clear-cut 

peaks in the density of water molecules around the conditioning Na+ site. These, combined 

with the two carbonyl oxygens, make for hexa-coordination of the Na+ ion, in a structure is 

similar to the coordination of a Na+ ion by the host and water molecules in a crystal 

structure of CB636. It is worth noting that, when B2 is bound to the CB7 molecule, the 

localization of Na+ around the host is markedly reduced (Figure S4); the displacement of 

Na+ by the guest is analyzed below.
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Graphs of Na+ occupancy as a function of distance from the center of CB7 without bound 

guest show strong peaks in the 4–5 Å range, for all water models (Figure 5, solid lines). This 

distance corresponds to the sites between the carbonyl oxygens highlighted in Figure 4, and 

the peak heights range from a low of 0.7 Na+ ions, for TIP3P, to a high of 1.5 Na+, for 

TIP4P-Ew; the results for SPC/E and OPC are nearer to TIP4P-Ew than to TIP3P. The lower 

Na+ count for TIP3P than for the other models is consistent with the three-dimensional 

visualizations in Figure 4. The Na+ occupancy graphs also show that increasing the salt 

concentration above 100 mM leads to only modest and diminishing increments in Na+ 

occupancy (Figure 5). The diminution presumably results, at least in part, from growing 

steric and electrostatic competition among bound Na+ ions.

Binding of B2 to CB7 abolishes Na+ occupancy from 0 to 4 Å and markedly lowers the 

number of Na+ ions in the 4–5 Å region, to 0.24 or less (Figure 5, dashed lines). However, 

the number of Na+ ions in the shells from 5 to 10 Å is not affected much by binding of B2. 

This result, combined with visual inspection of the MD trajectories, suggests that the 

binding of B2 in effect expels most of the Na+ ions previously associated with CB7 into the 

bulk; i.e. to a distance beyond 10 Å. As a consequence, binding of the neutral B2 guest to 

CB7 requires overcoming attractive electrostatic interactions between CB7 and Na+ ions 

localized in and near the CB7 host. In contrast, the dissolved Cl− ions reside in the 

outermost spherical shells (6–10 Å) whether or not B2 is bound (Figure 6). The 

displacement by B2 of Na+ ions from favorable sites in and near CB7 is consistent with the 

decreasingly favorable electrostatic contribution to the binding enthalpy with increasing 

ionic strength, particularly on going from 0 to 100 mM NaCl (Table 1). Furthermore, the 

observation that NaCl has less effect on the binding enthalpy in the case of TIP3P, relative 

to the other water models, is consistent with the observation that CB7 associates with fewer 

Na+ ions when the TIP3P water model is used.

There is a clear correlation between the number of Na+ ions displaced when B2 binds CB7 

and the effect of salt on the binding enthalpy, across all ionic strengths and all water and ion 

models (Figure 7 and Table S3). The slope of a linear regression fit to these data, about 7 

kcal/mol per Na+ ion, represents an estimate of the enthalpy penalty for displacing one Na+ 

ion. The scatter plot reveals that the reduced salt effect for TIP3P, relative to the other water 

models, results both from a smaller number of displaced Na+ ions, but also from a reduced 

enthalpic penalty per Na+ ion, since the TIP3P points lie both to the left of the other points 

and also below the regression line. One may see that going from the Ion4P to the Ion3P 

model decreases the number of displaced Na+ ions for the three water models tested; i.e., 

TIP3P, TIP4P-Ew and OPC. These results are all consistent with the reduced sensitivity of 

binding enthalpy to ionic strength consistently observed for the TIP3P water model, as well 

as for the Ion3P model relative to Ion4P (Figure 3). Thus, if fewer Na+ ions are bound to 

free CB7, then fewer are displaced when B2 binds, and the sensitivity of the binding 

enthalpy to dissolved NaCl concentration is diminished.
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DISCUSSION

Overview

The trends and correlations observed in these calculations of binding enthalpy offer 

mechanistic insights, and highlight technical issues and opportunities. The results have 

important implications for the accuracy of binding calculations. First, all the water models 

lead to overestimates of the experimental binding enthalpy in the absence of salt by −3 to −8 

kcal/mol. This strong, consistent bias, as combined with a similar bias observed for CB7 for 

eight different guest molecules studied with TIP3P and TIP4P-Ew water models55, raises 

significant concerns regarding the accuracy of the water models and/or the GAFF/AM1-

BCC force field parameters used here and in the prior study. It should be emphasized that 

the tight numerical convergence of these and the prior results leaves the simulation force 

field as the only credible source of these errors. Given the goal of achieving “chemical 

accuracy” in drug design calculations—i.e., accuracy to within about 1 kcal/mol—the 

observation of large errors for these simple host-guest systems highlights the critical need 

for further improvement in force field accuracy.

On a more encouraging note, the strong sensitivity of the computed binding enthalpies to the 

concentration of NaCl is in qualitative agreement with experimental data for CB7 binding to 

other guest molecules68. Analysis of the simulations indicates that this salt-sensitivity results 

from the displacement by the guest molecule of Na+ ions which were associated with the 

free host. This mechanism, too, is consistent with prior experimental studies of CB6, which 

show two sodium ions coordinated to each portal of the cucurbituril without a bound 

guest36. However, the magnitude of the computed salt effect depends upon the choice of 

water models and ion parameters. In fact, the difference in the salt effect between models 

ranges up to 8 kcal/mol. Unfortunately, experimental enthalpies are not available for this 

host-guest system in salt water, so it is not possible to determine which models are the most 

reliable in this regard. Nonetheless, it follows from the wide variation among these widely 

used models that some of them must be significantly inaccurate. As a consequence, further 

force field work is necessary to ensure reliable modeling of salt effects, not only for host-

guest binding, but also, presumably, for biomolecular systems.

Factors influencing the computed binding enthalpies

Because of the complexity and nonlinearity of the systems studied here, it would be difficult 

to establish a definitive and complete mechanistic explanation for how the variations among 

the water and salt models considered here lead to the observed variations in salt effects. 

Nonetheless, some insights may be gained. A central observation in this regard is that the 

computed decrement in the binding enthalpy due to the dissolved salt is roughly proportional 

to the number of Na+ ions displaced from CB7 when the neutral guest binds (Figure 8a). 

Thus, the variation in salt effect across water and ion models largely reflects variations in 

the affinity of CB7 for Na+, rather than variations in the enthalpy contribution per Na+ ion 

displaced. The association of Na+ ions with the electronegative carbonyl oxygens of the host 

is presumably driven largely by electrostatic interactions, which diminish with increasing 

dielectric constant. Accordingly, it is physically reasonable that the mean number of Na+ 

ions in the major peak at 4–5 Å (Figure 5) correlates with the reciprocal of the dielectric 
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constant of the water model, as evident in Figure 8. On the other hand, the OPC model 

would lie noticeably above a regression line based on the other three water models. We 

speculate that this difference results from the fact that the partial charges of the OPC model 

are all situated near the center of the water molecule, while the hydrogen charges of the 

other three models are more peripheral33. The more central placement of OPC’s charges 

could weaken its electrostatic interactions with polar solutes while maintaining a realistic 

bulk dielectric constant.

Alternatively, one may interpret the present results in terms of the hydration free energies of 

Na+ ions across the various models: the more favorable the interactions between Na+ and 

water, the less the tendency of Na+ to bind CB7, since the ion is partly dehydrated upon 

binding. In fact, the hydration free energies of Na+, using Jensen and Jorgensen’s ion 

parameters34, correlate well with the mean number of Na+ ions in the 4–5 Å shell of CB7 

(Figure 8b) for TIP3P, SPC/E and TIP4P-Ew. (Corresponding hydration data are not yet 

available for the more recent OPC model.) At the same time, it is not a given that a water 

model which gives a greater Na+ dehydration energy will lead to greater Na+ binding to 

CB7, because these water molecules might also stick more tightly to CB7, making them 

harder to displace when Na+ binds. Similarly, the increased affinity for CB7 of Na+ modeled 

with Ion4P parameters relative to Ion3P parameters (see above) reflects the balance of the 

difference in these models’ interactions with water versus CB7.

Conclusions

Water models are typically adjusted based on the properties of pure water30–33, and ion 

parameters based on hydration free energies, ion-water interactions, and the properties of ion 

pairs and salt crystals34,35. Here, we find that water and ion models which all perform 

reasonably well against these reference data yield significant errors relative to experiment 

and widely different salt effects when used to compute host-guest binding enthalpies. We 

conclude that calculations of binding thermodynamics and their associated salt effects can 

surface operational differences among force fields that are not apparent in calculations of 

other experimental observables. Given the profound biological and medical importance of 

specific binding in physiological salt solutions, these differences have implications for 

practical applications like computer-aided drug design. We would therefore argue for 

beginning to incorporate the broad set of experimental host-guest binding data11,36–48 into 

the reference dataset used to assess and parameterize force fields.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of the host molecule CB7 and the guest molecule B2. Cyan: carbon; blue: 

nitrogen; red: oxygen; white: hydrogen.
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Figure 2. 
Computed binding enthalpies with four different water models (TIP3P, SPC/E, TIP4P-Ew, 

OPC) for the CB7-B2 system, in the absence and the presence of various NaCl 

concentrations (100, 300, 500 mM). The black dot represents the experimental value 

measured in the absence of salt. All calculations used AM1-BCC partial charges for the host 

and guest, except one calculation at 0 M NaCl, where RESP charges were used along with 

the TIP3P water model, as indicated in the legend.
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Figure 3. 
Binding enthalpies computed with mixed combinations of water models and ion parameters 

as indicated. The results of TIP3P, TIP4P and TIP4P-Ew were computed with their default 

parameters.
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Figure 4. 
(a) Average number density of Na+ around free CB7, contoured at 1.5 Å−3, from simulations 

with 100 mM NaCl and with TIP3P (left) and TIP4P-Ew (right) water models (The results 

for the SPC/E and OPC models, which are similar to those for TIP4P-Ew, shown in Figure 

S3). (b) Average number densities of Na+ (orange) and TIP4P-Ew water (transparent) 

around free CB7, both conditioned on the presence of a Na+ ion between the leftmost 

carbonyl oxygens. Contour isovalues are 1.0 Å−3 for Na+ and 4.5 Å−3 for water. Strong 

spatial perspective is used in the top panel of (b) so that densities at both portals can be seen.
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Figure 5. 
Average number of Na+ ions in spherical shells centered in CB7, for free CB7 (solid lines) 

and on the CB7-B2 complex (dashed lines). Error bars provide the standard errors of the 

means, computed by blocking analysis (see Methods).
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Figure 6. 
Average number of Cl− ions in spherical shells centered on free CB7 (solid lines) and on the 

CB7-B2 complex (dashed lines). Error bars provide the standard errors of the means, 

computed by blocking analysis (see Methods).
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Figure 7. 
Scatter plot of the average number of Na+ ions displaced from the 4–5 Å region on binding 

of B2 to CB7, against the difference in the computed binding enthalpy from that in the 

absence of dissolved NaCl.
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Figure 8. 
Scatter plot of the mean number of Na+ ions in a 4–5 Å spherical shell centered on free CB7, 

versus (a)the reciprocal of the dielectric constant of the water model used in the 

simulation33; (b) the hydration free energy of Na+ for the TIP3P, SPC/E, and TIP4P-Ew 

water models34. Data on the y-axis pertain to simulations at 100 mM NaCl, but similar 

results are obtained at higher concentrations.
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