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Abstract: Potentials of mean force (PMF) between all possible ionizable amino acid side chain pairs in
various protonation states were calculated using explicit solvent molecular dynamics simulations with
umbrella sampling and the weighted histogram analysis method. The side chains were constrained in various
orientations inside a spherical cluster of 200 water molecules. Beglov and Roux’s Spherical Solvent Boundary
Potential was used to account for the solvent outside this sphere. This approach was first validated by
calculating PMFs between monatomic ions (K*, Na*, CI~) and comparing them to results from the literature
and results obtained using Ewald summation. The strongest interaction (—4.5 kcal/mol) was found for the
coaxial Arg™...Glu™ pair. Many like-charged side chains display a remarkable lack of repulsion, and
occasionally a weak attraction. The PMFs are compared to effective energy curves obtained with common
implicit solvation models, namely Generalized Born (GB), EEF1, and uniform dielectric of 80. Overall, the
EEF1 curves are too attractive, whereas the GB curves in most cases match the minima of the PMF curves
quite well. The uniform dielectric model, despite some fortuitous successes, is grossly inadequate.

Introduction ones!?® Salt bridges also affect the kinetics of protein folding
and proteir-protein associatio#

Salt bridges are thought to play an important role in protein One fundamental measure of the interaction between solutes

stability and proteirprotein interactions. Perutz attributed the ;.\ <ojution is the potential of mean force (PMF), i.e., the free

enhanced stability of a thermophilic ferredoxin compared to a energy as a function of the configuration of the solutes.
mesophilic analogue to the increased number of surface saltthaoretical calculation of the PMF is not a trivial task.

bridges! However, the free energy contribution of salt bridges - ggpecially crucial in the case of charged species is the treatment
remains controversial. Experimental measurements in peptideqs long-range interactions. Several groups have calculated the
and protein models yield a net stabilization ranging fro@.5 PMF between monatomic or small molecular ions in water.
to —5 kcal/mol?~8 Other experiments report partly buried salt Friedman and Mez& used adaptive umbrella sampling with
bridges to be destabilizing by 2 to 4 kcal/ntéf Apparently, Monte Carlo (MC) simulations to calculate the NaCl- PMF.

the net effect of a salt bridge is a delicate balance between theThey concluded that both the number and the depth of the
high cost of desolvating the ions and the interionic attraction. minima vary significantly when different boundary conditions
Even if salt bridges are destabilizing, they provide specificity, are used. In their molecular dynamics (MD) free energy
i.e., they limit the number of low free energy conformations calculations, Rozanska and Chiffostudied the guanidinium-
and thus can be used in the rational design of protéifsin acetate interaction in water using 3 different boundary condi-
addition, they may increase the thermostability of proteins tions: Ewald summation (EW), generalized reaction field
because the desolvation penalty for the ionic side chains correction, and conventional spherical truncation. EW gave a
decreases at high temperature more than that for hydrophobicphysically reasonable result with a relatively flat PMF in the 8
to 11 A range and a contact minimum (CM) more stable than
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the solvent-separated minimum (SSM). The conventional cutoff
yielded a PMF that was about 6 kcal/mol lower than the EW
PMF at 9 A, and kept decreasing beyond 10 A. The use of a
reaction field correction brought the PMF closer to that from
EW. Cutoff artifacts were also noticed in a study of the PMF
between ferrous and ferric ioASWith Ewald summation the
PMF was monotonically repulsive. A decreasingN&I- PMF
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at 6-7 A was also found in MC simulations with periodic/
minimum image boundary conditioA%Particle Mesh EW in
conjunction with the thermodynamic integration method on the
aqueous Na...CI~ system yielded a physically reasonable flat
PMF in the range 6 9 A and two stable minima (CM
significantly more stable then SSN§.

proteins. For the guanidiniurrhydrophosphate ion pair they
found the effective energy of bringing the ions together at fixed
orientation to be—3.8 kcal/mol. The binding free energy of
the unconstrained ion pair in solution, which involves thermal
averaging, was found to bel kcal/mol (about twice as large
as the experimental value), and the guanidinithpdrophos-

The PMFs for like charged ions are somewhat controversial phate contribution to the binding affinity of a heguest
and are sensitive to the short-range behavior of the potentialscomplex was found to be-2.5 kcal/mol (almost exactly
and the boundary conditions. Pettitt and Rossky obtained amatching the experimental estimate). Somewhat weaker stabiliz-

minimum ofw = —0.85 kcal/mol for the Cl...CI~ ion pair in
their RISM/HCN study?® This result was reproduced by MD
simulations?-22The existence of Cl..CI~ as a stable aqueous

ing effects of the salt bridge were found for the oppositely
charged side chains at { + 4) positions of helical peptides.
These results show that the salt bridge becomes stronger when

species has been explained by the stabilizing effect of the partially constrained by the covalent environment and that the

hydrogen-bonded bridges @QHOH),CI~, which can overcome
the Coulombic repulsio??23 However, Hummer et al. found
no CI...CI~ pairing in their simulatior®2> and Yu et ak®
obtained only one local minimum af = 0.3 kcal/mol atr =
4.0 A for the Cr...CI- ion pair, when they used a harder
repulsive LennargdJones potential for this interaction within
the DRISM/HNC theory. The crucial role of the potential used
was confirmed by Dang and PetfittGuadia et al?® also found
an unstable local minimum for CL.CI~ and pointed out the
unphysical consequences of a deep minimum for twoi@hs.
Zhong and Friedm&Aalso found that using the attractive PMF

effective energy gives an upper estimate for the free energy of
salt bridge formation.

Simple implicit solvation models that neglect packing effects,
such as uniform dielectric screening or GB, predict only one
minimum on the effective energy curve. However, empirically
parametrized models based on solvent accessible surface area
and a penalty for excluded volume were shown to reproduce
the PMF obtained in explicit simulatiori$:42 PB models can
also predict a double-minimum PMF for oppositely charged (but
not like-charged) ion pairs if the dielectric boundary is defined
in a certain wa$? but guantitative agreement can only be

of Pettitt and Rossky led to disagreement of the calculated achieved with careful parametrizati6hA parametrization for

diffusion coefficient of Ct...CI~ ion pairs with experiment.
Kovalenko and Hiraf®3*used elaborate 3D-RISM treatments
and also found unstable local minima on PMFs for.CCI~
and N&...Na". Buckner and Jorgens&used MC simulation

the solvation free energy of molecular ions based on PB plus a
solvent accessible surface area component was proposed by
Honig and co-worker$ and extended to high temperatures by
Elcock and McCammoff Detailed description of the boundary

and the TIP4P water model and found no minimum on the PMF between low-dielectric molecular interior and high-dielectric

between tetramethylammonium ions, whereas the.ClI~ ion
pair had a minimum ofv = —4.5 kcal/mol atr = 5 A. Using
similar methodology, guanidinium ions were found to have a
stable minimum ranging from-10 kcal/mol (with the TIP4P
water modeB®to —2.7 kcal/mol (with the polarizable SPC water
model)3*

Application of implicit solvation models allows the study of
larger systems, including proteins. Solutions of the linearized
Poissor-Boltzmann (PB) equatidA gave insights into elec-
trostatic effects in rigid conformations of proteitfs’ The more
computationally efficient Generalized Born (GB) modedl-
lowed Gilson and co-worketsto explore the entire conforma-
tional ensemble of salt bridges in isolated ion pairs and in
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solvent allowed the reproduction of both CM and SSM for
ethylammonium-acetafé. Ab initio calculations on small
organic ions with the polarizable continuum model or variants
thereof have also been report€d?®

Our long-term interest is in the development of effective
energy functions for biological macromolecufésin these
energy functions electrostatic interactions, and especially charge
charge interactions, make the largest contributions. Therefore,
the proper description of such interactions is critical for the
success of the function. One simple test is to compare the results
of an effective energy function to PMFs obtained by explicit
solvent simulations. To that end, we report here the PMF
between ionizable amino acid side chains (Arg, Lys, His, Glu/
Asp) in water. The results were obtained using the Spherical
Solvent Boundary Potential (SSB®)Because this potential has
not yet been used for PMF calculations, it is first validated by
calculating the PMFs of monatomic ions {KNa", CI~) and
comparing them to previous results and to results obtained using
Ewald summation. The calculated PMFs are compared to
effective energy curves obtained with three common models
implemented in CHARMM: Generalized BoPhEEF152 and
uniform dielectric of 80 (primitive electrolyte model).
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Methods 61 : —
! ——Ka
All calculations were performed using the CHARMM program 5 1 e
(version c28b0 or c28a4) with the polar hydrogen CHARMM 19 force \ s
field>354for the side chains and the CHARMM 27 force field for K 4 I
(0 =3.143 A,e = 0.087 kcal/mol), N&(o = 2.43 A, ¢ = 0.047 kcal/ . \ :

mol), and CI (¢ = 4.045 A, e = 0.150 kcal/mol). The TIP3P model
was used for water, as this model’s macroscopic dielectric permittivity
was estimated to be = 82, close to the experimental valtfe.

For polyatomic ions the PMF is a function of distance and the relative 1 ‘
orientation of the ions. The ideal would be to calculate a multidimen- \ l

PMF (Kcalimol)
L]
I —

i

haa s L PSPt

sional PMF. Because this is computationally prohibitive, we sampled o
one or more well-defined orientations and used the distance between

the nearest heavy atoms as a reaction coordinake all cases the - ——
ions were constrained to move on a straight line. The PMFs were
. . . . -z
calculated using Umbrella Samplifgas implemented in CHARMM! ) ) P 0 1 e 1 S e 0 6 e 9 €6 e 1 €6 e € P ) 43P ) € P

TONANNNOOOIOIOYTT T TNONUNODEEEN O OooDOHamnhoooo

In this method the system is constrained to a narrow range of the N
r

reaction coordinate by application of a quadratic biasing poteviral o
= kam(r — ro)2 The frequency distributiof(r) for each windowi is Figure 1. PMFs between the K Na", and CI ions in a 200 water cluster

then converted into free energy using the formula with the SSBP boundary condition.

some water molecules polarized by one ion to avoid unfavorable
interactions with the other ion. The results reported here were performed
using “extended electrostatics”, where interactions beyond the cutoff
wherekg is Boltzmann’s constant, ar@ is an undetermined constant.  are treated using a multipole moment approximatfowe also

To cover the range of interest (3 to 9 A) 7 windows were typically performed a calculation of the same PMF in a cubic box of 31.1 A
used (centered at 3, 4, 5, 6, 7, 8, and 9 A), and a MD run of 200 ps (995 water molecules) using Ewald summation and the same real space
was performed for each window. This allows us to obtain data up to a cutoff as above. The computational cost of the Ewald or large sphere
distance of about 10.5 A. Initially, umbrella potentials Wik, = 1 calculations was about 30 times that of the small sphere calculations.
kcal/A2 were applied in all windows. In some cases, this force constant
was found insufficient to sample near the top of high energy barriers Results and Discussion

and additional simulations were performed uskgg, = 4 or 7 kcal/ The PMFs between the ions"KNa', and CI obtained using
2 i H )
A2 centered at the barrier. The results were postprocessed using theSSBP in a 200 water sphere are shown in Figure 1. All PMFs

weighted histogram analysis method (WHAR).In this method . . .
histogramdP;(r) obtained in each window are combined and the factors are well behaved at long distances, i.e., they are quite flat from

C: are iteratively fit to yield an optimal solution that satisfies the 6.5 10 10 A. The unlike charged pairs Na CI~ and K'... CI”
continuity constraint. The resulting PMF was shifted vertically to match  €xhibit a well-defined contact minimum and a less structured
the values predicted for dielectric continuum witk= 80 at the longest solvent separated minimum. The like charged pairs.N&la',
possible distance (typically 9.5 to 10.5 A). Cl~... CI, and K"... K" exhibit shallow contact minima with

All pairs of ionizable amino acid side chains (up ) @ere studied. slightly positive energies. These PMFs are qualitatively similar
The side chains were constrained to remain in specific orientations. A to those previously obtained in the literature. Quantitative
spherica_l Wat_erclusterof 200 r_nole(?ules (r_adius 11 A) was built centered comparison is difficult since those studies employ different
?;rt:‘r?e”;fﬁ&%ﬁg?ﬁggggi?ﬁgéﬁ;iaa'ré :S ;E:i(:lrl Ogﬁ?nf‘e ‘r’;ifi;f?n potentials for the ions and/or water. The largest amount of data

’ g y are available for the NaCl system. OurNaCl~ PMF is similar

the cluster. The water molecules were subject to the Spherical Solvent .
Boundary Potential, parametrized to reproduce the electrostatic and vant0 that reported by Smith and Daffigand Lyubartsev and

der Waals effect of bulk water at constant press@ll calculations Laaksonen at 0.5 M concentratiBhexcept for a deeper CM
were performed with the center of mass of the two ions harmonically @nd a higher barrier between CM and SSM in the present study.
constrained to the center of the sphere. This is consistent with the formalMartorana et at? found an even deeper CM and a more shallow
definition of SSBP which implies that the solute is kept at the center SSM. Degreve and da Sil%%also found a more shallow SSM
of the explicit solvent region (practically, the ions would absorb to the and a CM less deep than that of the present study. The.Na
boundary if they were completely free to move). These constraints were Na© PMF obtained here is slightly more repulsive and less
implemented using the GEO command in CHARMM. structured than that calculated previoug§1.620ur CI-... CI-

To check the dependence of the results on the size of the sphereppE is slightly less repulsive than that of Lyubartsev and
we also performed a calculation of the Na CI- PMF in a larger Laaksonen at 0.5 M concentratfdrand Guardia et &8 and

sphere with 1653 water molecules (radiu23 A). Initially we . .
employed the same nonbonded cutoff as in the small sphere andSllghtly less attractive than that of Degreve and da Siva.

obtained a PMF continuously decreasing at long distances, as observed Figure 2 compares the PMFs obtained for'NaCl~ in' the
previously!® This is presumably due to the fact that truncation allows 200 water sphere with SSBP, a 1653 water sphere with SSBP,
and a 31.1 A cubic box using Ewald summation. The results

Eg%g E:nglrr:&/ls B.Tl}l.};< e?rr;lglés'M%rl(;féilrgigpggséscgg? B999 103, 3765. are quite similar. The CM with Ewald summation is the deepest
(53) Brooks, B. R. Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan, and that of the small sphere the most shallow. There is also

S.; Karplus, M.J. Comput. Cheml983 4, 187. some difference between the SSBP and Ewald results around 6
(54) Neria, E.; Fischer, S.; Karplus, M. Chem. Phys1996 105, 1902.

(55) Kusalik, P. G.; Svishchev, |. M5ciencel994 265,1219.

Wi(r) = kg Tin(P(r)) — Vi(r) + C,

(56) Torrie, G. M.; Valleau, J. Rl. Comput. Phys1977 23, 187. (59) Stote, R. H.; States, D. J.; Karplus, WM.Chim. Phys1991, 88, 2419.
(57) Kottalam, J.; Case, D. Al. Am. Chem. S0d.988 110, 7690. (60) Smith, D. E.; Dang, L. XJ. Chem. Phys1994 100, 3757.
(58) Kumar, S.; Bouzida, D.; Swendsen, R. H.; Kollman, P. A.; Rosenberg, J. (61) Lyubartsev, A. P.; Laaksonen, Rhys. Re. A 1997, 55, 5689.

M. J. Comput. Cheml992 13, 1011. (62) Degreve, L.; da Silva, F. L. Bl. Chem. Phys1999 110, 3070.
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NP OOOOTTTTTORO00O000OREEREORe880ee222228 (a) collinear approach.is the distance between the NZ of Lys and the CD
r of Glu. (b) side-to-side approachis the distance between the NZ of Lys
Figure 3. PMF and effective energy curves for the ArgGlu ion pair. and the OE of Glu.

r is the distance between the OE atoms of Glu and the NH atoms of Arg.

. ~ CG atoms of Glu are constrained to be on the same line. In the
A. Clearly, these differences could be partly due to statistical second (sideways) orientation, the NZ, HZ1 atoms of Lys and
uncertainty (sampling error) and should be analyzed in more CD, OE1 atoms of Glu are constrained to be on a line; the CD,
detail by performing longer simulations and varying the Nz, HZ1 atoms of Lys and the carboxyl are constrained to be
parameters of the simulations. For the purposes of this work, on the same plane. The CMis= —2.4 kcal/mol in the head-
however, the quality of the small sphere results appears to-head orientation anét1.2 kcal/mol in the sideways orienta-
satisfactory. All the remaining calculations were performed using tion. EEF1 overestimates the CM in the linear H-bonding

the 200 water sphere. orientation, but closely matches it in the head-to-head orienta-
The PMFs between molecular ions that correspond to amino tion. GB is within 1 kcal/mol from the correct value in both
acid side chains are reported on Figuresl3 (lines with orientations. The uniform dielectric = 80 overestimates the

markers). Most structured is the PMF of unlike-charged ions CM in both orientations.
Arg*...Glu™ for a coplanar, double H-bond forming approach The PMFs for the His...Glu pair in a linear H-bonding
(Figure 3). In this calculation the guanidinium and acetate orientation are shown in Figure 5a for protonated His and in
moieties are constrained to be on the same plane and the atomgigure 5b for neutral His. Here the two molecules are kept on
CZ, NE of Arg and CD, CG of Glu are constrained on a line. the same plane and the atoms CD, OE2 of Glu and ND1, HD1
The CM and SSM ofv = —4.5 kcal/mol atr = 2.8 A and and the center of the CD-NE bond of His are constrained on a
—2.3 kcal/mol ar = 5.2 A, respectively, as well as the barrier line. It is interesting that the CM is deeper for the neutral
of 7.7 kcal/mol for escape from CM are in qualitative agreement histidine (-2.5 vs —1.2 kcal/mol). Bothe = 80 and GB
with results obtained using Ewald summation and the AMBER overestimate the CM for His(no EEF1 model is available for
force field'® for guanidinium-acetate (our CM is deeper). The protonated histidine). The CM for neutral His is overestimated
GB and primitive models closely approximate the depth of the by EEF1, underestimated by GB, and matched: by 80.
CM, whereas EEF1 overestimates it significantly. The remaining results deal with like-charged ions. In this case,
Another pair of unlike charged ions (Lys.Glu™) in two the most probable orientation is less obvious. Dimerization of
different orientations is reported on Figure 4a,4b. In the first planar molecules often occurs in one of two orientations:
(head to head) orientation the NZ, CE atoms of Lys and CD, stacked and orthogonal. Although orthogonal structures may be

J. AM. CHEM. SOC. = VOL. 125, NO. 7, 2003 1725
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more stable in a nonpolar environméhstacking was reported R \ h'“.. J/NH "

to be preferred in PMF calculations of two guanidinium #fns 1"'-5__ e ot

and the neutral pair Trp...His in aqueous solufidim this work, g’

we consider three possible orientations: stacked, orthogonal, £ © T e ARaaanasaeaas

and coplanar. £ LN t /

The results for two Arg side chains are shown in Figure \ /

6a,b,c. In Figure 6a, the two ions approach in a stacked, “ \ /

antiparallel (staggered) orientation. This arrangement is often -6

observed in crystal structurés® The distance between two 8 \/ ——

molecules is allowed to vary but the orientation remains fixed
(in contrast to previous wofk34). We find a shallow CM of RO ERONTeRONTERONTERONTORONTERONY
less than 1 kcal/mol and a slightly deeper SSM. The CM found r (A
here is weaker than those previously reported for two guani- rigure 6. PMF and effective energy curves for the ArgArg* ion pair.
dinium ions, which ranged from-10 kcal/mol to—2.7 kcal/ (a) stacking approach.is the distance between the CZ atoms. (b) collinear
mol, depending on the water mod&84 GB comes closest to approachr is the distance between the NH atoms. (c) orthogonal approach.
the MD results, whereas= 80 is too attractive and EEF1too ' ° the distance between the NH atoms.
repulsive.

An alternative coplanar approach of two Argpns (Figure
6b) has a CM of about the same energy as infinite separation
and a 3.5 kcal/mol barrier for escape from it. Naturally, none
of the continuum models reproduce this local minimum.
However, a smoothing or coarse-graining of the MD results

would produce curves similar to those of EEF1 and GB; this
interaction is essentially repulsive. The primitive model is

grossly in error because it is dominated by attractive van der
Waals interactions.

Orthogonal approach of two Arg is shown in Figure 6c. Here,
the two guanidinium moieties are perpendicular to each other
with the HH atoms of one interacting with the NH atoms of
the other. This approach produces only a shallow local minimum
at about 5.7 A. As reported previouslyEEF1 erroneously

(63) Gervasio, F. L.; Chelli, R.; Marchi, M.; Procacci, P.; SchettinoJ\Phys.
Chem. B2001, 105, 7835.

(64) Magalhaes, A.; Maigret, B.; Hoflack, J.; Gomes, J. N. F.; Scheraga, H. A.
J. Protein Chem1994 13, 195.
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Figure 7. PMF and effective energy curves for the HisHis" ion pair.

(a) stacking approach.is the distance between the centers of mass of the
two rings. (b) collinear approachis the distance between the two N atoms.
(c) orthogonal approactn.is the distance between the two N atoms.
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Figure 8. PMF and effective energy curves for the HidHis™ ion pair.r
is the distance between the two N atoms
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Figure 9. PMF and effective energy curves for the MisHi® ion pair.r
is the distance between the two N atoms.

MD results, although it rises too fast at short distances. The
coplanar approach (Figure 7b) has a stable CM of abdut
kcal/mol and lacks a SSM. GB does not reproduce this stable
CM. In the orthogonal approach (Figure 7c), the two rings are
perpendicular to each other and the ND1, HD1 atoms of one
ring approach the NE2 atom of the other ring. Here, only a
shallow SSM is observed, with GB capturing correctly the
overall repulsive interaction. Figures 8 and 9 show the results
for the linear approach when one or both His are neutral. These
two PMFs are similar to each other but differ from the PMF of
two protonated His (Figure 7b). Neutralization of at least one
His is necessary for close contact and a SSM. For the neutral
pair EEF1 overestimates the CM, whereas GB either slightly
underestimates or slightly overestimates it. Here, the primitive
model is a pretty good approximation.

predicts a favorable interaction in this orientation, whereas GB  The PMF for the Ard...Hist pair in three orientations is

is repulsive and not far from the MD results. Again, the primitive
model is too attractive with a CM at very short distances.
We also considered 3 different orientations for the pair

shown in Figure 10a,b,c. In the stacking orientation the CM is
unstable and the SSM slightly stable. Coplanar approach
produces a slightly stable CM and orthogonal approach produces

His™...His". In the stacking approach (Figure 7a) the center of an unstable SSM. The GB curves are monotonically repulsive
mass of the two rings is constrained on a line and the orientationbut not far from the MD data, and= 80 predicts large, stable
of the two rings is kept the same (parallel). This approach contact minima.

produces two shallow local minima of about 0.8 kcal/mol (CM)

The PMF for the H-bond between Lysand neutral His

and 0 kcal/mol (SSM). Again, the GB model goes through the (Figure 11) has a repulsive CM @f = +0.8 kcal/mol and a
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) . s .
between the two N atoms. Figure 12. PMF and effective energy curves for the tysHis" ion pair.

r is the distance between the two N atoms. (a) collinear approach. (b)
o orthogonal approach
solvent-separated minimum @f = 0.4 kcal/mol. Both EEF1

ande = 80 predict the contact pair to be stable, whereas GB . .

predicts a monotonic repulsion that rises too fast at short 'ePUlSive ande = 80 too attractive. An orthogonal approach

distance. The pair Lys..His* in both linear (Figure 12a) and ~ for the same ion pair (Figure 13b) bringing close oppositely

orthogonal (Figure 12b) approach has only one shallow unstablecharged atoms gives a very flat PMF. EEF1 ar 80 are too

minimum closely approximated by GB. attractive while GB is too repulsive. The PMFs for H-bonded
The Glu...Glu™ pair in a head to head approach (Figure 13a) pairs GIf...GIW? (Figure 14) and GRi..Glu™ (Figure 15) are

has a broad and marginally stable CM around 3.8 A. The depth very similar with a contact minimum of about2 which is best

of the minimum is best predicted by EEF1, whereas GB is too described by = 80. EEF1 is too attractive for the GluGI
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Figure 14. PMF and effective energy curves for the GILGIL® ion pair.
r is the distance between the O atoms.

pair but a good approximation for the GluGlu~ pair. GB is
too repulsive for both.
The PMF for like-charged ion pair Lys..Lys" (Figure 16)

PMF (Kcal/mol)

Figure 15. PMF and effective energy curves for the GILGIL ion pair.
r is the distance between the O atoms.
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Figure 16. PMF and effective energy curves for the ttysLys" ion pair.
r is the distance between the NZ atoms.

and a barrier, the PMF is captured by the monotonically
repulsive curves predicted by EEF1 and GB. The PMF for out
of plane approach in the same system (Figure 17b) has a slightly
stable minimum. EEF1 and= 80 match its depth but not its
location, whereas GB is too repulsive.

Conclusions

The SSBP boundary potenfigigives for monatomic ions
results that are physically reasonable and comparable to those
obtained by other methods, at very low computational cost.
Therefore, it seems a reasonable approach for calculating PMFs
in biomolecular systems. In this work, it has been applied to
obtain PMFs between charged amino acid side chains at given
orientations. The strongest interaction was found for the coaxial,
double H-bond forming Arg...Glu~ approach. The contact
minima of the PMFs obtained may serve as lower bounds for
the free energy of completely exposed salt bridge formation.
We also found a remarkable lack of repulsion between like
charged side chains. Indeed, a slight attraction was observed in

has a shallow SSM at 5.2 A, whereas GB and EEF1 are Some cases. This counterintuitive result depends on the balance

monotonically repulsive. Local minima at® A have been
observed for sideways orientation in Lys containing pepfieilés.

A similar situation is observed for planar approach of Lys

between Coulomb and solvation effects and was first observed

(65) Vila, J. A; Ripoll, D. R.; Villegas, M. E.; Vorobjev, Y. N.; Scheraga, H.
A. Biophys. J.1998 75, 2637.

Arg™ (Figure 17a). Apart from an unstable, shallow minimum (66) Villarreai, M.; Montich, G.Protein Sci.2002 11, 2001.
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(a) collinear approactn.is the distance between NZ of Lys and the midpoint
of the NH-NH vector in Arg. (b) orthogonal approachis the distance
between NZ of Lys and CZ of Arg.

in the CI-CI system for certain interaction potentidfsNev-
ertheless, the attractions are weak.

Table 1. Performance of the Three Implicit Solvation Models with
Regard to the Depth of the Contact Minimum

lon pair EEF1 GB €e=280
Glu ... Argt(head) A v Vv
Glu~ ... Lyst(head) v v A
Glu™ ... Lys*(side) A a a
Glu~ ... His*(head) A A
Glu~ ... His(head) A r v
Arg* ... Arg*(stack) R v A
Arg* ... Argt(head) v v A
Arg* ... Arg*t(orth) AA v A
His* ... His*(stack) Vv A
His™ ... His"(head) R A
His* ... Hist(orth) v A
Hist ... His(head) N v
His ... His(head) A v Vv
Argt ... Hist(stack) v A
Arg* ... Hist(head) v A
Arg* ... Hist(orth) v A
His ... Lyst(head) AA v A
His* ... Lyst(head) v A
His" ... Lys*(stack) v A
Glu ... Glu(head) v R A
Glu™ ... Glu(orth) A R A
Glu™ ... GltP(head) v R v
Glw ... Gle(head) A v v
Lyst ... Lyst(head) v v A
Arg*... Lyst(head) v v A
Arg*... Lyst(orth) v R v

V1 good, A: too attractive, R: too repulsive, a: somewhat attractive,
r: somewhat repulsive, AA: much too attractive.

(and sometimes fortuitously close to the simulation result), or
incorrectly (for some like charged pairs which are repulsive at
any distance). The model that comes closest to the simulation
results is the GB model. However, in some cases it predicts the
CM to be weak, or no minimum at all (the most striking example
is GILP...Glu™). The EEF1 model overestimates the CM in many
cases of unlike charged pairs, neutral H-bonds, and especially
for out-of plane approach of some like-charged pairs. This
deficiency of EEF1 could perhaps be rectified by reducing the
polarity of the pseudoionic side chains. A study of the PMFs
between two or three methane molecules showed that EEF1

The performance of the implicit solvation models considered reproduces the contact minima quite wgll.

in this work is summarized in Table 1. All continuum models

It is hoped that the results obtained here can be used as a

predict only contact minima (if any) for all the salt bridges and benchmark for parametrization and testing of implicit solvation
H-bonded pairs. The inability of these models to reproduce the models. An Excel file with all numerical results are available
oscillations in the PMF is understandably due to their neglect from the authors upon request.

of the discrete nature of the solvent. Whether this deficiency is
critical is an open question. It is more likely to affect the kinetics,

rather than the thermodynamics of associaffolhe uniform
dielectric model ¢ = 80) is dominated by van der Waals
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