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lon pair interactions in aqueous solution and the role of explicit water molecules have been investigated
using ab initio self-consistent reaction field (SCRF) calculations with and without some explicit water molecules.
Both the Polarizable Continuum Model (PCM) and the Self-Consistent Isodensity surface Polarizable
Continuum Model (SCIPCM) were used for this study. The results suggest that the inclusion of explicit
water molecules on hydrogen bonding sites on a solute and the use of a continuum model to complete the
hydration environment is more accurate than a continuum model alone. This procedure is also computationally
more economical than an explicit bulk water model to represent ion pair interactions in aqueous solution.
The results also demonstrate that the SCIPCM method is superior to the PCM method for the interaction of
ion pairs, and that the PCM method should not be used for oppositely charged ion pairs until further
improvements are introduced.

1. Introduction ion pairs in aqueous solution are attractive, to study the role of

Charged groups on the exterior of folded proteins behave quitesome explicit water molecules. After extensive calculations with
differently from those in the interior of the folded protein e PCM method with some explicit water molecules, we found

because of the presence of water molecules that play a cruciafhat there are problems with this method for the interaction
role in determining the structure and function of biological P€tween oppositely charged molecules, as already indicated. For

molecules: Although ion pairs observed in proteins are mainly thiS reason, we introduced the SCIPCM method with and
oppositely charge®;” pairings of like-charged groups have W!thout explicit water molecules, and the results are compared
often been found in crystal structured2 Several computational ~ With the results from the PCM method.
approachéd-21 to the hydration of ion pairs, based on semiem-  In this paper, we show (1) how ions interact with each other
pirical or empirical potential energy functions, have indicated in pairs in aqueous solution and how the interactions differ from
that the stability of hydrated like-charged ion pairs becomes those in the gas phase, (2) what the role of explicit water is
more favorable as the ions approach each other because thevhen the solute molecule has a hydrogen-bonding site in a
network of water molecules stabilizes clusters of like charge. continuum solvation model (this is accomplished by using some
In this work, we have investigated the stability of ion pairs in explicit water molecules hydrogen-bonded to the solute), and
aqueous solution and the role of explicit water molecules using (3) how the description of the interactions within ion pairs in
the Polarizable Continuum Model (PCR)and the Self-  aqueous solution is improved compared with that when the PCM
Consistent Isodensity Surface Polarizable Continuum Model or SCIPCM method is used without explicit water molecules.
(SCIPCM)Z which are based on ab initio quantum mechanical We also show what the relative accuracies of the PCM and
molecular orbital calculations and have been used widely. SCIPCM method are and which method should be used for
The PCM method has been quite successful and works well treating interactions between ionic species.
in treating neutral moleculé’4;?> single ions%%27 pK, calcula-
tions?28 and 2 reactiong®3°Some calculatior’d-32have been
carried out for a single solute with the PCM model, plus explicit 2 Models and Technical Details
water molecules. Recently, hydration energies have been
reported for ion-pair interactions using the PCM metkoH, o o
but they show nonphysical behavior; for example, when Acetate and methylammqnlum ions were chgsen as simplified
oppositely charged molecules interact, their hydration energy M0dels for the ionizable side chains of proteins such as Asp,
is positive (i.e., repulsive) and does not converge to zero at long Glu, and_ Ly_s. To start the calculations Wlth reliable geometries
distances of separation of the interacting solutes. Initially, we for the ionic monomers, the geometries of the acetate and
tried to use the PCM method to extend our calculations of ref Methylammonium ionic monomers were optimized in the gas

33, which showed that the interactions between liked-charged Phase with a 6-31#+G** basis set at the MP2 level of
quantum theory using Gaussian94Vith these geometries, the
* To whom all correspondence should be addressed. Tel.: 607-255-4034. interaction energy was calculated with a 6+3#G** basis set
FAféoﬁgzl'lza‘r‘]'igros?{y?'ma": hasS@cornell.edu. at the Hartree Fock (HF) level of quantum theory for the three
*Soong Sil University. types of ion pairs at various solutgolute distances, defined
8 Member of the Center for Molecular Science, Korea. in Figure 1. The results would not be different if HF/6-
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a b The stabilization energy of an ion paEi’fB(rAB), is defined
as

NS e AN Sy S Ex”6(Tas) = Ex-g(ag) — (Ex + Eg) (1)
C
/

H H i H where A and B represent the ions A and B, respectively; X is
" Q the index to designate the phase (i.e., GAS, GAS/W, PCM,
;f\H PCM/W, SCIPCM, or SCIPCM/WY;xg is the distance between
ions A and B as defined in Figure E,’i_B(rAB) is the energy of
9 the ion pair at the separationg in phase X; ancEx and Ex
are the energies of ions A and B, respectively, in phase X. The
sum of EX and E} corresponds to the reference state of the
energy of ion pair A-B in phase X. The superscript S stands
— for stabilization energy

H—o 3. Results and Discussion

The stabilization energies of the ion pairs (ACAC, AMAM,

H ACAM) in one set of phases (GAS, GAS/W, PCM, PCM/W)
o/ are plotted against the interionic distances in Figure 2, and in
another set of phases (GAS, GAS/W, SCIPCM, SCIPCM/W)

/ Feeren Y/ are plotted in Figure 3. For comparison, GAS and GAS/W data
SN / C are plotted for both sets.
- Instead of considering all possible orientations of the water
A molecules, we used a symmetry constraint for the water
H molecules, as shown in Figure 1c. Most of the irregularities in
Figure 1. lon pairs with symmetric water bridges. (a) acetsdeetate the curves arise from the symmetry constraint. The irregularities
(ACAC); (b) methylammoniummethylammonium (AMAM); and (c) that can be seen for ACAM with GAS/W at distances between
acetatemethylammonium(ACAM). As illustrated in (c), which glso 8 and 10 A in Figure 2c and 3c arise from the interaction
applies to (a) and (b), when the solutes move apart, each retains onlypanveen water molecules. Because a constraint is applied,
one hydrogen-bonded water molecule. b hi tai | hvd -bonded t

ecause each ion retains only one hydrogen-bonded water

molecule, we broke the interaction between water molecules.
When we did not apply such a constraint, the acetate ion carried
§wo water molecules at distance<.0 A, whereas the methyl-
ammonium ion carried none because the interaction between
waters is stronger than that between water and methylammo-

31++G** geometries or any experimental geometries were used
because the geometries of the monomers in the interactions wer
fixed during the calculations of the interaction energies. The
solvation energy depends directly on the cavity surface of the
molecule rather than on the geometry. The differences in cavity nium.

surface.between th.e.geometries from the different levels of Because gas-phase geometries (GAS/W) were used for the
calculation are negligibly small. solvation energy calculations (PCM/W and SCIPCM/W), the
Our goal here is to show that a pair of two like-charged ions points on the curves for PCM/W and SCIPCM/W may not be
can exhibit an energy minimum at a short distance rather than connected to the minimum energy path, which led to the
to show the exact amount of energy involved. Better energies irregularities in the PCM/W and SCIPCM/W curves.
would be obtainable by considering the basis set superposition |5 Figure 2a, the stabilization energies of ACAC are plotted
error or a higher level of quantum mechanical theory, but there ggainst the interionic distances,..c. Although GAS/W shows
would probably be no difference in the trends. Because the 3 minimum at 6.5 A with an energy of 51.2 kcal/mol, both
electrons in the ions are highly polarized (polarizable) and GAS/W and GAS show that the complex is very repulsive at
diffused (diffusable), we used more polarization and diffuse short distance and the energy goes to zero as the distance,
basis sets rather than a higher level of theory such as MP2 ory._. goes to infinity. PCM is much lower in energy but still
a basis set superposition error correction. shows a repulsive behavior at short distances. PCM/W shows
Six types of calculations were carried out in the gas phase a minimum at 6.4 A, with an energy ef3.7 kcal/mol. In Figure
and/or in aqueous solution: (1) only ion pairs in the gas phase 2b, AMAM shows the same tendency as ACAC in Figure 2a.
(GAS), (2) ion pairs with explicit water molecules in the gas In Figure 2c, the energies of GAS and GAS/W for ACAM
phase (GAS/W), (3) ion pairs in the PCM (PCM), (4) ion pairs are very attractive, with energies 6f116.6 kcal/mol at 2.9 A
with explicit water in the PCM (PCM/W), (5) ion pairs in the and—107.6 kcal/mol at 3.2 A, respectively, whereas PCM and
SCIPCM (SCIPCM), and (6) ion pairs with explicit water in  PCM/W are repulsivex0 kcal/mol), with energies of 14.9 kcal/
the SCIPCM (SPCICM/W). Both the PCM and SCIPCM are mol at 3.3 A and 12.9 kcal/mol at 3.6 A, respectively. This
continuum models only. When explicit water molecules were result implies that the oppositely charged ion pair (ACAM) is
used in the GAS/W, PCM/W, and SCIPCM/W calculations, very unstable in aqueous solution, which is physically unrealistic
each solute carried one water molecule at various interionic for two reasons. First, in general, solvent-exposed salt bridges
distances (illustrated in Figure 1c), and the position of the water seem to play a role in stabilizing proteins, though small
was optimized with a 6-3t+G** basis set at the HF level of  compared with the contributions from salt bridges that are
quantum theory in the gas phase (GAS/W) while the geometries completely or partially burie@-3° and solvent-exposed salt
of the ions and water were fixed; the geometries were then usedbridges still contribute to the stabilization (perhaps reflecting
for the PCM/W and SCIPCM/W methods for the solvation the presence of the nearby low-dielectric protein). Also, although
energy calculations. pairings of like-charged groups have often been found in crystal
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Figure 2. Stabilization energyeSXin the various phases (GAS, GAS/ W, SCIPCM, and SCIPCM/W) of (a) acetate pair (ACAC), (b)
W, PCM, and PCM/W) of (a) acetate pair (ACAC), (b) methylammo- Methylammonium pair (AMAM), and (c) acetatenethylammonium
nium pair (AMAM), and (c) acetatemethylammonium pair (ACAM). pair (ACAM).

structures of proteins, the majority of ion pairs observed in of PCM and PCM/W should converge to zero as the distance
proteins are oppositely charged,which means that the pairing  goes to infinity because we define the reference state as the
of oppositely charged ions is energetically still favorable and sum of E,f and E>B<. However, the energies in Figure 2c
should have negative stabilization energies. Second, the energiesonverge to 50 kcal/mol for the PCM model and to 30 kcal/
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mol for the PCM/W model. This result is not the only one that than pairing of like-charged ions in agueous solution. Also, this
shows this tendency. No et#l(in Figure 3 of that paper) and,  situation differs from the results reported previou&hy?
more recently, Barril et &* (in Table 3 of that paper) also Some caveats must be applied to the discussion just presented
showed positive free energies for this ion pair. Thus, our results because the polar groups remaining, after the hydrogen bonds
do not reflect a misuse of the PCM method but rather that there in the complex are broken at large separation distance, would
are problems inherent in this method. each hydrogen bond to other water molecules (which is not taken
The PCM method has a critical defect that has been reportedinto account in the simplified model of Figure 1). Inclusion of
as a “tail error” by several authof&:45 In the PCM method, it only two water molecules is not a proper treatment of a single
is assumed that the whole solute charge distribution lies within Solvation shell. Addition of more water molecules would be
the cavity boundary, which is 1.2 times that of the van der Waals '¢duired to produce more quantitative results. However, the
radius. In quantum mechanical calculations, the electronic Inclusion of more water molecules would require a proper
contribution to the solute charge distribution fades away definition of their most favorable orientations. To avoid this
exponentially rather than being confined within the fixed cavity. d'ﬁ'cuLty(’j V‘;]e used o{;‘lytt‘t’ﬁo wat(:r m0|eCUIfS' It WOUltd. b?h
The situation becomes worse when anions are treated becaus&*PCted, Nowever, that the continuum water present in the
the cavity is defined on the basis of the neutral state, and anions

model would fulfill the role of such additional water molecules
have more electrons than the neutral species and even moré0 some extent, so that the quantum mechanical calculations
than cations; thus, electrons in anions have a greater chance t

ould capture the main features of complex formation between
be located outside of the cavity.

he monomers considered here. In this study, we have demon-
o ) strated that the presence of even two water molecules can
Recently, a renormalization procedure was applied to a newer account for the existence of a minimum at a short distance
version of PCM and tested for anBreaction’® The procedure  patween two like-charged molecules, which cannot be seen in
was successful in treating the tail errors of the system [€l an SCRF or normal continuum model alone.
CHsCl], which has a total charge of1, but the procedure has It is of interest to note that minima of AMAM (two positive
not been tested for the oppositely charged system that has gons) is much lower~8.6 kcal/mol, than that of ACAC (two
total charge of zero. The methods that use renormalization negative ions)2.0 kcal/mol, in the SCIPCM/W curves. It is
procedures (namely, CPCM or IEFPCM) are presented in difficult to account for the preferred stability of two positive
Gaussian 98. The CPCM and IEFPCM methods differ from jons compared with two negative ions, but perhaps this behavior
PCM, the latter being available in Gaussian 94. Although the s related to the different hydration properties of positive and
later version, Gaussian 98, includes PCM, the latter is also negative iong647
present unchanged in Gaussian 98. Our purpose in using Although the SCIPCM method is more realistic than the PCM
Gaussian 94 was to provide general guidelines for treating ion- method, it still has problems. One problem is the “inflation of
pair interactions with SCRF calculations. It is thus not clear cavity” that was noticed by Truong and Stefanoviis can
why the convergence problem occurs only with oppositely be seen in Figure 3a, there is a maximum for ACAC at 7.4 A,
charged ion pairs (ACAM) in the PCM model. with an energy of 14.5 kcal/mol. The energy is larger than that
For this reason, we used another method, the so-calledfor breaking a hydrogen bond between water and acetate. This
SCIPCM. In this model, the cavity boundary is defined by an barrier can be explained by the inflation of the isodensity contour
isoelectrondensity surface that is determined self-consistentlythat is caused by the electron density redistribution from the
in the SCF procedure. Because the SCIPCM method does notoxygen of acetate to the hydrogen of water. This inflation is
require explicit atomic radii, the free energy of solvation depends Maximized for the case of ACAC because water molecules make
strongly on the isodensity value used. In this study, we used four equivalent hydrogen bonds to acetate. And, as already

the solute cavity defined by the isodensity surface with a value mentioned, SCIPCM alone without explicit water molecules
of 0.0004 aw® cannot represent the minima of negatively charged ion pairs,

whereas the SCIPCM/W result is consistent with the works of
Dang and Pettitf and of Buckner and Jorgenséithat show
that two negatively charged ion pairs are in close contact in
aqueous solution.

The solvation energy of SCIPCM does not include the
cavitation energy. Because we are interested in the stabilization
. . ; ; . energy rather than the solvation energy itself, the absence of
pairs are in close contact in aqueous solution. SCIPCM without cavitation energy for both the reference solvation energy
explicit water molecules does not seem to be good enough to(solvation energy of monomers) and the interaction energy

represent the ion-lpair interactior_13 in aqueous splution, ,eSpeCia”yshould not be a problem when comparing the relative interaction
for the two negatively charged ion pairs. One interesting result energies of ion pairs.

is that SCIPCM/W shows a maximum at 7.4 A, with an energy
of 14.5 kcal/mol, which is caused by the inflation of cavities 4. Conclusions

(see later discussion in this section). In Figure 3b, SCIPCM  Those potential energy functions based on gas phase data
shows a minimum at 4.6 A, with an energy 2.4 kcal/mol, cannot represent the interaction of molecules in solution,
and SCIPCM/W has a minimum energy €8.6 kcal/mol at including not only the magnitude that can be adjusted by varying
4.7 A. The energy is lower than that of ACAC. In Figure 3c, the dielectric constant but also the attractive or repulsive
SCIPCM and SCIPCM/W have minima and converge to zero behavior. As can be seen in Figure 3b, SCIPCM leads to
as the distance goes to infinity. SCIPCM has a minimum energy negative values. These values cannot be adjusted by introducing
of —7.5 kcal/mol at 3.2 A and SCIPCM/W has a minimum of a dielectric constant unless we use a negative value for the
—10.2 keal/mol at 5.2 A. These values are lower than those for dielectric constant, which has no physical meaning.

AMAM and even much lower than those for ACAC, which The SCIPCM method without explicit water molecules was
implies that pairing of oppositely charged ions is more favorable quite successful in representing the interaction between mol-

The results are shown in Figure 3. In Figure 3a, SCIPCM/W
shows a minimum at 5.6 A with an energy ©R.0 kcal/mol,
whereas SCIPCM shows a repulsive and energetically unfavor-
able behavior at all the distances. The SCIPCM/W result is
consistent with the works of Dang and Petfitind of Buckner
and Jorgense¥, which show that two negatively charged ion



lon Pair Interactions in Aqueous Solution J. Phys. Chem. A, Vol. 104, No. 27, 20068609

ecules in solution. However, because this method lacks an  (9) Sheriff, S.; Silverton, E. W.; Padlan, E. A.; Cohen, G. H.; Smith-
orientation effect and specific hydrogen bonding, it still shows Cill: S J.; Finzel, B. C.; Davies, D. Reroc. Natl. Acad. Sci. U.S.A987

. . . . . 84, 8075.
no minima, espemglly for ACAC (m Figure 3a) which shows (10) Gao, J.; Boudon, S.; Wipff, G. Am. Chem. S0991 113 9610.
an o_pp05|te behavior compared with SC'_PCM/W- _ ) (11) Singh, J.; Thornton, J. Mitlas of Protein Side-Chain Interactions
With SCIPCM/W, the results show that like-charged ion pairs IRL Press: Oxford, UK, 1992.
are also favorable (energie® kcal/mol), and ACAM is more (12) Magalhaes, A.; Maigret, B.; Hoflack, J.; Gomes, J. N. F.; Scheraga,

favorable than ACAC or AMAM. These results are quite -4 J- Protéin Chem1994 13, 195.
different from those obtained with only SCIPCM for ACAC, 1O§1§)25T5§b“5h" I+ Kiyosuke, Y.; Yamamura, i. Am. Chem. So4981
and differ even more from those in the gas phase. It is obvious  (14) Matthew, J. B.: Richards, F. NBiochemistryl982 21, 4989.
that a simple electrostatic model in the gas phase does not (15) Baker, E. N.; Hubbard, R. rog. Biophys. Mol. Biol1984 44,
account for structure and stability. Furthermore, an accurate 97 )
description of interactions with water plays a major role in the Sci(lg) SBATSSEQ oS 225%00'(51 C. L. 1ll; Karplus, MProc. Natl. Acad.
pred_lt_:tlon of structure and stability; that is, the structure e}nd (17) (a) Dang, L. X.; Petiitt, B. MJ. Chem. Phys1987, 86, 6560. (b)
stability of an ion pair cannot be accounted for by simply adding pang, L. X.; Pettitt, B. M.J. Am. Chem. Sod 987, 109, 5531.
a pair interaction between a solute and a water molecule to a (18) Brooks, C. L., lIl; Karplus, MJ. Mol. Biol. 1989 208 159.
gas-phase potential function (GAS/W) or by using only the  (19) Buckner, J. K.; Jorgensen, W. .. Am. Chem. Sod.989 111,
SCIPCM method. In particular, such potentials cannot ad- 25027(-) Boudon. S Winff. G.- Maiaret. Bl Phve. Cheml990 64 6056
equately describe phenomena in aqueous solution if these (29) Boudon,S. Wipff, G.; Maigret, Bl. Phys. ChemL99Q 94, 6056.
ial functions are used to study protein folding. It is obvious (21) Soetens J.-C.; Millot, C.; Chipot €.; Jansen, Grggen, J. G
potentia to study p folding. Maigret, B J. Phys. Chem. B997, 101, 10910.
that water molecules are significantly polarizable, and account (22) (a) Miertus S.; Scrocco, E.; Tomasi, Ghem. Phys1981, 55, 117.
should be taken of this property. Our work demonstrated that it (b) Miertus S.; Tomasi, JChem. Phys1982, 65, 239. (c) Cossi, M.; Barone,
is both accurate and computationally economical to treat explicit V"(;:;m?" R Tonjla‘;" fhfhm'TP:ysw'.‘smggf 28558327' a3 Frisch
H f . oresman, J. 5.; Keltn, 1. A.; Wiberg, K. b.; snoonian, J.; Frisch,

water for hydrogen bonding sites with a solute and_to USe a1 "3 phys. Chemil996 100, 16098.
continuum 'model tc_)_complete the treatment of hydration. Such (24) Alema, C.; Ishiki, H. M.; Armelin, E. A.; Abraha, O., Jr.;
a model, with specific hydrogen-bonded water molecules in an Galembeck, S. EChem. Phys1998 233 85.
otherwise continuum water hydration layer, had been proposed (25) Ranirez, F. J.; Tdon, |.; Silla, E.J. Phys. Chem. 899§ 102,
by Hodes et al*8 and this work supports this approach with ab ) ) . .
o . (26) Floris, F. M.; Persico, M.; Tani, A.; Tomasi. Ghem. Phys. Lett.
initio calculations. 1992 199 518.

The PCM method does not represent the interaction between (27) Floris, F. M.; Persico, M.; Tani, A.; Tomasi. Ghem. Phys. Lett.
oppositely charged ions well because of its inherent defect in 1994 227, 126.
the definition of the cavity. Presumably, this result arises from A l(ggé fgglﬁg%ﬁ%nn, G.; Cossi, M.; Barone, V.; TomasiJJPhys. Chem.
the fact that the PCM method uses a fixed atomic cavity that is ' )

; . . . 29) T T.N.; Stef h, E. \J. Phys. Chent 14700.

1.2 times that of the van der Waals radius. It is obvious that (29) Truong, + Stefanovieh, E. 1. Phys. Chemi.993 99, 14700

. . . (30) Pomelli, C. S.; Tomasi, J. Phys. Chem. A997 101, 3561.
the atomic cavity should change according to the solute charge. (31) alena, C.: Galembeck, S. EChem. Phys1998 232,151.

By comparison, the SCIPCM method defines its cavity by the  (32) Mavri, J.; Hadg D. J. Mol. Struct. (THEOCHEM).998 432, 257.
isosurface of electron density of the solute which means that it  (33) No, K. T.; Nam, K.-Y.; Scheraga, H. A. Am. Chem. S0d 997,
takes full account of the charges of the molecules. This aspect119 12917. ) _

of the SCIPCM method demonstrates that it is superior to the __(34) Barril, X.; Aleman, C.; Orozco, M.; Luque, F. Proteins1998
PCM method for the interaction of ions in pgirs and that t_he ’(35)' Gaussian 94, Resion D.2 Frisch, M. J.: Trucks, G. W.: Schlegel,
PCM method should not be used for oppositely charged ion H. B.: Gill, P. M. W.: Johnson, B. G.; Robb, M. A.: Cheeseman, J. R.:

pairs until further improvements are introduced. Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B
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