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Abstract: To investigate the stability of ionic pairs in aqueous solution, polarizable continuum-model (BICM)

initio molecular orbital calculations were carried out. lon pairs formed from three organic ions, methylacetate,
methylammonium, and guanidinium, were treated. The methylacetate ion pair forms a stable complex when the two
methyl groups are in contact. When the charged groups of methylacetate and methylammonium are in contact, this
pair does not form a stable complex in aqueous solution. When the methyl group of methylacetate is in contact with
that of methylammonium, the ionic groups are far apart, and a stable complex is not formed, even though the complex
involves a strong attractive electrostatic interaction. The guanidinium pair forms a stable complex in aqueous solution
at all conformations investigated in this work even though a strong repulsive electrostatic interaction is present in
this complex.

Introduction are very polar. The attraction arising from the polarization effect
can exceed the electrostatic repulsion between chloride ions.
Magalhaes et a8 investigated the stability of arginine-arginine
pairs with both a Brookhaven Protein Data Bank survey and
semiempirical molecular orbital (MO) calculations. In several
proteins, two arginine residues, more precisely two guanidini-
ums, are in close contact. Most of the Arg-Arg pairs are found
in the vicinity of the surfaces of the proteins. The solvation of
the ion pair leads to the stabilization of the like-charged pair.
Buckner and Jorgens&rarried out Monte-Carlo simulations
to investigate the energetics and hydration of the constituent
t ion pairs of tetramethylammonium chloride. According to the
simulation, the potential of mean force (PMF) of (4 *---Cl~
‘has two minima along the interionic distancg,..c;, and the
PMF of CI++CI~ has deep minima aiy..ci = 4.8 A, —4.2
kcal/mol whereas the PMF of (GHMN™-:-(CH3)4N™ does not
have a minimum. From the simulation, they found a tendency
for the hydration of the oppositely-charged pairs to become less

Electrostatic interactions play an important role in determining
the structure and function of proteifist Charged groups
located on the exterior of the protein domain are crucial for
expressing its surface propertfes for example, biological
activities as reflected in active sites. Charged groups located
in the interior of the protein domain are also important for
understanding protein folding and stabilization of protein
conformatiort

The ion pairs observed in proteins are mainly oppositely
charged.™® About 10% of all protein structures exhibit at least
one charge cluster, mostly of the mixed type involving abou
equally anionic and cationic residues. However, in some cases
pairing of like-charged groups is also found in crystal déta3
From a survey of the Cambridge Structure Database (CSD),
Gao et al* found that chloride pairs in contact are common in
the crystalline state. The environments around the chloride pair

:(T:gr\:]vgﬁﬂnail\l/lecrgiftresr)ondence should be addressed. favorable as the ions approach each other. On the other hand,
# Soong S Univerys'ity. the hyd.ratlon of like-charged ion pairs becomes more favorable
§ Member of Center for Molecular Science, Korea. as the ions approach each otfer.
® Abstract published irAdvance ACS Abstract©ecember 15, 1997. Boudon et alb carried out Monte-Carlo simulations with a
8% Sf;?;ﬁé:\AAi%glegﬁgln?g ezgésilﬂ' 284 guanidinium-guanidinium ion pair in water to evaluate effective
(3) Schultz, P. GAcc. Chem. Re<.989 22, 287. interactions in water at short distances. The PMF plotted along
(4) Horovitz, A.; Serrano, L.; Avron, B.; Bycroft, M.; Fersht, A. B. the G--C distance shows a deep minimum of 9.5 kcal/mol at a
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continuous unstructured dielectric with a given dielectric
constant.
dynamics (MD) simulation’-1° Monte-Carlo (MC) simula-
tions20-21 free energy perturbation combined with MD or
MC,22-24 and the Langevin dipole meth@el. The continuum

No et al.

Method

The classical ensemble treatments are molecular

lon Pair Models. In this work, we treat three kinds of organic ions
which appear most frequently in the amino acid side chains of proteins.
These are-CO,—, —NH3", and guanidinium{C(NH,)s]. To deter-
mine the stability of like- and oppositely-charged ion pairs in agueous

treatment includes empirical hydration models such as a solution, eleven ion pair models were investigated (Figure 1, a to k).

hydration shell modé#28 and a surface area moé&i® and

The geometries of each ion were optimized with HF and SCI-FEH#

quantum mechanical continuum models such as the self-HF ab initio MO calculations for the gas and aqueous phases,

consistent-reaction-field (SCR¥)4° model, which is based on
the Onsager reaction field mod®@l.

Recently, a new infinite-order solvation scheme, isoelectron-

density polarizable continuum model (IPCM), which defines

the cavity of the solute in a solvent with an isoelectron density

surface of the solute, was proposed by Foresman“@taCM
is a modification of the polarizable continuum model (PCM)
developed by Tomasi and co-worké#s.

In this work, the stabilities of some organic ion pairs in water,

respectively, with a 6-3tG* basis set. The isodensity level of the
electron distribution 0.0004 was employed. The optimized geometries
of the ions are described in Figure 1.

Binding Energy Calculation. In the PCM# the free energy of a
solvated system is described as

G(W) = [W|H WO (,)W|H,o| WO @)

where the first term represents the solute Hamiltonian, which is modified

both opposite and like-charged ion pairs, are determined with by the electric field of the solvent, and the second term includes both
PCM MO calculations. Since the PCM method leads to good the solvent-solute stabilization energy as well as the reversible work

convergence in the calculation of the binding energy for ion-

needed to polarize the solvent. In the PGMhe second term was

ion pairs in water at any interionic distance, the PCM method evaluated from the induced charges on the reaction field cavity surface.

is used in this work.
(17) McCammon, J. A.; Karplus, MAnnu. Re. Phys. Chem198Q 31,
9

29.

(18) Warshel, AProc. Natl. Acad. Sci. U.S.A984 81, 444.

(19) Wong, C. F.; McCammon, J. A. Am. Chem. So&986 108 3830.

(20) Jorgensen, W. L.; Ravimohan, &.Chem. Phys1985 83, 3050.

(21) Owicki, J. C.; Scheraga, H. A. Am. Chem. S0d.977, 99, 7413.

(22) Bash, P. A.; Singh, U. C.; Langridge, R.; Kollman, P.Skience
1987, 236, 564.

(23) Jorgensen, W. L.; Buckner, J. B. Phys. Chem1987, 91, 6083.

(24) Beveridge, D. L.; DiCapua, F. MAnnu. Re. Biophys. Biophys.
Chem.1989 18, 431.

(25) Warshel, A.; Levitt, MJ. Mol. Biol. 1976 103 227.

(26) Gibson, K. D.; Scheraga, H. Rroc. Natl. Acad. Sci. U.S.A967,
58, 420.

(27) Hopfinger, A. JMacromolecules 971, 4, 731.

(28) (a) Hodes, Z. |.; Nmethy, G.; Scheraga, H. Biopolymers1979
18, 1565. (b) Kang, Y. K.; Nmethy, G.; Scheraga, H. A. Phys. Chem.
1987 91, 4105. (c) Kang, Y. K.; Nmethy, G.; Scheraga, H. Al. Phys.
Chem.1987, 91, 4109. (d) Kang, Y. K.; Nmethy, G.; Scheraga, H. A.
Phys. Chem1987 91, 4118. (e) Kang, Y. K.; Gibson, K. D.; Neethy,
G.; Scheraga, H. AJ. Phys. Chem1988 92, 4739. (f) Gibson, K. D;
Scheraga, H. AMol. Phys.1987 62, 1247. (g) Gibson, K. D.; Scheraga,
H. A. Mol. Phys.1988 64, 641.

(29) (a) Lee, B.; Richards, F. M. Mol. Biol. 1971, 55, 379. (b) Shrake,
A.; Rupley, J. AJ. Mol. Biol. 1973 79, 351. (c) Richmond, T. J.; Richards,
F. M. J. Mol. Biol. 1978 119 537.

(30) Eisenberg, D.; McLachlan, A. INature 1986 319, 199.

(31) Ooi, T.; Oobatake, M.; Neethy, G.; Scheraga, H. ARroc. Natl.
Acad. Sci. U.S.A1987, 84, 3086.

(32) Vila, J.; Williams, R. L.; Vaquez, M.; Scheraga, H. Rrotein
Struct. Funct. Gen1991], 10, 199.

(33) Jones, D. T.; Taylor, W. R.; Thornton, J. Mature1992 358, 86.

(34) Schiffer, C. A.; Caldwell, J. W.; Kollman, P. A.; Stroud, R. M.
Mol. Simul.1993 10, 121.

(35) Wang, Y.; Zhang, H.; Scott, R. ARrotein Sci.1995 4, 1402.

(36) Chambers, C. C.; Hawkins, G. D.; Cramer, C. J.; Truhlar, DJ.G.
Phys. Chem1996 100, 16385.

(37) Grant, J. A.; Williams, R. L.; Scheraga, H. Biopolymers199Q
30, 929.

(38) (a) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. Chem. Physl991,
95, 8991. (b) Wong, M. W.; Frisch, M. J.; Wiberg, K. B. Am. Chem.
Soc.1991, 113 4776.

(39) (a) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. Am. Chem. Soc.
1992 114 523. (b) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. Am.
Chem. Soc1992 114 1645.

(40) (a) Chipot, C.; Rinaldi, D.; Rivail, J.-LChem. Phys. Lett1992
191, 287. (b) Rinaldi, D.; Rivail, J.-L.; Rguini, NJ. Comp. Chem1992
13, 675.

(41) Onsager, LJ. Am. Chem. S0d.936 58, 1486.

(42) (a) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. J.J. Phys. Chem1996 100, 16098. (b) Keith, T. A.; Frisch, M. J. In
preparation.

(43) (a) Miertus, S.; Scrocco, E.; TomasiChem. Phys1981 55, 117.
(b) Tomasi, J.; Bonaccorsi, R.; Cammi, R.; Valle, F. J. O.JdMol.
Struct.: THEOCHEML991, 234 401. (c) Tomasi, J.; Bonaccorsi, Broat.
Chem. Actal992 65, 29.

)

Hpo = ZZ ZJR, — it - IZJZ gl —ry

whereZ, and R, represent the charges and coordinates of the nuclei,
andr; is the location of the charge distribution arising from the electrons
of the solute. The induced chargg at the grid poing at the cavity
surfacer, can be calculated from the electric field and the area of the
curved patches surrounding the grid point. Equation 1 can be solved
with an SCF calculation in which the new solute electron density is
used to updateHy,. Tomasi and co-worket® suggested that the
appropriate radii of the cavities are 20% greater than the van der Waals
radii.

Since the PCM has no convergence problem at any interionic
distances, the PCM was introduced in this work for the-igm
interaction calculation in water. The calculations were carried out with
the 6-34+G* basis set at the HF level for each ion pair along the
interatomic coordinate defined in Figure 1. All the calculations were
carried out with the Gaussian 94program in which the PCM was
incorporated in the H&b initio calculation. For the PCM parameters,
the number of grid points per sphere was 500 and the dielectric constant
of the medium was 78.3. Both gas phase and aqueous solution
calculations were carried out along the same coordinates and with the
same basis set. The geometries of the ions in the gas phase and in
aqueous solution were fixed at the optimized geometries in the gas
phase and aqueous solution, respectively, during the calculation of the
energies of the ion pairs.

In this work, the stability of an ion paiEy*,(ras), was taken as the
stabilization energy defined as follows.

Ef\z(B(rAB) =E s(rap) — (EA + E 3)
whereA andB represent the ion8 andB, respectively, anK is the
index for the phase; it can be gas phagear aqueous solutioragy).
ras is the distance between ioMsand B. E,f,B(rAB) is the ion pair
energy at the separatiogg in phaseX. Eﬁ and Eé are the energies of
ions A and B, respectively, in phas&. The sum ofEX and EX
corresponds to the reference state of the energy of iorApRiin phase
X. The superscrip§ stands forstabilization energy WhenX is an
aqueous solution, the energies were obtained from RGNhitio MO
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Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G,; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94 Gaussian, Inc.:
Pittsburgh, PA, 1995.
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Figure 1. Methylacetate pair with (a) two methyl groups in contact, modet-a@D, (b) two carboxylates in contact, model E@C, (c) two

dipoles in head-to-tail arrangement, model €00, and (d) two dipoles in parallel arrangement, model--@QD parallel, configurations.
Methylammonium pair with (e) two ammonium groups in contact, modet-€@NC, and (f) two methyl groups in contact, model NN,
configurations. Methylacetate and methylammonium with (g) oppositely-charged groups in contact, modélGz@nd (h) methyl groups in

contact, model O€-CN. Two guanidiniums in (i) eclipsed arrangement, model G-G eclipsed, (j) staggered arrangement, model G-G staggered,
and (k) perpendicular arrangement, model G-G perpendicular, configurations. The bond lengths and bond angles in parentheses are the optimized
geometries in water; those not in parentheses pertain to the gas phase.

calculations. The reference states of ion pair A and B in the gas phaseaqueous solution, the value E%2dis about 2.5 kcal/mol higher

and in aqueous solution ar&)(+ E}) and €3’ + E3Y), respectively. than the reference state at 4.5-A separationyab (Figure 3a).
_ ) For model CQ--CO parallel, Figure 1-d, two methyl acetates
Results and Discussion are in parallel orientation; the value &2is 4.5 kcal/mol

(Figure 3a) whereas the value B¥9is +61 kcal/mol (Figure
2a) atro...o = 6A. In this configuration, both acetate ions and
methyl groups are much exposed to water except for the contact

. . e surfaces between ionic groups and between methyl groups.
Methylacetate lon Pairs. In Figure 3a, the stabilization group yl group

energies of the methylacetate ion pairs in aqueous solution at _VMethylammonium Pairs. For two methylammonium ions
four different orientations are plotted along the interionic With their ammonium groups facing each other, model-CN
distances. For model OECO (Figure 1a) two methyl groups  NC. Figure le, the value dE**is 5.9 and+70 kcal/mol at
are headed toward each other and the two carboxylate ions arén-N = 4.5 A in aqueous solution (Figure 3b) and in the gas
far apart; a weak complex is formed when..c is about 4.5 A phase (Figure 2b), respec_:tlvely. Although two positive ions are
andESadis —0.34 kcal/mol (Figure 3a). This anion pair is more N close contact at 4.5 A in the aqueous ph&dis only 5.9
stable when the two ionic groups are in close contact than whenkcal/mol higher than the reference state.
they are far apart [reference stat€x} + EX)] in agueous When two methyl groups face each other, modelNCN,
solution. Figure 1f,ESa{rc...c) has a minimum atc...c = 3.5 A (Figure
For mode| CO..OC' F|gure lb, two acetate ions are headed 3b) The Value OES’aq |S 2.1 kca|/m0| in aqueous SO|U'[IOI‘1
toward each other and the two methyl groups are far apart and(Figure 3b), whereas this ion pair is highly repulsi+&1 kcal/
maximally exposed to water; a stable complex is not formed. mol, in the gas phase at 3.5-A separation (Figure 2b).
ESaqro...0) is 13.6 kcal/mol wheno...o is 4.5 A (Figure 3a). Buckner and Jorgens&rfound, from an MC simulation of
Although this ion pair can not form a stable complex, it is (CHs)4sNCI in aqueous solution, that (GHN*+:+(CH3)4N* is
stabilized considerably by hydration. In the gas phase, the valuepurely repulsive. There is experimental evideficlr tet-
of ES9for this ion pair at 4.5-A separation 88 kcal/mol raalkylammonium ion pairing especially when the size of the
(Figure 2a). alkyl group increases. Buckner and Jorgensen mentioned that,
For model CG--CO, Figure 1c, two methyl acetate ions are

in contact in head-to-tail orientation; no stable complex is  (45)(a) Wen, W. Y.J. Solution Chem1973 2, 253. (b) Wen, W. Y ;
f h | X,g f his i . R Nara, K.; Wood, R. HJ. Phys. Chem1968 72, 3048. (c) Wen, W. Y.:
ormed. The value OECQ--CO or this ion pair at 4.5 A Is Nara, K.J. Phys. Chem1967 71, 3907. (d) Wen, W. Y.; Miyajima, K.;
about +52 kcal/mol; the ions are repulsive (Figure 2a). In Otsuka, A J. Phys. Cheml971, 75, 2148.

In Figure 2, the stabilization energies of the ion pairs in the
gas phase are plotted along the interionic distances defined in
Figure 1.
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Figure 2. The gas phase stabilization energyg of (a) methylacetate pairs, (b) methylammonium pairs, (c) methylacetate and methylammonium
pairs, and (d) guanidinium pairs.

for the large tetraalkylammonium, hydrophobicity is claimed the complex has an energy minimum arouadc = 3.5 A in

to overcome the electrostatic repulsion. But, in the case of aqueous solution, and the value B¥2%o...cn (at fc...c = 3.5

(CHg)aN*, the two forces are apparently more in balance. A) is much higher than the reference ste8Y + EX), +35.5
Methylacetate—Methylammonium Pair. When the charged  kcal/mol, whereas in the gas phase, a very stable complex is

groups of two oppositely charged ions, methylacetate and formed at 3.5 A, and the value &8 %o...cn (atrc...c = 3.5 A)

methylammonium, are in contact, as carboxylate and ammoniumis —49 kcal/mol.

in model CQG--NC, Figure 1g, a stable complex is not formed For oppositely charged ion pairs, (@&C*+++Cl~ and (CH)4

in aqueous solution (Figure 3c) whereas a very stable complexN+---Cl- were investigated by Jorgensen ef%f® with MC

is formed in the gas phase (Figure 2c). The valuESto.nc simulations. The PMF of the (GJC*++-Cl~ ion pair has a

of the complex is 18.0 ang105 kcal/mol ato...n = 3.5 Ain well-defined minimum for a contact ion pair at a-€Cl distance

aqueous solution and in the gas phase, respectively. In aqueousf 2.9 A, +2 kcal/mol, and another broad minimum for the

solution, this ion pair does not form a stable complex although solvent-separated form occurs at 5.75 A2 kcal/mol. The

two oppositely charged ions are in close contact. In agueousshape of the PMF of the (GJN*-+-Cl~ is similar to that for

solution, this ion pair has an energy minimum although it is the (CH)sC*t++-ClI™ ion pair. The first minimum is located at

higher than the reference state. In this complex, two methyl an Nt---Cl~ distance of 6.25 A, about0.3 kcal/mol, and the

groups are maximally exposed to water, and the ionic groups second is located at 7.75 A, aboutl.4 kcal/mol. As in our

are least exposed to water. calculations, the oppositely charged ion pairs do not form stable
When two methyl groups face each other, the two methyl complexes in spite of the strong electrostatic attractive interac-
groups are least exposed to water, modet®&TN, Figure 1h, tion between the ions.
(46) Jorgensen, W. L.; Buckner, J. K.; Huston, S. E.; Rossky, B. J Guanidinium Pair. For the guanidinium pair, three configu-

Am. Chem. Sod 987 109, 1891. rations, model G-G staggered, G-G eclipsed, and G-G perpen-



Stability of Organic lon Pairs in Aqueous Solution J. Am. Chem. Soc., Vol. 119, No. 52, 19921

a 30 - C 50 -
g 20 - CO--CO Parallel E 40 4
5 | 5 |
2 2
L w
§ 107 5§
3 :
n o
O e R g 20 -
T T T T 1 T T T T T T T T T 1
2 3 4 5 6 7 2 3 4 5 6 7

( Angstrom units ) ( Angstrom units )

20 1 G-G Staggered G-G Perpendicular

Stabilization Energy ( kcal/mol )
Stabilization Energy ( kcal/mol )

10 +
G-G Eclipsed
0 e N N N S T TP T T
0 T T T T T T T T T 1 -10 T T T T 1
2 3 4 5 6 7 2 3 4 5 6 7
( Angstrom units ) ( Angstrom units )

Figure 3. The stabilization energy in aqueous soluti@¥;24 of (a) methylacetate pairs, (b) methylammonium pairs, (c) methylacetate and
methylammonium pairs, and (d) guanidinium pairs.

dicular, Figure 1i, j, and k, respectively, were investigated. For two guanidinium ions located near the protein surface can be
all these configurations, the guanidinium pairs form stable stabilized by hydration and can form a stable cluster.
complexes in aqueous solution (Figure 3d) whereas all the ion Magalhaes et aB concluded that the behavior of the
pairs are very repulsive in the gas phase (Figure 2d). The electrostatic potential around the ion pair, compared with that

eclipsed form has a minimum at...c = 4A, with S’.‘?‘.‘]‘G = of the separated ions, reflects the bridging role of the water
—1.9 kcal/mol, and the staggered form has a minimumgat molecules that keep the two guanidinium ions close to each
= 3.5 A, with E3?%, = —2.7 kcal/mol. The perpendicular ~ other.

configuration, Figure 1k, also forms a stable complex wihere Like-charged ion pairs at some special configuration form
is 5.0 A, with EZL?,“G = —1.5 kcal/mol. stable complexes in aqueous solution, Figure 1, a and i to k.

With MC simulations, Bouden et a&f. obtained a broad  Even when the like-charged groups are in contact (Figure 1, b,
minimum in the PMF for the contact guanidinium pair, d, and e), the degree of repulsion in aqueous solution is weak,
occurring atrc...c = 3.3 A in aqueous solution. The difference  compared with the repulsion in the gas phase. This tendency
between the minimum free energy at the contact ion pair and can be explained by stabilization by the water molecules around
at the maximum free energy point g..c = 5.5 A in their the solvent cavity formed by the ion pair. Once two like-
PMF is about 9.5 kcal/mol; the minimum free energy config- charged ions approach closely, the water molecules at the surface
uration is a staggered-like form. They concluded that the of the cavity feel the electric field produced by the two ions.
interaction between guanidinium ions in aqueous solution may Therefore, the water molecules located around the cavity are
be dominated by a hydrophobic interaction. In our calculation, stabilized by the stronger electrostatic field which is produced
the value ofES@dof the G-G staggered model ig)..c = 3.5 A by the two ions than by the one singly charged ion. Especially,
was found to be-2.7 kcal/mol. From the results of Bouden et in the case of Figures 1a and 1f, the ionic groups are maximally
al. '8 Magalhaes et al3 and this work, it can be concluded that exposed to water, whereas the nonpolar grouii3is, are least
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exposed to water. In this kind of configuration, the favorable solvent-induced attraction, the electrostatic field around the
water-ionic group contacts are maximized and the unfavorable molecular pair must be maximized and the exposure of nonpolar
water—nonpolar group contacts are minimized. The latter is groups to water minimized. Since several factors work coop-
the origin of the hydrophobic interaction. eratively to produce the effective solttsolute interaction,
The instability of the models CONC (Figure 1g) and O€-:- especially between polar solutes, it is not a simple matter to
CN (Figure 1h) can be explained in similar terms as above. predict the stability of the solute pair in agueous solution.
The water molecules located around the cavities of the model Although the PCM calculation cannot explain the conforma-
CO-+*NC and OG--CN complexes are less stabilized compared tion of the explicit water molecules around an ion pair, it can
with the water around the cavity of the separate ions;@B}~ be used for the study of the ion-ion interaction in solution and
or CHsNHgt. The electric fields around the ion pair cavity are the role of the solvent as a polarizable medium.
cancelled because the two ions are oppositely charged. Wherbonclusion
the two ions are in contact at the methyl groups, Figure 1h, the N )
complex can be regarded as a dipole in which one positive and e have calculated the stabilization energy of some organic
one negative charge center is located at each end of the complexOn Pairs which appear frequently in proteins. To include the

The electric field around this complex dipole is weaker than €fféct of the aqueous solution, PCab initio MO calculations
those around the GJE0,~ or CHsNHz*. Although the were carried out. The methylacetate pair can form a weak

electrostatic interaction energy forCO, ---tHsN— of the complex in aqueous solution even thpugh it encounters strong
model CO--NC is very large, this electrostatic interaction cannot ©lectrostatic repulsion. When the ionic groups of methylacetate
overcome the destabilization of the water molecules around the@"d methylammonium are in contact, they cannot form a stable
cavity due to the cancellation of the electrostatic field. There- cOmPplex although this ion pair has very strong electrostatic
fore, it cannot form a stable complex. For Figure 1h, although attraction in the gas phase;105 kcal/mol at 3.5 A.1f two

the ionic groups are maximally exposed and the methyl groups Methy! groups are in contact in this ion pair, a stable complex
are least exposed to water, a stable complex is not formedcannot form. A guanidinium pair can form stable complexes
because the water molecules around the cavity are destabilizedt Several configurations in aqueous solution even though these

because the electric fields produced by the oppositely chargedP@irs are electrostatically very repulsive in the gas phase. From
ions are cancelled. the analysis of the results, it can be said that the pairing of ions

From a comparison of models ®CO and NG-+CN with in aqueous solution cannot be explained simply by the sums of
OC-+CN, it is evident that one cannot predict the stabilization the interactions of the nonpolar groups and the electrostatic

of ion-ion pairs in aqueous solution only with the sums of the interaction of the ionic groups. This problem can be solved by

interactions between nonpolar groups and between polar groups!ntroducmg the water in the calculations of aqueous solutions

The stabilization of the solute pair depends strongly on the wheth_er it is an explicit or implicit expression of the water
stabilization of the environments around the interacting mol- solvation.
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