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using the reference interaction-site model self-consistent field theory. The free energy profiles were computed
for various salt concentrations. The set of profiles clearly showed that the free energy gap between the zwitter-
ionic form (ZW) and the neutral form (NF) became larger as the NaCl concentration increased. The transition-
state structure of the solute glycine approaches the NF structure, and the reaction barrier height is reduced.
From the energy decomposition analysis of the free energy of solvation, we found that the changes in the solva-
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::t}:";vrgi)die'cular proton transfer tion free energy are determined by the balance between the electronic distortion energy, the electrostatic inter-

Glycine action, the solvent reorganization, and the entropic effects caused by the NaCl addition. The salt effect of NaCl

Salt effect makes all the species associated with the reaction unstable; however, the destabilization of NFs caused by NaCl

RISM-SCF addition is stronger than that of ZWs. In the ZW, the penalty coming from the solvent reorganization and the en-
tropic effects are compensated by the strong solute-solvent electrostatic interaction.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction The reference interaction-site model self-consistent field (RISM-SCF)

The salt effect on the solvation of molecules is one of the most im-
portant issues in the fields of chemistry, physics, and biochemistry [1].
The addition of an electrolyte to water enhances hydrophobic hydration
and/or hydrophilic interaction [2].

In the present study, the salt effect on the intramolecular proton trans-
fer of glycine in aqueous NaCl solution is considered theoretically. Glycine,
the simplest amino acid, is used as a probe to understand the mechanism
of the proton transfer in solution, and therefore a number of computation-
al and theoretical studies on glycine-involving reactions have been con-
ducted to clarify the solvent effects [3-6]. However, the salt effect has
not previously been considered because of the difficulty in theoretical
treatment of the electronic structure of molecules in the electrolyte
solution.

To consider the salt effect in electrolyte solutions, two important sol-
vent effects, hydrophobic and hydrophilic effects, should be considered
carefully. Continuum solvent models, such as the polarizable continuum
model and the generalized Born model, are inadequate in this respect,
because they inherently disregard the molecularity of the solvent, and
thus they cannot handle hydrophobicity [7]. On the other hand, molec-
ular simulations such as the Monte-Carlo (MC) method and the molec-
ular dynamics (MD) have difficulty in treating the salt effect for the
reaction free energy, because the convergence of the sampling configu-
ration space of ions in dilute salt concentration is extremely slow.
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theory is a promising way to tackle the problem [8,9]. It can handle the
salt effect from first principles without making any unwarranted assump-
tions concerning the solvent effects [10,11]. In this theory, the solvent ef-
fects on the solute electronic structure are considered by means of the
RISM integral equation theory, which is a statistical mechanics theory of
molecular liquids [12,13]. The RISM theory has been successfully applied
to the investigation of various chemical and biological phenomena
[14,15]. Imai et al. applied the RISM theory to the salt effect on the stability
of peptide conformation to clarify the physical origin of the Hofmeister se-
ries [16]. Recently, one of the present authors applied the RISM theory to
investigate ion binding by human lysozyme in LiCl, NaCl, KCl, and CaCl,
aqueous solutions [17,18]. In these papers, selective ion binding by a vari-
ety of mutants of human lysozyme was well reproduced, in good agree-
ment with corresponding experiments. In their calculations, the mean
activity coefficients of electrolyte solutions, which are the most funda-
mental physicochemical properties characterizing electrolyte solutions,
were reproduced reasonably well. Those applications demonstrate un-
equivocally that the RISM (and therefore RISM-SCF) theory can be applied
to the investigation of the salt effect on chemical and physical phenomena
in the solution.

In the present study, we employ the RISM-SCF theory to investigate
the intramolecular proton transfer reaction of glycine between its neu-
tral form (NF) and zwitterionic form (ZW) in both water and NaCl aque-
ous solutions at various concentrations (Scheme 1). A stationary-point
search was also performed to find the transition state (TS) structure.
The free energy change and the barrier height of the reaction were eval-
uated. At all reaction steps (TS, NF, and ZW), the geometry of the glycine
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Scheme 1. Scheme of the intra-molecular proton transfer reaction of glycine.

was optimized using the analytical free energy gradients of the RISM-
SCF free energy formula [9]. The solvation structures of glycine were
also considered to probe the salt effect.

2. Computational methods
2.1. Brief overview of the RISM-SCF method

The RISM-SCF method combines electronic structure theory and in-
tegral equation theory. It was initially developed by Ten-No, Hirata, and
Kato [8]. The solvated molecule is treated using quantum chemistry,
whereas the surrounding solvent molecules are treated using statistical
mechanics.

Assuming a molecule in solution at infinite dilution, the Helmholtz
free energy A of the solute-solvent system is given as the sum:

A= Esolute + A, (1)

where Egqpuee 1S the solute electronic energy computed from quantum
chemical electronic structure theory and Atis the excess chemical poten-
tial from the solute-solvent interaction. In the RISM-SCF method, the ex-
cess chemical potential is computed from the number density of the
solvent p,, and the interaction potential between the solute molecule
and solvent site 7y:

A= 4my " pv/;d)\/ ary "y 1N (1) (1), (2)
v a vy

where g’\w(r) and u,(r) denote the radial distribution function and sol-
ute-solvent interaction potential, respectively. If we employ
Kovalenko-Hirata (KH) closure [19,20]:

e (1) = exp{—ﬁua,y(r) + hm/(r)—cay(r)}—l for  hy, (r)<0 3

—Blgey (1) + ey (1) —Cry (1) for hy,(r)=0

the integration about A in Eq. (2) can be performed analytically, where u
denotes the site-site interaction potential, which is the sum of the
Lennard-]Jones potential and Coulomb interaction. As a result, Eq. (2)
becomes:

A =4my pkgTd / dr
v o«

(4)
x [(hay(r))ze(—hw(r))/2—cw(r)—hay(r)cw(r)/2 .

Here, kg is the Boltzmann constant, T is the absolute temperature,
and 60(x) is the Heaviside step function. Functions hqy and c,, are the
site-site total and direct correlation functions, respectively.

The Helmbholtz free energy is a functional of the electronic wave
function ¢@(r) (or electronic density in density functional theory, DFT)
of the solute molecule, and the correlation functions hand c: A = A
[@(r), h, c]. The basic equations of the RISM-SCF method are derived
by the variation of the free energy, Eq. (1), with respect to the electronic

wave function (or the electron density in DFT) and the correlation func-
tions h and c [19]. If we adopt the Kohn-Sham DFT for the solute elec-
tronic structure theory, the resulting equation for the solute molecules
is the Kohn-Sham equation (KS) for the KS operator f that includes
the interaction from the solvent molecules:

fo(r) = e(r), (5)

where ¢ and ¢(r) are the orbital energy and the KS orbital, respectively.
The equations for the solvent are the KH closure relation, Eq. (3), and
the site-site Ornstein-Zernike (OZ) equation:

h(r) = o(r) « c(r) = (o(r) + p,h(r)), (6)

where o, with matrix elements wq,(r) = 6(r — loy), is the intramolecu-
lar correlation matrix of a solvent molecule with site separation I, and
the operation symbol * means convolution in direct space. These basic
Egs. (3), (5), and (6) are coupled with each other via the interaction po-
tentials between the solute and solvent molecules.

2.2. Computational details

We used the RISM-SCF theory to estimate the free energies, the ge-
ometry, the electronic structures, and the solvent distribution of glycine
immersed in aqueous NaCl solution at infinite dilution. The free energy
of the system is evaluated for the NF, ZW, and TS structures.

The electronic structure method for the solute molecules used in the
RISM-SCF method was DFT with the M06-2X functional [21]. The basis
set used was 6-314++G**. The parameters used in the RISM-SCF
methods were as follows. The temperature was 298 K. The calculations
were carried out in the range of concentrations at 0.0-10.0 M, and we
chose pure water, 0.1 M, 5.0 M, and 10.0 M NaCl solutions. 0.1 M is
close to physiological conditions and 5.0 M is close to saturated solution.
To examine the extreme condition, 10.0 M was chosen. We note that the
10.0 M solution is an imaginary condition because it is much higher than
the saturation concentration. The number density of the components of
the solution is determined computationally, where we assumed that
the volumes of water molecules and ions are identical to those for the
saturated solution. Effective point charges were employed to describe
the solute-solvent interaction potential. The effective point charges on
the solute molecule were determined so as to reproduce the electrostatic
potential around the solute molecule by using least-squares fitting. The
Lennard-Jones parameters for the solute amino acid were taken from
the OPLSAA parameter set [22]. The simple point-charge model (SPC) pa-
rameter set for the geometrical and potential parameters for the solvent
water was employed with modified hydrogen parameters (0 = 1.0 A
and & = 0.056 kcal mol~") [23]. The OPLSAA parameter set for solvent
ions was employed. The number of grid points in the RISM-SCF calcula-
tions was 2048 with a spacing of 0.01 A.

All of the calculations were performed with a modified version of the
GAMESS program package [24], in which the RISM-SCF and its gradient
methods were implemented [25].

3. Results and discussion
3.1. Free energy profiles of proton transfer

We examine the free energy profiles for the reaction from the NF to
ZW via TS in various concentrations of NaCl electrolyte solution.

In Fig. 1, the free energy changes from the NF are depicted. In water,
the free energy of the ZW is 10.5 kcal mol~! lower than that of the NF.
This result is comparable with previous experimental and theoretical re-
sults [4,5,26,27]. The barrier is only 1.3 kcal mol~! in water, which is
also in good agreement with previous calculations. The magnitude of sta-
bilization of the ZW increases with the addition of NaCl electrolyte to
the water: the reaction free energies from the NF are —10.8, —12.6,
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Fig. 1. Free energy profile of intramolecular proton transfer compared in different NaCl
concentrations. NF, TS, and ZW mean neutral form, transition state, and zwitterionic
form, respectively.

and —13.9 kcal mol~1in 0.1, 5.0, and 10.0 M NaCl solutions. The free en-
ergies of the TS stabilize with increasing NaCl concentration.

In Table 1, the structural parameters are summarized. In both the NF
and ZW structures, the structural changes caused by the NaCl addition
are very small, 0.01-0.02 A, whereas those in the TS structure are rela-
tively large, 0.03-0.05 A. In the TS structure, the distance between N
and H, R(N-H), increases, while that between O and H, R(O-H), de-
creases. This means that the TS structure approaches the NF structure
with the addition of NaCl.

The solvation free energy is defined as the sum of the electronic en-
ergy change, AEgq e, and excess chemical potential, Api:

AA = AEsolute + A:u~ (7)

The solvation free energy and its components are summarized in
Table 2. The electronic energy change is defined as:

AEsolute = Esolute _Egas» (8)
where Eg,; is the gas-phase energy of glycine for the NF structure. Note

that the glycine can take only the NF structure in the gas phase. AEsopte in-
cludes the electronic distortion energy from the solute-solvent

Table 1
Structural properties.”
NF TS W

Solvent R(N-H) R(O-H) R(N-H) R(0-H) R(N-H) R(O-H)
Water 1.82 1.00 134 1.18 1.04 2.01
0.1 M NacCl 1.81 1.00 135 1.18 1.04 2.02
5.0 M NaCl 1.81 1.00 137 117 1.04 203
10.0 M NaCl 1.80 1.01 139 1.15 1.04 2.03
3 Units are given in A.

Table 2

Solvation free energy and its components.?

NF-NF&* ZW-NF&%

Solvent AA AEgo1ute Au AA AEgolute An
Water 2.1 104 —83 —85 532 —61.6
0.1 M NacCl 2.1 105 —85 —8.7 54.0 —62.8
5.0 M NaCl 89 11.7 —2.7 —3.7 57.0 —60.7
10.0 M Nacl 222 12.6 9.6 84 58.8 —504

2 Units are in kcal mol ™.

Table 3
Components of solute energy change.?
NF W

Solvent AEso]ute AEstruct AEdist AEsulute AEstruct AEdist
Water 104 13 9.1 532 284 248
0.1 M NacCl 105 14 9.1 54.0 28.7 253
5.0 M NaCl 11.7 15 10.1 57.0 29.1 28.0
10.0 M Nadl 126 17 109 58.8 293 29.5

2 Units are given in kcal mol .

interaction and the energy changes caused by the structural changes,
such as proton transfer, namely:

AE solute — AEgas + AEdist
AEstruct =E gas (rsolute) _Egas (rgas) ) (9)
AEdist = Esolute (rsolute) _Egas (rsolute)

where rgoiyee and Tgas denote the coordinates of solute atoms optimized in
the solution and gas phases, respectively. The excess chemical potential
Ap can also be decomposed into the solute-solvent interaction energy,
E., the solvent reorganization energy, E., and the solvation entropy, AS
[11,14,28]:

Mt =Ey, +E—TAS, (10)

where the solute-solvent interaction energy is given by
Eu =413 0,5 [ (") 7, a1
v oy

and the remaining components of the excess chemical potential, namely
the sum of solvent reorganization and entropy term, can be evaluated
as E,, — TAS = Au — E,. The components of AEg,e and Autare summa-
rized in Tables 3 and 4, respectively. The tables show that, in pure water,
the ZW glycine is stabilized by solvation, whereas the NF glycine is

Table 4
Components of excess chemical potential.”
NF W

Solvent A Eu E, —TAS Au Eu E,, — TAS
Water —-83 —653 570 —616 —170.1 1085
0.1 M NaCl -85 —658 573 —628 —1724 109.6
5.0 M NaCl —27 —698 671 —60.7 —1823 1216
10.0 M Nadl 96 —719 815 —504 —1866 1362
@ Units are given in kcal mol ™.

Table 5

Atomic components of solvation free energy difference between NF and ZW.?

ANLE

x° H,0 0.1 M Nadl aq. 5 M Nadl aq. 10 M Na(Cl aq.
N1 45 4.5 (0.0) 5.0(0.5) 5.6(1.1)
H2 —53 —54(-0.1) —6.0(—0.8) —66(—13)
H3 —6.1 —62(—0.1) —6.8(—0.7) —-72(—-1.1)
H4 —59 —5.9(0.0) —6.5(—0.6) —69(—1.0)
C5 —22 —22(0.0) —28(—06) —35(—13)
6 18.7 189 (0.2) 20.7 (2.0) 21.8(3.1)
07 —249 —25.6(—-0.7) —28.0(—3.0) —285(—36)
08 —333 —333(.0) —34.7(—-1.3) —359(—26)
H9 04 0.4 (0.0) 0.5(0.1) 0.6 (0.2)
H10 04 0.4 (.0) 0.5 (0.1) 0.5 (0.1)
Total —533 —543(—-1.0) —58.0(—4.7) —60.0 (—6.7)

2 Units are given in kcal mol~".
b Labels of solute atoms are defined in Fig. 2.
¢ Numbers in parentheses denote the difference of AAp from those in H,0.
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Fig. 2. Definition of the labels for solute atoms.

destabilized. For the ZW, Apt has a large negative value, while AEsqye iS
positive. This implies that the strong solute-solvent electrostatic interac-
tions contribute to the stabilization, giving positive electronic distortion
energy. On the other hand, the NF glycine shows only small changes in
both AEoee and Ay; this is because the polarity of the NF glycine is rela-
tively small compared with that of the ZW, and as a result, the structural
change of glycine from the gas phase is small.

The NaCl addition increases the solvation free energy both in the ZW
and NF. The major factor in this increase is the increase in the excess

chemical potential. Although the stabilization of the solute-solvent inter-
action energy is enhanced, the solvent reorganization and entropic terms
are increased. Increasing these terms makes the change of Au positive in
total. In addition, the enhanced solute-solvent interactions distort the
electronic structure of the solute glycine; as a result, the AEsoe increases
with NaCl addition. By all these factors, the magnitude of the increase in
the free energy of the ZW state by the NaCl addition is smaller than that
of NF and consequently, the free energy gap of proton transfer increases
with NaCl addition.

3.2. Solvation structure

To consider the microscopic picture of the solvation structure, we in-
vestigated the radial distribution functions (RDFs) and the atomic com-
ponents of the excess chemical potential.

The atomic components of excess chemical potential difference be-
tween the NF and ZW, AAL, are summarized in Table 5. This quantity,
AAL, is defined as:

ZW NF
AN, = A — Ay (12)
where ApZY and AT denote the atomic components of the excess
chemical potential of solute atom x at ZW and NF, respectively. From

Eq. (4), the atomic components of the solvation free energy Aty can
be defined as:

Solute atoms

A= Aty (13)

X

As can be seen in Table 5, three amino hydrogens (H2, H3, and H4)
and two carbonyl oxygens (07 and 08) contribute to the stabilization
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Fig. 3. Radial distribution functions between the solute and solvent water are plotted against site separation. Horizontal axes are given in angstroms.
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of the ZW, whereas the amino nitrogen and the carbonyl carbon desta-
bilize the ZW in solution; the labels of the solute atoms are defined in
Fig. 2. In the upper panels of Fig. 3, the RDFs between solute H and sol-
vent water oxygen, Oy, are depicted. The first peaks of the RDFs become
higher because of the proton transfer from the NF to ZW. The stronger
interactions between the amino hydrogen and solvent oxygen in the
ZW state are a major factor in the negative values of AAlL: H2 shows a
smaller change than H3 and H4, because the interaction between H2
and the solvent is weakened by the steric hindrance of 08. In the
lower panels of Fig. 3, the RDFs between solute carbonyl O and solvent
water hydrogen, H,,, are depicted. In the ZW state, both 07 and 08
show a conspicuous peak at 1.8 A. In contrast, the first peak of the RDF
of 08-H,, is weaker in the NF state, because 08 forms bond with H2.
The solvation structure of O8 changes drastically with the proton trans-
fer, and consequently, AAppg is much larger than AAp;. The positive
values of AApof N1 and C6 may be attributed to the electrostatic repul-
sion from the solvent coordinated around the adjacent carbonyl oxygen
and amino hydrogen, respectively.

In NaCl solution, the behavior of AAu is qualitatively similar to
that in pure water, while the magnitudes of the AAu values increase
slightly as the NaCl concentration increases. The most remarkable
change is seen for 08. The RDFs between 08 and positively charged
solvent atoms are depicted in Fig. 4, and the excess chemical poten-
tial and the solute-solvent interaction energy are summarized in
Table 6. Here, the solute-solvent interaction energy of O8 atom can
be defined as:

Eov =4m>° 0,3 [ tos.y()gos (1) drx
v vy

Table 6
Excess chemical potential, solute-solvent interaction energy of O8 site and the
coordination number of Na™ at first solvation shell.

State Water 0.1 M 50 M 100 M
Miog? NF —64 —6.5 —-50 —2.7
W —395 —39.7 —39.7 —38.7
E98,2 NF —182 —183 —18.6 —19.0
W —79.2 —79.6 —81.0 —82.2
CNP NF 0.00 0.003 0.18 038
W 0.00 0.01 0.50 0.90

2 Units are given in kcal mol~".
b Units are given in molecules.

EC8,, decreases as the NaCl concentration increases for both NF and
ZW, because the solute-solvent electrostatic interactions are enhanced.
Allog decreases at 0.1 M but increases with higher NaCl concentrations.
This indicates that Apog is determined by the balance between the
solute-solvent interaction, the solvent reorganization, and the entropic
term from the NaCl addition. Therefore, the solvent reorganization and
entropic terms are dominant for high concentrations of NaCl. In Fig. 4,
the first peak of the positively charged solvent sites increases with the
increase in NaCl concentration for the NF, whereas the ZW shows the
opposite behavior. Apparently, this behavior of RDFs in the ZW seems
to contradict the enhancements of the solute-solvent interaction. How-
ever, as can be seen in Eq. (14), the solute-solvent interaction energy is
determined not only by RDFs but also by the density of the solvent and
the solute-solvent interaction potential. In fact, the coordination num-
ber of Na* around the 08 atom increases as the NaCl concentration in-
creases (see Table 6). Similar analysis can be performed for all the
other pairs of solute atoms and solvent sites but is not shown here.
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Fig. 4. Radial distribution function between solute 08 and positively charged site of solvent for different NaCl concentrations is plotted against the site separation. Horizontal axes are given

in angstroms.
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4. Conclusion

We have considered the salt effect on the intramolecular proton
transfer reaction of glycine in aqueous NaCl solution using the RISM-
SCF theory.

The free energy profiles were computed for various salt concentra-
tions and solvation structures by means of radial distribution functions.
The set of profiles clearly showed that the proton transfer reaction from
the NF to ZW becomes more exothermic, and the activation energy (or
barrier height) of the reaction reduces on adding NaCl. The TS structure
of the reaction approaches the NF structure, and the reaction barrier is re-
duced. From the energy decomposition analysis of the free energy of sol-
vation, we found that a major factor in the solvation free energy changes
is the increased solvent reorganization and entropic term because of the
NaCl addition. The salt effect of NaCl destabilizes all species. However, the
destabilizations of the NF caused by NaCl addition are stronger than those
of the ZW. In the ZW, the salt effects are suppressed by enhancing the
electrostatic interactions between the solute and the solvent.
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