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• We study the ion-binding of Gly-ZW in
NaCl(aq), KCl(aq), MgCl2+(aq), and
CaCl2

+(aq).
• Ion pairs between charged functional
groups of Gly-ZW and inorganic ions
are weak.

• The stability of ion pairs and influencing
factors are considered.

• The features of ion-binding and salt
concentration effect on it are discussed.
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The ion-binding between inorganic ions and charged functional groups of glycine zwitter-ion inNaCl(aq), KCl(aq),
MgCl2(aq), and CaCl2(aq) has been investigated over a wide salt concentration range by using integral equation
theory in the 3D-RISM approach. These systems mimic biological systems where binding of ions to charged resi-
dues at protein surfaces is relevant. It has been found that the stability of ion pairs formedby the carboxylate group
and added inorganic cations decreases in the sequenceMg2+ N Ca2+NNa+ N K+.However, all formed ionpairs are
weak and decrease in stability with increasing salt concentration. On the other hand, at a given salt concentration
the stability of (−NH3

+:Cl−)aq ion pairs is similar in all studied systems. The features of ion-binding and the salt
concentration effect on this process are discussed.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Ion-selective interactions of inorganic ions with protein surfaces
play an important role inmany chemical andbiological processes occur-
ring in aqueous solution. In particular, this is true for the interaction of
cations with the anionic carboxylate groups as it influences protein
7 4932 336237.
association and enzymatic activity [1]. Recently, using computer simula-
tions and conductivitymeasurements, Vrbka et al. [2] found a higher af-
finity of sodiumover potassium ions for the protein surface. The authors
claim that the stronger binding ofNa+ explainswhyNa+ but not K+ can
impair the function of proteins in the cell. In recent years the effects of
simple ions on proteins have been discussed on the base of the data
from various methods (see, for instance, [2–9]) but so far a clear under-
standing of their molecular origin in complex biological systems has
been elusive. One of the reasons for this situation is the necessity to
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separate different effects originating from the many types of interac-
tions in biomedia [10]. Amore suitable way to study ion-selective inter-
actions is to use simple model compounds with isolated functional
groups, such as amino acids.

In the aqueous phase amino acids exist as zwitterions (ZW) bearing
simultaneously charged ammonium and carboxylate moieties. In many
biological systems they form complexes with alkali metals (Na+, K+)
[11–15], copper I (Cu+) [16,17] and copper II (Cu2+) [16,17] or other
ions [18] stabilizing the ZW. In particular, ab initio calculations [19]
show this stabilization with Na+ and Cl−. This effect may be linked
with the empirically established correlation between the tendency for
contact ion-pair formation and the match between the hydration en-
thalpies of the complexing cations and the anionic carboxylate group
[5,20,21]. In particular, the hydration enthalpy of Na+ matches those of
major intracellular anions or anionic groups, such as carboxylate, better
than K+. This conclusion has been confirmed by a recent investigation
using XAS spectroscopy [14] and by a combined molecular dynamics
and quantum chemical study [2]. Both revealed that sodium interacts
more strongly with the COO− group than potassium and that this ion-
specific interaction ismediated byweak ion pairs (COO−:X+)aq. Howev-
er, the details and consequences of such ion-pairing on the molecular
level are far from being fully understood.

In this paper we present the results of a statistical mechanics study
of the ion-binding of glycine zwitterion (Gly-ZW) in biologically rele-
vant electrolyte solutions, namely NaCl(aq), KCl(aq), MgCl2(aq), and
CaCl2(aq), covering the wide salt-concentration range from near-
physiological values to 2 M. The purpose is to mimic systems where
ion pairing between charged basic groups at protein surfaces and phys-
iologically relevant ions occurs. Fig. 1 shows a Gly-ZW molecule
consisting of the charged hydrophilic –COO− and –NH3

+ groups and
the hydrophobic –CH2 group. Gly was chosen as a biochemical model
substance because of its simple molecular structure with the smallest
possible hydrocarbon backbone. As a building block to many proteins
and biologically active compounds, glycine also performs various im-
portant physiological functions. For example, the Gly-ZW can act as a
neurotransmitter in the central nervous system [22], prevents ion-
induced structural modifications of the intracellular chromatin
[23–25], or provides the antacidic action (reduces the increased secre-
tion of gastric juices). It is known, that glycine will not expose amino-
and carboxyl groups at the protein surface. However, the ionic moieties
on the protein surface are generally carboxylate and ammonium, and
these groups may be close to each other as it is the case in the glycine
molecule. Thus, glycine is a suitable model system to provide informa-
tion on the hydration and ion-binding of such groups in a biological
environment.

The last decades saw a significant growth in the number of studies
for Gly-ZW in biologically relevant aqueous electrolyte solutions. Most
of these papers are devoted to Gly-ZW hydration (see, for instance,
[11,26–30]) but only a few investigations, generally restricted to
Fig. 1. Spatial configuration of Gly-ZW.
monovalent cations [11,14,15,30], touched the problem of possible ion-
binding of this amino acid. The aim of this paper is to study the features
of ion-binding between inorganic ions, including divalent ones, and the
charged functional groups of Gly-ZW and to elucidate the dependence
of this process on salt concentration. To this end, we used the three-
dimensional reference interaction site model (3D-RISM) integral equa-
tion theory to calculate the spatial(3D-) density distribution of solvent
atoms (sites) in a local coordinate system linked to the solute molecule.

2. Theory and computational details

In the framework of integral equation theory (IET) of liquids the ref-
erence interaction site model (RISM), pioneered by Chandler and An-
dersen [31], is providing a realistic description of complex molecular
liquids. The RISM method yields the structural and thermodynamic
properties of solvents and solutions by taking into account their specific
chemical features, like their intrinsic molecular structure or hydrogen
bonding [32–34]. This approach is based on the solution of the one di-
mensional RISM (1D-RISM) IET, yielding the radial distribution func-
tions (RDFs) associated with the atomic sites of the reference
molecule in the liquid (see, for instance, [35–39]). Thus, 1D-RISM does
not deal with the spatial correlations of solvent density around the sol-
ute. More detailed information on the solution structure, particular on
the spatial distribution of the surrounding molecules, is provided by
the 3D-version of the RISM (3D-RISM) IET. For the first time the idea
of representation of the RISM distribution functions in three-
dimensional space has been proposed by Chandler, McCoy and Singer
for nonuniform polyatomic liquids [40,41]. Subsequently the 3D-RISM
theory has been developed by Beglov and Roux [42,43], by Cortis,
Rossky, and Freisner [44], by Kovalenko andHirata ([45,46]) andmainly
for non-charged, polar, and ionic molecular species in polar molecular
solvents. Last decade 3D-RISM IET has been successfully used for
study of the structure of biomolecules solutions [47–55]. As thismethod
is described in detail elsewhere [46] it may suffice here to give only a
brief outline of the aspects relevant for our study.

The 3D-RISM approach operates with molecular-atom (site) spatial
distribution functions (SDFs), gγuv(r, Ω) ≡ gγ

uv(r), which are the 3D-site
(γ) distribution functions of solvent (v) atoms around the solute (u)
molecule. In the present case an aqueous electrolyte solution acts as
the solvent for the amino acid so that the O and H atoms of water, as
well as the inorganic (atomic) ions, count as solvent sites, γ. To obtain
the SDF a solute molecule (namely, its center of mass or a specific site)
is fixed at the origin of a local (spherical) reference frame and the local
atomic densities of all γ are determined by computing both radial, r,
and angular, Ω = (θ, ϕ), coordinates of the site–site distance vector r.

In this work the SDFs associated with ion binding were obtained
from the solute–solvent 3D-RISM integral equation given in Ref. [46],

huvγ rð Þ ¼ cuvα rð Þ � ωvv
αγ rð Þ þ ρvh

vv
αγ rð Þ

� �
; ð1Þ

where hγ
uv(r) and cγ

uv(r) are, respectively, the 3D-total and direct
molecular-atom (site) correlation functions of solvent site γ (here the
inorganic ion) around the solute molecule; hαγvv (r) is the radial site-site
total correlation function of the solvent, ωαγ

vv (r) is the intramolecular
correlation function of the solvent, ρV is the average solvent density.
The asterisk means convolution in direct space and summation over re-
peating indices. The SDF is defined by gγ

uv(r) ≡ hγ
uv(r) + 1.

Tomake Eq. (1) complete a closure relationship is required.We used
the three-dimensional Kovalenko–Hirata closure (3D-KH) [56,57]
which is given by

guvγ rð Þ ¼
(

expðduvγ rð ÞÞ; duvγ rð Þ≤0
1þ duvγ rð Þ; duvγ rð ÞN0 ;

duvγ rð Þ ¼ −βUuv
γ rð Þ þ huvγ rð Þ−cuvγ rð Þ

ð2Þ
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where Uγ
uv(r), expressed by a sum of Coulomb and Lennard–Jones

terms, is the interaction potential between siteγ of the solventmolecule
(here the ion) and the whole solute, β = 1/kBT with kB being
Boltzmann's constant and T is the Kelvin temperature.

The obtained SDFswere used to calculate the potential ofmean force
(PMF) as

Wuv
γ rð Þ ¼ −kBT ln guvγ rð Þ ð3Þ

which represents the ratio of the free energy of a solvent particle at a
given distance from the solute to that in the bulk. As an energetic char-
acteristic, the PMF is a suitable instrument for examining possible ion-
binding and informs in the stability of the formed ion pairs by the
depth of the first minimum of the PMF. The depth of the first minimum
corresponds to the height of the dominant peak of the SDF.

Our calculations were carried out for one molecule of Gly-ZW in
aqueous solutions of NaCl (salt concentrations c = 0.154–2 M), KCl
(c = 0.158–2(3) M), MgCl2(aq) and CaCl2(aq) (c = 0.01–2 M
each) at ambient conditions using the NAB program [58] from the
AmberTools package (version 1.4) [59]. The results of 1D-RISM
calculations for the water-salt solution at finite concentrations
were used as input data for the solvent to perform 3D-RISM cal-
culations. The 3D-RISM-KH equations were solved on a 3D grid of
250 × 256 × 256 points with a spacing of 0.25 Å in a parallelepiped
cell of size 62.5 Å × 64 Å × 64 Å. This was large enough to accommo-
date the complex together with sufficient solvation space around it.
The numerical solution of the 3D integral equation was performed
by combining Picard iterations and the MDIIS (Modified Direct Inver-
sion in the Iterative Subspace) iterative scheme [60] with 5 MDIIS
vectors; a residual tolerance of 10−6 was chosen.

Atom coordinates of the solute were adopted from the PubChem
Structure DataBase [61]. Solute-atom partial charges were calculated
with the antechamber program from the AmberTools 1.4 package [59]
using the AM1-BCC method [62–64]. The corresponding LJ parameters
were taken from the General Amber Force Field (GAFF) [62]. For water
the modified version of the SPC/E model (MSPC/E) was used [65].

3. Results and discussion

Fig. 2 shows the calculated SDFs for Gly-ZW in NaCl(aq), MgCl2(aq),
and CaCl2(aq) at c = 2 M, and in KCl(aq) at c = 3 M as examples. The
PMFs for Gly-ZW at different salt concentrations are displayed in
Figs. 3 and 4. Characteristic values of the PMFs and SDFs are summarized
in Table 1.

As expected from electrostatics, the investigated cations form
pairs with the –CОО− group, (−COO−:Cat)aq, Cat = Na+, K+,
Ca2+, Mg2+, whereas the chloride ion associates with the –NH3

+

group, (−NH3
+:Cl−)aq. This result is clearly visible from the SDFs

(Fig. 2) and corroborates MD simulations for Gly-ZW in NaCl(aq)
Fig. 2. Spatial distribution functions, gγuv(r), of the inorganic cations (Na+, K+,Mg2+,Ca2+) aroun
the anion (Cl−) around Gly-ZW in 2 M NaCl(aq) (e). The red areas indicate to the most probab
[11], as well as experimental studies, using XAS [14], NEXAFS [9] or
dielectric spectroscopy [66,67], into the binding of Na+ and K+ to
the carboxylate group of glycine, acetate and formate. Indirect evi-
dence for ion pair formation between the charged groups of Gly
and Na+ and Cl− came also from the analysis of density, sound ve-
locity and refractive index of water–glycine–NaCl systems [15].

The obtained values for the PMF (Table 1, Fig. 3) suggest that all
formed ion pairs areweak and their stability decreaseswith salt concen-
tration (ionic strength). For the studied cations the ion-pair stability de-
creases in the sequenceMg2+ N Ca2+ N Na+ N K+which corresponds to
the increasing affinity of these ions for water [6] and consistent with
classic idea of field strength [68,69]. Our fndings for the monovalent
ions are in agreementwith conclusions fromX-ray absorption spectros-
copy [9,14],MD simulations and conductivitymeasurements [2]. Thedi-
valent cations, Mg2+ and Ca2+, are known (see [70,71] and references
therein) to bind to active oxygen sites of proteins and peptides, suggest-
ing already stronger interactions than for the alkali ions. More direct
support for our findings comes from Refs. [5,20,21] showing that
Mg2+ ion interacts more strongly with the carboxylate moiety than
both Na+ and K+.

Comparison of the PMF minimum values at the lowest and highest
salt concentration (Table 1) indicates that the effect of ionic screening
is larger for the salts withmonovalent cations then for the salts with di-
valent cations. In this regard the changes of the PMF minimum values
with rising salt concentration (Table 1) do not correlate with the chang-
es of the Debye screening length appearing in simple continuum
Poisson–Boltzmann (PB) approach. This arises because the PB approach
cannot take into account details of the solvation structure of molecules
as it deals with Coulomb interactions only and ignores the short-range
interactions. As a result, continuum models based on the PB approach
give only a rather poor prediction for the concentration dependence of
the PMF, in particular, for the depth and location of the PMF minimum
(see, for instance, Fig. 1 in Ref. [72]).

As it can be seen from the Table 1, at a given salt concentration the
stabilities of the(−NH3

+:Cl−)aq ion pairs are similar for all salts. The pos-
sibility for direct Cl− binding to amide groups of the protein backbone
was considered in literature [73,74] but information on its strength is
scarce. Our results (Table 1) suggest that, except for (−COO−:K+)aq,
carboxylate-cation pairs are stronger than (−NH3

+:Cl−)aq pairs. This is
consistent with the inference from MD simulations showing that Na+

is stronger bound to the –COO− group of Gly-ZW than Cl− ion is
bound to its –NH3

+ [11].
An important result of our investigation is that the way of ion bind-

ing (the molecular interaction geometry according to Aziz et al. [14])
between the functional groups of Gly-ZW and the inorganic ions mark-
edly depends on salt concentration (ionic strength). As can be seen from
Fig. 3, up to c ≈ 1.5–2 M of NaCl, KCl and CaCl2 the cation forms bifur-
cated (chelating) ion pairs, i.e. it is embedded between the oxygen
atoms of the –СОО− group. Our results thus corroborate findings from
dGly-ZW in2MNaCl(aq) (a), 3MKCl(aq) (b), 2MMgCl2(aq) (c), 2MCaCl2(aq) (d) andof
le location of the ions.

image of Fig.�2


Fig. 3. Potentials of mean force between Gly-ZW and the cations in NaCl(aq) (a), KCl(aq) (b), MgCl2(aq) (c), and CaCl2(aq) (d) at different salt concentrations.
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an XAS investigation [14] indicating that up to ~1 M alkali cations are
observed to take middle position between the carboxylate oxygens. At
higher salt concentrations Na+, K+ and Ca2+ pair with the –СОО−

group via the carboxylate oxygen closest to the –NH3
+ group (Fig. 1a).

This form of binding was observed for NaCl(aq) at c N 1 М, for KCl(aq)
at c N 2 M and for CaCl2(aq) at c N 0.5 М (Fig. 3). On the other hand,
Mg2+ prefers to interact with the carboxylate oxygen closest to –NH3

+

group over the entire salt concentration range, 0.01–2 M MgCl2(aq).
This is not only obvious from Fig. 3 but also clearly shows up in the
Gly-ZW-cation SDFs of Fig. 2.

For all systems at near-physiological salt concentrations the anion,
Сl−, forms(−NH3

+:Cl−)aq ion pairs by interacting with the ammonium
hydrogens furthest away from the–СОО− group (Fig. 4, the PMFs at
0.154 M NaCl and 0.158 M KCl are not shown, & Fig. 1b). However, at
higher c the anion preferably binds to hydrogen atom of –NH3

+ that is
closest to the carboxylate group (Fig. 4). For NaCl(aq) and KCl(aq) this
change of the coordination geometry occurs at с N 1 М, whereas for
MgCl2(aq) and CaCl2(aq) с N 0.01 М is already sufficient.

Ion binding is competingwith the hydration of the chargedmoieties
on Gly-ZW. It is thus interesting to know the corresponding interaction
energies. For the (−COO−–HW) complex the obtained values for the
PMF between Gly-ZW and water (W) range from approximately
−1.14 to 1.20 kcal/mol at near-physiological concentration of salts to
ca. −1.00 kcal/mol at с = 2 M. For (−NH3

+–OW) PMFs range from
about −0.90 kcal/mol at near-physiological concentration of salts to
ca. −0.84 kcal/mol at с = 2 M. Clearly, these values are smaller than
the PMFs between Gly-ZW and the studied ions (Table 1) and indicate
that direct (contact) binding of the ions to the charged hydrophilic
groups of Gly-ZW is preferred.

Probably the change in the interaction geometry of Gly-ZWwith cat-
ions when going from low to high concentrations is driven by the more
compact solution structure at high cwhich results in the formation of di-
rect cation-anion pairs that interactwith Gly-ZW to formquadrupolar ag-
gregates. This is possible when the cation is displaced to carboxylate
oxygen closest to –NH3

+ and simultaneously Cl− shifts to the amino hy-
drogen closest to –СОО− (see Fig. 1a for clarity). From the spatial distribu-
tion of the ions around Gly-ZWwe can suppose that the cations and Cl−

form solvent-shared (SIP) or contact ion pairs (CIP) with almost certainly
SIP for Mg2+ and CIP for K+. This is supported by the distances between
the ions estimated from the corresponding PMFs, r(Na+–Cl−) = 3.41 Å,
r(K+–Cl–) = 3.28 Å, r(Mg2+–Cl−) = 4.71 Å, and r(Ca2+–Cl−) = 3.01 Å.
Taking into account the ion radii (R(Na+) = 0.95 Å, R(K+) = 1.33 Å,
R(Mg2+)=0.65Å,R(Ca2+)=0.99Å,R(Cl−)=1.81Å [75]), the obtained
r values are consistent with SIPs between Mg2+ and Cl− and CIPs be-
tween Na+, K+, Ca2+ and Cl−. Support for this inference comes from
studies of the corresponding glycine-free electrolyte solutionswhich sug-
gest that Mg2+ and Cl− only form SIPs [76–79] whereas CIPs are formed
between K+ and Cl− [80,81]. For pairs of Cl−with Ca2+ or Na+ both, con-
tact and solvent-shared, configurations were invoked with CIPs prefera-
bly forming at intermediate to high c [80–84]. Obviously, increasing salt
concentration leads to a competition between association of the salt
ions and their binding to Gly-ZW. As a consequence, the stability of
(−COO−:Cat)aq and (−NH3

+:Cl−)aq ion pairs is reduced as can be seen
from the less attractive PMF values, see Table 1.

image of Fig.�3


Fig. 4. Potentials of mean force between Gly-ZW and the anion in NaCl(aq) (a), KCl(aq) (b), MgCl2(aq) (c), and CaCl2(aq) (d) at different salt concentrations.

Table 1
Characteristic values of the SDFs and PMFs for Gly-ZW in aqueous electrolyte solutions at different salt concentrations.

Ion pair Salt concentration

NaCl(aq)

0.154 M 0.5 M 1.0 M 1.5 M 2.0 M

(−COO−:Na+)aq PMFmin, kcal/mol −1.53 −1.48 −1.42 −1.39 −1.36
SDFmax 13.23 12.31 11.11 10.44 10.02

(−NH3
+:Cl−)aq PMFmin, kcal/mol −1.37 −1.33 −1.28 −1.26 −1.24

SDFmax 10.06 9.50 8.69 8.37 8.14

KCl(aq)
0.158 M 0.5 M 1.0 M 1.5 M 2.0 M

(−COO−:K+)aq PMFmin, kcal/mol −1.32 −1.26 −1.20 −1.15 −1.12
SDFmax 9.22 8.44 7.54 6.99 6.63

(−NH3
+:Cl−)aq PMFmin, kcal/mol −1.37 −1.32 −1.27 −1.24 −1.22

SDFmax 10.18 9.38 8.57 8.13 7.88

MgCl2(aq)
0.01 M 0.5 M 1.0 M 1.5 M 2.0 M

(−COO−:Mg2+)aq PMFmin, kcal/mol −2.17 −2.14 −2.09 −2.06 −2.04
SDFmax 33.01 37.27 34.30 32.62 31.493

(−NH3
+:Cl−)aq PMFmin, kcal/mol −1.30 −1.30 −1.27 −1.25 −1.24

SDFmax 8.97 9.01 8.56 8.34 8.20

CaCl2(aq)
0.01 M 0.5 M 1.0 M 1.5 M 2.0 M

(−COO−:Ca2+)aq PMFmin, kcal/mol −1.70 −1.70 −1.65 −1.62 −1.60
SDFmax 17.79 17.71 16.15 15.43 14.99

(−NH3
+:Cl−)aq PMFmin, kcal/mol −1.30 −1.28 −1.25 −1.23 −1.22

SDFmax 8.96 8.71 8.21 8.01 7.90
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4. Conclusions

Using the 3D-RISM theory we investigated the ion binding between
inorganic ions and the charged groups of Gly-ZW in biologically rele-
vant aqueous electrolyte solutions over wide salt concentration ranges.
It was found that all studied ions, Na+, K+, Mg2+, Ca2+, and Cl−, form
weak ion pairs with –COO− respectively –NH3

+. The stability of the cat-
ion–carboxylate pairs decreases in the sequence Mg2+ N Ca2+ N Na+ N

K+ and with increasing salt concentration (ionic strength). The same
trend with concentration is also observed for (−NH3

+:Cl−)aq ion pairs
but irrespective of the salt all studied systems exhibit similar stability
at given c. Information on the coordination geometry was obtained.
The observed change when going from near-physiological to concen-
trated solutions was traced back to competing ion-pair formation be-
tween the ions of the added salt, leading to the formation of
quadrupolar aggregates.
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