
J Biol Phys (2014) 40:313–323
DOI 10.1007/s10867-014-9350-3

ORIGINAL PAPER

Probing the coordination properties of glutathione
with transition metal ions (Cr2+,Mn2+,Fe2+,Co2+,
Ni2+,Cu2+,Zn2+,Cd2+,Hg2+) by density functional
theory

Jianhua Liu ·Hongxia Liu ·Yan Li ·Haijun Wang

Received: 14 November 2013 / Accepted: 14 April 2014 / Published online: 14 June 2014
© Springer Science+Business Media Dordrecht 2014

Abstract Complexes formed by reduced glutathione (GSH) with metal cations (Cr2+,
Mn2+,Fe2+,Co2+,Ni2+,Cu2+,Zn2+,Cd2+,Hg2+) were systematically investigated by
the density functional theory (DFT). The results showed that the interactions of the metal
cations with GSH resulted in nine different stable complexes and many factors had an effect
on the binding energy. Generally, for the same period of metal ions, the binding energies
ranked in the order of Cu2+ > Ni2+ > Co2+ > Fe2+ > Cr2+ > Zn2+ > Mn2+; and for the
same group of metal ions, the general trend of binding energies was Zn2+ > Hg2+ > Cd2+.
Moreover, the amounts of charge transferred from S or N to transition metal cations are
greater than that of O atoms. For Fe2+,Co2+,Ni2+,Cu2+,Zn2+,Cd2+ and Hg2+ com-
plexes, the values of the Wiberg bond indices (WBIs) of M-S (M denotes metal cations)
were larger than that of M-N and M-O; for Cr2+ complexes, most of the WBIs of M-O in
complexes were higher than that of M-S and M-N. Furthermore, the changes in the elec-
tron configuration of the metal cations before and after chelate reaction revealed that Cu2+,
Ni2+,Co2+ and Hg2+ had obvious tendencies to be reduced to Cu+,Ni+,Co+ and Hg+
during the coordination process.
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1 Introduction

Reduced glutathione (GSH) is a ubiquitous thiol-containing tripeptide (γ - glutamyl -
cysteinyl - glycine). GSH has many cellular functions, including detoxication of xenobiotics
and heavy metals, reduction of oxidation-prone protein thiols, maintenance of cellular mem-
branes and deactivation of free radicals [1]. The intracellular concentrations of reduced
glutathione vary from 1 to 20 mM and alternations in the level of cellular GSH have been
related to a number of diseases, such as diabetes, human immunodeficiency virus infection,
cystic fibrous, acute respiratory distress syndrome and chronic renal failure [2]. Due to its
intracellular abundance, GSH is a likely target for metal cations, especially those having
high affinity for thiolate sulfur [3]. It has been suggested that GSH may serve as a primary
defense against metal cation toxicity [4, 5]. Reduced glutathione (GSH), present in nuclei
at concentrations ranging from 1 and 10 mM, has been implied as a protective agent against
heavy metal cation toxicity through forming complexes [6–11].

Copper is essential for many processes in bioorganisms. However, excess copper can
result in marked reactive oxygen species (ROS) formation that can damage lipids, nucleic
acids and proteins [12, 13]. Increased free or redox active copper can also lead to the degra-
dation of extracellular GSH, by which it exerts its harmful effects [14]. Although zinc is
essential for cellular function, sustained increases in free Zn2+ levels are harmful. A cell-
death mechanism and mitochondrial dysfunction are initiated though a Zn2+-induced loss
of cellular antioxidant capacity by depleting cellular reduced glutathione [15]. Intracellular
nickel is responsible for neoplastic transformation and excess Ni (II) is a human carcinogen
[12]. The intracellular level of reduced GSH is an important factor in the process of cellular
resistance to Ni (II) [16]. Cobalt is essential to humans as it is a necessary component of vita-
min B12 [17]. However, higher concentrations of cobalt display carcinogenic properties and
induce the generation of ROS [18]. Manganese is also involved in the initial formation of
ROS and their subsequent reactions with macromolecules such as proteins, lipids, polysac-
charides and nucleic acids leading to altered membrane fluidity, loss of enzyme activity
and genomic damage [19]. The toxicologic characteristics of mercury (elemental, inorganic
and organic forms) and its ability to react with and deplete free sulfhydryl groups are well-
known [20]. It is demonstrated that the administration of mercury as Hg (II) to rats results
in increased hydrogen peroxide formation, glutathione depletion and lipid peroxidation in
kidney mitochondria [21].

Knowledge of the coordination chemistry of GSH is essential to understand the defense
mechanism of GSH against metal cation toxicity. Moreover, GSH, possessing all kinds of
biological donor atoms (two carboxyls, one thiol, one amino and two pairs of carbonyls and
amide donors within two peptide bonds) is a versatile ligand, forming stable complexes with
both hard and soft metal cations [22, 23]. Thus, the coordination chemistry of glutathione
is also important as it serves as a model system for binding metal cations of larger peptide
and protein molecules [24, 25].

Different experimental techniques have been devoted to investigate the metal complexes
of GSH, such as electron paramagnetic resonance (EPR) [26, 27], NMR [28, 29], X-ray
diffraction (X-ray) [30, 31] and ESI-MS [32]. Nevertheless, it is difficult to explain the
structures of the complexes at the atomic and electronic level. Computational studies can fill
this gap and provide thermochemical, kinetic and structural information [33]. Furthermore,
the different affinities of a specific ligand for different metal cations, which play a key
role in the function and properties of metal-containing biomolecules, can also be obtained
directly by quantum-chemical computations [34, 35].
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The coordination details of complexes formed by Cd2+ with GSH and 3-
mercaptopropionic acid were explored using the quantum-chemical computation method
[36, 37]. In order to explore the metal-binding selectivity and specificity of GSH from
the perspective of structure and energy properties, we investigated the coordination behav-
ior of transition metal cations (Cr2+,Mn2+, Fe2+,Co2+,Ni2+,Cu2+,Zn2+,Cd2+,Hg2+)
with GSH in a gas phase using the density functional method. The density functional method
(DFT) is reliable and one of the most popular tools to describe metal-ligand interactions in
biological systems, due to its excellent performance-to-cost ratio. Structural and electronic
characterizations of the complexes formed by metal ions with amino acids were studied by
the DFT method [38, 39].The interaction between metal ions and organic molecules in the
gas phase is an ideal environment from which complexation mechanisms can be obtained
in the absence of any complicating solvent effects.

2 Computational methods

Calculations for structure optimization were performed at the DFT level using the Becke’s
three parameter hybrid exchange functional and the gradient-corrected non-local functional
of Lee et al. (B3LYP) [40, 42]. The 6-31G (d, p) basis set was used for describing H, C,
O, N and S atoms, whereas the LANL2DZ pseudopotential [43] was adopted for metal
cations. The stability of the optimized geometries was verified by performing calculations
on vibrational frequencies. Natural bond orbital (NBO) analysis [44] was applied to analyze
the charge transfer, natural population analysis and Wiberg bond indices of the complexes.
All computations reported in this work were carried out using the Gaussian 03 program [45].

Open shell calculations (Cr2+,Mn2+,Fe2+,Co2+,Ni2+,Cu2+) were carried out using
spin-unrestricted formalism. The stable spin states for Cr2+,Mn2+ and Cu2+ are quintet,
sextet and doublet, respectively. A more complicated case is with Fe2+,Co2+ and Ni2+
ions, which may exist in their complexes both in high-spin and low-spin states. The geome-
tries with various spin configurations are optimized and the lowest energy structures are
chosen for further analysis. Thus, the more stable quintet state for Fe2+, quartet state for
Co2+, triplet state for Ni2+ ion are considered. Zn2+,Cd2+ and Hg2+ are d10 cations; their
complexes are a closed-shell system with singlet ground state.

The binding energies (�E) of A (GSH) monomers with B (metal cation) are calculated
as the energy difference between the complexes and respective donor-acceptor moieties. For
systems under consideration, it is defined as:

�E = EAB − (EA + EB) . (1)

Here, EAB is the energy of the complexes; EA, the energy of GSH; EB, the energy of metal
cations. The binding energies are corrected by zero-point energy (ZPE) and basis set super-
position errors (BSSE) with the counterpoise procedure method proposed by Boys and
Bernardi [46] and van Duijneveldt et al. [47].

3 Results and discussion

The reduced GSH molecule is flexible, and different stable conformations of the ligand may
coexist in solution and in the gas phase. The folded form in the gas phase is more stable than
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the extended form, while in aqueous solutions the extended form is more stable because of
hydrogen bonds between the water molecules and GSH [41]. A recent B3LYP quantum-
mechanical investigation found that hydrogen bonding interactions between the terminal
ends of glutathione resulted in a “basket-like” conformation and this basket–conformation
was one of the most stable structures in the gas phase [48].

The aim of our work goes beyond the conformational aspects of GSH. Thus, here, the
stable structure (“basket-like” conformation) of GSH is considered [48] (shown in Fig. 1)
and only the GSH: M+ stoichiometric ratio of 1:1 has been taken into account.

3.1 Coordination mode

All possible modes of complexation are calculated and the complexes are examined by
selecting systematically. Nine stable complexes are gained and the complexes (mono-, di-,
tri- , tetra- and penta-coordinating) labeled as GSH-M-1a, GSH-M-1b, GSH-M-2a, GSH-
M-2b, GSH-M-3a, GSH-M-3b, GSH-M-4 and GSH-M-5 (M=Cr2+, Mn2+, Fe2+, Co2+,
Ni2+, Cu2+, Zn2+, Cd2+, Hg2+) are summarized in Fig. 2.

In the complex GSH-M-1a, the metal cations are monocoordinated to glutathione with
complexation to the sulfur (S29) atom of the Cys residue. In the presence of Cr2+, Mn2+,
Fe2+, Co2+, Ni2+and Cu2+, the intramolecular hydrogen bond of the terminal end (O36-
H37...O7) in free GSH is broken after optimization. Furthermore, the terminal carboxyl of
glutamyl residue of GSH has the tendency to be detached in the GSH-M-1a complexes (M=
Cr2+,Mn2+,Ni2+,Cu2+). The bond length of C4-C6 of GSH (1.61∼1.64 Å) in those com-
plexes is lengthened comparing to the bond length in the free GSH (1.51 Å). Moreover,
the Fe2+,Co2+,Zn2+,Cd2+ and Hg2+ ions promote hydrogen transfer from the S atom of

Fig. 1 The glutathione conformation. Color codes: O, red; N, blue; S, yellow; C, deep grey; H, light grey
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Fig. 2 The optimized electronic structures of the metal complexes (GSH-M, M= Cr2+ , Mn2+, Fe2+, Co2+,
Ni2+, Cu2+, Zn2+, Cd2+, Hg2+) calculated by B3LYP

thiol to the O26 atom in the carbonyl of the Cys residue. The metal cations are monoco-
ordinated to the amine group (N1) of glutamyl residue in the complexes GSH-M-1-b. The
intramolecular hydrogen bonds of the terminal end (O36-H37· · ·O7 and N27-H28· · ·O17)
in free GSH are broken and form two new intramolecular hydrogen bonds (N27-H28· · ·O7
and N1-H2· · ·O8) in GSH-M-1b.

In complexes 2a, 2b and 2c, the metal cations appear to be bicoordinated. In complexes
2a, an oxygen atom arising from the carboxylic of the Gly residue (O8) and a nitrogen atom
from the amine group of the glutamyl of the residue (N1) are involved in the coordina-
tion. The intramolecular hydrogen bond of the terminal end (O8-H9. . . O35) in free GSH is
destroyed and the H9 transfers from O8 to O35. Metal cations are bicoordinated to O17 and
N18 of Glu residue in GSH-M-2b, to the sulfur (S29) and oxygen (O26) of the carbonyl of
the Cys residue in GSH-M-2c. The intramolecular hydrogen bond of the terminal end (O36-
H37· · ·O7) in free GSH is broken and new intramolecular hydrogen (N27-H28· · ·O7) in
GSH-M-2b is formed.

The GSH-M-3a and GSH-M-3b complexes have tridentated complexation to O7, O35,
O36 and O26, N27, S29 of GSH, respectively. For Cr2+ and Zn2+ complexes, the carbon
(C25) atom and O (17) atom of carbonyl are inclined to be a covalent bond (five-membered
ring configuration is formed within C16, O17, C25, C20 and N18) in GSH-M-3b.

In the GSH-M-4a complexes, the atoms directly involved in the interaction with metal
cations belong to the carboxylic group of Glu and Gly residue (O7, O36), to the carbonyl
of the peptide bond of Glu (O17) and to the oxygen atom of the carbonyl of the Cys residue
(O26).
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Metal ions are pentacoordinated with GSH in GSH-M-5. The ligand atoms involved
in the coordination include two oxygen atoms from the carboxylic group (O35, O8), two
oxygen atoms from both carbonyls (O17, O26) and a nitrogen atom of the amine group (N1).

We also tried to identify more metal cation coordination sites for GSH. But, after
optimization, no further structures beyond the GSH-M complexes described above were
obtained.

3.2 Energies analysis

The values of the binding energies indicated the binding capacity of the metal cation with
GSH and the deformation energy (Edef ) of GSH was used to estimate the deformation
of GSH during the formation of the complex from an energy point of view. Deformation
energy was measured by the single-point energy differences between the free fragment and
the corresponding isolated moiety in the complex (the remaining part of the metal ion was
set as the ghost atom).

The binding energies and their absolute values are shown in Table S1 (Supplementary
information) and Fig. 3, respectively. The negative values of the binding energies indicate
that all the complexes are stable and that the stability of the complex improves with the
increase of the absolute value of the binding energy.

For the same period for metal ions, the absolute values of the binding energies of the
metal ions with GSH in complexes decrease from Cr2+ to Mn2+, increase monotonically
again from Mn2+ to Cu2+ and then decrease sharply from Cu2+ to Zn2+. Generally, the
binding energies ranked in the order of Cu2+ > Ni2+ > Co2+ > Fe2+ > Cr2+ > Zn2+ >

Mn2+. For the same group of metal ions, the general trend of binding energies was Zn2+ >

Hg2+ > Cd2+. From Cr2+ to Ni2+, the trend of the binding energies is consistent with
that of the ion potential (z/r) of the metal cations as shown in Table 1. The value of the ion
potential is equal to the ratio of electric charge and the radius of the metal ion. The high ion
potential of the metal cation results in large binding energy between metal cations and GSH.
However, there are some exceptions: the ion potential of Ni2+ (2.90) is larger than that of

Fig. 3 The absolute values of binding energies of metal ions with GSH in complex calculated by B3LYP
(M= Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+)
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Table 1 The radii for metal ions (r in Å, coordination number is 6, from Lange’s Handbook of Chemistry)
and the ion potential (z/r) of alkali and alkaline earth metal cations

Cr2+ Mn2+ Fe2+ Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Hg2+

Z 2 2 2 2 2 2 2 2 2

R 0.80 0.83 0.78 0.745 0.69 0.73 0.74 0.95 1.02

I 2.50 2.41 2.56 2.68 2.90 2.74 2.70 2.11 1.96

Cu2+ (2.74), while the absolute values of binding energies of Ni2+ are smaller than or equal
to that of Cu2+. This might be due to the different ground-state electronic configurations
(3d8 for Ni2+, 3d9 for Cu2+). Cu2+ is more inclined to obtain electrons from the ligand to be
a fully occupied 3d orbital (3d10) than is Ni2+, which enhances the interactions between the
metal ion and ligand atom. Moreover, the differences of the ion potential of Cu2+ (2.74) and
Zn2+ (2.70) are not obvious, while the binding energies of Zn2+ with GSH in complexes
are significantly smaller than that of Cu2+. All of the d orbitals of the Zn2+ are occupied
and the interaction between Zn 3d and the heteroatom (O, N and S) orbitals becomes very
small. The same group of metal ions Zn2+, Cd2+ and Hg2+ are d10 ions and the order of the
ion potential is Zn2+ > Cd2+ > Hg2+. Due to the small electron screening of 4f of Hg2+
to outer electrons and the small difference in radii between Cd2+ and Hg2+, the effective
nuclear charge of Hg2+ is larger than that of Cd2+. Thus, the binding energies of Hg2+ with
GSH in some complexes are larger than that of Cd2+.

In general, the binding energies are proportional to the coordination number, although
there are some exceptions. The binding energies of GSH-M-2b are the smallest for all metal
ions; the differences of the binding energy of Cu2+ and GSH in GSH-M-1, GSH-M-2 and
GSH-M-3, as well as GSH-M-4 are very tiny; for Ni2+, the binding energy of GSH-M-3a is
smaller than that of GSH-M-2a and GSH-M-2c; for Hg2+, the binding energy of GSH-M-
3a is larger than that of GSH-M-4. This may due to several factors, such as: the deformation
energy of GSH during coordination to the metal cations, electrostatic interaction, metal-
ligand repulsion and charge transfer [49]. Moreover, the above-mentioned factors might
behave variously for different metal cations and different coordination modes.

In order to better combine with metal cations, GSH is required to deform from equilib-
rium geometry to the geometrical conformation in the complex. As shown in Table 2, the

Table 2 The deformation energies �Edef (kcal/mol) of the GSH in complexes calculated by B3LYP
(M= Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+)

Cr2+ Mn2+ Fe2+ Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Hg2+

GSH-M-1a 22.3 18.23 36.31 40.14 22.84 23.0 44.40 41.8 42.0

GSH-M-1b 33.9 34.49 34.31 33.99 34.06 34.1 16.51 14.0 31.4

GSH-M-2a 62.9 59.55 34.75 28.36 44.09 43.6 54.82 45.6 28.1

GSH-M-2b 86.5 82.13 34.38 83.77 48.91 42.7 40.69 32.9 74.9

GSH-M-2c 17.8 17.97 18.85 26.13 27.72 27.1 17.03 14.4 13.9

GSH-M-3a 81.7 75.74 78.59 80.99 82.72 35.0 17.78 71.7 81.0

GSH-M-3b 88.2 19.67 21.08 24.39 25.98 25.5 77.89 12.2 11.1

GSH-M-4 48.2 46.56 50.29 50.71 50.15 38.9 47.19 44.7 43.3

GSH-M-5 55.7 50.68 52.31 53.96 54.09 53.3 51.42 45.9 43.2
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positive value of Edef illustrates that the geometry distortion during the formation of GSH
is an energy rising process. So, Edef is a repulsive contribution during the coordination
process. Moreover, with different metal cations and coordination modes, the deformation
degree of GSH varies. Furthermore, the binding and deformation energies are not lineally
correlated.

3.3 NBO population analysis

Natural bond orbital (NBO) analysis, which helps to understand the details during the coor-
dination process, is adopted to calculate the charge transfer (CT), Wiberg bond indices
(WBIs) and the natural electron configuration (NEC) of the metal ions in the complexes.
The charge transfer (the charge decrement values on corresponding metal ions in complexes
going from isolated ions to metal-complexes) between metal cations and GSH in complexes
is listed in Table 3. The results show that the charge transfer takes place in all complexes
during the complexation reaction, which implies the presence of an interaction with a cova-
lent contribution. The overlaps in metal-ligand bonds almost occurs between a hybrid sd
orbital of metal ions (Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+) and a 2p
orbital of oxygen and nitrogen, 3p orbital of sulfur. Cu2+ has more charge transfer charac-
ter than the other metal cations in the complexes, while Zn2+ and Cd2+ undergo the relative
minimal charge transfer. This can be related to the different ground-state electronic con-
figurations (3d9 for Cu2+, 3d10 and 4d10 for Zn2+ and Cd2+, respectively), Cu2+ has the
greatest tendency to be a fully occupied 3d10 orbital. Due to a large effective nuclear charge,
the charge transfer between Hg2+ and GSH is more than that of Zn2+ and Cd2+.

It was also found that the amounts of charge transferred from S or N to metal ions are
greater than that from O atoms to metal ions. For example, the amounts of charge transfer in
monodentate GSH-M-1a and GSH-M-1b are much more than that in GSH-M-4 and GSH-
M-5. This charge transfer suggests that a higher degree of covalent bond may be involved
between the S or N and metal ions than that of between O and metal ions. Furthermore, the
larger amount of charge transfer also indicates the stronger bonding of transition metal ions
with the S and N.

The natural electron configurations calculated for metal cations in these complexes are
shown in Table S2. The electron transfer is mainly into 4s and 3d and only a little into the
4p orbital of metal ions (Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+) and the electrons from the

Table 3 The charge transfer between metal ions and GSH in complexes (M= Cr2+, Mn2+, Fe2+, Co2+,
Ni2+, Cu2+, Zn2+, Cd2+, Hg2+)

Cr2+ Mn2+ Fe2+ Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Hg2+

GSH-M-1a 1.15 1.06 1.04 1.07 1.21 1.22 0.87 0.88 1.11

GSH-M-1b 1.27 1.13 1.16 1.16 1.17 1.17 1.09 1.08 1.34

GSH-M-2a 0.56 0.77 0.84 1.19 1.24 1.21 0.60 0.49 0.91

GSH-M-2b 0.65 0.53 0.94 0.73 1.20 1.16 0.58 0.70 0.94

GSH-M-2c 1.04 0.71 1.14 1.26 1.31 1.26 0.66 0.75 1.01

GSH-M-3a 0.67 0.52 0.60 0.67 0.74 1.24 0.41 0.46 0.70

GSH-M-3b 0.74 0.85 1.06 1.27 1.26 1.30 0.44 0.87 1.18

GSH-M-4 0.72 0.63 0.71 0.76 0.79 1.08 0.27 0.41 0.49

GSH-M-5 0.92 0.69 0.80 0.86 0.91 0.95 0.29 0.47 0.54
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ligand enter mainly to the 4s and a little to the 4p orbital for Zn2+, Cd2+ and Hg2+. The
naked Cu2+ ion has a natural electron configuration of 3d9 and the natural electron config-
uration changes to 4s(0.19∼0.29)3d(9.33∼9.94)4p(0.01∼0.35) in the complexes. It was found that
the electron configuration of Cu2+ in most of the complexes is very close to Cu+ (3d10),
which reveals that Cu2+ in these complexes has been reduced to Cu+ during the coordina-
tion with GSH. Moreover, the reduction tendencies also occur with other metal cations in
some complexes, especially in the monodentate complexes (GSH-M-1 and GSH-M-2), in
which the amounts of charge transfer from GSH to metal cations are more than that of other
complexes. The same reduction tendencies also occurred with the Ni2+, Co2+ and Hg2+
complexes.

The Wiberg bond index (WBI), bond orders and the bond distances of the metal-ligand
are summarized in Table S3. For the same metal ion, the trend of the bond length follows
M-S > M-N > M-O, while the trends of M –S, M-N and M-O from Cr2+ to Hg2+ are
irregular. For example, the radius of Ni2+ is shorter than that of Cu2+ (0.69 vs. 0.73 Å),
while the distance between Ni-S is longer than that of Cu-S (2.27 Å and 2.25 Å in GSH-M-
1a, respectively). Thus, the bond distance of the metal-ligand is related to the atom radii of
the metal and ligand, as well as to the coordination site and the binding strength of the metal-
ligand. The values of the WBI indicate significant bonding interactions between the metal
ions and the coordination atoms (O, S, N), as well as the presence of a covalent contribution.
The WBIs for the same metal-ligand bond are various in different complexes. Generally,
the WBIs of M-S are larger than that of M-N and M-O for complexes of Fe2+, Co2+, Ni2+,
Cu2+, Zn2+, Cd2+ and Hg2+; the differences of the WBI of M-O, M-S and M-N for Mn2+
are not significant; for Cr2+ complexes, most of the WBIs of M-O in complexes are higher
than those of M-S and M-N and the difference of M-S and M-N is not obvious.

4 Conclusions

In this work, the interaction between metal ions with GSH was systematically explored at
both the electronic and molecular levels in the gas phase. The ion potential, the electron
configuration and the coordination numbers of the metal ions, as well as the chelate site and
type of heteroatom of GSH played important roles in determining the coordination prop-
erties of metal cations and GSH. The results obtained here could provide valuable insight
into the coordination preferences, binding strengths and binding geometries of GSH com-
plexes and add a useful piece of knowledge to the field of interactions of transition metal
cations with biological molecules. As the solvent effect might cause some changes in the
structure and thermochemical properties, much work remains to be done. Further deeper
examinations need to be carried out to investigate the interaction of metal cations with GSH
in solution using a PCM model.
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