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Abstract Glutathione is an immensely important antioxi-
dant, particularly in the central nervous system. The scav-
enging mechanism of glutathione towards the OH radical
was studied theoretically, considering its neutral, non-
zwitterionic form relevant to acidic media. Gibbs free bar-
rier and released energies involved in hydrogen abstraction
from the different sites of glutathione by an OH radical were
studied at the B3LYP/6-31G(d,p), B3LYP/AUG-cc-pVDZ,
MO06/AUG-cc-pVDZ, M06-2X/AUG-cc-pVDZ levels of
density functional theory. Solvation in bulk aqueous media
was also studied at all these levels of theory employing the
polarizable continuum model. Our study shows that a hy-
droxyl radical can abstract a hydrogen atom easily from
glutathione. Thus, glutathione is shown to be an efficient
scavenger of OH radicals, which is in agreement with the
results of previous studies.
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Introduction

Glutathione is a tripeptide chain (y-L-glutamyl-L-cysteinyl-
glycine, GSH) made up of glutamic acid, cysteine and glycine
[1, 2]. It is an immensely important antioxidant in the central
nervous system and plays vital roles in cell metabolism [1-9].
Certain free radicals known as reactive oxygen species (ROS)
and reactive nitrogen oxide species (RNOS) cause oxidative
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and nitrative damage to DNA that leads to mutation and
several diseases including cancer [10—12]. Glutathione scav-
enges ROS and RNOS, including the hydroxyl radical, effi-
ciently from biological media [6—8]. Deficiency of glutathione
in cellular environments leads to neurological disorders such as
Parkinson’s disease, Alzheimer’s disease, schizophrenia, au-
tism, etc. [4, 9]. Common anti-oxidants that occur in biological
systems or can be obtained from external sources include f3-
carotene, ascorbic acid (vitamin C), N-acetylcysteine (NAC, a
glutathione precursor), a-tocopherol (vitamin E), urocanic
acid, uric acid, curcumin, etc. [13—17]. These agents protect
biological systems from free radicals by transforming them
into non-damaging forms while they themselves are modified
[13—17]. In such a reaction, two glutathione molecules are
converted to glutathione disulfide [18-21] from which gluta-
thione can be regenerated by a nicotinamide adenine dinucle-
otide dependent reaction [18-26].

The structure of glutathione in aqueous solution and solid
state has been studied experimentally [27-31]. At physiolog-
ical pH, glutathione exists in an anionic form—the glycine
moiety being deprotonated while the glutamic acid moiety is
in the zwitterionic form [31]. Intramolecular hydrogen trans-
fers involving the sulfur and «-carbon atoms of glutathione
have been studied by Zhao et al. [32, 33] and Rauk et al. [34].
Theoretical studies have proved very useful in explaining
experimental observations on biomolecules and to establish
structure—activity correlations in different contexts [34—40].
Lampela et al. [35] studied the stability of conformers of
several charge states of glutathione in aqueous media using
classical molecular dynamics simulation. Fiser et al. [36]
studied the homolytic bond dissociation energies of hydrogen
removal from different parts of glutathione. In this latter study
[36], the glutathione molecule was split into three overlapping
fragments in both gas phase and aqueous media; further, in gas
phase, neutral and non-zwiterionic forms of overlapping frag-
ments of glutathione were taken while in aqueous media, the
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fragment corresponding to glutamic acid was taken to be in
zwitterionic form while that corresponding to glycine was
taken to be in anionic form. The authors found the OH
(COOH) and NH (NH3 ") bonds of the glutamic acid fragment
to be weakest in gas phase and aqueous media, with the
corresponding bond dissociation energies calculated at the
B3LYP/6-31G(d) level being about 4.2 and 3.5 kcalmol '
less, respectively, than that of the SH bond. Galano and
Alvarez-Idaboy [37] studied the scavenging reactions of glu-
tathione towards different ROS, considering its anionic, zwit-
terionic form in aqueous media. Galano and Alvarez-Idaboy
[37] studied abstraction of hydrogen atoms only from
carbon and sulfur atoms, and even where there are
two hydrogen atoms attached to a carbon atom, they
considered abstraction of only one of the two, which
appears to be a justified approximation. They found
Gibbs barrier energies for hydrogen abstraction by an
OH radical from different carbon atoms at the M05-2X/
6-311+G(d,p) level not to exceed 5.62 kcalmol !, while
the hydrogen abstraction from the SH group was found to be
barrierless.

Glutathione is highly active around neutral pH while its
activity usually decreases with decreasing pH [41]. Howev-
er, there are some significant exceptions to this. For exam-
ple, it has been reported that a bacterium called
Lactobacillus salivarius grows at low pH, where glutathione
acts as both a nutrient and a protecting agent [42]. Another
important situation is that synaptic density is found to
be high in certain regions of the brain where acid-
sensing ion channel 1 is localized and contributes to
the sense of fear [43]. Thus, glutathione does encounter
acidic media and it is desirable to study its structure
and behavior in such media. In particular, in acidic
medium, the structure of glutathione is not expected to
be the same as at physiological pH, i.e., having the well
known anionic, zwitterionic form investigated earlier as
discussed above.

In the present study, we considered the neutral, non-
zwitterionic form of glutathione, and studied abstraction of
all of its hydrogen atoms by a hydroxyl radical. We also
studied the ability of this form of glutathione to act as an
anti-oxidant by way of single electron transfer from itself to
a hydroxyl radical. The antioxidant nature of the molecule is
quite likely to be due to its structure, i.e., a particular
combination of the three specific amino acids mentioned
above, and we hoped the study would reveal its neutral non-
zwitterionic form also. In other words, the structural sensi-
tivity of the molecule to the environment as discussed above
may not be fundamental to its antioxidant property. It
should be noted that, to the best of our knowledge, reac-
tions relating to the antioxidant nature of the neutral, non-
zwitterionic form of glutathione have not been studied
previously.
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Computational details

A conformational analysis of the normal canonical form of
each of the three amino acids (glycine, cysteine and glutamic
acid) was performed at the B3LYP/6-31G(d,p) level of theory
[44, 45] and thus the most stable conformer of each of the
three amino acids in gas phase was obtained. The most stable
conformers of two of the amino acids (glycine and cysteine)
were joined subsequently by a peptide bond, and various
conformers of the dipeptide thus obtained were optimized in
gas phase at the B3LYP/6-31G(d,p) level of theory. The most
stable conformer of the dipeptide was thus obtained. The third
amino acid (glutamic acid) was then joined to the cysteine
component of the dipeptide by a peptide bond, and various
conformers of the tripeptide so obtained were optimized at the
B3LYP/6-31G(d,p) level of theory. Thus the most stable con-
former of the neutral non-zwitterionic form of glutathione was
obtained. Single point energy calculations for the different
conformers of glutathione were also performed at the
B3LYP/AUG-cc-pVDZ, M06/AUG-cc-pVDZ and M06-2X/
AUG-cc-pVDZ levels [44—47] employing the geometries op-
timized at the B3LYP/6-31G(d,p) level in both gas phase and
aqueous media. We also attempted to obtain transition states in
gas phase for hydrogen abstraction by a hydroxyl radical from
the various sites of neutral non-zwitterionic form of glutathi-
one employing the M06 and M06-2X functionals along with
the 6-31G(d,p) basis set but, in many cases, convergence
failure was encountered. Therefore, single point energy cal-
culations were performed using the M06 and M06-2X func-
tionals. The bulk solvent effect of aqueous media was treated
by single point energy calculations employing a polarizable
continuum model (PCM) [48, 49]. This is a popular model
used to treat bulk solvent effects [50]. An alternative approach
considering explicit intermolecular interactions and employ-
ing the QM/MM-MD scheme has also been employed in
certain studies [51, 52]. The most stable conformer of the
neutral, non-zwitterionic form of glutathione was found to
be the same at the different levels of theory employed here
in both gas phase and aqueous media.

The mechanisms of hydrogen abstraction by a hydroxyl
radical from the different sites of neutral, non-zwitterionic
form of glutathione were studied considering its most stable
conformer. All the molecular geometries of reactant com-
plexes (RCs), transition states (TSs) and product complexes
(PCs) were optimized at the B3LYP/6-31G(d,p) level of the-
ory in gas phase. Single point energy calculations were per-
formed in both gas phase and aqueous media at the three
levels of theory mentioned above, employing the B3LYP/6-
31G(d,p) level gas phase optimized geometries and treating
solvation in bulk aqueous media employing the PCM [48, 49].
Gibbs barrier (AG®) and released energies (AG") were calcu-
lated at all mentioned levels of theory in both gas phase and
aqueous media. The thermal energy corrections giving the
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Gibbs free energies in gas phase at the B3LYP/6-31G(d,p)
level were considered to be valid at all levels of theory
employed here in both gas phase and aqueous media.

Values of <S***> were found consistently to be close to
0.75 during the entire process of geometry optimization in
each case, which shows that there was no spin contamina-
tion on the surface with doublet spin multiplicity. Vibration-
al frequency analysis was carried out for all the optimized
molecular geometries of RCs, TSs and PCs in gas phase.
These analyses revealed that all the RCs and PCs were
characterized by all real frequencies whereas all TSs had
one imaginary frequency each. At all TSs, corresponding
to the imaginary frequencies, the vibrational motions
connected the RCs and PCs quite clearly. Therefore, intrin-
sic reaction coordinate (IRC) analysis was not performed.
All the molecular geometries were optimized using the
Windows version of the Gaussian 09 (GO9W) suite of pro-
gram [53]. Molecular structures and vibrational motions were
visualized using the Windows version of the GaussView
software (version 5.0) [54].

Results and discussion
Stability of conformers of glutathione

The most stable conformers of the three amino acids are
presented in Fig. 1, which also shows the values of some
important geometrical parameters. The orders of total energies
of the various conformers of glycine and cysteine obtained in
the present study (not given) matched well with those obtained
in previous studies [17, 55]. The structures of the six most
stable conformers of glutathione optimized as mentioned in
Computational details, denoted as GSH I, GSH 11, GSH III,
GSH 1V, GSH V and GSH VI with relative total energies in
increasing order, are presented in Fig. 2 along with their
relative Gibbs free energies obtained at the B3LYP/AUG-cc-
pVDZ level of theory in aqueous media. These conformers
were optimized at the B3LYP/6-31G(d,p) level in the absence
of any water molecule. The atomic numbering scheme for
glutathione employed here is also shown in Fig. 2a. In this
figure, each type of atom, i.e., carbon, nitrogen, oxygen, sulfur
and hydrogen, is numbered independently. Single point ener-
gies of the six conformers obtained in both gas phase and
aqueous media at the B3LYP/AUG-cc-pVDZ, M06/AUG-cc-
pVDZ, and M06-2X/AUG-cc-pVDZ levels are given in
Table 1. The relative Gibbs free energies of the six conformers
of glutathione obtained at the B3LYP/6-31G(d,p) level of
theory in gas phase were found to lie in the range 0-8.8 kcal
mol " while the corresponding energies in aqueous media lie
within the range 0-5.7 kcalmol . The conformer GSH 1 is
most stable in both gas phase and aqueous media at all levels
of theory employed here.

The most stable conformer of glutathione (GSH 1) is stabi-
lized by two intramolecular hydrogen bonds, one between the
Ol and H17 and the other between O3 and H14. The latter
hydrogen bond is also present in the conformers GSH I, GSH
II, GSH III and GSH IV. Further, on the basis of interatomic
distances, it appears that the latter hydrogen bond is slightly
weaker in GSH I than those in the other three conformers. No
intramolecular hydrogen bond exists in the conformers GSH
V and GSH VI. The orientations of the amino group and
carboxylic acid group attached to the C2 site of glutathione
differ significantly in the different conformers of glutathione.
In GSH I, the dihedral angles C3—C2-N1-H3 and C3-C2—-
C1-02 were found to be 178.7° and —157.7° while in GSH II,
these dihedral angles are found to be 175.2° and —81.7°,
respectively. In GSH 1II, the corresponding dihedral angles
are 179.7° and 99.47° respectively. In GSH IV, the dihedral
angles C3—C2-N1-H3 and C3-C2-C1-02 are found to be
—62.4° and 89.4° while in GSH V, these dihedral angles are
175.9° and —82.9°, respectively. In the conformer GSH VI
which has the highest Gibbs free energy among the six con-
formers, the corresponding dihedral angles are found to be
177.1° and 82.0°, respectively. The above discussion shows
that the various conformers of glutathione differ mainly with
respect to the dihedral angle C3—C2—C1-0O2. Since the con-
former GSH T is most stable among the six conformers of
glutathione in both gas phase and aqueous media (Fig. 2), it
was considered in the study of reactions related to single
electron transfer and scavenging of a hydroxyl radical. Cor-
rections for basis set superposition error (BSSE) obtained at
the B3LYP/AUG-cc-pVDZ level in gas phase were applied to
the Gibbs free energies of the first three most stable con-
formers of glutathione (GSH I-III). The corrected relative
Gibbs free energies of these three conformers were found to
be 0.0, 0.2 and 0.5 kcalmol ! while those without correction
were 0.0, 1.8 and 2.3 kcalmol ', respectively (Table 1). Thus
GSH I is the most stable conformer of glutathione even after
BSSE correction though the Gibbs free energy difference
between GSH I and GSH II has become quite small after
the correction.

Ko et al. [56] studied the structures of neutral and anionic
glutathione (GSH) using negative ion photoelectron spectros-
copy and quantum chemical calculations. Three important
intramolecular hydrogen bonding distances obtained by Ko
etal. [56] in the neutral form of GSH at the B3LYP/6-31+G(d)
level of theory are as follows (the amino acid Cys, Glu or Gly
to which a specific atom belongs is indicated): H13(Cys)O4
(Cys)=2.48, O3(Glu)H14(Gly)=2.01 and H1(Glu)O6(Gly)=
1.76 A (Fig. 2a). The corresponding intramolecular hydrogen
bonding distances obtained in the present work are 2.25, 2.00
and 1.90 A. The small differences between the two sets of
corresponding intramolecular hydrogen bonding distances
arise due to the difference between the basis sets and show
that similar relative orientations of the three amino acid
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H4 CiC2=1.52

CIN1=1.45
C201=1.21
C202=1.35
NICIC2=115.14
01 CIC201=125.21
C1C202=111.76
N1C1C201=-0.03
NIC1C201=179.9

N1 H3

Cc2
H2

H1

02 J H5

(a) Glycine

(¢) Glutamic acid

Cl1C2=1.54
C2C3=1.55
C1S1=1.84
C2N1=1.47
Ni1C2Cl1=116.63
N1C2C3=108.63
C3C2C1=110.88
N1C2C1S1=-56.27
C3C2C181=68.75
N1C2C302=-21.00
N1C2C302=160.44

(b) Cysteine

C1C2=1.53
C2C3=1.54
C2N1=1.45
C4C5=1.51
C2C101=112.79
C2C102=124.76
C2C102=112.18
C4C503=126.15
C4C504=111.36

C3C2C101=-84.06
C3C4C504=-175.98

Fig. 1 Geometries of the most stable conformers of (a) glycine, (b) cysteine and (¢) glutamic acid optimized at the B3LYP/6-31G(d,p) level in gas
phase. Some important interatomic distances, angles and dihedral angles (A, degrees) are also given

components are obtained in the two studies. Tehrani and
Fattahi [57] have carried out conformational analysis of neu-
tral, zwitterionic, cationic and anionic forms of glutathione. In
this study [57], minima were initially searched on the potential
energy surfaces employing molecular mechanics and, subse-
quently, the most stable structures were optimized at the
B3LYP/6-31+G (d,p) level. Of the three hydrogen bonding
distances given above, one, i.e., O3(Glu)H14(Gly), was found
to be 1.971 A by Tehrani and Fattahi [57], which is close to the
values 2.00 and 2.01 A obtained in the present study and that
of Ko et al. [56], respectively, while the other two distances
are not included in the list of hydrogen bonding distances by
Tehrani and Fattahi [57].

Single electron transfer reaction

Single electron transfer from glutathione (GSH I) to an OH
radical can be represented as follows.

GSH + OH® — GSH*" 4+ OH~ (1)

In this reaction, GSH stands for GSH I and acts as an
electron donor while the OH radical acts as an electron
acceptor. The geometries of all four species involved in this
reaction were optimized at the B3LYP/6-31G(d,p) level of
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theory. The Gibbs free energy change (AG) involved in this
process would equal the adiabatic ionization potential (AIP).
The AIP values calculated for this reaction at the B3LYP/6-
31G(d,p), B3LYP/AUG-cc-pVDZ, M06/AUG-cc-pVDZ, and
MO06-2X/AUG-cc-pVDZ levels of density functional theory
in both gas phase and aqueous media are presented in Table 2.
AIP values were found to be much smaller in aqueous media
than in gas phase at all the above mentioned levels of theory
(Table 2), showing that glutathione can be oxidized and the
hydroxyl radical reduced by single electron transfer much
more easily in aqueous media than in gas phase.

Hydrogen abstraction reaction

Abstraction of hydrogen atoms by a hydroxyl radical from
the different sites of glutathione (GSH I) can be represented
as follows

b
GSH — H, + OH* —25

78], —2% GSH* + H,0H  (2)

where GSH-H,, stands for nth hydrogen atom of GSH I (n=1—
17) (Fig. 2a) and H,,OH stands for a water molecule. AGZ is
the Gibbs barrier energy while AG) is the Gibbs released
energy consequent to abstraction of H, by an OH radical. The
values of AGZ and AG/, obtained by geometry optimization at
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Fig. 2 Structures of the six lowest-energy conformers of glutathione
(aGSH L b GSH I, ¢ GSH III, d GSH 1V, e GSH V, f GSH VI)
optimized at the B3LYP/6-31G(d,p) level of theory in gas phase.

the B3LYP/6-31G(d,p) level of theory and single point energy
calculations at the B3LYP/AUG-cc-pVDZ, M06/AUG-cc-
pVDZ, and M06-2X/AUG-cc-pVDZ levels in both gas phase
and aqueous media are presented in Table 3. Note that we
could locate separate RCs for abstraction of the various
hydrogen atoms, except for H8. A search for RC8 always
led to RC9, implying that the energy minimum resulting from

Relative Gibbs free energies (kcalmol ') of the conformers obtained
at the B3LYP/AUG-cc-pVDZ level of theory in aqueous media are
given relative to that of GSH I

hydrogen bonding between the oxygen atom of the hydroxyl
group (O38) and HS is shallow while that corresponding
to hydrogen bonding between O38 and H9 is compara-
tively deeper. Therefore, the Gibbs barrier energy for
abstraction of H8 was obtained as an approximation with
respect to the Gibbs free energy minimum corresponding
to RC7, since both H7 and H8 are bonded to the same carbon
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Table 1 Relative Gibbs free energies at 298.15 K (kcalmol™") of the
six lowest-energy conformers of glutathione (GSH I-GSH VI)
obtained at different levels of theory in the gas phase and in aqueous
media® with respect to those of the most stable conformer of glutathi-
one (GSH I)

Conformer B3LYP/6- B3LYP/ MO06/ MO06-2X/

31G(d,p) AUG- AUG-cc- AUG-cc-

cc-pVDZ pVDZ pVDZ

GSH 1 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
GSH II 1.8 (1.4) 0.4 (0.2) 2.8 (2.1) 2.52.2)
GSH 111 2.3 (2.0) 0.7 (0.7) 3.0 (2.8) 29 2.7
GSH IV 3.2 (2.6) 1.3 (1.0) 3.4 (3.0) 3429
GSH V 4.5 (2.5) 2.0 (0.2) 5.7 (3.5) 54 (3.3)
GSH VI 8.8 (5.7) 6.0 (2.2) 8.8 (5.2) 8.8 (5.3)

 Quantities given in parentheses correspond to aqueous media

atom, i.e., C4 and their abstraction energies are expected
to be similar.

The hydrogen abstraction reactions from the different
sites of GSH. I including the values AG” and AG, obtained
at the B3LYP/AUG-cc-pVDZ level of theory in aqueous
media are presented in Figs. 3, 4 and 5. In these figures,
reactant complexes RCn, transition states TSn and product
complexes PCn (n=1-17) correspond to abstraction of the
hydrogen atom Hn. Five hydrogen abstraction reactions
involving the H2, H3, H4, H11 and H12 atoms of GSH by
an OH radical, which correspond to the lowest five Gibbs
barrier energies, are presented in Fig. 3. The abstraction
reactions of the remaining hydrogen atoms are presented
as supporting information (Fig. S1 for H1, H5, H6 and H7,
Fig. S2 for H8, H9, H10 and H13 and Fig. S3 for H14, H15,
H16 and H17).

If we compare the different Gibbs barrier energies obtained
using the AUG-cc-pVDZ basis set along with three different
functionals, we find that the following order is usually fol-
lowed: B3LYP/AUG-pVDZ <M06/AUG-cc-pVDZ <MO06-
2X/AUG-cc-pVDZ (Table 3). In the following analysis, we
consider the Gibbs barrier energies obtained at the B3LYP/
AUG-cc-pVDZ and M06/AUG-cc-pVDZ levels of theory in
aqueous media, with the values obtained at the latter level
given in parenthesis. The Gibbs barrier energies for abstrac-
tion of H2, H3, H4, H11 and H12 atoms from glutathione by a

Table 2 Gibbs free energy changes (AG) corresponding to adiabatic
ionization potential (AIP; kcalmol ') involved in single electron trans-
fer from glutathione (GSH I) to an OH radical obtained at different
levels of theory in gas phase and aqueous media

Medium B3LYP/6-  B3LYP/ MO6/ MO06-2X/
31G(d,p) AUG- AUG- AUG-
cc-pVDZ  ccpVDZ  cc-pVDZ
Gas phase 183.8 144.6 152.4 155.3
Aqueous media 61.5 26.9 33.8 22.0

@ Springer

hydroxyl radical as obtained at these two levels of theory are
-2.8 (-0.2), —0.8 (—0.03), —2.9 (-0.8), —1.6 (0.4)
and —0.9 (~1.0) kcalmol ' (Fig. 3), while those for abstraction
of H1, HS, H6 and H7 atoms by the same radical at the same
levels of theory are 0.1 (3.6), 4.0 (6.2), 0.7 (2.6), 0.3 (2.4) kcal
mol ™" (Fig. S1). The Gibbs barrier energies for abstraction of
HS8, H9, H10, H13 atoms by the same radical at the same
levels of theory are 0.2 (1.5), 15.2 (11.6), 0.7 (1.7), 4.8 (4.7)
kcalmol ! (Fig. S2), while for abstraction of H14, H15, H16
and H17 atoms, the Gibbs barrier energies are 4.6 (5.9), —0.5
(2.0), 0.1 (2.4) and 0.9 (2.9) kcalmol ' (Fig. S3), respectively
(Table 3).

We find that the Gibbs barrier energies obtained at the
B3LYP/AUG-cc-pVDZ and M06/AUG-cc-pVDZ levels of
theory are usually qualitatively similar and, where their
signs are different, the magnitudes are small. Largest Gibbs
free barrier energies are obtained for abstraction of H9
bonded to N2, lying in the range 11.6-15.5 kcalmol ' at
the different levels of theory in aqueous media (Table 3). In
the study of bond dissociation energy by Fiser et al [36] also,
the largest dissociation energy was obtained for the N2H9
bond. Moderate Gibbs barrier energies lying in the range 4.6—
6.8 kcalmol ' corresponding to abstraction of H14 bonded to
N3 in aqueous media were obtained at various levels of theory
(Table 3).

In view of the results discussed above, for further analysis,
we consider only the Gibbs barrier energies obtained at the
B3LYP/AUG-cc-pVDZ level of theory. The Gibbs barrier
energies obtained at this level of theory for hydrogen abstrac-
tion corresponding to the different sites can be divided into
four categories: (1) Gibbs barrier energies on the larger side
(8 kcalmol ' or more), (2) Gibbs barrier energies in the middle
region (4-8 kcalmol ), (3) Negligible or small positive Gibbs
barrier energies (04 kcalmol ") and (4) negative Gibbs bar-
rier energies. The Gibbs barrier energies corresponding to
abstraction of the various hydrogen atoms obtained at the
B3LYP/AUG-cc-pVDZ level of theory lie in these categories
as follows (Gibbs barrier energies in kcalmol ' are given in
parentheses): Category (1): H9 (15.2), (2) H13 (4.8), H14
(4.6) and H5 (4.0), (3) H17 (0.9), H10 (0.7), H6 (0.7), H7
(0.3), H8 (0.2), H16 (0.1) and H1 (0.1), and (4) H15 (-0.5),
H3 (-0.8), H12 (-0.9), H11 (-1.6), H2 (-2.9) and H4 (—2.9).
It is obvious that abstraction of only H9 would encounter a
significant barrier. Further, abstraction of three hydrogen
atoms lying in category (2) would involve moderate Gibbs
barriers lying between 4 and 4.8 kcalmol '. The Gibbs bar-
riers of abstraction of seven hydrogen atoms lying in category
(3) are small, positive, being in the range 0.1-0.9 kcalmol .
Six hydrogen atoms belonging to category (4) would be
abstracted by an OH radical without barrier as the calculated
Gibbs barriers in these cases are negative. This list includes
the hydrogen atoms of the two carboxylic acid groups and the
NH, group of glutathione.
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Table 3 Gibbs barrier (AG?) . ] ]
and released ( AGI() (i=1-17) Reaction site Gibbs free barrier B3LYP/ B3LYP/ MO6/ MO06-2X/
energies (kcalmolfl) involved in and released energy 6-31G(d.,p) AUG-cc-pVDZ AUG-cc-pVDZ AUG-cc-pVDZ
hydrogen abstraction reactions R
from the different sites of gluta- O2(H1) AG ~03(05) 0.40.1) 2:8(3.6) 3:26-1)
thione by a hydroxyl radical at AG/' —25.2(-25.9) —25.5(=26.0) —31.0(-31.4) —30.0(=30.6)
different level of theory in both C2(H2) AG,® 1.8(1.9) -1.7(-2.8) 0.9(-0.2) 3.8(4.1)
gas phase and aqueous media® AG, —47.5(-47.5) —48.0(—48.1) -50.1(-67.3) —52.6(-53.7)
N1(H3) AG5® -4.9(-2.5) -3.2(-0.8) —2.2(~0.03) -3.6(-1.6)
AG' —9.3(-11.9) ~12.1(-14.1) ~15.8(-18.1) ~16.4(-18.8)
NI1(H4) AG,® ~1.3(-4.2) ~2.0(-2.9) 0.4(-0.8) ~0.2(-1.7)
AG, —18.3(-19.5) —19.6(—20.3) —21.0(=36.1) —27.7(=36.6)
C3(H5) AGs® 4.1(0.4) 2.4(4.0) 4.9(6.2) 7.3(8.4)
AGs' ~23.5(-23.1) ~25.2(-26.2) —27.5(-28.5) —28.5(~29.4)
C3(H6) AGg® 3.6(2.4) 1.9(0.7) 3.4(2.6) 4.4(3.7)
AGg' —20.7(-21.2) —21.3(-21.8) —23.9(-24.8) —23.4(-49.3)
C4(H7) AG® 1.4(1.6) 0.1(0.3) -0.01(2.4) 3.0(5.1)
AG, ~28.1(-26.5) ~26.3(-24.7) ~30.7(-29.2) ~31.8(-30.6)
C4(H8) AGg® 0.7(0.3) 0.3(0.2) ~0.4(1.5) 2.8(4.2)
AGg' ~34.3(-31.0) ~40.0(-27.9) ~34.0(-30.5) —35.1(-31.6)
N2(H9) AGy® 6.0(15.2) 12.2(15.2) 9.3(11.6) 10.7(11.9)
AGy —13.7(-14.6) —15.9(-16.0) —15.9(-15.5) —17.2(-15.8)
C6(H10) AG? 2.9(2.5) 0.1(0.7) 0.4(1.7) 4.2(1.7)
AG " —24.4(-25.1) ~26.2(-27.3) ~29.1(-30.7) ~28.4(-30.3)
C7(H11) AG® 1.4(0.2) ~1.1(-1.6) 0.9(0.4) 3.1(3.8)
AG,," -21.1(-5.8) ~22.8(-22.6) ~25.3(-25.2) -25.1(-25.2)
C7(H12) AG,® 2.3(-1.8) 0.2(-0.9) 1.8(-1.0) 1.9(-0.7)
AG 5" ~18.5(~20.4) ~20.4(-20.3) —24.1(-24.5) ~23.0(-25.5)
SI(H13) AGy5P 3.33.1) 4.6(4.8) 4.7(4.7) 4.9(5.0)
AGy5" -34.1(-33.1) —32.9(-31.5) -35.5(-34.2) ~38.9(-38.8)
N3(H14) AG° 5.6(5.4) 3.5(4.6) 3.8(5.9) 9.4(6.8)
AG* ~10.4(-11.1) ~11.1(-12.6) ~14.3(-14.7) ~15.2(-15.9)
CY(H15) AG, 5 2.6(0.6) 0.3(-0.5) 2.3(2.0) 6.0(5.6)
AGys —35.5(-35.3) —35.3(-34.9) —37.4(-37.6) —40.1(-40.2)
CI9(H16) AGy° 3.5(1.1) 1.3(0.1) 3.2(24) 9.1(5.3)
For atomic numbering scheme, AGyg" —38.4(-40.3) ~42.1(-43.3) ~41.3(-43.0) —43.0(~44.7)
see Fig. 2a. 06(H17) AG,® 0.1(0.2) ~0.2(0.9) 2.4(2.9) 3.7(4.2)
?Quantities given in parentheses AG ~6.0(-6.1) ~6.1(-7.2) ~8.2(-9.1) ~7.0(-7.9)

correspond to aqueous media

We also optimized the geometry of glutathione con-
sidering the zwitterionic form of its glutamic acid part at
the B3LYP/6-31 G(d,p) level of theory in aqueous media
employing the PCM model for solvation [45, 46]. Sub-
sequently, we obtained Gibbs barrier energies for hydro-
gen abstraction from the NH;" group at the B3LYP/6-
31 G(d,p) and B3LYP/AUG-cc-pVDZ levels of theory in
aqueous media. These Gibbs barrier energies were found
at the two levels of theory in aqueous media to be —1.4
and —0.5 kcalmol ', respectively, implying that the hy-
drogen abstraction reaction under consideration is bar-
rierless. These results and those discussed above for
abstraction of the NH, group hydrogen atoms show that
the result remains invariant (barrierless) whether the
NH;" or NH, form of the amino group of the glutamic
acid part of glutathione is considered.

The Gibbs barrier energies corresponding to abstraction of
H13 bonded to the sulfur atom in aqueous media obtained at
the different levels of theory lie in the range 3.1-5.0 kcalmol '
(Table 3). Further, our results show that, in going from gas
phase to aqueous media, the Gibbs barrier energy for hydro-
gen abstraction from the SH bond is changed to a small extent
(0-6 %) at the different levels of theory employed here
(Table 3, Fig. 4). Fiser et al. [36] found the SH bond dissoci-
ation energy of the component corresponding to cysteine to
increase in going from gas phase to aqueous media to a small
extent (~4 %) at various levels of density functional theory.
Our results and those of Fiser et al. [36] suggest that the SH
bond of glutathione is not very sensitive to change of envi-
ronment from gaseous to aqueous. As mentioned earlier,
hydrogen abstraction from the SH bond of glutathione by a
hydroxyl radical was found by Galano and Alvarez-Idaboy
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Fig. 3 Reactant complexes (RCs), transition states (TSs) and product
complexes (PCs) corresponding to hydrogen abstraction (H2, H3, H4,
H11 and H12) from the most stable conformer of glutathione (GSH I)
by a hydroxyl radical obtained by geometry optimization at the

[37] by geometry optimization at the M05-2X/6-311+G(d,p)
level in aqueous media to be barrierless. Since these authors
[37] have not reported the corresponding gas phase Gibbs
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B3LYP/6-31G(d,p) level in gas phase. The Gibbs barrier and released
energies obtained at the B3LYP/AUG-cc-pVDZ level in aqueous me-
dia are given. Some important interatomic distances (A) are also given.
RCn, TSn and PCn correspond to abstraction of hydrogen atom Hn

barrier energy, the change in going from gas phase to aqueous
media in this case cannot be obtained. The SH group is
common to N-acetylcysteine (NAC) and glutathione.
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Fig. 4 Diagram showing Gibbs

barrier energies for hydrogen W G:s phase
abstraction from the different 30 Aqueous media
sites of glutathione obtained at 28 +

the B3LYP/AUG-cc-pVDZ 26 ]

level of theory in gas phase 24

and aqueous media

Gibbs free barrier energy (kcal/mol)
N
|

Therefore, the Gibbs barrier energies for hydrogen abstraction
from the SH groups of these two anti-oxidants obtained at the
same level (B3LYP/Aug-cc-pVDZ) may be compared. At this
level of theory, the Gibbs barrier energies for hydrogen ab-
straction from the SH group of NAC in gas phase and aqueous
media were found to be 3.2 and 3.1 kcalmol ', respectively
[16], while the corresponding barrier energies for hydrogen
abstraction from the SH group of glutathione were found to be
4.6 and 4.8 kcalmol ', respectively. Thus the barrier energy

Fig. 5 Iso-spin density maps
for the spin density value of
0.004 electron/bohr’ for RC3,
TS3 and PC3 of reaction three
at B3LYP/AUG-cc-pVDZ level
of theory in aqueous media.
Blue Positive spin density,
green negative spin density, the
magnitude being the same

for both colors

13 14 15 16 17

Reaction site

for hydrogen abstraction from the SH group of glutathione is
larger by about 30 % in comparison to that in NAC.

A diagram showing Gibbs barrier energies for abstraction
of hydrogen atoms by a hydroxyl radical from the different
sites of glutathione found at the B3LYP/AUG-cc-pVDZ
level of theory in both gas phase and aqueous media is
presented in Fig. 4. This figure reveals that the Gibbs barrier
energies vary qualitatively in a similar way in going from
one site to another in going from gas phase to aqueous

~

"4/{

TS3
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media (Fig. 4). It is also found that the magnitudes of barrier
energies (positive or negative) are usually enhanced in going
from gas phase to aqueous media. As several Gibbs barrier
energies for hydrogen abstraction by a hydroxyl radical are
small, it is obvious that glutathione would act as a very
efficient hydroxyl radical scavenger.

Spin density distribution

Iso-spin density distributions were studied in the various RCs,
TSs and PCs involved in the hydrogen abstraction reactions
studied here. The iso-spin density distributions for the value
0.004 electrons/Bohr” for the reaction that corresponds to the
lowest barrier energy in gas phase, i.e., in RC3, TS3 and PC3
are presented in Fig. 5. The spin density is mostly positive
(blue color) but in one case it is also negative (green color).
Positive and negative spin densities behave differently in an
applied magnetic field [58]. We find that, in RC3, an appre-
ciable amount of positive spin density is localized not only at
the OH group but also at the NH, group. In TS3, the positive
spin density distribution is similar to that in RC3, but in this
case, a noticeable negative spin density is also localized at the
hydrogen atom that is in the process of being extracted by the
OH group. In PC3, spin density distribution is a bit more
extended. Thus, although a major amount of positive spin
density is localized at the NH group of PC3, small amounts
of it are also localized at the oxygen atom of the water
molecule and two carbon atoms (C1, C3) of the glutamic acid
moiety. Further, small amounts of negative spin density are
localized at the hydrogen atom of the NH group and a carbon
atom (C2) of the glutamic acid moiety.

Conclusions

We arrive at the following conclusions from the present study
of the hydroxyl radical scavenging ability of the reduced
neutral non-zwitterionic form of glutathione:

1. Abstraction of the hydrogen atom H9 attached to N2 by
a hydroxyl radical would involve the highest Gibbs
barrier energy. Gibbs barrier energies for abstraction of
certain other hydrogen atoms, e.g., H13 bonded to the
sulfur atom and H14 bonded to N3, are moderate. The
aqueous medium does not have a significant effect on
the Gibbs barrier energy of abstraction of the hydrogen
atom of the SH group.

2. The Gibbs barrier energies of abstraction of certain
hydrogen atoms attached to carbon atoms are small
positive or negative.

3. The Gibbs barrier energies for abstraction of hydrogen
atoms of the carboxylic acid groups in aqueous media
are usually small positive while those for abstraction of

@ Springer

hydrogen atoms of the NH, group in aqueous media are
negative. Gibbs barrier energies for hydrogen abstrac-
tion from the NH;3" group in aqueous media were also
found to be negative. Therefore, as far as hydrogen
abstraction by a hydroxyl radical is concerned, there
appears to be no need to consider the glutamic acid part
of glutathione to be in the zwitterionic form.

4. Spin density is localized mostly near the site from where
a hydrogen atom is abstracted by an OH radical.

5. The Gibbs barrier energies discussed above show that
the neutral non-zwitterionic form of glutathione would
act as a very efficient hydroxyl radical scavenger.
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