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Glutathione reductase (GR) catalyzes the reduction of glutathione disulfide (GSSG) to glutathione. As

selenium is a congener of sulfur, the possibility of reducing selenenyl sulfide (RSeSG) at the catalytic site

of GR has been investigated using density functional theory. Calculations on the redox potential and the

Se–S bond strength of some studied RSeSG compounds with a phenyl selenide backbone suggested

that the unsubstituted and amine-based selenenyl sulfide intermediates could have a promising

tendency to be reduced at the catalytic site of GR.
1 Introduction

Glutathione peroxidase (GPx) plays an important role in regu-
lating cellular oxidative stress. The enzymes in this family
contain selenium in their active sites. In the catalytic cycle of
GPx (Fig. 1), selenol (RSeH) is oxidized by reactive oxygen
species (ROS), such as hydrogen peroxide or organic peroxides,
to form selenenic acid (RSeOH). The elimination of ROS is fol-
lowed by the regeneration of the catalyst in two essential events:
regeneration of RSeH from RSeOH and regeneration of gluta-
thione (GSH). The regeneration of RSeH proceeds through
reduction of RSeOH to an important intermediate, selenenyl
sulde (RSeSG). This RSeSG is further reduced to selenol by
chanism for the catalytic cycle of

echnology and Science, Pilani, K. K. Birla

ia. E-mail: rbehera@goa.bits-pilani.ac.in

y, Taleigao Plateau 403206, Goa, India

tion (ESI) available. See DOI:

the Royal Society of Chemistry
another GSH molecule, forming glutathione disulde (GSSG).
GSH serves as the reagent necessary for regenerating the selenol
in its reduced form (RSeH). In the cellular environment, GSSG is
reduced back to GSH by glutathione reductase (GR) in the
presence of NADPH1–4 as depicted in eqn (1a). During this redox
process, cysteines in the GR are oxidized to disuldes (eqn (1b)),
and consequently, GSSG is reduced to two molecules of GSH
(eqn (1c)).

GSSGþGRSH
SH#2GSHþGRS

S

�
(1a)

Half reaction 1 : GRSH
SH#GRS

S

�þ 2Hþ þ 2e� (1b)

Half reaction 2: GSSG + 2H+ + 2e− # 2GSH (1c)

The Se–S bond appears naturally during the catalytic cycle of
GPx when selenocysteine interacts with GSH in the active site of
GPx. Besides GPx, the Se–S bond in selenenyl suldes (RSe–SR0)
is crucial in several other biological antioxidant regeneration
enzymes such as thioredoxins.5,6 However, in many cases, this
bond is inherently unstable under standard atmospheric pres-
sures and temperatures, posing signicant challenges in
studying its properties.2 Previous studies7,8 have demonstrated
that compounds containing Se–S bonds exhibit antioxidant
capabilities in animal studies. Moreover, selenenyl suldes
have emerged as promising agrochemical candidates9 and have
shown potential to act as antiviral inhibitors.10

Aer the successful discovery of ebselen as an antioxidant
and anti-inammatory drug, many small organoselenium
compounds have been studied which mimic the antioxidant
activity of GPx enzymes,11,12 and many of them show a catalytic
cycle similar to the (GPx) enzymes.13–15 Their GPx-like activity
has been evaluated using chemical, biochemical or electro-
chemical assays. The chemical assay is based on the rate of
oxidation of an organic thiol (e.g. thiophenol (PhSH)) which
RSC Adv., 2024, 14, 37797–37802 | 37797
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forms the corresponding selenenyl sulde RSeSPh, an impor-
tant intermediate in the GPx-like catalytic cycle. This commonly
used assay is prone to a thiol-exchange reaction when the Se
atom in the selenenyl sulde is more electrophilic than the S
atom of the incoming thiol,12,16 thus limiting its usefulness. The
coupled reductase assay involves the reduction of GSSG by GR
in the presence of GSH and NADPH.4,17–20 This biochemical
assay mimics the biological conditions in which the GPx
enzymes function and is not limited by the thiol-exchange
reaction. On the other hand, the electrochemical assay
directly measures the rate of peroxide reduction employing
a hydrogen peroxide selective electrode, which is capable of
working in diverse thiol substrates and is free of any potential
artefacts arising due to interaction of the organoselenium
compound with any components of the assay.21

While comparing the activity of ebselen and diphenyldise-
lenide using an electrochemical assay and coupled reductase
assay, Giles et al.21 observed a two- to four-fold higher activity in
the case of the coupled reductase assay. The observed increase
in the activity for the coupled reductase assay compared to that
of the electrochemical assay was proposed due to the interac-
tion of the organoselenium compounds with GR. In a recent
study,22 it was observed that some of the derivatives of ebselen
lacked thiophenol assay activity, while they showed similar or
better activity in the coupled reductase assay. A similar obser-
vation was recorded by Yu et al.,23 who suggested that the
selenenyl sulde intermediate could be responsible for showing
the activity in the coupled reductase assay for themimics, which
lacked the activity in the thiophenol assay. Employing a molec-
ular docking study, they showed that there is a possibility for
a RSeSG-type intermediate to react at the catalytic site of GR,
leading to the production of GSH and RSeH. This process is
similar to the regeneration of two GSH molecules from GSSG at
the active site of GR within the enzymatic cycle (eqn (1c)). These
ndings imply that RSeSG could mimic the behaviour of GSSG
at the catalytic site of GR.

Based on these observations, we hypothesise that selenenyl
sulde can act as a substrate to GR. Accordingly, we consider
the plausible redox reactions given in eqn (2a)–(2c) to model the
conversion of RSeSG to RSeH (hereaer eqn (2c) will be denoted
as RSeSGj(RSeH + GSH)). We have chosen RSeSG-type inter-
mediates belonging to diphenyl diselenide 1a, amine-based
diselenides 2a to 5a, and ebselene-based 6a to 8a (amides)
mimics for the investigation. The studied RSeSG intermediates,
along with the parent GPx mimics, are given in Fig. 2. Factors
inuencing the catalyst regeneration include the redox
Fig. 2 Nomenclature of the parent GPx mimics (1a–8a) and the corresp

37798 | RSC Adv., 2024, 14, 37797–37802
potential of RSeSGj(RSeH + GSH) and the ease with which the
Se–S bond breaks, etc., have been investigated.

RSeSGþGRSH
SH#RSeHþGSHþGRS

S

�
(2a)

Half reaction 1 : GRSH
SH#GRS

S

�þ 2Hþ þ 2e� (2b)

Half reaction 2: RSeSG + 2H+ + 2e− # RSeH + GSH (2c)
2 Computational methodology

Geometry optimization of all the studied compounds was
carried out using Gaussian 16.24 Unless specied, all the
calculations were performed at the M06-2X/6-311++g(2df,2pd)
level of theory. Frequency calculations were conducted to verify
that the optimized geometry has no imaginary frequency and,
thus, is a minimum on the potential-energy surface. The solvent
effect was modeled using the self-consistent reaction eld
(SCRF) approach utilizing the polarizable continuum model
(PCM) with water as the solvent. The free energy of species in
the solvent was calculated from the corresponding gas-phase
geometries using a single-point calculation.25 The non-
covalent interactions in the intermediates were studied using
NBO analysis as implemented in Gaussian 16.

The standard reduction potential ðE�
absÞ of the half-reaction

A(s) + neeg
− # B(s) (3)

can be calculated from its standard state free energy (SFE) from
the relation

DrG
� ðAjBÞ ¼ �neFE�

absðAjBÞ; (4)

where the oxidized species A gets reduced to B in the reaction by
exchanging ne number of electrons. “s” and “g” in the subscript
or parentheses represents the species in solution and the gas
phase, respectively. F is the Faraday constant.

The SFE of a reaction in solution ðDrG
�
sÞ can be calculated

from its corresponding gas-phase SFE ðDrG
�
gÞ using the ther-

modynamic (Born–Haber) cycle (Fig. 3) as follows:26–28

DrG
�
s ðAjBÞ ¼ DrG

�
gðAjBÞ þ

X

i

DG
�
s ðBiÞ �

X

i

DG
�
s ðAiÞ; (5)

where the 2nd and 3rd terms on the RHS represent the SFE of
solvation for the products and the reactants, respectively. The
index i goes over all the reactants or products.
onding selenenyl sulfide intermediates (1b–8b) that were investigated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermodynamic cycle designed to calculate DrG
�
sðAjBÞ. Here,P

iAi ¼ GSSGþ 2Hþ (or RSeSG + 2H+) and
P

iBi ¼ 2GSH (or RSeH +
GSH) for the half-reaction (1c) (or (2c)).
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The difference in SFE between the gas-phase reference state
(1 atm, 24.46 L at 298.15 K) and that of the PCM solvation
calculation (1 M) is calculated as per eqn (6):27

DrG
�
gðAjBÞð1 MÞ ¼ DrG

�
gðAjBÞð1 atmÞ þ DnRT lnð24:46Þ; (6)

where Dn is the net change of moles in Fig. 3, R is the gas
constant and T is absolute temperature. The standard redox
potential relative to the standard hydrogen electrode (SHE) for
(AjB) can be expressed according to eqn (7).

E
�
rel;SHEðAjBÞ ¼ E

�
absðAjBÞ � E

�
absðSHEÞ

¼ �DrG
�
s ðAjBÞð1 MÞ

neF
� E

�
absðSHEÞ

(7)

We have used DG
�
sðHþÞ ¼ �1091:0 kJ mol�1,26,29

DG
�
gðHþÞ ¼ �26:3 kJ mol�1 27,30 and E

�
absðSHEÞ ¼ 4:42 V 26 at

T = 298.15 K in this work.
The homolytic bond-dissociation energy (BDE) of the X–Y

bond is calculated using the following equation:

BDE = DfH(R1X) + DfH(R2Y) − DfH(R1X–YR2), (8)

in which R1X–YR2 is the neutral molecule, and R1X and R2Y
are the corresponding radicals. The geometries of the radicals
were optimized at the unrestricted M06-2X/6-311++g(2df,2pd)
level of theory.
3 Results and discussion
3.1 Redox potential and feasibility of the reaction of RSeSG
at GR

Themethod for calculating the redox potential of RSeSG (shown
in Fig. 2) follows a similar approach to that used for the GSSG,
as outlined in the ESI† (Justication of functionals). Similar to
the GSSGj2GSH couple, the redox potentials of RSeSGj(RSeH +
GSH) couple (eqn (2c)) were calculated from DrG

�
sðAjBÞ, whereP

iAi ¼ RSeSGþ 2Hþ and
P

iBi ¼ RSeHþ GSH, using the
thermodynamic cycle shown in Fig. 3 and are given in Table 1.
The calculated redox potentials for amine-based selenenyl
suldes 2b to 5b are about 10–40 mVmore positive than that for
GSSG, whereas the ebselen-based selenenyl sulde intermedi-
ates exhibit redox potential values that are about 110–150 mV
more negative than that for GSSG. The reported values of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
redox potentials of selenenyl suldes depend on various
conditions, and range from −0.381 to −0.215 V at pH = 7.31–33

More positive redox potentials (Table 1) of the amine-based
intermediates (2b to 5b) than those of GSSG or the ebselen-
based selenenyl sulde intermediates (6b to 8b) indicate that
the amine-based intermediates have a higher tendency to be
reduced to form selenol – the active catalyst in the GPx-like
catalytic cycle. For the amine-based intermediates 2b to 5b,
the rSe/N distances are found to be smaller than the sum of
their van der Waals radii34 (rvdW(Se) + rvdW(N)), and also the N/
Se–S angles are almost linear (173–175°) (see Table 1, and
Fig. S1 and S2 in the ESI†) indicating the presence of non-
covalent Se/N interactions. The strength of the (Se/N) inter-
actions (which involve nN/s*Se�S orbitals)35,36 obtained by the
NBO second-order perturbation energy (E2) are also given in
Table 1. The Se/N interaction is relatively weaker in interme-
diates with secondary amino groups (2b and 3b), compared to
intermediates with tertiary amino groups (4b and 5b). Thus, E2
for these intermediates increases as the calculated redox
potential decreases, indicating that a stronger Se/N interac-
tion results in a weaker reducing ability of the selenenyl sulde
intermediates. Specically, intermediates with a methyl group
as the only substituent on the amino nitrogen, 2b
(8.11 kcal mol−1, −0.252 V) and 4b (9.74 kcal mol−1, −0.264 V)
exhibit a relatively weaker Se/N interaction and, consequently,
more positive redox potentials compared to their counterparts
with cyclohexyl substitution 3b (9.20 kcal mol−1, −0.257 V) and
5b (10.56 kcal mol−1, −0.280 V). This observation suggests that
the presence of a cyclohexyl ring on the amino nitrogen
enhances the Se/N interaction. The absence of Se/N non-
covalent interactions in ebselen-based intermediates (6b–8b)
could be a reason for showing relatively more negative redox
potentials than glutathione.

To further understand the tendency of RSeSG reduction at
the catalytic site of GR, we dene a relative equilibrium constant
Krel as follows. The thiol–disulde equilibrium represents
a dynamic state where the rates of the forward and reverse
reactions are balanced to sustain constant concentrations of
reactants and products during the reduction of GSSG at GR as
depicted in eqn (1a). The equilibrium constant Keq is related to
the standard free-energy change DG° and standard electrode
potential through eqn (9):

Keq1 ¼ e�
DG

�

RT ¼ e
neFE

�
1

RT ; (9)

where E
�
1 ¼ E

�
GSSGj2GSH � E

�

GRS
S�jGRSH

SH
. Similarly, the equilibrium

constant for the RSeSG reduction (eqn (2a)) can be written as

Keq2 ¼ e
neFE

�
2

RT ; (10)

where E
�
2 ¼ E

�
RSeSGjðGSHþRSeHÞ � E

�

GRS
S�jGRSH

SH
. Assuming that the

RSeSG and GSSG interact similarly with the enzyme, the
E

�

GRS
S�jGRSH

SH
termsmay cancel out, and an equilibrium constant for

RSeSG conversion relative to that of GSSG conversion may be
dened as

Krel ¼ Keq2

Keq1

¼ e
neF
RT

�
E

�
2 � E

�
1

�
: (11)
RSC Adv., 2024, 14, 37797–37802 | 37799
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Table 1 Important thermodynamic and structural parametersa of the studied compounds using the M06-2X/6-311++g(2df,2pd) level of theory

Compd E
�
rel;SHEðAjBÞb Krel

c rS–Se/S
d rN/Se

d :N/Se–S
d BDEe E2

f

1b −0.251 1.95 × 101 2.178 — — 56.8 —
2b −0.252 1.88 × 101 2.204 2.833 173.6 53.6 8.11
3b −0.257 1.24 × 101 2.207 2.792 173.9 53.9 9.20
4b −0.264 6.96 2.209 2.770 174.5 53.2 9.74
5b −0.280 2.02 2.212 2.726 175.4 53.5 10.56
GSSG −0.289 1.00 2.055 — — 65.3 —
6b −0.396 2.50 × 10−4 2.194 — — 63.6 —
7b −0.404 1.38 × 10−4 2.198 — — 62.1 —
8b −0.443 6.42 × 10−6 2.196 — — 69.1 —
20b −0.231 9.78 × 101 2.204 2.925 159.0 52.9 4.85

a Illustrative gures (Fig. S1 and S2) showing the structural parameters are included in the ESI.† b Calculated redox potentials, E
�
rel;SHEðAjBÞ at pH=

7 in volts; here AjB is either the RSeSGj(RSeH + GSH) or GSSGj2GSH couple. c Krel represents the relative equilibrium constant with respect to that of
the GSSGj2GSH pair. d S–Se/S, and N/Se, bond distance in Å, bond angle N/Se–S in degrees. e The gas-phase bond dissociation energy (BDE) for
the S–Se/S bond in kcal mol−1. f Second-order perturbation energy (E2) from NBO for the Se/N non-covalent interactions in kcal mol−1.
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The relative equilibrium constant, Krel depends on the redox
potentials of RSeSG and GSSG and indicates the ability of RSeSG
to be reduced at the active site of GR in comparison to GSSG.
The calculated values of Krel (Table 1) imply that the unsub-
stituted phenyl selenide intermediate 1b would have a higher
tendency to be reduced at the GR, then the secondary-amine-
containing analogues 2b and 3b, followed by the tertiary
amines 4b and 5b. Conversely, ebselen and its substituted
compounds (6b to 8b) show a much lower tendency (Krel) to be
reduced compared to GSSG. The compounds having a relatively
positive redox potential tend to reach equilibrium rapidly.33

We have carried out a molecular docking study taking GSSG
and RSeSG (as ligands) at the active site of GR. This study shows
that many of the studied ligands can approach the active site of
GR in a range of 5 Å, indicating that there is a possibility of
interactions between some of the RSeSG and GR. The details are
given in the ESI (Fig. S3, S4, and Table S3).†
3.2 Bond dissociation energy

To facilitate the easy reduction of selenenyl suldes (RSeSG) to
selenol (RSeH) and thiol (GSH) at the catalytic site of GR, the
RSeSG intermediates should not only possess a more positive
redox potential, but also have a weaker Se–S bond. The calcu-
lated value of BDE for the disulde bond in GSSG is found to be
65.3 kcal mol−1, which is comparable to the experimental value
of a typical disulde bond (e.g. 66.2 kcal mol−1 for dialkyl
disulde37). The calculated Se–S BDE data and bond distances
are presented in Table 1. The Se–S BDEs of all the RSeSG
compounds (except 8b) are lower than the S–S BDE of GSSG.
Notably, all our studied intermediates contain a phenyl selenide
backbone. Compared to the parent phenyl selenenyl sulde 1b,
the amine-substituted selenenyl suldes (2b to 5b) exhibit Se–S
BDEs that are about 3 kcal mol−1 lower (ranging from 53.2 to
53.9 kcal mol−1), while those amide-substituted (ebselen-based)
selenenyl suldes (6b to 8b) showed BDEs that are higher by
amounts ranging from approximately 5 to 12 kcal mol−1 (with
values ranging from 62.1 to 69.1 kcal mol−1).
37800 | RSC Adv., 2024, 14, 37797–37802
Among the amide-substituted (ebselen-based) compounds,
6b shows a relatively more positive redox potential (than 7b or
8b), while 7b has the lowest BDE (compared to 6b and 8b).
Using a coupled reductase assay it was reported recently that 7a
(the parent compound of 7b) showed better activity than those
of 6a and 8a (about 1.6 times better than that of 6a, while 6a
showed an activity about 1.2 times higher than 8a).22 Since
RSeSG is formed during the coupled reductase assay, a lower
activity of 8a could be ascribed to its relatively higher Se–S BDE.
However, the relatively better activity of 7a compared to 6a
indicated that the interplay of redox potential and Se–S BDE
would play a crucial role during the reduction of RSeSG at GR.

The amine-substituted compounds (2b to 5b) showed the
lowest Se–S BDEs, while the parent phenyl selenenyl sulde (1b)
showed the most positive redox potential. The lower BDEs of 2b
to 5b may be attributed to the presence of Se/N non-covalent
interactions, which is known to weaken the Se–S bond.36,38 As
the strength of these interactions (E2) decreases, the BDEs
change a little, while the redox potential shis towards more
positive values (reaching close to that of 1b). This indicates that
the strength of the Se/N interactions altered not only the Se–S
BDE but also the redox potential of RSeSG. To test this
hypothesis, we chose the parent compound 20a, which was
found to give better catalytic activity in a thiophenol assay
during previous testing of this family of amine-based GPx
mimics.39 The results on its selenenyl sulde intermediate 20b
are given in Table 1 and Fig. 4. As expected, 20b showed the
weakest Se/N interaction (E2 = 4.85 kcal mol−1), the lowest Se–
S BDE (52.9 kcal mol−1), and themost positive redox potential (–
0.231 V). Also, we nd a very good correlation (R2 = 0.93)
between the strength of the Se/N interaction and the redox
potential among the studied amine-substituted RSeSG
compounds (Fig. 4). Although it is reported that ebselen-based
compounds exhibit Se/O interactions,40 NBO analysis of the
ebselen-based compounds under study did not show any Se/O
or Se/N interactions. The Se/O distances in the present case
are in the range of 3.07 to 3.13 Å (Fig. S2†).

Thus, the presence of Se/N non-covalent interactions in
RSeSG lowers the Se–S BDE, while a moderate (not too strong)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Correlations between the strength of the Se/N non-covalent
interaction (E2) and the calculated redox potential for amine-based
RSeSGs (top). Structure of 20a and 20b (bottom).
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value of such interactions results in a higher positive redox
potential and may modulate its peroxidase activity. This
prediction is consistent with the literature results that some of
the most successful GPx mimics contain a selenium–nitrogen
interaction (Se–N bond or a close Se/N interaction).38 Mimics
with weaker Se/N interactions (E2 < ∼7 kcal mol−1) showed
relatively higher activities, while those with strong Se/N
interactions (E2 > ∼11 kcal mol−1) showed relatively lower
activities.41 The presence of strong Se/N interactions in the
selenenyl sulde intermediates has shown a preference for the
thiol-exchange reactions over the regeneration of active selenol
(RSeH), thereby reducing the GPx activity signicantly.12,16

4 Conclusions

In summary, we have explored the possibility of reduction of
potential selenenyl sulde intermediates (RSeSG) at the cata-
lytic site of GR. The diphenyl diselenide-based selenenyl
suldes (1b to 5b, and 20b) showed more positive redox poten-
tials and lower Se–S BDEs than GSSG. The molecular docking
study indicated a closer approach of some of these RSeSG
compounds in proximity to the active site of GR (∼5 Å), sug-
gesting that these species can potentially be reduced at the
catalytic site of GR. The presence of Se/N non-covalent inter-
actions alters both the Se–S BDEs as well as the redox potentials
of RSeSG. Thus, ne-tuning the strength of these non-covalent
interactions could be a way to modulate the GPx activity and
identify more potent antioxidants.
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