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ABSTRACT: The peroxynitrite reductase activity of selenoprotein glutathione peroxidase (GPx) has been
investigated using density functional theory calculations for peroxynitrite/peroxynitrous acid (ONOO-/
ONOOH) substrates through two different “oxidation” and “nitration” pathways. In the oxidation pathway
for ONOO-, the oxidation of GPx and the subsequent formation of the selenenic acid (E-Se-OH) occur
through a concerted mechanism with an energy barrier of 4.7 (3.7) kcal/mol, which is in good agreement
with the computed value of 7.1 kcal/mol for the drug ebselen and the experimentally measured barrier of
8.8 kcal/mol for both ebselen and GPx. For ONOOH, the formation of the E-Se-OH prefers a stepwise
mechanism with an overall barrier of 6.9 (11.3) kcal/mol, which is 10.2 (11.2) kcal/mol lower than that
for hydrogen peroxide (H2O2), indicating that ONOOH is a more efficient substrate for GPx oxidation. It
has been demonstrated that the active site Gln83 residue plays a critical role during the oxidation process,
which is consistent with the experimental suggestions. The nitration of GPx by ONOOH produces a nitro
(E-Se-NO2) product via either of two different mechanisms, isomerization and direct, having almost
the same barrier heights. A comparison between the rate-determining barriers of the oxidation and nitration
pathways suggests that the oxidation of GPx by ONOOH is more preferable than its nitration. It was also
shown that the rate-determining barriers remain the same, 21.5 (25.5) kcal/mol, in the peroxynitrite reductase
and peroxidase activities of GPx.

Glutathione peroxidase (GPx)1 is a selenoprotein, which
demonstrates a strong antioxidant activity and protects cell
membranes and other cellular components against oxidative
damage (2, 3). It reduces numerous reactive oxygen species
(ROS) including hydrogen peroxide (1) and peroxynitrite (4)
by utilizing various reducing substrates. The peroxidase
activity of GPx has been studied extensively (5). However,
the elucidation of its peroxynitrite reductase activity still
requires more comprehensive experimental and theoretical
investigations. Therefore, in the present study, the mechanism
and factors controlling the peroxynitrite reductase activity
of GPx have been theoretically investigated.

Peroxynitrite anion2 (ONOO-), formed by the direct and
rapid combination of nitric oxide (NO) and superoxide anion
(O2

-), is a potent cytotoxic agent which has attracted a great
interest over the past decades (5, 6). It is stable in alkaline
solution, but under physiological conditions it quickly
protonates and forms peroxynitrous acid (OONOH). OONOH
undergoes rapid homolysis, with a rate constant of 1.3 s-1

(3), to give OH‚ and NO2‚ radical pairs (6-8). Both ONOO-

and ONOOH, as well as the related radicals (OH‚, NO2‚,
and CO3‚) formed during the reaction of ONOO- with a CO2

molecule (9-11), react rapidly with numerous biomolecules
(12-20) and are proposed to be involved in many disease
states (5, 6). An intensive search for catalysts to detoxify
this powerful oxidizing and nitrating agent has demonstrated
that selenoproteins (for example, GPx) (21) and some heme-
containing proteins (22), as well as a series of water-soluble
Fe(III) porphyrin complexes (23), synthetic organo-selenium
compounds (24) [for example, ebselen [2-phenyl-1,2-ben-
zisoselenazol-3(2H)-one]] (25-27), and organo-sulfur com-
pounds (for example, methionine, glutathione) (28) can
intercept OONO- and/or catalyze its decomposition and
isomerization. Among all of these catalysts GPx enzyme has
been found to be very promising (29). Therefore, a better
understanding of the peroxynitrite reductase activity of this
enzyme is extremely important as it will further advance
efforts for the discovery of better drugs.

In general, four different classes of Se-dependent GPx,
(1) cytosolic (GPx-1), (2) gastrointestinal tract (GPx-2), (3)
extracellular (GPx-3), and (4) phospholipid hydroperoxide
(GPx-4), have been classified in the literature (4). However,
the crystal structures of only bovine erythrocyte (intracellular
enzyme, GPx-1) and human plasma (extracellular enzyme,
GPx-3) GPx have been resolved (30, 31). These studies show
that the enzymes are tetrameric, with two asymmetric units
containing two dimers that exhibit half-site reactivity, and
each monomer has a critical selenocysteine residue, which
is explicitly involved in the catalytic cycle (32-36). The
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X-ray structure of the active site of human plasma GPx is
shown in Figure 1. As shown in this figure, the selenocys-
teine residue of the enzyme exists in the “resting” seleninic
acid, E-Se(O)(OH), form. The active site Gln83 and Trp157
residues are located within hydrogen-bonding distance to the
selenium atom and have been suggested to play a critical
role in the catalysis (30). These two residues are known to
be conserved in the entire glutathione peroxidase superfamily
and their homologues, which probably account for the
similarities in their catalytic mechanisms (37). The active
site seleninic acid residue is coordinated to Gly50 and Tyr48
in a tetradic arrangement (31). It has been experimentally
suggested that the catalytically active form of GPx is either
selenolate anion (E-Se-) or selenol (E-SeH) (30).

On the basis of the extensive experimental (29-31, 38)
and theoretical (39) information for the peroxidase activity
of GPx, the proposed catalytic mechanism for peroxynitrite/
peroxynitrous acid (ONOO-/ONOOH) reduction by this
enzyme is shown in Figure 2. The suggested mechanism
incorporates the fact that under physiological conditions

peroxynitrite reductase activity of GPx in vivo can follow
either the “oxidation” or “nitration” of the critical seleno-
cysteine residue (30, 38). Therefore, throughout the paper
these two processes are referred as oxidation and nitration
pathways, respectively. As discussed below only the first
step, reaction 1, of these pathways is completely different.
In the oxidation pathway, ONOO-/ONOOH reduction is
accompanied by the oxidation of the selenol (E-SeH) to
the selenenic acid (E-Se-OH), whereas in the nitration
pathway, the seleocysteine residue is nitrated by ONOO-/
ONOOH to generate E-Se-NO2. For substrate ONOO-,
the experimentally measured rate for the formation of
E-Se-OH expressed per monomer of reduced GPx of
(2.0 ( 0.2) × 106 M-1 s-1 corresponds to a barrier of 8.8
kcal/mol (29). After the oxidation or nitration of the
selenocysteine residue, the subsequent chemistry, reactions
2 and 3 (see Figure 2), in both pathways is similar. In the
second step, reaction 2, substrate glutathione (GSH) reacts
with E-Se-OH or E-Se-NO2 to produce a seleno-sulfide
adduct (E-Se-SG), which has been observed recently (36).
In the third step, reaction 3, a second molecule of GSH
attacks the seleno-sulfide adduct to regenerate the active
form of the enzyme and form disulfide GS-SG.

In the present study, we have applied high-level quantum
chemical approaches incorporating all of the available
experimental information to investigate the reaction mech-
anisms of the peroxynitrite reductase activity of GPx through
oxidation and nitration pathways. The results presented in
this study not only allow a detailed analysis of the individual
steps of the mechanism but also provide energetics and
structures of all short-lived intermediates and transition states.
Since this work is the continuation of our previous studies
on ONOO-/ONOOH reduction by the antiinflammatory drug
ebselen (40, 41) and the catalytic cycle of peroxidase activity
of GPx (39), in this paper we also intend to compare the
energetics of H2O2 (peroxidase activity) and ONOO-/
ONOOH (reductase activity) reduction by GPx and further-
more ONOO-/ONOOH reduction by both ebselen and GPx.

COMPUTATIONAL DETAILS

(A) Adopted Models for the Enzyme and Substrates.
Experimental studies on bovine erythrocyte GPx have
suggested a half-site reactivity of the enzyme (30), which
justifies the use of the active site of only a monomer to
investigate the enzyme reactivity. Here, the first question to
be considered is the choice of an appropriate model for the
enzyme active site that retains all of its basic features. Since
the selenocysteine residue is experimentally suggested to play
a critical role in the catalytic cycle (32-36), it is included
in the model. The active site Gln83 and Trp157 residues,
known to be conserved in all known GPx’s and experimen-
tally suggested to be involved in the catalytic mechanism
(30), are also included in the model. In addition, in the X-ray
structure (30), Tyr48, Gly50, and Leu51 residues are shown
to form a part of the cage around the selenocysteine residue;
therefore, they are also included in the model. Since the
active site of GPx has been suggested to contain water
molecules (42), a water molecule is also included in the
active site model. On the basis of the earlier experience
glutamine and tryptophan residues are modeled by forma-
mide and indole, respectively.

FIGURE 1: X-ray structure of the active site region of GPx.

FIGURE 2: Experimentally suggested mechanism for the catalytic
cycle of peroxynitrite/peroxynitrous acid reductase by GPx.
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The next question to deal with is the active state of the
enzyme. According to experiments, in the active state of the
enzyme the selenocysteine residue could be either in sele-
nolate anion (E-Se-) or in selenol (E-SeH) form (30). In
our previous study we justified the use of the selenol
(E-SeH) as an active form of the enzyme (39). Depending
on the nature of the substrate, i.e., either ONOO- or
ONOOH, the overall charge of the model is chosen to be
-1 or 0. The substrate GSH (γ-glutamylcysteinylglycine,
γ-GluCysGly) is a tripeptide, which is modeled by ethane-
thiol (C2H5SH).

(B) Methods of Computation.All calculations were
performed using the Gaussian 03 program (43). The geom-
etries of reactants, intermediates, transition states, and
products were optimized without any symmetry constraint
using the B3LYP method (44) with the 6-31G(d) basis set.
All degrees of freedom of proposed structures were opti-
mized, and frequency calculations were performed for all
optimized minima and transition states. It was confirmed that
the calculated minima have no imaginary frequency, while
all transition states have one imaginary frequency corre-
sponding to the reaction coordinate. The final energetics of
the optimized structures were improved by performing single
point calculations using a triple-ú quality basis set 6-311+G-
(d,p). Since it was computationally unfeasible to calculate
zero-point energy and thermal corrections using the large
basis set, these effects were estimated at the B3LYP/6-31G-
(d) level and added to the final B3LYP/6-311+G(d,p)
energetics. This type of correction is an adequate approxima-
tion and has commonly been used in quantum chemical
studies (45). The suggested mechanism of GPx involves
peroxynitrite/peroxynitrous acid (ONOO-/ONOOH) and a
glutathione molecule, which consecutively enter the active
site and participate in the catalytic reactions. Their exact
binding sites prior to the participation in reactions are not
known, and there is a large difference in the entropy
contribution from the binding of an absolutely free and a
prebonded molecule. Therefore, binding energies of these
molecules without entropy contributions are more realistic
than including entropy contributions without knowing their
prereaction binding states. Since it is not possible to cal-
culate reliable entropic contributions without knowing their
prior binding states, they are assumed to be “free”; there-
fore, the entropy effects are not included in the final
energetics.

The dielectric effects from the surrounding environment
were estimated using the self-consistent reaction field IEF-
PCM method (46) at the B3LYP/6-31G(d) level. These
calculations were performed with a dielectric constant of 4.3
corresponding to diethyl ether, close to 4.0 generally used
to describe the protein surrounding. Throughout the paper
the energies obtained at the B3LYP/(6-311+G(d,p))+ zero-
point energy (unscaled) and thermal corrections (at 298.15
K and 1 atm)+ solvent effects [the last three terms at
B3LYP/6-31G(d) level] are used, while the energies without
the solvent effects are provided in parentheses.

RESULTS AND DISCUSSION

The suggested mechanism, shown in Figure 2, was used
as a starting point for the present study. The overall reac-

tions investigated in this study

are calculated to be exothermic by 76.7 (69.9) and 66.4 (62.9)
kcal/mol, respectively.

(A) Peroxynitrite/Peroxynitrous Acid (ONOO-/ONOOH)
Coordination.The coordination of substrate at the active
site of the GPx enzyme is a first step of both oxidation
and nitration pathways. The coordination of peroxynitrite
(ONOO-) to the active site of the enzyme (structure
I 0W, Figure 3) leads to the formation of structureII P

(E-Se-‚‚‚HO1O2NO3‚‚‚H2O). ONOO- acts as a strong base,
which abstracts a proton from the E-SeH upon binding to
I0W. In II P, peroxynitrite interacts with the active site through
hydrogen bonds with the water molecule, selenolate, and
Gly50 residue. The binding energy of a free peroxynitrite to
I 0W is calculated to be 19.6 (48.1) kcal/mol.

The protonated form of ONOO-, peroxynitrous acid
(ONOOH), binds at the active site of the enzyme (structure
I 0W, Figure 4) and forms a weakly interacting complex
E-Se-H‚‚‚H2O‚‚‚HO1O2NO3 (structure II PA). The com-
puted binding energy of free peroxynitrous acid is only 0.6
(6.5) kcal/mol. After the coordination of ONOO-/ONOOH,
the catalytic cycle proceeds through the oxidation and nitra-
tion pathways (see Figure 2), which are discussed separately.

(B) Oxidation Pathway.The first process occurring in this
pathway is the formation of selenenic acid (E-Se-OH). The
mechanism is quite different for the peroxynitrite and
peroxynitrous acid substrates.

(1) Concerted Oxidation Mechanism for Peroxynitrite.The
formation of the oxidation product (E-Se-OH) requires a
hydroxyl group. For peroxynitrite (ONOO-), the hydroxyl
group required could be donated by either peroxynitrite (now
in the form of HOONO inII P) or a water molecule located
in the vicinity of the Se center. Since the source of the
hydroxyl group is not known, both possibilities are ex-
plored in this study. In case the hydroxyl group is do-
nated by peroxynitrite, the O1-O2 bond of the previously
formed E-Se-‚‚‚HO1O2NO3‚‚‚H2O complex (II P) is
broken and the hydroxyl group (O1H) is concertedly trans-
ferred from the substrate to the selenolate (E-Se-) ion to
produce ESe-O1H (III P). The optimized structure of the
corresponding transition state TS(II P-III P) is shown in
Figure 3. It is exothermic by 51.1 (49.9) kcal/mol and
proceeds with a barrier of 4.7 (3.7) kcal/mol. The low bar-
rier for ONOO- reduction is in agreement with the ex-
perimentally measured barrier of 8.8 kcal/mol for both
GPx and ebselen (29) and the computed value of 7.1
kcal/mol for ebselen (40). The removal of a water mole-
cule hydrogen-bonded to ONOO- from the model makes
the peroxynitrite a stronger nucleophile and reduces the
barrier by 2.6 (3.3) kcal/mol. However, it is worth men-
tioning that this process is most likely to occur in the
presence of a water molecule as ONOO- binding does not
remove the water molecule from the active site. The barrier
associated with the donation of a hydroxyl group from the
water molecule to the E-Se- is prohibitively high, ca. 40.0

ONOO- + 2C2H5SH f C2H5S-SC2H5 + NO2
- + H2O

(A)

ONOOH+ 2C2H5SH f

C2H5S-SC2H5 + HNO2 + H2O (B)
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kcal/mol (see transition state structureTS1W of the Sup-
porting Information). These results explicitly indicate that
the hydroxyl group required to produce the E-Se-OH is
provided by peroxynitrite (ONOO-) that is converted to
ONOOH during its coordination. There is no stepwise
mechanism corresponding to this step, as the O-O bond

cleavage and hydroxyl group transfer are strongly coupled
and cannot go through an intermediate.

(2) Concerted Oxidation Mechanism for Peroxynitrous
Acid. For peroxynitrous acid (ONOOH), the E-Se-OH
formation can take place via either a concerted or a stepwise
mechanism. The stepwise mechanism consists of two parts:

FIGURE 3: Optimized structures (distances in Å) and energies relative to the reactants [with and without (in parentheses) solvent effects,
in kcal/mol] of intermediates and transition states in reaction 1 for the concerted oxidation mechanism using peroxynitrite (ONOO-) as a
substrate.

FIGURE 4: Optimized structures (distances in Å) and energies relative to the reactants [with and without (in parentheses) solvent effects,
in kcal/mol] of intermediates and transition states in reaction 1 for the concerted oxidation mechanism using peroxynitrous acid (ONOOH)
as a substrate.
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(a) formation of selenolate anion (E-Se-) and (b) O-O bond
cleavage. First, we discuss the concerted mechanism.

In the concerted mechanism for peroxynitrous acid
(O3NO2O1H), starting from theII PA complex (Figure 4), the
Se-H bond of the selenol (E-SeH) is broken, and with the
help of a bridging water molecule a proton is transferred to
O3NO2O1H, which in turn facilitates the O1-O2 cleavage
and subsequently the formation of the ESe-O1H. The
corresponding transition stateTS(II PA-III PA) is shown in
Figure 4. The overall processII PA f III PA is exothermic
by 41.3 (34.2) kcal/mol and proceeds with a 19.6 (22.3)
kcal/mol barrier. In the absence of a water molecule in the
model this barrier is further increased by 5.2 kcal/mol (in
gas phase).

(3) Stepwise Oxidation Mechanism for Peroxynitrous Acid.
In the first step of this mechanism, as shown in Figure 5,
the Se-H bond of the selenol (E-SeH) is broken, and
simultaneously the proton is transferred through the oxygen
atom (O1) of O3NO2O1H and a water molecule to the
neighboring Gln83 producing theII ′PA intermediate involving
the E-Se- + Gln83+ ion pair. The corresponding transi-
tion state,TS(II PA-II ′PA), for this process is stabilized
by hydrogen bonds with Gly50 and Trp157 residues. The
II PAf II ′PA process is found to be endothermic by 5.1 (10.0)
kcal/mol and proceeds with a 6.5 (10.4) kcal/mol barrier from
II PA. In II ′PA the O-H bond of 1.08 Å in Gln83+ is slightly
longer than the normal (0.98 Å) O-H bond. The absence of
the water molecule in the model increases the barrier (by
6.4 kcal/mol in gas phase) and endothermicity (by 6.2
kcal/mol in gas phase) of the reaction.

In the second step of the stepwise pathway of the
E-Se-OH formation, the O1-O2 bond of O3NO2O1H is
cleaved, and the hydroxyl (O1H) is transferred to the
selenolate anion (E-Se-). In this step, the proton pre-
viously transferred to the Gln83 residue moves to the oxygen
atom (O2) of O3NO2O1H and initiates the O1-O2 bond
cleavage. As a result of this process, the E-SeO1H and
HNO2 (structureIII PA) are produced. The transition state
TS(II ′PA-III PA) indicates that this step is synchronous;
i.e., all bond distances change smoothly from the inter-
mediateII ′PA to the productIII PA. The barrier for this process
is only 1.8 (1.3) kcal/mol, which makes the overall bar-
rier (II PAf III PA) for the formation of the selenenic acid
(E-Se-OH) 6.9 (11.3) kcal/mol. The presence of the water
molecule significantly stabilizes the transition state as
its removal from the model increases the barrier by 13.0

kcal/mol (in gas phase). This step of reaction 1 is calculated
to be exothermic by 46.4 (44.2) kcal/mol. Since the overall
barrier for the stepwise mechanism [6.9 (11.3) kcal/mol] is
substantially lower than the barrier [19.6 (22.3) kcal/mol]
for the concerted mechanism of the E-Se-OH formation,
the latter mechanism is ruled out.

The aforementioned results explicitly indicate that the
Gln83 residue plays a key role of a proton acceptor (step 1)
and donor (step 2), which is consistent with the available
experimental suggestion that the Gln83 residue partici-
pates in the catalytic cycle (37). Moreover, the water
molecule located in the vicinity of the Se center also plays
a very important role by directly participating in the reac-
tion and reducing the barriers. In comparison to H2O2

reduction by GPx, where the calculated barrier for the
enzyme oxidation through the identical stepwise mechanism
is reported to be 17.1 (20.6) kcal/mol (see Figure 9), the
overall barrier for ONOOH reduction by this enzyme is lower
by 10.2 (9.3) kcal/mol. These results demonstrate that
ONOOH is a more efficient substrate for the oxidation of
selenocysteine than H2O2. On the other hand, in comparison
to ebselen (a mimic of GPx), GPx catalyzes the reduction
of ONOOH with a barrier higher by 3.9 kcal/mol (in gas
phase) (41).

(4) Remaining Steps of the Oxidation Pathway.In this
pathway, after the formation of selenenic acid (E-Se-OH),
the remaining two steps (reactions 2 and 3) follow identical
mechanisms as suggested for H2O2 reduction by GPx in our
previous computational study (39). Therefore, these two steps
are not discussed in detail here, and only their energetics
are reported in brief. In reaction 2, the E-Se-OH reacts
with the first molecule of the substrate glutathione (GSH)
to form the E-Se-SG adduct, which has been observed
experimentally (36). This reaction occurs with a barrier of
17.9 (22.6) kcal/mol and is exothermic by 15.9 (23.4)
kcal/mol (39). In the third and rate-limiting step (reaction
3) of the catalytic cycle, the E-Se-SG adduct reacts with
the second molecule of GSH to form the oxidized form of
glutathione, C2H5S-SC2H5, and the enzyme returns back to
its original form. Reaction 3 is found to be exothermic by
3.9 (15.2) kcal/mol and occurs with a barrier of 21.5 (25.5)
kcal/mol (39).

(C) Nitration Pathways.This pathway, after the binding
of ONOO-/ONOOH to the active site (structureII PA, Figure
6), leads to the nitration of the selenol (E-Se-H). In general,
the nitration product E-Se-NO2 can exist in two different

FIGURE 5: Optimized structures (distances in Å) and energies relative to the reactants [with and without (in parentheses) solvent effects,
in kcal/mol] of intermediates and transition states in reaction 1 for the stepwise oxidation mechanism using peroxynitrous acid (ONOOH)
as a substrate.
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isomeric forms, nitro (E-Se-NOO) and nitrito (E-Se-O-
NdO), which can be formed by the reactions of both
peroxynitrite (ONOO-) and peroxynitrous acid (ONOOH)
with the active site selenocysteine residue. However, the use
of ONOO- creates a highly reactive hydroxyl (OH-) ion
which could readily react with the active site amino acid
residues. The enzyme may be set up to control these ions,
but this unknown regulation process is hard to model.
Therefore, to avoid these side reactions, in this study, the
nitration pathway is investigated only for the HNOOH
substrate. The B3LYP calculations suggest that the formation
of the E-Se-NOO (structureIII NOO) is thermodynamically
18.8 (19.0) kcal/mol more favorable than the E-Se-O-
NdO (structureIII ONO) and can occur through the following
two mechanisms: (1) isomerization mechanism and (2) direct
mechanism. In the former, the firstIII ONO species is
generated which then isomerizes to the energetically more
favorable productIII NOO, whereas in the latterIII NOO is
generated directly.

(1) Isomerization Mechanism.In the first part of this
mechanism, the Se-H bond of the selenol (E-SeH), II PA,
is broken, and with the help of the bridging water molecule
a proton is transferred to the terminal oxygen atom (O1) of
O3NO2O1H, which facilitates the O1-O2 bond cleavage and
leads to the formation of the E-Se-O3-NdO2 (III ONO) and
a water molecule. The optimized transition state for this
process, structureTS(II PA-III ONO) is shown in Figure 6. The
computed barrier for the formation ofIII ONO is 13.8 (14.2)

kcal/mol, which could be slightly overestimated because the
B3LYP method is known to overestimate the activation
energy for long-range proton transfer reaction (47). The
formation of this intermediate is exothermic by 51.4 (47.0)
kcal/mol. Similar to the oxidation pathway, here also the
water molecule plays a key role in the mechanism by keeping
the barrier low. It was found that the removal of the water
molecule from the model increases the barrier for this process
by 7.2 kcal/mol (in gas phase).

A stepwise mechanism, similar to the one (involving
Gln83) investigated for the formation ofIII PA in the oxidation
pathway, was also investigated for the generation ofIII ONO.
However, all of the attempts to locate the transition state
for the O1-O2 bond splitting of O3NO2O1H failed as its
optimization always leads to the above-discussed con-
certed mechanism. On the basis of this result it can be
concluded that the stepwise mechanism for the formation of
the E-Se-O-NdO product does not exist.

In the second part of this isomerization mechanism, the
formed III ONO isomerizes toIII NOO. During this isom-
erization, the Se-O2 bond of III ONO is broken, and the
Se-N bond is formed. In the associated transition state
TS(III ONO-III NOO), the Se-O2 and Se-N bond distances
of 2.65 and 2.20 Å, respectively, are between the corre-
sponding distances inIII ONO (2.09 and 2.89 Å) andIII NOO

(2.84 and 2.00 Å), which clearly indicate the transformation
of the intermediate E-Se-O-NdO to the E-Se-NOO.
TheIII ONO f III NOO isomerization is found to be exothermic

FIGURE 6: Optimized structures (distances in Å) and energies relative to the reactants [with and without (in parentheses) solvent effects,
in kcal/mol] of intermediates and transition states in reaction 1 for the isomerization and direct mechanisms in the nitration pathway using
peroxynitrous acid (ONOOH) as a substrate.
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by 18.8 (19.0) kcal/mol and proceeds with a barrier of 8.6
(11.1) kcal/mol.

(2) Direct Mechanism.In this mechanism, inII PA the
Se-H bond of the selenol (E-SeH) is broken, and with the
help of a bridging water molecule a proton is transferred to
the terminal oxygen atom (O1) of O3NO2O1H, which in turn
cleaves the O1-O2 bond and produces the E-Se-NO2O3

(III NOO) species and a water molecule (H2O1). In the
corresponding transition stateTS(II PA-III NOO) shown in
Figure 7, the Se-N and Se-O2 bond distances of 2.63 and
3.16 Å, respectively, clearly indicate the formation ofIII NOO.
The barrier for this concerted mechanism is 12.8 (14.6)
kcal/mol, and this process is exothermic by 70.2 (66.0)
kcal/mol. In this process also a long-range proton transfer
takes place, which could be slightly overestimated by the
B3LYP method (47). Since for the generation ofIII ONO the
exclusion of a water molecule in the model raises the barrier
by 7.2 kcal/mol (in gas-phase), this possibility is not explored
here. As discussed above for the formation ofIII ONO, the
stepwise mechanism involving the Gln83 residue does not
exist in the direct generation ofIII NOO as well.

The calculated barriers for the nitration of the selenocys-
teine by peroxynitrous acid through the isomerization and
direct mechanisms, 13.8 (14.2) and 12.8 (14.6) kcal/mol, are
very close. While the direct mechanism is slightly preferred,
the accuracy of the methods applied in this study does not
allow a clear discrimination between these two mechanisms.
Therefore, it can be concluded that both of these mech-
anisms for the selenocysteine nitration by ONOOH are
plausible.

(3) Reaction of the Nitro Product (E-Se-NOO) with
Glutathione (GSH).Reaction 2 of the nitration pathway (see
Figure 2) starts with the coordination of the first unbound
glutathione molecule toIII NOO and leads to the formation
of a weakly bound (E-SeNO2O3)- - -(GSH) complexIV
(Figure 7) with the binding energy of 1.8 (2.7) kcal/mol.
From IV the reaction proceeds through the transition state
TS(IV-V) and produces the seleno-sulfide (E-Se-S-G)
adduct and HNO2 (structureV). As shown in Figure 7, at
the transition stateTS(IV-V), synchronously the S-H
bond of glutathione is broken, and through the water
molecule a proton is transferred to O3 of the E-Se-NO3O2

FIGURE 7: Optimized structures (distances in Å) and energies relative to the reactants [with and without (in parentheses) solvent
effects, in kcal/mol] of intermediates and transition states in reaction 2 for the nitration pathway using peroxynitrous acid (ONOOH) as a
substrate.

FIGURE 8: Energy diagram for reaction 1 of the oxidation pathway [with and without (in parentheses) solvent effects, in kcal/mol]. The
energy scale is set up for the values including solvent effects.
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accompanied by the formations of a Se-S bond and nitrous
acid (HNO2). The barrier for this step is calculated to be 9.5
(9.6) kcal/mol, and it is exothermic by 13.9 (12.9) kcal/mol.

Also in this reaction, the water molecule plays a critical
role by significantly reducing the barrier by 15.7 kcal/mol
(in gas phase). This large effect could be explained by
comparing the TS structures with and without the participa-
tion of the water molecule. InTS(IV-V), the Se-S and
Se-N distances are considerably shorter (0.14 and 0.62 Å,
respectively) than the corresponding distances without the
water molecule. Moreover, the direct participation of the
water molecule also provides an additional hydrogen bond.
In the presence of a water moleculeTS(IV-V) appears to
be optimum for the formation of the Se-S bond.

In a similar way,III ONO is also found to react with the
substrate GSH to produce the seleno-sulfide (E-Se-
S-G) adduct and HNO2. As shown in the Supporting
Information, first a molecule of GSH binds toIII ONO to form
a (E-Se-O3-NdO2)- - -(GSH) complex (structureIV ONO)
with the binding energy of 1.8 (2.7) kcal/mol, which then
rearranges toV throughTS(IVONO-V) with a small barrier
of 1.3 (1.0) kcal/mol.

After the formation of the E-Se-S-G adduct, the third
and final step, reaction 3, of the overall mechanism is
identical in both oxidation and nitration mechanisms, which
was already discussed above.

OVERALL REACTION MECHANISMS AND
CONCLUSIONS

The overall potential energy diagrams for the concerted
and stepwise mechanisms of the oxidation pathway are
shown in Figure 8. The oxidation of GPx with peroxynitrite
(ONOO-) can occur only via a concerted mechanism. It
involves the coordination of ONOO- to the active site and
the subsequent formation of the selenenic acid (E-Se-OH)

with only a 4.7 (3.7) kcal/mol barrier. The overall process
is highly exothermic by 70.7 (98.0) kcal/mol. The calculated
barrier is in good agreement with the computed barrier of
7.1 kcal/mol for ebselen (40) and the experimentally mea-
sured barrier of 8.8 kcal/mol for both GPx and ebselen (29).

However, the oxidation of the selenocysteine by peroxy-
nitrous acid ONOOH via the similar concerted mechanism
is less favorable, by 12.7 (11.0) kcal/mol, than the stepwise
mechanism which involves the following two steps: (a)
formation of selenolate anion (E-Se-) and (b) O-O bond
cleavage. In the first step, a proton transfer from the
E-Se-H through an active site water molecule to the
neighboring Gln83 residue occurs with a barrier of 6.5 (10.4)
kcal/mol and leads to the intermediateII ′PA involving the
E-Se- + Gln83+ ion pair. This step of the reaction is
calculated to be endothermic by 5.1 (10.0) kcal/mol. In the
second step, the proton previously transferred to Gln83+

migrates to the ONOOH fragment and leads to the formation
of E-Se-OH and HNO2 products (III PA). It occurs with a
1.8 (1.3) kcal/mol barrier and is exothermic by 46.4 (44.2)
kcal/mol. As shown in the energy diagram (Figure 8B), the
entire processI 0W + ONOOH f E-Se-OH + HNO2 is
highly exothermic by 41.9 (40.7) kcal/mol and proceeds with
an overall energy barrier of 6.9 (11.3) kcal/mol.

The results presented in this study clearly demonstrate that
the water molecule in the vicinity of the active site and the
Gln83 residue play a crucial role by explicitly participating
in the oxidation reaction. The comparison of the energetics
of the reaction (I 0W + ONOOH f E-Se-OH + HNO2)
with the previously investigated one (I 0W + HOOH f
E-Se-OH + H2O, also shown in Figure 8B) shows that
the overall barrier for GPx oxidation by ONOOH is lower
by 10.2 (11.2) kcal/mol (39). This result indicates that
peroxynitrous acid (ONOOH) is a more efficient substrate
for the oxidation of GPx than hydrogen peroxide (H2O2).

FIGURE 9: Energy diagram for reactions 1 and 2 of the nitration pathway [with and without (in parentheses) solvent effects, in kcal/mol].
The energy scale is set up for the values including solvent effects.
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The nitration pathway was studied only for the ONOOH
substrate. Since the ONOO- substrate generates a highly
reactive OH- ion, we believe that there must be a mechanism
that controls the formation of this ion. It was found that a
nitro product (E-Se-NOO), III NOO, is thermodynamically
most favorable. The overall potential energy profiles for two
mechanisms to produce the nitro product, (1) isomerization
mechanism and (2) direct mechanism, are shown in Figure
9. The formation ofIII NOO through the successive generation
and isomerization of the intermediateIII ONO (isomerization
mechanism) is slightly less favorable than the direct forma-
tion of III NOO, with the calculated barriers of 13.8 (14.2)
and 12.8 (14.6) kcal/mol, respectively. The accuracy of the
methods employed does not allow discrimination between
these two mechanisms with such a small difference in
barriers. Therefore, we conclude that both of these mecha-
nisms of selenocysteine nitration by ONOOH are equally
feasible. The nitration reaction E-SeH + ONOOH f
E-Se-NOO + H2O is found to be exothermic by 70.2
(66.0) kcal/mol. A comparison of the calculated rate-
determining barriers of 6.9 (11.3) and 12.8 (14.6) kcal/mol
for the oxidation and nitration, respectively, of the seleno-
cysteine by ONOOH indicates that the formation of the
E-SeOH (the oxidation product) is much more preferable.

In reaction 2, the coordination of the first unbound GSH
to the oxidation (E-SeOH) and nitration [E-Se-NOO
(III NOO)] products forms weakly bound E-SeOH- - -GSH
and E-SeNOO- - -GSH (IV ) intermediates, which eventually
transforms to the E-Se-S-G + H2O and E-Se-S-G +
HNO2 (V) products with barriers of 17.9 (22.6) and 9.5 (9.6)
kcal/mol, respectively. After the formation of the E-Se-
S-G adduct, in the final reaction (E-Se-S-G + GSH f
E-Se-H + GS-SG), the oxidized form of glutathione
(C2H5S-SC2H5) is generated, and the enzyme returns back
to its original form. In our previous study, it was shown that
this reaction occurs with a 21.5 (25.5) kcal/mol barrier (39),
which makes it rate-limiting for both peroxidase and per-
oxynitrite/peroxynitrous reductase activity of GPx. Therefore,
it can be concluded that for both H2O2 peroxidase and
ONOO-/ONOOH reductase (irrespective of the pathway
followed) activities of the GPx enzyme the rate-determining
barrier remains the same.

The results reported in this study shed light on the
existence of two different (oxidation and nitration) pathways,
substrate specificities, and the important role played by the
active site water molecule and the Gln83 residue, as well as
the details of the every step in the catalysis which will
enhance our understanding of the complex functioning of
this critical enzyme.

ACKNOWLEDGMENT

A DURIP grant (FA9550-04-1-0321) from AFOSR is
acknowledged for support of the computer facilities. The use
of computational resources at the Cherry Emerson Center
for Scientific Computation is also acknowledged.

SUPPORTING INFORMATION AVAILABLE

(a) Complete ref43; (b) Tables S1-S5, Cartesian coor-
dinates (in Å) of all the optimized structures including
transition states in reaction 1 for the concerted oxidation
mechanism using peroxynitrite (ONOO-) as a substrate; (c)

Tables S6-S8, Cartesian coordinates (in Å) of all the
optimized structures including transition states in reaction 1
for the concerted oxidation mechanism using peroxynitrous
acid (ONOOH) as a substrate; (d) Tables S9-S11, Cartesian
coordinates (in Å) of all the optimized structures including
transition states in reaction 1 for the stepwise oxidation
mechanism using peroxynitrous acid (ONOOH) as a sub-
strate; (e) Tables S12-S16, Cartesian coordinates (in Å) of
all the optimized structures including transition states in
reaction 1 for the isomerization and direct mechanisms in
the nitration pathway using peroxynitrous acid (ONOOH)
as a substrate; and (f) Tables S17-S21, Cartesian coordinates
(in Å) of all the optimized structures including transition
states in reaction 2 for the nitration pathway using per-
oxynitrous acid (ONOOH) as a substrate. This material is
available free of charge via the Internet at http://pubs.acs.org.
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