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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 (GNOO
ONOOH) substrates through two different “oxidation” and “nitration” pathways. In the oxidation pathway
for ONOQO, the oxidation of GPx and the subsequent formation of the selenenic aclBe(EOH) 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 thBd=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 (kD-), indicating that ONOOH is a more efficient substrate for GPx oxidation. It

has been demonstrated that the active site GIn83 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—-NO,) 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 (GPxs a selenoprotein, which  and ONOOH, as well as the related radicals ¢ONO.-,
demonstrates a strong antioxidant activity and protects celland CQ-) formed during the reaction of ONOQwith a CQ,
membranes and other cellular components against oxidativemolecule §—11), react rapidly with numerous biomolecules
damage?, 3). It reduces numerous reactive oxygen species (12—20) and are proposed to be involved in many disease
(ROS) including hydrogen peroxid&)(@and peroxynitrite 4) states b, 6). An intensive search for catalysts to detoxify
by utilizing various reducing substrates. The peroxidase this powerful oxidizing and nitrating agent has demonstrated
activity of GPx has been studied extensivedy. However, that selenoproteins (for example, GPR)Y and some heme-
the elucidation of its peroxynitrite reductase activity still containing proteins22), as well as a series of water-soluble
requires more comprehensive experimental and theoreticalFe(l1l) porphyrin complexes3), synthetic organo-selenium
investigations. Therefore, in the present study, the mechanismcompounds Z4) [for example, ebselen [2-phenyl-1,2-ben-
and factors controlling the peroxynitrite reductase activity zisoselenazol-3¢2)-one]] (25—27), and organo-sulfur com-
of GPx have been theoretically investigated. pounds (for example, methionine, glutathion@g)( can

Peroxynitrite anioA(ONOO"), formed by the direct and  jntercept OONO and/or catalyze its decomposition and
rapid combination of nitric oxide (NO) and superoxide anion jsomerization. Among all of these catalysts GPx enzyme has
(O2), is a potent cytotoxic agent which has attracted a great heen found to be very promisin@9). Therefore, a better
interest over the past decadés §). It is stable in alkaline  nderstanding of the peroxynitrite reductase activity of this

solution, but under physiological conditions it quickly enzyme is extremely important as it will further advance
protonates and forms peroxynitrous acid (OONOH). OONOH efforts for the discovery of better drugs.
undergoes rapid homolysis, with a rate constant of 113 s

(3), to give OH and NG+ radical pairs §—8). Both ONOO In general, four different classes of Se-dependent GPx,

(1) cytosolic (GPx-1), (2) gastrointestinal tract (GPx-2), (3)
 This research was supported by a grant from the National Science €Xtracellular (GPx-3), and (4) phospholipid hydroperoxide
Foundation (CHE-0209660). (GPx-4), have been classified in the literatud® However,
* To whom correspondence should be addressed: e-mail, dmusaev@he crystal structures of only bovine erythrocyte (intracellular
emory.edu; tel, 404-727-2382; fax, 404-727-7412. enzyme, GPx-1) and human plasma (extracellular enzyme,

1 Abbreviations: GPx, glutathione peroxidase; GSH, glutathione; .
DFT, density functional theory; TS, transition state; ROS, reactive GPX-3) GPx have been resolve?0(31). These studies show

oxygen species. that the enzymes are tetrameric, with two asymmetric units
2Th d to ref h y y
The term peroxynitrite is used to refer to the peroxynitrite anion, ini i ihi Qi Wi
O=NOO", and peroxynitrous acid, ONOOH, unless otherwise indi- containing two dimers tha.lt exhibit half Slt.e reaCt.Mty’ anq
cated. The IUPAC recommended names are oxoperoxonitrataid each monomer has a critical selenocysteine residue, which
hydrogen oxoperoxonitrate, respectively. is explicitly involved in the catalytic cycle3g—36). The
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peroxynitrite reductase activity of GPx in vivo can follow
either the “oxidation” or “nitration” of the critical seleno-
cysteine residue3(Q, 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, ONO@ONOOH reduction is
accompanied by the oxidation of the selenot-&eH) to
the selenenic acid (ESe-OH), whereas in the nitration
pathway, the seleocysteine residue is nitrated by ONOO
ONOOH to generate £Se—NO,. For substrate ONOQ
the experimentally measured rate for the formation of
Trpl57 E—Se-OH expressed per monomer of reduced GPx of
(2.0£ 0.2) x 1¢* M1 s corresponds to a barrier of 8.8
kcal/mol @9). 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-NO; to produce a selenesulfide
adduct (E-Se—SG), which has been observed recens)(
In the third step, reaction 3, a second molecule of GSH
attacks the selenresulfide adduct to regenerate the active
form of the enzyme and form disulfide GSG.

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
Reaction 3)  Reaction (2) GSH ebselen40, 41) and the catalytic cycle of peroxidase activity
of GPx 39), in this paper we also intend to compare the
energetics of KD, (peroxidase activity) and ONOQ

GSH O/ ONOOH (reductase activity) reduction by GPx and further-
more ONOO/ONOOH reduction by both ebselen and GPx.

FiIGURE 2: Experimentally suggested mechanism for the catalytic COMPUTATIONAL DETAILS
cycle of peroxynitrite/peroxynitrous acid reductase by GPx.

E-Se-S-G

(A) Adopted Models for the Enzyme and Substrates.

X-ray structure of the active site of human plasma GPx is Experimental studies on bovine erythrocyte GPx have
shown in Figure 1. As shown in this figure, the selenocys- suggested a half-site reactivity of the enzym3€)( which
teine residue of the enzyme exists in the “resting” seleninic justifies the use of the active site of only a monomer to
acid, E-Se(O)(OH), form. The active site GIn83 and Trp157 investigate the enzyme reactivity. Here, the first question to
residues are located within hydrogen-bonding distance to thebe considered is the choice of an appropriate model for the
selenium atom and have been suggested to play a criticalenzyme active site that retains all of its basic features. Since
role in the catalysis30). These two residues are known to the selenocysteine residue is experimentally suggested to play
be conserved in the entire glutathione peroxidase superfamilya critical role in the catalytic cycle3e—36), it is included
and their homologues, which probably account for the in the model. The active site GIn83 and Trp157 residues,
similarities in their catalytic mechanism87). The active known to be conserved in all known GPx’s and experimen-
site seleninic acid residue is coordinated to Gly50 and Tyr48 tally suggested to be involved in the catalytic mechanism
in a tetradic arrangemen8Y). It has been experimentally  (30), are also included in the model. In addition, in the X-ray
suggested that the catalytically active form of GPx is either structure 80), Tyr48, Gly50, and Leu51 residues are shown
selenolate anion (ESe’) or selenol (E-SeH) 30). to form a part of the cage around the selenocysteine residue;

On the basis of the extensive experimen29-31, 38) therefore, they are also included in the model. Since the
and theoretical39) information for the peroxidase activity —active site of GPx has been suggested to contain water
of GPx, the proposed catalytic mechanism for peroxynitrite/ molecules 42), a water molecule is also included in the
peroxynitrous acid (ONOQONOOH) reduction by this  active site model. On the basis of the earlier experience
enzyme is shown in Figure 2. The suggested mechanismglutamine and tryptophan residues are modeled by forma-
incorporates the fact that under physiological conditions mide and indole, respectively.
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The next question to deal with is the active state of the tions investigated in this study
enzyme. According to experiments, in the active state of the
enzyme the selenocysteine residue could be either in sele-ONOO + 2C,H;SH— C,H;S—SCH; + NO, + H,0
nolate anion (ESe") or in selenol (E-SeH) form @0). In (A)
our previous study we justified the use of the selenol
(E—SeH) as an active form of the enzyn89). Depending ONOOH+ 2GH;SH—
on the nature of the substrate, i.e., either ONOGQr C,H;S—SC,H; + HNO, + H,O (B)
ONOOH, the overall charge of the model is chosen to be
—1 or 0. The substrate GSH-glutamylcysteinylglycine, are calculated to be exothermic by 76.7 (69.9) and 66.4 (62.9)
y-GluCysGily) is a tripeptide, which is modeled by ethane- kcal/mol, respectively.
thiol (CoHsSH). (A) Peroxynitrite/Peroxynitrous Acid (ONOZDNOOH)
Coordination. The coordination of substrate at the active
site of the GPx enzyme is a first step of both oxidation

etries of reactants, intermediates, transition states, andanOI nitration pathways. The coordination of peroxynitrite

products were optimized without any symmetry constraint (ONOO) to the active site of the enzyme (structure

; ; : low, Figure 3) leads to the formation of structuter
using the B3LYP method4d) with the 6-31G(d) basis set. oW TN s
All degrees of freedom of proposed structures were opti- (E—Se---HO'O°NO>+-H,0). ONOC acts as a strong base,

mized, and frequency calculations were performed for all which abstracts a proton from the-ISeH upon binding to

optimized minima and transition states. It was confirmed that low. Inll p, peroxynit_rite interacts with the active site through
the calculated minima have no imaginary frequency, while hydrogen_bonds W'th the water molecule, selenolqtg, and
all transition states have one imaginary frequency corre- Gly50 residue. The binding energy of a free peroxynitrite to
sponding to the reaction coordinate. The final energetics of IOWF;‘SecaL%l:La;Z?eEO ft:) ?n%gg (é%gtg(cagrrggl.nitrous acid
the optimized structures were improved by performing single brotor . X P y

i . . . . : (ONOOH), binds at the active site of the enzyme (structure
point ca_lculat.|ons usmgatnpléquahty basis .set 6-3HG- low, Figure 4) and forms a weakly interacting complex
(00 S e compulonal) leeaie o CACHALe £"Se -0 -HOONO' (nicturelloy. The com.
basis set, these eyffects were estimated at the B3LYP/6-31G-DUtedkbir:dingf energyhof free peroxynitfrous acid is only 0.6

! . . A inati NOGON H

() level and added to the final B3LYP/6-3tG(d,p)  \0:0) Keal/mol. After the coordination of O OOH,

: . o . the catalytic cycle proceeds through the oxidation and nitra-
energetics. This type of correction is an adequate approxima-; - pathways (see Figure 2), which are discussed separately.
tion and has commonly been used in quantum chemical '

B) Oxidation PathwayThe first process occurring in this
studies 45). The suggested mechanism of GPx involves (8) Oxidat ey wo.p Hrming In th

N . . pathway is the formation of selenenic acid{(&e-OH). The
peroxynitrite/peroxynitrous acid (ONOGONOOH) and @ 1 achanism is quite different for the peroxynitrite and
glutathione molecule, which consecutively enter the active

. o ; ; 4 ; peroxynitrous acid substrates.
site and participate in the catalytic reactions. Their exact (1) Concerted Oxidation Mechanism for Peroxynitrifae

binding sites prior tq the participz_ition in regctions are not ¢5rmation of the oxidation product (ESe-OH) requires a
known, and there is a Igrge difference in the entropy hydroxyl group. For peroxynitrite (ONOQ), the hydroxyl
contribution from the binding of an absolutely free and a grqup required could be donated by either peroxynitrite (now
prebonded molecule. Therefore, binding energies of thesej, the form of HOONO inll p) or a water molecule located
molecules without entropy contributions are more realistic iy the vicinity of the Se center. Since the source of the
than mclludlng. er_ltropy contrlbgtlon_s \_Nlthout knoyvmg their hydroxyl group is not known, both possibilities are ex-
prereaction binding states. que it is not possple to cgl— plored in this study. In case the hydroxyl group is do-
culate reliable entropic contributions without knowing their nated by peroxynitrite, the ©-0? bond of the previously
prior binding states, they are assumed to be “free”; there- formed E-Se+--HOO?2NO*+-H,0 complex (Ip) is
fore, the entropy effects are not included in the final proken and the hydroxyl group {8) is concertedly trans-
energetics. ferred from the substrate to the selenolate-@€&) ion to
The dielectric effects from the surrounding environment produce ESeO'H (Ill p). The optimized structure of the
were estimated using the self-consistent reaction field IEF- corresponding transition state T&{-lll 5) is shown in
PCM method 46) at the B3LYP/6-31G(d) level. These Figure 3. It is exothermic by 51.1 (49.9) kcal/mol and
calculations were performed with a dielectric constant of 4.3 proceeds with a barrier of 4.7 (3.7) kcal/mol. The low bar-
corresponding to diethyl ether, close to 4.0 generally usedrier for ONOO™ reduction is in agreement with the ex-
to describe the protein surrounding. Throughout the paperperimentally measured barrier of 8.8 kcal/mol for both
the energies obtained at the B3LYP/(6-313(d,p))+ zero- ~ GPx and ebselen2f) and the computed value of 7.1
point energy (unscaled) and thermal corrections (at 298.15kcal/mol for ebselen40). The removal of a water mole-
K and 1 atm)+ solvent effects [the last three terms at cule hydrogen-bonded to ONOGrom the model makes
B3LYP/6-31G(d) level] are used, while the energies without the peroxynitrite a stronger nucleophile and reduces the

(B) Methods of ComputationAll calculations were
performed using the Gaussian 03 prograt8)( The geom-

the solvent effects are provided in parentheses. barrier by 2.6 (3.3) kcal/mol. However, it is worth men-
tioning that this process is most likely to occur in the
RESULTS AND DISCUSSION presence of a water molecule as ONOKInding does not

remove the water molecule from the active site. The barrier
The suggested mechanism, shown in Figure 2, was usedassociated with the donation of a hydroxyl group from the
as a starting point for the present study. The overall reac- water molecule to the ESe" is prohibitively high, ca. 40.0
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GIn83

Tow 0.0 (0.0)

GIn83

IIp -19.6 (-48.1)

Concerted | Mechanism

Ip -70.7 (-98.0) TS(lp-I1lp) -14.9 (-44.4)

FicuRe 3: Optimized structures (distances in A) 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)(@N&OO
substrate.

Tow + HOONO A7
Glys0_J&

Concerted
D

Mechanism

IIps -0.6 (-6.5)

FiGURE 4: Optimized structures (distances in A) 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.

kcal/mol (see transition state structuF&1W of the Sup- cleavage and hydroxyl group transfer are strongly coupled
porting Information). These results explicitly indicate that and cannot go through an intermediate.
the hydroxyl group required to produce the-§e—OH is (2) Concerted Oxidation Mechanism for Peroxynitrous

provided by peroxynitrite (ONOQ that is converted to  Acid. For peroxynitrous acid (ONOOH), the-ESe-OH
ONOOH during its coordination. There is no stepwise formation can take place via either a concerted or a stepwise
mechanism corresponding to this step, as theQObond mechanism. The stepwise mechanism consists of two parts:
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¥ (v=260i cm™)
TS(I'ps-ITIpy) 6.3 (4.8)

FIGURE 5: Optimized structures (distances in A) 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.

(a) formation of selenolate anion{&e") and (b) OG-0 bond kcal/mol (in gas phase). This step of reaction 1 is calculated
cleavage. First, we discuss the concerted mechanism. to be exothermic by 46.4 (44.2) kcal/mol. Since the overall

In the concerted mechanism for peroxynitrous acid barrier for the stepwise mechanism [6.9 (11.3) kcal/mol] is
(OPNO20'H), starting from thel p5 complex (Figure 4), the  substantially lower than the barrier [19.6 (22.3) kcal/mol]
Se—H bond of the selenol (ESeH) is broken, and with the ~ for the concerted mechanism of the-Ee—OH formation,
help of a bridging water molecule a proton is transferred to the latter mechanism is ruled out.
O°NO?0'H, which in turn facilitates the 8-0? cleavage The aforementioned results explicitly indicate that the
and subsequently the formation of the ES®H. The GIn83 residue plays a key role of a proton acceptor (step 1)
corresponding transition sta®S(ll pa—Ill pa) is shown in and donor (step 2), which is consistent with the available
Figure 4. The overall procedspa — Il pa is exothermic experimental suggestion that the GIn83 residue partici-
by 41.3 (34.2) kcal/mol and proceeds with a 19.6 (22.3) pates in the catalytic cycle37). Moreover, the water
kcal/mol barrier. In the absence of a water molecule in the molecule located in the vicinity of the Se center also plays
model this barrier is further increased by 5.2 kcal/mol (in a very important role by directly participating in the reac-
gas phase). tion and reducing the barriers. In comparison teOk

(3) Stepwise Oxidation Mechanism for Peroxynitrous Acid. reduction by GPx, where the calculated barrier for the
In the first step of this mechanism, as shown in Figure 5, enzyme oxidation through the identical stepwise mechanism
the Se-H bond of the selenol (ESeH) is broken, and is reported to be 17.1 (20.6) kcal/mol (see Figure 9), the
simultaneously the proton is transferred through the oxygen overall barrier for ONOOH reduction by this enzyme is lower
atom (3) of ONO20'H and a water molecule to the by 10.2 (9.3) kcal/mol. These results demonstrate that
neighboring GIn83 producing tHE p intermediate involving ~ ONOOH is a more efficient substrate for the oxidation of
the E-Se  + GIn83" ion pair. The corresponding transi- selenocysteine than,®,. On the other hand, in comparison
tion state, TS(Ilpa—I1l'pa), for this process is stabilized to ebselen (a mimic of GPx), GPx catalyzes the reduction
by hydrogen bonds with Gly50 and Trp157 residues. The of ONOOH with a barrier higher by 3.9 kcal/mol (in gas
Il pa— 1l 'pa process is found to be endothermic by 5.1 (10.0) phase) 41).
kcal/mol and proceeds with a 6.5 (10.4) kcal/mol barrier from  (4) Remaining Steps of the Oxidation Pathwéy.this
[l pa. In 1l 'pa the O—H bond of 1.08 A in GIn83 is slightly pathway, after the formation of selenenic acid-&e—OH),
longer than the normal (0.98 A)-€H bond. The absence of  the remaining two steps (reactions 2 and 3) follow identical
the water molecule in the model increases the barrier (by mechanisms as suggested faOA reduction by GPx in our
6.4 kcal/mol in gas phase) and endothermicity (by 6.2 previous computational stud$9). Therefore, these two steps
kcal/mol in gas phase) of the reaction. are not discussed in detail here, and only their energetics

In the second step of the stepwise pathway of the are reported in brief. In reaction 2, the-5e-OH reacts
E—Se—OH formation, the ®-0? bond of GNO?OH is with the first molecule of the substrate glutathione (GSH)
cleaved, and the hydroxyl (@) is transferred to the to form the E-Se-SG adduct, which has been observed
selenolate anion (ESe). In this step, the proton pre- experimentally 86). This reaction occurs with a barrier of
viously transferred to the GIn83 residue moves to the oxygen17.9 (22.6) kcal/mol and is exothermic by 15.9 (23.4)
atom (&) of ONO?0O'H and initiates the &-0? bond kcal/mol @9). In the third and rate-limiting step (reaction
cleavage. As a result of this process, the $0OH and 3) of the catalytic cycle, the ESe-SG adduct reacts with
HNO, (structurelll pp) are produced. The transition state the second molecule of GSH to form the oxidized form of
TS(II'pa—1Il pp) indicates that this step is synchronous; glutathione, GHsS—SGHs, and the enzyme returns back to
i.e., all bond distances change smoothly from the inter- its original form. Reaction 3 is found to be exothermic by
mediatell 'pa to the productll pa. The barrier for this process 3.9 (15.2) kcal/mol and occurs with a barrier of 21.5 (25.5)
is only 1.8 (1.3) kcal/mol, which makes the overall bar- kcal/mol @39).
rier (Il pa— Ill pp) for the formation of the selenenic acid (C) Nitration PathwaysThis pathway, after the binding
(E—Se—-0OH) 6.9 (11.3) kcal/mol. The presence of the water of ONOO /ONOOH to the active site (structubie-», Figure
molecule significantly stabilizes the transition state as 6), leads to the nitration of the selenoHEe—H). In general,
its removal from the model increases the barrier by 13.0 the nitration product ESe—NO, can exist in two different
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Isomerization
Ilps Mechaniam
-0.6 (-6.5) TSIps-Mono) 13.2 (7.7) Moo -52.0 (-53.5)
Directl Mechaniam l

TS(Ips-IInoo) 12.2 (8.1) Mxoo -70.8 (-72.5) TS ono-Inoo) -43.4 (-42.4)

FiGuRE 6: Optimized structures (distances in A) 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.

isomeric forms, nitro (ESe-NOO) and nitrito (E-Se-O— kcal/mol, which could be slightly overestimated because the
N=0), which can be formed by the reactions of both B3LYP method is known to overestimate the activation
peroxynitrite (ONOQ) and peroxynitrous acid (ONOOH) energy for long-range proton transfer reactiaty)( The
with the active site selenocysteine residue. However, the useformation of this intermediate is exothermic by 51.4 (47.0)
of ONOO™ creates a highly reactive hydroxyl (OHion kcal/mol. Similar to the oxidation pathway, here also the
which could readily react with the active site amino acid water molecule plays a key role in the mechanism by keeping
residues. The enzyme may be set up to control these ionsthe barrier low. It was found that the removal of the water
but this unknown regulation process is hard to model. molecule from the model increases the barrier for this process
Therefore, to avoid these side reactions, in this study, theby 7.2 kcal/mol (in gas phase).

nitration pathway is investigated only for the HNOOH A stepwise mechanism, similar to the one (involving
substrate. The B3LYP calculations suggest that the formationGIn83) investigated for the formation bf pa in the oxidation

of the E=Se—NOO (structurdll yog) is thermodynamically  pathway, was also investigated for the generatiottl Gfyo.

18.8 (19.0 kcal/mol more favorable than the5e-O— However, all of the attempts to locate the transition state
N=0 (structurdll ono) and can occur through the following  for the G—0? bond splitting of GNO?0O'H failed as its
two mechanisms: (1) isomerization mechanism and (2) direct optimization always leads to the above-discussed con-
mechanism. In the former, the firdil ono Species is certed mechanism. On the basis of this result it can be
generated which then isomerizes to the energetically moreconcluded that the stepwise mechanism for the formation of

favorable productll noo, Whereas in the lattelll noo IS the E-Se—O—N=0 product does not exist.

generated directly. In the second part of this isomerization mechanism, the
(1) Isomerization Mechanisnin the first part of this formed Ill ono isOomerizes tolll noo. During this isom-

mechanism, the SeH bond of the selenol (ESeH), |l pa, erization, the SeO? bond of Ill ono is broken, and the

is broken, and with the help of the bridging water molecule Se—-N bond is formed. In the associated transition state

a proton is transferred to the terminal oxygen ator) @ TSI ono—1I noo), the Se-0? and Se-N bond distances

O3NO20'H, which facilitates the ®-02 bond cleavage and  of 2.65 and 2.20 A, respectively, are between the corre-
leads to the formation of the-BSe—03—N=02 (Il ono) and sponding distances ifil ono (2.09 and 2.89 A) andll noo

a water molecule. The optimized transition state for this (2.84 and 2.00 A), which clearly indicate the transformation
process, structur€S(Il pa—1ll ong) is shown in Figure 6. The  of the intermediate ESe-O—N=0 to the E-Se-NOO.
computed barrier for the formation &1 ono is 13.8 (14.2) Thelll ono— Il noo iISOMerization is found to be exothermic
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GIn83

IV -72.6 (-75.2)

TSAV-V) -63.1 (-65.6)

V -86.5 (-88.1)

FIGURE 7: Optimized structures (distances in A) 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.
% A Peroxinitrous acid (ONOOH) ‘g A Peroxinitrous acid (ONOOH)
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Ficure 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.

by 18.8 (19.0) kcal/mol and proceeds with a barrier of 8.6
(11.1) kcal/mol.

(2) Direct Mechanismln this mechanism, irll ps the
Se—H bond of the selenol (ESeH) is broken, and with the
help of a bridging water molecule a proton is transferred to
the terminal oxygen atom (Qof O3NO?O'H, which in turn
cleaves the &-0? bond and produces the-E5e-N0?0®
(Il noo) species and a water molecule ;(1). In the
corresponding transition statES(ll pa—Ill noo) Shown in
Figure 7, the SeN and Se-O? bond distances of 2.63 and
3.16 A, respectively, clearly indicate the formationibfyoo.
The barrier for this concerted mechanism is 12.8 (14.6)
kcal/mol, and this process is exothermic by 70.2 (66.0)

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 (ESe-NOOQO) with
Glutathione (GSH)Reaction 2 of the nitration pathway (see
Figure 2) starts with the coordination of the first unbound
glutathione molecule tdll noo and leads to the formation

kcal/mol. In this process also a long-range proton transfer of a weakly bound (ESeNCGO3)- - -(GSH) complexIV

takes place, which could be slightly overestimated by the
B3LYP method 47). Since for the generation ofi ono the

(Figure 7) with the binding energy of 1.8 (2.7) kcal/mol.
From IV the reaction proceeds through the transition state

exclusion of a water molecule in the model raises the barrier TS(IV —V) and produces the selensulfide (E-Se-S—G)

by 7.2 kcal/mol (in gas-phase), this possibility is not explored
here. As discussed above for the formationllbbno, the

adduct and HN@ (structureV). As shown in Figure 7, at
the transition staterS(IV —V), synchronously the SH

stepwise mechanism involving the GIn83 residue does notbond of glutathione is broken, and through the water

exist in the direct generation ol noo as well.

molecule a proton is transferred té 6f the E-Se—-NO3C?
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accompanied by the formations of a-S& bond and nitrous ~ with only a 4.7 (3.7) kcal/mol barrier. The overall process
acid (HNQ,). The barrier for this step is calculated to be 9.5 is highly exothermic by 70.7 (98.0) kcal/mol. The calculated
(9.6) kcal/mol, and it is exothermic by 13.9 (12.9) kcal/mol. barrier is in good agreement with the computed barrier of
Also in this reaction, the water molecule plays a critical 7.1 kcal/mol for ebselerd() and the experimentally mea-
role by significantly reducing the barrier by 15.7 kcal/mol sured barrier of 8.8 kcal/mol for both GPx and ebseg).(
(in gas phase). This large effect could be explained by However, the oxidation of the selenocysteine by peroxy-
comparing the TS structures with and without the participa- nitrous acid ONOOH via the similar concerted mechanism
tion of the water molecule. ITS(IV—V), the Se-S and s less favorable, by 12.7 (11.0) kcal/mol, than the stepwise
Se—N distances are considerably shorter (0.14 and 0.62 A, mechanism which involves the following two steps: (a)
respectively) than the corresponding distances without the formation of selenolate anion {ESe’) and (b) O-O bond

water molecule. Moreover, the direct participation of the cleavage. In the first step, a proton transfer from the
water molecule also provides an additional hydrogen bond. E-Se-H through an active site water molecule to the

In the presence of a water molectl&(IV —V) appears to
be optimum for the formation of the S& bond.

In a similar way,lll ono is also found to react with the
substrate GSH to produce the selesolfide (E-Se—
S—G) adduct and HN@ As shown in the Supporting
Information, first a molecule of GSH binds tb ono to form
a (E=Se-0*—N=0?)- - -(GSH) complex (structurt/ ono)
with the binding energy of 1.8 (2.7) kcal/mol, which then
rearranges t& throughTS(IV ono—V) with a small barrier
of 1.3 (1.0) kcal/mol.

After the formation of the ESe-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

neighboring GIn83 residue occurs with a barrier of 6.5 (10.4)
kcal/mol and leads to the intermedidtép, involving the
E—Se + GIn83' 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 GIn83
migrates to the ONOOH fragment and leads to the formation
of E-Se—-OH and HNQ products (Il 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 proces$ow + ONOOH — E—Se-OH + HNO; 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
GIn83 residue play a crucial role by explicitly participating
in the oxidation reaction. The comparison of the energetics
of the reaction oy + ONOOH — E—Se-OH + HNO,)

The overall potential energy diagrams for the concerted with the previously investigated ondyy + HOOH —
and stepwise mechanisms of the oxidation pathway areE—Se-OH + H,0, also shown in Figure 8B) shows that

shown in Figure 8. The oxidation of GPx with peroxynitrite
(ONOQO") can occur only via a concerted mechanism. It
involves the coordination of ONOOto the active site and
the subsequent formation of the selenenic acid $E-OH)

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,Q).
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The nitration pathway was studied only for the ONOOH Tables S6-S8, Cartesian coordinates (in A) of all the
substrate. Since the ONOGsubstrate generates a highly optimized structures including transition states in reaction 1
reactive OH ion, we believe that there must be a mechanism for the concerted oxidation mechanism using peroxynitrous
that controls the formation of this ion. It was found that a acid (ONOOH) as a substrate; (d) Tables-$11, Cartesian
nitro product (E-Se-NOO), Ill noo, is thermodynamically  coordinates (in A) of all the optimized structures including
most favorable. The overall potential energy profiles for two transition states in reaction 1 for the stepwise oxidation
mechanisms to produce the nitro product, (1) isomerization mechanism using peroxynitrous acid (ONOOH) as a sub-
mechanism and (2) direct mechanism, are shown in Figurestrate; (e) Tables S12516, Cartesian coordinates (in A) of
9. The formation ofll noo through the successive generation all the optimized structures including transition states in
and isomerization of the intermedidté ono (iISOmerization reaction 1 for the isomerization and direct mechanisms in
mechanism) is slightly less favorable than the direct forma- the nitration pathway using peroxynitrous acid (ONOOH)
tion of Il noo, With the calculated barriers of 13.8 (14.2) as a substrate; and (f) Tables S1521, Cartesian coordinates
and 12.8 (14.6) kcal/mol, respectively. The accuracy of the (in A) of all the optimized structures including transition
methods employed does not allow discrimination between states in reaction 2 for the nitration pathway using per-
these two mechanisms with such a small difference in oxynitrous acid (ONOOH) as a substrate. This material is
barriers. Therefore, we conclude that both of these mecha-available free of charge via the Internet at http://pubs.acs.org.
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