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Modeling the Reduction of Hydrogen Peroxide by Glutathione Peroxidase Mimics
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Theoretical calculations have been performed on three model reactions representing the reduction of hydrogen
peroxide by ebselen, ebselen selenol, and ebselen diselenide. The reaction surfaces have been investigated at
the B3PW91/6-311G(2df,p) level, and single-point energies were calculated using the-6-G{3df,3pd)

basis set. Solvent effects were included implicitly with the conductor-like polarizable continuum model and

in one case with explicit inclusion of three water molecules. Mechanistic information is gained from
investigating the critical points using the quantum theory of atoms in molecules. The barriers for the reduction

of hydrogen peroxide with the ebselen, ebselen selenol, and ebselen diselenide models are 56.7, 53.4, and
35.3 kcal/mol, respectively, suggesting that ebselen diselenide may be the most active antioxidant in the
ebselen GPx redox pathway. Results are also compared to that of the sulfur analogues of the model compounds.

Introduction Enzyme-Se-H

GSSG ROOH

Selenium is essential to the reductive ability of several
mammalian antioxidant enzymes, most notably the glutathione GSH J \kl ROH
peroxidase (GPx) family-> GPx catalyzes the reduction of
harmful peroxides by the thiol glutathione (GSH), and this Enzyme-Se-SG Enzyme-Se-OH
process protects the lipid membranes and other cellular com-
ponents against oxidative damage, which has been implicated HO GSH
in a variety of degenerative human conditions including various Figure 1. The catalytic cycle of GPx.
disease states and even the aging protésgure 1 illustrates
the basic catalytic cycle of GPx10 The selenium moiety of /
the selenocysteine (Sec) residue of the enzyme (Enzyme-Se- 7 7 ©:/<Nu@
H) is oxidized to the selenenic acid derivative (Enzyme-Se- @i&@ + Erw@ . T
OH) by reduction of a peroxide to the corresponding alcohol. o oH @:;N"O
GSH will then convert the selenenic acid to a selenenyl sulfide
(Enzyme-Se-S-G) intermediate. To complete the cycle, a second . \ 03

GSH converts the sulfide intermediate back to the original _
selenol by liberating the oxidized glutathione (GSSG). Thus, Flgure 2. Reaction between ebselef) (and ebselen selena)(to
two GSH molecules are consumed in the process, generating®'™ ePselen diselenide)
GSSG.

The intermediates and complexes of the catalytic cycle of ebselen was the first compound to be used in clinical #iai8
GPx are chemically or kinetically unstaldfe This makes it and has attracted notable interest because of its anti-inflamma-
difficult to determine precise mechanistic details about their tory, antiatherosclerotic, and cytoprotective properties in both
activity. As a consequence of such difficulty, the GPx family in vitro and in vivo models4! These benefits are in part due
and other selenoproteins have ill-defined biological fBles to the fact that the selenium moiety in ebselen is not liberated
despite a great deal of experimental investigatfonheoretical during its biotransformation and thus cannot enter the selenium
modeling of this system or other selenoproteins has beenmetabolism of the organisfd 44
relatively underutilized. Molecular mechanics methods have The structure of ebselen does not closely resemble that of
been used to model the full catalytic cyéleand the redox the active site Sec residue in GPx primarily because of the lack
chemistry of small molecule GPx mimics has been investigated of a selenol moiety, although the selenol analogue of ebselen

with ab initio and DFT methods? does exist. Ebselen has been shown to react with its se@nol (
There have been many attempts to mimic GPx activity with to form a diselenide3)*® (see Figure 2). At this time, it is
model systemi$—22 such as diselenid&s16:19.20.2325 gnd allyl unclear which of these three molecules may be the most active

selenideg® however, none have received more attention than form toward reduction of hydroperoxides. Several variations
ebselenl) (2-phenyl-1,2-benzisoselenazol-3(2H)-one). Ebselen have been proposé#,® yet there is still debate as to the exact

is a cyclic selenamide that has been extensively studied as armechanism by which ebselen functions as an antioxidant. A
antioxidant and GPx mim#€-3! and has recently been identified ~summary of proposed mechanisms is shown in Figure 3. While
as a substrate for another selenoprotein, thioredoxin reductasghey all may contribute under the appropriate conditions, it
(TrxR).32 While there have been many proposed GPx mimics, would be advantageous to ascertain more precise information
about the redox behavior of ebselen because the development
* Corresponding author. E-mail: russell.boyd@dal.ca. of other, more active GPx mimics is a major objective for
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7 modeled and compared to that of the neutral molecule. The
@:«NH@ reaction profile will provide valuable information as to the
oo csi likelihood of this alternative.
RSH ° RSSR
P / ’ \&( 7 Computational Methods
©i§€“@ SBZ:@ Calculations for this paper were performed with the Gaussian
° Ho ROH 032 suite of programs. Geometry optimizations were performed
bR ) o RsH RooH o with Becke’s three-parameter exchange functishéB3) in
O:(N@ @:(NH@ conjunction with the correlation functional proposed by Perdew
< H,0 seh and Wan§* (PW91) using a 6-311G(2df,p) basis set as
7 '”V ! %\ 2 suggested recently for the reliable prediction of organoselenium
@i«« o RSSR geometries and energetiésTransition states were located using
:o @[Z"‘@ RSH Schlegel’'s synchronous transit-guided quasi-Newton (STQN)
@\gm - &NH@ method®>56 and were linked to reactant and product complex
) Iﬁ\ S structures by the use of an intrinsic reaction coordinate calcula-
8 RoiOOH o / 7 tion 5758 Frequency calculations were performed on all optimized
@i("” @ structures using the B3PW91/6-311G(2df,p) method to obtain
T. + RSSR accurate thermochemical data and to confirm whether a structure
so is a minimum or first-order saddle point, etc. Accurate energies
(:[(”@ were obtained for all structures via single-point calculations
° using the 6-31%+(3df,3pd) Pople basis set with the above DFT

Figure 3. A summary of proposed catalytic schemes involving method. Solvent effects were incorporated implicitly with single-

reduction of peroxides by ebselet (ebselen selenc), and ebselen point calculations using the conductor-like polarizable con-
diselenide B). tinuum model (CPCM) at the B3PW91/6-3t+G(3df,3pd)

level and explicitly (for the case of the selenol anion reaction)
HOOH  HOH o with the inclusion of three water molecules. Also, for the case
Se || of the selenol anion reaction, diffuse functions were included
, NH; G SNH, on heavy atoms for the geometry optimizations and frequency
1o calculations as well as in the transition state searches.
HOOH  HOH The topology of the electron density was examined with the
Se AIM2000 software packad@s® using the wave function ob-

H H3C/Se\OH tained by the B3PW91/6-311G(2df,p) computational method.
1n

HiC

HsC

Results and Discussion

Hoor - HoH Our results are illustrated in Figures-B3. Part a of these
/se\ Pk LL) S _Se figures illustrates the Gibbs free energies (in kcal/mol) of the
HsC Se HaC o CHy reactant complex (RC), transition states (TS), and product
. z _ oo complexes (PC), as well as the sum of the energies of the
Figure 4. The three model reactions used in this study. isolated products, all relative to the sum of the energies of the

. isolated reactants. Part b of these figures presents a pictorial
researchers to date. A proper understanding of the fundamental,je\y of the results from calculations using Bader's quantum
chemistry involv.ed could bring With. it .the ability to predict theory of atoms in molecules (AIMLAIM has been shown to
successful candidates for better antioxidants. provide valuable information about many different chemical

To clarify the roles of each of these compounds and learn systems by an analysis of molecular electron density distribu-
more about the reductive abilities of organoselenium compoundstions. Moreover, AIM is relatively insensitive to the theoretical
in general, the reduction of hydrogen peroxide by ebselen, method used to generate the wave function. In this context, the
ebselen selenol, and ebselen diselenide (see Figure 3) has beagaction species are examined to yield the details of the chemical
modeled with and without incorporating the effects of solvent bonding throughout the course of a particular reaction for the
using a computational scheme recently proposed for organo-purpose of gaining mechanistic information. Part b of Figures
selenium compounds.Because of the fact that sulfur analogues 5—7 shows the positions of the maxima in the electron density
of selenoenzymes are considerably less effective in catalyzing(nuclei) and the bond paths connecting the nuclei, as well as
reductive processes than their selenium-containing counterpartsthe positions of the bond critical points (BCP), ring critical
a parallel study using the sulfur analogues was completed. Modelpoints (RCP), and in one case (RC in Figure 7b) a cage critical
compounds chosen to represent those in Figure 3 are shown impoint (CCP). Interestingly, it is well known that finding a CCP
Figure 4. All processes involve the reduction of hydrogen inside a single ring is mathematically possible; however, it has
peroxide to yield the oxidized organoselenium compound and remained illusive until very recentf It should be noted that
water. this is only the second example to date of a cage critical point

A possible explanation for the enhanced reductive ability of found inside a single ring. Tables-B accompany these figures
Se over S is the fact that Se has a lowKg,pneaning that the  as they present the relevant data for interpretation.

Se—H bond in a selenol should be considerably weaker than Ebselen Oxidation. Fischer and Deréti were the first to
the analogous SH bond. As a consequence, the deprotonated investigate experimentally the reduction of hydrogen peroxide
Se anion may play a prominent role in organoselenium reduction by ebselen in 1987. At that time, the precise mechanism was
of peroxides. To test this hypothesis, the reduction of hydrogen unknown; however, it was apparent that the reaction was fast
peroxide by the deprotonated ebselen selenol anion will be and exothermic, resulting in the oxidized ebselénnjolecule
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Figure 5. (a) Reaction energy profile for the model ebselen reaction with hydrogen peroxide. Results are also presented for the sulfur analogue
of the ebselen model as well as the solvated selenium case. (b) Molecular graph of the first reactant complex (RC1), first transition state (TS1), firs
product complex (PC1), second transition state (TS2), and second product complex (PC2) showing positions of all nuclei, bond critical points
(BCPs), and ring critical points (RCPs).

shown in Figure 3. It is noted that the oxidation of 2-benzyl- points in the figure are the sum of the individual reactant
1,2-benzisoselenazol-3(2H)-one (ebselen with a methyleneenergies and the sum of the individual product energies,
located between the N and the phenyl ring) is first order, respectively. Table 1 shows the bond lengthdgnd electron
implying that the oxidation of ebselen itself would also be first density at the bond critical poinpgcp) for relevant bonding
order. environments in each of the five extrema in Figure 5.

Based on our calculations, the oxidation of the model ebselen In the first transition state (TS1), we see that the bond between
compound proceeds via a two-step pathway (see Figure 8) inN2 and H3 is weakening as the value fgep decreases to 0.248
which the peroxide abstracts a proton from the amine generatingau from the RC1 value of 0.335 au (typical for aN bond)

a water molecule and the remaining OH of the peroxide bonds and then to 0.030 au in the intermediate product complex (PC1).
to the Se atom generating the first product complex (PC1). The Also, it can be seen that the bond between the two peroxide
second (fast) step involves a six-membered ring transition oxygen atoms has been essentially broken at this stage (0.295
structure (TS2) in which two protons are transferred: one back au in RC1 versus 0.053 au in TS1 with no bonding interaction
to the amine group from the water molecule and one from the at all in PC1). By the first product complex, H3 has essentially
OH to the water molecule resulting in the desired products been transferred to O9 and O11 has become coordinated to the
(PC2). This scheme represents the lowest energy pathway fromselenium atom. The second transition state (TS2) involves two
reactants to products and indeed the only path that was locatedH transfers. H12 is drawn from O11 to O9 and H3 shifts back

The results of our calculations on the ebselen model systemto N3 from O9, resulting in the final product complex (PC2).
are summarized in Figure 5 and Table 1. Figure 5 illustrates  In comparison with the sulfur analogue, it is noticed that the
the relative energetics of the process. The relative energies ofselenium-containing ebselen model has a higher barrier to
the reactant complex (RC1), first transition state (TS1), first reaction (56.7 kcal/mol versus 53.6 kcal/mol). This was not
product complex (PC1), second transition state (TS2), and expected because it is well known that selenium antioxidants
second product complex (PC2) are plotted. The first and last perform considerably faster than their sulfur-containing coun-
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Figure 6. (a) Reaction energy profile for the model ebselen selenol reaction with hydrogen peroxide. Results are also presented for the sulfur
analogue of the ebselen selenol model as well as the solvated selenium case. (b) Molecular graph of the reactant complex (RC), transition state
(TS), and product complex (PC) showing positions of all nuclei, bond critical points (BCPs), and ring critical points (RCPs).
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Figure 7. (a) Reaction energy profile for the model ebselen diselenide reaction with hydrogen peroxide. Results are also presented for the sulfur
analogue of the ebselen diselenide model as well as the solvated selenium case. (b) Molecular graph of the reactant complex (RC), transition state
(TS), and product complex (PC) showing positions of all nuclei, bond critical points (BCPs), ring critical points (RCPs), and the cage critical point

(CCP).

terparts. However, it was also not expected that the amine apparent reversal in the trend is due to the proton transfer from
hydrogen atom would participate in the process, and thus thethe amine to the peroxide, which does not involve the sulfur or
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TABLE 1: Interatomic Distances and Bond Critical Point Electron Densities of Relevant Interactions for the First Reactant
Complex (RC1), First Transition State (TS1), First Product Complex (PC1), Second Transition State (TS2), and Second Product
Complex (PC2) of the Ebselen Model Reaction

RC1 TS1 PC1 TS2 PC2
r (A) pace (aU) r (A) pace (aU) r (A) pace (aU) r (A) pace (aU) r (A) pace (aU)
Sa-N; 1.839 0.169 1.784 0.191 1.713 0.219 1.766 0.201 1.837 0.176
Se-Cs 1.957 0.148 1.916 0.160 1.942 0.159 1.962 0.154 1.958 0.155
Se-Hig 2.465 0.021
Se Oy 2.710 0.027 1.811 0.166 1.711 0.205 1.645 0.234
N2-Hs 1.015 0.335 1.115 0.248 1.974 0.030 1.318 0.142 1.025 0.325
H3-Og 2.427 0.010 1.420 0.099 0.982 0.340 1.181 0.188 2.077 0.021
Cs-Hy 1.089 0.280 1.106 0.269 1.089 0.278 1.089 0.276 1.090 0.279
H7-Og 2.488 0.008
H7-O11 1.583 0.007 1.954 0.029
Og-Hio 0.978 0.354 0.963 0.365 0.960 0.367 0.961 0.364 0.960 0.367
Og-O11 1.434 0.295 2.145 0.053
Og-H12 1.872 0.031 1.282 0.142 0.983 0.338
O11-Hi2 0.965 0.371 0.964 0.355 0.983 0.338 1.155 0.200 1.801 0.037
TABLE 2: Interatomic Distances and Bond Critical Point this mechanism is not feasible for the real system. The effect
Electron Densities of Relevant Interactions for the Reactant of this limitation will be the focus of a future paper.

Complex (RC), Transition State (TS), and Product Complex

(PC) of the Ebselen Selenol Model Reaction Ebselen Selenol OxidationThe selenol form of ebselen is

the one that most closely resembles that of the active site Sec
RC TS PC residue in GPx and other selenoproteins, and despite several
r(d) pece(@u) r(A) pece(au) r(A) pece(au) proposed mechanisms it is suspected that this molecule repre-
Se-H, 1.469 0.177 2.118 0.043 2.726  0.013 sents the key antioxidant form in the GPx cycle of ebséfen.
Se-C; 1957 0146 1940 0.150 1.943  0.153 Indeed, the patR — 6 — 7 is quite similar to the GPx reductive

ger(HDs 2490 0019 1.795  0.167 pathway (see Figure 1).
€-Hg . . .
H,. O, 1013 0.306 0.967 0.358 The results of our calculations on the ebselen selenol model

He Os 2595  0.008 are summarized in Figure 6 and Table 2. It is an exothermic
O, H, 0975 0357 0966 0.362 0.961 0.366 one-step process that first involves a proton abstraction from
0;-0s 1435 0.294 1979 0.073 the Se or S atom by the peroxide. By examining bond lengths
O7-Hio 1.896  0.030 andpgcp (Table 2) for relevant bonds in the reactant complex,

Og-Hwo 0964 0372 0971 0361 0976  0.349 the transition state, and the product complex, a clear interpreta-

TABLE 3: Interatomic Distances and Bond Critical Point tion of the reaction mechanism can be made. At the transition

Electron Densities of Relevant Interactions for the Reactant state, H2 is almost completely transferred to O7 from Sel,

Complex (RC), Transition State (TS), and Product Complex creating a water molecule. The bond between O7 and O8 is

(PC) of the Ebselen Diselenide Model Reaction also broken, leaving a lone OH group that will then bond to
RC TS PC Sel giving the desired products. The barrier to this reaction is

53.4 kcal/mol for Se and 64.3 kcal/mol for S. The higher barrier
for the sulfur analogue reflects the experimentally observed trend
of sulfur being a less efficient antioxidant. As with the case of

r(d) pece(au) r(A) pece(au) r(A) psce(au)

Se-Se 2.326 0.107 2.333 0.107 2.403 0.098
Se-Hi, 2.697 0.013

Se H;, 2697 0.013 the ebselen model, the effects of solvation are not large and
Se-0i3 2.074 0.100 1.645 0.232 result in destabilization of the transition state.
He-O11 2279  0.015 While the barrier is lower for the ebselen selenol case than

811*';)12 (1)-2;2 8-332 g-ggg g-gg; 0.960 0368  the ebselen case, supporting the idea of the ebselen selenol
Oﬁ‘HE : : : : 0974  0.349 molecule being a more viable antioxidant, the absolute values
O Hy 0970 0364 0990 0324 1.866 0030 donotsuggesta fastreaction, as experimentwould dictate. Even

when the effects of solvation are included, the barriers do not

selenium atom. Note that, in the second step of the reaction,P€come more realistic for a catalytic process; in fact, they
the sulfur analogue does in fact have a higher free energy barrier,P&come larger. This is the motivation for including the depro-
as expected. While the first sulfur product complex (PC1) is tonated anion of the ebselen selenol model in this study. The
lower in energy than the corresponding selenium product @n1oN results are also included in Figure 6a. The barrier is similar
complex, the sulfur-containing analogue shows a higher barrier {0 that of the neutral selenol case; however, there is a decrease
for the second step relative to the selenium model compound.Of_ approximately 4 kcal/mol. There is added stab|llty assoua_ted
Also, from Figure 5a it is apparent that the inclusion of the with the reactant complex due to strong electrostatic attraction.

effects of solvation does not play a stabilizing role in the This attraction is also sufficient to distort the approaching
energetics of the reaction, as the barriers differ by 3.5 kcal/

mol. While these are single-point solvation effects calculated HsC /H H3C\8+ 5_/H HC A
using gas-phase structures, it is not expected that this condition Se—N5) Se—N Se—N
should affect the results significantly as there is extensive C \H - ID ’> - H \
precedent for incorporating solvation effects in this way. O \) (? A o H
Of course, the model ebselen compound used here has some H L,Ci UC{ H—O\
serious limitations, especially in light of the participation of the H H H

amine hydrogen atom. Ebselen itself does not have any availablerigure 8. A proposed mechanism for the reaction of the model ebselen
protons on the nitrogen adjacent to the selenium atom, and socompound with hydrogen peroxide.
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TABLE 4: Summary of Free Energy Barriers and Reaction

(0]
Enthalpies (in kcal/mol) for All Processes Studied in This
Paper
NH free energy reaction
Te:o barrier enthalpy

reaction (kcal/mol) (kcal/mol)
Se ebselen model oxidation (step 1) 56.7 —37.7
ebselen model oxidation (step 2) 6.4 -9.1
. solvated ebselen model oxidation (step 1) 60.2 —375
solvated ebselen model oxidation (step 2) 85 -104
ebselen model oxidation with S (step 1) 53.6 —46.9
o] ebselen model oxidation with S (step 2) 8.1 -—127
ebselen selenol model oxidation 534 —-56.3
15 solvated ebselen selenol model oxidation 57.7 -54.0
ebselen selenol model oxidation with S 64.3 —53.9
ebselen selenol model anion oxidation 494 —56.5
ebselen diselenide model oxidation 353 —395
0 solvated ebselen diselenide model oxidation 29.6 —40.2
ebselen selenol model oxidation with S 38.8 —52.3
\ bond, to 0.083 au). Also, in the transition state, O13 develops

and the products are formed.
On the basis of our data, the diselenide oxidation is predicted
H3C CHs to be the fastest due to a relatively low barrier to reaction. This
16 agrees with the experiment of Fischer and Defrewho
Figure 9. Proposed products of the ebselen diselenide reactibn ( qualitatively determined that the reaction of ebselen diselenide
and ebselen diselenide model reactid®) (with hydrogen peroxide. with hydrogen peroxide must be much faster than that of ebselen
with hydrogen peroxide.

/Se Se a bonding interaction to Se2. H14 is finally transferred to O11,

hydrogen peroxide dihedral to approximately°20n the
transition state, a proton is transferred from one oxygen atom cgonclusions
to the other as the resulting selenium oxide bond is formed.

Ebselen Diselenide Oxidation Experimental investigation Density functional theory calculations on a series of model
of the oxidation of diselenides has led to the proposed product reactions designed to elucidate the reactivity and energetics of
in Figure 3 ), which is actually thought to be a short-lived ~Selenium-containing antioxidants, particularly ebselen, have been
intermediate along the path to either the original ebselen performed. The reactions studied were oxidations of an ebselen

molecules or the more highly oxidized seleninic acitg®.64 model, an ebselen selenol model, and an ebselen diselenide
In contrast, our results indicate that the product of such an model by hydrogen peroxide. The calculations have been
oxidation may in fact be a diselenide with an oxygen atom repeated for the sulfur analogues of these model systems, and
bonded to only one of the two selenium atoms rather than beingthe effects of solvation have been included. In the case of the
inserted between them. All attempts to locate a reaction path ebselen selenol model, the explicitly solvated anion was also
between the ebselen diselenide model and the correspondingonsidered.
oxidation product in Figure 414) have led to the product in Reaction energy barriers for the ebselen, ebselen selenol, and
Figure 9 (16). It is interesting to note that Kice and Chiou first ebselen diselenide models are 56.7, 53.4, and 35.3 kcal/mol,
postulated that the oxidation of a diselenide would result in an respectively. Other barriers and reaction enthalpies are sum-
oxygen atom being inserted between the selenium at@ns ( marized in Table 4. The relatively high barriers of these reactions
only after a fast isomerization of the product in Figurel )¢ (as compared to what might be expected of a catalytic process)
However, calculations on our model system show that isomer may be due, in part, to the fact that they are small molecule
16is actually lower in energy thatd by 12 kcal/mol, suggesting ~ models of the enzyme mimics. Unfortunately, to the best of
that 14 may not be formed at all (at least not by a fast our knowledge, there is no available experimental kinetic data
isomerization ofL6), which calls the existence &finto question for comparison. Effects of solvation are generally small but
in the context of these reactions. In addition, no experimental account for a significant lowering of the diselenide model barrier
evidence for the existence 8has been reported to date, which  (29.6 kcal/mol), making it the clearly favored reaction of all
could also be due to the short lifetimes of these reactive tested, which agrees with the available experimental findings.
intermediates. A comparison to the sulfur analogues of all molecules studied
The results of our calculations on the ebselen diselenide modelshows that, in general, sulfur increases the reaction barrier, in
compound are summarized in Figure 7 and Table 3. The reactionagreement with experimental results.
is exothermic with a barrier of 35.3 kcal/mol for Se and 38.8  Our data show that of the three plausible oxidation pathways
kcal/mol for S, again reflecting the stronger antioxidant behavior for ebselen and its derivatives, that of the diselenide is favored.
of selenium. In this case, solvation does play a significant role This result is supported by recent evidence of highly efficient
and results in a stabilization of the transition state of about 6 GPx mimics in the literature based on a diselenide frameWork.
kcal/mol, bringing the overall solvated reaction barrier to 29.6
kcal/mol. Acknowledgment. We gratefully acknowledge the Natural
The primary development in proceeding from the reactant Sciences and Engineering Research Council of Canada (NSERC)
complex (RC) to transition state (TS) in this reaction is the and the Killam Trusts for financial support. We also would like
breaking of the 013013 bond (seen in Table 3 byscp to acknowledge Leif Eriksson for thoughtful discussion as well
decreasing from 0.296 au, typical of an oxygerxygen single as computational resources.
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