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A B S T R A C T

The (seleno)cysteine residues in some protein families react with hydroperoxides with rate constants far beyond
those of fully dissociated low molecular weight thiol or selenol compounds. In case of the glutathione perox-
idases, we could demonstrate that high rate constants are achieved by a proton transfer from the chalcogenol to a
residue of the active site [Orian et al. Free Radic. Biol. Med. 87 (2015)]. We extended this study to three more
protein families (OxyR, GAPDH and Prx). According to DFT calculations, a proton transfer from the active site
chalcogenol to a residue within the active site is a prerequisite for both, creating a chalcogenolate that attacks
one oxygen of the hydroperoxide substrate and combining the delocalized proton with the remaining OH or OR,
respectively, to create an ideal leaving group. The “parking postions” of the delocalized proton differ between
the protein families. It is the ring nitrogen of tryptophan in GPx, a histidine in GAPDH and OxyR and a threonine
in Prx. The basic principle, however, is common to all four families of proteins. We, thus, conclude that the
principle outlined in this investigation offers a convincing explanation for how a cysteine residue can become
peroxidatic.

1. Introduction

Already centuries ago, when Thénard discovered hydrogen peroxide
(H2O2) [1], it became obvious that this compound was readily de-
composed by organic material. Over the years, the observation was
reported many times [2–4] and finally culminated in the discovery of
catalase as a widely distributed enzyme that catalyzed the destruction
of H2O2 [5]. Starting in the 1920s, the iron and heme content of cata-
lase and peroxidases was established by different groups (reviewed in
Refs. [6,7]), and for long, peroxidase activities were considered to
strictly depend on heme as prosthetic group. Up to the mid-1970s this
dogma is still reflected in monographs on oxidoreductases or reviews on
catalase or peroxidases in general [8,9], although it should have been
abandoned when Mills, in 1957, described glutathione peroxidase
(GPx) as a non-heme protein [10]. GPx (now GPx 1) was later verified
as the first mammalian selenoprotein to be discovered [11–13]. The
redox-active residue in its reaction center proved to be a selenocysteine
[14,15]. These findings and the later discovery of the second

mammalian selenoprotein [16], phospholipid hydroperoxide glu-
tathione peroxidase (PHGPx, now GPx4) supported the believe that the
magic catalytic power of selenium could substitute for heme in the
catalytic decomposition of hydroperoxides, an assumption that had to
be equally refused.
When Maiorino et al. exchanged the catalytic selenocysteine of

GPx4 against cysteine, the activity of this CysGPx4 enzyme was ex-
pectedly impaired [17]. However, the bimolecular rate constant for the
oxidation of the enzyme by phosphocholine hydroperoxide k+1 was
decreased by less than 3 orders of magnitude and with 5× 104 M−1s−1

was still orders of magnitude higher than any rate constant for the
oxidation of any low molecular weight thiol by a hydroperoxide (see
Table 1). Moreover, naturally occurring CysGPxs, e. g. the GPx of D.
melanogaster [18], displayed rate constants that were almost competi-
tive with those of mammalian selenoenzymes (for review see Ref. [19]).
At the latest after the discovery, in the laboratories of Bruce Ames and
Earl Stadtman, of the second non-heme peroxidase family [20,21], the
peroxiredoxins, which only exceptionally work by selenium catalysis
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[22], it became clear that also sulfur can efficiently catalyze the re-
duction of hydroperoxides.
The first step of these peroxidatic reactions is an oxidation of their

active site cysteine or selenocysteine to the corresponding sulfenic or
selenenic acid, respectively. The latter then react with thiol groups of
diverse compounds such as glutathione, SH groups of other proteins,
“resolving cysteine” residues of the peroxidase itself and/or redoxins to
stepwise regenerate the ground state enzyme [30]. Analogous chem-
istry is now increasingly considered to explain the multiple modifica-
tions of cysteine residues of regulatory proteins. However, in most of
the cases, the speed of the first step, i.e. that of the cysteine oxidation, is
comparatively low ([31,25], see also Table 1). In many cases, their
“reactive cysteines” are therefore not likely oxidized directly by H2O2.
Instead, the oxidation equivalents are transferred to these proteins,
typically via hetero-dimerization followed by thiol/disulfide exchange,
by oxidized thiol peroxidases, which here act as H2O2 sensors [32].
Such indirect oxidative thiol modification has been demonstrated for
the activation of the transcription factor Yap 1 by yeast GPx 3 in Sac-
charomyces cerevisiae [33], for the reaction of transcription factor Pap 1
and the signal transducer Sty 1 with the peroxiredoxin–type Tpx1 in
Schizosaccharomyces pombi [34], of the activator protein STAT3 with
PrxII in mammalian cells (HEK293T) [35], and the S-glutathionylation
of protein kinase C and others by glutathione S-transferase P [36]. More
recently, Stöcker et al. [37] found the overall content of oxidized pro-
tein thiols decreased in mammalian cells having the 2-Cys-Prxs

knocked-out. This surprising finding indicates that the support of thiol
peroxidases in cysteine oxidation is more common than hitherto an-
ticipated.
The cysteine residues of 2-Cys-peroxiredoxins reacting fast with

H2O2 were the first to be called “peroxidatic cysteine” residues (CP), but
this term has meanwhile been adopted to all cysteine or selenocysteine
residues (UP in this case) with unusually high reactivity towards hy-
droperoxides. They do not only exist within the two thiol peroxidase
families. Other well documented examples are the bacterial transcrip-
tion factors of the OxyR family discovered 1985 by Ames and coworkers
in Salmonella typhimurium [38]. Also, the active site cysteine of GAPDH
is often oxidized directly by H2O2 or peroxynitrite. Its activity as gly-
colytic enzyme is thereby blocked, whereby carbohydrate metabolism
is directed towards the pentose phosphate shunt, and as glutathiony-
lated, nitrosylated or aggregated protein GAPDH adopts a broad spec-
trum of functions [39].
The mechanisms leading to the extreme reactivities of the cysteines

(CP) or selenocysteines (UP) in thiol peroxidases and other proteins
have only been addressed in exceptional cases. The most commonly
read explanation claims surface exposure and a low pKa of CP or UP,
respectively, induced by neighboring basic residues. For sure, the
chalcogenols in these proteins have to be dissociated to enable an ef-
ficient SN2 attack on the hydroperoxide bond [40]. However, as is
known from low molecular weight compounds with freely accessible
thiols or selenols (see Table 1 and [23,41]), they will hardly react with

Table 1
Selected rate constants for chalcogen oxidation near physiological pH.

Compound Co-reactant k+1 (M−1s−1) Ref.

GSH H2O2 0.9 [23]
Cysteine H2O2 2.9 [23]
Selenocysteine H2O2 35.4 [24]
Protein phosphatase PTP1B H2O2 9–20 [25,23]
Protein phosphatase Cdc25B H2O2 160 [23]
Glyceraldehydephosphate dehydrogenase H2O2 ~500 [23]
Transcription factor OxyR H2O2 ~50 000 [26]
Peroxiredoxins H2O2 ~10 000–40 000 000 [23,27]
Transcription factor Ohr (Prx) Linoleic acid hydroperoxide 30 000 000 [28]
Cys-glutathione peroxidases H2O2 up to 1 600 000 [19]
Glutathione peroxidase 1 (bovine) H2O2 50 000 000 [29]
Glutathione peroxidase 4 (porcine) Phoshatidylcholine hydroperoxide 14 000 000 [19]
Glutathione peroxidase 4 U→C Phoshatidylcholine hydroperoxide 50 000 [19]

Fig. 1. A. The full-length PaOxyR: the color code highlights the secondary structure and the catalytic pocket is clearly visible in orange. B. Zoom on the B chain;
selected residues are visible in orange. C. The selected framework of the active site near the H2O2 binding site. Asp199 has been substituted by Cys/Sec199 (sulfur/
selenium atom in yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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H2O2 at rate constants exceeding 50 M−1s−1, even if they are fully
dissociated. Therefore, there is a common agreement that the peculiar
architecture of the active site, which differs between protein families
with a CP (or UP), accounts for their efficiency [25,39,40,28]. For the
peroxiredoxins, a stabilization of the transition state has been postu-
lated [25]. Peralta and coworkers [42] detected a relay of shuttling
protons in GAPDH, and Ferrer Sueta et al. [40] and others highlighted
the importance of an ideal leaving group.
In a previous study [43], we concluded that the unusually high ef-

ficiency of the GPx-type peroxidases is based on water-mediated proton
shuttling. This leads to a zwitterionic structure, in which the O–O bond
can be easily split by a concerted nucleophilic attack of the deproto-
nated chalcogen and an electrophilic one by a highly energized proton
that is dislocated to a tryptophan nitrogen of the active site. We here try
to figure out if a similar dual attack can generally account for CP ac-
tivity. To this end, we subjected the active sites of the different protein
families with high CP activity, which for convenience we call perox-
idases. This way, the mechanism established for GPx family is here
extended to GAPDH (1U8F), OxyR (4X6G) and an alkylhydroperoxide
reductase, a peroxiredoxin (Prx; 4X0X). Although a UP is only common
in the GPx family and only exceptionally present in the Prx family, we
consider Cys as well as Sec as reactive moiety of all the protein families,
to gain an idea of the impact of the catalytic chalcogen on the en-
ergetics [44–46].

2. Materials and methods

Computational mechanistic studies were carried out employing
state-of-the-art DFT methodologies as implemented in the Gaussian
programs suite [47]. For technical limitations, we had to restrict our
calculation to the intimate environment of the peroxidatic cysteine, i.e.,
to a S (Se) distance of about 7 Å. This implies that the possible impact of
the more remote residues on the reaction mechanism is ignored.
All geometry optimizations were carried out with Gaussian 16

software rev. C.01 [47] The used exchange correlation functional is the
three parameters hybrid GGA B3LYP [48–51] with additional disper-
sion corrections implemented with the D3(BJ) approximation [52,53].
The used basis set for light atoms (H, N, C, O, S) is the Pople 6-311G (d,
p) [54,55], a split-valence triple-zeta set plus p and d polarization
functions for hydrogen and non-hydrogen atoms, respectively. The se-
lenium atom, instead, has been described with Dunning's cc-pVTZ basis
set [56]: a correlation-consistent and polarized-valence basis set of
triple ζ quality. All the optimizations were performed in the gas phase.
The stationary points, minima and transition states, have been localized

with a canonical vibrational analysis. The single normal mode asso-
ciated with a negative force constant (and imaginary frequency) in-
volved in the transition state has been verified to completely assure the
nature of the barrier. Unless explicitly stated otherwise, all the geo-
metry optimizations on the enzymes' catalytic pockets were carried out
keeping a frozen backbone (N, C, O atoms are constrained). Only H, S,
Se and the O atoms of the hydrogen peroxide and water molecules are
free to move. In all cases, the minimum energy reaction path (MERP)
has also been confirmed by a NEB (nudged elastic band) calculation
carried out with ORCA 4.2.1 [57,58]. The calculations in condensed
phase have been carried out with the Minnesota Solvation Model based
on Density (SMD) developed by Truhlar et al. [59]. In order to mimic
the proteic environment, a dielectric constant of 4.24 (diethyl ether)
has been chosen in accordance with Ref [60,61]. Unless otherwise
stated, only Gibbs free energies are presented in this work (additional
electronic energies in gas and condensed phase are available in the
supplementary information).

3. Results and discussion

In order to solve the enigma of the super-reactive cysteines in pro-
teins, we subjected representatives of three more protein families to
practically the same DFT calculations, as we had applied before for the
GPx family [43]. Prerequisites for choosing the proteins were known X-
ray structures and kinetics that revealed a k+1 for the reduction of H2O2
significantly higher than that of any fully dissociated low molecular
mass thiol or selenol. The relevant k+1 values covered a wide range
from comparatively low to extremely high (GAPDH: 102-104 M−1s−1;
OxyR: ~105 M−1 s−1; peroxiredoxins: 104-108 M−1s−1). The outcome
of these calculations is described and discussed below.

3.1. PaOxyR (Pseudomonas aeruginosa oxidative stress regulator)

A common structure for the peroxide sensing in bacteria is the
Oxidative Stress Regulator (OxyR), which indirectly adjusts the level of
H2O2 in the cellular environment. It is worth to mention that sensing
mechanisms in different bacteria are numerous, and the relative im-
portance of each of them is still debated. However, two major parts of
the OxyR reaction have been assessed. The reactive cysteine (“CP”) is
oxidized to a sulfenic acid, but unlike in the mechanism of the sele-
nocysteine-containing GPxs, the sulfenic acid here forms an in-
tramolecular disulfide bridge between two highly conserved cysteines.
This process leads to a structural change that results in the transcription
factor activity of the (oxidized) OxyR [46]. Our attention is focused on

Fig. 2. A. The HsGAPDH enzyme: the color code highlights the different secondary structure and the catalytic pocket are clearly visible in orange. B. Only the P chain
is shown and the active residues are depicted with licorice style in orange. C. The selected framework of the active site nearby the H2O2 binding site. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the first part (oxidation step), i.e. the H2O2 reduction step.
For our calculations, we selected 4 residues (Thr100, Thr129,

His198 and Cys199) from the full-length PaOxyR of the 4X6G crystal-
lographic structure (Fig. 1A) [46]. In order to better understand the
binding site and the orientation of the oxidizing substrate, the CP was
mutated to Asp and then the crystallized protein was exposed to H2O2
vapors. The entire system is tetrameric and can be further divided into
two extended subunits and two contracted ones. In our initial structure,
the Cys199 active site has been adapted from an Asp199 residue that
was present in the PaOxyR reported in Refs. [46]. In order to obtain a
reliable orientation of the Cys199, the –SH moiety was kept unfrozen
during our structure optimizations. The terminations of the non-con-
tiguous amino acid chains have been saturated with the ACE/NME
capping.
The chosen residues are shown in Figs. 1 B and C. Two water mole-

cules nicely fit in the pocket in a favorable orientation to mediate a proton
transfer and are also indicated. The histidine provides a good hydrogen
acceptor moiety during the proton transfer while the two threonines keep
the substrate and the water molecules in position. The mechanism, as it
emerges from our DFT calculations, is sketched in Scheme 1. Initially,
Thr129 keeps H2O2 close to the thiol group via H bonding, while Thr100
and His198 are connected via a two water molecule bridges. The thiol/
selenol proton shuttles to the NH group of His198 with an activation en-
ergy of 31.0/25.6 kcal mol−1, respectively. In case of the Cys-enzyme, the
zwitterionic form is highly destabilized and the formation of the sulfenic
acid occurs via a very small activation energy, i.e. 0.6 kcal mol−1. In case
of the Sec-enzyme, the zwitterionic form is even less stable and the process
of proton shuttling and oxidation to selenenic acid is concerted. Notably,
the SN2 attack of the thiolate/selenolate anion to H2O2 is facilitated since
the deprotonation has enhanced the nucleophilicity of both chalcogens.
Importantly, the thermodynamic driving force for the oxidation of Sec is
much larger than that computed for the oxidation of Cys, suggesting that

the presence of the heavier chalcogen in the catalytic pocket is thermo-
dynamically as well as kinetically advantageous. To our knowledge,
however, Sec variants of OxyR have so far not yet been discovered.
Based on X-ray structures and site-directed mutagenesis data, Pedre

et al. [26] also postulate an essential role of Arg270. Indeed, Arg270
might offer an ultimate “parking lot” for the delocalized proton.
However, we have not included this residue in the cluster essentially for
two reasons: It is not close to the reactive thiol and so we can exclude a
direct interaction. In addition, it interacts via N⋯O in C. glutamicum
OxyR (here Arg 278) and in P. aeruginosa OxyR with Thr100 (Thr107 in
the former structure). We therefore assume that it primarily has a
structural role, but with high impact on the proton transfer mechanism.
In fact, if Thr100 is free to adopt a different orientation, the two-water
bridges cannot form and so the thiol proton cannot be shuttled to His to
initiate the peroxidatic process (Table 2).

3.2. HsGAPDH (Human glyceraldehyde 3-phosphate dehydrogenase)

The glycolytic glyceraldehyde 3-phosphate dehydrogenase
(HsGAPDH) is a tetramer formed by four chains (O, P, Q, and R) and
every subunit contains a cysteine (Cys152) that is essential for both, the
aldehyde dehydrogenase activity and the fast reduction of H2O2. The
chosen structure is the human placental HsGAPDH (PDBid: 1U8F)
(Fig. 2A). Like in PaOxyR, the second essential amino acid is the
His179, which works as hydrogen acceptor during the proton transfer
step. Interestingly no water molecules are required during the reduction
of the H2O2 substrate and this is mainly due to the presence of several
hydroxyl groups, those of Thr153, Tyr314 and Thr177, which allow H-
bond formation between these residues and the substrate. The selected
residues for modeling the catalytic pocket are Cys152, His179, Thr153,
Cys 156, Tyr314, Thr177 and Val 178 from the chain P (Figs. 2B and C).
The reaction mechanism is sketched in Scheme 2.

Scheme 1. Mechanism of H2O2 reduction in PaOxyR catalytic pocket.

Table 2
Forward proton transfer (PTF), back proton transfer (PTB) and nucleophilic substitution
(SN2) Gibbs free energies for PaOxyR. ΔGsolv is in kcal mol−1.

Cys Sec

ΔGsolv ΔGsolv

1 0.00 0.00
TS (1, 2CS) 30.95 25.55
2CS 24.81 Direct to products
TS (2CS, 3) 25.44
3 −46.36 −54.60

ΔG‡ (PTF) 30.95 25.55
ΔG‡ (PTB) 6.14 –
ΔG‡ (SN2) 0.63 0.00
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Scheme 2. Mechanism of H2O2 reduction in HsGAPDH catalytic pocket.
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The peroxide oxygens of the H2O2 molecule is squeezed via hy-
drogen bonds of the NH groups and an OH group of Thr153 and Cys/
Sec152. His179 and Cys/Sec152 are in a suitable position to favor the
proton shuttling. Once the thiolate/selenolate is formed, the SN2 attack
on the peroxide occurs, which is readily split with formation of a sul-
fenic (selenenic) acid. Protonation of the remaining OH by Thr153 fa-
cilitates the cleavage of water from the substrate. The latter step does
not appear particularly likely, but here is facilitated by the extended
hydrogen bond network, between Thr153, Thr177, Tyr314 and possibly
more remote residues, which allow re-protonation of Thr153. The
mechanism here calculated is practically identical to that proposed by
Peralta et al., which was essentially based on molecular dynamics and
bioinformatic tools [39,42].
The reaction energies are summarized in Table 3, and also in this

case it emerges that the peroxide reduction is easier in presence of se-
lenium rather than sulfur. Particularly, the barrier of the first step
(proton transfer) is almost 6 kcal mol−1 smaller compared to that
computed for the Cys-HsGAPDH. The activation energy for the nu-
cleophilic substitution is comparable between the two enzymes.
Overall, however, the process is thermodynamically as well as kineti-
cally more favored for the Sec-HsGAPDH (see Table 3).

3.3. MtAhpE (Mycobacterium tuberculosis alkyl hydroperoxide reductase
E)

Last, we considered an example of a peroxiredoxin subgroup, the
MtAhpE, in which very fast catalytic reduction of H2O2 and other hy-
droperoxides occurs [62]. The selected crystallographic structure
(PDBid: 4X0X) contains four chains made by two identical subgroups:
A, B and C, D (Fig. 3). The highly conserved amino acids are Cys45,
Thr42, Glu48, Arg116, and Pro135. The essentiality of the residues
homologous to Cys45 and Arg116 has been documented for many
peroxiredoxins. Chain B has been chosen because the Arg116 orienta-
tion better resemble the conformation of the same conserved AA in
other Prxs [63]. The Thr residue, which in natural peroxidoxins is
sometimes exchange by serine, could be exchanged by serine in a
peroxiredoxin of Leishmania infantum (here Thr 49), but not by any
residue that lacked an OH function [64], In order to reduce the number
of atoms involved and increase the chances for weak stabilizing inter-
actions, Pro135 and Glu48 have been excluded because of the distance
from the Cys45 and the residues Pro 38 and Leu 39 have been retained
in the cluster because of their proximity to the reactive center. In this
specific case, the used capping technique is hybrid: for terminations
close to the center of the active region canonical ACE/NME residues
have been used; for terminations pointing outward, a methyl sub-
stituent has been used to save computational time. The position of
Arg116 is very close to Cys/Sec45: this is particularly useful because,
once the chalcogenolate forms (after the proton transfer step), the po-
sitively charged Arg116 stabilizes the accumulation of electron density
on the sulfur/selenium atom.

The MtAhpE mechanism, sketched in Scheme 3, occurs in two steps.
In the first one, a proton transfer between the donor Cys/Sec45 and the
acceptor Thr42 takes place. The protonated threonine is not a com-
monly stable intermediate but, in this case, a stable charge separated
structure is possible thanks to a synergic stabilization between the
newly formed chalcogenolate and the positively charged –OH2+

moiety. A further stabilizing factor derives directly from a hydrogen
bond established between the hydrogen of the charged oxygen of the
threonine and the carbonyl moiety in the peptide bond of the same
amino acid. H2O2 is bound between Thr42 and Arg116 via efficient
hydrogen bonding [65,66]. The thiol/selenol is facing Thr42 in favor-
able position for the proton shuttling. In this first step, the barrier and
the released energy values are advantageous for the Sec-enzyme by
6 kcal mol−1 (Table 4). The barrier for the backward proton transfer is
comparable between the Cys and the Sec enzyme. Unexpectedly, the
SN2 step is almost barrierless (0.1 kcal mol−1) for the Cys enzyme and
requires a really small activation energy for the Sec variant
(2.5 kcal mol−1). However, the released energy is almost 10 kcal mol−1

larger in the latter case.
The driving force pushing towards the oxidation of the chalcogen-

olate is to be ascribed to two key factors: the first one involves the
reaction kinetics where the competitive back proton transfer is less
favored than the nucleophilic substitution with the formation of the
sulfenic/selenenic acid. Then, from a thermodynamic perspective, a
strong stabilization in both the cases is possible only if the reaction
proceeds to the oxidation of the chalcogenolate and the formation of
one water molecule. The average exergonicity of the whole process is
about 70 kcal mol−1.
The mechanism, as outlined above, differs from that described by

Hall et al. [67]. This investigation of human Prx 5, which also con-
sidered X-ray structures of many Prxs with H2O2 mimics, postulate an
SN2 reaction between the thiolate of CP and H2O2 as the key peroxidatic
step, which complies with our results. It further stresses the stabiliza-
tion of the CP thiolate by the essential Arg, which also is in line with our
results. However, it leaves open the problem, how the thiolate of CP is
generated. The neighborhood of Arg is discussed, but it is not easily
understood, how the guanidinium function of an Arg with a pKa around
12 should serve as a proton acceptor. Nor is it comprehensive that the
very same Arg enhances the nucleophilicity of the CP sulfur and the
electrophilicity of the oxygen of H2O2 to be attacked. Also, Zeida et al.,
although they applied a similar approach to the same enzyme [68]
ended up with a different mechanism, which is similar to the me-
chanistic proposal of Hall et al. [67]. Here the essential role of Thr42
was largely ignored. At best a hydrogen bond of the threonine OH to the
reacting sulfur is considered, which must be rated as unlikely, since
O–H⋯S bonds are not readily formed. The reason for the different
outcome of the calculations results from different starting conditions. In
fact, the essential Arg shows relatively high RMSD value [69], which
indicates the possibility of different orientations of this residue. When
we started with the same Arg orientation., we could in fact reproduce

Table 3
Forward proton transfer (PTF), back proton transfer (PTB) and nucleophilic
substitution (SN2) Gibbs free energies for HsGAPDH. ΔGsolv is in kcal mol−1.

Cys Sec

ΔGsolv ΔGsolv

1 0.00 0.00
TS (1, 2CS) 15.99 10.42
2CS −4.45 −5.08
TS (2CS, 3) 8.99 3.79
3 −47.69 −51.22

ΔG‡ (PTF) 15.99 10.42
ΔG‡ (PTB) 20.44 15.49
ΔG‡ (SN2) 13.44 8.86

Table 4
Forward proton transfer (PTF), back proton transfer (PTB) and nucleophilic
substitution (SN2) Gibbs free energies for MtAhpE. ΔGsolv is in kcal mol−1.

Cys Sec

ΔGsolv ΔGsolv

1 0.00 0.00
TS (1, 2) 24.28 18.27
2 14.72 9.18
TS (2, 3) 14.82 11.66
3 −64.18 −72.32

ΔG‡ (PTF) 24.28 18.27
ΔG‡ (PTB) 9.56 9.09
ΔG‡ (SN2) 0.10 2.48
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the results of Zeida et al. When taking the alternate Arg orientation, the
role of Thr42 as proton acceptor, as shown in Scheme 3, was clearly
disclosed.

4. Conclusions

For sure, the peroxidatic cysteine (CP) or selenocysteine (UP) has to
be deprotonated to allow an efficient SN2 reaction with the peroxide
bond yielding a sulfenic or selenenic acid, and for sure, such electro-
philic attack does not suffice to explain the rate constants of CPs or UPs.
A second attack is required to cleave the peroxide bond efficiently.
As shown previously for the GPx family, the second attack is an

electrophilic one on the second oxygen atom of the peroxide bond. Not
only in the GPx family, but also in the three protein families in-
vestigated herein, the electrophilic attack is achieved by a shuttling
proton, which combines with the OH or to yield water or an alcohol,
respectively, as ideal leaving group.
The labile proton stems from residues of the active site and usually

reaches the peroxide bond by long-range proton shuttling via water mo-
lecules (GPx), residues of the active pocket (GAPDH, Prx) or both (OxyR).
Our DFT calculations reveal that the chalcogenol proton is trans-

ferred to residues of the active site, where they form more or less stable
bonds (ring nitrogen of Trp 136 in human cytosolic GPx4, His nitrogen
in OxyR and GAPDH, oxygen of Thr in Prx). The proton transfer may
involve more remote residues that are not considered in our calcula-
tions. In any case, it creates a zwitterionic nature of the active site.
The complex between the zwitterionic form of the proteins and the

hydroperoxide reacts without any or with a very low activation energy.
The activation energy appears to be lowest, if the delocalized proton is
bound in an unstable, i. e. highly energized way (bound to Trp or Thr).
If the chalcogen is selenium instead of sulfur as in many GPxs and

sometimes in Prxs, the overall hydroperoxide reduction is thermo-
dynamically and kinetically favored.
It remains to be demonstrated whether the emerging reaction

scheme holds true for other protein families equipped with super-re-
active chalcogenols. Interestingly, proton shuttling has also been im-
plicated in the catalytic mechanism of horse radish peroxidase [70,71],
suggesting that this principle may generally be helpful in splitting a
peroxide bond, i.e. also in heme peroxidases.

Declaration of competing interest

None declared.

Acknowledgements

L.O. acknowledges Università degli Studi di Padova for financial
support P-DiSC (BIRD2018-UNIPD) project MAD3S (Modeling
Antioxidant Drugs: Design and Development of computer-aided mole-
cular Systems). All the calculations were carried out on Galileo
(CINECA:Casalecchio di Reno, Italy) thanks to the ISCRA Grant REBEL2
(REdox state role in Bio-inspired ELementary reactions 2), P.I.: L.O..
M.D.T. is grateful to Fondazione CARIPARO for financial support (PhD
grant). F.M.B. acknowledges financial support by the Netherlands
Organisation for Scientific Research (NWO).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.redox.2020.101540.
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Scheme 3. Mechanism of H2O2 reduction in MtAhpE catalytic pocket.
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