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A Comparison of Thiol Peroxidase Mechanisms
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Abstract

Thiol peroxidases comprise glutathione peroxidases (GPx) and peroxiredoxins (Prx). The enzymes of both
families reduce hydroperoxides with thiols by enzyme-substitution mechanisms. H2O2 and organic hydroper-
oxides are reduced by all thiol peroxidases, most efficiently by SecGPxs, whereas fast peroxynitrite reduction is
more common in Prxs. Reduction of lipid hydroperoxides is the domain of monomeric GPx4-type enzymes and
of some Prxs. The catalysis starts with oxidation of an active-site selenocysteine (UP) or cysteine (CP). Activation
of Cys (Sec) for hydroperoxide reduction in the GPx family is achieved by a typical tetrad composed of Cys (Sec),
Asn, Gln, and Trp, whereas a triad of Cys Thr (or Ser) and Arg is the signature of Prx. In many of the CysGPxs
and Prxs, a second Cys (CR) is required. In these 2-CysGPxs and 2-CysPrxs, the CP oxidized to a sulfenic acid
forms an intra- or intermolecular disulfide (typical 2-CysPrx) with CR, before a stepwise regeneration of ground-
state enzyme by redoxin-type proteins can proceed. In SecGPxs and sporadically in Prxs, GSH is used as the
reductant. Diversity combined with structural variability predestines thiol peroxidases for redox regulation via
ROOH sensing and direct or indirect transduction of oxidant signals to specific protein targets. Antioxid. Redox
Signal. 15, 763–780.

Introduction

Peroxidases that reduce hydroperoxides at the expense
of thiols belong to two huge protein families, which are

phylogenetically poorly, if at all, interrelated. The first one
came on stage in 1957 with the discovery of glutathione
peroxidase (GPx) by Gordon C. Mills (80), an enzyme that
catalyzes GSH oxidation by H2O2 and a variety of other hy-
droperoxides and became the first selenoprotein to be iden-
tified in mammals (31, 37, 97). The specificity of this prototype
gave its name to the entire family, the ‘‘glutathione perox-
idases,’’ although most of its nonmammalian relatives use
thioredoxin or related redoxins as reductants (77).

The emergence of the other family, the peroxiredoxins
(Prx), is more diffuse. This kind of protein was first described
in 1968 by J. Robin Harris (52) as ring-shaped protein complex
of unknown function and was called ‘‘torin’’; later as a variety
of ‘‘factors’’ implicated mostly in immunology [reviewed in
(35)], as ‘‘thiol-specific antioxidant protein’’ of yeast (63),
which for the first time was correctly annotated as thioredoxin
peroxidase by Sue Goo Rhee and his group in 1994 (13), as a
component of the alkylhydroperoxide reductase system in
enterobacteria (112), and, in search of a nonexistent trypa-
nothione peroxidase, as ‘‘tryparedoxin peroxidase’’ in kinet-
oplasts (89). Also to Sue Goo Rhee we owe the insight that
these seemingly heterogeneous proteins build a protein fam-

ily that is defined by sequence homology and phylogenetic
relatedness and so are called peroxiredoxins (14).

The common denominator of the two families of enzymes is
their ability to reduce a broad spectrum of hydroperoxides,
including peroxynitrite, with the concomitant oxidation of
two thiol groups to a disulfide. The two thiols may be pre-
sented by two molecules, as in the typical GPx reaction (Eq. 1),
or by a single molecule, as in a thioredoxin peroxidase reac-
tion (Eq. 2).

ROOHþ 2 GSH! GSSGþROHþH2O (1)

ROOHþTrx(SH)2 ! TrxS2þROHþH2O (2)

In common also is their kinetic mechanism, which is an
‘‘enzyme-substitution mechanism,’’ as revealed by ping-pong
kinetics. This implies that the catalytic mechanisms do not
involve any central complexes of the enzymes with all the
substrates bound simultaneously. Instead, the catalytic cycles
are composed of sequences of bimolecular reactions between
the enzymes and their substrates. None of the families re-
quires any cofactor or prosthetic group, such as heme or
flavin, for peroxidase activity; they act as naked proteins in
which cysteines or selenocysteines undergo redox shuttling
(14, 115, 117). Differences between the families exist in the
way they achieve specificity for the reducing substrate,
although in this respect, variations within the families appear
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as pronounced as do those between them. Clearly distinct,
however, is the mode of activation of the active-site chalcogen
for the reaction with ROOH.

The enzymology of GPx- and Prx-type peroxidases has
amply been reviewed in recent articles (12, 24, 33, 34, 54, 56,
57, 92, 114-117). The present Forum review therefore focuses
on analogies, similarities, and differences between the en-
zyme families.

What Makes a Protein a Peroxidase?

For more than half a century, the only known peroxidases
were heme-containing proteins that used the complexed
transition metal iron for attacking H2O2 (36), a mechanism
that chemically appeared plausible. With the prototype GPx1
(80), the GPx family was the first to break this rule, and, with a
delay of four decades, the peroxiredoxins followed with the
discovery of the thioredoxin peroxidase activity of the ‘‘thiol-
specific antioxidant protein’’ of yeast (13, 88). Why these
proteins are efficient peroxidases is by no means a trivial
question. When selenium was discovered in GPx1, the prob-
lem seemed to be solved by referring to the magic catalytic
power of this element (31), and this view was corroborated by
a substantial decrease of specific activity when the seleno-
cysteine residue (Sec) in GPxs was changed to cysteine by site-
directed mutagenesis (76, 96).

In the meantime, however, GPxs that naturally have the
active-site Sec replaced by Cys were discovered and proved to
be quite efficient peroxidases (115). With rate constants kþ1 for
the reaction with hydroperoxides of about 106 M�1s�1, they
approach the peroxidatic efficiencies of their Sec-containing
relatives (77). Similarly, Prxs, which have long been consid-
ered to be comparatively sluggish peroxidases (56), are in-
creasingly reported to reach peroxidatic efficiencies almost
overlapping with those of SecGPxs (117), and only excep-
tionally do they contain Sec (107). Moreover, Sec-containing
proteins are found in almost all living domains (with the ex-
ception of higher plants and yeasts); only a minority of those
are peroxidases (46), and surface-exposed cysteines are pres-
ent in many proteins without lending them any significant
peroxidase activity. In short, (a) selenium versus sulfur makes
a quantitative, but not a qualitative difference in catalytic ef-
ficiency; and (b) it must be the particular environment of the
redox-active residues Cys or Sec that facilitates their reaction
with an ROOH.

In analogy to an early hypothesis on the GPx reaction (28),
the first step of the Prx catalysis is seen in the oxidation of a
particular Cys residue, which here is often embedded in a
VCP motif and considered to be dissociated, to a sulfenic acid
(Eq. 3).

Prx� S� þROOH! Prx� SO� þROH (3)

This residue of primary hydroperoxide attack is called the
peroxidatic cysteine (CP).

In a series of elegant investigations by Leslie B. Poole (6, 26,
92–94), the chemical nature of the oxidized CP could indeed be
demonstrated to be a sulfenic acid by mass spectrometry, and
this labile oxidation state of CP also survived the crystallog-
raphy of human ORF06=Prx6 (15). An analogous intermediate
could be identified in the yeast Orp1 protein, which is a
CysGPx, and is generally assumed to be the first intermediate
of the catalytic cycle of CysGPxs. In SecGPxs, hardly any al-

ternative exists to the assumption of a homologous oxidation
of the Sec selenolate to a selenenic acid (Eq. 4).

GPx� Se� þROOH! GPx� SeO� þROH (4)

Despite major efforts, however, this hypothetical catalytic
intermediate could not be verified. Instead, whenever a
SecGPx was exposed to a just stoichiometric amount of H2O2,
mass spectrometry revealed that the oxidized enzyme is
smaller than the reduced one by two mass units, indicating
that the presumed primary oxidation product has lost a water
molecule (78). The selenenic acid form of these enzymes thus
resembles a transition state that is instantly transformed into a
more-stable derivative of the same oxidation state, the struc-
ture of which still remains elusive (see later).

To make the partial reactions 3 and 4 happen with a satis-
fying bimolecular rate constant kþ1, the following prerequi-
sites are mandatory: (a) the active site Cys or Sec, respectively,
has to be dissociated, because thiols or selenols will not
readily react with a hydroperoxide; (b) the peroxyl bond has
to be polarized to facilitate a nucleophilic attack of the thiolate
(selenolate) on the more-positive oxygen; and (c) a mobile
proton has to create an ROH (or H2O, if the substrate was
H2O2) as a strong leaving group from the RO- of the cleaved
peroxyl bond. How these requirements are met by the en-
zymes is not entirely clear. The architecture of their active
sites, however, allows formulating hypotheses that in part
have been corroborated experimentally.

The structural signature of all peroxiredoxins is a triad built
of the CP, with its sulphur being coordinated to the guanidino
group of an arginine and the OH of a threonine (or sporadically
a serine) (40, 51, 62). The CP and the Thr(Ser) are part of the
motif PxxxT(S)xxC, which is strictly conserved in the entire
family, whereas the equally conserved Arg is remotely local-
ized in sequence (Fig. 1). That the conserved Cys near the
N-terminus is indeed the peroxidatic one is evident from
complete abrogation of activity by its exchange against Ser or
other residues, as shown in many species (92). The functional
essentiality of the highly conserved Thr was first demonstrated

FIG. 1. Catalytic triad of a Prx built up from Cys, Thr, and
Arg. The CP sulfur in all reduced Prxs is coordinated (dotted
lines) to an Arg and a Thr (or Ser). A strictly conserved Pro
stabilizes the triad. The example shown is human Prx5
(pdb:1HD2), as established by Declercq et al. (20). Figure
obtained by using Pymol (http:==www.pymol.org=). (To see
this illustration in color the reader is referred to the web
version of this article at www.liebertonline.com=ars).
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in the tryparedoxin peroxidase of Leishmania donovani. A valine
in this position practically abrogated activity, whereas a serine,
which is the only natural alternative found in a few species,
even enhanced it, which underscores the importance of a sulfur-
coordinated OH group (40). The conserved Arg in the more
C-terminal part of the sequence was found to be equally
essential: Replacement by acid residues in Crithidia fasciculata
(82) and Leishmania donovani (38) abolished activity, whereas a
less dramatic exchange against Gln in barley Prx substantially
reduced activity (67). The conserved Pro upstream of the triad
Thr is considered to stabilize the position of the active-site
structure by sustaining a hydrogen bridge between its prolyl-
amide nitrogen and the CP sulphur (62). Collectively, these
findings support the view that the threonine (serine) OH is
hydrogen-bonded to the CP sulfur, thereby facilitating disso-
ciation of its SH group, and that the resulting thiolate is sta-
bilized by a bi-dentate salt bridge with the conserved Arg (92).

The conserved microarchitecture of the CP environment thus
enforces a proton dislocation from the CP thiol and thereby
allows the reaction with a hydroperoxide. For several Prxs, pKa

values near 6 were indeed determined, provided that the CP

environment be correctly folded (87). However, fulfilling this
basic requirement of the catalysis is by no means sufficient to
explain the efficiency of Prxs. Known bimolecular rate constants
for the reaction of low-molecular-weight thiol compounds with
ROOH, even when extrapolated to full dissociation, do not
exceed 30 M�1s�1 (124), whereas the corresponding kþ1 values
for Prxs cover a range from 2�103 to 2�107 M�1s�1 (117), and in
the reaction with peroxynitrite, they even reach 7�107 M�1s�1

(25). The substantial gap in reactivity has to be bridged in the
enzymes by polarizing the substrate’s peroxyl-bond and pro-
viding a proton to the leaving group. Whether the triad com-
ponents or additional, less conserved residues are hereby
involved remains a matter of speculation.

In the GPx family, the analogous CP activation is achieved
by similar principles but totally different amino acids and,
notably, without any net positive charge near its sulfur or
selenium. Here the CP sulfur or UP selenium, respectively, is
located in a NVAxxC(U)G motif near the N-terminus. In the 3-
D structure, the CP (UP) is surrounded by the last Gln of a
central FPCNQFGxQ motif and by a strictly conserved C-
terminal WNF motif (Fig. 2).

The proximity of the selenium in bovine GPx1 to the car-
boxamide group of the central Gln and the imino group of the
C-terminal Trp in the first GPx structure ever established had
already suggested a functional relevance of these residues
(27). This assumption was first verified by mutagenesis
studies with porcine GPx4 (76): In the Sec?Cys mutant, the
kþ1 decreased by a factor of 300, revealing again the superior
catalytic efficiency of selenium and corroborating that the Sec
or Cys in this position is UP or CP, respectively. When the
presumably critical residues Gln and Trp were mutated in
GPx4Sec?Cys, the kþ1 values further decreased, and acidic
residues instead of Gln and Trp proved to be most detri-
mental. The decrease in reactivity was largely paralleled by a
decrease in the rate of alkylation by iodoacetate of the UP and
CP, respectively, which also depends on their pKa. This find-
ing unambiguously demonstrated that the active-site residues
Gln and Trp indeed reduce the pKa of UP and CP. Interest-
ingly, however, the rates of inactivation by iodoacetate of both
the wild-type enzyme and the Cys mutant were not only
highest, but also very similar, underscoring that not only Sec,

which as free selenocysteine has a pKa around 5, but also the
less-acidic Cys is practically dissociated in the peculiar envi-
ronment of the enzyme. Similar results were obtained
by mutagenesis studies with natural CysGPxs, GPxIII of
Trypanosoma brucei (104) and Orp1=GPxIII of Saccharomyces
cerevisiae (73). Based on these studies, the ‘‘catalytic triad’’
composed of Sec(Cys), Gln, and Trp became the typical sig-
nature of the entire family. In a GPx of Chinese cabbage (60),
however, the Gln could be mutated to Gly without loss of
activity. In the T. brucei GPxIII, the effects of Trp mutation
were not impressive, questioning a pivotal role of the Trp in
catalysis (104). Some findings with natural GPxs further
challenged the triad dogma: In the poplar GPx, which is an
active thioredoxin peroxidase, the triad Gln is exchanged
against Glu (65); and in human GPx8, whose function is still
elusive, the Gln is replaced by a Ser (114). More recently, a
study on GPx of Drosophila melanogaster revealed that the Asn
residue of the WNF motif, which reaches the CP sulphur from
the core of the protein with its carboxamide group, has a
greater impact on CP dissociation and the kþ1 value than any
of the other triad residues, which led the authors propose to
enlarge the GPx triad to a ‘‘tetrad’’ (116) (Fig. 2).

Collectively, the Trp, Gln, and Asn residues of the GPx
tetrad contribute to the CP dissociation, Trp being the least-
and Asn the most-important one, and in special rare cases, the
tetrad components may substitute for each other in this
function. In contrast to Prx catalysis, CP dissociation in GPx is
guaranteed without any strong base. For SecGPxs, a nearby
basic residue, such as the Arg in Prxs, is not required, because
Sec is dissociated anyway at physiologic pH. But what re-
duces the CP pKa in a CysGPx, which has been calculated (3) to
be around 7 in DmGPx (116) or inferred from alkylation
studies (73) to approach 5 in Orp1? Evidently it is the density
of labile protons provided by the two carboxamide groups,
which, depending on the rotamer and tautomer assumed, are

FIG. 2. Catalytic tetrad of a GPx. The residues Cys (or Sec),
Gln, Asn, and Trp are highly conserved in the GPx family.
Possible polar contacts between the tetrad residues and the
CP (UP) sulfur (selenium) are highlighted (dotted lines). Re-
sidue numbering corresponds to human GPx4 pdb: 2OBI
(103). Figure was obtained by using Pymol. (To see this il-
lustration in color the reader is referred to the web version of
this article at www.liebertonline.com=ars).
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close enough to form hydrogen bridges, even low-barrier
hydrogen bonds, or to enable proton shuttling between each
other and toward the CP sulphur. A recent state-of-the-art
quantum chemistry computational approach corroborates
that the CP=UP proton is indeed completely dislocated and
may shuttle between the imino and amido functions of the
GPx tetrad, irrespective of being derived from Sec or Cys
(Orian and Ursini, unpublished data).

The present state of related knowledge and discussions is
best summarized as follows (115, 116):

1. The carboxamide of the core-hidden Asn attracts the thiol
proton of CP. In the resulting low-barrier hydrogen bond,
the proton may shuttle between the amide of Asn and the
sulphur of CP, a situation that is practically equivalent to
a salt bridge between the positively charged, since pro-
tonated, amide and the negative thiolate.

2. A similar role may be assumed for the carboxamide of
the Gln. Because this residue is much more surface ex-
posed, it is likely more relevant to the polarization of
the substrate’s peroxyl-bond (ROOH?ROd-- OdþH) by
analogous proton shuttling.

3. The negative CP sulfur attacks the more positive oxygen
of the polarized peroxyl-bond.

4. The proton required to cleave the peroxyl-bond by
creating a strong leaving group (RO- ? ROH) is most
likely delivered by the Gln carboxamide.

5. The primary role of the Trp is seen as keeping the CP

sulfur in place via its imino nitrogen. Thus, despite the
absence of any residue in the GPx tetrad that bears a net
positive charge at physiologic pH, the CP oxidation is in
essence an acid=base catalysis, as is also hypothesized
for Prx.

Comments on Hydroperoxide Specificities

GPxs as well as Prxs are known to be broad-spectrum
peroxidases acting on H2O2, primary, secondary, and tertiary
organic hydroperoxides, and peroxynitrite. Typically, the re-
action rates decline from H2O2 over primary and secondary
toward tertiary peroxides in GPx (50, 115) and Prx (90, 102,
117), whereas those for peroxynitrite appear to be particularly
high in some of the Prxs (25, 117). Reports on lack of activity of
these enzymes with H2O2 should be considered with caution,
because it may result from fast inactivation due to CP over-
oxidation (see later). In the GPx family, efficient reduction of
hydroperoxides of complex lipids that tend to form micelles
or are integrated into biomembranes was first reported for pig
GPx4, the ‘‘phospholipid hydroperoxide glutathione peroxi-
dase’’ (119), and later for similar monomeric CysGPxs (115),
whereas it is low or absent in tetrameric GPxs (111, 115). In the
Prx family, activity on phospholipid hydroperoxides was first
observed with tryparedoxin peroxidase (89) and later with
many other, although not all, Prxs without any obvious
prevalence in the subfamilies (117).

A structural basis for the variable hydroperoxide specificity
is not unambiguously detectable. For mammalian GPx4, the
monomeric character that implies a better accessibility of the
enzyme active-site Se has for long been discussed to allow a
better interaction of the enzyme with lipid surfaces (120), and
an extended positively charged surface area near the reaction
center has been suggested to attract the negative charges of
phospholipids (115). Otherwise, the rates of hydroperoxide

reduction appear to reflect little else than the sterical accessi-
bility of the peroxyl group. None of the thiol peroxidase
structures discloses features that could be addressed as spe-
cific hydroperoxide-binding pockets. The sulfur or selenium
atoms to be oxidized are located in flat wells (GPx) or troughs
(Prx), which give access to the hydroperoxyl of most diverse
structures such as fatty acids, steroids, nucleic acids, or lipid
membranes, as compiled for GPx in 1989 (29) and more re-
cently for Prxs (92). This broad specificity spectrum of the
thiol peroxidases is incompatible with the assumption of any
typical complex to be formed between the enzymes and their
hydroperoxide substrates. The kinetics of these enzymes do
not suggest any enzyme hydroperoxide complex either.
Maximal velocities and KM values are infinite for all SecGPxs
so far investigated and for many of the CysGPxs and Prxs, and
finite KM ROOH values, be they apparent or real, can by no
means be interpreted as measure for ‘‘hydroperoxide affini-
ty,’’ as in countless publications (this is unjustified in the ping-
pong mechanism anyway and certainly wrong in case of the
thiol peroxidases). If ‘‘hydroperoxide saturation’’ is observed
in a steady-state kinetics analysis of a thiol peroxidase, it does
not mean that its active site is fully occupied by the hydro-
peroxide substrate but that, under the prevailing conditions,
no reduced enzyme is left to be oxidized. In other words, the
rate constants kþ1 for the representative Eqs. 3 and 4 are real
bimolecular rate constants for the reaction of CP (UP) and
ROOH, and their values are in essence determined by the
reactivity of the UP or CP, respectively, sterical accessibility
and reactivity of the substrate’s peroxyl group, and the re-
sulting collision efficiency.

Tricks to Save the Oxidation State
of Labile Catalytic Intermediates

As outlined earlier, the products of the first step of GPx and
Prx catalysis, apart from water or an alcohol, are oxidatively
modified enzymes, having exposed most reactive selenenic or
sulfenic acid functions. These catalytic intermediates have to
be very reactive to be prepared for fast regeneration of the
ground-state enzymes. However, this catalytic prerequisite
also implies that the intermediates are unstable, because they
might react with quite a lot of abundant molecules, if they do
not meet their appropriate target substrates in time. The most
common side reaction of the intermediates is overoxidation of
the selenenic or sulfenic acids to seleninic and sulfinic acids,
respectively. Surprisingly, however, the inherent chemical
instability of the catalytic intermediates does not result in any
unusually fast inactivation or denaturation of Prxs or GPxs.
Evidently, nature has taken measures to prevent detrimental
side reactions.

The enigmatic nature of oxidized SecGPx

The most-unstable intermediate implicated in the catalysis
of thiol peroxidases is the selenenic acid form of a SecGPx (see
Eq. 4). A reasonably stable organic selenenic acid has so far
been synthesized only once, and, in this case, the selenenic
acid function was shielded from potential reaction partners in
a cage-like molecule (48), whereas in the oxidized SecGPxs, it
has to be surface exposed to fulfil its catalytic role and, ac-
cordingly, is prone to become overoxidized to a seleninic acid.
In the x-ray structure of GPx1 the active site Se had indeed two
oxygen atoms attached (27). Also, sluggish forms of GPx1,
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which are observed on storage of the enzyme under oxidative
conditions and require long-term preincubation with thiols to
become fully active again (72, 109), have been interpreted to
have the Se overoxidized to a seleninic acid (29). How, then,
are these suicidal reactions prevented during the normal
catalytic cycle?

As mentioned, the first detectable oxidation products of
SecGPx4 (78) and SecGPx1 (Ursini and Mauri, unpublished
data) were not the presumed selenenic acid forms, but cor-
responded to this theoretically postulated intermediate after
elimination of water. H2O elimination from a selenenic acid
residue may be envisaged to result from a reaction with se-
lenols or thiols. However, formation of a diselenide bridge
between two GPx molecules is incompatible with the ob-
served molecular weight of the oxidized SecGPxs, nor is this
possibility suggested by molecular modeling or docking
calculations (78). An intramolecular selenyl-sulfide bond
would be compatible with the observed molecular weight, but
neither the structures of GPx4 (103) nor those of GPx1 (27) and
GPx3 (95) reveal any thiols that are in reach of the selenenic
acid function. A third explanation of the phenomenon would
be a reaction of the selenenic acid with an amine or amide in
the catalytic center. That this idea is more than an undue
speculation is supported by the reaction cycle of the GPx
mimic ebselen [2-phenyl-1,2-benzisoselenazol-3(2H)-one].
This compound is formed by oxidation of an aromatic selenol
with a carboxamide function in the ortho position, whereby a
transiently formed selenenic acid reacts with the carboxamide
nitrogen and undergoes ring closure with elimination of H2O.
In the resulting selenazolinone, the oxidation state of the se-
lenenic acid is conserved in the form of a selenyl-amide bond,
but in contrast to a selenenic acid, the selenyl-amide is rea-
sonably stable (Eq. 5)

R� SeOHþR¢�NH2 ! R� Se�NH�R¢þH2O (5)

Nevertheless, its Se-N bond is easily cleaved reductively by
GSH to regenerate the selenol (101) (Eqs. 6 and 7).

R� Se�NH�R¢þGSH! R� SeSGþH2N�R¢ (6)

R� SeSGþGSH! R� SeHþGSSG (7)

With regard to the amply available amide groups near the
active-site Se in GPxs, a homologous protection of the sele-
nenic acid level from overoxidation during regular catalysis
may reasonably be assumed. So far, however, the amide
group involved resisted identification.

Disulfide formation in CysGPx

The first oxidation product of a CysGPx, the sulfenic acid
formed in analogy to Eq. 3, is more stable than the selenenic
acid of its seleno homologue, and it may be questioned whe-
ther a protection against overoxidation is at all required.
Nevertheless, a sulfenyl-amide formation, in analogy to the
ebselen cycle, could be envisaged. Such conservation of the
redox status of sulfenic acids has indeed been documented for
the protein tyrosine phosphatase PTP1B (100, 122), and also
here, the regeneration of the thiol from the sulfenyl-amide form
by GSH proved to be possible. Whether analogous reactions
occur in CysGPxs (or Prxs) remains to be demonstrated.

For the many CysGPxs with redoxin specificity, a different
protection mechanism evolved (Fig. 3). As in 2-Cys peroxir-
edoxins, the CP sulfenic acid reacts with a second Cys (CR) to
form a disulfide bond (Eq. 8).

GPx(CP� SOH)CR� SH! GPxS2þH2O (8)

In the reduced as well as in the sulfenic acid form, this
second Cys is far away from the CP, which implies that here
disulfide formation is by no means a trivial process. The co-
reacting cysteine is embedded in an apparently mobile loop
that, on major structural changes, including local unwinding
of helices, can interact with the primary reaction center.
Thereby, the CP is turned out from the catalytic tetrad, the
latter becoming completely disrupted (Fig. 4). How these
extensive movements are enforced is unknown. They appear
not to depend on the oxidation of CP, because the ‘‘disulfide
conformation’’ has also been seen with NMR analysis with a
reduced enzyme, a mutant but fully active tryparedoxin
peroxidase, PxII of Trypanosoma brucei (79, 84). Evidently, the
tetrad structure is less rigid than suggested by crystallo-
graphic data and molecular dynamics (5), and both reduced
forms, that with an intact tetrad and the one resembling the
conformation of the disulfide form, can coexist in solution.
That the seemingly unlikely conformational changes actually
happen during catalysis has meanwhile been demonstrated
for several CysGPx species by mass spectrometry (22, 73, 77,
104) and comparative structural analysis of the reduced and
oxidized enzymes (65). Disulfide formation in this redoxin-
specific GPx subfamily is assumed primarily to provide an
ideal structural basis for the attack by classic disulfide re-
ductants, such as thioredoxin or tryparedoxin (see later). As
in 2-Cys-Prxs, the second Cys is indeed required for the

FIG. 3. Overlay of human GPx structures and a 2-CysGPx-
type tryparedoxin peroxidase from Trypanosomama brucei
(TbTXNPx). HsGPx1:pdb 2F8A; HsGPx-2:pdb 2HE3; HsGPx-
3: pdb 2R37; HsGPx-4:pdb 2OBI; HsGPx-5: pdb 2I3Y; HsGPx-
7:pdb 2P31; HsGPx-8:pdb 3CYN; TbTXNPx: pdb 2VUP (1).
The tetrad residues (from 2OBI) and resolving Cys (CR; from
2VUP) are shown (ball and sticks). Figure was obtained by
using Pymol. (To see this illustration in color the reader is
referred to the web version of this article at www.liebertonline
.com=ars).
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progression of the catalytic cycle and, accordingly, is called
the ‘‘resolving’’ cysteine, CR.

However, lending redoxin specificity to these GPxs is
not the only role of their CR; the CR also appears to prevent
overoxidation of CP to a sulfinic acid, which appears to be
a common phenomenon in CysGPxs (116) that is sub-
stantially enhanced if CR is mutated into a redox-inactive
residue (104).

Disulfide formation in 2-CysPrx

Overoxidation of CP to sulfinic acid is also a common
phenomenon in the Prx family, although substantial differ-
ences in susceptibility emerged. As a rule, bacterial Prxs are
more resistant than those of higher organisms (126, 127).
However, the susceptibility to inactivation by hydroperoxides
can markedly differ between orthologous Prxs from one and
the same genus or family and also depends on the hydro-
peroxide substrate in an as-yet poorly understood manner
(40). In many eukaryotes, the pronounced susceptibility to
inactivation is also counteracted by specific enzymes, the
sulfiredoxins, which reduce the sulfinic Prx forms back to
active peroxidases (9, 59, 125).

As in CysGPx-type redoxin peroxidases, disulfide forma-
tion between CP and CR, which initiates the reductive part of
the catalytic cycle in 2-CysPrxs (62, 92, 127), also appears to be
the preferred mechanism to prevent overoxidation of the
sulfenic forms. In 1-CysPrxs, being devoid of a CR, protection
of the sulfenic acid form by intramolecular disulfide forma-
tion is impossible. Instead, a mixed disulfide with, e.g., GSH
may be envisaged, as is proposed for human Prx VI (105). The
reaction scheme of atypical 2-CysPrxs is essentially identical
to that of CysGPx-type redoxin peroxidases (compare Eqs. 8
and 9).

(atypical 2�Cys)Prx(CP� SOH)CR� SH! PrxS2þH2O

(9)

In the typical 2-CysPrxs, the CR is out of reach for a reaction
with CP and, instead, two disulfide bridges are formed be-
tween the CPs and CRs within a dimer of head-to-tail–oriented
subunits (Eq. 10).

(typical 2�Cys)[Prx(CP� SOH)CR� SH]2 ! (PrxS2)2

þ 2 H2O (10)

As in the CysGPx-type redoxin peroxidases, the CR=CP

distances in reduced Prxs are very large (Fig. 5). Also, in
atypical 2-CysPrxs, the localiation of CR differs, which has
prompted a Prx classification into C, L, and R subfamilies,

FIG. 5. Overlay of five representative peroxiredoxin
subfamilies in their reduced form. 1-Cys (pdb: 1X0R) (85).
Atypical 2-Cys type C (pdb: 2CX4). Atypical 2-Cys type R
(pdb: 1HD2) (84) Atypical 2-Cys type L (pdb: 1PSQ). Typical
2-Cys (pdb: 2PN8). Triad of 2PN8 and resolving Cys (green)
of the different subfamilies are shown (ball and sticks). Figure
was obtained by using Pymol. (To see this illustration in
color the reader is referred to the web version of this article at
www.liebertonline.com=ars).

FIG. 4. Structural flexibility of 2-CysGPx. (A) X-ray structure of the reduced form of a tryparedoxin peroxidase of T. brucei
TbPxII (pdb:2VUP), showing the canonic GPx tetrad (1). (B) NMR structure of reduced TbPxIIIC76S (2RM6), which, apart
from the C76?S mutation, differs from TbPxII only by a few N-terminal residues. Notice the disruption of the catalytic tetrad
(79). (C) X-ray structure of oxidized disulfide form of TbPxIII (pdb: 2RM5) closely resembling the conformation shown in B.
(Blue arrow) The a-helix carrying the CR (S in green); (green arrow) the CP helix (S in yellow). Both helices are widely
unfolded in the transition from A to B and C (changing parts highlighted in red). Figure was obtained by using Pymol. (To
see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com=ars).
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based on CR position relative to the triad Arg in the amino
acid sequence (17). In all examples, the CP proved to be too
remote from CR for disulfide formation without unwinding of
helices and extensive domain movements (Fig. 6). Interest-
ingly, in the Prx family also ‘‘oxidized conformations’’ can be
observed in reduced enzymes, which argues for an inherent
flexibility of the chains harboring CP and CR. The x-ray

analysis of the ‘‘bacterioferritin comigratory protein’’ from the
Aeropyrum pernix (pdb: 2CX4), which is an atypical 2-CysPrx,
reports on three different chains: E, B, and C (Fig. 7). Chain E
shows the canonic triad of reduced Prx with the conserved
Arg, and, in this case, an Ser perfectly coordinated with the CP

sulfur; chain B is equally reduced, but the Ser has completely
lost contact with CP, and the Arg approaches CR; in chain C

FIG. 6. Structural rearrangements on dis-
ulfide formation in 2-CysPrxs. Major con-
formational changes are marked in red; CR, in
green; and CP, in yellow. Triad residues are
shown (ball and sticks). Left, reduced forms;
right, oxidized (disulfide) forms. The figures
were obtained by using Pymol. (A) Atypical
2-CysPrx (C-type) from Aeropyrum pernix
(pdb: 2CX4). The x-ray structure reports eight
chains. On the left, the reduced form of chain
E, and on the right, the oxidized form of chain
C. (B) Atypical 2-Cys L-type Prx. On the left,
the reduced form from Streptococcus pneumo-
niae (pdb: 1PSQ); and on the right, the oxi-
dized form from Escherichia coli (pdb: 1QXH)
(16). (C) Atypical 2-Cys R-type Prx (human
Prx 5). Reduced form, pdb 1HD2 (20); oxi-
dized form, pdb: 2VL9 (106). (D) Typical 2-
CysPrx. Left, human Prx4 (pdb: 2PN8); right,
Prx from Amphibacillus xylanus (pdb: 1WEO)
(64). (To see this illustration in color the
reader is referred to the web version of this
article at www.liebertonline.com=ars).
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finally, the disulfide bridge of the oxidized enzyme is seen.
Thus, peroxiredoxins may evidently display conformational
dynamics similar to those demonstrated earlier for the glu-
tathione peroxidase–type tryparedoxin peroxidase in Fig. 4.
The functional relevance of the ‘‘transient’’ conformation ‘‘B’’
is unclear. Because of the disrupted catalytic triad, it is not
suggestive of having peroxidatic activity, nor does it provide
the ideal structure for the forthcoming reductive steps. The
existence of this intermediate conformation, however, reveals
that the seemingly unlikely conformational changes required
for disulfide formation are programmed in the enzyme
structures and do not strictly depend on previous oxidation
of CP.

Circumstantial evidence suggests that the susceptibility of
Prxs to CP overoxidation depends largely on how fast the
structural changes that allow disulfide formation can proceed.
In highly susceptible eukaryotic typical 2-CysPrxs, a YF motif
in a C-terminal extension can interact with a GGLG motif near
the CP, thereby impeding the reaction of CP with CR (126).
Deletion of the YF-containing domain in yeast thioredoxin
peroxidase (68) and Prx2 and 3 of Schistosoma mansoni (102)
abolished their pronounced peroxide sensitivity, whereas at-
tachment of the Prx2 domain to the robust Prx1 of S. mansoni
rendered the latter sensitive by allowing interaction with
the GGLG motif (102). Direct evidence for the relevance of
disulfide formation to peroxide-induced inactivation was
obtained by mutating CR to Ser in thioredoxin peroxidase of
Mycobacterium tuberculosis (118). Whereas the wild-type en-
zyme was quite robust, the CR mutant lost activity so fast that
it appeared inactive in conventional testing, but proved to be
as active as the wild-type protein in stopped-flow analysis. In
parallel with the fast inactivation of the mutant, oxidation of
CP to the sulfinic form was detected by mass spectrometry.

Lack of CP Protection:
Failure of Evolution or Gain of Function?

Before embarking on the reductive part of thiol peroxidase
catalysis, some emerging concepts of the possible biologic
meaning of CP overoxidation and the mechanisms of its pre-

vention may be addressed. As outlined earlier, the oxidation
equivalents of the CP-SOH form of many CysGPxs and of the
2-CysPrxs are commonly ‘‘parked’’ in more stable disulfide
bonds, before the reductive part of the catalytic cycle starts. In
each of the paradigms, this intra- or intermolecular disulfide
formation is associated with structural changes that appear
complicated enough to cause a kinetic pause that often is so
pronounced that the kinetic pattern is affected. Although the
robust Prx1 of S. mansoni displays nonsaturable ping-pong
kinetics (see later, Eq. 14), Prx2 and 3, in which the internal
disulfide formation is impeded, show saturation kinetics (Eq.
15). Further, when the FY-containing tail of Prx2 was attached
to Prx1, the latter behaved like Prx2 (102). Saturation kinetics
implies that a monomolecular, substrate-independent reac-
tion may become rate limiting. In Prxs, in which disulfide
formation is impeded by interaction of the FY and GGLG
motifs, the kinetic pause is evidently large enough, to make
disulfide formation rate limiting. In respect to hydroperoxide
detoxification, the kinetic pause thus imposed appears unfa-
vorable; it reduces the maximal velocity to discrete values and
allows destruction of the antioxidant device due to over-
oxidation. The wide phylogenetic conservation of this inher-
ent break of the catalytic cycle therefore prompts the question
of its possible physiological meaning.

Inactivation of Prx due to (reversible) overoxidation has
been implicated in redox regulation (126). The ‘‘flood gate’’
theory assumes that, by inactivation of eukaryotic Prx, cellular
hydroperoxides can transiently be increased to an extent that
they can target exposed SH groups of less-reactive proteins in
signaling cascades. The concept indeed appears attractive to
explain adaptive responses to oxidative stress (e.g., via the
Nrf2=Keap1 and other stress-response systems) (113). It can,
however, hardly account for signaling by physiologic levels of
H2O2, as is increasingly reported for hormone-, growth factor-,
or cytokine-triggered signaling (49, 51). In this context, target
molecules in signaling cascades have to be postulated that can
kinetically compete with abundant and highly efficient perox-
idases (32, 44, 49). In higher organism, well-documented ex-
amples of highly redox-sensitive proteins that might fulfil this
requirement in signaling machineries are scarce. The often-

FIG. 7. Structural flexibility of an atypical 2-CysPrx. The x-ray analysis of the bacterioferritin comigratory protein from
Aeropyrum pernix (pdb: 2CX4) reveals three different chain conformations; (A) and (B) represent reduced enzyme states,
whereas chain (C) is in the oxidized disulfide form. The peroxidatic and resolving cysteines are shown in yellow and green,
respectively. The reduced conformation (A) shows the catalytic cysteine embedded in the typical Prx triad, here with a
functionally equivalent serine replacing the canonic threonine. In (B), The peroxidatic triad is disrupted, although the enzyme
is still reduced. Conformation (C) shows the intramolecular disulfide bridge characteristic of atypical 2-CysPrxs. The
structures were obtained by using Pymol (http:==www.pymol.org=). (To see this illustration in color the reader is referred to
the web version of this article at www.liebertonline.com=ars).
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quoted susceptible SH groups of tyrosine protein phosphatases
do not react with H2O2 at rate constants faster than 43 M�1s�1 (8,
23, 108), which must be rated as noncompetitively slow. In
contrast, the bacterial transcription factor OxyR is activated
through direct oxidation by H2O2 at a rate constant near 105

M�1s�1 (4) (i.e., well in the range of Prx and CysGPx efficiencies).
Nevertheless, such exceptionally reactive SH groups are rare,
with the exception of those of the thiol peroxidase active sites.
Therefore, these peroxidases themselves should be ideal sensors
and transducers in redox regulation.

A few examples of this kind of regulation have been
documented. The yeast CysGPx Orp1, which is correctly
characterized as a thioredoxin peroxidase, after oxidation of
its active-site Cys to the sulfenic acid, can also become linked
specifically to a particular SH group of the transcription factor
Yap1, thereby oxidizing and activating the latter (22). Simi-
larly, a 2-CysPrx can activate the stress kinase Sty1 (123), as
well as the transcription factor Pap1 in Saccharomyces pombe
(83). Mechanistically, these examples demonstrate that the
kinetic pause imposed by the need of structural rearrange-
ment in the regular catalytic cycle allows interacting with an
alternate protein substrate, the sulfenic form attacking the
SH of a specific partner protein instead of its own CR. In this
kind of redox regulation, unlike in the flood gate theory,
overoxidation of CP would arrest signaling and, thus, cause a
refractory status. Considering the general need of structural
changes in most of the CysGPxs and all 2-CysPrxs, it is
tempting to speculate that physiologically meaningful inter-
actions of these thiol peroxidases with alternate substrates are
by far more frequent than currently suspected (32, 44, 83).

The Reductive Part of the Catalytic Cycles

In principle, the reductive part of the catalytic cycle of the
thiol peroxidases is similar: the oxidized enzyme is stepwise
reduced by two SH groups. The differences between the
families and subfamilies consist of the mode of donor sub-
strate binding and related specificities. The often pronounced
donor substrate specificities imply that specific enzyme sub-
strate complexes must be formed. However, the kinetic
mechanism, which is common to these enzymes, suggests that
such complexes are hard to analyze structurally, because they
will decay fast by intracomplex reactions with product re-
lease. Therefore, present views are inevitably based on mo-
lecular modeling and docking calculations.

GPx1=GSH interaction

GPx1 of higher animals is a real glutathione peroxidase with
pronounced specificity for GSH and, in this respect, likely
represents a minority in the GPx family. Extensive specificity
studies revealed that both carboxylic functions of GSH con-
tribute to substrate binding (39, 111), and x-ray studies (27) as
well as molecular modeling (5) suggested that the guanidino
groups of Arg residues surrounding the active-site selenium
are involved in GSH binding via electrostatic attraction, al-
though the relative contributions of the four Arg residues that
are close enough to be implicated may be questioned.

By chemical reasoning, the first reductive step is an at-
tack of one GSH molecule on the oxidized selenium, be it
an R-SO- (Eq. 11) or the hypothetical Se-NH-R0 bond with
NH-R0, meaning an amido nitrogen of the GPx itself (see
earlier; Eq. 12)

GPx� SeO� þHþ þGSH! GPx� Se� SGþH2O (11)

GPx� Se�N�R¢þGSH! GPx� Se� SGþR¢�NH2)

(12)

In both of the assumed starting positions, the selenium has
to attack the GSH for selenylation. In the second step, a second
molecule of GSH has to attack the selenyl-sulfide bond to
regenerate the ground-state enzyme (Eq. 13).

GPx� Se� SGþGSH! GPx� Se� þHþ þGSSG (13)

Reversibility of the last step is given in principle, but is
considered negligible, because the symmetric disulfide GSSG
is more stable than the polarized Se-S bond in the half-
reduced catalytic intermediate GPx-Se-SG.

The x-ray structure of the tetrameric GPx1 shows the active-
site Se atoms each surrounded by four Arg residues and an
Lys of an adjacent subunit providing an additional positive
charge for potential interaction with GSH (27, 71). An at-
tempt to characterize GSH binding to GPx1 by means of co-
crystallisation yielded low active-site occupancy, as expected
from the kinetic mechanism, but suggested interactions of the
carboxylic functions of GSH with R57 and R184 (residue
numbers from a full-length bovine sequence) (71). In a mo-
lecular modeling approach (5), the same residues were im-
plicated to bind GSH to bovine GPx1, although a different
orientation of GSH appeared to be preferred. Moreover, the g-
Glu tail of GSH appeared to be attracted to the positive charges
of R103 and K910, the latter belonging to an adjacent subunit of
the tetrameric enzyme. Thereby the sulfur of GSH was di-
rected into an optimal position to react with the enzyme’s
oxidized Se, according to Eq. 11. The second GSH then ap-
peared to be bound to the Se-glutathionylated intermediate by
similar electrostatic interaction, whereby the second GSH had
to compete with the already reacted one for R184, R103, and
K910 to cleave the selenyl-sulfide bond according to Eq. 13.
GSH docking to human GPx1, as shown in Fig. 8, resembles
the proposal of Epp et al. (27) in seeing the GSH in a bent
conformation mainly squeezed between two Arg residues.
Probably the rotational freedom of GSH provides different
options for suitable accommodations at the active site.

The different approaches reveal that the reactions 11 or 12
and 13 involve the formation of enzyme–substrate complexes,
which are primarily based on electrostatic interactions. They
serve to bring the GSH thiols into productive positions, which
can be achieved by different conformations and orientations
of the GSH molecules. Conceivably, it requires time for the
flexible GSH molecules to adopt a suitable position to react.
Once this has been achieved, the reactions of the GSH thiols
with the Se will proceed quickly, which complies with the
observation that the complexes here implicated are kinetically
silent. Therefore, the overall rate equation for GPx1 (Eq. 14)

[E0]=v0¼ 1=kþ 1 � [ROOH]þ 1=k ¢þ 2 � [GSH] (14)

describes an enzyme-substitution mechanism without enzyme–
substrate complexes, a type IVii mechanism in the systematic of
Dalziel (19). In reality, however, only the first step, the enzyme
oxidation, does not involve an enzyme–substrate complex,
whereas the reductive steps (Eqs. 11–13) are mediated by
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enzyme–substrate complexes that are atypical in being formed
less fast than they are processed. The complete catalytic cycle is
schematically shown in Fig. 9.

Cosubstrate handling by other SecGPxs

The Arg and Lys residues discussed earlier for interaction
of GPx1 with GSH are not consistently conserved in other
SecGPxs, which points to a less-pronounced GSH specificity.
The closest relative of GPx1 is GPx2, the gastrointestinal GPx.
In this mammalian type of GPx, R57, 103, and 184, which are
possibly responsible for GSH specificity, are conserved. We
may therefore assume also that GPx2 is highly specific for
GSH, although systematic specificity studies with the isolated
enzyme are missing. In GPx3, the extracellular enzyme, only
R103 and 185 are conserved. Expectedly, the GSH specificity
is less strict. Discrete reactivity of GPx3 with thioredoxin and
glutaredoxin has been reported (10, 77, 111). Also, k0þ2, the
apparent net forward rate constant for the reductive steps, is
significantly smaller than that for GPx1 (111). As outlined
earlier, this finding reveals that GSH has even more difficul-
ties in finding its appropriate orientation at the enzyme sur-
face to react with the catalytic Se. In the monomeric GPx4,
none of the residues implicated in GSH binding is reserved. It
nevertheless is reduced by GSH with a k0þ2 similar to that of
GPx3, which has tentatively been explained by other basic
residues that may functionally substitute for the canonic

FIG. 8. Model of possible binding of first GSH to GPx1.
One GSH molecule was docked to human GPx-1 (pdb:
2F8A). Original x-ray structure 2F8A is a Sec-to-Gly mutant;
therefore, a Cys residue has been reconstructed in place of
glycine before docking by using SCWRL4 (70). The Connolly
electrostatic charge distribution surfaces of GPx-1 are high-
lighted (red negative and blue positive charges).The carbox-
ylic functions of GSH are attracted to positively charged Arg
residues and direct the sulfur of GSH toward the active-site
Se, similar to that deduced from x-ray analysis of Epp et al.
(27). For other residues implicated, see text and (5). The pro-
teins and ligand preparation, as well as the docking proce-
dure, were performed by using MOE (Molecular Operating
Environment; http:==www.chemcomp.com=software.htm).
(To see this illustration in color the reader is referred to the
web version of this article at www.liebertonline.com=ars).

FIG. 9. Scheme of the catalytic cycle of a typical SecGPx.
The ground-state enzyme E is oxidized to the selenenic acid
intermediate F. Possibly, an intermediate F0 is formed (see
text) before complex formation with the first GSH molecule.
In the complex [F �GSH] a second intermediate G is formed,
which again complexes GSH. Within the [G �GSH] complex,
the product GSSG is formed with regeneration of E. The rate
constants kþ1 and k0þ2 are those experimentally accessible,
k0þ2 being the net forward rate constant for the reductive part
of the catalytic cycle.

FIG. 10. Molecular docking of glutathione (GSH) bound
to human GPx-4 (pdb: 2OBI). The Connolly electrostatic
charge-distribution surfaces of GPX4 are highlighted (red,
negative; and blue, positive charges). Lysine residues may
substitute for the canonic Arg residues of GPx1 in GSH at-
traction. The proteins and ligand preparation, as well as
the docking procedure, were performed by using MOE
(Molecular Operating Environment; http:==www.chemcomp.
com=software.htm). (To see this illustration in color the
reader is referred to the web version of this article at
www.liebertonline.com=ars).
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Args in GPx1 (78) (Fig. 10). However, the enzyme is excep-
tional not only in respect to its broad hydroperoxide speci-
ficity. It also accepts a wide variety of thiol substrates
(98), including thiols of proteins such as chromatin (47) and
the sperm mitochondria-associated cysteine-rich protein (75)
with its characteristic double Cys motifs (53). In shortage of
GSH, GPx 4 even reacts with exposed SH groups of itself (78,
103, 121). Mechanistically, this process is an alternate sub-
strate self-inactivation. In biologic terms, it means that GPx4
can be a ‘‘moonlighting protein’’ that S-selenylates itself,
thereby polymerizing, losing enzymatic activity and switch-
ing from a highly active peroxidase to a structural protein, a
most unusual phenomenon that is, however, pivotal in sper-
miogenesis (30, 43, 53, 74, 78, 86, 103, 121).

Specificity switch in CysGPxs

Little is known about the specificities of mammalian
CysGPxs, such as GPx5, 7, and 8, or the olfactory GPx6, which
is a CysGPx in rodents, but an SecGPx in humans. The sub-
family of CysGPx that prevails in bacteria, protozoa, fungi,
green plants, and insects (74) and has an additional Cys in an
N-terminal flexible loop intrigued with a donor substrate
specificity and mechanism of action typical of 2-CysPrxs. By
analogy, these proteins may be called 2-CysGPxs. They are
the GPxs that form an internal disulfide bond, as mentioned
earlier. They had widely been annotated as glutathione per-
oxidases according to sequence, but proved to accept redoxins
preferentially as reductants (i.e., proteins characterized by
CxxC motifs).

This specificity switch in the GPx family was first discov-
ered during futile attempts to detect any relevant glutathione
peroxidase activity in a heterologous expression product of a
Plasmodium falciparum gene (110) presumed to encode a GPx
(45). Sequence comparison had disclosed that the Plasmodium
enzyme was more similar to the less GSH-specific SecGPx4
than to any other GPx type, and in consequence, other thiol
substrates were tested for sustaining a peroxidase function.
Reasonable activity was obtained with various thioredoxins
(Trx), that of P. falciparum yielding the best results. The net
forward rate constant for the reduction by PfTrx, k0þ2, was
5.4�104 M�1s�1, whereas that for GSH was just 20 M�1s�1.
Moreover, a Km for PfTrx as low as 10 mM was obtained,
whereas that for GSH was infinite. The important teachings of
these findings are as follows:

1. The combination of an infinite Km for GSH and a rate
constant close to that for not catalyzed thiol=disulfide
exchange reactions reveals that GSH can no longer be
regarded as the physiologic substrate of the 2-CysGPx,
but as an unspecific reductant.

2. The ability of 2-CysGPxs to form internal disulfide
bridges, discovered later (22, 74), predestines them for
reduction by the classic protein disulfide reductants, the
thioredoxins or related CxxC proteins.

3. The interaction with Trx is specific, as evident from
different activities with various Trx species.

4. The kinetic pattern is modified to an enzyme-substitution
mechanism with real Km and Vmax values (type IVi
mechanism according to Dalziel), revealing that, in con-
trast to the SecGPx mechanism, the decay of an enzyme–
substrate complex has become rate limiting.

The overall rate equation, thus, is changed to

[E0]=v0¼ 1=kcatþ 1=kþ 1 � [ROOH]þ 1=k ¢þ 2 � [Trx(SH)2] (15)

The switch in the kinetic pattern is likely due to two factors:
(a) complex formation between the disulfide form of the oxi-
dized PfGPx with a structurally rigid Trx is likely faster than
between a typical GPx and the highly flexible GSH molecule;
and (b) the attack of the exposed Trx thiol on the PfGPx dis-
ulfide must be less efficient than that of GSH on the highly
reactive selenenic acid form of a SecGPx. In consequence, the
rate of complex formation exceeds the rate of downstream
reactions, and the complex between GPxS2 and Trx(SH)2 can
accumulate, as is generally assumed in the Michaelis–Menten
theorem. Similar kinetics have meanwhile been found for the
2-CysGPx-type tryparedoxin peroxidases from Trypanosoma
brucei (1) and Leishmania major (66), but not consistently ob-
served with 2-CysGPxs; the thioredoxin peroxidase of Dro-
sophila (77), and the tryparedoxin peroxidase II of T. brucei
(104) did not display saturation kinetics. The rate constants for
complex formation and intracomplex reaction for these en-
zymes are evidently so similar that tiny structural differences
or even testing conditions can determine which one is faster
(Fig. 11).

The driving forces leading to complex formation have not
yet been analyzed experimentally. Complex modeling, how-
ever, suggests that primarily electrostatic attraction between

FIG. 11. Schematic representation of a 2-CysGPx reaction.
Residue numbers correspond to those in Fig. 12. The ground-
state enzyme E is oxidized to its sulfenic acid form F, which
then reacts to the disulfide form F0. F0 forms a complex with
a redoxin (here, tryparedoxin; TXN). Within this complex,
thiol=disulfide exchange leads to a third intermediate G. By
further thiol=disulfide exchange, G is transformed into the
complex of E with oxidized TXN, from which E is re-
generated with product release. kþ1 is the rate constant for
the oxidation of the enzyme by a particular hydroperoxide,
whereas k0þ2 is the net forward rate constant for the reduc-
tion by substrate, in the example chosen for the association of
the GPx with TXN. If the overall reaction is limited by a
maximal velocity, the corresponding kcat is the rate constant
of a monomolecular step, in TbGPXIII, likely the step from
[F0TXNH2] to G, but it can equally be the F to F0 transition, as
discussed for Prxs susceptible to oxidative inactivation.
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surface charges again accounts for orienting the substrates in a
productive way. It may be stressed that neither the 2-CysGPxs
nor their reducing protein substrates are designed for an ex-
tremely specific interaction with a single substrate according
to the ‘‘lock and key’’ paradigm. As broad-spectrum peroxi-
dases in their ground state, the 2-CysGPxs have to accept
structurally diverse hydroperoxides; the CP of their primary
oxidation product is supposed to find its CR in a remote loop
as well as SH groups in other proteins; and the disulfide forms
have to interact with proteins known to be pleiotropic, such as
thioredoxins, (41, 61, 91), other redoxins (42, 55) or their
substitutes in kinetoplasts, the tryparedoxins (12, 57, 69). How
a complex between such multiple-task proteins may look is
illustrated in the model of tryparedoxin=GPx interaction of T.
brucei, which is based on established structures of the indi-
vidual components (Fig. 12). The GPx shows its CP (C47)
engaged in the disulfide bond with CR (C95), the former being
completely turned out of the tetrad (C47, Q82, W137, and
N138; compare Figs. 2 and 12). The CP sulfur is hardly ac-
cessible, whereas now the CR sulfur is surface exposed and
can be attacked by the exposed Cys of the tryparedoxin
(C40*). This constellation, which is favored by hydrogen
bridges and salt bonds (see Fig. 12), allows a nucleophilic
attack of C40* on C95 without any sterical infringements.
What follows is a trivial thiol=disulfide exchange (Fig. 11): an
electron pair moves from the tryparedoxin’s exposed C40* to

C95 (CR), whereby a mixed disulfide as a third catalytic in-
termediate is formed. The release of oxidized tryparedoxin
and reduced peroxidase is then achieved by electron-pair
movement from C43* to C40* and further to C95, and the
reduced CP (C47) can return to its starting position in the
tetrad.

Reductive steps in Prx catalysis

The reaction scheme for 2-CysGPx (Fig. 11) can essentially
be applied to all 2-CysPrxs, for atypical 2-CysPrxs just by
changing the residue numbers. The only difference we have to
make for the 2-CysPrxs is to let the CP and the CR react twice
within a dimer in the transition from F to F0 and, of course, two
redoxins are needed for the reduction. For the rare cases in
which two monothiol substrate molecules are used instead of
one redoxin-type dithiol substrate, the reaction scheme of Fig.
9 applies, when SecGPx is changed to Prx and Se to S. This
scheme may also be valid for 1-CysPrx, the majority of which,
though, is functionally not characterized.

Like the 2-CysGPxs, all 2-CysPrxs so far investigated are
physiologically reduced by redoxins, be they thioredoxin,
glutaredoxin, tryparedoxin, or homologous domains in bac-
terial AhpF. In the overwhelming number of 2-CysPrxs, dis-
ulfide formation between CP and CR proved to be a
prerequisite for efficient reduction by these CxxC proteins,
whereas (artificial) low-molecular-weight dithiols such as
dithiothreitol are also accepted when the CR is replaced by a
nonfunctional residue (13, 92). The sulfenic form of a 2-CysPrx
(F in Fig. 11) may thus be considered a dead-end intermediate,
causing a block in physiologic Prx recycling that has to be
‘‘resolved’’ by a ‘‘resolving cysteine’’ CR with formation of F0.
The need of disulfide formation complies with the general
reaction specificity of redoxins, which are widely known as
protein disulfide reductants. Furthermore, available struc-
tures of oxidized 2-CysPrxs reveal that only the CR appears
exposed enough for nucleophilic attack by the exposed re-
doxin thiol (56, 92), and the redoxin=CR interaction could be
verified by mass spectrometry when a Prx-type tryparedoxin
peroxidase was reacted with a tryparedoxin that had its co-
reacting Cys mutated to Ser (11). Finally, 1-CysPrxs, which
cannot form the disulfide form, are not recycled by redoxins.
Collectively, therefore, the disulfide forms of 2-CysPrxs (and
GPxs) appear to present the ideal interface for redoxin attack.

Nevertheless, a direct reaction of the sulfenic forms with
protein thiols, even of redoxins, is possible and may be of
outstanding physiologic importance. A reduction of a mutant
atypical 2-CysPrx of M. tuberculosis lacking CR (MtTPxC93S)
by MtTrxB was shown to be competitive with that of the wild-
type enzyme, revealing that, in this case, the F0 formation is
dispensable for recycling (118), although it was indispensable
for prevention of overoxidation (see earlier). Certainly, the
sulfenic form is the one that reacts with isolated protein SH
groups, as in the already mentioned interaction with regula-
tory proteins (83, 123), and it is tempting to speculate that such
reactions of the sulfenic forms could represent the actual bi-
ologic role of some Prxs, whereas the redoxin-mediated re-
cycling is meant only to regenerate ground-state enzyme for
renewed hydroperoxide sensing.

To review the donor-substrate specificities of Prxs is be-
yond the scope of this article. It may suffice to state that they
are not particularly selective but by no means promiscuous

FIG. 12. Model of the interaction of the oxidized form of
GPx-type tryparedoxin peroxidase TbPxIII=, (pdb: 3DWV)
(79) with reduced tryparedoxin reduced form (TXN, pdb:
1O85) (2) from Trypanosoma brucei, performed by ClusPro
(18) protein–protein docking server. PxIII is shown with the
Connolly electrostatic charge distribution (red negative and
blue positive charges) calculated with Adaptive Poisson-
Boltzmann Solver (APBS) (7), whereas TXN is shown in
cartoon. Cysteines involved in catalysis and the amino acids
of the tetrad are displayed (ball and sticks). Sulfur atoms of
Cys40 and Cys43 of TXN are in red, whereas sulphur of
peroxidatic Cys47 and resolving cysteines Cys95 forming a
disulfide bridge are in yellow and green, respectively. Re-
sidues in contact between the two proteins are shown in lines
and are Ser38, Trp39, Arg44, Asp71, Trp70, Glu72, Glu73, Gln98,
Ser108, Ile109 of TXN and Gly48, Tyr49, Lys51, Glu89, Glu92, Phe93,
Val94 of the peroxidase. Black dotted lines indicate polar con-
tacts (distance <4.0 Angstrom). Figure was constructed by
using Pymol (http:==www.pymol.org). (To see this illustra-
tion in color the reader is referred to the web version of this
article at www.liebertonline.com=ars).
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[for reviews, see (24, 56, 58, 69, 92)]. The MtTPx clearly dis-
tinguishes between different types of thioredoxins (58); the
other extreme is a comparable reduction by Trx and GSH, as
shown in Prx2 and 3 of S. mansoni (102). For 1-CysPrxs, low
molecular thiols and protein SH groups are commonly sus-
pected as co-substrates, but a variety of them were also shown
to be reduced by ascorbate (81), thus challenging the dogma
that all Prxs are thiol peroxidases. The structural features
enabling the typical Prx=redoxin interaction are illustrated in
Fig. 13. Despite the multiple contacts between the proteins, no
typical ‘‘lock and key’’ situation is detectable, which complies
with a discrete, but not stringent, substrate specificity.

Synopsis

The two families of thiol peroxidases catalyze the reduction
of hydroperoxides by thiols, essentially by similar mecha-
nisms. The active-site thiol or selenol is oxidized by ROOH
without interim formation of an enzyme–substrate complex
to a sulfenic acid or selenenic acid, respectively, and the latter
is stepwise reduced by two R-SH equivalents (Figs. 9 and 11).
The activation of the redox-active thiol (selenol) involves de-
protonation, polarization, and proton shuttling to cleave the

substrate’s peroxyl bond. These basic principles applying to
both families, the mechanistic details are distinct, as are the
residues contributing to the chalcogen and substrate activa-
tion: a tetrad typically consisting of Sec(Cys), Asn, Gln, and
Trp in the GPx family (Fig. 2), and a triad comprising Cys, Thr
(Ser), and Arg in the Prx family (Fig. 1). The oxidation
equivalents of the labile sulfenic or selenenic acid forms (F in
reaction schemes) may be ‘‘parked’’ in more-stable derivatives
F0, which contain intra- or intermolecular disulfide bridges in
2-CysGPxs and 2-CysPrxs, are structurally unknown in
SecGPxs, and hypothetically mixed disulfides in 1-CysPrxs.

The reductive part of the catalysis starts with formation of
a mixed disulfide (selenyl-sulfide) G between enzyme and
a first reducing thiol, and the ground-state enzyme E is
regenerated by further thiol=disulfide exchange in both fam-
ilies. Thiols, thus, are the typical substrates for both families,
ascorbate as substrate of 1-CysPrxs so far being the only re-
ported exception. Donor-substrate specificities vary between
the families as well as within the families, and the warning
not to annotate functions based on sequence homology (3)
remains valid.

The residues determining specificity for a particular sub-
strate may equally vary between enzymes of the same (com-
pare Figs. 8 and 10) and distinct families (compare Figs. 12
and 13). As a general, but by no means strict, rule, SecGPxs
may be suspected to prefer GSH or other monothiols as sub-
strate, whereas 2-CysGPxs and 2-CysPrxs are overwhelm-
ingly reduced by redoxin-type proteins.

The similarity of GPx and Prx mechanisms and specificities
should, however, not be considered indicative of a common
phylogenetic ancestor; it rather is an example of convergent
evolution. This raises the question what the evolutionary
pressure could have been that led to the realm of enzymes that
seemingly meet the same task: reduction of hydroperoxides.
Just focusing on the situation in mammals, we have to en-
counter eight GPx- and six Prx-type peroxidases on top of
catalase, other heme peroxidases, and GSH-S-transferases
doing similar jobs. Admittedly, most of the heme peroxidases
are not in charge of H2O2 detoxification. It also appears con-
ceivable that mammalian physiology was in need of an en-
zyme such as GPx4 that is specialized for removal of lipid
hydroperoxides. Still, we have 13 thiol peroxidases plus cat-
alase left to compete for H2O2. It is hard to believe that nature
had to assure efficient antioxidant defense by creating a
minimum of 14 redundant enzymes backing up each other.
Rather, the risks of ‘‘oxidative stress,’’ which for long domi-
nated research on peroxidases, have detracted attention from
other potential roles of these enzymes. Thiol peroxidases are
indeed ideal candidates to ‘‘use’’ H2O2 or other hydroperox-
ides for redox regulation, differentiation, or other purposes,
and their diversity is the key to lend specificity to the oxidant
signaling molecule H2O2. Beyond that, their peculiar mecha-
nism of action and the associated structural changes provide
unusual chances to meet specific tasks that are completely
distinct from fighting oxidative stress.

The enzyme-substitution mechanism, which is common to
all thiol peroxidases, implies that we have to consider the
different enzyme forms that constitute the catalytic cycle (E, F,
F0, and G in Figs. 9 and 11) as proteins with distinct chemical
characteristics, and there is ample evidence that additional
distinct enzyme forms [e.g., an E0 as a ground-state enzyme E
with a distorted peroxidatic site (84) (see Figs. 4 and 7)], or an

FIG. 13. Model of interaction of the typical 2-Cys Prx-type
TXNPx with tryparedoxin (TXN), as modeled by Hofmann
et al. (56). The two chains of TXNPx are shown with the
Connolly electrostatic charge distribution (red, negative; and
blue, positive charges) calculated with Adaptive Poisson-
Boltzmann Solver (APBS) (7). The chain containing the per-
oxidatic cysteine (Cys52 with sulfur in yellow) is in green and
is shown bonded by a disulfide bridge to the resolving cys-
teine (Cys173 with sulfur in green) of the second chain in red.
Residues in contact between the two proteins are shown
in lines and are Trp40, Pro42, Pro43, Arg45, Trp71, Asp77, Lys84,
Ser109, and Ile110 of TXN, Val51, Arg92, Lys93, Lys94, Gly95

of the peroxiredoxin chain (in green) carrying the peroxida-
tic cysteine Cys52 and Val172, Glu171, and Phe165 of the per-
oxiredoxin chain (in red) carrying the resolving cysteine
Cys173. Black dotted lines, Polar contacts (distance <4.0 Å).
Triad of the peroxiredoxin chain carrying the peroxidatic cys-
teine Cys52 (ball and sticks) sulfurs of Cys41 and Cys44 of TXN
are shown in red. Figure was obtained by using Pymol
(http:==www.pymol.org=). (To see this illustration in color
the reader is referred to the web version of this article at
www.liebertonline.com=ars).
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overoxidized enzyme F0 0 may be implicated. Each of these
forms offers a distinct substrate-interaction site that is by no
means restricted to interaction with a substrate of the regular
catalytic cycle. In the reaction schemes (Fig. 9 and 11), which
equally apply to GPx and Prx, the arrow pointing from F to
‘‘alternate substrates’’ refers to the possibility that F, after
having ‘‘sensed’’ H2O2, targets an SH group of another protein
by its sulfenic (selenenic) acid function instead of a substrate
thiol or the CR. Documented examples are the polymerization
of SecGPx4 in mammalian spermiogenesis (30, 121), the
S-thiylation of Yap1 by Orp1 in S. cerevisiae (22), and the
analogous reaction of the 2-CysPrx of S. pombe with Pap1 (83)
and Sty1 (123). A similar de-branching from the catalytic cycle
may be envisaged at the level of F0 of 2-CysGPx or Prx. These
disulfide forms can, in principle, undergo thiol=disulfide
exchange with protein thiols distinct from their regular sub-
strates and, thus, may act as protein thiol–modifying agents.
With GSH as co-substrate, G might transfer its glutathionyl
residue to a protein SH instead of to a second GSH. Finally,
the more or less pronounced specificity of the 2-Cys thiol
peroxidases could account for the redox state of a particular
redoxin that, in turn, can affect a regulatory circuit [e.g., by
redox-dependent non-covalent binding of Trx to ASK1 in
humans (99) or termination of oxidant activation of Yap1 by
reduced Trx in yeast (21, 22, 99)]. How widely all these po-
tentials of the thiol peroxidases are exploited in nature re-
mains a challenging question. Convincing answers have to be
based on affinities and rate constants of the individual en-
zyme forms for the target proteins under consideration, rel-
ative to those for the regular recycling substrates (32, 44).

In short, some of the thiol peroxidases are certainly
important for balancing a hydroperoxide challenge; others
appeal as potential key players in the scenario of redox
regulation. Depending on localization or association with
supramolecular complexes, they may complement each other
in sensing hydroperoxides and specifically transducing the
oxidant signal to special targets. In this context, particularly
the 2-CysGPxs and Prxs with their structural flexibility are
emerging as multitask enzymes that are best suited to meet
the specificity demand in redox signaling.
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43. Foresta C, Flohé L, Garolla A, Roveri A, Ursini F, and
Maiorino M. Male fertility is linked to the selenoprotein
phospholipid hydroperoxide glutathione peroxidase. Biol
Reprod 67: 967–971, 2002.

44. Forman HJ, Maiorino M, and Ursini F. Signaling functions
of reactive oxygen species. Biochemistry 49: 835–842, 2010.

45. Gamain B, Langsley G, Fourmaux MN, Touzel JP, Camus D,
Dive D, and Slomianny C. Molecular characterization of the
glutathione peroxidase gene of the human malaria parasite
Plasmodium falciparum. Mol Biochem Parasitol 78: 237–248, 1996.

46. Gladyshev VN. Selenoproteins and selenoproteomes. In:
Selenium: Its Molecular Biology and Role in Human Health.
Edited by Hatfield DL and Berry MJ. New York: Springer,
2006, pp. 99–110.

47. Godeas C, Tramer F, Micali F, Roveri A, Maiorino M, Nisii
C, Sandri G, and Panfili E. Phospholipid hydroperoxide
glutathione peroxidase (PHGPx) in rat testis nuclei is
bound to chromatin. Biochem Mol Med 59: 118–124, 1996.

48. Goto K, Saiki T, and Okazaki R. Synthesis, structure, and
reactions of stable selenenic acids bearing novel bridged
calix(6)arene frameworks. Phosphorus, Sulphur, Silicon 136–
138: 475–478, 1998.

49. Groeger G, Quiney C, and Cotter TG. Hydrogen peroxide
as a cell-survival signaling molecule. Antioxid Redox Signal
11: 2655–2671, 2009.

50. Günzler WA, Vergin H, Müller I, and Flohé L. [Glutathione
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M, Sztajer H, and Flohé L. Genetic variations of gpx-4 and
male infertility in humans. Biol Reprod 68: 1134–1141, 2003.

75. Maiorino M, Roveri A, Benazzi L, Bosello V, Mauri P,
Toppo S, Tosatto SC, and Ursini F. Functional interaction of
phospholipid hydroperoxide glutathione peroxidase with
sperm mitochondrion-associated cysteine-rich protein dis-
closes the adjacent cysteine motif as a new substrate of the
selenoperoxidase. J Biol Chem 280: 38395–38402, 2005.

76. Maiorino M, Aumann KD, Brigelius-Flohé R, Doria D, van
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MOLISA GmbH
Brennecke-Strasse 20
D-39118 Magdeburg

Germany

E-mail: l.flohe@t-online.de

Date of first submission to ARS Central, June 16, 2010; date of
final revised submission, June 21, 2010; date of acceptance,
July 18, 2010.

Abbreviations Used

CP¼peroxidatic cysteine
CR¼ resolving cysteine

CysGPx¼ cysteine-containing glutathione
peroxidase

Dm¼Drosophila melanogaster
E0¼ total enzyme concentration
F¼ catalytic intermediate (oxidized)
G¼ catalytic intermediate (half reduced)

GPx(s)¼ glutathione peroxidase(s)
GPx1-8¼ type 1-8 of glutathione peroxidase

GSH¼ reduced glutathione

GSSG ¼ oxidized glutathione
Hs ¼ Homo sapiens

Keap 1 ¼ Kelch-like ECH-associated protein 1
M ¼ moles=liter

Mt ¼ Mycobacterium tuberculosis
NMR ¼ nuclear magnetic resonance
Nrf2 ¼ nuclear factor (erythroid-derived 2)-like 2

OxyR ¼ regulator of hydrogen peroxide–
inducible genes

Pf ¼ Plasmodium falciparum
Prx(s) ¼ peroxiredoxin(s)

Prx1-6 ¼ types1–6 of peroxiredoxin
ROH ¼ alcohol

ROOH ¼ alkylhydroperoxide
s ¼ second

Sec ¼ selenocysteine
SecGPx ¼ selenocysteine-containing glutathione

peroxidase

Tb ¼ Trypanosoma brucei
Trx ¼ thioredoxin

TrxS2 ¼ oxidized thioredoxin
Trx(SH)2 ¼ reduced thioredoxin

TXN ¼ tryparedoxin

TXNPx ¼ tryparedoxin peroxidase

UP ¼ peroxidatic selenocysteine

v0 ¼ initial velocity
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