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A B S T R A C T

Peroxiredoxins (Prxs) are an unusual family of thiol-specific peroxidases that possess a binding site for H2O2 and
rely on a conserved cysteine residue for rapid reaction with H2O2. Among 6 mammalian isoforms (Prx I to VI),
Prx I and Prx II are mainly found in the cytosol and nucleus. Prx I and Prx II function as antioxidant enzymes and
protein chaperone under oxidative distress conditions. Under oxidative eustress conditions, Prx I and Prx II
regulate the levels of H2O2 at specific area of the cells as well as sense and transduce H2O2 signaling to target
proteins.

Prx I and Prx II are known to be covalently modified on multiple sites: Prx I is hyperoxidized on Cys52;
phosphorylated on Ser32, Thr90, and Tyr194; acetylated on Lys7, Lys16, Lys27, Lys35, and Lys197; glutathionylated
on Cys52, Cys83, and Cys173; and nitrosylated on Cys52 and Cys83, whereas Prx II is hyperoxidized on Cys51;
phosphorylated on Thr89, Ser112, and Thr182; acetylated on Ala2 and Lys196; glutathionylated on Cys51 and
Cys172; and nitrosylated on Cys51 and Cys172. In this review, we describe how these post-translational mod-
ifications affect various functions of Prx I and Prx II.

1. Introduction

Peroxiredoxins (Prxs) are a large family of peroxidases that reduce
peroxides such as hydrogen peroxide (H2O2), alkyl hydroperoxides, and
peroxynitrite [1–4]. These peroxidases are ubiquitously expressed, with
multiple isoforms present in most organisms. Unlike other peroxidases
that contain prosthetic groups (such as metals, heme, flavin) or sele-
nocysteine. Prxs rely on the sulphur atom of a conserved Cys residue,
termed the peroxidatic Cys (CP), to cleave the peroxyl (–O–OH) bond.
Most, but not all, Prx enzymes contain an additional conserved Cys
residue, termed the resolving Cys (CR). On the basis of the presence or
location of the CR residue, Prxs are classified into 2-Cys, atypical 2-Cys,
and 1-Cys subfamilies [1,5]. Mammalian cells express six Prx isoforms:
four 2-Cys Prx isoforms (PrxI to PrxIV), one atypical 2-Cys isoform
(PrxV), and one 1-Cys Prx isoform (PrxVI) [6–9].

The basic structural unit of all Prxs (not only mammalian Prxs but
also Prxs of other species) is a homo-dimer, which gives rise to a high-
affinity peroxide binding site that is lacking in other peroxide-elim-
inating enzymes such as catalase and glutathione peroxidases (GPxs)
and generates a specific environment that renders the sulfhydryl group
of CP (CP–SH) highly sensitive to oxidation by peroxides [4,10,11]. The

CP–SH reacts with peroxide to form cysteine sulfenic acid (CP–SOH)
with the release of water. In 2-Cys Prxs, the unstable sulfenic inter-
mediate forms an intersubunit disulfide with a resolving cysteine thiol
(CR–SH) residue located in the COOH-terminal region of the other
subunit in the Prx dimer, in which two subunits are arranged in an
antiparallel orientation with domain swapping. The disulfide is subse-
quently reduced by the thioredoxin system comprising thioredoxin
(Trx), thioredoxin reductase (TR) and NADPH to complete the catalytic
cycle (Fig. 1).

The CP–SOH produced as an intermediate during catalysis occa-
sionally undergoes further oxidation to cysteine sulfinic acid (CP–SO2H)
[12], a reaction that cannot be reversed by Trx (Fig. 1). This hyper-
oxidation, which is mainly observed with 2-Cys Prx enzymes from eu-
karyotic but not prokaryotic cells occurs when disulfide formation be-
tween CP–SOH and CR–SH is slow enough to allow the reaction of
CP–SOH with another peroxide. Because the sulphur atom of disulfide
state is resistant to further oxidation and becomes liable again to hy-
peroxidation only when it is in the sulfenic state, hyperoxidation of
CP–SOH occurs only when Prx is engaged in the catalytic cycle [12].

The hyperoxidation of CP–SOH to CP–SO2H is reversible, with the
reduction being catalyzed by sulfiredoxin (Srx) [13,14]. Srx defines a
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conserved family of proteins in lower and higher eukaryotes, all of
which share a conserved Cys residue. The Srx-catalyzed reduction re-
quires ATP and a thiol such as GSH or Trx [14,15]. Sulfinic Prx is
further oxidized to sulfonic form (CP–SO3H) in cells exposed to higher
concentrations of H2O2 and the sulfonic Prx cannot be reduced by Srx
[15]. Oxidation of cysteine to sulfinic acid is not restricted to 2-Cys Prx
enzymes. Atypical 2-Cys Prx (Prx V) and 1-Cys Prx (Prx VI) also un-
dergo hyperoxidation, albeit more slowly than 2-Cys Prx [16]. Fur-
thermore cysteine residues of many other proteins are also oxidized to
sulfinic acid. However, Srx binds specifically to the 2-Cys Prxs and the
Srx-mediated reduction is specific to 2-Cys Prx isoforms. Not only
prokaryotic 2-Cys Prx enzymes are insensitive to oxidative inactivation,
but also prokaryotes do not express Srx [14,17]. Reversible inactivation
of 2-Cy Prxs through hyperoxidation was therefore proposed to be a
eukaryotic adaptation that allows H2O2 to accumulate to substantial
levels under certain circumstances for signaling purposes in the flood-
gate hypothesis [17] (see below). Subsequently, hyperoxidation was
found to confer a new function on 2-Cys Prxs, namely that of a protein
chaperone, which protects cells against stress-induced protein un-
folding [18,19].

The functional switch of 2-Cys Prxs from peroxidase to chaperone
involves changes in their quaternary structure. In the reduced state, 2-
Cys Prx dimers associate into donut-shaped ring-like decamers, stabi-
lized by hydrophobic interactions between dimer–dimer interface re-
sidues. Upon oxidation of CP–SH to disulfide, the dimer-dimer inter-
action becomes weak, thus leading to the dissociation of decamers into
the disulfide-linked dimers [17,20,21]. Hyperoxidation of CP–SH causes
the formation of oligomeric structures of filamentous or spherical
shapes with molecular weight higher than that of decamers. These
higher oligomeric structures bring about the peroxidase-independent
chaperone function.

It has been well accepted that H2O2 is generated in response to the

stimulation of many cell surface receptors and involved in redox-reg-
ulation of signaling pathways in various cell types [22–25]. The me-
chanism of redox-regulation is based mostly on the reversible oxidation
of cysteine residues of effector proteins [26], which include protein
tyrosine phosphatases (PTPs) [27–31], protein tyrosine kinases (PTKs)
[32–34], mitogen activated protein kinsases (MAPKs) [35,36], AGC
protein kinases [cAMP-dependent protein kinase (PKA), cGMP-depen-
dent protein kinase (PKG), protein kinase C (PKC)} [37–39], tran-
scription factors [40,41], and ion channels [42–46].

Mammalian cells express three types of H2O2-eliminating enzyme:
catalase, GPxs, and Prxs [47]. Catalase is localized exclusively in per-
oxisomes, whereas GPx and Prx isoforms are found in various orga-
nelles. Prxs are much more abundant than GPxs, typically constituting
0.1–0.8% of total soluble protein in cells. Prx isoforms are therefore
prime candidates for regulators of H2O2 signaling initiated by cell-
surface receptors. Kinetic analysis revealed that the second-order rate
constants for the oxidation of CP–SH to CP–SOH are in the range of
1× 106–1×108M−1 s−1 and that the target thiol groups of H2O2 ef-
fector proteins react with H2O2 several orders of magnitude more
slowly than does CP–SH of Prx [2,4,48–50]. Furthermore, Prxs are
abundant proteins that are present in various compartments of the cell,
and H2O2 molecules bind to Prx with submicromolar affinity [6,48,51].
Thus cysteine residues of H2O2 target proteins are at a competitive
disadvantage for reaction with H2O2 that is produced only transiently.

It has been shown recently that this kinetic disadvantage can be
circumvented when 2-Cys Prx molecules near target molecules are
transiently inactivated via post-translational modification such as
phosphorylation and hyperoxidation of catalytic cysteine [52–54]. Such
localized inactivation of 2-Cys Prx thus allows H2O2 to accumulate in
specific regions of the cell without global redox disturbance. In another
way, H2O2 target proteins are not directly oxidized by H2O2, and the
oxidation of their cysteine residues are instead catalyzed by a member

Fig. 1. Catalytic cycle of peroxidase reaction and hyperoxidiation of 2-Cys Prxs.

S.G. Rhee and H.A. Woo Free Radical Biology and Medicine 152 (2020) 107–115

108



of 2-Cys Prxs [26,55–57]. In this scenario, 2-Cys Prx is first oxidized by
H2O2 and then transfers its oxidation state to a H2O2 target protein,
thus serving as both a sensor and transducer of H2O2 signaling (Fig. 2)

It is clear that 2-Cys Prx enzymes are not simply for the elimination
of peroxides to relieve oxidative distress. In cells exposed to high levels
of peroxides, 2-Cys Prxs are transformed into peroxidase-independent
protein chaperone. In cells that produce H2O2 for eustress as in the case
of the propagation of receptor signaling, 2-Cys Prxs function as local
regulators of H2O2 concentration and sensors and transducers of H2O2

signaling. In this review, we describe how these various functions of 2-
Cys Prxs are regulated via post-translational modifications, such as
phosphorylation, acetylation, glutathionylation, and nitrosylation. The
sites of such modifications are schematically shown in Fig. 3.

1.1. Regulation of Prx I via phosphorylation

Ligation of the receptors for growth factors such as platelet-derived
growth factor (PDGF) or epidermal growth factor (EGF) induces the

production of H2O2 through activation of NADPH oxidase present in
lipid rafts [22,23,58]. This generation of oxidative eustress is necessary
for the propagation of signaling because activation of those receptor
protein tyrosine kinases is not sufficient to increase the steady-state
level of protein tyrosine phosphorylation in cells, and concurrent in-
hibition of protein tyrosine phosphatases (PTPs) through H2O2-depen-
dent oxidation of their active site Cys is required to prevent a futile
cycle of phosphorylation and dephosphorylation [24,59]. For H2O2 to
be able to oxidize PTP Cys, it must be protected from elimination by the
abundant and efficient Prx enzymes until it has completed the relatively
slow oxidation reaction. The protection of H2O2 is achieved when Prx I
associated with the

Plasma membrane at lipid rafts is selectively phosphorylated at
Tyr194 by a member of Src PTK family and thereby inactivated in cells
stimulated by PDGF or EGF [52]. Similar tyrosine phosphorylation-
dependent inactivation occurs in cell activated via immune receptors
such as the T cell receptor (TCR) or B cell receptor (BCR) [52].

Although Prx I is localized predominantly to the cytosol, a small

Fig. 2. Sensor and transducer of H2O2 signaling by 2-
Cys Prxs. The sulphur atom (SP) of the peroxidatic
Cys (CP) of 2-Cys Prx is rapidly and selectively oxi-
dized by H2O2. The oxidized 2-Cys Prx enzyme, in
either the sulfenic or disulfide state, forms an inter-
molecular disulfide-linked intermediate with a bound
effector protein (shown as the green curved mole-
cule). Resolution of the disulfide by reaction with
another Cys–SH of the effector results in regeneration
of reduced Prx and oxidation of the effector protein,
the latter process leading to a change in effector
function.

Fig. 3. Post-translational modification of Prx I and Prx II. Peroxidase activity, localized H2O2 regulatory role, and chaperone function of Prx I and Prx II are
extensively modulated via various covalent modifications. The modified amino acid residues and the types of modification are indicated.
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fraction of the enzyme is associated with the lipid rafts [52]. Tyrosine-
phosphorylated Prx I, which accounts for∼0.3% of the total Prx I in the
cell, is exclusively confined to lipid rafts and is not detected in the
cytosol. The localized inactivation of Prx I thus allows H2O2 to accu-
mulate around lipid rafts, where signaling proteins such as receptors,
NADPH oxidase, PTPs, and Src family kinases are concentrated, while
preventing the toxic accumulation of H2O2 elsewhere. The physiolo-
gical relevance of this reversible inactivation is supported by that the
Tyr194 phosphorylation of Prx I also occurs at the wound edge during
repair of a cutaneous wounds in mice, with growth factors such as EGF,
PDGF, fibroblast growth factor, keratinocyte growth factor, and insulin-
like growth factor–1 being known to act as key inducers of the pro-
liferation of keratinocytes and fibroblasts at the wound margin [52].

In another example, localized accumulation of H2O2 is achieved via
phosphorylation of Prx I through on Thr90, which is located within a
consensus sequence, (S/T)PX (K/R), for phosphorylation by cyclin-de-
pendent kinases (Cdks) [54,60]. Prx I phosphorylation by Cdk1–Cyclin
B complex occurs during mitosis and is virtually undetectable during
interphase, and the phosphorylation inactivates peroxidase function.
The amount of phosphorylated Prx I in mitotic HeLa cells is ∼0.4% of
total Prx I. As in the case of Prx I tyrosine phosphorylation around lipid
rafts, PrxI threonine phosphorylation is a localized at the centrosome
during early stages of mitosis (prophase, prometaphase, and meta-
phase) but not during interphase or late mitotic stages (anaphase, tel-
ophase, and cytokinesis) [54].

Increases in mitochondrial respiration and arachidonic acid meta-
bolism as well as the activation of NADPH oxidase elevate the in-
tracellular level of H2O2 during G2-M phase [54]. The centrosome is
expected to be shielded from the high tide of H2O2 during the G2 phase
of the cell cycle by Prx I physically associated with the organelle, ex-
posed to H2O2 during early mitosis as Prx I becomes phosphorylated,
and shielded again as a result of Prx I dephosphorylation during late
mitosis by protein phosphatase 2A (PP2A), which is also concentrated
at the centrosome [61].

Many proteins that function in the mitotic entry network—such as
CycB and the kinases polo-like kinase 1(Plk1) and Aurora A
(AurA)—are specifically recruited to the centrosome in the G2 phase of
the cell cycle, resulting in the generation of high local concentrations of
these mitotic activators [62]. Activation of theCdk1–CycB complex
occurs first at the centrosome during prophase, and its amplification
through multiple feedback loops involving CycB, Plk1, and AurA also
occurs at this organelle [63]. Successful cell cycle progression from
metaphase to anaphase also requires that Cdk1 activity be turned off
through timely degradation of CycB, Plk1, and AurA. Degradation of
these regulators by the 26S proteasome results from their ubiquitina-
tion by the multisubunit ubiquitin ligase APC (anaphase-promoting
complex/cyclosome), which requires association with Cdc20 homolog 1
(Cdh1) as an activator protein [61]. Cdh1 is prevented from efficient
interaction with APC by Cdk-mediated phosphorylation, with the dual
specificity phosphatase cell division cycle 14B (Cdc14B) being re-
sponsible for dephosphorylation of Cdk-phosphorylated Cdh1 [61].

A fraction of each of APC, Cdh1, and Cdc14B is present at the
centrosome [64], as are.

Cdk1, CycB, Plk1, and AurA. At the onset of mitosis, the steady
activation of Cdk1 requires protection of CycB, Plk1, and AurA from
APC–Cdh1. The low level of incipient Cdk1 activity is likely insufficient
to maintain Cdh1 in its phosphorylated state in the absence of con-
current suppression of the activity of Cdc14B. Given that Cdc14B is
highly sensitive to H2O2-dependent reversible inactivation via oxida-
tion of its catalytic Cys residue, inactivation of Cdc14B as a result of Prx
I phosphorylation by Cdk1 and consequent exposure of the centrosome
to H2O2 likely provide a means to block the association of Cdh1 with
APC. In the absence of such suppression of centrosomal Cdc14B ac-
tivity, further activation of Cdk1 would not be expected to occur at the
onset of mitosis because CycB, Plk1, and AurA would be degraded
prematurely. Consistent with this scenario, downregulation of

centrosomal H2O2 abundance by forced expression of a centrosome-
targeted form of catalase was found to markedly delay mitotic entry
and to lower the centrosomal levels of CycB, Plk1, and AurA [54].

When Thr90 of Prx I is substituted with Asp to mimic the phos-
phorylated status of the protein, the mutation not only reduces perox-
idase activity markedly, but also changes its structure from low mole-
cular weight species to high molecular weight complexes and enhances
its chaperone activity by six fold, suggesting that phosphorylation of
Prx I on Thr90 is likely to affect its protein structure and chaperone
function [65]. This observation allows speculate that the increased
chaperone activity is designed to protect cells from denaturation of
centrosomal proteins that might occur as the result of sustained ele-
vation of H2O2 around centrosome at the onset of mitosis.

CDKs are best recognized for their role in regulating cell cycle
progression in the nucleus [66]. However, some specialized members
like Cdk5 do not use cyclins to promote activation, and there is little
evidence for involvement of cdk5 in classical cell cycle regulation. In-
stead, cdk5 is considered a key element in neuronal development and
function [67,68]. There is also evidence suggesting a pathogenic role of
cdk5 in neurodegenerative disorders, such as Parkinson's disease (PD)
[69] and Alzheimer's disease (AD) [70]. Cdk5 phosphorylate Prx II at
the Thr89 in the cytosol and thereby inactivates its peroxidase activity
[71,72]. This peroxidase inactivation and the resulting cytosolic accu-
mulation of H2O2 are thought to contribute to neurodegeneration in
multiple models of ischemic injury or Parkinson's disease [71,72].

Prx I is also phosphorylated on Ser32 by T-cell-originated protein
kinase (TOPK), a serine-threonine kinase member of the mitogen-acti-
vated protein kinase kinase (MAPKK) family [73]. TOPK is minimally
expressed in differentiated cells, and its overexpression is a pathophy-
siological feature of many tumors including skin cancer cells. Studies
with a human melanoma cells indicated that TOPK binds with Prx I,
phosphorylates Prx1 at Ser32, and co-localizes with Prx1 in the nucleus
upon irradiation of the cells with UVB [73]. In contrast to the Thr90

phosphorylation of Prx I, Ser32 phosphorylation increases its peroxidase
activity and does not affect its chaperone activity. The TOPK-mediated
phosphorylation of Prx I contributes to the resistance of melanoma cells
to UVB-induced apoptosis by blocking intracellular H2O2 accumulation
[73].

Prx I phosphorylation on Ser32 was detected by large-scale phos-
phoproteomic characterizations of nine mouse tissues [74] and human
liver tissue [75]. The proteomics studies also detected Prx II phos-
phorylated on Ser112 and Thr182. But there have been no other reports
on the Prx II phosphorylation on Ser112 and Thr182. It is worth to note
that despite the fact that phosphorylation of Prx I on Tyr194 and Thr90

clearly occurs, no phosphoproteomic studies have detected it. It is
probably because both phosphorylation events are restricted to a small
population of Prx I localized in a specific subcellular compartment
under a specific cellular condition.

1.2. Regulation of Prx I and Prx II via acetylation

Proteins are typically acetylated on lysine residues with acetyl-
coenzyme being the acetyl group donor. Lysine acetylation is a re-
versible process regulated by competition of two enzymes, histone
acetyltransferases (HATs) and histone deacetylases (HDACs), both of
which act on histone proteins and non-histone proteins as well [76].
Eighteen HDACs are present in mammalian cells, categorized into two
groups: zinc-dependent enzymes (HDAC1–11) and NAD+-dependent
enzymes (sirtuins 1–7). Among Zn-dependent HDACs, HDAC6 is un-
ique, with both nuclear and cytoplasmic localization, two catalytic
sites, and a ubiquitin-binding site [77]. Unlike other deacetylases,
HDAC6 has unique substrate specificity for nonhistone proteins in-
cluding α-tubulin and heat shock protein 90.

Prx I and Prx II were found to be HDAC6 substrates as the result of
studies involving a human prostate cancer cell, LAPC4, which does not
express HDAC6 protein while all other zinc-dependent HDACs are
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expressed [78]. LAPC4 cells accumulated acetylated α-tubulin and
other acetylated proteins including Prx I and Prx II. Inhibition of
HDAC6 with the HDAC6-selective inhibitor tubacin or its down-reg-
ulation with siRNA in several transformed as well as normal cells re-
sulted in an accumulation of acetylated Prx I and Prx II. The sites of
acetylation were identified to be Lys197 in Prx I and Lys196 in Prx II by
mutational studies, which did not rule out that there may be other ly-
sines in each protein that are acetylated [78]. Acetylated Prx I and Prx
II were more resistant to the hyperoxidation of CP-SH by H2O2 and to
the aggregation to high molecular weight complexes than were the non-
acetylated forms [78]. Acetylation also slightly increased peroxidase
activity. This observation led several laboratories to investigate the role
of the HDAC6-mediated acetylation of Prx I and Prx II in the patho-
genesis of neurological and myocardial disease due to oxidative stress.

The major pathological features of Alzheimer's disease are extra-
cellular accumulation of amyloid-beta peptide (Aβ). Cytotoxic effects
induced by Aβ include uncontrolled elevation of intracellular reactive
oxygen species (ROS) and Ca2+. It has been shown that the levels and
activity of HDAC6 are increased in the brains of Alzheimer's disease
patients and that inhibition of HDAC6 in Alzheimer's disease model
mice results in improved memory [79]. In addition, Aβ-induced im-
pairment of mitochondrial axonal transport is rescued by HDAC6 in-
hibitor in primary neurons [80]. As expected, Prx1 acetylation is de-
creased in the hippocampus and cortex of AD patients compared to age-
and sex-matched normal controls. Furthermore, acetylation of en-
dogenous Prx I in primary hippocampal neurons and mouse hippo-
campal neuronal (HT22) cell line is decreased in response to Aβ
treatment and recovered by tubacin, suggesting that acetylation of Prx I
might be one of the crucial factors that modulate AD pathology [79].
The site of deacetylation on Prx I by HDAC6 was confirmed as Lys197

using a sequence-specific antibody to acetylated Prx I synthetic peptide
SKEYFSK197(Ac)QK [79].

The role of HDAC6-mediated Prx acetylation was also investigated
using Parkinson mouse model induced by 6-hydroxydopamine [81].
Upon injury of dopaminergic neurons by 6-hydroxydopamin, the level
of HDAC 6 expression increased and acetylation levels of Prx I and Prx
II decreased. Pharmacological inhibition with tubacin increased acet-
ylation of Prx I and Prx II, reduced ROS production and ameliorated
dopaminergic neurotoxicity.

Diabetes patients are known to be more vulnerable to myocardial
ischemia reperfusion injury, which is associated with excessive oxida-
tive stress. Rat diabetic hearts express excessive HDAC6 activity and
reduced levels of acetylated Prx I [82]. Treatment of the diabetes rat
with tubacin dramatically improved cardiac function, reduced oxida-
tive stress, and increased acetylated Prx I levels in diabetic rats with
myocardial ischemia reperfusion injury [82].

Mass spectral analysis of tryptic peptides obtained from three
human cell lines (MV4-11 myeloid leukemia cell, A549 lung carcinoma,
and Jurkat leukaemic T-cell) identified 3600 lysine acetylation sites on
1750 proteins [83]. These include acetylation of Prx I on Lys7, Lys16,
Lys27, and Lys35. But the same acetylome analysis revealed no acety-
lated Prx II peptide.

The significance of Lys27 acetylation of Prx I was investigated, using
the genetic code expansion method, which allows N-acetyllysine to be
incorporated in cells in a homogeneous and site-specific manner [84].
Glutamine, although used frequently as a mimic of acetyllysine, cannot
fully recapitulate the properties of acetyllysine. It was found that
acetylation of Lys27 increases Prx I oligomerization and greatly en-
hances its chaperone activity. This is likely because Lys27 lies at the
interface of two Prx I dimers, and its acetylation facilitates Prx I oli-
gomerization by decreasing the positive charge of the interface [84].
The roles of Prx I acetylation on Lys7, Lys16 and Lys35 remain to be
studied.

A majority of mammalian proteins are co-translationally acetylated
at N-terminal residue, catalyzed by specific N-terminal acetylases. Prx II
is acetylated at the N-terminal alanine whereas the N-terminal Ser of

Prx I is not acetylated [85]. The differential N-terminal acetylation has
to do with the reversibility of CP–SH hyperoxidation. When HeLa cells
are exposed to H2O2, the CP–SH of Prx II is hyperoxidized to sulfinic
acid (CP–SO2H) faster than that of Prx I. Nevertheless, the majority of
the hyperoxidized Prx II formation is reversible, whereas the hyperox-
idized Prx I shows much less reversibility because it is further oxidized
to sulfonic (CP–SO3H) derivative [85]. Evidence suggests that the
structural maintenance provided by N-terminal acetylation of Prx II
does not affect the reactivity of CP–SH towards H2O2 but prevents ir-
reversible overoxidation of CP–SH to CP–SO3H. The large scale acet-
ylome analysis revealed N-terminal acetylation of Prx II but not of Prx I
[86].

1.3. Regulation of Prx I and Prx II via glutathionylation

Protein S-glutathionylation, the reversible attachment a glutathione
to a protein via the formation of disulfide with a protein thiol, occurs
generally in cells under oxidative stress. Redox proteomic studies
identified Prx I as a glutathionylated protein in oxidatively stressed
human T lymphocytes and hepatocytes [87,88]. Prx I is also glu-
tathionylated in A549 and HeLa cells after treatment with micromolar
concentration of H2O2 [89]. Subsequent studies with purified re-
combinant human Prx I revealed that among its four Cys residues
(Cys52, Cys71, Cys83, and Cys173), Cys52 (CP), Cys83, and Cys173 (CR) can
be glutathionylated. Cys83 is conserved in mammalian Prx I but absent
in Prx II. When HeLa cells are exposed to low levels of H2O2, Prx I is
preferentially glutathionylated, because glutathionylation of Cys 83 is
more favorable over that of the two catalytic CP and CR residues.

Cys83 is known to be located at the dimer–dimer interface and
stabilizes the hydrophobic interaction required for the decamer for-
mation [90]. Analytical ultracentrifugation-sedimentation studies using
various Cys mutant proteins revealed that glutathionylation of Prx I
promotes changes in its quaternary structure from decamers to dimers
and that monoglutathionylation of Cys83 is sufficient to induce the
dissociation of decameric Prx I [91]. Prx I decamers exhibit chaperone
activity which is lost if the decamers are dissociated into dimers. Indeed
glutathionylation of Prx I, both the wild-type and mutant in which
Cys52 and Cys173 are replaced by Ser, greatly reduced their chaperone
activity [91].

Deglutathionylation is efficiently catalyzed by the thiodisulfide
oxidoreductase, glutaredoxin (Grx). The mammalian Grx I, the best
characterized from the Grx group, catalyzes the deglutathionylation of
multiple protein substrates with widely varying degrees of efficiency,
suggesting that substrate recognition plays an important role in de-
glutathionylation process and other enzymes may also catalyze the
deglutathionylation [92]. In fact, the levels of protein glutathionylation
induced by nitric oxide (NO) in A549 cells decrease upon over-
expression of Srx and purified Srx protein catalyzes deglutathionylation
of glutathionylated actin and protein tyrosine phosphatase 1B (PTP1B)
[93].

When Prx I glutationylated in vitro is used as substrate, the deglu-
tathionylation of Cys173 and Cys83 is preferentially catalyzed by Srx,
whereas Grx I is more favorable for deglutathionylating Cys52 [89].
Mechanistic studies revealed that glutathionylated Srx at Cys99, the
catalytic residue for the reduction of hyperoxidized 2-Cys Prx enzymes,
is an intermediate for the deglutathionylation catalyzed by Srx [89]. Srx
binds tightly to 2-Cys Prxs and amino acid residues of Srx and Prx 1
involved in their association have been identified [94]. Mutations of
those residues (Tyr92 of Srx; and Glu123, Arg128, Pro174, and Trp177 of
Prx I) drastically reduced deglutathionylation activity, supporting the
notion that Srx deglutathionylates Prx I specifically due to its high af-
finity interaction with Prx I [89].

Proteomic analysis identified Prx II as a protein released in glu-
tathionylated form by macrophages treated with lipopolysaccharide
(LPS). The released Prx II was shown to trigger the production of TNF-α
[95]. Inflammation is associated with increased oxidative stress and
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causes various forms of protein oxidation [96]. Oxidation (glutathio-
nylation) of intracellular Prx II and its release appear to serve as an
inflammatory signal [95]. Interestingly, glutathionylated Prx II is re-
leased only as a disulfide-linked homodimers [95]. In addition to CP and
CR, mammalian Prx II contains additional Cys residue Cys70. It is likely,
therefore that in the released Prx II, Cys70 is the glutathionylated re-
sidue while CP and CR are involved in disulfide formation. Alter-
natively, one CP is glutationylated while the other CP is used for dis-
ulfide formation with CR.

The active site Cys residues, CP and CR, of Prx II become glu-
tathionylated when its disulfide-linked dimers are incubated with GSH
in vitro [97]. Prx II become glutathionylated also when its reduced
protein is treated with H2O2 and GSH. The latter reaction occurs via the
CP-SOH intermediate, which reacts sufficiently rapidly for physiological
concentrations of GSH to inhibit the formation of CP-S-S-CR and protect
against hyperoxidation to CP-SOH [97]. Glutathionylation is reversed
by Grx1. Thus, GSH plus Grx1 is able to support the peroxidase activity
of Prx II, albeit much slower than that supported by Trx and TR. Glu-
tathionylated Prx II is detected in erythrocytes from Grx1 knock-out
mice after exposure to H2O2 [97]. These results suggest that GSH/Grx1
system provides an alternative mechanism to Trx and TR for Prx II
catalytic recycling, which may be more prominent in situations such as
in the erythrocyte where Prx II is the third most abundant protein but
the amount of TR is extremely low [97].

1.4. Regulation of Prx I and Prx II via S-nitrosylation

S-nitrosylation, the covalent attachment of an NO moiety to sulf-
hydryl residues of proteins, can provide protection of cells against ir-
reversible oxidation of critical Cys residues of a variety of proteins [98].
Conversely, dysregulation of S-nitrosylation has been implicated in the
pathogenesis of various cardiovascular and neurodegenerative diseases.

S-nitrosylation of Prx II was detected with the use of the ascorbate-
dependent biotin switch method in both human neuroblastoma SH-
SY5Y cells and primary neuronal cultures after treatment with the NO
donor S-nitrosocysteine and in HEK-293 cells stably expressing neu-
ronal NO synthase (nNOS) following exposure to calcium ionophore to
activate nNOS [99]. In addition, studies with primary neurons from
wild-type or nNOS knockout mice following treatment with N-methyl-D-
aspartic acid (NMDA) showed that Prx II is S-nitrosylated in an NOS-
sensitive fashion [99]. Excessive activation of glutamate receptors by
excitatory amino acids like NMDA leads to excitotoxic damage, which is
thought to be critical in neurodegenerative disorders such as Parkin-
son's disease through production of ROS including NO. Mammalian Prx
II has three Cys residues, Cys51 (CP), Cys70, and Cys172 (CR). Ni-
trosoproteomic analysis of various Cys mutants revealed that CP and CR

are major targets for S-ntrosylation. Thus, S-nitrosylation of Prx II
during Parkinson's disease inactivates its peroxidase activity and is
believed to contribute to the neurodegeneration process by worsening
oxidative stress [99].

Prx II is abundantly nitrosylated in mouse embryonic stem (ES) cells
briefly exposed to S-nitrosoglutathione [100]. The resulting inhibition
of Prx II peroxidase activity caused a transient accumulation of H2O2

and subsequent activation of phosphatidylinositol 3-kinase pathway to
drive differentiation of the ES cells to cardiomyocytes. Exposure of
A549 and NCI–H1299 human lung cancer cells to S-nitrosoglutathione
also resulted in nitrosylation of Prx II at Cys51 and Cys172, causing the
accumulation of endogenous H2O2 and the apoptosis of the cells by
triggering the 5′ AMP-activated protein kinase (AMPK)/Sirtuin1
pathway [101].

Denitrosylation (removal of –NO) of nitrosoproteins is carried out
by protein disulfide reductases like thioredoxin, glutathione-NO re-
ductase, and protein disulfide isomerases [102]. Denitrosylation is also
achieved by GSH or intramolecularly by a thiol located in the nitosy-
lated protein. Srx was shown to denitrosylate Prx II in an ATP-depen-
dent manner [103]. Accordingly, overexpression of Srx protects

dopaminergic neural cells from NO-induced oxidative stress by redu-
cing S-nitrosylated Prx II. This denitrosylation activity of Srx toward
Prx II is also likely attributable to its high affinity interaction with Prx
II.

Prx I is also found to be S-nitrosylated in several cultured cells upon
exposure to NO donors such as S-nitrosocysteine and S-ni-
trosoglutathione [104]. Nitrosylation is observed mainly at Cys52 and
Cys83 but also at low frequency at Cys71 and Cys173. Instead of being a
nitrosylation site, Cys173 rather promotes denitrosylation through the
formation of a disulfide bond with the nitrosylated Cys52. As such, the
NO donors bring about disulfide formation between Cys52 (CP) and
Cys172 (CR) and inactivation of peroxidase activity [104]. The in-
activation is, however, transient, because the disulfide bond is reduced
by Trx-TR system. Accordingly, the rate of reactivation is dependent on
the rate of denitrosylation. Because the auto-denitrosylation CP-SNO by
CR-SH is a slow process compared with the dehydration reaction be-
tween CP-SOH and CR-SH, nitrosylation temporarily withdraws Prx I
from the peroxidase catalytic cycle, resulting in reduced activity. In
addition to the direct effects of NO on Prx I, NO exerts a marked in-
hibitory effect on the catalytic cycle Prx I by inhibiting the Trx/TrxR
system [104].

Bacillus anthracis expresses bacterial nitric oxide synthase (bNOS)
and produces NO. The NO production by bNOS occurs at early stage of
Bacillus infection, while the host NO production occurs at later time
points. Nitrosoproteomic analysis identified Prx I as a predominant
target for S-nitrosylation during toxigenic Bacillus anthracis Sterne in-
fection of human small airway epithelial cells (HSAECs) [105]. The S-
nitrosylation of Prx1 in the infected HSAECs leads to a decrease in its
peroxidase activity while enhancing its chaperone function [105]. The
enhanced chaperone activity is attributed to high molecular weight
species of Prx I corresponding to the decamer and dodecamer forms that
are not present uninfected cells. Infected cells showed increased levels
of high molecular weight species as well as disulfide-linked dimers of
Prx I [105]. It appears therefore that S-nitrosylation first promotes di-
merization of Prx I subunits through the formation of disulfide between
CP and CR and then causes oligomerization of the disulfide-linked di-
mers by linking Cys83 of one dimer with Cys83 of another dimer. The
presence of the Cys83– Cys83 disulfide bond at the dimer-dimer interface
of decameric Prx1 has been reported previously [90]. It is suggested,
therefore, that nitrosylation of Prx I elevates its chaperone activity in
the early stage of Bacillus anthracis infection and that the elevated
chaperone activity contributes to enhanced cell viability within the
infected lung.

Recently, the role of S-nitrosylation as a ubiquitous, stable post-
translational modification that directly regulates many proteins, has
been challenged [106]. Studies using rat smooth muscle cells as a model
indicate that S-nitrosylation predominantly serves as a transient inter-
mediate in the formation of disulfide either with other cysteines in the
protein or with GSH, leading to a proposal that protein disulfide for-
mation is likely to be the dominant end effector resulting from protein
S-nitrosylation.

2. Conclusions and future directions

Prxs are not just simple peroxidases that relieve cells from oxidative
distress by reducing H2O2. They function as protein chaperone to sta-
bilize proteins unfolded under distress. They also contribute to the
management of eustress by regulating local concentrations of H2O2 and
by serving as the sensor and tranducer of H2O2 signaling. Among 6
mammalian Prxs, Prx I to IV belong to 2-Cys Prx subfamily. Prx I and
Prx II are mainly in the cytosol and nucleus, while Prx III is exclusively
localized in the mitochondria and Prx IV in the endoplasmic reticulum.
Various functions of Prx I and Prx II are extensively regulated via
covalent modifications such as phosphorylation, acetylation, glu-
tathionylation and S-nitrosylation (see Table 1). Though Prx I and Prx II
show 78% identity and more than 90% homology in their amino acid
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sequences, Prx1 and Prx2 appear to possess unique functions and reg-
ulatory mechanisms, with Prx I having significantly more modification
sites than Prx II.

Not discussed in this review is the regulation of Prx I and Prx II
functions through interaction with other proteins. Prx I and Prx II in-
teract with a variety of proteins [107], with such interaction being
likely to modulate the function of the binding partners in a reciprocal
manner. Many of the binding proteins are likely the effector molecules
of H2O2 signaling. The roles of interacting proteins are gradually
emerging. In one recent example, oxidation resistance 1 (Oxr1), a
protein known to be neuroprotective against oxidative stress, interacts
with Prx II and acts as a functional switch for Prx II activity, from a
peroxidase to a high molecular weight chaperone complex, through the
modulation of its hyperoxidation and S-nitrosylation [108]. In another
example, Prx I interacts with a histone H2A variant (H2AX) in nucleus,
while Prx II interacts with cellular inhibitor of apoptosis protein-1
(cIAP1) in cytosol to affect H2O2-mediated apoptosis signaling path-
ways differently in cells exposed to tumor necrosis factor α (TNFα)
[109]. Many Prx-interacting proteins have been identified through
advanced proteomic studies without much information on its sig-
nificance. Further detailed studies on the binding proteins would be
rewarding to understand how Prxs manage oxidative distresses and
eustresses.

The sulphur atom (SP) of the peroxidatic Cys (CP) attacks the per-
oxide substrate and is oxidized to sulfenic acid (-SPOH). The SP-OH in
the NH2-terminal region of one subunit of the homodimer is attacked by
the sulphur atom (SR) of the resolving Cys (CR) located in the COOH-
terminal region of the second subunit, resulting in the formation of an
intersubunit disulfide bond that is subsequently reduced to SPH by
thioredoxin (Trx) to complete peroxidase catalytic cycle. Alternatively,
the SPOH can enter the second pathway to undergo further oxidation by
H2O2 to sulfinic acid (SPO2H), resulting in catalytic inactivation. The
inactivated, hyperoxidized Prx is reactivated through a reduction re-
action catalyzed by sulfiredoxin (Srx), which requires ATP and a cel-
lular thiol like GSH. The hyperoxidation of SPOH to SPO2H promotes the
formation of high molecular weight oligomeric structures that exhibit
chaperone activity. The SPO2H can undergo further oxidation to sul-
fonic acid (SPO3H), which cannot be reduced in cells.
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