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Typical 2-Cys peroxiredoxins – modulation by covalent
transformations and noncovalent interactions
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Redox chemistry plays an important regulatory func-

tion in an intricate web of interconnecting signals that

serve in a wide range of cellular events, such as differ-

entiation, development, adaptation and death. Three

decades since the description of a thiol–disulfide cas-

cade in higher plants [1], the concept of redox signal-

ing has pervaded into physiology, genetics and

biochemistry, embracing the molecular mechanisms

involved in cellular adaptations to obnoxious metabo-

lites, i.e. reactive oxygen species [2–5]. In this context,

peroxiredoxins (Prxs) constitute a large family of per-

oxidases found in archaea, prokaryotes and eukaryotes

which, in the latter, are specifically targeted to the

cytosol and the organelles. Beyond the difficulties of

establishing their role in a cellular context, and even

more in a living organism, Prxs are highly redundant

in cells. Indeed, there are three isoforms in Escherichia

coli (bacteria) [6], five in Saccharomyces cerevisiae

(yeast) [7], six in Homo sapiens (mammal) [8,9] and 10

in Arabidopsis thaliana (plant) [10] (Table 1). In con-

trast with major peroxidases that contain prosthetic

groups tightly bound to their active site, Prxs rely on
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2-Cys peroxiredoxins are peroxidases devoid of prosthetic groups that

mediate in the defence against oxidative stress and the peroxide activation

of signaling pathways. This dual capacity relies on the high reactivity of

the conserved peroxidatic and resolving cysteines, whose modification

embraces not only the usual thiol–disulfide exchange but also higher oxida-

tion states of the sulfur atom. These changes are part of a complex system

wherein the cooperation with other post-translational modifications – phos-

phorylation, acetylation – may function as major regulatory mechanisms of

the quaternary structure. More importantly, modern proteomic approaches

have identified the oxyacids at cysteine residues as novel protein targets for

unsuspected post-translational modifications, such as phosphorylation that

yields the unusual sulfi(o)nic–phosphoryl anhydride. In this article, we

review the biochemical attributes of 2-Cys peroxiredoxins that, in combina-

tion with complementary studies of forward and reverse genetics, have gen-

erated stimulating molecular models to explain how this enzyme integrates

into cell signaling in vivo.

Abbreviations

AhpC, alkyl hydroperoxide reductase C; CDK, cyclin-dependent kinase; CysP, peroxidatic cysteine residue; CysR, resolving cysteine residue;

Em, midpoint reduction potential; Fd, ferredoxin; NTR, NADP–thioredoxin reductase; PDOR, protein-disulfide oxidoreductase;

Prx, peroxiredoxin; Srx, sulfiredoxin; Trx, thioredoxin.
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the sulfur atom of a conserved Cys residue, termed the

peroxidatic Cys (CysP), to cleave the peroxyl –O–OH

bond. According to the presence or absence of a sec-

ond Cys residue, called the resolving Cys (CysR), Prxs

were originally grouped into two subfamilies: 2-Cys

Prx and 1-Cys Prx, respectively. Later, the underlying

mechanism of catalysis provided the basis to further

divide 2-Cys Prxs into two groups, named ‘typical’,

which form homodimers through an intersubunit disul-

fide bond, and ‘atypical’, which form an intramolecu-

lar cystine in the same polypeptide [11,12]. However,

each Prx uses a combination of strategies to achieve its

cellular functions, as revealed recently by Prx6 from

Arenicola marina (annelid worm), whose primary struc-

ture is 63% identical to the mammalian 1-Cys Prx, but

the presence of an intermolecular disulfide bond leads

to its classification among typical 2-Cys Prxs [13]. Dif-

ferences in the amino acid sequence, the mechanism of

oligomerization and the catalytic cycle provided the

basis for the broad clustering of this protein family

into five different subfamilies that apparently appeared

at different times in evolution (Table 1) [11,12,14]. In

this context, the field of typical 2-Cys Prxs has reached

a certain level of pre-eminence, mainly as a result of

the conservation of the primary structure in distant

phyla and the participation in disparate, and even

opposing, metabolisms [15]. Therefore, this review

attempts to provide a synoptic overview of the struc-

tures and functions of the ubiquitous typical 2-Cys

Prxs, focusing on the use of cysteine sulfur oxidation

states in post-translational modifications and noncova-

lent interactions that trigger the appropriate response

to oxidative stress. At the forefront of this goal is the

demand for biochemical mechanisms to identify pro-

tein targets and to guide the rational design of drugs

with pharmacokinetic properties.

Structure

An extensive literature on 2-Cys Prxs from microorgan-

isms, plants and animals has revealed the existence of

homodimers in which the CysP from one monomer is

linked via a redox-active disulfide to the CysR located

at a complementary polypeptide. On formation of this

basic unit, the boundary interface between monomers

aligns parallel to the plane of the central b-sheet
(B-type interface), where the intermolecular disulfide

bond buries completely CysP, whereas CysR is partially

Table 1. Prx subfamilies in different organisms. The subfamilies of Prx were grouped according to [11,12]. However, their study raised a

plethora of conventional names and abbreviations which were merged into the ‘usual designation’ based on the peroxidatic mechanism and

the primary structure. The scientific literature employs Arabic (roman) numbers and capital letters to designate mammal and plant Prxs,

respectively. In addition, eukaryote isoforms occupy a definite intracellular compartment including the cytosol and the organelles suited to

particular forms of metabolism. Higher plants (Arabidopsis): two 2-Cys Prxs, PrxQ and Type II E are located at the chloroplast, 1-Cys Prx is

present in the nucleus and Type II distributes between the cytosol (A–D) and the mitochondrion (F) [10]. Mammals: the six Prx isoforms of

mammals are allocated to the cytosol (2-Cys Prx1, 2-Cys Prx2, 1-Cys Prx6), the nucleus (2-Cys Prx1), the mitochondria (2-Cys Prx3, 1-Cys

Prx6), the peroxisomes (2-Cys Prx5) and potentially secreted (2-Cys Prx4) [12,105]. Yeasts (S. cerevisiae): the yeast cytosol contains two

typical 2-Cys Prxs (cTPx1 and cTPx2) and one atypical 2-Cys Prx (cTPx3), whereas the nucleus holds one similar to the plant PrxQ (bacterio-

ferritin co-migratory protein, nTPx) and the mitochondria contains a 1-Cys Prx (mTPx) [7]. In prokaryotes, the Prx isoforms are also distributed

in different compartments. Bacteria (E. coli): of three proteins showing thiol-dependent antioxidant activities, two are located at the cytosol

and the third resides in the periplasmic space [106,107].

Subfamily

Usual

designation

Higher plants

(Arabidopsis -

thaliana) Mammals Yeasts (S. cereviseae) Bacteria (E. coli)

A Typical

2-Cys Prx

2-Cys Prx A Prx 1 (I) cPrx1 (cTPx 1, Tsa 1p, YML028W),

cPrx2 (cTPx II, Tsa 2p, YDR453C)

AhpC

2 (II)

B 3 (III)

4 (IV)

B 1-Cys Prx 1-Cys Prx Prx6 (VI) mTPx (Prx1p, YBL064C) NO

C PrxQ NO nTPx (bacterio ferritin co-migratory

protein, YIL010W, Dot5p)

Ec BCP (bacterio ferritin

co-migratory protein)

D Atypical

2-Cys Prx

Type II A Prx5 (V) cPrx3 (cTPx III, Ahp1p,

PMP 20, YLR109W)

NO

B

C

D

E

F

E (bacterial periplasmic

thiol peroxidases)

NO NO NO Ec Tpx
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exposed to the surrounding solvent [16,17]. Almost all

homodimers of 2-Cys Prx (a2) associate noncovalently

to a doughnut-shaped decamer (a2)5, wherein boundary

interfaces between homodimers stand perpendicular to

the central b-sheet (A-type interface) (cf. fig. 2 in [18]).

Although all 2-Cys Prxs form a pentamer of homodi-

mers, the quaternary structure of mammalian 2-Cys

Prx1 is further stabilized by additional intercatenary

disulfide bonds at the dimer–dimer interface [19].

As expected for the noncovalent association of pro-

teins, the relative proportion of 2-Cys Prx oligomers in

solution is dictated not only by the concentration of the

protein and the composition of the surrounding solvent

(pH, ionic strength, metabolites), but also by the pri-

mary structure and the state of amino acid side-chains

[20–22]. Recently, the analysis of rat, human and plant

2-Cys Prxs has revealed many species with a propensity

to the decameric form, not only by increasing the pro-

tein concentration and decreasing the ionic strength,

but also by preventing the formation of the intercate-

nary disulfide bond [23–25]. Among the studies on the

morphology of 2-Cys Prxs, transmission electron

microscopy has further revealed an increasingly sophis-

ticated array of protein aggregates [26,27]. Negatively

stained structures of yeast 2-Cys Prx1 show three differ-

ent configurations in electron micrographs: spherical-

and ring-shaped structures, as well as irregularly shaped

small particles [26,28]. Very probably, there is a contin-

uum of intermediates between small oligomers and

higher order assemblies because the rings are organized

as dodecamers in the 3.3 Å crystal structures of C168S

2-Cys Prx3 and C176S alkyl hydroperoxide reductase C

(AhpC) from Mycobacterium tuberculosis [29,30].

Redox dependence of oligomerization

As it is increasingly becoming evident that the sulfur

atom of Cys residues can adopt many oxidation states

in the response of stressed cells to environmental

insults [31], a large number of studies have examined

the intimate relationship between these post-transla-

tional modifications and the oligomerization of 2-Cys

Prx. The structural evidence indicates that the fully

reduced active site strengthens the A-type interface

which supports the formation of the decamer, whereas

the intersubunit disulfide locks the active site into place

promoting the destabilization of the decamer [32,33]. If

the particular geometry of the peroxidatic active site

governs the oligomerization of 2-Cys Prxs, it should

be expected that the overoxidation of CysP to sulfinic

(R–SO2H) and sulfonic (R–SO3H) acids will prevent

the formation of the intersubunit disulfide, thereby

enhancing the propensity to aggregate into decameric

species. As predicted, not only does the overoxidation

of CysP stabilize the decameric form [34–37], but also

the exposure of leaf chloroplasts and mouse lung

epithelial cells to the oxidative stimulus drives 2-Cys

Prxs to different quaternary structures [38–41].

Peroxidase activity

In the peroxidase activity of 2-Cys Prxs (EC 1.11.1.15),

CysP starts the catalytic cycle, yielding the sulfenic acid

derivative (–CysP–SOH), with the concurrent reduction

of the peroxide (ROH) (reaction 1, Fig. 1A). Given

that protonated sulfhydryls (R–SH) do not react with

hydroperoxides, multiple structural factors around

CysP stabilize the thiolate anion (R–S)) required for

nucleophilic attack on the terminal oxygen of the per-

oxyl bond (RO–OH) [42]. To close the catalytic cycle,

two successive reactions bring the simplest oxyacid of

organic sulfur back to the thiol form [32]. First, the

sulfenic acid reacts with the sulfhydryl group of CysR
provided by a partner subunit, forming an intersubunit

disulfide bond and concurrently releasing water (reac-

tion 2, Fig. 1A). Second, a complementary reductant

system closes the catalytic cycle through a thiol–disul-

fide exchange with specific cysteines of protein-disulfide

oxidoreductases (PDOR) (reaction 3, Fig. 1A). Essen-

tially, the functional entities for a complete turn of the

peroxidase cycle reside in monomers for peroxidation

and in dimers for the posterior dehydration and disul-

fide bond reduction.

A surprising innovation in the formation of the sulfe-

nic acid was recently reported using the C207S mutant

of 2-Cys Prx from the aerobic hyperthermophilic archa-

eon Aeropyrum pernix K1. Both the refined crystal

structure and quantum chemical calculations are in

good agreement with the formation of the sulfenic acid

derivative of the peroxidatic Cys50 via a hypervalent

sulfur intermediate (sulfurane) (Fig. 1B) [43]. In this

model, the sulfur atom of CysP50 is covalently linked

to (a) the Nd1 atom of the imidazole moiety of the

neighboring His42 and (b) the oxygen atom whose elec-

tronegativity at the apical position of the sulfur atom

stabilizes the sulfurane. Next, the Arg149 contributes to

the protonation of the imidazole moiety, cleaving the

sulfur–nitrogen bond for the formation of the sulfenic

acid at CysP50. Whether the hypervalent sulfur is a

faithful intermediate in the oxidation of sulfhydryl

groups remains an unresolved issue in the subfamily of

2-Cys Prxs, because the reported structures of the mam-

malian orthologues (PDB: 1qmv, 1qq2) do not hold a

histidine residue close to the sulfur atom of CysP.

One of the most interesting features of 2-Cys Prxs con-

cerns the mechanism by which a cycle of three distinct

Modulation of 2-Cys peroxiredoxins M. Aran et al.
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redox transformations occurs within a single active site.

As shown in Fig. 2A, the sulfur oxidation state of CysP
goes through three different stages in the peroxidatic

cycle: sulfhydryl ()2) fi sulfenic acid (0) fi disulfide

()1) fi sulfhydryl ()2). Among the elementary steps

of the catalytic mechanism (Fig. 2B), two involve the

transfer of 2H+ + 2e) (reactions 1 and 3), whereas the

remaining single dehydration (reaction 2) brings about

the one-electron reduction and oxidation of CysP and

CysR, respectively. In essence, 2-Cys Prxs employ three

different sulfhydryl groups as reductants to complete

the catalytic cycle: (a) CysP cleaves the peroxyl bond

RO–OH yielding the sulfenic acid, (b) CysR reduces the

sulfenic group of CysP, leading to the formation of the

intercatenary disulfide bond, and (c) the –CXXC– motif

of PDORs restores the thiol group to CysP.

The oxidation of the peroxidatic cysteine

The refinement of the peroxidase assay revealed

that the 2-Cys Prxs from mammals (Prx2), yeast

(S. cerevisiae cTPx I and cTPx II) and bacteria

(Salmonella typhimurium AhpC) react with H2O2 at

rates (c. 107 m
)1Æs)1) comparable with those of catalas-

es (c. 107 m
)1Æs)1) and glutathione peroxidases

(c. 108 m
)1Æs)1) [22,44,45]. The precise measurement of

the kinetic constants of Salmonella typhimurium AhpC,

a well-known model of bacterial 2-Cys Prxs, provided

recently a better understanding of the substrate speci-

ficity for H2O2, ethyl-, t-butyl- and cumene-hydroper-

oxide. The most affected catalytic constant is Km for

the oxidant hydroperoxide, whereas the overall kcat
and Km values for the reductant thioredoxin (Trx) are

virtually independent of the hydroperoxide substrate.

As a consequence, the specificity constants, kcat ⁄Km,

for small hydroperoxides (H2O2, ethyl-hydroperoxide)

are almost two orders of magnitude higher than for

larger ones (t-butyl-, cumene-hydroperoxide), clearly

indicating that the active site discriminates between the

substituents linked to the –O–OH moiety [46].

In addition to the capacity to reduce alkyl hydroper-

oxides, the thiolate anion of CysP has the ability to

cleave the peroxyl bond of the peroxynitrite formed

when the superoxide anion reacts with the nitric oxide

(O2
) + NO fi O–ONO)). Given that the homolytic

decomposition readily converts peroxynitrite into two

radical species (HO–ONO fi HO) + NO2
)] [47],

2-Cys Prx removes efficiently this toxic nitro-oxidant in

a two-electron process that yields nitrite [NO2
)] and

sulfenic acid [48–50]. By contrast, chloramines – impor-

A

B

Fig. 1. The peroxidase activity of 2-Cys Prx. (A) The catalytic cycle. The hydroperoxide (R–O–O–H) oxidizes the thiol of CysP53 to the sulfenic

acid form (reaction 1) which, after reacting with the reduced CysR175, yields the homodimer linked through a disulfide bond (reaction 2) (number-

ing of Cys residues refers to rapeseed 2-Cys Prx). Subsequently, the reduced form of a PDOR closes the catalytic cycle, returning the oxidized

2-Cys Prx to the activated (reduced) state (reaction 3). (B) Proposed mechanism for the formation of sulfenic acid through a sulfurane inter-

mediate [43]. The addition of H2O2 brings His42 of the typical 2-Cys Prx from Aeropyrum pernix K1 (ApTPx) close to CysP50, but the side-chain

of the latter residue remains reduced (preoxidation). At this stage, nucleophilic attack of the sulfur atom on one of the peroxyl oxygens may

cause the formation of the –S–O– bond assisted by the nitrogen atom of His42, yielding the hypervalent sulfur (sulfurane) intermediate (reac-

tion a). After protonation of the imidazole moiety (reaction b), the hypervalent sulfur intermediate splits into –Cys–SOH and histidine (reaction c).

M. Aran et al. Modulation of 2-Cys peroxiredoxins
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tant oxidants produced via myeloperoxidase in inflam-

matory processes (R–NH2 + HOCl fi R–N(H)Cl] –

and alkylating agents are much less reactive than

hydroperoxides [45,51]. Hence, CysP resides in an active

site whose tertiary structure considerably improves

the reactivity with hydroperoxides, but restricts the

interaction with other sulfhydryl reagents.

The reduction of sulfenic acid back to the active

sulfhydryl group

Resolution (redox dehydration)

The nucleophilic and electrophilic reactivity of the sul-

fur atom in sulfenic acid enables the protein to react

with another sulfenate or sulfhydryl group to form a

thiosulfinate [–S–S(O)–] or a disulfide, respectively

[52,53]. Although the former reaction is unusual in

biological systems, compelling data indicate that the

latter proceeds with (a) protein sulfhydryl groups

forming intercatenary or intracatenary disulfide bonds

or (b) small thiols leading to the thiolation of the

proteins [54]. In typical 2-Cys Prxs, the sulfenic acid

moiety reacts with the sulfhydryl group of CysR
located at another subunit, releasing water and concur-

rently forming an intermolecular disulfide. Consistent

with the need for a complementary thiol to support

full peroxidase activity, C169S 2-Cys Prx from yeast

(Tpx1) scavenges H2O2 in the presence of the small

thiol dithiothreitol, whereas the C48S counterpart is

completely inactive [55,56].

Thiol–disulfide exchange

The reduction of the intermediate disulfide bond by

physiological electron donors restores ultimately the

fully folded conformation at CysP, enabling 2-Cys Prx

to react with another molecule of hydroperoxide

(Fig. 3). In addressing the thiol–disulfide exchange

mechanism, a large number of studies support the

notion that the complex set of reductants, PDORs and

associated reductases varies largely with the organism,

intracellular location, stage of development and

response to environmental cues. Thus, the NADP–Trx

reductase (NTR) was found initially to catalyze

A

B

Fig. 2. The redox cycle in peroxidase activ-

ity. (A) Oxidation states of CysP and the

complementary redox couple. The arrows

illustrate the oxidation (up) and reduction

(down) of the sulfur atom in the peroxidatic

–CysP (black) and respective atom in the

complementary redox couple (red) [Peroxi-

dation: oxygen atom in H2O2; Resolution:

resolving –CysR; Reduction: Cys pair of

PDOR (–Cys–SH)]. Numbering in yellow

squares reflects the reactions of the cata-

lytic cycle described in Fig. 1A. (B) Half-reac-

tions and atom oxidation states of the

peroxidase cycle. Sections 1–3 describe

every redox couple in the peroxidase cycle

of 2-Cys Prx, wherein the oxidation state of

the atoms that participate in the elementary

redox reactions are depicted in red between

parentheses. Of note, the formation of the

disulfide bond in the second stage (Resolu-

tion, reaction 2) implies the monoelectronic

reduction of the sulfenic acid at CysP and

the concurrent oxidation of CysR in the

complementary subunit.

Modulation of 2-Cys peroxiredoxins M. Aran et al.
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the cleavage of the Trx disulfide bond by NADPH

[midpoint reduction potential (Em) = )340 mV]

[NADPH + H+ + Trx(S)2 fi NADP+ + HS–Trx–

SH] in yeast and mammals [55]. Later, the trypanothi-

one ⁄ tryparedoxin couple in trypanosomes [57], the

alkyl hydroperoxide reductase flavoprotein in bacteria

(i.e. AhpF) [58] and the reduced glutathione in helm-

inths [59] appeared as cognate partners of the couple

NTR–Trx. However, two different systems provide

reducing equivalents for the reduction of 2-Cys Prx in

illuminated higher plant chloroplasts and cyanobacte-

ria. First, the product of the photosynthetic electron

transport system activated by light, reduced ferredoxin

(Fdred) (Em = )420 mV), regenerates thiol groups of

Trx [2Fdred + 2H+ + Trx(S)2 fi 2Fdox + HS–Trx–

SH] assisted by the Fd-Trx reductase. Second, it has

been found recently that photochemically generated

NADPH reduces 2-Cys Prx through a new flavopro-

tein containing an NTR domain complemented by a

C-terminal region that bears the canonical Trx motif,

Fig. 3. Reduction of the 2-Cys Prx disulfide bond. In all organisms, cellular compartments that rely on reduced carbon skeletons as the main

source of energy (e.g. cytosol, mitochondria) use NADPH as the ultimate reductant for cleaving the unique disulfide bond of 2-Cys Prxs.

Chloroplasts of higher plants and cyanobacteria are a notable exception because NADPH and an iron–sulfur protein, reduced Fd, are electron

acceptors in the photosynthetic electron transport system triggered by light. Next, extremely diverse PDOR systems, often proteins or

domains containing the –CXXC– motif, mediate the transfer of the reducing power to oxidized 2-Cys Prxs. Yeasts, higher plants, mammals:

the reducing power of NADPH cleaves the unique disulfide bond of Trx assisted by NTR, a member of the superfamily of flavo-PDORs.

Although NTRs are widely distributed, two forms have evolved: (a) in yeasts and higher plants, a homodimer (c. 35 kDa subunit) harboring a

redox-active disulfide [–CA(V ⁄ T)C–] between the FAD and NADPH domains, and (b) in mammals, a homodimer (55 kDa subunit) character-

ized by a much longer C-terminal domain exhibiting a highly reactive selenocysteine residue as a redox center. Bacteria: in bacteria, a spe-

cialized flavoprotein, AhpF, mediates efficiently the transfer of reducing power from NADPH to the alkyl hydroperoxide reductase AhpC, a

member of the typical 2-Cys Prx subfamily. Trypanosomes: the concerted action of NADPH and trypanothione reductase (TR) delivers elec-

trons and 2H+ to the oxidized form of trypanothione [bis(glutathionyl)spermidine] [T–(S)2], which, in turn, spontaneously reduces the oxidized

form of tryparedoxin [TXN–(S)2], a member of the Trx fold superfamily in trypanosomes. At this stage, reduced tryparedoxin [TXN–(SH)2]

transfers the reducing power to the oxidized form of 2-Cys Prx. Helminths: although reduced glutathione generally does not cleave the disul-

fide bond of 2-Cys Prxs, it reduces efficiently two isoforms from Schistosoma mansoni using a flavoprotein reductase (GR) for recycling the

oxidized form. Higher plant chloroplasts, cyanobacteria: in illuminated chloroplasts, two different reductants, Fd and NADPH, participate in

the reduction of 2-Cys Prxs. The former and two external protons reduce the disulfide bond of the iron–sulfur Fd-Trx reductase (FTR), which,

in turn, reduces the cystine of oxidized Trx–(S)2 via thiol–disulfide exchange. Complementary NADPH is used in chloroplasts, assisted by the

single polypeptide of NTRc, which supports the functioning of a complete NADP–Trx system using the NTR and Trx domains located at the

N-terminal and C-terminal regions, respectively.
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–CGPC– [60–64]. The fact that Trx constitutes the spe-

cialized protein dedicated to the reduction of many

eukaryotic 2-Cys Prxs should introduce an additional

level of complexity, because most organisms contain

different isoforms [65]. Therefore, not surprisingly, the

chloroplast 2-Cys Prx is efficiently regenerated in

higher plants by Trx-x [66,67] and a Trx-like protein

CDSP32 [68], whereas the other 18 Trxs are much less

effective. Moreover, Drosophila melanogaster Trx2, but

not Trx1, reduces the cognate 2-Cys Prx (Trx peroxi-

dase1) [69,70].

In addition to the reductants described above, func-

tional data point to a large family of proteins possess-

ing peptidyl–prolyl cis–trans-isomerase activity,

cyclophilins, as key players in the reduction of the

disulfide bond of 2-Cys Prxs [71]. Following the activa-

tion of various isoforms of human 2-Cys Prxs by

mammalian cyclophilins [72,73], studies in higher

plants confirmed the breadth of this seminal finding

[67,74]. Given that the Em value of Arabidopsis cyclo-

philin 20-3 ()319 mV) is more negative than that of

pea 2-Cys Prx ()307 mV), the catalytic role of the for-

mer in the reductive activation of the latter probably

occurs under an excess of electron pressure in photo-

synthesis [39]. However, it is important to establish

whether the cleavage of the disulfide bond in 2-Cys

Prxs proceeds with reduced cyclophilins as electron

donors or enhancers of Trx activity, because the activ-

ity of peptidyl–prolyl cis–trans-isomerase is null in

the oxidized state and resumes after Trx-mediated

reduction [75].

Overoxidation of cysteines

The conversion of sulfhydryl groups to sulfenic acid

occurs occasionally in proteins from healthy cells, but

increases markedly in response to low concentrations

of hydroperoxides [76]. During the course of probing

the role of CysP in the catalytic activity of 2-Cys Prx,

it was found that the initial formation of sulfenic acid

is mechanistically necessary, but the striking versatility

of sulfur oxidation states may drive to sulfinic and sul-

fonic acids which, in turn, abrogate catalysis. The

notion that 2-Cys Prxs must be engaged in the cata-

lytic cycle to be overoxidized is corroborated by the

finding that H2O2 converts –CysP–SH to –CysP–SO2H

only when all the catalytic participants (NADPH,

NTR, Trx) are present [77]. Indeed, other candidates

may be integrated with H2O2 in the overoxidation of

2-Cys Prxs because lipid hydroperoxides, produced via

lipoxygenase and cyclooxygenase, are able to oxidize

human 2-Cys Prx1, 2-Cys Prx2 and 2-Cys Prx3 to the

respective –CysP–SO2H and –CysP–SO3H forms [78].

To participate in the cell response to peroxide stress

[79], the overoxidized sulfur atom should return to the

initial state when the stimulus disappears. For many

years, the inability of the NADP–Trx system to reduce

the sulfinic acid relegated the overoxidation of 2-Cys

Prxs to a wasteful process. However, the discovery that

the reduction of sulfinic acid proceeds via the novel

protein sulfiredoxin (Srx) sparked a key advance

towards an understanding of how 2-Cys Prxs sort out

the response to increasing levels of peroxide stress

[80,81]. The mechanism of the Srx-dependent reversal

of 2-Cys Prx overoxidation starts with the transfer of

the ATP c-phosphate to the sulfinic acid moiety of

2-Cys Prx (Prx–CysP–SO2
)), yielding the sulfinic

acid–phosphoryl anhydride [Prx–CysP–S(O)OPO3
2)]

(reaction b, Fig. 4) which, in turn, forms with Srx a

thiosulfinate [Prx–CysP–S(O)–S–Srx] with the concomi-

tant release of phosphate (reaction c, Fig. 4). At this

stage, a reductant first cleaves the covalently linked

heterocomplex (2-Cys Prx–Srx), reinstating the sulfenic

acid form of 2-Cys Prx in the catalytic cycle (reac-

tion d, Fig. 4), and subsequently rescues Srx for the

recovery of additional molecules of overoxidized 2-Cys

Prx (reaction e, Fig. 4) [82]. The lack of experimental

details regarding the isolation of the intermediate

anhydride [Prx–CysP–S(O)OPO3
2)] is cast in sharp

relief by two recent studies [82,83]. First, the superpo-

sition of the crystal structure of the Srx–ATP complex

onto the Srx–Prx complex uncovers that the unfolding

of the 2-Cys Prx active site places the c-phosphate of

ATP in close proximity to the Sc atom of CysP (3.0 Å)

and to the Sc atom of Srx-Cys99 (3.5 Å), making plau-

sible the inline attack of the peroxidatic –CysP–SO2
)

by the c-phosphate. Second, Srx appears to function

as the reductase, whose active site Cys forms the

intermolecular thiolsulfinate with the peroxidatic CysP
of 2-Cys Prx when the latter is activated by phosphor-

ylation.

Although overoxidized oxyacids are apparently

absent when 2-Cys Prx2 dampens signaling via interac-

tions with the receptor of platelet-derived growth fac-

tor [84], additional studies in different organisms entail

the function of a ‘floodgate’ by which overoxidation

promotes H2O2 signaling (cf. [18]). Studies with the

fission yeast S. pombe and rat neurons show that

the higher oxidation states of 2-Cys Prxs function as

the molecular switch that regulates the activation of

specific transcription factors [85–87].

Chaperone activity

Increasingly, the biochemical analyses of different

pathways have revealed that many proteins fulfil more
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than one function [88,89]. One of the most interesting

aspects of these proteins, designated as moonlighting

proteins, is the use of covalent post-translational modi-

fications and noncovalent interactions to switch

between different functions in order to respond accord-

ingly to environmental stimuli. The presence of addi-

tional functions in the 2-Cys Prx subfamily was first

revealed by the identification of 2-Cys Prx1 (formerly

Pag) as the protein that inhibits the intrinsic tyrosine

kinase activity of the oncoprotein c-Abl [90]. Later, the

study of the cytosolic yeast 2-Cys Prxs, cPrx1 and

cPrx2, was extremely helpful in elucidating that, com-

plementary to the reduction of hydroperoxides, a chap-

erone activity is associated with transitions of the

oligomerization state [26,91]. Separate studies in

eukaryotes and prokaryotes soon confirmed that the

exposure of cells to oxidative stress or heat shock

shifts the quaternary structure of 2-Cys Prxs to large

molecular assemblies with the loss of peroxidase activ-

ity and the concurrent appearance of molecular chap-

erone capacity [20,23,92]. Hence, it quickly become

apparent that some 2-Cys Prxs may be converted to

high-molecular-mass species to prevent the misfolding

or unfolding of proteins under short-term stress condi-

tions, but, if the oxidative stress is too severe, all the

protein may be switched to molecular chaperones for

the salvage of unfolded proteins. Consistent with pleio-

tropic effects, a recent analysis of actively translating

S. cerevisiae ribosomes revealed that a severe oxidative

stress releases the ribosome-associated 2-Cys Prx and

concurrently promotes ribosomal protein aggregation,

increasing translation defects [93].

If 2-Cys Prx can interact noncovalently with partner

proteins, it might be expected that specific functions of

the latter could be fine-tuned by the former, for exam-

ple, to modulate enzyme activity. The study of chloro-

plast fructose-1,6-bisphosphatase from rapeseed leaves,

a key enzyme in the Benson–Calvin cycle for photo-

synthetic CO2 assimilation, has been particularly infor-

mative in this respect [94]. The oxidized form of

chloroplast 2-Cys Prx from rapeseed leaves enhances

the activity of chloroplast fructose-1,6-bisphosphatase

without using the redox activity of the former. This

noncovalent stimulation of the hydrolytic activity,

absent with reduced 2-Cys Prx, seems to be sufficient

to promote a catalytically competent enzyme which

functions when chloroplasts set up reductants to

cope with the oxidative stress caused by intense

illumination.

Post-translational modifications
of 2-Cys Prx

Phosphorylation

The identification of additional functions changed the

classical view of 2-Cys Prx from a catalyst in the

reduction of hydroperoxides to a key modulator of

important biological processes. As the complicated

interactions that synchronize the alternation between

different activities are largely unknown, post-transla-

tional modifications may be put forward as the

plausible mechanism. Early studies found that several

cyclin-dependent kinases (CDKs), including CDK1

Fig. 4. The catalytic mechanism for the reduction of the overoxidized (sulfinic) 2-Cys Prx by Srx. The sulfenic acid formed as an intermediate

in the peroxidatic cycle occasionally undergoes further oxidation to sulfinic and sulfonic forms (reactions a1 and a2, respectively), halting the

reduction of H2O2. The autophosphorylation or Srx-catalyzed phosphorylation of the sulfinic form of the peroxidatic CysP (reaction b) yields

the sulfinic–phosphoryl anhydride that subsequently reacts with the conserved Cys residue of Srx, forming the thiosulfinate intermediate that

links covalently 2-Cys Prx with Srx (reaction c). An external physiological thiol (R–SH) (e.g. Trx) cleaves the heterocomplex releasing the sul-

fenic derivative of 2-Cys Prx, which returns to the peroxidatic cycle, and the Srx-reductant heterodisulfide (reaction d). A complementary

thiol–disulfide exchange between the heterodisulfide and the physiological reductant closes the catalytic cycle of Srx and brings 2-Cys Prx

back to the peroxidase function (reaction e).
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(formerly Cdc2), catalyze the specific incorporation of

the radioactive label from [32P]ATP[cP] to human 2-

Cys Prx1 at the consensus site for CDKs (-Thr90-Pro-

Lys-Lys-) [95]. The introduction of a negative charge

at position 90 yields significant alterations of surface

hydrophobicity and regions that surround aromatic

amino acids, which, in turn, promote the formation of

high-molecular-mass complexes [20]. These global

changes markedly lower the capacity to reduce H2O2

and greatly enhance the chaperone activity. Apart

from direct effects of CDKs on 2-Cys Prx obtained

from in vitro experiments, a functional linkage is

observed in cell cycles of HeLa, HepG2 and NIH 3T3,

where the phosphorylation of 2-Cys Prx1 parallels the

activation of CDK1 during the mitotic phase of the

cell cycle, but not in the interphase [95]. These findings

suggest that the cytosolic location of 2-Cys Prx1 prob-

ably prevents the interaction with activated CDKs

until the rupture of the nuclear envelope during mito-

sis, when CDK1 is fully active. Significantly, a potent

and selective inhibitor of CDKs, roscovitine, abrogates

the phosphorylation of 2-Cys Prx1 both in vitro and

in vivo. Much in accord with these studies, drugs that

induce Parkinson’s disease in the dopaminergic neu-

rons of mice elicit the phosphorylation of 2-Cys Prx2

at Thr89, which, in turn, reduces the peroxidase activ-

ity and concurrently increases the levels of H2O2 [96].

Although Ser, Thr and Tyr residues are phosphory-

lated in most proteins involved in signal transduction,

covalently bound phosphoryl moieties at His, Cys and

Asp residues have been found mainly as phosphoen-

zyme intermediates and much less frequently as stable

post-translational modifications. During the last

5 years, two different lines of research have supported

the notion that ATP phosphorylates CysP and CysR of

2-Cys Prx. The postulated mechanism initially

described in S. cerevisiae for the Srx-dependent conver-

sion of sulfinic acid back to sulfhydryl involves the

phosphorylation of CysP as an essential step, even

though the sulfinic–phosphoryl anhydride was not

isolated. To add yet another complexity, recent

experiments have implicated CysR in the autophos-

phorylation of 2-Cys Prx [97], despite the prevailing

view which restricts the function of this particular resi-

due to the target for the formation of the disulfide

bond in closing the peroxidatic cycle [98,99]. As

revealed by mass spectroscopy, the incorporation of

the phosphoryl moiety requires the overoxidized forms

of CysR to yield the sulfinic–phosphoryl [Prx–CysR–

S(O)OPO3
2)] and the sulfonic–phosphoryl [Prx–CysP–

S(O2)OPO3
2)] anhydrides. Although the postulated

mechanism for these modifications is rooted in the

model for anhydride formation in the Srx-mediated

reduction of sulfinic acid [80], the autophosphorylation

contrasts with the other mechanisms of 2-Cys Prx

phosphorylation with regard to two prominent fea-

tures; neither requires a catalyst such as CDK or Srx,

nor proceeds via Thr91 or CysP. Notably, the over-

oxidation of CysR takes place in redox environments

(e.g. quinones; Em � )0.15 V) markedly milder than

those usually employed in the examination of oxidative

stress (i.e. H2O2, Em = 1.76 V). Although the precise

roles of the putative phosphorylation of CysP and the

autophosphorylation of CysR are not yet understood,

they might constitute an important platform to medi-

ate signal transduction. Certainly, the covalent incor-

poration of the phosphoryl moiety into oxyacids

integrates at a single amino acid residue the nonredox

chemistry of ATP with multiple oxidation states of the

sulfur atom, providing a versatile mechanism for per-

ceiving changes in the energy and redox status of the

cell (Fig. 5). As 2-Cys Prxs process a wide spectrum of

stimuli into different cellular responses, a deeper

understanding of the components and mechanisms

implied in the regulation mediated by phosphorylation

will require approaches that include precise biochemi-

cal analyses and the finding of new partners and

complexes.

Acetylation

A recent finding has added another twist to the consid-

eration of 2-Cys Prx as a exclusive target for redox

stimuli. The observation of human esophageal squa-

mous cells has shown that the expression profile of

2-Cys Prx1 is significantly up-regulated in a microarray

Fig. 5. The dual chemistry of the sulfur atom at CysR. Hydroperox-

ides oxidize CysR to oxyacids increasing, as a consequence, the

oxidation state of the sulfur atom (blue parentheses). This redox

chemistry (blue broken square) is linked to the nonredox chemistry

(red broken square) of the phosphoryl moiety via the formation of

the mixed anhydrides sulfinic–phosphoryl and sulfonic–phosphoryl

by autophosphorylation.
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analysis of cancer lines that have been challenged with

FK228, a potent antitumor drug [100]. To enhance

gene expression, FK228 promotes the acetylation of

histones H3 and H4 at the promoter site of 2-Cys Prx1

via the inhibition of the histone deacetylase. Further-

more, the suppression of gene expression by RNA

interference reduces the antitumor activity of FK228,

supporting the antiproliferative effect of the drug

through the activation of the 2-Cys Prx1 gene.

Although histone acetylation is a likely candidate for

controlling 2-Cys Prxs at the transcriptional level, very

recent studies have shown that this peculiar post-trans-

lational modification of proteins is yet another bio-

chemical mechanism that can selectively alter the

functioning of 2-Cys Prxs [101]. The 22 kDa proteins

are not acetylated in three human prostate cancer cells

that express a particular histone deacetylase, HDAC6.

By contrast, cell lines that lack HDAC6, LAPC4 and

normal counterparts deprived of histone deacetylase

activity by a specific inhibitor (vorinostat) accumulate

acetylated 22 kDa proteins. Although mass spectros-

copy analyses have identified 2-Cys Prx1 and 2-Cys

Prx2 as the 22 kDa proteins immunoprecipitated by

LAPC4 cells, two subsequent analyses have confirmed

the acetylation of both isoforms. Lys197 and Lys196

appear as the acetylation sites when 2-Cys Prx1 and

2-Cys Prx2, respectively, are (a) incubated in vitro with

histone acetyltransferase and acetyl-CoA or (b) charac-

terized in LAPC4 cells transfected with site-directed

mutants of 2-Cys Prxs. However, more importantly,

protein acetylation enhances not only the peroxidase

activity but also the resistance to overoxidation.

Nucleotide ⁄ Mg2+-dependent modulation of 2-Cys

Prx functions via noncovalent interactions

At a time when ATP was found to be the substrate for

the phosphorylation of 2-Cys Prx, Aran et al. [97]

noted that the concerted action of a nucleotide and

Mg2+ impaired the reduction of H2O2, whereas only

the latter decreased the capacity to prevent the thermal

aggregation of citrate synthase. These findings reveal

two novel features for nucleotides and bivalent cations

in the modulation of 2-Cys Prx function: (a) the

kinetic regulation of peroxidase activity as a process

easily discernible from the thermodynamic control

originating from the availability of the peroxide sub-

strate and (b) the differential regulation of peroxidase

and chaperone activities by modulators devoid of

redox capacity. In contrast with the phosphorylation

of human 2-Cys Prx mediated by the CDK1–cyclin B

complex [95], the capacity of the nucleotide ⁄Mg2+

couple to inhibit peroxidase activity rapidly, reversibly

and without exogenous catalysts is congruent with a

noncovalent mechanism that perhaps complements

other post-translational modifications. Not only are

purine nucleotides more potent inhibitors than pyrimi-

dine derivatives, but also the response of peroxidase

activity to increasing concentrations of ATP exhibits

three well-defined stages: (a) a monotonic decay up to

0.9 mm, (b) a stabilization at half of the maximal

activity from 0.9 to 1.2 mm, and (c) a sharp decrease

to undetectable levels beyond 1.5 mm (cf. fig. 1 in

[97]). In line with previous studies [97], recent dynamic

and static light scattering experiments have revealed

that the presence of both ATP and Mg2+ drives the

quaternary structure of 2-Cys Prx to assemblies of lar-

ger size (hydrodynamic radius of c. 69 nm), which

return to the decameric form after the removal of

any modulator (hydrodynamic radius of c. 13.8 nm)

(M. Aran, unpublished results). Notably, the con-

certed action of the metabolite linked to the energy

status of the cell and a highly mobile bivalent cation

converts the rather stable decamer to higher order

assemblies approximating to the dodecahedron

[(a2)5]12 observed in electron microscopic preparations

of the erythrocyte counterpart [27]. The preceding

data convey the concept that the allosteric regulation

of 2-Cys Prx through ATP ⁄Mg2+ invokes a wide

variety of assemblies, which, in turn, ensure a multi-

plicity of functional features. In this type of protein,

designated as morpheeins [102], the alternation

between many quaternary structures provides the

appropriate shift of the specific activity in response to

protein concentration, allosteric regulation, cooper-

ativity and hysteresis. Although noncovalent interac-

tions of 2-Cys Prx with ATP are not sufficient to

account for the functional regulation, the participa-

tion of this nucleotide in the post-translational modi-

fication of specific amino acid residues is an unusual

example of a modulator that plays more than one

role in controlling the functions of 2-Cys Prx (Fig. 6).

Concluding remarks

The response of 2-Cys Prxs to oxidative insults is con-

tingent not only on the dose and duration of the oxi-

dative stress, but also on the subcellular localization

relative to the target to be protected. Particularly illus-

trative in this respect is a proteomic analysis per-

formed in C4 plants, whose special photosynthetic trait

relies on the differential functioning of chloroplasts in

two different types of leaf cell: bundle sheath and

mesophyll cells [103]. Notably, 2-Cys Prxs are 2.5-fold

more abundant in mesophyll than in bundle sheath

chloroplasts. This preferential expression is not
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surprising because the former chloroplasts generate

reactive oxygen species during the functioning of

photosystems II and I, whereas the decreased activity

of photosystem II in the latter chloroplasts produces

less oxidative stress. On this basis, it should be

expected that detailed analyses of transgenic organisms

will contribute to elucidate the role played by the tem-

poral and spatial expression of 2-Cys Prx genes in

response to specific situations.

The central role of 2-Cys Prx in redox perception

provides a strong impetus to learn more about how it

is regulated. Although the diversity of phosphorylation

sites and novel acetylation may have important impli-

cations in the regulation of 2-Cys Prx, the associated

activities can be further modulated by small molecules.

Accordingly, it is becoming increasingly clear that

ATP participates not only as a substrate for post-

translational modifications, but also as a modulator of

the quaternary structure. Indeed, this dual capacity to

use the nucleotide for covalent transformations and

noncovalent interactions may be at the root of mecha-

nisms by which 2-Cys Prxs harness nonredox chemistry

to cope with situations of oxidative stress. In the com-

ing years, similar approaches will be crucial to unravel

whether 2-Cys Prxs rely on noncovalent interactions to

control the functions of other, as yet unknown, com-

ponents or auxiliary proteins, mainly enzyme activity.

The elucidation of complexes with target proteins

in vitro and in vivo, their hierarchy of importance and

the dynamics of the association are all goals of future

research.

Although we cannot yet foresee the complete set

of biological processes that require 2-Cys Prx, it is

becoming clear that the peroxidase activity poises the

low oxidative stimuli while post-translational modifi-

cations serve in signal transduction when the level

of oxidative stress exceeds that which can be success-

fully handled. These tunable functions alert the cell

to stimulate the expression of antioxidant or, eventu-

ally, apoptotic genes. Therefore, the transition from

antioxidant enzyme to regulatory signal acts as a

rheostat that prevents an overreaction in response to

low levels of environmental stimuli. However, more

experimental work is needed to characterize the regu-

latory elements involved in the optimization of the

gradual switch. Accordingly, ongoing methodological

innovations are providing novel approaches to

answer the question of how biological systems inte-

grate the sulfenic acid chemistry into signal transduc-

tion [104]. In this context, the redox status of the

cell milieu should be clearly defined to determine

how 2-Cys Prxs coordinate the associated functions

with (a) cell redox components milder than harsh

oxidants often used in studies of oxidative stress, (b)

upstream and downstream redox proteins, such as

Trxs and cyclophilins, and (c) other antioxidant

enzymes with similar activities (e.g. glutathione

peroxidase, ascorbate peroxidase). Experimentally,

proteomic techniques will be helpful to determine

how the thiol–disulfide regulatory network, including

glutathionylation, crosstalks with the formation of

S-oxyacids and S-nitroso moieties in proteins.
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Fig. 6. Pivotal role of ATP in the structural

modifications of 2-Cys Prx. The diagram

summarizes the participation of ATP in cova-

lent transformations of (a) Thr90 catalyzed

by CDK1, (b) CysR by autophosphorylation

and (c) CysP assisted by Srx, and noncova-

lent interactions that drive the quaternary

structure to the formation of large assem-

blies.
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