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Abstract

Significance: Decrypting the cellular response to oxidative stress relies on a comprehensive understanding of the
redox signaling pathways stimulated under oxidizing conditions. Redox signaling events can be divided into upstream
sensing of oxidants, midstream redox signaling of protein function, and downstream transcriptional redox regulation.
Recent Advances: A more and more accepted theory of hydrogen peroxide (H,O,) signaling is that of a thiol
peroxidase redox relay, whereby protein thiols with low reactivity toward H,O, are instead oxidized through an
oxidative relay with thiol peroxidases.

Critical Issues: These ultrareactive thiol peroxidases are the upstream redox sensors, which form the first cellular
port of call for H,O,. Not all redox-regulated interactions between thiol peroxidases and cellular proteins involve
a transfer of oxidative equivalents, and the nature of redox signaling is further complicated through promiscuous
functions of redox-regulated ‘‘moonlighting” proteins, of which the precise cellular role under oxidative stress
can frequently be obscured by ““polygamous’ interactions. An ultimate goal of redox signaling is to initiate a rapid
response, and in contrast to prokaryotic oxidant-responsive transcription factors, mammalian systems have de-
veloped redox signaling pathways, which intersect both with kinase-dependent activation of transcription factors,
as well as direct oxidative regulation of transcription factors through peroxiredoxin (Prx) redox relays.

Future Directions: We highlight that both transcriptional regulation and cell fate can be modulated either
through oxidative regulation of kinase pathways, or through distinct redox-dependent associations involving
either Prxs or redox-responsive moonlighting proteins with functional promiscuity. These protein associations
form systems of crossregulatory networks with multiple nodes of potential oxidative regulation for H,O,-mediated
signaling. Antioxid. Redox Signal. 30, 1285-1324.
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l. Introduction

C ELL SIGNALING AFFORDS ORGANISMS a method of delicate
control over cellular balance, and enables the rapid co-
ordination of responses to external stimuli and stressors. In-
tracellular signaling is formed from a variety of mechanisms,
from enzymatic posttranslational modifications of substrate
proteins, such as acetylation or phosphorylation, to the sensing
of mediatory small molecules, such as Ca®* or cyclic nucleo-
tides. The reversible posttranslational modification of pro-
tein thiols presents another axis of cellular signaling, yet
despite decades of research, our understanding of oxidative
signaling networks remains woefully incomplete. Reactive
oxygen species (ROS), such as superoxide (0,°"), hydroxyl
radical (*OH), singlet oxygen (O"), and peroxide (ROOH),
are intracellular initiators of oxidative modifications, and of
these, hydrogen peroxide (H,05) is considered most likely to

play a role in oxidative signaling due to its relatively longer
half-life and specificity toward protein thiols.

For many years, H,O, within the cell has been regarded as
playing a damaging and detrimental role for cell survival, but
an appropriate and fine-tuned dose of H,O, is required for
normal cellular functioning (303, 338, 339). H,0, is highly
oxidizing because of the presence of a peroxide bond (O-0),
of which the chemical reduction is rather limited by its high
activation energy (419), making H,O, very selective in its
reactions with metal centers and specialized protein thiols
(404). With the exception of plants, in which the main H,O,
source is thought to be glycolate oxidase, H,O, is formed
predominantly from O,°" dismutation that either happens
in a spontaneous (10> M~'-s™") or in an activation energy-
reduced fashion by the enzyme superoxide dismutase (SOD;
10° M '-s71) (98, 99) (Fig. 1). Whereas the cellular electron
transport chains are a potential O,*~ source, the contribution
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FIG. 1.

Central role of H,0O, in sensing, signaling, and regulation. Endogenous sources of H,O, are shown. To prevent

damage to lipids, DNA, and proteins, superoxide is rapidly converted into H,O, by compartment-specific SODs. H,0,
is produced in several cellular organelles and diffuses across membranes. Cysteine sulfurs react with the redox metabolite
H,0,, initiating protein conformational changes (upstream sensing). This information is signaled via multiple, often
complex, pathways with involvement of several functionally divergent proteins (midstream signaling), and ultimately
mechanisms important for the integrity and fitness of the cell are activated (downstream regulation). This results in the
upregulation of Prxs, GPxs, and other antioxidant enzymes, which play an active role in the upstream sensing of H,O,. In
prokaryotes, H,O, can react directly with oxidant-sensing TF. GPxs, glutathione peroxidases; H,O,, hydrogen peroxide;
Prxs, peroxiredoxins; SODs, superoxide dismutases; TF, transcription factors.
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of the mitochondrial respiratory chain is generally minor (246,
348). Instead, nicotinamide adenine dinucleotide phosphate
[NAD(P)H] oxidases (Fig. 1), also known as rubidium oxidase
(RBOH), NADPH oxidase (NOX), and dual oxidase (DUOX),
are the main H,O, sources that transfer electrons from NADPH
to molecular oxygen (119). These membrane-spanning en-
zyme complexes generate H,O, through two-electron re-
duction of oxygen or through one-electron reduction to O,*” and
subsequent reduction to H,O,. Their activities are controlled
by growth factors and cytokines and have an array of physi-
ological and pathophysiological functions (13, 119). In this
study, the oxidative burst used to eliminate invading micro-
organisms highly dependent on NOX activities and mutations
that affect the NOX2 activities lead to recurrent infections and
impaired pathogen clearance (140, 376). Besides pathogen
removal, tissue wounding induces the generation of NOX-
dependent H,O, that is required for leukocyte recruitment and
wound healing (223, 261). Because of the spatiotemporal
differentiation of locally high H,O, concentrations, the H>O,-
induced redox signal has to take place in the vicinity of its
production, as also recently mentioned in The Redox Code
(163). In general, H,O, is a suitable second messenger, be-
cause (i) few protein targets are kinetically relevant for HO,
reduction, such as thiol peroxidases and metal centers (404);
(i1) it is stable enough to diffuse and generate a gradient from
the source (100, 404); (iii) its production is fine-tuned and can
be controlled by external stimuli, such as growth factors, in-
sulin, and environmental or mechanical stresses (83, 145, 231);
and (iv) its scavenging enzyme activity can be regulated, as
observed in peroxiredoxin (Prx) overoxidation (65, 350, 375).
In addition to its role in cellular functioning, intracellular
H,0,; production is also induced by biotic and abiotic stresses
from the cellular environment, thus, bringing the cells under
oxidative stress. The term ‘“‘oxidative stress” appeared in the
literature in the mid-eighties (337). Since then, research on
oxidative stress responses and the linked redox switches is
flourishing. Oxidative stress is now regarded as an imbalance
between oxidants and antioxidants in favor of the oxidants, first
triggering a redox signaling response, but in the long run re-
sulting in disruption or blocking of signaling pathways, with
molecular and cellular damages as a consequence (340).
Despite the highly oxidative nature of H,O,, the rate con-
stants of its reaction with grotein thiols vary over several orders
of magnitude (~0.1-10° M'-s™"), with some cysteines po-
sitioned in pockets catalytically geared toward H,O, reduction.
The proteins most catalytically reactive toward H,O, are the
primary oxidant sensors of the cell and are therefore likely to
play a key role in either the initiation of intracellular signaling
or rapid induction of a transcriptional response (Fig. 2). In-
duction of a transcriptional response can be mediated either
by transcriptional regulators capable of directly sensing H,O,
(and so contain a “‘peroxidatic’ catalytic cysteine), or through
an oxidant signal transduction via interaction with a facilitating
enzyme catalytically reactive toward H,O,. Both methods of
H,0,-mediated transcriptional regulation are discussed within
this review in the context of ‘“‘downstream redox regulation,”
and here it is compelling to compare the more simplistic, direct
model of oxidant-responsive transcriptional regulation devel-
oped by prokaryotes, to the indirect Prx-mediated mode of ox-
idative regulation adopted by mammalian transcription factors.
As the enzymes most catalytically reactive toward H,O,,
Prxs constitute the entry point of oxidative signaling, and in
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their recently consolidated role in oxidant transmission, Prxs
can be considered as frontline messengers of oxidative signal-
ing, a role discussed within this review in terms of ‘‘upstream
redox sensing.”” Aside from the modulation of transcriptional
regulation, signaling through thiol oxidation—Prx facilitated or
otherwise—requires specific protein targets to elicit specific
functions conducive to the goal of a cellular oxidative response.
Considering that H,O, flux can be both rapid, and random, it
appears beneficial for cells to possess constitutively expressed
proteins, which can alter function in a redox-dependent
manner in response to oxidative signaling. Unlike Prxs, which
are obligate antioxidant enzymes with a conserved func-
tion, such proteins would effectively be redox-responsive
moonlighting proteins, and a selection of such moonlighting
proteins are the focus of the section Midstream Redox Sig-
naling by Moonlighting Proteins of this review.

Il. Applied Techniques for Redox Biology
A. Redox proteomics

Advances in the sensitivity of mass spectrometry (MS) have
facilitated an expanding characterization of the redoxome of
reversibly oxidized cysteine residues. Recent reviews have
highlighted the importance of this technology in the field of
redox proteomics (30, 412). Current techniques for the selective
enrichment and/or labeling of redox-sensitive cysteines for MS
include the on-resin capture of oxidizable cysteines from sol-
uble cell extracts by means of Thiopropyl-Sepharose beads and
the adaption of thiol-reactive alkylating agents, such as iodoa-
cetamide (IAM) or N-ethylmaleimide (NEM), for quantitative
techniques, such as isotope-coded affinity tags (ICATs), or
iodoacetlyl-based tandem mass tags (iodo-TMTs) (107, 108,
291). These techniques rely on the blocking of free thiols fol-
lowed by the reduction of oxidized cysteines and subsequent
labeling/affinity capture. Whereas ICAT involves the differ-
ential labeling of reduced and reversibly oxidized cysteines
with “light”” and “‘heavy”” ICAT reagents, respectively, iodo-
TMT uses a variety of mass reporters, thereby allowing the
simultaneous assessment of different oxidant conditions.

A potential drawback to the use of IAM or NEM in the
alkylation of free thiols is their crossreactivity with sulfeny-
lated cysteines, although the resulting thioether derivative
can be cleaved by reducing agents and, hence, does not
necessarily interfere with selective identification of sulfe-
nates (301). A further limitation of IAM-based probes is
their potential for toxicity when used at high concentrations
(1, 213). In past proteomic approaches, the use of reductants
of relative specificity, such as arsenite for sulfenylated cys-
teines (321) and ascorbate for S-nitrosylated cysteines (153),
allowed a partial distinction between oxidative modification
types, and iodo-TMT has been resourcefully demonstrated
to differentiate sulfenylation, sulfinylation, S-nitrosylation,
and S-glutathionylation (355, 405).

In addition to these approaches that employ electrophiles
to target thiols, an array of cyclic carbon nucleophiles with
specific reactivity to sulfenic acid have arisen based on 5,5-
dimethyl-1,3-cyclohexanedione (dimedone) (124). Azide- and
alkyne-functionalized ‘“‘chemical reporter” analogs of dime-
done (DAz-1, DAz-2, DYn-1, and DYn-2) for biotinylation
successfully identified the proteomics of sulfenylated proteins
in vivo (207, 269, 276, 300, 331), but the biotin tag had to be
photocleaved postenrichment to avoid compromising peptide
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FIG. 2. Redox regulation through H,O,-modified protein sulfurs. (A) Cysteine thiols reacting with H,O, to form a
sulfenic acid. Identification of sulfenylation in proteins (-SOH) is important, because it presents a crossroad between regulation
signaling through thiol switches (-S-S-) and damage signaling through overoxidation to sulfinic (-SO,H) and sulfonic (-SO;H)
acids. (B) Oxidation of some methionine sulfurs and formation of R- and S- sulfoxides (-SO-). These sulfoxides in proteins are
also at the crossroad between regulation signaling by methionine sulfoxide reductases and damage signaling by overoxidation

to sulfone (-SO,.). LMW, low-molecular-weight; Msr, methionine sulfoxide reductase; Srx, sulfiredoxin.

ionization in the MS identification (Fig. 3) (413, 414). How-
ever, the specificity of dimedone toward sulfenic acids has re-
cently been put to question (97, 136, 137, 353). There has been
experimental evidence of dimedone labeling cyclic sulfenyl
amides, which can be formed in a sulfenic acid-independent
manner via the reaction of a glutathionylated thiol or disulfide
bond with an amide of the protein backbone (97). A recent
study has also demonstrated that a large portion of dimedone-
tagged proteins are susceptible to cleavage by dithiothreitol
(DTT), indicating that the dimedone-bound species was not
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Cys-SOH, but rather cysteine perthiosulfenic acid (Cys-
SSOH), the result of the oxidation of a persulfidated thiol (136).
Moreover, there have been some indications of dimedone treat-
ment per se leading to increased intracellular ““ROS” levels, as
detected by dichlorofluorescein (DCF) fluorescence (288).
Hence, it is strongly advised to confirm proteins detected as
sulfenylated by dimedone-based probes using other methods.

As an alternative to chemical approaches to sulfenylation
trapping, a genetically encoded probe has been developed.
This probe, termed YAPIC, is based on the C-terminal
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FIG. 3. In vitro or in vivo sulfenome trapping with dimedone-based chemical probes. Specific trapping of the
sulfenylated proteins in vitro or in vivo by dimedone-based chemical probes (DAz-1, DAz-2, DYn-1, and DYn-2). A biotin
can be added to the tagged protein by a click reaction between alkyne and azide. The biotinylated targets can be visualized
by Western blot with an antistreptavidin antibody. Alternatively, the targets can be enriched on streptavidin beads, after
identification by MS. DA, azide-functionalized dimedone; DY, alkyne-functionalized dimedone; MS, mass spectrometry.
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region (residues 565 to 650) of the Saccharomyces cerevisiae
(baker’s yeast) transcription factor yeast APl-like protein
(YAPI) (264, 364, 365, 400), with only Cys598 retained and
other cysteines mutated to alanine or threonine (364). Cys598
of YAPIC has proven to specifically form stable mixed dis-
ulfides with sulfenylated cysteines, resulting in a protein
complex that can be isolated through inclusion of an affinity
tag to YAPIC (264, 364, 365, 400). The major advantages of
the YAPIC probes when compared with the more common
chemical-based approaches to trap sulfenylated proteins are
that they are expressed in the cell, thus directly circumventing
any permeability issues, and that they can specifically be tar-
geted to tissues or organelles. Potential disadvantages of the
YAPIC probes include the necessity for genetic modification
of the target organism and the sensitivity of the mixed disulfide
to cleavage by endogenous cellular reductants.

For proteomic characterization of reversible disulfides
with physiological significance, thioredoxin (Trx) has re-
cently been utilized as a tool for specific capture of cellular
redox targets (8, 206, 254, 278, 283, 421). Both the tandem
mass tag (TMT) and ICAT proteomic methods have been
adapted to identify Trx targets, merely by using Trx as the
postalkylation reductant instead of a chemical reducing
agent, such as DTT or tris(2-carboxyethyl)phosphine (TCEP)
(278, 421). Other in vivo approaches involve replacement of
endogenous Trx with a resolving cysteine mutant of Trx,
which forms a stable mixed disulfide with oxidized cysteines
of the target proteins. The resulting Trx—target complexes
have been enriched by immobilized metal affinity chroma-
tography, in which a poly-His tag has been engineered (283),
Trx-Sepharose resin (8, 206, 278), or by immunoaffinity
(254). Proteins captured in a mixed disulfide with Trx can
elute with a reducing agent and can be separated by two-
dimensional gel electrophoresis for MS identification (8, 206,
254, 278, 283).

A similar approach has been used to identify intracellular
targets of Arabidopsis thaliana 2-Cys peroxiredoxin A
(PrxA), with Prx—target complexes isolated by coimmuno-
precipitation, followed by separation on sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and identification
by nano liquid chromatography—tandem MS (42). In addition
to the detection of covalently bound partners of Trx or Prx,
the determination of transient interaction partners has been
attempted through techniques that do not depend on the mixed
disulfide stability. A classic and well-established technique
is the yeast two-hybrid system that fuses “‘bait’” and “‘prey”’
sequences to mutually required domains of a transcriptional
activator of a reporter gene (91). Interaction of bait and prey
results in nuclear translocation and transcription of the re-
porter gene, thereby providing a readable output. A yeast
two-hybrid system has been used to identify an interaction
between the Salmonella virulence-related effector, SIrP (small
leucine-rich protein [E3 ubiquitin-protein ligase]), and human
Trx (16). Two-hybrid approaches have also been adapted
for use in mammalian cell lines, such as the KInase Substrate
Sensor (KISS) assay that exploits a kinase pathway, involving
glycoprotein 130 (gp130), nonreceptor tyrosine-protein kinase
2 (TYK?2), and signal transducer and activator of transcription
3 (STATS3), to control STAT3-dependent reporter gene ex-
pression in response to the bait—prey interaction (211).

More recently developed techniques for assessing protein—
protein interactions include proximity-based labeling meth-
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ods, such as proximity-dependent biotinylation. Site-directed
mutation of the biotin/bioadenosine monophosphate (AMP)-
binding domain of the biotin ligase, BirA, enabled the de-
velopment of techniques based on promiscuous biotinylating
fusion proteins, such as BiolD and BiolD2 (55, 173, 312,
313). The intracellular expression of a BirA fused with the
bait protein allows highly sensitive labeling of any transiently
interacting partner proteins in a proximity-dependent manner.
Biotinylated proteins can then be efficiently enriched by avidin
or streptavidin for MS-based identification. Although this
technique provides a sensitive tagging method of noncovalent
redox-mediated interactions without omission of any transient
mixed disulfide complexes, its evident drawback is the non-
specific nature of the labeling of the proteins in the immediate
proximity of the bait, instead of the discerning labeling of
direct interaction partners only. In an attempt to overcome this,
a derivative of BiolD that incorporates protein fragment com-
plementation was developed. In this approach, BirA is split into
two fragments that are fused to two interaction partners; hence,
BirA-mediated biotinylation of vicinal proteins occurs in a more
defined manner, only when and where the two proteins interact
(67, 326). Recently, BioID has been applied in the identifica-
tion of redox-related interactions in the study of interacting
partners of Trx-interacting protein (Txnip) in a mammalian cell
line (101). Of the 31 interacting partners identified, 17 were
found to be independent of mixed disulfides through the ad-
ditional use of a Txnip-BioID control, in which the redox-
active cysteine of Txnip (Cys247) had been mutated to serine.

B. Structural techniques for studying
redox-regulated proteins

X-ray crystallography is the preferred technique for the
determination of three-dimensional macromolecular protein
structures, which can provide specific insight into the molec-
ular features that govern redox sensitivity of thiols/disulfides.
Atomic resolution crystallography has enabled the visualiza-
tion of the intermediate oxidation states of peroxidatic cyste-
ines (280) and facilitated the analysis of disulfide strain energy
and other structural determinants of disulfide redox poten-
tials (309, 325). However, practical issues can arise when at-
tempting to crystallize redox-sensitive proteins, as partial
oxidation of proteins may result in mixed populations of
conformational or oligomeric states with variable stabili-
ties, which obstructs crystallization. The utilization of either
reducing or oxidizing agents can successfully drive the protein
toward a single redox state, although the choice of the reducing
agents can be an important factor, with TCEP generally fa-
vored over DTT, because of its enhanced aqueous stability and
efficacy over a wide pH range (112). Once crystals of a redox-
sensitive protein are obtained, further complications can occur
from the use of synchrotron radiation to collect diffraction
data. Typical synchrotron diffraction experiments with photon
flux in the range of 10''~10'? photons per second subject
crystals to a radiation dosage in the order of 10’ Gy (J-kg "),
with the absorbed dose depending on the X-ray wavelength
and the atomic composition of the protein (249).

One of the first evidence of specific radiation damages to a
protein is the electron capture-induced cleavage of disulfide
bonds (5), which is particularly undesirable in the case of
functional redox-active disulfides. The sensitivity of disulfide
bonds toward ionizing radiation varies greatly and depends
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generally on the local microenvironment and, with the excep-
tion of Trx1 from Litopenaeus vannamei (white-leg shrimp),
increases with solvent accessibility (36, 297, 401). In a case
study of lysozyme crystals, saturated radicalization of disulfide
bonds was observed at a cumulative dose of 0.5-0.7 MGy,
followed by bond breakage at 1.05 MGy (357). In addition to
the radiolytic cleavage of disulfides, oxidation of protein thiols
by radiation has also been proposed, although its occurrence in
protein crystals is poorly characterized. Oxidation of thiol
sulfurs by ionizing radiation has been suggested to proceed via
a thiyl radical (RS®) intermediate, which can be formed either
by direct electron capture at the thiol or through reaction with
a hydroxyl radical (*OH), which is formed upon radiolysis of
water. The thiyl radical can then react with molecular oxygen to
form a persulfenic acid, which then either rearranges to a sul-
finic acid (RSO,H), or condenses to a sulfenic acid (RSOH)
(409). Radiation-induced oxidation of cysteine to its sulfeny-
lated form have been proposed to occur in the crystal structures
of rat trypsin (402) and isocyanide hydratase (188), and the
radiation-induced thiol oxidation of yeast alcohol dehydroge-
nase in solution has been characterized (307). MS analysis of
radiation-exposed cysteinyl peptides suggests a predominant
oxidation species of overoxidized R-SO,H/R-SOzH forms over
an R-SOH (409). Structural biologists wishing to identify
physiologically relevant cysteine oxidation in crystal structures
should always consider the possibility of artefactual cysteine
oxidation during X-ray diffraction data collection.

A possible alternative to X-ray crystallography for struc-
tural studies is nuclear magnetic resonance (NMR) spec-
troscopy. NMR allows for solution study of small proteins or
protein fragments, and has the benefit of bypassing the need
for crystallization, although the high concentrations of pro-
tein required for this technique can sometimes lead to
aggregation. NMR can be applied effectively to study redox-
dependent structural dynamics of proteins that adopt different
conformations according to the redox status and are prone
to partial oxidant-induced unfolding, as seen for heat shock
protein 33 (Hsp33) (117, 205). Small-angle X-ray scattering
(SAXS), as a complementary biophysical technique, has also
provided useful insights into redox-driven structural changes,
as for instance, into the large-scale oxidation-induced structural
rearrangement of the mycothiol-dependent oxidoreductase,
Rv2466¢ (2), later identified as mycoredoxin-2 (310).

Early applications of NMR spectroscopy enabled the first
structural characterization of cysteine sulfenylation (59),
disulfide bond formation (332), and thiol pK, determination
by monitoring chemical shift changes (96). In view of the
increasing number of redox-regulated protein—protein inter-
actions revealed by proteomic studies (42), together with the
apparent role of scaffold proteins in facilitating peroxidase
redox relays (17), there is a clear need for the structural
characterization of transient protein complexes specific to re-
dox processes. Crystallographic studies of such complexes are
limited by both the required stability (relatively high affinity)
and reasonable conformational homogeneity of the complex.
However, with the development in diamagnetic and para-
magnetic NMR spectroscopy techniques, characterization of
transient protein interactions through NMR may increasingly
become an applied field (221, 320).

As cryo-electron microscopy (cryo-EM) has not the same
restrictions of conformational homogeneity due to the com-
putational sorting and filtering of sample images, it lends
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itself well to the structural study of multiprotein complexes
(80, 164, 165). In addition to nonnative complexes, cryo-EM
is also especially well suited to analyze large native macro-
molecular assemblies of subunits. Examples of redox-regulated
functions characterized by cryo-EM include the observation of
the self-assembling filamentous high-molecular-weight (HMW)
chaperone form of PrxIIl (293, 416) and the involvement of
CXXC motifs of the viral chaperone protein UL32 in disulfide
bond regulation (3).

Methodological improvements in sample preparation and
image processing software and technological advancements
in phase plates (for in-focus phase contrast) and detector
camera qualities have evolved single-particle cryo-EM into
a viable tool for structural study at the molecular level (114).
The resolution of electron microscopy density maps has in-
creased remarkably over the years, with a recent determination
of the structure of glutamate dehydrogenase at 1.8 A resolution
(236), and will progress even further (390). As an alternative to
X-ray crystallography, single-particle cryo-EM also bears the
advantage of being more amenable to the study of membrane
proteins, as detergent micelles are often obstructive to crystal
formation (although this issue is partially overcome by ad-
vances in the usage of lipidic cubic phase crystallization) (134).
Approximately 30% of proteins are membrane bound (392),
yet they comprise only 3% of the crystal structures and 10% of
the cryo-EM structures (299). There is an increasing recogni-
tion of redox-regulated mechanisms that drive ion channel
conductance in response to oxidative stress (26, 398). A distinct
lack of structural information regarding redox-regulated ion
channels could be addressed by the expanding prevalence of
cryo-EM application in the structural biology field, with a
shortage of trained users and affordable access to high-quality
electron cryomicroscopes as a current bottleneck (390).

C. Genetically encoded redox biosensors

To assess the biological implications of redox-related pro-
cesses, it is critical to be able to monitor specific redox species
and changes in their levels, preferably with a subcellular res-
olution. One set of methods involves the use of cell-permeable
dyes that react with cellular ROS, leading to fluorescence, of
which the signal intensity is proportional to the ROS level
(116). Traditional dyes such as 2’,7’-dichlorofluorescin dia-
cetate (DCFDA) and its derivatives are plagued by several
problems: (i) they lack specificity toward the different forms
of ROS, (ii) their subcellular targeting is not specific, (iii) they
do not directly target the H,O, levels, (iv) their reactions are
irreversible, (v) the nonspecific reactions of the probes may
affect their signal with misleading interpretation of the results,
and (vi) as they are intensiometric, differences in dye uptake
between different cells could be misinterpreted as differences
in ROS levels (27, 399). New generations of H,O, probes
based on boronate caging of the fluorophore have partially
helped to overcome these problems. Such dyes are highly
specific toward H,O,, can be targeted to different organelles,
and display different fluorescence spectra (73-75, 238),
however, reversibility remains a problem.

Redox-sensitive fluorescent proteins have helped to
overcome limitations presented by chemical dyes and offer
a powerful method for monitoring levels of redox species,
as well as investigating the dynamics of protein oxidation
and reduction in vivo. Fluorescent proteins, such as green
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fluorescent protein (GFP), are rendered redox sensitive
(roGFP) by the introduction of two cysteine residues onto the
surface of the f-barrel. Upon oxidation, the two cysteines
form a disulfide bond that induces slight conformational
changes, which in turn change the protonation state of the
fluorophore, leading to a simultaneous increase of the exci-
tation peak at 400 nm and a decrease of the excitation peak at
480nm, that is, to a ratiometric response. This property
renders the probe readout independent of its concentration or
expression levels, which may vary between different cell
types and compartments (77,128). Moreover, the fact that the
fluorophore is shielded by the f-barrel makes the probe pH
independent in the physiological range (328). However, the
roGFP probe itself is not specific for the oxidant source and it
is not very sensitive or rapidly responding to changes in the
cellular redox status.

To overcome these limitations, roGFP is fused, via a short
peptide linker, to proteins that are more sensitive and selec-
tive to the oxidative source. Mostly, the low-molecular-
weight (LMW) thiol-specific redoxins (e.g., glutaredoxins,
mycoredoxins, and bacilliredoxins) are used to detect chan-
ges in the intracellular LMW thiol redox balance or yeast
thiol peroxidases that directly detect changes in the H,O,
levels (19, 125, 126, 222, 246). The intramolecular disulfide
formation in roGFP is slightly different in both fusions: for
the LMW thiol redox probes, the LMW thiol is transferred
from the LMW thiol redoxin to roGFP, whereas for the thiol
peroxidases, a disulfide exchange occurs (oxidant receptor
peroxidase 1 [Orpl]) or as an yet-to-be-confirmed mecha-
nism (thiol-specific antioxidant 2 [Tsa2]) (19, 125, 126, 222,
246). Furthermore, another application of roGFP2 fusions is
seen in a recent study, in which redox catalysis was investi-
gated (351). Here, roGFP2 was fused to the Prx5-type model
enzyme antioxidant protein (AOP) from Plasmodium falci-
parum, and expressed in cells. Kinetic data showed a clear
correlation between the roGFP2 readouts and the recombi-
nant PfAOP k.,**" values.

Another group of genetically encoded redox probes is fused
with a circularly permuted yellow fluorescent protein (cp YFP).
By coupling it to Trx and to the stereospecific methionine
sulfoxide reductases (MsrA or MsrB), cpYFP is used to detect
high stereospecific methionine sulfoxide oxidations (367).
The first example of a cpYFP probe (designated HyPer) for
detection of changes in intracellular H,O, levels is HyPer
(14). In HyPer, the cpYFP probe is integrated into the
C-terminal regulatory domain (RD) of the Escherichia coli
oxidative receptor OxyR, in the region between the peroxidatic
and resolving cysteine (Cg) (14). In contrast to the roGFP
probes, the modification in the cpYFP fluorometric properties
is not due to an intramolecular disulfide in the probe, but to the
conformational changes in OxyR upon disulfide formation that
induce structural modifications in cpYFP (14). Upon oxidation
with HyPer, the 420-nm excitation peak decreases and the
500-nm peak increases (14).

New versions of HyPer have been developed with an im-
proved dynamic range or with a different fluorescent signal,
and in some cases combined with a fully genetically encoded
system for localized H,O, production by the activation of the
yeast D-amino acid oxidase (DAAO) (23, 25, 82). Of note, the
HyPer probe was employed as a template for the develop-
ment of the NADPH probe iNap (366), where cpYFP was
inserted into the NAD(H)-binding domain of Rex from
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Thermus aquaticus. As NADPH serves as the main source of
reducing equivalents for the reduction of redox-regulated
proteins, including the genetically-encoded biosensors,
monitoring its levels is also important when investigating
oxidative signaling.

The probes described in this study are ratiometric, allowing
an efficient readout, regardless of the probe expression level.
As of today, the roGFP-Tsa2 probe is by far the most sensitive
H,0,-sensing probe reported, in agreement with the high re-
activity of Prxs (10’ M'-s™") (246). HyPer and roGFP-Orpl
have a similar H,O, sensitivity (105 M'-s7), with HyPer
responding slightly faster than roGFP-Orpl (126). In con-
trast, both HyPer and roGFP-Orp1 return more quickly to
the resting state than roGFP-Tsa2 (246). A general disadvantage
of HyPer over roGFP-based probes is the intrinsic sensitivity of
the cpYFP chromophore to pH changes. A H,O,-insensitive
probe, designated SypHer2, has been generated as a control to
tackle this problem (233, 336).

A general concern of these probes is their possible inter-
ference with H,O, homeostasis, because they possess an an-
tioxidant activity. However, the roGFP2-Tsa2 probe shows a
very low H,0O,-scavenging capacity, whereas HyPer does not
seem to affect redox-dependent physiological reactions (22,
246). Another concern is related to the role of peroxidases,
which act as H,O, signal transducers (70, 345, 353), as the
introduced thiol peroxidase in roGFP probes might lead to the
activation of H,O,-signaling pathways. With HyPer, these
secondary effects are less likely to happen in eukaryotic cells,
due to the bacterial origin of the OxyR-regulatory region. From
a more practical approach, usage of genetically encoded redox
biosensors may be limited to cells that are difficult to transfect
or transduce, such as primary or suspension cells; in these
situations, new generations of H,O, chemical dyes may still be
the preferred option of monitoring H,O, levels. Moreover,
currently all ratiometric fluorescent probes (roGFP and cp YFP)
have similar excitation spectra, which compromises such ap-
plications as the simultaneous monitoring of H,O, in different
compartments of the same cell, for example. However, the
recent development of a red fluorescent H,O, probe, HyPer
Red (82) and of a redox-sensitive red fluorescent protein,
rxRFP (87) could be employed together with cpYFP and
roGFP2-based biosensors for this purpose.

lll. Downstream Redox Regulation: Coordinating
an Oxidant Response Through Redox-Sensing
Transcription Factors

The ability of a cell to survive under oxidative stress
conditions depends on its ability to rapidly adapt its tran-
scriptional response to fill itself with antioxidant enzymes
(Fig. 1). This responsive capacity is best displayed in pro-
karyotes and it is the cornerstone that underpins the survival
of pathogenic bacteria upon exposure to oxidants released by
the mammalian immune system. In this study, we discuss two
redox-regulated prokaryotic transcription factors, OxyR and
the multiple antibiotic resistance regulator (MarR), which
exemplify differing, yet effective, modes of oxidant-induced
structural changes that modulate their association to cognate
DNA. In comparison, redox-regulated mammalian tran-
scription factors, such as the STAT family, are less effective
in their direct response to cellular oxidants and, instead, rely
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on redox-sensitive signaling effectors, such as kinases or
peroxidases to mediate an oxidative stress reaction.

A. Signal transducer and activator of transcription 3

STAT proteins are transcriptional regulators of signaling
factors involved in cell survival and proliferation (64). Upon
phosphorylation by kinases, such as Janus kinase 2 (JAK2), the
cytoplasmic STAT3 dimerizes and translocates to the nucleus
to activate transcription (64). Tyrosine-phosphorylated STAT3
plays a role in the control of ROS production through down-
regulation of mitochondrial proteins of the electron transport
chain, thereby reducing ROS leakage (71), and upregulation
of the expression of ROS-consuming enzymes, such as mi-
tochondrial SOD (257). STAT3 contains multiple oxidant-
sensitive cysteines and under oxidative stress, it oligomerizes
through intermolecular disulfides at its DNA-binding domain
(DBD) and C-terminal transactivation domain (C-TAD) to
form dimers, trimers, and tetramers, which inhibit DNA bind-
ing (208, 209). As STATS3 also exerts a regulatory effect on the
activities of the electron transport chain complexes, STAT3
oxidation has been postulated to promote its regulatory role in
mitochondria (333, 359, 360). Mitochondria-localized STAT3
associates with cyclophilin D (CypD) upon oxidation in an
interaction proposed to stabilize the oxidized STAT3 form
(234). JAK2 is also sensitive to oxidative inactivation, because
oxidation of two cysteines in the ““N-lobe” of the catalytic site
triggers enzymatic inactivation (344). These cysteines are lo-
cated 9 A apart, but whether intramolecular disulfide bond
formation or sulfenylation alone mediates the reversible in-
activation of this kinase is still unknown (79). As a STAT3
activator, the redox sensitivity of JAK2 adds a supplemental,
indirect mode of redox regulation to STAT3. A direct redox
relay between a Prx and STATS3 has been identified and will be
discussed in the Thiol peroxidase redox relays section (345).

B. Oxidative stress regulator OxyR

OxyR is a prokaryotic transcription factor that regulates
several genes important for the cellular redox control, such as
catalases and ferritins (148, 423). OxyR is considered to be an
important resistance factor against the oxidative burst of in-
nate immune responses due to its influence over virulence
factors, such as biofilm formation or secretion systems (33,
162, 229, 330, 394). It belongs to the LysR transcription-type
regulator family, of which the members contain a conserved
N-terminal DBD, and a C-terminal RD. OxyR contains two
conserved cysteines in the RD that are separated by nine
amino acids within the sequence and ~ 15 A spatially (53,
161, 315, 358). The N-terminally conserved cysteine is lo-
cated in a hydrophobic pocket and is highly reactive toward
H,0,, with a rate constant of 10° M '-s™! (53, 161, 194, 315,
358). Upon oxidation, the nascent sulfenic acid is believed to
induce unfolding of the o-helix, allowing the C-terminally
conserved cysteine to come in the proximity to form an in-
tramolecular disulfide bond (53, 194, 358). The changes in the
tertiary structure of OxyR due to the intramolecular disulfide are
translated into the quaternary structure. OxyR is a tetramer in
solution and its RDs form tighgl;r associated homodimers (with a
buried surface area of >2000 A~) (53, 358). In the E. coli OxyR,
disulfide bond formation provokes a relative rotation of 30°
between the protomeric subunits of the RD homodimer, which
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has an allosteric effect on the DBD subunits and so affects the
DNA contacts and the interaction with the RNA polymerase,
thereby modulating transcription (Fig. 4) (53).

In contrast, the RD of OxyR from Porphyromonas gingi-
valis displays only a very small interprotomer rotation upon
disulfide formation and both the reduced and oxidized con-
formations resemble the oxidized RD of E. coli OxyR (358).
This demonstrates that the redox-induced conformational
changes exerted by the peroxidatic cysteine (Cp)-Cg disulfide
switch off are not conserved among OxyRs. Accordingly, the
modifications in the OxyR-binding topology and association
with RNA polymerase upon oxidation are quite variable
among OxyRs from different species. For instance, when
binding to the oxyRS promoter region, the reduced E. coli
OxyR binds two pairs of adjacent major grooves separated by
one helical turn, provoking DNA bending, whereas the oxi-
dized OxyR binds to four consecutive major grooves, eluding
DNA bending (374). A similar mechanism is observed in the
oxyR2-PrxII promoter region of the bacterium Vibrio vulni-
ficus (178). The genes in oxyRS in E. coli and oxyR2-PrxII in
V. vulnificus are divergently transcribed, possibly because
these regions share a redox-related transcriptional control. In
the binding to the alkyl hydroperoxide C (ahpC) promoter
region of E. coli, the reduced and oxidized E. coli OxyR
factors have the same DNA contacts, but the oxidized OxyR
has an increased affinity and activates ahpC transcription
(374). In other cases, OxyR acts as a repressor, although the
binding mechanism has not been studied in detail (176, 370,
381). In any case, the conformational changes induced by
oxidation and intramolecular disulfide bond formation have
dramatic effects on the binding affinity of the OxyR toward
its cognate promoter regions, resulting in an altered tran-
scriptome (Fig. 4). In all cases, the allosteric control of the
DBD is conferred through oxidative modifications of the RD,
with the presently held hypothesis that the localized struc-
tural changes produced by intramolecular disulfide formation
induce a subtle alteration in the quaternary structure that
translates into a change in the relative DBD orientation.

C. MarR family

The MarR family comprises a wide variety of species-
specific transcriptional regulators, some of which are respon-
sive to intracellular oxidants. MarR family proteins are
homodimers that contain a structurally conserved winged
helix-turn-helix (WHTH) DNA-binding motif on each proto-
mer (4). Typically, they act as transcription repressors through
steric hindrance of the RNA polymerase to a promoter,
although some family members act as activators by either
competitive exclusion against repressors or by stabilizing the
RNA polymerase (377). MarR proteins possess a dimeriza-
tion region and form relatively compact homodimers through
intercalation of the o1, a5, and a6 helices, all while leaving
the wHTH free for DNA recognition (29). In MarR-type
structures, the dimerization domain functions as a hinge and
any movement in the dimeric interface communicates an
equivalent shift in the relative distance between the partnered
wHTH DNA-binding motifs, triggering a structural syn-
chronicity in which the MarR protein specificity and affinity
toward DNA are modulated (186, 424). Despite their origin
from a common ancestor, MarR family proteins have evolved
multiple distinct redox regulation mechanisms.
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FIG. 4. Proposed DNA-binding and transcriptional control mechanisms of OxyR. (A) Under reducing conditions,
transcription repression by OxyR of the targeted gene by DNA bending of the promoter region, preventing RNA polymerase
binding. OxyR oxidation causes DNA unbending of the DNA. The oxidized OxyR cooperatively associates with the RNA
polymerase, activating transcription. (B) Under reducing conditions, lack of promoter region binding by OxyR. Upon oxi-
dation, OxyR binds to the promoter and activates transcription cooperatively with the RNA polymerase. (C) Under reducing
conditions, OxyR binding to the promoter region and repression of transcription by preventing binding of the RNA poly-
merase. Oxidation relaxes the DNA binding and allows the RNA polymerase to transcribe the gene. OxyR, oxidative receptor.

The MarR-type transcription regulator, organic hydro-
peroxide resistance regulator (OhrR), adopts species-specific
modes of redox regulation, depending on the presence of a
single (typically N-terminal) cysteine, or two or more cyste-
ines. The 1-Cys variant OhrR of Bacillus subtilis is responsive
to oxidative modification by LMW thiol conjugation. Sulfe-
nylation of B. subtilis OhrR does not weaken its DNA-binding
affinity, instead, mixed disulfide formation (with bacillithiol,
coenzyme A, or cysteine) or condensation with the amide
backbone to a sulfenamide is required for derepression (199).
The 2-Cys variant of Xanthomonas campestris OhrR also has
an oxidant-sensing N-terminal cysteine (Cys22) that, upon
oxidation, engages in an intersubunit disulfide bond with a Cg
(Cys127) of the neighboring protomer (270). It should be noted
that referring to such OhrRs as ““2-Cys’’ does not preclude the
existence of more than two cysteines; X. campestris OhrR has
an additional cysteine in the proximity of Cys127 (Cys131)
that is not considered functionally significant. Structural char-
acterization of the reduced and oxidized forms of X. campestris
OhrR revealed that, upon oxidation of Cys22 to sulfenic acid, a
hydrogen bonding network involving neighboring tyrosines
is disrupted allowing a 135° rotation and 8.2 A translation of
Cys127 of the partner protomer to engage in a disulfide (258).

This localized structural transition results in a striking reor-
ganization of the dimerization interface, whereby the stacking
arrangement of the a6-helices’ interface is effectively swapped,
reversing the helix polarity while maintaining the pseudo
twofold symmetry and overall triangular shape of the homo-
dimer (Fig. 5). The rearrangement of the dimerization region
conveys a 28° rotation of the wHTH domains, weakening the

affinity of the oxidized OhrR for its target promoter. Whereas
the C-terminal Cg of X. campestris OhrR appears to be essential
for oxidative regulation of its DNA-binding capacity, the C-
terminal cysteines of other 2-Cys orthologs, such as the OhrR of
Pseudomonas aeruginosa or Chromobacterium violaceum,
are dispensable for oxidative derepression and seemingly act
as a protection against overoxidation (9, 61). In the case of the
P. aeruginosa OhrR homolog, OspR (bearing 46.5% identity
to OhrR), oxidation of the N-terminal cysteine is sufficient
to abolish its affinity to the ohr promoter, but both N- and C-
terminal cysteines are required for oxidative regulation of
its affinity to the glutathione peroxidase (gpx) promoter (9).
The usefulness of a C-terminal Cg in OhrRs in the protection
against overoxidation of the N-terminal Cys has been dem-
onstrated in the conversion of the 1-Cys B. subtilis OhrR into
a 2-Cys regulator through introduction of a C-terminal cys-
teine either at position 120 (G120C) or 124 (Q124C), placing
these Cg at 14.1 or 13.3 A Sy-Sy distance, respectively, from
the N-terminal Cys15 of the sister subunit (347). Both Cx
variants effectively conferred the reversible oxidative regu-
lation of promoter repression by OhrR. The recently charac-
terized Staphylococcus epidermidis MarR family regulator, the
aggregation and biofilm formation regulator (AbfR), senses
organic peroxides via the 2-Cys interprotomer mechanism
(220), yet AbfR does not undergo the o6-helix swapping
that occurs for the X. campestris OhrR, but, instead, a slight
“twisting” of the dimer interface is induced (219).

Despite the less dramatic structural changes in the AbfR
dimerization region than that of the X. campestris OhrR, a
much larger rigid-body transition is transmitted to the wHTH
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Oxidized

ROOH
Cys22-SH Cys127'-SH ————p Cys22-S-5-Cys127'

FIG. 5. Oxidation-induced localized structural rearrangement in the transcription factor OhrR. Upon oxidation,
intermolecular disulfide formation in Xanthomonas campestris OhrR is accompanied by a structural rearrangement at the
homodimer interface, with interprotomer swapping of the «6-helices. Respective protomers are light gray and dark gray and
the structurally perturbed o.5- and a6-helices are colored black for clarity. Structural representation prepared in PyMOL with
crystal structures of the reduced (PDB ID, 2PEX) and oxidized (PDB ID, 2PFB) XcOhrR. OhrR, organic hydroperoxide

resistance regulator; ROOH, peroxide.

domain of AbfR, with the interprotomer gap between the
wHTH DNA-recognition helices (¢4) widening by >11 A in
the oxidized form relative to the reduced DNA-bound form
due to a marked rigid-body rotation and translation of the
wHTH (Fig. 6). AbfR has been shown to sequentially form its
cross-subunit disulfides, whereby a population of 1-disulfide
crosslinked dimers progresses to a 2-disulfide form with in-
creasing concentrations of organic peroxide (219). AbfR oxi-
dation to a 1-disulfide or 2-disulfide state reduces its affinity
toward the abfR operator site by 10-fold and 20-fold, respec-
tively, indicative of two allosteric regulation stages that might
be related to independent conformational changes occurring
separately in each protomer (219).

Among the MarR family, alternate 2-Cys mechanisms of
redox regulation have also been detected. The P. aeruginosa
multidrug efflux regulator (MexR) does not possess the con-

AbIR oxidized
@ AbIR DNA-bound
@ AbIR reduced

Site of
disulfide formation

FIG. 6. Regulation of DNA binding by intermolecular
disulfide formation in Staphylococcus epidermidis AbfR.
Native, reduced S. epidermidis AbfR (black) undergoes a
conformational change to adopt a DNA-bound state (dark
gray). Oxidation induces an intermolecular disulfide bond
formation that locks AbfR in a conformation incompatible
(light gray) with association to its cognate DNA. Structural
superposition performed in PyMOL with crystal structures
of the reduced (PDB ID, 4HBL), oxidized (PDB ID, SHLI),
and DNA-bound (PDB ID, SHLG) forms. AbfR, aggrega-
tion and biofilm formation regulator.

served N-terminal cysteine of OhrR, but, instead, forms an
interprotomer disulfide between a cysteine at the C-terminus of
the «1-helix (Cys30) and a cysteine on a loop following the o3-
helix (Cys62) of the opposing protomer (47). Cys62 is thought
to form first a sulfenic acid, which loeads to localized disruption
of hydrogen bonds, allowing an 8 A translation toward Cys30.
The accompanying structural change is relatively localized,
leading to a modest conformational shift in the wHTH regions,
without changes in the distance between the DNA major-
groove recognition helices. The overall conformations of re-
duced and oxidized forms of MexR remain largely the same
and the structures align with a root-mean-square deviation of
1.6 A (48). The decrease in DNA affinity is proposed to derive
mainly from the steric hindrance introduced by the intermo-
lecular disulfide (48). In addition to the intermolecular 2-Cys
mechanisms outlined above, intramolecular disulfides have
also been found to regulate some MarR family proteins, as in
the case of an OhrR homolog of Mycobacterium tuberculosis,
oxidation-sensing regulator, MosR.

In MosR, the conserved N-terminal oxidant-sensing cys-
teine (Cys12) forms an intramolecular disulfide with Cys10
upon oxidation, leading to transcriptional derepression (32).
A markedly different mode of oxidation-induced intrasubunit
linkage has been suggested for the bleach-sensing MarR
family protein of E. coli, the N-ethylmaleimide regulator
(NemR). NemR is specifically sensitive to both electrophiles
and reactive chlorine species (RCS) and regulates its own
expression and that of N-ethylmaleimide reductase (NemA)
and glyoxalase (GloA) (195). Only one of the six cysteines of
NemR, Cys106, is thought to be responsible for RCS sensing
and an oxidation-induced sulfenamide bond has been sug-
gested to form between a sulfenylated Cys106 and the Lys175
amino group (118). In addition to the intersubunit and in-
trasubunit disulfide/sulfenylamide mechanisms of oxidative
regulation of the MarR-type transcription factors, an interdimer
system of disulfide regulation has also been characterized
for the Burkholderia thailandensis biofilm regulator (BifR) and
the E. coli MarR. Both the E. coli MarR and BifR undergo
interdimer disulfide linkages to form tetramers upon Cu(Il)
oxidation, but via distinct, nonconserved cysteines. Whereas
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disulfide (and subsequent tetramer) formation by MarR in-
hibits DNA binding, oxidation actually increases the affinity of
BifR toward DNA (123, 424).

IV. Midstream Redox Signaling
by Moonlighting Proteins

Transcription factors sensitive to oxidants typically regulate
the expression of antioxidant enzymes or proteins involved in
coordinating cell fate (66, 217). Although such transcription
factors exert a significant level of control over a cellular re-
sponse to oxidative stress, they also limit the potential scale
and complexity afforded by a signaling network through acting
as simple on/off switches. By possessing an additional “‘mid-
stream” level of constitutively expressed redox-sensing pro-
teins beyond the transcriptional downstream effectors, cells
can form a more complex and sensitive network of redox
regulation, complimentary to the core antioxidant response.
By virtue of being constitutively expressed, these midstream
effectors bypass the need for protein synthesis before their
regulatory effects are exerted. To fulfil the role of a redox-
regulated midstream effector, the candidate protein should
have a cellular function, distinct from any redox-related
property, thereby justifying its expression under basal
conditions. Furthermore, the candidate protein should be
susceptible to reversible oxidation, and oxidation should alter
its cellular role or subcellular localization in some way. In
this study, we outline candidate proteins which we consider
to fulfil this function, and therefore would constitute a level
of midstream redox signaling, which shapes the cellular re-
sponse to oxidative stress. The ability of such proteins to
adopt a subfunction in response to redox stimuli compels us
to refer to them as redox-regulated moonlighting proteins.

A. Human protein deglycase DJ-1

Human protein deglycase DJ-1 (protein deglycanase-1) is a
member of the DJ-1/Hsp31/Pfpl superfamily with a wide range
of predicted cellular roles, including regulation of RNA—protein
interactions (139), glyoxalase activity (200), chaperone func-
tion (334), cysteine protease activity (49), RNA binding (384),
esterase activity (385), and transcriptional coactivation (410).
It occurs preferentially as a noncovalent homodimer of 20-kDa
protomers and contains an active site consisting of a catalytic
triad of Glul8, Cys106, and His126, which confers glyoxalase
and cysteine protease activity (49, 200). In vivo, DJ-1 is re-
sponsive to oxidative stress (242, 243) and Cys106 is consid-
ered to be the key redox-sensitive residue (37, 181, 317). A 1.2
A crystal structure of DJ-1 revealed that in the absence of ox-
idizing agents, Cys106 is overoxidized to a sulfinic acid (37).
DJ-1 displays redox-dependent esterase activity that apparently
depends on the Cys106 oxidation state (385). Whereas the es-
terase function of DJ-1 is abolished by thiol alkylation, it is
enhanced by exposure to H,O, or a C106D sulfinylation mimic.

Human DJ-1 contains two additional cysteines, Cys46 and
Cys53, and although both are oxidizable upon H,O, treatment,
they are significantly less sensitive to oxidants than Cys106
(181). Cys53 is located at the homodimerization interface of
DJ-1 and is purported to form an intermolecular Cys53-Cys53
disulfide under oxidizing conditions to facilitate homodimer
stabilization (89); there is also evidence suggesting that this
disulfide is a reduction target for Trx (103). A further inter-
action between DJ-1 and another antioxidant enzyme, PrxII,

1295

has been observed, also involving Cys53 of DJ-1 (89). DJ-1
has been demonstrated to form a mixed disulfide with PrxII via
Cys53 under oxidizing conditions, possibly resolving itself
into an intermolecular disulfide-bridged DJ-1 dimer (89).

DJ-1 oxidation has been found to promote its relocalization
to mitochondria, an event associated with neuroprotective
effects (37). Null mutation of DJ-1 causes an aberrant mito-
chondrial phenotype in human cells that can be rescued by
infection of the human cells by viral particles expressing the
wild-type protein or by administering antioxidants, such as
N-acetyl-L-cysteine, but not by infection with viruses expres-
sing the C106A mutant (150). Furthermore, knockout of DJ-1
in mice has been shown to lead to a twofold increase in mi-
tochondrial H,O, levels (6). The cytoprotective function of
mitochondria-localized DJ-1 is suggested to derive from its
interaction with the antiapoptotic protein B cell lymphoma-
extra large (Bcl-X;); NMR chemical shift experiments have
since confirmed this interaction and it is proposed that bind-
ing of DJ-1 to Bcl-X inhibits the latter’s ubiquitination and
subsequent degradation (Fig. 7) (201, 302). Again, Cys106 is
critical for this association, as a C106A mutation abolishes
the interaction. DJ-1 is also recognized to bind subunits of
the electron transport chain Complex I and to help in complex
assembly, although the influence of DJ-1 oxidation on this
interaction has yet to be explored (132, 135). Intriguingly, a
specific Cys106 oxidation state is required for its protective
influence in mitochondria. Whereas wild-type DJ-1 preferen-
tially forms a stable sulfinic acid at Cys106, a mutation of the
spatially proximal glutamate (E18D), designed to stabilize the
sulfenylated Cys106 form, impairs the protective ability of DJ-
1 against mitochondrial damage (24).

DJ-1 confers cytoprotectivity to oxidatively stressed cells
by interfering with the c-Jun N-terminal kinase (JNK) and p38
mitogen-activated protein kinase (MAPK) apoptotic path-
ways, through a redox-dependent interaction with an upstream
kinase of the JNK/p38 signaling pathway, the apoptosis signal-
regulating kinase 1 (ASK1) (373). Under oxidizing conditions,
ASK1 oligomerizes via intermolecular disulfide bridges to
form HMW complexes of >3000 kDa, constituting an active
ASKI1 signalosome (253). ASK1 contains 23 cysteines, of
which none is essential for the covalent complex linking. Only
the multiple mutation of seven cysteines across the three
ASK1 domains (the N-terminal, kinase, and C-terminal
domains) abolished the ability of ASKI1 to form disulfide-
linked multimers (253). Upon oxidation, DJ-1 can engage in
a mixed disulfide with ASK1 through its oxidant-sensitive
Cys106 (391). Complex formation between ASK1 and DJ-1
inhibits the kinase function of ASK1, thereby suppressing the
INK/p38 apoptosis pathway under oxidizing conditions
(Fig. 7). The peripheral Cys53 of DJ-1 might act as a Cg,
driving the dissociation of the mixed disulfide, but this po-
tential role has not been characterized in vitro. Crucially,
whereas mildly oxidizing conditions promote the ASK1-DJ-1
complex formation, overoxidation of DJ-1 leads to its dis-
sociation from ASKI1, implying that this regulatory rela-
tionship is highly sensitive to cellular redox conditions (38).

DJ-1 also indirectly suppresses ASK1 by sequestering
the death-associated protein Daxx and preventing it from
ASK1 activation (166). In addition to its redox-regulated
ASK1 modulation, DJ-1 also interacts with and inactivates
MAPK kinase kinase 1 (MEKK1), another upstream JNK
kinase that protects against UV-induced cell death. However,
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this interaction does not involve the redox-sensitive Cys106 of
DJ-1 (10). DJ-1 intersects with another kinase pathway, the
phosphatidylinositol 3’ kinase pathway, through its role as a
negative regulator of phosphatase and tensin homolog (PTEN)
(177). DJ-1 has been suggested to mediate STAT1 dephos-
phorylation by promoting its interaction with the sarcoma
(Src) homology 2 domain-containing protein tyrosine phos-
phatase 1 (SHP-1) (175).

DJ-1 influences the cellular antioxidant response via its
association with the transcriptional regulator, nuclear factor-
erythroid 2 p45-related factor 2 (Nrf2) (147). Nrf2 is the tran-
scriptional activator of antioxidant response elements and,
hence, mediates the expression of various antioxidant enzymes
(151, 268, 388). Although the exact mechanism by which DJ-1
positively regulates Nrf2 activity is not well understood, it
might prevent the binding of the inhibitor Kelch-like ECH-
associated protein 1 (Keapl) to Nrf2 (Fig. 7) (56). Keapl is a
cysteine-rich (27 cysteines in the human isoform), 70-kDa
protein that, under basal conditions, binds to Nrf2 and facili-
tates the association of the adapter component of the cullin 3
(Cul3)-based ubiquitin E3 ligase complex, leading to ubiqui-
tination and proteasomal Nrf2 degradation (81). Astroglial
overexpression of DJ-1 results in upregulation of the antioxi-
dant enzymes, PrxII, Trx, and SOD1, although this could purely
derive from the positive regulation of Nrf2 by DJ-1 (102).

DJ-1 has many other reported interaction targets, namely
androgen receptor (262, 363), polypyrimidine tract-binding
protein-associated splicing factor (PSF) (410), and p53 (86,
335). Among these targets, the interaction with p53 seems to
be redox regulated, with oxidation of the Cys106 of DJ-1
essential for the interaction with the p53 DBD and subsequent
repression of its transcriptional activity (170). DJ-1 also dis-
plays a chaperone activity that prevents a-synuclein aggre-
gation, which is connected to Parkinsonism (115). Cys53 has
been found necessary for this particular redox-dependent
chaperone activity (334). Characterization of the chaperone
properties of the prokaryotic DJ-1 homolog, YajL, revealed
an extensive capacity for mixed disulfide formation with a
wide range of cellular targets, extending to ribosomal pro-
teins, metabolic enzymes, chaperones, transcription fac-
tors, and aminoacyl-transfer RNA (tRNA) ligases (192).

The bacterial AyajL mutant displays elevated levels of
sulfenylated proteins, further supporting a redox-dependent
protective role for YajL (109). Whereas the chaperone func-
tion of DJ-1 toward o-synuclein relies on Cys53, the covalent
chaperone ability of YajL involves Cys106, consolidating
the importance of this residue for the redox-dependent func-
tion of DJ-1/YajL. For human DJ-1, Cys106 is probably the
predominant residue mediating mixed disulfide complex for-
mation with various cellular partners and the amount of co-
valently captured complexes is enhanced by a C53 A mutation,
possibly through promotion of a DJ-1 monomeric state more
prone to oxidative interactions (89). One protein identified
in separate studies to form a mixed disulfide complex with
both human DJ-1 and the bacterial homolog YajL, is another
redox-regulated moonlighting protein, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (89, 192). DJ-1 also
interacts with GAPDH in an enzymatic manner, deglycating
inactive glycated GAPDH (196, 304), and in human neu-
roblastoma cell lines was observed to form HMW com-
plexes containing GAPDH and proteins related to RNA
metabolism (285).
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B. Glyceraldehyde 3-phosphate dehydrogenase

GAPDH is a key enzyme of the glycolytic pathway,
catalyzing the reversible phosphorylation of glyceraldehyde
3-phosphate to glycerate 1,3-bisphosphate with concomi-
tant generation of reduced nicotinamide adenine dinucleotide
(NADH). It is one of the most abundant intracellular proteins
and, besides its role in glycolysis, performs many autonomous
and often unrelated functions in multiple cellular compart-
ments (342, 343, 378). A conserved cysteine at the active site
(Cys152 in human GAPDH) acts as a reactive nucleophile and
is essential for the catalytic function (31, 277). The Cys152
thiolate is highly sensitive to oxidative modifications, and, for
a nonperoxidatic thiol, has a remarkably high rate constant
for its reaction with H,O, (10-10° M"-s7") (215, 403, 418).
Mathematical models predict that GAPDH is the first protein
to become oxidized, once the dedicated thiol peroxidases are
inactivated by overoxidation (above 10 uM H,0,) (403). Ex-
perimental observations are in agreement with these in silico
predictions, as a 20 uM H,O, bolus applied to Jurkat cells was
demonstrated to be sufficient for GAPDH oxidation (12).
H,0,-mediated oxidation of GAPDH decreases its glycolytic
activity (215, 277), although it is possible to uncouple the
redox sensitivity of GAPDH from the oxidative inactivation
of the enzymatic activity through mutations that reduce oxi-
dant sensitivity (e.g., C156S and Y314F) (277). Inactivation
of GAPDH disrupts the glycolytic pathway, rerouting the
carbohydrate flux to generate pentose phosphate pathway
metabolites with concomitant generation of NADPH (295). As
NAPDH is the upstream electron donor of the thiol-disulfide
regeneration systems, such as thioredoxin reductase (TR) or
glutathione disulfide reductase (GR), increasing NAPDH
production under oxidative stress conditions is likely to be
crucial for cell survival.

As a demonstration, in yeast cells expressing human H,O,-
insensitive mutants (C156S and Y314F) of GAPDH, the up-
regulation of NADPH production under oxidative stress is
impaired and susceptibility to cell death is increased relative to
wild type (277). In addition to inhibition of the catalytic activity
of GAPDH, oxidation also induces aggregation of GAPDH,
whereby oxidation of the surface-exposed Met46 of GAPDH
is linked to protein misfolding, with subsequent aggregation
through intermolecular disulfide formation (318). Neuronal
GAPDH aggregation upon oxidative stress has been identified
as a marker in neurological diseases (393). Although the Trx/
TR system is the main reductant for oxidized GAPDH, tubulin,
an abundant neuronal protein, can also engage in thiol-disulfide
exchange to reduce GAPDH and, thus, specifically prevent
oxidative aggregation/inactivation of neuronal GAPDH (189).

Oxidation or S-nitrosylation of the catalytic cysteine of
GAPDH induces its association with Siah1, an E3 ubiquitin
ligase protein involved in proteasome-dependent protein
degradation (130). Binding of GAPDH to Siahl promotes
localization of GAPDH to the nucleus, where it influences the
apoptosis pathway and the enzymatic DNA repair systems.
Nuclear GAPDH promotes acetylation and phosphorylation of
P53 in the absence of the poly A-binding protein, stimulating
translocation of p53 to mitochondria, where it participates in
apoptosis initiation (371). GAPDH has also been implicated
in mediating the upregulation of p53 expression (420) and, in
turn, pS3 has been shown to upregulate the mRNA transcrip-
tion of GAPDH and Siahl (50, 93). ASK1 augments the
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interaction between GAPDH and Siah1 and phosphorylates
threonines of Siahl to activate its nuclear signaling path-
way (379), whereas H,O, treatment has been shown to
increase the association of ASK1 to GAPDH-Siahl. Nuclear-
translocated GAPDH interacts with the base excision DNA
repair enzyme, apurinic/apyrimidinic endonuclease 1 (APE1),
and reduces the oxidized APE1 in a manner dependent on
the redox-sensitive GAPDH cysteines, Cys152 and Cys156
(10). APE1 itself has redox-dependent functions, capable of
reactivating the extracellular signal-regulated kinase (ERK)
activity via its oxidant-sensitive cysteine Cys65 (397) and
stimulating p53 DNA binding in a redox-dependent manner
(60). Oxidation of human GAPDH induces an interaction with
the RNA-binding proteins, PSF and 54-kDa nuclear RNA-
binding protein (p54nrb), to form a complex that enhances
the topoisomerase I activity (146), and this interaction is de-
pendent on the presence of the catalytic Cys152 site of GAPDH.
H,O, treatment of human cell lines has been shown to result in
the formation of a mixed disulfide between GAPDH and either
PrxI or PrxII (353), with Prx presumably mediating the re-
versible oxidation of GAPDH thiols, and a proteome-wide study
of H,0,-sensitive protein thiols of Arabidopsis chloroplasts
confirmed that GAPDH undergoes reversible thiol oxidation
(250). Among the 16 other oxidant-sensitive stromal proteins
identified were 2-Cys Prx and the peptidyl-prolyl cis—trans
isomerase (PPI) enzyme, cyclophilin 20-3 (Cyp20-3) (250).

C. Peptidyl-prolyl cis—trans isomerase

The Arabidopsis PP, Cyp20-3, is a multifaceted protein, and
in addition to its PPI activity, plays a putative role in facilitating
protein unfolding and degradation under stress (308). Upon
oxidation, Cyp20-3 undergoes a large conformational change
to form two sets of intramolecular disulfides, Cys54-Cys171
and Cys129-Cys176 (191). Cyp20-3 oxidation inhibits its PPI
activity (191, 248) and has been suggested to induce a regu-
latory function in cysteine synthesis, as under oxidative stress
conditions Cyp20-3 interacts with the cysteine synthase com-
plex to activate cysteine synthesis (76). Despite its low redox
potential (E,,=-319mV), Cyp20-3 can be maintained in a
reduced state by Trx-m (E,, =—357 to 368 mV) (57) and might
also be a reductant of 2-Cys Prx A and Prx B (E,,, of =307 and
—322mV, respectively), although it is unable to enhance the
peroxidase activity of 2-Cys Prxs (191, 251).

Mammalian PPIs with redox-responsive functions include
the cytosolic cyclophilin A (CypA), cyclophilin B (CypB),
which is localized to the endoplasmic reticulum, mitochon-
drial CypD, and the phosphorylation-dependent parvulin
family PPI, Pinl (peptidyl-prolyl cis—trans isomerase NIMA-
interacting 1). Similarly to Cyp20-3, human CypA can also act
as an electron donor for Prx II and Prx VI and has been dem-
onstrated to enhance their peroxidase activity in vitro (203).
CypA negatively regulates the JNK/p38 signaling pathway
in response to oxidative stress by interacting with ASK1 and
suppressing its phosphorylation (174). CypA has been observed
to be secreted by vascular smooth muscle cells under conditions
of oxidative stress and activates ERK1/2 in a manner dependent
on its peptidyl-prolyl isomerase activity (160).

Mammalian CypD is a regulator of the mitochondrial
permeability transition pore (mPTP) (329), the activation of
which leads to loss of the mitochondrial membrane potential
and is linked to necrotic and apoptotic cell death. CypD is
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activated by p53 and, in turn, induces p53 aggregation through
its isomerase activity (193). CypD activation occurs in response
to oxidative stress (324) and its Cys203 has been identified as the
redox-sensing cysteine responsible for oxidative regulation and
forms an intramolecular disulfide upon H,O, exposure in vivo
(214, 259). CypD interacts with Trx2 and PrxIIl in the mito-
chondrial matrix (94) and accumulation of oxidized Trx2, either
by small interfering RNA (siRNA) knockdown of thioredoxin
reductase 2 (TR2), or inhibition of TR2 by auranofin, induces
the concomitant oxidation of CypD and PrxIII, implying a level
of redox interplay between these enzymes. CypD increases
the respiratory activity of Complex III in HEK293 cells by
promoting supercomplex formation (85). Overexpression of
Cyp22, a CypD homolog of Trypanosoma cruzi, led to in-
creased sensitivity to mitochondrial destabilization through
loss of membrane potential in response to oxidative stress (34).
Under conditions of oxidative stress CypD binds to mitochond-
rially localized STAT3 in a manner dependent on the N-terminus
region of STAT3, and it is proposed that this interaction relates to
reduced mitochondrial ROS production (234).

A relationship between STAT3 and CypB has also been
demonstrated in cancer cells, with STAT3 repressing tran-
scription of CypB inhibitors, and CypB in turn promoting the
activation of STAT3 (210). The parvulin family PPI, Pinl,
specifically targets prolines adjacent to phosphorylated Ser/
Thr and makes a junction between PPlases and kinase path-
ways, whereas oxidation of its Cys113 to sulfenic/sulfinic acid
inhibits its catalytic activity (46, 149, 411). Pin1 also intersects
with cellular stress responses by targeting JNK (272), p53
(120), and p66 Src homologous-collagen homolog (p66Shc)
(88). Pinl-mediated translocation of p66Shc to mitochondria
leads to increased levels of mitochondrial ROS and induc-
tion of apoptosis (113). The adaptor protein, p66Shc, itself
contains multiple oxidant-sensitive cysteines, and can undergo
a redox-dependent transition between homodimeric and a
homotetrameric disulfide-linked oligomer.

D. Transglutaminase 2

Transglutaminases (TGs) are a family of enzymes that cat-
alyze Ca”*-dependent transamidation and (under acidic con-
ditions) deamidation reactions on a wide range of intracellular
and extracellular targets (for a comprehensive list of substrates,
see the TRANSDAB database, http://genomics.dote.hu/wiki/
index.php/Main_Page). Humans possess nine different TGs,
of which transglutaminase 2 (TG2) is the most widely dis-
tributed and is associated with a plethora of disease phenotypes
related to oxidative stress. Links between TGs and cataracts
(202), celiac disease (224), cancer (154), inflammation (225),
neurodegeneration (11), and diabetes (20), all suggest a ROS-
dependent role of TGs in disease response. The role of TG2 in
cellular responses to ROS can clearly be linked to its ability to
modulate stress-responsive transcription factors, such as NF-
kB and p53 (154, 240), and more recently the redox regulation
of TG2 itself is increasingly recognized (28, 349). For their
transamidase activity, TGs employ a catalytic triad consisting
of a histidine (His335), aspartate (Asp358), and catalytic cys-
teine (Cys277), and the presence of a GTP-binding site in its f3-
barrel 1 domain enables TG2 to also act as a G protein (255).

Oxidation of TG2 has been shown to induce intramolecular
disulfide formation, either at Cys230-Cys370, or at Cys370-
Cys371 (349). Based on site-directed mutagenesis of Cys230,
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a disulfide relay might occur, with first the formation of the
Cys230-Cys370 disulfide and then with Cys371 presumably
acting as a Cg for the generation of the resulting Cys370-
Cys371 vicinal disulfide. Oxidation of TG2 inhibits its
transamidase activity, and mutation of Cys230 has been
shown to render TG2 insensitive to inactivation by oxidation,
although this was attributed to an impaired ability to form the
Cys370-Cys371 disulfide (349).

TG2 can adopt either a closed ATP/GTP-bound confor-
mation, in which state its transamidation activity is lost, or an
open transamidase-active conformation stabilized by Ca®*
binding (284). Oxidation appears to influence the conforma-
tional preference of TG2, as the Cys230-Cys370 disulfide form
preferentially adopts the open configuration even in the pres-
ence of GTP (Fig. 8) (349). However, the Cys230-Cys370
disulfide itself is not incompatible with the closed configura-
tion of TG2, as proved by its presence in crystal structures of
ATP and GTP-bound closed conformation TG2 (127, 156).
Just as GTP inhibits the transamidase activity of TG2 by
promoting the closed conformation, Ca®* can decrease the
GTPase activity of TG2 (182). TG2 has a binding Kp of
1.6 uM for GTP, compared with a Kp, of 90 uM toward Ca**
(15). Considering that typical intracellular Ca®* concentrations
are in the range of 100 nM and that free GTP is estimated to be
~ 100 uM, the majority of intracellular TG2 is expected to be in
a closed, GTP/GDP-bound conformation without transamidase
activity (183). In this transamidase-inactive conformation, TG2
has been demonstrated to function as a kinase (239-241) and as
a protein disulfide isomerase (PDI) (131). As the vicinal
Cys370-Cys371 disulfide has a redox potential similar to that
of bovine PDI [-18414mV (159) and —190+ 10 mV, respec-
tively (226)], this implicates the vicinal disulfide as a potential
catalytic site for disulfide isomerization. In terms of an in vivo
relevance of the PDI action, a role for TG2 in the correction of
defective disulfide bonds in the respiratory chain complexes
has been proposed (232).

TG2 can be secreted to the extracellular environment, where
it serves as a target substrate for extracellular Trx (7, 159). Trx
has been shown to be highly selective in its extracellular TG2
targeting in fibroblasts and the small intestine, although its
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ability to recognize TG2 in other organ environments has been
questioned (7). Surprisingly, chloride intracellular channel
protein 3 (CLIC3) has also been proposed to be an extra-
cellular reductant of TG2, utilizing the catalytic cysteine of
the CXXC motif of its Trx fold to perform a GSH-dependent
reduction of oxidized TG2 (138). CLIC proteins adopt either
a soluble globular form, structurally homologous to the glu-
tathione S-transferase (GST) family or an oligomeric integral
membrane-associated state for ion conductance. Although
CLIC3 has not previously been associated with redox-
dependent functions, the structure and/or function of CLICI,
CLIC2, and CLIC4 has been previously demonstrated to be
altered depending on the oxidation state of the cysteines of its
Trx domain (216). More recently, an extracellular oxidizing
protein partner for TG2 has been identified. ERp57 (endo-
plasmic reticulum-resident protein 57 [also known as protein
disulfide-isomerase A3, or glucose-regulated protein 58-kDa])
was observed to colocalize with TG2 in cultured human um-
bilical vein endothelial cells, and was capable of oxidatively
inactivating TG2 at a second-order rate constant >700-fold
higher than inactivation by oxidants such as H,O, or gluta-
thione disulfide (GSSG) (417). The dual axis of Trx and
Erp57 in extracellular redox regulation of TG2 may serve to
modulate extracellular transamidation, where Ca®* and nu-
cleotide concentrations favor a transamidase-active form of
TG2, and so oxidative inhibition of its activity may have a more
significant role.

V. Upstream Redox-Sensing: Prxs as Specific Sensors
and Mediators of the Oxidative Stress Response

The high cellular abundance of Prxs and the superior
catalytic reactivity of their peroxidatic thiols toward per-
oxides make them the frontline intracellular oxidant sen-
sor, thereby placing Prx in the upstream section of oxidative
signaling pathways. The proposed role of Prx as a sensor
and transducer of H,O, signaling has been consistently
strengthened (125, 126, 136, 246, 277, 345, 353, 354), and
in this study we consolidate the view of Prx as an instigator
of oxidative signaling, and provide a further overview of the

ATP/GTP-bound

Ca**-bound

FIG. 8. TG2 adoption of two functionally distinct conformations. To be catalytically active as a transamidase, TG2
must be in an open conformation (light gray). The closed conformation of TG2 (black) is inactive as a transamidase, but has
GTPase and kinase activities. Binding of Ca®* promotes the open conformation, whereas binding of GTP/ATP induces a
large-scale conformational change (dashed arrow) to the closed conformation. The transamidase catalytic site and vicinal
cysteines Cys370 and Cys371 are indicated. Figure prepared in PyMOL with the crystal structures of GTP-bound (black;
PDB ID 4PYG) and inhibitor-bound (gray; PDB ID 3S3J) human TG2. TG2, transglutaminase 2.
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potential cellular roles of Prx and its intersection with al-
ternate intracellular signaling pathways.

A. Relationship between redox state
and Prx conformation

Prxs catalyze the reduction of peroxide to water/alcohol
through a nucleophilic attack by a Cp thiolate that in the pro-
cess becomes oxidized to a sulfenic acid. In “typical 2-Cys”’
Prxs, tohe Cp is spatially conserved in the first turn of «-helix 2,
~ 14 A away from the Cg, which is located in the C-terminal
region of the neighboring subunit of the Prx homodimer. For
a disulfide to form between the Cg and a sulfenylated Cp,
localized unfolding is required of both the o2-helix active site
region and the Cg-containing C-terminal tail. This process is
defined as a transition from a “‘fully folded”” (FF) to “‘locally
unfolded” (LU) state. Recent consensus in the field of Prxs
is that the FF-LU transition is in dynamic conformational
equilibrium before Cp oxidation (167, 168, 260, 279). The
structural switch from a FF to LU conformation in Prx is an
essential protective mechanism, and stabilization of the FF
conformation is widely accepted to promote Cp overoxidation
to sulfinic or sulfonic acid, inactivating Prx until regeneration
of the sulfinylated form by sulfiredoxin (Srx). Prxs that are
prone to or resilient to overoxidation are designated ‘‘sensi-
tive” and “‘robust,” respectively. In phylogenetic terms, eu-
karyotic Prxs are largely sensitive and prokaryotic Prxs robust
to overoxidation (408, 415). Eukaryotic Prxs typically contain
a conserved YF sequence motif in the C-terminal tail that
interacts with the first turn of the «2-helix to support its packing
against the active site, while obstructing the local unfolding of
the active-site region (168, 322, 395).

With the exception of the monomeric PrxQ/bacterioferritin
comigratory protein (BCP) (158, 212), the dimerization of
Prxs is a highly conserved feature, with two distinct di-
merization interfaces, designated A-type and B-type. Ty-
pical 2-Cys Prxs form homodimers through the B-type
interface with protomers interacting in a head-to-tail fashion
to bring adjacent f-sheets together in an antiparallel align-
ment (54), whereas the atypical 2-Cys Prxs dimerize via the
A-type interface. Through the A-type interface, typical 2-
Cys Prxs form higher-order oligomeric structures that occur
most commonly as a toroidal decamer of five homodimers
and in a few rare cases as dodecamers (121, 327). In the FF
conformation, the Cp-containing active-site loop buttresses
the decameric interface, thereby stabilizing the oligomeric
toroid. Cp sulfenylation from the catalytic reduction of
H,0, leads to disulfide formation between the Cp and Cg,
locking the active site in an LU conformation and destabi-
lizing the decamer-building interface (407).

The strong relationship between the structural environ-
ment of the Cp and the oligomeric state of Prxs has been
explored by site-directed mutagenesis, with mutation of the
conserved active-site threonine (Thrd4 in S. cerevisiae thiol-
specific antioxidant 1 [Tsal]) to valine or serine, modulating
the oligomeric state toward dimer or decamer, respectively
(362). The Thr44-flanking phenylalanines (Phe43 and Phe45)
form hydrophobic interactions at the A-type interface and the
oxidation-induced switch to the LU conformation is thought to
disrupt these stabilizing interactions, leading to decamer dis-
sociation (245, 407). As an exception of such redox-dependent
oligomerization in 2-Cys Prxs, PrxIV keeps a stable decameric
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arrangement in the absence of a reducing agent (40). The
oligomeric structure of PrxIV might be maintained by its dis-
tinct N-terminal extension, a feature lacking in other Prx sub-
types. In the 2-Cys Prx of Salmonella typhimurium (AhpC), a
threonine mutation at the decameric interface either stabilizes
(T77V) or destabilizes (T771) the oligomeric structure without
direct interference with the active site (275). Destabilization of
the AhpC decamer greatly reduces the catalytic efficiency of the
enzyme for H,O,, but also makes the enzyme more resistant
to overoxidation at the Cp. The decreased sensitivity of the
decamer-destabilizing mutants to peroxide-mediated inactiva-
tion is attributed to an increased flexibility of the active-site
region, evidenced by high temperature factors in the crystal
structure of AhpCrs71 (275). This phenomenon could imply a
dynamic mechanism linking redox-dependent oligomerization
to the catalytic Prx function, in which the decameric state of the
enzyme reacts with peroxide and then dissociates to dimers to
allow the rapid formation of a Cp-Cg disulfide bond, thereby
preventing enzymatic inactivation by the Cp overoxidation.

Two possible mechanisms for the role of Prxs in oxidative
signaling have been proposed; a direct transfer of oxidative
equivalents from the oxidized Prx to a reduced target protein
via a redox relay involving a temporary interprotein mixed
disulfide (Fig. 9) (95), or the ““floodgate’” hypothesis, whereby
Prx inactivation by hyperoxidation to a sulfinylated form leads
to a localized build-up of H,O, (408).

B. Thiol peroxidase redox relays

The concept of a Prx-based redox relay first gained credence
after a ground-breaking study had revealed that the yeast thiol
peroxidase Orpl (previously termed GPx3) transferred oxi-
dative equivalents to the transcription factor Yapl (70, 354).
The critical significance of this redox relay is that Yap! is not
directly responsive to H,O,, and oxidation can occur only with
peroxidase involvement (228). Upon oxidation by H,0,, a
sulfenic acid is formed on the Cp of Orpl, Cys36, which can
be resolved into a mixed disulfide with the Cys598 of the
C-terminal cysteine-rich domain of Yapl. In turn, Cys303 of the
N-terminal cysteine-rich domain of Yapl reacts with Cys598
to produce an intramolecular, interdomain disulfide and to re-
lease Orp1. Unless oxidized, Yapl is rapidly reduced and further
sequential interdomain disulfides can occur, resulting in a final
triple disulfide oxidation state, involving Cys310-Cys629 and
Cys315-Cys620 in addition to the initial Cys303-Cys598. The
single Cys303-Cys598 interdomain disulfide is sufficient to
mask the C-terminal nuclear export signal of Yapl, leading to
nuclear localization and transcriptional activation of oxidative
stress response genes (69, 70), but the peak of transcriptional
activity is reached only upon generation of the triple disulfide
form that has an enhanced resistance to reduction (as evi-
denced by a decrease in redox potential relative to the single
disulfide form) and, thus, can probably confer a more sustained
activation in the presence of reductants (266).

Functionally equivalent redox relays have been described
for Yapl homologs, the Candida albicans Capl that is also
oxidized by Orpl, and the Schizosaccaromyces pombe (fis-
sion yeast) Papl that is oxidized by Tpx1, a homolog of S.
cerevisiae Tsal (35). Whereas the redox relay between Orpl
and Yapl proceeds via an Orp1-SOH intermediate, the Tpx1
relay is proposed to proceed via a thiol-disulfide exchange,
involving the Cp-Cg disulfide of the Tpx1 oxidized form (17,
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FIG. 9. Prxs in action: removal of peroxides and transfer of oxidative equivalents. Prxs belong to the first line of
cellular defense antioxidants. Primarily they reduce H,0O, to H,O, thereby maintaining the reducing environment of the cell,
although, they recently have been shown to transfer oxidative equivalents to target proteins via transient mixed disulfide
complexes. Thus far, the best described system is the transfer mechanism in which PrxII acts on the transcription factor
STAT3 (345). At high H,O, concentrations, Prx is overoxidized and forms a sulfinic acid (-SO,H) on its peroxidatic
cysteine. Srx is the ATP-dependent return ticket for overoxidized Prx. This overoxidation mechanism has been described as
part of the Prx regulation mechanism, also known as the floodgate model (408). STATS3, signal transducer and activator of

transcription 3.

35). As proteomic studies have revealed an abundance of
proteins with surface-exposed thiolates, along with milli-
molar concentrations of LMW antioxidants, such as GSH,
and submicromolar concentrations of Trx, the question
arises of why Orpl specifically oxidizes Yapl, especially
considering the presence of a Cg in Orpl that should rapidly
react to form a Cp-Cg disulfide.

This issue has been addressed by the identification of a Yap1-
specific scaffold protein, the Yapl-binding protein 1 (Ybpl)
(122, 387). In the absence of Ybpl, Orpl forms a mixed dis-
ulfide with Yapl at a predicted rate constant of 10~ s, too
slow for effective Yapl oxidation in the cellular environment.
Ybpl recruits Orpl and Yapl into a ternary complex, effec-
tively increasing their respective local concentrations and the
oxidative relay rate constant to 1 s~ (17). The binding of Ybp1
to Orpl also prevents the Cr of Orpl (Cys82) from reacting
with the sulfenylated Cp before a mixed disulfide can be formed
with the Cys598 of Yapl (17). In yeast strains that produce a
truncated Ybp1l gene product, Tsal takes over the function of
Orpl (265, 361). TsalACy is able to form a mixed disulfide
with Yapl1 via its Cp (Cys48), but only the wild-type Tsal, not
the ACg variant, can activate Yapl in response to oxidative
stress. Thus, either a thiol-disulfide exchange mechanism is
the preferred mode of oxidant transduction between Tsal and
Yapl, or a Tsal homodimer with only one intermolecular
disulfide linkage, leaving the Cp of one subunit free for sulfenic
acid condensation, might be the Yapl-activating form (361).

The highly efficient redox relay between Orpl and Yapl
inspired the development of a fluorescent probe based on
roGFP2. By linking Orpl and roGFP2 together as a fusion

protein construct, the proximity dependence of the relay fa-
cilitated by Ybp! can be enabled artificially. By comparing the
redox relay characteristics of a wild-type and an Orpl Cg
mutant (C82S) fusion construct, the roGFP-Orpl,,, was dem-
onstrated to transduce oxidation by a thiol-disulfide exchange
mechanism, whereas the roGFP-OrplACy relays oxidative
equivalents directly via a sulfenic acid intermediate (126).
Besides the redox relay systems described above, the occur-
rence of oxidant transduction between the yeast Ahp1l and the
Yapl homolog Cadl has been suggested and an oxidant relay
between PrxII and the transcription factor STAT3 has been
described. Direct STAT3 oxidation by H,O, is very slow,
but in the presence of PrxIl, the oxidation rate is signifi-
cantly enhanced (345). PrxII oxidizes STAT3 via a mixed
disulfide, although it is not known whether via thiol-disulfide
exchange, or direct sulfenic acid condensation. STAT3 oxi-
dation leads to the formation of intermolecular disulfide-
bonded STAT3 dimers and tetramers, and the involvement of
different cysteines of STAT3 in dimer and tetramer formation
implies independent PrxII oxidation pathways, resulting in
different oligomerization states (345).

Another mammalian transcription factor found to be regu-
lated by Prx-mediated oxidation is forkhead box protein O
(FOXO) 3, which has been demonstrated to form mixed dis-
ulfides with PrxI in vivo, and formation of a PrxI-FOXO3 mixed
disulfide appears to induce nuclear localization of FOXO3
(141, 287). PrxI has also been reported to facilitate oxidation of
the APE1, and although the mechanism of oxidation is not fully
characterized, it appears to involve a PrxI-APEl mixed dis-
ulfide intermediate (256). The resulting oxidized form of APE1
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is also unknown, although studies of its oxidation states show
that it can form a mixture of disulfide-bonded multimeric
species through Cys65, Cys93, Cys99, and Cys138, and that it
is also capable of forming a mixed disulfide complex through
Cys99 with Trx (227).

Further to its role as a moonlighting redox sensor, DJ-1 is
suggested to engage in a thiol-disulfide exchange mechanism
with PrxII (72), whereby oxidized PrxII with a Cp-Cg disulfide
forms a mixed disulfide with Cys53 of DJ-1, which resolves
into an intermolecular disulfide involving the Cys53 of another
monomer to generate a covalent homodimer (89). All-in-all,
peroxidase-based redox relays have been established to have
both a functional relevance and technological applications, but
until recently, the number of truly validated redox relays has
been exceptionally low, especially relative to the vast number
of oxidizable protein thiols identified in proteomic studies.
However, the recent findings that the simultaneous depletion
of PrxI and PrxII massively decreases the levels of H,O,-
induced protein thiol oxidation (353) provide compelling ev-
idence in favor of oxidative signaling via redox relays.

C. Nonperoxidatic roles for Prx

The floodgate hypothesis was proposed based on the ob-
servation that some eukaryotic Prxs appear to have evolved
a specific sensitivity to hyperoxidation (408). However, there
is presently a lack of experimental support for this mechanism
and the proportion of hyperoxidized 2-Cys Prx in mammals is
usually quite low, estimated to be <1.6% in mice erythrocytes
(52). Accordingly, specific cellular situations might occur
in which overoxidized 2-Cys Prx can sufficiently accumulate
to facilitate floodgate-based signaling. For example, in the
adrenal cortex, 10-20% of PrxIII is found to be hyperoxidized
(172). Increased ROS leakage caused by overstimulation
of steroid hydroxylation by CYP11B1, a cytochrome P450
family protein, in mitochondria of adrenal gland cells has re-
sulted in PrxIIT hyperoxidation and a corresponding increase in
p38 MAPK phosphorylation (172). In this study, hyperox-
idation was proposed to allow the build-up of mitochondrial
H,0, and subsequent overflow to the cytosol, whereby oxi-
dative ASK1 activation, an upstream kinase of p38, leads to
p38 phosphorylation (172). However, another study has
highlighted a steep concentration gradient of H,O, across the
mitochondrial membrane, hence, changes in mitochondrial
H,0, levels are expected to have relatively little impact on the
cytosolic concentration of H,O, (246). A redox relay mecha-
nism for ASK1 regulation has also been suggested based on the
observation that PrxI and PrxIIl form a mixed disulfide with
ASKI1 in mammalian cell lines, thereby inferring a direct
ASKI1 oxidation mechanism by Prx (157).

An alternative to a hyperoxidation-driven floodgate is the
transient inactivation of Prx by reversible phosphorylation
that would influence H,O, gradients independently of H,O,
itself. The peroxidase activity of PrxI can be inactivated by
Tyr194 phosphorylation (which is positioned ~9 A from the
Cp) by Src kinases upon cell stimulation by growth factors
(406), Thr90 and Thr183 phosphorylation by the mammalian
sterile20-like kinase 1 (MST1) (298), and by Thr90 phos-
phorylation by the cyclin-dependent kinase 1 (CDK1) (45).
The peroxidase activity of PrxII decreases upon Thr89
phosphorylation by the CDK5/p35 complex (290). Conversely,
phosphorylation of Ser32 of PrxI by the T-Lymphokine—
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Activated Killer (LAK) cell-originated kinase (TOPK) en-
hances the peroxidase activity (425), thereby demonstrating
that location of phosphorylation is critical for its influence on
Prx function. Prx susceptibility to phosphorylative inactiva-
tion or hyperoxidation can be independent of the isoform,
with PrxI relatively insensitive to hyperoxidation, but readily
inactivated by phosphorylation, whereas PrxII is typically not
susceptible to inactivation by phosphorylation, but more prone
to hyperoxidation (406). A number of kinases and phospha-
tases are becoming regarded as being redox regulated them-
selves, thereby adding an additional level to phosphorylative
Prx regulation. Oxidation of a conserved cysteine of the Src
kinases promotes their activation, increasing the likelihood of
PrxI phosphorylation and inactivation.

Furthermore, several members of the protein tyrosine
phosphatase (PTP) family, which could potentially dephos-
phorylate (and therefore activate) PrxI, are susceptible to in-
activation through the reversible oxidation of cysteine residues
(235, 267), culminating in a positive feedback loop that favors
PrxI inactivation by phosphorylation and prevention of de-
phosphorylation. As PTPs have a relatively low reactivity to-
ward endogenous H,O, levels (k=9-18 M ' -s7") (72, 90), it is
tempting to consider the possibility of direct oxidation of PTP
by Prx as an additional level of redox-regulatory control.
However, in the case of PTP1B and PrxII, a redox relay was not
found to occur upon H,O, exposure (62). Although possible
redox relay systems between Prx/peroxidases and kinases have
been proposed for ASK1 (157) and the S. pombe p38/JNK
stress-activated protein kinase (SAPK), Sty 1 (386), many other
regulatory, redox-related interactions with Prx and kinases/
phosphatases have been characterized without involvement
of a mixed disulfide intermediate. PrxI engages in regulatory
interactions with the phosphatases, PTEN, MAPK phos-
phatase 1 (MKP1), and MKPS5, in a manner which is redox
dependent, yet does not involve mixed disulfide formation
(39, 382). PrxI binds to PTEN and MKP1 with similar affinity
(K4=247.3133.6 and 261.0+21.2 nM, respectively) and dis-
sociates upon oxidation, but binds MKP1 with an increased
affinity (2.4+0.2nM) to form a complex that does not disso-
ciate upon oxidation (382). PTEN, MKP1, and MKPS5 reside in
a class of PTPs that possess a nucleophilic catalytic cysteine,
sensitive to oxidation. PTEN oxidation leads to the formation
of an intramolecular disulfide, involving its active-site cyste-
ine, whereas oxidation of MKP1 and MKPS5 induces the for-
mation of disulfide-linked oligomers; in both cases, oxidation
results in loss of phosphatase activity. PrxI preserves the lipid
phosphatase activity of PTEN by protecting it against oxidative
inactivation, and also protects MKP5 against oxidation-
induced oligomerization and subsequent inactivation.

Conversely, PrxI-associated MKP1 is more susceptible to
oxidative inactivation upon exposure to H,O,. As MKP1
dephosphorylates both p38x MAPK and JNK, whereas
MKPS5 dephosphorylates only p38x MAPK, the involvement
of PrxI indirectly activates JNK signaling while inactivating
p38a (190). A direct regulation of p38 MAPK by PrxI has
been suggested based on the coimmunoprecipitation of PrxI
with phosphorylated p38 MAPK, but the nature of this in-
teraction has still to be characterized in vitro.

The HMW oligomeric form of PrxI has been proposed to
promote MST1 activity by association with the MSTI1 C-
terminal kinase-inhibitory domain (247). Significantly, phos-
phorylation of PrxI at Thr90 by CDK1 or MST1 induces the
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formation of HMW oligomers of PrxI (Fig. 10), hinting to
a positive feedback loop promoting PrxI phosphorylation
by MST1 (155). Phosphorylation is not, however, a general
mechanism for the stimulation of Prx oligomerization, be-
cause phosphorylation at Tyr194 of PrxI by Src kinases does
not influence the oligomeric state of PrxI (406). The conver-
sion of PrxI to a HMW oligomer confers a chaperone function,
but reduces the peroxidase activity (179). Prx hyperoxidation is
known to trigger the formation of HMW oligomers; therefore,
under the conditions to which the floodgate signaling hypothesis
applies, a corresponding increase in Prx chaperone action should
also be considered (263). The conversion to HMW oligomers
involves stacking of decamers via “R-interface” interactions to
create filamentous structures. Stacking of the decamers into
HMW oligomers prevents the proper folding of the C-terminal
tails, leaving them as disordered protrusions (314). As the un-
structured, hydrophobic regions of other chaperone proteins are
known to be involved in substrate binding, these unfolded C-
terminal regions of HMW oligomeric Prxs have been postu-
lated to play a role in conferring holdase activity (314).
Currently, the connection between the oligomeric state and
regulatory interactions of Prx is unclear and seems to vary
depending on the protein substrate. In the case of mito-
chondrial Prx of the protozoan parasite Leishmania infantum,
overoxidation and oligomerization to HMW species is not
necessary for Prx to act as a holdase on mitochondrial pro-
teins under heat stress (369). PrxI is proposed to bind PTEN
as a monomer, as preservation of PTEN phosphatase activity
reaches its maximal under equimolar ratios of PrxI and PTEN
(39). A relationship between the oligomeric state of PrxI and
its regulation of MKP1/MKPS5 has not been fully character-
ized. PrxI binds to Toll-like receptor 4 (TLR4) in the pres-
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ence of myeloid differentiation protein 2 (MD2) and cluster
of differentiation 14 (CD14) to stimulate cytokine release, in
a manner independent of peroxidase activity, but dependent
on PrxI oligomerization (305). Nevertheless, whether the
decameric form or HMW chaperone form of PrxI is neces-
sary for its interaction with TLR4 is still unclear. Chlor-
oplast 2-Cys Prx can enhance the activity of chloroplast
fructose-1,6-bisphosphatase (CFBPase), although not through
function as a chaperone, as it is unable to prevent CFBPase
denaturation, but via protection against CFPase autoxidation
and alteration of its affinity to its substrates (41).

In some cases, a specific physiological function of Prx can
require the specifically directed regulation of the balance
between hyperoxidized HMW oligomers and the reduced
decameric form. Recently, the potential role of the yeast Prx,
Tsal has been demonstrated in preventing the accumulation
of H,O,-induced aggregates in stressed yeast cells (129).
Decameric Tsal was found to physically associate with the
Hsp70-type protein, Ssal, in a redox-independent manner
and, upon hyperoxidation, localized along with Ssal or Ssa2
to inclusion aggregates, leading to a decrease in aggregate
formation by the promotion of proteasomal degradation or
refolding of substrate proteins (Fig. 11). Tsal was also able
to trigger Hsp104- and (Hsp40-type) Sisl-mediated disag-
gregation in a Srx-dependent manner, implying a necessary
conversion of the hyperoxidized form of Tsal to its reduced
form, possibly driving Tsal dissociation from aggregates to
allow disaggregation (129), thus providing a eukaryotic ex-
ample of redox-dependent regulation of the proteostasis ma-
chinery through the control of the oxidative state of a Prx.

Considering the significant influence of the oligomeric
state of Prx on its cellular function, it is important to note that

Oxidized
Decameric Prx . A
Reduced Al T
HMW filamentous Prx
Overoxidized/Phosphorylated
FIG. 10. Influence by unrelated enzymes on the oligomeric Prx state. Prx exists in an equilibrium between dimeric and

(depending on the isoform) decameric oligomeric states. Association of the oxidized, tetrameric p66Shc shifts the multi-
meric equilibrium toward a dimeric state, also favored by the oxidized Prx form. Dephosphorylated CDK1 promotes the
HMW chaperone Prx state, also preferred by the hyperoxidized Prx. Hyperoxidation or oxidation to the HMW or dimeric
forms of Prx can be reversed through reduction by Srx or Trx, respectively. Trx is shown indirectly influencing the
oligomeric Prx state by reducing either the oxidized p66Shc or (thereby activating) Cdc25, a CDK1 phosphatase. Depictions
of structural models were prepared with the crystal structure of the reduced human PrxII (PDB ID, 1QMV), oxidized human
PrxIII (PDB ID, 5K2I), and Cg mutant of human Trx (3E3E), which mimics the reduced form. The HMW chaperone form
of Prx is presented [adapted from Yewdall et al. (416)]. Cdc25, cell division cycle 25; CDK, cyclin-dependent kinase; Cg,
resolving cysteine; HMW, high-molecular-weight; p66Shc, p66 Src homologous-collagen homolog; Trx, thioredoxin.
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the presence of fusion tags can affect oligomerization and
hyperoxidation sensitivity. A C-terminal Myc-tag on PrxII
conferred resistance to hyperoxidation (169), whereas an N-
terminal Hisg-tag on Arabidopsis 2-Cys PrxA increased its
sensitivity to hyperoxidation (184) and an N-terminal Myc-
tag on yeast Tsal destabilized its oligomeric forms (263). The
oligomeric state of Prx can also be influenced by the presence
of other proteins. In Arabidopsis, Cyp20-3, an abundant
stromal protein, interacts with 2-Cys Prx with a Ky of
<0.5 uM, in a pH- and redox-dependent manner. The Cyp20-
3 association drives the oligomeric state of 2-Cys Prx toward
the dimer. Conversely, titration of chloroplast stromal pro-
teins with isolated Arabidopsis 2-Cys Prx shifted the oligo-
meric equilibrium from dimer toward decamer.

The influence of proteins on the oligomeric Prx state has
also been characterized in eukaryotic systems, for instance
the interaction between PrxI and p66Shc (110). In a coinci-
dental link, p66Shc is also regulated by a cyclophilin, Pinl
(88). The apoptosis-inducing role of p66Shc is activated by a
redox-dependent conversion from homodimers to disulfide-
linked tetrameric p66Shc, which constitutes the proapoptotic
form (111). The interaction with reduced homodimeric p66Shc
induces the dissociation of PrxI decamers to dimers, purport-
edly due to the enhanced affinity of p66Shc for the dimeric
form of PrxI (Fig. 10) (110). The association of oxidized tetra-
meric p66Shc with the decameric PrxI also generates a decamer-
to-dimer conversion, although this time through a thiol-disulfide
relay whereby oxidative equivalents are transferred from
p66Shc to PrxI (110). It is still unclear whether PrxI can act as a
reductant of p66Shc in vivo, whereas a role for Trx as a reductant
of oxidized p66Shc has been described (111).

Finally, it is important to consider the common charac-
teristics that define the specifity of Prx for its binding part-
ners. Data-mining studies have unearthed recurrent motifs
conserved among the interaction partners of human PrxI and
PrxIl, regardless of the interaction mode or oligomeric state
of Prx (18). Besides the redox-active CXXC motif, many
binding partners of PrxI/PrxII have been found to possess a
LXXLL and/or PXXP motif. Among the functional Prx as-
sociations described above, both the LXXLL and PXXP
motifs are conserved among STAT3, ASK1, and PTEN, and
the PXXP motif alone for p66Shc, and the LXXLL motif
alone for TLR4.

D. Complementary roles of Prx and Trx

Significantly, many of the physiolocally interacting part-
ners of Prx also interact with Trx. Most typically, the role
of Trx in relation to its target proteins is that of a disulfide
reductant that “‘flips the disulfide switch,”” by reduction of
either an intermolecular disulfide, as for p66Shc, or an in-
tramolecular disulfide, as for example, cell division cycle 25
(Cdc25). Cdc25 is a PTP that is reversibly inactivated by
H,0,-mediated oxidation, leading to intramolecular disulfide
formation between its catalytic Cys and a backdoor Cys
(346). Cdc25 participates in the activation of CDK1, a kinase
that, as detailed above, phosphosphorylates PrxI (45), thereby
providing an indirect link between Trx action and phos-
phorylative Prx regulation. A more direct connection be-
tween kinases and Trx and Prx is the mutual interaction with
MST1. Trx1 binds to the SARAH domain of MST1 and in-
hibits autophosphorylation by blocking its homodimerization
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(44). Although the association of Trx1 to MST1 does not
involve a mixed disulfide, it is still redox sensitive, as mu-
tation of the CXXC motif cysteines to serine abolishes the
interaction and Trx1 oxidation also induces the dissociation
from MST1 (44). Whereas PrxI is a phosphorylation target of
MSTI1, MST1 does not phosphorylate Trx1.

In addition to its redox-regulated interaction with PrxI, the
phosphatase, PTEN, is also regulated in a redox-dependent
manner by Trx. Remarkably, Trx can both activate and de-
activate PTEN through distinct mechanisms. In its capacity
as a disulfide reductase, Trx reduces the intramolecular dis-
ulfide that is formed in PTEN between the active-site Cys
(Cys124) and the backdoor Cys (Cys71) upon oxidation by
H,0,, converting PTEN from an inactive to an active state
(204). PTEN inactivation by Trx might occur through the
formation of a mixed disulfide between the catalytic Cys32
of Trx1 and Cys212 of the C2 domain of PTEN, inhibiting
the lipid phosphatase activity (237). The inhibitory interac-
tion between Trx and PTEN could be reversed by TR. No-
tably, this interaction involves the reduced form of Trx, with
the oxidized form unable to interact with PTEN in an in-
hibitory fashion, thereby precluding a mechanism of thiol-
disulfide exchange between Trx,, and PTEN.

A final example of the dual regulation of a kinase by both
Prx and Trx is in the case of ASK1. Whereas Prx is proposed
to act as an oxidant transducer that oxidizes ASK1 to active,
disulfide-linked multimers (180), Trx1 instead suppresses
ASKI1 activity through binding its N-terminal Trx-binding
domain (TBD) and preventing the homophilic interaction of
ASKI required for its functionality (104, 185). Upon oxida-
tion, Trx1 dissociates and ASK1 can convert into its active
kinase form and participate in the initiation of the pro-
grammed cell death (316). The catalytic cysteine of Trx1 is
essential for the maintenance of its affinity for ASK1 and of
the seven conserved cysteines of the TBD of ASK1. Cys250
has been identified as the key residue modulating the asso-
ciation between ASK1 and Trx1 (185, 187, 252).

In all the cases of protein coregulation by Trx/Prx outlined
above, an antagonistic system of regulation can be seen.
Whereas PrxI acts as an activator of ASK1, MST1, and PTEN,
Trx conversely acts as an inhibitor. Additionally, the redox
stimuli for the interactions of Prx and Trx with these proteins
are also in opposition. Under oxidizing conditions, an associ-
ation of ASK1 and MST1 with PrxI is promoted, whereas
under reducing conditions an interaction with Trx is created. A
further significant characteristic of these interactions is that
they are redox sensitive, but do not involve the oxidoreductase
or chaperone functions of either Prx or Trx.

Although the role of Prx as a chaperone is focused on in the
Nonperoxidatic roles for Prx section, Trx also has notable cel-
lular chaperoning functions. The molecular chaperone cap-
abilities of Trx and TR were first observed in E. coli (171). Since
then, a critical role for Trxs as stress-responsive chaperones in
plants has been established. Tobacco (Nicotiana tabacum) Trx-m
and Trx-f and Arabidopsis Trx-h act as chaperones depending
on their oligomeric states (273, 319). The monomeric form of
Trx functions as a disulfide reductase and, under heat stress or
oxidative stress, Trx oligomerizes and gains chaperone ac-
tivity (273). A similar duality of function has been observed
for plant NADPH-TR type C (a fusion of TR and Trx) that has
aholdase and a disulfide reductase activity in HMW and LMW
forms, respectively. Mutation of the active-site cysteines
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abolished disulfide reductase and foldase activity, but the ef-
fect was less pronounced on the holdase activity (43). Re-
cently, a novel bipartite protein with both designated reductase
and chaperone domains has been identified, the Arabidopsis
thaliana tetratricopeptide repeat domain-containing thior-
edoxin (AtTDX). AtTDX has an N-terminal Hsp70-interacting
protein (HIP)-like domain that contains three tetratricopeptide
repeat domains and a C-terminal Trx domain conferring dis-
ulfide reductase activity. In response to heat stress, AtTDX
switches from a LMW form with disulfide reductase activity to
a HMW form with holdase function (198). AtTDX has been
demonstrated to act as a cochaperone of the yeast Hsp70, Ssb2,
modulating its ATPase activity and recruiting it to the Hsp90
complex (286). AtTDX associates via its HIP-like domain with
the ATPase domain of Ssb2 in a redox-dependent interaction.
The complex between AtTDX and Ssb2 dissociates under
oxidative conditions and mutation of either the Cys20 of Ssb2,
which is conserved by many other Hsp70 proteins, or of both
cysteines of the catalytic CXXC motif of Trx, renders the
association redox insensitive (389). AtTDX can also function
as a general chaperone, acting as a foldase in its LMW form
and, under heat-shock conditions, oligomerizes to a HMW
form with holdase activity (198).

Thus far, beyond the respective peroxidase and reductase
activities of Prx and Trx, a functional promiscuity relating
to redox-related interactions and chaperoning is exhibited by
both enzymes. Although Prx has been demonstrated to par-
ticipate in oxidative signaling through redox relays (265, 345),
its preferred oxidation target is undoubtedly Trx. The reduc-
tion of Trx by TR is expected to prevent Trx from further
participation in an oxidative relay, but, under stress conditions,
sufficient quantities of oxidized Trx may possibly accumulate
to allow the Trx-mediated oxidation of target proteins in a relay
system mirroring that displayed by Prx. In S. pombe, exposure
to moderate oxidative stress (0.2 mM H»0O,) overwhelms the
TR system, resulting in high amounts of oxidized Trx1 either in
an intramolecular disulfide-bonded form, or in mixed disulfides
with various cellular proteins (65). A model of Trx-mediated
oxidation of Yapl has been suggested in S. cerevisiae (294) and
the action of Trx as an oxidant has also been characterized
in Atrr E. coli (68, 352). Proteomic studies of S. pombe have
revealed extensive thiol oxidation (31% of cysteines oxidized)
in Atrr cells, whereas only minor thiol oxidation (1.5% of
cysteines oxidized) occurred in Afrx! cells, further confirming
the possible role of Trx as a cellular oxidant when the electron
flow from the TR/NADPH system is limited (106).

In Arabidopsis, a physiologically relevant oxidative relay
has been characterized between the atypical chloroplast Trx
(ACHT) and a cellular substrate protein. ACHT has a non-
canonical Trx active site and a higher redox potential than
that of typical plant Trxs. The redox potentials of ACHT1 and
ACHT4 at pH 7 are —237 and —240mV, respectively (63),
whereas other plant Trxs, such as Trx-m, has an E,, of ap-
proximately —300mV (57). However, ACHTs are still able to
effectively act as electron donors for 2-Cys PrxA during per-
oxide reduction, despite the relatively low E; of PrxA
(=307 mV) (63, 142). A specific redox relay in Arabidopsis has
been defined, whereby PrxA oxidizes ACHT4, which in turn
oxidizes a redox-sensitive subunit of the starch synthesis en-
zyme AGPase (APS1). This relay depended on the C-terminal
domain of ACHT4 and could not be substituted by ACHT1,
thereby demonstrating that for such an oxidative relay to oc-
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cur, regions of the protein outside the redox-active site are
required to confer binding specificity. Whereas Trx is kept in a
reduced state by the TR/NADPH system, the rate of Prx-
mediated oxidation of ACHT exceeds its reduction rate under
normal growth conditions. Therefore, a significant fraction of
ACHT can be expected to be oxidized, lending further rele-
vance to its role as a transducer of oxidative signals.

VI. Conclusion

In considering the concept of intracellular redox signaling
networks, we impose the simplification of separately defining
downstream, midstream, and upstream redox-responsive pro-
teins. Transcription factors of prokaryotes provide an example
of direct redox regulation with immediate and measurable
positive responses, namely upregulation of antioxidant en-
zymes. Important efforts have been made to understand the
structural determinants that (i) allow some transcription fac-
tors to display oxidant sensitivity in the presence of ultrafast
scavenging peroxidases, and (ii) modulate conformational
changes mediating affinity and specificity of macromolecular
associations (in this case toward DNA). A demonstrated asset
of understanding the mode of oxidative structural regulation
of the prokaryotic transcription factor, OxyR, is the devel-
opment of a series of genetically encoded ratiometric H,O,
sensors, known as HyPer (22). The architecture of oxidative
regulation of yeast transcription factors, such as Yapl, has
been clearly established (387), with the first identification of
a peroxidase redox relay mechanism in lieu of the direct
peroxide responsiveness exhibited by prokaryotic transcrip-
tion factors, such as OxyR or OhrR (258, 374). Our view
of redox regulation of mammalian transcription factors can
be partially obscured by additional regulatory mechanisms,
such as phosphorylation by upstream kinases, which them-
selves are susceptible to redox regulation; examples being the
p38 MAPK/INK activation of FOXO transcription factors
(84), or JAK2 activation of STAT3 (372). The additional axis
of phosphorylative regulation of proteins can to some extent
complicate the interpretation of oxidative signaling pathways.

Therefore, we have partially attempted to assess this issue
through the discussion of some of the interregulatory interac-
tions between antioxidant enzymes and kinases/phosphatases. A
clear relationship between phosphorylation pathways and oxi-
dative signaling has been demonstrated in vascular smooth
muscle cells, in which a correlation between the H,O, con-
centration and the tyrosine phosphorylation levels has been
observed upon oxidative stimulation (356). As Prxs consume
the vast majority (>99%) of the intracellular H,O, (403), the
ability of kinases/phosphatases to modulate their activity is a
key intersect of the oxidative and phosphorylation signaling
pathways and the significance of this has been emphasized
previously (271). We have also outlined the redox-dependent
noncovalent associations between kinases/phosphatases and
Prx/Trx that do not involve a direct oxidation or reduction. It
is important to note that Prx and Trx often play opposing
regulatory roles in these associations and are differentially
responsive to redox conditions. The emerging role of Prx as
an intermediary transducer of oxidation through interprotein
redox relays derives from the observation that typical redox-
sensitive protein thiols are 4-7 orders of magnitude less re-
active to peroxides (approximatel;/ 1-100 M~ '-s7") than the
peroxidatic Prx thiol (~10° to 10’ M~"-s7") (296).
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Although several operational redox relays between Prx/
peroxidases and substrate proteins have been characterized,
there are still a multitude of reversibly oxidized thiols identified
by proteomic studies, for which a functional redox relay has yet
to be established. Redox relays have been shown to occur
through either thiol-disulfide exchange or direct sulfenic acid
condensation, with the former mechanism in competition with
reduction by Trx and the latter mechanism in some cases
seemingly depending on a scaffolding protein (such as Ybpl)
to prevent condensation to a Cp-Cy disulfide. When the Prx
redox relay mechanism of direct Cp sulfenyl condensation to a
mixed disulfide is considered, it is important to highlight that
the mammalian PrxII has a significantly slower Cp-Cg disulfide
formation rate than that of other Prxs, correlating sensitivity
to hyperoxidation (PrxII, 1.7 sfl, PrxII1 22 sfl, and PrxV 15 sfl)
(281, 380). Therefore, redox relay through direct sulfenyl
condensation could preferentially occur via PrxIl. Prokaryotic
Prxs are remarkably robust against overoxidation and undergo
self-condensation of the Cp sulfenyl at a rate almost 50-fold
that of PrxIl, suggesting that, if present, the relay mechanism is
likely via a disulfide exchange (274).

The remarkable complexity and functional promiscuity of
mammalian antioxidant enzymes in comparison to their pro-
karyotic counterparts is evident, and several ground-breaking
studies over the past decade have advanced our understanding
of the role of eukaryotic antioxidant enzymes in oxidative
signaling. In this study, we support the previous description
of Prx as a “‘redox relay hub,” but wish to also draw focus
to the role of redox-regulated moonlighting proteins as addi-
tional hubs, providing intersects between pathways of oxida-
tive signaling and other cellular processes. In this review,
we have touched upon a few of these moonlighting proteins,

FIG. 12. ASKI1 regulation
by both antioxidant enzymes
and moonlighting proteins.
Binding of oxidized DJ-1, re-
duced Trx, or CypA to ASK1
inhibits its kinase activity.
Oxidation of ASKI1 by PrxI
converts ASK1 to disulfide-
linked multimers that partici-
pate in the kinase signaling
pathway. ASKI1 phosphory-
lates Siahl and activates the
GAPDH-Siahl nuclear sig- 7,
naling pathway. Reduction of
PrxI by Trx or CypA prevents
its oxidative activation by
ASKI and oxidation of Trx by
PrxI is expected to induce its
dissociation from ASK1. Cyp,
cyclophilin; GAPDH, glycer-
aldehyde 3-phosphate dehy-
drogenase.

Trx

Reduced
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namely DJ-1, GAPDH, TG2, and PPIs, and have attempted
to present their functional promiscuity in the context of redox
regulation. Despite not being enzymes of the cellular anti-
oxidant system, GAPDH, DJ-1, TG2, and CypA are all dif-
ferentially expressed in response to oxidative stress (78), and
there is some evidence to support crossregulatory influences
in transcription of these moonlighting proteins in response
to stress conditions. In human neuroblastoma cell lines ex-
pressing a mutant overoxidant mimic of DJ-1 (C106DD),
expression of TG2 was downregulated and ASK1 upregu-
lated relative to cells containing wild-type DJ-1 (285), and
astroglial DJ-1 overexpression has been shown to relate to
upregulation of CypA (102). The ‘‘polygamous’’ influence
of these moonlighting proteins cannot be understated and
a further spectrum of complexity can arise from functional
interactions between the moonlighting proteins themselves,
such as TG2 transamidating GAPDH (152) and DJ-1 de-
glycating the glycated form of GAPDH (304). The association
of redox-responsive moonlighting proteins with regulatory
phosphorylation also provides additional intersects between
oxidative signaling and kinase pathways. DJ-1 disrupts the p38
MAPK pathway by inhibiting ASK1 kinase activity (244); the
PPI, Pinl1, enzymatically targets phosphorylated proteins (88);
TG2 plays a role in downregulating phosphatases, such as
PTEN (241, 396), and this function is regulated by the phos-
phorylation status of TG2; and the cellular localization of
GAPDH is altered upon phosphorylation (144).

It is also useful to highlight cases where a single kinase
is targeted by multiple redox-responsive proteins, such as the
regulation of ASKI (the upstream signaler of the JNK/p38
pathway) by DJ-1, CypA, PrxI, and Trx, as this is indicative of a
potential redox-regulated hub for kinase signaling (Fig. 12). All
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four of the moonlighting proteins discussed associate with pS3,
a tumor suppressor protein regarded as a key coordinator of
the response to stress and cellular aging (Fig. 13) (218). DJ-1
engages in a redox-dependent inhibitory interaction with p53
(170), nuclear GAPDH forms a complex with pS3 and pro-
motes phosphorylation and expression of p53 (420), TG2
phosphorylates p53 when acting as a kinase (241), and p53
forms a complex with mitochondrial CypD to activate the
CypD-dependent apoptotic pathway (21, 289).

Cellular localization is also likely to be a key factor in the
cooperative roles of redox-responsive moonlighting proteins
and obligate antioxidant enzymes. As a significant intracellular
generator of ROS, and an influential coordinator of cell death,
mitochondria present a subcellular space, wherein controlled
redox regulation of processes is highly beneficial (306).
Mitochondria-localized DJ-1 has been proposed to prevent
degradation of the antiapoptotic mitochondrial protein, Bcl-X; ,
and preserve the respiratory Complex I activity to limit mi-
tochondrial ROS generation. CypD both acts to modulate
Complex III, and forms part of mPTP, which mediates the
collapse of the mitochondrial membrane potential as part of
the cell death pathway. Other components of the mPTP in-
clude the voltage-dependent anion channel (VDAC), and ad-
enine nucleotide translocase (ANT), which itself can be redox
regulated through cysteine oxidation (58). GAPDH translo-
cates to mitochondria during apoptosis and interacts with the

Association inhibits
binding of p53 to DNA

Forms a mitochondrial complex
and triggers apoptosis

Phosphorylates p53 at Ser20

TG2

Deactivates

Activates
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VDAC to promote pore opening (368). TG2 promotes both the
upregulation and mitochondrial translocation of GAPDH, and
is also able to act on ANT as both a transaminase and as a PDI
(230). Overexpression of TG2 in the mitochondria leads to
GSH depletion, increased ROS levels, and membrane hyper-
polarization in a mechanism distinct from mPTP opening
(282), and TG2 plays a critical role in autophagic clearance of
damaged mitochondria in a manner dependent on its trans-
aminase activity (311). Even proteins of this review not la-
beled as moonlighters appear to adopt a subfunction within
mitochondria. STAT3, for example, has been recognized to
act in mitochondria to partially suppress electron flow through
Complex I and has a cytoprotective role independent of its
function as a transcription factor (359).

Due to the limited scope of this review, several elements of
cellular redox regulation have not been covered. Discussion
of oxidative modifications, such as S-nitrosylation, gluta-
thionylation, and persulfidation, were mostly excluded, al-
though they provide an important spectrum of redox control
that influences the fate of oxidative signaling. Furthermore,
other posttranslational modifications, such as acetylation, pro-
vide a separate level of control over redox pathway enzymes
(92), and redox control of deacetylases, such as sirtuins, links
this regulatory level to redox conditions (292). Direct oxidative
regulation of ion channels has been identified (26, 341, 383),
and redox control of ion channels will likely have a marked

Promotes phosphorylation of p53 ¢

Activates

FIG. 13. Regulation of the tumor suppressor protein p53 by redox-sensitive moonlighting proteins. The moon-
lighting proteins, GAPDH, DIJ-1, CypD, and TG2, functionally associate with p53. All functional annotations are derived
from studies of the human isoforms. The nature of each interaction is annotated, and whether the association activates (by
phosphorylation) or deactivates (by steric inhibition) p53 is indicated as well.
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influence over the cellular response to oxidative stress, as Ca*t
influx for example can influence both redox-dependent and
redox-independent signaling pathways alike. Understanding
of the molecular mechanisms of ion channel redox regulation
is relatively limited, in part due to the inherent difficulties
of the structural characterization of membrane proteins. In-
evitably, technical and methodological improvements in cryo-
EM will facilitate the structural study of more membrane
proteins that will translate in a greater access to the molecular
mechanisms of redox-regulated ion channels.

The role of redox signaling in disease development is con-
tinuously validated (143), and, as recently stated, *‘An improved
understanding of the sophisticated workings of redox biology
is imperative to defeating cancer” (51). In this study, we hope
to have emphasized that statement and encouraged consider-
ation of moonlighting redox-regulated proteins as key players in
deciding cellular fate under oxidative stress. CypA, TG2, CLIC
(mentioned within the Transglutaminase 2 section), and DJ-1
are all associated with increased invasion and metastasis of
cancer cells (133, 138, 197, 422), with both DJ-1 and CypA
exerting their influence through the regulation of kinase path-
ways (133, 422). As cancer cells tend to block mitochondrial
apoptotic induction, developments in cancer therapeutics often
target the mitochondrial apoptosis signaling pathway, for ex-
ample at p53 or the mPTP (105), and a direct link has been
established between redox regulation of p53 and tumor pro-
gression (323). All of the moonlighting redox sensors described
in this review play some role in regulating either p53, the mPTP,
or both in response to redox stimuli. It is troubling that the precise
molecular mechanisms governing the redox regulation of DJ-1,
TG2, CLIC, and cyclophilins are still poorly understood.

Acknowledgments

The authors thank Martine De Cock for help in preparing
the article. This work was supported by Vrije Universiteit
Brussels (Strategic Research Program 34), the Research
Foundation-Flanders (Excellence of Science project no.
30829584 [to F.V.B and J.M.], the Research Foundation-
Flanders (GOD7914N [to F.V.B.] and GOD70149 [to J.M.]),
and the European Cooperation in Science and Research
(COST Action BM1203/EU-ROS). B.P. and B.D.S. are in-
debted to the Agency for Innovation by Science and Tech-
nology, A.L. to VIB (through the International PhD Program
in Life Sciences), and N.B. to Indian Council of Agricultural
Research for predoctoral fellowships. M.-A.T. is a predoc-
toral fellow of the Research Foundation-Flanders.

References

1. Abo M and Weerapana E. A caged electrophilic probe for
global analysis of cysteine reactivity in living cells. J Am
Chem Soc 137: 7087-7090, 2015.

2. Albesa-Jove D, Comino N, Tersa M, Mohorko E, Urresti
S, Dainese E, Chiarelli LR, Pasca MR, Manganelli R,
Makarov V, Riccardi G, Svergun DI, Glockshuber R, and
Guerin ME. The redox state regulates the conformation of
Rv2466¢ to activate the antitubercular prodrug TP053. J
Biol Chem 290: 31077-31089, 2015.

3. Albright BS, Kosinski A, Szczepaniak R, Cook EA, Stow
ND, Conway JF, and Weller SK. The putative herpes sim-
plex virus 1 chaperone protein UL32 modulates disulfide
bond formation during infection. J Virol 89: 443-453, 2015.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

1309

. Alekshun MN, Kim YS, and Levy SB. Mutational analysis

of MarR, the negative regulator of marRAB expression in
Escherichia coli, suggests the presence of two regions
required for DNA binding. Mol Microbiol 35: 1394-1404,
2000.

. Allan EG, Kander MC, Carmichael I, and Garman EF. To

scavenge or not to scavenge, that is STILL the question.
J Synchrotron Radiat 20: 23-36, 2013.

. Andres-Mateos E, Perier C, Zhang L, Blanchard-Fillion B,

Greco TM, Thomas B, Ko HS, Sasaki M, Ischiropoulos H,
Przedborski S, Dawson TM, and Dawson VL. DJ-1 gene
deletion reveals that DJ-1 is an atypical peroxiredoxin-like
peroxidase. Proc Natl Acad Sci U S A 104: 14807-14812,
2007.

. Antonella Nadalutti C, Korponay-Szabo IR, Kaukinen K,

Wang Z, Griffin M, Maki M, and Lindfors K. Thioredoxin
is involved in endothelial cell extracellular transglutami-
nase 2 activation mediated by celiac disease patient IgA.
PLoS One 8: 77277, 2013.

. Arias DG, Pineyro MD, Iglesias AA, Guerrero SA, and

Robello C. Molecular characterization and interactome
analysis of Trypanosoma cruzi tryparedoxin II. J Pro-
teomics 120: 95-104, 2015.

. Atichartpongkul S, Vattanaviboon P, Wisitkamol R, Jar-

oensuk J, Mongkolsuk S, and Fuangthong M. Regulation
of organic hydroperoxide stress response by two OhrR
homologs in Pseudomonas aeruginosa. PLoS One 11:
e0161982, 2016.

Azam S, Jouvet N, Jilani A, Vongsamphanh R, Yang X,
Yang S, and Ramotar D. Human glyceraldehyde-3-
phosphate dehydrogenase plays a direct role in reactivat-
ing oxidized forms of the DNA repair enzyme APEL. J
Biol Chem 283: 30632-30641, 2008.

Basso M, Berlin J, Xia L, Sleiman SF, Ko B, Haskew-
Layton R, Kim E, Antonyak MA, Cerione RA, lismaa SE,
Willis D, Cho S, and Ratan RR. Transglutaminase inhi-
bition protects against oxidative stress-induced neuronal
death downstream of pathological ERK activation. J
Neurosci 32: 6561-6569, 2012.

Baty JW, Hampton MB, and Winterbourn CC. Proteomic
detection of hydrogen peroxide-sensitive thiol proteins in
Jurkat cells. Biochem J 389: 785-795, 2005.

Bedard K and Krause KH. The NOX family of ROS-
generating NADPH oxidases: physiology and pathophys-
iology. Physiol Rev 87: 245-313, 2007.

Belousov VV, Fradkov AF, Lukyanov KA, Staroverov
DB, Shakhbazov KS, Terskikh AV, and Lukyanov S.
Genetically encoded fluorescent indicator for intracellular
hydrogen peroxide. Nat Methods 3: 281-286, 2006.
Bergamini CM. GTP modulates calcium binding and
cation-induced conformational changes in erythrocyte
transglutaminase. FEBS Lett 239: 255-258, 1988.
Bernal-Bayard J and Ramos-Morales F. Salmonella type 111
secretion effector SIrP is an E3 ubiquitin ligase for mam-
malian thioredoxin. J Biol Chem 284: 27587-27595, 2009.
Bersweiler A, D’ Autreaux B, Mazon H, Kriznik A, Belli G,
Delaunay-Moisan A, Toledano MB, and Rahuel-Clermont
S. A scaffold protein that chaperones a cysteine-sulfenic
acid in H202 signaling. Nat Chem Biol 13: 909-915, 2017.
Bertoldi M. Human peroxiredoxins 1 and 2 and their in-
teracting protein partners; through structure toward functions
of biological complexes. Protein Pept Lett 23: 69-77, 2016.
Bhaskar A, Chawla M, Mehta M, Parikh P, Chandra P,
Bhave D, Kumar D, Carroll KS, and Singh A. Reengineering



1310

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

redox sensitive GFP to measure mycothiol redox potential of
Mycobacterium tuberculosis during infection. PLoS Pathog
10: 1003902, 2014.

Bhatt MP, Lim YC, Hwang J, Na S, Kim YM, and Ha KS.
C-peptide prevents hyperglycemia-induced endothelial
apoptosis through inhibition of reactive oxygen species-
mediated transglutaminase 2 activation. Diabetes 62: 243—
253, 2013.

Bigi A, Beltrami E, Trinei M, Stendardo M, Pelicci PG,
and Giorgio M. Cyclophilin D counteracts P53-mediated
growth arrest and promotes Ras tumorigenesis. Oncogene
35: 5132-5143, 2016.

Bilan DS and Belousov VV. HyPer family probes: state of
the art. Antioxid Redox Signal 24: 731-751, 2016.

Bilan DS, Pase L, Joosen L, Gorokhovatsky AY, Erma-
kova YG, Gadella TW, Grabher C, Schultz C, Lukyanov
S, and Belousov VV. HyPer-3: a genetically encoded
H(2)O(2) probe with improved performance for ratio-
metric and fluorescence lifetime imaging. ACS Chem Biol
8: 535-542, 2013.

Blackinton J, Lakshminarasimhan M, Thomas KJ, Ahmad
R, Greggio E, Raza AS, Cookson MR, and Wilson MA.
Formation of a stabilized cysteine sulfinic acid is critical
for the mitochondrial function of the parkinsonism protein
DJ-1. J Biol Chem 284: 6476-6485, 2009.

Bogdanova YA, Schultz C, and Belousov VV. Local
generation and imaging of hydrogen peroxide in living
cells. Curr Protoc Chem Biol 9: 117-127, 2017.
Bogeski I, Kappl R, Kummerow C, Gulaboski R, Hoth M,
and Niemeyer BA. Redox regulation of calcium ion
channels: chemical and physiological aspects. Cell Cal-
cium 50: 407—423, 2011.

Bonini MG, Rota C, Tomasi A, and Mason RP. The ox-
idation of 2’,7’-dichlorofluorescin to reactive oxygen
species: a self-fulfilling prophesy? Free Radic Biol Med
40: 968-975, 2006.

Boothe RL and Folk JE. A reversible, calcium-dependent,
copper-catalyzed inactivation of guinea pig liver trans-
glutaminase. J Biol Chem 244: 399405, 1969.

Bordelon T, Wilkinson SP, Grove A, and Newcomer ME. The
crystal structure of the transcriptional regulator HucR from
Deinococcus radiodurans reveals a repressor preconfigured
for DNA binding. J Mol Biol 360: 168-177, 2006.

Boronat S, Domenech A, and Hidalgo E. Proteomic char-
acterization of reversible thiol oxidations in proteomes and
proteins. Antioxid Redox Signal 26: 329-344, 2017.
Boschi-Muller S and Branlant G. The active site of phos-
phorylating glyceraldehyde-3-phosphate dehydrogenase is
not designed to increase the nucleophilicity of a serine
residue. Arch Biochem Biophys 363: 259-266, 1999.
Brugarolas P, Movahedzadeh F, Wang Y, Zhang N, Bar-
tek IL, Gao YN, Voskuil MI, Franzblau SG, and He C.
The oxidation-sensing regulator (MosR) is a new redox-
dependent transcription factor in Mycobacterium tuber-
culosis. J Biol Chem 287: 37703-37712, 2012.

Burbank L and Roper MC. OxyR and SoxR modulate the
inducible oxidative stress response and are implicated
during different stages of infection for the bacterial phy-
topathogen Pantoea stewartii subsp. stewartii. Mol Plant
Microbe Interact 27: 479-490, 2014.

Bustos PL, Volta BJ, Perrone AE, Milduberger N, and
Bua J. A homolog of cyclophilin D is expressed in Try-
panosoma cruzi and is involved in the oxidative stress-
damage response. Cell Death Discov 3: 16092, 2017.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

YOUNG ET AL.

Calvo IA, Boronat S, Domenech A, Garcia-Santamarina
S, Ayte J, and Hidalgo E. Dissection of a redox relay:
H,0,-dependent activation of the transcription factor
Papl through the peroxidatic Tpx1-thioredoxin cycle. Cell
Rep 5: 1413-1424, 2013.

Campos-Acevedo AA and Rudino-Pinera E. Crystal-
lographic studies evidencing the high energy tolerance to
disrupting the interface disulfide bond of thioredoxin 1
from white leg shrimp Litopenaeus vannamei. Molecules
19: 21113-21126, 2014.

Canet-Aviles RM, Wilson MA, Miller DW, Ahmad R,
McLendon C, Bandyopadhyay S, Baptista MJ, Ringe D,
Petsko GA, and Cookson MR. The Parkinson’s disease
protein DJ-1 is neuroprotective due to cysteine-sulfinic
acid-driven mitochondrial localization. Proc Natl Acad
Sci U S A 101: 9103-9108, 2004.

Cao J, Ying M, Xie N, Lin G, Dong R, Zhang J, Yan H,
Yang X, He Q, and Yang B. The oxidation states of DJ-1
dictate the cell fate in response to oxidative stress trig-
gered by 4-hpr: autophagy or apoptosis? Antioxid Redox
Signal 21: 1443-1459, 2014.

Cao JX, Schulte J, Knight A, Leslie NR, Zagozdzon A,
Bronson R, Manevich Y, Beeson C, and Neumann CA.
Prdx1 inhibits tumorigenesis via regulating PTEN/AKT
activity. EMBO J 28: 1505-1517, 2009.

Cao Z, Tavender TJ, Roszak AW, Cogdell RJ, and Bulleid
NIJ. Crystal structure of reduced and of oxidized peroxir-
edoxin IV enzyme reveals a stable oxidized decamer and a
non-disulfide-bonded intermediate in the catalytic cycle. J
Biol Chem 286: 42257-42266, 2011.

Caporaletti D, D’Alessio AC, Rodriguez-Suarez RJ, Senn
AM, Duek PD, and Wolosiuk RA. Non-reductive modu-
lation of chloroplast fructose-1,6-bisphosphatase by 2-Cys
peroxiredoxin. Biochem Biophys Res Commun 355: 722—
727, 2007.

Cerveau D, Kraut A, Stotz HU, Mueller MJ, Coute Y, and
Rey P. Characterization of the Arabidopsis thaliana 2-Cys
peroxiredoxin interactome. Plant Sci 252: 30-41, 2016.
Chae HB, Moon JC, Shin MR, Chi YH, Jung YJ, Lee SY,
Nawkar GM, Jung HS, Hyun JK, Kim WY, Kang CH,
Yun DJ, Lee KO, and Lee SY. Thioredoxin reductase
Type C (NTRC) orchestrates enhanced thermotolerance to
Arabidopsis by its redox-dependent holdase chaperone
function. Mol Plant 6: 323-336, 2013.

Chae JS, Gil Hwang S, Lim DS, and Choi EJ.
Thioredoxin-1 functions as a molecular switch regulating
the oxidative stress-induced activation of MSTI1. Free
Radic Biol Med 53: 2335-2343, 2012.

Chang TS, Jeong W, Choi SY, Yu S, Kang SW, and Rhee
SG. Regulation of peroxiredoxin I activity by Cdc2-
mediated phosphorylation. J Biol Chem 277: 25370—
25376, 2002.

Chen CH, Li WZ, Sultana R, You MH, Kondo A, Shah-
pasand K, Kim BM, Luo ML, Nechama M, Lin YM, Yao
YD, Lee TH, Zhou XZ, Swomley AM, Butterfield DA,
Zhang Y, and Lu KP. Pinl cysteine-113 oxidation inhibits
its catalytic activity and cellular function in Alzheimer’s
disease. Neurobiol Dis 76: 13-23, 2015.

Chen H, Hu J, Chen PR, Lan L, Li Z, Hicks LM, Dinner
AR, and He C. The Pseudomonas aeruginosa multidrug
efflux regulator MexR uses an oxidation-sensing mecha-
nism. Proc Natl Acad Sci U S A 105: 13586-13591, 2008.
Chen H, Yi C, Zhang J, Zhang W, Ge Z, Yang CG, and He
C. Structural insight into the oxidation-sensing mechanism of



PROMISCUITY IN REDOX SIGNALING

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

the antibiotic resistance of regulator MexR. EMBO Rep 11:
685-690, 2010.

Chen J, Li L, and Chin LS. Parkinson disease protein DJ-1
converts from a zymogen to a protease by carboxyl-
terminal cleavage. Hum Mol Genet 19: 2395-2408, 2010.
Chen RW, Saunders PA, Wei HF, Li ZW, Seth P, and
Chuang DM. Involvement of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and p53 in neuronal apoptosis:
evidence that GAPDH is upregulated by p53. J Neurosci
19: 9654-9662, 1999.

Chio IIC and Tuveson DA. ROS in cancer: the burning
question. Trends Mol Med 23: 411-429, 2017.

Cho CS, Yoon HJ, Kim JY, Woo HA, and Rhee SG.
Circadian rhythm of hyperoxidized peroxiredoxin II is
determined by hemoglobin autoxidation and the 20S
proteasome in red blood cells. Proc Natl Acad Sci U S A
111: 12043-12048, 2014.

Choi H, Kim S, Mukhopadhyay P, Cho S, Woo J, Storz G,
and Ryu SE. Structural basis of the redox switch in the
OxyR transcription factor. Cell 105: 103-113, 2001.
Choi H-J, Kang SW, Yang C-H, Rhee SG, and Ryu S-E.
Crystal structure of a novel human peroxidase enzyme at
2.0 A resolution. Nat Struct Biol 5: 400-406, 1998.
Choi-Rhee E, Schulman H, and Cronan JE. Promiscuous
protein biotinylation by Escherichia coli biotin protein
ligase. Protein Sci 13: 3043-3050, 2004.

Clements CM, McNally RS, Conti BJ, Mak TW, and Ting
JP. DJ-1, a cancer- and Parkinson’s disease-associated
protein, stabilizes the antioxidant transcriptional master
regulator Nrf2. Proc Natl Acad Sci U S A 103: 15091-
15096, 2006.

Collin V, Issakidis-Bourguet E, Marchand C, Hirasawa M,
Lancelin JM, Knaff DB, and Miginiac-Maslow M. The
Arabidopsis plastidial thioredoxins: new functions and
new insights into specificity. J Biol Chem 278: 23747-
23752, 2003.

Costantini P, Belzacq AS, Vieira HL, Larochette N, de
Pablo MA, Zamzami N, Susin SA, Brenner C, and Kroemer
G. Oxidation of a critical thiol residue of the adenine nu-
cleotide translocator enforces Bcl-2-independent perme-
ability transition pore opening and apoptosis. Oncogene 19:
307-314, 2000.

Crane EJ, 3rd, Vervoort J, and Claiborne A. 13C NMR
analysis of the cysteine-sulfenic acid redox center of en-
terococcal NADH peroxidase. Biochemistry 36: 8611-
8618, 1997.

Cun Y, Dai N, Li M, Xiong C, Zhang Q, Sui J, Qian C,
and Wang D. APE1/Ref-1 enhances DNA binding activity
of mutant p53 in a redox-dependent manner. Oncol Rep
31: 901-909, 2014.

da Silva Neto JF, Negretto CC, and Netto LE. Analysis of
the organic hydroperoxide response of Chromobacterium
violaceum reveals that OhrR is a cys-based redox sensor
regulated by thioredoxin. PLoS One 7: e47090, 2012.
Dagnell M, Pace PE, Cheng Q, Frijhoff J, Ostman A,
Arner ESJ, Hampton MB, and Winterbourn CC. Thior-
edoxin reductase 1 and NADPH directly protect protein
tyrosine phosphatase 1B from inactivation during H,O,
exposure. J Biol Chem 292: 14371-14380, 2017.
Dangoor I, Peled-Zehavi H, Levitan A, Pasand O, and
Danon A. A small family of chloroplast atypical thior-
edoxins. Plant Physiol 149: 1240-1250, 2009.

Darnell JE, Jr., Kerr IM, and Stark GR. Jak-STAT path-
ways and transcriptional activation in response to IFNs

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

1311

and other extracellular signaling proteins. Science 264:
1415-1421, 1994.

Day AM, Brown JD, Taylor SR, Rand JD, Morgan BA,
and Veal EA. Inactivation of a peroxiredoxin by hydrogen
peroxide is critical for thioredoxin-mediated repair of
oxidized proteins and cell survival. Mol Cell 45: 398-408,
2012.

de Keizer PL, Burgering BM, and Dansen TB. Forkhead
box o as a sensor, mediator, and regulator of redox sig-
naling. Antioxid Redox Signal 14: 1093-1106, 2011.

De Munter S, Gornemann J, Derua R, Lesage B, Qian J,
Heroes E, Waelkens E, Van Eynde A, Beullens M, and
Bollen M. Split-BiolD: a proximity biotinylation assay for
dimerization-dependent protein interactions. FEBS Lett
591: 415-424, 2017.

Debarbieux L and Beckwith J. The reductive enzyme
thioredoxin 1 acts as an oxidant when it is exported to the
Escherichia coli periplasm. Proc Natl Acad Sci U S A 95:
10751-10756, 1998.

Delaunay A, Isnard AD, and Toledano MB. H,O, sensing
through oxidation of the Yapl transcription factor. EMBO
J 19: 5157-5166, 2000.

Delaunay A, Pflieger D, Barrault MB, Vinh J, and Toledano
MB. A thiol peroxidase is an H,O, receptor and redox-
transducer in gene activation. Cell 111: 471-481, 2002.
Demaria M, Giorgi C, Lebiedzinska M, Esposito G,
D’Angeli L, Bartoli A, Gough DJ, Turkson J, Levy DE,
Watson CJ, Wieckowski MR, Provero P, Pinton P, and
Poli V. A STAT3-mediated metabolic switch is involved
in tumour transformation and STAT3 addiction. Aging
(Albany NY) 2: 823-842, 2010.

Denu JM and Tanner KG. Specific and reversible inactiva-
tion of protein tyrosine phosphatases by hydrogen peroxide:
evidence for a sulfenic acid intermediate and implications
for redox regulation. Biochemistry 37: 5633-5642, 1998.
Dickinson BC and Chang CJ. A targetable fluorescent
probe for imaging hydrogen peroxide in the mitochondria
of living cells. J Am Chem Soc 130: 9638-9639, 2008.
Dickinson BC, Huynh C, and Chang CJ. A palette of
fluorescent probes with varying emission colors for im-
aging hydrogen peroxide signaling in living cells. J Am
Chem Soc 132: 5906-5915, 2010.

Dickinson BC, Tang Y, Chang Z, and Chang CJ. A
nuclear-localized fluorescent hydrogen peroxide probe for
monitoring sirtuin-mediated oxidative stress responses
in vivo. Chem Biol 18: 943-948, 2011.

Dominguez-Solis JR, He Z, Lima A, Ting J, Buchanan BB,
and Luan S. A cyclophilin links redox and light signals to
cysteine biosynthesis and stress responses in chloroplasts.
Proc Natl Acad Sci U S A 105: 16386-16391, 2008.
Dooley CT, Dore TM, Hanson GT, Jackson WC, Re-
mington SJ, and Tsien RY. Imaging dynamic redox
changes in mammalian cells with green fluorescent pro-
tein indicators. J Biol Chem 279: 22284-22293, 2004.
Duan X, Kelsen SG, and Merali S. Proteomic analysis of
oxidative stress-responsive proteins in human pneumo-
cytes: insight into the regulation of DJ-1 expression. J
Proteome Res T: 49554961, 2008.

Duhe RJ, Evans GA, Erwin RA, Kirken RA, Cox GW, and
Farrar WL. Nitric oxide and thiol redox regulation of Janus
kinase activity. Proc Natl Acad Sci U S A 95: 126-131,
1998.

Durand A, Papai G, and Schultz P. Structure, assembly
and dynamics of macromolecular complexes by single



1312

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

particle cryo-electron microscopy. J Nanobiotechnol
11(Suppl 1): S4, 2013.

Eggler AL, Small E, Hannink M, and Mesecar AD. Cul3-
mediated Nrf2 ubiquitination and antioxidant response
element (ARE) activation are dependent on the partial
molar volume at position 151 of Keapl. Biochem J 422:
171-180, 2009.

Ermakova YG, Bilan DS, Matlashov ME, Mishina NM,
Markvicheva KN, Subach OM, Subach FV, Bogeski I,
Hoth M, Enikolopov G, and Belousov VV. Red fluores-
cent genetically encoded indicator for intracellular hy-
drogen peroxide. Nat Commun 5: 5222, 2014.

Espinosa A, Garcia A, Hartel S, Hidalgo C, and Jaimovich
E. NADPH oxidase and hydrogen peroxide mediate
insulin-induced calcium increase in skeletal muscle cells.
J Biol Chem 284: 2568-2575, 2009.

Essers MA, Weijzen S, de Vries-Smits AM, Saarloos I, de
Ruiter ND, Bos JL, and Burgering BM. FOXO tran-
scription factor activation by oxidative stress mediated by
the small GTPase Ral and INK. EMBO J 23: 4802-4812,
2004.

Etzler JC, Bollo M, Holstein D, Deng JJ, Perez V, Lin DT,
Richardson A, Bai Y, and Lechleiter JD. Cyclophilin D
over-expression increases mitochondrial complex III ac-
tivity and accelerates supercomplex formation. Arch
Biochem Biophys 613: 61-68, 2017.

Fan J, Ren H, Jia N, Fei E, Zhou T, Jiang P, Wu M, and
Wang G. DJ-1 decreases Bax expression through repres-
sing p53 transcriptional activity. J Biol Chem 283: 4022—
4030, 2008.

Fan Y, Chen Z, and Ai HW. Monitoring redox dynamics
in living cells with a redox-sensitive red fluorescent pro-
tein. Anal Chem 87: 2802-2810, 2015.

Feng D, Yao J, Wang G, LiZ, Zu G, Li Y, Luo F, Ning S,
Qasim W, Chen Z, and Tian X. Inhibition of p66Shc-
mediated mitochondrial apoptosis via targeting prolyl-
isomerase Pinl attenuates intestinal ischemia/reperfusion
injury in rats. Clin Sci (Lond) 131: 759-773, 2017.
Fernandez-Caggiano M, Schroder E, Cho HJ, Burgoyne J,
Barallobre-Barreiro J, Mayr M, and Eaton P. Oxidant-
induced interprotein disulfide formation in cardiac protein
DIJ-1 occurs via an interaction with peroxiredoxin 2. J Biol
Chem 291: 10399-10410, 2016.

Ferrer-Sueta G, Manta B, Botti H, Radi R, Trujillo M, and
Denicola A. Factors affecting protein thiol reactivity and
specificity in peroxide reduction. Chem Res Toxicol 24:
434-450, 2011.

Fields S and Song O. A novel genetic system to detect
protein-protein interactions. Nature 340: 245-246, 1989.
Fiskus W, Coothankandaswamy V, Chen J, Ma H, Ha K,
Saenz DT, Krieger SS, Mill CP, Sun B, Huang P, Mumm
JS, Melnick AM, and Bhalla KN. SIRT?2 deacetylates and
inhibits the peroxidase activity of peroxiredoxin-1 to
sensitize breast cancer cells to oxidant stress-inducing
agents. Cancer Res 76: 5467-5478, 2016.

Fiucci G, Beaucourt S, Duflaut D, Lespagnol A,
Stumptner-Cuvelette P, Geant A, Buchwalter G, Tuynder
M, Susini L, Lassalle JM, Wasylyk C, Wasylyk B, Oren
M, Amson R, and Telerman A. Siah-1b is a direct tran-
scriptional target of p53: identification of the functional
p53 responsive element in the siah-1b promoter. Proc Natl
Acad Sci U S A 101: 3510-3515, 2004.

Folda A, Citta A, Scalcon V, Cali T, Zonta F, Scutari G,
Bindoli A, and Rigobello MP. Mitochondrial thioredoxin

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

YOUNG ET AL.

system as a modulator of cyclophilin D redox state. Sci
Rep 6: 23071, 2016.

Fomenko DE, Koc A, Agisheva N, Jacobsen M, Kaya A,
Malinouski M, Rutherford JC, Siu KL, Jin DY, Winge
DR, and Gladyshev VN. Thiol peroxidases mediate spe-
cific genome-wide regulation of gene expression in re-
sponse to hydrogen peroxide. Proc Natl Acad Sci U S A
108: 2729-2734, 2011.

Forman-Kay JD, Clore GM, and Gronenborn AM. Re-
lationship between electrostatics and redox function in
human thioredoxin: characterization of pH titration shifts
using two-dimensional homo- and heteronuclear NMR.
Biochemistry 31: 3442-3452, 1992.

Forman HJ, Davies MJ, Kramer AC, Miotto G, Zaccarin
M, Zhang H, and Ursini F. Protein cysteine oxidation in
redox signaling: caveats on sulfenic acid detection and
quantification. Arch Biochem Biophys 617: 26-37, 2017.
Forman HJ and Fridovich I. Superoxide dismutase: a
comparison of rate constants. Arch Biochem Biophys 158:
396400, 1973.

Forman HJ, Maiorino M, and Ursini F. Signaling func-
tions of reactive oxygen species. Biochemistry 49: 835—
842, 2010.

Forman HJ, Ursini F, and Maiorino M. An overview of
mechanisms of redox signaling. J Mol Cell Cardiol 73: 2—
9, 2014.

Forred BJ, Neuharth S, Kim DI, Amolins MW, Mota-
medchaboki K, Roux KJ, and Vitiello PF. Identification of
redox and glucose-dependent Txnip protein interactions.
Oxid Med Cell Longev 2016: 5829063, 2016.

Froyset AK, Edson AJ, Gharbi N, Khan EA, Dondorp D,
Bai Q, Tiraboschi E, Suster ML, Connolly JB, Burton EA,
and Fladmark KE. Astroglial DJ-1 over-expression up-
regulates proteins involved in redox regulation and is
neuroprotective in vivo. Redox Biol 16: 237-247, 2018.
FuC,WuC, LiuT, Ago T, Zhai P, Sadoshima J, and Li H.
Elucidation of thioredoxin target protein networks in
mouse. Mol Cell Proteomics 8: 1674-1687, 2009.

Fujino G, Noguchi T, Matsuzawa A, Yamauchi S, Saitoh M,
Takeda K, and Ichijo H. Thioredoxin and TRAF family
proteins regulate reactive oxygen species-dependent activa-
tion of ASKI1 through reciprocal modulation of the N-
terminal homophilic interaction of ASK1. Mol Cell Biol 27:
8152-8163, 2007.

Galluzzi L, Larochette N, Zamzami N, and Kroemer G.
Mitochondria as therapeutic targets for cancer chemo-
therapy. Oncogene 25: 4812-4830, 2006.
Garcia-Santamarina S, Boronat S, Calvo IA, Rodriguez-
Gabriel M, Ayte J, Molina H, and Hidalgo E. Is oxidized
thioredoxin a major trigger for cysteine oxidation? Clues
from a redox proteomics approach. Antioxid Redox Signal
18: 1549-1556, 2013.

Garcia-Santamarina S, Boronat S, Domenech A, Ayte J,
Molina H, and Hidalgo E. Monitoring in vivo reversible
cysteine oxidation in proteins using ICAT and mass
spectrometry. Nat Protoc 9: 1131-1145, 2014.
Garcia-Santamarina S, Boronat S, Espadas G, Ayte J,
Molina H, and Hidalgo E. The oxidized thiol proteome
in fission yeast—optimization of an ICAT-based meth-
od to identify H,O,-oxidized proteins. J Proteomics 74:
2476-2486, 2011.

Gautier V, Le HT, Malki A, Messaoudi N, Caldas T,
Kthiri F, Landoulsi A, and Richarme G. YajL, the pro-
karyotic homolog of the Parkinsonism-associated protein



PROMISCUITY IN REDOX SIGNALING

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

DIJ-1, protects cells against protein sulfenylation. J Mol
Biol 421: 662-670, 2012.

Gertz M, Fischer F, Leipelt M, Wolters D, and Steegborn
C. Identification of peroxiredoxin 1 as a novel interaction
partner for the lifespan regulator protein p66Shc. Aging
(Albany NY) 1: 254-265, 2009.

Gertz M, Fischer F, Wolters D, and Steegborn C. Acti-
vation of the lifespan regulator p66Shc through reversible
disulfide bond formation. Proc Natl Acad Sci U S A 105:
5705-5709, 2008.

Getz EB, Xiao M, Chakrabarty T, Cooke R, and Selvin
PR. A comparison between the sulthydryl reductants
tris(2-carboxyethyl)phosphine and dithiothreitol for use in
protein biochemistry. Anal Biochem 273: 73-80, 1999.
Giorgio M, Migliaccio E, Orsini F, Paolucci D, Moroni M,
Contursi C, Pelliccia G, Luzi L, Minucci S, Marcaccio M,
Pinton P, Rizzuto R, Bernardi P, Paolucci F, and Pelicci
PG. Electron transfer between cytochrome ¢ and p66Shc
generates reactive oxygen species that trigger mitochon-
drial apoptosis. Cell 122: 221-233, 2005.

Glaeser RM. How good can cryo-EM become? Nat
Methods 13: 28-32, 2016.

Goldberg MS and Lansbury PT. Is there a cause-and-
effect relationship between alpha-synuclein fibrillization
and Parkinson’s disease? Nat Cell Biol 2: 115-119, 2000.
Gomes A, Fernandes E, and Lima JL. Fluorescence probes
used for detection of reactive oxygen species. J Biochem
Biophys Methods 65: 45-80, 2005.

Graf PC, Martinez-Yamout M, VanHaerents S, Lilie H,
Dyson HIJ, and Jakob U. Activation of the redox-regulated
chaperone Hsp33 by domain unfolding. J Biol Chem 279:
20529-20538, 2004.

Gray MJ, Li Y, Leichert LI, Xu Z, and Jakob U. Does the
transcription factor NemR use a regulatory sulfenamide
bond to sense bleach? Antioxid Redox Signal 23: 747754,
2015.

Griendling KK, Sorescu D, and Ushio-Fukai M. NAD(P)H
oxidase: role in cardiovascular biology and disease. Circ
Res 86: 494-501, 2000.

Grison A, Mantovani F, Comel A, Agostoni E, Gustincich S,
Persichetti F, and Del Sal G. Ser46 phosphorylation and
prolyl-isomerase Pinl-mediated isomerization of p53 are key
events in pS3-dependent apoptosis induced by mutant hun-
tingtin. Proc Natl Acad Sci U S A 108: 17979-17984, 2011.
Guimaraes BG, Souchon H, Honore N, Saint-Joanis B,
Brosch R, Shepard W, Cole ST, and Alzari PM. Structure
and mechanism of the alkyl hydroperoxidase AhpC, a key
element of the Mycobacterium tuberculosis defense sys-
tem against oxidative stress. J Biol Chem 280: 25735-
25742, 2005.

Gulshan K, Lee SS, and Moye-Rowley WS. Differential
oxidant tolerance determined by the key transcription
factor Yapl is controlled by levels of the Yapl-binding
protein, Ybpl. J Biol Chem 286: 34071-34081, 2011.
Gupta A, Fuentes SM, and Grove A. Redox-sensitive MarR
homologue BifR from Burkholderia thailandensis regulates
biofilm formation. Biochemistry 56: 2315-2327, 2017.
Gupta V and Carroll KS. Sulfenic acid chemistry, detec-
tion and cellular lifetime. Biochim Biophys Acta 1840:
847-875, 2014.

Gutscher M, Pauleau AL, Marty L, Brach T, Wabnitz GH,
Samstag Y, Meyer AJ, and Dick TP. Real-time imaging of
the intracellular glutathione redox potential. Nat Methods
5: 553-559, 2008.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

1313

Gutscher M, Sobotta MC, Wabnitz GH, Ballikaya S,
Meyer AJ, Samstag Y, and Dick TP. Proximity-based
protein thiol oxidation by H,O,-scavenging peroxidases.
J Biol Chem 284: 31532-31540, 2009.

Han BG, Cho JW, Cho YD, Jeong KC, Kim SY, and Lee
BI. Crystal structure of human transglutaminase 2 in
complex with adenosine triphosphate. Int J Biol Macro-
mol 47: 190-195, 2010. Erratum 106: 1330, 2018.
Hanson GT, Aggeler R, Oglesbee D, Cannon M, Capaldi
RA, Tsien RY, and Remington SJ. Investigating mito-
chondrial redox potential with redox-sensitive green
fluorescent protein indicators. J Biol Chem 279: 13044—
13053, 2004.

Hanzen S, Vielfort K, Yang JS, Roger F, Andersson V,
Zamarbide-Fores S, Andersson R, Malm L, Palais G,
Biteau B, Liu BD, Toledano MB, Molin M, and Nystrom
T. Lifespan control by redox-dependent recruitment of
chaperones to misfolded proteins. Cell 166: 140-151,
2016.

Hara MR, Agrawal N, Kim SF, Cascio MB, Fujimuro M,
Ozeki Y, Takahashi M, Cheah JH, Tankou SK, Hester LD,
Ferris CD, Hayward SD, Snyder SH, and Sawa A. S-
nitrosylated GAPDH initiates apoptotic cell death by nu-
clear translocation following Siah1 binding. Nat Cell Biol
7: 665-674, 2005.

Hasegawa G, Suwa M, Ichikawa Y, Ohtsuka T, Kumagai
S, Kikuchi M, Sato Y, and Saito Y. A novel function of
tissue-type transglutaminase: protein disulphide isomer-
ase. Biochem J 373: 793-803, 2003.

Hayashi T, Ishimori C, Takahashi-Niki K, Taira T, Kim
YC, Maita H, Maita C, Ariga H, and Iguchi-Ariga SM.
DJ-1 binds to mitochondrial complex I and maintains its
activity. Biochem Biophys Res Commun 390: 667-672,
2009.

He X, Zheng Z, Li J, Ben Q, Liu J, Zhang J, Ji J, Yu B, Chen
X, Su L, Zhou L, Liu B, and Yuan Y. DJ-1 promotes in-
vasion and metastasis of pancreatic cancer cells by activating
SRC/ERK/UPA. Carcinogenesis 33: 555-562, 2012.
Hendrickson WA. Atomic-level analysis of membrane-
protein structure. Nat Struct Mol Biol 23: 464467, 2016.
Heo JY, Park JH, Kim SJ, Seo KS, Han JS, Lee SH, Kim
IM, Park JI, Park SK, Lim K, Hwang BD, Shong M, and
Kweon GR. DJ-1 null dopaminergic neuronal cells exhibit
defects in mitochondrial function and structure: involve-
ment of mitochondrial complex I assembly. PLoS One 7:
€32629, 2012.

Heppner DE, Hristova M, Ida T, Mijuskovic A, Dustin
CM, Bogdandi V, Fukuto JM, Dick TP, Nagy P, Li J,
Akaike T, and van der Vliet A. Cysteine perthiosulfenic
acid (Cys-SSOH): a novel intermediate in thiol-based re-
dox signaling? Redox Biol 14: 379-385, 2018.

Heppner DE, Janssen-Heininger YMW, and van der Vliet
A. The role of sulfenic acids in cellular redox signaling:
reconciling chemical kinetics and molecular detection
strategies. Arch Biochem Biophys 616: 40-46, 2017.
Hernandez-Fernaud JR, Ruengeler E, Casazza A, Neilson
LJ, Pulleine E, Santi A, Ismail S, Lilla S, Dhayade S,
MacPherson IR, McNeish I, Ennis D, Ali H, Kugeratski
FG, Al Khamici H, van den Biggelaar M, van den Berghe
PV, Cloix C, McDonald L, Millan D, Hoyle A, Kuchnio
A, Carmeliet P, Valenzuela SM, Blyth K, Yin H, Mazzone
M, Norman JC, and Zanivan S. Secreted CLIC3 drives
cancer progression through its glutathione-dependent ox-
idoreductase activity. Nat Commun 8: 14206, 2017.



1314

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Hod Y, Pentyala SN, Whyard TC, and El-Maghrabi MR.
Identification and characterization of a novel protein that
regulates RNA-protein interaction. J Cell Biochem 72:
435444, 1999.

Holland SM. Chronic granulomatous disease. Hematol
Oncol Clin North Am 27: 89-99, 2013.

Hopkins BL, Nadler M, Skoko JJ, Bertomeu T, Pelosi A,
Shafaei PM, Levine K, Schempf A, Pennarun B, Yang B,
Datta D, Bucur O, Ndebele K, Oesterreich S, Yang D,
Giulia Rizzo M, Khosravi-Far R, and Neumann CA. A
peroxidase peroxiredoxin 1-specific redox regulation of
the novel FOXO3 microRNA target let-7. Antioxid Redox
Signal 28: 62-77, 2018.

Horling F, Lamkemeyer P, Konig J, Finkemeier I,
Kandlbinder A, Baier M, and Dietz KJ. Divergent light-,
ascorbate-, and oxidative stress-dependent regulation of
expression of the peroxiredoxin gene family in Arabi-
dopsis. Plant Physiol 131: 317-325, 2003.

Hornsveld M and Dansen TB. The hallmarks of cancer
from a redox perspective. Antioxid Redox Signal 25: 300—
325, 2016.

Huang Q, Lan F, Zheng Z, Xie F, Han J, Dong L, Xie Y,
and Zheng F. Akt2 kinase suppresses glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)-mediated apoptosis
in ovarian cancer cells via phosphorylating GAPDH at
threonine 237 and decreasing its nuclear translocation. J
Biol Chem 286: 42211-42220, 2011.

Hwang J, Ing MH, Salazar A, Lassegue B, Griendling K,
Navab M, Sevanian A, and Hsiai TK. Pulsatile versus
oscillatory shear stress regulates NADPH oxidase subunit
expression: implication for native LDL oxidation. Circ
Res 93: 1225-1232, 2003.

Hwang NR, Yim SH, Kim YM, Jeong J, Song EJ, Lee Y,
Lee JH, Choi S, and Lee KJ. Oxidative modifications of
glyceraldehyde-3-phosphate dehydrogenase play a key
role in its multiple cellular functions. Biochem J 423:
253-264, 2009.

Im JY, Lee KW, Woo JM, Junn E, and Mouradian MM.
DJ-1 induces thioredoxin 1 expression through the Nrf2
pathway. Hum Mol Genet 21: 3013-3024, 2012.

Imlay JA. Transcription factors that defend bacteria
against reactive oxygen species. Annu Rev Microbiol 69:
93-108, 2015.

Innes BT, Sowole MA, Gyenis L, Dubinsky M, Ko-
nermann L, Litchfield DW, Brandl CJ, and Shilton BH.
Peroxide-mediated oxidation and inhibition of the
peptidyl-prolyl isomerase Pinl. Biochim Biophys Acta
1852: 905-912, 2015.

Irrcher I, Aleyasin H, Seifert EL, Hewitt SJ, Chhabra S,
Phillips M, Lutz AK, Rousseaux MW, Bevilacqua L,
Jahani-Asl A, Callaghan S, MacLaurin JG, Winklhofer
KF, Rizzu P, Rippstein P, Kim RH, Chen CX, Fon EA,
Slack RS, Harper ME, McBride HM, Mak TW, and Park
DS. Loss of the Parkinson’s disease-linked gene DJ-1
perturbs mitochondrial dynamics. Hum Mol Genet 19:
3734-3746, 2010.

Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh
Y, Oyake T, Hayashi N, Satoh K, Hatayama I, Yamamoto
M, and Nabeshima Y. An Nrf2/small Maf heterodimer
mediates the induction of phase II detoxifying enzyme
genes through antioxidant response elements. Biochem
Biophys Res Commun 236: 313-322, 1997.

Iwai K, Shibukawa Y, Yamazaki N, and Wada Y. Trans-
glutaminase 2-dependent deamidation of glyceraldehyde-3-

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

YOUNG ET AL.

phosphate dehydrogenase promotes trophoblastic cell
fusion. J Biol Chem 289: 4989-4999, 2014.

Jaffrey SR, Erdjument-Bromage H, Ferris CD, Tempst P,
and Snyder SH. Protein S-nitrosylation: a physiological
signal for neuronal nitric oxide. Nat Cell Biol 3: 193-197,
2001.

Jang GY, Jeon JH, Cho SY, Shin DM, Kim CW, Jeong
EM, Bae HC, Kim TW, Lee SH, Choi Y, Lee DS, Park
SC, and Kim IG. Transglutaminase 2 suppresses apoptosis
by modulating caspase 3 and NF-kappaB activity in
hypoxic tumor cells. Oncogene 29: 356-367, 2010.

Jang HH, Kim SY, Park SK, Jeon HS, Lee YM, Jung JH,
Lee SY, Chae HB, Jung YJ, Lee KO, Lim CO, Chung WS,
Bahk JD, Yun DJ, Cho MJ, and Lee SY. Phosphorylation
and concomitant structural changes in human 2-Cys per-
oxiredoxin isotype I differentially regulate its peroxidase
and molecular chaperone functions. FEBS Lett 580: 351—
355, 2006.

Jang TH, Lee DS, Choi K, Jeong EM, Kim IG, Kim YW,
Chun JN, Jeon JH, and Park HH. Crystal structure of
transglutaminase 2 with GTP complex and amino acid
sequence evidence of evolution of GTP binding site. PLoS
One 9: 107005, 2014.

Jarvis RM, Hughes SM, and Ledgerwood EC. Peroxir-
edoxin 1 functions as a signal peroxidase to receive,
transduce, and transmit peroxide signals in mammalian
cells. Free Radic Biol Med 53: 1522-1530, 2012.

Jeong W, Cha MK, and Kim IH. Thioredoxin-dependent
hydroperoxide peroxidase activity of bacterioferritin comi-
gratory protein (BCP) as a new member of the thiol-specific
antioxidant protein (TSA)/alkyl hydroperoxide peroxidase C
(AhpC) family. J Biol Chem 275: 2924-2930, 2000.

Jin X, Stamnaes J, Klock C, DiRaimondo TR, Sollid LM,
and Khosla C. Activation of extracellular transglutaminase
2 by thioredoxin. J Biol Chem 286: 37866-37873, 2011.
Jin ZG, Melaragno MG, Liao DF, Yan C, Haendeler J,
Suh YA, Lambeth JD, and Berk BC. Cyclophilin A is a
secreted growth factor induced by oxidative stress. Circ
Res 87: 789-796, 2000.

Jo I, Chung IY, Bae HW, Kim JS, Song S, Cho YH, and
Ha NC. Structural details of the OxyR peroxide-sensing
mechanism. Proc Natl Acad Sci U S A 112: 6443-6448,
2015.

Johnson JR, Russo TA, Drawz SM, Clabots C, Olson R,
Kuskowski MA, and Rosen H. OxyR contributes to the
virulence of a Clonal Group A Escherichia coli strain
(O17:K+:H18) in animal models of urinary tract infection,
subcutaneous infection, and systemic sepsis. Microb Pa-
thog 64: 1-5, 2013.

Jones DP and Sies H. The redox code. Antioxid Redox
Signal 23: 734-746, 2015.

Jonic S. Cryo-electron microscopy analysis of structurally
heterogeneous macromolecular complexes. Comput Struct
Biotechnol J 14: 385-390, 2016.

Jonic S. Computational methods for analyzing confor-
mational variability of macromolecular complexes from
cryo-electron microscopy images. Curr Opin Struct Biol
43: 114-121, 2017.

Junn E, Taniguchi H, Jeong BS, Zhao X, Ichijo H, and
Mouradian MM. Interaction of DJ-1 with Daxx inhibits
apoptosis signal-regulating kinase 1 activity and cell
death. Proc Natl Acad Sci U S A 102: 9691-9696, 2005.
Kamariah N, Eisenhaber B, Eisenhaber F, and Gruber G.
Active site CP-loop dynamics modulate substrate binding,



PROMISCUITY IN REDOX SIGNALING

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

catalysis, oligomerization, stability, over-oxidation and
recycling of 2-Cys peroxiredoxins. Free Radic Biol Med
118: 59-70, 2018.

Kamariah N, Sek MF, Eisenhaber B, Eisenhaber F, and
Gruber G. Transition steps in peroxide reduction and a
molecular switch for peroxide robustness of prokaryotic
peroxiredoxins. Sci Rep 6: 37610, 2016.

Kang DH, Lee DJ, Lee S, Lee SY, Jun Y, Kim Y, Kim Y,
Lee JS, Lee DK, Lee S, Jho EH, Yu DY, and Kang SW.
Interaction of tankyrase and peroxiredoxin II is indis-
pensable for the survival of colorectal cancer cells. Nat
Commun 8: 40, 2017.

Kato I, Maita H, Takahashi-Niki K, Saito Y, Noguchi N,
Iguchi-Ariga SM, and Ariga H. Oxidized DJ-1 inhibits
p53 by sequestering p53 from promoters in a DNA-
binding affinity-dependent manner. Mol Cell Biol 33:
340-359, 2013.

Kern R, Malki A, Holmgren A, and Richarme G. Cha-
perone properties of Escherichia coli thioredoxin and
thioredoxin reductase. Biochem J 371: 965-972, 2003.
Kil IS, Lee SK, Ryu KW, Woo HA, Hu MC, Bae SH, and
Rhee SG. Feedback control of adrenal steroidogenesis via
H202-dependent, reversible inactivation of peroxiredoxin
IIT in mitochondria. Mol Cell 46: 584-594, 2012.

Kim DI, Jensen SC, Noble KA, Kc B, Roux KH, Mota-
medchaboki K, and Roux KJ. An improved smaller biotin
ligase for BiolD proximity labeling. Mol Biol Cell 27:
1188-1196, 2016.

Kim H, Oh Y, Kim K, Jeong S, Chon S, Kim D, Jung MH,
Pak YK, Ha J, Kang I, and Choe W. Cyclophilin A reg-
ulates JNK/p38-MAPK signaling through its physical in-
teraction with ASK1. Biochem Biophys Res Commun 464:
112-117, 2015.

Kim J-H, Choi D-J, Jeong H-K, Kim J, Kim DW, Choi
SY, Park S-M, Suh YH, Jou I, and Joe E-H. DJ-1 facili-
tates the interaction between STAT]1 and its phosphatase,
SHP-1, in brain microglia and astrocytes: a novel anti-
inflammatory function of DJ-1. Neurobiol Dis 60: 1-10,
2013.

Kim JS and Holmes RK. Characterization of OxyR as a
negative transcriptional regulator that represses catalase
production in Corynebacterium diphtheriae. PLoS One 7:
e31709, 2012.

Kim RH, Peters M, Jang YJ, Shi W, Pintilie M, Fletcher
GC, DeLuca C, Liepa J, Zhou L, Snow B, Binari RC,
Manoukian AS, Bray MR, Liu FF, Tsao MS, and Mak
TW. DIJ-1, a novel regulator of the tumor suppressor
PTEN. Cancer Cell 7: 263-273, 2005.

Kim S, Bang YJ, Kim D, Lim JG, Oh MH, and Choi SH.
Distinct characteristics of OxyR2, a new OxyR-type reg-
ulator, ensuring expression of peroxiredoxin 2 detoxifying
low levels of hydrogen peroxide in Vibrio vulnificus. Mol
Microbiol 93: 992-1009, 2014.

Kim SY, Jang HH, Lee JR, Sung NR, Lee HB, Lee DH,
Park DJ, Kang CH, Chung WS, Lim CO, Yun DJ, Kim
WY, Lee KO, and Lee SY. Oligomerization and chaper-
one activity of a plant 2-Cys peroxiredoxin in response to
oxidative stress. Plant Sci 177: 227-232, 2009.

Kim SY, Kim TJ, and Lee KY. A novel function of per-
oxiredoxin 1 (Prx-1) in apoptosis signal-regulating kinase
1 (ASK1)-mediated signaling pathway. FEBS Lett 582:
1913-1918, 2008.

Kinumi T, Kimata J, Taira T, Ariga H, and Niki E.
Cysteine-106 of DJ-1 is the most sensitive cysteine resi-

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

1315

due to hydrogen peroxide-mediated oxidation in vivo in
human umbilical vein endothelial cells. Biochem Biophys
Res Commun 317: 722-728, 2004.

Kiraly R, Csosz E, Kurtan T, Antus S, Szigeti K, Simon-
Vecsei Z, Korponay-Szabo IR, Keresztessy Z, and Fesus L.
Functional significance of five noncanonical Ca**-binding
sites of human transglutaminase 2 characterized by site-
directed mutagenesis. FEBS J 276: 7083-7096, 2009.
Kiraly R, Demeny M, and Fesus L. Protein transamidation
by transglutaminase 2 in cells: a disputed Ca®*-dependent
action of a multifunctional protein. FEBS J 278: 4717-
4739, 2011.

Konig J, Galliardt H, Jutte P, Schaper S, Dittmann L, and
Dietz KJ. The conformational bases for the two func-
tionalities of 2-cysteine peroxiredoxins as peroxidase and
chaperone. J Exp Bot 64: 3483-3497, 2013.

Kosek D, Kylarova S, Psenakova K, Rezabkova L,
Herman P, Vecer J, Obsilova V, and Obsil T. Biophy-
sical and structural characterization of the thioredoxin-
binding domain of protein kinase ASKI1 and its inter-
action with reduced thioredoxin. J Biol Chem 289:
24463-24474, 2014.

Kumarevel T, Tanaka T, Umehara T, and Yokoyama S.
ST1710-DNA complex crystal structure reveals the DNA
binding mechanism of the MarR family of regulators.
Nucleic Acids Res 37: 4723-4735, 20009.

Kylarova S, Kosek D, Petrvalska O, Psenakova K, Man P,
Vecer J, Herman P, Obsilova V, and Obsil T. Cysteine
residues mediate high-affinity binding of thioredoxin to
ASKI1. FEBS J 283: 3821-3838, 2016.
Lakshminarasimhan M, Madzelan P, Nan R, Milkovic
NM, and Wilson MA. Evolution of new enzymatic
function by structural modulation of cysteine reactivity
in Pseudomonas fluorescens isocyanide hydratase. J Biol
Chem 285: 29651-29661, 2010.

Landino LM, Hagedorn TD, and Kennett KL. Evidence
for thiol/disulfide exchange reactions between tubulin and
glyceraldehyde-3-phosphate dehydrogenase. Cytoskeleton
71: 707-718, 2014.

Latimer HR and Veal EA. Peroxiredoxins in regulation of
MAPK signalling pathways; sensors and barriers to signal
transduction. Mol Cells 39: 4045, 2016.

Laxa M, Konig J, Dietz KJ, and Kandlbinder A. Role of
the cysteine residues in Arabidopsis thaliana cyclophilin
CYP20-3 in peptidyl-prolyl cis-trans isomerase and redox-
related functions. Biochem J 401: 287-297, 2007.

Le HT, Gautier V, Kthiri F, Malki A, Messaoudi N, Mi-
houb M, Landoulsi A, An YJ, Cha SS, and Richarme G.
YajL, prokaryotic homolog of parkinsonism-associated
protein DJ-1, functions as a covalent chaperone for thiol
proteome. J Biol Chem 287: 5861-5870, 2012.

Lebedev I, Nemajerova A, Foda ZH, Kornaj M, Tong M,
Moll UM, and Seeliger MA. A novel in vitro CypD-
mediated p53 aggregation assay suggests a model for mi-
tochondrial permeability transition by chaperone systems.
J Mol Biol 428: 4154-4167, 2016.

Lee C, Lee SM, Mukhopadhyay P, Kim SJ, Lee SC, Ahn
WS, Yu MH, Storz G, and Ryu SE. Redox regulation of
OxyR requires specific disulfide bond formation involving
a rapid kinetic reaction path. Nat Struct Mol Biol 11:
1179-1185, 2004.

Lee C, Shin J, and Park C. Novel regulatory system
nemRA-gloA for electrophile reduction in Escherichia
coli K-12. Mol Microbiol 88: 395-412, 2013.



1316

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Lee HJ, Howell SK, Sanford RJ, and Beisswenger PJ.
Methylglyoxal can modify GAPDH activity and structure.
Ann N Y Acad Sci 1043: 135-145, 2005.

Lee HT, Huang CH, Chen WC, Tsai CS, Chao YL, Liu
SH, Chen JH, Wu YY, and Lee YJ. Transglutaminase 2
promotes migration and invasion of lung cancer cells.
Oncol Res in press: doi: 10.3727/096504018X151497619
20868, 2018.

Lee JR, Lee SS, Jang HH, Lee YM, Park JH, Park SC,
Moon JC, Park SK, Kim SY, Lee SY, Chae HB, Jung YJ,
Kim WY, Shin MR, Cheong GW, Kim MG, Kang KR,
Lee KO, Yun DJ, and Lee SY. Heat-shock dependent
oligomeric status alters the function of a plant-specific
thioredoxin-like protein, AtTDX. Proc Natl Acad Sci U S
A 106: 5978-5983, 2009.

Lee JW, Soonsanga S, and Helmann JD. A complex
thiolate switch regulates the Bacillus subtilis organic
peroxide sensor OhrR. Proc Natl Acad Sci U S A 104:
8743-8748, 2007.

Lee JY, Song J, Kwon K, Jang S, Kim C, Baek K, Kim J,
and Park C. Human DJ-1 and its homologs are novel
glyoxalases. Hum Mol Genet 21: 3215-3225, 2012.

Lee MK, Lee MS, Bae DW, Lee DH, Cha SS, and Chi SW.
Structural basis for the interaction between DJ-1 and Bcl-X..
Biochem Biophys Res Commun 495: 1067-1073, 2018.

Lee SM, Jeong EM, Jeong J, Shin DM, Lee HJ, Kim HJ,
Lim J, Lee JH, Cho SY, Kim MK, Wee WR, Lee JH, and
Kim IG. Cysteamine prevents the development of lens
opacity in a rat model of selenite-induced cataract. Invest
Ophthalmol Vis Sci 53: 1452-1459, 2012.

Lee SP, Hwang YS, Kim YJ, Kwon KS, Kim HJ, Kim K,
and Chae HZ. Cyclophilin A binds to peroxiredoxins and
activates its peroxidase activity. J Biol Chem 276: 29826—
29832, 2001.

Lee SR, Yang KS, Kwon J, Lee C, Jeong W, and Rhee
SG. Reversible inactivation of the tumor suppressor PTEN
by H,0,. J Biol Chem 277: 20336-20342, 2002.

Lee YS, Lee J, Ryu KS, Lee Y, Jung TG, Jang JH, Sim DW,
Kim EH, Seo MD, Lee KW, and Won HS. Semi-empirical
structure determination of Escherichia coli Hsp33 and
identification of dynamic regulatory elements for the acti-
vation process. J Mol Biol 427: 3850-3861, 2015.
Lemaire SD, Guillon B, Le Marechal P, Keryer E,
Miginiac-Maslow M, and Decottignies P. New thior-
edoxin targets in the unicellular photosynthetic eukaryote
Chlamydomonas reinhardtii. Proc Natl Acad Sci U S A
101: 7475-7480, 2004.

Leonard SE, Reddie KG, and Carroll KS. Mining the thiol
proteome for sulfenic acid modifications reveals new
targets for oxidation in cells. ACS Chem Biol 4: 783-799,
2009.

Li L, Cheung SH, Evans EL, and Shaw PE. Modulation of
gene expression and tumor cell growth by redox modifi-
cation of STAT3. Cancer Res 70: 8222-8232, 2010.

Li L and Shaw PE. A STAT3 dimer formed by inter-chain
disulphide bridging during oxidative stress. Biochem
Biophys Res Commun 322: 1005-1011, 2004.

Li T, Guo H, Zhao X, Jin J, Zhang L, Li H, Lu Y, Nie Y,
Wu K, Shi Y, and Fan D. Gastric cancer cell proliferation
and survival is enabled by a cyclophilin B/STAT3/miR-
520d-5p signaling feedback loop. Cancer Res 77: 1227-
1240, 2017.

Lievens S, Gerlo S, Lemmens I, De Clercq DJ, Risseeuw
MD, Vanderroost N, De Smet AS, Ruyssinck E, Chevet E,

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

YOUNG ET AL.

Van Calenbergh S, and Tavernier J. Kinase substrate
sensor (KISS), a mammalian in situ protein interaction
sensor. Mol Cell Proteomics 13: 3332-3342, 2014.
Limauro D, D’Ambrosio K, Langella E, De Simone G,
Galdi I, Pedone C, Pedone E, and Bartolucci S. Exploring
the catalytic mechanism of the first dimeric Bep: func-
tional, structural and docking analyses of Bcp4 from
Sulfolobus solfataricus. Biochimie 92: 1435-1444, 2010.
Lin D, Saleh S, and Liebler DC. Reversibility of covalent
electrophile-protein adducts and chemical toxicity. Chem
Res Toxicol 21: 2361-2369, 2008.

Linard D, Kandlbinder A, Degand H, Morsomme P, Dietz
KJ, and Knoops B. Redox characterization of human cy-
clophilin D: identification of a new mammalian mito-
chondrial redox sensor? Arch Biochem Biophys 491: 39—
45, 20009.

Little C and O’Brien PJ. Mechanism of peroxide-
inactivation of the sulphydryl enzyme glyceraldehyde-3-
phosphate dehydrogenase. Eur J Biochem 10: 533-538,
1969.

Littler DR, Harrop SJ, Fairlie WD, Brown LJ, Pankhurst
GJ, Pankhurst S, DeMaere MZ, Campbell TJ, Bauskin
AR, Tonini R, Mazzanti M, Breit SN, and Curmi PM. The
intracellular chloride ion channel protein CLIC1 under-
goes a redox-controlled structural transition. J Biol Chem
279: 9298-9305, 2004.

Liu B, Chen Y, and St Clair DK. ROS and p53: a versatile
partnership. Free Radic Biol Med 44: 1529-1535, 2008.
Liu D and Xu Y. p53, Oxidative stress, and aging. Anti-
oxid Redox Signal 15: 1669-1678, 2011.

Liu GJ, Liu X, Xu HJ, Liu XC, Zhou H, Huang Z, Gan JH,
Chen H, Lan L, and Yang CG. Structural insights into the
redox-sensing mechanism of MarR-type regulator AbfR. J
Am Chem Soc 139: 1598-1608, 2017.

Liu X, Sun X, Wu Y, Xie C, Zhang W, Wang D, Chen X,
Qu D, Gan J, Chen H, Jiang H, Lan L, and Yang CG.
Oxidation-sensing regulator AbfR regulates oxidative
stress responses, bacterial aggregation, and biofilm for-
mation in Staphylococcus epidermidis. J Biol Chem 288:
3739-3752, 2013.

Liu Z, Gong Z, Dong X, and Tang C. Transient protein-
protein interactions visualized by solution NMR. Biochim
Biophys Acta 1864: 115-122, 2016.

Loi VV, Harms M, Muller M, Huyen NT, Hamilton CJ,
Hochgrafe F, Pane-Farre J, and Antelmann H. Real-time
imaging of the bacillithiol redox potential in the human
pathogen Staphylococcus aureus using a genetically en-
coded bacilliredoxin-fused redox biosensor. Antioxid Re-
dox Signal 26: 835-848, 2017.

Love NR, Chen Y, Ishibashi S, Kritsiligkou P, Lea R, Koh
Y, Gallop JL, Dorey K, and Amaya E. Amputation-
induced reactive oxygen species are required for suc-
cessful Xenopus tadpole tail regeneration. Nat Cell Biol
15: 222-228, 2013.

Luciani A, Villella VR, Vasaturo A, Giardino I, Pettoello-
Mantovani M, Guido S, Cexus ON, Peake N, Londei M,
Quaratino S, and Maiuri L. Lysosomal accumulation of
gliadin p31-43 peptide induces oxidative stress and tissue
transglutaminase-mediated PPARgamma downregulation
in intestinal epithelial cells and coeliac mucosa. Gut 59:
311-319, 2010.

Luciani A, Villella VR, Vasaturo A, Giardino I, Raia V,
Pettoello-Mantovani M, D’Apolito M, Guido S, Leal T,
Quaratino S, and Maiuri L. SUMOylation of tissue



PROMISCUITY IN REDOX SIGNALING

226.

227.

228.

229.

230.

231.

232.

233.

234,

235.

236.

237.

238.

transglutaminase as link between oxidative stress and in-
flammation. J Immunol 183: 2775-2784, 2009.
Lundstrom J and Holmgren A. Determination of the
reduction-oxidation potential of the thioredoxin-like do-
mains of protein disulfide-isomerase from the equilibrium
with glutathione and thioredoxin. Biochemistry 32: 6649—
6655, 1993.

Luo M, Zhang J, He H, Su D, Chen Q, Gross ML,
Kelley MR, and Georgiadis MM. Characterization of
the redox activity and disulfide bond formation in
apurinic/apyrimidinic endonuclease. Biochemistry 51:
695-705, 2012.

Ma LH, Takanishi CL, and Wood MJ. Molecular mech-
anism of oxidative stress perception by the Orp1 protein. J
Biol Chem 282: 31429-31436, 2007.

Ma Z, Russo VC, Rabadi SM, Jen Y, Catlett SV, Bakshi
CS, and Malik M. Elucidation of a mechanism of oxida-
tive stress regulation in Francisella tularensis live vaccine
strain. Mol Microbiol 101: 856878, 2016.

Malorni W, Farrace MG, Matarrese P, Tinari A, Ciarlo L,
Mousavi-Shafaei P, D’Eletto M, Di Giacomo G, Melino
G, Palmieri L, Rodolfo C, and Piacentini M. The adenine
nucleotide translocator 1 acts as a type 2 transglutaminase
substrate: implications for mitochondrial-dependent apo-
ptosis. Cell Death Differ 16: 1480-1492, 20009.
Markvicheva KN, Bilan DS, Mishina NM, Gorokhovatsky
AY, Vinokurov LM, Lukyanov S, and Belousov VV. A
genetically encoded sensor for H,O, with expanded dy-
namic range. Bioorg Med Chem 19: 1079-1084, 2011.
Mastroberardino PG, Farrace MG, Viti I, Pavone F,
Fimia GM, Melino G, Rodolfo C, and Piacentini M.
“Tissue” transglutaminase contributes to the formation
of disulphide bridges in proteins of mitochondrial re-
spiratory complexes. Biochim Biophys Acta 1757:
1357-1365, 2006.

Matlashov ME, Bogdanova YA, Ermakova GV, Mishina
NM, Ermakova YG, Nikitin ES, Balaban PM, Okabe S,
Lukyanov S, Enikolopov G, Zaraisky AG, and Belousov
VV. Fluorescent ratiometric pH indicator SypHer2: ap-
plications in neuroscience and regenerative biology. Bio-
chim Biophys Acta 1850: 2318-2328, 2015.

Meier JA, Hyun M, Cantwell M, Raza A, Mertens C, Raje
V, Sisler J, Tracy E, Torres-Odio S, Gispert S, Shaw PE,
Baumann H, Bandyopadhyay D, Takabe K, and Larner
AC. Stress-induced dynamic regulation of mitochondrial
STAT?3 and its association with cyclophilin D reduce mito-
chondrial ROS production. Sci Signal 10: eaag2588, 2017.
Meng TC and Tonks NK. Analysis of the regulation of
protein tyrosine phosphatases in vivo by reversible oxi-
dation. Methods Enzymol 366: 304-318, 2003.

Merk A, Bartesaghi A, Banerjee S, Falconieri V, Rao P,
Davis MI, Pragani R, Boxer MB, Earl LA, Milne JL, and
Subramaniam S. Breaking Cryo-EM resolution barriers to
facilitate drug discovery. Cell 165: 1698—-1707, 2016.
Meuillet EJ, Mahadevan D, Berggren M, Coon A, and
Powis G. Thioredoxin-1 binds to the C2 domain of PTEN
inhibiting PTEN’s lipid phosphatase activity and mem-
brane binding: a mechanism for the functional loss of
PTEN’s tumor suppressor activity. Arch Biochem Biophys
429: 123-133, 2004.

Miller EW, Albers AE, Pralle A, Isacoff EY, and Chang
CJ. Boronate-based fluorescent probes for imaging cellu-
lar hydrogen peroxide. J Am Chem Soc 127: 16652—
16659, 2005.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

1317

Mishra S and Murphy LJ. Tissue transglutaminase has
intrinsic kinase activity: identification of transglutaminase
2 as an insulin-like growth factor-binding protein-3 ki-
nase. J Biol Chem 279: 23863-23868, 2004.

Mishra S and Murphy LJ. The p53 oncoprotein is a sub-
strate for tissue transglutaminase kinase activity. Biochem
Biophys Res Commun 339: 726-730, 2006.

Mishra S, Saleh A, Espino PS, Davie JR, and Murphy LJ.
Phosphorylation of histones by tissue transglutaminase.
J Biol Chem 281: 5532-5538, 2006.

Mitsumoto A and Nakagawa Y. DJ-1 is an indicator for
endogenous reactive oxygen species elicited by endotoxin.
Free Radic Res 35: 885-893, 2001.

Mitsumoto A, Nakagawa Y, Takeuchi A, Okawa K,
Iwamatsu A, and Takanezawa Y. Oxidized forms of per-
oxiredoxins and DJ-1 on two-dimensional gels increased
in response to sublethal levels of paraquat. Free Radic Res
35: 301-310, 2001.

Mo JS, Jung J, Yoon JH, Hong JA, Kim MY, Ann EJ, Seo
MS, Choi YH, and Park HS. DJ-1 modulates the p38
mitogen-activated protein kinase pathway through physi-
cal interaction with apoptosis signal-regulating kinase 1. J
Cell Biochem 110: 229-237, 2010.

Morais MA, Giuseppe PO, Souza TA, Alegria TG, Oli-
veira MA, Netto LE, and Murakami MT. How pH mod-
ulates the dimer-decamer interconversion of 2-Cys
peroxiredoxins from the Prx1 subfamily. J Biol Chem 290:
8582-8590, 2015.

Morgan B, Van Laer K, Owusu TN, Ezerina D, Pastor-
Flores D, Amponsah PS, Tursch A, and Dick TP. Real-
time monitoring of basal H,O, levels with peroxiredoxin-
based probes. Nat Chem Biol 12: 437443, 2016.
Morinaka A, Funato Y, Uesugi K, and Miki H. Oligomeric
peroxiredoxin-I is an essential intermediate for p53 to
activate MST1 kinase and apoptosis. Oncogene 30: 4208—
4218, 2011.

Motohashi K, Koyama F, Nakanishi Y, Ueoka-Nakanishi
H, and Hisabori T. Chloroplast cyclophilin is a target
protein of thioredoxin. Thiol modulation of the peptidyl-
prolyl cis-trans isomerase activity. J Biol Chem 278:
31848-31852, 2003.

Murray JW, Garman EF, and Ravelli RBG. X-ray ab-
sorption by macromolecular crystals: the effects of
wavelength and crystal composition on absorbed dose. J
Appl Crystallogr 37: 513-522, 2004.

Muthuramalingam M, Matros A, Scheibe R, Mock HP,
and Dietz KJ. The hydrogen peroxide-sensitive proteome
of the chloroplast in vitro and in vivo. Front Plant Sci 4:
54, 2013.

Muthuramalingam M, Seidel T, Laxa M, Nunes de Mi-
randa SM, Gartner F, Stroher E, Kandlbinder A, and Dietz
KJ. Multiple redox and non-redox interactions define 2-
Cys peroxiredoxin as a regulatory hub in the chloroplast.
Mol Plant 2: 1273-1288, 20009.

Nadeau PJ, Charette SJ, and Landry J. REDOX reaction at
ASK1-Cys250 is essential for activation of JNK and in-
duction of apoptosis. Mol Biol Cell 20: 3628-3637, 2009.
Nadeau PJ, Charette SJ, Toledano MB, and Landry J.
Disulfide bond-mediated multimerization of ASK1 and its
reduction by thioredoxin-1 regulate H,O,-induced c-Jun
NH,-terminal kinase activation and apoptosis. Mol Biol
Cell 18: 3903-3913, 2007.

Nakao LS, Everley RA, Marino SM, Lo SM, de Souza LE,
Gygi SP, and Gladyshev VN. Mechanism-based proteomic



1318

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

screening identifies targets of thioredoxin-like proteins. J
Biol Chem 290: 5685-5695, 2015.

Nakaoka H, Perez DM, Baek KIJ, Das T, Husain A, Mis-
ono K, Im MJ, and Graham RM. Gh: a GTP-binding
protein with transglutaminase activity and receptor sig-
naling function. Science 264: 1593-1596, 1994.

Nassour H, Wang Z, Saad A, Papaluca A, Brosseau N, Affar
el B, Alaoui-Jamali MA, and Ramotar D. Peroxiredoxin 1
interacts with and blocks the redox factor APE1 from acti-
vating interleukin-8 expression. Sci Rep 6: 29389, 2016.
Naugler WE and Karin M. NF-kappaB and cancer-
identifying targets and mechanisms. Curr Opin Genet Dev
18: 19-26, 2008.

Newberry KJ, Fuangthong M, Panmanee W, Mongkolsuk
S, and Brennan RG. Structural mechanism of organic
hydroperoxide induction of the transcription regulator
OhrR. Mol Cell 28: 652-664, 2007.

Nguyen TT, Stevens MV, Kohr M, Steenbergen C, Sack
MN, and Murphy E. Cysteine 203 of cyclophilin D is
critical for cyclophilin D activation of the mitochondrial
permeability transition pore. J Biol Chem 286: 40184—
40192, 2011.

Nielsen MH, Kidmose RT, and Jenner LB. Structure of
TSA2 reveals novel features of the active-site loop of
peroxiredoxins. ACTA Crystallogr D Struct Biol 72: 158—
167, 2016.

Niethammer P, Grabher C, Look AT, and Mitchison TJ.
A tissue-scale gradient of hydrogen peroxide mediates
rapid wound detection in zebrafish. Nature 459: 996—
999, 2009.

Niki T, Takahashi-Niki K, Taira T, Iguchi-Ariga SM, and
Ariga H. DIJBP: a novel DJ-1-binding protein, negatively
regulates the androgen receptor by recruiting histone
deacetylase complex, and DJ-1 antagonizes this inhibition
by abrogation of this complex. Mol Cancer Res 1: 247—
261, 2003.

Noichri Y, Palais G, Ruby V, D’Autreaux B, Delaunay-
Moisan A, Nystrom T, Molin M, and Toledano MB. In vivo
parameters influencing 2-Cys Prx oligomerization: the role
of enzyme sulfinylation. Redox Biol 6: 326-333, 2015.
Oger E, Marino D, Guigonis JM, Pauly N, and Puppo
A. Sulfenylated proteins in the Medicago truncatula-
Sinorhizobium meliloti symbiosis. J Proteomics 75:
4102-4113, 2012.

Okazaki S, Naganuma A, and Kuge S. Peroxiredoxin-
mediated redox regulation of the nuclear localization of
Yapl, a transcription factor in budding yeast. Antioxid
Redox Signal 7: 327-334, 2005.

Okazaki S, Tachibana T, Naganuma A, Mano N, and
Kuge S. Multistep disulfide bond formation in Yapl is
required for sensing and transduction of H202 stress
signal. Mol Cell 27: 675-688, 2007.

Ostman A, Frijhoff J, Sandin A, and Bohmer FD. Reg-
ulation of protein tyrosine phosphatases by reversible
oxidation. J Biochem 150: 345-356, 2011.

Owuor ED and Kong AN. Antioxidants and oxidants
regulated signal transduction pathways. Biochem Phar-
macol 64: 765-770, 2002.

Pan J and Carroll KS. Chemical biology approaches to
study protein cysteine sulfenylation. Biopolymers 101:
165-172, 2014.

Panmanee W, Vattanaviboon P, Poole LB, and Mon-
gkolsuk S. Novel organic hydroperoxide-sensing and re-
sponding mechanisms for OhrR, a major bacterial sensor

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

YOUNG ET AL.

and regulator of organic hydroperoxide stress. J Bacteriol
188: 1389-1395, 2006.

Park J, Lee S, Lee S, and Kang SW. 2-Cys peroxiredoxins:
emerging hubs determining redox dependency of mam-
malian signaling networks. Int J Cell Biol 2014: 715867,
2014.

Park JE, Lee JA, Park SG, Lee DH, Kim SJ, Kim HJ,
Uchida C, Uchida T, Park BC, and Cho S. A critical step
for JNK activation: isomerization by the prolyl isomerase
Pinl. Cell Death Differ 19: 153-161, 2012.

Park SK, Jung YJ, Lee JR, Lee YM, Jang HH, Lee SS,
Park JH, Kim SY, Moon JC, Lee SY, Chae HB, Shin MR,
Jung JH, Kim MG, Kim WY, Yun DJ, Lee KO, and Lee
SY. Heat-shock and redox-dependent functional switching
of an h-type Arabidopsis thioredoxin from a disulfide re-
ductase to a molecular chaperone. Plant Physiol 150: 552—
561, 2009.

Parsonage D, Nelson KJ, Ferrer-Sueta G, Alley S, Kar-
plus PA, Furdui CM, and Poole LB. Dissecting perox-
iredoxin catalysis: separating binding, peroxidation, and
resolution for a bacterial AhpC. Biochemistry 54: 1567—
1575, 2015.

Parsonage D, Youngblood DS, Sarma GN, Wood ZA,
Karplus PA, and Poole LB. Analysis of the link between
enzymatic activity and oligomeric state in AhpC, a bacterial
peroxiredoxin. Biochemistry 44: 10583-10592, 2005.
Paulsen CE, Truong TH, Garcia FJ, Homann A, Gupta V,
Leonard SE, and Carroll KS. Peroxide-dependent sulfe-
nylation of the EGFR catalytic site enhances kinase ac-
tivity. Nat Chem Biol 8: 57-64, 2011.

Peralta D, Bronowska AK, Morgan B, Doka E, Van Laer
K, Nagy P, Grater F, and Dick TP. A proton relay en-
hances H,O, sensitivity of GAPDH to facilitate metabolic
adaptation. Nat Chem Biol 11: 156-163, 2015.
Perez-Perez ME, Mauries A, Maes A, Tourasse NJ, Hamon
M, Lemaire SD, and Marchand CH. The deep thioredox-
ome in Chlamydomonas reinhardtii: new insights into re-
dox regulation. Mol Plant 10: 1107-1125, 2017.

Perkins A, Nelson KJ, Williams JR, Parsonage D, Poole
LB, and Karplus PA. The sensitive balance between the
fully folded and locally unfolded conformations of a
model peroxiredoxin. Biochemistry 52: 8708-8721,
2013.

Perkins A, Parsonage D, Nelson KJ, Ogba OM, Cheong
PH, Poole LB, and Karplus PA. Peroxiredoxin catalysis at
atomic resolution. Structure 24: 1668-1678, 2016.
Peskin AV, Dickerhof N, Poynton RA, Paton LN, Pace
PE, Hampton MB, and Winterbourn CC. Hyperoxidation
of peroxiredoxins 2 and 3: rate constants for the reactions
of the sulfenic acid of the peroxidatic cysteine. J Biol
Chem 288: 14170-14177, 2013.

Piacentini M, Farrace MG, Piredda L, Matarrese P, Cic-
cosanti F, Falasca L, Rodolfo C, Giammarioli AM, Ver-
derio E, Griffin M, and Malorni W. Transglutaminase
overexpression sensitizes neuronal cell lines to apoptosis by
increasing mitochondrial membrane potential and cellular
oxidative stress. J Neurochem 81: 1061-1072, 2002.
Pineyro MD, Parodi-Talice A, Portela M, Arias DG,
Guerrero SA, and Robello C. Molecular characterization
and interactome analysis of Trypanosoma cruzi trypar-
edoxin 1. J Proteomics 74: 1683-1692, 2011.

Pinkas DM, Strop P, Brunger AT, and Khosla C. Trans-
glutaminase 2 undergoes a large conformational change
upon activation. PLoS Biol 5: €327, 2007.



PROMISCUITY IN REDOX SIGNALING

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

Piston D, Alvarez-Erviti L, Bansal V, Gargano D, Yao Z,
Szabadkai G, Odell M, Puno MR, Bjorkblom B, Maple-
Grodem J, Breuer P, Kaut O, Larsen JP, Bonn S, Moller
SG, Wullner U, Schapira AHV, and Gegg ME. DJ-1 is a
redox sensitive adapter protein for high molecular weight
complexes involved in regulation of catecholamine ho-
meostasis. Hum Mol Genet 26: 4028-4041, 2017.

Prasad BD, Goel S, and Krishna P. In silico identification
of carboxylate clamp type tetratricopeptide repeat proteins
in Arabidopsis and rice as putative co-chaperones of
Hsp90/Hsp70. PLoS One 5: €12761, 2010.

Putker M, Vos HR, van Dorenmalen K, de Ruiter H,
Duran AG, Snel B, Burgering BM, Vermeulen M, and
Dansen TB. Evolutionary acquisition of cysteines deter-
mines FOXO paralog-specific redox signaling. Antioxid
Redox Signal 22: 15-28, 2015.

Qian J, Wani R, Klomsiri C, Poole LB, Tsang AW, and
Furdui CM. A simple and effective strategy for labeling
cysteine sulfenic acid in proteins by utilization of beta-
ketoesters as cleavable probes. Chem Commun 48: 4091-
4093, 2012.

Qin LS, Jia PF, Zhang ZQ, and Zhang SM. ROS-p53-
cyclophilin-D signaling mediates salinomycin-induced
glioma cell necrosis. J Exp Clin Cancer Res 34: 57, 2015.
Qu D, Rashidian J, Mount MP, Aleyasin H, Parsanejad M,
Lira A, Haque E, Zhang Y, Callaghan S, Daigle M,
Rousseaux MWC, Slack RS, Albert PR, Vincent I, Woulfe
JM, and Park DS. Role of Cdk5-mediated phosphorylation
of Prx2 in MPTP toxicity and Parkinson’s disease. Neuron
55: 37-52, 2007.

Qu Z, Meng F, Bomgarden RD, Viner RI, Li J, Rogers JC,
Cheng J, Greenlief CM, Cui J, Lubahn DB, Sun GY, and
Gu Z. Proteomic quantification and site-mapping of S-
nitrosylated proteins using isobaric iodoTMT reagents.
J Proteome Res 13: 3200-3211, 2014.

Radak Z, Koltai E, Taylor AW, Higuchi M, Kumagai S,
Ohno H, Goto S, and Boldogh 1. Redox-regulating sirtuins
in aging, caloric restriction, and exercise. Free Radic Biol
Med 58: 87-97, 2013.

Radjainia M, Venugopal H, Desfosses A, Phillips AlJ,
Yewdall NA, Hampton MB, Gerrard JA, and Mitra AK.
Cryo-electron microscopy structure of human peroxiredoxin-
3 filament reveals the assembly of a putative chaperone.
Structure 23: 912-920, 2015.

Ragu S, Dardalhon M, Sharma S, Iraqui I, Buhagiar-
Labarchede G, Grondin V, Kienda G, Vernis L, Chanet R,
Kolodner RD, Huang ME, and Faye G. Loss of the thior-
edoxin reductase Trrl suppresses the genomic instability of
peroxiredoxin tsal mutants. PLoS One 9: e108123, 2014.
Ralser M, Wamelink MM, Kowald A, Gerisch B, Heeren
G, Struys EA, Klipp E, Jakobs C, Breitenbach M, Lehrach
H, and Krobitsch S. Dynamic rerouting of the carbohy-
drate flux is key to counteracting oxidative stress. J Biol 6:
10, 2007.

Randall LM, Ferrer-Sueta G, and Denicola A. Peroxir-
edoxins as preferential targets in H,O,-induced signaling.
Methods Enzymol 527: 41-63, 2013.

Ravelli RB and McSweeney SM. The ‘“‘fingerprint” that
X-rays can leave on structures. Structure 8: 315-328,
2000.

Rawat SJ, Creasy CL, Peterson JR, and Chernoff J. The tu-
mor suppressor Mstl promotes changes in the cellular redox
state by phosphorylation and inactivation of peroxiredoxin-1
protein. J Biol Chem 288: 8762-8771, 2013.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

1319

Rawson S, Davies S, Lippiat JD, and Muench SP. The
changing landscape of membrane protein structural bi-
ology through developments in electron microscopy. Mol
Membr Biol 33: 12-22, 2016.

Reddie KG, Seo YH, Muse WB, III, Leonard SE, and
Carroll KS. A chemical approach for detecting sulfenic
acid-modified proteins in living cells. Mol Biosyst 4: 521—
531, 2008.

Reisz JA, Bechtold E, King SB, Poole LB, and Furdui
CM. Thiol-blocking electrophiles interfere with labeling
and detection of protein sulfenic acids. FEBS J 280:
6150-6161, 2013.

Ren H, Fu K, Wang D, Mu C, and Wang G. Oxidized DJ-
1 interacts with the mitochondrial protein BCL-X; . J Biol
Chem 286: 35308-35317, 2011.

Rhee SG. Cell signaling. H,O,, a necessary evil for cell
signaling. Science 312: 1882-1883, 2006.

Richarme G, Mihoub M, Dairou J, Bui LC, Leger T, and
Lamouri A. Parkinsonism-associated protein DJ-1/Park7
is a major protein deglycase that repairs methylglyoxal-
and glyoxal-glycated cysteine, arginine, and lysine resi-
dues. J Biol Chem 290: 1885-1897, 2015.

Riddell JR, Wang XY, Minderman H, and Gollnick SO.
Peroxiredoxin 1 stimulates secretion of proinflammatory
cytokines by binding to TLR4. J Immunol 184: 1022-1030,
2010.

Rigoulet M, Yoboue ED, and Devin A. Mitochondrial
ROS generation and its regulation: mechanisms involved
in H(2)O(2) signaling. Antioxid Redox Signal 14: 459-
468, 2011.

Rodacka A. The effect of radiation-induced reactive ox-
ygen species (ROS) on the structural and functional
properties of yeast alcohol dehydrogenase (YADH). Int J
Radiat Biol 92: 11-23, 2016.

Romano PG, Horton P, and Gray JE. The Arabidopsis cy-
clophilin gene family. Plant Physiol 134: 1268-1282, 2004.
Roos G, Fonseca Guerra C, and Bickelhaupt FM. How the
disulfide conformation determines the disulfide/thiol re-
dox potential. J Biomol Struct Dyn 33: 93-103, 2015.
Rosado LA, Wahni K, Degiacomi G, Pedre B, Young D,
de la Rubia AG, Boldrin F, Martens E, Marcos-Pascual L,
Sancho-Vaello E, Albesa-Jove D, Provvedi R, Martin C,
Makarov V, Versees W, Verniest G, Guerin ME, Mateos
LM, Manganelli R, and Messens J. The antibacterial
prodrug activator Rv2466¢ is a mycothiol-dependent re-
ductase in the oxidative stress response of Mycobacterium
tuberculosis. J Biol Chem 292: 13097-13110, 2017.
Rossin F, D’Eletto M, Falasca L, Sepe S, Cocco S, Fimia
GM, Campanella M, Mastroberardino PG, Farrace MG, and
Piacentini M. Transglutaminase 2 ablation leads to mito-
phagy impairment associated with a metabolic shift towards
aerobic glycolysis. Cell Death Differ 22: 408-418, 2015.
Roux KJ, Kim DI, and Burke B. BiolD: a screen for
protein-protein interactions. Curr Protoc Protein Sci 74:
Unit 19.23, 2013.

Roux KJ, Kim DI, Raida M, and Burke B. A promiscuous
biotin ligase fusion protein identifies proximal and inter-
acting proteins in mammalian cells. J Cell Biol 196: 801-
810, 2012.

Saccoccia F, Di Micco P, Boumis G, Brunori M, Koutris I,
Miele AE, Morea V, Sriratana P, Williams DL, Bellelli A,
and Angelucci F. Moonlighting by different stressors:
crystal structure of the chaperone species of a 2-Cys
peroxiredoxin. Structure 20: 429439, 2012.



1320

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

Sainsbury S, Ren J, Nettleship JE, Saunders NJ, Stuart DI,
and Owens RJ. The structure of a reduced form of OxyR
from Neisseria meningitidis. BMC Struct Biol 10: 10, 2010.
Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K,
Sawada Y, Kawabata M, Miyazono K, and Ichijo H.
Mammalian thioredoxin is a direct inhibitor of apopto-
sis signal-regulating kinase (ASK) 1. EMBO J 17: 2596—
2606, 1998.

Sajjad MU, Green EW, Miller-Fleming L, Hands S,
Herrera F, Campesan S, Khoshnan A, Outeiro TF, Gior-
gini F, and Wyttenbach A. DJ-1 modulates aggregation
and pathogenesis in models of Huntington’s disease. Hum
Mol Genet 23: 755-766, 2014.

Samson AL, Knaupp AS, Kass I, Kleifeld O, Marijanovic
EM, Hughes VA, Lupton CJ, Buckle AM, Bottomley SP,
and Medcalf RL. Oxidation of an exposed methionine
instigates the aggregation of glyceraldehyde-3-phosphate
dehydrogenase. J Biol Chem 289: 26922-26936, 2014.
Sanz-Barrio R, Fernandez-San Millan A, Carballeda J,
Corral-Martinez P, Segui-Simarro JM, and Farran L
Chaperone-like properties of tobacco plastid thioredoxins
f and m. J Exp Bot 63: 365-379, 2012.

Sara T, Schwarz TC, Kurzbach D, Wunderlich CH, Kreutz
C, and Konrat R. Magnetic resonance access to transiently
formed protein complexes. ChemistryOpen 3: 115-123,
2014.

Saurin AT, Neubert H, Brennan JP, and Eaton P. Wide-
spread sulfenic acid formation in tissues in response to
hydrogen peroxide. Proc Natl Acad Sci U S A 101: 17982—
17987, 2004.

Sayed AA and Williams DL. Biochemical characteriza-
tion of 2-Cys peroxiredoxins from Schistosoma mansoni.
J Biol Chem 279: 26159-26166, 2004.

Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl P,
and Bergo MO. Antioxidants accelerate lung cancer pro-
gression in mice. Sci Transl Med 6: 221ral5, 2014.
Schinzel AC, Takeuchi O, Huang Z, Fisher JK, Zhou Z,
Rubens J, Hetz C, Danial NN, Moskowitz MA, and Kors-
meyer SJ. Cyclophilin D is a component of mitochondrial
permeability transition and mediates neuronal cell death
after focal cerebral ischemia. Proc Natl Acad Sci U S A
102: 12005-12010, 2005.

Schmidt B, Ho L, and Hogg PJ. Allosteric disulfide bonds.
Biochemistry 45: 7429-7433, 2006.

Schopp IM, Amaya Ramirez CC, Debeljak J, Kreibich E,
Skribbe M, Wild K, and Béthune J. Split-BioID a condi-
tional proteomics approach to monitor the composition of
spatiotemporally defined protein complexes. Nat Commun
8: 15690, 2017.

Schroder E, Littlechil JA, Lebedev AA, Errington N,
Vagin AA, Isupov MN. Crystal structure of decameric 2-
Cys peroxiredoxin from human erythrocytes at 1.7 A
resolution. Structure 8: 605-615, 2000.

Schwarzlander M, Fricker MD, Muller C, Marty L, Brach
T, Novak J, Sweetlove LJ, Hell R, and Meyer AJ. Con-
focal imaging of glutathione redox potential in living plant
cells. J Microsc 231: 299-316, 2008.

Scorrano L, Nicolli A, Basso E, Petronilli V, and Bernardi
P. Two modes of activation of the permeability transition
pore: the role of mitochondrial cyclophilin. Mol Cell
Biochem 174: 181-184, 1997.

Seib KL, Wu HJ, Srikhanta YN, Edwards JL, Falsetta ML,
Hamilton AJ, Maguire TL, Grimmond SM, Apicella MA,
McEwan AG, and Jennings MP. Characterization of the

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

YOUNG ET AL.

OxyR regulon of Neisseria gonorrhoeae. Mol Microbiol
63: 54-68, 2007.

Seo YH and Carroll KS. Facile synthesis and biological
evaluation of a cell-permeable probe to detect redox-
regulated proteins. Bioorg Med Chem Lett 19: 356-359,
2009.

Sharma D and Rajarathnam K. 13C NMR chemical shifts
can predict disulfide bond formation. J Biomol NMR 18:
165-171, 2000.

Shaw PE. Could STATS3 provide a link between respiration
and cell cycle progression? Cell Cycle 9: 4294-4296, 2010.
Shendelman S, Jonason A, Martinat C, Leete T, and
Abeliovich A. DJ-1 is a redox-dependent molecular
chaperone that inhibits alpha-synuclein aggregate forma-
tion. PLoS Biol 2: €362, 2004.

Shinbo Y, Taira T, Niki T, Iguchi-Ariga SM, and Ariga H.
DIJ-1 restores p53 transcription activity inhibited by To-
pors/p53BP3. Int J Oncol 26: 641-648, 2005.
Shirmanova MV, Druzhkova IN, Lukina MM, Matlashov
ME, Belousov VV, Snopova LB, Prodanetz NN, Du-
denkova VV, Lukyanov SA, and Zagaynova EV. In-
tracellular pH imaging in cancer cells in vitro and tumors
in vivo using the new genetically encoded sensor Sy-
pHer2. Biochim Biophys Acta 1850: 1905-1911, 2015.
Sies H. Biochemistry of oxidative stress. Angew Chem Int
Ed Engl 25: 1058-1071, 1986.

Sies H. Role of metabolic H,O, generation: redox signaling
and oxidative stress. J Biol Chem 289: 8735-8741, 2014.
Sies H. Hydrogen peroxide as a central redox signaling
molecule in physiological oxidative stress: oxidative
eustress. Redox Biol 11: 613-619, 2017.

Sies H, Berndt C, and Jones DP. Oxidative stress. Annu
Rev Biochem 86: 715-748, 2017.

Singh H and Ashley RH. CLIC4 (p64H1) and its putative
transmembrane domain form poorly selective, redox-
regulated ion channels. Mol Membr Biol 24: 41-52, 2007.
Sirover MA. New insights into an old protein: the functional
diversity of mammalian glyceraldehyde-3-phosphate dehy-
drogenase. Biochim Biophys Acta 1432: 159-184, 1999.
Sirover MA. On the functional diversity of glyceraldehyde-
3-phosphate dehydrogenase: biochemical mechanisms and
regulatory control. Biochim Biophys Acta 1810: 741-751,
2011.

Smith JK, Patil CN, Patlolla S, Gunter BW, Booz GW,
and Duhe RJ. Identification of a redox-sensitive switch
within the JAK2 catalytic domain. Free Radic Biol Med
52: 1101-1110, 2012.

Sobotta MC, Liou W, Stocker S, Talwar D, Oehler M,
Ruppert T, Scharf AN, and Dick TP. Peroxiredoxin-2 and
STAT3 form a redox relay for H,O, signaling. Nat Chem
Biol 11: 64-70, 2015.

Sohn J and Rudolph J. Catalytic and chemical competence
of regulation of Cdc25 phosphatase by oxidation/reduc-
tion. Biochemistry 42: 10060-10070, 2003.

Soonsanga S, Lee JW, and Helmann JD. Conversion of
Bacillus subtilis OhrR from a 1-Cys to a 2-Cys peroxide
sensor. J Bacteriol 190: 5738-5745, 2008.

St-Pierre J, Buckingham JA, Roebuck SJ, and Brand MD.
Topology of superoxide production from different sites in
the mitochondrial electron transport chain. J Biol Chem
277: 44784-44790, 2002.

Stamnaes J, Pinkas DM, Fleckenstein B, Khosla C, and
Sollid LM. Redox regulation of transglutaminase 2 ac-
tivity. J Biol Chem 285: 25402-25409, 2010.



PROMISCUITY IN REDOX SIGNALING

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

Stangherlin A and Reddy AB. Regulation of circadian
clocks by redox homeostasis. J Biol Chem 288: 26505—
26511, 2013.

Staudacher V, Trujillo M, Diederichs T, Dick TP, Radi R,
Morgan B, and Deponte M. Redox-sensitive GFP fusions
for monitoring the catalytic mechanism and inactivation
of peroxiredoxins in living cells. Redox Biol 14: 549-556,
2018.

Stewart EJ, Aslund F, and Beckwith J. Disulfide bond
formation in the Escherichia coli cytoplasm: an in vivo
role reversal for the thioredoxins. EMBO J 17: 5543-
5550, 1998.

Stocker S, Maurer M, Ruppert T, and Dick TP. A role for
2-Cys peroxiredoxins in facilitating cytosolic protein thiol
oxidation. Nat Chem Biol 14: 148-155, 2018.

Stocker S, Van Laer K, Mijuskovic A, and Dick TP. The
conundrum of hydrogen peroxide signaling and the
emerging role of peroxiredoxins as redox relay hubs.
Antioxid Redox Signal 28: 558-573, 2018.

Su D, Gaffrey MJ, Guo J, Hatchell KE, Chu RK, Clauss
TR, Aldrich JT, Wu S, Purvine S, Camp DG, Smith RD,
Thrall BD, and Qian WJ. Proteomic identification and
quantification of S-glutathionylation in mouse macro-
phages using resin-assisted enrichment and isobaric la-
beling. Free Radic Biol Med 67: 460—470, 2014.
Sundaresan M, Yu ZX, Ferrans VJ, Irani K, and Finkel T.
Requirement for generation of H,O, for platelet-derived
growth-factor signal-transduction. Science 270: 296-299,
1995.

Sutton KA, Black PJ, Mercer KR, Garman EF, Owen RL,
Snell EH, and Bernhard WA. Insights into the mechanism
of X-ray-induced disulfide-bond cleavage in lysozyme
crystals based on EPR, optical absorption and X-ray dif-
fraction studies. Acta Crystallogr D Biol Crystallogr 69:
2381-2394, 2013.

Svintradze DV, Peterson DL, Collazo-Santiago EA, Lewis
JP, and Wright HT. Structures of the Porphyromonas
gingivalis OxyR regulatory domain explain differences in
expression of the OxyR regulon in Escherichia coli and
P. gingivalis. Acta Crystallogr D Biol Crystallogr 69:
2091-2103, 2013.

Szczepanek K, Chen Q, Derecka M, Salloum FN, Zhang
Q, Szelag M, Cichy J, Kukreja RC, Dulak J, Lesnefsky EJ,
and Larner AC. Mitochondrial-targeted signal transducer
and activator of transcription 3 (STAT3) protects against
ischemia-induced changes in the electron transport chain
and the generation of reactive oxygen species. J Biol
Chem 286: 29610-29620, 2011.

Szczepanek K, Chen Q, Larner AC, and Lesnefsky EJ.
Cytoprotection by the modulation of mitochondrial elec-
tron transport chain: the emerging role of mitochondrial
STAT3. Mitochondrion 12: 180-189, 2012.

Tachibana T, Okazaki S, Murayama A, Naganuma A,
Nomoto A, and Kuge S. A major peroxiredoxin-induced
activation of Yapl transcription factor is mediated by
reduction-sensitive disulfide bonds and reveals a low level
of transcriptional activation. J Biol Chem 284: 4464—
4472, 2009.

Tairum CA, Santos MC, Breyer CA, Geyer RR, Nieves
CJ, Portillo-Ledesma S, Ferrer-Sueta G, Toledo JC, Jr.,
Toyama MH, Augusto O, Netto LE, and de Oliveira MA.
Catalytic Thr or Ser residue modulates structural switches
in 2-Cys peroxiredoxin by distinct mechanisms. Sci Rep 6:
33133, 2016.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

1321

Takahashi K, Taira T, Niki T, Seino C, Iguchi-Ariga SM,
and Ariga H. DJ-1 positively regulates the androgen re-
ceptor by impairing the binding of PIASx alpha to the
receptor. J Biol Chem 276: 37556-37563, 2001.
Takanishi CL, Ma LH, and Wood MJ. A genetically en-
coded probe for cysteine sulfenic acid protein modifica-
tion in vivo. Biochemistry 46: 14725-14732, 2007.
Takanishi CL and Wood MJ. A genetically encoded probe
for the identification of proteins that form sulfenic acid in
response to H,O, in Saccharomyces cerevisiae. J Pro-
teome Res 10: 2715-2724, 2011.

Tao R, Zhao Y, Chu H, Wang A, Zhu J, Chen X, Zou Y,
Shi M, Liu R, Su N, Du J, Zhou H-M, Zhu L, Qian X, Liu
H, Loscalzo J, and Yang Y. Genetically encoded fluo-
rescent sensors reveal dynamic regulation of NADPH
metabolism. Nat Methods 14: 720-728, 2017.

Tarrago L, Peterfi Z, Lee BC, Michel T, and Gladyshev
VN. Monitoring methionine sulfoxide with stereospecific
mechanism-based fluorescent sensors. Nat Chem Biol 11:
332-338, 2015.

Tarze A, Deniaud A, Le Bras M, Maillier E, Molle D,
Larochette N, Zamzami N, Jan G, Kroemer G, and
Brenner C. GAPDH, a novel regulator of the pro-apoptotic
mitochondrial membrane permeabilization. Oncogene 26:
2606-2620, 2007.

Teixeira F, Castro H, Cruz T, Tse E, Koldewey P,
Southworth DR, Tomas AM, and Jakob U. Mitochondrial
peroxiredoxin functions as crucial chaperone reservoir in
Leishmania infantum. Proc Natl Acad Sci U S A 112:
E616-E624, 2015.

Teramoto H, Inui M, and Yukawa H. OxyR acts as a
transcriptional repressor of hydrogen peroxide-inducible
antioxidant genes in Corynebacterium glutamicum R.
FEBS J 280: 3298-3312, 2013.

Thangima Zannat M, Bhattacharjee RB, and Bag J. In the
absence of cellular poly (A) binding protein, the glycolytic
enzyme GAPDH translocated to the cell nucleus and ac-
tivated the GAPDH mediated apoptotic pathway by en-
hancing acetylation and serine 46 phosphorylation of p53.
Biochem Biophys Res Commun 409: 171-176, 2011.
Tian SS, Lamb P, Seidel HM, Stein RB, and Rosen J.
Rapid activation of the STAT3 transcription factor by
granulocyte colony-stimulating factor. Blood 84: 1760-
1764, 1994.

Tobiume K, Matsuzawa A, Takahashi T, Nishitoh H,
Morita K, Takeda K, Minowa O, Miyazono K, Noda T,
and Ichijo H. ASK1 is required for sustained activations of
JNK/p38 MAP kinases and apoptosis. EMBO Rep 2: 222~
228, 2001.

Toledano MB, Kullik I, Trinh F, Baird PT, Schneider TD,
and Storz G. Redox-dependent shift of OxyR-DNA con-
tacts along an extended DNA-binding site: a mechanism
for differential promoter selection. Cell 78: 897-909,
1994.

Tomalin LE, Day AM, Underwood ZE, Smith GR, Dalle
Pezze P, Rallis C, Patel W, Dickinson BC, Bahler J,
Brewer TF, Chang CJ, Shanley DP, and Veal EA. In-
creasing extracellular H,O, produces a bi-phasic response
in intracellular H,O,, with peroxiredoxin hyperoxidation
only triggered once the cellular H,O,-buffering capacity is
overwhelmed. Free Radic Biol Med 95: 333-348, 2016.
Torres MA, Dangl JL, and Jones JD. Arabidopsis
gp91phox homologues AtrbohD and AtrbohF are required
for accumulation of reactive oxygen intermediates in the



1322

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

plant defense response. Proc Natl Acad Sci U S A 99: 517—
522, 2002.

Tran HJ, Heroven AK, Winkler L, Spreter T, Beatrix B,
and Dersch P. Analysis of RovA, a transcriptional regu-
lator of Yersinia pseudotuberculosis virulence that acts
through antirepression and direct transcriptional activa-
tion. J Biol Chem 280: 42423-42432, 2005.

Tristan C, Shahani N, Sedlak TW, and Sawa A. The di-
verse functions of GAPDH: views from different subcel-
lular compartments. Cell Signal 23: 317-323, 2011.
Tristan CA, Ramos A, Shahani N, Emiliani FE, Nakajima
H, Noeh CC, Kato Y, Takeuchi T, Noguchi T, Kadowaki
H, Sedlak TW, Ishizuka K, Ichijo H, and Sawa A. Role of
apoptosis signal-regulating kinase 1 (ASK1) as an acti-
vator of the GAPDH-Siahl stress-signaling cascade. J
Biol Chem 290: 56-64, 2015.

Trujillo M, Clippe A, Manta B, Ferrer-Sueta G, Smeets A,
Declercq JP, Knoops B, and Radi R. Pre-steady state ki-
netic characterization of human peroxiredoxin 5: taking
advantage of Trp84 fluorescence increase upon oxidation.
Arch Biochem Biophys 467: 95-106, 2007.

Tseng HJ, McEwan AG, Apicella MA, and Jennings
MP. OxyR acts as a repressor of catalase expression in
Neisseria gonorrhoeae. Infect Immun 71: 550-556,
2003.

Turner-Ivey B, Manevich Y, Schulte J, Kistner-Griffin E,
Jezierska-Drutel A, Liu Y, and Neumann CA. Role for
Prdx1 as a specific sensor in redox-regulated senescence
in breast cancer. Oncogene 32: 5302-5314, 2013.
Ushioda R, Miyamoto A, Inoue M, Watanabe S, Okumura
M, Maegawa KI, Uegaki K, Fujii S, Fukuda Y, Umitsu M,
Takagi J, Inaba K, Mikoshiba K, and Nagata K. Redox-
assisted regulation of Ca®* homeostasis in the endoplas-
mic reticulum by disulfide reductase ERdj5. Proc Natl
Acad Sci U S A 113: E6055-E6063, 2016.

van der Brug MP, Blackinton J, Chandran J, Hao LY, Lal
A, Mazan-Mamczarz K, Martindale J, Xie C, Ahmad R,
Thomas KJ, Beilina A, Gibbs JR, Ding J, Myers AJ, Zhan
M, Cai H, Bonini NM, Gorospe M, and Cookson MR.
RNA binding activity of the recessive parkinsonism pro-
tein DJ-1 supports involvement in multiple cellular path-
ways. Proc Natl Acad Sci U S A 105: 10244-10249, 2008.
Vazquez-Mayorga E, Diaz-Sanchez AG, Dagda RK,
Dominguez-Solis CA, Dagda RY, Coronado-Ramirez CK,
and Martinez-Martinez A. Novel redox-dependent ester-
ase activity (EC 3.1.1.2) for DJ-1: implications for Par-
kinson’s disease. Int J Mol Sci 17: 1346, 2016.

Veal EA, Findlay VJ, Day AM, Bozonet SM, Evans JM,
Quinn J, and Morgan BA. A 2-Cys peroxiredoxin regu-
lates peroxide-induced oxidation and activation of a
stress-activated MAP kinase. Mol Cell 15: 129139, 2004.
Veal EA, Ross SJ, Malakasi P, Peacock E, and Morgan
BA. Ybpl is required for the hydrogen peroxide-induced
oxidation of the Yapl transcription factor. J Biol Chem
278: 30896-30904, 2003.

Venugopal R and Jaiswal AK. Nrfl and Nrf2 positively and
c-Fos and Fral negatively regulate the human antioxidant
response element-mediated expression of NAD(P)H:qui-
none oxidoreductasel gene. Proc Natl Acad Sci U S A 93:
14960-14965, 1996.

Vignols F, Mouaheb N, Thomas D, and Meyer Y. Redox
control of Hsp70-Co-chaperone interaction revealed by
expression of a thioredoxin-like Arabidopsis protein. J Biol
Chem 278: 4516-4523, 2003.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

YOUNG ET AL.

Vinothkumar KR and Henderson R. Single particle elec-
tron cryomicroscopy: trends, issues and future perspec-
tive. Q Rev Biophys 49: el3, 2016.

Waak J, Weber SS, Gorner K, Schall C, Ichijo H, Stehle T,
and Kahle PJ. Oxidizable residues mediating protein sta-
bility and cytoprotective interaction of DJ-1 with apoptosis
signal-regulating kinase 1. J Biol Chem 284: 14245-14257,
2009.

Wallin E and von Heijne G. Genome-wide analysis of in-
tegral membrane proteins from eubacterial, archaean, and
eukaryotic organisms. Protein Sci 7: 1029-1038, 1998.
Wang Q, Woltjer RL, Cimino PJ, Pan C, Montine KS,
Zhang J, and Montine TJ. Proteomic analysis of neurofi-
brillary tangles in Alzheimer disease identifies GAPDH as
a detergent-insoluble paired helical filament tau binding
protein. FASEB J 19: 869-871, 2005.

Wang T, Si M, Song Y, Zhu W, Gao F, Wang Y, Zhang L,
Zhang W, Wei G, Luo ZQ, and Shen X. Type VI secretion
system transports Zn** to combat multiple stresses and
host immunity. PLoS Pathog 11: €1005020, 2015.

Wang X, Wang L, Wang X, Sun F, and Wang CC. Struc-
tural insights into the peroxidase activity and inactivation of
human peroxiredoxin 4. Biochem J 441: 113-118, 2012.
Wang Y, Ande SR, and Mishra S. Phosphorylation of
transglutaminase 2 (TG2) at serine-216 has a role in TG2
mediated activation of nuclear factor-kappa B and in the
downregulation of PTEN. BMC Cancer 12: 277, 2012.
Wang YT, Tzeng DW, Wang CY, Hong JY, and Yang JL.
APE1/Ref-1 prevents oxidative inactivation of ERK for
Gl1-to-S progression following lead acetate exposure.
Toxicology 305: 120-129, 2013.

Wang ZW, Nara M, Wang YX, and Kotlikoff MI. Redox
regulation of large conductance Ca(2+)-activated K+
channels in smooth muscle cells. J Gen Physiol 110: 35—
44, 1997.

Wardman P. Fluorescent and luminescent probes for
measurement of oxidative and nitrosative species in cells
and tissues: progress, pitfalls, and prospects. Free Radic
Biol Med 43: 995-1022, 2007.

Waszczak C, Akter S, Eeckhout D, Persiau G, Wahni K,
Bodra N, Van Molle I, De Smet B, Vertommen D, Gevaert
K, De Jaeger G, Van Montagu M, Messens J, and Van
Breusegem F. Sulfenome mining in Arabidopsis thaliana.
Proc Natl Acad Sci U S A 111: 11545-11550, 2014.
Weik M, Berges J, Raves ML, Gros P, McSweeney S,
Silman I, Sussman JL, Houee-Levin C, and Ravelli RB.
Evidence for the formation of disulfide radicals in protein
crystals upon X-ray irradiation. J Synchrotron Radiat 9:
342-346, 2002.

Wilke ME, Higaki JN, Craik CS, and Fletterick RJ.
Crystal structure of rat trypsin-S195C at —150 degrees C.
Analysis of low activity of recombinant and semisynthetic
thiol proteases. J Mol Biol 219: 511-523, 1991.
Winterbourn CC. Reconciling the chemistry and biology of
reactive oxygen species. Nat Chem Biol 4: 278-286, 2008.
Winterbourn CC and Hampton MB. Thiol chemistry and
specificity in redox signaling. Free Radic Biol Med 45:
549-561, 2008.

Wojdyla K, Williamson J, Roepstorff P, and Rogowska-
Wrzesinska A. The SNO/SOH TMT strategy for combi-
natorial analysis of reversible cysteine oxidations. J Pro-
teomics 113: 415434, 2015.

Woo HA, Yim SH, Shin DH, Kang D, Yu DY, and Rhee
SG. Inactivation of peroxiredoxin I by phosphorylation



PROMISCUITY IN REDOX SIGNALING

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

allows localized H(2)O(2) accumulation for cell signaling.
Cell 140: 517-528, 2010.

Wood ZA, Poole LB, Hantgan RR, and Karplus PA. Dimers
to doughnuts: redox-sensitive oligomerization of 2-cysteine
peroxiredoxins. Biochemistry 41: 5493-5504, 2002.

Wood ZA, Poole LB, and Karplus PA. Peroxiredoxin
evolution and the regulation of hydrogen peroxide sig-
naling. Science 300: 650-653, 2003.

Xu G and Chance MR. Radiolytic modification of sulfur-
containing amino acid residues in model peptides: fun-
damental studies for protein footprinting. Anal Chem 77:
2437-2449, 2005.

Xu J, Zhong N, Wang H, Elias JE, Kim CY, Woldman I,
Pifl C, Gygi SP, Geula C, and Yankner BA. The Parkin-
son’s disease-associated DJ-1 protein is a transcriptional
co-activator that protects against neuronal apoptosis. Hum
Mol Genet 14: 1231-1241, 2005.

Yaffe MB, Schutkowski M, Shen M, Zhou XZ, Stuken-
berg PT, Rahfeld JU, Xu J, Kuang J, Kirschner MW,
Fischer G, Cantley LC, and Lu KP. Sequence-specific
and phosphorylation-dependent proline isomerization: a
potential mitotic regulatory mechanism. Science 278:
1957-1960, 1997.

Yang J, Carroll KS, and Liebler DC. The expanding land-
scape of the thiol redox proteome. Mol Cell Proteomics 15:
1-11, 2016.

Yang J, Gupta V, Carroll KS, and Liebler DC. Site-specific
mapping and quantification of protein S-sulphenylation in
cells. Nat Commun 5: 4776, 2014.

Yang J, Gupta V, Tallman KA, Porter NA, Carroll KS,
and Liebler DC. Global, in situ, site-specific analysis
of protein S-sulfenylation. Nat Protoc 10: 1022-1037,
2015.

Yang KS, Kang SW, Woo HA, Hwang SC, Chae HZ, Kim
K, and Rhee SG. Inactivation of human peroxiredoxin I
during catalysis as the result of the oxidation of the cat-
alytic site cysteine to cysteine-sulfinic acid. J Biol Chem
277: 38029-38036, 2002.

Yewdall NA, Venugopal H, Desfosses A, Abrishami V,
Yosaatmadja Y, Hampton MB, Gerrard JA, Goldstone
DC, Mitra AK, and Radjainia M. Structures of human
peroxiredoxin 3 suggest self-chaperoning assembly that
maintains catalytic state. Structure 24: 1120-1129, 2016.
Yi MC, Melkonian AV, Ousey JA, and Khosla C. En-
doplasmic reticulum-resident protein 57 (ERp57) oxida-
tively inactivates human transglutaminase 2. J Biol Chem
293: 2640-2649, 2018.

Zaffagnini M, Fermani S, Calvaresi M, Orru R, lommarini
L, Sparla F, Falini G, Bottoni A, and Trost P. Tuning
cysteine reactivity and sulfenic acid stability by protein
microenvironment in glyceraldehyde-3-phosphate dehy-
drogenases of Arabidopsis thaliana. Antioxid Redox Sig-
nal 24: 502-517, 2016.

Zeida A, Babbush R, Lebrero MC, Trujillo M, Radi R, and
Estrin DA. Molecular basis of the mechanism of thiol oxida-
tion by hydrogen peroxide in aqueous solution: challenging
the SN2 paradigm. Chem Res Toxicol 25: 741-746, 2012.
Zhai D, Chin K, Wang M, and Liu F. Disruption of the
nuclear p53-GAPDH complex protects against ischemia-
induced neuronal damage. Mol Brain 7: 20, 2014.

Zhang T, Zhu M, Zhu N, Strul JM, Dufresne CP, Schneider
JD, Harmon AC, and Chen S. Identification of thioredoxin
targets in guard cell enriched epidermal peels using
cysTMT proteomics. J Proteomics 133: 48-53, 2016.

422.

423.

424,

425.

1323

Zheng J, Koblinski JE, Dutson LV, Feeney YB, and
Clevenger CV. Prolyl isomerase cyclophilin A regulation
of Janus-activated kinase 2 and the progression of human
breast cancer. Cancer Res 68: 7769-7778, 2008.

Zheng M, Aslund F, and Storz G. Activation of the OxyR
transcription factor by reversible disulfide bond formation.
Science 279: 1718-1721, 1998.

Zhu R, Hao Z, Lou H, Song Y, Zhao J, Chen Y, Zhu J, and
Chen PR. Structural characterization of the DNA-binding
mechanism underlying the copper(Il)-sensing MarR tran-
scriptional regulator. J Biol Inorg Chem 22: 685-693,2017.
Zykova TA, Zhu F, Vakorina TI, Zhang J, Higgins LA,
Urusova DV, Bode AM, and Dong Z. T-LAK cell-
originated protein kinase (TOPK) phosphorylation of Prx1
at Ser-32 prevents UVB-induced apoptosis in RPMI7951
melanoma cells through the regulation of Prx1 peroxidase
activity. J Biol Chem 285: 29138-29146, 2010.

Address correspondence to:

Dr. Joris Messens

Center for Structural Biology

VIB

Brussels Center for Redox Biology
Structural Biology Brussels

Vrije Universiteit Brussel
Pleinlaan 2

1050 Brussels

Belgium

E-mail: joris.messens@vib-vub.be

Date of first submission to ARS Central, January 29, 2017,
date of final revised submission, April 5, 2018; date of ac-
ceptance, April 8, 2018.

Abbreviations Used

AbfR = aggregation and biofilm formation
regulator
ACHT = atypical chloroplast thioredxoin
Ahp = alkyl hydroperoxide
ANT = adenine nucleotide translocase
AOQOP = antioxidant protein
APE1 = apurinic/apyrimidinic endonuclease 1
ASKI1 = apoptosis signal-regulating kinase 1
AtTDX = Arabidopsis thaliana tetratricopeptide
repeat domain-containing thioredoxin
Bcl-X, =B cell lymphoma-extra large
BifR =biofilm regulator
Cdc25 = cell division cycle 25 (phosphatase)
CDK = cyclin-dependent kinase
CFBPase = chloroplast fructose-1,6-bisphosphatase
CLIC = chloride intracellular channel protein
Cp = peroxidatic cysteine
cpYFP =circularly permuted yellow fluorescent
protein
Cr =resolving cysteine
cryo-EM = cryo-electron microscopy
Cyp = cyclophilin
DA = azide-functionalized dimedone
DBD = DNA-binding domain
DJ-1 = protein deglycanase-1
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Abbreviations Used (Cont.)

DTT = dithiothreitol
DY = alkyne-functionalized dimedone
ERK = extracellular signal-regulated kinase
ERp57 = endoplasmic reticulum-resident protein
57 (also known as protein disulfide-
isomerase A3, or glucose-regulated
protein 58-kD)
FF = fully folded
FOXO = forkhead box protein O
GAPDH = glyceraldehyde 3-phosphate
dehydrogenase
GPx = glutathione peroxidase
H,0;, =hydrogen peroxide
HIP = Hsp70-interacting protein
HMW = high-molecular-weight
Hsp =heat shock protein
IAM =iodoacetamide
ICATs =isotope-coded affinity tags
iodo-TMT = iodoacetlyl-based tandem mass tag
JAK?2 = Janus kinase 2
JNK =c-Jun N-terminal kinase
Keapl = Kelch-like ECH-associated protein 1
LMW = low-molecular-weight
LU =1locally unfolded
MAPK = mitogen-activated protein kinase
MarR = multiple antibiotic resistance regulator
MexR = multidrug efflux regulator
MKP = MAPK phosphatase
mPTP = mitochondrial permeability transition pore
MS =mass spectrometry
Msr = methionine sulfoxide reductase
MST1 = mammalian sterile20-like kinase 1
NAD(P)H = nicotinamide adenine dinucleotide
phosphate
NEM = N-ethylmaleimide
NemR = N-ethylmaleimide regulator
NMR = nuclear magnetic resonance
NOX =NADPH oxidase
Nrf2 = nuclear factor-erythroid 2 p45-related
factor 2
0,°” = superoxide

°OH = hydroxyl radical
OhrR = organic hydroperoxide resistance
regulator
Orpl = oxidant receptor peroxidase 1
OxyR = oxidative receptor
p66Shc = p66 Src homologous-collagen homolog
PDI = protein disulfide isomerase
Pinl = peptidyl-prolyl cis—trans isomerase
NIMA-interacting 1
PPI = peptidyl-prolyl cis—trans isomerase
Prx = peroxiredoxin
PrxA = peroxiredoxin A
PSF = polypyrimidine tract-binding protein-
associated splicing factor
PTEN = phosphatase and tensin homolog
PTP = protein tyrosine phosphatase
RCS =reactive chlorine species
RD =regulatory domain
roGFP = redox-sensitive green fluorescent protein
ROS =reactive oxygen species
ROOH = peroxide
SOD = superoxide dismutase
Src = sarcoma
Srx = sulfiredoxin
STAT =signal transducer and activator of
transcription
TBD = Trx-binding domain
TCEP = tris(2-carboxyethyl)phosphine
TG = transglutaminase (also known as
tissue transglutaminase)
TG2 = transglutaminase 2
TLR4 = Toll-like receptor 4
Tpx =Trx peroxidase
TR = thioredoxin reductase
Trx = thioredoxin
Tsal = thiol-specific antioxidant 1
Tsa2 = thiol-specific antioxidant 2
Txnip = Trx-interacting protein
VDAC = voltage-dependent anion channel
wHTH = winged helix-turn-helix
YAPI1 = yeast AP1-like protein
Ybpl = Yapl-binding protein 1




