
UC San Diego
UC San Diego Previously Published Works

Title
Role of sulfiredoxin as a peroxiredoxin-2 denitrosylase in human iPSC-derived 
dopaminergic neurons

Permalink
https://escholarship.org/uc/item/53h1q3qq

Journal
Proceedings of the National Academy of Sciences of the United States of America, 
113(47)

ISSN
0027-8424

Authors
Sunico, Carmen R
Sultan, Abdullah
Nakamura, Tomohiro
et al.

Publication Date
2016-11-22

DOI
10.1073/pnas.1608784113
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/53h1q3qq
https://escholarship.org/uc/item/53h1q3qq#author
https://escholarship.org
http://www.cdlib.org/


Role of sulfiredoxin as a peroxiredoxin-2 denitrosylase
in human iPSC-derived dopaminergic neurons
Carmen R. Sunicoa, Abdullah Sultana,b, Tomohiro Nakamurab, Nima Dolatabadib, James Parkerb, Bing Shanc,
Xuemei Hanc, John R. Yates IIIc, Eliezer Masliahd,e, Rajesh Ambasudhanb, Nobuki Nakanishib, and Stuart A. Liptonb,d,f,1

aNeuroscience and Aging Research Center, Sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA 92037; bNeurodegenerative Disease Center,
Scintillon Institute, San Diego, CA 92121; cDepartment of Chemical Physiology, The Scripps Research Institute, La Jolla, CA 92037; dDepartment of
Neurosciences, University of California, San Diego, School of Medicine, La Jolla, CA 92093; eDepartment of Pathology, University of California, San Diego,
School of Medicine, La Jolla, CA 92093; and fDepartment of Molecular and Experimental Medicine, The Scripps Research Institute, La Jolla, CA 92037

Edited by Solomon H. Snyder, Johns Hopkins University School of Medicine, Baltimore, MD, and approved October 11, 2016 (received for review May 31, 2016)

Recent studies have pointed to protein S-nitrosylation as a critical
regulator of cellular redox homeostasis. For example, S-nitrosylation
of peroxiredoxin-2 (Prx2), a peroxidase widely expressed in mam-
malian neurons, inhibits both enzymatic activity and protective func-
tion against oxidative stress. Here, using in vitro and in vivo
approaches, we identify a role and reaction mechanism of the re-
ductase sulfiredoxin (Srxn1) as an enzyme that denitrosylates (thus
removing -SNO) from Prx2 in an ATP-dependent manner. Accord-
ingly, by decreasing S-nitrosylated Prx2 (SNO-Prx2), overexpression
of Srxn1 protects dopaminergic neural cells and human-induced plu-
ripotent stem cell (hiPSC)-derived neurons from NO-induced hyper-
sensitivity to oxidative stress. The pathophysiological relevance of
this observation is suggested by our finding that SNO-Prx2 is dra-
matically increased in murine and human Parkinson’s disease (PD)
brains. Our findings therefore suggest that Srxn1 may represent a
therapeutic target for neurodegenerative disorders such as PD that
involve nitrosative/oxidative stress.

sulfiredoxin | peroxiredoxin | denitrosylase | iPSC-derived
dopaminergic neuron | S-nitrosylation

Peroxiredoxins (Prxs) belong to an abundant and broadly
expressed family of antioxidant enzymes. Prxs catalyze the

reduction of H2O2 and thus contribute to intracellular signaling
and protection from cytotoxicity. Prx activities are regulated by
dimerization, phosphorylation, and redox modification. Among
the six Prx isoforms encoded by mammalian genomes, Prx2 is the
most abundant in neurons. The various Prx isoforms are classi-
fied into two types: 1-Cys and 2-Cys Prxs. Both classes of Prxs
contain a conserved cysteine residue that can be peroxidated
(thus called the peroxidatic cysteine). 2-Cys Prxs have an addi-
tional cysteine, termed the “resolving cysteine residue,” that can
react with the sulfenylated peroxidatic cysteine to form a disul-
fide bond. This disulfide bond can be reduced by a dithiol oxi-
doreductase. 1-Cys Prxs do not contain a resolving cysteine and
therefore require another external electron donor for the re-
duction of their sulfenic acid intermediate. Prx2 belongs to the
2-Cys Prx class of Prxs.
Additionally, the sulfur atom in the side-chain of the peroxidatic

cysteine of Prx2 can exist in several different oxidation states (Fig.
S1). Peroxides can oxidize the thiol group of the cysteine (Cys-SH)
to sulfenic acid (Cys-SOH), which may then react with the re-
solving Cys-SH to form a disulfide bond (Cys-S-S-Cys). During
more severe oxidative stress, however, the sulfenic intermediate
can be further oxidized to sulfinic acid (Cys-SO2H) or sulfonic
acid derivatives (Cys-SO3H). Oxidization of the cysteine residues
of Prx to sulfinic or sulfonic acid leads to the inactivation of the
peroxidase activity and an increase in local peroxide levels (1, 2).
Importantly, therefore, the cysteine modifications of Prx2 not only
reflect the intracellular redox status, but also influence this status.
Based on these phenomena, the idea has emerged that the cycle of
thiol to sulfinic acid of Prx2 acts as a redox switch that mediates
transient cell signaling and cytoprotection (3).

Sulfiredoxin (Srxn1) belongs to a family of enzymes involved
in the maintenance of cellular redox balance. Srxn1 contains a
single conserved cysteine residue, and its expression is induced
by hydrogen peroxide (4). One known function of Srxn1 is ATP-
dependent reduction of cysteine sulfinic (but not sulfonic) acid
derivatives of 2-Cys Prx proteins back to sulfenic acid (4), which
leads to reactivation of Prx peroxidase activity (Fig. S1).
Nitric oxide (NO) is a signaling molecule that regulates diverse

processes in cells. Protein S-nitrosylation, in which a –NO group
is covalently attached to a cysteine thiol or thiolate anion (5–7),
constitutes a reversible posttranslational modification that reg-
ulates the function of numerous enzymes and transcription fac-
tors (8, 9). Previously, we showed that the peroxidase activity of
Prx2 can be regulated in vitro and in vivo by S-nitrosylation of its
redox-active cysteine residues, forming SNO-Prx2 protein (10).
This S-nitrosylation of Prx2, probably representing an aberrant
reaction that occurs only in the face of excessive/pathological
levels of NO, inhibits the protective function of Prx2 against
oxidative stress-mediated neuronal cell death (10). In fact, in
Parkinson’s disease (PD), S-nitrosylation of Prx2 has been shown
to promote such damage in dopaminergic neurons, the cell type
most vulnerable in the disorder (10). Additionally, S-nitro-
sylation of Prx1, another 2-Cys Prx protein, has been reported to
impede its catalytic cycle by directly inhibiting its peroxidase
activity and interfering with the recycling of oxidized Prx1 by the
thioredoxin system (11). Here, we report that Srxn1 can convert
the Cys-SNO of Prx2 to Cys-SH, thus reactivating the enzyme.
We further show that this Srxn1-mediated denitrosylation of Prx2
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S-nitrosylation, addition of an NO group to a cysteine thiol, can
regulate protein activity. Aberrant protein S-nitrosylation, however,
can disrupt normal enzyme function, as is the case for S-nitrosylated
peroxiredoxin (SNO-Prx), which would otherwise catabolize
toxic peroxides that occur under neurodegenerative conditions
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N-phosphorylation–mediated denitrosylation by the enzyme
sulfiredoxin that removes NO from Prx. The findings are at
the center of redox control of the cell, explaining reactivation
by sulfiredoxin of both Prx-SO2H and SNO-Prx and thus de-
scribe a master regulator of redox reactions that combats
nitrosative and oxidative stress in cells. These results suggest
that sulfiredoxin may be an important target for therapeutic
intervention in neurodegenerative disorders.
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protects dopaminergic neural cells from oxidative stress. Hence,
Srxn1 represents a potential drug target for neurodegenerative
diseases caused at least in part by oxidative and nitrosative stress.

Results
Denitrosylation of Prx2 in Vitro in the Presence of Srxn1. Initially, we
tested the ability of recombinant Prx2 and Srxn1 to be S-nitro-
sylated in vitro by the naturally occurring NO donor, S-nitro-
socysteine (SNOC). After exposure to SNOC, recombinant Prx2
and Srxn1 were S-nitrosylated, as detected by a modified biotin-
switch assay (6, 8, 12) (Figs. S2 and S3). Coomassie staining
revealed an increase in Prx dimers relative to monomers after
exposure to 100 μM SNOC, as previously described (13).
Next, we asked whether Srxn1 could denitrosylate SNO-Prx2 in

vitro (Fig. 1A). Again, exposure of recombinant Prx2 to 100 μM
SNOC in the absence of Srxn1 led to formation of monomeric and
dimeric SNO-Prx2. We then added Srxn1 to the SNO-Prx2 after 1 h.
Importantly, when we measured the time course of SNOC action
(Fig. S4), we observed that NO had completely dissipated within
minutes; thus, no reactive SNOC remained in our reaction mixture
when Srxn1 was added to SNO-Prx2. Addition of Srxn1 to the
reaction resulted in greatly diminished S-nitrosylation of both
monomeric and dimeric Prx2 (Fig. 1 A and B). We also monitored
the kinetics of SNO-Prx2 denitrosylation after addition of Srxn1.
For this experiment, we incubated Srxn1 with the SNO-Prx2 for
varying lengths of time and then performed a biotin-switch assay.

We found that Srxn1 completely denitrosylated SNO-Prx2 within
60 min (Fig. S5). Interestingly, however, in these experiments we
detected a high-molecular-weight band that was S-nitrosylated
(Fig. 1 A and B). By molecular weight, this band appeared to
contain two molecules of Prx2 and one of Srxn1.
To determine if Prx or Srxn1 was S-nitrosylated in this high-

molecular-weight band, we analyzed the band using mass spectrom-
etry (MS). We detected disulfide-bond linkages between Srxn1 and
Prx2 as well as between two Prx2 molecules in the band (Fig. 1B).
Specifically, we set the delta masses 1348.5295, 1856.8767, 1100.59,
and 1324.5506 as variable modifications for cysteines, corresponding
to linkages involving the peptide DYFYSFGGCHR of Srxn1 protein
as well as peptides DFTFVCPTEIIAFSNR, KLGCEVLGVSV, and
DEHGEVCPAGWK of Prx2 protein. These data indicate that
disulfide bonds were formed between Cys99 of Srxn1 and Cys51 of
Prx2, as well as between Cys51-Cys70 and Cys51-Cys172 of Prx2 (Fig.
S6). These data support the presence of a 2Prx2-Srxn1 triple-protein
complex. Cys99 is the only cysteine residue in Srxn1, and because we
did not detect free cysteines in Srxn1 (see Srxn1-SH in Fig. 1B), our
observations are consistent with the notion that Cys99 was used to
form a disulfide bond with Prx2.
In contrast, we found free cysteine residues in Prx2 (i.e., cys-

teines that were not already involved in disulfide bonds or post-
translational modifications; see Prx2-SH in Fig. 1B). This finding
indicates the availability of free thiol groups on Prx2 that could be
S-nitrosylated in the large-molecular-weight band. Importantly,
under the conditions of this MS experiment, S-nitrosylated thiols
would not be observed; rather, free cysteines would be seen, as was
the case for Prx2 but not for Srxn1.
Note also that we observed a double band for Prx2 dimers in

Fig. 1A. We therefore analyzed these bands by MS and found
that two disulfide bonds, Cys51-Cys51 and Cys51-Cys70, could be
formed between two Prx2 molecules (Fig. S7). The appearance
of double bands for Prx dimers in nonreducing gel electropho-
resis experiments has previously been observed for Prx proteins
(14–16). The two bands have been attributed to the simultaneous
presence of dimers linked by one (upper band) or two (lower
band) disulfide bonds in dimeric Prx proteins (14).

Dependence of Srxn1-Mediated Prx2 Denitrosylation and Disulfide
Formation on Srxn1(Cys99). Human Srxn1 has a single Cys resi-
due at position 99 that is known to mediate a transient disulfide
linkage that is required for its reductase activity (17). To test
whether the Srxn1–Prx2 interaction also involves Srxn1(Cys99),
we constructed a mutant human Srxn1 in which Cys99 was
replaced by Ser (C99S). Coomassie staining of electrophoresis
gels of a mixture of Prx2 and Srxn1 revealed the presence of a
complex of appropriate molecular weight for Prx2-Srxn1 (Fig.
2A). In contrast, Srxn1(C99S) mutation abrogated formation of
these heterodimers (Fig. 2A), consistent with the notion that
Cys99 is involved in the linkage between Prx2 and Srxn1. Addi-
tionally, unlike wild-type Srxn1, the Srxn1(C99S) mutant had no
effect on SNO-Prx2, suggesting that Srxn1(C99) is necessary for
its denitrosylase activity.
We also examined the nature of the interaction between Prx2

and Srxn1 by examining heteromer formation under reducing
and nonreducing conditions. Under nonreducing conditions,
Prx2-Srxn1 heterodimers were present (Fig. 2A), whereas in the
presence of the reducing agent β-mercaptoethanol, heterodimers
were not detected (Fig. 2B). Collectively, these data are consis-
tent with the notion that Srxn1(Cys99) forms a disulfide bond
with Prx2 during the process of Prx2 denitrosylation.

Dependence of Srxn1-Mediated Prx2 Denitrosylation on ATP. Be-
cause the reductase activity of Srxn1 requires ATP hydrolysis
(17), we asked whether its denitrosylase activity might also be
ATP-dependent. To this end, we incubated SNO-Prx2 with Srxn1
with or without ATP and found that denitrosylation of Prx2 did

Fig. 1. In vitro denitrosylation of Prx2 by Srxn1. (A, Top) Representative
biotin-switch blot showing denitrosylation of recombinant Prx2 by
recombinant Srxn1 in the presence of 100 μM freshly prepared SNOC or old
SNOC (from which NO had been dissipated) as a negative control. Asterisks
indicate bands compared in B. (Bottom) Corresponding blot stained with
Coomassie Brilliant Blue (CBB) as input. (B) MS analysis to compare the
number of free cysteine residues (–SH) and disulfide bonds (–S–S–) between
molecules in the bands in A denoted by asterisks. The analysis represents
counts of peptides containing these structures as determined by MS (Ma-
terials and Methods).
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not occur in the absence of ATP (Fig. 3). Moreover, when Srxn1
was added to SNO-Prx2 in the absence of ATP, SNO-Prx2
remained predominantly in the high-molecular-weight hetero-
multimeric complex with Srxn1. This finding is consistent with
the notion that the SNO-Prx2–Srxn1 complex represents an in-
termediate for Prx2 denitrosylation by Srxn1.

Transfection with Srxn1 Protects Against H2O2-Induced Cytotoxicity.
We previously reported that S-nitrosylation of Prx2 decreases its
antioxidant and protective activity against H2O2-induced cyto-
toxicity (10). Empirically, exposing the dopaminergic SH-SY5Y
neural cell line to SNOC before H2O2 challenge inhibited the
protective activity of Prx2 in these cells. To determine whether
Srxn1 activity can alleviate this NO-induced inhibition of Prx2
against oxidative stress, we transiently transfected Srxn1 and
evaluated cell survival following preincubation with SNOC and
subsequent H2O2 exposure. In agreement with our prior findings
(10), SNOC exposure increased cell susceptibility to H2O2-induced
cell death, whereas overexpression of Srxn1 counteracted the
effect of SNOC (Fig. 4). These data are consistent with the
notion that Srxn1 can denitrosylate Prx2 and thus restore its
antioxidant activity.

S-Nitrosylation of Prx2 in Murine and Human Models of Sporadic PD.
Because nitrosative stress is thought to contribute to a number of
neurodegenerative disorders, including PD (8, 9, 12, 18), we asked
whether SNO-Prx2 might contribute to the pathogenesis of these
disorders. We first asked whether Prx2 is S-nitrosylated in vivo in a
mouse model of PD in which selective loss of dopaminergic neurons
is induced by exposure to the pesticides paraquat (PQ) and maneb

(MB), representing mitochondrial toxins that have been linked epi-
demiologically to human PD (19–24). In whole-brain lysates of PQ/
MB-exposed mice compared with control brains, we found a sig-
nificant increase in S-nitrosylated Prx2, represented by the ratio of
SNO-Prx2 (from the biotin-switch assay) to total Prx2 (from im-
munoblots) (Fig. 5A).
We next examined whether SNO-Prx2 is increased in PD

models in a human context using patient-derived human-induced
pluripotent stem cells (hiPSCs). PD initially affects A9-type do-
paminergic (DA) neurons of the substantia nigra pars compacta.
Hence, we differentiated hiPSCs into A9 DA neurons with high
efficiency (>80% of total neurons), as previously described (25,
26). Then, we exposed these DA human neurons to PD-associated
pesticides (PQ/MB or rotenone) (22–24). By biotin-switch assay,
we found a significant increase in S-nitrosylated Prx2 after expo-
sure to either rotenone or PQ/MB (Fig. 5B). Addition of the
broad spectrum NO synthase (NOS) inhibitor Nω-nitro-L-arginine
methyl ester (L-NAME) abrogated this increase in SNO-Prx2 (Fig.
5B). Taken together, these results show that SNO-Prx2 is in-
creased in models of both murine and human PD. Moreover, the
relative ratio (12) of SNO-Prx2/total Prx2 in these PD models was
similar to the ratio that we previously reported in human PD brain
(10), indicating that pathophysiologically relevant amounts of
SNO-Prx2 are generated in these model systems (Fig. 5C).
Next, to demonstrate causality, we electroporated hiPSC-derived

A9 DA neurons with an expression vector encoding Srxn1 or empty
vector cDNA and then exposed these cells to the NO donor SNOC.
By biotin-switch assay, we found that transfection with Srxn1 abol-
ished S-nitrosylation of Prx2 in these cells (Fig. 5D), consistent with
the denitrosylase activity of Srxn1 toward SNO-Prx2.
Finally, to determine whether Srxn1 can alleviate neurotoxic

nitrosative stress induced by mitochondrial toxins/pesticides, we
evaluated the survival of hiPSC-derived A9 DA neurons after
transfection with Srxn1. We found that overexpression of Srxn1
significantly decreased the number of apoptotic neurons after
PQ/MB challenge (Fig. 5E). Taken together with our prior ob-
servation that S-nitrosylation of Prx2 contributes to neuronal cell
death (10), our current data show that Srxn1 rescues human
neurons from nitrosative stress by denitrosylating Prx2.

Fig. 2. Denitrosylation of Prx2 by Srxn1 is dependent on Srxn1(Cys99),
which is necessary for disulfide bond formation. (A, Top) Representative
biotin-switch blot showing denitrosylation of recombinant Prx2 by wild-type
(wt) Srxn1 or mutant Srxn1(C99S) in the presence of fresh or old SNOC.
(Bottom) Corresponding blot stained with Coomassie Brilliant Blue as input
control. (B) Protein gel run with reducing sample buffer containing mer-
captoethanol, stained with Coomassie Brilliant Blue.

Fig. 3. Denitrosylation of Prx2 by Srxn1 is enhanced in the presence of ATP.
(Top) Biotin-switch blot in which the denitrosylation of recombinant Prx2 by
Srxn1 was compared in the presence and absence of 1 mM ATP. (Bottom)
Input control protein blot stained with Coomassie Brilliant Blue.
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Discussion
Prx2 is an important antioxidant enzyme that limits accumulation
of intracellular peroxides in brain cells (26, 27). In a recent study,
Prx2 up-regulation by metformin treatment was linked to in-
creased life span in Caenorhabditis elegans (24). Our group had
previously shown that S-nitrosylation of Prx2 inhibits its peroxi-
dase activity (10), thus contributing to oxidative stress-induced
neuronal cell death in PD models. Cross talk between reactive
oxygen and nitrogen (ROS/RNS) metabolism can fundamentally
affect various cellular functions, yet molecular insight into
mechanisms of this cross talk remain unclear. Our discovery of a
role of the reductase Srxn1 as a denitrosylase enzyme for Prx2
advances our understanding in this regard.
Other enzymes have been shown to manifest dual activity as

both an L-cystine reductase and a S-denitrosylase. For example,
in addition to having broad-spectrum protein disulfide reductase
activity, thioredoxin 1 is also a denitrosylase for a large range of
nitrosoproteins (28, 29). Additionally, the thioredoxin-related

protein of 14 kDa (TRP14) has recently been reported to me-
diate reduction as well as denitrosylation of specific substrates
(30). The enzyme GSNO reductase has also been reported to
mediate protein denitrosylation (31, 32), as have carbonyl re-
ductase 1 and protein disulfide isomerase (33). However, the
mechanism for Srxn1 reductase/denitrosylase function displays a
unique chemical reaction scheme.
Accordingly, the reductase activity of human Srxn1 involves a

conserved active-site Cys99 and ATP hydrolysis (34–36). Fol-
lowing the reductase reaction mechanism proposed by Jönsson
and colleagues, Cys99 mediates ATP binding and plays a key role
in establishing the Srxn1–Prx2 macromolecular interface (34).
Interestingly, our findings indicate that the denitrosylase activity
of Srxn1 also requires the Cys residue at position 99. Specifically,
we found that Srxn1 Cys99 is necessary for binding to Prx2 via
disulfide bond formation. Consistent with this observation are
reports that the reductive mechanism of 2-Cys Prx2 by Srxn1 also
requires this disulfide between both proteins (37, 38). Further-
more, we found that, in the absence of ATP, although the
disulfide bond formed between 2-Cys Prx2 and Srxn1, Prx2
denitrosylation did not occur. Hence, the SNO–Prx2/Srxn1
complex appears to represent an intermediate in the deni-
trosylase reaction catalyzed by Srxn1. Collectively, our data in-
dicate that during Srxn1-mediated denitrosylation of Prx2, the
two proteins physically bind via disulfide bond formation, pro-
viding a structural basis for the enzymatic reaction that requires
ATP hydrolysis.
Prx2 activity is critical for the detoxification of potentially toxic

peroxides. Hydrogen peroxide is a signaling molecule that becomes
toxic if present in excessive concentration. For example, exposure of
SH-SY5Y neural cells to a toxic concentration of H2O2 stimulates
apoptotic pathways. We have previously shown that S-nitrosylation
of Prx2 enhances this H2O2-mediated neuronal death due to in-
hibition of Prx2 peroxidase activity (10). Our current data demon-
strate that Srxn1 can rescue neurons from this NO-induced increase
in vulnerability to H2O2. Our findings are consistent with the notion
that Srxn1 acts as a denitrosylase to reactivate the peroxidase ac-
tivity of Prx2.
Importantly, we had also previously reported that SNO-Prx2

levels are dramatically increased in human PD brains, suggesting
the relevance of this finding to the biological process of Prx2 per-
oxidase activity under pathological conditions (10). In the current
study, we observed a similar increase in SNO–Prx2 formation in
both human iPSC-derived neurons and in vivo mouse models of
PD. Furthermore, Srxn1 levels were concomitantly up-regulated in
the mouse model, suggesting a compensatory mechanism for Prx2
inactivation caused by oxidative/nitrosative stressors.
Based on our data, we propose a reaction scheme to explain how

the active site Cys99 of Srxn1 catalyzes the denitrosylation of Prx2
using ATP (Fig. 6). Biochemical, MS, and structural analyses support
a mechanism whereby thiol groups of Prx2 and Srxn1 form a disulfide
bond (38, 39). Then, an ATP molecule, bound tightly to the nucle-
otide-binding motif of Srxn1, is brought into close proximity to the
S-nitrosothiol of Prx2 (35, 37). The direct attack of the ATP phos-
phate group on Cys-SNO generates a P-nitrosophosphine oxide, a
very unstable subproduct of the reaction containing both the phos-
phate and NO groups (40). Finally, this P-nitrosophosphine oxide
hydrolyzes to produce nitroxyl (40), which quickly dimerizes, gener-
ating nitrous oxide (N2O). In general, strong nucleophiles will attack
the N in S-nitrosothiol compounds. That is the basis for triar-
ylphosphine chemistry and RS-induced transnitrosation, as we and
others have previously described. Also, this N-phosphorylation is
chemically logical, taking into account that nitrogen is a better nu-
cleophile than oxygen. Note that prior descriptions of the ATP-
dependent mechanism for reduction of sulfinic acid to sulfenic acid
was proposed to go through oxygen, but this occurred only because
oxygen (and not nitrogen) was available to be phosphorylated in
those paradigms (17). The novel denitrosylation reaction mechanism

Fig. 4. Srxn1 transfection can protect against NO-induced hypersensitivity
to oxidative stress. (A) Representative deconvolution images of SH-SY5Y cell
cultures transfected with Srxn1 or control plasmids coexpressing GFP (green).
Cells were exposed to 200 μM SNOC or control media; 30 min later 600 μM
H2O2 or control media was substituted. After 24 h, the cultures were assessed
for apoptosis with terminal-deoxynucleotidyl–TUNEL (red). (Scale bars,
20 μm.) (B) Quantitative analysis of TUNEL-positive transfected cells (n = 130–
622 cells per group). Values are mean + SEM; *P < 0.05, ***P < 0.001.
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of N-phosphorylation described here is therefore more robust. Most
importantly, this discovery fits right in the center of redox control of
the cell. Because we demonstrate that Srxn1 I reactivates both SO2

H-Prx2 and SNO-Prx2, it is a master regulator of the cell redox state.
In conclusion, the influence of RNS/ROS on signal trans-

duction and other cellular activities has been shown to be
mediated in large part by S-nitrosylation/oxidation of critical
cysteine thiol groups found on an ever-increasing number of
proteins. As a particular example, S-nitrosylation affects the re-
dox cycle of Prx2, leading to a loss of its peroxidase activity. The
diminished activity of SNO-Prx2 interrupts a normal redox cycle

and results in accumulation of cellular peroxides, thereby in-
ducing oxidative stress. In the present study, we identify a role
for Srxn1 as a denitrosylase for neuronal Prx2. Our finding points
to the NO/Srxn1 pair in a previously unrecognized redox cycle
that modulates Prx2 peroxidase activity. The discovery of this
modulatory system adds another layer of complexity to the reg-
ulation of H2O2 in neurons. Additionally, the finding has ther-
apeutic implications for redox homeostasis during nitrosative/
oxidative stress that contributes to neurodegenerative diseases
such as PD because we show that activation or overexpression of
Srxn1 can protect human neurons. Interestingly, the known

Fig. 5. S-nitrosylation of Prx2 in mouse and human PD models. (A, Left) Representative blots showing S-nitrosylation of Prx2 in brain lysates from control
wild-type and mice exposed to 28 μM PQ and 5 μM MB. (Right) Quantitative analysis of the blots. Levels of S-nitrosylated (SNO-)Prx2 were normalized to total
Prx2 (n = 3 brains per group). Values are mean + SEM; *P < 0.05. (B) Representative biotin-switch blot of S-nitrosylated Prx2 in hiPSC-derived DA neurons
exposed to 200 nM Rotenone (Rot) or 28 μM PQ/5 μM MB, alone or combined with 1 mM L-NAME. (C) Ratio of increased SNO-Prx2/total Prx2 in mice and
hiPSC-derived DA neurons exposed to PQ/MB (n = 3 blots). (D, Left) Representative biotin-switch assay (one of three such blots) showing that electroporation
with Srxn1 decreases SNO-Prx2 in hiPSC-derived DA neurons after exposure to 200 μM SNOC. As controls, control plasmid (pcDNA) was transfected, old SNOC
was used instead of freshly prepared SNOC, or ascorbate was omitted during biotin-switch assay. (Right) Quantitative analysis of the blots. Levels of SNO-Prx2
were normalized to total Prx2 (n = 3 independent experiments per group). Values are mean + SEM; *P < 0.01. (E, Left) Representative confocal images of
hiPSC-derived DA neurons electroporated with Srxn1 or control plasmids coexpressing GFP (green). Cells were exposed to 28 μM PQ and 1 μM MB for 24 h,
fixed, and stained for TUNEL (red, Top panels), tyrosine hydroxylase (TH; red, Bottom panels), and DAPI (blue). (Scale bars, 100 μm.) (Right) Quantitative
analysis of the increase in TUNEL-positive transfected cells (n = 3 independent samples with an average of 266 cells scored per group in each experiment).
Values are mean + SEM; *P < 0.05.
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transcriptional regulators of the Srxn1 gene include AP-1 (41)
and Nrf2 (42). We have previously developed small-molecule
activators of Nrf2 (43), which could potentially be used to en-
hance Srxn1 gene expression. Finally, the unique denitrosylase
action of Srxn1 yields molecular-level insight into the mechanism
underlying the biological processes of peroxide detoxification.

Materials and Methods
Expression and Purification of Recombinant Proteins. Recombinant DNA ex-
periments were approved by the Scintillon Institutional Biosafety Committee.
Prx2, Srxn1, and Srxn1(C99S) expression plasmids were transformed in BL21
CodonPlus (DE3)-RIL competent Escherichia coli cells (Stratagene). Cultures
were grown at 37 °C in LB medium to an OD600 of 0.6, induced with 0.5 mM
isopropyl β-D-1-thiogalactopyranoside, and incubated overnight at 22 °C.
Cells were lysed on ice by sonication in the presence of protease inhibitors,
and cell debris was separated from the sonicated solution by centrifugation.
The supernatant was purified by incubation with nickel-nitrilotriacetic acid
agarose beads (Qiagen) and washed with 10 mM imidazole in PBS. The
proteins were then eluted using 250 mM imidazole in PBS and analyzed
using SDS/PAGE.

Cell Cultures, Transfection, Electroporation, and Exposure to NO or Peroxide Donors.
The use of human cell lines was approved by the Scintillon Institutional Review
Board, which determined that the use was “Exempt” and no informed consent is
required because all human cell lines were previously established and no per-
sonal information is available to the researchers concerning the donors. Dopa-
minergic SH-SY5Y neural cells were maintained in DMEM (Sigma) supplemented
with 10% (vol/vol) heat-inactivated FBS (HyClone), 2 mM L-glutamine (Gibco-
Invitrogen), 50 IU/mL penicillin (Omega Scientific), and 50 μg/mL streptomycin
(Omega Scientific). Cells were cultured in 100-mm culture plates at 37 °C in a
water-saturated atmosphere of 95% air and 5% CO2. Transfections were per-
formed in six-well plates using Lipofectamine LTX and Plus Reagent (Invitrogen)
according to the manufacturer’s instructions. Where indicated, cells were ex-
posed for 30 min to a solution containing 200 μM of the NO donor SNOC or a
control solution from which NO had been previously dissipated (designated
“old” SNOC). In additional experiments, cells were exposed to a solution con-
taining 600 μM H2O2 or its vehicle as a negative control and analyzed after 24 h.

hiPSC-derived A9-type DA neuronal cultures were prepared as previously
described (27) and exposed to SNOC or mitochondrial toxins/pesticides, in-

cluding the herbicide PQ (Fluka), the fungicide MB (Fluka), or the insecticide
rotenone (Sigma) (27). Concentrations were chosen as approximately
twofold the maximal allowed exposure level by the US Environmental
Protection Agency (EPA codes CASRN 1910–42-5 and CASRN 12427–38-2). In
some cases, 1 mM of the broad spectrum NOS inhibitor L-NAME (Sigma) was
added. Cells were exposed for 6 h at 37 °C in a water-saturated atmosphere
of 95% air and 5% CO2. In al experiments, the hiPSC-derived DA neurons
were electroporated with a plasmid encoding Srxn1 (107 cells electro-
porated per group).

Murine Model of Sporadic PD After Pesticide Exposure. Animal care was
conducted in accordance with the US Public Health Service Guide for the Care
andUse of the Laboratory Animals, and all experimentswere approved by the
Scintillon Institutional Animal Care and Use Committee. Exposure to the
combination of pesticides PQ and MB has been linked to sporadic cases of
human PD in epidemiological studies (22–24) and can produce selective loss
of nigrostriatal dopaminergic cell bodies and reduction in dopamine levels in
the rodent striatum; the combination of paraquat and maneb has therefore
been used as an experimental model of PD induced by pesticides in rodents (19–
21, 44, 45). Female mice weighing 20–30 g were injected intraperitoneally with
freshly prepared PQ (Fluka; 5 mg/kg) and MB (Fluka; 15 mg/kg) twice a week for
4 wk. Additional groups of animals also received the relatively specific neuronal
NOS inhibitor 3-bromo-7-nitroindazole (Enzo Life Sciences; 30 mg/kg) or vehicle
[60% (vol/vol) DMSO in PBS] twice a week on alternate days for 4 wk. Animals
were killed after treatment, and their brains were frozen at −80 °C.

Protein Extraction and Western Blot Analyses. Frozen mouse brains were
homogenized in HENTS buffer, pH 7.2 (100 mM Hepes, 1 mM EDTA, 0.1 mM
neocuproine, 1% Triton X-100, and 0.1% SDS) for biochemical analysis.
Protein concentrations were determined using the Bio-Rad protein assay
according to the manufacturer’s specifications. For immunoblotting, typically
5–30 μg of proteins were resolved on 4–12% (wt/vol) polyacrylamide
NuPAGE-Mes gels (Invitrogen) and then wet-transferred to PVDF mem-
branes (Millipore). Membranes were blocked with 2% (wt/vol) skim milk in
Tris-buffered saline (TBS) containing 1% Tween-20 (TBS-T). Immunoblotting
was performed using rabbit anti-mouse Srxn1 polyclonal antibody (1:2,000),
kindly donated by Sue Goo Rhee (Yonsei University, Seoul, Korea). Immu-
nological complexes were detected with goat anti-rabbit 800CW IR-dye–
conjugated secondary antibody (1:15,000; Li-Cor), followed by infrared
analysis on an Odyssey instrument (Li-Cor). Densitometric analysis of protein
bands was performed using Adobe Photoshop. All values were normalized
to their respective loading controls.

Biotin-Switch Assay for Detection of S-Nitrosylated Proteins. Analysis of SNO-
Prx2 with the biotin-switch assay was performed as previously described (6, 8,
12). Briefly, fresh cell or brain tissue samples were homogenized in HEN
buffer, pH 7.2 (100 mM Hepes, 1 mM EDTA, 0.1 mM neocuproine) with 1%
Triton X-100 and 0.1% SDS. A total of 1 mg of protein per sample was used
for the assay. Free thiol groups were blocked by incubation with 20 mM
methyl methanethiol-sulfonate (MMTS; Aldrich) for 30 min at 50 °C. Cell
extracts were then precipitated with acetone and resuspended in HEN
buffer with 1% SDS. S-nitrosothiol groups were then selectively reduced by
50 mM ascorbate to free thiols, which were subsequently biotinylated with
4 mM N-[6-(biotinamido)hexyl]-3′-(2′-pyridyldithio)-propionamide (Soltec
Ventures). The biotinylated proteins were pulled down with streptavidin–
agarose beads and analyzed by immunoblotting. Total protein as a loading
control was quantified by standard immunoblot analysis. Results were
expressed as SNO-Prx2 relative to total Prx2 for each sample.

For recombinant Prx2 and Srxn1 proteins, electrophoresis gels were run
with nonreducing sample buffer to identify the S-nitrosylation of monomeric
and dimeric forms of the proteins. For the visualization of the biotinylated
proteins, they were labeled with avidin–peroxidase followed by develop-
ment with a SuperSignal West Pico Chemiluminescent Substrate kit (Thermo
Scientific).

In Vitro Denitrosylation Assay. To assess denitrosylation of Prx2 by Srxn1,
20 μM Prx2 was S-nitrosylated by preincubation with 100 μM SNOC in a
buffer containing 500 mM Tris·HCl, pH 7.2, 1 M KCl, 10 mM MgCl2, and
10% (vol/vol) DMSO. After 1 h, 40 μM Srxn1 and 1 mM ATP were added.
Following incubation at 30 °C for the indicated length of time, the reaction
was stopped with blocking buffer containing 20 mM MMTS, and biotin-
switch was performed as described above.

Mass Spectrometry. Protein bands were excised from Coomassie-stained gels
and destained and divided into two aliquots, which were then subjected to an

Fig. 6. Schematic diagram of proposed mechanism of Srxn1-catalyzed
denitrosylation of dimeric Prx2. See text for explanation.
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in-gel digestion as described previously (46). Briefly, digestion was performed
with 12.5 ng/μL of trypsin and AspN in 50 mM ammonium bicarbonate and
incubated overnight at 37 °C. The resultant peptides were extracted with 50%
(vol/vol) acetonitrile/5% (vol/vol) formic acid and dried in a vacuum centrifuge.
Before measurements, dried peptides were dissolved in 0.1% formic acid.

The peptide mixtures were analyzed by online nanoflow liquid chromatog-
raphy–tandem mass spectrometry on an Agilent 1200 quaternary HPLC system
(Agilent) connected to an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific) through an in-house built nanoelectrospray ion source. The peptide
mixtures were pressure-loaded onto a capillary column (100-μm i.d.) packed with
15 cm of 3-μmAqua C18 resin (Phenomenex). They were separated with a 90-min
gradient from 10 to 50% (vol/vol) acetonitrile in 0.1% formic acid and a flow rate
of 220 nL/min (through split). As peptides were eluted from the analytical column,
they were electrosprayed (distal 2.5-kV spray voltage) into the mass spectrometer.
The MS instrument method consisted of a Fourier Transform full-scan MS analysis
(300–1,800 m/z; 60,000 resolution) followed by data-dependent MS/MS scans of
the 20 most intense precursors at a 35% normalized collision energy with dynamic
exclusion for 60 s. Application of mass spectrometer scan functions and HPLC
solvent gradients was controlled by the Xcalibur data system (Thermo Fisher
Scientific).

Protein identification was done with Integrated Proteomics Pipeline-IP2
(Integrated Proteomics Applications, Inc., www.integratedproteomics.com/)
using ProLuCID (47) and DTASelect (48). MS/MS spectra were extracted using
RawXtract (49) (version 1.9.9) and searched with ProLuCID against an EBI IPI
Human protein database (version 3.87) concatenated to a decoy database in
which the sequence for each entry in the original database was reversed (50).
ProLuCID search results were assembled and filtered using DTASelect (version 2)
with a false-positive rate below 1% at the peptide level. To identify the disul-
fide bond linkages between Srxn1 and Prx2 proteins as well as among them-
selves, the delta masses 1348.5295, 1856.8767, 1100.59, and 1324.5506 were set
as variable modifications for cysteine corresponding to the linkage caused by
peptide DYFYSFGGCHR of Srxn1 protein and peptides DFTFVCPTEIIAFSNR,
KLGCEVLGVSV, and DEHGEVCPAGWK of Prx2 protein. Protein Identification
was also performed by Thermo Proteome discoverer (v2.1) with Sequest HT
(v1.17) (51). The tandem mass spectra were searched against the UniProt hu-
man protein database. The precursor mass tolerance was set as 10 ppm, and the
fragment mass tolerance was set as 0.6 Da. The q-values of peptide identifi-
cation were controlled below 1% using Percolator (52). The variable modifi-

cation settings were set as described above to identify disulfide bond linkages
between Srxn1 and Prx2 proteins as well as among themselves.

Terminal-Deoxynucleotidyl–Transferase dUTP Nick End Labeling Assay and
Image Analysis. SH-SY5Y neural cells and hiPSC-derived DA neurons were
grown on coverslips where Transferase dUTP Nick End Labeling (TUNEL)
assays were performed. Briefly, cells were fixed with 4% (wt/vol) para-
formaldehyde in PBS for 10 min and then permeabilized with 0.1% Triton X-
100 in 0.1% sodium citrate for 2 min. Apoptotic cells were labeled using an in
situ cell death detection kit (Roche) according to the manufacturer’s in-
structions, and coverslips were mounted for fluorescence analysis using
Fluoro Gel mounting medium (Electron Microscopy Sciences). Apoptotic SH-
SY5Y cells and hiPSC-derived neurons were observed and quantified on a
deconvolution epifluorescence microscope (Axio, Carl Zeiss), or confocal
microscope (Zeiss).

Preparation of SNOC. SNOC was prepared as described previously (53). Briefly,
a mixture of 100 mM L-cysteine and 100 mM sodium nitrite was prepared
immediately before use. To this mixture on ice, 10 N HCl was added to a final
normality of 0.5. Freshly prepared SNOC was used within 5 min of its
preparation. We have previously shown that NO is dissipated from SNOC at
room temperature within minutes, so “old SNOC” can be used as a negative
control (53).

Statistical Analyses. Statistical analyses were carried out using GraphPad
Prism. Data are presented asmeanwith error bars representing SEM. Pairwise
comparisons of statistical significance were performed using a Student’s t test
(two tailed) and, for multiple comparisons, an ANOVA followed by a New-
man–Keuls post hoc test.
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