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(Background: S-Nitrosylation may regulate 2-Cys peroxiredoxin systems to affect cellular metabolism of hydrogen peroxide.
Results: Nitrosylation impeded the peroxiredoxin-1 catalytic cycle by directly inhibiting the activity of peroxiredoxin-1 and by
interfering with the recycling of oxidized peroxiredoxin-1 by the thioredoxin system.

Conclusion: Nitrosylation exerts multilevel control of the thioredoxin-peroxiredoxin system.

Significance: Through its multiple effects on the thioredoxin-peroxiredoxin system, nitrosylation may influence cellular redox

J

S-Nitrosothiols (SNOs), formed by nitric oxide (NO)-medi-
ated S-nitrosylation, and hydrogen peroxide (H,0,), a promi-
nent reactive oxygen species, are implicated in diverse physio-
logical and pathological processes. Recent research has shown
that the cellular action and metabolism of SNOs and H,O,
involve overlapping, thiol-based mechanisms, but how these
reactive species may affect each other’s fate and function is not
well understood. In this study we investigated how NO/SNO
may affect the redox cycle of mammalian peroxiredoxin-1
(Prx1), arepresentative of the 2-Cys Prxs, a group of thioredoxin
(Trx)-dependent peroxidases. We found that, both in a cell-free
system and in cells, NO/SNO donors such as S-nitrosocysteine
and S-nitrosoglutathione readily induced the S-nitrosylation of
Prx1, causing structural and functional alterations. In particu-
lar, nitrosylation promoted disulfide formation involving the
pair of catalytic cysteines (Cys-52 and Cys-173) and disrupted
the oligomeric structure of Prx1, leading to loss of peroxidase
activity. A highly potent inhibition of the peroxidase catalytic
reaction by NO/SNO was seen in assays employing the coupled
Prx-Trx system. In this setting, S-nitrosocysteine (10 um) effec-
tively blocked the Trx-mediated regeneration of oxidized Prx1.
This effect appeared to be due to both competition between
S-nitrosocysteine and Prx1 for the Trx system and direct mod-
ulation by S-nitrosocysteine of Trx reductase activity. Our find-
ings that NO/SNO target both Prx and Trx reductase may have
implications for understanding the impact of nitrosylation on
cellular redox homeostasis.

It is well appreciated that reactive oxygen species and reac-
tive nitrogen species participate in a wide array of biological
processes that include cell growth, differentiation, and survival
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and other specialized functions. Beyond their roles in normal
physiology, abnormal formation or metabolism of reactive oxy-
gen species/reactive nitrogen species is implicated in an ever-
growing number of human disorders, including metabolic, car-
diovascular, and autoimmune diseases, neurodegeneration,
and cancer (1-4). There is mounting evidence that biologically
relevant reactive oxygen species/reactive nitrogen species, par-
ticularly hydrogen peroxide (H,O,) and nitric oxide (NO),
affect cellular behavior in part through reversible modifications
of cysteine residues in proteins. Specifically, H,O, can react
with a cysteine thiol to form a sulfenic acid (SOH),> whereas
NO promotes the conversion of a thiol to a nitrosothiol (SNO),
a process known as S-nitrosylation (or S-nitrosation) (5-38).
Formation of SOH or SNO can in turn give rise to other thiol
modifications, including S-glutathionylation or intra/intermo-
lecular disulfide formation. By regulating the function of vari-
ous proteins, these reversible thiol modifications play diverse
roles in signal transduction and other cellular processes (5,7, 9).

To date, much research has focused on specific cellular and
molecular effects elicited either by H,O, or SNOs. Less atten-
tion has been given to the question of how H,O, might affect
SNO signaling and metabolism and, conversely, how SNO
might influence H,O, homeostasis and consequent cellular
responses. Given the ubiquitous distribution and diverse func-
tions of these reactive species, such cross-talk might be com-
mon and have potentially important implications for normal
and pathological cellular functions. Pertinent to this notion are
recent studies, which established that common enzymatic
mechanisms are involved in the cellular degradation of both
H,O, and SNO, thus supporting the premise that the fate of
these reactive species is intertwined. Specifically, thioredoxin
(Trx) proteins and their reducing systems or dependent path-
ways have come to light as important components in the cellu-

2 The abbreviations used are: SOH, sulfenic acid; SNO, S-nitrosothiol; Trx, thi-
oredoxin; TrxR, thioredoxin reductase; CysNO, S-nitrosocysteine; GSNO,
S-nitrosoglutathione; Prx, peroxiredoxin; DTNB, 5,5'-dithio-bis(2-nitroben-
zoic acid); RAC, resin-assisted capture; DEANO, diethylamine NONOate; Cp,
peroxidatic cysteine; Cg, resolving cysteine; NEM, N-ethyl maleimide.
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lar metabolism and signaling pathways related not only to H,O,,
but also to SNO (10-13).

Central components in the cellular redox network are the
peroxiredoxins (Prxs), an abundant family of thiol-based per-
oxidases that detoxify various peroxides, particularly H,O, (14,
15). The mammalian Prx family is composed of six members
(Prx1-6) that are divided into several groups based on their
number of conserved cysteine residues and catalytic mecha-
nism: 2-Cys Prxs (Prx1-4), atypical 2-Cys Prx (Prx5), and 1-Cys
Prx (Prx6). The structure and catalytic mechanism of 2-Cys
Prxs have been extensively studied. These proteins function as
obligate dimers, which are further assembled into multimeric
structures, typically decameric rings (15, 16). The peroxidase
cycle of typical 2-Cys Prxs involves several steps. In the first step
a conserved peroxidatic cysteine (Cp, Cys-52 in human Prx1)
reacts with H,O, (or alkyl peroxides) to generate Cys-SOH. A
resolving cysteine (Cg, Cys-173) located on the adjacent mon-
omer next attacks the nascent SOH moiety to generate an inter-
monomer disulfide. This oxidized dimeric form of Prx (referred
to as Ox-Prx) is subsequently reduced by the Trx system, thus
completing the peroxidase cycle. This series of processes are
linked to transitions in the oligomeric state of Prx, specifically,
oxidation by H,O, promotes, via C,-C;; dimerization, the dis-
sociation of the Prx decamer into dimers (15, 16).

The 2-Cys Prx-mediated cellular catabolism of H,O, may be
regulated by several mechanisms. First, endogenous peroxidase
activity may be determined by changes in the intracellular levels
of specific Prx proteins or their reducing systems even though
they are typically found at high levels in most tissues and cell
types (17). Prx activity can also be directly modulated by post-
translational modifications, including phosphorylation and
glutathionylation (15). Notably, under conditions of elevated
production of H,O,, 2-Cys Prxs may become inactivated by
over-oxidation of C, to sulfinic acid (-SO,H), a reaction that
requires catalytic turnover and thus depends on Trx and Trx
reductase (TrxR). Over-oxidation of Prxs is associated with
structural-functional changes such as formation of higher
order multimers that display chaperone activity; however, the
physiological significance of this modification is still debated
(18). Given the essential role of Trx/TrxR in the peroxidase
cycle of 2-Cys Prxs as well as in their over-oxidation, it is
expected that post-translational modifications or other cellular
controls of Trx or TrxR will also influence 2-Cys Prx function
and cellular H,O, homeostasis.

Several members of the Prx family have been found to
undergo S-nitrosylation in multiple cell types and under vary-
ing conditions. In neuronal cells, nitrosylation of Prx2 has been
shown to inhibit its activity and thereby to contribute to oxida-
tive stress and cellular damage (19). Nitrosylation likewise
inhibits the activity of plant Prx II E (20). Prx1 was found to be
nitrosylated in endotoxin-stimulated macrophages (21, 22),
and recent studies indicate that nitrosylation protects Prx1
from over-oxidation (23). Despite these reports, it remains to be
established exactly how S-nitrosylation controls the structure
and function of distinct Prx proteins and, more generally, how
and to what extent SNOs and H,O, cross-regulate each other’s
function. To address these issues, we undertook a detailed anal-
ysis of S-nitrosylation of Prx1. In addition and of particular
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importance to the present study, we investigated the effects of
SNO on the entire Prx/Trx/TrxR system. Our studies reveal
that nitrosylation exerts complex multilevel control of the
2-Cys Prx reaction cycle. Both the peroxidase reaction itself
and, most notably, the regeneration of oxidized Prx by the Trx/
TrxR system are shown to be negatively regulated by SNO.
These findings may have broad relevance to understanding the
biochemical cross-talk between SNO and H,0,.

EXPERIMENTAL PROCEDURES

Cell Culture and Materials—HeLa and RAW?264.7 cells were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 1% penicillin/strepto-
mycin at 37 °C under 5% CO,. Tissue culture media and
reagents were from Biological Industries (Beit Haemek, Israel).
Rabbit polyclonal antibodies for Prx1 were obtained from
Abcam (catalogue no. ab41906). Hydrogen peroxide (H,O,)
was obtained from Carlo Erba Reagents, Amplex Red was from
Cayman Chemical, and NADPH was from Roche Diagnostics.
S-Nitrosocysteine (CysNO) was synthesized by combining an
equimolar concentration of L-cysteine with sodium nitrite in
0.2 N HCI and used within 1 h. The Prx1(WT)/pET-17b,
Prx1(C52S)/pET-17b, Prx1(C173S)/pET-17b, and Prx1(C52/
173S)/pET-17b vectors for expression of the recombinant
human proteins in bacteria were generously provided by Dr.
Hyun Ae (Ewha Womans University, Seoul, Korea). The
pET17b-yTrx1 and pET17b-yTrxR vectors for expression of
recombinant yeast Trx and yeast TrxR in bacteria, only used
here for measuring 2-Cys Prx activity in cell lysates, were gen-
erously provided by Dr. Sang Won Kang (Ewha Womans
University). Recombinant rat TrxR1 was produced as previ-
ously described (24) and had specific activity of 28 units/mg.
Other materials were obtained from Sigma unless otherwise
indicated.

Site-directed Mutagenesis—Mutant Prx1 plasmids were con-
structed by using the pET17b-Prx1 plasmid as a template and
employing the QuikChange II kit (Stratagene). The following
sets of forward and reverse primers were used to introduce
mutations at Cys-83: CTGTGGATTCTCACTTCTCTCAT-
CTAGCATGGGTCAATAC (forward) and GTATTGAC-
CCATGCTAGATGAGAGAAGTGAGAATCCACAG  (re-
verse). The double mutants C52S/C83S and C173S/C83S were
constructed by a second round of site-directed mutagenesis on
C52S and C173S mutants using the above-mentioned primers.
All mutants were verified by DNA sequencing.

Expression and Purification of Recombinant Proteins—Esch-
erichia coli BL21 cells expressing human Prx1, either the wild-
type or various mutants, were cultured in 500 ml of LB and
induced by the addition of 0.5 mm isopropyl 1-thio-B-p-galac-
topyranoside for 3 h. Cells were harvested by centrifugation at
3000 rpm for 10 min at 4 °C, resuspended in 10 ml of extraction
buffer (25 mm Tris, 1 mm EDTA, 2 mm DTT, with protease
inhibitors, pH 8.8), and disrupted by ultrasonication. The lysate
was treated with streptomycin sulfate (1% final concentration)
overnight at 4 °C to precipitate nucleic acids. After centrifuga-
tion at 12,000 X gfor 35 min at4 °C, the supernatant was loaded
on a DE52 anion exchange column (Whatman, Maidstone,
England) equilibrated in 25 mm Tris, 1 mm EDTA, 2 mm DTT,
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pH 8.8. Under these conditions, Prx1 was present in the
unbound material. Column fractions were analyzed by SDS-
PAGE, pooled, and stored at —80 °C. Protein purity was at least
95% as judged by SDS-PAGE.

E. coli BL21 cells expressing His-tagged human Trx were cul-
tured in 500 ml LB and induced by the addition of 0.5 mm
isopropyl 1-thio-3-p-galactopyranoside for 6 h. Cells were har-
vested by centrifugation at 3000 rpm for 10 min at 4 °C, resus-
pended in 10 ml of extraction buffer (300 mm KCI, 50 mm
KH,PO,, 5 mMmimidazole, with protease inhibitors, pH 7.4), and
disrupted by ultrasonication. After centrifugation at 12,000 X g
for 30 min at 4 °C, the supernatant was applied to nickel-nitri-
lotriacetic acid beads (Thermo Scientific) overnight at 4 °C. The
beads were washed with extraction buffer containing imidazole
(10 mm), and finally, the protein was eluted with 250 mm imid-
azole. Fractions were analyzed by SDS-PAGE, pooled, and
stored at —80 °C. Protein purity was at least 95% as judged by
SDS-PAGE.

Yeast Trx and TrxR proteins were prepared using the same
conditions described above for the preparation of human Prx1,
with one exception; for yeast TrxR, the pH of the extraction
buffer and anion-exchange equilibration buffer was 7.5.
These yeast proteins were only used for determination of Prx
activity in cell lysates (see below), whereas all other experi-
ments with Trx1 or TrxR1 were performed with the mam-
malian enzymes.

Nitrosylation and Oxidation of Prx1—Prx1 protein (100 um)
in assay buffer (25 mm HEPES, 0.1 mm EDTA, 0.2 muM diethyl-
enetriaminepentaacetate, 10 um neocuproine, 0.1% CHAPS,
100 mm NaCl, pH 7.5) was reduced by incubation with 50 mm
DTT for 30 min at 37 °C. Excess reducing agent was removed by
gel filtration using Sephadex G-25 columns (GE Healthcare)
equilibrated in the same buffer. Reduced Prx1 was then incu-
bated with NO/SNO donors at 37 °C as indicated in the legends
of Figs. 1 and 2. After excess donor was removed by Sephadex
G-25 chromatography, the number of nitrosylated thiols was
determined as described below. For oxidation of Prxl, the
reduced protein (100 wMm) was incubated in the same assay
buffer described above and exposed to 100 um H,O, for differ-
ent times at 37 °C. Excess H,0, was then removed by Sephadex
G-25 gel chromatography.

Determination of Free Thiol Groups—Protein thiols were
measured spectrophotometrically after reaction with 5,5'-di-
thio-bis(2-nitrobenzoic acid) (DTNB, Ellman’s reagent). In
brief, samples were diluted into a 200-ul reaction mix (1 mm
DTNB, 6 M guanidine hydrochloride, 90 mm HEPES, pH 7.5) for
10 min, and the absorbance readings were taken at 412 nm.
Values were derived by comparison with glutathione standards
and were normalized to protein concentration.

Assessment of Nitrosylation of Prx1 under Cell-free Con-
ditions—Quantification of nitrosylated thiols in Prx1 was
determined by the Saville-Griess assay. Briefly, the nitrosylated
protein was incubated in a final volume of 200 ul of assay buffer
(1% sulfanilamide, 0.1% N-(1-naphthyl)ethylenediamine dehy-
drochloride, 1% HCI) in the absence or presence of 1 mm HgCl,
for 30 min, and absorbance readings were measured at 540 nm.
Mercury-dependent absorbance was converted to SNO con-
centrations using S-nitrosoglutathione (GSNO) standards
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treated identically. The concentration of GSNO was deter-
mined by UV-visible spectrophotometer by measuring absorb-
ance at 334 nm (extinction coefficient of 920 M~ 'cm™1).

Nitrosylation of Prxl was also determined by chemical
reductive chemiluminescence (25) or using a modified version
of biotin switch method (26). In brief, after the various treat-
ments (as indicated in the legend of Fig. 1), the blocking step
was performed at 50 °C for 30 min in the presence of 50 mm
N-ethyl maleimide (NEM) with frequent vortexing. Excess
NEM was removed by Sephadex G-25 chromatography. This
material was added to 50 mm sodium ascorbate and 1 mm N-(3-
maleimidylpropionyl)biocytin (Invitrogen) for 1 h at room tem-
perature. Excess labeling reagent was removed by Sephadex
G-25 chromatography. The samples were analyzed by Western
blotting using 5-FAM-streptavidin conjugate (AnaSpec).

Analysis of Modifications of Prx1 by Mass Spectrometry—Af-
ter treatment of reduced Prx1 with vehicle or CysNO (250 um,
10 min) sample buffer was replaced with 8 M urea (in 65 mm
ammonium bicarbonate) using a 10-kDa cutoff filter (Milli-
pore). The proteins in the samples were digested in 2 M urea
with modified trypsin (Promega) at a 1:50 enzyme-to-substrate
ratio overnight at 37 °C without reduction/alkylation of cys-
teines. The resulting tryptic peptides were resolved by reverse-
phase chromatography on 0.075 X 200-mm fused silica capil-
laries (J&W) packed with Reprosil reversed phase material (Dr
Maisch GmbH, Germany). The peptides were eluted with
45-min linear gradients of 5 to 45% and 10 min at 95% acetoni-
trile with 0.1% formic acid in water at flow rates of 0.25 ul/min.
Mass spectrometry (MS) was performed by an ion-trap mass
spectrometer (Orbitrap XL, Thermo) in a positive mode using
repetitively full MS scan followed by collision induces dissoci-
ation of the seven most dominant ion selected from the first MS
scan. Data were processed using Thermo Scientific Proteome
Discoverer software (Version 1.3). MS peptide spectra were
searched by the SEQUEST against the human UniProt-Swis-
sProt protein database and decoy database (to determine the
false discovery rate) and against the specific database. The mass
tolerances for precursor and fragment ions were set to 10 ppm
and 0.5 Da, respectively. Variable modifications selected for
searching included oxidation of methionine and cysteine,
dioxidation and trioxidation of cysteine, and nitrosylation of
cysteines, tryptophan, and phenylalanine.

Assessment of Nitrosylation of Cellular Prx1—Detection of
nitrosylated Prx1 was performed using the SNO-RAC (resin-
assisted capture) method (21) with minor modifications as fol-
lows. After different treatments as indicated in the legend of
Fig. 3, cells were incubated with phosphate-buffered saline con-
taining NEM (100 mm) for 10 min at room temperature and
then lysed in lysis buffer (50 mm HEPES, 1% Nonidet P-40, 150
mM NaCl, 1 mm EDTA, 0.1 mm diethylenetriaminepentaac-
etate, 50 mm NEM with protease inhibitors, pH 7.5). Cell debris
was removed by centrifugation at 10,000 X g for 10 min at 4 °C.
A total of 3 mg of protein was used for each experimental con-
dition. The blocking step was performed at 50 °C in the pres-
ence of 20 mm NEM with frequent vortexing. To remove excess
NEM, proteins were precipitated with 3 volumes of acetone at
—20 °C for 30 min. The proteins were recovered by centrifuga-
tion at 5000 X g for 5 min, and the pellets were resuspended in
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HENS buffer (250 mm HEPES, 1 mm EDTA, 0.1 mM neocupro-
ine, 1% SDS, pH 7.7). This material was added to 40 wl of thio-
propyl-Sepharose resin in the presence of 20 mm sodium ascor-
bate. After rotation in the dark overnight at 4 °C, the resin was
washed with 4 X 1 ml of HENS buffer, then 2 X 1 ml of
HENS/10 buffer (HENS diluted 1:10). Captured proteins were
eluted with 30 ul of HENS/10 containing 100 mm 2-mercapto-
ethanol for 20 min at room temperature and analyzed by West-
ern blotting using an anti-Prx1 antibody.

SDS-PAGE and Western Blot Analysis—Reduced, nitrosy-
lated, or oxidized recombinant Prx1 (2 ug) was analyzed by
SDS-PAGE using reducing or non-reducing conditions. The
gels were stained with Krypton Infrared Protein Stain (Pierce)
and visualized using the Odyssey infrared imaging system (LI-
COR Biosciences). For immunodetection, aliquots containing
200 ng of recombinant Prx1 or 20 ug of total cell lysate were
subjected to SDS-PAGE and Western blotting with anti-Prx1
antibody. Protein bands were detected and quantified with the
Odyssey system.

Gel Filtration Chromatography—A total of 0.66 mg of
reduced, nitrosylated, or oxidized Prx1 was loaded onto a
Superdex 200 column (10 X 300 mm) equilibrated with buffer
containing 25 mm HEPES, 0.1 mM EDTA, and 100 mm NaCl, pH
7.5. Proteins were eluted at a flow rate of 0.5 ml/min, and 0.5 ml
fractions were collected. Ferritin (440 kDa), aldolase (158 kDa),
conalbumin (75 kDa), ovalbumin (43 kDa), and ribonuclease
(13.7 kDa) were used as molecular weight standards. Gel filtra-
tion analysis of endogenous Prx1 was performed using similar
conditions. In brief, cells were treated with vehicle, CysNO (500
uM, 10 min), diethylamine NONOate (DEANO; 500 uMm, 10
min), or GSNO (500 uM, 60 min). Superdex 200 fractionation
was carried out using 1.5 mg of cell lysates. Twenty-microliter
aliquots were analyzed by SDS-PAGE and Western blotting
with anti-Prx1 antibody.

Determination of Peroxidase Activity—Peroxidase activity
was measured based on a previously reported method (27) and
as follows. Untreated or nitrosylated Prx1 (10 um) diluted in 25
mM potassium phosphate, 1 mMm EDTA, pH 7.0, was incubated
with the Trx system (5 um Trx, 0.1 um TrxR, and 450 um
NADPH) and 500 um H,O, at 37 °C for 10 min. Twenty-
microliter aliquots were taken every minute and transferred
into 980 ul of Fox reagent (100 mm sorbitol, 125 uMm xylenol
orange, 250 um ferrous ammonium sulfate, and 25 mm
H,SO,). The absorbance at 560 nm was read after 30 min and
compared with a H,O, standard curve. Peroxidase activity
was derived from the linear regression of absorbance versus
time. Prx activity in whole cell lysates was measured accord-
ing to the method of Kim et al. (28), employing yeast Trx and
yeast TrxR.

For measurement of cell-dependent peroxide reduction,
cells incubated in serum-free medium were treated with H,O,
and/or CysNO as indicated in the legend of Fig. 5, and the
amount of H,0O, remaining in the medium over time was then
determined using an Amplex Red-based assay as described
elsewhere (29).

Denitrosylation Assay—The Trx system (5 uM Trx, 0.1 um
TrxR, and 450 um NADPH) was incubated in assay buffer (25
mM potassium phosphate, 1 mm EDTA, pH 7.0) with reduced
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Prx1 (10 um), CysNO (100 um) and different concentrations of
H,0, at 37 °C for different times. SNO content was determined
using the Saville-Griess reaction as described above. Denitrosy-
lation activity was derived from the slope of linear regression of
absorbance versus time plots.

Determination of Trx/TrxR Activity—The activities of Trx
and TrxR were determined using the Trx-linked insulin reduc-
tion assay (30). In brief, the Trx system (5 um Trx, 0.1 um TrxR,
and 250 um NADPH) diluted in assay buffer (50 mm HEPES, 2.6
mMm EDTA, pH 7.5) was incubated with 1.5 mg/ml insulin, and
the rate of NADPH oxidation was monitored at 340 nm. To test
the effect of SNO on Trx and TrxR activities, a slightly modified
procedure was employed as follows. Trx (100 um) was reduced
by incubation with 10 mm DTT for 30 min at 37 °C, and the
reduced protein (20 um) was then exposed to different CysNO
concentrations (0—200 uM) for 10 min at 37 °C. After each of
these steps, excess modifying reagent (DTT or CysNO) was
removed by gel filtration. Finally, the protein was adjusted to 5
uM, to which the remainder of the insulin assay system was
added. Alternatively, TrxR (0.4 uMm) was incubated with CysNO
(0-200 uMm) in the presence of 1 mM NADPH for 10 min at
37 °C. The reaction mixture was then diluted 1:4 and combined
with the rest of the insulin assay mixture.

TrxR activity was also measured using the direct DTNB
reduction assay (30). TrxR was diluted in assay buffer (25 mm
potassium phosphate, 1 mm EDTA, pH 7.0) to 15 nm and incu-
bated with 250 um NADPH and 2.5 mMm DTNB. The rate of
DTNB reduction in the absence or presence of CysNO was
monitored at 412 nm.

Determination of Trx and TrxR Activities in Cell Lysates—
Activities of TrxR and Trx in cell lysates were measured in
96-well microtiter plates using an end point insulin assay (30).
For TrxR activity measurement, 25 ug of protein cell lysate was
incubated in a final volume of 50 ul containing 0.3 mMm insulin,
660 uM NADPH, 2.5 mMm EDTA, and 5 um human Trx in 85 mM
HEPES, pH 7.5, for 20 min at room temperature. Control reac-
tions excluding human Trx were also set up. Then, 250 ul of 1
mM DTNB, 240 um NADPH, and 200 mm Tris-HCI, pH 8, in 6
M guanidine hydrochloride was added, and the absorbance was
monitored at 412 nm. For determination of Trx activity, proce-
dures were similar as for TrxR activity assay; 10 ug of protein
cell lysate was incubated in reaction solution but with the addi-
tion of 600 nm TrxR instead of 5 uM Trx (except for control
wells).

RESULTS

Nitrosylation of Prxl in Vitro—To investigate potential
cross-talk between SNO and H,O, metabolism, we first set out
to characterize nitrosylation of Prxl in vitro using several
NO/SNO donors. Chemically reduced human Prx1, which con-
tains four thiols groups, was reacted with 2—5 equivalent excess
of CysNO, DEANO, or GSNO. After removal of unreacted
donors by gel filtration, nitrosylation was assessed by three dif-
ferent methods, namely the biotin switch assay, chemical
reductive chemiluminescence, and the Saville-Griess assay, as
described under “Experimental Procedures.” Brief exposure
(5-10 min) to CysNO, DEANO, or GSNO led to appreciable
nitrosylation of Prx1 (Fig. 1, A and B, and Table 1). The biotin
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FIGURE 1. S-Nitrosylation of Prx1 in vitro. A, fully reduced Prx1 was incubated for 10 min at 37 °C with CysNO (250 wm), DEANO (500 wm), or GSNO (250 um).
SNO-Prx1 was assessed by the biotin switch assay in the presence or absence of ascorbate. B, after treatment with different NO/SNO donors as in A, nitrosylation
of Prx1 was assessed by chemical reductive chemiluminescence. a.u., arbitrary units. C, after incubation of fully reduced Prx1 with different concentrations of
CysNO for 5 min at 37 °C, SNO content was measured by the Saville-Griess assay. D, Prx1 was incubated with 250 or 1000 um CysNO for different times at 37 °C.
SNO content was determined as in C. E, reduced Prx1, WT, or Cys to Ser mutants were incubated with 250 or 1000 um CysNO for 10 min. SNO content was
determined as in C. F, reduced Prx1, WT, or Cys to Ser mutants were incubated with CysNO (1000 um) for the indicated times. SNO content was determined as
in C. Results shown represent the mean = S.D.n = 3. %, p < 0.05; **, p < 0.01 for mutant versus WT by one-way analysis of variance with post hoc Tukey test.

TABLE 1
The characteristics of reduced and nitrosylated Prx1

The number of thiols in the control sample (vehicle treated) is slightly below the
expected value of 4 due to small degree of oxidation during gel filtration. The values
are shown as the means = S.D. (n = 3).

Number of free Number of

Treatment SH groups SNO groups
Vehicle 3.25 £ 0.20 0.00 = 0.00
CysNO (250 um) 2.28 £0.11 0.74 £ 0.12
CysNO (500 um) 2.11 = 0.30 1.19 = 0.02
CysNO (1000 um) 1.58 +0.32 1.64 £ 0.19
DEANO (500 um) 2.00 = 0.15 1.00 £ 0.16
GSNO (250 um) 2.63 = 0.23 0.48 = 0.03

switch assay specificity was confirmed by the observation that
omission of ascorbate in the assay system abolished the detec-
tion of SNO-Prx1 (Fig. 1A4). Likewise, SNO-Prx1 was not
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detected after treatment of Prx1 with cysteine, glutathione, or
diethylamine (data not shown). A quantitative dose-response
analysis using CysNO as a donor (250-1000 wM; 5 min expo-
sure) showed that the number of SNO moieties was between
~0.75 and 1.65 mol of SNO/mol Prx1 (Fig. 1Cand Table 1). We
examined the kinetics of Prx1 nitrosylation at two doses of
CysNO, 250 and 1000 um. This analysis revealed that Prx1 was
maximally nitrosylated already at 5-10 min after the addition of
CysNO; after 10 min, Prx1 progressively denitrosylated, with
the time-dependent effect more evident at the higher CysNO
dose (Fig. 1D). Of note, thiol quantification of the samples indi-
cated that treatment of Prx1 with the different NO/SNO
donors did not induce significant cysteine oxidation (distinct
from nitrosylation; see Table 1).

RS
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TABLE 2

Nitrosopeptides identified by mass spectrometry analysis of CysNO-treated Prx1

The nitrosopeptides were identified as described under “Experimental Procedures.” Mass accuracy was less than 5 ppm for all selected fragment ions. The g-value is the
minimal false discovery rate at which the identification is considered correct. No nitrosopeptides were identified in the control, untreated Prx1 sample. ¢, Cys; w, Trp.

Residues Sequence Modifications MH+ g-Value Charge
46-78 LDFTFVcPTEITAFSDRAEEFKKLNcQVIGASV Cys-52-SNO, Cys-71-SO;H 3767.82 0.004848 5
169-190 HGEVcPAGWKPGSDTIKPDVQK Cys-173-SNO 2378.16 0.000463 4
69-92 LNcQVIGASVDSHFCHLAWVNTPK Cys-71-SNO 2668.28 <107° 4
68-92 KLNCQVIGASVDSHFcHLAWVNTPK Cys-83-SNO 2796.35 <10°° 4
169-190 HGEVcPAGWKPGSDTIKPDVQK Cys-173-SOH, Trp-177-NNO 2394.16 <10~° 3

To localize the nitrosylation sites within Prx1 we employed
several mutant constructs in which key cysteine residues were
replaced by serine. As shown in Fig. 1, E and F, a Prx1 mutant
lacking the peroxidatic Cys-52 (C52S) displayed significant
reduction (up to 50%) in nitrosylation compared with wild type
(WT). Cys-83 carries another redox-active thiol that may play a
role in stabilizing the Prx1 decamer by increasing the affinity
between dimers and under certain conditions may form disul-
fide bonds (Cys-83—Cys-83) at the dimer-dimer interface (31).
Similar to Prx1(C52S), the C83S mutant was also less nitrosy-
lated. Contrasting with these results, nitrosylation of a Prx1
mutant lacking resolving Cys-173 was somewhat elevated com-
pared with WT, particularly at the lower dose of CysNO.
Among the Prx1 variants tested, a mutant lacking both Cys-52
and Cys-83 (C525/C83S) appeared to be the least nitrosylated
(Fig. 1, E and F). These results were confirmed using another
quantitative method (chemical reductive chemiluminescence;
data not shown). These findings suggest that under the current
experimental conditions, nitrosylation of Prx1 substantially
occurs at Cys-52 and also Cys-83.

To directly identify cysteine residues of Prx1 that are nitrosy-
lated, we performed mass spectrometric analyses. Untreated
and CysNO-treated Prx1 were submitted to tryptic digestion,
and peptides were analyzed by LC-MS/MS (see “Experimental
Procedures”). As summarized in Table 2, the MS analysis
revealed the presence of several peptides containing a cysteine
residue with an additional mass of 29 Da, equivalent to a NO
moiety. Consistent with the mutant analysis, the MS/MS data
indicated the presence of Cys-52-SNO and Cys-83-SNO
adducts in the nitrosylated sample (Table 2). In addition, for-
mation of SNO adducts with Cys-71 and Cys-173 could also be
inferred from the MS/MS spectra; however, the data did not
allow a quantitative estimate of the relative abundance of the
different nitrosopeptides. As such, the MS results may be taken
as qualitative confirmation of nitrosylation. In addition to
nitrosylation, several other nitroso-oxidative modifications
were identified, specifically, sulfenic acid formation (at Cys-
173), sulfonic acid formation (at Cys-71), and tryptophan nitro-
sation (Trp-177) (Table 2). As noted above, however, other
forms of thiol oxidation were quantitatively very small com-
pared with nitrosylation (see Table 1).

Effect of Nitrosylation on the Thiol-Disulfide and Oligomeri-
zation State of Prx]l—We next asked whether S-nitrosylation
might influence the disulfide redox state of Prx1. To address
this question, we analyzed the untreated and nitrosylated pro-
tein on non-reducing SDS-PAGE. Whereas reduced Prxl
almost entirely migrated as a monomer at 22 kDa, CysNO-
treated Prx1 gradually accumulated in the dimeric form (about
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44 kDa, Fig. 2A). Thus, nitrosylation induces the transition
toward the oxidized (disulfide-linked) form of Prx1 (Ox-Prx1),
an effect similar to that induced by H,O, (14), albeit at a slower
rate. In addition to dimers, higher molecular weight (MW) spe-
cies were also observed in the nitrosylated sample (Fig. 2A).
Formation of disulfides paralleled the kinetics of auto-deni-
trosylation of Prx1 noted above (Fig. 1D). SNO-dependent
dimer formation was virtually abolished in the C52S Prx1
mutant (Fig. 2B). In contrast, the C83S mutant displayed ele-
vated dimer content, a finding consistent with its faster deni-
trosylation (see also Fig. 1F); however, little accumulation of the
higher MW species was detected in this mutant (Fig. 2B). The
double mutants, C52S/C83S, C525/C173S, and C83S/C173S,
were affected little by CysNO, essentially remaining in their
reduced, non-disulfide-linked form. These data suggest that
nitrosylation of Prx1 facilitates the formation of intermolecular
disulfides, most likely through Cys-52—Cys-173 and Cys-83—
Cys-83 couples, which thereby also appears to denitrosylate the
protein. Although less likely from our data, we cannot rule out
the possibility that the CysNO-induced dimerization may to
some extent occur through oxidative-based mechanisms.

To assess possible effects of nitrosylation on Prx1 oligomer-
ization, we employed gel filtration chromatography. Consistent
with previous reports (31-33), we observed that reduced Prx1
in solution existed mainly in the decameric state (Fig. 2C).
Treatment of Prx1 with CysNO, however, resulted in marked
changes of its oligomeric state. In particular, a decrease of the
decamer peak with the concomitant increase of the dimer peak
was conspicuous (Fig. 2C). Additional species of intermediate
size (larger than dimer but smaller than decamer) were also
apparent in the nitrosylated Prx1 sample. These structural
changes were similar to those induced by H,O,, although some
differences were noted. In particular, H,0O,, but not CysNO,
induced the formation of very large molecular species (>500
kDa), which likely represent the formation of dodecamers or
higher order multimers (Fig. 2C) (16). Notably, CysNO failed to
induce decamer breakdown in the C52S mutant (Fig. 2D). Thus,
it appears that nitrosylation of Cys-52 promotes disulfide bond
formation with Cys-173, thereby disrupting the decameric
structure (34).

Nitrosylation of Prx1 in Cells—To investigate S-nitrosylation
of endogenous Prx1, we exposed RAW264.7 macrophages to
CysNO treatment and assayed for SNO-Prx1 formation with
the SNO-RAC method (21). Similar to the in vitro results,
endogenous Prx1 was rapidly nitrosylated in response to treat-
ment with CysNO, with maximal nitrosylation observed at the
5-min time point (Fig. 3A). After 5 min, the level of nitrosyla-
tion gradually decreased. Concomitant with the denitrosylation
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FIGURE 2. SNO-induced changes in the thiol-disulfide and oligomerization state of Prx1. A, reduced Prx1 was incubated with CysNO (250 um) for different
times at 37 °C, and its redox state was then assessed by non-reducing SDS-PAGE. The Prx1 monomer is indicated by an asterisk, the dimer is indicated by double
asterisk, and the high molecular weight species are indicated by triple asterisks. B, reduced Prx1, WT, or Cys to Ser mutants were incubated with or without
CysNO (250 um) for 60 min at 37 °C. The samples were then analyzed by non-reducing SDS-PAGE. C, shown are gel filtration chromatograms of reduced,
nitrosylated, and oxidized Prx1. Reduced Prx1 was either left untreated or exposed to CysNO (1 mm, 60 min) or to H,0, (100 M, 60 min). Protein samples (0.66
mg) were fractionated using Superdex 200 size exclusion chromatography as described under “Experimental Procedures.” D, reduced Prx1 (either WT or C52S)
were left untreated or exposed to CysNO (250 um, 60 min). Protein samples (0.66 mg) were analyzed as in C. The elution profile of standard proteins was as
follows: ferritin, 10.7 ml; aldolase, 12.8 ml; conalbumin, 14.5 ml; ovalbumin, 15 ml; ribonuclease, 18 ml.

o

phase, a higher proportion of Prx1 accumulated in the disulfide experiments showed that CysNO rapidly and dose-depen-
form, as assessed by non-reducing SDS-PAGE (Fig. 34). How-  dently inhibited Prx1 activity. Specifically, exposure to 1 mm
ever, under these experimental conditions, we did not detect ~CysNO for 5 min (the time point where nitrosylation was max-
accumulation of higher molecular weight species (larger than  imal) resulted in a 70% decrease in Prx1 activity in comparison
dimers) as observed under the cell-free conditions. Nitrosyla- to the non-nitrosylated protein (Fig. 4A4). Similarly, Prx1 that
tion of Prx1 was also seen after macrophage treatment with  was nitrosylated for 10 min with 1 mm GSNO exhibited dimin-
DEANO or GSNO (Fig. 3B) and in a second cell type (HeLa ished activity (45 * 3% versus control, Fig. 44). A time course
cells, Fig. 3C). Fractionation of whole cell lysates by gel filtration  analysis revealed that the SNO-dependent Prx1 inhibition was
chromatography revealed that in resting cells, Prx1 predomi- transient and was followed by a reactivation phase (Fig. 4B).
nated in the high MW fractions (>200 kDa), whereas in cells Indeed, at the 60-min time point, Prx1 inhibition amounted to
exposed to exogenous NO/SNO it was present primarily in the  only 20% (Fig. 4B). Thus, nitrosylation directly inhibits the per-
low MW fractions, ranging from ~20 to ~40 kDa (Fig. 3D), oxidase activity of Prx1, but as the protein undergoes auto-
suggesting that nitrosylation promoted oligomer dissociation. denitrosylation coupled to disulfide formation its activity is
Overall, the results demonstrate that cellular Prx1 is susceptible  restored.
to S-nitrosylation and that nitrosylation triggers similar redox- Effect of SNO on the Prx1/Trx/TrxR System—The peroxidase
coupled structural changes in vitro and in intact cells. reaction cycle of 2-Cys Prxs (such as Prx1) is dependent upon
Effect of Nitrosylation on the Peroxidase Activity of Prel—We  Trx and TrxR. Therefore, we deemed it important to explore
next examined whether nitrosylation might affect the peroxi- the possible effects of SNO on the entire Prx/Trx/TrxR system.
dase activity of Prx1 in vitro. We used similar experimental For this purpose, we first employed a cell-free system using
conditions to induce nitrosylation of Prx1 as described above reactant concentrations (10 uMm Prx1, 5 um Trx, and 0.1 um
(Figs. 1 and 2) and subsequently assayed the H,O, reduction TrxR) that approximate those found in vivo. Interestingly,
activity of the untreated or the CysNO-treated protein as under these experimental conditions, we found that the perox-
described under “Experimental Procedures.” Results of these idase activity of the coupled system was rapidly and robustly
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FIGURE 3. Nitrosylation and resultant redox structural changes in cellular
Prx1. A, RAW264.7 cells were treated with CysNO (500 um) for the indicated
times, and S-nitrosylation of Prx1 was then assessed by SNO-RAC. The redox
status of Prx1 was further assessed by non-reducing Western blotting. B,
RAW264.7 cells were treated for 10 min with GSNO or DEANO (500 um each),
and S-nitrosylation of Prx1 was then assessed by SNO-RAC. C, HelLa cells were
treated for 10 min with the indicated concentrations of CysNO. S-Nitrosyla-
tion and dimerization of Prx1 were assessed as in A. D, RAW264.7 cells were
either left untreated or treated with CysNO, DEANO, or GSNO (500 um each).
Cell lysates were fractionated by gel filtration chromatography as described
under “Experimental Procedures.” Each fraction was separated by SDS-PAGE
and immunoblotted (/B) for Prx1. The positions where the peaks of protein
standards eluted (440, 158, 43, and 13 kDa) are indicated.

inhibited by low doses of CysNO (Fig. 54). Indeed, short (2 min)
treatment with only 5 um CysNO (in the presence of 500 um
H,0,) resulted in close to 50% inhibition of peroxidase activity.
Treatment with higher CysNO concentrations led up to 80%
inhibition (Fig. 54).

As Trx/TrxR not only support Prx activity but also directly
catalyze SNO reduction (11-13, 35, 36), the results depicted in
Fig. 5A could be indicative of competition between CysNO and
H,O, for the Prx/Trx/TrxR system (or a component thereof);
hence, we assessed the reverse case, namely, if H,O, can inhibit
the CysNO reduction activity of the system. In fact, we found

APRIL 19,2013 +VOLUME 288-NUMBER 16

A 125

)

100 -
75 -

50

Peroxidase activity

0 200 500
CysNO (uM)

1000

GSNO

=3
N
(3}

-

o

o
1

[3)]
o
1

Peroxidase activity (%) w
N ~
[3,] [3,]
1 1

o
I

0 5 30 60
CysNO treatment (min)

FIGURE 4. SNO effect on the peroxidase activity of Prx1. A, reduced Prx1
was incubated at 37 °C for 5 min with different concentrations of CysNO or
with GSNO (1 mm, 10 min). After SNO removal, thioredoxin-dependent per-
oxidase activity was determined as described under “Experimental Proce-
dures.” The activity of reduced (unmodified) Prx1 was considered as 100%. B,
reduced Prx1 was incubated with 1 mm CysNO at 37 °C for different times.
Peroxidase activity was determined as in A. Results shown represent the
mean = S.D.n = 3.

this to be the case; however, the inhibitory effect of H,O, on
Trx/TrxR-dependent denitrosylation activity was relatively
mild (up to 40%) and required a 5-fold molar excess of H,O,
relative to CysNO (Fig. 5B). These data show that each of the
two substrates in the system (the SNO and H,O,) can slow
down the reduction of the other, and they further indicate that
the SNO has much greater potency in inhibiting H,O, reduc-
tion compared with the reverse case. In line with this, we also
found that CysNO attenuated H,O, removal in a cellular con-
text (Fig. 5C), but whether this effect was mediated by the Prx-
Trx system is not clear and calls for further studies.

SNO Inhibits Trx/TrxR-dependent Regeneration of Oxidized
Prx1—How does SNO exert such potent inhibition on the per-
oxidase system? 2-Cys Prxs are oxidized very rapidly by H,O,
(rate constants of 1 X 10°to 1 X 10" M~ ' s~ 1) (14, 15, 37); thus,
a direct competition for Prx between the SNO and H,O, is
unlikely, and an alternative explanation must be sought. Both in
vitro and in vivo Ox-Prx is effectively regenerated by the Trx
system, and therefore, under normal physiologically relevant
conditions, the population Ox-Prx1 should constitute only a
small fraction of total Prx. Thus, it was conceivable that the
inhibition of the peroxidase activity could be explained by com-
petition for the Trx system between the SNO and the relatively
small pool of Ox-Prx1. To explore this possibility, the complete
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FIGURE 5. Influence of CysNO and H,0, on the coupled Prx1/Trx/TrxR
system; potent inhibition by CysNO of peroxidase activity and mild inhi-
bition by H,0, of CysNO reduction. A, reduced Prx1 (10 um) was incubated
with the Trx system (5 um Trx, 0.1 um TrxR, and 450 um NADPH), H,0, (500 pm)
and with different concentrations of CysNO for 2 min at 37 °C. H,0, levels
were determined using the Fox assay and are compared with controls. The
activity of reduced (unmodified) Prx1 was considered as 100%. B, the Trx/TrxR
system was incubated with reduced Prx1 (10 um) and CysNO (100 um) in the
presence of different concentrations of H,0, for 30 min at 37 °C. SNO content
was determined using the Saville-Griess assay. Denitrosylase activity in the
absence of H,0, was considered as 100%. C, HelLa cells were treated with or
without CysNO (50 um) for 10 min followed by the addition of H,0, (200 um).
Remaining H,0, levels at the indicated times were measured by Amplex Red
assay. Results shown represent the mean = S.D. (n = 3).

coupled enzyme system was exposed to CysNO, and the redox
status of Prx1 was then analyzed on non-reducing gel. This
analysis showed that in the absence of CysNO but in the pres-
ence of a relatively high H,O, concentration (500 um), the Trx
system effectively maintained Prx1 in its reduced form (Fig.
6A). Strikingly, when CysNO (10 um) was co-administered with
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FIGURE 6. SNO-mediated inhibition of the Trx/TrxR-catalyzed reduction
of oxidized Prx1. A, reduced Prx1 (10 um) was incubated with or without
H,0, (500 um) for 2 min at 37 °Cin the absence or presence of the Trx system
(5 uMTrx, 0.1 uMTrxR, and 450 um NADPH) and CysNO as indicated. The redox
status of Prx1 was determined by Western blot analysis using non-reducing
conditions. B, oxidized Prx1 (50 um, generated by pretreatment of reduced
Prx1 with 500 um H,O, for 10 min) was incubated for 2 min at 37 °C in the
absence or presence of the Trx system and CysNO as indicated. The redox
status of Prx1 was determined as in A. C, top, Hela cells were treated with or
without CysNO (50 um) for 10 min followed by the addition of H,0, (200 um)
for 10 min. The redox status of Prx1 in whole cell lysates was determined by
Western blot analysis using non-reducing conditions. Bottom, quantitative
analysis of the levels of Ox-Prx1 is shown. The dashed line indicates the frac-
tion of Ox-Prx1 in resting cells. Results (mean = S.D.) are based on three
independent experiments. *, p < 0.01 versus untreated cells; ns, non-signifi-
cant versus untreated cells by one-way analysis of variance with post-hoc
Tukey test.

H,0,, Prx1 was found to be almost completely in the oxidized
(disulfide-linked) form (Fig. 6A4), a finding that highlights the
capacity of CysNO to interfere with Trx/TrxR-mediated reduc-
tion of Ox-Prx1. When the initial concentration of Ox-Prx1 was
increased to 50 um by complete oxidation with H,O, (followed
by peroxide removal), a higher concentration of CysNO (100
uM) was required to effectively inhibit Prx1 regeneration (Fig.
6B). These data are consistent with the notion that by compet-
ing for the Trx system, SNO attenuates the recycling of
Ox-Prx1.

To assess if the cellular Trx/Prx system is similarly affected
by SNO, we employed HeLa cells, in which Prx1 accounts for
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FIGURE 7. SNO effects on the activities of recombinant and endogenous Trx and TrxR and endogenous Prx. A, either Trx or TrxR was preincubated for 10
min with the indicated concentrations of CysNO and then reconstituted with the complementary, untreated components of the Trx system. Insulin reduction
activity was then measured as described under “Experimental Procedures.” B, TrxR activity using DTNB as substrate was determined in the presence of the
indicated concentrations of CysNO. C, HeLa cells were treated for 10 min with different concentrations of CysNO. Total Prx activity in cell lysates was determined
as described under “Experimental Procedures.” D, Hela cells were treated as in C followed by measurement of Trx or TrxR activity in cell lysates. In A-D, the
activities of the untreated samples were taken as control (100%). Results shown are represent means * S.D.n = 3.

the majority of 2-Cys Prx activity (28). In resting cells, about
10% of Prx1 was found to exist as Ox-Prx1, and this fraction
remained essentially unchanged by treatment with H,O, (Fig.
6C). Treatment with CysNO alone only marginally increased
the level of Ox-Prxl. Notably, combined treatment with
CysNO and H, O, significantly and synergistically increased the
proportion of Ox-Prx1 relative to control (Fig. 6C). These
observations suggest that elevated SNO levels interfere with
Trx system-dependent regeneration of Ox-Prx1 also in a cellu-
lar context.

Effect of SNO on Trx/TrxR Activities—Despite the above
findings suggesting that SNO blocks Prx1 recycling by compet-
ing for the reducing system (i.e. Trx/TrxR), we suspected that
SNO may also directly inhibit (or modulate) the activity of Trx
and/or TrxR. To address this possibility we employed the Trx-
linked insulin reduction assay to quantitatively evaluate and
compare the activities of untreated and SNO-treated Trx and
TrxR. Specifically, either Trx or TrxR in reduced forms were
preincubated with CysNO, then reconstituted with the comple-
mentary, untreated components of the system and finally
assayed for insulin reduction. Interestingly, we found that
exposure of TrxR to increasing concentrations of CysNO mark-
edly and dose-dependently inhibited insulin reduction,
whereas similar treatments of Trx had a minimal effect (Fig.
7A). These data suggest that TrxR activity can be directly mod-
ulated by CysNO. Indeed, inhibition of TrxR by CysNO was
also confirmed by the use of the direct DTNB reduction assay
(Fig. 7B). The in vitro experiments described in Figs. 4 and 7, A
and B, collectively suggest that SNOs directly modulate the
activities of Prx1 as well as TrxR. To further verify these find-
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ings, we measured the activities of Prx, Trx, and TrxR in lysates
obtained from control and CysNO-treated HeLa cells. Total
Prx activity was found to be inhibited in CysNO-treated cells in
a dose-dependent fashion (Fig. 7C). Also, in the same setting,
TrxR activity was effectively inhibited (Fig. 7D). In contrast, Trx
activity was essentially unaffected by CysNO (Fig. 7D). Put
together, these data strongly suggest that the SNO inhibitory
effects on the Prx cycle largely occur at the level of Prx and
TrxR, with the latter playing a dominant role in the regenera-
tion step.

DISCUSSION

Both NO and H,O, are recognized as mediators and/or mod-
ulators of a broad range of cellular signaling pathways. The
influence of these reactive species on signal transduction and
other cellular functions is substantially mediated through
nitrosylation/oxidation of critical cysteine residues in proteins
(5-8). As such, cross regulation between S(NO) and H,O,
metabolism can potentially affect many cellular processes, yet
molecular insights into the nature of this cross-talk remain
scarce. Our exploration of the effect of SNO on the 2-Cys Prx
cycle advances our understanding of this topic.

Extensive research has shown that Prxs play important roles
in the cellular response to peroxides, particularly H,O, (14, 15).
More than a decade ago it was discovered that Prxs have a
peroxynitrite reductase activity, thus linking these thiol peroxi-
dases to reactive nitrogen species metabolism (38). Recent
reports have provided growing evidence for cross-regulation
between Prxs and NO. For example, in a number of experimen-
tal models, NO or nitrosative stress induces the expression of
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specific Prxs, including Prx1 (39, 40). Other recent studies have
indicated that S(NO) can directly modulate several members of
the Prx family by means of S-nitrosylation (19, 20, 23). In this
study we provided additional mechanistic insights into the reg-
ulation of a 2-Cys Prx by SNO. A novel and important aspect of
the present study was to investigate the effects of SNO on the
complete coupled Prx/Trx/TrxR system, thus examining mul-
tiple events within the Prx catalytic cycle.

2-Cys Prxs contain multiple redox-sensitive cysteines that
may be modified by S-nitrosylation. Previous work reported
that S-nitrosylation inhibited human Prx2 activity by targeting
both the C;, and Cjy residues (19). In another study related to
human Prx1, Cy (Cys-173) and Cys-83, have been implicated as
nitrosylation sites (23). Similar to the findings on Prx2, our
analyses of Prx1 suggest that C, (Cys-52) is a major site of
nitrosylation. A second thiol, Cys-83, appears to be nitrosylated
as well under our experimental conditions. Indeed, nitrosyla-
tion of Cys-52 and Cys-83 is supported by our analysis of the
various cysteine null mutants; it is also consistent with the
MS/MS data. In addition, the MS/MS spectra inferred nitrosy-
lation of Cys-71 and Cys-173; however, when considering all
the analyses carried out in this study, it appears that nitrosyla-
tion at these thiols occurs at low SNO occupancy. In fact, our
analyses suggest a model in which Cys-173, through formation
of a disulfide bond with the nitrosylated Cys-52, promotes deni-
trosylation. 2-Cys Prxs are characterized by an intricate redox
chemistry involving various thiol reactions and interactions.
Differences in rates of nitrosylation/denitrosylation among the
different thiols of Prx1 as well as possible transfer of NO moi-
eties between thiols (trans-nitrosylation) may contribute to a
complex nitrosylation profile. Here, we reported that SNO
affected the dimerization and oligomeric state of Prx1. Recip-
rocally, the thiol-disulfide redox and oligomeric state of Prx1
may influence nitrosylation/denitrosylation events (41). Fur-
ther research is needed to fully characterize the various aspects
of nitrosylation of Prx1 and related Prxs.

A novel finding of the present study was that nitrosylation
converted the decameric Prx1 to its dimeric structure, a process
that was associated with formation of disulfide-linked dimers.
The observed redox structural changes triggered by nitrosyla-
tion of Prx1 show similarities to those induced by H,O, (albeit
at a slower rate) as well as oxidized glutathione (GSSG) (42).
However, whereas H,0O, can also promote the formation of
higher-order Prx assemblies such as dodecamers (a process
favored by over-oxidation) SNOs appear unable to do so.

How is the dynamic equilibrium between Prx1 dimers and
decamers affected by S-nitrosylation? Structural studies sug-
gest that disulfide bond formation between C;, and Cy, is accom-
panied by stabilization of a locally unfolded conformation of the
active site, which leads to destabilization of the decamer (for
review, see Ref. 34). Nitrosylation-mediated disulfide forma-
tion between C,, and C, may similarly destabilize the decamer.
In line with this, we found that SNO treatment of Prx(C52S) did
not induce decamer breakdown, reemphasizing the importance
of C,, in mediating the effects of SNO on Prx1 structure and
function. In addition, it has been suggested that Cys-83, which
is localized at the dimer-dimer interface, may play a role in
stabilizing the oligomeric structure (31). In agreement with this
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proposal, we found that, unlike reduced WT Prx1, reduced
Prx(C83S) did not form oligomers (data now shown). It is thus
possible that nitrosylation of Cys-83 may hinder the stabiliza-
tion of the Prx1 oligomer. Overall, our data suggest that nitrosy-
lation of C;, (and possibly Cys-83 also) promotes disulfide for-
mation leading to the dissociation of the decameric Prx1
assembly into dimers.

How is the peroxidase activity of Prx1 controlled by SNO?
Congruent with past research on mammalian Prx2 (19) and
plant Prx II E (20), we found that S-nitrosylation inhibited the
peroxidase activity of Prx1. Nitrosylation of C;, followed by dis-
ruption of the Prx1 decamer, as shown by our data, may explain
atleast in part the inhibitory effect of SNO on Prx1 activity. Our
results further show that this inhibition is transient, and con-
comitant with the progression of denitrosylation (promoted by
Cr), Prx1 activity is restored. Denitrosylation is frequently ini-
tiated by a thiol attack on the sulfur atom of the SNO resulting
in formation of a disulfide (11, 12, 43). In the case of SNO-Prx1,
auto-denitrosylation (involving C, and Cy) enables reactiva-
tion, contingent on the action of a disulfide reduction system
(i.e. Trx/TrxR). The rate of reactivation is thus dependent on
the rate of denitrosylation. For Prx1, condensation of C with
the nitrosylated form of C, appears to be a slow process com-
pared with the condensation promoted by the sulfenic acid
form of C,. As such, nitrosylation temporarily withdraws Prx1
from the peroxidase cycle, resulting in reduced activity. Similar
kinetic considerations could likely apply to other SNO-regu-
lated thiol-disulfide-based systems. We note that exposure of
Prx1 to S(NO) was associated with only minor thiol oxidation;
however, we cannot rule out completely the possibility that the
S(NO)-induced effects involve, to some extent, oxidative-based
mechanisms (41).

In addition to the direct effects of SNO on Prx1-mediated
peroxide reduction, we found that SNO exerted a marked
inhibitory effect on the regeneration of Ox-Prx1 by the Trx/
TrxR system. Indeed, both in vitro and in cells, the recycling
step in the Prx cycle seemed most susceptible to inhibition by
relatively low concentrations of SNO. These findings point to
Trx/TrxR as key elements in the SNO-based regulation of the
Prx cycle. In principle, two mechanisms may explain the afore-
mentioned inhibition of Prx1 recycling, namely, 1) competition
between Ox-Prx1 and SNO for Trx/TrxR and 2) direct inhibi-
tion/modulation of Trx/TrxR by SNO. Our data suggest that
both mechanisms contribute to the inhibition of Prx recycling.
With regard to the second mechanism, it should be noted that
S-nitrosylation of Trx has been reported in multiple studies;
however, the identity of the modified thiols and the functional
consequences of the modification remain controversial as
reviewed in Ref. 13. Our studies highlight TrxR, rather than
Trx, as the relevant SNO target in the inhibitory effects
reported herein. Indeed, experiments both in vitro and in vivo
revealed that TrxR activity was significantly and potently inhib-
ited by SNO. In contrast, under the same conditions, Trx activ-
ity was little affected. These data suggest that SNO-based mod-
ulation/inhibition of TrxR is responsible at least in part for the
inhibition of the recycling of Prx1. These findings are consis-
tent with and expand on early in vitro data (36), and they pro-
vide strong evidence and support for the concept that nitrosy-

VOLUME 288+-NUMBER 16+APRIL 19,2013



Nitrosylation Inhibits the Peroxiredoxin-Thioredoxin System

lation functionally regulates the Prx/Trx/TrxR system. We also
note the attenuation by H,O, of Trx/TrxR-mediated denitrosy-
lation, but overall this inhibitory effect was less pronounced
than that of SNO on the peroxidase reaction (Fig. 5). These
observations indicate a functional asymmetry between SNO
and H,0,, in which SNO affects H,O, metabolism to a greater
extent as compared with the converse case.

Distinct from the inhibitory effects on 2-Cys Prx function,
SNOs have also been found to protect Prx1 and 2 from over-
oxidation (19, 23). Much the same, a protective effect of NO has
been observed in immunostimulated macrophages (39). In that
context, NO-related attenuation of over-oxidation was
accounted for, at least in part, by the up-regulation of sulfire-
doxin, an enzyme that reduces over-oxidized 2-Cys Prxs (15,
44). Taken together, the present findings and previous observa-
tions suggest two non-exclusive alternative mechanisms by
which SNO may safeguard 2-Cys Prxs from over-oxidation: 1)
nitrosylation of the C; renders it inaccessible to subsequent
attack by H,0,, and 2) competition with or direct modulation
of Trx/TrxR slows down the required turnover of the catalytic
sites.

In summary, the present work demonstrates that SNOs may
exert multiple regulatory controls on the Prx1/Trx/TrxR sys-
tem to affect H,O, metabolism. Whereas relatively high SNO
levels (>100 wm) inhibit peroxide removal by directly modify-
ing Prx1, intermediate to low levels inhibit the complete perox-
idase system mainly by affecting TrxR. The physiological ram-
ifications of these SNO-based regulatory mechanisms remain
to be fully explored. In this context, cooperativity in the action
of S(NO) and H,O, has long been recognized (45—47), but the
underlying mechanisms remained obscure. Our present analy-
sis of the Prx/Trx/TrxR system may provide a mechanistic
explanation for these observations. Finally and more generally,
our results suggest that SNO, through its effects on TrxR, may
affect additional effector functions of the Trx/TrxR system that
were not explored in this study, such as reduction of ribonucle-
otides or oxidized methionine in proteins. Accordingly, the
influence of S-nitrosylation on redox-dependent processes may
be greater than currently recognized.
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