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Abstract

Aims: Typical 2-Cys peroxiredoxins (2-Cys Prxs) are Cys peroxidases that undergo inactivation by hyperox-
idation of the catalytic Cys, a modification reversed by ATP-dependent reduction by sulfiredoxin (Srx). Such an
attribute is thought to provide regulation of 2-Cys Prxs functions. The initial steps of the Srx catalytic
mechanism lead to a Prx/Srx thiolsulfinate intermediate that must be reduced to regenerate Srx. In Sacchar-
omyces cerevisiae Srx, the thiolsulfinate is resolved by an extra Cys (Cys48) that is absent in mammalian, plant,
and cyanobacteria Srxs (1-Cys Srxs). We have addressed the mechanism of reduction of 1-Cys Srxs using
S. cerevisiae Srx mutants lacking Cys48 as a model. Results: We have tested the recycling of Srx by glutathione
(GSH) by a combination of in vitro steady-state and single-turnover kinetic analyses, using enzymatic coupled
assays, Prx fluorescence, sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and reverse-phase chro-
matography coupled to mass spectrometry. We demonstrate that GSH reacts directly with the thiolsulfinate
intermediate, by following saturation kinetics with an apparent dissociation constant of 34 lM, while producing
S-glutathionylated Srx as a catalytic intermediate which is efficiently reduced by the glutaredoxin/glutathione
reductase system. Total cellular depletion of GSH impacted the recycling of Srx, confirming in vivo that GSH is
the physiologic reducer of 1-Cys Srx. Innovation: Our study suggests that GSH binds to the thiolsulfinate
complex, thus allowing non-rate limiting reduction. Such a structural recognition of GSH enables an efficient
catalytic reduction, even at very low GSH cellular levels. Conclusion: This study provides both in vitro and
in vivo evidence of the role of GSH as the primary reducer of 1-Cys Srxs. Antioxid. Redox Signal. 22, 731–743.

Introduction

Mechanisms of H2O2-dependent signaling generally rely
on thiol chemistry and involve specific protein sensors

such as peroxiredoxins (19). Typical 2-Cys peroxiredoxins
(Prx) constitute an important class of thiol peroxidases that are
structured as obligate head-to-tail dimers, with each mono-
mer carrying two Cys residues that are named peroxidatic
(CP) and resolving (CR) Cys. Their peroxidatic cycle involves
a reaction of CP with H2O2, which leads to the formation of a
reactive sulfenic CP–SOH intermediate (6). The fast kinetics
of this reaction, in the 105–107 M - 1s - 1 range, explain the
high H2O2-reducing efficiency of these enzymes as peroxi-
dases and their unique ability to detect very low levels of
H2O2 (4, 7, 10, 26, 39). The nascent sulfenic acid then con-

Innovation

Typical 2-Cys peroxiredoxins (Prx) are thiol peroxi-
dases regulated by a sulfinic redox switch reverted by the
sulfiredoxin (Srx). Unlike yeast Srx, which is recycled by
thioredoxin, a mutant of yeast Srx lacking the resolving
cysteine residue operates via a distinct mechanism and is
efficiently reduced by glutathione both in vivo and in vitro.
This supports glutathione as the in vivo reducer of the
1-Cys Srx existing in mammals, plants, and cyanobacteria.
Improved understanding of the crosstalk between Prx/Srx
and the main cellular redox systems should contribute to
elucidating the role of the Prx/Srx couple in antioxidant
resistance, cell signaling, and aging.
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densates with the CR of the symmetrical subunit to form an
intermolecular disulfide, which is then reduced by thior-
edoxin (Trx), thus completing the cycle (41).

Typical 2-Cys peroxiredoxins carry the unique ability to
exit the catalytic cycle by H2O2-mediated hyperoxidation
of Cys CP–SOH to the sulfinic acid form (Prx–SO2), thereby
becoming inactive. Hence, the CP–SOH sulfenic acid is
poised to condense with CR to a disulfide or to react with
H2O2 to form a sulfinic acid (32, 40). Hyperoxidation is re-
versed by ATP-dependent reduction by sulfiredoxin (Srx) (1).
The physiological significance of the inactivation of Prxs by
hyperoxidation is not intuitive. The observation that this at-
tribute and the presence of an Srx gene are both exclusive to
eukaryotes, with some exception in cyanobacteria, has led to
a suggestion that it might entail a regulation of Prx functions
(2, 31, 40, 41). The so-called ‘‘floodgate model’’ was hence
proposed, which posits that during H2O2 signaling, Prx must
be inactivated for allowing the oxidant to reach its regulatory
targets unhampered (40). This model is now supported by
the feedback regulation of corticosterone biosynthesis in the
mouse adrenal cortex by an H2O2 signaling pathway in-
volving Prx3 and Srx (18). Hyperoxidation also stabilizes Prx
into decameric and higher-order oligomeric forms that are
capable of preventing aggregation of heat-denatured model
substrates (12, 37). In yeast, the major cytosolic Prx Tsa1
accumulates in the hyperoxidized form during replicative
aging, and elevating Srx activity counteracts this hyperox-
idation and extends lifespan (23). Prx hyperoxidation has also
been shown to undergo circadian oscillations, a phenomenon
conserved across kingdoms (28, 29).

Srx catalyzes the ATP-dependent reduction of Prx–SO2 to
Prx–SOH by a unique enzymatic chemistry (Fig. 1A). Studies

both on the human enzyme from the Lowther’s group and on
the S. cerevisiae enzyme from our group support a mecha-
nism by which the sulfinic moiety of the Prx–SO2 substrate is
first activated by slow, rate-limiting formation of an anhy-
dride bond with the c-phosphate of ATP (35), leading to a
phosphoryl sulfinic intermediate (oxidation state of Prx
CP + II) (15, 35). The sulfinyl sulfur (S = O) is then reduced by
attack by the Srx catalytic Cys (Cys84 for S. cerevisiae),
resulting in a thiolsulfinate intermediate Prx–SO–S–Srx
(oxidation state of Prx CP + I) (16, 34). For the S. cerevisiae
Srx, the cycle is completed by (i) the attack of the thiolsul-
finate by a second Srx Cys residue at position 48, leading to
formation of an oxidized form of Srx with an intramolecular
disulfide Cys48–Cys84 as catalytic intermediate, and (ii) the
reduction of this intermediate by Trx (36) (Fig. 1A). This
mechanism has been described in vitro but has not yet been
verified in vivo.

The resolving Srx Cys48 is located in an extra sequence that
is lacking in mammalian and plant Srxs (1), which indicates that
the latter, or ‘‘1-Cys Srx’’ utilizes a mechanism for the reduc-
tion of the thiolsulfinate that is different from the one proposed
for the yeast enzyme, or 2-Cys Srx (Fig. 1A). Specifically, the
nature of the thiol-reducing system and the chemical details
of this mechanism are unknown. Initial experiments using
S. cerevisiae Srx C48A mutant indicated that the rate of for-
mation of the thiolsulfinate intermediate is unaffected, but that
recycling by Trx becomes slow and rate limiting for the overall
reaction (36). A reasonable alternative reducer for 1-Cys Srx is
glutathione (GSH), given its thiol-reduction property and its
high cellular concentration (i.e., 1–10 mM).

We have investigated the recycling mechanism of 1-Cys
Srx, using S. cerevisiae Srx mutants lacking the resolving

FIG. 1. The possible recycling pathways of the Srx catalytic mechanism. (A) Srx catalyzes the reduction of Prx
hyperoxidized on the peroxidatic Cys CP by (i) ATP-dependent phosphate transfer on the sulfinic acid group allowing
activation of the Prx–SO2 substrate, (ii) formation of a covalent Prx–SO–S–Srx thiolsulfinate complex involving the catalytic
Cys of Srx, and (iii) recycling of Srx by formation of an intramolecular disulfide bond between the catalytic C84 and C48 for
two-Cys Srxs, or attack of an external thiol reducer RSH for 1-Cys Srxs. This attack could, a priori, occur on the sulfinyl sulfur
(SO) or the sulfenyl sulfur (S) of the thiolsulfinate bond (See ‘‘Kinetic competency of the glutathionylated Srx intermediate
product’’ section). (B) For wild-type Prx, the product released is the sulfenic acid form, which is resolved by formation of
intermolecular disulfide bond with Cys CR, which is subsequently reduced by Trx. (C) If a mutant lacking Cys CR is used
(C171A Prx), the reactive sulfenic acid will evolve as a mixed disulfide with the external thiol reducer added. R, thiol reducer.
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Cys48 as a model. Since the kinetics of reduction will
eventually determine whether GSH can act as 1-Cys Srx re-
ducing system, we performed a kinetic analysis in the pres-
ence of a large range of GSH concentrations. These analyses
were performed under steady-state and single-turnover con-
ditions to get insight into the rate of the individual steps of the
process. To establish the recycling mechanism, the products
resulting from GSH attack were characterized by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), reverse-phase chromatography, and mass spec-
trometry. Finally, we have monitored the recycling of wild-
type and C48S Srxs in S. cerevisiae strains lacking either the
Trx or GSH pathways. Our study supports the conclusion that
GSH is the reducing system for 1-Cys Srx, and confirms the
role of Trx as the reducing system for 2-Cys Srx.

Results

GSH is not rate limiting when coupled with Grx
for reduction of SrxC84 in steady-state conditions

S. cerevisiae Srx has a catalytic Cys (Cys84), a resolving
Cys (Cys48) and Cys106 that has no known function. To
investigate the reduction mechanism of 1-Cys Srxs, we used
an Srx mutant retaining only Cys84 (SrxC84) in which both
Cys48 and Cys106 were substituted to Ala. Substitution of
Cys106 was necessary to avoid the formation of unwanted
side products in vitro (34). These two substitutions did not
affect the rate of thiolsulfinate formation, which thus allowed
the study of the subsequent steps of the Srx catalytic mech-
anism (36). The kinetics of the SrxC84 reaction were com-
pared in the steady state under multiple enzymatic cycle
conditions, using Trx/NTR (Trx, NADPH Trx reductase, and
excess NADPH), GSH/GR (GSH, glutathione reductase, and
excess NADPH), or GSH/Grx/GR (GSH, glutaredoxin,
glutathione reductase, and excess NADPH)(Supplementary
Fig. S1; Supplementary Data are available online at www
.liebertpub.com/ars) as recycling systems. We previously
reported that Trx can efficiently reduce the Srx Cys48–Cys84
disulfide in vitro, and that in the presence of the Trx/NTR
system, reaction of wild-type Srx is only limited by the ATP-
dependent activation of the Prx–SO2 substrate at a rate con-
stant of 1–2 min - 1 at pH 7 (36). In contrast, recycling of
SrxC84 by the Trx/NTR system appeared to be rate limiting
with a rate constant of 0.11 and 0.06 min - 1, for 50 and
100 lM Trx, respectively (not shown). In the presence of the
GSH/Grx/GR system, however, the observed steady-state
rate constant increased with the GSH concentration until a
plateau value of 1.2–1.4 min - 1 for concentrations > 2 mM
(Fig. 2), indicating that under these conditions, the recycling
process of SrxC84 is not rate limiting with respect to the ATP-
dependent step. In the presence of only GSH and GR, the
kinetics of the reaction were much slower and linearly de-
pendent on the GSH concentration, indicating that Grx is
required for an efficient recycling of SrxC84 by the GSH/GR
coupled system. These results were obtained with a Prx
mutant lacking the resolving Cys171 (Fig. 2). Similar results
were obtained with wild-type Prx (Supplementary Fig. S2),
which indicates that Prx Cys171 is not involved in the
Srx-recycling process. Furthermore, to validate the use of
S. cerevisiae SrxC84 for the study of 1-Cys-Srx recycling, we
performed an experiment similar to the one shown in Figure 2
using recombinant Srx and Prx1 from mouse. The data in-

dicate that mouse Srx shows similar kinetics to S. cerevisiae
SrxC84 (Supplementary Fig. S3 and Supplementary Materials
and Methods): under steady-state conditions, recycling of
mouse Srx by the GSH/GR coupled assay is rate limiting
(maximum rate constant of 0.1 min - 1), while in the presence
of Grx, the observed rate constant increases with GSH con-
centration until 0.8 min - 1. This latter value is similar to the
rate constant measured for the first step of the reaction
(0.9 min - 1, data not shown), which corresponds to the for-
mation of the thiolsulfinate species measured under single-
turnover conditions. This shows that, as with S. cerevisiae
SrxC84, the recycling process by the GSH/Grx/GR coupled
assay is not rate limiting.

GSH reduces the Prx–SO–S–Srx thiolsulfinate
intermediate by saturation kinetics

We next explored the kinetics of the recycling of SrxC84 by
GSH under single-turnover conditions, in the absence of the
GSH/GR coupled system to limit the reaction at the step of
thiolsulfinate reduction by GSH (Fig. 1A). We monitored by
SDS-PAGE the formation of the reaction products after ATP
addition. We previously showed by LC-MS that the thiol-
sulfinate species is the major species among Prx-Srx com-
plexes that form by incubating equal concentrations of
C171A Prx–SO2 and SrxC84, ATP and Mg2 + in the absence
of added reducer, up to 1 min of incubation (34) (Supple-
mentary Fig. S4). In the absence of GSH (Fig. 3A, left panel),
formation of two electrophoretic bands was observed in ad-
dition to monomeric Srx and Prx, which correspond to the
thiolsulfinate intermediate and to a disulfide-linked Srx dimer
that forms due to the reactivity of extra monomeric SrxC84

FIG. 2. SrxC84 is recycled by the GSH/Grx/GR system
in the steady state. The reaction of 50 lM C171A Prx–SO2

with 10 lM SrxC84 in the presence of 1 mM MgCl2 was
followed using the GSH/GR (0.5 lM GR and 200 lM
NADPH, circles) or GSH/Grx/GR (50 lM Grx, 0.5 lM GR,
and 200 lM NADPH, squares) coupled assays. The assay
was started by the addition of 1 mM ATP. Initial rate mea-
surements were carried out at 30�C in buffer TK by fol-
lowing the decrease of the absorbance at 340 nm due to the
oxidation of NADPH. The observed steady-state rate con-
stant kss was calculated as the ratio between the rate mea-
sured and Srx concentration.
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with the thiolsulfinate, although this reaction is slow, as
similarly shown for the recycling reaction with Trx (see
previous section). In the presence of 5 mM GSH, formation of
the disulfide-linked Srx dimer was prevented, and the accu-
mulation of the Prx-Srx species was significantly dampened,

which supports the notion that GSH reacts directly with the
thiolsulfinate intermediate at a rate at least as fast as forma-
tion of the thiolsulfinate (Fig. 3A, right panel). As shown in
the ‘‘Kinetic competency of the glutathionylated Srx inter-
mediate product’’ section, this attack releases Prx–SOH and

FIG. 3. SrxC84 is recycled by GSH in single-turnover conditions. The SrxC84-catalyzed reaction was followed in the
presence of GSH by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the reaction
products (A) and by fluorescence kinetics (B–D). (A) Equimolar concentrations of C171A Prx–SO2 and SrxC84 (30 lM)
were incubated for the indicated time in the presence of 1 mM MgCl2, in buffer TK at 30�C, in the presence or absence of
GSH (5 mM). The reaction was started by the addition of 1 mM ATP final (third lane: control without ATP) and quenched
by acidification before NEM treatment and SDS-PAGE analysis in nonreducing conditions. First/second lanes: SrxC84/
Prx–SO2 alone incubated with ATP and MgCl2 for 1 min (left panel) with ATP, MgCl2, and GSH for 1 min (right panel).
(B–D) Final concentrations of 40 lM Prx–SO2, 1 mM ATP, 1 mM MgCl2, and variable GSH were rapidly mixed with 5 lM
SrxC84 in buffer TK at 30�C in a rapid kinetics spectrofluorometer. The blank-corrected progress curves collected for GSH
25, 50, 75, 100, 150, 250, 500, and 2500 lM (B, top to bottom) were analyzed using a first-order kinetic model to deduce the
rate constant kobs (circles) (C) and amplitudes (squares) (D) of the process.
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Prx–SSG that can react with SrxC84 to give Prx–S–S–Srx,
with both reactions being favored by specific complex for-
mation between Prx and Srx. This implies that in this ex-
periment, the Prx-Srx band contains a fraction of disulfide
species in addition to the thiolsulfinate.

To obtain quantitative data on the kinetics of reduction by
GSH, we studied the reaction kinetics of SrxC84 in the pres-
ence of increasing GSH concentrations. Here, we used wild-
type Prx, which allowed monitoring reduction of the sulfinic
acid through the decrease of Prx intrinsic tryptophan fluo-
rescence caused by formation of the CP-CR disulfide bond
(35). If, indeed, one assumes that the GSH attack on the Prx–
SO–S–Srx is on the sulfenyl sulfur atom (the –S– of the Srx
catalytic Cys) (17, 27), the reaction should release the Prx–
SOH species, followed by the rapid condensation of the latter
with the CR residue into a disulfide-linked Prx homodimer
(Fig. 1A, B). We first verified that the disulfide-linked Prx
homodimer is not reduced by GSH on the time scale of the
Srx-catalyzed reaction (data not shown). As shown in Figure
3B, decreasing fluorescence time courses were obtained in
the presence of GSH, thus attesting the formation of the
disulfide-linked Prx dimer. Since the phosphotransfer step is
slow and determines the rate of all subsequent steps, this
multistep mechanism could be modeled as a simple first-
order process: time courses were best described by first-
order, single exponential kinetics characterized by (i) a rate
constant kobs that slightly increased with the concentration
of GSH, reaching a plateau of 1.4 min - 1 for concentrations
> 150 lM (Fig. 3C), and unexpectedly (ii) signal amplitudes
that followed a hyperbolic dependence on the GSH con-
centration, with a characteristic apparent KGSH constant of
34 – 7 lM (Fig. 3D). This result suggests that GSH binds to
the thiolsulfinate complex.

Kinetic competency of the glutathionylated
Srx intermediate product

If as earlier assumed, GSH selectively reduces the
thiolsulfinate species by an attack on the Srx sulfenyl sulfur
of the thiolsulfinate bond (Fig. 1A), a glutathionylated Srx
species should be released as a catalytic intermediate. We
thus sought this intermediate among the products formed
during the reduction of C171A Prx–SO2 by SrxC84, under
single-turnover conditions, that is, in the presence of GSH
and the absence of GR. Chromatographic analysis of the re-
action mixture before initiation of the reaction identified Srx
(peak b) and Prx–SO2 (peak e) (Fig. 4A, B and Table 1).
Upon ATP addition, three additional peaks appeared, one
corresponding to the previously identified Prx/Srx complexes
(peak c) (34), and the other two with masses compatible with
glutathionylated SrxC84 (Srx–S–SG, peak a, Table 1) and
glutathionylated Prx (Prx–S–SG, peak d, Table 1). The latter
should form upon a reaction between the released Prx–SOH
and GSH (Fig. 1C), and its presence, thus indicates that GSH,
indeed, reacts on the Srx sulfenyl sulfur within the thiolsul-
finate intermediate (Fig. 1A). An oxidized form of glu-
tathionylated Prx (Prx–S–SG + 16 Da) (estimated by mass
spectrometry as amounting to less than 30% of peak d) was
also present, which could have formed as a result of either the
attack of GSH on the Prx sulfinyl sulfur (Fig. 1A) leading to
Prx–SO–SG or the oxidation of the glutathionylated Prx
species during the analysis. Addition of DTT reduced

FIG. 4. Glutathionylated SrxC84 is a catalytic inter-
mediate. The reaction was conducted as in Figure 3A and
quenched by acidification before analysis by reverse-phase
chromatography. (A) Chromatograms were obtained before
and at 15 s, 30 s, 60 s, 120 s, and 200 s after ATP addition, in
the presence of 1 mM GSH. Masses of the products eluted in
each peak are in Table 1. (B) A zoom of the peaks a and b
shown in (A). (C) Evolution of the area of peak a (S-glu-
tathionylated SrxC84) plotted as a function of time for GSH
0.1 mM (squares), 1 mM (circles), and 10 mM (triangles)
and analyzed using a first-order mono-exponential kinetic
model (solid line shown for GSH 1 mM).
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glutathionylated SrxC84 back to reduced SrxC84 (not shown),
thus confirming that peak a corresponds to a mixed disulfide
between SrxC84 Cys84 and GSH.

We next established the kinetics of evolution of peak a area
(glutathionylated Srx) obtained in the presence of 1 mM GSH
(Fig. 4A, B) and compared them with those obtained in the
presence of 0.1 and 10 mM GSH (Fig. 4C). As in Figure 3B,
this multistep mechanism could be modeled as a simple first-
order process because the phosphotransfer step is very slow
and determines the rate of all subsequent steps. The observed
kinetics were very similar and could be described by a single
exponential process characterized by comparable rate con-
stants of 2.2 – 0.4 min - 1 (0.1 mM GSH), 1.9 – 0.4 min - 1

(1 mM GSH), and 3.6 – 1.0 min - 1 (10 mM GSH).
These data indicate that glutathionylated SrxC84 is pro-

duced at a rate compatible with the rate of thiolsulfinate
formation, as expected for a catalytic intermediate. A similar
result was obtained using wild-type Prx–SO2 as substrate
(data not shown).

Determination of the rate constant for the attack
of the thiolsulfinate by GSH

Since the first step of the Srx catalytic mechanism is rate
limiting for the overall reaction with a slow rate constant of
1–2 min - 1, the intrinsic rate of reaction of GSH on the
thiolsulfinate intermediate cannot be measured by following
the overall reaction. To probe this step individually, we first
accumulated the thiolsulfinate intermediate by incubating
C171A Prx–SO2 and SrxC84 for 1 min in the presence of ATP,
and then monitored the disappearance of this intermediate on
addition of 5 mM GSH by SDS-PAGE (Figs. 3A and 5A). At
this concentration, GSH is saturating for binding to the
thiolsulfinate complex, as shown in Figure 3D, thus allowing
to observe the breakdown of the thiolsulfinate/GSH complex,
which can be modeled as a simple first-order process. Den-
sitometric quantification of the thiolsulfinate intermediate
over time allowed modeling the kinetics of thiolsulfinate
reduction by GSH as a single exponential law, characterized
by a rate constant of 7 – 1 min - 1 at 5 mM GSH (Fig. 5B).
Secondary formation of Prx–S–S–Srx product explains why
the band does not completely disappear on the SDS-PAGE.
In similar experiments, we monitored glutathionylated Srx by

reverse-phase chromatography, which confirmed that a lower
limit for the intrinsic rate of GSH reduction of thiolsulfinate
was of the same order of magnitude for 200 lM and 1 mM
GSH (data not shown).

In vivo recycling of 1-Cys and 2-Cys Srxs

We next sought to evaluate the role of GSH in Srx re-
cycling in vivo. For this purpose, we inspected in yeast cells
exposed to H2O2 the redox interaction between Srx and its
Prx substrate Tsa1, taken as a token of in vivo Srx catalytic
cycling (Fig. 6). We used a strain lacking both SRX1 and
GSH1 (DsrxDgsh1) and carrying a one-copy plasmid ex-
pressing either HA-tagged Srx (HA-Srx) or HA-C48S Srx.
Deletion of GSH1, which encodes c-glutamylcysteine syn-
thase, the rate-limiting step enzyme of the GSH biosynthesis
pathway, allows to control cellular GSH levels by growth in
the absence (GSH depletion) or presence of defined GSH
amounts (20). Cells were first exposed to 100 lM H2O2

during 30 min to induce Srx expression, and then challenged
with 500 lM H2O2 to cause full Prx sulfinylation (1). In the
absence of GSH depletion (100 lM of GSH added to

Table 1. Theoretical and Observed Masses

of the Species Observed in Reverse-Phase

Chromatographic Analysis of Srx
C84-Catalyzed

Reaction in the Presence of Glutathione

Peak Observed massa, Da
Speciesb

(theoretical mass, Da)

a 13963.7 Srx–S–SG (13964.0)
b 13658.5 Srx reduced (13658.7)
c 37261.5 (*50%) Prx–SO–S–Srx (37262.5)

37246.4 (*50%) Prx–S–S–Srx (37246.5)
d 23895.3 ( > 70%) Prx–S–SG (23895.1)

23911.8 ( < 30%) Prx–S–SG + O (23911.1)
e 23621.8 Prx–SO2 (23621.8)

aThe estimated amount of each species found under peaks c and d
is indicated in parentheses.

bSpecies observed in the chromatographic analysis from Figure 4
using C171A Prx–SO2 substrate and SrxC84.

FIG. 5. Kinetics of the attack of GSH on the thiolsul-
finate intermediate. (A) The reaction was conducted in the
same conditions as in Figure 3A except that GSH (5 mM)
was added after 1 min of incubation after ATP addition to
accumulate the thiolsulfinate intermediate. The reaction was
quenched by acidification and analyzed by nonreducing
SDS-PAGE. (B) The amount of thiolsulfinate species was
measured as a function of time by densitometry of the
corresponding Coomassie-stained band (squares). The time
course was analyzed as a first-order monoexponential model
(solid line).
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cultures), three Srx-containing bands were observed with
both wild-type and C48S Srx, one at 15 kDa, which repre-
sents monomeric Srx, and the other two at 40 and 60 kDa,
which represent redox-linked Srx-Tsa1 complexes of differ-
ent stoichiometry, as indicated by their b-mercaptoethanol
(b-ME) sensitivity (Fig. 6A), and by their total absence in
lysates of an HA-Srx-expressing Dtsa1 strain (1). Based on
the Srx catalytic mechanism, we propose that the 40-kDa
band is the Prx–SO–S–Srx thiolsulfinate intermediate, and
the 60 kDa band is Srx attached by a thiolsulfinate bond to a
disulfide-linked Prx dimer. The latter complex is a reaction
intermediate in which one of the CP of a Prx dimer is still
attached by a thiolsulfinate to Srx, while the other has
just been released on thiolsulfinate reduction in the form of
CP–SOH, and condenses into a disulfide with the CR of the
other subunit of the Prx dimer (Fig. 7). It should be noted that
compared with the 40 and 60 kDa bands formed by the wild-
type enzyme, which both appeared at 5 min after H2O2 ex-
posure and started to disappear after 60, and 30 min, re-

spectively, those formed with Srx C48S only started to
disappear after 60 min, as a result of slower recycling. GSH
depletion slowed down reduction of wild-type enzyme as the
result of the global redox imbalance of the strain, but pre-
vented formation of the C48S Srx 60 kDa band, indicating
that in this case the Srx-catalyzed reaction was aborted after
formation of the 40 kDa thiolsulfinate by defective reduction
of the latter. To further demonstrate the role of GSH in 1-Cys-
Srx recycling, the extracts expressing Srx C48S were blotted
against anti-Prx-SO2/3 antibody under reducing conditions
to monitor Prx-SO2 reduction. The results (Supplementary
Fig. S5) show that for Srx C48S under conditions of GSH
depletion, the reduction of PrxSO2 is significantly delayed, as
it starts at 60 min after H2O2 treatment, while in the presence
of GSH, reduction begins after 5 min and reaches near
completion by 120 min.

We also evaluated the role of the Trx system in 2-Cys
Srx recycling in vivo by a similar approach, using a
DsrxDtrx1Dtrx2 strain. In this case, the Cys48 Srx residue

FIG. 6. In vivo analysis of the role of the Trx and GSH pathways in Srx redox status. (A) Dgsh1Dsrx1 strain
expressing pRS316-HA2-Srx (left panel) or pRS316-HA2-SrxC48S (right panel), grown to an OD600nm of 0.4 in selective
minimal medium (SD URA - ) supplemented with GSH (100 lM), were treated for 30 min with 100 lM H2O2 to induce
SRX1. After 30 min, cells were treated with 500 lM H2O2 to hyperoxidize Prx and lysed using the TCA-protocol after 5, 15,
30, 45, 60, and 120 min. Normalized total protein extracts were immunoblotted with the anti-HA monoclonal antibody after
nonreducing 15% SDS-PAGE. The last lane is the same as after 30 min of treatment except that precipitated protein pellet
was dissolved in the presence of 10% b-mercaptoethanol (b-ME). (B) Dgsh1Dsrx1 strains expressing pRS316-HA2-Srx (left
panel) or pRS316-HA2-Srx C48S (right panel) grown in selective minimal medium (SD URA - ) lacking GSH for 10
divisions were analyzed in the same conditions as in (A). NSB: indicates a protein reacting nonspecifically with the
antibody. (C) Dsrx1 (left panel) or Dsrx1Dtrx1Dtrx2 strain (right panel) expressing pRS316-HA2-Srx were grown, and total
proteins extracts were immunoblotted against the anti-HA monoclonal antibody in the same conditions as in (A).
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resolves the Prx–SO–S–Srx thiolsulfinate with formation
of an Srx intramolecular Cys48–Cys84 disulfide. In wild-type
cells, monomeric Srx was present as a single band throughout
the H2O2 time-course analysis (Fig. 6A, C). However, in
DsrxDtrx1Dtrx2 cells, an extra HA-immunoreactive band
that migrated slightly faster than monomeric Srx was pres-
ent, which corresponds to the Cys48–Cys84 intramolecular
disulfide intermediate of Srx previously identified in vitro
(36). This species appeared at 15 min after H2O2 exposure,
increased in intensity till 1 h, and then disappeared (Fig. 6C,
right panel). These in vivo data thus confirm the prominent
role of Trx in Srx recycling previously shown in vitro. They
also indicate that in the absence of cytosolic Trxs, recycling
still occurs, albeit inefficiently, by the probable engagement
of GSH. The latter assumption is supported by in vitro data
of the kinetics of the reduction of Cys48–Cys84 disulfide
Srx by the GSH/Grx/GR coupled system, which, although
much less efficient than the Trx/NTR system, appeared
not to be rate limiting relative to the Srx sulfinyl reductase
kinetics (36).

Discussion

Catalytic mechanism of 1-Cys Srx recycling in vitro

Reduction of the Prx sulfinic acid by Srx leads to the for-
mation of a thiolsulfinate as a reaction intermediate for both
the S. cerevisiae and mammalian enzymes (16, 34). In the
S. cerevisiae Srx, the thiolsulfinate is resolved by a second
Cys residue. However, in mammals, plants, and cyano-
bacteria, the resolving Cys residue is absent, which suggests
that the thiolsulfinate intermediate is reduced by an external
thiol molecule. A comparison of the steady-state kinetics of
SrxC84 with the Trx or GSH systems (Supplementary Fig. S1)
showed that only the latter is able to recycle SrxC84 at a rate
that reaches a nonlimiting value with regard to the formation
of the thiolsulfinate intermediate. Furthermore, our data in-
dicated that GSH efficiently reduces the thiolsulfinate inter-
mediate only when Grx is present. Since neither Trx nor Grx
(not shown) can efficiently recycle SrxC84, due likely to steric
constraints on access to the Prx–SO–S–Srx thiolsulfinate
bond (Fig. 8), GSH must operate as the direct reducer of the

FIG. 7. Mechanism of formation of the Srx-Prx2 species proposed as a hallmark of the recycling process. Within the
hyperoxidized Prx–SO2 dimer, the first steps of the Srx catalytic mechanism lead to the formation of the thiolsulfinate
intermediate. If recycling occurs on one of the Prx monomers, the formation of the Prx sulfenic acid form will result rapidly
in a disulfide Prx dimer, with one Prx monomer covalently linked to an Srx molecule by a thiolsulfinate bond, thus leading
to a *60 kDa species. R, thiol reducer.

FIG. 8. Identification of potential access channels in human Prx1/Srx disulfide-linked complex. The structure of the
complex formed between human Prx1 dimer (blue/yellow) and Srx (red) (pdb code 2RII) (14), linked by a disulfide bond
between Srx catalytic Cys and Prx1 Cys CP was used as a model of the thiolsulfinate intermediate to search for tunnels
(grey) by the program CAVER (33). The center of gravity of the sulfur atoms of the disulfide bond (spheres) was used as a
starting point in the calculation. Three potential access channels that could direct GSH attack on the thiolsulfinate bond are
identified. Only one Srx molecule is shown for clarity. The scheme was prepared with PyMOL 0.99 (www.pymol.org). To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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thiolsulfinate. Accordingly, the kinetics of the GSH-dependent
reaction measured under single-turnover conditions showed
that even at concentrations as low as 150 lM, GSH reacts with
the thiolsulfinate intermediate at a rate that is only limited by
thiolsulfinate formation process (Fig. 3C). Therefore, as soon
as it is formed, the thiolsulfinate is attacked by GSH and does
not accumulate (Figs. 3 and 4).

Mass analysis of the reaction products formed on reduction
of the thiolsulfinate by GSH revealed that the major species
released is S-glutathionylated SrxC84. In line with the selec-
tivity of thiol attack on thiolsulfinates (17, 27), this result
supports the notion that GSH preferentially reacts with the
Prx–SO–S–Srx intermediate on the sulfenyl sulfur of SrxC84,
releasing S-glutathionylated SrxC84 and Prx–SOH as prod-
ucts (Fig. 1A). For wild-type Prx, a disulfide-linked dimer
rapidly forms, as attested by the decrease in Prx fluorescence
during the reaction (Fig. 1B). For C171A Prx, the reactive
sulfenic species reacts with an additional GSH to form a Prx–
S–SG intermediate, which is the predominant species ob-
served in mass analysis of peak d (Figs. 1C and 4). Reactivity
of this species with SrxC84 likely explains the formation of the
Prx–S–S–Srx disulfide found under peak c (30), along with
the thiolsulfinate intermediate. Importantly, kinetic moni-
toring of Srx–S–SG release by reverse-phase chromatogra-
phy establishes the role of S-glutathionylated Srx as a
catalytic intermediate.

The steady-state kinetics presented in Figure 2 show that in
the absence of Grx, the recycling process is rate limiting for
the overall Srx reaction. This strongly suggests that the re-
duction of SrxS–SG by a second GSH molecule is slow and
largely rate limiting (Supplementary Fig. S1). Such results
are consistent with previous studies performed on mamma-
lian or plant Srx using GSH alone as reducer and explain the
low Srx activity reported (11, 13). By contrast, the process is
catalyzed by Grx, which will efficiently deglutathionylate
SrxS–SG. In the presence of Grx, for GSH below 1 mM, after
the glutathionyl exchange from SrxC84 to Grx, the rate-lim-
iting process would likely be associated with reduction of
glutathionylated Grx by a second GSH molecule, assuming
that Grx follows a monothiol mechanism (9). For GSH
concentration superior to 1 mM, the SrxC84 catalysis assumes
the rate-limiting process, explaining why the steady-state rate
reaches a plateau of 1.2 min - 1.

Determinants of the efficiency of SrxC84 recycling
by GSH

The kinetics of the SrxC84-catalyzed reaction monitored in
single turnover using GSH as a reducer revealed unexpected
features: While the rate constant of the reaction was only
barely influenced by the GSH concentration and remained
close to the value of thiolsulfinate formation (1.4 min - 1), the
amplitude of the signal followed a saturation profile. This
suggests that a process of binding of the GSH molecule on the
thiolsulfinate complex occurs before reduction and controls
the reaction for GSH concentrations below *250 lM. At
saturating GSH concentrations, since the Prx–SO2 substrate
was used in excess in this experiment, the amplitude of the
reaction reached a limit corresponding to the SrxC84 con-
centration. With a deduced apparent binding constant of
34 lM, this means that GSH saturation is reached for con-
centrations largely submillimolar and suggests that in vivo,

for 1-Cys Srxs, the rate of thiolsulfinate reduction will not
depend on GSH, unless its concentration drops drastically
down to micromolar concentrations. This is consistent with
the observation that the intrinsic rate of GSH attack on the
thiolsulfinate was not increased at 5 mM of GSH compared
with 200 lM.

The fact that GSH could bind to the thiolsulfinate complex
raises the question as to whether the reaction is catalyzed
within the active site, through GSH deprotonation, thiolate
alignment relative to the thiolsulfinate bond, or stabilization
of the transition state. The second-order rate constant for
GSH attack on the thiolsulfinate intermediate (ratio of in-
trinsic rate of attack to the apparent binding constant) is 3.4
103 M - 1s - 1 for GSH at pH 7, which corresponds to 2.8 105

M - 1s - 1 for the GS - thiolate (which is the reactive form of
GSH), considering an apparent pKa of 8.9 (21) for GSH thiol
group. This latter value is similar to the one measured at 4.7
105 M - 1s - 1 for the reduction of a chemical thiolsulfinate
model by Cys thiolate (27), suggesting that the thiol apparent
pKa of GSH is either not or only weakly altered within the
active site. The efficiency of Prx–SO–S–Srx reduction by
GSH would thus mainly rely on (i) the intrinsic reactivity of
the thiolsulfinate bond with thiolate; (ii) the high GSH local
concentration imparted by a specific recognition mode, al-
lowing efficient reduction of the thiolsulfinate at physiolog-
ical GSH concentrations; and potentially (iii) an optimized
orientation of the thiolate relative to the thiolsulfinate bond.

From a structural standpoint, the thiolsulfinate complex
likely participates in the recognition of GSH via both the
flanking Prx and Srx moieties. To test this hypothesis, we
looked for potential access paths for GSH within the crystal
structure of the human disulfide-linked Prx1/Srx complex
(pdb access 2RII) (14), a good model for the 1-Cys Srx
thiolsulfinate complex, using the program CAVER (33) (Fig.
8). The identified potential tunnels suggest that GSH binding
probably occurs at the interface between Srx and one Prx
monomer or dimer. This observation is reminiscent of the
studies that have reported the existence of a deglutathiony-
lation activity for Srx, and which suggested specific inter-
actions between Srx and glutathionylated Prx, protein
tyrosine phosphatase 1B, and actin (8, 30). In addition, the
interaction between Srx and the protein S100A4, which plays
a key role in regulating nonmuscle myosin IIA activity, is
strongly enhanced when S100A4 is glutathionylated (3). Fi-
nally, the observed interaction between GSH and the S.
cerevisiae Prx/Srx complex (this work) suggests that this
feature appeared early in evolution.

Srx catalytic cycle in vivo

In vitro kinetic data provided evidence for the existence of
distinct recycling pathways for 2-Cys vs. 1-Cys Srx ((36) and
this work). We first confirmed in vivo the mechanism pro-
posed for the S. cerevisiae 2-Cys Srx in vitro, which was
suggested to proceed through an intramolecular disulfide Srx
form that is efficiently reduced by Trx (Fig. 6C). We also
compared the Srx redox species formed in vivo by 2-Cys
(wild-type) and 1-Cys (C48S) Srx, which revealed the for-
mation of two catalytic complexes (Fig. 6), both of which
contain Srx and Prx moieties. We propose that the complex
that migrates at 60 kDa corresponds to an Srx-Prx2 complex
and represents a hallmark for the reduction process of the
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thiolsulfinate intermediate occurring within the dimeric Prx
unit (Fig. 7). For 2-Cys Srx, this intramolecular process is fast
and does not depend on an external reducer (36). For 1-Cys
Srx, this complex was also present in wild-type cells, but was
almost totally absent in cells totally depleted of GSH (Dgsh1
grown for 10 divisions without GSH supplementation) (Fig.
6), which indicates that (i) it is formed as a result of GSH
reduction of 1-Cys Srx-Prx thiolsulfinate intermediate; (ii)
Trx is not able to efficiently reduce this intermediate, in ac-
cordance with in vitro kinetic data. The presence of the
60 kDa band in cells that were not totally depleted of GSH
[Dgsh1 grown for 7 divisions without GSH supplementation,
total cellular concentration of about 100 lM GSH (20)] (not
shown) further indicates that low amounts of GSH are suf-
ficient for the recycling of 1-Cys Srx in vivo, which is also in
full agreement with the kinetic studies. Our study thus
highlights the pertinence to combine both in vivo and in vitro
kinetic characterization of the processes involved in redox
signaling pathways.

Conclusion

Here, we have addressed the question of which of the two
thiol-redox control pathways assists Srx sulfinyl reductase
activity. In S. cerevisiae, which carries a 2-Cys enzyme, this
function is primarily devoted to Trx, which is consistent with
a previous work (22, 36). We have also shown that GSH can
compensate for the lack of Trx, albeit inefficiently. For other
organisms possessing 1-Cys Srx, our study provides evidence
that GSH acts as the reducer of the Prx/Srx thiolsulfinate
intermediate in vivo. The catalytic efficiency of reduction of
this intermediate is secured even in case of GSH depletion by
a mechanism of binding of GSH to the Prx/Srx complex.

Materials and Methods

Materials

KCl, MgCl2, EDTA, ATP, trichloroacetic acid (TCA), and
acetonitrile were purchased from Merck. Dithiothreitol
(DTT) and Tris were from Euromedex. NADPH was ob-
tained from Roche. Glutathione (GSH), N-ethylmaleimide
(NEM), and glutathione reductase (GR) were from Sigma-
Aldrich. Trifluoroacetic acid (TFA) and H2O2 were obtained
from Acros Organics. SDS was obtained from AppliChem
GmbH. Monoclonal anti-HA antibody and ammonium ace-
tate were obtained from Sigma-Aldrich.

Preparation of recombinant proteins

Recombinant thioredoxin1 (Trx), NADPH Trx reductase
(NTR) from Escherichia coli, wild-type and C171A Tsa1
(Prx) and wild-type and C48A-C106A Srxs (SrxC84) from
S. cerevisiae were prepared following the experimental pro-
cedures previously described (34). Recombinant glutar-
edoxin1 (Grx) from E. coli was obtained by cloning the grx1
open reading frame amplified by PCR using the high-fidelity
DNA polymerase pfu (Thermo Scientific), into the pET20b +
vector (Novagen), between the Nde1 and Sac1 restriction
sites (sequence of oligonucleotides not shown). Grx was
produced in E. coli and purified following the same experi-
mental procedures as previously described for Trx (24, 25).
Preparation of hyperoxidized Prx–SO2 was performed as
previously described for both wild-type and C171A Prx (34).

Yeast strains and growth conditions

The S. cerevisiae strains used are derived from YPH98.
The isogenic derivative Dsrx1 of strain yAD1-1C (MATa,
ura3-52, lys2-801amber, ade2-101ochre, trp1-D1, leu2-D1, and
his3-D200) was described (13). The Dsrx1Dtrx1Dtrx2 strain
was made by replacing the coding region of SRX1, TRX1, and
TRX2 ORFs by HIS3, TRP1, and KAN. Y252 Dgsh1 was
described (38). The isogenic strain Dgsh1Dsrx1 was obtained
by replacing SRX1 ORF by KAN. Cells carrying the pRS316-
HA2-Srx (wild-type or C48S) plasmid (1) were grown at
30�C in minimal medium SD (0.67% yeast nitrogen base
without amino acids, 2% glucose) complemented with ade-
nine, amino acids, and GSH as appropriate. For experiments
in GSH-depleted cells, Dgsh1 cultures were grown for ten
divisions in SD medium lacking GSH.

SDS-PAGE analyses

Kinetic analysis of the species formed during the Srx-
catalyzed reaction was followed by incubating C171A Prx–
SO2 and SrxC84 (30 lM each), 1 mM ATP, and 1 mM MgCl2
in buffer TK (50 mM Tris-HCl, 100 mM KCl, pH 7, close to
physiological pH), in the presence or absence of 5 mM GSH
as indicated. The reaction was stopped by TCA (20%); pre-
cipitated proteins were washed in acetone, air dried, and
dissolved in 100 mM Tris-HCl pH 8, 10 mM EDTA, and 1%
SDS containing 50 mM NEM at 30�C for 1 h. Proteins were
loaded onto 15% nonreducing SDS-PAGE gel, followed by
Coomassie Blue staining. Species quantification was done by
densitometry (ImageJ).

Redox Western blots

For in vivo Srx redox-state analysis, we first added H2O2

(100 lM) to an early-log-phase culture (OD600 nm = 0.4) to
induce SRX1. After 30 min, cells were treated with 500 lM
H2O2 to hyperoxidize Prx. We collected cells corresponding
to 5 OD600 of culture at the indicated time. Lysates were
prepared by the TCA lysis protocol (5). Precipitated pro-
teins were solubilized in buffer containing Tris-HCl pH 8
(100 mM), SDS (1%), EDTA (1 mM), and NEM (50 mM)
at 30�C for 1h (cysteine-trapping method). Extracts were
analyzed by nonreducing 15% SDS–PAGE. Srx was im-
munodetected with anti-HA monoclonal antibody.

Steady-state kinetics

The reduction of Prx–SO2 by SrxC84 was measured in the
steady state by using the following enzymatic coupled assays:
Trx/NTR (variable Trx, 0.5 lM NTR, and 200 lM NADPH),
GSH/GR (Variable GSH, 0.5 lM GR, and 200 lM NADPH),
and GSH/Grx/GR (variable GSH, 50 lM Grx, 0.5 lM GR,
and 200 lM NADPH) (Supplementary Fig. S1). The assay
contained 50 lM of C171A Prx–SO2 in excess to SrxC84

(10 lM), 1 mM MgCl2 and was started by the addition of
1 mM ATP. Initial rate measurements were carried out at
30�C in buffer TK on a UV mc2 spectrophotometer (Safas)
by following the decrease of the absorbance at 340 nm due to
the oxidation of NADPH. We confirmed that the recycling
system was not in itself rate limiting, as doubling of the GR
concentration produced no change in the measured rate. A
blank measurement recorded in the absence of SrxC84 was
systematically deduced from the assay to account for the
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nonspecific oxidation of NTR or GR. The observed steady-
state rate constant kss was calculated as the ratio between the
rate measured and Srx concentration (Supplementary Fig.
S6). A stoichiometry of 2 mol of NADPH per mol of C171A
Prx–SO2 was used in rate calculations to account for the
oxidation of 2 mol GSH in reduction of the glutathionylated
Srx product and of the Prx sulfenic intermediate. When wild-
type Prx–SO2 was used in the Trx/NTR assay, a stoichiom-
etry of 2 mol of NADPH per mol of Prx–SO2 was used in rate
calculations to account for the oxidation of 1 mol Trx in
SrxC84 recycling, and of 1 mol Trx per mol Prx–SO2 in Prx
own catalytic cycle.

Stopped-flow kinetics

Recycling of SrxC84 by GSH was followed on a stopped-
flow apparatus by monitoring the quenching of fluorescence
intensity of wild-type Prx on going from the oxidized Prx–
SO2 to the disulfide form (Fig. 1) (35). The decrease of the
emission fluorescence intensity was recorded at 30�C on an
SX18MV-R stopped-flow apparatus fitted for fluorescence
measurements, with excitation wavelength set at 295 nm, and
emitted light collected above 320 nm using a cutoff filter. One
syringe contained oxidized Prx–SO2 (40 lM), ATP (1 mM),
MgCl2 (1 mM), and GSH at variable concentrations as indi-
cated, in buffer TK. The other syringe contained the SrxC84

(5 lM) in buffer TK (final concentrations after mixing).
Equal volumes of each syringe were rapidly mixed to start the
reaction. An average of at least three runs was recorded for
each concentration of GSH. For each condition, the data were
corrected from the corresponding blank time course recorded
in the absence of reducer. Rate constants kobs, were obtained
by fitting fluorescence traces against a single exponential
model by nonlinear regression analysis. The amplitude of the
monoexponential process was proportional to the Srx con-
centration, which is limiting relative to the substrate and
cofactors (Supplementary Fig. S7).

Reverse-phase chromatography

To monitor the formation of products of the reaction in the
presence of GSH, reaction mixtures containing 30 lM SrxC84,
30lM C171A Prx–SO2, 1 mM ATP, and 1 mM MgCl2 were
incubated in the presence of 0.1, 1, and 10 mM GSH in TK
buffer at 30�C. Aliquots were quenched by using TFA 0.1%
(final concentration) and were loaded onto a Vydac 208TP52
(C8) column, 2.1 · 250 mm, 5 lm (PerkinElmer Life Sciences),
equilibrated in H2O plus 0.1% TFA, coupled to the ÄKTA
explorer system (Amersham Biosciences). Proteins were eluted
from the column using a linear gradient from 30% to 80% of B
(0.1%TFA in acetonitrile), at a flow rate of 1 ml.min - 1. Frac-
tions eluted were collected and stored at - 20�C until mass
spectrometry (MS) analysis. For the reduction of the glu-
tathionylated SrxC84 product, the sample was lyophilized, re-
dissolved in 50 mM AcNH4 pH 6.8, in the presence of 10 mM
DTT (30 min, RT). Before MS analysis, the sample was diluted
twice in ACN/H2O/formic acid (50/50/1).

Mass spectrometry

Electrospray ionization mass spectrometry measurements
were performed on a MicrOTOF-Q instrument (Bruker Dal-
tonics). Samples were directly injected with a syringe pump in

the mass spectrometer at a flow rate of 6 ll/min. The nebuli-
zation gas pressure was 0.4 bar, drying gas flow was 4 L/min,
source temperature was 190�C, and the capillary and end plate
voltage was set to 4500 V and 500 V, respectively. The ac-
quisition range was 500–3000 m/z. For the measurements, an
external calibration standard was used (Tuning Mix solution).
Collected data were processed via Bruker Data Analysis
software (version 4.0). Deconvoluted mass spectra were
prepared using the Maximum Entropy Charge Deconvolution
module.
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Abbreviations Used

1-Cys Srx¼ Srx possessing only one Cys as catalytic
residue and no resolving Cys

b-ME¼ b mercaptoethanol
CP, CR¼ Prx peroxidatic and resolving cysteines

CP–SOH¼ Prx peroxidatic cysteine oxidized
as a sulfenic acid

GR¼ glutathione reductase

Grx¼ glutaredoxin
GSH, GSSG¼ reduced and oxidized glutathione

HA-Srx¼N-terminus tagged S. cerevisiae Srx
kobs¼ observed presteady-state rate constant
kss¼ steady-state rate constant

LC-MS¼mass spectrometry coupled to
liquid chromatography

NTR¼NADPH thioredoxin reductase
Prx¼ typical 2-cysteine peroxiredoxin

Prx–SO2¼ hyperoxidized Prx with Cys CP oxidized
as a sulfinic acid

Prx–SOH¼ Prx oxidized with peroxidatic Cys
CP oxidized as a sulfenic acid

Prx–SO–S–Srx¼ catalytic thiolsulfinate intermediate
of the reduction of Prx–SO2 by Srx

Prx–S–SG¼ Prx glutathionylated on the peroxidatic
cysteine CP

Prx–S–S–Srx¼ disulfide complex linking Prx and
Srx catalytic cysteines

SDS-PAGE¼ sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

Srx¼ sulfiredoxin
SrxC84¼ S. cerevisiae C48A-C106A Srx

Srx–S–SG¼ Srx glutathionylated on the catalytic
cysteine

Trx¼ thioredoxin
Tsa1¼major cytosolic typical 2-cysteine
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