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A growing number of studies have shown the importance of
the versatility of Cys redox biochemistry in the regulation of
various cellular processes such as catalysis, metal binding, or
signal transduction (1). The typical eukaryotic 2-Cys-peroxiredoxins (Prx)3 represent a family of proteins that exemplifies
these mechanisms, as these thiol peroxidases have been
described under six redox states of the essential Cys residue,
from ⫺II to ⫹IV. For example, the Cys under reduced, disulfide, and sulfenic forms (oxidation states ⫺II, ⫺I, and 0, respectively) is involved in the catalytic mechanism of Prx as peroxidase enzymes (2–5), the disulfide and sulfenic states in their
function as redox sensor (6, 7), and the sulfinic (⫹II) and sul-
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fonic (⫹IV) states in possible chaperon-like function (8, 9). Cysteine under the sulfinic state ⫹II (PrxSO2) is formed by a mechanism of escape of the reactive sulfenic acid intermediate
during the catalytic peroxidase cycle (5, 10). This overoxidation
constitutes a post-translational modification that is thought to
afford a regulation mechanism between these different functions depending on the oxidative stress conditions. In addition,
Prxs are also subject to other post-translational modifications
by phosphorylation and N-acetylation (11, 12).
In contrast to Cys under ⫺I and 0 oxidation states, the Cys
under sulfinate state is not reducible by cellular thiols such as
glutathione and thioredoxin (Trx). Therefore, regulation of Prx
functions is dependent on a sulfinyl reductase referred to as
sulfiredoxin (Srx), which catalyzes the ATP-dependent reduction of PrxSO2 into sulfenic Prx (PrxSOH) (13–15). Although
the sestrin family of human proteins was initially proposed to
possess this activity, the Srxs appear to be the only enzymes
with sulfinyl reductase activity (16). Recent mechanistic studies
on Srx from Saccharomyces cerevisiae and human origin support a mechanism in which the sulfinic moiety of the PrxSO2
substrate is first activated by formation of an anhydride bond
with the ␥-phosphate of ATP, leading to a phosphoryl sulfinic
intermediate, followed by attack of Srx catalytic Cys, which
results in a thiosulfinate intermediate PrxSO-SSrx (oxidation
state of Prx Cys ⫹I) (Fig. 1) (17–19). Such a mechanism implies
the recycling of Srx into the reduced form.
In the case of S. cerevisiae Srx, one product of the reaction
with PrxSO2 and ATP in the absence of added reductant was a
monomeric form of Srx oxidized under a disulfide state (17). In
addition, Trx was shown to act as a reductant in the catalytic
cycle at a rate that is not limiting compared with the rate of the
first steps of the reaction (17). Thus, several questions have to
be addressed regarding the mechanism of the recycling process
of Srx. First, what is the mechanism of the recycling of Srx from
S. cerevisiae? In particular, what is the intermediate species targeted by Trx? Is it the thiosulfinate species or a disulfide species? Second, if a disulfide species is involved, which of Cys48 or
Cys106 forms a disulfide bond with the catalytic Cys84? Third,
what is the nature of the recycling reductant for mouse and
human Srxs, in which cysteine residues equivalent to Cys48 and
Cys106 are not present?
To address these questions, we have done the following: 1)
determined the steady-state rate of the reaction catalyzed by S.
cerevisiae wild-type Srx and C48S, C106A, and C48A/C106A
VOLUME 284 • NUMBER 48 • NOVEMBER 27, 2009
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Sulfiredoxin catalyzes the ATP-dependent reduction of overoxidized eukaryotic 2-Cys peroxiredoxin PrxSO2 into sulfenic
PrxSOH. Recent mechanistic studies on sulfiredoxins have validated a catalytic mechanism that includes formation of a phosphoryl intermediate on the sulfinyl moiety of PrxSO2, followed
by an attack of the catalytic cysteine of sulfiredoxin on the phosphoryl intermediate that leads to formation of a thiosulfinate
intermediate PrxSO-S-sulfiredoxin. Formation of this intermediate implies the recycling of sulfiredoxin into the reduced form.
In this study, we have investigated how the reductase activity of
the Saccharomyces cerevisiae sulfiredoxin is regenerated. The
results show that an oxidized sulfiredoxin under disulfide state
is formed between the catalytic Cys84 and Cys48. This oxidized
sulfiredoxin species is shown to be catalytically competent along
the sulfiredoxin-recycling process and is reduced selectively by
thioredoxin. The lack of Cys48 in the mammalian sulfiredoxins
and the low efficiency of reduction of the thiosulfinate intermediate by thioredoxin suggest a recycling mechanism in mammals different from that of sulfiredoxin from Saccharomyces
cerevisiae.

Recycling of S. cerevisiae Srx Activity

Srxs in the presence of dithiothreitol (DTT) and Trx; 2) shown
that a disulfide bond between Cys84 and Cys48 is efficiently
formed; and 3) determined the kinetic parameters of reduction
of oxidized Cys48/Cys84 Srx by Trx and characterized the cysteine in oxidized Srx that is attacked by the catalytic cysteine of
Trx. Together, the data, combined with previous kinetic studies, show the following: 1) oxidized Cys48/Cys84 Srx is a catalytically competent species along the Srx recycling process, and 2)
Trx forms an efficient binary complex with oxidized Cys48/
Cys84 Srx and reduces the oxidized Srx, likely via formation of a
transient interdisulfide bond with the recycling Cys48. This cysteine is located in an extra sequence of 18 amino acids that is
not present in mammalian Srxs. The data also show that Trx
does not reduce efficiently oxidized Srx under the thiosulfinate
state. This is consistent with the hypothesis that a reductant
distinct from Trx is involved in the recycling of the mammalian
Srx activity in vivo.

EXPERIMENTAL PROCEDURES
Materials—Tris was from VWR International (West Chester, PA). KCl and MgCl2 were from Merck; NADPH was
obtained from Roche Applied Science; and DTT was from
Euromedex (Souffelweyersheim, France). ATP, MES, iodoacetamide, 2-pyridyl disulfide (2PDS), and 5,5⬘-dithiobis(2 nitro)
benzoate were from Sigma. Trifluoroacetic acid and methyl-7guanosine were from Fluka.
Escherichia coli Trx1, NADPH Trx reductase (NTR), purine
nucleoside phosphorylase, and S. cerevisiae Tsa1 Prx, its overoxidized form PrxSO2, S. cerevisiae wild-type, and C48A/
C106A Srxs were prepared following experimental procedures
described previously (17, 20, 21). Trx1 from S. cerevisiae was
obtained by cloning the trx1 open reading frame amplified by
PCR (with Phusion DNA polymerase, Finnzymes, Espoo, Finland) using S. cerevisiae W303 genomic DNA as template, into
the pET20b(⫹) plasmid between NdeI and SacI sites
(sequences of oligonucleotides not shown). The C33S variant of
S. cerevisiae Trx1 was generated by standard PCR-mediated
NOVEMBER 27, 2009 • VOLUME 284 • NUMBER 48
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FIGURE 1. Srx catalytic mechanism. Srx catalyzes the reduction of the sulfinate function of PrxSO2 via a phosphotransferase and a reductase step leading to a covalent thiosulfinate intermediate with Srx. The subsequent recycling of the Srx activity involves an external reductant R. P, Prx; S, Srx; CP,
peroxidatic Cys; CR, regeneration Cys; C84, Srx catalytic Cys; R, thiol reductant.

site-directed mutagenesis. Both wild-type and mutant S. cerevisiae Trxs were expressed and purified using the same procedure
as E. coli Trx1.
The Srx variants C48S and C106A were obtained by standard
PCR-mediated site-directed mutagenesis, expressed, and purified as the wild-type Srx. The C106S variant was not used
because it was produced in a nonsoluble form.
Steady-state Kinetics—The reaction was followed in the
steady state, as described previously, using Trx as reductant and
the Trx recycling system as a coupled assay or by following the
kinetics of Pi release using the purine nucleoside phosphorylase-coupled assay (17). Briefly, the decrease of the emission
fluorescence intensity associated with the phosphorolysis of
methyl-7-guanosine catalyzed by purine nucleoside phosphorylase was recorded at 30 °C on an SX18MV-R stopped-flow
apparatus (Applied PhotoPhysics, Leatherhead, UK) fitted for
fluorescence measurements, with the excitation wavelength set
at 305 nm and the emitted light collected above 455 nm using a
cutoff filter. The steady-state rate constant was obtained by
measurement of initial rate in the presence of reductant, after
calibration of the fluorescence signal against Pi concentration.
Kinetics of Formation of the Oxidized Srx Species Followed by
Reversed Phase Chromatography—Reaction mixtures containing 20 M wild-type Srx, 100 M C171A PrxSO2, 1 mM ATP,
and 1 mM MgCl2 were incubated for increasing times in 50 mM
Tris, 100 mM KCl buffer, pH 7 (TK buffer), at 30 °C. Aliquots
were quenched by 0.1% trifluoroacetic acid and analyzed by
reverse phase liquid chromatography on an Aquapore RP-300
(C8) column, 4.6 ⫻ 100 mm, 7 m (PerkinElmer Life Sciences),
coupled to the ÄKTAexplorerTM system monitored by UV
spectrophotometry (GE Healthcare), as described previously
(17).
Kinetics of Reduction of the Cys48/Cys84 Srx Disulfide Bond by
Trx—Oxidation of C106A Srx was carried out in TK buffer at
30 °C by incubation of 250 M C106A Srx with 5 mM H2O2
followed by two additions of 5 mM H2O2 at 10-min intervals.
The oxidized protein was then purified by gel filtration chromatography on a HiLoad 26/60 Superdex 75 prep grade (GE
Healthcare) connected to a fast protein liquid chromatography
system (GE Healthcare) equilibrated with buffer TK. Complete
formation of the Cys48/Cys84 Srx disulfide bond was checked by
titration of the protein with 5,5⬘-dithiobis(2-nitro)benzoate
under denaturing conditions (1% SDS).
Kinetics of reduction of the Cys48/Cys84 disulfide bond by
Trx were followed on a stopped-flow apparatus by monitoring
the quenching of fluorescence intensity of Trx upon going from
the reduced to oxidized forms (22). The excitation wavelength
was set at 295 nm, and the emitted light was collected using a
320-nm cutoff filter. One syringe contained oxidized Cys48/
Cys84 Srx in buffer TK (10 M, final concentration after mixing), and the other one contained the reduced Trx at various
concentrations in buffer TK (20 –500 M, final concentrations).
An average of at least three runs was recorded for each concentration of Trx. Rate constants kobs were obtained by fitting
fluorescence traces against Equation 1 by nonlinear regression
analysis,

Recycling of S. cerevisiae Srx Activity
where c represents the end point, a represents the amplitude of
the signal, and kobs represents the rate constant. Data were then
fitted by nonlinear regression analysis to Equation 2,
k obs ⫽ kobs,max 䡠 S/共KS ⫹ S兲

(Eq. 2)

RESULTS
Steady-state Rate of the Reaction Catalyzed by Wild-type and
Mutated Srxs in the Presence of Various Thiol Reductants—The
kinetics of the reaction in the presence of various reductants
were determined for the wild-type and mutated Srxs. Comparison of the traces obtained by following the release of Pi using
the purine nucleoside phosphorylase-coupled assay, in the
presence of Trx or DTT as reductant, is shown for wild-type
and C48A/C106A Srxs in Fig. 2. The traces observed in the
absence of reductant are also shown as a control. Because only
the E. coli NTR was available and was not capable of recycling
Trx1 efficiently from S. cerevisiae (data not shown), E. coli Trx1
was used. Therefore, unless stated otherwise, the Trx used corresponds to E. coli Trx1. As described in a previous study by our
group (17), the trace is best described by a monoexponential
process with a rate constant corresponding to the formation of
the thiosulfinate intermediate of 2.2 ⫾ 0.4 and 1.5 ⫾ 0.3 min⫺1
for wild-type and C48A/C106A Srxs using C171A PrxSO2 as
substrate, respectively. Similar results were obtained using the
wild-type substrate. For wild-type Srx, in the presence of reductant, i.e. under turnover conditions, the progress curves show
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FIGURE 2. Kinetics of the reaction catalyzed by Srx monitored by Pi
release. A, reaction of 10 M wild-type Srx with 100 M C171A PrxSO2 in the
presence of 1 mM ATP/MgCl2 without added reductant (black trace) or in the
presence of 50 mM DTT (light gray trace) or 235 M Trx (dark gray trace) was
monitored by the purine nucleoside phosphorylase-coupled assay (see text).
Reactions were carried out in buffer TK at 30 °C. The progress curves are corrected from blank traces collected in the absence of Srx. Kinetics without
reductant are described by an exponential process with a rate constant of
2.2 ⫾ 0.4 min⫺1 and an amplitude corresponding to 9 M Pi released. In the
presence of Trx or DTT as reductant, initial rate constants of 1.7 ⫾ 0.1 and
2.2 ⫾ 0.4 min⫺1 are measured, respectively. B, comparison of the kinetics of Pi
release for the reaction of C48A/C106A Srx (10 M) with 100 M C171A PrxSO2
in the presence of 1 mM ATP/MgCl2 without reductant (black trace) or in the
presence 50 mM DTT (light gray trace) or 235 M Trx (dark gray trace). Kinetics
without reductant are described by an exponential process with a rate constant of 1.5 ⫾ 0.3 min⫺1 and an amplitude corresponding to 11 M Pi released.
The kinetics with Trx are described by an exponential process with a rate
constant of 1.5 ⫾ 0.7 min⫺1 and an amplitude corresponding 13 M Pi
released, followed by a slower steady-state linear phase with rate constants of
0.25 ⫾ 0.07 min⫺1. In the presence of DTT as reductant, an initial rate constant
of 1.2 ⫾ 0.2 min⫺1 is measured.

an initial linear phase followed by a slowing down of the process
(Fig. 2A). The total amplitude of Pi production largely exceeds
the Srx concentration, indicating that the process observed corresponds to several enzymatic cycles. Therefore, the steadystate rate of the reaction could be measured from the initial
slope. Very similar rates were determined for wild-type Srx
using Trx or DTT, i.e. 1.7 ⫾ 0.1 and 2.2 ⫾ 0.4 min⫺1, and
corresponded to the rate measured using the Trx/NTR assay
(1.7 ⫾ 0.2 min⫺1). For the C48A/C106A Srx, a similar trace as
for the wild type was observed in the presence of DTT, with an
initial rate constant of 1.2 ⫾ 0.2 min⫺1. In contrast, using Trx as
reductant, the kinetics were best described by an exponential
process with rate and amplitude similar to the control, followed
by a slower steady-state linear phase with a rate constant of
VOLUME 284 • NUMBER 48 • NOVEMBER 27, 2009
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where S represents the Trx concentration; KS the apparent
affinity constant, and kobs, max the maximum rate constant at
saturation.
Kinetics of Trx Reaction on Srx Activated as 2-Thiopyridine
Mixed Disulfide—C48A/C106A and C84A/C106A Srxs were
activated on Cys84 and Cys48, respectively, as 2-thiopyridine
mixed disulfide by mixing 100 M Srx with 500 M 2PDS in
buffer TK. Formation of the mixed disulfide on Cys48 or Cys84
was monitored by following the increase of the absorbance at
343 nm. After 5 min of incubation at room temperature, Srx(2-thiopyridine) was purified by gel filtration chromatography
on a HiLoad 26/60 Superdex 75 prep grade (GE Healthcare)
connected to a fast protein liquid chromatography system (GE
Healthcare), equilibrated with buffer TK, to remove 2-thiopyridine released and excess 2PDS. Fractions containing Srx activated either on Cys48 or Cys84 by a mixed disulfide with 2-thiopyridine were checked by following the amount of pyridine
2-thiolate released at 343 nm after addition of excess DTT.
The rate of formation of the intermolecular disulfide bond
between Srx-(2-thiopyridine) and S. cerevisiae C33S Trx1 was
measured spectrophotometrically by monitoring the release of
pyridine 2-thiolate at 343 nm. Experiments were carried out at
30 °C on an SX18MV-R stopped-flow apparatus (Applied PhotoPhysics) fitted for absorbance measurements. Kinetics were
measured by mixing 10 M Srx-(2-thiopyridine) (final concentration) and variable concentration of C33S Trx (from 50 to 500
M, final concentrations) in buffer TK. Rate constants kobs were
obtained by fitting absorbance traces to Equation 1. Data were
then fitted by linear regression or nonlinear regression analysis
to Equation 2.

Recycling of S. cerevisiae Srx Activity
TABLE 1
Steady state rate of the Srx-catalyzed reaction with wild-type, C48S,
C106A, and C48A/C106A Srx
Reactions were carried out in buffer TK at 30 °C with 1 mM ATP, 1 mM MgCl2, 100
M C171A Prx, and 5–10 M Srx. The reactions were followed with Trx (50 M) by
the Trx/NTR assay and with DTT (50 mM) by the purine nucleoside phosphorylase
assay.
Reductant

Wild type

C106A

C48S

C48A/C106A

Trx

1.7 ⫾ 0.2

1.9 ⫾ 0.3

0.18 ⫾ 0.2

0.25 ⫾ 0.7

DTT

2.2 ⫾ 0.4

2.1 ⫾ 0.2

1.2 ⫾ 0.2

1.2 ⫾ 0.2

0.25 ⫾ 0.07 min⫺1 (Fig. 2B). The steady-state rates obtained
with Trx by the Trx/NTR assay and with DTT by the purine
nucleoside phosphorylase assay are summarized in Table 1 for
wild-type, C48S, C106A, and C48A/C106A Srxs. In contrast to
the reaction using DTT as reductant, reduction by Trx is about
10 times slower for the C48S and C48A/C106A Srxs, unlike for
the wild-type and the C106A Srxs.
SDS-PAGE Analysis of the Species Formed during the Reaction of Wild-type and Mutated Srxs—Using mass spectrometry,
we have shown previously that in the absence of added thiol
reductant, the Srx-catalyzed reaction released a monomeric
oxidized form of Srx with an intramolecular disulfide bond
between the catalytic Cys84 and another Cys. Formation of oxidized Srx is revealed by an additional band migrating slightly
faster than the Srx band on SDS-polyacrylamide gels (17). To
identify this residue, the products of the reaction of the single
Srx variants C48S and C106A and of PrxSO2 in the presence of
ATP/Mg were analyzed by SDS-PAGE in the absence of reductant (Fig. 3). In these conditions, a disulfide Prx-Srx species,
which was shown to be a by-product due to the reactivity of the
thiosulfinate intermediate, migrates with an apparent molecular mass of ⬃45 kDa (17). The additional band corresponding to
oxidized Srx is observed for the wild-type and C106A Srxs, but
it is absent from the products of the reaction of C48S Srx (Fig.
3). Therefore, the monomeric oxidized form of Srx is due to a
disulfide bond formed specifically between Cys84 and Cys48.
Kinetics of Formation of the Oxidized Cys48/Cys84 Srx
Species—The formation of the monomeric oxidized Cys48/
Cys84 Srx during the catalytic reaction suggested that the former might act as a catalytic intermediate and thus as the target
of Trx. Therefore, we addressed the question of the kinetic
NOVEMBER 27, 2009 • VOLUME 284 • NUMBER 48

FIGURE 4. Kinetics of formation of Cys48/Cys84-oxidized Srx species. The
reaction of 100 M wild-type PrxSO2 with 10 M wild-type Srx in the presence
of 1 mM ATP and MgCl2 was followed at 30 °C by analysis of aliquots of the
reaction mixture quenched by acidification in 0.1% trifluoroacetic acid by
reverse phase chromatography and monitored by absorption spectrophotometry at 215 nm. A, chromatogram of the reaction mixture for the retention
times corresponding to the Srx species after 15 s incubation (solid line) and
after 1 min incubation (dashed line). B, kinetics of the evolution of the area of
the peak corresponding to the Cys48/Cys84 S. cerevisiae Srx species eluted at
14.58 min (f) analyzed as a monoexponential process (solid line) with a rate
constant of 1.8 ⫾ 0.3 min⫺1.

competency of the oxidized Cys48/Cys84 Srx species, by following the kinetics of formation of this reaction product. As shown
in Fig. 4A, the oxidized disulfide Srx could be resolved from the
reduced form by reverse phase chromatography. Thus, the
kinetics of evolution of the area of the chromatographic peak
corresponding to oxidized Srx were recorded after reaction of
wild-type Srx with PrxSO2 in the presence of ATP, quenched by
acidification. Single turnover conditions were used, i.e. absence
of reductant and excess PrxSO2 relative to Srx, to allow the
determination of the rate constant of formation of the species.
As shown in Fig. 4B, in these conditions, the reaction follows
pseudo first-order kinetics, characterized by a rate constant of
1.8 ⫾ 0.3 min⫺1.
Kinetics of the Reaction of Oxidized Cys48/Cys84 Srx with
Trx—To study the reaction of oxidized Cys48/Cys84 Srx with
Trx, preparation of oxidized Srx was set up using the C106A Srx
to avoid any side reaction due to Cys106 reactivity. Oxidized Srx
was prepared artificially by chemical activation of one Cys
residue to promote formation of the disulfide bond. Three
successive 10-min incubations of 5 mM H2O2 at 30 °C
resulted in complete oxidation of Srx, mainly in a monoJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 3. Nonreducing SDS-PAGE analysis of the species formed during the Srx-catalyzed reaction in the absence or presence of ATP.
Equimolar concentrations of C171A PrxSO2 and wild type (lanes 1 and 2),
C106A (lanes 3 and 4), and C48S (lanes 5 and 6) Srxs (30 M) were mixed in
the absence (lanes 1, 3, and 5) or presence of 1 mM ATP-MgCl2 for 10 min
(lanes 2, 4, and 6), immediately followed by addition of 25 mM iodoacetamide and nonreducing SDS-PAGE fractionation. Reactions were carried
out in buffer TK at 30 °C. The additional band migrating between the Prx
monomer and Prx䡠Srx complex in lane 4 corresponds to a dimer of unspecifically oxidized Srx C106A.

Recycling of S. cerevisiae Srx Activity
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potential of oxidized/reduced Srx is
⫺0.16 V,4 largely higher than the
redox potential of Trx.
The kinetics of reduction of oxidized Cys48/Cys84 Srx were also
determined under steady-state conditions in the presence of NTR from
E. coli. However, due to the concentration of NADPH used in the enzymatic coupled assay, which was limited by the absorbance at 340 nm,
the concentrations of Trx used were
not sufficiently high to be completely saturating. At the highest
possible concentration of 125 M
Trx tested, the kobs value measured
was of 2.0 s⫺1, which is 20-fold
lower than the rate measured under
single turnover conditions. Accordingly, the second-order rate constant k2, which is the slope of the
kobs rate constant plotted against
the Trx concentration, is 30-fold
lower than the corresponding k2
value determined under single turnFIGURE 5. Kinetics of reduction of the Cys48/Cys84Srx disulfide bond by E. coli Trx. The Trx fluorescence over conditions (curves not shown).
quenching associated with disulfide bond formation was recorded on a stopped-flow apparatus at 30 °C in Together, this supports an overall
buffer TK by mixing reduced Trx and Cys48/Cys84-oxidized C106A Srx (10 M). Excitation wavelength was set at
rate-limiting step of the Trx reduc295 nm, and emitted light was collected using a 320 nm cutoff filter. Data collected at various concentrations
of reduced Trx were fitted to Equation 1. The deduced kobs values plotted versus Trx concentration (f) were tion occurring after the two-electhen fitted against Equation 2, which gave kobs, max and KS values of 105 ⫾ 7 s⫺1 and 210 ⫾ 30 M (solid line). tron chemical process and is likely
Inset, typical time course obtained for 250 M Trx.
associated with the release of oxidized Trx from the binary complex
with reduced Srx. Anyway, the overmeric form as judged by the shift of the monomeric Srx band all rate of reduction of Cys48/Cys84 Srx by Trx under steadyon SDS-PAGE, with a fraction of dimeric Srx䡠Srx complex. state conditions remains largely higher than the following: 1)
After separation by gel filtration, the monomeric fraction did the overall rate measured for the Srx-catalyzed PrxSO reduc2
not contain any free reactive thiol groups, as measured by tion under steady-state conditions in the presence of Trx, by at
titration using 5,5⬘-dithiobis(2-nitro)benzoate.
least a factor of 60 (2 s⫺1 versus 2 min⫺1), and 2) the rate of
To test the potential role of Trx as reductant, the rate of reduction of the thiosulfinate intermediate by Trx, measured
reduction of oxidized Cys48/Cys84 Srx with Trx was measured using C48S and C48A/C106A Srxs, by at least a factor of 600 (2
by following the decrease of Trx fluorescence associated with s⫺1 versus 0.2 min⫺1).
the formation of the intramolecular disulfide bond (21). The
Kinetic Identification of the Cys Residue of Oxidized Srx Tarreaction of oxidized Cys48/Cys84 Srx with an excess of Trx was geted by Trx—To identify which Cys in oxidized Cys48/Cys84
followed by rapid kinetics and corresponded to a pseudo first- Srx is targeted by S. cerevisiae Trx1, we prepared two forms of
order process best described by a monoexponential equation Srxs activated as mixed disulfide either on Cys48 or Cys84 with
with a rate constant kobs between 8 and 76 s⫺1 depending on 2-thiopyridine (referred to as SrxC48(2-thiopyridine) and
Trx concentration (Fig. 5). The variation of kobs versus Trx con- SrxC84(2-thiopyridine)), by reacting C48A/C106A Srx or
centration shows a hyperbolic saturation profile. Assuming C84A/C106A Srx with excess of 2PDS. Released pyridine
binding of reduced Trx to oxidized Cys48/Cys84 is rapid equi- 2-thiolate, excess of 2PDS, and a minor fraction of Srx dimer
librium, this profile could be interpreted by nonlinear regres- formed were then removed by gel filtration. The C33S variant
sion against Equation 2, giving a KS value of 210 ⫾ 30 M and a was used to avoid any nonspecific reaction of the regeneration
kobs, max value of 105 ⫾ 7 s⫺1, corresponding to a second-order Cys of Trx1. As shown in Fig. 6B, the rate of the reaction
rate constant of 5.105 M⫺1 s⫺1. Similar results were obtained between the activated Srxs and C33S Trx1 depended linearly on
with the Trx1 from S. cerevisiae that gave a KS of 56 ⫾ 15 M C33S Trx concentration up to 500 M for the SrxC48(2-thioand a kobs, max value of 27 ⫾ 3 s⫺1. The fact that the curve passes pyridine), although a saturation effect was observed for
through the origin suggested that the process up to the disulfide
exchange, monitored by Trx fluorescence, can be considered as
irreversible (22). This is in accord with the fact that the redox 4 X. Roussel, unpublished data.
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SrxC84(2-thiopyridine). Second-order rate constants of
1.16䡠105 and 2.2䡠104 M⫺1䡠s⫺1 were deduced from the slope or
from the kobs, max/KS ratio, respectively, for Srx activated on
Cys48 and Cys84.

DISCUSSION
In a previous study on the Srx catalytic mechanism (17), we
addressed the question of the catalysis of the first steps of the
reaction and established the formation of the thiosulfinate
PrxSO-SSrx species involving the catalytic Cys residues of each
partner, as a catalytically competent intermediate. Because of
the reactivity of this species toward thiol groups resulting in
several by-products, accumulation and observation of the thiosulfinate species were possible using variants of both Prx and
Srx retaining only the catalytic Cys residues and under experimental conditions devoid of any external reductant. When
wild-type Srx was used, one product of the reaction with
PrxSO2 and ATP was a monomeric form of Srx with an
intramolecular disulfide bond, as shown by high resolution
mass spectrometry analysis coupled to reverse phase liquid
chromatography and by SDS-PAGE (17). Indeed, this species
can be resolved by SDS-PAGE as a band migrating slightly
faster than reduced Srx and by reverse phase chromatography
(Fig. 3 and Fig. 4A). To address the question of the relevance of
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FIGURE 6. Kinetics of reaction of S. cerevisiae Trx1 C33S with Srx activated
by 2-thiopyridine. The reaction of 10 M SrxC84(2-thiopyridine) (A) and
SrxC48 (2-thiopyridine) (B) with variable concentrations of S. cerevisiae Trx1
C33S was monitored on a rapid kinetics spectrophotometer by the release of
pyridine 2-thiolate at 343 nm. Reactions were carried out in buffer TK at 30 °C.
Kinetic data (not shown) were fitted against Equation 1. The deduced kobs
values were plotted versus Trx concentration (F). A, data were fitted against
Equation 2, which gave kobs, max and KS constants of 3.3 s⫺1 and 151 M (solid
line). B, data were fitted to a linear relationship (solid line) with a slope corresponding to a k2 value of 1.16䡠105 M⫺1䡠s⫺1.

this species in catalysis, further characterization was carried out
by SDS-PAGE using the mutated C48S and C106A Srxs. As
shown in Fig. 3, in the absence of external reductant, a band
migrating slightly faster than the reduced Srx was also observed
but only with C106A Srx. This shows that a disulfide bond
between Cys48 and Cys84 is specifically formed in Srx after reaction with PrxSO2 and ATP.
The question now arises regarding which of the two species,
i.e. the oxidized Cys48/Cys84 Srx or the thiosulfinate species, is
the catalytically competent intermediate along the Trx-recycling process. In a first approach, the catalytic competency of
oxidized Cys48/Cys84 Srx was investigated by comparing the
rate constant of formation of this species to the steady-state
rate constant. A value of 1.8 ⫾ 0.3 min⫺1 was measured for the
production of this species during the reaction catalyzed by Srx
in the absence of added reductant, equal to the rate of formation
of the thiosulfinate intermediate. Therefore, it can be concluded that in the absence of thiol reductant Cys48 of Srx attacks
Cys84 within the thiosulfinate intermediate at a rate that is limited by the rate of formation of the thiosulfinate intermediate.
In other words, the thiosulfinate species does not accumulate,
and as soon as it is formed, it is transformed into PrxSOH and
oxidized Cys48/Cys84 Srx. The oxidized Cys48/Cys84 Srx could
thus potentially behave as a catalytic intermediate in the S. cerevisiae Srx reaction.
Furthermore, comparison of the steady-state rate constants of the Srx-catalyzed reaction in the presence of DTT
or Trx shows that, in contrast to the reaction using DTT as a
reductant, reduction by Trx appears to be rate-limiting for
the C48S and C48A/C106A Srxs, unlike for the wild-type and
the C106A Srxs. Indeed, in the presence of Trx, the kcat value
for the C48S and C48A/C106A Srxs is ⬃0.2 min⫺1, which is
10-fold lower compared with the wild type. These results
show that the target of Trx in the catalytic cycle of the wildtype Srx is the oxidized Cys48/Cys84 Srx and not the thiosulfinate intermediate. Indeed, assuming the latter hypothesis, the value of the overall rate for the wild-type Srx should
have been 0.2 and not 2 min⫺1.
The fact that the rate of the recycling of the wild-type Srx
activity in the presence of Trx was not limiting suggested
formation of an efficient binary complex between the oxidized Cys48/Cys84 Srx and Trx. To prove that, and because
the rate-limiting step in the wild type precedes the Trx-recycling process and thus prevents access to the kinetic
parameters of the Trx-recycling steps, the oxidized Srx species was prepared by oxidation of the C106A Srx by H2O2.
The kinetic parameters of its reduction by Trx were determined. The apparent affinity constants for S. cerevisiae and
E. coli Trx1 determined under single turnover conditions are
56 and 210 M, respectively, which is indicative of specific
recognition interactions between oxidized Cys48/Cys84 Srx
and Trx. Consequently, the reduction of oxidized Srx by Trx
is highly efficient, with a second-order rate constant of 5䡠105
⫺1 ⫺1
M
䡠s . Moreover, the overall steady-state rate of reduction
of oxidized Cys48/Cys84 Srx by E. coli Trx is largely higher
than the overall rate of wild-type Srx-catalyzed reaction
measured under steady-state conditions in the presence of
Trx. A possible role of the glutathione/glutaredoxin1 from
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FIGURE 7. Proposed catalytic mechanism of Srx from S. cerevisiae. The
recycling mechanism involves the attack of the Cys48 of Srx on the sulfur atom
of Cys84 of the thiosulfinate intermediate, leading to the release of the oxidized Cys48/Cys84 Srx with intramolecular disulfide bond and of the sulfenic
acid PrxSOH product. The Cys48/Cys84 Srx is then reduced by attack of the Trx
catalytic Cys on Cys48 to form a Trx-Srx mixed disulfide, followed by regeneration of reduced Srx by attack of the recycling Cys of Trx. P, Prx; S, Srx; CP,
peroxidatic Cys; C84, Srx catalytic Cys; C48, Srx regeneration Cys; T, thioredoxin.

lular response to thioredoxin reductase gene disruption differs between yeast and mouse cells, which induce Prx versus
Srx mRNA, respectively. As mentioned above, inactivation
of the Trx-recycling system in yeast probably impairs Srx
function, which in return would be compensated by induction of Prx expression. This is also in agreement with the fact
that Trx likely recycles the activity of the Srx from S. cerevisiae via an attack on Cys48, which is not present in mammalian Srxs, and not on Cys84. Therefore, other reductants like
e.g. glutathione have to be involved. With this type of reductant, the recycling of Srx activity will also occur through
release of PrxOH and Srx, as a covalent SrxC84-reductant
mixed disulfide species that then has to be reduced to release
Srx under reduced form. Preliminary experiments using the
S. cerevisiae C48S Srx as a model for mammalian Srx showed
that in the presence of GSH (5 mM), Grx1 (100 M), and its
recycling system glutathione reductase/NADPH, the steadystate rate constant of the C48S Srx-catalyzed reaction was
0.5 min⫺1. Therefore, the GSH/Grx system might reduce the
thiosulfinate intermediate more efficiently than Trx,
although at a rate that would be limiting for the overall reaction. This could also explain why expression of C48S Srx in
⌬Srx S. cerevisiae cells only results in a minor effect on the
growth phenotype after cell treatment with H2O2 (23).
Conclusion—Based on the present and previous studies, we
propose the following scenario for the S. cerevisiae Srx catalytic
mechanism (Fig. 7): the first two steps of the reaction, which
consist of phosphate transfer on PrxSO2 and of formation of the
PrxSO-SSrx thiosulfinate intermediate, proceed at a limiting
VOLUME 284 • NUMBER 48 • NOVEMBER 27, 2009
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E. coli (GSH/Grx) was considered by comparing the rate of
reduction of the oxidized Srx species by Trx and GSH/Grx
measured in steady-state conditions (i.e. in the presence of
excess NADPH and Trx or glutathione reductase, respectively). A 20-fold higher value was obtained for Trx (100 M)
than for GSH/Grx (5 mM/100 M) at pH 7. This result, combined with the high second-order rate constant for the
reduction of oxidized Srx by Trx (5䡠105 M⫺1䡠s⫺1), supports
Trx as being the preferred cellular reductant of Srx in S.
cerevisiae. This conclusion is also supported by results
obtained in vivo using S. cerevisiae strains impaired in the
Trx system, which show significantly modified oxidation
profiles of Srx compared with the wild-type strain, although
similar profiles are observed using a strain producing 100fold less GSH than the wild type (23).
This conclusion is fully consistent with the rates of reduction
of the thiosulfinate intermediate by Trx measured using C48S
and C48A/C106A Srxs, which are largely lower than the corresponding value for oxidized Cys48/Cys84 Srx by a factor of 600,
and definitely exclude the thiosulfinate species as a target of Trx
in S. cerevisiae. In addition, the fact that Trx attacks SrxC48(2thiopyridine) more efficiently than SrxC84(2-thiopyridine)
supports an attack of Trx on Cys48 within the Srx Cys48/Cys84
disulfide bond. This is another piece of evidence, although indirect, that the thiosulfinate species, which is formed between Prx
catalytic Cys and Srx Cys84, is not the specific target of Trx in
the Srx mechanism.
Sequence alignments of Srx from various origins show that
Cys48 is only present in some yeasts related to S. cerevisiae and
is included within an extra sequence of 18 amino acids. The fact
that the formation of the disulfide bond between Cys48 and
Cys84 is rate-limited by the rate of formation of the thiosulfinate
species supports an efficient formation of the Cys48/Cys84
disulfide bond. As the Cys84 is located at the N terminus of an
␣-helix, this suggests a great flexibility of the extra sequence
containing Cys48. In this regard, the determination of the threedimensional structure of Srx from S. cerevisiae, which is currently in progress, will be informative.
The lack of residue corresponding to Cys48 in the mammalian enzymes and the fact that the catalytic Cys84 is the only
Cys residue in the human Srx, for example, imply that Srxs
from mammalian sources operate via a catalytic recycling
mechanism distinct from that of Srx from S. cerevisiae.
Because an intramolecular disulfide bond cannot be formed,
the recycling process of the mammalian Srxs should occur by
a direct attack of the thiol reductant on the Srx Cys84 of the
thiosulfinate intermediate. Consequently, this raises the
question of the nature of the physiological reductant of Srx
in mammalian cells. The fact that 1) the rate of reduction by
Trx of the thiosulfinate species in C48S Srx from S. cerevisiae
is very low, i.e. 0.2 min⫺1, and becomes rate-limiting compared with the wild type and 2) that the rate of reduction by
Trx of the thiosulfinate species in human/mouse Srx is also
very low and in the same range (24, 25)4 and is rate-limiting
whereas that of formation of the thiosulfinate species is close
to 2 min⫺1 (19)4 argues against a role of Trx in recycling the
Srx activity in mammals. This is in accord with the data
reported by Bondareva et al. (26) who observed that the cel-
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rate of 1.8 min⫺1.5 Then, an efficient recycling process, at a rate
that is limited by the rate leading to formation of the thiosulfinate species, occurs as follows: 1) release of Prx under the sulfenic acid state and of oxidized Cys48/Cys84 Srx followed by 2)
formation of a complex between Trx and oxidized Cys48/Cys84
Srx and reduction of Srx by Trx via an attack of the catalytic
Cys30 of Trx on the Cys48 of the disulfide bond Cys48/Cys84.
Such a mechanism implies the interplay of at least two protein
partners with Srx in S. cerevisiae and raises the question of the
dynamics that must take place within Srx upon interaction with
its substrate PrxSO2 and its reductant Trx. The fact that Trx is
not able to reduce efficiently the thiosulfinate intermediate
from S. cerevisiae and mammalian sources argues in favor of the
involvement of a distinct reductant in the recycling process of
mammalian Srxs.
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