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Thioredoxins (Trxs) are ubiquitous enzymes catalyzing the
reduction of disulfide bonds, thanks to a CXXC active site.
Among their substrates, 2-Cys methionine sulfoxide reductases
B (2-Cys MSRBs) reduce the R diastereoisomer of methionine
sulfoxide (MetSO) and possess two redox-active Cys as follows: a
catalytic Cys reducing MetSO and a resolving one, involved in
disulfide bridge formation. The other MSRB type, 1-Cys
MSRBs, possesses only the catalytic Cys, and their regeneration
mechanisms by Trxs remain unclear. The plant plastidial Trx
CDSP32 is able to provide 1-Cys MSRB with electrons. CDSP32
includes two Trx modules with one potential active site
219CGPC??? and three extra Cys. Here, we investigated the redox
properties of recombinant Arabidopsis CDSP32 and delineated
the biochemical mechanisms of MSRB regeneration by
CDSP32. Free thiol titration and 4-acetamido-4'-maleimidyl-
distilbene-2,2’-disulfonic acid alkylation assays indicated that
the Trx possesses only two redox-active Cys, very likely the
Cys>'? and Cys®?2 Protein electrophoresis analyses coupled to
mass spectrometry revealed that CDSP32 forms a heterodimeric
complex with MSRB1 via reduction of the sulfenic acid formed on
MSRBI catalytic Cys after MetSO reduction. MSR activity assays
using variable CDSP32 amounts revealed that MSRB1 reduction
proceeds with a 1:1 stoichiometry, and redox titrations indicated
that CDSP32 and MSRB1 possess midpoints potentials of —337
and —328 mV at pH 7.9, respectively, indicating that regeneration
of MSRB1 activity by the Trx through sulfenic acid reduction is
thermodynamically feasible in physiological conditions.

Cysteines are key residues in the CXX(C/S) active site of thi-
oredoxins (Trxs)” and glutaredoxins (Grxs). Trxs are small and
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ubiquitous protein-disulfide reductases that supply the reduc-
ing power needed to break disulfide bonds in physiological
partners (1, 2). Grxs, generally reduced by glutathione, are able
to reduce protein disulfides and also to carry out the reduction
of glutathione-mixed disulfides, a reaction termed deglutathio-
nylation, for which Trxs are not efficient catalysts (3-5). Since
the discovery of ribonucleotide reductase as a substrate for Trxs
(6) and Grxs (7), both thiol oxidoreductases have been shown to
regulate enzymes involved in numerous metabolic pathways,
such as apoptosis (8), protein folding (9), or carbon assimilation
in photosynthetic organisms (10, 11). Another important func-
tion of Trxs and Grxs is their role in the protection against
oxidative stress through the regeneration of the activity of per-
oxiredoxins (Prxs) (12, 13) and methionine sulfoxide reductases
(MSRs) (14 -16). Prxs and MSRs possess a variable number of
redox-active Cys for catalyzing the reduction of their sub-
strates, peroxides and methionine sulfoxide (MetSO), respec-
tively. For both enzymes, the mechanism starts by the oxidation
of the “catalytic” Cys to the sulfenic acid form (Cys-SOH) (15,
17-19). In the case of 2-Cys Prxs, MSRAs, and 2-Cys MSRBs,
the second step, reduction of Cys-SOH, is achieved by an inter-
nal “resolving” Cys, through the formation of an intra- or inter-
molecular disulfide bond, subsequently reduced by thiol oxi-
doreductases (15, 17-21). In contrast, 1-Cys Prxs and 1-Cys
MSRBs do not possess a potential resolving Cys (15, 19-21).
The intervention of glutathione as the Cys-SOH reductant fol-
lowed by a deglutathionylation step achieved by glutathione
S-transferase has been shown for human 1-Cys Prx (22, 23).
Similarly, we previously showed that regeneration of Arabidop-
sis 1-Cys MSRB activity by the GSH/Grx system involves first
glutathionylation of the Cys-SOH formed on the catalytic Cys
after MetSO reduction and then deglutathionylation by Grxs
(21). Interestingly, several lines of evidence indicate that Trxs
could also act as reductants for 1-Cys MSRBs, but the underly-
ing biochemical mechanisms remain unclear. For instance,

DTTred, reduced dithiothreitol; DTTox, oxidized dithiothreitol (trans-4,5-
dihydroxy-1,2-dithiane); GSH, reduced glutathione; Grx, glutaredoxin;
MetSO, methionine sulfoxide; MSR, methionine sulfoxide reductases; Prx,
peroxiredoxins; TNB, 5-thio-2-nitrobenzoic acid; WT, wild type; BisTris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; MES,
4-morpholineethanesulfonic acid; Tricine, N-[2-hydroxy-1,1-bis(hydro-
xymethyl)ethyl]lglycine; mBBr, monobromobimane.
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mammalian Trxs are able to covalently interact with substrate-
oxidized 1-Cys MSRBs and to regenerate their activity (24). In
the case of plant 1-Cys MSRBs, there is generally only one iso-
form, termed MSRB1, which is located in plastids (20, 25). Ara-
bidopsis MSRBL is efficiently reduced, as mentioned above, by
Grxs (16, 21) but also by a specific plant Trx termed CDSP32
(Chloroplastic Drought-induced Stress Protein of 32 kDa) (16).
Plants display a remarkable diversity of Trxs (1), but among the
10 plastidial Trxs assayed, only the unusual CDSP32 is able to
regenerate the activity of 1-Cys MSRB1 (16). CDSP32, induced
under severe abiotic stress conditions (26, 27), is composed of
two Trx modules, with only one potential active redox disulfide
center in the C-terminal domain (26). Affinity chromatography
and co-immunoprecipitation assays identified plastidial 2-Cys
Prxs and 1-Cys MSRBI as potential targets of CDSP32 (28, 29).
Very interestingly, this Trx is able to regenerate the activity of
plant and mammalian 1-Cys MSRBs without addition of GSH
or any other thiol compound (30), raising the hypothesis that
regeneration might proceed through an alternative mecha-
nism, distinct from the glutathionylation/deglutathionylation
process used by Grxs (21).

In this work, we performed a biochemical analysis to delin-
eate the reduction mechanism used by CDSP32 in the reduc-
tion of 1-Cys MSRB1. Our data show that the Trx, unlike Grxs,
is able to directly reduce the sulfenic acid formed on the cata-
lytic Cys of MSRB1 after MetSO reduction.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis—Nucleotide substitutions at spe-
cific positions were performed using the QuikChange
mutagenesis method (Stratagene, La Jolla, CA) as reported pre-
viously (21) and the pQE30-CDSP32 and pQE30-CDSP32-Cter
plasmids (28) as mutagenic PCR templates. Primers for site-
directed mutagenesis, containing a modified restriction
enzyme site allowing screening, are presented in supple-
mental Table 1.

Expression and Purification of Recombinant Proteins—Wild-
type (WT) and mutated forms of MSRB1 and CDSP32 were
purified as described previously (21, 28). Recombinant C-ter-
minal CDSP32 starts from Gly-181 and has a theoretical molec-
ular mass of 14,956.1 Da. CDSP32 proteins were reduced using
20 mM DTTred for 30 min at room temperature and then
desalted using HiTrap™ desalting column or Illustra™
NAP-5 Sephadex G-25 (GE Healthcare) in 50 mm K,HPO,/
KH,PO,, 100 mm KCI, pH 7.0. Protein concentration was deter-
mined using a bicinchoninic acid assay (BC Assay Reagent,
Interchim) and by measuring the absorbance at 280 nm using
specific extinction coefficients. Protein purity was verified
using SDS-polyacrylamide gels stained with Imperial™" pro-
tein stain (Pierce).

Determination of CDSP32 Redox Status and AMS Labeling—
10 uM WT or C222S CDSP32 was incubated with 1 mm DT Tred
or DTTox or with 30 um MSRBI in the presence or absence of
200 uMm N-acetyl-MetSO. After 30 min, proteins were precipi-
tated in 10% trichloroacetic acid. The pellet obtained after cen-
trifugation was washed with 2% trichloroacetic acid and solu-
bilized in 0.1 M Tris-HCI, pH 8.0, 1% (w/v) SDS, 2 mm AMS
(Invitrogen). Proteins were separated using 17% bisacrylamide-
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SDS-polyacrylamide gels and revealed using Imperial ™
tein stain.

Determination of Thiol and Cysteine Sulfenic Acid Contents—
The protein thiol content was determined using the 5,5'-dithio-
bis(2-nitrobenzoic acid) (DTNB) procedure. After 30 min of
incubation in the presence of 20 mM DTTred or 20 mm DTTox,
proteins (50 um) were desalted in 30 mm Tris-HCl, pH 8.0,
using NAP-5 columns. Thiol measurement was performed
after incubation for 30 min in the dark in the presence of 200 um
DTNB, 1% (w/v) SDS. The absorbance was read at 412 nm, and
the thiol content was estimated using a molar extinction coef-
ficient of 13,600 m*«cm ™! for 5-thio-2-nitrobenzoic acid (TNB).
Cys-SOH content was determined using the specific TNB rea-
gent prepared from reduction of DTNB (31). Pre-reduced
MSRs (850 um) were incubated with 70 um TNB in a final
volume of 250 ul of 30 mm Tris-HCI, pH 8.0. Cys-SOH forma-
tion was then monitored spectrophotometrically following the
decrease in TNB concentration at 412 nm after addition of
N-acetyl-MetSO (0.4 —1.6 mm) using a molar extinction coeffi-
cient of 14,150 Mm':cm™'. Absorbance and spectra were
recorded using a Cary-50 UV-visible spectrophotometer (Var-
ian, Inc.).

Assays for Trx and MSR Activities—The insulin reduction
assay was used to analyze Trx activity as described previously
(26) using 5 um WT and mutated C-terminal CDSP32. Activity
of recombinant MSRB proteins using reduced and desalted
CDSP32 as an electron donor was determined at 25 °C by mon-
itoring the reduction of the synthetic substrate, dabsyl-MetSO,
as reported previously (21).

In Vitro Formation of Heterodimers—After purification,
recombinant MSRB1 was pre-oxidized in the presence of 2 mm
N-acetyl-MetSO for 15 min at 25 °C and then desalted in 30 mm
Tris-HCI, pH 8.0, using NAP-5 columns. Pre-reduced or pre-
oxidized MSRBI1 (5 or 20 um) was incubated with 20 um pre-
reduced C-terminal C222S CDSP32, C-terminal WT CDSP32,
or C-terminal C219S CDSP32 for 30 min at 25 °C in the pres-
ence or absence of 1 mm diamide. Proteins were separated by
SDS-PAGE, using NuPAGE™ loading buffer, and NuPAGE™
4-12% BisTris gels and MES buffer (Invitrogen). After Coo-
massie Blue staining, the identity of proteins was determined
using peptide mass fingerprints.

Mass Spectrometry Analyses—Bands were excised, de-
stained, and subjected to in gel digestion with trypsin as
described previously (32). Peptide mass fingerprints were per-
formed using matrix-assisted laser desorption ionization time-
of-flight analysis on a Voyager DE-STR mass spectrometer
(PerSeptive Biosystems, Framingham, MA) as described previ-
ously (33).

Redox Titrations—Redox titration of CDSP32 was performed
using mBBr as reported previously (34). CDSP32 (50 um) was
incubated at defined E,, values in 500-pul aliquots prepared by
modifying the proportions of DTTred and DTTox (final DTT
concentration, 2 mm). All E,, value calculations were based on
values of —327 and —385 mV for the E, of DTT at pH 7.0 and
pH 7.9, respectively (35, 36). Titrations were carried outin 0.1 M
HEPES-HCI, pH 7.0, or in 0.1 M Tricine-NaOH, pH 7.9. After
equilibrating CDSP32 samples in DTT redox buffers for 2 h, 5
wl of a saturated mBBr solution in acetonitrile was added. After

pro-
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TABLE 1

Free thiol content in WT and mutated CDSP32 proteins after
treatment with DTTred and DTTox

The free thiol content in CDSP32 was titrated using a standard DTNB assay. Data

are expressed in moles of SH'mol of enzyme ~'. Data presented are the means = S.D.
(n = 3).

No. of free thiols measured

No. of Diff
Cys ifference
Y DTTred DTTox (DTTred — DTTox)
CDSP32 5 51*01 27=*01 24*0.1
CDSP32 C terminus 3 3102 1.0*+0.2 2.1+03
C222S CDSP32 4 39+04 35*04 04+ 0.6

20 min in the dark, CDSP32 was precipitated using the trichlo-
roacetic acid procedure described above, and the protein pellet
was dissolved in 0.1 M Tris-HCI buffer, pH 8.0, 1% (w/v) SDS.
Fluorescence was measured at 450 nm, after excitation at 380
nm, using an LS50B spectrofluorimeter (PerkinElmer Life Sci-
ences). For redox titration of MSRB1, the enzyme was pre-oxi-
dized using 2 mm N-acetyl-MetSO in 30 mm Tris-HCI, pH 8.0,
for 15 min at 25 °C and then desalted in 0.1 M Tricine-NaOH,
pH 7.9, using a NAP-5 column. 10 um pre-oxidized MSRB1 was
incubated for 1 h at 25 °C in 500-ul aliquots at defined E,, based
on DTTred and DTTox proportions at a final DTT concentra-
tion of 10 mm. After desalting on NAP-5 column, protein con-
centration was determined at 280 nm using an extinction coef-
ficient of 26,930 M~ cm ™', Aliquots (95 ul) were incubated
with 5 ul of 5 mMm dabsyl-MetSO for 30 min at 37 °C. The
amount of dabsyl-Met formed was determined as described
previously (21). Titration data were fitted to the Nernst equa-
tion using nonlinear regression. The # value was set to 2 as the
disulfide-dithiol exchange, and the oxidation and reduction of
Cys sulfenic acid are expected to be two-electron transfer pro-
cesses (35-38). The redox potential is reported as the mean
value = S.D. of three replicates.

RESULTS

Redox Characterization of WT and Mutated CDSP32—The
mature CDSP32 protein is composed of two Trx domains,
including only one potential active site, Cys***~Gly**°~Pro**'—
Cys**?, in the C-terminal domain (from Gly'®! to Tyr*°?). The
N-terminal domain (from Ala®® to Tyr'®°) contains two Cys at
positions 122 and 142, and the C-terminal domain contains
another one at position 253. To determine the redox status of
CDSP32 cysteines, the free thiol content of WT and mutated
CDSP32 was assayed using a DTNB procedure after incubation
with DTTred or DTTox and subsequent desalting (Table 1).
Reduced WT CDSP32 was found to contain 5.1 thiols, consist-
ent with the reduction of five Cys. After incubation with
DTTox, the observed number of free thiols was 2.7, corre-
sponding to a decrease of ~2 thiols compared with the number
in the reduced protein. These results very likely indicate the
formation of one disulfide bond in oxidized CDSP32. Consis-
tently, in the case of the C-terminal domain, 3.1 thiols were
titrated when the protein was reduced and only 1.0 after incu-
bation with DTTox. These data lead us to conclude that the
redox-active CDSP32 Cys are located in the C-terminal part of
the protein. Titration experiments with C222S CDSP32
revealed no significant change in the number of free thiols.
Indeed, after reductive and oxidative treatments, the numbers
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FIGURE 1. Thioredoxin activity of C-terminal WT and mutated CDSP32.
Reduction of insulin (1 g-liter ") by 5 um C-terminal CDSP32 was monitored as
theincrease in turbidity at 650 nm due to precipitation, in 0.1 m K,;HPO4, 2 mm
EDTA, pH 7.0, in a final volume of 700 wl. The reaction was started by adding
0.7 mm DTT.

of free thiols in the protein lacking the second Cys in the poten-
tial active site were 3.9 and 3.5, respectively, indicating that
Cys>?? is redox-active and very likely able to form a disulfide
bond with the other Cys of the potential active site, Cys*',

The thioredoxin activity of WT and mutated C-terminal
CDSP32 was assayed using insulin as a substrate to investigate
the role of the three Cys present in this domain (Fig. 1). Note
that we previously reported the inability of whole CDSP32 to
reduce the disulfide bonds in insulin (26). In the presence of
C-terminal WT CDSP32, insulin precipitation occurred after
10 min, and reduction proceeded at a rate of 0.114 A,
unit'min ' as reported previously (26). In contrast, C-terminal
C219S CDSP32 and C222S CDSP32 were found unable to
reduce insulin underlining the critical role of Cys*' and Cys***
in the reaction. When using C-terminal C253S CDSP32, insulin
precipitation took place after 12 min with a rate lower than that
of the WT form (0.063 A, unit'min '), revealing that Cys>*® is
not required for insulin reduction. Taking into consideration
the thiol titration data and the conservation of the Trx-active
site, these results indicate that Cys®*® and Cys*** are the cata-
lytic and resolving redox-active Cys, respectively, in CDSP32.
Furthermore, they indicate that Cys**® is not required for
CDSP32 disulfide reductase activity.

We then characterized the CDSP32 redox properties by
determining the redox midpoint potential (E,,) of C-terminal
CDSP32 using mBBr to label free thiols at 25 °C at two pH
values, 7.0 and 7.9 (Fig. 2). Titration data best fitted to the
Nernst equation for a single two-electron redox couple (# set-
tled to 2). The calculated redox midpoint potentials (E,,) were
—284 *+3and —337 = 2mV atpH 7.0and 7.9, respectively. The
difference of —53 = 4 mV is consistent with the —59 mV/pH
unit variation expected for the process of disulfide bond reduc-
tion, which involves the uptake of two protons per two elec-
trons (35, 36). These potential values are in the range of those
measured for canonical Trxs of plants and other organisms
(43-45).

Redox-dependent Interaction between MSRBI and CDSP32—
The plastidial 1-Cys MSRB1 was first identified as able to inter-
act with CDSP32 via a redox-based mechanism in affinity chro-

SN

VOLUME 285+NUMBER 20-MAY 14, 2010



Fraction reduced

-390 -370 -350 -330 -310 -290 -270 -250 -230 -210
En(mV)

FIGURE 2. Redox titration of C-terminal CDSP32 domain. Titration was per-
formed in HEPES, pH 7.0 (O), and Tricine, pH 7.9 (®). The percentages of reduced
fraction as a function of £, were fitted to the Nernst equation (n = 2) using non-
linear regression. Data are represented as mean values = S.D. (n = 3).

matography experiments (29). Moreover, activity assays
showed that CDSP32 provides MSRB1 with electrons (16, 30).
To delineate the regeneration mechanism of MSRB1 by
CDSP32, we first investigated whether both proteins could
form redox-dependent heterodimeric complexes. For this pur-
pose, MSRBI, either reduced or substrate-oxidized, was incu-
bated with reduced C222S CDSP32 in ratios of 1:1 and 1:4. A
mutated form of the Trx lacking the resolving Cys was used to
stabilize the complex formed through an intermolecular disul-
fide bridge as shown for many targets of Trxs (24, 39). Then
proteins were analyzed using nonreducing SDS-PAGE and
Coomassie Blue staining (Fig. 34) and by Western analysis
(data not shown). When incubated alone, oxidized MSRB1 (Fig.
3A, band a, lane 1) or reduced C222S CDSP32 (Fig. 34, band b,
lane 2) migrated as monomers of ~17 and ~29 kDa, respec-
tively. When reduced MSRB1 was incubated with C222S
CDSP32, only the two monomers were visible after staining
(Fig. 3A, bands a and b, lane 3). Treatment of MSRB1 with
N-acetyl-MetSO before incubation with C222S CDSP32
resulted in the appearance of a third band at ~45 kDa, corre-
sponding to the size of an MSRB1-CDSP32 heterodimer (Fig.
3A, band c, lanes 4 and 5). Note also a fourth band at ~60 kDa
corresponding to a CDSP32 dimer (Fig. 3A, band d, lane 5).
Peptide mass fingerprints confirmed that the 45-kDa band con-
tains peptides from both proteins, whereas only MSRB1 pep-
tides are present in band a and CDSP32 peptides in bands b and
d (Fig. 34). The complex formation was also assayed using W'T
and C219S C-terminal domains of CDSP32 in the presence of
diamide, a compound triggering the formation of disulfide
bridges (Fig. 3B). Oxidized MSRB1 migrated as two monomers
(Fig. 3B, bands a and a’, lanes 1, 3, and 5), for which peptide
mass fingerprints are indistinguishable (data not shown).
Reduced C-terminal WT CDSP32 migrated as monomers and
dimers of ~15 and 30 kDa, respectively (Fig. 3B, lane 2, bands b
and d). A band of 32 kDa was observed when MSRB1 was incu-
bated with C-terminal WT CDSP32 (Fig. 3B, lane 3, band c),
and peptide mass fingerprints revealed the presence of both
proteins in this band. The mutated C219S form of C-terminal
CDSP32 migrated as a monomer with an apparent size slightly
lower than that of the WT form (Fig. 2B, lane 4, band b") and as
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two dimers (Fig. 3B, bands d' and d", lane 5), but incubation with
MSRBI did not lead to the apparition of a band corresponding to a
heterodimer (Fig. 3B, lane 5). Altogether, these data clearly show
that CDSP32 forms a complex with oxidized MSRB1 through its
catalytic cysteine, Cys>'?, very likely via a disulfide bond as indi-
cated by the experiments performed using diamide.

To determine the redox status of CDSP32 cysteines in the
process of MSRBI1 reduction, we used the thiol-specific reagent
AMS. We compared the migration profiles of WT and C222S
CDSP32 after DTT treatment or after incubation with MSRB1
in the presence or absence of N-acetyl-MetSO. Proteins were
solubilized in a buffer containing AMS and separated in high
resolution nonreducing SDS-polyacrylamide gels (Fig. 4). AMS
alkylation led to an increase of nearly 0.5 kDa per Cys-SH.
Accordingly, we observed a faster migration of DTTox-treated
WT CDSP32 (Fig. 4, lane 2) compared with the reduced protein
(Fig. 4, lane 1), revealing a decreased number of accessible Cys.
Based on thiol titration data (Table 1), the size decrease corre-
sponds to the absence of two free thiols in the DTTox-treated
protein. When using C222S CDSP32, no migration variation
was observed either in the presence of DT Tred or DTTox (Fig.
4, lanes 5 and 6), indicating that Cys**? is very likely involved in
a disulfide bridge with Cys*'?, consistently with data collected
from thiol titration and insulin reduction assays. This was fur-
ther confirmed in similar experiments using a C-terminal
CDSP32 form lacking Cys*'®, which showed no change in
migration after incubation with DTTox and AMS treatment
(supplemental Fig. 1). In other respects, in the presence of
MSRB1 when N-acetyl-MetSO was omitted, the migration of
WT CDSP32 was identical to that observed after DTTred treat-
ment (Fig. 4, lane 3), revealing complete reduction of the pro-
tein. The addition of N-acetyl-MetSO led to a faster migration
of CDSP32 corresponding to that of CDSP32 treated with
DTTox. Note that N-acetyl-MetSO has no effect on CDSP32
when incubated without MSRB1 (data not shown) and that
MSRB1 monomer was excluded from the gel to obtain a correct
separation of AMS-alkylated CDSP32 monomers. These results
show that oxidized MSRB1 modifies the redox status of CDSP32 in
a way similar to that of DTTox. On the basis of thiol and redox
titration data, we conclude that the reduction of MSRB1 by
CDSP32 results in the oxidation of the two Cys in the Trx-active
site, Cys>'® and Cys>*?, very likely through the formation of a disul-
fide bond between the two cysteines.

Catalytic Parameters of MSRBI Reduction by CDSP32—To
further characterize the roles of CDSP32 redox-active Cys par-
ticipating in MSRB1 reduction, we compared the ability of pre-
reduced WT and mutated Trx forms to supply MSRB1 with
electrons in the absence of any other reducer. These assays were
monitored by following MetSO reduction using dabsyl-MetSO
as a substrate mimicking peptide-bound MetSO. When varying
the concentration of WT or of mutated C222S CDSP32, Met
production was found to follow hyperbolic saturation curves
(data not shown). In the presence of only pre-reduced MSRB1,
we measured a stoichiometry of ~1 mol of Met formed per mol
of enzyme (Table 2). Saturation with WT CDSP32 led to the
reduction of 10.3 mol of Met per mol of MSRB1 (Table 2). We
calculated an apparent constant of semi-saturation of MSRB1
by CDSP32 (S, 5) of 54.1 um. The C-terminal part of CDSP32
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FIGURE 3. Formation of heterodimers between MSRB1 and CDSP32. A, formation of heterodimers between MSRB1 and C222S CDSP32. Pre-reduced or
pre-oxidized MSRB1 was incubated with pre-reduced C222S CDSP32 in a 1:1 molar ratio. Coomassie Blue-stained nonreducing 4-12% polyacrylamide gel (left panel)
and peptide mass fingerprints for identification of proteins present in each band (right panel) are shown. a, MSRBT monomer; b, C222S CDSP32 monomer;
¢, MSRB1-C222S CDSP32 heterodimer; d, CDSP32 dimer; ns, nonspecific. B, formation of heterodimer between MSRB1 and C-terminal WT and C219S CDSP32 in the
presence of diamide. Assays were performed as in A except that incubation was in a 1:4 molar ratio (MSRB1:CDSP32 C terminus). a and a’, MSRB1 monomers;
b, C-terminal WT CDSP32 monomer; b’, C-terminal C219S CDSP32 monomers; ¢, C-terminal MSRB1-CDSP32 heterodimer; d, C-terminal WT CDSP32 dimer. Molecular

masses are indicated on the left (kDa).
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FIGURE 4. Migration patterns of AMS-labeled CDSP32 after incubation
with DTTred, DTTox, or MSRB1. WT and C222S CDSP32 were incubated
with either DTTred or DTTox (lanes 1, 2 and 5, 6, respectively). WT CDSP32 was
incubated with MSRB1 in the presence or absence of N-acetyl-MetSO. After
trichloroacetic acid precipitation and AMS labeling, 0.25 g of CDSP32 was
loaded on a nonreducing 17% gel, and staining was achieved using Coomas-
sie Blue.

OoX

alone was also able to supply MSRB1 with electrons, and satu-
ration led to the formation of 6 mol of Met per mol of MSRBI1,
with an S, 5 of 15.7 um. The full-length CDSP32, in which
Cys>'® was replaced by Ser, was no more able to reduce MSRB1
in the presence or absence of a chemical reducer (data not
shown). Very interestingly, the two mutated forms of the full-

length protein, in which Cys*** or Cys®** and Cys*** were
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changed to Ser, were still able to supply MSRB1 with electrons.
At saturating concentrations, the amounts of Met formed were
equal to 95 and 79% of those recorded with WT CDSP32, for
C222S CDSP32, and C222S/C253S CDSP32, respectively. The
So5 values for both mutated forms were nearly twice higher
than that of the WT protein (Table 2). Altogether, these results
show that CDSP32 directly reduces MSRB1 and that among the
five Cys present in CDSP32, only the catalytic one, Cys>'?, is
required for the activity of MSRBI reduction.

Then we calculated the stoichiometry of MSRB1 reduction
by CDSP32 by plotting the number of Met moles formed per
mol of MSRB1 as a function of the CDSP32/MSRB1 molar ratio
for CDSP32 concentration values lower than the calculated S, 5
(Table 2). The obtained data follow a linear regression model,
the slope of which corresponds to the number of Met moles
formed for a CDSP32/MSRBI1 ratio of 1 (Table 2). For C-termi-
nal WT CDSP32 and CDSP32, the slope value, very close to 1,
indicates that 1 mol of CDSP32 is sufficient for 1 mol of MSRB1
to reduce 1 MetSO mol. In the case of C222S CDSP32 and
C222S/C253S CDSP32, the slope values are equal to ~0.5,
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TABLE 2
Stoichiometry of MSRB1 reduction by CDSP32

Regeneration of MSRB1 Activity by the CDSP32 Trx

The stoichiometry values were calculated using hyperbolic saturation curves. The amount of Met formed was obtained at saturating concentrations of CDSP32 (“stoichi-
ometry per mol of MSRB1”) or for concentration values lower than S, ; (“stoichiometry per mol of CDSP32”). Data presented are mean values = S.D. (1 = 3).

Reductant Stoichiometry per mol of MSRB1 Sos Stoichiometry per mol of CDSP32
moles of Met formed-mol of MSRBI " M moles of Met formed-mol of MSRBI ™ *-mol of CDSP32™"
No reductant 1.1*+0.1
CDSP32 C terminus 6.0=*1.2 157 = 3.0 1.15 = 0.05
CDSP32 10.3 + 0.9 54.1 + 3.1 0.97 + 0.14
C222S CDSP32 9.8 0.1 108.1 = 20.2 0.43 * 0.07
C2225/C253S CDSP32 82*x0.1 93.7 £11.9 0.48 £ 0.02
0,7 1.
+ N-acetyl-MetSO £ DTTred MSRB1® MSRB1+DTTred O 04 [ ]
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FIGURE 5. Characterization of Cys-SOH of MSRBs. The formation of cysteine
sulfenic acid in MSRB1 was determined using TNB after addition of N-acetyl-
MetSO as a substrate and monitored as the number of moles of oxidized TNB
per mol of MSRB1. Typical traces were acquired using WT MSRB1 (M), WT
MSRB1 and subsequently 1 mm DTTred ((J), and C186S MSRB1 (A).

showing that 2 mol of Trx are necessary for 1 MSRB1 mol to
reduce 1 mol of substrate (Table 2). These results indicate that
WT CDSP32 regenerates MSRB1 activity through an equimo-
lar process and that Trx forms lacking Cys*** or Cys*** and
Cys>*® use an alternative mechanism involving two Trx mole-
cules to reduce MSRBL1.

Characterization of Cysteine Sulfenic Acid of MSRBI—The
regeneration mechanism of MSRB1 activity was then investi-
gated using the Cys-SOH-specific reagent, TNB (17, 31), to
delineate the redox changes in MSRB1 induced by N-acetyl-
MetSO. When MSRBI, first incubated with TNB, was treated
with a saturating concentration of N-acetyl-MetSO, TNB oxi-
dation occurred and remained relatively stable (Fig. 5). The
level of oxidation recorded was 0.57 = 0.04 mol of TNB oxi-
dized per mol of MSRB1. These data reveal the formation of a
stable sulfenic acid, followed by the formation of MSRB1-TNB
adduct and the concomitant release of one H,O molecule.
When subsequently adding DTTred, we observed a decrease in
the number of moles of TNB oxidized per mol of MSRB1 down
to the basal level, corresponding to reduction and release of the
TNB moiety. When performing similar experiments using
C186S MSRBI, no change in the oxidized TNB/MSRB1 mole
ratio was noticed, indicating no formation of sulfenic acid due
to the absence of the catalytic Cys. In the case of WT enzyme,
the calculated ratio of moles of TNB oxidized per mol of
MSRBLI is nearly twice lower than expected regarding the the-
oretical 1-Cys MSRB mechanism for reducing MetSO, which
involves 1 mol of enzyme per mol of substrate. To get a deeper
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FIGURE 6. Redox titration of MSRB1 at pH 7.9. The stoichiometry data (hum-
ber of Met moles formed per mol of MSRB1) were fitted as a function of £, to
the Nernst equation using nonlinear regression. Data are represented as
mean values = S.D. (n = 3).

insight regarding TNB titration, we used an alternative method
consisting in quantifying the TNB moiety linked to MSRBI.
The enzyme was incubated with TNB and N-acetyl-MetSO,
and then excess reagents were removed using trichloroacetic
acid precipitation. After solubilization, a residual absorbance at
412 nm of 0.66 * 0.02 was detected (supplemental Fig. 2), indi-
cating a residual absorbance of the TNB moiety linked on
MSRB1. When adding DTT to the protein solution, the calcu-
lated ratio was 0.94 * 0.05, showing that ~1 mol of TNB was
linked to 1 mol of MSRB1, and thus that the catalytic Cys'®® is
converted to a sulfenic acid form after reduction of MetSO.

Finally, we determined the E,, of MSRB1 at pH 7.9. For this
purpose, MSRB1 was first pre-oxidized using dabsyl-MetSO as
a substrate to form Cys-SOH, desalted to remove the excess of
MetSO, then incubated with DTT in various dithiol-disulfide
ratios, and desalted a second time before determination of the
stoichiometry of dabsyl-Met production (Fig. 6). The calculated
E,, was —328 £ 2 mV. To our knowledge, this is the first study
reporting a redox midpoint potential for a MSRB protein and a
Cys-SH/Cys-SOH couple. Considering the redox potential
measured for the CDSP32 Trx (—337 = 2 mV), the value
obtained here for MSRB Cys-SH/Cys-SOH is compatible with
an efficient reduction of oxidized MSRB1 by CDSP32.

DISCUSSION

The aim of this study was to delineate the mechanism used by
the CDSP32 Trx in the regeneration of Arabidopsis thaliana
plastidial 1-Cys MSRBI1 activity. The results presented here
show that CDSP32 regenerates MSRB1 through the direct
reduction of the sulfenic acid formed on the catalytic Cys, with-
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out the help of any other thiol compound. Notably, we recently
showed that MSRB1 activity is also regenerated by the GSH/
Grx system but via a glutathionylation step of the sulfenic acid
and then by Grx reduction of the GSH-MSR adduct (16, 21).
Thus, MetSO reductases displaying only one redox-active cys-
teine would be regenerated in planta by at least two types of
electron donors and through distinct regeneration processes.
Taking into consideration the concentration of reduced gluta-
thione compared with that of CDSP32, the GSH/Grx system
could be the main MSRBI electron provider upon optimal
growth conditions. CDSP32 could act more specifically during
stress responses when the pool of reduced GSH decreases
and/or when GSH is needed for other functions, such as the
protection of carbon metabolic enzymes such as glyceralde-
hyde-3-phosphate dehydrogenase (40). Indeed, accumulation
of CDSP32 has been shown to occur during environmental con-
straints, such as severe water deficit or photooxidative treat-
ments, which result in decreases in the pool of reduced gluta-
thione (26, 27, 41). Thus, the Trx could provide MSRB1 with
electrons and ensure the MSRB activity level required for pro-
tection during environmental constraints (42).

CDSP32 is composed of two Trx domains with only one
potential Trx-active site in the C-terminal domain, including
Cys*'? and Cys**%. The N-terminal domain contains two Cys,
and the C-terminal domain possesses one supplementary Cys
at position 253. To determine the role of each Cys in the activity
and redox status of CDSP32, we characterized WT and
mutated forms by thiol titration and insulin reduction assays.
The thiol titration results showed that only two Cys are
involved in the protein redox status and that they are located in
the C-terminal domain (Table 1). When using C222S CDSP32,
no noticeable difference in thiol content was observed after
oxidation (Table 1), revealing that Cys*** is involved in the
redox status of CDSP32, very likely through the formation of a
disulfide bridge with Cys®'® upon oxidation, as reported for the
resolving Cys in many Trxs (9). This hypothesis is supported by
insulin reduction assays, in which we observed that only C-ter-
minal WT and C253S CDSP32 are able to reduce the hormone
(Fig. 1), indicating that Cys*'” and Cys®**> are absolutely
required. Moreover, in regeneration assays of MSR activity
(Table 2), the C-terminal CDSP32 domain and a mutated
CDSP32 form, in which the Cys®*? is changed to a Ser, are able
to provide MSRBI1 with electrons, showing that the two N-ter-
minal Cys and the most C-terminal one are dispensable. These
data lead us to conclude that these three Cys do not participate
in the CDSP32 redox status and in the reduction of the sub-
strates tested in this study. However, we cannot exclude poten-
tial roles for these Cys in the interaction with other partners. To
further characterize the redox properties of the Trx, we deter-
mined the oxidation-reduction midpoint potentials (E,,) of
C-terminal CDSP32 at pH 7.0 and 7.9, the physiological pH
values in the stroma, using an mBBr procedure (Fig. 2). Con-
sistent with a two electrons process, E,, values were —284 * 3
and —337 = 2mV at pH 7.0 and 7.9, respectively. These values
are significantly less negative than those of the canonical plas-
tidial Trxs fand m (approximately —360 mV at pH 7.9) (43, 44)
and lower than the redox midpoint potential of human Trx1
(approximately —290 mV) (45) but in the same range of those
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recorded for Escherichia coli Trx (46) or plastidial Trxs x and y
(43, 44). Interestingly, Trxs x and y are efficient reducers of the
plastidial 2-Cys Prx (43) and Prx Q (44, 47), respectively, two
previously identified targets of CDSP32 (28, 29). At pH 7.9, the
redox midpoint potentials of 2-Cys Prx and Prx Q are around
—370 mV (47, 48), a value ~35 mV more negative than those of
CDSP32, Trx x and Trx y, showing that efficient reduction of
the disulfide bond formed in oxidized Prxs can occur only when
the pool of Trxs is highly reduced. On the contrary, the redox
midpoint potential of MSRB1 is —328 = 2 mV at pH 7.9 (Fig. 6),
a value slightly less electronegative than that of CDSP32
(=337 £ 2 mV). This indicates that MSRB1 reduction by
CDSP32 is thermodynamically feasible at pH 7.9, the physio-
logical value observed in illuminated chloroplasts (49). The
analysis of C-terminal CDSP32 redox titration curves revealed
that the Trx could sustain 50% of MSRBI activity even if only
30% of the total pool of protein is reduced (Fig. 2). Taking into
consideration the redox midpoint potentials of plastidial Prxs,
the reduction of MSRB1 by CDSP32 appears far more favorable
than that of 2-Cys Prx and Prx Q, which in comparison exhibit
lower E,, values.

Contrary to other CDSP32 targets, MSRB1 possess only one
redox-active Cys at position 186. We previously reported that
incubation of MSRB1 with N-acetyl-MetSO leads to an increase
of 16 Da in the protein mass, compared with that of the reduced
form. Moreover, thiol titration showed that only one Cys is
oxidized in MSRB1 after MetSO reduction (21). These data
argue for the formation of a stable sulfenic acid on Cys'®® after
substrate reduction. In this study, we used the Cys-SOH-spe-
cific reagent, TNB, to further characterize the action of
N-acetyl-MetSO on MSRBI1 catalytic Cys (Fig. 5). The results
acquired with WT and C186S MSRBI are consistent with the
formation of a stable sulfenic acid on Cys'®® (Fig. 5). For WT
MSRBYI, the calculations revealed that only ~0.5 Cys-SOH was
titrated per mol of oxidized MSRB (Fig. 5), a value twice lower
than that expected regarding the catalytic mechanism used by
MSRBs (21, 50). Similarly, ~0.5 Cys-SOH, instead of a value of
1, was recorded for the mutated poplar MSRA possessing only
the catalytic Cys. Nevertheless, the thiol titration assays per-
formed with this protein were consistent with the oxidation of
only one Cys after substrate reduction (51). In other respects,
the quantification of TNB moiety linked on MSRB1 indicat-
ed that the reagent conserves partial absorbance when linked to
the protein (supplemental Fig. 2), thus explaining the low ratio
titrated with MSRB1 and poplar MSRA. These TNB assays, in
full agreement with free thiol titration data and mass spectrom-
etry experiments, clearly demonstrate the presence of a stable
sulfenic acid on Cys*®® in MSRB1 (21).

MSRBI1 was initially identified by affinity chromatography as
a potential CDSP32 target using a C222S CDSP32 bait and
DTTred elution (29), suggesting that the interaction proceeds
through the formation of a transient MSRB1-CDSP32 het-
erodimer linked through a disulfide bond. However, we could
not exclude that the interaction between the two proteins
might be due to a noncovalent linkage. But several lines of evi-
dence reported in this study give high credence for the forma-
tion of a disulfide bridge. Indeed, in agreement with affinity
chromatography data (29), incubation of C222S CDSP32 with
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MSRBI1 after N-acetyl-MetSO treatment leads to the formation
of a heterodimer, as shown by protein electrophoresis and pep-
tide mass fingerprints (Fig. 34). In similar experiments per-
formed in the presence of diamide, a heterodimer was observed
when using C-terminal WT CDSP32, whereas no complex was
formed with the mutated form of C-terminal CDSP32 devoid of
catalytic Cys>'? (Fig. 3B). These results strongly argue for the
formation of a transient disulfide bond between the catalytic
Cys of both partners after MetSO reduction and subsequent
formation of sulfenic acid on Cys'®® of MSRBI.

We then characterized the mechanism used by CDSP32 in
the regeneration of MSRBI1 activity. The use of AMS, as an
alkylating agent in nonreducing SDS-PAGE, revealed that incu-
bation of CDSP32 with either DTTox or oxidized MSRBI1 pro-
motes a similar change in the Trx redox status (Fig. 4), which,
taking into consideration the thiol titration data, corresponds
to the formation of a disulfide bridge involving Cys*'® and
Cys®**. When performing activity assays with pre-reduced Trx
forms (Table 2), 10- and 6-fold increases of MSRB1 activity
were measured in the presence of WT whole CDSP32 and the
C-terminal domain, respectively. These results clearly show
that both N-terminal Cys'?? and Cys'*? are not necessary for
the regeneration of MSRB1 activity. The efficiency difference
could originate from an altered folding of the C-terminal
domain. Unexpectedly, full-length CDSP32 proteins, in which
the resolving Cys*** alone or together with Cys®>%, was changed
to Ser, are able to regenerate MSRB1 activity nearly as effi-
ciently as WT CDSP32 (Table 2). These data reveal that Cys***
is not necessary to regenerate MSRBI1 activity in vitro. The cal-
culation of the stoichiometry showed that 1 mol of WT
CDSP32 is sufficient to allow reduction of 1 mol of MetSO by 1
mol of MSRB1, whereas 2 mol of C222S or C222S/C253S CDSP32
are required (Table 2). The main information arising from these
data is that WT CDSP32 reduces MSRBL1 very likely thanks to the
two redox-active Cys®'® and Cys*** in an equimolar process
involving the formation of an intramolecular disulfide bond. In the
case of mutated forms lacking the resolving Cys, the regeneration
could involve two Trx molecules. Consistent with this hypothesis,
dimers of the Trx have been observed when incubating oxidized
MSRB1 with WT or mutated CDSP32 (Fig. 3 and data not shown).
The formation of Trx dimers linked through a disulfide bond
formed between both catalytic Cys has been also noticed in vitro,
when incubating human 1-Cys MSRB3 with a mutated Trx lacking
the resolving Cys (24).

Based on our results, we propose a model for the reduction of
MSRB1 by CDSP32 (Fig. 7) which involves the following: (i) the
formation of a stable sulfenic acid on Cys'®® of MSRB1 after
reduction of MetSO; (ii) the direct reduction of Cys-SOH by the
catalytic Cys®*® of CDSP32 and the formation of a transient
heterodimer; and then (iii) the release of reduced MSRBI1 after
the formation of an intramolecular disulfide bond between
Cys®'? and Cys*** in CDSP32. Then, although there is no direct
evidence, oxidized CDSP32 would be regenerated by the
ferredoxin-dependent Trx reductase, like most other plastidial
Trxs (52). The CDSP32 protein is present only in photosynthetic
eukaryotes, and except for Chlamydomonas reinhardtii, the two
Cys of the C-terminal active site are conserved (supplemen-
tal Fig. 3), indicating that the proposed mechanism is very likely
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FIGURE 7. Model for the regeneration of MSRB1 by the CDSP32 Trx. The
first step consists of MetSO reduction with the concomitant release of 1 mol of
Met and the formation of a stable sulfenic acid intermediate on catalytic
Cys'8¢ of MSRB1 (1). The sulfenic acid is then attacked by the catalytic Cys*'®
of CDSP32 leading to the liberation of one molecule of water and to the
formation of a transient intermolecular disulfide bond (2). Then the resolving

Cys??? of CDSP32 attacks the Cys?'® to form an intramolecular disulfide bond
and release the reduced MSRB1 (3).
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similar in other organisms. It is worth mentioning that this mech-
anism is highly different from that used by the GSH/Grx system,
which proceeds first through the reduction of the cysteine-sulfenic
acid in MSRB1 by glutathionylation and does not involve the for-
mation of a heterodimeric Grx-MSR complex (21).

Our data show the direct reduction of a Cys-SOH form by a Trx
and raise the questions whether it is a general process conserved
for most Trx types or whether the example described here, involv-
ing an unusual Trx and one specific target, is an exception. In the
case of plant Trxs, many plastidial isoforms, like Trxs f; m, and y,
appear as unable to reduce Cys-SOH in MSRB1 (16). However, the
formation of a stable cysteine-sulfenic acid in proteins and its sub-
sequent reduction by Trxs have been proposed for several proteins
such as E. coli 1-Cys Prx bacterioferritin co-migratory protein (53),
human 1-Cys MSRBs (24), protein-tyrosine phosphatase 1B (54),
or the E. coli periplasmic Lp-transpeptidase YbiS (55), indicating
that this biochemical feature is very likely conserved for some Trx
types in other organisms. In other respects, oxidation of Cys into
Cys-SOH is implicated in several fundamental metabolic path-
ways (56). For instance, E. coli OxyR transcription factor, respon-
sible for the oxidative stress response, is regulated through oxida-
tion of an important Cys into a stable Cys-SOH form (57), and
mitotic protein-tyrosine phosphatases are inactivated after Cys-
SOH formation (58). We could thus presume that Trxs, besides
their activity of disulfide reductases, fulfill other important func-
tions through the reduction of cysteine-sulfenic acid forms.
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