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Glutaredoxins (Grxs) are efficient catalysts for the reduc-
tion of mixed disulfides in glutathionylated proteins, using
glutathione or thioredoxin reductases for their regeneration.
Using GFP fusion, we have shown that poplar GrxS12, which
possesses a monothiol 2WCSYS>? active site, is localized in
chloroplasts. In the presence of reduced glutathione, the
recombinant protein is able to reduce in vitro substrates, such
as hydroxyethyldisulfide and dehydroascorbate, and to
regenerate the glutathionylated glyceraldehyde-3-phosphate
dehydrogenase. Although the protein possesses two con-
served cysteines, it is functioning through a monothiol mech-
anism, the conserved C terminus cysteine (Cys®’) being dis-
pensable, since the C87S variant is fully active in all activity
assays. Biochemical and crystallographic studies revealed
that Cys®” exhibits a certain reactivity, since its pK,, is around
5.6. Coupled with thiol titration, fluorescence, and mass
spectrometry analyses, the resolution of poplar GrxS12 x-ray
crystal structure shows that the only oxidation state is a glu-
tathionylated derivative of the active site cysteine (Cys*°) and
that the enzyme does not form inter- or intramolecular dis-
ulfides. Contrary to some plant Grxs, GrxS12 does not incor-
porate an iron-sulfur cluster in its wild-type form, but when
the active site is mutated into YCSYS, it binds a [2Fe-2S] clus-
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ter, indicating that the single Trp residue prevents this
incorporation.

Glutaredoxins (Grxs)® are GSH- or thioredoxin reductase-
dependent oxidoreductases involved in the maintenance of cel-
lular redox homeostasis. When Grxs are recycled by GSH, the
GSSG formed is in turn reduced by NADPH and glutathione
reductase (GR), forming the GSH/Grx reducing system. The
first Grxs characterized usually contained the active site motif
Cys-Pro-Tyr-Cys, the second active site cysteine being gener-
ally not essential for Grx activity (1, 2). It has been shown, how-
ever, to be required for a few reactions, such as the reduction of
some low molecular weight disulfides or of disulfide bonds in
E. coli ribonucleotide reductase and phosphoadenylyl-sulfate
reductase (1, 3, 4). In most cases, Grxs rather reduce specifically
protein-glutathione adducts via two distinct mechanisms. The
monothiol mechanism requires only the more N terminus
active site cysteine together with two glutathione molecules,
and the dithiol mechanism requires either the two active site
cysteines or the N terminus active site cysteine and a conserved
extra active site C terminus cysteine. Both types of disulfides
formed on Grx are reduced in vitro by GSH or thioredoxin
reductases (1, 4—7). In comparison, thioredoxins (Trxs) effi-
ciently reduce protein disulfides but have low or no activity
with mixed disulfides (7, 8). Sharing high structural and func-
tional homologies with Trx, Grxs display a common Trx fold
(9). The CXXC motif in Trx and Grx is located in a partially
exposed surface loop downstream of a B-strand and at the N
terminus of an a-helix (9). Interestingly, some Trxs and Grxs
only contain the N terminus cysteine of the CXXC motif, the
second cysteine being very often replaced by a serine. In plants,
this variation of active site sequence exists in approximately

> The abbreviations used are: Grx, glutaredoxin; BMSH, B-mercaptoethanol;
DHA, dehydroascorbate; DTT, ., reduced dithiothreitol; DTT,,, oxidized di-
thiothreitol; GR, glutathione reductase; HED, hydroxyethyldisulfide; Trx,
thioredoxin; WT, wild type; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight; MS, mass spectrometry; PDT-bimane, (2-pyri-
dyl)dithiobimane; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
r.m.s., root mean square; ISC, iron-sulfur cluster.
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half of the 30 Grxs existing (10). Grxs were initially categorized,
based on the active site sequence, into two groups, a dithiol
(CPY/FC motif) and a monothiol (CGFS motif) subgroup (11).
Nevertheless, the increasing number of Grxs with primary
structures that deviate from these standard motifs has led to the
proposal of a more appropriate and thorough classification of
plant Grxs (10, 12, 13). Three subclasses have been defined
based on their active site structures. Subclass I includes pro-
teins with CXX(C/S) active sites other than CGFS, subclass II
contains exclusively Grxs with a CGFS motif, and subclass III,
which is specific to land plants, corresponds to Grxs with a
peculiar CCXX active site.

Many structures of dithiol Grxs from human (Protein Data
Bank codes 1JHB, 2CQ9, 2FLS, 2HT9, 1B4Q), pig (Protein Data
Bank code 1KTE), mouse (PDB codes 1T1V, 1WJK), plant (Pro-
tein Data Bank codes 1Z7P, 1Z7R, 2E7P), yeast (Protein Data
Bank code 2JAC), bacteria (Protein Data Bank codes 1EGR,
1EGO, 1FOV, 1GRX, 1G70, 1H75, 2AYT, 1J08, 1R7H,
2YWM), virus (Protein Data Bank codes 2HZE, 2HZF), or T4
bacteriophage (Protein Data Bank codes 1DE1, 1DE2, 1AAZ,
1ABA, 1QFN, 3GRX) have been solved by NMR spectroscopy
or x-ray crystallography both in the oxidized and reduced
forms. Some of these Grx structures contain either alow molec-
ular weight substrate or an interacting peptide partner. Only
one NMR structure (Escherichia coli Grx4, PDB code 1YKA) of
monothiol Grx is available despite the abundance of genes
reported.

In this study, we have investigated the structure-function
relationship of a monothiol Grx isoform (GrxS12) found in
Populus tremula X tremuloides, which possesses an unusual
ZBWCSYS?? active site sequence, unique to plants. Phylogenetic
analyses indicate that GrxS12 belongs to Grx subclass I, along
with classical dithiol Grxs. In addition to the active site cysteine,
there is an additional C terminus cysteine in position 87, which
is present in many dithiol or monothiol Grxs. Its role remains
obscure, although it has been demonstrated that it can serve as
a resolving cysteine of the glutathionylated catalytic cysteine in
a few organisms (5-7). Biochemical and enzymatic studies of
mutated proteins together with the resolution of liganded
GrxS12 structures allowed us (i) to identify the GSH binding
site of this enzyme, (ii) to investigate the role of the C terminus
cysteine in the catalytic mechanism of GrxS12, and (iii) to
understand why an iron-sulfur cluster is not present in GrxS12
despite its apparently favorable CSYS motif.

EXPERIMENTAL PROCEDURES

Materials—NAP-5 columns were purchased from GE
Healthcare. Hydroxyethyldisulfide (HED) and 5,5 -dithiobis-2-
nitrobenzoic acid were from Aldrich and Pierce, respectively.
All other reagents were from Sigma.

Cloning and Construction of GrxS12 Mutants by Site-directed
Mutagenesis—The open reading frame sequence encoding
poplar GrxS12 was amplified from a P. tremula X tremuloides
leaf cDNA library using GrxS12 forward and reverse primers
(supplemental Table 1) and cloned into the Ncol and BamHI
restriction sites (underlined in the primers) of pET3d (Nova-
gen). The sequence amplified encodes a protein deprived of the
first 74 amino acids corresponding to the putative targeting
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sequence and in which a methionine and an alanine have been
added during cloning. The protein starts thus with the N ter-
minus sequence '"MASFGSRL?® and ends with “*AKKSQG''? at
the C terminus (see supplemental Fig. 1). Using two comple-
mentary mutagenic primers, the two cysteines of GrxS12 were
individually substituted into serines, the Trp in position 28 was
mutated into Tyr, and the active site was also entirely modified
from WCSYS into YCGYC. The primers are listed in supple-
mental Table 1. The mutated proteins are called GrxS12 W28Y,
C29S, and C87S and GrxS12 YCGYC.

Expression and Purification of the Recombinant Proteins—
For protein production, the E. coli BL21(DE3) strain, contain-
ing the pSBET plasmid, was co-transformed with the different
recombinant plasmids (14). Cultures were successively ampli-
fied up to 2.41in LB medium supplemented with ampicillin and
kanamycin at 37 °C. Protein expression was induced at expo-
nential phase by adding 100 uM isopropyl B-p-thiogalactopy-
ranoside for 4 h at 37 °C.

The cultures were then centrifuged for 15 min at 4400 X g.
The pellets were resuspended in 30 ml of TE NaCl (30 mm
Tris-HCL, pH 8.0, 1 mm EDTA, 200 mm NaCl) buffer, and the
suspension was conserved at —20 °C.

Cell lysis was performed by sonication (3 X 1 min with inter-
vals of 1 min), and the soluble and insoluble fractions were
separated by centrifugation for 30 min at 27,000 X g. The solu-
ble part was then fractionated with ammonium sulfate in two
steps, and the protein fraction precipitating between 40 and
80% of the saturation contained the recombinant protein, as
estimated by 15% SDS-PAGE. The protein was purified by size
exclusion chromatography after loading on an ACA44 (5 X
75-cm) column equilibrated in TE NaCl buffer. The fractions
containing the protein were pooled, dialyzed by ultrafiltration
to remove NaCl, and loaded onto a DEAE-cellulose column
(Sigma) in TE (30 mm Tris-HCI, pH 8.0, 1 mm EDTA) buffer. All
of the proteins (GrxS12 WT, W28Y, C29S, C87S, and YCGYC)
passed through the DEAE column and were subsequently
loaded onto a carboxymethylcellulose column (Sigma) in TE
buffer. The proteins were eluted using a 0 — 0.4 M NaCl gradient.
Finally, the fractions of interest were pooled, dialyzed, concen-
trated by ultrafiltration under nitrogen pressure (YM10 mem-
brane; Amicon), and stored in TE buffer at —20 °C. Purity was
checked by SDS-PAGE. Protein concentrations were deter-
mined spectrophotometrically using a molar extinction coeffi-
cient at 280 nm of 9970 M~ ' cm ™! for the GrxS12 WT, C29S,
and C87S and 5960 M~ ' cm ™' for GrxS12 W28Y and GrxS12
YCGYC.

In Vivo Subcellular Localization—A fragment of 285 nucle-
otides coding for the 95 first amino acids of GrxS12 was cloned
in the 5'-part of the GFP coding sequence under the control of a
double **S promoter into the plasmid pCK-GFP3 using GrxS12
pCK forward and reverse primers (supplemental Table 1). Nico-
tiana benthamiana epidermal leaf cells were transfected by
bombardment of the abaxial side of young leaves with tungsten
particles coated with plasmid DNA. Images were obtained 18 h
later with a Zeiss LSM510 confocal microscope. Stomata cells
were preferentially imaged, because of their small size and
because typically only one of the two guard cells is transfected
and expresses the GFP construction, whereas the untransfected
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cell serves the role of internal negative control. Chloroplasts
were visualized by the natural fluorescence of chlorophyll.

Reduction and Oxidation of Wild-type and Mutated GrxS12—
The proteins (50 —100 um) were reduced by 10 mm DTT for 1 h
at 25 °C, followed by desalting on NAP-5 column pre-equili-
brated with 30 mm Tris-HCI, pH 7.9. Oxidized Grxs were pre-
pared by incubation of prereduced with 10 mm oxidized DTT or
1-5 mmM GSSG for 1-2 h at 25 °C. GSSG-oxidized GrxS12 (WT
or mutants) were desalted as above and treated by 10 mm
reduced DTT or by 2 mm GSH in the presence of 6 ug/ml yeast
glutathione reductase and 0.5 mm NADPH.

Mass Spectrometry Analysis—Reduced and oxidized GrxS12
WT and C87S and trypsin-cleaved proteins were analyzed by
MALDI-TOF MS as described in Ref. 15.

Fluorescence Properties of Wild-type and Mutated GrxS12—
The fluorescence characteristics of GrxS12 and GrxS12 C87S in
the reduced and oxidized forms were recorded with a spec-
trofluorometer (Cary Eclipse; VARIAN) in TE buffer with a 10
M concentration of each protein.

Determination of Free Thiol Groups—The number of free
thiol groups in untreated, reduced, or oxidized proteins was
determined spectrophotometrically with 5,5’-dithiobis-2-ni-
trobenzoic acid, as described in Ref. 7.

pK, Determination of GrxS12 Sulfhydryls with (2-pyridyl)di-
thiobimane (PDT-bimane)—The reaction of PDT-bimane with
cysteine forms pyridine-2-thione, which has a maximum
absorption wavelength of 343 nm (16). The stock solution of
PDT-bimane was made in DMSO, and the concentration was
determined using the absorbance extinction coefficient at 380
nm, €;4, = 5000 M~ ' cm ™' in ethanol. Reactions were started
by the addition of PDT-bimane to a final concentration of 25
UM into a cuvette containing 10 um reduced proteins in 500 ul
of sodium citrate or phosphate buffer ranging from pH 3.0 to
8.0 and rapidly mixed, and the absorbance at 343 nm was
recorded over 120 min with a Varian Cary 50 spectrophotom-
eter. Absorbance data were fitted directly to the Michaelis-
Menten equation with the GraphPad Prism 5 program and the
ti, (the time to reach half-maximal reactivity as monitored by
half-maximal release of pyridyl-2-thione) at each pH was deter-
mined. Those values were plotted against pH using sigmoidal
curve fit and GraphPad Prism 5 (GraphPad software).

Activity Measurements—The activity measurements of WT
or mutant GrxS12 in the HED assay or for reduction of DHA or
glutathionylated GAPDH were performed as described in Zaf-
fagnini et al. (7).

Crystallization, Data Collection, Structure Determination,
and Crystallographic Refinement—The complex of poplar
GrxS12 with glutathione (GrxS12-GSH) was directly obtained
using the purified recombinant protein. The complex of
GrxS12 with both GSH and B-mercaptoethanol (BMSH)
(GrxS12-GSH-BMSH) was prepared after purification steps by
the addition of 2 mm GSH and 10 mm HED to the purified
recombinant protein for 2 h at room temperature prior to
extensive dialyses against TE buffer to remove unbound GSH,
HED, or BMSH.

Crystals were grown at 20 °C by the microbatch under oil
(paraffin) method. Optimal crystallization conditions were
screened based on the sparse matrix crystallization approach.
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The protein at an initial concentration of 10~15mgml™ " in TE
buffer was mixed with similar precipitant solutions (for each
protein) in a 1:1 ratio. The GrxS12-GSH crystals were obtained
by using 0.1 M Na-HEPES (pH 7.5) and 20% polyethylene glycol
8000 solution (JBS 5-B4), whereas GrxS12-:GSH-BMSH crystal-
lized in 0.1 m Na-HEPES (pH 7.5) and 25% polyethylene glycol
1000 solution (JBS 1-C3). Grx crystals grew rapidly within 2
days.

X-ray diffraction data were collected from single crystals
flash-cooled in a nitrogen stream at 100 K. Data of both com-
plexes, GrxS12:GSH and GrxS12-GSH-BMSH, were collected
ona MAR165 CCD detector at beamlines X11 and X13 (DESY/
EMBL, Hamburg, Germany), respectively. All crystallographic
data were indexed, processed, and scaled with HKL-2000 (17).
Data collection and refinement statistics are summarized in
Table 1. The crystal structure of GrxS12:GSH was determined
by molecular replacement with MOLREP (18, 19), using human
Grx2 (Protein Data Bank code 2FLS) as a model (20). The
resulting solution coordinates were used for automatic model
building using the program ARP/wARP (21). After 75 cycles of
autobuilding, 99% of the model (786 atoms were refined) was
built automatically. Hence, the initial model of GrxS12-GSH
comprises 100 residues with a connectivity index of 0.96 and R
factor of 19.5%. This structure was then refined using REFMAC
version 5.4 (18, 22) interspersed with manual inspection using
COOT (23). A GSH molecule was added almost toward the end
of the refinement of the GrxS12:GSH model. The coordinates
of GrxS12:GSH were then used to solve the structure of
GrxS12-GSH:BMSH, also by molecular replacement. The
structure refinement of the latter was done as for the template.
Positions of water molecules were identified with ARP/wARP
and were checked manually. The validation of both crystal
structures was performed with PROCHECK (24). All figures
were prepared with PyMOL (25). Structure superimpositions
were performed using the LSQMAN program from the
DEJAVU package (26) or Lsqkab (superpose) program of the
CCP4 package.

RESULTS

Subcellular Localization of GrxS12—The genome analysis of
Populus trichocarpa suggests that at least four Grxs should be
located in the chloroplast. Two Grxs of subgroup II, possessing
a CGFS active site and called GrxS14 and GrxS16, have been
experimentally shown to be located in plastids and would be
involved in iron-sulfur biogenesis, since they incorporate an
iron-sulfur cluster that can be transferred very quickly to apo-
ferredoxin (27). The GrxS12 from P. tremula X tremuloides is a
protein of 185 amino acids with a predicted chloroplastic N
terminus-targeting sequence. In order to experimentally con-
firm its localization, the sequence coding the first 95 amino
acids, including thus the putative targeting sequence and the
first a-helix and B-strand, was fused to the GFP coding
sequence and used to bombard tobacco leaf cells. As shown in
Fig. 1, the fluorescence associated with this construction, trans-
fected into one of the two guard cells of a stomate, strictly co-
localizes with the autofluorescence of chlorophyll, indicating
that the protein is indeed chloroplastic.
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TABLE 1

Data collection and refinement statistics for GrxS12:GSH and GrxS12:GSH:BMSH crystals

Data set

GrxS12-GSH GrxS12:GSH-BMSH

Data collection and processing statistics
Data collection site

X11 DESY/EMBL-Hamburg

X13 DESY/EMBL-Hamburg

Wavelength (A) 0.8150 0.8063
Space group . P2,2,2, P2,2,2,
Unit cell dimensions (A) (a, b, ¢) 39.03, 47.27, 55.62 38.83, 46.82, 55.36
Asymmetric unit 1 subunit 1 subunit
Resolution range (A)* 50.00-1.70 (1.73-1.70) 50.00-1.80 (1.86-1.80)
Redundancy “ 4.49 (4.16) 6.69 (6.85)
Completeness (%)“ 99.7 (95.0) 99.6 (100.0)
I/al® 13.37 (2.26) 23.26 (16.95)
merge 0.045 (0.239) 0.048 (0.107)
Refinement statistics
Resolution range (A) 36.0-1.70 30.0-1.80
Reflections used 11,234 9301
Rerye® (Rireo)” 19.28 (23.95) 16.78 (21.45)
Protein/waters/ GSH/HED 106 residues/186/1/0 106 residues/186/1/0
Mean B factor (A?)
Main chain 16.53 12.04
Side chain 23.33 14.79
Water 32.57 27.88
Ligand 15.31 17.00
All 20.52 16.24
r.m.s. deviation from ideal geometry
Bond lengths (A) 0.012 0.011
Bond angles (degrees) 14 1.4
Dihedral angles (degrees) 23.5 23.7
Improper angles (degrees) 1.61 1.75
Ramachandran plot
Residues in most favored regions (%) 96.7 95.6
Residues in additionally allowed regions (%) 3.3 4.4
Residues in generously allowed regions (%) 0.0 0.0

“R,

cryst

= 3|F, — F|/SF,, where F, and F. are the observed and calculated structure factor amplitudes, respectively.
The Ry, value was calculated from 5% of all data that were not used in the refinement.

“Reryst = S|F, — E.|/SE,, where F, and F, are the observed and calculated structure factor amplitudes, respectively.

Ryce is as for R,

cryst

FIGURE 1. GFP localization of GrxS12 in plant guard cells. A, cells under
visible light; B, autofluorescence of chlorophyll (red); C, fluorescence of the
GFP construction; D, merged images.

Determination of GrxS12 Redox States by Fluorescence, Thiol
Titration, and Mass Spectrometry—The recombinant protein
produced in E. coli is a protein containing 113 residues devoid
of the first 74 N terminus residues (which represent the transit
peptide) and in which a methionine and an alanine have been
added in the new N terminus end. The predicted molecular
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but calculated for a test set comprising reflections not used in the refinement (5%).

TABLE 2

Number of free thiols in WT and C87S GrxS12 under various redox
conditions

The untreated column is indicative of the protein thiol content measured after
purification. GrxS12 was reduced by DTT, 4 and subsequently oxidized by DTT
or GSSG. After each treatment (DTT 4, DTT,, and GSSG), samples were desalted.
The thiol content per protein was quantified by 5,5'-dithiobis(nitrobenzoic acid).
Data are represented as mean = S.D. (n = 4). ND, not determined.

DTT,.q DTT,, GSSG
Untreated treatment treatment treatment
GrxS12 0.821 *= 0.078 1.98 = 0.269 1.9*0.1 0.808 * 0.029
GrxS12 C87S  0.115 +0.017  1.056 = 0.125 ND 0.132 = 0.053

mass and pI are 12,360 Da and 8.56, respectively. A MALDI-
TOF analysis of the purified GrxS12 WT revealed two protein
peaks with molecular masses of 12,229.1 and 12,535.7 Da (data
not shown). The first one is consistent with a protein where the
methionine is cleaved, which is not surprising, since the second
residue is an alanine, and the second peak is consistent with a
glutathionylated protein also deprived of the methionine (306.6
Da mass increase compared with peak 1). There are two con-
served cysteine residues in GrxS12, the active site cysteine in
position 29 and a C terminus cysteine in position 87. In some
CGEFS Grxs, the latter cysteine can form an intramolecular
disulfide with the catalytic cysteine (5-7). In order to check the
possibility that Cys®” acts as a recycling cysteine in GrxS12, we
measured the number of free thiol groups under reducing and
oxidizing conditions in GrxS12 WT and C87S (Table 2). After
purification and in the absence of any reducing or oxidizing
treatment (native form), GrxS12 WT possesses about one free
thiol group, whereas there is no free thiol in GrxS12 C87S. A
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FIGURE 2. MALDI-TOF mass spectrometry analysis of reduced or glutathionylated GrxS12. MALDI-TOF spectra of whole protein or after tryptic digestion
(insets) were determined for reduced GrxS12 before (A) or after (B) glutathionylation treatments (5 mm GSSG or 0.1 mm H,0, plus 0.5 mm GSH for 1 h). The shifted
peptide (Thr?”-Lys*) is indicated. The 305 Da shift after glutathionylation treatment could be reversed by treatments with 10 mm DTT or with 2 mm GSH in the
presence of 6 ug/ml yeast glutathione reductase and 0.5 mm NADPH. Similar results were obtained with the WT and C87S GrxS12.

reduction by DTT, 4 led to the expected number of free thiols,
two for the WT and one for the C87S mutant. After a prereduc-
tion step of WT GrxS12, a subsequent oxidation by DTT__over
a long period (2 h) did not change these values, indicating that
no intra- or intermolecular disulfide bridges can be formed.
Such disulfides have not been observed on nonreducing SDS-
polyacrylamide gels either (data not shown). On the contrary,
subsequent oxidation using 1 mM GSSG gave the same values as
those found originally in the untreated proteins, one free thiol
group for GrxS12 WT but no free thiol in GrxS12 C87S.
Together, these results suggest the presence of a glutathione
adduct on the catalytic cysteine (Cys®®), whereas the second
cysteine (Cys®’) is not modified. In order to confirm these
results, we analyzed by MALDI-TOF mass spectrometry prere-
duced GrxS12 before or after glutathionylation treatments in
the presence of GSSG or GSH and H,O, (Fig. 2). After treat-
ment, the mass of the protein increased by ~305 Da, a feature
consistent with the formation of one glutathione adduct. This
increase was reversed by treatment with either DTT ., or GSH/
GR/NADPH. A similar behavior was observed for WT or C87S
GrxS12, indicating that Cys*” is indeed the residue modified by
glutathionylation. This was further confirmed by tryptic diges-
tion and peptide mass fingerprinting of reduced or glutathio-
nylated GrxS12. Indeed, the peptide (Thr*’-Lys>®) containing
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Cys* is shifted by 305 Da in the glutathionylated protein. All of
these results indicate that Cys* is undergoing glutathionyla-
tion, whereas Cys®” is not glutathionylated in any of the condi-
tions tested.

GrxS12 contains a single tryptophan adjacent to the active
site. Given that proximity, we have investigated whether the
intrinsic fluorescence of GrxS12 could change under reducing
(GSH or DTT,,,) or oxidizing (GSSG or DTT,,) conditions.
Reduced GrxS12 displays an emission spectrum with a maxi-
mum at 350 nm characteristic of a fluorescence signal strongly
dominated by Trp (Fig. 3). Adding 1 mm GSSG to reduced
GrxS12 immediately led to the disappearance of the fluores-
cence signal. The addition of DTT,,, restored the initial spec-
trum (data not shown). Similar results were obtained with
GrxS12 C87S, indicating that the tryptophan environment
strongly changed after glutathionylation of the first active site
cysteine. In accordance with thiol titrations, the addition of
DTT,, did not change the GrxS12 fluorescence spectrum.

Dehydroascorbate Reductase Activity, HED Assay, and
Reduction of Glutathionylated A4-GAPDH—GrxS12 was
found to be active in the two classical GRX assays: the reduc-
tion of DHA and HED assays. The activity of GrxS12 in these
two assays displayed a linear relationship with increasing
protein concentrations in the 0-0.75 uM and 0-100 nMm
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ranges, respectively (Fig. 4, A and C). The kinetic analyses
revealed catalytic efficiency values (k_,,/K,,) comparable to
those reported for other GrxS to subclass L. (Fig. 4, B and D,
and Table 3).

We have recently demonstrated that A,-GAPDH activity is
reversibly inhibited by glutathionylation (28). This chloroplas-
tic protein, which participates in the Calvin cycle, can be used as
amore physiological substrate to test deglutathionylation activ-

Fluorescence intensity (AU)

Wavelength (nm)

FIGURE 3. Fluorescence spectra of poplar GrxS12 under different redox
states. Emission spectra of reduced (4 ) and oxidized () GrxS12 (excitation
at 290 nm) were recorded with 10 um protein at 25 °Cin TE, pH 8.0, buffer. The
reduced GrxS12 was obtained by a pretreatment of the protein with 10 mm
DTT. GrxS12 was oxidized using 1 mm GSSG after DTT prereduction. In each
case, residual compounds were removed by gel filtration.

ity. In order to obtain glutathionylated A,-GAPDH, the protein
was incubated in the presence of 0.1 mm H,O, plus 0.5 mm
GSH. Subsequently, the ability of WT and monocysteinic vari-
ants of GrxS12 to recover GAPDH activity was determined (Fig.
54). Using a GSH/GR/NADPH reduction system, WT and
C87S GrxS12 allowed recovery of ~50% of GAPDH initial
activity, whereas no reactivation was observed with the C29S
mutant. The recovery of GAPDH activity obtained in the pres-
ence of GrxS12 did not reach the levels obtained in the presence
of DTT (~90%). This can be explained by the fact that H,O,
plus GSH leads to glutathionylation but also to primary oxida-
tion of the catalytic cysteine of GAPDH to sulfenic acid, the
latter being more efficiently reduced by 20 mm DTT than by the
Grx system (28). The kinetic parameters of GAPDH degluta-
thionylation by GrxS12 were determined (Fig. 5B). Withan S 5
of 3.7 £ 0.7 um and a ¢, 5 around 2—-3 min, GrxS12 exhibits a
catalytic efficiency comparable with other Grxs from Chlamy-
domonas reinhardtii (7).

In all of these assays (DHA, HED, and GAPDH assays),
GrxS12 C87S appeared as efficient as the WT protein. These
results indicate that in these assays, GrxS12 activity relies on a
monothiol mechanism involving only Cys*®. Nevertheless, at
higher concentrations (10 times more than the WT), the
GrxS12 C29S mutant exhibited an activity slightly above the
background activity in the HED assay (data not shown). In

order to know whether Cys®” is
reactive in this mutant, the pK, of

Ao_7 B both cysteines was measured using
40 the thiol-cleavable fluorophore
0.6 1 _ PDT-bimane (Fig. 6). From the plot
£ 051 % 30 of the £, of half-maximal release of
=k 04 L pyridyl-2-thiolate against pH, the
s 03 | g 20 4 pK, of Cys*® is ~2.8, a value in the
S £ range of those determined for mam-
02 1 = 10 - malian Grxs, and the pK, of Cys®” is
0.1 1 ~5.6 (29). Thus, the C terminus
ool 0 i i i Cys® is in the thiolate form at the
0 20 40 60 80 100 120 0 1 2 3 pH of the activity assays and thus at
[GrxS12] (nM) [GSH] (mM) physiological pH. In addition, since
C D this cysteine is surface exposed (see
0.35 below), it should thus be able to per-
0.30 - 4 form a nucleophilic attack on an

c 025 - 127 accessible disulfide.
E o 101 Structure of GrxS12 and Quality
E 0.20 1 2 08 of the Models—The two liganded
; 0.15 1 % 0.6 forms of the enzyme (GrxS12-GSH
0.10 § 04 - and GrxS12-GSH:BMSH) crystal-
o lized in the orthorhombic system
0.051 0.2 1 with similar unit cell parameters
0.00 © 0.0 and with a monomer in the asym-

0.0 0.2 0.4 0.6 0.8
[GrxS12] (uM)

FIGURE 4. HED and DHA reductase activity of poplar GrxS12.Aand C, linear dependence of HED (A) and DHA
reductase (C) activity on GrxS12 concentration expressed as AA;,,/min. The data are represented as mean =
S.D.Band D, variations of the apparent turnover number during an HED assay catalyzed by 50 nm GrxS12 in the
presence of GSH concentrations ranging from 0.5 to 3 mm (B) and during DHA reduction catalyzed by 0.25 um
GrxS12in the presence of varying DHA concentrations ranging from 0.1 to T mm (D). Turnover represents mol
of NADPH oxidized/s by 1 mol of GrxS12. Activity was calculated after subtracting the spontaneous reduction
rate observed in the absence of GrxS12. Three separate experiments were performed, and the data are repre-
sented as mean = S.D. The best fit was obtained using the Michaelis-Menten equation.
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00 02 04 06 08 10 1.2
[DHA] (mM)

metric unit. Both structures have
been determined at 1.70 and 1.80 A
resolutions for GrxS12-GSH and
GrxS12-GSH-BMSH, respectively.
Overall structures are well de-
fined in the 2F, — F, electron den-
sity map except for a few N terminus
residues and some lateral chains
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TABLE 3
Kinetic parameters of GrxS12 in HED and DHA activity assays

The apparent K, value for GSH in the HED assay was determined using a GSH
concentration range of 0.5-3.0 mm in the presence of 0.7 mm HED. The apparent
K,, value for DHA was determined using a concentration range of 0.1-1 mM in the
presence of 2 mm GSH. The apparent K, and apparent turnover values (k_,,) were
calculated by nonlinear regression using the Michaelis-Menten equation. Data are
represented as mean * S.D. (n = 3).

K., Keat Keat! K.,
mm s 1 mtst
DHA 0.38 = 0.19 1.73 £ 0.19 4.6 X 10°
GSH 3.99 * 0.48 92.78 + 5.32 2.33 X 10*
A 100
T
S 80
2
>
£ 604
~
; -
2 404
<
o
20 -
i
H,0, DTT GSH GrxS12 GrxS12 GrxS12
+GSH (20mM)  +GR wT c87s c29s
+NADPH
B
100 A
£ 80
>
% 60 -
<
I B
Z 40
%
O 20 -
o —r—r————
0 2 4 6 8 10 12 14 16

GRX concentration (uM)

FIGURE 5. Reactivation of glutathionylated A,-GAPDH. A,-GAPDH was
inactivated by incubation with 0.1 mm H,0, in the presence of 0.5 mm GSH for
15 min at 25 °C and subsequently treated with 35 um 1,3-bisphosphoglycer-
ate. A, the reactivation assays were performed under the following condi-
tions: (i) 20 mm DTT, (ii) 2 mm GSH in the presence of 6 ug/mlyeast glutathione
reductase and 0.2 mm NADPH alone or (iii) in the presence of 10 um GrxS12
WT, C29S, or C87S. The NADPH-dependent activity was determined before
(black bar) and after the different reactivation treatments (white bars). B, reac-
tivation of glutathionylated A,-GAPDH with 2 mm GSH, 6 ug/ml yeast gluta-
thione reductase, 0.2 mm NADPH in the presence of varying concentrations of
GrxS12 ranging from 2.5 to 15 um. Activities are represented as a percentage
of the initial activity measured before the inactivation treatment. The data are
shown as mean = S.D.

that are solvent-exposed. The final models contain 106 amino
acid residues, corresponding to residues from Gly” to Lys*'°. A
GSH molecule could be easily located in both models, at
the active site covalently bound to Cys®*’. In the
GrxS12-GSH-BMSH structure, a BMSH molecule can also be
modeled covalently bound to the extra cysteine (Cys®’) at the C
terminus of the glutathionylated enzyme.

Superimposition between both liganded structures gives the
r.m.s. deviation value of 0.162 A (based on alignments of 106 Car
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positions). These low r.m.s. deviation values suggest that bind-
ing of a BMSH molecule did not induce significant variations
within these structures. Therefore, unless indicated otherwise,
our discussion by default will be based on the structure of
GrxS12-GSH because of its better structure resolution.

The overall subunit structure of GrxS12 shows no significant
differences from other known Grxs. They all display a Trx fold
with/without some secondary structure extensions. Poplar
GrxS12 has an N terminus « helix (namely «, " in this study; see
Fig. 7 and supplemental Table 2) in addition to the Trx fold.
This additional secondary structure is also present in most
Grxs, including human Grx2 (Protein Data Bank code 2FLS),
poplar GrxC1 (PDB code 2E7P), yeast Grx1P (Protein Data
Bank code 2JAC), and E. coli monothiol Grx4 (Protein Data
Bank code 1YKA) but not in T4 bacteriophage Grx (Protein
Data Bank code 1ABA) nor in E. coli Grx1 (Protein Data Bank
code 1GRX) and Grx3 (Protein Data Bank code 3GRX). A struc-
tural evaluation of the conserved residues between GrxS12 and
its orthologs reveals that residues that constitute 81, 33, and 34
are highly conserved (supplemental Fig. 1).

Active Site—The active site of the enzyme is hosting a GSH
molecule that is covalently bound to Cys®® and noncovalently
stabilized by three neighboring loops between B1-al’, a2-3,
and B4-a3 (composed of 2WCSY?!, 7*TVP7>, and 5°GCT?®%;
referred to as the GSH binding site in this paper; see Fig. 7). The
boundary loops that support the glutathione binding are in
their usual conformations as observed for other Grxs. We
describe here, for the first time, the crystal structure of glutare-
doxin of subclass I with the active site motif 2?CSYS?? (in com-
parison with the classical CPY/FC motif for dithiol Grxs and
CGES for monothiol Grxs). Despite the replacement of a Pro
present in the Grx counterparts possessing a CPY/FC motif
(with ¢ and s values of approximately —53° and —40°, respec-
tively) by a Ser (Ser®°) in the CSYS motif of GrxS12 (with ¢ and
P values of —60.47° and —40.18°, respectively), they adopt the
same backbone conformation. GrxS12 also possesses a second
Ser residue at the active site in which the Ser®* replaces the
common C terminus active site Cys of dithiol Grxs. Ser®? is
hydrogen-bonded (2.50 A) to another nearby conserved serine
residue (Ser?®). The latter residue could play an important role
in stabilizing the active site, since it is conserved in all Grxs with
a CXXS active site motif.

It is interesting to note that residue Trp?® at the active site of
GrxS12 (WCSYS) is well conserved in all plant GrxS12
orthologs and also in Arabidopsis GrxC5 (WCSYC) orthologs
but not in other known Grxs. In the poplar GrxS12 structure,
the position of Trp?® (x1 value = +52.71°) is similar to most
other classical thioredoxins (y1 values between +40° and
+55°), and its side chain covers an important part of the active
site surface in the glutathionylated form, but fluorescence
experiments indicate that it would adopt another conformation
in the reduced form. The 1 value of Trp®® is similar to those
described for other residues at the corresponding position in
other Grxs (+57.57° for Tyr®® of poplar GrxC1 and +67.64° for
Ser®® of human Grx2).

In GrxS12, the GSH binding site constitutes a groove, mainly
populated by polar residues, along which the backbone atoms
of GSH are positioned (this is where GrxS§12 accommodates the
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stabilized by conserved Tyr*' and
Glu**  of the glutathionylated
enzyme. This structural observation
suggests that Cys® potentially pos-
sesses some reactivity. This is prob-
ably true, since in the classical Grx
HED assay (see results above), resid-
ual activity is detected for the C29S

0.00 T ) ) I I

variant. The distance between the
Sy atoms of both cysteine residues
of the enzyme is ~8 A, both cys-
teines being separated by the active
site Tyr>'.

Comparison of the GSH Binding
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Time (min)

vy
N
(=)

15 4

10

Ty/2 (min)

FIGURE 6. pK, determination of GrxS12 sulfhydryl groups. A, reaction of GrxS12 C87S with PDT-bimane was
monitored at 343 nm at pH values ranging from 3.0 to 8.0. The increase at 343 nm results from the release of
pyridyl-2-thione from PDT-bimane. Each curve was fit to the Michaelis-Menten equation. B, t: , for the reactions
of PDT-bimane with GrxS12 C29S and C87S were plotted as a function of pH, and the results were fitted to a
sigmoidal curve. From this plot, sulfhydryl pK, values of 2.84 + 0.08 and 5.63 = 0.17 were determined for Cys?°

and Cys®’, respectively.

cysteinyl and glutamyl moieties of GSH; see Table 4). Situated
at the loop between (4 and a3, the backbone amino groups of
Cys®” and Thr®® stabilize the glutamyl group of GSH through
hydrogen bonds. These interactions are strengthened by
another hydrogen bond between the side chain of Thr®® and the
N terminus of GSH (Table 4). The two residues immediately
preceding Cys®”, #*GG®® (GG kink), are strictly conserved in all
GrxS12 orthologs and in the majority of the subclass I Grx
members. This GG kink is in proximity of the cis-Pro”” (Fig. 7).
cis-Pro”’® plays an important structural role (30, 31), and the GG
kink may be important in determining the backbone geometry
of the following residues that belong to the a-helix 3. On the
other hand, no interaction was observed between the Glyggy,
and residues of GrxS12, thus suggesting that the GSH molecule
is rather flexible on its C terminus side.

In the model of GrxS12-GSH:-BMSH, a BMSH molecule is
covalently bound to the extra C terminus cysteine (Cys®”) and
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Site with Other Glutaredoxins—Of
the available dithiol Grx structures,
only those with a GSH present have
been retrieved (see supplemental
Fig. 2). In three cases, the second
active site cysteine is mutated, and
the GSH is covalently bound
(human Grx1 (32), E. coli Grx1 (33),
and E. coli Grx3 (34)); in one case,
the GSH is not covalently bound to
the wild type enzyme (human Grx2)
(20). In these Grx structures, includ-
ing the poplar GrxS12 structure,
GSH is in an antiparallel orientation
with respect to the main chains of
the well preserved -TVP- loop seg-
ment for hydrogen bond formation
(see supplemental Fig. 2). Favorable
10 contacts with GSH are enhanced by
the presence of a cis-Pro near the
substrate binding site, the geometry
of the latter residue increasing the
stringency of the fold and ensuring
the correct conformation of the pre-
ceding valine. The -GCT- segment
is conserved with only some varia-
tions (Ser, Ala, or Asp) at the posi-
tion of Thr. A polar residue present at the edge of a GSH bind-
ing groove coming into contact with Gluggy; might be
important to harbor the tripeptide molecule at the groove, by
making hydrogen bonds with the amino group. This is indeed
the case for all liganded Grx structures except for human Grx1.
The position and orientation of the GSH diverge slightly at the
glycine residue of GSH in all of the above mentioned liganded
structures. The carboxylate group of Glyggy, is interacting with
the side chain of Arg®” in human Grx1, whereas no similar
interaction is found in other Grx complex structures.
Iron-Sulfur Cluster Assembly in GrxS12—The natural occur-
rence of an iron-sulfur cluster in poplar GrxC1 (YCGYC active
site) and the possibility to incorporate such a prosthetic group
in other Grxs from subgroup I when their active site is mutated
from YC(P/F)YC into YCGYC but the absence of cluster in a
WCGYS-mutated variant of GrxS12 raised the question of the
role of the Trp residue and possibly of the cysteine to serine
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FIGURE 7. Schematic representations of GrxS12-GSH: BMSH structure (A),
highlighting the active site of the protein in B. All a-helices are shown in
red, whereas 3-strands are in yellow and connecting loops are in green. Cor-
responding secondary structures are labeled. Both Cys?® and Cys®’, GSH, and
BMSH molecules are highlighted in sticks, with final 2F, — F_ electron densi-
ties (1.20 level) covering chosen residues and ligands for clarity. The catalytic
Cys?? and the bound GSH molecule are highlighted in orange in B for clarity.

TABLE 4
Hydrogen bonding interactions at the GrxS12-GSH interface

Interacted atoms Distance
GrxS12 GSH GrxS12-GSH GrxS12-GSH-BMSH
Cysteine residue A
Val”™* N 02 2.89 2.80
Val”™* O N2 2.83 2.81
Glutamate residue
Cys*’ N 011 2.83 2.83
Cys* N 012 3.21 3.21
Thr®® N 012 2.80 2.87
Thr®® O, N1 3.09 3.44

substitution in the second position of GrxS12 active site (35).
Although the latter residue is not involved in the cluster liga-
tion, it is probably involved in its stabilization (35). To test this,
two mutations have been introduced in GrxS12, leading to
YCSYS and YCGYC active sites. The UV-visible spectra
obtained at the end of an aerobic purification of the two pro-
teins indicate that they possess the typical [2Fe-2S] cluster
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observed previously in GrxC1 (supplemental Fig. 3) (data not
shown). This supports the proposal that the active site Trp
structurally prevents the incorporation of an iron-sulfur cluster
in GrxS12. Moreover, when the monomer of the GrxS12 struc-
ture is superimposed onto the poplar GrxCl1 structure, which
contains an iron-sulfur cluster bridged between two mono-
mers, it is obvious that the side chain of Trp?® acts as the major
deterrent that prevents the incorporation of the cluster in
GrxS12 (Fig. 8).

DISCUSSION

With about 30 genes coding for Grxs, distributed in three
major subclasses, higher plants have an expanded Grx family
compared with other organisms that do not contain more than
seven Grxs, as in Saccharomyces cerevisiae (36). When starting
with such multigene families, one objective is to understand
whether those genes and proteins have specific or redundant
functions. The specificity is generally thought to be related to
differences in activity, to differential gene and protein expres-
sion or protein localization (37). Some other explanations are
linked to novel and unexpected functions. In poplar chloro-
plast, GrxS14 and GrxS16 are able to incorporate an iron-sulfur
cluster and to transfer it to acceptor proteins (27). In addition,
the apoproteins are not reduced by glutathione but rather by
ferredoxin thioredoxin reductases (FTR).® Although belonging
to subclass I Grxs, which contain dithiol Grxs, GrxS12 lacks the
C terminus active site cysteine and displays a monothiol
W CSYS®> motif. Nevertheless, there is an additional C termi-
nus cysteine in position 87 (poplar GrxS12 numbering), present
in all GrxS12 orthologs and conserved in many other dithiol or
monothiol Grxs, including CGFS Grxs (subclass II). From a
physiological point of view, it is worth mentioning that, in the
chloroplast, GrxS12 is very different from the CGFS Grxs, since
it efficiently reduces chloroplastic thiol-dependent antioxidant
enzymes using glutathione as a substrate, indicating that plant
GrxS12 may have several specific functions related to oxidative
stress and signaling by regulating the thiol status of key proteins
through deglutathionylation reactions.

Overall, the poplar GrxS12 structure shows no significant
difference as compared with other known Grx structures. A
glutathione is covalently bound to the active site cysteine of
GrxS12. Structural analyses of numerous glutathione-liganded
Grxs (20, 31, 32, 38, 39), including poplar GrxS12, reveal that
their glutathione binding sites share the following characteris-
tics: (i) the presence of a CXX(C/S) active site motif localized at
the N terminus of helix a1’; (ii) the presence of a Tyr or a Phe at
close vicinity of the catalytic Cys; (iii) the presence of ”>TVP7>
(numbering in GrxS12) loop motif with the Pro always in the cis
conformation; (iv) the presence of a GG kink (in the loop
between 3 and 4) at the proximity of the active site; and (v)
conservation of charged residues at both edges of the substrate
binding groove (GSH binding pocket).

Role of GrxS12 Active Site Organization for Regeneration
Mechanism—The WCSYS active site sequence of GrxS12 is
unique to plants and well conserved in all GrxS12 orthologs.
The closest active sites are in mammalian Grx2 (SCSYC), in S.

N. Rouhier, M. Zaffagnini, and S. D. Lemaire unpublished results.
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monomer B

monomer B

FIGURE 8. Superimposition of the hypothetical dimer of GrxS12 (dark gray) to the poplar GrxC1 dimer (light gray). A close-up view detailing the ISCat the
active site of poplar GrxC1 is presented in the inset. Upon the superimposition of the hypothetical dimer of GrxS12, Trp?® of GrxS12 is the major hindrance of
dimerization and the incorporation of the ISC. The dimer of poplar GrxC1 is bridged by a [2Fe-25] cluster depicted as spheres with sticks (light gray) showing the
coordination. The close distances between the ISC and both Trp residues of GrxS12 are labeled.

cerevisiae Grx6 (TCSYS), and in Azorhizobium caulinodans
(WCSYC, accession number YP_001527212).

The position corresponding to Trp>® in GrxS12 is usually
occupied by Phe, Tyr, Ser, Thr, or even Gly in other known
Grxs. In GrxS12, Trp*® cooperates with Tyr®' at the active site
for the stabilization of the mixed disulfide between Cys>® and
Cysgsy- This enables a favorable interaction between the
hydrophobic and highly polarizable sulfurs and the hydropho-
bic and polarizable phenol ring of Tyr®" and the indole ring of
Trp?®, providing an additional determinant of peptide specific-
ity toward GSH (particularly toward the y-GluGSH moiety) or
glutathionylated substrates. Interestingly, we were not able to
obtain a GrxS12 crystal structure without a bound GSH mole-
cule, and moreover a reduced GrxS12 is strongly precipitating
over time, suggesting that the glutathionylated state might be
more stable. By contrast, the W28Y mutant of GrxS12 is rather
stable. It is also interesting to note that Trp (corresponding to
the Trp®® in GrxS12) has been attributed as a key residue in
thioredoxins for the recognition of its substrate (40, 41). There-
fore, one can envisage that Trp®® could play a similar additional
role in GrxS12.
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The Ser®® in GrxS12 replaces the classical Pro found in most
traditional Grxs. Mutagenesis on human mitochondrial Grx2
demonstrated that this Pro to Ser replacement in the active site
dipeptide is the major determinant for the affinity toward glu-
tathionylated substrates (4). This difference, however, is rather
small to trigger drastic modification in the three-dimensional
structure of the GrxS12 active site, as shown for human Grx2
(20). Nevertheless, the serine residue in the active site motif
could provide more flexibility to the main chain. All plant Grxs
tested so far, including GrxS12, exhibit similar deglutathiony-
lation activities with the classical in vitro substrate of Grx
(HED), regardless of their active site motifs (CPYC, CSYS) (4, 7,
38).” For deglutathionylation of GAPDH, GrxS12 appeared
slightly less efficient than classical Grxs harboring a CPYC
active site, but its deglutathionylation activity is comparable
with that reported for a chloroplastic CGFS containing Grx (7).

In fact, the regeneration mechanism proposed in previous
studies for two identified partners of GrxS12, methionine sulf-
oxide reductase MsrB1 and peroxiredoxin Prx IIE, most likely

7 N. Rouhier, unpublished data.
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occurs via a glutathionylated protein intermediate (42, 43). This
is supported by the capacity of GrxS12 but also of most other
Grxs to catalyze efficiently deglutathionylation reactions.

Iron-Sulfur Cluster Assembly—Another important point is
that human Grx2 (SCSYC active site), poplar GrxC1 (YCGYC),
S. cerevisiae Grx6 (TCSYS), and Trypanosoma brucei Grx1l
(MCAYS) are able to bind an iron-sulfur cluster, most likely a
[2Fe-2S] cluster (20, 35, 44, 45). The crystal structures of Grx2
and GrxC1 in the holoform are similar and showed that the
incorporation of the cluster requires the dimerization of the
Grx and the presence of two external glutathione molecules (20,
35, 46). It has been demonstrated that all other poplar Grxs
from subgroup I (GrxC2, -C3, and -C4; YCP(Y/F)C active sites),
except GrxS12 (WCSYS), were also able to incorporate an iron-
sulfur cluster when the active site was changed into CGYC,
leading to the conclusion that the presence of a glycine or
another small residue such as a serine but not a proline is crit-
ical for iron-sulfur cluster incorporation (35). It was also sug-
gested in the same study that the presence of the tryptophan
could prevent this incorporation. The mutation of the GrxS12
WSCYS active site into YCSYS or YCGYC, which allowed the
assembly of an iron-sulfur center in these variants, confirmed
this hypothesis. In addition, the resolution of the GrxS12 struc-
ture allowed us to model a hypothetic dimer in which the bulky
tryptophan residue (Trp*®) has been clearly identified as the
major deterrent for the incorporation of the ISC in the active
site of GrxS12 (Fig. 8). Moreover, bad contacts between the two
indole side chains of Trp® of the two subunits also suggest that
dimerization of GrxS12 is almost impossible without a confor-
mational change of the Trp side chain (Fig. 8). Apart from the
above-mentioned Trp, the presence of a cis-Pro in the C termi-
nus of proteins of the Trx superfamily was proposed recently to
prevent metal binding in these proteins, whereas almost all
Grxs that incorporate an iron-sulfur cluster do possess it (47).

Is There a Role for the Additional Conserved Cysteine?—
Many Trxs and Grxs have at least one additional conserved Cys
residue outside the active site whose exact role has not always
been elucidated. Some CGFS Grxs have been reported to pos-
sess a disulfide bridge involving an extra active site cysteine at
the same position as in GrxS12 (5-7). For example, in S. cerevi-
siae Grx5, the importance of this disulfide is not clear, since it is
required in vitro for deglutathionylation activity but not in vivo
for the iron-sulfur biogenesis (48). For C. reinhardtii Grx3, it is
also crucial in vitro, acting as a resolving cysteine for degluta-
thionylation reactions and then for its ferredoxin thioredoxin
reductase-dependent regeneration (7). Many other Grxs from
several organisms having additional cysteines have been found
in vitro to undergo different types of oxidations and can be
glutathionylated or nitrosylated or form intramolecular or
intermolecular disulfide bridges (20, 30, 49 —51).

The additional cysteine (Cys®”) in GrxS12 (corresponding to
the position of Cys®? in E. coli Grx1) is solvent-exposed and is
situated ~8.4 A away from the catalytic Cys®®, separated by the
aromatic side chain of Tyr®'. The corresponding conserved
active site Tyr residue has been reported to undergo conforma-
tional rearrangement in E. coli Grx3 from the free to the sub-
strate-bound form or vice versa (52). Therefore, based on this
Tyr flexibility, one could envisage that GrxS12 could undergo
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similar iz situ redox-driven conformational changes. Neverthe-
less, the hypothesis that Cys® is able to reduce the Cys**-SSG
mixed disulfide spontaneously is unlikely for the following rea-
sons: (i) the C87S GrxS12 variant appeared as efficient as the
WT protein in all activity assays; (ii) the recombinant protein is
partially glutathionylated on the first active site cysteine, and
once the protein is fully glutathionylated on Cys®’, the mixed
disulfide is stable; (iii) we have been unable to form a fully oxi-
dized form of GrxS12 (i.e. an intramolecular disulfide Cys**—
Cys®), neither using a treatment with DTT,_nor during crys-
tallization. Nevertheless, because of its low pK, (~5.6), Cys®” of
GrxS12 is fairly reactive. This is supported by the residual activ-
ity observed for GrxS12 C29S and by the presence of a BMSH
covalently bound to Cys®”. Therefore, the possibility cannot be
excluded that this cysteine residue may have another role(s)
apart from the GSH-specific oxidoreductase activity of GrxS12,
serving as a target of post-translational modification (e.g
nitrosylation), as observed for human Grx1 and hence regulat-
ing Grx activity (50).

Conclusions—GrxS12 structures described in this study are
the first structures of a plant monothiol Grx belonging to sub-
class I and the first crystallographic structure of a GSH-protein
mixed disulfide in a natural CXXS active site motif. This study
enabled the identification of a highly conserved GSH binding
site in GrxS12 orthologs (**WCSY?!, ”>TVP7>, and *°GCT*?),
similar to that described before. Concerning the active site res-
idues, Trp*® prevents the incorporation of an iron-sulfur clus-
ter, and Tyr®!, although having a certain degree of flexibility,
prevents the formation of an intramolecular disulfide between
Cys®® and Cys®”. Nevertheless, we cannot completely rule out
the possibility of Cys®” playing a role as a recycling cysteine only
under certain circumstances (e.g. substrate-dependent condi-
tions (nonglutathionylated substrates)). Thus, contrary to
another chloroplastic Grxs (C. reinhardtii Grx3 with a CGFS
active site), which probably uses a dithiol mechanism for deglu-
tathionylation reactions (an intramolecular disulfide bridge is
reduced by ferredoxin thioredoxin reductase), it appears from
the structure and the activity of the cysteinic variants that the
GrxS12-dependent deglutathionylation occurs through a
monothiol mechanism involving only the first active site cys-
teine. It would first attack the target protein-glutathione mixed
disulfide, the Grx becoming itself glutathionylated before a glu-
tathione molecule solves this mixed disulfide to regenerate the
reduced Grx.
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