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Abstract

Aims: Cysteines (Cys) made acidic by the protein environment are generally sensitive to pro-oxidant molecules.
Glutathionylation is a post-translational modification that can occur by spontaneous reaction of reduced gluta-
thione (GSH) with oxidized Cys as sulfenic acids (-SOH). The reverse reaction (deglutathionylation) is strongly
stimulated by glutaredoxins (Grx) and requires a reductant, often GSH. Results: Here, we show that chloroplast
GrxS12 from poplar efficiently reacts with glutathionylated substrates in a GSH-dependent ping pong mechanism.
The pK, of GrxS12 catalytic Cys is very low (3.9) and makes GrxS12 itself sensitive to oxidation by H,O, and to
direct glutathionylation by nitrosoglutathione. Glutathionylated-GrxS12 (GrxS12-SSG) is temporarily inactive
until it is deglutathionylated by GSH. The equilibrium between GrxS12 and glutathione (EnGrxsi2-ssg) = —315mV,
pH 7.0) is characterized by K.y values of 310 at pH 7.0, as in darkened chloroplasts, and 69 at pH 7.9, as in
illuminated chloroplasts. Innovation: Based on thermodynamic data, Grx512-SSG is predicted to accumulate
in vivo under conditions of mild oxidation of the GSH pool that may occur under stress. Moreover, GrxS12-SSG is
predicted to be more stable in chloroplasts in the dark than in the light. Conclusion: These peculiar catalytic and
thermodynamic properties could allow GrxS12 to act as a stress-related redox sensor, thus allowing glutathione to
play a signaling role through glutathionylation of GrxS12 target proteins. Antioxid. Redox Signal. 16, 17-32.

Introduction versible oxidation to sulfinic (-SO,H) or sulfonic (-SO3zH) acids

(22). Besides protection, glutathionylation can also constitute a

IN PLANT CELLS, glutathione (y-GluCysGly) is the most
abundant nonprotein thiol (15). It is present in many sub-
cellular compartments, including chloroplasts where it can
reach the concentration of 1-4.5mM, and serves as a major
antioxidant to keep the intracellular environment reduced (44).
Moreover, glutathione provides electrons to the ascorbate cycle
and to some thiol-peroxidases and is, therefore, important for
the detoxification of several compounds including reactive
oxygen species (16). In chloroplasts as in other compartments,
glutathione is maintained in the reduced state by NADPH-
dependent glutathione reductase (GR). Although in most
physiological conditions intracellular glutathione is essentially
in the reduced form (GSH), it can be converted to the oxidized
form (GSSG) under oxidative stress conditions (16, 44).
Recently, glutathione has been found to be involved in a
reversible post-translational modification termed glutathio-
nylation, which is mainly promoted by oxidative and ni-
trosative stresses (22). This modification, consisting in the
formation of a mixed disulfide between glutathione and a
protein cysteine (Cys) residue, is typically considered a
mechanism of protection of specific Cys residues from irre-

mode of regulation, as it can modulate the activity of target
enzymes and thereby play a role in many cellular processes
(11). Glutathionylation has been extensively studied in mam-
malian cells, and emerging evidence suggests that it could
constitute an important mechanism of regulation and signaling
in plants as well (20, 34, 44, 53). Whether glutathionylation is
important for protection or regulation in vivo, the modification
needs to be removed when the stress conditions or the signaling

Innovation

Glutathionylation is an emerging post-translational
modification that could play an important role in cell
regulation and signaling. Deglutathionylation reactions
are mainly controlled by glutaredoxins (Grx). This study
shows that higher plant chloroplastic GrxS12 exhibits
peculiar catalytic and thermodynamic properties that
could allow this enzyme to act as a stress-related redox
sensor allowing glutathione to play a signaling role
through glutathionylation of GrxS12 target proteins.
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event is over. This process, named deglutathionylation, is
mainly catalyzed by glutaredoxins (Grx) (23).

Grx are small ubiquitous oxidoreductases belonging to
the thioredoxin family and bearing in their active site a
characteristic four-amino acids motif with one or two reactive
cysteines (CXXC/S). Although thioredoxins mainly serve as
protein disulfide reductases, Grxs interact specifically with
the GSH moiety of proteins containing glutathione-mixed
disulfides (23, 54). In mammalian Grxs, the deglutathionyla-
tion reaction was shown to start with the nucleophilic attack of
the glutathionyl sulfur of the substrate by the N-terminal Cys of
Grx active site (18). The reaction releases the target protein in its
reduced form but generates a glutathionylated Grx interme-
diate that is reduced back by GSH with concomitant formation
of GSSG (Fig. 1) (14, 46). This latter reaction may constitute the
rate-limiting step of the overall process (46).

In higher plants, three classes of Grxs have been initially
defined based on their active site sequences (30, 42, 43), and
the classification has been recently refined after identifying a
fourth class (8). Class I includes proteins with CXX(C/S) ac-
tive site other than CGFS and are also named CPYC-type
because of the most common active site motif. Class II con-
tains exclusively Grxs with a CGFS motif (CGFS-type), class
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FIG. 1. Schematic representation of the deglutathionyla-
tion activity of Grxs. The reaction mechanism here depicted
is a monothiol mechanism, as a single cysteine (Cys) of the
glutaredoxin (Grx) is involved in catalysis. The overall re-
action catalyzed by Grx consists of two steps: nucleophilic
attack of the glutathionyl sulphur of the glutathionylated
substrate (protein-SSG) by Grx thiolate (step 1) and nucleo-
philic attack of the glutathionyl sulphur of the glutathiony-
lated Grx (Grx-SSG) by reduced glutathione (also in thiolate
form, step 2). Regeneration of glutathione (GSH) by gluta-
thione reductase (GR) allows determination of Grx activity as
NADPH oxidation rate. For in vitro assays of Grx activity, the
glutathionylated protein (protein-SSG) can be substituted by
glutathionylated f-mercaptoethanol (f-ME-SSG) in the clas-
sical hydroxyethyldisulfide (HED) assay.
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III, which is specific to land plants, corresponds to Grxs with a
peculiar CCX(C/S) active site (CC-type), and class IV regroups
peculiar proteins composed of a Grx domain with CXXC/S
active site and two additional domains of unknown functions
in the C-terminal part. Here, we report the biochemical char-
acterization of a chloroplastic Grx isoform from poplar
(GrxS12) which belongs to class I and possesses an unusual
ZBWCSYS™ active site sequence and a second C-terminal Cys
(Cys87) that are both conserved in orthologs from other plant
species. Class I contains 6 members in poplar and Arabidopsis
(41, 44), GrxS12 being the only one lacking the second Cys in
the active site sequence motif. The x-ray crystal structure of
glutathionylated GrxS12 from poplar was recently solved (9)
and found to contain a single GSH molecule covalently bound
to active site Cys29. Interestingly, C-terminal Cys87 was found
to be located at proximity of the active site, though not inter-
acting with bound GSH. Since Cys87 formed no disulfide with
either Cys29 or GSH, and the GrxS12-C87S (C87S) mutated
variant displayed a similar deglutathionylating activity as the
wild-type protein, a monothiol mechanism based on active site
Cys29 was proposed for GrxS12 (Fig. 1) (9). By contrast, some
Grxs display a dithiol mechanism, as they use a second Cys in
the deglutathionylation reaction. This was recently demon-
strated for Chlamydomonas reinhardtii Grx3 (CGFS-type), in
which removal of the glutathionyl moiety from the N-terminal
Cys of Grx active site is performed by a second Cys of the same
monomer, equivalent to Cys87 of GrxS12 (54). The resulting
intramolecular disulfide was found to possess a low redox
potential (-323mV at pH 7.9) and to be insensitive to gluta-
thione, whereas it could be reduced by ferredoxin:thioredoxin
reductase (FTR) under photosynthetic conditions.

The present article shows that protein deglutathionylation
catalyzed by poplar GrxS12 follows a ping-pong mechanism.
The reaction, based on Cys29, is highly sensitive to [GSH]/
[GSSG] ratios and proceeds at maximal rates only when glu-
tathione is extensively reduced. Typical of Grxs, catalytic
Cys29 was found to be extremely acidic (pK,=3.9) and, thus,
sensitive to alkylation and to oxidation by H,O,, besides
undergoing glutathionylation in the presence of gluta-
thionylated substrates or nitrosoglutathione (GSNO). The
GrxS12-catalyzed deglutathionylation reaction is strongly
stimulated by alkaline pH, thus possibly reflecting the im-
portant role of deprotonated glutathione (GS™) in the attack of
glutathionylated GrxS12 (step 2, Fig. 1). The standard redox
potential of the mixed disulfide of glutathionylated GrxS12, to
our knowledge the first measured among Grxs, is —350mV at
pH 7.9, a typical pH value for photosynthesizing chloroplasts
(47). Owing to its monothiol mechanism, to the low pK, of
catalytic Cys29, and to the low redox potential of the mixed
disulfide, glutathionylated GrxS12 may accumulate in vivo
under stress conditions, when the GR potential is much less
reducing than —350 mV. These unique biochemical properties
could allow GrxS12 to act as a stress-related redox sensor, thus
allowing glutathione to play a signaling role through glu-
tathionylation of GrxS12 target proteins.

Results

Poplar GrxS12 follows a ping-pong
reaction mechanism

Artificial substrates such as glutathionylated f-mercap-
toethanol (f-ME-SSG) produced by the spontaneous reaction
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TaBLE 1. APPARENT KINETIC PARAMETERS OF THE DEGLUTATHIONYLATING ACTIVITY OF GRXS12 AND C87S MUTANT
WITH DIFFERENT SUBSTRATES

HED? BSA-SSGP GSH®
KinHED) Keat Kinsa-ssc) Keat Kicshy Keat
Protein uM s 1 uM s 1 uM s 1
GrxS12 310+40 23.1+0.9 26.6+1.8 31.3+£2.5 (4.010.5)><1O3d 92.845.34
C87S 300+30 26.5+1.1 284+24 33.9+1.2 (3.1+0.1)x10° 102.8+6.4

Deglutathionylation activities of GrxS12 and C87S were determined with 30 nM glutaredoxin as described under “Materials and Methods”
section. Apparent K,,, and k., values for each substrate were calculated by nonlinear regression using the Michaelis-Menten equation. Data
are represented as means*SD (n=3).

“HED concentration was varied (from 0.1 to 1.5mM), and the GSH concentration was maintained at 1 mM.

PBSA-5SG concentration was varied (from 2.5 to 50 uM), and the GSH concentration was maintained at 1 mM.

°GSH concentration was varied (from 0.5 to 3.5 mM), and the HED concentration was maintained at 0.7 mM.

4Values taken from Ref. (8).

BSA-SSG, glutathionylated bovine serum albumin; GSH, glutathione; HED, hydroxyethyldisulfide; SD, standard deviation.

of GSH with hydroxyethyldisulfide (HED) are routinely used
in Grx activity assays (9, 21, 54). Based on this standard assay,
purified GrxS12 displayed a specific activity of 70 umol min "
mg ™' and site-specific mutant C87S performed similarly
(66 umol min ' mg '), whereas the specific activity of mutant
C29S was very low (3.2 umol min~* mg’l), thus confirming
the essential role of Cys29 and the negligible role of Cys87 in
GrxS12 catalysis. In the presence of 1 mM GSH, GrxS12 dis-
played an apparent K,, for HED of 0.3mM and a turnover
number of 235! (Table 1). Under similar conditions (1 mM
GSH), the K,, of GrxS12 for glutathionylated bovine serum
albumin (BSA-SSG) was ten-fold lower (K, 27 uM), whereas
the apparent turnover number was only slightly higher (315 ")
(Table 1). Apparent kinetic parameters of site-specific mutant
C87S were very similar to those measured for the wild-type
protein (Table 1).

A two-substrate kinetic analysis of GrxS12 was performed
with BSA-SSG and GSH. Plots of initial velocities versus sub-
strate concentrations were hyperbolic, although not saturated at
the highest concentrations of either fixed substrate (Fig. 2A, B).
Double reciprocal plots generated parallel line patterns, char-
acteristic of a ping-pong mechanism (Fig. 2C, D). This implies
that after the interaction of GrxS12 with BSA-SSG, reduced
BSA is released before GSH can reduce the mixed disulfide
of GrxS12-SSG (see Fig. 1). When apparent k., values obtained
from nonlinear regression of original data were plotted as a
function of substrate concentration, responses were approxi-
mately linear rather than hyperbolic (Fig. 2A, B). This effect
prevented any reliable determination of true kinetic parameters
keat and K;,, via nonlinear regression. Indeed, secondary plots 1/
keat versus 1/[BSA-SSG] or 1/[GSH] projected to the origin, in-
dicating that true Kj,, and k., values are too high to be experi-
mentally determined (insets in Fig. 2A, B). On the other hand,
since keat/ Ky, ratios in ping-pong mechanisms are not influenced
by the concentration of the second substrate (a property that is
visually represented by the parallelism of double reciprocal
plots), the catalytic efficiency parameter kea/K,, could be pre-
cisely derived from kinetic data of Figure 2. These true kinetic
parameters were (2.5+0.1)x 10* M~! s7! for GSH and
(8.0£0.6)x10° M~ ' s ! for BSA-SSG, thereby implying that the
true K, for BSA-SSG was 30-times lower than for GSH. In spite
of some variability in experimental conditions, GrxS12 catalytic
efficiency (with both HED and BSA-SSG) appeared roughly
comparable with previously characterized Grx from human (18,
27), yeast (12), and C. reinhardtii (21, 54).

Glutathionylated isocitrate lyase is efficiently
reactivated by GrxS12

Assays of Grx activity with HED or BSA-SSG as substrates
are based on the capacity of Grx to transfer a GSH moiety
from a glutathionylated substrate to free GSH, thereby gen-
erating GSSG that is reduced by GR (see Fig. 1). Alternatively,
GRX deglutathionylating activity can be directly assayed by
measuring the reactivation of an enzyme whose activity is
affected by glutathionylation. Isocitrate lyase (ICL) from C.
reinhardtii provides such an opportunity, as this enzyme,
which undergoes glutathionylation in vivo (35), was recently
shown to be reversibly inhibited by glutathionylation of its
active site Cys (3). Glutathionylated ICL (ICL-SSG; ~ 100%
inactivated) was, thus, used as a model substrate; and GrxS12
was tested for its ability to restore ICL activity in the presence
of a suitable electron donor (Fig. 3). Again, mutant C87S be-
haved identical to wild-type GrxS12 in ICL-SSG reactivation,
whereas the activity of mutant C29S was 5% of the wild type
and not further investigated (not shown).

In control experiments, 20 mM dithiothreitol (DTT) alone
allowed full chemical reactivation of ICL-SSG (10 uM) in
5min, but lower concentrations of DTT (e.g., 0.5 mM) were
much less efficient (Fig. 3A). In the absence of external re-
ductants, reduced GrxS12 (5 uM) caused very rapid but par-
tial reactivation of ICL-SSG (Fig. 3A). In the presence of both
DTT (0.5mM) and GrxS12 (5 uM), reactivation of ICL-SSG
(10 uM) proceeded at a slightly faster rate than with GrxS12
alone and continued until ICL was fully activated (Fig. 3A).

Similar experiments were performed with GSH as a physi-
ological reductant instead of DTT. In the absence of GrxS12,
very slow reactivation was promoted by 2mM GSH alone,
which contained about 1% oxidized glutathione as a contami-
nant (i.e., 20 uM GSSG). Under these conditions, addition of
5uM GrxS12 increased the initial velocity of ICL-SSG re-
activation (Fig. 3B), but still reactivation kinetics with GSH was
much slower than with DTT (Fig. 3A). Reactivation of ICL-SSG
by GrxS12 and GSH (contaminated by 1% GSSG) depended on
GrxS12 concentration with an Sg 5 of 4.5 uM (Fig. 3C).

To check the effect of GSSG contamination on GrxS12 ac-
tivity, a GSH-regenerating system (GRS) based on GR and
NADPH was applied to guarantee full reduction of GSH. The
GRS had no detectable effects on the nonenzymatic reactivation
of ICL-SSG by GSH (Fig. 3B), but strongly stimulated ICL-SSG
reactivation by 5uM GrxS12 (Fig. 3B). Moreover, the Sy 5 for
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FIG. 2. Two-substrate ki-

40

*

30 P

1IGSH] (MM}

10

v (sec™)

v (sec™)

20

0

i ]

EEIIR

netic analysis of GrxS12-
dependent deglutathionylation
reactions reveals a ping-
pong kinetic mechanism. (A)
Deglutathionylation of glu-
tathionylated bovine serum
albumin (BSA-SSG) by GrxS12
(30 nM) in the presence of
fixed BSA-SSG concentrations
with varied GSH concentra-
tions (open symbols). Data
points represent the average
of three experiments, and
standard deviations (SDs) are

100 200
1/BSA-SSG] (mM™)

0 ) ks 1 1 s 1 L 1 i 1
02 04 06 08 1

[GSH] (mM)

10

omitted for clarity. From top
to bottom: 40, 20, 10, 5uM
BSA-SSG.  Closed  diamonds
represent apparent ke, values
extrapolated from panel (B)

20 30 40
[BSA-SSG] (uM)

0.8

0.8

1/Keq (sEC)

(mean+SD of individual ex-
periments). Inset show sec-
ondary plots of the reciprocal
apparent k., versus the recip-
rocal of GSH concentration.
(B) Deglutathionylation of
BSA-S5G by GrxS12 in the
presence of fixed concentra-
tions of GSH with varied
BSA-S5G concentrations (open
symbols). Data points represent
the average of three experi-
ments, and SDs are omitted
for clarity. From top to bot-
tom: 1, 0.5, 0.2, 0.1 mM GSH.

1/[GSH] (mM)

1 1 1
100 150 200 Closed diamonds represent ap-
parent k., values extrapolated

1{BSA-8SQ] (mi) from panel (A) (mean+SD of

individual experiments). Inset

show secondary plots of the reciprocal apparent k., versus the reciprocal of BSA-SSG concentration. (C) Double reciprocal plots
of data shown in panel (A). Interpolating lines are defined by Lineweaver-Burk linear equations including the apparent kinetic
parameters obtained by nonlinear regression of the original data in panel (A). (D) Double reciprocal plots of data shown in panel
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GrxS12 determined in the presence of 2 mM fully reduced GSH
(ie., GRS) was as low as 0.1 uM (Fig. 3D); and time-course
reactivation of ICL-SSG (10 uM) by 0.1 uM GrxS12 and fully
reduced GSH followed a similar kinetics as with 5 uM GrxS12
and partially reduced GSH (Fig. 3B).

To better understand the role of GSSG, different [GSH]/
[GSSG] ratios were then tested. In Figure 3D, [GSH]/[GSSG]
ratios were corrected for the unavoidable contamination of
GSSG in fresh GSH solutions. Such a contamination fixed a
practical limit to the highest [GSH]/[GSSG] ratio that could be
tested. As shown in Figure 3D, after 15min incubation, any
[GSH]/[GSSG] ratio below 100 had the effect of decreasing
the deglutathionylating activity of GrxS12; and no significant
activity was detected at [GSH]/[GSSG] ratios below 5. On the
other hand, complete and fast reactivation of ICL-SSG re-
quired [GSH]/[GSSG] ratios higher than 100 that could only
be obtained by the GRS (Fig. 3B). The effect of GSSG was
mainly on GrxS12, as reduced ICL was only marginally in-
hibited by any of the [GSH]/[GSSG] ratios tested in Figure 3D
(not shown).

Catalytic Cys29 of GrxS12 is very acidic (pK5 3.9)

Catalytic efficiency of Grxs, similar to other thiol-dependent
oxidoreductases, may largely depend on the reactivity of the
catalytic Cys, which, in turn, depends on its acidity. The pK, of
the thiol group of catalytic Cys29 was previously estimated
as ~2.8 by following the pH-dependent interaction of the
C87S mutant with the thiol-cleavable fluorophore (2-
pyridyl)di-thiobimane (PDT-bimane) (9). Provided that the
monothiol catalytic mechanism of GrxS12 is based on Cys29,
we have re-determined the pK, of this Cys by following the
activity of wild-type GrxS12 after treatment with the thiolate-
alkylating agent iodoacetamide (IAM) (18, 36).

By plotting the residual activity versus pH (corrected for the
pH-dependency of GrxS12 activity in the absence of IAM), a
complete sigmoid titration curve was obtained, which gave an
accurate pK, value of 3.93%0.09 for the inactivation reaction
(Fig. 4). Analysis of C87S mutant (pK, 3.82+0.11) fully con-
firmed this value (Fig. 4). Though confirming that Cys29 is
extremely acidic, the difference with the previous estimation
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FIG. 3. Reactivation of glu- (A
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of Cys29 pK, (9) is most probably related to the use of different
measurement methods. In particular, the reduction of PDT-
bimane disulfide by protein thiolates is slow under extremely
acidic conditions and requires very long incubations [up to
2h, see Ref. (9)] that may affect protein stability. Under these
conditions, the use of IAM may be advantageous, as alkyl-
ation of protein thiolates by IAM is not pH-sensitive and it is
fast enough to require a few minutes of incubation (3 min, Fig.
4). We, thus, suggest that pK, determination of very acidic
Cys performed by IAM may be more reliable compared with
the method based on the cleavable fluorophore PDT-bimane.

GrxS12-catalyzed deglutathionylation is strongly
stimulated by alkaline pH

The rate of GrxS12-catalyzed deglutathionylation of f-ME-
SSG (HED assay) was found to be strongly pH-dependent.
The activity was negligible at pH 6.5 and reached its maxi-
mum above pH 9 (Fig. 5). The inflection point of the inter-
polating curve was around 8.2. Such a response was only
observed in the presence of a large excess of GR (90 ug/ml) in
the coupled assay. In the presence of lower amounts of GR
(6 ug/ml), as in the standard HED assay, the pH-rate profile
was bell shaped (Fig. 5). Since the pH optimum of yeast GR is

around 6.5 (7), the apparent inhibition of GrxS12 activity at
alkaline pH was thought to derive from the inhibition of GR,
which limited, in turn, the overall reaction. In fact, by increas-
ing the concentration of GR, such inhibition could be overcome,
and the pH-rate dependence became sigmoidal (Fig. 5).

Since thiol dissociation is a general prerequisite for the
nucleophilic attack of disulfides (26), the inflection point of the
sigmoidal pH-rate response should reflect the pK, of the thiol
involved in the limiting step of the overall reaction. The three
thiols involved have very distinct pK, values: GrxS12-thiol is
very acidic (pK, 3.9; Fig. 4), whereas the pK, of f-ME-SH is
very alkaline (9.8) (46) and exceeds by more than one unit that
of GSH (8.7) (46). Since the pK, of GSH (8.7) is the closest to
8.2, we tentatively conclude that the nucleophilic attack made
by GS™ on GrxS12-SSG (step 2 in Fig. 1) should limit the overall
reaction catalyzed by GrxS12 under these conditions (Fig. 5).

GrxS12 is sensitive to alkylation and oxidation,
but not nitrosylation

The reactivity of GrxS12 versus IAM was further charac-
terized at the pH value normally used for plant Grx activity
assays (pH 7.9), conditions leading to full dissociation of
Cys29 (pK, 3.9). Incubation of GrxS12 with variable amounts
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FIG. 4. Determination of the pK, of the active site Cys of
GrxS12. Reduced GrxS12 (3 uM, black circles) and C87S mu-
tant (3 uM, white circles) were incubated with iodoacetamide
(IAM) (0.3mM) at different pH values for 3min at room
temperature and then assayed using the standard HED assay
after 100-fold dilution. After incubation, the percentages of re-
maining activity at each pH were determined by comparing the
activity of the enzyme incubated with and without IAM. Symbols
represent the average of at least three experiments + SDs. For the
sake of clarity, SDs for C87S mutant data were omitted. The pK,
values were obtained by nonlinear regression using an adapta-
tion of the Henderson-Hasselbalch equation (16). Interpolation
curves for GrxS12 and C87S mutant are represented as full and
dashed sigmoids, respectively.

of IAM caused inactivation of GrxS12 after a pseudo-first-
order kinetics (Fig. 6A), which enabled apparent first-order
constants (k,pp) to be determined. Kitz-Wilson analysis of
the data was used to generate the limiting constants for in-
activation (kinact) and Kj (dissociation constant) (Fig. 6C and
Table 2) (29). The same conditions were used to compare the
effect of alkylation by IAM with the effect of oxidation by
H,0,, a reaction that is also known to be favored by the
thiolate state of Cys (38). GrxS12 was inactivated by H,O, in
a time- and concentration-dependent manner (Fig. 6B).
Kitz-Wilson analysis (Fig. 6C) revealed that, based on second-
order rate constants (ki.../ Ky; Table 2), HO, was 12-fold less
efficient than IAM as an inhibitor of GrxS12.
H,0,-dependent inhibition of GrxS12 is likely related to the
oxidation of Cys residues into sulfenic acids (primary oxida-
tion) that can be further irreversibly oxidized to sulfinic and
sulfonic acids. In GrxS12, glutathionylation of Cys29 was
detected by matrix-assisted laser desorption/ionization-time
of flight (MALDI-TOF) mass spectrometry after spontaneous
reaction with H,O, and GSH. The resulting mixed disulfide
on GrxS12 was very stable and could only be reduced back by
fully reduced GSH or DTT (9). Here, we show that after
GrxS12 inactivation by H,O, (0.1 mM, 15min) to 60% of its
original activity, reactivation by a GRS was complete (Fig. 7).
This result indicated that under these conditions, H,O, caused
only primary oxidation to sulfenic acid such that GSH could
quantitatively regenerate active glutathionylated GrxS12.
Consistently, no inhibition was observed when GrxS12 was
treated with H,O, (0.1 mM) in the presence of GSH (0.5 mM)
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FIG. 5. pH-rate profile of GrxS12 activity. The activity of
GrxS12 was assayed with HED. The concentration of GR in the
assay was either the standard concentration for the HED assay
(6 ug/ml, open circles), or 15-fold increased (90 ug/ml, black
circles). Buffers were potassium phosphate (pH 6.5-7.5), Tris-
HCl (pH 7.59), and glycine (pH 9-10). GrxS12-dependent
deglutathionylating activity is represented as a percentage of
maximal activity. Interpolation of experimental data with GR
in excess (black circles) was made by nonlinear regression with
the Henderson-Hasselbalch equation.

(Fig. 7). By contrast, treatments with higher concentrations of
H,0; (1 mM) for the same time led to 80% inhibition of GrxS12
and only partial reactivation by the GRS (Fig. 7), suggesting
that, under these harsher conditions, part of the catalytic Cys
was irreversibly oxidized most likely to the sulfinate and/or
sulfonate forms.

To investigate whether GrxS12 can be a target of nitrosyla-
tion, we treated the protein with GSNO, a typical NO-donor.
The reaction of Grx512 with GSNO under aerobic conditions
had no effect on its activity (Fig. 7). Further, GSNO treatment
did not induce any absorption band at 335 nm, characteristic for
S-nitrosothiol groups (data not shown). Altogether, these re-
sults suggest that neither Cys29 nor Cys87 may be nitrosylated
under these conditions. However, GSNO can also induce the
formation of glutathione-mixed disulfides. MALDI-TOF mass
spectrometry analysis revealed a mass increase of ~305 Da in
the totality of GrxS12 treated with GSNO, consistent with the
formation of one glutathione adduct. The 305 Da mass increase
was reversed by treatment with DTT (Fig. 8).

The midpoint redox potential of glutathionylated
GrxS12 is —349mV at the pH of 7.9 (as in illuminated
chloroplasts) and —315mV at pH 7.0 (as in

darkened chloroplasts)

Due to the large shift of 305 Da in molecular mass, MALDI-
TOF mass spectrometry allows to unambiguously quantify
the ratio between reduced and glutathionylated GrxS12 under
different conditions. We used this method to characterize the
equilibrium between GrxS12 and GSH redox bulffer. Experi-
ments were performed at pH 7.9, a value that might occur
in chloroplasts under photosynthetic conditions (47). Ratios be-
tween reduced and glutathionylated GrxS12 were determined
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after equilibration with different GSH/GSSG ratios (Fig. 9A)
according to the following reaction:

GrxS12-SH + GSSG < GrxS12-SSG + GSH
The equilibrium constant of GrxS12 oxidation by GSSG

(Kox) could be derived from the equilibrium concentration of
the different species (Fig. 9B):
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TABLE 2. KINETIC PARAMETERS FOR INHIBITION OF GRXS12
BY loDOACETAMIDE AND H,O,

I<I kinact kinact/KI
Compound uM min~ ML min™!
1AM 114+13 1.00£0.06 8.77x10°
H,0, 112+£20 0.082£0.006 7.32x10?

The kinetic parameters of GrxS12 inhibition by IAM and H,O,
were determined by incubating the protein with variable amounts of
inactivator. At different times, aliquots were withdrawn to assay
glutaredoxin activity using HED assay with 30 nM GrxS12. K; and
kinact were determined according to (26). Data are represented as
means*SD (n=3).

TIAM, iodoacetamide.

Kox = [GrxS12-SSG]/[GrxS12-SH] x [GSH]/[GSSG]

Based on three independent experiments, the average K,y
resulted to be 69+12 standard deviation (SD). The E,, of
GrxS12 mixed disulfide could then be derived from the K, by
means of the Nernst equation:

EmGrs12-556) = Emcssc) — RT /nF X In Koy

Considering an E.,gssg) of —294mV at pH 7.9 (1) and
setting the value of 1 at 2 (as expected for a disulfide/dithiol
two-electron transfer process), the K« value could then be
translated into a midpoint redox potential of GrxS12 mixed
disulfide (Em[erSI2-SSG]) of —349+2mV.

Then, intrinsic tryptophan fluorescence was used as an al-
ternative method to determine reduced and glutathionylated
GrxS12. Fluorescence emission of GrxS12 after excitation at
290nm was previously reported to be quenched by glu-
tathionylation (9). The minimum distance between the aro-
matic ring of the only tryptophan of GrxS12 (Trp28) and the
mixed disulfide is 3.74 A, as calculated from the crystal
structure of glutathionylated GrxS12 (9) (Fig. 10A). Short-
distance interactions between tryptophan aromatic rings and
sulfur atoms of disulfides result in intrinsic fluorescence
quenching; reduced sulphydryl groups being much less ef-
fective (10). Therefore, we compared the fluorescence signal of
glutathionylated and reduced GrxS12 after tryptophan-
specific excitation at 295 nm (Fig. 10B) and took advantage of
this important quenching effect to investigate the redox

A

FIG. 6. Kinetics of inactivation of GrxS12. The reaction
was initiated by the addition of varying concentrations of
inactivator (IAM or H,0O,) to solutions containing reduced
GrxS12 in Tris-HCI, pH 7.9. At the indicated time, aliquots
were withdrawn from the incubation mixtures and assayed
for GrxS12 activity as described in “Material and Methods”
Section. (A) Time- and concentration-dependent inactivation
of GrxS12 by IAM. From top to bottom: 25, 50, 100, 250 uM
IAM. (B) Time- and concentration-dependent inactivation of
GrxS12 by HyO,. From top to bottom: 25, 100, 250, 1000 uM
H>0;. (C) Double-reciprocal plots of k., versus IAM (black
triangles) and H,O, (black circles) concentrations obtained
according to Kitz and Wilson (26) to yield K; and kinac. Each
data point represents the mean of three independently ob-
tained data sets. The straight lines represent the best-fit linear
regression through the raw data.
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FIG. 7. Effects of oxidants on the activity of GrxS12. After
15 min treatment of GrxS12 with 0.1 or 1 mM H,O, (white bars)
or 0.1mM H,0, in the presence of 0.5mM GSH (horizontal
dashed bar) or 0.5mM nitrosoglutathione (GSNO) (diagonal
dashed bar), the residual activity was measured using the
standard HED assay. The reversibility of H,O,-dependent
effects was investigated after incubation of the oxidized pro-
tein in the presence of GR system (ImM GSH, 0.2mM
NADPH and 6pug/ml GR) supplemented with 100U/ml
bovine catalase (dark bars). Data represent the average of at
least three experiments+SDs.

properties of GrxS12. To this aim, reduced GrxS12 was
equilibrated with a fixed GSH/GSSG ratio of 200 at pH 7.9;
and a K, value of 63 +9 was derived from three independent
determinations of glutathionylated/reduced GrxS12 under
these conditions. This value fully confirms the K, of 69+12
obtained by MALDI-TOF mass spectrometry at the same pH.

Moreover, since the physiological pH at which GrxS12
could react with the GSH system in vivo is expected to be
variable, it was interesting to investigate the effect of pH on
the Koy measured with GSH. To this aim, pH was varied be-
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tween 5 and 9 and reduced GrxS12 was equilibrated with a
fixed GSH/GSSG ratio of 200. The equilibrium ratio between
reduced and glutathionylated GrxS12 was determined by the
tryptophan fluorescence method (Fig. 10C). K,« values were
found to be strongly pH-dependent, varying from a value of
35 at pH 9 to 1250 at pH 5. Maximal slope of the interpolating
curve was observed around neutral pH values, with the K«
increasing approximately 10-fold for a pH decrease of 1 unit.
At pH 7, the Ky« was 310 and could be translated into a
standard redox potential of —315mV.

Discussion

GrxS12 is a chloroplast Grx conserved in land plants with a
typical Grx 3D structure based on the thioredoxin fold (9).
Chloroplasts of higher plants, such as poplar and Arabi-
dopsis, appear to contain at least four Grx isoforms named C5
and S12 (CPYC-type), and S14 and S16 (CGFS-type) (41). Al-
though characterization of all these Grx isoforms is far from
complete, it is known that GrxS12 can regenerate B-type me-
thionine sulfoxide reductase (MSRB1) and Ay-glyceralde-
hyde-3-phosphate dehydrogenase by deglutathionylation
(9, 49); whereas GrxS14 and GrxS16 can function as scaffold
proteins for synthesis, transfer, and delivery of iron-sulfur
clusters (2). Whether other Grxs besides GrxS12 are active
deglutathionylating agents in chloroplasts of higher plants is
possible but not yet proved.

Although GrxS12 belongs to CPYC-type Grx, as the clas-
sical dithiol human GRX1 and GRX2 (19), in this plant Grx, the
typical C-terminal Cys of the CPYC active site motif is re-
placed by a serine (CSYS). The capacity of GrxS12 to catalyze
deglutathionylation is based on the reactivity of Cys29, which
becomes glutathionylated after the interaction between
GrxS12 and glutathionylated substrates (9). Although GrxS12
contains a conserved Cys (Cys87) outside the **WCSYS™ se-
quence motif but located in the proximity of Cys29 in the 3D
structure, this residue is not involved in the catalytic cycle (9).
Therefore, the only possible reaction mechanism of GrxS12,
based on Cys29, is a monothiol mechanism.

The monothiol mechanism of GrxS12 contrasts with the
dithiol mechanism used by diverse CGFS Grxs, including C.
reinhardtii Grx3, the ortholog of GrxS14 from higher plants (44,
48, 54). In this alternative mechanism, the glutathionylated Cys
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FIG. 8. Matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry analysis of GSNO-
treated GrxS12. MALDI-TOF spectra of whole protein was determined for reduced GrxS12 before (full line) or after (dotted
line) treatment with 0.5mM GSNO for 1h at room temperature and desalted using NAP-5 column equilibrated with
phosphate-buffered saline, pH 7.4, 1mM EDTA. The 305 Da shift after GSNO treatment could be totally reversed by a
treatment with 20 mM DTT. The peaks at mass/charge ratio of 12435.7 and 12740.8 correspond to the matrix adducts for the

reduced and GSNO-treated GrxS12, respectively.
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FIG. 9. Redox titration of GrxS12 mixed disulfide with GR buffer. (A) Reduced GrxS12 (50 uM) was equilibrated with
different [GSH]/[GSSG] ratios in 30mM Tris-HCl (pH 7.9) for 10min before the reaction was quenched by 1.3% tri-
fluoroacetic acid. GrxS12-SH/GrxS12-SSG ratios at equilibrium were determined by digital integration of MALDI-TOF mass
spectrometry peaks indicated in the figure by stars (GrxS12-SH) and diamonds (GrxS12-SSG). Spectra are displayed as a
function of GSH/GSSG ratios at equilibrium (see Materials and Methods section). A correction was introduced in the
calculations to account for the estimated breakage of 5% mixed disulfides by laser shooting. (B) The fraction of reduced
GrxS12 that was measured by mass spectrometry after equilibration with different glutathione buffers was plotted against
the [GSH]/[GSSG] ratio at equilibrium. K, was obtained from nonlinear least-squares regression. Experimental data are
displayed as means+SD obtained from three separate experiments.

of the Grx is attacked by a second Cys, rather than GSH, with  be useful to perform deglutathionylation in both light and
formation of an internal disulfide bridge. In the case of Grx3, dark conditions.

the catalytic cycle is closed by the reduction of this disulfide
by FIR in a reaction linked to photosynthetic electron trans-
port (54). It is possible that FTR-dependent CGFS-type
Grxs and GSH-dependent CPYC-type Grxs co-exist in chlo- The mechanism of deglutathionylation performed by
roplasts of higher plants and perform similar reactions, but ~ GrxS12 on a glutathionylated protein as BSA is here shown to
since they are based on different reducing systems, this might =~ be ping pong. This mechanism implies that the interaction

Kinetic properties of GrxS12
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FIG. 10. pH-dependence of
GrxS12 K,, with GR buffer. (A)
Detail of the crystallographic struc-
ture of glutathionylated GrxS12 (8)
showing the shortest distances be-
tween the aromatic ring of Trp28
and the sulfur atoms of the mixed
disulfide. The figure was made with
PyMol based on file pdb 3FZ9. (B)
Emission spectra of reduced (black
circles) and glutathionylated (white
circles) GrxS12  (excitation at
295nm) were recorded with 0.4 uM
protein at 25°C in 30 mM Tris-HCl,
pH 7.9, 1mM EDTA. Buffer blank
was run and subtracted from both
spectra. The fluorescence maximum
of reduced GrxS12 was arbitrarily
set to 100 fluorescence units. (C)

Reduced GrxS12 was equilibrated
with an initial [GSH]/[GSSG] ratio
of 200:1 2mM total GSH concen-
tration) at different pH in the fol-
lowing buffers: sodium citrate (pH
5.0), MES (pH 6.0), HEPES (pH 7.0),
Tris-HCl (pH 7.9), glycine (pH 9.0).
Equilibrium ratios between re-
duced and glutathionylated GrxS12
were determined by the tryptophan
intrinsic fluorescence method. K,
were calculated from equilibrium
ry ratios GSH/GSSG and GrxS12-
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SSG/GrxS12-SH as described in the
text. Data are means+SD of tripli-
cate determinations.

between reduced GrxS12 and BSA-SSG is followed by the
separation between reduced BSA and glutathionylated
GrxS12. In the second part of the reaction cycle, GrxS12-SSG
reacts with GSH and releases a GSSG molecule while recov-
ering its original reduced state. In all these reactions, thiolates
(GrxS12-S™, GS™) rather than thiols make the nucleophilic
attack on mixed disulfides. Consistently, the reaction cata-
lyzed by GrxS12 was strongly pH dependent and apparently
influenced by the limited acidity of GSH (pK, 8.7) (46). As a
consequence, the overall reaction catalyzed by Grx512 could
be limited, at physiological pH values, by the GSH attack on
GrxS12-SSG (step 2 of Fig. 1). A similar ping-pong reaction
mechanism limited by the GSH attack was demonstrated for
both human Grx1 and Grx2 (19). The reaction mechanism of
GrxS12 is analogous to human Grxs also for the true kinetic
parameters k., and K, (vs. both BSA-SSG and GSH) being too
high to be experimentally determined. However, ke./K,, ra-
tios of GrxS12 could be determined and found to be in the
order of 10° M~' s~ ! versus BSA-SSG and 10* M~ s~ versus
GSH. Similarly, k,:/K,, ratios of human Grx (Grx1, Grx2),
though determined under slightly different conditions, were
in the range of 10° M~ ' s~ versus BSA-SSG and 10*-10° M~ !
s~ ! versus GSH (18, 27). The kinetic features of GrxS12 are
consistent with both binary complexes (GrxS12/BSA-SSG
and GrxS512-55G/GSH) being very short living or even non-
existent. Lack of accumulation of binary complexes would
explain why GrxS12 could not be experimentally saturated

by either substrate. Although the reason for GrxS12-binary
complexes being undetectable cannot be derived from pres-
ent data, it can be safely concluded that GrxS12 practi-
cally oscillates between a free reduced form and a free
glutathionylated form, with no intermediate complexes,
during its catalytic cycle. The fact that free glutathionylated
GrxS12 is relatively stable is consistent with its successful
crystallization (9).

Thermodynamic properties of GrxS12 and possible
physiological roles in vivo

The midpoint redox potential of the glutathionylated
GrxS12 mixed disulfide was determined as —349mV at pH
7.9, a value representative of stromal (chloroplast) pH under
photosynthetic conditions (47). This value was obtained by
equilibration of GrxS12 with GSH/GSSG as redox buffer and
determination of glutathionylated and reduced GrxS12 by
MALDI-TOF mass spectrometry (Fig. 9), and confirmed by
intrinsic tryptophan fluorescence (Fig. 10).

AtpH?7.0, a pH value that represents the chloroplast stroma
in the dark, the E,,, of GrxS512 mixed disulfide was —315mV
(Fig. 10). The difference of 35 mV between E,,, at pH 7.0 and 7.9
is in good agreement with the theory if we consider that at both
pH values, catalytic Cys29 of reduced GrxS12 would be de-
protonated (pK, 3.9, Fig. 4), whereas GSH would be mostly
protonated (pK, 8.7) (46). Reduction of GrxS12-SSG mixed
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disulfide would, thus, involve two electrons but only one
proton, at least at physiological pH:

GrxS12-SSG+2e~ +1 H" -GrxS12-S~ + GSH

implying that the standard redox potential of GrxS12 should
decrease by ~30 mV for one pH unit increase, very similar to our
determinations. To our knowledge, this is the first redox char-
acterization of a mixed disulfide of a wild-type Grx of any
source. A variant of yeast Grx1 (CPYC active site), in which the
C-terminal Cys of the active site was exchanged to Ser to avoid
formation of an internal disulfide and to stabilize the glutathio-
nylated form, was recently reported to have an E, of —295mV
at pH 7 for the mixed disulfide (25). Other redox analyses, per-
formed on dithiol Grxs, generally showed less negative redox
potentials usually comprised between —170 and —232mV at pH
7 (44). On the contrary, the plastidial Chlamydomonas Grx3 dis-
plays a midpoint redox potential of —323mV at pH 7.9 (54), but
this disulfide is physiologically reduced by FTR (—-374mV at pH
7.9) (24), a stronger reductant than GSH.

At neutral pH, the standard redox potential of glutathi-
one (—240mV) (1) is much less reducing than that of GrxS512
(—=315mV). However, the glutathione pool is largely reduced
in vivo, and its actual redox potential might be much lower. In
transgenic Arabidopsis plants expressing roGFP2 in the cytosol,
the GSH/GSSG ratio in vivo was estimated to be 10° and the
redox potential around —-320mV (28, 32), although it is cur-
rently unknown whether roGFP2 fluorescence in vivo does only
reflect the GSH redox state, or may be influenced by other
factors (17). Much lower GSH/GSSG ratios of 10-20 were de-
rived from direct determinations of GSH and GSSG in whole
plant tissues (17), but these exceedingly low ratios are hardly
representative of the cytosol or chloroplasts, as most of GSSG is
likely sequestered in compartments with low reducing capacity
(e.g., vacuoles; (39). Whatever the actual GSH/GSSG ratio is
under optimal conditions, plenty of evidence demonstrate that
the glutathione system in vivo is subject to oxidation on stress or
when components of the antioxidant system of plants are ge-
netically repressed [(28, 33); for a review see Ref. (17)]. In spite
of this, the amplitude of the GSH/GSSG variation in given
compartments such as chloroplasts is still uncertain.

Based on our K, determinations for the reaction of GrxS12
with GSSG (309 at pH 7.0 and 69 at pH 7.9), it can be easily
calculated that GrxS12 would be almost completely reduced
at any physiological pH if it was in equilibrium with a GSH/
GSSG ratio of 10°. Under these conditions, GrxS12 could ef-
ficiently work as a deglutathionylating agent, if necessary. On
the other hand, a very limited oxidation of the GSH pool
would dramatically change this scenario. At a physiological
concentration of 2mM GSH, oxidation of only 2% GSH would
produce 20 uM GSSG and establish a GSH/GSSG of 100. In
equilibrium with this GSH/GSSG ratio, glutathionylated
GrxS12 would exceed reduced GrxS12, and this effect would
be more pronounced at neutral than alkaline pH. As a result, a
very limited oxidation of the GSH pool could lead to a strong
inhibition of GrxS12 activity in vivo. Such inhibition would be
stronger in the dark, when a neutral pH is established in
chloroplasts, than in the light, when the photosynthetic ac-
tivity tends to increase the stromal pH by about one unit (47).

A major difference between GrxS12 and other chloroplast
Grxs of higher plants may reside in the stability of the glu-
tathionylated form. Only monothiolic Grx such as GrxS12 can
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exist in a stable glutathionylated form, because, even in the
absence of GSH, glutathionylation of dithiol Grxs could be
slowly removed by formation of an intramolecular disulfide
between the two active Cys. Glutathionylation of GrxS12 can
result from either reaction with H,O, and GSH (9), or GSSG,
or GSNO or by interaction with a glutathionylated substrate
(A4-glyceraldehyde-3-phosphate dehydrogenase, (9); ICL,
BSA, this work). Stability of GrxS12-SSG depends on pH and
[GSH]/[GSSG] ratios and is, thus, predicted to increase in the
dark and under stress conditions that could lower the [GSH]/
[GSSG] ratio. Notably, the only Grx identified to date as a
target of glutathionylation under stress by proteomic ap-
proaches in higher plants is indeed GrxS12 (13) and we
speculate that Grx512-SSG may be involved in signaling.

In this scenario, the unique biochemical properties of
GrxS12 would allow glutathione to play a signaling role
through glutathionylation of GrxS12 targets. The rapid inac-
tivation of GrxS12 by glutathionylation under mild oxidative
stress would stabilize a number of glutathionylated proteins
that could propagate the oxidative stress signal and possibly
trigger-specific adaptative responses. Once these responses
have been initiated, the decrease of the intracellular redox
potential to a more reduced state should lead to reactivation
of GrxS12 and deglutathionylation of GrxS12 targets. This
proposed mechanism involving GrxS12 inactivation in sig-
naling shares some similarities with the inactivation of 2-Cys
peroxiredoxin (Prx) by overoxidation or phosphorylation
(40). Indeed, it has been proposed that overoxidation of the
peroxidatic Cys of 2-Cys Prx to the sulfinate form and its
subsequent slow reduction by sulfiredoxin (5, 50) could lead
to transient accumulation of H,O; and thereby allow H,O, to
play a signaling role. This concept has been termed the
“floodgate” hypothesis (52). However, in the case of receptor
signaling, another mechanism appears to be involved, as a
membrane-associated 2-Cys Prx was recently shown to be
reversibly inactivated by phosphorylation in cells stimulated
via growth factors or immune receptors (51). This localized
inactivation of 2-Cys Prx likely allows generating favorable
H,0, gradients around membranes, where signaling proteins
are concentrated, while minimizing the general accumulation
of H,O, to toxic levels.

Similarly, the unique biochemical properties of GrxS12 may
allow this enzyme to facilitate redox signaling by allowing
accumulation of glutathionylated proteins, as just mentioned.
Other chloroplastic Grxs may either exhibit distinct specifi-
cities or be regulated by other mechanisms such as binding to
Fe-S clusters that has been suggested to constitute a mecha-
nism of regulation of Grx activity (4). Confirming the potential
contribution of GrxS12 in redox signaling will require deter-
mining GrxS12-specific targets and analyzing the regulation
of Grx activities in vivo. Finally, as GrxS12 orthologs are ab-
sent in green algae (30), its potential role as a facilitator of
redox sensing and signaling in chloroplasts may be linked
to the requirement for a tighter redox control in terrestrial
plants, as previously suggested by the analysis of some redox-
controlled Calvin cycle enzymes (31).

Materials and Methods

Materials and enzymes

NAP-5 columns and 5,5’-dithiobis-2-nitrobenzoic acid
(DTNB) were purchased from GE Healthcare (Piscataway, NJ
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USA) and Pierce (Rockford, IL), respectively. GSH and GSSG
were purchased from either Roche Diagnostics Corporation
(Indianapolis, IN) or Sigma-Aldrich (St. Louis, MO). All other
chemicals were obtained from Sigma-Aldrich.

GR from baker’s yeast and bovine catalase were purchased
from Sigma (St. Louis, MO). Recombinant ICL from C. re-
inhardtii (ICL) was purified as described in (3). Poplar GrxS12
wild type (GrxS12) and mutants GrxS12-C29S (C29S) and
GrxS12-C87S (C87S) were expressed and purified as previ-
ously described (9). Purity of all Grx forms used in this work
was assessed by SDS-PAGE and Coomassie blue staining
(Supplementary Fig. S1; Supplementary Data are available
online at www. liebertonline.com/ars). Concentration of pu-
rified proteins was determined from UV absorption at
280 nm, and extinction coefficients were calculated from the
sequence (£ =64,540 and 9970 M~ cm ™! for ICL and GrxS12,
respectively).

Preparation of BSA-SSG

BSA-SSG was prepared by treating the protein with 20 mM
reduced DTT for 30 min at room temperature followed by
desalting on a NAP-5 column pre-equilibrated with 30 mM
Tris-HCl, pH 7.9. The reduced protein was then allowed to
react with a 50-fold molar excess of GSSG for 16 h at room
temperature and desalted as just described. The degree of BSA
glutathionylation was spectrophotometrically determined by
following NADPH oxidation at 340nm in a cuvette contain-
ing 0.2mM NADPH, 0.5mM GSH, 6pug/ml GR, 25 nM
GrxS12 wt, and a varying concentration of BSA-SSG. The BSA
was quantified at 280nm (e=43,600 M1 cm_l), and the
concentration of protein-bound GSH groups was calculated
from the total NADPH consumption for each BSA concen-
tration as described in (6). This procedure resulted in
1.03+0.08 GSH per molecule of BSA (Supplementary Fig. S2),
consistent with monoglutathionylation of the protein, al-
though some heterogeneity in BSA-SSG preparations cannot
be excluded.

Activity measurements and determination of apparent
kinetic parameters

Before activity measurements, GrxS12 and its variants were
incubated with 10mM DTT for 30 min at room temperature
and desalted on a NAP-5 column pre-equilibrated in 30 mM
Tris-HCl, pH 7.9. Grx activity in the HED assay was deter-
mined as previously described (54). Briefly, 0.7 mM HED was
added to a mixture containing 100mM Tris-HCI, pH 7.9,
2mM EDTA, 0.1mg/ml BSA, 0.2mM NADPH, 1mM GSH,
and 6 ug/ml GR. After 3 min of preincubation, 30 nM GrxS12
was added to the sample cuvette, and buffer was added to the
reference cuvette. This GrxS12 concentration was previously
checked for being within the range of linear responses of ac-
tivity versus enzyme concentration. The decrease in absor-
bance was followed at 340 nm. GRX activity was determined
after subtracting the spontaneous reduction rate observed in
the absence of Grx, and the number of yumoles of NADPH
oxidized per second per umole of enzyme (i.e., turnover
number, s~ ') was calculated using the extinction coefficient of
NADPH (g340=6230 M~* ecm ™). The apparent K,, for gluta-
thione of C87S mutant was determined as previously de-
scribed (9). Apparent kinetic parameters for glutathionylated
substrates were determined using either HED (0.1- 1.5 mM)

ZAFFAGNINI ET AL.

or BSA-SSG (2.5-50 uM) in a mixture of 100 mM Tris-HCl, pH
7.9,2mM EDTA, 0.1 mg/ml BSA, 0.2mM NADPH, 6 ug/ml
GR plus 1 mM GSH, and 30 nM GrxS12. Three independent
experiments were performed at each substrate concentration,
and the apparent K,, and k., values were calculated by non-
linear regression using a Michaelis Menten equation with the
program CoStat (CoHort software, Monterey, CA).

Two-substrate kinetic analysis

The catalytic mechanism of GrxS12 was determined by
independently varying the concentration of BSA-SSG and
GSH to produce a 4 x4 matrix of concentration sets. Deglu-
tathionylation activity was determined as just described with
30 nM GrxS12. Each individual data set for a varied substrate
at a fixed concentration of the other substrate was analyzed by
nonlinear regression analysis as just described. A pair of ap-
parent k., and apparent K,, values was, thus, obtained at each
single concentration of the fixed substrate. Apparent k.
values obtained in different experiments under identical
conditions were averaged (+SD) and represented in second-
ary plots (1/kcat vs. 1/[substrate]), from which the kinetic ef-
ficiency parameters ke,:/K,, were derived.

Reactivation of ICL-SSG by GrxS12 and its variants

ICL-SSG was prepared as described in (3). All reactivation
treatments were performed in 50 mM HEPES-NaOH, pH 7.2
at room temperature. Reactivation of ICL-SSG (10 uM) was
measured with GrxS12 (5 or 0.1 uM) or C87S (5 uM) or C29S
(5 uM) in the presence of 0.5 mM DTT or 2 mM GSH alone or
2mM GSH in the presence of a GRS made of 0.2 mM NADPH
and 6 ug/ml GR. Control reaction mixtures were performed
in the same conditions by omitting Grxs. At indicated times,
aliquots were withdrawn to assay ICL activity monitored
as described in (3). Half-saturating concentration for GrxS12
and C87S mutant were determined by incubating ICL-SS5G
(10 uM) in the presence of varying concentrations of GrxS12
and C87S mutant (0.5 to 20 uM) and 2mM GSH alone, or
with GRS.

Influence of the [GSH]J/[GSSG] ratio on GrxS12-
dependent deglutathionylation of ICL-SSG

ICL-SSG (10 uM) was incubated in the presence of 5uM
GrxS12 and different [GSH]/[GSSG] ratios at a total concen-
tration of 2mM. After 15min incubation, aliquots were
withdrawn to assay ICL activity monitored as described in
Ref. (3). Control experiments were carried out by incubating
reduced ICL (10 uM) with different [GSH]/[GSSG] ratios (as
just described), and protein activity was measured after
15min incubation. Freshly prepared solutions of GSH in-
variably contain small amounts of GSSG, which was deter-
mined by either directly assaying GSH with DTNB (54) or by
enzymatic assay of GSSG by GR (1 ug/ml) and NADPH
(0.2mM). The degree of GSSG contamination was found be-
tween 0.5% and 1% on a molar basis, and this value was
considered to calculate the effective [GSH]/[GSSG] ratio for
each reaction mixture.

pH-dependence of GrxS12 activity

To measure the pH-dependency of GrxS12-catalyzed de-
glutathionylation, HED assays were performed as just
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described except that f-ME-SSG was generated in a mixture
containing 100mM Tris-HCl, pH 7.9, 2mM EDTA, 7mM
HED, and 10mM GSH. After preincubation (3 min), Grx ac-
tivity was determined by adding 50 ul of the preincubation
mixture to 450 ul of the spectrophotometer assay system
containing 0.1 mg/ml BSA, 0.2mM NADPH, and GR (6 or
90 ug/ml). The following buffers were used: potassium
phosphate at pH 6.5-7.5; Tris-HCl at pH 7.5-9; and glycine at
pH 9-10. Rates of GrxS12-dependent deglutathionylation
were represented as a percentage of maximal activity. Plots of
activity versus pH were fit to a derivation of the Henderson-
Hasselbalch equation as in (18).

Determination of the pK, of the catalytic Cys of GrxS12
by IAM inactivation

The pH-dependence of inactivation of GrxS12 and C87S
mutant by IAM was carried out by incubating reduced pro-
teins (3 uM) with or without IAM (0.3 mM) for 3 min in so-
dium citrate or phosphate buffer ranging from pH 2 to 6.5
(18). After preincubation, Grx activity was determined by
adding an aliquot of the preincubation mixture to the HED
assay system just described. The residual activity expressed as
a percentage of maximal activity was plotted versus pH, and
an adaptation of the Henderson-Hasselbalch equation was
used to calculate the pK, of the active site Cys as in (18).

IAM-dependent inactivation kinetics

Reduced GrxS12 (3 uM) was incubated in 30 mM Tris-HCI,
pH 7.9, in the presence of IAM ranging from 25 to 250 M at
room temperature. All reactions were initiated by the addition
of IAM. At different times, aliquots were withdrawn from the
incubation mixture and diluted 100-fold into the standard
HED assay system, and enzyme activity was determined. All
inactivation experiments were performed in triplicate and
monitored relative to a control sample without IAM, which is
set to 100% activity at each time point. Estimates of the con-
centration of IAM that gives half-maximal rate of inactivation
(Ky) and first-order inactivation rate constants (kinact) were
determined according to the Kitz-Wilson plot (29).

Effect of hydrogen peroxide and GSNO on GrxS12

Reduced GrxS12 (3 uM) was treated with H,O, ranging
from 25 uM to 1 mM or with 0.1 mM H,0O, in the presence of
0.5mM GSH in 30mM Tris-HCl (pH 7.9) at room tempera-
ture. At different times, enzyme activity was determined as
just described, and H,O,-dependent inactivation kinetics
were analyzed as described in the previous section (29). In a
separate set of control experiments, it was demonstrated that
GR activity is not sensitive to the highest concentration of
H,0; used (1 mM) after 100-fold dilution in an assay cuvette
system containing 0.2mM NADPH and 50 uM GSSG in
100 mM Tris-HCl, pH 7.9 (data not shown). For reduction of
oxidized proteins, H,O,-treated samples were incubated for
15min at room temperature with the GRS (1mM GSH,
0.2mM NADPH, and 6 ug/ml GR) in the presence of 100U/
ml bovine catalase.

To study S-nitrosylation, reduced GrxS12 was incubated
with 0.5mM GSNO in PBS (137mM NaCl, 2.7mM KCl,
8.1 mM Na,HPOy,, and 1.9 mM KH,PO,), pH7.4,1 mM EDTA
at room temperature and enzyme activity was assayed at
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different incubation times. S-nitrosylation of GrxS12 was an-
alyzed by recording the UV-visible spectra of the protein
treated with 0.5 mM GSNO for 1h and desalted on a NAP-5
column equilibrated with PBS buffer. The desalted protein
sample was also used for MALDI-TOF mass spectrometry
analysis as described in (41).

Determination of K., and midpoint redox potential
of GrxS12 by MALDI-TOF mass spectrometry
in the presence of GSH

The redox potential of the mixed disulfide of GrxS12-SSG
was calculated after equilibration with different [GSH]/
[GSSG] ratios. A MALDI-TOF mass spectrometry approach
was developed to quantify in each sample the ratio of reduced
(GrxS12-SH) and glutathionylated GrxS12 (Grx512-SSG) from
the area of the corresponding peaks, which were separated by
approx 305 Da in mass. As observed by Iversen et al. (25), even
in completely glutathionylated samples, small amounts of
reduced protein were always detected, suggesting that ap-
proximately 5% of mixed disulfide bonds were broken by
lazer shooting (37). The relative amounts of GrxS512-SH and
GrxS12-S5G were, thus, determined by numeric integration of
the peak areas after correction for the fraction of GrxS12-SH,
which was calculated to derive from GrxS12-SSG disulfide
breakage by shooting. The equilibrium constant of the reac-
tion of GrxS12 with GSSG is defined as follows:

Kox = [GrxS12 - SSG]/[GrxS12 - SH] x [GSH]/[GSSG]

For determination of the K, reduced GrxS12 (50 uM) was
incubated in 30 mM Tris-HCI (pH 7.9) with different [GSH]/
[GSSG] ratios, and the relative amounts of GrxS12-SH and
GrxS12-SSG were measured as just described. GrxS12 was
added to each mix of glutathione and allowed to equilibrate
for 10min before the reaction was quenched by 1.3% tri-
fluoroacetic acid. Samples from each acid-quenched reaction
were analyzed as described in (45). The equilibrium concen-
trations of GSH were calculated by considering the amount of
GSH released by the reaction of GSSG with GrxS12-SH.
Conversely, the equilibrium concentration of GSSG was cal-
culated after subtracting from the initial concentration of
GSSG, an amount of GSSG equal to the amount of GrxS12-
SSG at equilibrium.

The standard redox potential of Grx512 mixed disulfide was
derived from the K,y according to the Nernst equation. The
standard redox potential of the GSH/GSSG couple at pH 7.9
was considered to be —295mV, that is, 55 mV more negative
thanat pH?7.0 (—240mV) (1) based on the assumption that GSH
is fully protonated at pH 7.9 (pKyGsmy = 8.7) (46); and, there-
fore, the pH-dependence of Ecsn,cssc) between 7.0 and 7.9
should be linear with a slope of —60mV per pH unit.

Determination of the standard redox potential
of GrxS12 by tryptophan intrinsic fluorescence
and pH-dependence of the Ky

Fluorescence measurements were performed at 25°C in
quartz cuvettes with 1cm light-path length. The excitation
wavelength was set at 295 nm (for selective observation of the
tryptophan residue), and the emission was recorded between
300 and 450 nm with a bandwidth of 10 nm at a scan speed of
50nm/min. To calibrate the measurements, the fluorescence
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signals of fully reduced and fully glutathionylated GrxS12
(0.4 uM) were recorded under native conditions in 30 mM
Tris-HCl, pH 7.9, 1mM EDTA. Buffer blanks were run for
each sample and were subtracted from the spectra.

The pH dependence of the K, of Grx512 with GSH/GSSG as
redox buffer was determined at different pH values by the
tryptophan intrinsic fluorescence method. Concentration of all
buffers was 100 mM: sodium citrate, pH 5.0; MES, pH 6.0;
HEPES, pH 7.0; Tris-HCI, pH 7.9; glycine, pH 9.0. The reduced
protein (20 uM) was allowed to equilibrate for 1h in the pres-
ence of an initial [GSH]/[GSSG] ratio of 200:1. Afterward,
fluorescence spectra were recorded in 10-fold diluted samples in
the same buffer as the incubation. For each sample, the fluo-
rescence signal was measured at 345 nm (excitation at 295 nm),
which corresponds to Grx512 maximum fluorescence peak.
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Abbreviations Used

B-ME-SSG = glutathionylated f-mercaptoethanol.
BSA =bovine serum albumin
BSA-SSG = glutathionylated bovine serum albumin
Cys = cysteine
DTNB = 5,5’-dithiobis-2-nitrobenzoic acid
DTT = dithiothreitol
FTR = ferredoxin:thioredoxin reductase
GR = glutathione reductase
GRS = GSH-regenerating system
Grx = glutaredoxin
GSH = glutathione (reduced form)

GSNO = nitrosoglutathione
GSSG = glutathione (oxidized form)
HED = hydroxyethyl disulfide
IAM = iodoacetamide
ICL =isocitrate lyase
ICL-SSG = glutathionylated isocitrate lyase
MALDI-TOF = matrix-assisted laser desorption/ionization-
time of flight
PDT-bimane = (2-pyridyl)di-thiobimane
Prx = peroxiredoxin
SD =standard deviation
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