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Post-translational modification of protein cysteine residues is
emerging as an important regulatory and signaling mechanism.
We have identified numerous putative targets of redox regulation
in the unicellular green alga Chlamydomonas reinhardtii. One
enzyme, isocitrate lyase (ICL),was identified both as a putative thi-
oredoxin target and as an S-thiolated protein in vivo. ICL is a key
enzyme of the glyoxylate cycle that allows growth on acetate as a
sole source of carbon. The aimof the present studywas to clarify
themolecularmechanism of the redox regulation ofChlamydo-
monas ICL using a combination of biochemical and biophysical
methods. The results clearly show that purified C. reinhardtii
ICL can be inactivated by glutathionylation and reactivated by
glutaredoxin, whereas thioredoxin does not appear to regulate
ICL activity, and no inter- or intramolecular disulfide bond
could be formed under any of the conditions tested. Glutathio-
nylation of the protein was investigated by mass spectrometry
analysis, Western blotting, and site-directed mutagenesis. The
enzyme was found to be protected from irreversible oxidative
inactivation by glutathionylation of its catalytic Cys178, whereas
a second residue, Cys247, becomes artifactually glutathionylated
after prolonged incubation with GSSG. The possible functional
significance of this post-translational modification of ICL in
Chlamydomonas and other organisms is discussed.

The importance of redox regulation and redox signaling
linked to post-translational modifications of cysteine residues
of proteins starts to be widely recognized. Indeed, cysteine res-
idues can undergo different states of oxidation, such as sulfenic,
sulfinic, and sulfonic acid, but also protein disulfide bridges
(intra- or intermolecular), S-thiolation (mainly glutathionyla-
tion), or nitrosylation. These post-translational redox modifi-
cations are mainly under the control of two types of ubiquitous
disulfide oxidoreductases: thioredoxins (TRXs)2 and glutare-
doxins (GRXs).

Oxido-reduction of intra- or interprotein disulfide bridges is
probably the most extensively studied redox modification. It is
mainly controlled by TRXs, which play a major role in redox
signaling and oxidative stress responses. In photosynthetic
organisms, different approaches led to the identification of
�400 putative TRX targets implicated in nearly all cell pro-
cesses (1, 2).
Besides TRX-dependent regulation of the redox state of pro-

tein disulfide bonds, glutathionylation has recently emerged,
among other thiol-based post-translational modifications, as
an important redox-based signaling mechanism (3–5). This
modification consists in the formation of a mixed disulfide
between an accessible free thiol on a protein and a molecule of
glutathione. In mammals, glutathionylation occurs under oxi-
dative stress conditions and can protect specific cysteine resi-
dues from irreversible oxidation but can also modulate, either
positively or negatively, the activity of numerous proteins.
Although the precise mechanisms leading to glutathionylation
in vivo is still unknown, the reverse reaction, named degluta-
thionylation, is catalyzed by GRX, proteins belonging to the
thioredoxin superfamily (6–8).
We have identified numerous putative targets of redox

regulation in the unicellular green alga Chlamydomonas
reinhardtii, a convenient model organism for the study of
basic biological processes, including photosynthesis and eu-
karyotic flagella and basal body functions (9). A proteomic
approach, based on the use of a monocysteinic TRX affinity
columns, allowed the identification of 55 putative TRX targets
in Chlamydomonas total extracts (10). More recently, we
employed a strategy based on radiolabeling of the glutathione
pool by [35S]cysteine to identify 25 proteins undergoing S-thio-
lation in vivo in Chlamydomonas cells (11). One enzyme, iso-
citrate lyase (ICL), was identified both as a putative TRX target
and as an S-thiolated protein in vivo.

ICL (EC 4.1.3.1) catalyzes the first committed step of the
glyoxylate cycle. The function of the glyoxylate cycle was first
proposed by Kornberg and Krebs (12) to account for microbial
growth on two-carbon compounds as a sole carbon source. In
oil-rich seed plants, the glyoxylate cycle is used during seedling
development to convert lipids to carbohydrates in the growing
seedling (13). In this cycle, ICL cleaves a C–C bond of isocitrate
to form glyoxylate and succinate, and malate synthase uses
glyoxylate and acetyl-CoA to formmalate. These two enzymes,
specific of the glyoxylate cycle, are widely distributed among
microorganisms, including bacteria, protozoa, fungi, and algae
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(14). In most eukaryotic organisms, ICL is localized in glyoxy-
somes, a specialized form of peroxisome.
ICL has been isolated and characterized from a variety of

sources, and biochemical studies have shown that the enzymes
from different species have similar catalytic properties and
kinetic mechanisms (15). In C. reinhardtii, ICL allows growth
on acetate as a sole carbon source, and its expressionwas shown
to be regulated by light at the mRNA level (16). The activity of
C. reinhardtii ICL (CrICL) could be increased in total soluble
extracts by TRX-mediated reduction, suggesting that the
enzyme might contain cysteine residues involved in the forma-
tion of a regulatory disulfide (10). Moreover, purified recombi-
nant ICLwas shown to undergo glutathionylation in vitro in the
presence of GSSG, which promoted formation of two glutathi-
one adducts on the protein with a concomitant loss of enzyme
activity (11). These results strongly suggest that CrICL, and
therefore the assimilation of acetate in Chlamydomonas, are
redox-regulated. The existence of two redox active cysteines
has also been suggested for Phycomyces blakasleeanus ICL (17).
In the case of CrICL, it is clear that the enzyme contains one or
more redox-sensitive cysteines whose oxidation state could
affect protein activity. However, the precise molecular mecha-
nisms of this redox regulation of ICL as well as the role of thiol/
disulfide interchange and/or glutathionylation in this regula-
tion remain unclear.
In this work, we analyzed the effects of different types of

oxidizingmolecules, such as GSSG, oxidized DTT, or H2O2, on
Chlamydomonas ICL and determined the regulatory role of
TRXs and GRXs. Moreover, we investigated the glutathionyla-
tion using activity assays, mass spectrometry analyses, site-di-
rected mutagenesis, and Western blotting. The results pre-
sented detail the molecular mechanism of redox regulation of
Chlamydomonas ICL and clarify the type of redox post-trans-
lational modifications involved and their effect on the enzyme
activity.

EXPERIMENTAL PROCEDURES

Materials/Chemicals—NAP-5 columns and 5,5�-dithiobis-
2-nitrobenzoic acid were purchased from GE Healthcare and
Pierce, respectively. GSH, GSSG, trypsin, chymotrypsin, and
Glu-C endoproteases were from Roche Applied Science. All of
the other reagents were from Sigma.
Biotinylation of GSSG—A water-soluble biotinylation re-

agent, EZ link sulfosuccinimidobiotin (Sulfo-NHS-Biotin, Per-
bio Science (Cramlington, UK)), was used to generate biotiny-
lated oxidized glutathione (BioGSSG) by coupling biotin to the
primary amino groups of glutathione disulfide (Sigma) under
mild alkaline conditions. Specifically, the biotinylation reagent
(50 �l, 48 mM) was added to GSSG (50 �l, 32 mM) in 50 mM

potassium phosphate buffer (pH 7.2), and the mixture was left
to derivatize for 1 h at room temperature. After incubation, any
remaining biotinylation reagent was quenched by adding 35 �l
of 0.6 M ammonium carbonate buffer (NH4HCO3).
Production and Purification of Recombinant Proteins—Pro-

duction and purification of recombinant cytosolic GRX1 and
TRXh1 from C. reinhardtii and NADPH-thioredoxin reduc-
tase b from Arabidopsis thaliana were previously reported (6,
18, 19). Recombinant Chlamydomonas ICL was produced and

purified as previously described (11). Briefly, the pET-3c-HIS/
Escherichia coli BL21 expression system was used. Protein
expression was induced at 27 °C for 16 h by the addition of
200 �M isopropyl-�-D-thiogalactopyranoside to exponentially
growing cells. The recombinant protein was purified by affinity
chromatography using an Ni2� HiTrap chelating resin (HIS-
Select� nickel affinity gel, Sigma) according to themanufactur-
er’s instructions. The molecular mass and purity of the protein
were analyzed by SDS-PAGE andCoomassie Blue staining after
dialysis against 50 mM HEPES-NaOH buffer, pH 7.2. The pro-
tein concentration was determined spectrophotometrically
using a molar extinction coefficient at 280 nm of 64,540
M�1�cm�1. The resulting homogeneous protein was stored at
�20 °C. The specific activity of purified ICL was 9.5 � 0.2
�mol�min�1�mg�1, a value within the upper range reported for
ICL from diverse sources (20).
Site-directedMutagenesis andConstruction of Single, Double,

and Triple Mutants of ICL—A total of four cysteine residues
in ICL, at positions 165, 178, 247, and 301, were altered by
PCR site-directed mutagenesis using as a template the pET-
3c-HIS/ICL vector previously obtained (11). The couples of
primers listed in supplemental Table 1 were used according to
the procedures of the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA). TheC165S/C247S doublemutant
of ICL was obtained by PCR using the primers for Cys247
mutagenesis and the plasmid containing theC165Smutation as
template. The ICL triple mutant vector C165S/C247S/C301S
was obtained by subcloning the NcoI/BamHI region of the
C301S vector into the C165S/C247S plasmid. All mutations
were confirmed by sequencing. The recombinant plasmids
were introduced into E. coli BL21 (DE3) for overexpression,
and production and purification procedures were performed as
described above for the wild type (WT) protein.
Enzymatic Assay—ICL activity was assayed according to

Michelet et al. (11). Briefly, the reaction mixture contained
50 mM HEPES-NaOH, pH 7.2, 10 mM MgCl2, 4 mM threo-DL-
isocitrate, 4 mM phenylhydrazine, and enzyme in a final vol-
ume of 1 ml. Isocitrate cleavage was measured by the change
in absorbance at 324 nm associated with the formation of
glyoxylate phenylhydrazone (molar extinction coefficient at
324 nm � 17,000 M�1�cm�1).
Inactivation of ICL by Oxidant Treatments—Before each

treatment, recombinant WT ICL and its variants were treated
with 20 mM reduced dithiothreitol (DTTred) for 1 h at room
temperature and desalted on a NAP-5 Sephadex G-25 column
equilibrated with 50 mM HEPES-NaOH, pH 7.2. Inactivation
treatments were performed at room temperature by treating 10
�M recombinant protein with oxidizedDTT (10mM alone or in
the presence of 10 �M TRXh1), GSSG (5 mM), H2O2 (1 or 0.1
mM), or 0.1 mM H2O2 in the presence of 0.5 mM GSH. At the
indicated times, aliquots were withdrawn in order to assay
enzyme activitymonitored as described above. The reversibility
of the different treatments was assessed by incubating for 20
min the treated enzymes in the presence 20 mM DTTred at
room temperature.
Reactivation of ICL in the Presence of TRXh1 or GRX1—To

prepare inactive proteins,WT ICL and its variants were treated
with 5 mM GSSG for 16 h at room temperature in 50 mM
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HEPES-NaOH (pH 7.2) and extensively dialyzed at 4 °C against
the same buffer. All reactivation treatments were performed in
50 mM HEPES-NaOH, pH 7.2, at room temperature. Reaction
mixtures contained ICL (10 �M) and DTTred (20 or 0.2 mM) or
5 mM GSH. ICL reactivation was also tested in the presence of
TRXh1 (20 �M) supplemented with either 0.2 mM DTTred or
0.3 mMNADPH and 0.22 �M A. thalianaNADPH-thioredoxin
reductase b. The reactivation of ICL was also determined in the
presence of GRX1 (1 �M) supplemented with either 0.2 mM

DTTred or 5 mM GSH with or without the addition of 0.2 mM

NADPH and 6 �g/ml yeast glutathione reductase. At the indi-
cated times, aliquots were withdrawn in order to assay enzyme
activity monitored as described above.
In Vitro Glutathionylation of WT ICL and Its Variants Using

BioGSSG—The prereduced proteins were incubated in 100mM

Tris-HCl (pH7.9) in the presence of 2mMBioGSSG.After a 1-h
incubation, BioGSSG-treated samples were alkylated in the
presence of 100 mM iodoacetamide (IAM) or treated with 20
mM DTTred for 30 min to assess the reversibility of the reac-
tion. Control samples were incubated with 100 mM IAM for 30
min in the dark prior to incubation in the presence of 2 mM

BioGSSG.All treatmentswere performed at room temperature.
Proteins were then loaded on non-reducing SDS-PAGE and
analyzed by Western blot using monoclonal anti-biotin anti-
bodies (1:5000 dilution; Sigma). Signals were visualized by
enhanced chemiluminescence (21).
Titration of Free Sulfhydryl (-SH) Groups—ICL (50 �M) was

reduced with 20 mM DTTred for 1 h at room temperature and
desalted on NAP-5 columns equilibrated with 50 mM HEPES-
NaOH, pH 7.2. Reduced ICL was subsequently treated with 5
mM GSSG for 5 h at room temperature, followed by a dialysis
against 50 mM HEPES-NaOH buffer, pH 7.2. The number of
free thiols in prereduced or GSSG-treated samples was deter-
mined spectrophotometrically under non-denaturing condi-
tions with 5,5�-dithiobis-2-nitrobenzoic acid (22). Briefly, 5–10
�M protein was added to a solution containing 200 �M 5,5�-
dithiobis-2-nitrobenzoic acid in 30 mM Tris-HCl, pH 7.9. After
10 min at room temperature, the absorbance at 412 nm was
determined. Amolar extinction coefficient of 14,150 M�1�cm�1

was used to calculate the number of titrated sulfhydryl groups.
Analysis of Reduced or Glutathionylated ICL by CD—

The effect of ICL glutathionylation on enzyme secondary struc-
ture was examined by CD.Measurements were carried out on a
202 AVIV Associates spectrometer (Lakewood, NJ) using a
semimicro quartz rectangular 1 � 10 � 40-mm cuvette. ICL
samples (10 �M in 5 mM HEPES-NaOH, pH 7.2) were main-
tained at 22 °C. Spectra were recorded while scanning in the
far-UV region (190–260 nm), with bandwidth of 1.0 nm, step
size of 1.0 nm, integration time of 30 s, and three repeats. The
output of the CD spectrometer was converted into molar ellip-
ticity units (degrees�cm2�dmol�1) based on the protein concen-
tration, amino acid content, and cuvette thickness.
MALDI-TOF Mass Spectrometry—For molecular mass de-

terminations, WT ICL and its variants were reduced as de-
scribed previously. Prereduced proteins were treated for 1, 5,
and 24 h at room temperature with 5 mM GSSG. At the indi-
cated times, MALDI-TOF mass spectrometry analyses were
performed before and after treatment in the presence of 20 mM

DTTred for 30min at room temperature. For that purpose, 1�l
of protein solutionwasmixedwith 1.5�l of a saturated solution
of sinapinic acid in 30% acetonitrile containing 0.3% trifluoro-
acetic acid, and 1.5 �l of this premix was deposited onto the
sample plate and allowed to dry under a gentle air stream at
room temperature. Mass determination of ICL and its variants
were carried out on whole proteins as described (23).
Determination of glutathionylated cysteines was performed

after overnight proteolytic cleavage of ICL treated with 5 mM

GSSG for 24 h and dialyzed. 10 �l of glutathionylated ICL were
mixed for 20 min at 20 °C in the dark with 2 �l of 80 mM IAM
and 2�l of 500mM ammoniumbicarbonate. 13mg of ureawere
also added, and incubation was prolonged for 20min under the
same conditions. Ureawas partially removed by precipitation at
0 °C for 10 min. For acidic digestion, 3 �l of supernatant were
mixed with 4.5 �l of 250mM ammonium acetate (pH 4.0) and 2
�l of Glu-C endoproteinase at a concentration of 100 ng/�l in
double-distilled H2O. All volumes were adjusted to 12 �l with
double-distilled H2O. For peptide mass fingerprints, 1 �l of
digests, before and after 10 mM DTTred treatment at alkaline
pH,wasmixedwith 9�l of a half-saturated solution of�-cyano-
4-hydroxy-cinnamic acid in 50% acetonitrile containing 0.3%
trifluoroacetic acid. 1.5 �l of this final solution was deposited
onto the sample plate and allowed to dry under a gentle air
stream at room temperature. Mass spectra were acquired as
described previously (24).
Replicates—All of the results reported are representative of

at least three independent experiments and expressed as
mean � S.D.

RESULTS

Sequence and Phylogenetic Analysis of Chlamydomonas ICL—
Multiple sequence alignments and phylogenetic analyses indi-
cate that CrICL is more closely related to bacterial ICL than to
higher plant ICL (supplemental Fig. 1). The sequence of
Chlamydomonas ICL shares higher sequence identity with the
E. coli enzyme (61%) than with its A. thaliana counterpart
(31%). Two major groups can be distinguished in the ICL fam-
ily, as previously observed (25, 26). One corresponds to bacte-
rial-type ICLs and includes the Chlamydomonas enzyme,
whereas the second group corresponds to eukaryotic-type ICLs
and contains sequences from organisms such as higher plants
or yeast. Moreover, ICL sequences from this second group dif-
fer from those of Chlamydomonas and bacteria by an insertion
of �100 amino acids. Higher plants ICLs are localized to per-
oxisomes and harbor a peroxisomal targeting signal (PTS).
CrICL does not present any obvious PTS1 or PTS2 sequence
and is therefore considered to be localized in the cytosol (16).
Similarly, in the yeast Saccharomyces cerevisiae, ICL does not
contain any PTS, and the protein was demonstrated, by frac-
tionation and GFP fusion, to be only located in the cytoplasm
and not associated with organelles, even under growth condi-
tions that induce peroxisome proliferation (27, 28). CrICL con-
tains four cysteines, two of which (Cys165 and Cys247) are
unique to Chlamydomonas (supplemental Fig. 1A). Cys301 is
only conserved in bacterial-type ICLs, whereas Cys178 is con-
served in all organisms, consistent with its role in catalysis (29,
30) Because two cysteine residues of ICL have been previ-
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ously suggested to be sensitive to redox modifications (10,
11, 17), based on sequence conservation, Cys178 and Cys301
appear as the most likely candidates. Three-dimensional
modeling of CrICL suggests that these two residues are the
two closest cysteines in the enzyme but are too distant to allow
formation of a disulfide bridge (Fig. 1). The analysis of available
ICL structures also suggests that the distance between cyste-

ines of different monomers is not
compatible with the formation of
intermolecular disulfide bonds. In
addition, two strictly conserved his-
tidine residues, His167 and His180,
which have been shown to be
important for the activity of the
E. coli enzyme (31), are located in
proximity of Cys165 and Cys178 and
could enhance the reactivity of
these cysteines.
Effect of Oxidized and Reduced

DTT on ICL Activity—We have pre-
viously identifiedCrICL among puta-
tive TRX targets retained on amono-
cysteinic TRX affinity column, and
reduced TRX was found to increase
ICL activity in total extracts (10).
This suggested the existence of
a TRX-reducible disulfide bond in
CrICL whose reduction would in-
crease ICL activity. In order to
investigate the formation of a disul-
fide bond in recombinant Chlamy-
domonas ICL, the enzyme was
prereduced with 20 mM DTTred in
50 mM Hepes-NaOH (pH 7.2),
desalted in the same buffer using
an NAP-5 column, and subsequent-
ly treated with different oxidizing

molecules. Non-reducing SDS-PAGE revealed that no inter-
molecular disulfide bond could be formed after oxidant treat-
ment (data not shown). When the reduced protein was incu-
bated for 30 min in the presence of 20 mM oxidized DTT alone
or in the presence of cytosolic TRXh1, no inhibition of ICL
activity was observed compared with untreated samples (data
not shown). These results suggest that no disulfide bond can be
formed in the presence of oxidizedDTTalone or supplemented
with TRXh1.
Glutathionylation of ICL in the Presence of GSSG orGSHPlus

Hydrogen Peroxide—We have previously observed that a pro-
longed incubation of ICL for 24 h in the presence of 5mMGSSG
resulted in a complete inactivation of the enzyme, which could
be reverted by DTTred (11). Here, we have explored the kinet-
ics of GSSG inactivation of ICL. CrICL was incubated in the
presence of 5 mM GSSG for 30 min, and protein activity was
assayed before and after DTTred treatment as described above
for other oxidizing molecules. As shown in Fig. 2, ICL activity
was inhibited to 50% and fully reverted by DTTred. In order to
better understand the kinetics of inactivation, CrICL was incu-
bated with 5 mM GSSG, and the activity was followed for 2 h
(Fig. 3). In these conditions, a loss of catalytic activity was
observed, and after 1 h of incubation, CrICL retained 20% of its
initial activity, decreasing further to 10% after 2 h.
Besides thiol disulfide exchange mediated by GSSG, it has

been reported that protein glutathionylation can also be
achieved in the presence of GSH and oxidants, such as H2O2,
conditions promoting the conversion of protein thiols into sul-

FIGURE 1. Three-dimensional modeling of C. reinhardtii ICL. Modeling was made using Swiss-Model work-
space (available on the World Wide Web) based on the known structure of ICL from Mycobacterium tuberculosis
(Protein Data Bank code 1F61). The structure was generated with the Swiss-PDB viewer software and rendered
with POV-Ray (available on the World Wide Web). The catalytic cysteine 178 appears in orange, and the three
other cysteines are shown in blue. Inset, black broken lines represent the distance between sulfur atoms (in Å).
Two histidine residues potentially important for ICL reactivity (His167 and His180) and located near Cys165 and
Cys178 are also represented.

FIGURE 2. Effect of oxidative treatments on CrICL activity. Reduced CrICL
(control) was incubated for 30 min in the presence of different oxidants as
indicated. The reversibility of CrICL inactivation was assessed by incubation in
the presence of 20 mM DTT (�DTT). Data are represented as mean percentage
of maximal activity � S.D. (n � 3–5). 100% corresponds to the initial activity of
reduced ICL.
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fenic acids, which then react with GSH to give rise to mixed
disulfides (32–34). Incubation of CrICL with 0.1 mMH2O2 and
0.5mMGSH for 30min resulted in a decrease of protein activity
comparable with that obtained in the presence ofGSSG (Fig. 2).
The addition ofDTTred toH2O2/GSH-treatedCrICL provided
full reactivation of enzyme activity as observed for the GSSG-
treated enzyme. By contrast, the exposure of CrICL to 1 mM

H2O2 for 30 min resulted in an almost complete inactivation of
the enzyme, whereas in the presence of a 10-fold lower concen-
tration of H2O2 (0.1 mM), CrICL retained 20% of total activity
after 30 min of incubation (Fig. 2). This inactivation could not
be significantly reverted by incubation with 20 mMDTTred for
20 min. This irreversible inactivation is most likely to primary
oxidation of one or several cysteine residues to sulfenic acid
(-SOH), which can be further oxidized to irreversible states (i.e.
sulfinic (-SO2H) and sulfonic acids (-SO3H)). The full recovery
observed for H2O2/GSH-treated CrICL suggests that GSH,
reacting with sulfenic acid, can protect the protein fromH2O2-

mediated irreversible inactivation by glutathionylation. How-
ever, we cannot exclude the possibility that glutathionylation of
CrICL in the presence of GSSG or GSH plus H2O2 might con-
stitute an intermediary step leading to disulfide formation, as
observed for a soybean tyrosine-specific protein phosphatase
(35).
Reactivation of GSSG-treated ICL in the Presence of TRXh1 or

GRX1—It is now well established that GRXs are very efficient
glutathionyl mixed disulfide reductases, whereas TRXs are
more specific for reduction of inter- or intraprotein disulfide
bonds and much less efficient than GRXs to catalyze degluta-
thionylation reactions (6, 36, 37). Therefore, we tested the reac-
tivation of GSSG-treated CrICL in the presence of GRX1 and
TRXh1, the major cytosolic isoforms of TRX and GRX in
Chlamydomonas, using DTTred as reductant. CrICL was incu-
bated with 5 mM GSSG until no residual activity was detected
and dialyzed overnight against HEPES-NaOH (pH 7.2). Reacti-
vationwas assessed in the presence of 20mMDTTred or 0.2mM

DTTred alone or supplemented with TRXh1 or GRX1. Treat-
ment with 20mMDTTred fully restored protein activity within
5 min, whereas 0.2 mM DTTred only provided 20% recovery of
total activity after 20 min (Fig. 4). The reactivation in the pres-
ence of TRXh1 displayed no difference with respect to 0.2 mM

DTTred alone, suggesting that GSSG-treated CrICL does not
contain anyTRX-reducible disulfide bonds. TRXh1 also proved
inefficient for reactivation of ICL when DTT was replaced by
NADPH-thioredoxin reductase and NADPH. By contrast,
GRX1 allowed full reactivation of protein activity within 20min
(Fig. 4). To further confirm the reactivationmediated byGRX1,
we replacedDTTred by 5mMGSH, the physiological reductant
of GRX. In these conditions, we observed reactivation of CrICL
to about 80% of maximal activity. The reactivation was faster in
the presence of NADPH and glutathione reductase, which
allows maintaining the glutathione pool reduced. These results
strongly suggest that ICL inactivation in the presence of GSSG
is due to the presence of one ormore glutathione adducts on the

protein.
Analysis of ICL Glutathionylation

by Western Blot, Thiol Titration,
and CD—We have previously used
[35S]cysteine labeling to identify
ICL among proteins undergoing
S-thiolation in vivo in C. reinhardtii
(11). Glutathione being, by far,
the most abundant low molecular
weight thiol in cells, glutathionyla-
tion is considered as the major form
of S-thiolation. However, the possi-
bility cannot be excluded that some
of the radiolabeled proteins identi-
fied with this method might not be
glutathionylated but cysteinylated
or S-thiolated by other low molecu-
lar weight compounds synthesized
from cysteine, such as the 398-Da
molecule recently identified in
B. subtilis (38). Another method for
detection of glutathionylated pro-

FIGURE 3. Kinetics of inactivation of CrICL by GSSG. Prereduced CrICL (10
�M) was incubated in the presence (closed circles) or absence (open squares) of
5 mM GSSG. Aliquots were withdrawn at the indicated times to assay enzyme
activity. Activities are represented as mean percentage � S.D. (n � 3–5) of the
initial activity measured before treatments.

FIGURE 4. Kinetics of reactivation of glutathionylated CrICL. A, reactivation in the presence of DTTred. CrICL
was inactivated by incubation with 5 mM GSSG until no residual activity was detected and dialyzed overnight
against HEPES-NaOH (pH 7.2). This GSSG-inactivated ICL was incubated with no addition (black circles), with
DTTred alone (0.2 mM (closed squares) or 20 mM (closed diamonds)) or with 0.2 mM DTTred in the presence of 20
�M TRXh1 (open circles) or 1 �M GRX1 (open squares). The enzyme was also treated with 20 �M TRXh1 in the
presence of 0.3 mM NADPH and 0.22 �M A. thaliana NADPH-thioredoxin reductase b (gray circles). B, reactiva-
tion in the presence of GSH and GRX. GSSG inactivated CrICL was incubated with 5 mM GSH (closed triangles) or
with 5 mM GSH in the presence of 1 �M GRX1 alone (open triangles) or in the presence of 0.2 mM NADPH and
yeast glutathione reductase (GR) (6 �g/ml) (gray triangles). 100% corresponds to the mean maximal reactiva-
tion measured after treatment with 20 mM DTT.
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teins consists of the use of biotinylated glutathione, which
allows detection by Western blot of glutathionylated proteins
(39).
In order to confirm that CrICL effectively undergoes gluta-

thionylation, at least in vitro, we incubated the reduced protein
with 2 mM BioGSSG for 1 h and analyzed the presence of glu-
tathione adducts byWestern blot using an anti-biotin antibody.
A clear signal was observed for the BioGSSG-treated ICL,
which completely disappeared after DTTred treatment (Fig. 5).
No signal was detected when the protein was pretreated with
IAM, a specific cysteine-alkylating agent, suggesting that the
absence of free cysteines prevents biotin labeling via glutathio-
nylation. Concomitantly, we also followed protein activity dur-
ing the treatments. The protein pretreated with IAM showed

no activity, suggesting the presence of one or more cysteine
residue(s) involved in catalysis. The treatments with BioGSSG
led to a 50% inhibition of protein activity, which was fully
reversed byDTTred (Fig. 5). These results confirm that purified
recombinant CrICL undergoes glutathionylation in the pres-
ence of BioGSSG. In order to determine the number of cys-
teinesmodified by glutathionylation, we quantified the number
of free thiols under non-denaturing conditions using 5,5�-di-
thiobis-2-nitrobenzoic acid before and after GSSG treatment.
Although native reduced CrICL was experimentally found to
contain two reactive thiols (2.13 � 0.07), after 5 h of incuba-
tion in the presence of 5 mM GSSG, only 0.57 � 0.02
remained accessible. This result indicates that, under these
conditions, between one and two reactive thiols were lost per

CrICL monomer. Moreover, CD
analysis revealed that glutathionyla-
tion does not significantly affect the
secondary structure of CrICL (sup-
plemental Fig. 2). Indeed, the un-
treated native CrICL and the gluta-
thionylated and fully inactive CrICL
exhibited comparable CD spectra
(190–260 nm).
MALDI-TOF Mass Spectrometry

on GSSG-treated ICL—We have
previously observed that CrICL-
treated with 5 mM GSSG for 24 h
presented two glutathione adducts.
In order to get more insight into the
kinetics of glutathionylation and
the number of glutathionylated res-
idues, especially for shorter incuba-
tions, we incubated CrICL with 5
mM GSSG and determined the
molecular mass of the protein by
MALDI-TOF mass spectrometry
after 1, 5, and 24 h (Table 1). After a
1-h incubation, a partial shift in
molecular mass was observed, con-
sistent with the presence of one glu-
tathione adduct per subunit. After
5 h of incubation, the shift corre-
sponding to one glutathione was
complete, and no other glutathione
adduct was observed. However, a
second peak, corresponding to the
presence of two molecules of gluta-
thione on the protein, appeared

FIGURE 5. Analysis of CrICL glutathionylation with BioGSSG. Recombinant WT CrICL and the variants C178S,
C165S/C247S, and C165S/C247S/C301S were incubated for 1 h in the presence of BioGSSG (2 mM) with or
without prior incubation with 100 mM IAM. Proteins were resolved by non-reducing SDS-PAGE and transferred
to nitrocellulose for Western blotting with anti-biotin antibodies. The Coomassie Brilliant Blue staining of the
gel shows equal loading in each lane. The reversibility of the reaction was assessed by treatment with 20 mM

DTTred for 30 min as indicated. CrICL activity was measured on aliquots after BioGSSG treatment. Activities are
represented as mean percentage � S.D. (n � 3–5) of the initial activity measured before inactivation
treatments.

TABLE 1
Whole protein mass spectrometry analysis of GSSG treated CrICL and its variants

0 h 1 h 5 h 24 h
Measured

mass
No. of glutathione

adducts
Measured

mass
No. of glutathione

adducts
Measured

mass
No. of glutathione

adducts
Measured

mass
No. of glutathione

adducts

Da Da Da Da
CrICLWT 46,870.6 0 47,173.0 (partially) 0–1 47,187.5 1 47,506.0 2
CrICL C178S 46,861.3 0 46,869.3 0 46,887.2 0 46,885.4 0
CrICL C247S 46,828.2 0 47,121.3 (partially) 0–1 47,155.6 1 47,137.3 1
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after 24 h of incubation, indicating that a second cysteine can
undergo glutathionylation after prolonged incubation. Upon
the addition of reduced DTT, the molecular mass of CrICL
shifted back to the mass of the untreated protein (data not
shown).
Analysis of ICL Glutathionylation by Site-directed Mu-

tagenesis—We used site-directed mutagenesis to investigate
the molecular mechanism underlying the redox regulation of
CrICL by glutathionylation and to identify the cysteine residues
involved. CrICL contains four cysteine residues, which were
individually replaced by serines. In addition, we also generated
double and triple mutants by combining several cysteine sub-
stitutions. All proteins were produced recombinantly and puri-
fied to homogeneity. The variant lacking Cys178 (C178S) was
found to be totally inactive, strongly suggesting the involve-
ment of this cysteine in the catalytic mechanism of the enzyme.
All of the other variants remained active and were further ana-
lyzed to determine the effect of 5mMGSSG treatments on their
activity. Under these conditions, the single mutants C165S,
C247S, andC301Swere found to behave as theWTprotein and
exhibited comparable kinetics of inactivation (data not shown).
This suggests that these residues are either not glutathionylated
or that their glutathionylation does not affect ICL activity. Sim-
ilarly, the double mutant C165S/C247S and the triple mutant
C165S/C247S/C301S which only retains Cys178, were inacti-
vated by GSSG as the WT protein (data not shown).
The reactivation of GSSG-treated CrICL variants was also

investigated. All CrICL variants were, as above, inactivated
by 5mMGSSG treatment, extensively dialyzed againstHEPES-
NaOH, pH 7.2, and subsequently incubated with 20 mM

DTTred or 0.2 mM DTTred alone or supplemented with
TRXh1 or GRX1. As observed for the WT protein, all variants
were only reactivated by treatment with either 20 mM DTTred
or reduced GRX1 (Fig. 6).
Altogether, these results strongly suggest that inactivation of

CrICL is mediated by glutathionylation of Cys178 and that
deglutathionylation of this residue is specifically catalyzed by

GRX. To further confirm that Cys178 undergoes glutathionyla-
tion upon GSSG treatment, we incubated the ICL variants
C178S, C165S/C247S, and C165S/C247S/C301S in the pres-
ence of 2 mM BioGSSG for 1 h. Western blot analysis revealed
that the biotin signal was only detected in the mutants where
Cys178 is still present, notablyC165S/C247S andC165S/C247S/
C301S mutants (Fig. 5). Upon DTTred treatment, the signals
were completely removed, and pretreatment with IAMblocked
biotin labeling via BioGSSG-mediated glutathionylation. The
analysis of protein activities confirmed that BioGSSG led to
inhibition. Although these results clearly show that Cys178
undergoes glutathionylationwith a concomitant loss of enzyme
activity, the identity of the second cysteine residue becoming
glutathionylated after prolonged incubation in the presence of
GSSG remained undetermined.
MALDI-TOF Analysis Confirms Glutathionylation of Cys178

and Cys247—We have determined the molecular mass of dif-
ferent CrICL variants by MALDI-TOF mass spectrometry
after incubation with 5 mM GSSG for 1, 5, and 24 h (Table 1).
The C247S variant presented a complete shift in molecular
mass corresponding to one glutathione adduct after 5 h of
incubation, but prolonged incubation did not induce any
additional glutathionylation, strongly suggesting that Cys247
is the second cysteine residue undergoing glutathionylation.
The same results were obtained with the C165S/C247S and
C165S/C247S/C301S variants, whereas the C301S variant
behaved like WT CrICL (data not shown). The analysis of
C178S treated by GSSG showed that after 5 h, no glutathiony-
lation occurs. This result coupled with those obtained above
confirms that Cys178 is indeed the first residue modified by
glutathionylation (Table 1). However, after 24 h of incubation,
the C178S mutant did not present the peak corresponding to
glutathionylation of Cys247. This could be linked to the fact that
glutathionylation of Cys247 occurs subsequently toCys178mod-
ification. On the other hand, we cannot exclude the possibility
that in theC178S variant, a conformational change occurs, thus
modifying the microenvironment surrounding Cys247.
In order to have a direct confirmation of the identity of the two

cysteine residues modified by glutathionylation after prolonged
incubationwith5mMGSSG,wehave usedMALDI-TOFpeptide
mass fingerprints. With standard trypsin digestions, several
cysteine-containing peptides could not be detected. Therefore,
GSSG-treated CrICL was initially alkylated with IAM, and we
tested different proteases under acidic (Glu-C) and alkaline
conditions (trypsin and chymotrypsin). Finally, Glu-C diges-
tions revealed a clear mass increase of �305 Da for peptides
Asp170–Glu191 and Gly244–Glu272 containing Cys178 and
Cys247, respectively (Fig. 7A). By contrast, the peptides contain-
ing Cys165 and Cys301 were only found to be carbamidomethyl-
ated. As shown in Fig. 7B, the 305-Da mass increases were fully
reversed by DTTred treatment, thereby confirming that Cys178
and Cys247 are indeed the two glutathionylated residues of
CrICL.

DISCUSSION

In C. reinhardtii, isocitrate lyase was previously identified
both as a putative TRX target retained on amonocysteinic TRX
affinity column (10) and as a protein undergoing S-thiolation in

FIGURE 6. Reactivation of GSSG inactivated WT CrICL and variants by
TRXh1 and GRX1. Recombinant WT CrICL and variants were inactivated by
incubation with 5 mM GSSG until no residual activity was detected and dia-
lyzed overnight against HEPES-NaOH (pH 7.2). The inactivated proteins were
treated with 20 mM DTTred or 0.2 mM DTTred alone or supplemented with
either 20 �M TRXh1 or 1 �M GRX1. The protein activity was determined on WT
CrICL (black bar), CrICL C165S (white bar), CrICL C247S (gray bar), CrICL C301S
(white bar with diagonals), and CrICL C165S/C247S (gray bar with diagonals).
Activities are represented as mean percentage � S.D. (n � 3–5) of the initial
activity measured for each protein before GSSG treatment.
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vivo (11). The aim of the present study was to clarify themolec-
ularmechanismofCrICL redox regulation using a combination
of biochemical and biophysical methods. The results clearly
show that purified CrICL can be inactivated by glutathionyla-
tion and reactivated by GRX, whereas TRX does not appear to
regulate ICL activity, and no inter- or intramolecular disulfide
bond could be formedunder any of the conditions tested. These
results suggest that the TRX-mediated increase of ICL activity
previously observed in total extracts of C. reinhardtii (10) was
probably indirect. This apparent activation could be due to the
presence ofTRX-reducibleGRXs in the extract (40, 41) or other
enzymes catalyzing deglutathionylation, such as sulfiredoxins
(42, 43). However, the possibility cannot be completely ruled
out that a disulfide bond could be formed in CrICL in vivo
under specific conditions or by interaction with partner pro-
teins not present in our in vitro assays. It has been previously
suggested that a number of putative TRX targets, identified by
their ability to bind to monocysteinic TRX affinity columns,
could represent S-thiolated proteins (1). These proteins could
either exhibit a double regulation by TRX and by S-thiolation
or, alternatively, could be only S-thiolated and artifactually
retained on TRX columns. The latter hypothesis is consistent
with the ability of TRXs to catalyze deglutathionylation at high
non-physiological concentrations (6) and with the very high
local concentration of immobilized TRXon the columnmatrix.
Moreover, the deglutathionylation activity of TRXs might be
significantly favored by removal of the second active site cys-
teine. The results presented here on CrICL provide the first
clear demonstration that a glutathionylated protein that is not
regulated by TRX can be retained on TRX affinity columns and
erroneously considered as a TRX target. There is increasing
evidence about numerous interactions between the TRX and
the glutathione/GRX systems (1). Several GRXs have been
shown to be reduced by thioredoxin reductases (6, 44, 45). Con-
versely, someTRXs appear to be reduced by glutathione and/or
GRX (40, 41), and inactivation of NADPH-thioredoxin reduc-
tase genes inArabidopsis revealed that an alternative reduction
system allows TRX reduction in a glutathione-dependentman-
ner, probably implicating a GRX (46). Moreover, TRXs from

humans and higher plants have been shown to be regulated by
glutathionylation (47–49).
We have shown that Cys178 is the most reactive cysteine of

CrICL and that it becomes glutathionylated rapidly in the pres-
ence of GSSG or H2O2 plus GSH. However, a second cysteine,
Cys247, was found to undergo glutathionylation after prolonged
incubation with GSSG. The glutathionylation of this residue
does not appear to affect ICL activity and is most likely artifac-
tual because it is only observed under non-physiological oxi-
dative conditions. Similarly, it has been reported for human TRX
that one cysteine is the primary target of glutathionylation but
that long incubation with GSSG also leads to artifactual gluta-
thionylation of several other cysteine residues (47). We have
previously observed that Cys165 could be glutathionylated after
prolonged incubation in the presence of GSSG (11). However,
we observed here that the glutathionylation of this residue is
artifactual because it only occurs after tryptic digestion and
most likely arises from a transfer of glutathione adduct between
the peptide containing Cys178 and the one containing Cys165.
Consequently, after tryptic digestion of CrICL treated with
GSSG overnight, Cys165 and Cys247 appear to be glutathiony-
lated, whereas the peptide containing Cys178 is not detected.
This explanation is supported by the fact that the isomerization
is only observed in peptide mass fingerprints under alkaline
conditions without carbamidomethylation of cysteines. When
tryptic digestions are performed after prior cysteine alkylation
by IAM, Cys165 is only carbamidomethylated. All of these con-
siderations underline that great caution must be taken when
analyzing redox regulation mechanisms in vitro, especially in
the case of glutathionylation.
InChlamydomonas ICL, the primary target of glutathionyla-

tion and oxidation is the catalytic cysteine 178. This cysteine is
strictly conserved in all known ICL, consistent with its crucial
role in catalysis (29, 30, 50, 51). This cysteine was proposed to
be required for deprotonation of a carboxylate of succinate dur-
ing the catalytic reaction (52). The strict conservation of this
residue suggests that it is likely to be glutathionylated in all
organisms containing glutathione. Despite this conservation,
higher plant ICLs were not identified among putative TRX tar-

FIGURE 7. Peptide mass fingerprinting of CrICL reveals that Cys178 and Cys247 are glutathionylated. WT CrICL was incubated with 5 mM GSSG for 24 h and
dialyzed overnight against HEPES-NaOH (pH 7.2). Peptide mass fingerprints of Glu-C digestions after alkylation of cysteines with iodoacetamide (�57 Da)
showed a glutathione adduct (�305 Da) on peptides Asp170–Glu191 and Gly244–Glu272 (A). For both peptides, the 305-Da mass increase was reversed by DTTred
treatment (B). The peptides containing Cys165 and Cys301 were found to be exclusively carbamidomethylated.
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gets or S-thiolated proteins by proteomic analyses (2, 53). This
ismost probably linked to the abundance of the protein. Indeed,
ICL is very abundant inChlamydomonas extracts from cultures
grown in the presence of acetate, whereas in higher plants, ICL
is not detectable in mature leaves, the enzyme being only pres-
ent in earlier developmental stages (54).
In CrICL, alkylation of Cys178 or its substitution by serine

resulted in an inactive enzyme. Moreover, we have shown that
CrICL is very sensitive to oxidative inactivation mediated by
H2O2 and that glutathionylation of Cys178 can efficiently and
reversibly protect the enzyme from irreversible inactivation.
Indeed, the enzyme was not only glutathionylated in the pres-
ence of 5mMGSSG, a concentration far above the physiological
concentration of oxidized glutathione in vivo, but also under
the physiologically relevant concentration of GSH in the pres-
ence of H2O2. This strongly suggests that H2O2-mediated irre-
versible inactivation of ICL is linked to oxidation of Cys178 to
sulfenic acid, followed by overoxidation to sulfinic and/or sul-
fonic acid forms. In the presence of GSH, the sulfenic acid form
would be converted to a glutathionylated thiol, thereby provid-
ing protection from further oxidation. A similar mechanism of
sulfenic acid-mediated glutathionylation has been demon-
strated for human protein tyrosine phosphatase 1B (32, 55) and
for several chloroplastic proteins, such as glyceraldehyde-3-
phosphate dehydrogenase (33) and 1-Cys-methionine sulfox-
ide reductase B (56). Therefore, under conditions of enhanced
production of reactive oxygen species, ICLwould be inactivated
by glutathionylation of Cys178 and reactivated by GRX once
reactive oxygen species have been scavenged.
Besides providing protection against oxidative inactiva-

tion, glutathionylation of ICL may also constitute a mecha-
nism of regulation of ICL activity, allowing modulation of
the glyoxylate cycle, depending on the intracellular redox
state. Citrate and isocitrate enzymatic conversions are con-
sidered as important metabolic branch points in plant metab-
olism (57). Isocitrate dehydrogenase catalyzes the oxidative
decarboxylation of isocitrate to 2-oxoglutarate, an important
energy yielding step of the tricarboxylic acid cycle. Isocitrate is
also used by the glyoxylate cycle, which allows net production
of succinate from two molecules of acetyl-CoA, thereby sup-
porting biosynthetic processes. The control of the isocitrate
branch point through the regulation of isocitrate dehydroge-
nase and/or ICL activities has been suggested to provide the cel-
lular metabolism with flexibility in the utilization of isocitrate
(57). Under oxidative stress conditions, glutathionylation may
constitute amechanism regulating the partitioning of isocitrate
between the two cycles. Transient inactivation of ICL by gluta-
thionylation could allow favoring of the energy-yielding tricar-
boxylic acid cycle versus the carbon-conserving glyoxylate
cycle, thereby providing the cell with the energy required for
oxidative stress defense. After regeneration of the intracellular
redox state, GRXs could ensure reactivation of ICL. Such a
mechanism could allow fine tuning of these two cycles accord-
ing to the relative need of the cell for energy versus biosynthetic
precursors. Further studies will be required to determine the
functional significance of ICL glutathionylation in vivo and its
importance in the regulation of cell metabolism under oxida-
tive stress.
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