
INTRODUCTION

IN ALL ORGANISMS, the two major disulfide reducing enzy-
matic systems, thioredoxin (Trx)- and glutaredoxin (Grx)-

dependent, are able to regulate several cellular processes
through dithiol–disulfide exchanges with many target pro-
teins. Trxs and Grxs are small ubiquitous proteins, with con-
served CxxC/S active sites, where x represents various amino
acids. Their midpoint redox potentials differ, being close to
�300 mV for Trx and �200 mV for Grx. In the cytosol and
mitochondria, Trxs are reduced via NADPH and an NADPH-
dependent thioredoxin reductase (TR) and Grxs via NADPH-
dependent glutathione reductase (GR) and glutathione
(GSH). A characteristic of Grxs is their efficiency in reducing

protein mixed disulfides between proteins and GSH, using
only the first catalytic cysteine of the active site (43).

In Arabidopsis thaliana and presumably in all higher
plants, there are at least 26 Trx isoforms and 31 Grx isoforms
predicted to be located in various cellular compartments, not
taking into account the significant set of Trx- or Grx-like pro-
teins (28, 37). Up to now, very few plant Grxs have been char-
acterized in terms of expression, localization, or biochemical
and structural data (37), whereas the function of most Trx iso-
forms has been characterized in various plant subcellular
compartments (40).

Several recent articles have described the identification of
Trx-interacting proteins in plants and in other organisms using
proteomics, but Grx-interacting partners have not been studied.
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ABSTRACT

Glutaredoxins (Grxs) are small ubiquitous proteins of the thioredoxin (Trx) family, which catalyze
dithiol–disulfide exchange reactions or reduce protein-mixed glutathione disulfides. In plants, several Trx-in-
teracting proteins have been isolated from different compartments, whereas very few Grx-interacting pro-
teins are known. We describe here the determination of Grx target proteins using a mutated poplar Grx, var-
ious tissular and subcellular plant extracts, and liquid chromatography coupled to tandem mass spectrometry
detection. We have identified 94 putative targets, involved in many processes, including oxidative stress re-
sponse [peroxiredoxins (Prxs), ascorbate peroxidase, catalase], nitrogen, sulfur, and carbon metabolisms (me-
thionine synthase, alanine aminotransferase, phosphoglycerate kinase), translation (elongation factors E and
Tu), or protein folding (heat shock protein 70). Some of these proteins were previously found to interact with
Trx or to be glutathiolated in other organisms, but others could be more specific partners of Grx. To substan-
tiate further these data, Grx was shown to support catalysis of the stroma �-type carbonic anhydrase and Prx
IIF of Arabidopsis thaliana, but not of poplar 2-Cys Prx. Overall, these data suggest that the interaction could
occur randomly either with exposed cysteinyl disulfide bonds formed within or between target proteins or
with mixed disulfides between a protein thiol and glutathione. Antioxid. Redox Signal. 7, 919–929.
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These approaches used either thiol probes (monobromobimane
or a cyanide dye 5 maleimide) (25, 26, 47, 49) or, more gener-
ally, a protein mutated on the second active-site cysteine as a
bait to covalently trap some Trx-linked proteins, by arresting
the heterodimer intermittently formed during the catalytic re-
action (4, 5, 22, 24, 29, 48). These methods are especially effi-
cient in the case of dithiol–disulfide exchanges. However, in
some cases, the interaction between Trxs and their targets does
not seem to be linked to the redox state of Trxs. For example,
the reduced form of E. coli or human Trxs binds to T7 DNA
polymerase or to the apoptosis signaling kinase 1, respectively,
but not through a covalent interaction involving a disulfide
bond (2, 39). Recently, an approach to identify non–redox-reg-
ulated Trx partners in E. coli was developed (19). A TAP (tan-
dem affinity purification)-tagged Trx fusion was expressed in
an E. coli trxA� strain and used to bind in vivo some partners.
Eighty cytosolic or periplasmic-bound proteins, susceptible to
interact with Trx and, for some of them, independently of regu-
latory cysteines, have been identified this way.

Some well-characterized proteins, such as E. coli ribonu-
cleotide reductase and phosphoadenylyl sulfate reductase,
poplar type II peroxiredoxin (Prx), or human glutathione per-
oxidase, are regulated both by Trxs and Grxs (7, 14, 23, 35).
Nevertheless, the very electronegative redox potential of the
disulfide bridges of some target proteins, or the need to de-
glutathiolate some others, should in principle allow us to
identify some specific partners of Trxs or Grxs, respectively.

This study presents the isolation of Grx-interacting pro-
teins from poplar leaves and stems, A. thaliana leaves, A.
thaliana or potato mitochondria, and pea chloroplast stroma.
The five protein extracts were passed through an affinity col-
umn constituted by a poplar Grx mutated on the second ac-
tive-site cysteine (CPYS), followed by tryptic digestion of the
targets coupled to liquid chromatography–mass spectrometry
(MS)–MS analysis and database search. This poplar Grx was
previously characterized and renamed here Grx CxxC4, or
GrxC4 for short, according to the classification described
previously (37). Many of the identified proteins were already
found either to contain a disulfide bridge, to interact with
Trx, or to be glutathiolated, but some could be specific Grx
target proteins. Moreover, the interaction of poplar GrxC4
with three identified targets, stroma �-type carbonic anhy-
drase (CA), Prx IIF from A. thaliana, and poplar 2-Cys Prx,
was investigated in more detail.

MATERIALS AND METHODS

Chemicals and reagents

NADPH was obtained from Boehringer Mannheim, dithio-
threitol (DTT) from Euromedex, Trypsin Gold from Promega,
iodoacetamide, yeast GR, and GSH from Sigma, and CNBr
Sepharose 4B from Amersham Biosciences. The recombinant
poplar GrxC4 C30S was purified as described previously (36).

Preparation of the Grx affinity chromatography
column

Ten milligrams of recombinant poplar GrxC4 C30S were
extensively dialyzed against a bicarbonate buffer (50 mM
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NaHCO3, pH 8.3). The proteins were mixed together with 1.5
g of washed CNBr Sepharose with gentle shaking overnight
at 4°C. The gel was then poured into a 10-ml syringe and
washed with bicarbonate buffer. The unreacted CNBr sites
were blocked by incubating for 1 h with 1 M Tris-HCl, pH
8.0. Finally, the columns were equilibrated in TE buffer (30
mM Tris-HCl, pH 8.0, 1 mM EDTA).

Preparation of protein extracts

The starting material was 100 g of leaves and stems from a
2-month-old poplar, Beaupré clone (Populus trichocarpa x
deltoides) or 40 g of leaves from 1-month-old A. thaliana,
ecotype Columbia. They were ground with a Waring blender
or in a mortar, respectively, in the presence of TE with 1%
PVP40 and 25 mM ascorbate. The crude extract was filtered
through three layers of cloth and centrifuged to remove insol-
uble materials (16,000 rpm, 1 h). The preparations of potato
mitochondria matrix and of pea chloroplast stroma were de-
scribed previously (5). Mitochondria from 7–8-week-old A.
thaliana leaves, grown under a photoperiod of 8 h, were ob-
tained by differential centrifugation and phase partitioning.
The mitochondrial fraction was slightly contaminated by
chloroplasts (5–7% based on chlorophyll content) and by
<1% peroxisomes (based on catalase assays). An osmotic
shock was further performed by resuspending the mitochon-
dria-enriched extract into 20 mM TES (TE containing 200
mM NaCl) and freezed-thawed three times in liquid nitrogen.
After centrifugation (20,000 g, 20 min, 4°C), mitochondrial
proteins were precipitated with 80% ammonium sulfate.

Isolation of covalently Grx-bound proteins

The soluble extracts were loaded onto the GrxC4 C30S af-
finity column overnight at 4°C with a peristaltic pump. The
column was washed with TE, TES, and finally TE again until
no protein was detected. The proteins, bound to Grx probably
through a disulfide bridge, were then eluted with TE supple-
mented with 10 mM DTT, dialyzed against TE, and concen-
trated. Sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (15%) was performed in order to assess the
complexity of the sample.

Tryptic digestion and electrospray MS

Two alternative methods were used to digest the samples
containing the Grx-linked proteins, leading to similar results.
The extract was first precipitated on ice for 30 min by addi-
tion of an equal volume of 20% trichloroacetic acid, and the
pellet washed with 2% trichloroacetic acid. The pellet was
then resuspended and incubated in TE containing 8 M urea
for 30 min at room temperature and the proteins precipitated
again following the same procedure. The second method did
not use any precipitation to prevent protein losses. Proteins
(20 µg) were concentrated using Microcon YM-3 spin filters,
denatured, and reduced with a solution containing 6 M guani-
dine, 0.1 M Tris-HCl, pH 8.0, 5 mM EDTA, and 20 mM DTT
for 60 min at 56°C. The sample was then alkylated for 30 min
at 37°C in the dark, in the same solution, except that DTT
was replaced by 55 mM iodoacetamide. Finally, in both pro-
cedures, the proteins were resuspended in 0.1 M ammonium
bicarbonate containing 1 µg of trypsin for 20 µg of proteins,
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and digested overnight at 37°C. The peptides obtained after
digestion were concentrated using a vacuum concentrator,
and 0.1% formic acid was added before analysis. If needed,
the peptides were purified using Zip TipsC18 pipettes (Milli-
pore). Tandem MS experiments were carried out on a Micro-
mass Q-Tof Ultima (Waters Micromass MS Technologies) hy-
brid tandem mass spectrometer (8) equipped with a nanoflow
electrospray source. MS-MS spectra were analyzed using the
Protein Lynx Browser program (MassLynx software, Micro-
mass). The peptides obtained were analyzed against the ge-
nomic sequence of P. trichocarpa in the case of poplar extract
or against S. tuberosum, P. sativum, and A. thaliana nonre-
dundant databases downloaded from the PIR (Protein Infor-
mation Resources) Website (ftp://ftp.pir.georgetown.edu/
pir_databases/). Only the peptides that exactly matched a
given protein sequence were considered.

Partial purification of �-CA from Arabidopsis
chloroplast

Chloroplasts from A. thaliana were purified following the
method described by Kunst (20) with some modifications in
order to increase the purity of the preparations (12). The chloro-
plasts were further purified on a 50% (vol/vol) Percoll gradient
(Amersham Biosciences). Intact chloroplasts in the resuspen-
sion buffer were sonicated 3 � 30 s and centrifuged at 15,000 g
for 30 min. The supernatant, containing most of the stromal
proteins, was applied to a 1-ml MonoQ anion-exchange column
(HiTrap Q FF; Amersham Biosciences) equilibrated with 20
mM Tris-HCl buffer, pH 7.8. Bound proteins were eluted with a
30-ml linear gradient from 0 to 800 mM NaCl. Each fraction
was desalted using PD-10 columns (Amersham Biosciences).
The purification process was monitored by subjecting aliquots
of each fraction to western blot analysis with antibodies raised
against �-CA from spinach and �-CA from A. thaliana. The
fractions containing �-CA, but devoid of �-CA, were used.

CA activity measurements

CA activity was determined as described previously (46).
Basically, the measurements were done in 100-µl reaction
mixtures in 20 mM HEPES-KOH buffer, pH 8.0, containing
150 µM NADPH, 0.5 units of GR, 500 µM GSH, and 10 µM
GrxC4 wild type. The reaction was started by adding a stroma
fraction enriched in �-CA. After 20 min of incubation, the ac-
tivity was measured electrometrically by monitoring the rate
of pH change immediately following the addition of CO2-sat-
urated water to the extract at 2°C. The accuracy and rapid
response required for this analysis were assured by using a
fast-response microelectrode (MI-710 “blue glass,” Micro-
electrodes Inc., U.S.A.) and an 18-bit A/D converter (IOtech
Inc., U.S.A.). Differences in the rate of CO2 hydration after
the addition of CO2-saturated water to sample and control
(buffer) solutions were used to calculate CA activity, which
was expressed as Wilbur–Anderson units/mg of protein.

Cloning, expression, and purification of poplar 
2-Cys Prx and Prx IIF

The 2-Cys Prx is a chloroplastic enzyme possessing a
transit sequence at the N-terminus. The open reading frame,

POPLAR GLUTAREDOXIN TARGETS 921

without the sequence encoding the transit peptide, was cloned
by PCR from an imbibed seed cDNA library of P. tremula
(Genbank accession number BU861364) into the plasmid
pET-3d using the pfu polymerase (Promega) and the two fol-
lowing oligonucleotides (NcoI and BamHI restriction sites
underlined):

2-Cys Prx forward: 
5� CCCCCCATGGCTGTCAAAGCCACGAGCGAACTTCCA 3�

2-Cys Prx reverse: 
5� CCCCGGATCCCTATATGGCAGCAAAGTAATC 3�

The recombinant protein was thus produced in the mature
form with addition of a methionine and an alanine to improve
the translation initiation, leading to a protein with MAKVT-
SEL and SKDYFAAI at the N-, and C-termini, respectively.
The recombinant plasmid was used to transform an E. coli
BL21(DE3) strain containing the helper plasmid pSBET (36).
A 2.4-L culture of the recombinant strain in LB medium at
37°C was induced during 4 h with 100 µM isopropyl-�-D-
thiogalactopyranoside. The bacterial cells were collected by
centrifugation (5,000 g, 15 min) and resuspended in TE. After
sonication of the bacterial extract, the proteins were precipi-
tated between 0 and 40% of the saturation in ammonium sul-
fate, collected by centrifugation, and redissolved in TE. This
fraction was extensively dialyzed against TE, subsequently
loaded onto a DEAE Sepharose, and then eluted with a 0–400
mM NaCl gradient in TE. The fractions containing the recom-
binant 2-Cys Prx were pooled, concentrated, and dialyzed
against TE and stored in aliquots at �20°C at a concentration
of 9 mg/ml.

AtPrxIIF cDNA was amplified with the primers prxIIF-F
(5� TCAAAGCTCGCGGAAGGCACT 3�) and prxIIF-R (5�
TTAGATCTGTCCTAAGA 3�) to obtain a product that ex-
cluded the coding region for the 28-amino acid signal pep-
tide. The cDNA was cloned in frame into the pCR® T7/NT-
TOPO vector (Invitrogen). Expression and purification of the
N-terminally 6x His-tagged recombinant protein was per-
formed as described (15).

Peroxide-reducing activity of Prxs

The hydroperoxide-reducing Prx activity was measured at
room temperature by following the oxidation of NADPH at
340 nm in the presence of either the TR/Trx system or the
GR/GSH/Grx system using a Cary 50 Spectrophotometer
(Varian). In the case of 2-Cys Prx, a 500-µl reaction mixture
in TE, pH 8.0, contained 150 µM NADPH, 5 µM 2-Cys Prx,
250-µM hydrogen peroxide (H2O2), and the Trx-reducing sys-
tem (2 µM A. thaliana TRB and 10 µM poplar Trx h1) or the
Grx-reducing system (0.5 unit of GR, 500 µM GSH, and 10
µM poplar GrxC4).

In the case of AtPrx IIF, the 500-µl reaction mixture con-
tained 150 µM NADPH, 250 µM H2O2, 2 µM Prx IIF, in the
presence of the Grx system (0.5 unit of GR, 500 µM GSH,
and 6.5 µM poplar GrxC4) or the Trx system (2 µM A.
thaliana TRB with 20 µM poplar Trx h1, h2, h3, or Chamy-
domonas reinhardtii Trx Ch1, or 1.3 µM E. coli TR with 20
µM E. coli Trx1). The reactions were started after 1 min of in-
cubation by adding Prxs.
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RESULTS AND DISCUSSION

We have used an affinity chromatography column made
with poplar GrxC4 mutated on the second active-site cysteine
in combination with various plant extracts to trap and identify
Grx target proteins and thereby detect processes potentially
regulated by this protein. The mutated GrxC4 C30S used con-
tained only the catalytic cysteine, preventing artifactual inter-
action with additional thiol groups. Previous studies using
Trx as a bait showed a lack of specificity, i.e., a cytosolic Trx
is able to interact with chloroplastic or mitochondrial target
enzymes (5, 48). Up to now, the localizations of the various
plant Grxs are not known, but analysis of A. thaliana genome
indicates that Grxs are predicted to be present in most plant
cell compartments, including chloroplasts and mitochondria
(37). Thus, all the proteins retained, whatever their subcellu-
lar compartment, are putative Grx-interacting proteins in
vivo. By using this approach, 94 target proteins have been
identified. We have listed all those potential targets in Table
1. The list regroups sequences from poplar, arabidopsis, and
potato, either from whole extracts or from purified mitochon-
drial or chloroplastic preparations. In this list, we have in-
cluded the closest Arabidopsis homologues that are very
often orthologues, given the similarity of the sequences. Also
indicated is the putative subcellular localization, although
one must keep in mind that some of these are just predictions.
One surprising finding is the ability of this Grx to bind some
well-known Calvin cycle enzymes, such as fructose 1,6-bis-
phosphatase (FBPase) and phosphoribulokinase (PRK),
which present regulatory disulfides possessing a very elec-
tronegative redox potential (approximately �300 mV to
�360 mV) compared with the one of Grxs (approximately
�200 mV for E. coli Grxs). This could be explained in sev-
eral ways: (a) this attack may occur despite the differences in
redox potential, perhaps because Grx is different from Trx,
being able to act as a monocysteinic enzyme; (b) it may inter-
act with glutathiolated cysteines; (c) it may interact with
some proteins independently of their redox state, the addition
of DTT during the elution simply modifying the interaction
and liberating the protein target; and (d) the redox potential
of the target’s disulfide could be modified upon interaction
with the Grx. The cysteine residues involved in the redox reg-
ulation of enzymes are generally conserved, but conversely,
the conservation of a cysteine does not necessarily imply that
it is involved in redox processes. Nevertheless, screening for
conserved cysteines is certainly an interesting indication that
it is a potential candidate for redox regulation. Nearly all pro-
teins identified here possess at least one conserved cysteine,
except for an inorganic pyrophosphatase and an oxygen-
evolving enhancer complex protein. It might be that these
proteins interact strongly with one of the Grx targets or di-
rectly with Grx, but independently of reactive cysteine. In the
latter case, the addition of DTT, but not of NaCl, had altered
the interaction. In the case where there is only one conserved
cysteine, the regulation could result from the formation of a
dimer via an intermolecular disulfide bridge or from a glu-
tathiolation/deglutathiolation process.

The 94 different target proteins found are involved in vari-
ous metabolic processes (Table 1). All proteins identified will
not be described here, but emphasis will be made about new
targets and their consequences in terms of regulation.
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Stress response

Many peroxidases have been identified, especially some
well-known Trx or Grx targets called Prxs. Three of the four
subgroups of Prxs have been identified: 2-Cys Prxs, Prx Q,
and Prx II. Among Prxs II, three different isoforms have been
found: the cytosolic enzyme Prx IIB, which uses preferen-
tially Grxs as electron donors (9, 35); the chloroplastic Prx
IIE, which uses only Trxs (9); and the mitochondrial Prx IIF,
whose donor is unknown. Two additional H2O2-degrading en-
zymes previously identified on Trx columns have also been
identified as Grx targets: a catalase and a cytosolic ascorbate
peroxidase (22, 48). Nevertheless, Lemaire and co-workers
have suggested, based on activity measurements, that only
algal, but not plant, catalases are redox-regulated (22).

Many new putative Grx-linked proteins related to stress
have been identified: three poplar storage-specific proteins
(wound-responsive protein, vegetative and bark storage pro-
teins) involved in wound response (11), two chitinases, and a
lipase/hydrolase, which are secreted enzymes containing
disulfides as described previously (21). Another putative Grx
target is protein phosphatase 2C, which participates in stress
signaling. Finally, GR and a predicted chloroplastic Grx iso-
form have also been trapped on the Grx column.

Photorespiration

Two (H and P) of the four subunits (H, P, T, and L) of the
glycine cleavage system have been identified here, confirm-
ing that this multienzymatic complex could be redox-regu-
lated in plants, but maybe not in all organisms. Indeed, the
bacterial or mammalian sequences of the T and H subunits do
not possess the conserved cysteines present in plant se-
quences. A new putative redox-regulated target is the peroxi-
somal glycolate oxidase. This enzyme, which converts glyco-
late into glyoxylate and forms H2O2 during catalysis, contains
only one conserved cysteine. Nevertheless, up to now, no Trx
or Grx has been characterized in peroxisomes.

Translation

Some components of the translational machinery seem to
be redox-regulated. Two 60S ribosomal proteins and two tran-
scription factors have been isolated as Grx targets. In addition
to its role in binding and transport of the aminoacyl-tRNA to
the aminoacyl site of the ribosome during the elongation step,
the E. coli transcription factor elongation factor Tu possesses
disulfide reductase activity as it is able to catalyze the forma-
tion, reduction, or isomerization of disulfide bridges (32).

The glycyl tRNA synthetase, isolated in this study, is the
second tRNA synthetase putatively redox-regulated, because
a valyl tRNA synthetase from Synechocystis was retained on
Trx-based affinity column (24).

Calvin cycle and associated reactions

Trxs were originally discovered as activators of some
Calvin cycle enzymes, and also of NADP-malate dehydroge-
nase, during dark to light transition. Since that time, many
other enzymes of the Calvin cycle were found to be regulated
by Trx, but none of them by Grx. Here, eight Calvin cycle en-
zymes have been retained on the Grx column, seven [PRK,
ribulose 1,5-diphosphate carboxylase (Rubisco; small and
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TABLE 1. GRX-LINKED PROCESSES AND TARGETS IN PLANT

Name and functional class Localizationa Peptidesb Homologue Atc Cysd Trx targetse

Stress-related reactions
Wound-responsive protein1 SP 21 At3g17210 1
WIN4.5 vegetative storage protein1 SP 11 No 4
Bark storage protein1 ? 31 No 4
2-Cys peroxiredoxin*1,2,4 P 31, 12,4 At3g11630 2 4, 22, 25, 29
Peroxiredoxin Q1 P 31 At3g26060 2 29
Peroxiredoxin IIB*2 C 12 At1g65980 2 36
Peroxiredoxin IIE*1,2 P 11, 22 At3g52960 2 9, 22, 24
Peroxiredoxin IIF*5 M 45 At3g06050 2 5
Ascorbate peroxidase2 C 12 At1g07890 1 48
Catalase1,5 Px 81, 45 At4g35090 4 5, 22
Glutathione reductase1 P, M 11 At3g54660 4
Glutaredoxin*1,5 P 31, 15 At2g20270 2
Formate dehydrogenase3 M 23 At5g14780 3 5
Aldehyde dehydrogenase1,2,3 M 11, 22, 33 At3g48000 5 5
GDSL-motif lipase/hydrolase1 SP 21 At5g45670 8
Endochitinase1 SP 11 At2g43580 15 25
Class I chitinase1 SP 11 At3g12500 14
Protein phosphatase 2C1 C 11 At3g11410 7
Kunitz trypsin inhibitor1 C 31 At1g73330 6 25
Germin-like protein1 SP 11 At5g20630 2 24, 47, 48

Hormone metabolism
Allene oxide cyclase1 P 21 At3g25780 1 5

Photorespiration
Glycine decarboxylase protein H1 M 11 At1g32470 1 5
Glycine decarboxylase protein P1,2,5 M 31,2, 25 At4g33010 11 5
Glycolate oxidase1,2 Px 21, 22 At3g14420 1

Translation
60S ribosomal protein L301 C 11 At3g18740 3
60S ribosomal protein L131 C 11 At3g24830 2
Elongation factor Tu1,4 P 11, 34 At4g20360 1 4
Elongation factor 21 C 41 At1g56070 10 22, 48
Nucleoside diphosphate kinase III*1 P 11 At4g11010 1 5
Glycyl tRNA synthetase1 M 11 At1g29880 10

Calvin cycle and associated reactions
Phosphoribulokinase1,2 P 31, 22 At1g32060 4 4
NADP glyceraldehyde-3-phosphate P 52, 41,4 At1g12900 5 4, 42

dehydrogenase1,2,4

Transketolase1,2,4 P 31, 12,4 At3g60750 5 4
Fructose 1,6-bisphosphatase1,2,4 P 214, 12 At3g54050 7 38
Triose phosphate isomerase*1 P 31, 12 At2g21170 4 4, 47
Fructose-bisphosphate aldolase*1,2,4 P 31, 12, 34 At4g38970 2 22
Phosphoglycerate kinase*1,2 P 21, 32 At1g56190 2
Rubisco small chain1,2,4 P 11, 32, 44 At1g67090 4 4, 22, 29
Rubisco large chain1,2,4 P 31, 72,4 rbcL 8 22, 24
Rubisco activase4 P 14 At1g73110 2 4, 29
Carbonic anhydrase �*1,2,4 P 51, 32, 24 At3g01500 5 4

Glycolysis
Enolase*1 C 31 At2g36530 4 22, 25, 47
NAD glyceraldehyde-3-phosphate C 11 At3g04120 2 25, 47, 48

dehydrogenase*1

Chaperonins
14-3-3 protein*1 C 11 At5g65430 2
Cyclophilin*1 C 11 At4g01310 4 25, 29, 47
Protein disulfide isomerase*5 SP 25 At1g21750 4 47
Heat shock protein 70 kDa1 P 21 At5g49910 2 4, 22, 48
Heat shock protein 70 kDa*1 C 11 At1g56410 7 22
Heat shock protein 70 kDa3 M 43 At5g09590 3 5
Chaperonin HSP 60 �1,2,4 P 11,2,4 At2g28000 1 4, 22, 48
Chaperonin HSP 60 �1,4 P 11,4 At5g56500 4 48
Chaperonin HSP 60*3 M 43 At2g33210 4 5
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TABLE 1. GRX-LINKED PROCESSES AND TARGETS IN PLANT (continued)

Name and functional class Localizationa Peptidesb Homologue Atc Cysd Trx targetse

Citric acid cycle and associated reactions
NAD-dependent malate dehydrogenase*1,5 M 21, 25 At1g53240 3 5, 25
Isocitrate dehydrogenase NADP1 M 11 At5g14590 6 5, 47
NAD-dependent malate dehydrogenase*1 C 51 At5g43330 5 25, 47, 48
Malic enzyme1,5 M 11, 35 At2g13560 2 5
Succinyl CoA ligase � subunit3 M 23 At2g20420 5 5
Aconitate hydratase3 C 13 At2g05710 8 5, 22, 25
Succinate dehydrogenase3 M 23 At5g66760 8 5
Dihydrolipoamide dehydrogenase1 M 11 At1g48030 3 5

Sulfur metabolism
Methionine synthase1 C 21 At5g20980 3 48
Cysteine synthase1 P 11 At3g59760 3 4
S-Adenosyl-L-homocysteine hydrolase1 C 11 At4g13940 9

Nitrogen metabolism
Alanine aminotransferase1,2 C 21, 22 At1g23310 3 5, 25, 47
Ferredoxin-dependent glutamate synthase1,4 P 11, 24 At2g41220 13 24
Glutamine synthetase1,4 P 11, 24 At5g35630 4 4, 22, 29, 48
Glutamate dehydrogenase3 M 13 At5g18170 4 5

Electron transfer/photosynthesis/respiration
NADH ubiquinone oxidoreductase 75 kDa2 M 22 At4g37510 12 5
NADH ubiquinone oxidoreductase 22.5 kDa3 M 13 At5g52840 3
NADH dehydrogenase subunit 92 M 12 nad9 2
Ferredoxin 2Fe 2S4 P 14 At1g10960 5 22
Ferredoxin NADP reductase1 P 11 At5g66190 4
16-kDa polypeptide oxygen evolving P 21 At4g21280 0

complex (PsbQ)1

Starch synthesis
ADP glucose pyrophosphorylase2,4 P 12, 14 At5g48300 4 22, 47
Reversibly glycosylated polypeptide/ C 11 At5g15650 8 22, 47

UDP glucose transglycosylase1

Protein degradation
Subtilase2 P 22 At4g20850 ?
Peptidase � subunit3 M 23 At3g16480 1
ATP-dependent Clp protease1 P 21 At1g02560 1 4

ATP metabolism/energy
ATP synthase � chain3 M 93 At5g08670 2 5
ATP synthase � chain3 M 33 At2g07698 5 5
Adenosine kinase1,2 C 11, 42 At5g03300 3
Inorganic pyrophosphatase*1,2 P 21, 22 At5g09650 0 22

Others
Unknown protein3 M 33 At5g10860 1 5
Plastid developmental protein5 P 25 At3g15000 1
Glycerol-3-phosphate dehydrogenase*2 P 12 At3g10370 9
Formamidase1 C 11 At4g37560 9
Tyrosine transaminase1,2 C 31, 12 At4g23600 3
Chalcone flavonone isomerase1 C 11 At3g55120 1
Lectin/myrosinase binding protein2 C 22 At3g16390 ?
Cell division cycle protein 232 M 22 At3g48150 7
Uridyltransferase1 C 11 At2g03730 5
Phenylalanine ammonia lyase1 C 11 At5g04230 4
Red chlorophyll catabolite reductase1 P 11 At4g37000 2

aPutative subcellular localization of the various targets were determined using TargetP and Psort programs. C, cytosol; M, mi-
tochondria; P, plastid; Px, peroxisomes; SP, secretory pathway.

bNumber of peptides found with exact match to the sequences of the databases.
cAccession number of the closest homologue in A. thaliana.
dNumber of strictly conserved cysteines in photosynthetic organisms.
eIdentified as a probable Trx target in photosynthetic organisms.
*Identified as a glutathiolated protein in some organisms.
1Identified from a total protein extract of Populus trichocarpa � deltoides.
2Identified from a total protein extract of Arabidopsis thaliana.
3Identified from a mitochondrial protein extract of Solanum tuberosum or A. thaliana.
4Identified from a chloroplastic protein extract of Pisum sativum.
5Identified from a mitochondrial protein extract of A. thaliana.
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large subunits), NADP glyceraldehyde phosphate dehydroge-
nase, triose phosphate isomerase, fructose bisphosphate al-
dolase, fructose 1,6-bisphosphatase, transketolase] are puta-
tive or confirmed Trx targets, whereas phosphoglycerate
kinase was identified for the first time as putatively redox-
regulated. Actually, with the identification of phosphoglycer-
ate kinase, 10 of the 11 enzymes of the Calvin cycle, except
phosphopentose epimerase, can be considered as potential
Trx or Grx targets. Two Calvin cycle-related enzymes, Ru-
bisco activase, which is also regulated by the chloroplastic
Trx f (50) and retained on a Trx m column (29), and �-CA,
previously retained on a Trx column, were also identified in
this study (4, 29, 50).

Chaperones

Three of the chaperones identified in this study represent
various isoforms of the 70-kDa heat shock protein (HSP70)
predicted to be cytosolic, plastidic, or mitochondrial. Two
HSP70 from yeast or A. thaliana were shown to be redox-reg-
ulated, presumably via a conserved cysteine, by an A.
thaliana Trx-like protein called TDX (tetratricopeptide do-
main containing Trx), which contains an HSP70-interacting
protein in the N-terminal part, and a Trx domain in the C-ter-
minus (45). When aligning isoforms of the three subcellular
compartments, the critical cysteine discussed below is only
conserved in cytosolic and mitochondrial isoforms, but not in
chloroplastic ones. This suggests that the chloroplastic iso-
form, which was found many times in the proteomic analysis
of Trx targets (4, 48), might not be regulated in the same way
as the cytosolic and mitochondrial isoforms. Nevertheless, it
contains two conserved cysteines in different positions.

Another protein involved in protein folding or assembly is
the chaperonin HSP60. In the chloroplast, two subunits, �
and �, can be distinguished. These two proteins display, re-
spectively, one and four conserved cysteines with one cys-
teine in a common conserved position. Interestingly, a mito-
chondrial isoform, also targeted by Grx and Trx, does not
contain this cysteine, but four others are conserved. Similar
to HSP70, the various HSP60 isoforms might not be regu-
lated by identical mechanisms.

An isoform of cyclophilin and protein disulfide isomerase
have also been identified. Recently, Trx was shown to regu-
late cyclophilin activity in plants (30). A 14-3-3 protein is
proposed for the first time as redox-regulated in plants. On
the other hand, a proteomic study has identified a Trx and a
Prx as binding partners of 14–3-3 (27).

Citric acid cycle and associated reactions

Of the eight enzymes of the citric acid cycle, six were
shown to be putative Trx-interacting proteins, but none of
these interactions was firmly established biochemically.
Here, we have identified four enzymes involved directly in
this cycle (acetyl-CoA ligase, succinate dehydrogenase,
NAD-malate dehydrogenase, isocitrate dehydrogenase) and
three in related reactions (malic enzyme, cytosolic aconitase,
and cytosolic NAD-malate dehydrogenase) (see Table 1). Fi-
nally, a dihydrolipoamide dehydrogenase, one of the compo-
nents of the �-ketoglutarate dehydrogenase, glycine cleavage
system, or pyruvate dehydrogenase complexes, was also
trapped on the Grx column.
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Sulfur metabolism

Three enzymes involved in sulfur metabolism, cysteine
synthase, S-adenosyl-L-homocysteine (SAH) hydrolase, and
methionine synthase, have been identified in this study.

The cysteine synthase isolated here is a putative chloro-
plastic isoform. Eight isoforms of cysteine synthase are po-
tentially present in the A. thaliana genome and predicted to
be localized in the cytosol, chloroplasts, and mitochondria.
The chloroplastic and mitochondrial isoforms were proposed
to be Trx-linked (4, 5). An argument to support this idea is
that DTT is necessary for cysteine synthase activation (34).
Surprisingly, mitochondrial isoforms do not possess con-
served cysteines and cytosolic isoforms were not detected
here, although of the two cysteines they possess, one is com-
mon with plastidic isoforms, which contain three overall.

A new putative Grx target protein, SAH hydrolase, cat-
alyzes the hydrolysis of SAH, produced from S-adenosyl-L-
methionine-dependent methylation reactions, into L-homocys-
teine and adenosine. The adenosine formed was shown, for
example, to be used for the synthesis of the purine ring of caf-
feine (18). One enzyme able to use adenosine is adenosine ki-
nase, which catalyzes the salvage synthesis of adenine
monophosphate from adenosine and ATP. This enzyme was
also identified for the first time as potentially redox-regulated.

On the other hand, homocysteine can be used to regenerate
methionine by methylation via vitamin B12-independent me-
thionine synthase. A. thaliana contains three functional iso-
forms of this enzyme: one is chloroplastic and two are cy-
tosolic (31). A cytosolic isoform was identified here, but all
these isoforms could be Trx- or Grx-dependent as they pos-
sess three conserved cysteines, but two of them bind zinc.
Whether Trx and Grx regulate this enzyme by dithiol–disul-
fide exchange, by glutathiolation, or just by reducing cys-
teines to allow zinc incorporation is not known. Finally, the
methyl cycle seems to be mainly controlled by redox regula-
tion, because in addition to methionine synthase and SAH hy-
drolase, S-adenosyl-L-methionine synthetase was identified
as a Trx target in C. reinhardtii (22).

Electron transfer

Some subunits of the four mitochondrial electron transfer
chain complexes were suspected in a previous study of being
Trx-linked proteins. Here, we have identified three subunits
of the NADH ubiquinone oxidoreductase. In addition to the
previously identified 75-kDa subunit, a subunit of 9 kDa and
another of 22.5 kDa could be Grx-linked proteins. One iron-
sulfur-containing protein, ferredoxin, has been retained. In S.
cerevisiae and E. coli, Grxs are involved in iron-sulfur assem-
bly (1, 33). The situation could be similar in plants, and Grxs
could participate in the assembly of Fe/S cluster of ferre-
doxin. Finally, the psbQ-encoded subunit of oxygen-evolving
enhancer (OEE) complex could be an additional polypeptide
of photosystem II redox-regulated. It has been shown earlier
that the psbO-encoded OEE1 is a putative Trx target and pos-
sesses Trx-like activity in algae (13, 22).

Polysaccharide synthesis

ADP-glucose pyrophosphorylase, a central enzyme in
starch synthesis that catalyzes the formation of ADP glucose

13991C11.pgs  6/15/05  2:36 PM  Page 925



from glucose-1-phosphate, was identified. This enzyme was
already shown to be regulated by chloroplastic m and f Trxs
(3). UDP-glucose transglycosylase or reversibly glycosylated
protein is an enzyme that undergoes self-glycosylation and is
involved in cell-wall polysaccharide synthesis. The latter en-
zyme is also a putative Trx target (22, 47).

ATP metabolism/energy

In this study, we have identified the � and � subunits of
the mitochondrial ATPase, which were also described as Trx-
linked proteins, in addition to the � subunit. Surprisingly,
only the vacuolar, but not chloroplastic, H+-ATPase was re-
tained on Trx column, whereas both were shown to be redox-
regulated (41, 44). Concerning nucleoside diphosphate ki-
nase, three different isoforms, found in cytosol, chloroplast,
and mitochondria, contain zero, one, or two conserved cys-
teines, respectively. Only the mitochondrial isoform was
identified as a Trx or Grx target. The situation may be similar
to that of some carbon fixation enzymes (FBPase, PRK,
NADP malate dehydrogenase), where insertions or additions
of segments with conserved cysteines were shown to be re-
sponsible for their redox regulation (38).

Grx activation of 2-Cys Prx, Prx IIF, and CA

To estimate the accuracy of the method used, we measured
the activity of three of the target enzymes, i.e., recombinant
poplar 2-Cys Prx (Pt2-Cys Prx), A. thaliana Prx IIF (At-
PrxIIF), and a partially purified chloroplastic �-CA, in the
presence of the Grx system and sometimes the Trx system. So
far, only the activity of 2-Cys Prx has been shown to be cou-
pled to reductive regeneration by Trx, whereas the Grx depen-
dency of these enzymes has not been tested to our knowledge.
On the other hand, Grxs were shown to be donors to cytosolic
Prxs II, but not to the chloroplastic isoform Prx IIE (9, 35).
To minimize the side reactions due to GSH alone, we have de-
liberately kept it at a suboptimal concentration of 0.5 mM. It
is thus expected that the effects recorded here could be more
pronounced in in vivo conditions.

Figure 1 displays Pt2-Cys Prx or AtPrxIIF hydroperoxide
reducing activity and �-CA activity in the presence of the
Grx-reducing system. The two Prxs clearly behave differently
with respect to the nature of the electron donor. Even at the
highest concentration used, Grx was unable to serve as a
donor to Pt2-Cys Prx (Fig. 1A and data not shown), but it is
able to reduce AtPrxIIF (Fig. 1B). On the other hand, 2-Cys
Prx is reduced by PtTrxh1 and 3 (data not shown), whereas
AtPrxIIF was not reduced whatever the Trx used (Fig. 1B).

The activity of �-CA is enhanced 2–2.5 fold by adding
GrxC4 compared with the control without Grx-reducing sys-
tem. The second control without Grx indicates that GSH is not
able by itself to enhance CA activity. Previously, it was shown
that two exposed cysteinyl residues were critical for activity
and structural folding, especially at the tetramer–tetramer in-
terface (6). In addition, it has been shown that the activity of
this CA isoform, which is inhibited under oxidative conditions,
is partially restored by DTT (17) Altogether, these results sug-
gest that CA activity could be regulated by GrxC4. Whether
Grx acts as a reductant or as a structural factor in the activation
process of �-CA is still unknown. Nevertheless, this is the first
report of a positive effect of Grx on this type of protein.
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FIG. 1. Grx dependency of the activity of three target en-
zymes. (A) Grx-dependent activity of 2-Cys Prx. The activity
of Pt2-Cys Prx was tested by measuring NADPH oxidation at
340 nm in the presence of the Grx system (GR, GSH, and poplar
GrxC4). As a control, the previously identified Grx-dependent
Prx II of poplar was added. (B) Mitochondrial Prx IIF activity.
The activity of AtPrxIIF was tested spectrophotometrically in
the presence of Trx systems (At TRB with poplar Trx h1, 2, 3 or
C. reinhardtii CH1 or E. coli thioredoxin reductase and Trx1)
or the Grx system (GR, GSH, and poplar GrxC4), by following
the oxidation of NADPH at 340 nm. (C) Grx-dependent activ-
ity of stroma �-type CA. Control, stroma sample without Grx-
reducing system; �Grx, stroma sample incubated without Grx
but with GSH; +Grx, stroma sample incubated with 10 µM
GrxC4 and GSH. Measurements were done in stroma fractions
from three different A. thaliana chloroplast preparations. The
CA activity in the stroma fraction used for this study was 1,089
± 29 Wilbur–Anderson units/mg of protein.
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CONCLUSION

Up to now, only four proteins were putative or confirmed
Grx targets in plants, whereas more than 30 different Grxs are
present in higher plant genomes (37). Three subgroups were
distinguished among the Grx family based essentially on the
sequence of their active site, either CxxC/S, CGFS, or
CCxC/S amino acid sequences (x represent various amino
acids). The only characterized Grxs belong to the subgroup of
proteins with CxxC/S active sites.

The cytosolic poplar Prx II recently characterized as the
first Grx target was also found in this study (35). Another
target is a H+/Ca2+ exchanger from A. thaliana (10). This
protein was not identified here, presumably because of its
membrane localization and thus its hydrophobic character.
Moreover, this protein was shown to interact with a specific
subgroup of Grx with CGFS active site, whereas the study
reported here was realized with a CxxC/S active-site Grx. It
would thus be interesting to test if this exchanger could also
interact with Grx from the two other groups. Two other pro-
teins, a triose phosphate isomerase and an aldolase, found to
be glutahiolated in plant extracts (16), could be putative in-
teracting partners of Grxs because they are involved in de-
glutathiolation processes. These two enzymes were also
identified in this study, but whether they interact with Grxs
by dithiol–disulfide exchanges or through deglutathiolation
needs yet to be investigated.

In conclusion, this study allowed the identification of 94
putative Grx targets, involved in several cellular processes
and located in different subcellular compartments. The activ-
ity of two of the three targets tested is indeed regulated by Pt
GrxC4. Whether the activity of 2-Cys Prx is regulated by glu-
tathiolation, for example, needs to be investigated. Overall,
these results suggest that Grx is able to randomly attack ex-
posed disulfide bridges and has a broad capacity to reduce
oxidized disulfides and to provide electrons to many enzy-
matic reduction reactions. Apparently, like Trx, Grx plays a
pivotal role in redox regulation and redox homeostasis in
plant cells.
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ABBREVIATIONS

CA, carbonic anhydrase; DTT, dithiothreitol; FBPase,
fructose 1,6-bisphosphatase; GR, glutathione reductase; Grx,
glutaredoxin; GSH, reduced glutathione; H2O2, hydrogen per-
oxide; HSP, heat shock protein; MS, mass spectrometry; PRK,
phosphoribulokinase; Prx, peroxiredoxin; Rubisco, ribulose-
1,5-bisphosphate carboxylase oxygenase; SAH, S-adenosyl-L-
homocysteine; TE, 30 mM Tris-HCl, pH 8.0, 1 mM EDTA;
TES, TE containing 200 mM NaCl; TR, thioredoxin reductase;
Trx, thioredoxin.
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