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Glutaredoxins (GRXs) are small proteins with glutathione-dependent disulfide oxidoreductase activity
involved in cellular defense against oxidative stress. This work reports the identification and character-
ization of the first glomeromycotan dithiol glutaredoxin gene from the fungus Glomus intraradices. The
corresponding gene, named GintGRX1, shares high sequence similarity with previously described fungal
GRXs. GintGRX1 contains the characteristic dithiol active site CPYC. By using a yeast expression system,
we found that GintGRX1 encodes a multifunctional protein with oxidoreductase, peroxidase and glutathi-
one S-transferase activity. GintGRX1 partially reverted sensitivity to superoxide radicals of the
Dgrx1Dgrx2 Saccharomyces cerevisiae strain. GintGRX1 was transcriptionally regulated by paraquat but
not by hydrogen peroxide. Copper induced an accumulation of reactive oxygen species in the extraradical
mycelium of G. intraradices and up-regulation of GintGRX1 transcript levels. These data suggest a role for
GintGRX1 in protecting the fungus against the oxidative damage induced directly by the superoxide
anion or indirectly by copper.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

The production of reactive oxygen species (ROS), such as H2O2,
the superoxide anion and the hydroxyl radical, is common to all
aerobic organisms as the result of normal cellular metabolism
(Storz and Imlay, 1999). In addition, all organisms actively gener-
ate ROS as signals in response to environmental stresses. However,
an excess of ROS can lead to the oxidative damage of proteins, nu-
cleic acids and lipids, resulting in severe alterations of their struc-
ture and function causing sometimes lethal damage to cells (Apel
and Hirt, 2004; Fobert and Després, 2005; Rhoads et al., 2006).
To overcome such oxidative damage, all living organisms, from
Escherichia coli to humans, have developed antioxidant systems
to efficiently scavenge ROS excess and to keep ROS production
and scavenging systems in balance. Maintenance of cellular ROS
homeostasis is achieved by the production of non-enzymatic anti-
oxidants, such as glutathione (GSH) and ascorbate, and by the
activity of several enzymatic antioxidant systems, such as cata-
lases, superoxide dismutases, thioredoxins and glutaredoxins
(GRXs) (Neill et al., 2002).

GRXs are ubiquitous small (among 9–15 kDa) proteins that act
as GSH-dependent disulfide oxidoreductases (Holmgren, 1976).
GRXs can be grouped in two subfamilies according to their active
sites: the dithiol subfamily, with CXXC as the active site, and the
more recently identified monothiol subfamily, having CXXS as
ll rights reserved.
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their suggested active site (Bellí et al., 2002; Vlamis-Gardikas and
Holmgren, 2002; Fernandes and Holmgren, 2004; Vilella et al.,
2004). GRXs were first discovered in E. coli by their ability to assist
the reduction of ribonucleoside diphosphates by ribonucleotide
reductases (RNR) (Holmgren, 1976), although the list of biological
activities in which GRXs are concerned through their enzymatic
activity has now grown significantly (Lillig et al., 2008). In bacteria,
yeast, plant and mammalian cells, dithiol GRXs appear to play an
important role in protecting cells against oxidative stresses (Car-
mel-Harel and Storz, 2000; Rouhier et al., 2004; Lillig et al.,
2005). The monothiol group is also conserved across organisms,
but a unifying function for these GRXs has not been yet
ascertained.

The GRXs more extensively studied are those from Saccharomy-
ces cerevisiae, an organism that contains seven GRXs (GRX1-7):
Grx1 and Grx2 belonging to the CXXC subfamily (Luikenhuis
et al., 1998), and Grx3-7 which are members of the monothiol sub-
family (Rodríguez-Manzaneque et al., 1999; Lee et al., 2007; Mese-
cke et al., 2008). Although Grx1 and Grx2 share high sequence
similarity, their functions are only partially overlapping. Thus,
Grx1 confers protection against the superoxide anion and hydro-
peroxides, while Grx2 is specialized in the protection against
hydroperoxides (Luikenhuis et al., 1998). Both of them have also
been shown to be active as glutathione peroxidases and glutathi-
one S-transferases (Collinson et al., 2002; Collinson and Grant,
2003). Although expression of the corresponding genes is under
the control of stress–response elements located at the respective
promoters, both genes are differentially induced by various stress
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conditions (Grant et al., 2000). These two GRXs also differ in their
subcellular localization. Whereas Grx1 is cytosolic, Grx2 has a dual
localization in the cytosol and mitochondria (Pedrajas et al., 2002).
Regarding the monothiol GRXs, Grx3 and Grx4 are nucleocytoplas-
mic (Molina et al., 2004) and are involved in iron homeostasis (Oje-
da et al., 2006). Grx5 is required for the synthesis, assembly or
repair of iron-sulfur clusters in the mitochondria (Rodriguez-
Manzaneque et al., 2002) and Grx6 and Grx7 have been proposed
to be responsible for the regulation of the sulfhydryl oxidative
state of the early secretory pathway (Izquierdo et al., 2008).

Despite the important role of the GRX family to maintain the re-
dox homeostasis of aerobic organisms, little is known about this
gene family in fungi other than yeasts. We are currently studying
redox homeostasis in arbuscular mycorrhizal (AM) fungi, ubiqui-
tous soil-borne microorganisms, belonging to the Glomeromycota,
that establish mutualistic symbioses with roots of the majority of
land plants. AM fungi are obligate biotrophs as they rely on their
host plant to proliferate and survive. AM symbiosis, a keystone to
the productivity and diversity of terrestrial ecosystems, is present
in more than 80% of land plants and represents the most wide-
spread symbiosis on earth (van der Heijden and Sanders, 2002).
In the mycorrhizal association the fungus provides the plant with
essential mineral nutrients taken up from the soil by the extrarad-
ical mycelium. In turn the fungus receives carbon supplies from the
plant (Smith and Read, 1997; Ferrol et al., in press). The benefits of
the AM symbiosis on plant fitness are largely known, including a
better mineral nutrition and increased ability to overcome biotic
and abiotic stresses.

Little is known about ROS scavenging systems in AM fungi. This
is mainly due to the fact that these organisms are obligate bio-
trophs, coenocytic and multinucleated, which makes it impossible
to use traditional genetic approaches for their study. To date only
genes encoding three proteins putatively involved in ROS homeo-
stasis have been identified and characterized in AM fungi: a CuZn
superoxide dismutase in Gigaspora margarita (Lanfranco et al.,
2005) and six genes putatively encoding glutathione S-transferases
(Waschke et al., 2006) and a metallothionein (González-Guerrero
et al., 2007) in Glomus intraradices. Although the metallothionein
was potentially involved in metal chelation, it was also shown to
be involved in ROS scavenging, an activity that results from the
capability of their thiolate groups to be reversibly oxidized (Gon-
zález-Guerrero et al., 2007).

The aim of the present study was to isolate and characterize the
first gene belonging to the dithiol GRX subfamily in G. intraradices,
as a step forward to gain insights into the mechanisms of redox
homeostasis in AM fungi. We chose G. intraradices for our experi-
ments because it has been foreseen as an ideal model system for
AM fungal research due to its small genome and because it can
be easily grown monoxenically in root organ cultures (St-Arnaud
et al., 1996). Here we have isolated the complete ORF of the gene,
functionally characterized the protein using yeast expression as-
says, and analysed its transcriptional regulation by different oxi-
dant agents. The isolated gene (GintGRX1) encodes the first
glutaredoxin described so far in AM fungi and it is transcriptionally
regulated by superoxide and copper, an active-redox heavy metal.

2. Materials and methods

2.1. Microorganisms and culture conditions

Glomus intraradices monoxenic cultures were established as de-
scribed by St-Arnaud et al. (1996). Briefly, clone DC2 of carrot
(Daucus carota L.) Ri-T DNA transformed roots were cultured with
the AM fungus G. intraradices Smith & Schenck (DAOM 197198,
Biosystematic Research Center, Ottawa, Canada) in two-compart-
ment Petri dishes. Cultures were initiated in one compartment
(‘‘root compartment”) of each plate, which contained M medium
(Chabot et al., 1992). Fungal hyphae, but not roots, were allowed
to grow over to the second compartment (‘‘hyphal compartment”),
which contained M medium without sucrose (M-C). Plates were
incubated in the dark at 24 �C for 7–8 weeks until the transition
from absorptive to sporulative phase takes place. At this stage,
the AM fungus was submitted to different types of stresses.

Pulses of 50 lM CuSO4, 0.3 or 3 mM H2O2 and 500 lM paraquat
were applied to the M-C medium of the hyphal compartment. This
was done by distributing 800 ll of each filtered-sterilized stock
solution drop wise ensuring a homogenous distribution of each re-
agent. The control plates received 800 ll of ddH2O. Time point just
before chemical addition is referred to Time 0 h. The extraradical
mycelium was harvested at time points 12 h, 24 h and 7 d for the
Cu treatment; 6 h, 12 h, 24 h and 7 d for paraquat and 15 min,
30 min, 60 min, 12 h, 24 h and 7 d for H2O2 treatments.

The S. cerevisiae strains used in this study were all isogenic
derivatives of CY4 (MATa ura3-52, leu2-3, trp1-1, ade2-1, his3-11,
can1-100) (Grant et al., 1996): strains Y70 (grx1::LEU2), Y100
(grx2::HIS3) and the double mutant Y117 (Dgrx1::LEU2D
grx2::HIS3). All of them were kindly provided by Dr. Chris M. Grant
(Department of Biology Sciences, UMIST, Manchester, UK). All
strains were grown on YPD or minimal synthetic dextrose (SD)
medium, supplemented with appropriate amino acids (Luikenhuis
et al., 1998). For the induction experiments of GRX expression in
cells carrying plasmids with GintGRX1 under the control of the
GAL1 promoter, glucose (2%) was replaced by galactose/raffinose
(2%) in the growth medium.

2.2. Extraradical mycelia recovery and nucleic acids extraction

Extraradical mycelium from the different hyphal compartments
was recovered by blending (5 s high speed, 5 min. with occasional
low speed pulses) the culture medium in 10 mM sodium citrate
(pH 6) and collecting the mycelia with a 50 lm sieve under sterile
conditions. The mycelium was immediately frozen in liquid nitro-
gen and stored at �80 �C until used. Total RNA and genomic DNA
were extracted using the RNeasy and DNeasy Plant Mini Kit (QIA-
GEN, Maryland), respectively, following manufactureŕs instruction.

2.3. Gene isolation and DNA constructs

The 30 end of GintGRX1 was identified in the G. intraradices EST
database (GenBank Accession No. BM027377). The 50 end was ob-
tained by rapid amplification of cDNA ends (RACE) using the
SMART RACE cDNA amplification kit (Clontech, Palo Alto, CA,
USA), the GintGRX1-specific primer GRX1 (50-TTAAAGAGCCGCA
ATCATTTTACT) and 1 lg total RNA from extraradical mycelia
grown in control plates. The genomic clone and the full-length
cDNA of GintGRX1 were obtained by PCR amplification of genomic
DNA and cDNA, respectively, using the primers 50-GAATTCATG
AGTCAAATAAA (GintGRXfw) and 50-GAATTCAAGAGCCGCAATCA
(GintGRXrev). PCR products were cloned in the pCR2.1 vector
(Invitrogen, Carlsbad, CA, USA).

To obtain pYES2-GintGRX1, the full-length GintGRX1 was iso-
lated from the pCR2.1 vector by digestion with EcoRI and ligated
into the EcoRI-digested shuttle yeast vector pYES2.

To construct pYES2-GintGRX1::GFP, a variant of GintGRX1 fused
to the N-terminus of green fluorescent protein (GFP) in pYES2, the
coding region of GintGRX1 was PCR amplified from G. intraradices
cDNA using the primers 50-CAAGCTTATGAGTCAAATA (forward)
and 50-CGAGCTCGCAAGAGCCGCAAT (reverse). The full-length of
GintGRX1, flanked by SacI and HindIII sequences, was then
subcloned into pCR2.1, released from the vector by SacI/HindIII
digestion and subcloned into the SacI/HindIII-digested vector
pYES2-GFP. To construct pYES2-GFP, the coding sequence of GFP
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was isolated from pEGFP-N3 (Clontech, Palo Alto, CA, USA) by Bam-
HI/NotI digestion and ligated into the BamHI/NotI-digested pYES2.

All plasmids were amplified by transformation of E. coli follow-
ing standard procedures and purified by using the Qiagen Miniprep
Kit (Qiagen, Maryland, USA). All constructs were checked by
sequencing before further use. Nucleotide sequences were deter-
mined by Taq polymerase cycle sequencing by using an automated
DNA sequencer (Perkin-Elmer ABI Prism 373).

2.4. Sequence analyses

Computer database comparisons were performed using Basic
Local Alignment Search Tool (BLAST) algorithm (Altschul et al.,
1990). Multiple sequence alignments of the translated gene se-
quence were carried out by using the program ClustalW (Version
1.5 Thompson et al., 1994) with default setting.

2.5. Heterologous expression and growth assays

The three S. cerevisiae mutant strains Dgrx1, Dgrx2 and Dgrx1D
grx2 were transformed with the construct pYES2-GintGRX1 or with
the empty vector (negative control) using a lithium acetate-based
method (Schiestl and Gietz, 1989). Yeast cells transformed with
the empty vector were chosen as negative control rather than
the un-induced pYES-GintGRX1 cells grown in glucose to avoid
the creation of artefacts caused by the use of different carbon
sources. Yeast transformants were selected in SD medium by auto-
trophy to uracil.

Oxidant sensitivity of the transformed yeasts was determined
by obtaining dose–response curves to H2O2 and superoxide radi-
cals, as described by Luikenhuis et al. (1998). Briefly, positive trans-
formants were grown to exponential phase in SD medium and
treated with 4 mM H2O2 or 18 mM menadione for 40 min. Aliquots
of cells were diluted in fresh YEPD medium at 20 min intervals and
plated in triplicate on YEPD plates to obtain viable counts after 3 d
of growth. Percent survival is expressed relative to the untreated
control cultures.

2.6. Enzymatic activities

The enzymatic activities of GintGRX1 were measured on cell-
free extracts of the wild-type and the Dgrx1Dgrx2 double mutant
untransformed or transformed either with pYES2-GintGRX1 or the
empty vector. Cells were grown to exponential phase in YEPD med-
ium (2% galactose/raffinose), collected by centrifugation and
washed with 10 mM potassium buffer, pH 7.0. Cells were resus-
pended in the same buffer containing 0.6 M manitol and 1 mM
PMSF, and disrupted with glass beads for 10 min at 4 �C. Cell
homogenates were centrifuged (14,000 rpm, 4 �C, 10 min). The
resultant supernatants were used as cell extracts.

The GSH-dependent disulfide oxidoreductase activity of Gin-
tGRX1 was measured by the reduction of the mixed disulfide
formed between b-hydroxyethyl disulfide (HED) and GSH (Holm-
gren and Aslund, 1995). The yeast extracts were heated at 85 �C
for 5 min to inactivate enzymes such as glutathione reductase, thi-
oredoxin reductase and other interfering, non-heat-stable activi-
ties (Holmgren, 1976). The components of the glutaredoxin
system, 0.4 mM NADPH, 1 mM GSH and 6 lg/ml glutathione
reductase from bakeŕs yeast (Sigma), as well as 0.7 mM HED were
added to a reaction volume of 1 ml in 0.1 M Tris–HCl, pH 7.4. A
mixed disulfide between HED and GSH is formed within 2 min
and the reaction was started by the addition of 100 ll of cell ex-
tracts. The reaction was followed, during 5 min, by the decrease
in the absorbance at 340 nm attributable to the oxidation of
NADPH. Three different blanks were prepared for each GRX assay:
(1) to eliminate glutathione-independent NADPH-oxidizing activ-
ity, glutathione was omitted from the complete reaction mixture
(A340-GSH); (2) to eliminate HED-independent NADPH-oxidizing
activity, HED was omitted from the complete reaction mixture
(A340-HED); (3) to eliminate non-enzymatic NADPH consuming
activity, cell extracts were omitted from the complete reaction
mixture (A340-Extract). To obtain the GRX activity in cell extracts,
the following equation was used: A340 [GRX] = (A340 [sam-
ple]) � ((A340-GSH) + (A340-HED) + (A340-Extract)).

The GSH peroxidase activity of GintGRX1 was measured by the
reduction of hydrogen peroxide catalyzed by GRX at the expense of
GSH (Inoue et al., 1999). The components of the reaction mixture
were 100 ll of yeast cell extracts, 0.4 mM NADPH, 1 mM GSH,
6 lg/ml glutathione reductase from bakeŕs yeast (Sigma) and
2 mM H2O2 in a reaction volume of 1 ml Tris–HCl, pH 7.4. Reactions
were started by addition of the hydroperoxide and followed by the
decrease in absorbance at 340 nm due to the oxidation of NADPH,
which is coupled to the reduction of GSSG to GSH by glutathione
reductase. Rates of NADPH consumption in the cell extracts were
corrected as mentioned above for the GRX activity.

The GST activity was measured by using 1-chloro-2,4-dinitro-
benzene (CDNB) as substrate. The components of the reaction were
1 mM GSH and 1 mM CDNB in a reaction volume of 1 ml in 0.1 M
potassium phosphate buffer, pH 6.5. Reactions were started by
addition of 100 ll of cell extracts and followed by the increase in
A340 caused by the formation of GSH S-conjugates (Habig et al.,
1974). To eliminate the unspecific activity, controls lacking cell ex-
tracts or GSH were measured.

2.7. Fluorescence microscopy

For the localization of the protein, the double mutants Dgrx1
Dgrx2 transformed with pYES2-GintGRX1::GFP or with pYES2-GFP
were air-dried on poly-L-lysine-coated glass coverslips. Then, the
coverslips containing the adhered cells were washed twice with
PBS, and mounted using 15 ll of Mowiol (Clabiochem).

For ROS detection, 20,70-dichlorodihydrofluorescein diacetate
(H2DCF-DA), a specific ROS molecular probe, was used. Control
extraradical mycelia and mycelia treated with 50 lM Cu or
500 lM paraquat were incubated with 10 lM H2DCF-DA in M-C
medium for 30 min. Mycelia were then washed with 28 �C pre-
warmed M-C medium for 30 min in order to eliminate the uninter-
nalized probe. Samples were examined with a fluorescence micro-
scope (Nikon Eclipse 50i), equipped with a DS-Fi1 Nikon camera.

2.8. Gene expression

GintGRX1 expression was studied by real-time RT-PCR by using
iCycler iQ (Bio-Rad, Hercules, CA, USA). cDNAs were obtained from
1 lg of total DNase-treated RNA in a 20 ll reaction containing
200 units of Super-Script II Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA) and 100 ng of random hexamers, according to
the manufacturer’s protocol. The primer set used to amplify the
coding region of GintGRX1 in the synthesized cDNAs were 50-GA
AGATTCCGAAGGAAGAGC (GintGRXfw2) and 50-CAACGTGTTGACC
CTTGATA (GintGRXrev2). Each 25 ll reaction contained 1 ll of a
1:10 dilution of the cDNA, 200 lM dNTPs, 200 nM each primer,
3 mM MgCl2, 2.5 ll SYBR Green (Molecular Probes, Eugene, OR,
USA) and 0.5 U Platinum Taq DNA Polymerase (Invitrogen, Carls-
bad, CA, USA) in 1� PCR buffer (20 mM Tris–HCl, pH 8.4, 50 mM
KCl). The PCR program consisted in a 5-min incubation at 95 �C
to activate the hot-start recombinant Taq DNA polymerase, fol-
lowed by 35 cycles of 30 s at 95 �C, 45 s at 55 �C and 45 s at
70 �C, where the fluorescence signal was measured. The specificity
of the PCR amplification procedure was checked with a heat-
dissociation protocol (from 70 to 100 �C) after the final cycle of
the PCR. The efficiency of the primer set was evaluated by perform-
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ing real-time PCR on several dilutions of plasmid DNA. The results
obtained for the different treatments were standardized to the
elongation factor 1-alpha gene levels (GenBank Accession No.
DQ282611), which were amplified with the following primers:
GintEFfw (50-GCTATTTTGATCATTGCCGCC) and GintEFrev (50-TC
ATTAAAACGTTCTTCCGACC). RT-PCR determinations were per-
formed on three independent biological samples from three repli-
cate experiments. Real-time PCR experiments were carried out
three times for each biological sample, with the threshold cycle
(Ct) determined in triplicate. The relative levels of transcription
were calculated by using the 2�DDCT method (Livak and Schmitt-
gen, 2001).

3. Results

3.1. GintGRX1 is a member of dithiol GRXs

A G. intraradices full-length cDNA showing high similarity to
other previously described GRX genes was obtained by RACE. This
Fig. 1. (A) Nucleotide and deduced amino acid sequence of GintGRX1. The open readin
sequence is boxed. The intron sequences are shown in lowercase letters. Nucleotides in b
GintGRX1 with dithiol GRXs from S. cerevisiae and S. pombe. GenBank accession nos. are
(CAA42381) and S. cerevisiae Grx2 (NP_010801). Residues identical in all sequences are i
that is involved in GSH binding.
cDNA (GenBank Accession No. AM932873) was named GintGRX1
according to the nomenclature proposed for AM fungal genes (Fran-
ken, 2002). The full-length cDNA contained a 470-nucleotide open
reading frame, a 50 UTR of 55 bp and a 30 UTR of 109 bp. Several stop
codons upstream of the ATG initiation codon and the presence of a
TGA stop codon well before the end of the cDNA indicates that the
cDNA sequence is indeed the full length (data not shown). The de-
duced GintGRX1 protein is composed of 101 amino acid residues,
with a theoretical molecular weight of 11.3 kDa (Fig. 1A). The geno-
mic sequence, obtained by PCR amplification of G. intraradices geno-
mic DNA using primers based on the first and last 18 nucleotides of
the GintGRX1 coding sequence, is also shown in Fig. 1A. The GC con-
tent of the genomic sequence is low (28%), according to the charac-
teristics of the AM fungal genome (Hosny et al., 1997). Comparison
between genomic and cDNA sequences showed that three introns
are present in the GintGRX1 gene at positions 28, 231 and 385. The
introns, shown in lowercase letters, are 79, 65 and 73 bp long,
respectively. The first two introns are flanked by the characteristic
splicing sequences GT and AG at the 50 and 30ends, respectively.
g frame is shown above the cDNA sequence, and the active site Cys-Pro-Tyr-Cys
old represent the start and stop codons. (B) Alignment of the amino acid sequence of
as follows: S. pombe Grx1 (AAF19628), S. pombe Grx2 (CAB52428), S. cerevisiae Grx1
ndicated by an asterisk. The line below the sequences indicates a conserved region



Fig. 2. Glutaredoxin (A), GSH peroxidase (B) and GST (C) activities of GintGRX1.
Enzyme activities were assayed in extracts from wild-type (WT) and Dgrx1Dgrx2
yeast cells untransformed or transformed either with the empty vector pYES2 or the
pYES2-GintGRX1 construct. Bars represent SE, n = 3.
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BLAST searches in the protein sequence database indicated that
GintGRX1 is closely related to members of the dithiol GRXs, and
share 44–60% similarity with glutaredoxins from Schizosaccharo-
myces pombe and S. cerevisiae. The predicted GintGRX1 amino acid
sequence exhibited characteristics of dithiol glutaredoxin signa-
ture: two redox-active cysteine residues (positions 25 and 28) pre-
sumably involved in the formation of a disulfide bridge, a lysine
residue proximal to the active site (position 22) most likely re-
quired for the interaction with the GSH molecule and, finally,
two consecutive glycine residues at the C-region (positions 80
and 81) that are needed for the formation of the GSH cleft of the
GRX molecule (Fig. 1B).

3.2. GintGRX1 displays GSH-disulfide oxidoreductase activity

To determine whether the identified G. intraradices gene en-
codes a true GRX, constructs were made to express the GintGRX1
gene under the control of the GAL1 promoter in a yeast
Dgrx1Dgrx2 background that lacks heat-stable oxidoreductase
activity using HED as a model disulfide substrate (Luikenhuis
et al., 1998). For that purpose, the complete GintGRX1 coding se-
quence was inserted into the yeast expression vector pYES2 and
the capability of the GintGRX1-expressing mutant yeast to reduce
the mixed disulfide formed between GSH and HED was deter-
mined. In these experiments the wild-type yeast was included as
a positive control and the untransformed and the empty vector-
transformed Dgrx1Dgrx2 double mutant as negative controls.
Fig. 2A shows that while the untransformed and the pYES2-trans-
formed Dgrx1Dgrx2 double mutant did not display any GSH-
dependent disulfide oxidoreductase activity, the yeast cells
expressing GintGRX1 presented GRX activity. These results indicate
that GintGRX1 possesses an active GSH-dependent oxidoreductase
activity.

3.3. GintGRX1 is also active as GSH peroxidase and GST

The consideration that in S. cerevisiae dithiol GRXs are multi-
functional proteins that also have GSH peroxidase and GST activi-
ties prompted us to determine whether the GintGRX1 gene product
displayed these enzymatic activities. For this purpose, protein ex-
tracts of the Dgrx1Dgrx2 mutant overexpressing the G. intraradices
GRX gene were assessed for GSH peroxidase and GST activities. As
expected, the Dgrx1Dgrx2 double mutant displayed both enzy-
matic activities although in a less extent than the wild-type cells
(Figs. 2B and C). In agreement with previous observations that
multicopy vectors increase resistance of yeast cells to ROS (Luiken-
huis et al., 1998), the empty vector-transformed cells displayed
higher GSH peroxidase and GST activities than the untransformed
cells. However, these activities were significantly higher in the ex-
tracts of the GintGRX1-overexpressing Dgrx1Dgrx2 cells. These re-
sults demonstrate that the G. intraradices dithiol GRX1 is a
multifunctional protein that not only displays thiol oxidoreductase
activity but also GSH peroxidase and GST activities.

3.4. Functional complementation of yeast defective in dithiol GRXs

To assess the biological function of GintGRX1, we determined
whether GintGRX1 could restore yeast ScGRX1 or ScGRX2 function
and suppress the sensitivity of the grx mutants to external oxi-
dants. We transformed the single and double grx mutants with
either the yeast expression vector pYES2 (negative control) or its
derivative pYES2-GintGRX1 containing the GintGRX1 cDNA down-
stream of the GAL1 promoter and compared the sensitivity of the
transformed and non-transformed yeasts quantitatively by gener-
ating dose–response curves to hydrogen peroxide and menadione
(a superoxide-generating compound). In these experiments, yeast
cells were grown to exponential phase in minimal medium and
then treated with 18 mM menadione or 4 mM H2O2 for 40 min
during which cell viability was monitored. For the menadione
treatment, we observed that expression of GintGRX1 decreased
sensitivity of the three mutant strains (Fig. 3). Sensitivity to super-



Fig. 3. Superoxide sensitivity of the dithiol grx yeast mutants expressing GintGRX1.
Yeast cells defective in Grx1 (}), Grx2 (D) or both (h) were transformed with
pYES2-GintGRX1 (closed symbols) or with the empty vector pYES2 (open symbols),
grown to exponential phase in SD medium and treated with 18 mM menadione for
40 min. Cells were diluted and plated in triplicate onto YEPD medium to monitor
cell viability at 20-min intervals. Percent survival is expressed relative to the
untreated control cultures. Bars represent SE, n = 3.
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oxide was suppressed by 57% in the GintGRX1-expressing Dgrx1
cells, whereas in the GintGRX1-expressing Dgrx2 and Dgrx1Dgrx2
yeast cells superoxide sensitivity was decreased only in a 37%
and 25%, respectively. These data indicate a role for GintGRX1 in
the in vivo protection against the oxidative stress caused by super-
oxide. Unfortunately we were unable to determine whether Gin-
tGRX1 plays a role in protection to hydroperoxide, as we found
that the vector-transformed yeasts presented a considerably high-
er tolerance to H2O2 than the non-transformed cells (data not
shown), which precluded us from determining the hydroperoxide
sensitivity of the mutant yeasts expressing GintGRX1.

3.5. GintGRX1 is targeted to the yeast cytosol

To look into the subcellular localization of GintGRX1, we fused
GintGRX1 cDNA with GFP at its C terminus. Since no transformation
technology is available at the moment for AM fungi, we used yeast
as heterologous system to visualize the location of the GFP-tagged
GintGRX1 protein in vivo. For this purpose, we expressed GintGRX1
in fusion with GFP in mutants lacking both genes (Dgrx1Dgrx2).
Fig. 4. Subcellular localization of GintGRX1. The double mutant Dgrx1Dgrx2 transform
epifluorescence microscopy (B and E), bright field (A and D) and merged images (C and
The yeast cells expressing GintGRX1-GFP fusion protein showed
a general cytosolic fluorescence similar to the fluorescence of cells
expressing GFP alone (Fig. 4), which indicates that in the yeast
strains used GintGRX1 was targeted to the cytoplasm.

3.6. GintGRX1 is regulated by superoxide radicals

To investigate whether GintGRX1 could play a role in detoxifica-
tion/homeostasis of ROS in G. intraradices, the expression of this
gene was analyzed by real-time RT-PCR in extraradical mycelia
that had been exposed for different periods of time to H2O2 and
to the superoxide-generating compound paraquat. The use of para-
quat instead of menadione in these assays is due to the fact that we
have previously established the dose and time needed for this
compound to induce an oxidative stress to G. intraradices (Gon-
zález-Guerrero et al., 2007). As GintGRX1 expression in mycelia
from control plates was the same at all the time points analysed,
gene expression data are referred to the expression levels detected
in mycelia from control plates at time 0. Exposure of the mycelia to
paraquat induced transiently GintGRX1 expression (Fig. 5A). An in-
crease in GintGRX1 mRNA levels was observed, reaching a 2-fold
induction peak, 12 h after the addition of paraquat, and then fell
back to basal levels within 24 h of treatment. No significant differ-
ences in expression levels were detected at the other time-points
studied. Surprisingly, the addition of H2O2 to the extraradical
mycelium did not significantly affect the GintGRX1 transcript levels
(Fig. 5B) at any of the concentrations and time-points analyzed.

3.7. GintGRX1 is regulated by copper

To get further insights into the putative roles of GintGRX1 in G.
intraradices, we also assessed whether this gene was transcription-
ally regulated by Cu, a redox-active heavy metal that produces an
oxidative stress to G. intraradices, as we revealed by measuring the
lipid peroxidation levels of the fungal membranes of the Cu-trea-
ted mycelia (González-Guerrero et al., 2007). For this purpose,
we analysed the accumulation of GintGRX1 transcript levels after
the exposure of the mycelia to 50 lM of copper sulfate for 12 h,
24 h and 7 d. No significant effects were detected after 12 h of Cu
exposure. However, an increase in GintGRX1 transcription was de-
tected 12 h later and this induction reached a maximum, 3-fold in-
crease, 7 d after Cu exposure (Fig. 5C).

To determine whether the highest levels of GintGRX1 expression
in the Cu-treated mycelium could be linked to an accumulation of
ROS in the fungal hyphae, the presence of these chemical species
ed with pYES2-GFP (A–C) or with pYES2-GintGRX1::GFP (D–F) were visualized by
F).



Fig. 5. GintGRX1 expression in the extraradical mycelium of Glomus intraradices.
Total RNA was extracted from the extraradical mycelia of G. intraradices cultured in
M-C medium and treated with 500 lM paraquat (A), 0.3 or 3 mM hydrogen
peroxide (B) or 50 lM Cu (C). RNAs were reverse transcribed and the expression
was determined by quantitative real-time RT-PCR using gene-specific primers for
GintGRX1 and GintEF. Changes in GintGRX1 expression were calculated by using the
2�DDCT method. Bars represent SE, n = 3.
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was estimated by using H2DCF-DA in the extraradical mycelia of
the fungus exposed for 7 d to Cu. In these assays we included as
controls the untreated mycelia (negative control) and mycelia trea-
ted with paraquat for 12 h (positive control). An intensive green
fluorescence, corresponding to the oxidative form of H2DCF-DA,
was detected in Cu-treated hyphae but not in the spores
(Fig. 6G–I). This fluorescence pattern was similar to that observed
in the paraquat-treated fungus (Fig. 6D–F) although, in this case,
some fluorescence could also be observed in the spores. Hyphae
of the untreated control plates did not display any green fluores-
cence (Fig. 6A–C), although an accumulation of ROS could be ob-
served at the sites of mechanical damage (data not shown).
These data confirm that exposure of the fungus to Cu induces an
oxidative stress in the fungal hyphae, and suggest that up-regula-
tion of GintGRX1 by Cu could be related to the oxidative status of
the fungus.

4. Discussion

AM fungi, like other organisms, must have evolved a sophisti-
cated network to scavenge ROS and to maintain the fungal redox
balance. In this report we provide the first evidence for the exis-
tence of a functional glutaredoxin (GintGRX1) in an AM fungus.
GintGRX1 sequence is similar to those found in other organisms,
showing the highest homology to fungal dithiol GRXs. By using a
yeast expression system, we found that the first characterized
AM fungal GRX is a multifunctional protein with oxidoreductase,
peroxidase and GST activity. Our findings also indicate that Gin-
tGRX1 might play a role in oxidative stress protection in the AM
fungus G. intraradices.

GRXs are GSH-dependent proteins that have been identified in
prokaryotic and eukaryotic organisms (reviewed in Fernandes
and Holmgren, 2004). Depending on their active site, these GRXs
are classified as dithiol or monothiol GRXs. In the family of dithiol
GRXs, three conserved regions have been identified that comprise
the active site (CXXC), hydrophobic surface and a GSH-binding site
(Holmgren et al., 2005). All these three regions were identified in
GintGRX1, demonstrating that the cloned GintGRX1 protein be-
longs to the family of dithiol GRXs.

By using yeast as expression system, we demonstrate here that
the protein encoded by GintGRX1 has a GSH-disulfide oxidoreduc-
tase activity and therefore, GintGRX1 encodes a functional dithiol
GRX. Our yeast complementation assays were complicated by the
fact that, in certain experiments, multicopy vectors alone increase
resistance to ROS, presumably because of the induction of a cellular
stress response (Luikenhuis et al., 1998). In our experimental sys-
tem, the increased resistance of the empty vector-transformed
grx mutants to hydrogen peroxide could be due to the higher per-
oxidase and GST activities detected in the protein extracts of the
empty vector-transformed Dgrx1Dgrx2 yeasts. Although it has
been previously reported that the S. cerevisiae mutant lacking
GRX2 (Dgrx2) was not sensitive to menadione (Luikenhuis et al.,
1998), we observed that this strain displayed similar sensitivity
to menadione than the double mutant Dgrx1Dgrx2. The S. cerevisi-
ae GRX2 has been proposed to play a role in hydroperoxide protec-
tion, thus sensitivity of the Dgrx2 mutant to menadione could be
due to superoxide conversion to hydrogen peroxide during its
detoxification (Gille and Sigler, 1995).

Our findings showing that exposure of G. intraradices to para-
quat up-regulates GintGRX1 expression together with the observa-
tion that its gene product restores resistance of the GRX1 deletion
yeast strain to superoxide strongly suggest a role for GintGRX1 in
protection of G. intraradices against the superoxide anion. In other
organisms detoxification of superoxide is performed by superoxide
dismutases without requiring electrons from the glutaredoxin or
thioredoxin system (Culotta et al., 2006). Therefore, it is quite pos-
sible that GintGRX1 does not directly detoxify relevant amounts of
superoxide but provide electrons to other enzymes. Since GRX is a
GSH-dependent protein whose main function is to maintain the re-
duced state of cysteines in cellular proteins, GintGRX1 might play a



Fig. 6. Intracellular production of ROS in paraquat- or Cu-exposed Glomus intraradices extraradical mycelia (hyphae and spores). The production of ROS was visualized by
fluorescence microscopy using the ROS-sensitive probe H2DCF-DA. Control mycelia with no evidence of endogenous ROS production(A–C), and extraradical mycelia exposed
to500 lM paraquat (D–F) or 50 lM Cu (G–I).
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key role in the defence of the fungus against the oxidative stress
induced by superoxide by regulating the redox state of protein
sulfhydryl groups and by reducing their glutathionylated cysteine
residues with the concurrent oxidation of GSH to GSSG. To date,
very few in vivo substrates have been documented for eukaryotic
dithiol GRXs. Mammalian GRXs can act as a dethionylase for actin
(Shelton et al., 2005), Hsp70 (Hoppe et al., 2004) and Ras (Adachi
et al., 2004), and on intramolecular disulphide on superoxide dis-
mutases (Carroll et al., 2006). However, no substrates have been
yet identified for the fungal GRXs. These enzymatic mechanisms
for repairing oxidation of the sulfhydryl groups of cysteines must
not be contemplated as merely emergency repair systems, but also
as mechanisms modulating biological functions through redox
control of proteins sulfhydryl groups.

The role of GintGRX1 in hydroperoxide protection is not so
obvious. The heterologous system used did not allow us to deter-
mine whether GintGRX1 is involved in hydroperoxide protection
and we observed that GintGRX1 was not transcriptionally regu-
lated by H2O2. The observation that GintGRX1 is also active as
GSH peroxidase and GST, enzymes involved in hydroperoxide
detoxification, suggests a protective role against hydroperoxides
for this protein in G. intraradices. Therefore, it is likely that, simi-
larly to what happens in yeast, GintGRX1 constitutes an alternative
system to other peroxide-decomposing enzymes, such as catalases,
peroxiredoxins and glutathione peroxidases, in protection against
hydroperoxides in the arbuscular mycorrhizal fungus G. intraradic-
es. However, further studies with the purified GintGRX1 protein
are needed to determine whether this protein possesses peroxi-
dase activity itself or promotes the activity of other thiol-depen-
dent peroxidases.

The reason for the differential transcriptional regulation of Gin-
tGRX1 by hydrogen peroxide and superoxide radicals is currently
unknown, but may reflect differences in the type of damage in-
duced by these ROS. Although an overlap between the stress re-
sponses induced by superoxide anion and H2O2 has been
reported in other organisms (D́Autréaux and Toledano, 2007),
screening of the S. cerevisiae deletion mutant collection for sensi-
tivity to various oxidants has provided evidence that cells have dif-
ferent mechanisms to provide protection against different ROS
(Thorpe et al., 2004). In this respect, it was found that the two
dithiol GRXs of S. cerevisiae and S. pombe exhibit some specificity
in the defence against oxidants. Thus, while the S. cerevisiae Grx1
and S. pombe Grx2 isoforms were required for protection against
the superoxide anion, the S. cerevisiae Grx2 and S. pombe Grx1
are specialized in protection against hydroperoxides (Luikenhuis
et al., 1998; Chung et al., 2004). Further studies are needed to
determine whether G. intraradices possesses additional GRXs that
might play distinct roles in defence against oxidative stress.

Apart from the proposed role in oxidative stress protection, Gin-
tGRX1 might also function as a reductant of RNR in G. intraradices.
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In E. coli the dithiol Grx1 is the main in vivo contributor for RNR
reduction and is required for DNA synthesis (Potamitou et al.,
2002). Nevertheless, in yeast, as demonstrated by genetic studies
with multiple mutants, the cytosolic TRX system is the major reg-
ulator of RNR and a secondary in vivo role for dithiol GRXs in reduc-
ing RNR has been proposed (Koc et al., 2006). Unfortunately, the
lack of standardized protocols for the genetic transformation in
AM fungi precluded us from determining the in vivo contribution
of GintGRX1 for RNR reduction in G. intraradices and whether GRXs
or TRX are the preferred reductants of this enzyme in this organ-
ism. However, it is likely that the thiol redox system in AM fungi
is more closely related to its eukaryotic counterpart.

Environmental stresses are known to promote ROS formation in
cells, potentially overwhelming antioxidant defenses. As shown
here, an excess of Cu, a redox-active metal that catalyzes Fenton-
type reactions and accelerates generation of the highly reactive hy-
droxyl radicals from superoxide and hydrogen peroxide (Halliwell
and Gutteridge, 1989), induces an accumulation of ROS in the
extraradical mycelium of G. intraradices. Our data revealing tran-
scriptional up-regulation of GintGRX1 after exposure of the myce-
lium to Cu suggests a role for its encoded protein in protecting
the fungus from the Cu-induced oxidative stress. Similarly, a role
for yeast GRXs in selenite-mediated oxidative stress has been re-
cently reported (Lewinska and Bartosza, 2008).

In the present study, we report that GintGRX1, the first GRX
identified in an AM fungus, might play a role in protection against
ROS. It is well established that the GRX system is essential for
keeping cytoplasmic proteins in a reduced state under stress con-
ditions, where hydrogen peroxide and/or superoxide act as signal
molecules in not fully understood signal-transduction pathways
(reviewed by Carmel-Harel and Storz, 2000; Song et al., 2002).
Our gene expression results together with our complementation
assays suggest that GintGRX1 functions in systems where superox-
ide acts as molecular signal. However, further studies are needed to
confirm this hypothesis and to fully understand the role of GRXs in
AM fungi.

Acknowledgements

This work was founded by a grant from the Consejería de Innova-
ción, Ciencia y Empresa of the Junta de Andalucía, Spain (P06-CVI-
02263). Karim Benabdellah was supported by an I3P contract from
the Spanish Council for Scientific Research (CSIC). We would like to
thank Drs. José Miguel Barea and Francisco Martín for helpful discus-
sions and Ascención Valderas for excellent technical assistance.

References

Adachi, T., Pimentel, D.R., Heibeck, T., Hou, X., Lee, Y.J., Jiang, B., Ido, Y., Cohen, A.,
2004. S-Glutathiolation of Ras mediates redox-sensitive signaling by
angiotensin II in vascular smooth muscle cells. J. Biol. Chem. 279, 29857–29862.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local
alignment search tool. J. Mol. Biol. 215, 403–410.

Apel, K., Hirt, H., 2004. Reactive oxygen species: metabolism, oxidative stress, and
signal transduction. Ann. Rev. Plant Biol. 55, 373–399.

Bellí, G., Polaina, J., Tamarit, J., de la Torre, M.A., Rodríguez-Manzaneque, M.T., Ros,
J., Herreo, E., 2002. Structure–function analysis of yeast Grx5 monothiol
glutaredoxin defines essential amino acids for the function of the protein. J.
Biol. Chem. 277, 37590–37596.

Carmel-Harel, O., Storz, G., 2000. Roles of the glutathione- and thioredoxin-
dependent reduction systems in the Escherichia coli and Saccharomyces
cerevisiae responses to oxidative stress. Annu. Rev. Microbiol. 54, 439–461.

Carroll, M.C., Outten, C.E., Proescher, J.B., Rosenfeld, L., Watson, W.H., Whitson, L.J.,
Hart, P.J., Jensen, L.T., Culotta, V.C., 2006. The effects of glutaredoxin and copper
activation pathways on the disulfide and stability of Cu, Zn superoxide
dismutase. J. Biol. Chem. 39, 28648–28656.

Chabot, S., Bécard, G., Piché, Y., 1992. Life cycle of Glomus intraradix in root organ
culture. Mycologia 84, 315–321.

Chung, W.H., Kim, K.D., Cho, Y.J., Roe, J.H., 2004. Differential expression and role of
two dithiol glutaredoxins Grx1 and Grx2 in Schizosaccharomyces pombe.
Biochem. Biophys. Res. Commun. 321, 922–929.
Collinson, E.J., Wheeler, G.L., Garrido, E.O., Avery, A.M., Avery, S.V., Grant, C.M., 2002.
The yeast glutaredoxins are active as glutathione peroxidases. J. Biol. Chem.
277, 16712–16717.

Collinson, E.J., Grant, C.M., 2003. Role of yeast glutaredoxins as glutathione S-
transferases. J. Biol. Chem. 278, 22492–22497.

Culotta, V.C., Yang, M., O’Halloran, T.V., 2006. Activation of superoxide dismutases:
putting the metal to the pedal. Biochim. Biophys. Acta 1763, 747–758.

DAutréaux, B., Toledano, M.B., 2007. ROS as signalling molecules: mechanisms that
generate specificity in ROS homeostasis. Nat. Rev. Mol. Cell. Biol. 8, 813–824.

Fernandes, A.P., Holmgren, A., 2004. Glutaredoxin glutathione-dependent redox
enzyme with functions far beyond a simple thioredoxine backup system.
Antioxid. Redox Signal. 6, 63–74.

Ferrol, N., Perez-Tienda, J., Azcón-Aguilar, C. in press. Coordinated nutrient
exchange in arbuscular mycorrhizal interfaces. In: Azcón-Aguilar, C., Barea,
J.M., Gianinazzi, S., Gianinazzi-Pearson, V. (Eds.), Mycorrhizas: Functional
Processes and Ecological Impact. Springer..

Fobert, P.R., Després, C., 2005. Redox control of systemic acquired resistance. Curr.
Opin. Plant Biol. 8, 378–382.

Franken, P., 2002. A plea for a concerted nomenclature for arbuscular mycorrhizal
genes. Mycorrhiza 12, 319.

Gille, G., Sigler, K., 1995. Oxidative stress and living cells. Folia Microbiol. 40, 131–
152.

González-Guerrero, M., Cano, C., Azcón-Aguilar, C., Ferrol, N., 2007. GintMT1
encodes a functional metallothionein in Glomus intraradices that responds to
oxidative stress. Mycorrhiza 17, 327–335.

Grant, C.M., Maciver, F.H., Dawes, I.W., 1996. Glutathione is an essential metabolite
required for resistance to oxidative stress in the yeast Saccharomyces cerevisiae.
Curr. Genet. 29, 511–515.

Grant, C.M., Luikenhuis, S., Beckhouse, A., Soderbergh, M., Dawes, I.W., 2000.
Differential regulation of glutaredoxin gene expression in response to stress
conditions in the yeast Saccharomyces cerevisiae. Biochim. Biophys. Acta 1490,
33–42.

Habig, W.H., Pabst, M.J., Jakoby, W.B., 1974. Glutathione S-transferases. The first
enzymatic step in mercapturic acid formation. J. Biol. Chem. 249, 7130–7139.

Halliwell, B., Gutteridge, J.M.C., 1989. Free Radicals in Biology and Medicine, second
ed. Oxford University Press, Clarendon, Oxford.

Holmgren, A., 1976. Hydrogen donor system for Escherichia coli ribonucleoside-
diphosphate reductase dependent upon glutathione. Proc. Natl. Acad. Sci. USA
73, 2275–2279.

Holmgren, A., Aslund, F., 1995. Glutaredoxin. Methods Enzymol. 252, 283–292.
Holmgren, A., Johansson, C., Berndt, C., Lönn, M.E., Hudemann, C., Lillig, C.H., 2005.

Thiol redox control via thioredoxin and glutaredoxin systems. Biochem. Soc.
Trans. 33, 1375–1377.

Hoppe, G., Chai, Y.C., Crabb, J., Sears, J., 2004. Protein S-glutathionylation in retinal
pigment epithelium converts heat shock protein 70 to an active chaperone. Exp.
Eye Res. 78, 1085–1092.

Hosny, M., de Barros, J.P.P., Gianinazzi-Pearson, V., Dulieu, H., 1997. Base
composition of DNA from glomalean fungi: high amount of methylated
cytosine. Fung. Genet. Biol. 22, 103–111.

Inoue, Y., Matsuda, T., Sugiyama, K., Izawa, S., Kimura, A., 1999. Genetic analysis of
glutathione peroxidase in oxidative stress response in Saccharomyces cerevisiae.
J. Biol. Chem. 274, 27002–27009.

Izquierdo, A., Casas, C., Mühlenhoff, U., Lillig, C.H., Herrero, E., 2008. Saccharomyces
cerevisiae Grx6 and Grx7 are monothiol glutaredoxins associated with the early
secretory pathway. Eukaryotic Cell. 7, 1415–1426.

Koc, A., Mathews, C.K., Wheeler, L.J., Gross, M.K., Merrill, G.F., 2006. Thioredoxin is
required for deoxyribonucleotide pool maintenance during S phase. J. Biol.
Chem. 281, 15058–15063.

Lanfranco, L., Novero, M., Bonfante, P., 2005. The mycorrhizal fungus Gigaspora
margarita possesses a CuZn supeoxide dismutase that is up-regulated during
symbiosis with legume hosts. Plant Physiol. 137, 1319–1330.

Lee, J.H., Kim, K., Park, F.H., Ahn, K., Lim, C.J., 2007. Expression, characterization and
regulation of a Saccharomyces cerevisiae monothiol glutaredoxin (Grx6) gene
in Schizosaccharomyces pombe. Mol. Cells 24, 316–322.

Lewinska, A., Bartosza, G., 2008. A role for yeast glutaredoxin genes in selenite-
mediated oxidative stress. Fung. Genet. Biol. 45, 1182–1187.

Lillig, C.H., Berndt, C., Vergnolle, O., Lönn, M.E., Hudemann, C., Bill, E., Holmgren, A.,
2005. Characterization of human glutaredoxin 2 as iron–sulfur protein: a
possible role as redox sensor. Proc. Natl. Acad. Sci. USA 102, 8168–8173.

Lillig, C.H., Berndt, C., Holmgren, A., 2008. Glutaredoxin systems. Biochim. Biophys.
Acta 1780, 1304–1317.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 2DDCT method. Methods 25, 402–
408.

Luikenhuis, S., Perrone, G., Dawes, I.W., Grant, C.M., 1998. The Yeast Saccharomyces
cerevisiae contains two glutaredoxin genes that are required for protection
against reactive oxygen species. Mol. Biol. Cell 9, 1081–1091.

Mesecke, N., Mittler, S., Eckers, E., Herrmann, J.M., Depont, M., 2008. Two novel
monothiol glutaredoxins from Saccharomyces cerevisiae provide further insight
into iron–sulfur cluster binding, oligomerization, and enzymatic activity of
glutaredoxins. Biochem. J. 47, 1452–1463.

Molina, M.M., Belli, G., de la Torre, M.A., Rodriguez-Manzaneque, M.T., Herrero, E.,
2004. Nuclear monothiol glutaredoxins of Saccharomyces cerevisiae can function
as mitochondrial glutaredoxins. J. Biol. Chem. 279, 51923–51930.

Neill, S.J., Desikan, R., Clarke, A., Hurst, R.D., Hancock, J.T., 2002. Hydrogen peroxide
and nitric oxide as signalling molecules in plants. J. Exp. Bot. 53, 1237–1247.



K. Benabdellah et al. / Fungal Genetics and Biology 46 (2009) 94–103 103
Ojeda, L., Keller, G., Mühlenhoff, U., Rutherford, J.C., Lill, R., Winge, D.R., 2006. Role of
glutaredoxin-3 and glutaredoxin-4 in the iron regulation of the Aft1
transcriptional activator in Saccharomyces cerevisiae. J. Biol. Chem. 281,
17661–17669.

Pedrajas, J.R., Porras, P., Martinez-Galisteo, E., Padilla, C.A., Miranda-Vizuete, A.,
Barcena, J.A., 2002. Two isoforms of Saccharomyces cerevisiae glutaredoxin 2 are
expressed in vivo and localize to different subcellular compartments. Biochem.
J. 364, 617–623.

Potamitou, A., Holmgren, A., Vlamis-Gardikas, A., 2002. Protein levels of Escherichia
coli thioredoxins and glutaredoxins and their relation to null mutants, growth
phase, and function. J. Biol. Chem. 277, 18561–18567.

Rhoads, D.M., Umbach, A.L., Chalivendra, S.C., Siedow, J.N., 2006. Mitochondrial
reactive oxygen species. Contribution to oxidative stress and interorganellar
signaling. Plant Physiol. 141, 257–366.

Rodríguez-Manzaneque, M.T., Ros, J., Cabiscol, E., Sorribas, A., Herrero, E., 1999.
Grx5 glutaredoxin plays a central role in protection against protein oxidative
damage in S. Cerevisiae. Mol. Cell. Biol. 19, 8180–8190.

Rodriguez-Manzaneque, M.T., Tamarit, J., Belli, G., Ros, J., Herrero, E., 2002. Grx5 is a
mitochondrial glutaredoxin required for the activity of iron/sulfur enzymes.
Mol. Biol. Cell 13, 1109–1121.

Rouhier, N., Gelhaye, E., Jacquot, J.P., 2004. Plant glutaredoxins: still mysterious
reducing systems. Cell. Mol. Life Sci. 61, 1266–1277.

Schiestl, R.H., Gietz, R.D., 1989. High efficiency transformation of intact cells using
single stranded nucleic acids as a carrier. Curr. Genet. 16, 339–346.

Shelton, M.D., Chock, P.B., Mieyal, J.J., 2005. Glutaredoxin: role in reversible protein
S-glutathionulation and regulation of redox signal transduction and protein
translocation. Antioxid. Redox Signal. 7, 348–366.

Smith, S.E., Read, D.J., 1997. Mycorrhizal Symbiosis, second ed. Academic Press,
London, UK.
Song, J.J., Rhee, J.G., Suntharalingam, M., Walsh, S.A., Spitz, D.R., Lee, Y.J., 2002. Role
of glutaredoxin in metabolic oxidative stress. Glutaredoxin as a sensor of
oxidative stress mediated by H2O2. J. Biol. Chem. 277, 46566–46575.

St-Arnaud, M., Hamel, C., Vimard, B., Caron, M., Fortin, J.A., 1996. Enhanced hyphal
growth and spore production of the arbuscular mycorrhizal fungus Glomus
intraradices in an in vitro system in the absence of host roots. Mycol. Res. 100,
328–332.

Storz, G., Imlay, J.A., 1999. Oxidative stress. Curr. Opin. Microbiol. 2, 188–194.
Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. CLUSTAL W: improving the

sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res. 22, 4673–4680.

Thorpe, G.W., Fong, C.S., Alic, N., Higgins, V.J., Dawes, I.W., 2004. Cells have
distinct mechanisms to maintain protection against different reactive
oxygen species: oxidative-stress-response genes. Proc. Natl. Acad. Sci. USA
101, 6564–65569.

van der Heijden, M.G.A., Sanders, I.R., 2002. Mycorrhizal ecology: synthesis and
perspectives. In: van der Heijden, M.G.A., Sanders I.R., (Eds.), Mycorrhizal
ecology. Springer-Verlag, Berlin, Heildelberg, Germany. Ecol. Stud 157, 441–
456.

Vilella, F., Alves, R., Rodriguez-Manzaneque, M.T., Bellí, G., Swaminathan, S.,
Sunnerhagen, P., Herrero, E., 2004. Evolution and cellular function of
monothiol glutaredoxins: involvement in iron–sulphur cluster assembly.
Comp. Funct. Genom. 5, 328–341.

Vlamis-Gardikas, A., Holmgren, A., 2002. Thioredoxin and glutaredoxin isoforms.
Methods Enzymol. 347, 286–296.

Waschke, A., Sieh, D., Tamasloukht, M., Fischer, K., Mann, P., Franken, P., 2006.
Identification of heavy metal-induced genes encoding S-transferases in the
arbuscular mycorrhizal fungus Glomus intraradices. Mycorrhiza 17, 1–10.


	GintGRX1, the first characterized glomeromycotan glutaredoxin, is a multifunctional enzyme that responds to oxidative stress
	Introduction
	Materials and methods
	Microorganisms and culture conditions
	Extraradical mycelia recovery and nucleic acids extraction
	Gene isolation and DNA constructs
	Sequence analyses
	Heterologous expression and growth assays
	Enzymatic activities
	Fluorescence microscopy
	Gene expression

	Results
	GintGRX1 is a member of dithiol GRXs
	GintGRX1 displays GSH-disulfide oxidoreductase activity
	GintGRX1 is also active as GSH peroxidase and GST
	Functional complementation of yeast defective in dithiol GRXs
	GintGRX1 is targeted to the yeast cytosol
	GintGRX1 is regulated by superoxide radicals
	GintGRX1 is regulated by copper

	Discussion
	Acknowledgements
	References


