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Abstract The recent release of several basidiomycete

genome sequences allows an improvement of the classifi-

cation of fungal glutathione S-transferases (GSTs). GSTs

are well-known detoxification enzymes which can catalyze

the conjugation of glutathione to non-polar compounds that

contain an electrophilic carbon, nitrogen, or sulfur atom.

Following this mechanism, they are able to metabolize

drugs, pesticides, and many other xenobiotics and perox-

ides. A genomic and phylogenetic analysis of GST classes

in various sequenced fungi—zygomycetes, ascomycetes,

and basidiomycetes—revealed some particularities in GST

distribution, in comparison with previous analyses with

ascomycetes only. By focusing essentially on the wood-

degrading basidiomycete Phanerochaete chrysosporium,

this analysis highlighted a new fungal GST class named

GTE, which is related to bacterial etherases, and two new

subclasses of the omega class GSTs. Moreover, our phylo-

genetic analysis suggests a relationship between the sap-

rophytic behavior of some fungi and the number and

distribution of some GST isoforms within specific classes.
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Introduction

Glutathione S-transferases (GSTs; EC 2.5.1.18) constitute a

complex and widespread enzyme superfamily that has been

subdivided into an ever-increasing number of classes based

on a variety of criteria, including amino acid/nucleotide

sequence comparisons, and immunological, kinetic, and

structural properties. Four main subfamilies are generally

recognized: the cytosolic GSTs, the microsomal GSTs

(MAPEG), the mitochondrial (also known as kappa class

GST), and the bacterial fosfomycin-resistance GSTs [1, 2].

A common feature of this superfamily is the ability of these

proteins to bind a broad range of ligands, and particularly

hydrophobic ligands, explaining their potential role as class

II biotransformation enzymes that function in the detoxifi-

cation of xenobiotics and endogenous toxicants [2, 3]. In

plants and animals, GSTs are the principal phase II enzymes

involved in metabolic detoxification processes. Their main

chemistry is to catalyze the conjugation of the tripeptide

glutathione (GSH) with compounds containing an electro-

philic center (carbon, nitrogen, or sulfur) to form more

soluble, non-toxic peptide derivatives, ready to be excreted

or compartmentalized by phase III enzymes [4]. A recent

remarkable study has highlighted the capacity of the tau

class GSTs to bind glutathionylated lipids with high speci-

ficity and affinity and also to catalyze the linkage of the

glutathione moiety to the acyl group [5].

Some GSTs, however, possess functions which overlap

with those of thiol-dependent peroxidases (peroxiredoxins

and glutathione peroxidases), reducing peroxides and other
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Alimentation, Unité Mixte de Recherches INRA UHP 1136

Interaction Arbres Microorganismes, Université Nancy I BP 239,
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products resulting from oxidative stress. In human, a GST

has been recognized as one of the predominant enzymes

responsible for the metabolism of both 4-hydroxy-2-nonenal

(HNE) enantiomers [6]. HNE is a toxic aldehyde generated

upon lipid peroxidation, and its GST-dependent conjugation

with GSH influences many signal transduction pathways

and modulates the activity of transcription factors [2]. Other

GSTs can function in prostaglandin and steroid synthesis, or

degradation of aromatic amino acids [2], and many of them

have been considered as biomarkers of several human dis-

eases, mainly cancer [7–9]. A rat liver membrane-bound

microsomal GST contributes to transition pore opening

controlling the mitochondrial permeability [10]. In bacteria,

GSTs could display various functions such as protection

against antibiotics [11] or lignin degradation by cleaving

b-aryl ether linkages [12]. They could also be potential

useful markers for polycyclic aromatic hydrocarbon (PAH)

pollution [13]. In Saccharomyces cerevisiae, the role of

ScGTO1 in the peroxisomes could be related to the redox

regulation of the Str3 cystathionine b-lyase protein [14].

Cytosolic GSTs are soluble dimeric proteins with a

relatively conserved N-terminal thioredoxin-like domain

bearing a bababba topology that is responsible for GSH

binding and a more variable C-terminal domain. This

canonical GST fold is observed extensively in nature, being

sometimes associated with biological functions unlinked to

GSTs. This is the case for instance of the bacterial stringent

starvation protein A (SspA) or the intracellular chloride ion

channel (CLIC1) [15].

A common feature in the GST superfamily is the pres-

ence of two binding sites for each of the substrates, a G-site

for GSH and an H-site for the hydrophobic electrophile.

Generally, GSTs are functionally active as homodimers or

heterodimers, but in any case GST subunits are able to

interact only with subunits of the same class [16]. Usually,

within the classes, the N-terminal part of the proteins is the

most conserved since it encloses an important part of the

active site, namely the glutathione binding area, the G-site

[17]. On the other hand, the H-site is found primarily in the

C-terminal domain and its structure varies among GSTs.

The large diversity among GSTs could thus be explained

by the vast spectrum of electrophilic toxic or non-toxic

compounds. Usually, the binding of GSH to the enzyme

induces a lowering of the pKa value of its thiol group from

9 to about 6.2–6.6 [18], allowing a facilitated deprotonation

of the thiol to form the thiolate required for the nucleo-

philic attack. The catalytic residue of the G-site differs

depending on the class considered and it is usually either

Ser, Tyr, Phe, or Cys. Furthermore, in the URE2p class, an

Asn seems to be essential for the activation of the thiolate

of GSH [19]. In addition, a model for GSH activation

which involves a water molecule and the GSH glutamyl

a-carboxylate group has been proposed [20].

Bacterial and fungal GSTs are so far poorly character-

ized in terms of functions and diversification in comparison

with their plant and animal counterparts [21, 22]. Although

nearly 10 isoforms can be found in proteobacteria for

instance, the functions of these enzymes have remained

obscure until now. The bacterial GSTs that have been

investigated are usually involved in degradation pathways

of recalcitrant chemicals which can be used for growth by

host bacteria [23, 24]. Fungal GSTs have also been poorly

studied, the few available data, concerning mainly yeast,

indicate that they are potentially involved in protecting

cells against damage resulting from oxidative stress, heavy

metals, and antifungal compounds, thus highlighting the

functional diversity of these enzymes [25–27]. Taking

advantage of the recent release of several basidiomycete

and ascomycete genome sequences, this review will deal

with the description of the main fungal cytosolic GSTs

classes focusing mostly on the wood-degrading basidio-

mycete Phanerochaete chrysosporium. In addition to

making an overview of GSTs in fungi, this study aims at

establishing a relationship between the way of life of the

fungi and the occurrence of specific GSTs, searching for

putative environmental biomakers.

Glutathione S-transferases diversity in fungi

We have investigated the diversity of GSTs in fungi

focusing to the genomes of P. chrysosporium, Postia pla-

centa, Trichoderma reseei, Neurospora crassa, Aspergillus

sp., Magnaporthe grisea, Botrytis cinerea, Sclerotinia

sclerotiorum, Laccaria bicolor, Coprinus cinereus, Usti-

lago maydis, Melampsora larici-populina, Fusarium sp.,

Mycosphaerella sp., Chaetomium globosum, Stagonospora

nodorum, Schizosaccharomyces pombe, Candida albicans,

Cryptococcus neoformans, Sporobolomyces roseus,

Rhizopus oryzae and Phycomyces blakesleeanus. The

methodology used for mining the different genomes as well

as the different accession numbers are given in the elec-

tronic supplementary material. The choice of these fungi

has been made in order to investigate, in a phylogenetic

analysis, different ascomycetes, zygomycetes, and basidi-

omycetes and different ways of life, saprophytic,

symbiotic, and pathogenic, in comparison with the well-

known yeast S. cerevisiae. Indeed, it appears in this phy-

logenetic analysis that the total number of GST-related

sequences differs strongly from one organism to another

(from 7 to 46 sequences), these differences not being

related to the evolutionary tree, to the size of the genome or

to the gene content, but rather to the physiology of the

fungi (Table 1). Organisms containing a high number of

GSTs are those corresponding to ascomycetes and basidio-

mycetes of high complexity that are able to degrade many
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organic compounds (P. chrysosporium, F. oxysporum,

C. cinereus, T. reesei and P. placenta), while yeasts exhibit

few GSTs (S. pombe, S. cerevisieae and C. albicans).

These differences in GST number could be explained by an

overrepresentation of GSTs inside a class and/or the

appearance of new classes or subclasses.

In S. cerevisiae, omega [26], GTT [27], Ure2p [28],

MAK16 [29], and EFBc [30] classes have been indepen-

dently identified and characterized. Moreover, by screening

67 GST-like sequences from 21 fungal species, essentially

ascomycetes, McGoldrick and coauthors have identified

three well-known GST classes (EFBc, URE2p, and

MAK16) and two clusters that they named clusters 1 and 2

[22]. Cluster 1 includes GTT1 from S. cerevisieae and

cluster 2 includes GSTA from A. nidulans, which could be

related to the URE2p class.

Based on a phylogenetic analysis and sequence com-

parisons with S. cerevisiae GSTs, six known classes have

been extrapolated to all the fungi considered in our study:

URE2p-like, GTT2, EFBc, GTT1, omega, and MAK16.

Table 1 Comparative analysis of glutathione S-transferase genes in various sequenced zygomycetes, ascomycetes and basidiomycetes

Genome size

(Mb)

Gene

models

GTT1 GTT2 URE2p Omega EFBc MAK16 GTE Others Total

Schizosaccharomyces
pombe

Asc (yeast) 12.50 5,027 1 0 2 1 2 1 0 0 7

Cryptococcus neoformans Bas (pathogen) 18.87 6,967 0 1 1 3 1 1 0 2 9

Sporobolomyces roseus Bas 21.20 5,536 0 1 3 3 1 1 1 0 10

Melampsora laricis-
populina

Bas (pathogen) 101.10 16,694 0 1 4 1 1 1 0 2 10

Ustilago maydis Bas (pathogen) 19.68 6,522 2 0 2 3 1 1 1 0 10

Saccharomyces cerevisiae Asc (yeast) 11.74 5,695 1 1 1 3 4 1 0 0 11

Neurospora crassa Asc 39.23 9,826 1 0 2 3 3 1 1 1 12

Chaetomium globosum Asc

(saprophyte)

34.89 11,124 1 0 5 3 2 1 1 0 13

Magnaporthe grisea Asc (pathogen) 41.70 11,074 1 0 2 3 3 1 1 3 14

Rhizopus oryzae Zyg 45.26 17,459 0 1 0 2 2 2 2 5 14

Mycospherella fijiensis Asc (pathogen) 73.40 10,327 2 1 4 6 1 0 2 0 16

Candida albicans Asc (yeast) 14.30 6,177 5 2 2 1 5 1 0 0 16

Phycomyces blakesleeanus Zyg 55.90 14,792 0 1 0 2 2 1 9 1 16

Mycosphaerella
graminicola

Asc (pathogen) 39.70 10,952 2 0 6 4 1 1 3 0 17

Aspergillus clavatus Asc (pathogen) 27.86 9,121 2 1 4 5 3 1 2 0 18

Aspergillus nidulans Asc (pathogen) 30.07 10,701 1 0 3 5 5 1 3 0 18

Sclerotinia sclerotiorum Asc (pathogen) 38.33 14,522 3 1 6 5 1 1 1 0 18

Stagonospora nodorum Asc (pathogen) 37.10 15,983 3 1 6 5 1 1 2 0 19

Aspergillus terreus Asc (pathogen) 29.33 10,406 1 2 5 4 3 1 4 0 20

Botrytis cinerea Asc (pathogen) 42.66 16,448 4 1 5 5 2 1 3 1 22

Fusarium graminearum Asc (pathogen) 36.45 13,332 2 2 4 5 2 1 3 3 22

Laccaria bicolor Bas

(mycorrhizal)

64.90 20,614 1 11 1 3 2 1 3 1 23

Aspergillus fumigatus Asc (pathogen) 29.38 9,887 4 1 4 5 3 1 2 3 23

Fusarium verticillioides Asc (pathogen) 41.78 14,179 3 4 3 5 2 1 3 3 24

Phanerochaete
chrysosporium

Bas (saprophyte) 35.10 10,048 0 3 9 8 1 1 5 0 27

Fusarium oxysporum Asc (pathogen) 61.36 17,735 3 6 4 6 1 1 4 2 27

Coprinus cinereus Bas (saprophyte) 36.29 13,392 4 5 2 4 1 1 14 1 32

Trichoderma reesei Asc

(saprophyte)

34.10 9,129 1 2 5 7 3 1 4 10 33

Postia placenta Bas (saprophyte) 90.90 17,173 2 5 17 8 2 1 11 0 46

The classification into the different classes is based on a phylogenetic analysis using MEGA4 software

Details and accession numbers are given in the electronic supplementary material

Asc Ascomycete, Bas basidiomycete, Zyg zygomycete
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Interestingly, we have highlighted a new class that we

named GTE (glutathione transferase etherase-related) since

the sequences show homology with bacterial etherases [12].

The number of isoforms in each class differs consider-

ably according to the investigated genome. For instance, in

C. albicans and A. nidulans, five sequences are related to

EFBc class, whereas only one is detected in P. chrysos-

porium and C. cinereus. In contrast, the URE2p-like class

is overrepresented in P. chrysosporium (nine sequences)

whereas only one is present in L. bicolor and C. neofor-

mans for example.

Some fungi, especially saprophytic fungi, exhibit more

GST-coding sequences than other fungi and this is mainly

due to an extension of the omega, GTT, Ure2p-like, and the

newly identified GTE classes. We have thus focused our

analysis on these classes.

The GTT classes (GTT1 and GTT2)

Saccharomyces cerevisiae possesses one of the simplest

GST-related equipment of the investigated fungi. Among the

different identified genes, two GTTs (glutathione transfer-

ase) have been characterized [27], one GTT1 and one GTT2.

Strains lacking GTT1 and GTT2 are viable and unaffected in

growth during normal aerobic conditions [31]. ScGTT1 is

associated with the endoplasmic reticulum [27]. Both pro-

teins exhibit activity against classical GST substrates as

1-chloro-2,4-dinitrobenzene (CDNB), but they probably

have different physiological functions. Involved in cadmium

detoxication, ScGTT2 catalyzes the formation of glutathi-

one-Cd conjugates [32], while ScGTT1 catalyzes the

reduction of hydroperoxides, in particular cumene hydro-

peroxide [33]. ScGTT1 and ScGTT2 have overlapping

functions with glutaredoxins (ScGrx1 and ScGrx2), these

latter also exhibiting classical glutathione transferase activ-

ities [31]. The involvement of glutaredoxins in xenobiotic

conjugation could explain why the gtt1 gtt2 mutant does not

show any increased sensitivity to CDNB. Moreover,

ScGTT1 and ScGTT2 seem to be crucial in the response to

H2O2 stress [34], and ScGTT2 acts as a general protective

factor involved in quinone detoxification [35].

Among the investigated fungi, the number of ScGTT1-

related genes ranges from 0 to 5 isoforms depending on the

fungus, this class representing one-third of the total GSTs

of C. albicans. In contrast, no GTT1 isoform has been

detected in P. chrysosporium.

The number of GTT2 isoforms varies from 0 for some

ascomycetes to 11 for L. bicolor (Table 1). Although L.

bicolor possesses the highest gene content among the fungi

studied, the striking difference in the number of GTT2

isoforms in this fungus might not be related to that property,

since GTT2 isoforms represent nearly half (48%) of its total

GST content. It is not due either to a difference in the thiol-

dependent antioxidant systems. In fact, for instance, five

and four Grxs could be found in L. bicolor and A. nidulans,

respectively [36], while no GTT2 was detected in A. nidu-

lans. P. chrysosporium possesses 3 GTT2-related sequences

with few identities between each other and compared

to yeast GTT2 (Fig. 1a). In a phylogenetic analysis,

Phchr6683 and Phchr6766 sequences cluster with ScGTT2

(Fig. 1b). The recombinant Phchr6766 protein has been

produced in Escherichia coli. It exhibits a strong activity

with organic peroxides (kcat = 181 s-1 and kcat = 141 s-1

using ter-butyl peroxide and cumene peroxide, respectively)

(Morel et al., unpublished). The RasMol representation

of Phchr6766 was based on the crystal structure of the

glutathione S-transferase-like domain of EF1Bc from

S. cerevisiae [37]. The structure is overall very similar to the

glutathione S-transferase proteins and contains a binding

pocket highly homologous to those observed in glutathione

S-transferase enzymes (data not shown). The third Phan-

erochaete GTT2-related isoform (Phchr7971) clusters with

plant phi GSTs (Fig. 1b). Accordingly, its RasMol structure

model could be built from the 3D structure of a phi class

GST from Arabidopsis thaliana in complex with an herbi-

cide [38] (data not shown). Phi class is a plant-specific class,

which is one of the largest in A. thaliana with 13 members.

The proteins possess GST activity against 4-hydroxynone-

nal (HNE), a naturally occurring lipid peroxidation product

[39]. A phi class GST from Oryza sativa (OsGSTF5)

appears to have a role in herbicide conjugation and to

possess glutathione peroxidase activity [40]. By selectively

co-reducing the expression of several of the major phi

class GSTs, their role in limiting metabolic changes that

arise from oxidative stress has been proposed [41]. The

P. chrysosporium isoform (Phchr7971) is newly expressed

upon the addition of benzoic acid in a proteomic analysis

carried out on P. chrysosporium [42]. Nothing else is known

concerning this protein in fungi.

The URE2p class

In the wood-decomposing fungi P. chrysosporium and

P. placenta, the URE2p-like class represents about one-

third of the total identified GSTs, corresponding to 9 and 17

sequences, respectively (Table 1). P. chrysosporium

sequences are quite homologous between each other

showing between 25.1 and 83.2% identity (Table 2). In

particular, PcURE2p4, 6 and 7 exhibit between 62 and 83%

identity suggesting recent duplication events of these

sequences. A comparison analysis using blast search

suggests that these 3 sequences are related to GSTII of

S. pombe (SPCC965.07). A GSTII-lacZ fusion has been

constructed in S. pombe and shows that (1) GSTII is

3714 M. Morel et al.



Fig. 1 GTT2-related sequence comparisons. a Percentage of identity

between GTT2-related sequences from P. chrysosporium and

S. cerevisiae (ScGTT2), based on global alignment determined by

Lalign software. (http://www.ch.embnet.org/software/LALIGN_

form.html). b Phylogenetic distribution of GTT2-related sequences

of P. chrysosporium among GST classes from Homo sapiens,

A. thaliana, and S. cerevisiae. The diagram has been drawn based on a

phylogenetic analysis carried out with ClustalW and MEGA4 soft-

ware. The analyses were conducted using the neighbor-joining (NJ)

method implemented in MEGA, with the pairwise deletion option for

handling alignment gaps, and with the Poisson correction model for

distance computation. Bootstrap tests were conducted using 1,000

replicates. Branch lengths are proportional to phylogenetic distances.

Sequences from human, A. thaliana and S. cerevisiae were obtained

from NCBI databases (http://www.ncbi.nlm.nih.gov/). Sequences

from P. chrysosporium were obtained from JGI (http://

genome.jgi-psf.org). Hs Homo sapiens, At A. thaliana, Sc S. cerevi-
siae and Pc P. chrysosporium. Accession numbers for A. thaliana
proteins are: At5g41210; At5g41240; NP_198938; X68304;

At4g02520; At2g02930; At1g02950; At1g02940; At1g02930;

At1g02920; At2g47730; At2g30860; At2g30870; At3g03190; At5g

17220; At3g62760; At1g49860; Q9ZVQ3; Q9ZVQ4; At2g29490;

At2g29480; At2g29470; At2g29460; At2g29450; At2g29440;

At2g29420; At3g09270; At5g62480; At1g74590; At1g69930; At1g

69920; At1g27130; At1g27140; At1g59670; At1g59700; At1g10370;

At1g10360; At1g78380; At1g78370; At1g78360; At1g78340;

At1g78320; At1g17170; At1g17180; At1g17190; At3g43800; At1g

53680; At5g02790; At5g02780; At3g55040; and for human proteins

are: AAB96392; AAC13317; AAA60963; AAA70226; NP_899062;

NP_665735; CAA33508; Q9Y2Q3

Table 2 Percentage of identity between URE2p and cluster 2 sequences of Phanerochaete, based on global alignment determined by Lalign

software

PcUre2p3 PcUre2p4 PcUre2p5 PcUre2p6 PcUre2p7 PcUre2p8 PcUre2p9 Phchr 503

PcUre2p2 64.3 65.1 43.0 65.4 53.3 40.6 52.8 29.9

PcUre2p3 62.6 41.3 60.9 50.2 39.3 49.3 24.9

PcUre2p4 45.8 83.2 61.9 45.8 53.3 26.2

PcUre2p5 42.1 29.4 25.1 27.2 20.9

PcUre2p6 68.3 47.7 52.9 29.0

PcUre2p7 57.8 58.4 34.6

PcUre2p8 43.9 29.5

PcUre2p9 34.8

Glutathione S-transferases in P. chrysosporium 3715
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basically more expressed than the 2 other GSTs of the

fungus, and (2) GSTII gene expression is increased by

various stress agents such as sodium nitroprusside, ter-

butylhydroquinone, and L-buthionine-[S,R]-sulfoximine

[43].

All of the nine URE2p-like sequences of P. chrysos-

porium could have a specific role in the fungus physiology

since they are all transcribed (data not shown). One can

wonder how this expanded class in P. chrysosporium and

P. placenta is linked to the saprophytic properties of these

fungi.

The phylogenetic analysis of the sequences belonging

to the URE2p-like class revealed the presence of two

subclasses (Fig. 2): one containing the yeast URE2p

homologue and URE2p2 to URE2p9 from P. chrysospo-

rium, and a second one containing GSTA (AN4905) from

A. nidulans. This protein appeared in a cluster defined by

McGoldrick et al. [22] and named cluster2. We have kept

this name to define the corresponding subclass.

For GST classification, it has been admitted for mam-

malian sequences that, in the same class, GSTs share at

least 60% identity in the primary structure and that those

with less than 30% identity are assigned to a different class

[44]. For bacterial sequences, it has been proposed that

proteins belong to the same class with [40% identity,

whereas GSTs of different classes share \25% identity

[45]. Based on these criteria, we cannot consider cluster2

being part of an independent class from URE2p.

In S. cerevisiae, it has been known for a long time that

ScURE2p from the URE2p subclass is involved in the

nitrogen catabolite repression (NCR) by preventing gene

expression by ScGLN3p in cells grown on the preferred

source of nitrogen. Indeed, ScURE2p is able to bind GLN3p

and retains it in the cytoplasm. The shift from the preferred

source of nitrogen (ammonia or glutamine) to the nonpre-

ferred source of nitrogen (proline) results in the release of

ScGLN3p and its entry into the nucleus where it activates the

transcription of nitrogen-regulated genes. It is therefore

likely that ScURE2p senses the decline in the intracellular

glutamine concentration [46]. Yeast URE2p possesses

prion-like characteristics. The prion module in the N-ter-

minal domain contributes to the function and stability of the

ScURE2p protein and also to the transformation of Ure2p

into the Ure3p proteolysed prion form. In addition, it may

also influence the interactions between ScURE2p and other

nitrogen regulatory proteins [47]. Moreover, ScURE2p

exhibits primary sequence and three-dimensional homolo-

gies to known glutathione S-transferases. It participates in

heavy metal ion and oxidant detoxification when ammonia is

used as sole nitrogen source [28]. The protein is composed of

two clearly divergent domains: the prion domain is in the

N-terminal position and the GST-like domain on the C-ter-

minal side [48]. By comparing URE2p sequences from

various species of the genus Saccharomyces, it has been

noticed that the N-terminal *40 residues are largely con-

served, but there are a number of differences in the following

*50 residues of the prion domain. Conversely, the C-ter-

minal parts of the molecule are nearly invariant [49].

ScURE2p displays GSH-dependent peroxidase activity and

Asn124 has a key role in the catalytic mechanism by func-

tioning in a way similar to that of the catalytic Ser of typical

GST enzyme in activation of GSH [19]. The mutation of this

Asn into Ala or Val (but not into a Ser, Tyr, or Cys) restores

the GST activity of URE2p towards CDNB. The authors thus

suggest that mutations have allowed URE2p to diversify and

acquire additional functions as a prion and a repressor of

nitrogen catabolism. It has been recently shown that ScUREp

also shows thiol-disulfide oxidoreductase activity similar to

that of glutaredoxins even if it does not possess cysteine

residue [50]. Concerning the investigated fungi of our study,

only C. albicans and S. cerevisiae exhibit the N-terminal

prion domain; however, many other fungal sequences with

shorter URE2p and deprived of the prion domain cluster are

present in this class (Fig. 2). The distribution of ScURE2p

seems to follow the evolution tree since both ascomycete and

basidiomycete groups can be distinguished. Surprisingly,

yeast sequences are closer to basidiomycetes sequences

rather than to ascomycetes.

In our study, cluster 2 is an expanded subclass (Fig. 2)

containing A. nidulans GSTA (AN4905) and a sequence

from P. chrysosporium (Phchr 503). GSTA lacks the nitro-

gen metabolite repression activity of URE2p, but contributes

to heavy metal and xenobiotic resistance [51]. Additionally

to GSTA, another sequence of A. nidulans has been identified

(AN9299) showing 50.7% identity with it. Up to now noth-

ing is known about it. The sequence of P. chrysposporium

(Phchr503) exhibits 44% identity with GSTA from

A. nidulans and between 29.9 and 40.6% identity with the

other P. chrysosporium URE2p sequences (Table 2). The

characterization of this protein in relation with its putative

role in oxidative stress response is an interesting point, which

is currently under investigation in our laboratory. The first

results show that the recombinant protein exhibits thiol-

transferase and reductase activities using b-hydroxyethyl

disulphide (HED) and dehydroascorbate (DHA) as sub-

strates, suggesting a putative role in stress response (Anak-

Ngadin et al., unpublished).

Fig. 2 Phylogenetic analysis of URE2p-like proteins. Fungi analysed

are those described in Table 1. The alignment was performed with

CLUSTALW and phylogenetic tree with MEGA4 software. P. placenta
(1) sequences are Pospl121705; Pospl120102; Pospl86808; Pospl9572;

Pospl9064; Pospl97355; Pospl91142; Pospl10142; Pospl91146.

P. placenta (2) sequences are Pospl93639; Pospl88909; Pospl 27082;

Pospl96818. Sequences from P. chrysosporium (1) are: PcURE2p2:

Phchr140156; PcURE2p3: Phchr140271; PcURE2p4: Phchr137250;

PcURE2p6: Phchr2269; PcURE2p7; Phchr2266. Sequences from

M. larici-populina (1) are: Mellp72597; Mellp40377; Mellp90288

c
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The omega class

The omega class of GSTs has been identified only recently in

fungi, most investigations having been conducted on human

proteins [52]. This class is represented in humans by two

functional genes, named GTO1 and GTO2. Both proteins

exhibit thioltransferase, dehydroascorbate reductase, and

monomethylarsonate reductase activities, and their activity

is dependent on an active-site cysteine residue [53]. In

addition to its ability to act as a glutathione-dependent thiol-

transferase, it was proposed that HsGTO1-1 can reduce the

S-thiol adduct formed between GSH and cysteine residues of

proteins under stress, restoring their enzymatic functions

[52]. HsGTO1-1 catalyzes the rate-limiting step in the bio-

transformation of arsenic [54], and it is also involved in

various important biological processes. Indeed, human

HsGTO1-1 can modulate ryanodine receptors, which are

calcium channels in the endoplasmic reticulum of various

cells [55], or catalyze the reduction of S-(Phenacyl) gluta-

thione, an intermediate in the degradation of the toxic

a-haloketone, to yield non-toxic acetophenones [56].

Moreover, S-(4-nitrophenacyl) glutathione (4NPG) has a

high turnover with GSTO1-1 but negligible activity with

GSTO2-2 and other members of the glutathione transfer-

ase superfamily [57]. Transgenic Caenorhabditis elegans

overexpressing GSTO-1 were generated exhibiting an

increased resistance to juglone-, paraquat-, and cumene

hydroperoxide-induced oxidative stress, while specific

silencing of the GSTO-1 by RNAi created worms with an

increased sensitivity to several prooxidants, arsenite, and

heat shock [58].

The P. chrysosporium genome possesses eight sequen-

ces, named PcGTO1 to PcGTO8, which exhibit homology

with GSTs of the omega class. Based on a phylogenetic

analysis and the percentage of identity between the omega-

related sequences, we show that these eight proteins cluster

into three distinct subclasses: The yeast GTO-related sub-

class (subclass I), and 2 new subclasses, that we named

subclass II and III (Figs. 3 and 4a). If we take into account

the bacterial classification, which determined that proteins

belong to the same class with [40% identity, whereas

GSTs of different classes share \25% identity, these 3

subclasses could be considered as independent classes.

However, nothing has been established concerning fungal

GST classification and since the sequences from subclasses

II and III are clearly related to human GTO, we choose to

qualify them as subclasses from the omega class.

The subclass I encloses PcGTO1 and PcGTO2, subclass

II encloses PcGTO3 to PcGTO5, and subclass III encloses

PcGTO6 to PcGTO8. Sequences from subclass I are close

to yeast GTOs, while subclasses II and III are related to

plant tau and lambda proteins, and to human GTOs.

Interestingly, while the S. cerevisiae GTO orthologues

(subclass I) are identified in all ascomycete and basidio-

mycete genomes analyzed, sequences from subclasses II

and III were not identified in S. cerevisiae, S. pombe, and

C. albicans (Fig. 3b). These results suggest acquisition of

new functions for the omega-related proteins within the

evolution of this phylum.

Subclass I is composed of proteins related to the three

S. cerevisiae GTOs (ScGTO1, ScGTO2, and ScGTO3). Two

P. chrysosporium GSTs (PcGTO1 and PcGTO2) belong to

this subclass. Both display a CPWATR active site com-

patible with the CP(W/F)(A/T)(H/Q)R motive found in

ScGTOs (Fig. 4b). In yeast, the GTOs have been partially

characterized. The three ScGTOs exhibit glutaredoxin-like

activities, being able to reduce HED and DHA, and all

three GTO genes are induced by agents causing oxidative

stress suggesting a function in the defense against oxidants

[33]. ScGTO1 has been shown to be located in peroxi-

somes and involved in sulfur metabolism. The other fungal

orthologs, and in particular PcGTO1 and PcGTO2, clus-

tering in this omega class differ from their yeast

counterparts in particular at the H-site and are, in contrast,

strongly related to bacterial GSTs. Moreover, according to

the prediction softwares, both P. chrysosporium orthologs

(PcGTO1 and PcGTO2) possess a signal peptide targeting

Fig. 3 Phylogenetic distribution of omega proteins. a Distribution of

omega GSTs of P. chrysosporium among GSTs from H. sapiens,

A. thaliana, and S. cerevisiae. The diagram has been drawn based on a

phylogenetic analysis carried out with ClustalW and MEGA4

software. Sequences were obtained as described in Fig. 1 and

accession numbers are given in the legend of Fig. 1. Accession

numbers for S. cerevisiae are given in brackets in Fig. 3b and JGI

accession numbers of P. chrysosporium sequences are: PcGTO2:

126388; PcGTO4: 7168; PcGTO5: 7169; PcGTO6: 3911; PcGTO7:

6880; PcGTO8: 6881. PcGTO1 and PcGTO3 have been manually

corrected and deposited to NCBI under the accession numbers:

EU791894 and EU791893, respectively. b Phylogenetic tree of

omega sequences from various ascomycetes (Aspergillus clavatus,

Aspergillus fumigatus, Aspergillus terreus, A. nidulans, Mycosphae-
rella graminicola, Mycosphaerella fijiensis, Fusarium oxysporium,

Fusarium verticillioides, Fusarium graminearum, Podospora anseri-
na, Chaetomium globosum, Magnaporthe grisea, Botrytis cinerea,

Trichoderma reesei, Sclerotinia sclerotiorum, Septoria nodorum,

Schizosaccharomyces pombe, Yarrowia lipolytica, Candida albicans,

Neurospora crassa, Saccharomyces cerevisiae), basidiomycetes

(Phanerochaete chrysosporium, Laccaria bicolor, Coprinus cinereus,

Postia placenta, Cryptococcus neoformans, Ustilago maydis, Sporo-
bolomyces roseus) and zygomycetes (Rhizopus oryzae and

Phycomyces blakesleeanus). Sequences were obtained and identified

using the transcript or protein accession number, in genomes from the

BROAD institute (http://www.broad.mit.edu/annotation/), the JGI

(http://genome.jgi-psf.org/euk_home.html), Podospora anserina
(http://podospora.igmors.u-psud.fr/index.html), Schizosaccharomyces
pombe (http://www.sanger.ac.uk/Data Search/blast.shtml), Yarrowia
lipolitica (http://www.ncbi.nlm.nih.gov/projects/genome/seq/) using

alternatively the S. cerevisiae or the P. chrysosporium sequences as

template. The alignment was performed with CLUSTALW and

phylogenetic tree with MEGA4 software

c
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to mitochondria (respectively 92 and 97% of probability).

Surprisingly, we found that PcGTO1 and PcGTO2 exhibit

strong homology with some plant lambda and bacterial

proteins (Fig. 5a). In E. coli, the homologue of PcGTO1

(yqjG) belongs to an operon containing a gene coding for a

quinol oxidase, which is a key energy-transducing respi-

ratory enzyme in microorganisms. This is of particular

interest since PcGTO1 is predicted to be localized in the

mitochondria. In bacteria, a tetrachlorohydroquinone

dehalogenase appeared to be a member of the GST
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superfamily and, particularly, related to PcGTO1. This

enzyme converts tetrachlorohydroquinone to dichloro-

hydroquinone using GSH as reducing equivalent [59]. In

P. chrysosporium, this reductive dehalogenation requires two

enzymes, a glutathione S-transferase for glutathionylation

and an enzyme called glutathione conjugate reductase for

deglutathionylation (GCR) [60]. Subsequent results have

shown that some GSTs are able to deglutathionylate aro-

matic compounds [56], and thus one can wonder whether

this GCR might also belong to the GST superfamily.

Nothing is known concerning the Arabidopsis homologue

(At4G19880). Data from Geneinvestigator (https://www.

genevestigator.com/gv/index.jsp) [61] show that the gene

is essentially expressed in roots of young plantlets, and

during hypoxia and hormonal stress. The multiple align-

ment of these fungal, bacterial, and plant sequences

(Fig. 5b) shows different amino acid identities especially at

the active site and the residues important for the interaction

with GSH. Similarly to PcGTO1 and PcGTO2, the A. tha-

liana sequence exhibits a signal peptide for mitochondria

(92.5% probability). Moreover, it exhibits a lysine-rich

extension at the H-site compared to the other sequences.

The analyzed fungi exhibit 1–3 sequences belonging to

subclass II, except S. pombe, M. larici-populina, S. cere-

visiae, R. oryzae, C. albicans and P. blakesleeanus, which

do not possess any sequences of this subclass. Similarly,

proteins from subclass III are not represented in all fungi

and their distribution follows evolution, i.e. sequences from

ascomycetes and basidiomycetes cluster independently

(Fig. 3b). In our study, one sequence was identified in the

two zygomycetes, some pathogenic ascomycetes and all

basidiomycetes, with P. chrysosporium and P. placenta

exhibiting 3 and 2 sequences, respectively.

GTOs are known to contain the G-site, which contains a

conserved cysteinyl residue essential for activity. Amino-

acid alignments of sequences from subclass I (Fig. 4b) and

subclasses II and III (Fig. 4c) show the presence of this

conserved residue in all described PcGTOs except in

PcGTO7. This conserved cysteine aligns with Cys-32 of

human GTO1-1, which is located at the beginning of the

Fig. 4 Omega GST sequence comparisons. a Percentage of identity

between omega GST sequences of P. chrysosporium, based on

global alignment determined by Lalign software. b Alignment of

P. chrysosporium GST omega proteins from subgroup I in compar-

ison to S. cerevisiae GTOs. Alignments have been performed using

ClustalW. Amino acids involved in GSH binding and mitochondrial

targeting sequences are framed. C. Alignment of P. chrysosporium
GSTs from subclasses II and III previously defined in Fig. 3, in

comparison with human GTO1-1. PcGTO5 and PcGTO8 are not

represented in the figure because the sequences are not firmly

delineated. The conserved amino acids involved in GSH binding are

framed. The asterisk localizes Glu155 of HsGTO1-1 sequence
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first a-helix, in a position similar to the thiol group of the

catalytic cysteine of the CxxC motif of thioredoxin and

glutaredoxin. This suggests that GSTs from subclasses II

and III, except PcGTO7, could exhibit the same glutath-

ionylation and deglutathionylation properties exhibited by

HsGTO1-1. Moreover, the adjacent proline, which pro-

motes optimal positioning of the Cys32 thiol for

stabilisation of the thiolate form in HsGTO1-1, is abso-

lutely conserved [62]. Other residues required for the

interaction with GSH in HsGTO1-1 (Lys59, Val72, Glu85,

Ser86) [52] are also conserved in the different PcGTOs.

The C-terminal part of the proteins, corresponding to the

hydrophobic H-site involved in xenobiotic binding in the

different GSTs classes [52], exhibits a larger variability.

PcGTO6 and PcGTO7 possess a proline rich domain not

present in PcGTO3 and PcGTO4. This sequence could play

a role either in its own folding or else be required for

catalytic activity. It has been recently shown that the

deletion of Glu155 of the human GTO1-1 causes a defi-

ciency of the protein possibly due to an induced instability

of the variant protein [63]. However, this mutation does not

alter sensitivity to arsenic trioxide and other cytotoxic

drugs. This residue (marked by an asterisk in Fig. 4c) is

conserved in PcGTO3 and PcGTO4 but not in PcGTO6 nor

in PcGTO7. PcGTO3 and PcGTO4, but also PcGTO7 and

PcGTO8, are present in tandem in the P. chrysosporium

genome. They show 69.5% and 60.1% amino acid identity,

respectively (Fig. 4a) suggesting quite recent duplication

events.

The GTE class

A new class of GSTs that we have called GTE has been

highlighted by this phylogenetic analysis. These proteins

are related to bacterial Lig proteins. In Sphingomonas

paucimobilis, three genes, LigF, LigE, and LigG, are

localized in an operon called LigDFEG. They are all

members of the GST superfamily. However, a weak

activity with the universal substrate for GST (CDNB) was

detected in E. coli extracts overexpressing Lig proteins

[64]. LigE and LigF are enantioselective GSTs involved in

cleavage of b-aryl ether compounds, which is the most

important step in lignin degradation. LigG is the glutathi-

one lyase for the glutathione conjugate produced by LigF

[12]. In a phylogenetic analysis using representative pro-

karyotic and eukaryotic members of the GST superfamily,

S. paucimobilis LigF and LigG group together, not so far

from the omega class, but distant from LigE which is more

closely related to zeta class enzymes [45].

Fig. 5 Subgroup I omega GSTs. a Phylogenetic relationship between

omega GST proteins from P. chrysosporium, S. cerevisiae, and

A. thaliana (At4G19880) and E. coli (yqjG) homologues. The

alignment was performed with CLUSTALW and phylogenetic tree

with MEGA4 software. b Alignment of P. chrysosporium GTO1 and

GTO2, E. coli (yqjG) and A. thaliana homologues (At4G19880).

Amino acids involved in GSH binding and mitochondrial targeting

sequences are framed
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The homologies between the four P. chrysosporium

GTE members and bacterial Lig proteins are quite weak,

ranging from 11.4 to 23.7% identity (Fig. 6a). PcGTE1,

PcGTE2, and PcGTE3 are rather related to LigE, and

sequence analysis revealed that PcGTEs possess the spe-

cific GST-N and GST-C domains of the LigE sequence

(Fig. 6b). These sequences exhibit a conserved tyrosine in

the N-terminal region (G-site) putatively involved in

catalysis as postulated for their bacterial counterparts [24].

LigE catalyzes the reductive cleavage of the b-aryl ether

linkage of guaiacylglycerol b-O-4-methylumbelliferone

(GOU) to produce b-hydroxypropiovanillone and 4-meth-

ylumbelliferone in vitro [65]. The recombinant GTE3 of

P. chrysosporium is not active using this substrate

(Morel et al., unpublished results). However, other sub-

strates have to be tested, since a high substrate specificity

of the b-aryl ether cleavage activity has been proposed

[65]. In S. paucimobilis, LigE is tightly associated with

cell membranes [66]. Conversely, the predictions of

P. chrysosporium enzymes localization revealed that one

could be excreted (PcGTE4), the others being cytosolic

(PcGTE1, PcGTE2, and PcGTE3) or mitochondrial

(PcGTE5).

Fungal genome analysis revealed that hemiascomycetes

such as S. cerevisiae, C. albicans, and S. pombe do not

possess GTE proteins. In contrast, depending on their

physiology, all filamentous fungi analyzed present a vari-

able number of GTE-like sequences as evidenced by their

analogy to the LigE sequence. Most animal and plant

pathogenic fungi exhibit 1–3 putative GTEs, while 3–14

genes were found in saprophytic fungi (Table 1). In par-

ticular, the basidiomycetes P. placenta and C. cinereus

Fig. 6 GTEs and Lig GST

sequence comparisons.

a Percentage of identity

between GTE sequences of

P. chrysosporium and Lig

sequences from S. paucimobilis
(LigE: BAA02032; LigG:

BAA77216; LigF: BAA02031),

based on global alignment

determined by Lalign software.

b Amino acid sequence

alignments of GTEs and LigE

proteins from Sphingomonas
paucimobilis. Alignments have

been performed using ClustalW.

Amino acids putatively

involved in catalysis are

identified by a frame
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exhibit 11 and 14 GTE sequences, respectively. Moreover,

3 or 4 sequences were identified in necrotroph plant

pathogens such as Aspergillus sp., Fusarium sp., or

B. cinerea. These fungi are predominately saprophytes and

grow on dead or live plant and animal tissues in the soil.

For this reason, these enzymes could be very important in

nutrient recycling, or for their infectious cycle. These

observations highlight an apparent relationship between

these GTEs and the capacity of the fungi to degrade

organic matter. This is in accordance with their homology

with the bacterial Lig proteins. A better characterization of

these enzymes is of great interest in understanding wood

and xenobiotic degradation processes. Moreover, using a

complete expression dataset of L. bicolor genes available at

(http://www.ncbi.nlm.nih.gov/geo/) as series GSE9784

[67], it appeared that an etherase-like gene (LbGTE3) is

upregulated by about 20-fold in ectomycorrhizas compared

to free-living mycelium. This suggests putative functions

of GTE proteins, both saprophytic and mycorrhizal.

A surprising result is the occurrence of nine sequences

related to GTEs in the zygomycete fungus P. blakeslee-

anus, corresponding to more than half of its total GST

number. This fungus is known for the variety and sensi-

tivity of its responses to light and the regulation of the

biosynthesis of the pigment beta-carotene. However, it

does not seem to have saprophytic properties, and thus the

physiological significance of these GTE-like sequences in

this fungus is still an open question.

Conclusion

In summary, this study has highlighted the occurrence of

new GST-proteins in fungi, belonging to the omega class

(subclasses II and III) and a newly identified GTE class.

Globally, saprophytic fungi exhibit more GST-coding

sequences than the other fungi, and this is mainly due to an

extension of the omega, GTT, Ure2p, and GTE classes.

Proteins from omega, Ure2p, and GTE classes are

highly represented in P. chrysosporium. This opens many

perspectives to better understand how the fungus is able to

oxidize and detoxify a broad range of toxic chemical pol-

lutants. This fungus uses both an extracellular oxidative

system (Lignin peroxidases) and GSTs and/or cytochrome

P450 mono-oxygenases. Cytochrome P450 mono-oxygen-

ases are involved in phase I detoxification metabolism.

Interestingly, P. chrysosporium possesses the highest

number of P450 sequences among fungi (1% of the total

genome) [68]. Thus, the high diversity of GSTs could be

related to this very large number of cytochrome P450

mono-oxygenases. This study also shows for the first time

that some basidiomycetes possess GSTs known to have

b-etherase activity in bacteria (GTE class). Moreover, we

can make a link between the representation of this class

among total GSTs and the saprophytic properties of the

fungi. These proteins could thus have a role in organic

matter degradation and in particular in wood degradation

for P. chrysosporium and P. placenta. Through these

properties, they can be good actors in xenobiotic oxidation

processes and represent a versatile tool with a variety of

biotechnological applications such as bioremediation. So

far, all GST engineering experiments have been carried out

with bacteria [45], mouse, and Drosophila melanogaster

(for a review, see [2]). Recently, the effectiveness of gene

silencing by RNA interference has been demonstrated in

P. chrysosporium [69], opening new perspectives, by using

this genetic tool, to study the function of GSTs in detoxi-

fication purposes.
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