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Background: GSTs are detoxification enzymes poorly characterized in fungi.
Results: GSTFuA1 possesses a unique three-dimensional structure and binds wood degradation compounds at or near the
glutathione binding pocket.
Conclusion: This GST is a new fungal isoform that we name GSTFuA1.
Significance: GSTs with binding properties could be of great interest in various biotechnological applications.

Glutathione S-transferases (GSTs) form a superfamily ofmul-
tifunctional proteins with essential roles in cellular detoxifica-
tion processes. A new fungal specific class ofGSThas been high-
lighted by genomic approaches. The biochemical and structural
characterization of one isoform of this class in Phanerochaete
chrysosporium revealed original properties. The three-dimen-
sional structure showed a new dimerization mode and specific
features by comparison with the canonical GST structure. An
additional �-hairpin motif in the N-terminal domain prevents
the formation of the regular GST dimer and acts as a lid, which
closes upon glutathione binding. Moreover, this isoform is the
first described GST that contains all secondary structural ele-
ments, including helix�4� in the C-terminal domain, of the pre-
sumed common ancestor of cytosolic GSTs (i.e. glutaredoxin 2).
A sulfate binding site has been identified close to the glutathione
binding site and allows the binding of 8-anilino-1-naphtalene
sulfonic acid. Competition experiments between 8-anilino-1-

naphtalene sulfonic acid, which has fluorescent properties, and
various molecules showed that this GST binds glutathionylated
and sulfated compounds but also wood extractive molecules,
such as vanillin, chloronitrobenzoic acid, hydroxyacetophe-
none, catechins, and aldehydes, in the glutathione pocket. This
enzyme could thus function as a classical GST through the addi-
tion of glutathione mainly to phenethyl isothiocyanate, but
alternatively and inacompetitiveway, it couldalsoact as a ligandin
of wood extractive compounds. These new structural and func-
tional properties lead us to propose that this GSTbelongs to a new
class that we nameGSTFuA, for fungal specific GST class A.

Glutathione S-transferases (GSTs) are a superfamily of pro-
teins widespread in animals, plants, fungi, and bacteria. From a
functional point of view, GSTs usually catalyze glutathione
(GSH) transfer onto hydrophobic molecules (glutathionylation
activity) or GSH removal from specific substrates (deglutathio-
nylation) (1). These enzymes have broad substrate acceptance,
although each GST possesses its own specific catalytic profile.
Most GSTs are dimeric proteins. Each monomer is composed
of a conserved thioredoxin domain containing theGSHbinding
pocket (G site) and a more variable �-helical domain (H site)
containing the binding site for the GSH acceptor substrate (2).
Most studies have focused on the GSH-dependent catalytic
activities involved both in detoxification processes and endog-
enous metabolism. However, some GSTs have also been iden-
tified as proteins that selectively bind organic anions such as
tetrapyrroles in mammals and plants (3–5). This “ligandin”
property has been defined as the capacity of the protein to bind
nonsubstrate ligands (3). In plants, it could be involved in the
intracellular transport of hydrophobic compounds, such as pig-
ments, and in temporary storage of phytohormones (6, 7). Fun-
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gal GSTs have been less studied than their plant or animal
counterparts. Nevertheless, the recent burst of fungal genome
sequencing programs has highlighted evolutionary specificities
of GSTs in these organisms (8–10). Currently, at least seven
different classes of cytosolic GSTs have been defined in fungi:
MAK16, EFB�, Ure2p, Omega, S-glutathionyl-(chloro)hydro-
quinone reductase, GTT, and etherase-like. Although some
isoforms from the Ure2p, Omega, S-glutathionyl-(chloro)hyd-
roquinone reductase, and GTT have been characterized in
yeast (11–13),Aspergillus sp. (14, 15), andPhanerochaete chrys-
osporium (9, 16), the etherase-like class has never been studied
to date. Etherase-like GSTs are fungal specific, although they
show weak homology with LigE, a bacterial protein responsible
for the cleavage of �-aryl ether linkages of lignin in Sphingo-
bium sp. SYK-6 (8, 17). The etherase-like class is expanded in
wood decaying fungi, because, for instance, 11 etherase-like
encoding genes are present in the genome of Postia placenta.
Although less expanded, they are, however, present in patho-
genic fungi as Aspergillus sp. or Fusarium sp. for example (8).
P. chrysosporium is a white rot fungus able to completely

mineralize lignocellulose by degrading recalcitrant com-
pounds. During the wood decaying process, phenolic acids and
phenolic aldehydes are released. These compounds are prob-
lematic in biofuel production, but at the same time, they can
have beneficial properties for human health. As an example,
vanillin possesses antimicrobial activity, antioxidant proper-
ties, antimutagenic effects, and chemoprotective activity in
inflammation and cancer (for a review, see Ref. 18). Syringalde-
hyde is also a naturally occurring aromatic compound, which
exhibits both a detrimental action on cellulose hydrolysis and
fermentation processes and a good antioxidant activity, being
2- and 10-foldmore effective than quercetin and trolox, respec-
tively (19).
In this study, we describe for the first time the biochemical

and structural characterization of a GST belonging to the pre-
viously named “etherase-like” class in P. chrysosporium and
demonstrate the ligandin property of this enzyme toward com-
pounds derived from lignin degradation.

EXPERIMENTAL PROCEDURES

Materials—Hydroxyethyl disulfide was from Pierce. �-O-
Methylumbelliferyl-�-hydroxylpropiovanillone was a gift from
Dr. Masai (Nagaoka University of Technology, Japan). S-(phe-
nylacetophenone)-glutathione and 2-methyl-S-glutathionyl-
naphtoquinone were synthesized as described previously (16).
para-Nitrophenyl sulfate potassium salt was from Acros
Organics. 5-Chloromethylfluorescein diacetate (CMFDA)4was
from Invitrogen. All other reagents were from Sigma-Aldrich.
Cloning of GST5118, GST5118-S22A, and GST5118-S22C—

The enzyme studied here is referred to as GST5118 based on its
protein identification number in the Joint Genome Institute
database. The open reading frame sequence encoding P. chrys-
osporium GST5118 was amplified from a P. chrysosporium
cDNA library using GST5118 forward and reverse primers (5�-

CCCCCATGGCTCAGCCCATCGTGTT-3� and 5�-CCC-
GGATCCCTATACATCAACCTGCT3�, respectively) and
cloned into theNcoI and BamHI restriction sites (underlined in
the primers) of pET-3d (Novagen). The amplified sequence
encodes a protein in which an alanine has been inserted after
the initiator methionine to improve protein production. Two
mutants of the putative catalytic Ser-22 intoAla or Cys residues
were also generated using two complementary mutagenic
primers (supplemental Table 1).
Expression and Purification of the Recombinant Proteins—

For protein production, the Escherichia coli BL21(DE3) strain,
containing the pSBET plasmid, was co-transformed with the
different recombinant plasmids (20). Cultures were progres-
sively amplified up to 2 liters in LBmedium supplemented with
ampicillin and kanamycin at 37 °C. Protein expression was
induced at exponential phase by adding 100 �M isopropyl �-D-
thiogalactopyranoside for 4 h at 37 °C. The cultures were then
centrifuged for 15 min at 4400 � g. The pellets were resus-
pended in 30 ml of TE NaCl (30 mM Tris-HCl, pH 8.0, 1 mM

EDTA, 200mMNaCl) buffer. Cell lysis was performed on ice by
sonication (3 � 1 min with intervals of 1 min), and the soluble
and insoluble fractions were separated by centrifugation for 30
min at 27,000 � g at 4 °C. All subsequent steps were performed
in the cold. The soluble part was then fractionated with ammo-
nium sulfate in two steps, and the protein fraction precipitating
between 40 and 80% of saturation contained the recombinant
protein, as estimated by 15% SDS-PAGE. The protein was puri-
fied by size exclusion chromatography after loading on an
ACA44 (5 � 75-cm) column equilibrated in TE NaCl buffer.
The fractions containing the protein were pooled, dialyzed by
ultrafiltration to remove NaCl, and loaded onto a DEAE-cellu-
lose column (Sigma) in TE (30 mM Tris-HCl, pH 8.0, 1 mM

EDTA) buffer. The proteins were eluted using a 0–0.4 M NaCl
gradient. Finally, the fractions of interest were pooled, dialyzed,
concentrated by ultrafiltration under nitrogen pressure (YM10
membrane; Amicon), and stored in TE buffer at �20 °C. Purity
was checked by SDS-PAGE. Protein concentrationswere deter-
mined spectrophotometrically using a molar extinction coeffi-
cient at 280 nm of 68,870 M�1 cm�1.

For the production of the selenomethionine-substituted
GST5118, a methionine auxotroph strain, BL21(DE3)Met�,
was cotransformed with pET-GST5118 and pSBET. Cultures
were done as described previously (21), and the labeled protein
was purified following a procedure identical to that described
for unlabeled GST5118.
Activity Measurements—The activity measurements of

GST5118, GST5118-S22C, and GST5118-S22A proteins in
thiol transferase activity with a hydroxyethyl disulfide assay or
for reduction of dihydroascorbate were performed as described
by Couturier et al. (22). The GSH transferase activity was
assessed with phenethyl isothiocyanate (phenethyl-ITC) pre-
pared in 2% (v/v) acetonitrile, 1-chloro-2,4-dinitrobenzene
(CDNB), and 4-nitrophenyl butyrate (PNP-butyrate) prepared
in DMSO. For these three substrates, the reactions were mon-
itored at 274, 340, and 412 nm, respectively, following the
increase in absorbance arising from the formation of the S-glu-
tathionylated adduct. The reactions with CDNB and PNP-bu-
tyrate were performed in 100 mM phosphate buffer, pH 7.5, in

4 The abbreviations used are: CMFDA, 5-chloromethylfluorescein diacetate; ANS,
8-anilino-1-naphtalene sulfonic acid; CDNB, 1-chloro-2,4-dinitrobenzene; ITC,
isothiocyanate; PNP-butyrate, paranitrophenyl butyrate.
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the presence of GSH (5 mM), whereas the reaction with phen-
ethyl-ITC was performed at pH 6.5 with an identical GSH con-
centration. Esterase activity wasmeasured inmicroplates using
CMFDA as substrate, which releases fluorescence upon activa-
tion by esterases (23). Experiments were performed in 50 mM

phosphate buffer, pH 8.0, in a total volume of 200 �l. The reac-
tions were started by the addition of the purified enzyme, and
fluorescencewasmeasured everyminute for 1 hwith excitation
at 485 nm and emission at 535 nm on a VICTORTM X5 plate
reader (PerkinElmer Life Sciences). Catalytic parameters were
calculated using the GraphPad� software from steady state
experiments performed using 0–25 �M CMFDA and 5 mM

GSH.
Peroxidase activities weremonitored as follows. 1mMperox-

ide (hydrogen peroxide, tert-butyl hydroperoxide, and cumene
hydroperoxide) in 30 mM Tris-HCl, pH 8.0, was incubated in
the presence of 2 mMGSH, 200 �MNADPH, 0.5 IU of glutathi-
one reductase. The activity was followed by monitoring the
decrease in absorbance arising from NADPH oxidation in this
coupled enzyme assay system, showing the formation of oxi-
dized glutathione (GSSG). The reactions were started by the
addition of the purified enzyme and monitored with a Cary 50
UV-visible spectrophotometer (VARIAN). To determine the
catalytic properties of the enzyme, steady state assays were per-
formed using variable substrate concentrations (from 10 �M to
10 mM), and the catalytic parameters were calculated using the
GraphPad� software. Etherase activity was assessed according
toMasai et al. (17). Sulfatase activity was performed with para-
nitrophenyl sulfate potassium salt as described by Kim et al.
(24).
Mass Spectrometry Analysis—GST5118 wild type and

mutants were analyzed byQ-TOFMS as described byKoh et al.
(25). When oxidation or reduction was required, proteins were
treated at 25 °C for 60min, whatever the reductant (dithiothre-
itol (DTT)) or the oxidant (GSSG) used. Excess of oxidant/re-
ductant was removed using a Sephadex� G25 (GE Healthcare)
gel filtration column.
8-Anilino-1-naphtalene Sulfonic Acid (ANS) Binding and

Ligand Screening—All binding and competition experiments
were performed in TE buffer, pH 8.0. ANS binding onto
GST5118 and GST5118-S22C (DTT-treated or not) was inves-
tigated by monitoring fluorescence upon the addition of 50 �M

ANS to 3 �M protein using a Cary Eclipse (VARIAN) fluores-
cence spectrophotometer. The excitationwavelengthwas set at
385 nm, and the emission spectra were recorded from 400 to
700 nm. Additional tryptophan-based fluorescence experi-
ments were performed with GST5118 and GST5118-S22C in
the presence or absence of 50 �M ANS. After excitation at 290
nm, emission spectra were recorded from 305 to 560 nm. The
ANS binding site was investigated in the same conditions with
1 mM GSH, 5 mM phenethyl-ITC, or 50 �M CMFDA.

The correlation between ANS concentration and fluores-
cence yield was obtained by incubating 100�MGST5118with 1
�M ANS, giving the maximal value for 1 �M ANS bound onto
the protein. Fluorescence from samples containing ANS alone
was subtracted as a background. GST5118 was then incubated
at a concentration of 3 �M with increasing concentrations of
ANS ranging from 0 to 1 mM. To determine the dissociation

constant of ANS, the following equation (Equation 1) was
applied.

y � Bmax � �Free ANS�/�Kd � �Free ANS�� (Eq. 1)

where y represents the specific binding (i.e. the concentration
of ANS bound/protein) and Bmax is the number of maximum
specific binding sites.
Competition experiments were performed in a total volume

of 250 �l containing 3 �M enzyme, 50 �M ANS, and various
putative ligands (from 1 �M to 10 mM). Fluorescence emission
fromprotein-free samples containingANS and potential ligand
were subtracted as background. A decrease in fluorescence,
indicating competition between ligand andANS,wasmeasured
after 10 min of incubation with excitation at 355 nm and emis-
sion at 460 nm on a VICTORTM X5 plate reader (PerkinElmer
Life Sciences). IC50 values were obtained by fitting data to
Equation 2,

Y � Bottom � �Top � Bottom�/�1 � 10�Log[Ligand] � Log IC50��

(Eq. 2)

where Y represents the fluorescence signal observed after back-
ground subtraction, Top is the fluorescence signal of ANS
bound onto GST5118 without any ligand, and Bottom is the
fluorescence signal of ANS at the highest ligand concentration.
Inhibition Kinetics—Competition tests between ANS and

phenethyl-ITC or CMFDAwere performed bymeasuring GSH
transferase and esterase activities. Activity with phenethyl-ITC
was monitored in a total volume of 500 �l containing 50 �M

GSH, 50 �M ANS, and 10 �M to 10 mM phenethyl-ITC. Inhibi-
tion tests of esterase activity with CMFDA by ANS or vanillin
were performed in a total volume of 200 �l with or without 50
�MGSH, 50 �M ANS, or 300 �M vanillin and CMFDA (0 �M to
25 �M). Similar tests were performed with 25 �M CMFDA, 300
�M vanillin, and 0–5 mM GSH. The reactions were started by
the addition of the purified enzyme, and the catalytic parame-
ters were calculated using the GraphPad� software.
Crystallization—Two different samples were crystallized,

the selenomethionine derivative protein (apoGST5118) and the
native protein with bound GSH (holoGST5118). The crystalli-
zation experiments were set up using the microbatch under oil
(paraffin) method at 277 K. Selenomethionine-apoGST5118
crystals appeared after 4–5 days from droplets containing 2 �l
of protein solution (15–20mg/ml protein in TE buffer) and 2�l
of precipitating solution (30% PEG 8000, 200 mM sodium ace-
tate, and 100 mM sodium cacodylate, pH 6.5). Crystals of
GST5118 in complex with GSH (holoGST5118) were obtained
in co-crystallization experiments. The best crystals grew after 2
months in droplets containing a mixture of 485 �M protein
solution (14 mg/ml) and 6 mM GSH in TE buffer and precipi-
tating solution (30%PEG8000, 200mMsodiumacetate, and 100
mM HEPES, pH 7.0). Prior to data collection, the crystals were
transferred to a cryosolution containing 20% glycerol with
mother liquor and flash-cooled to 100 K.
Data Collection and Processing, Structure Solutions, and

Refinements—ApoGST5118 diffraction data were collected on
the synchrotron beamline PX1 at SOLEIL (France) at 0.97918
Å, and holoGST5118 x-ray data were measured on the beam-
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line BM30A/FIP at the European Synchrotron Radiation Facil-
ity (Grenoble, France) at 0.97854 Å. The data sets were pro-
cessed with XDS (26) and scaled with SCALA (27) from the
CCP4 package (28). The molecular replacement method failed
to solve the protein structure, probably because the best tem-
plates share less than 30% sequence identity with GST5118.
The apoGST5118 structure was solved by the single-wave-
length anomalous dispersion method using Phenix AutoSol
(29). The eight expected selenium atoms were found using
SOLVE (30), and resulting single-wavelength anomalous dis-
persion phases had a figure of merit of 0.38. A nearly complete
backbone trace was obtained automatically with RESOLVE
(30). ApoGST5118 and holoGST5118 models were refined
using PHENIX (29) and manually corrected using COOT (31).
The validations of GST5118 crystal structures were automati-
cally performed with MOLPROBITY (32) from PHENIX (29).
Final model statistics are shown in Table 1.
ApoGST5118 and holoGST5118 crystals belonged to the

space group P212121, and the asymmetric unit consisted of four
polypeptide chains. Non-denaturant liquid chromatography
and crystal packing analysis using PISA (33) showed that both
proteins are homodimeric. The asymmetric unit content cor-
responds to two dimers where the two protomers are related to
each other by a noncrystallographic 2-fold symmetry axis. The
electron density maps of holoGST5118 revealed unambigu-
ously the presence of one GSH molecule per monomer. In the
apo structure, an electron density peak was found in the active
site, identified as a sulfate ion arising most probably from
the ammonium fractionation step used during purification. In
the holo structure, the corresponding electron density peakwas

clearly weaker and was interpreted as an acetate ion from the
crystallization solution (supplemental Fig. S1). The quality of
the final electron density maps is shown in supplemental Fig.
S2.
Structural comparisons were done using the DALI structural

alignment server (34) and the program Strap (35). Figures of
molecular models were prepared with PyMOL. The root mean
squaredeviations betweenprotein structureswere calculatedwith
PyMOL or DALI. Secondary structure predictions were carried
out with the server Jpred3 (36). Themultiple-sequence alignment
figure (supplemental Fig. S6) was prepared using Espript (37).

RESULTS

GST5118 X-ray Structures—Two structures of GST5118
(apo andholowith boundGSH)were solved by using the single-
wavelength anomalous diffraction data collected from crystals
of the selenomethionylated protein. Each corresponded to the
same local packing with two homodimers arranged similarly in
the asymmetric units. In each structure, the four monomers
adopted quite similar structures. Average root mean square
deviations of the six possible superpositions are 0.34 and 0.27 Å
for apo and holo structures, respectively. Root mean square
deviations increased by at least 0.2 Åwhen apo and holomono-
mers were compared. This increase is mainly contributed by
the displacement of�-hairpin�2��2� during the apo-holo tran-
sition (see below).
The GST5118 monomer adopts the GST canonical fold,

which consists of an N-terminal thioredoxin-like motif
(�1�1�2�2�3�4�3) and a C-terminal domain of at least four
helices (�4�5�6�7). The two most conserved residues in GST

TABLE 1
Statistics of x-ray diffraction data collection and model refinement

ApoGST5118 HoloGST5118

Data collection
Beam line PX1, SOLEIL BM30A/FIP, ESRF
Space group P212121 P212121
No. of dimers in the asymmetric unit 2 2
Cell dimensions a, b, c (Å) 86.05 88.46 157.16 86.57 88.15 156.49
Resolution (Å) 44.23–1.80 (1.89–1.80)a 48.48–2.00 (2.11–2.00)
Rmerge 0.08 (0.619) 0.069 (0.375)
Mean I/	(I) 22.2 (3.6) 20.0 (4.7)
Completeness (%) 99.7 (98.1) 100.0 (99.9)
n observations 1,443,573 (112,670) 555,508 (71,179)
Redundancy 12.8 (7.2) 6.8 (6.0)
Wilson B factor (Å2) 20.1 21.8

Phasing method SADb

Refinement
Resolution (Å) 42.54–1.80 (1.84–1.80) 44.90–2.00 (2.02–2.00)
n reflections 111,495 (7,219) 81,509 (2,780)
Cut-off F 	 0	(F) F 	 0	(F)
Rall (%)c 19.3 17.8
Rfree (%)d 22.7 (30.1) 22.1 (32.5)
Average B-factor (Å2)
Protein atoms 25.1 24.6
Ligand atoms 28.1 30.6
Solvent atoms 29.7 31.2

Ramachandran statistics (%)
Residues in preferred regions 98.5 98.6
Residues in allowed regions 1.1 1.0
Outlier residues 0.4 0.4

Root mean square deviations
Bond length (Å) 0.007 0.007
Bond angle (degrees) 1.025 1.034

a Values in parentheses are for highest resolution shell.
b Single-wavelength anomalous dispersion.
c Rall was determined from all of the reflections (working set 
 test set), whereas Rfree corresponds to a subset of reflections (test set).
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are present in GST5118: cis-Pro-74 in the N-terminal domain,
which is assumed tomaintain the enzyme in a catalytically com-
petent structure (38), and Asp-205, which is important for the
C-terminal domain cohesion through its participation in the
N-capping box (39). Nevertheless, the GST5118 structure con-
tains unique features in both N- and C-terminal domains (Fig.
1). The first one is an elongation of about 8 residues of the loop
�1-�1 (11–22) when compared with almost all GSTs. Only
GST-like chloride intracellular channel proteins and the
recently characterized GST from Agrobacterium tumefaciens
(40) exhibit this property. In both GST5118 andA. tumefaciens
GST structures, this long �1-�1 loop closes one part of the
electrophilic substrate pocket (H site). In addition, a �-hairpin
motif (�2��2�) between �2 and �3 is observed for the first time
in a GST fold. This motif hinders the formation of the regular
GST dimer and partially covers the GSH binding site (G site).
The C-terminal domain includes two extra helices: �4�, which
follows �4 in an antiparallel way, and �6� located between �6
and �7. This second supplementary helix is a characteristic of
plant Phi GSTs (41). As for helix �4�, to the best of our knowl-
edge, it has been observed only in GRX2 (glutaredoxin 2) (Pro-
tein Data Bank entries 3ir4 and 1g7o (42)). This protein is
assumed to be the common ancestor of GSTs (43). Further-
more,�4� lies in a position similar to the C-terminal helix of the
human Alpha and Theta GSTs (supplemental Fig. S3). It has
been proposed that a secondary structure in this position cov-
ers the H site and reduces its accessibility (44, 45).
GST5118 exhibits a new dimerization mode with an accen-

tuated open V-shape where both subunits are related by a C2
symmetry. In the canonical GST assembly, the �4 and �5 heli-
ces of one monomer pack against the N-terminal domain of its
partner. In GST5118, the additional �-hairpin prevents this
proximity. Helix �4 of one subunit packs in the groove between
helices �4 and �5 of the other protomer (Fig. 1 and supplemen-
tal Fig. S4). Interestingly, this new oligomeric structure con-
serves a large cleft in the center of the dimer facing both of the
active sites. The size of the buried interface (1850 Å2) is signif-
icant and comparable with that observed in the “open” classical

GST dimers like in human Omega GST (46) or in Drosophila
Sigma GST (47). There are five hydrogen bonds and a hydro-
phobic lock-and-key motif that hold the two protomers
together. The key residue of the lock-and-key motif is Phe-113
from helix �4. It fits in the pocket of the other subunit formed
by Pro-107 from loop �3-�4; Gln-114 and Phe-117 from helix
�4; Leu-195, Met-196, and Thr-203 from the �5-�6 loop; and
Ser-205 fromhelix�6 (supplemental Fig. S5). Interestingly, this
motif is present in Alpha, Mu, and Pi GSTs (48), where the lock
is also located between helices�4 and�5.However, in the latter
cases, the key is located in loop �2-�3, which is replaced by the
protruding �-hairpin in GST5118.

In the catalytic center of the holo structure, the GSH mole-
cule fits in the canonical G site, where the anchoring motifs for
the �-glutamyl and cysteinyl moieties are conserved in GSTs
from this class. The imidazole group ofHis-70, from the�-hair-
pin motif, interacts via a water molecule with the carbonyl
group of the �-glutamylmoiety andwith the amide group of the
glycyl moiety (Fig. 2). Its carboxylate group is stabilized by the
side chains of Tyr-148 andArg-153 from�4�. The thiol sulfur of
GSH forms a hydrogen bond with the hydroxyl group of the
putative catalytic Ser-22, which is located at theN-terminal end
of�1 in the thioredoxin domain. This Ser-22 occupies the same
position as the catalytic residue of the Cys/Ser-GSTs (supple-
mental Fig. S3). The two residues Trp-21 and Pro-23, which
surround the above-mentioned catalytic serine and take part in
the H site, are invariant in GSTs from this class (supplemental
Fig. S6). Trp-21 is a very well conserved residue in thioredoxins
that is involved in enzyme substrate recognition (49), and
Pro-23 is a well conserved residue in the active site motif in the
class I glutaredoxins (50).
Upon GSH binding, significant conformational changes

occur in the GST5118 structure. In the G site, the �-hairpin
motif comes closer to the glycyl moiety, allowing its interaction
with the side chain of His-70, which adopts a new rotamer
(fromm-70 to t60). The side chain conformation of Asp-87 also
changes to stabilize theN-terminal end ofGSH (from t70 to t0).
In the H site, Trp-122 and Phe-127 from �4 undergo confor-

FIGURE 1. Unique dimeric organization of GST5118. A, view of the original dimer of GST5118. The additional secondary structures, highlighted in yellow in
the left monomer, include an elongation of the �1-�1 loop, a �-hairpin motif in the �2-�3 loop, and the �-helices �4� and �6�. In the left monomer, the N- and
C-terminal domains are colored in magenta and cyan, respectively; in the right monomer they are colored in olive and chocolate, respectively. Both monomers
have the ability to bind one glutathione molecule, depicted as green sticks, with corresponding 2Fo � Fc electron density (contour level 1.2 	). B, topology
diagrams of GST5118 (circles, helices; triangles, strands). The regular secondary structures of GSTs are colored cyan and magenta, whereas original elements are
colored yellow.
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mational changes that could improve the electrophilic sub-
strate accessibility (Fig. 2).
In the apoGST5118 form, a heavy residual peak of electron

densitywas found in the vicinity of the putative catalytic Ser-22.
It was assigned to a sulfate ion, which is stabilized by the side
chains of Tyr-46 (�2) and Arg-153 (�4�). In a similar position, a
sulfate binding site was reported in the crystal structures of
human Theta GST (45), human Zeta GST (51), and yeast elon-
gation factor 1B� (52). In order to stabilize the sulfate anion, the
role of Arg-153 (�4�) of GST5118 is played by Arg-239 of
humanTheta GST located in the C-terminal helix (supplemen-
tal Fig. S3). It is important to stress that both residues are
located roughly in the same spatial position although not in the
same secondary structure. A catalytic role was attributed to the
anion binding site in human GST T2-2, which displayed a sul-
fatase activity toward aralkylsulfates (45).
GST5118 Activities—Glutathionylation activity of GST5118

has been tested using CDNB, phenethyl-ITC, 4-nitrophenyl
butyrate (PNP-butyrate), and CMFDA as substrates (Table 2).
CMFDA is a molecule releasing fluorescence upon activation

by esterases (23). GST5118 is active at transferring GSH onto
phenethyl-ITC and PNP-butyrate but not CDNB. Surprisingly,
GST5118 also exhibits two types of esterase activity on
CMFDA, one with and another one without GSH (Table 2).
Still, in the absence of GSH, the activity remains weak, with a
catalytic efficiency 12-fold lower than in the presence of GSH.
By contrast, no thiol transferase activity could be detected with
hydroxyethyl disulfide, and the enzyme was also inactive in the
reduction of dehydroascorbate. In addition, no peroxidase
activity could be detected with either hydrogen peroxide, tert-
butyl hydroperoxide, or cumenehydroperoxide. Etherase activ-
ity was also tested using the synthetic substrate �-O-methyl-
umbelliferyl-�-hydroxylpropiovanillone. This compound is an
analog of lignin fragments containing an ether linkage that can
be cleaved by Lig proteins (17). Using LigF from Sphingobium
sp. SYK-6 as control (53), we showed that GST5118 does not
possess etherase activity with �-O-methylumbelliferyl-�-hy-
droxylpropiovanillone. GST5118 does not display sulfatase
activity using para-nitrophenyl sulfate potassium, although a
sulfate binding site has been identified in the structure.
Based on sequence alignments and structural data, we pos-

tulated that Ser-22 (GST5118numbering) could be the catalytic
residue responsible for GST5118 activity. Two directed muta-
tions have been performed replacing Ser-22 by an alanine
(GST5118-S22A) or a cysteine (GST5118-S22C). Both proteins
lost GSH transferase activity using phenethyl-ITC. Surpris-
ingly,GST5118-S22Agained activitywithCDNB, hydroxyethyl
disulfide, and cumene hydroperoxide (Table 2). On the other
hand, GST5118-S22C was inactive with all substrates used in
this study (data not shown).
ANS Binding Site—ANS is an environment-sensitive fluores-

cent dye, the fluorescence quantum yield of which increases
upon binding to hydrophobic sites of proteins (54). ANS bind-
ing onto GST5118 was accompanied by the appearance of a
characteristic fluorescence emission spectrum with a maxi-
mum at 475 nm, the excitation wavelength being fixed at 385
nm (Fig. 3A). The fluorescence signal, resulting from the inter-
action between the protein and ANS, was established rapidly in
less than 30 s and increased with the molar ratio of ANS to
GST5118, revealing a saturation curve. For concentrations

FIGURE 2. Stereo view of the active site of GST5118. The apo and holo
forms are shown superimposed in order to highlight the conformational
changes upon GSH binding. The anion binding site of GST5118 contains a
sulfate ion in the apo form and an acetate ion in the holo form. The carbon
atoms of the GSH-liganded and unliganded forms are colored cyan and green,
respectively. Other atoms are colored according to their types. For clarity, only
selected residues of the active site are shown and labeled.

TABLE 2
Kinetic parameters of GST5118 and GST5118-S22A in enzymatic assays
The apparent Km values for all compounds were determined using a concentration range of 0.1–10 mM in the presence of 2 mM GSH for GST5118 and 5 mM for
GST5118-S22A. The Km value for GSH was determined with 600 �M Phenethyl-ITC for GST5118 and 1 mM PNP-butyrate for GST5118-S22A and a concentration range
of 0.01–10 mM GSH. The apparent Km and kcat values were calculated by nonlinear regression using the Michaelis-Menten equation (r2 	 0.99). Data are represented as
mean � S.D. (n � 3). ND, not detected. The detection limit was estimated at 0.5 mIU. GOU�O, �-O-methylumbelliferyl-�-hydroxyl-propiovanillone.

Substrate
Km kcat kcat/Km

GST5118 GST5118-S22A GST5118 GST5118-S22A GST5118 GST5118-S22A

�M min�1 min�1 �M�1

CDNB ND 653.8 � 49.4 ND 1765.0 � 115.6 ND 2.69 � 0.02
HED ND 178.6 � 7.8 ND 57.3 � 6.8 ND 0.32 � 0.02
DHA ND ND ND ND ND ND
Phenethyl-ITC 119.0 � 14.4 ND 510.9 � 16.0 ND 4.3 � 0.3 ND
H2O2 ND ND ND ND ND ND
Tertbutyl-OOH ND ND ND ND ND ND
Cu-OOH ND 3767.0 � 437.0 ND 62.6 � 1.5 ND 0.011 � 0.002
GOU�O ND ND ND ND ND ND
PNP-butyrate 774.3 � 88.3 190.7 � 24.1 165.0 � 5.6 17.6 � 0.5 0.21 � 0.01 0.092 � 0.005
CMFDA without GSH 3.6 � 0.6 1.1 � 0.1 0.0060 � 0.0002 0.27 � 0.01 0.0017 � 0.0002 0.24 � 0.01
CMFDA with GSH 8.0 � 0.8 1.5 � 0.1 0.17 � 0.04 1.20 � 0.06 0.021 � 0.002 0.80 � 0.02
GSH 216.4 � 34.9 615.4 � 44.2 662.0 � 14.2 13.8 � 0.6 3.1 � 0.4 0.022 � 0.002
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higher than 50 �M ANS, a loss of signal was observed as previ-
ously shown for BSA or MurA interaction with ANS (54). A
dissociation constant of 10.65 � 0.5 �M was obtained by plot-
ting the concentration of ANS bound onto GST5118 against
the concentration of free ANS. Data were fitted to Equation 1.
The number of ANS binding sites, determined as described
under “Experimental Procedures,” was 1.008 � 0.015, suggest-
ing the binding of only one ANS molecule per monomer (Fig.
3B).
In additional experiments, tryptophan-based fluorescence of

GST5118wasmeasured using 290 and 340nmas excitation and
emission wavelengths, respectively, in the presence or absence
of ANS (Fig. 3C). Fluorescence resonance energy transfer
(FRET), revealed by the appearance of a signal at 475 nm, was
observed between Trp and ANS, confirming the binding of
ANS onto the protein, the energy transfer being highly depen-
dent on the distance between the donor and acceptormolecules
(Fig. 3C). This result is in accordance with the presence of four
Trp residues in the vicinity of the Ser-22 (Trp-21, Trp-26, Trp-
122, and Trp-215).
Similar experiments have been performed using themutated

protein GST5118-S22C. Interestingly, the GST5118-S22C

mutant is able to bind ANS only after reduction with DTT (Fig.
3A). Besides giving information about the ANS binding site
in GST5118, these data demonstrate the robustness of the
method. Mass spectrometry experiments performed on
GST5118-S22C showed that it covalently binds a GSH adduct.
Indeed, purified GST5118-S22C exhibited a molecular mass of
29,033 Da, whereas the previously DTT-treated protein exhib-
ited the expected molecular mass calculated from the primary
sequence of 28,728 Da. Additionally, after treatment with
GSSG, S-(phenylacetophenone)-glutathione, and 2-methyl-S-
glutathionyl-naphtoquinone, the mass of the reduced protein
increased by 305 Da (29,033 Da), which corresponds to a GSH
adduct. By contrast, no GSH adduct was detected on the wild
type protein, suggesting that themutated protein is able to bind
GSH covalently at the newly added cysteinyl residue, this addi-
tion preventing ANS binding onto the protein. ANS binding
onto GST5118 was investigated in the presence of various GSH
concentrations (up to 10mM), demonstrating thatGSH inhibits
ANS binding. The obtained datawere fitted to Equation 2, lead-
ing to an IC50 value of 261.5 � 39.8 �M (supplemental Fig. S7).
This measured value is in accordance with the Km for GSH
(216.4� 34.89�M) found in the enzymatic assays. Additionally,
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FIGURE 3. ANS binding onto GST5118. A, comparison of the fluorescence spectra (excitation at 385 nm) of 50 �M ANS bound onto GST5118 and GST5118-
S22C DTT-treated (reduced) or not. Emission spectrum of 50 �M ANS alone is reported. B, binding saturation of GST5118 with ANS and Scatchard plot.
C, tryptophan-based fluorescence (excitation at 290 nm, emission at 340 nm) of GST5118 alone and upon the addition of ANS. The emission spectrum of 50 �M

ANS alone is reported. Data are represented as mean � S.D. (n � 3). A.U., absorbance units.
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excitation transfer between Trp and boundANSwas fully abol-
ished in the presence of 1 mM GSH (supplemental Fig. S8).
S-(phenylacetophenone)-Glutathione and 2-methyl-S-gluta-
thionyl-naphtoquinone were also able to inhibit ANS binding,
whereas the same compounds deprived of the GSH adduct
could not (Table 3). Taking together, these data suggest
strongly that inGST5118, theANS binding site overlaps at least
in part the glutathione binding site (G site).
In the vicinity of catalytic Ser-22, a sulfate/acetate binding

site has been detected in the GST5118 structure. Because ANS
possesses a sulfonic acid motif, various sulfated compounds
were tested for their ability to interact with the ANS binding
site in GST5118. ANS binding is inhibited in the presence
of 4-aminotoluene-3-sulfonic acid, p-xylene-2-sulfonic acid
hydrate, 1,2-naphtoquinone-4-sulfonic acid sodium, and also
4-methylumbelliferyl sulfate potassium (Table 3). Moreover,
this inhibition seems to be sulfate/sulfonate-dependent
because 4-methylumbelliferone and p-xylene do not compete
with ANS, suggesting that the ANS binding site also overlaps
with the sulfate-binding site in GST5118.
Competition experiments between ANS and various sub-

strates have been performed in order to investigate possible
overlapping between the substrate binding site and the ANS
binding site. As shown above, GST5118 exhibits a relatively
high affinity for CMFDA, phenethyl-ITC, and PNP-butyrate
with and without GSH (Table 3). ANS binding onto GST5118
remainedmainly unaltered in the presence of either phenethyl-
ITC or CMFDA (supplemental Fig. S9). Moreover, GST5118
activity against phenethyl-ITC is inhibited in the presence of
ANS (supplemental Fig. S10). Concerning CMFDA, only ester-
ase activity with GSH is inhibited by ANS (Fig. 4A). Due to
quenching phenomena, PNP-butyrate was not used in this test.

Taken together, these data suggest that the ANS binding site
does not overlap with the substrate binding site because the
probe does not compete with hydrophobic substrates as phen-
ethyl-ITC or CMFDA for binding. By contrast, the competition
between ANS and GSH (Fig. 4B) and the inhibition of GSH-
requiring activities show an overlap between ANS and the G
site of GST5118.
Ligand Screening—Using ANS as a screening tool, competi-

tion experiments have been performed with 11 structurally
variable beech compounds (supplemental Fig. S11). Seven of
them were recognized by GST5118 (Table 3). Among these
products, those exhibiting the better affinity for GST5118 are
either aldehydes or compounds harboring electrophilic motifs
or atoms such as chlorine or nitrogen. Steric hindrance is not a
factor influencing ligand binding because epicatechin and cat-
echin hydrate, two of the largest compounds used, are both
bound by GST5118.

TABLE 3
Competition experiments between ANS and various compounds
Values given are IC50 fluorescence inhibition obtained by fitting data to Equation 2.
Menadione-SG, 2-methyl-S-glutathionyl-naphtoquinone.

GST5118

Kd ANS 10.6 � 0.5 �M
No. of fixation sites at 50 �M ANS 1.008 � 0.015
Glutathione 261.5 � 39.8 �M

Beech compounds
Coniferaldehyde 61.3 � 1.2 �M
Vanillin 216.6 � 8.5 �M
2-Hydroxy-4-methoxybenzophenone –
4-Chloro-3-nitrobenzoic acid 1.5 � 0.1 mM
4�-Hydroxyacetophenone 2.3 � 0.4 mM
Gallic acid –
Vanillic acid –
Epicatechin 1.7 � 0.1 mM
Syringaldehyde 79.4 � 1.6 �M
Catechin hydrate 584.3 � 98.7 �M
3-Hydroxy-4-methoxycinnamic acid,

predominantly trans
–

Glutathionylated compounds
2-Bromo-4�-phenylacetophenone
Phenylacetophenone-SG 99.7 � 46.5 �M
Menadione –
Menadione-SG 83.7 � 38.4 �M

Sulfated compounds
1,2-Naphtoquinone-4-sulfonic acid 334.5 � 56.8 �M
p-Xylene-2-sulfonic acid hydrate 928.7 � 258.8 �M
p-Xylene –
4-Aminotoluene-3-sulfonic acid 1.6 � 0.5 mM
4-Methylumbelliferyl-sulfate 223.6 � 25.3 �M
4-Methylumbelliferone –

FIGURE 4. Inhibition of GSH-dependent esterase activity by ANS or vanil-
lin. Data are represented as mean � S.D. (n � 3). A, noncompetitive inhibition
of esterase activity against CMFDA without inhibitor (F) or in the presence of
50 �M ANS (f) or 300 �M vanillin (Œ). Ki values were calculated resolving to the
non-linear noncompetitive inhibition equation (r2 	 0.99): Vmaxinh � Vmax/
(1 
 I/Ki); Y � Vmaxinh � X/(Km 
 X). Vmax and Km represent the maximum
enzyme velocity and the Michaelis-Menten constant without inhibitor,
whereas Vmaxinh represents the maximum enzyme velocity for one concen-
tration of inhibitor, and Ki is the inhibition constant. B, competitive inhibition
of esterase activity GSH-dependent against GSH without inhibitor (F) or in
the presence of 300 �M vanillin (Œ). The Ki value was calculated resolving to
the non-linear competitive inhibition equation (r2 	 0.99): Km(obs) � Km � (1 

[I]/Ki); Y � Vmax � X/(Km(obs) 
 X). Vmax and Km represent the maximum enzyme
velocity and the Michaelis-Menten constant without inhibitor, whereas
Km(obs) represents the Michaelis-Menten constant in the presence of inhibitor,
and Ki is the inhibition constant.
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To confirm the interaction between these compounds and
GST5118, additional experiments were conducted using vanil-
lin and testing the ability of GST5118 to react with CFMDA in
the presence and absence of glutathione. Vanillin strongly
inhibited the activity in the presence of GSH (Fig. 4) but had no
effect in the absence of GSH (data not shown). Kinetic experi-
ments revealed, as expected, a non-competitive inhibition
against CFMDA (i.e. different binding sites for vanillin and
CFMDA) and a competitive inhibition against GSH (i.e. over-
lapping binding sites for vanillin andGSH). In both cases, theKi
value (Ki around 200 �M) is in accordance with the IC50 value
calculated from the experiments performedwith ANS (216.6�
8.5 �M).
As summarized in Fig. 5, all of these data suggest that GSH,

ANS, sulfate/acetate, and ligands such as vanillin bind to
GST5118 through overlapping binding sites, which are differ-
ent from the substrate-binding site.

DISCUSSION

GST5118 is a newly identified fungal GSTwith unique prop-
erties both in terms of structural organization and biochemis-
try. GST5118 monomer exhibits two extra secondary struc-
tures in addition to the canonical GST framework: 1) the
�-hairpin �2��2� in the N-terminal domain, which hinders the
formation of the regular GST dimer and which may be
described as a shield covering the G site once GSH is bound,
and 2) the helix �4�, which closes the presumed electrophilic
substrate binding site and involves a basic side chain in the
anion binding site of the enzyme. Based on structural align-
ments, all five P. chrysosporium GSTs from this class should
share the same original properties, allowing us to define a new
structural GST class with a novel dimerizationmode. This class
holds the unique property of having conserved all the secondary
structures ofmonomeric glutaredoxin 2, which is the presumed
common ancestor of the cytosolic GSTs (43). All other struc-
tures solved so far lost at least helix �4�. The catalytic Ser-22 is
in hydrogen-bonding contact with the thiol sulfur atom of the
cysteinyl moiety of GSH and thus could participate in the sta-
bilization of the thiolate anion. The GST5118-S22A mutant
retains the ability to conjugate GSH onto electrophilic sub-
strates and exhibits weak peroxidase and thiol transferase activ-
ities. This suggests that another residue could stabilize the thio-
late form of GSH and thus lower its pKa. In the vicinity of GSH,
Asn-24which is conserved in isoforms of this class (supplemen-
tal Fig. S6) could fulfill this role with few conformational
changes. In accordance, this Asn residue is conserved in Ure2p
class and has been shown to be crucial for peroxidase activity of
Saccharomyces cerevisiae Ure2p (55). This observation could
explain why GST5118-S22A shows such an activity pattern.
A sulfate binding pocket was identified in the N-terminal

domain of GST5118 structure, close to the GSH binding site.
This could explain the binding of ANS, which possesses a sul-
fonic acid moiety, at the G site and the competition between
ANS and GSH. The unique binding mode of ANS onto
GST5118 allowed us to use it as a ligand screening tool. Gluta-
thionylated and sulfur-containing compounds as well as prod-
ucts resulting from wood degradation compete with ANS, sug-
gesting that all of them bind at the G site. This is in accordance

with the structural data concerning glutathionylated and sul-
fated compounds; however, it was unexpected for wood com-
pounds because the recognition of hydrophobic substrates has
never been described to occur at the G site.
The consequence of bindingwood compounds at theG site is

the inability of GST5118 to accept and therefore transfer GSH
anymore. This enzyme could thus have two functions, possibly
depending on the intracellular concentration of GSH andwood
compounds: a classical GSH transferase activity, especially with
phenethyl-ITC as substrate, and a ligandin property toward
wood extractive compounds. The affinity for ligand binding is
likely to be driven by very fine interactions. An example of this
fine ligand specificity is the pair vanillin/vanillic acid, in which
the first compound is well recognized byGST5118, whereas the
latter cannot displace ANS. The only difference between these
two molecules is the addition of a single atom of oxygen, trans-
forming the aldehyde function into an acidic one. Vanillin is

FIGURE 5. Schematic representation of compounds binding onto
GST5118 monomer. The N-terminal domain containing the GSH binding site
(G) as well as the ANS and sulfated compound binding site (S) is depicted in
blue (on the left), whereas the C-terminal domain containing the substrate
binding site (H) is depicted in orange (on the right). Binding of both GSH (pink)
and substrate (yellow) in their respective sites (A) enables the classical GSH
transferase activity of the enzyme. Binding of ANS and sulfated compounds in
the S site (B) or binding of non-substrate wood compounds (red) in the N-ter-
minal domain (C) inhibits the GSH binding but does not affect substrate bind-
ing and alters the GSH transferase activity of the enzyme.
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known to be one of the key intermediates found during wood
decay, and it was shown to be taken up by fungal cells (56).
However, vanillin is not a nutrient substrate but rather acts as a
chemical stress on fungal cells (57). It has also been suggested
that it can be responsible for activation of fungal metabolic
pathways for phenolic compounds (58). This ligandin property
of GST5118 could thus be helpful to protect the cell against
highly reactive xenobiotics or secondary metabolites. Similar
functions were assigned to plant Phi and Tau GSTs that partic-
ipate in the transport of highly reactive products to the vacuole
without catalyzing their conjugation and thus sequestering
them away from critical intracellular targets (59, 60).
In conclusion, the structural and functional properties of

GST5118 allow us to define a new GST class that we name
GSTFuA (for fungal specific class A). Accordingly, GST5118
from P. chrysosporium can thus be renamed GSTFuA1.

Acknowledgments—We thank the staffs of the BM30A beamline at
the European Synchrotron Radiation Facility (Grenoble, France) and
the Proxima 1 beamline at SOLEIL (Gif-sur-Yvette, France) for kind
assistance during data collection.

REFERENCES
1. Hayes, J. D., Flanagan, J. U., and Jowsey, I. R. (2005) Glutathione trans-

ferases. Annu. Rev. Pharmacol. Toxicol. 45, 51–88
2. Mannervik, B. (2012) Five decades with glutathione and the GSTome.

J. Biol. Chem. 287, 6072–6083
3. Oakley, A. J., Lo Bello, M., Nuccetelli, M., Mazzetti, A. P., and Parker,

M. W. (1999) The ligandin (non-substrate) binding site of human Pi class
glutathione transferase is located in the electrophile binding site (H-site).
J. Mol. Biol. 291, 913–926
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