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The Glutathione System of Aspergillus nidulans Involves a
Fungus-specific Glutathione S-Transferase™

Received for publication, October 8, 2008, and in revised form, January 26,2009 Published, JBC Papers in Press, January 26, 2009, DOI 10.1074/jbc.M807771200

Ikuo Sato, Motoyuki Shimizu, Takayuki Hoshino, and Naoki Takaya'
From the Graduate School of Life and Environmental Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8572, Japan

The tripeptide glutathione is involved in cellular defense
mechanisms for xenobiotics and reactive oxygen species. This
study investigated glutathione-dependent mechanisms in the
model organism Aspergillus nidulans. A recombinant dimeric
protein of A. nidulans glutathione reductase (GR) contained
FAD and reduced oxidized glutathione (GSSG) using NADPH as
an electron donor. A deletion strain of the GR gene (glrA) accu-
mulated less intracellular reduced glutathione (GSH), indicat-
ing that the fungal GR contributes to GSSG reduction in vivo.
Growth of the deletion strain of glrA was temperature-sensitive,
and this phenotype was suppressed by adding GSH to the
medium. The strain subsequently accumulated more intracellu-
lar superoxide, and cell-free respiration activity was partly
defective. Growth of the strain decreased in the presence of oxi-
dants, which induced glrA expression 1.5— 6-fold. These results
indicated that the fungal glutathione system functions as an
antioxidant mechanism in A. nidulans. Our findings further
revealed an initial proteomic differential display on GR-de-
pleted and wild type strains. Up-regulation of thioredoxin
reductase, peroxiredoxins, catalases, and cytochrome c¢ peroxi-
dase in the glrA-deletion strain revealed interplay between the
glutathione system and both the thioredoxin system and hydro-
gen peroxide defense mechanisms. We also identified a hypo-
thetical, up-regulated protein in the GR-depleted strains as glu-
tathione S-transferase, which is unique among Ascomycetes
fungi.

Glutathione (y-glutamyl-cysteinyl-glycine, GSH) is a ubiqui-
tous tripeptide of which the thiol/thiolate group of its cysteine
residue is reversibly oxidized to generate oxidized glutathione
(GSSQ). It is the most abundant intracellular redox-active sulf-
hydryl compound, and it acts as a major cellular redox buffer.
Maintenance of the cellular redox state is the most important
role of glutathione because reactive oxygen species (ROS),> due
to their powerful oxidant reactivity, cause oxidative damage to
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nucleotides, proteins, and lipids if they are not properly
removed from cells. Glutathione functions as an electron donor
for glutathione peroxidase that reduces hydrogen peroxide
(H,0O,) to water and contributes to ROS degradation (1). Glu-
taredoxins have glutathione-dependent disulfide reductase
activity and reduce protein disulfide generated by oxidation of
protein sulthydryl groups by ROS, and thus, this mechanism is
important for repairing oxidative damage to proteins as well as
for regulating the redox state of the proteins (glutathione-glu-
taredoxin system) (2, 3). The mechanisms of the thioredoxin
and glutathione-glutaredoxin systems are similar. Thioredox-
ins are small (12—13 kDa) protein disulfide reductases like glu-
taredoxins (4, 5), with a redox-active dithiol group, and they
serve as electron donors for thioredoxin peroxidase (peroxire-
doxin) that degrades H,O,. After oxidation, glutathione and
thioredoxin are re-reduced by glutathione reductase (GR) and
thioredoxin reductase (TR), respectively.

Glutathione reductase is a FAD-containing protein that
reduces GSSG to GSH using NADPH as an electron donor. It
constitutes a family of proteins with sulfide dehydrogenase,
dihydrolipoamide dehydrogenase, trypanothione reductase,
and TR, all of which catalyze NAD(P)H:disulfide oxidoreduc-
tase (6). The absence of the GR gene (pgri1™) causes a low res-
piration rate, inactivates oxidation-labile enzymes containing
FeS, and arrests growth at the G, phase in Schizosaccharomyces
pombe and, thus, is essential for its survival (7). Although GLR1,
the sole GR gene in Saccharomyces cerevisiae, is not required
for normal growth, it is required for growth in the presence of
oxidative stress (8). By contrast, GR is dispensable for the nor-
mal growth and maintenance of cellular GSH in Escherichia coli
(9). These imply that the contribution of GR to cell growth
differs according to species. Meanwhile, a recent report has
shown that when the genes for the thioredoxins TRXI and
TRX2 are deleted, S. cerevisiae remains viable but not when the
genes for both glutaredoxins (GRX1 and GRX2) are also deleted
(3). The triple mutant (¢rx1, trx2, glrl) is also non-viable, indi-
cating overlapping functions of thioredoxins and glutaredoxins
for reducing protein disulfides (3). This seems to be true for
S. pombe, in which multicopies of the thioredoxin gene (trx2™")
suppress the growth deficiency of GR mutants (10). Taken
together, the difference in the species requirement for GR is
presumed to be caused by the extent of activity of compensa-
tion mechanisms such as the thioredoxin system. However,
current comparative analyses of GR-deficient mutants from
various organisms are too limited to thoroughly address this
issue.

Another role of GSH is mediated by glutathione S-trans-
ferases (GSTs), which comprise a group of ubiquitous small
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cytosolic proteins containing a redox-active sulthydryl group.
The GSTs are involved in cellular detoxification by catalyzing
the conjugation of GSH with xenobiotics and endogenous
products of oxidative stress (11). Fungal GSH conjugates are
excreted to vacuoles and detoxified (12). Protein glutathionyla-
tion is another function of GSH through which protein function is
regulated, although reports about this type of modification in fungi
are sparse (13). In addition, some GSTs oxidize GSH to GSSG
and acts as glutathione peroxidase and disulfide reductase (glu-
taredoxin) (14). The family of GSTs is very large according to
their primary sequences. Early studies of GSTs from higher
eukaryotes classified them as o, w, 7, K, w, {, 0, and membrane-
associated proteins involved in eicosanoid and glutathione
metabolism (MAPEG) types. McGoldrick ez al. (15) recently
investigated the phylogenetic relationships of fungal GSTs and
found that most of them did not fit the above categories and,
rather, clustered into distinct groups designated clusters 1 and
2, EF1By, Ure2p, and MAK16. Properties of some fungal GSTs
that did not fit these clusters are currently under investigation
(16 —20). However, fungal GSTs are so divergent that further
studies are required to comprehensively understand their
structures and antioxidant functions.

Aspergillus nidulans is a filamentous fungus in Ascomycota
that has been used as a model organism for studying cellular
events such as development, secondary metabolism, and gene
expression. Thon et al. (21) recently studied the physiological
functions of thioredoxin system of this fungus and found that a
deletion of one of the two thioredoxin genes (¢trxA) resulted in
slow growth and the inability to form sexual and asexual repro-
ductive organs. They also found that adding GSH to culture
medium complemented these defects and that a combination
of recombinant TrxA and TR reduced GSSG in vitro (21).
These results indicated that A. nidulans produces a functional
thioredoxin system that interacts with the glutathione system
in redox regulation like S. cerevisiae and S. pombe. Here, we
investigated the glutathione system of A. nidulans using a dele-
tion strain of the fungal GR, which was viable and depleted of
most cellular reduced GSH. We further applied a proteomic
approach to identify cellular proteins of which amounts were
increased by GR and GSH depletion. We found that such pro-
teins included those in the fungal thioredoxin system and cata-
lases and peroxidases, implying functional relevance of these
proteins in glutathione and thioredoxin systems and in H,O,
degradation. We also identified and characterized a novel GST
exhibiting both GST and glutathione peroxidase activities. Phy-
logenetic analysis showed that this GST (designated GstB) con-
stitutes a unique family of GSTs that is conserved among some
filamentous fungi.

EXPERIMENTAL PROCEDURES

Strains, Culture, and Media—A. nidulans strains A26 (biAl)
and A89 (biAI; argB2) were obtained from the Fungal Genetic
Stock Center (University of Kansas Medical Center). Conidia
(10%) were transferred to 500-ml Erlenmeyer flasks containing
100 ml of MMDN (1% glucose, 10 mm NaNOj, 10 mm KH,PO,,
7 mm KCl, 2 mm MgSO,, 2 ml liter ~ ! Hutner’s trace metals (22))
and incubated at 30 °C for 20 h at 120 rpm (preculture). Result-
ant mycelia (1 g wet weight) were collected by centrifugation,
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washed twice with 0.85% NaCl, and then inoculated into
500-ml Erlenmeyer flasks containing 100 ml of MMDN. Flasks
were sealed with cotton plugs and rotated at 120 rpm for 6 h at
30 °C. Biotin (0.2 ug 1~ ') was added to all media. Arginine (0.2
mg 17") was added to culture the strain under arginine auxot-
rophy. E. coli was cultured in Luria broth (LB) (1% Tryptone,
0.5% yeast extract, 0.5% NaCl).

5'-Rapid Amplification of ¢cDNA Ends—Complementary
DNA was synthesized using the 5'-rapid amplification of cDNA
end system, Version 2.0 (Invitrogen) according to the manufac-
turer’s instructions. Total RNA was prepared from strain A26
cultured in MMDN medium for 24 h as above. The gene-spe-
cific primers for 5'-rapid amplification of cDNA ends were
GSP1 (5'-TTAGGATGTGCGGCGCAGTGTA-3') and GSP2
(5'-GCACGAGGTCAATTCCTTCGTT-3’), and the products
were cloned into pGEM-T easy (Promega, Madison, W1I).

Production of GlrA-Green Fluorescence Protein (GFP) Fusion
Protein in A. nidulans—The plasmid pGRgfpl and pGRgfpl-
M86A were constructed using the MultiSite Gateway Three-
Fragment Vector Construction kit (Invitrogen) according to
the manufacturer’s instructions. The gene promoters of gpdA
encoding glyceraldehyde-3-phosphate dehydrogenase (Pgpd)
and of the argB gene were amplified by PCR using the primers
5'-GGGGACAACTTTGTATAGAAAAGTTGCGTTGACC-
TAGCTGATTCTG-3' and 5'-GGGGACTGCTTTTTTGTA-
CAAACTTGTGTGATGTCTGCTCAAGCG-3' and primers
5'- GGGACAGCTTTCTTGTACAAAGTGGGAACGCATG-
CAATAATTGCAGC-3' and 5'-GGGGACAACTTTGTAT-
AATAAAGTTGGTCGACCTACAGCCATTG-3' (attB recom-
bination sites are underlined) and cloned into pDONRP4-P1R
and pDONRP2R-P3, respectively. Fragments of DNA encoding
enhanced GFP, and glrA were amplified using the primers G1
(GGAAGAGCTTGTTACTTTGCGTATGGTGAGCAAGG-
GCGAGGA) and G2 (GGGGACCACTTTGTACAAGAA-
AGCTGGGTTTACTTGTACAGCTCGTCCATG) and Al
(GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCTC-
TCTCGCTCCTCGCTT) and A2 (TCCTCGCCCTTGCTCA-
CCATACGCAAAGTAACAAGCTCTTCC), respectively. The
resulting DNA fragments were fused by a second PCR using the
primers Al and G2 and cloned into pDONR221. These three
plasmids and pDESTR4-R3 were used to generate the plasmid
pGRgfpl containing PgpdA::glrA::gfp fusion and argB. The
glrA:gfp fusion was replaced by that mutated at the Met®®
codon to an Ala codon to construct pGRgfpl-M86A as
described above. The mutated DNA fragment was generated by
PCR using pGRgfp1 as a template and the primers Al and 5'-
CACCGGCGGCGCGTTGCTCGAG-3" and G2 and 5'-CTC-
GAGCAACGCGCCGCCGGTG-3" and fused by the second
PCR using primers Al and G2. Both pGRgfpl and pGRgfpl-
M86A were introduced into A. nidulans A89.

Fluorescence Microscopy—Conidia of the transformants har-
boring pGRgfpl and pGRgfpl-M86A were incubated on glass
coverslips in MMDN medium at 37 °C for 10 h followed by
MitoTracker Red CMXRos (Invitrogen) for 10 min and then
analyzed using the fluorescence microscope DMLB (Leica, Hei-
delberg, Germany) with a BP 450490 filter for fluorescence
excitation of GFP and a BP 515-560 filter for excitation of
MitoTracker Red.
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Production of Recombinant Proteins—Plasmid pETgIrA was
constructed to produce truncated recombinant glutathione
reductase with an amino-terminal Met®® as follows. We pre-
pared girA cDNA by PCR using the cDNA of A. nidulans (see
below) and the respective 5'- and 3’-PCR oligonucleotide
primers: 5'-GCCATATGCCGCCGGTGGAGACAAA-3" and
5'-CCTAGCGGCCGCACGCAAAGTAACAAGCTCTTCC-3’
(restriction sites are underlined). The PCR products were puri-
fied, digested by Ndel and Notl, then ligated to the plasmid
vector pET21a (Novagen, Darmstadt, Germany) that had been
digested with the same restriction enzymes. Plasmids for
producing recombinant thioredoxin (rTrxA) and the gene
product of AN6024.3 were constructed essentially as
described above. The respective ¢cDNAs were amplified
using the primers 5'-GGGAATTCCATATGGGTGCCTC-
TGAACACGT-3 and 5'-CCCAAGCTTAGCAAGCAGAG-
CCTTGATAC-3’ (for treA) and 5'-CCCATATGTCCCAG-
CCAGTCTACCA-3’,and 5'-CCCTCGAGCTTATGCTCC-
GCAATATACTC-3’ (for AN6024.3). We used pET22b and
pET21a to construct respective plasmids to generate pET-
trxA and pETgstB. Standard DNA manipulation techniques
proceeded according to Sambrook et al. (23).

The plasmids pETtrxA and pETgstB were introduced into
E. coli Rosetta (DE3) pLysS (Novagen) and cultured in LB con-
taining 50 ug ml~" ampicillin sodium salt for 12 h, and then a
portion (3 ml) was agitated on a rotary shaker at 120 rpm in 200
ml of LB containing 50 pug ml™' ampicillin sodium salt in
500-ml flasks at 30 °C. After the optical density reached 1.0, we
added 0.1 mwm isopropyl 1-thio-B-p-galactoside (final concen-
tration) to the medium and further incubated the flask for 12 h
at 120 rpm at 30 °C. The E. coli cells were harvested by centrif-
ugation, suspended in 50 ml of 20 mMm potassium phosphate (pH
7.5), and disrupted by sonication. The sonicate was centrifuged
at 6000 X g for 15 min to remove cellular debris and unbroken
cells, and then the resulting cell-free extract was centrifuged at
100,000 X g for 60 min to obtain supernatant (soluble) frac-
tions. These fractions were passed through columns containing
nickel-nitrilotriacetic acid-agarose (inner diameter, 0.5 X 2 cm,
Qiagen) equilibrated with 20 mMm potassium phosphate (pH
7.5). The columns were washed with 10 ml of 20 mm potassium
phosphate (pH 7.5) containing 50 mm imidazole, and proteins
were eluted with the same buffer containing 100 mm imidazole.
All manipulations proceeded at temperatures below 4 °C.

Gene Disruption of A. nidulans glrA—A 720-bp DNA fragment
encoding 5'-region of glrA fused with appropriate restriction
sites was amplified using the primers 5'-CCGCGGCCGCAC-
ATTCCTTCGTCAGGG-3' and 5'-CCGGATCCTTCTGGT-
TATACTGAAATTG-3" (restriction sites are underlined).
After restriction digestion with the enzymes Notl and BamH],
the ends were ligated with pBSarg]1 that was spliced beforehand
with the same restriction enzymes. The 3'-region of glrA was
amplified using the primers 5'-GGCTGCAGGTGTGTTGCT-
ATTCATCC-3" and 5'-GGCTCGAGAGTGGTTACACCG-
AAC-3’, cut with Pstl and Xhol, and inserted into the same
restriction sites of the resulting plasmid to generate pDGLR1.
The plasmid pBSargl was generated by inserting a 1.8-kilobase
BamHI-Sphl fragment containing the argB of A. nidulans into
Smal-digested pBluescript KS+ and transformed into A. nidu-
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lans. Total fungal DNAs prepared as described by Takasaki et
al. (24) were Southern-blotted using a DIG DNA labeling and
detection kit (Roche Applied Science) according to the manu-
facturer’s instructions.

Enzyme Assays—Fungal cells were collected by filtration,
washed twice with 0.7% NaCl, suspended in buffer A (20 mMm
potassium phosphate (pH 7.2), 10% glycerol, 0.3 mm N-tosyl-1-
phenylalanine, 0.3 mm phenylmethylsulfonyl fluoride), and
homogenized as described (24). Cellular debris was sedimented
by centrifugation at 1500 X g for 10 min, and then the superna-
tant was further separated by centrifugation at 10,000 X g for
1 h. The supernatant was further separated by centrifugation at
100,000 X g for 60 min to obtain cell-free extracts.

Glutathione reductase was assayed in a reaction mixture
containing 50 mm potassium phosphate (pH7.5), 1 um FAD, 0.1
mM NADPH, and 1 mm GSSG. The reaction was initiated by
adding rGlIrA or cell-free extract, and then the absorbance at
340 nm was followed at 25 °C using a Beckman DU-7500 spec-
trophotometer. Apparent K, values were determined by fitting
each dataset to the equation v/e = k_,, [A]/(K, + [A]). Thiore-
doxin reductase was assayed in a mixture comprising crude
extract, 100 mm potassium phosphate (pH 7.5), 0.1 mm
NADPH, 0.17 mM recombinant human insulin solubilized by
the method of Holmgren et al. (4), and 10 uM recombinant
TrxA. The reaction was started by adding recombinant TrxA,
and the decrease in NADPH at absorbance 340 nm was meas-
ured. Catalase and cytochrome ¢ peroxidase were assayed as
described (25, 26). Glutathione S-transferase was assayed in a
buffer (100 mm Tris HCI (pH 6.5), 1 mm GSH, 1 mm each GSH
accepter) by measuring the increase in absorption at 340 nm
(for 1-chloro-2,4-dinitrobenzene and 1,2-dichloro-4-nitroben-
zene as accepters) and at 270 nm (for ethacrynic acid). The
molecular coefficients of the GSH-conjugants were set at 9.6-,
8.5-,and 5.0-mm ™' cm ™! (27). Glutathione peroxidase activity
was measured in a buffer (100 mm Tris-HCI (pH 6.5), 1 mMm
GSH, 1 mM cumene hydroperoxide, 1 unit of GR (Oriental
Yeast Co., Tokyo), 0.2 mm NADPH), and the reaction was
started by adding 15 ug of rGstB. The amount of generated
GSSG was measured as a change in absorbance at 340 nm
caused by the GR- dependent oxidation of NADPH coupled to
GSSG reduction. All reactions proceeded at 25 °C.

Aconitase (28), sulfite reductase (29), glucose-6-phosphate
dehydrogenase (30), and cytochrome ¢ oxidase (31) activities
were assayed as described. The protein concentration was
determined using Protein Assay kits (Bio-Rad).

Glutathione Determination—Conidia (10%) were transferred
to 500-ml Erlenmeyer flasks containing 100 ml of MMDN and
precultured at 30 °C to the logarithmic growth phase (20 h for
A26 and 28 h for DGR1) at 120 rpm. The resultant mycelia were
collected by centrifugation, washed twice with 0.85% NaCl, and
then 0.2 g (wet weight) was transferred to 30-ml test tubes con-
taining 10 ml of MMDN. After incubating at 120 rpm for 6 h at
30 °C, the mycelia were collected by centrifugation at 10,000 X
g for 10 min, vigorously mixed with ice-cold 5% 5-sulfosalicylic
acid, and incubated on ice for 30 min. After centrifugation at
10,000 X g for 10 min, the supernatants were neutralized with
triethanolamine on ice, and then the GSH and GSSG concen-
trations were determined as described (32).
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Analytical Methods—Absorption spectra were measured
using a DU7500 spectrophotometer, and FAD was identified
and quantified as described by Faeder and Siegel (33) using € at
450 nm = 11.5 mm™ ' cm ™' after denaturation to rGIrA by
heating at 75 °C for 15 min. To measure superoxide anions,
fungal mycelia (0.1 g wet weight) were incubated in 100 mm
potassium phosphate buffer (pH 7.2) containing 1 mwm nitro
blue tetrazolium at 30 °C for 10 min, collected by filtration, and
homogenized using liquid N,. Homogenates were suspended
with dimethyl sulfoxide and centrifuged at 15,000 X g, and then
the absorption of the resulting supernatants at 540 nm was
measured. Hydrogen peroxide was determined as follows.
Mycelia (0.5 g wet weight) were homogenized with 5 ml of 0.2 M
perchloric acid. After 15 min of centrifugation at 13,000 X g at
4. °C, the resulting supernatant was neutralized to pH 7.5 with
4 m KOH and immediately used to spectrophotometrically
determine H,O, at 590 nm using a peroxidase-based assay (34).
The reaction mixture contained 12 mm 3-dimethylaminoben-
zoic acid in 0.375 M phosphate buffer (pH 6.5), 1.3 mm 3-meth-
yl-2-benzothiazolidone hydrazone, and 0.25 units of horserad-
ish peroxidase (Sigma).

Nucleotide sequences were determined using an automated
DNA sequencer (CEQ2000, Beckman Coulter) according to the
manufacturer’s instructions. Dry cell weights were determined
as described (24).

Quantitative PCR—Total RNA was extracted from strain
A26 cells cultured in MMDN medium or in that containing
0.1-10 mMm menadione, diamide, and hydrogen peroxide at
30 °C for 20 h using the RNeasy plant mini kit (Bio-Rad) accord-
ing to the manufacturer’s instructions. First-strand cDNA was
synthesized by incubating total RNA (10 ug) in 10 ul of reaction
buffer comprising oligo(dT) 20 (Toyobo Co., Ltd, Japan), 5X
reverse transcriptase buffer, and reverse transcriptase Moloney
murine leukemia virus (200 units) (Takara Bio, Inc.) at 42 °C for
90 min. First-strand cDNA (330 ng) synthesized in this reaction
was amplified by quantitative PCR using iQ™ SYBR® Green
Supermix (Bio-Rad) and MiniOpticon™ Version 3.1 (Bio-Rad)
according to the manufacturer’s instructions. The expression of
glrA was normalized against that of actin-encoding actA. Data
were calculated as relative expression. The primer sequences
were 5'-GAGAAGGCGAAGAACCCAAC-3"and 5'-CCAAC-
ACCGAGACCCAGAA-3' for glrA and 5'-GAAGTCCTACG-
AACTGCCTGATG-3" and 5'-AAGAACGCTGGGCTG-
GAA-3' for actA.

Proteome Analysis—Samples for two-dimensional gel elec-
trophoresis were prepared from A. nidulans A26 and DGR1 as
described (35). Proteins (200 ug) were isoelectrically focused,
loaded onto precast 11.0% homogeneous polyacrylamide (slab)
gels (PAGE) (20 X 20 cm), and stained with SYPRO Ruby (Bio-
Rad) as described (35). Spots were detected using a ChemiDoc
XRS (Bio-Rad). Gel images were loaded into the Pro-
teomeweaver software (Version 4.0, Bio-Rad), and processing,
spot detection, quantitation, gel matching, and warping pro-
ceeded according to the manufacturer’s instructions. The vol-
umes of spots were normalized by dividing the volume of each
spot by the sum of the total spot volume. All proteomic differ-
ential display experiments were independently repeated three
times. Mean values of the normalized volumes from the three
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experiments determined the expression level of each protein
and were used for statistical tests (Student’s ¢ test). We estab-
lished the level of significance at p < 0.05.

Proteins were excised from the slab, digested with trypsin
gold (Promega), and used for matrix-assisted laser desorption
ionization time-of-flight mass spectrometry analysis as
described (35). Proteins were identified by peptide mass finger
analysis using the MASCOT (Matrix Science Ltd.) search
engines of the entire NCBI protein data base, and a protein
sequence library was constructed in-house with the most
recent annotation of the A. nidulans genome (Version 3, Broad
Institute, Cambridge, MA). The maximum deviation permitted
for matching the peptide mass values was set at 100 ppm. Scores
of >71 were considered significant (p < 0.005).

RESULTS

Glutathione Reductase Gene (glrA) from A. nidulans—Using
the BLAST program, we discovered a hypothetical gene (gene
ID, AN0932.3) in the gene set of the A. nidulans FGSC A4
genome (Broad Institute, Cambridge, MA) that encoded a sim-
ilar protein to the GR from S. cerevisiae. The gene encoded a
protein comprising 558 amino acid residues with a predicted
sequence that was similar to those of GR from E. coli gorA (50%
identical), S. cerevisiae GLRI (YPLO91W) (47%), S.pombe
pgrl™ (48%), and humans (GSHR_HUMAN) (43%). In the ami-
no-terminal region, we found a motif typical of the Rossmann-
fold superfamily (" GXGXXG, numbers started from transla-
tional initiation site, supplemental Fig. 1) followed by a highly
conserved amino acid sequence among the GRs involving the
catalytic Cys residue (***CVNVGC) (6). We also identified a
variation of the Rossmann-fold (***GXGXXAXE) that is only
found in the GR; subfamily of proteins containing FAD that
were classified by Dym and Eisenberg (6). Binding motifs for
FAD (**%(T/S)X4(F/Y)XXG(D/E)) and other highly conserved
sequences among the GR family were also identified (supple-
mental Fig. 1). The entire amino acid sequence of the protein
found by a search of the Pfam data base was in the thioredoxin
reductase superfamily that involves conventional GR, indicat-
ing that the gene product is closely related to GR. We desig-
nated the gene glrA based on the biochemical and genetic prop-
erties described below.

When cultured in MMDN medium at 30 °C for 24 h, 80 * 15
nmol min~' mg protein~' of GR activity was generated in the
cell-free extract of A. nidulans A26. Subcellular fractions were
prepared by differential centrifugation, and GR activity was
analyzed. Most (99.5%) of the GR activity was distributed in the
soluble fractions as well as the activity of glucose-6-phosphate
dehydrogenase, a cytosolic marker enzyme. A little (0.5%), but
significant (1.6 = 0.3 nmol min~' mg protein™') GR activity
was separated with particulate fractions in which mitochon-
drial cytochrome ¢ oxidase was concentrated but not with
mixed-membrane fractions, indicating that the GR was local-
ized mostly in the cytosol (data not shown). Analysis of girA by
5'-rapid amplification of cDNA ends resulted in major and
minor amplified products. Nucleotide sequencing showed that
the major product corresponded to the nucleotide that started
from —22 (starting from the initiation codon) and which was
followed by an initiation codon predicted as above. The minor
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pGRgfp1

pGRgfp1-M86A

II

FIGURE 1. Localization of GIrA-GFP fusion in A. nidulans. Conidia of trans-
formants harboring pGRgfp1 (A and B) or pGRgfp1-M86A (C and D) that,
respectively, produce GIrA-GFP and GIrAM8A-GFP, were incubated in MMDN
medium at 37 °C for 10 h. GIrA-GFP fusion proteins (A and C) and mitochon-
dria stained with MitoTracker Red CMXRos (B and D) were observed by fluo-
rescence microscopy. Scale bars, 10 um.

product started from +172 that was followed by a second
methionine codon (Met®®) (supplemental Fig. 2). We assumed
that the glrA gene contained two translation initiation sites and
examined intracellular GlrA distribution using the strains pro-
ducing GIrA-GFP fusions. Fig. 14 shows that fluorescence was
emitted by GFP in mitochondria stained with MitoTracker as
well as in the cytosol. By contrast, when the second Met®® was
replaced with Ala, GFP fluorescence co-located with mitochon-
dria and the cytosolic staining was lost (Fig. 1, C and D), which
indicated that the GIrAM®®*-GFP fusion protein localized in
the mitochondria. These results indicated that the first methi-
onine and Met®® are responsible for GIrA localization in the
mitochondria and cytosol, respectively, and that the 85 amino
acid residues before Met®® target GIrA into the mitochondria.
Both cytosolic and mitochondrial localizations of A. nidulans
GR are similar to the GR of S. cerevisiae and of S. pombe, which
produce both mitochondrial and cytosolic GR from two trans-
lation initiation sites (10, 36). However, the activity of the mito-
chondrial GR differed in that A. nidulans produced consider-
ably less of it than S. cerevisiae, which produces ~35% more
activity mg protein™' in the mitochondria than in the cytosol
(36).

Biochemical Properties of GlrA—We prepared recombinant
protein for glrA (rGlrA). The molecular mass (M,) of rGIrA
calculated from SDS-PAGE and from gel filtration chromatog-
raphy was 52,000 and 100,000 (supplemental Fig. 3), indicating
that rGlrA is dimeric. Yellow pigments released from rGlrA by
boiling co-migrated with FAD on thin-layer chromatography
(data not shown), indicating that rGlrA contains non-co-
valently bound FAD like other GR (6). The FAD content of the
purified rGIrA was 0.60 £ 0.04. The absorption spectra of
rGIrA exhibited peaks at 383 and 465 nm, which is consistent
with those of typical flavoproteins. Titration of rGIrA with
sodium dithionite under anaerobic conditions blue-shifted the
absorption from 465 to 450 nm and decreased the size of the
absorption peak (supplemental Fig. 3). An isosbestic point at
513 nm was observed during the titration. Sodium dithionite
increased absorption around 540 nm, indicating the formation
of the thiolate FAD charge transfer complex as observed with
other GRand TR (21, 37, 38). Adding 0.1 mm NADPH to rGIrA
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TABLE 1
Kinetic parameters of rGIrA

Recombinant GIrA (rGlrA) was prepared as described under “Experimental Proce-
dures.” Enzyme activity was determined by measuring increases in absorbance at
340 nm. Data are the means of three experiments.

Enzyme Substrate” K, Koo koo K,y

M st mm s
A. nidulans rGR GSSG 170 = 30 120 = 20 0.71
NADPH 11+1 130 = 10 11
S. cerevisiae GR? GSSG 55 250 4.5
NADPH 3.8 250 66

“ K., and k,, values for GSSG were determined at 0.04 -5 mm GSSG and at 0.1 mm
NADPH, and those for NADPH were determined at 5 mm GSSG and 5-200 um
NADPH.

? Data are from Massey and Williams (39).

(38 wm) caused a similar spectral change (supplemental Fig. 3),
indicating that NADPH reduced the FAD moiety of rGIrA. The
spectrum did not change after adding up to 1 mm NADH (data
not shown). When excess GSSG (1 mm) was added, the spectral
species of the NADPH-reduced rGlrA rapidly disappeared and
generated a spectral species that was indistinguishable from
oxidized rGIrA (supplemental Fig. 3). These findings indicated
that rGIrA could transfer electrons to GSSG.

The initial velocity of NADPH oxidation by rGIrA in the
presence of 5 mM GSSG and 0.1 mm NADPH was 5.5 X 10?
mmol min~' mmol FAD™'. A similar experiment replacing
GSSG with A. nidulans thioredoxin (trxA product) at a physio-
logical concentration (10 wm) resulted in <10 mmol min~!
mmol FAD™' activity (data not shown). The amount of
NADPH-O, reductase (diaphorase) activity was <10 mmol
min~* mmol FAD '. The apparent Michaelis-Menten con-
stant (K ) for NADPH was 11 = 1 um (Table 1), and that for
GSSG was 170 = 25 pM in the presence of 0.1 mm NADPH,
values that are comparable with those determined for S. cerevi-
siae GR (39) (Table 1). These results showed that A. nidulans
glrA encoded glutathione reductase.

GIrA Is Required for Normal Growth—We constructed a
plasmid designed for double crossing over with the fungal chro-
mosome at the 5" and 3’ regions of g/rA and introduced it into
A. nidulans (Fig. 2A). Southern blotting of total DNA from the
wild type strain and a transformant designated DGR1 revealed
a specific 3.2-kilobase Pst] DNA fragment for girA in the wild
type (WT) strain but not in DGR1. This transformant gener-
ated a 1.8-kilobase band, indicating a deletion of the glrA gene
(Fig. 2B). The morphology of the mycelia as well as asexual
(conidia) and sexual (cleistothecia and asci) reproduction
organs were microscopically indistinguishable between WT
and DGRI1 after culture under standard conditions (data not
shown), and the frequency of conidia and asci formation was
normal. The DGR strain formed smaller colonies than WT
due to a lower extension rate of the mycelia (Fig. 2C). The
extent of the slow growth phenotype was dependent upon cul-
ture temperature and more prominent when cultured at higher
temperatures (37 and 42 °C). The germination rates of conidia
did not differ between WT and DGR1 when cultured at tem-
peratures below 30 °C, whereas the numbers of germinated
conidia decreased at 37 and 42 °C (Fig. 2D). These results indi-
cated that glrA is required for normal growth and conidia ger-
mination at high temperatures.

VOLUME 284 +NUMBER 12+MARCH 20, 2009


http://www.jbc.org/cgi/content/full/M807771200/DC1
http://www.jbc.org/cgi/content/full/M807771200/DC1
http://www.jbc.org/cgi/content/full/M807771200/DC1
http://www.jbc.org/cgi/content/full/M807771200/DC1
http://www.jbc.org/cgi/content/full/M807771200/DC1

Glutathione System in A. nidulans

(Fig. 3B). This is likely due to the
inactivation of Fe-S proteins in the
mitochondrial respiratory chain as
O, inactivates Fe-S proteins by oxi-
dizing their Fe-S cluster (10, 14).
The low respiration activity could
explain the slow growth due to GIrA
depletion (Fig. 2C). By contrast,
intracellular H,O, levels in the glrA
mutant were decreased by 22%
compared with those of wild type
cells (Fig. 3A), indicating that
A. nidulans expresses a compensa-
tion mechanism(s) in response to
GIrA depletion. The most likely
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FIGURE 2. Construction of glrA mutant of A. nidulans. A, strategy for homologous recombination into glrA
locus to construct glrA deletion mutants. kb, kilobases. B, Southern blot analysis of A. nidulans WT (FGSC A26)
(lane 1) and DGR1 (lane 2). Total DNA from strains was digested with Pstl before blotting and hybridization.
G, strains were grown on MMDN agar plates with or without 10 mm GSH at indicated temperatures for 72 h.
Radii of colonies are indicated in mm with S.E. D, conidia of WT (circles) and DGR1 (squares) strains of A. nidulans
were spread onto MMDN agar plates with (open) or without (closed) 10 mm GSH and incubated at 30 °C for
120 h. Relative germination rates were determined by setting number of colonies on MMDN agar plates
(without oxidant) as 100%. Data are the means of three experiments. Error bars represent S.E. E, mycelia of WT
and DGR strains of A. nidulans were incubated for 6 h at 30 °C, and intracellular glutathione was determined.
Closed and open bars represent reduced and oxidized glutathione, respectively. S.E. are <20%.

We quantified the cellular glutathione content in A. nidulans
strains cultured at 30 °C. The results showed that total amounts
of GSH/GSSG were increased 4-fold in DGR1 compared with
WT (Fig. 2E). This indicated that GSH elimination induces de
novo GSH synthesis in DGR1 (see below) as in yeasts (7, 8, 10).
The WT strain contained 1.6 = 0.1 nmol mg cell ' of reduced
GSH which occupied most (94%) of the intracellular GSH/
GSSG pool (Fig. 2E). By contrast, the DGR1 cells contained less
GSH than the WT. More than 95% of the GSH/GSSG pool in
DGRI existed as the oxidized GSSG form, indicating that GR is
important for the reduction of GSSG to GSH. The tempera-
ture-sensitive growth and germination of DGR1 were partly
restored by adding 10 mm GSH (Fig. 2, C and D) to the medium
but not the same concentration of GSSG (data not shown).
These results indicated that GSH is important for growth.

GlrA Is Required to Maintain Cellular Oxidation Levels—We
measured the steady-state concentration of ROS in the DGR1
and WT strains. When cultured under normal conditions,
DGRI1 accumulated 25% more intracellular O, than the wild
type strain (Fig. 3A). This implied that a depletion of GSH due
to a lack of GIrA affects the intracellular oxidation level. An
excess of ROS causes oxidative stress, which threatens the
integrity of various biomolecules (14). Indeed, we found that
the respiration activity of strain DGR1 was partially defective
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candidates are thioredoxin peroxi-
dases (peroxiredoxins), cytochrome
¢ peroxidase, and catalases, which
we found were increased in the
DGR1 strain as discussed below.

Role of glrA in Oxidative Stress
Tolerance—Expression of the glrA
gene was quantified using PCR. Cul-
ture in the presence of reagents that
cause oxidative stress resulted in the
concentration-dependent genera-
tion of more glrA transcripts in
A. nidulans (Fig. 4A). Menadione at
0.1 mm induced little glrA expres-
sion, butat 1 mum, 6.1-fold more glrA
was expressed than in control cul-
tures without menadione. Diamide
atboth 1 and 10 mm also induced up
to 1.5-fold more glrA expression,
which was less efficient than menadione. Hydrogen peroxide
was the least effective (Fig. 44) as 1 mm H, O, did not affect girA
expression, and 10 mMm was as effective as diamide. Increasing
the culture temperature from 30 to 37 or 42 °C induced 1.4-fold
more glrA transcription (Fig. 4A4). This is consistent with a girA
requirement for normal cell growth at high temperatures (Fig.
20).

We examined the growth of A. nidulans WT and DGR1
strains in the presence of various amounts of oxidants. The
growth of both strains was almost completely suppressed by
high levels of menadione, diamide, and H,O, (data not shown).
Fig. 3B shows examples of growth in the presence of moderate
levels of these oxidants. The length of DGR1 hyphae after incu-
bation on agar plates for 120 h at 30 °C was 74, 53, 63, and 72%
that of WT in the presence of no oxidant, 30 uM menadione, 2
mM diamide, and 2.5 mm H,O,, respectively, indicating that
menadione and diamide obviously suppressed DGR1 growth.
Concentration ranges of H,O, from 0.5 to 3 mwm affected the
length of DGR1 hyphae less than those of WT (data not shown),
indicating that DGR1 is more sensitive to menadione and dia-
mide than to H,O,. The results were essentially the same for
DGRI1germination rates; namely, the oxidants decreased the
number of germinating conidia, and menadione and diamide
inhibited DGR1 germination more effectively than H,O, (Fig.

H

DGR1
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FIGURE 3. Effects of glrA mutation on cellular processes. A, intracellular
levels of superoxide and H,0, in WT (closed bars) and DGR1 (open bars) strains
of A. nidulans cultured at 30 °C for 20 h. Data are means of four experiments.
Error bars represent S.E. p < 0.03 (superoxide) and p < 0.05 (H,0,). B, respira-
tion activity of WT (closed bars) and DGR1 (open bars) strains of A. nidulans
cultured at 30 °C for 6 h after pre-cultivating conidia at 30 °C for 20 h. Data are
the means of four experiments. Error bars represent S.E. C, aconitase (left) and
sulfite reductase (right) activity of WT (closed bars) and DGR1 (open bars) cul-
tured at 30 °Cfor 6 h after pre-cultivating conidia at 30 °C for 20 h. Data are the
means of four experiments. Error bars represent S.E.

4, C-E). These results indicated that glrA plays critical roles in
the presence of oxidative stress.

Global Protein Production Altered by glrA Deletion—We
resolved the intracellular proteins of A. nidulans WT and
DGR1 by two-dimensional gel electrophoresis and compared
global protein production between them. We identified more
than 600 proteins in each gel (supplemental Figs. 4 and 5), and
an analysis of gel images revealed 13 and 7 proteins that were
>2-fold increased and decreased in the DGR1strain, respec-
tively. Their peptide mass fingerprints showed that the
increased proteins included thioredoxin reductase (TrrA,
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FIGURE 4. Effects of oxidative stress on A. nidulans DGR1. A, quantitative
PCR analysis of glrA gene transcript. A. nidulans was incubated at 30 °Cfor 6 h,
the indicated compounds were added or temperatures were shifted, and
then incubation proceeded for further 3 h. Bars indicate values reported as
relative expression rates obtained by RT-PCR and normalized to actA.
B, strains were grown on MMDN agar plates with or without various oxidants
at 30 °Cfor 120 h. Concentrations of oxidants: 30 um (menadione (MD)), 2 mm
(diamide), and 2.5 mm (hydrogen peroxide). Radii of colonies are indicated in
mm with S.E. C-E, conidia of WT (circles) and DGR1 (squares) strains of A. nidu-
lans were spread onto MMDN agar plates and incubated at 30 °C for 120 h.
Relative germination rates were determined by setting number of colonies
on MMDN agar plates (without oxidant) as 100%. Data are the means of three
experiments. Error bars represent S.E.

AN3581.3), cytochrome ¢ peroxidase (AN1630.3), and catalase
B (CatB, AN9339.3) (Table 2). Levels of their enzyme activities
in cell-free extracts were higher in DGR1 than in the wild type
strain (Table 3), which confirmed that a glrA deletion up-regu-
lated these proteins. Up-regulation of the H,O,- degrading
enzymes (CatB and cytochrome ¢ peroxidase) was consistent
with the lower H,O, concentration in DGR1 (Fig. 44). A per-
oxiredoxin homologous to yeast Ahplp (AN8692.3, 40%
identical) as well as elongation factor 1B (AN9304.3), of which
the Aspergillus fumigatus ortholog (elfA) reportedly has perox-
iredoxin activity (40), were more than 2-fold up-regulated in
the DGR1 strain. We previously constructed A. nidulans pro-
teome maps comprising 300 intracellular proteins (35). They
include catalase A (CatA, AN8553.3) (41), catalase peroxidase
(catalase D) (CpeA, AN7388.3) (42), manganese-dependent
superoxide dismutase (SodM, AN0785.3) (43), and proteins
homologous to yeast Cu,Zn-dependent superoxide dismutase
(Sod1p) (AN0241.3, 73% identical) and to yeast peroxiredoxins
Prx1p (AN10223.3,59%) and Dot5p (AN4301.3,30%) (Table 2).
The Prx1p homolog was 1.8-fold more abundant in DGR1 than
in the wild type strain, whereas CatA and CpeA was less
induced in DGR1 (Table 2). The amounts of SodM and the
Sod1p homolog did not significantly differ between the strains.
No Dot5p homolog was detected in this study, probably due to
low expression levels. Because peroxiredoxins are physiologi-
cally of significance for the thioredoxin-dependent reduction of
H,O0, in DGR1, this finding together with TrrA up-regulation
(Tables 2 and 3) and a low H,O, level (Fig. 44) indicated that
GR depletion up-regulated the thioredoxin system and that the
glutathione- and thioredoxin-dependent anti-oxidant systems
are functionally relevant.
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TABLE 2

Glutathione System in A. nidulans

Putative proteins involved in oxidative responses in A. nidulans identified in two-dimensional PAGE

No.” Annotation name Gene ID” Gene* -Fold? tpl°® MW
Oxidative stress response
1 Thioredoxin reductase AN3581.3 trrA 6.2 5.2 36.1
2 Cytochrome ¢ peroxidase AN1630.3 CCPI 2.0 8.9 39.9
3 Catalase B AN9339.3 catB 4.8 49 79.2
4 Catalase-peroxidase (catalase D) AN7388.3 cpeA 1.2 5.9 82.1
5 Catalase A ANBS8553.3 catA 1.3 7.7 60.2
6 Manganese superoxide dismutase AN0785.3 sodM 1.1 6.2 23.4
7 Cu,Zn superoxide dismutase ANO0241.3 SOD1 0.9 5.8 15.9
8 Peroxiredoxin/Prx5-like /allergen Asp f3 ANB8692.3 AHPI 4.2 5.6 18.5
9 Peroxiredoxin AN4301.3 DOTS - 9.5 21.8
10 Peroxiredoxin AN10223.3 PRX1 1.8 5.5 233
11 Elongation factor 1B AN9304.3 elfA 2.5 5.4 24.0
12 Hypothetical protein (glutathione S-transferase) ANG6024.3 gstB 2.6 59 24.9
13 Glutathione reductase AN0932.3 girA s 6.2 51.6
Other
Up-regulated proteins
14 Sulfite reductase AN1752.3 - 1.9 5.0 114.8
15 Glucose-methanol-Choline oxidoreductase AN7267.3 - 3.7 5.7 59.2
16 M20A metallohydrolase family AN3459.3 DUGI 2.0 5.4 52.6
17 Tropomyosin AN5686.3 TPM?2 2.1 5.0 18.8
18 Proteasome subunit o 2 AN6726.3 PRES 2.2 5.6 30.1
19 Zinc binding dehydrogenase AN7914.3 - 2.3 5.0 36.0
20 Reduced viability upon starvation protein 161 ANS8831.3 RVS161 2.8 5.6 31.2
21 Serine hydroxymethyl transferase AN3058.3 SHM?2 17 7.6 50.3
22 Ubiquinol cytochrome ¢ reductase core protein 2 ANB8273.3 QCR2 2.3 9.0 47.6
23 Woronin body major protein AN4695.3 hexA 1.9 6.7 25.1
24 Aconitase AN5525.3 acoA 1.7 6.0 83.1
Down-regulated proteins

25 Hypothetical protein AN3674.3 - 0.58 4.9 58.2
26 O-Methyl transferase AN9233.3 - 0.50 6.1 42.9
27 Short chain dehydrogenase ANO0179.3 TMA29 0.35 6.2 29.3
28 UDP-N-acetylglucosamine pyrophosphorylase AN9094.3 QRI1 0.48 6.0 55.8
29 Pyruvate dehydrogenase complex E2 component AN6708.3 LATI 0.46 6.1 51.8
30 S-Adenosylmethionine synthetase AN1222.3 SAM2 0.61 5.3 42.2
31 Bifunctional purine biosynthesis protein AN4464.3 purH 0.55 6.3 65.6
32 6-phosphogluconate dehydrogenase AN3954.3 GND2 0.52 5.7 54.0
33 Phosphoglycerate kinase AN1246.3 pgkA 0.45 6.4 44.9
34 Flavohemoglobin AN7169.3 YHBI 0.60 6.1 44.9
35 Alcohol dehydrogenase AN8979.3 alcA 0.49 7.6 37.1
36 Peptidyl-tRNA hydrolase AN10249.3 PTH2 0.60 55 57.5
37 ATP synthase « -chain AN1523.3 ATPI 0.39 9.1 61.9
38 Porin AN4402.3 PORI 0.41 9.0 29.9
39 Constitutive protein, actin AN6542.3 actA 1.1 5.5 41.7

“ Numbers in this correspond to the protein spots in supplemental Fig. 4 and 5.
 Gene IDs are according to A. nidulans genome database.

¢ Gene names for orthologs in S. cerevisiae are shown when relevant Aspergillus genes were uncharacterized. —, no orthologous gene was identified in S. cerevisiae.
@ Levels of expression in A. nidulans DGR1 (glrA disruptant) were compared with FGSC A26 (wild type). Standard deviations of data were <31%. p < 0.05.

¢ Theoretical pl.
/Theoretical molecular mass.
£ No GIrA was detected in strain DGR1.

TABLE 3

Enzyme activity of anti-oxidant enzymes A. nidulans strains

A. nidulans strains were incubated at 30 °C for 6 h after precultivating conidia at
30 °C for 20 h, and enzyme activity in cell-free extracts was determined as described
under “Experimental Procedures.” -Fold induction in DGRI1 is presented in paren-
theses. Data are the means of three experiments * S.D.

Specific activity
Strain Thioredoxin Cytochrome
Catalase .
reductase ¢ peroxidase
wmol min~! mg protein™*
WT 76+15X1073(1) 23+03X10*(1) 13*02Xx10'(1)

DGRl 2.7+ 03X 1072(3.6) 1.1 0.1 X 10°(4.8) 4.0 + 0.2 X 10" (3.1)

Proteomic analyses identified other proteins that were up-
and down-regulated by GIrA depletion (Table 3). Some house-
keeping proteins were up-regulated such as sulfite reductase
(AN1752.3) (1.9X) for sulfate assimilation and aconitase
(AN5525.3) (1.7X), constituting the tricarboxylic acid cycle.
The enzyme activity of these two proteins was increased 9.3-
and 1.9-fold in cell-free extracts of the DGR1 strain, confirming
their up-regulation (Fig. 3C). Other housekeeping proteins, for
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example, a subunit of pyruvate dehydrogenase (AN6708.3),
6-phosphogluconate dehydrogenase (AN3954.3), phospho-
glycerate kinase (AN1246.3), alcohol dehydrogenase (alcA,
ANB8979.3), and the ATP synthase catalytic subunit (AN1523.3),
were down-regulated, indicating that carbon and energy meta-
bolic mechanisms were altered due to GIrA depletion. Higher
levels of proteins related to glutathione metabolism were also
detected in DGR1. Proteins orthologous to human tropomyosin
that is post-translationally modified with glutathionylation (44)
and to S. cerevisiae Duglp that constitutes an alternative GSH
degradation mechanism (45) are such examples. Together with
increased de novo GSH synthesis (Fig. 2), these result indicated
that glutathione turnover was accelerated in the absence of glrA.
Identification of Novel Fungus-specific GST—W'e discovered
a hypothetical protein that was expressed at 2.6-fold higher
levels in the DGR1 than in the wild type strains (Table 1 and
spot 12 in supplemental Fig. 4). Peptide mass fingerprints of the
protein after trypsin digestion revealed that it was the gene
product of AN6024.3 with sequence coverage of 60% and a
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FIGURE 5. Characterization of novel GST from A. nidulans. A, SDS-PAGE of purified enzyme. Purified
enzymes (1 ug) were resolved by SDS-PAGE on 10% polyacrylamide gels and stained with Coomassie Brilliant
Blue. Lane 1, markers (Novex Sharp Protein Standard kit, Invitrogen); lane 2, rGstB. B, Quantitative PCR analysis
of gstB gene transcript. A. nidulans A26 was grown at 30 °C for 20 h, the indicated compounds were added or
temperatures were shifted, and then incubation proceeded for further 3 h. Bars indicate values reported as
relative expression rates obtained by RT-PCR and normalized to 18 S rRNA. C, phylogenetic relationships
among GstB-like GSTs from various organisms. Multiple alignmentand neighbor joining were performed using
Molecular Evolutionary Genetics Analysis (MEGA) Software Version 4.0. Accession numbers are from Broad

Institute. GstA involved in cluster 2 GST from A. nidulans served as outgroup.

Mascot score of 140. The theoretical M, and plI values or the
AN6024.3 product were 25,000 and 5.4, which were almost
identical to our empirical results (23,000 and 5.2). A search of
the Pfam data base revealed a potential protein motif for the
carboxyl terminal domain of GST buried in the amino acid
sequence. The Tyr residue located near the amino terminus is
characteristic of some GSTs. Fraser et al. cloned and analyzed
the gstA gene of A. nidulans (AN4905.2) and showed that it
encoded a glutathione S-transferase-like protein that is
involved in resistance against xenobiotics and heavy metals
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was obviously different from GstA,
and they were only 17.2% homolo-
gous with each other. A purified
recombinant protein for the
AN6024.3 product generated in
the E.coli expression system as
described under “Experimental Pro-
cedures” that resolved as a single
band on SDS-PAGE at M, 25,000
(Fig. 5A) was comparable with the
M, of the native protein detected by
two-dimensional gel electrophore-
sis (supplemental Fig. 4). The M,
estimated from gel filtration chro-
matography was 51,000, indicating
that the protein was dimeric (data
not shown). The protein exhibited
significant ability (7.6 = 1.0 nmol
min~' mg~') to transfer GSH to
1-chloro-2,4-dinitrobenzene (Table
4); the K, for GSH was 32 = 3 um.
These results indicated that the
gene AN6024.3 encoded a novel
fungal GST, and we designated it
gstB. Both 1,2-dichloro-4-nitroben-
zene and ethacrynic acid are con-
ventional substrates for GST assays,
but they were not substrates for
GstB. We measured glutathione
peroxidase activity by measuring
the amount of GSSG produced
by the cumene hydroperoxide-
dependent oxidation of GSH. The
specific activity of recombinant
GstB (rGstB) for the respective
reactions was 90 = 18 nmol min™'
mg ! (Table 4).

We investigated the regulation of
gstB transcription using quantita-
tive PCR. More gstB transcripts
accumulated in DGR1 than in the
wild type strain after cultivation for
3h(X12 + 1)and 6 h (X15 * 3) at
30 °C (data not shown), which was
consistent with the amounts of GstB
protein identified by two-dimen-
sional gel electrophoresis (Table 2)
and confirmed GstB up-regulation in the absence of GIrA.
The expression of gstB was induced by exposing the fungus
to various oxidants for 3 h (Fig. 5B). The extent of induction
varied among the oxidants with menadione being the most
effective. This is similar to the expression profile of glrA (Fig.
3). Menadione, diamide, and H,O, caused more effective
expression of gstB than of girA. These oxidants also induce
the expression of gstA of A. nidulans (46), indicating that the
glutathione system plays a role(s) in the fungal response to
oxidative stress.

5
Heat

GstB-like

BC1G 05767

Gamma
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TABLE 4
Glutathione peroxidase activities and GST of purified rGstB protein

We prepared rGstB and determined enzyme activity as described under “Experi-
mental Procedures.” Assays included 1 mm GSH and 15 ug of rGstB. Data are the
means of three experiments = S.D.

Substrate

Specific activity

nmol min~ ! mg protein™*

1-Chloro-2,4-dinitrobenzene 7.6+ 1.0
1,2-Dichloro-4-nitrobenzene <0.5
Ethacrynic acid <0.5
Cumene hydroperoxide 90 = 18

A search of the NCBI data base and the fungal genome data
base at the Broad Institute using the BLAST algorithm uncov-
ered putative proteins with high identity to A. nidulans GstB
that were distributed in Aspergillus terreus (ATEG_06528.1,
69% identical), Aspergillus niger (e_gwl_7.1165, 64%), Aspergil-
lus oryzae (AO090102000005, 65%; AO090003001469, 57%),
Fusarium graminearum (anamorph of Gibberella zeae)
(FGSG_03802, 58%; FGSG_11062, 53%), Fusarium verticil-
lioides (FVEG_12937, 61%; FVEG_12433, 56%), and Fusarium
oxysporum (FOXG_13104, 57%). Phylogenetic analysis showed
that these proteins and A. nidulans GstB were included in a
single branch (Fig. 5C), whereas proteins that were more dis-
tantly related to GstB were clustered in another branch. The
latter included hypothetical proteins from Rhizopus oryzae
(RO3G_01266.1, 33% identical to GstB; RO3G_08558.1, 32%)
as well as Cunninghamella elegans GST1-1 (33%) and GST2-2
(32%) (16). Given that both of the C. elegans GSTs are of the 7y
class (16) and these four GSTs had <33% identity to the GstB-
like proteins located in the same branch as A. nidulans GstB
(Fig. 5C), these results indicated that the GstB-like proteins
comprise a novel class of GST's that are distinct from the 7y class.
Glutathione S-transferases are commonly distributed from
most aerobic bacteria to higher eukaryotes, and they constitute
a superfamily based on their primary sequences as well as other
criteria. Mammalian and plant GST's have been studied in detail
and grouped into at least eight structurally distinct families
(47). A comparison of the amino acid sequences of these GST's
and GstB resulted in only 20-25% sequence identity (data not
shown). Although others have proposed that GSTs with more
than 40% identity should be categorized into the same class
(48), GstB does not belong to any known GST family according
to this criterion, which we confirmed by phylogenetic analysis
(supplemental Fig. 6).

DISCUSSION

We investigated the glutathione system of A. nidulans by
constructing a fungal GR-encoding glrA gene knock-out strain.
The strain (DGR1) almost completely lacked intracellular GSH
as well as GR activity and accumulated more GSSG than the
wild type strain, showing that GR plays a critical role for GSSG
reduction to GSH in this fungus. We further prepared rGIrA
and showed that its dimeric and kinetic properties as well as
nucleotide specificity resembled those of GR from S. cerevisiae
and S. pombe, implying that the GR-glutathione system is con-
served among these fungi. The present results showed that GR
depletion reduced the growth rate of A. nidulans under stand-
ard (normoxic) conditions. In comparison, a deletion of the GR
gene did not affect growth in S. cerevisiae (8), whereas it was
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lethal in S. pombe (7), indicating that GR-glutathione system
functions differently among fungal species. Meanwhile, exten-
sive studies of S. cerevisiae have indicated that the yeast accu-
mulates the same level of GSH in the absence of GR (8), whereas
S. pombe and A. nidulans strains defective in GR accumulate
only 12% (7) and 21% (Fig. 2E) of GSH relative to the wild type
strain. These observations indicate that the extent of fungal
growth defects correlates with a decrease in intracellular GSH.
The growth defect in A. nidulans was complemented by adding
GSH to the media (Fig. 2, C and D), suggesting that defective
ROS removal due to a decrease of GSH and/or a cellular redox
state imbalanced because of a lowered GSH/GSSG ratio caused
the growth defect. The partial O, respiration deficiency and
higher intracellular O, concentration in DGR1 (Fig. 4, A and B)
is consistent with excessive ROS accumulation in the GR-defi-
cient cells, damaging the fungal respiration mechanism.

A small amount of GSH accumulated in the DGR1 cells,
although the cells exhibited no significant intracellular GR
activity. Intracellular thioredoxin is the most likely candidate
protein to produce GSH as a combination of NADPH, TR, and
thioredoxin of A. nidulans reduces GSSG in vitro (21). This is
also true of S. cerevisiae when GSH under the genetic back-
ground of Aglrl is supplied by TR (3, 8). These imply that both
fungi share a TR-thioredoxin-dependent mechanism that com-
pensates for the GR (or GSH) deficiency. Indeed, the concen-
trations of GSH in the GR-deficient cells of A. nidulans, S. cer-
evisiae, and S. pombe considerably differ, suggesting that the
TR-thioredoxin system contributes to maintain cellular GSH
concentration to different extents among these fungi. Because
the properties of both fungal thioredoxins are similar, this dif-
ference seems to be a consequence of variable production of TR
and/or thioredoxin. To date little is known about TR produc-
tion in response to GR depletion in S. cerevisiae and S. pombe.
However, the present study demonstrated that A. nidulans up-
regulated TR in response to GR depletion (Tables 2 and 3),
indicating that TR production is regulated in these yeasts.
Alternatively, the steady-state turnover level of enzymes that
consume GSH could differ among fungi to support normal
growth, which could determine (or regulate) the intracellular
GSH concentration and, thus, the growth of A. nidulans.
The GstB found in this study (see following discussion) and
other GSH-dependent antioxidant proteins such as glutathi-
one peroxidases and glutaredoxins identified in the gene set
of A. nidulans (data not shown) should be candidates for
such proteins. Our findings that gstB expression is inducible by
exogenous oxidants like other fungal GSTs and that GstB
exhibited activity for transferring not only GSH but also
glutathione-dependent peroxidases like C. elegans GST1-1 and
GST2-2 (16), and A. fumigatus GstA, GstB, and GstC (18) sug-
gests that they play a role in the fungal response to oxidative
stress.

We showed that exogenous oxidants induced glrA expres-
sion and inhibited cell growth and conidial germination more
effectively in the DGR1 than in the wild type strain, indicating
that GR (or GSH) functions as an antioxidant in A. nidulans as
it does in yeasts and other organisms (7-10). Menadione was
the most powerful inducer of glrA expression among the tested
oxidants. The results also indicated that GR depletion caused
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hypersensitive growth and germination of A. nidulans in
response to menadione (Fig. 3). This phenomenon is explained
as follows. Fungal cells accumulated more O, in the absence of
GR, probably due to a dysfunction of the respiratory chain (Fig.
4), whereas levels of O, -scavenging superoxide dismutase
remained stable (Table 2). Because menadione is generally
thought to generate O, under normoxic conditions, the cells
were faced with more O, in the presence of menadione under
the genetic background of AglrA, and thus, DGR1 consequently
grows more slowly than the wild type. Meanwhile, H,O,
induces glrA transcription less effectively than menadione and
minimally inhibits DGR1 growth, which is in sharp contrast to
menadione. This phenomenon is similar in a S. pombe mutant
devoid of GR (7), although mechanistic insight into the differ-
ence remains elusive. We showed that GR depletion in A. nidu-
lans induced catalases A and B, catalase-peroxidase (catalase
D), cytochrome ¢ peroxidases (Tables 2 and 3), and peroxire-
doxins (Table 2), all of which remove intracellular H,O,. The
intracellular concentration of H,O, was lower in the GR
mutant than in the wild type strain, which implies that a glrA
deletion activates the anti-H,O, mechanism, which confers
more tolerance upon the cells to H,O,.

To date, information about fungal GST is limited. The only
GSTs characterized in detail are those in cluster 2 and the w
class from S. cerevisiae (Gtt2p, Gtolp, Gto2p, Gto3p) (49), the
0 class from Issatchenkia orientalis (GST Y-1 and Y-2) (17), the
v class from C. elegans (GST1-1, GST2-2) (16), cluster 2 from
A. nidulans (GstA) (46), and cluster 2 (GstA and GstB) and
EF1BYy from A. fumigatus (EIfA) (18). However, this suggests
that fungi produce divergent classes of GST dependent on the
species. In addition, the present proteomic analysis indicated
that the GST (GstB) discovered herein belongs to a novel class.
This implies that an evolutionarily distant class of GST must be
uncovered in fungal genomes by re-evaluating phylogenetic
relationships among fungal GST orthologs. Indeed, we found
genes for hypothetical proteins similar to «, k, o, cluster 2,
EF1Bvy, Ure2p-like, MAK16, and MAPEG classes of GST in the
A. nidulans genome (supplemental Table 1) in addition to GstB
(note that A. midulans also produces a maleylacetoacetate
isomerase (AN1895.3) which is a classical { GST (50)) (supple-
mental Fig. 4). Among them, orthologs for clusters 2, w class,
EF1BYy class, and MAKI16 class GST are widely distributed in
fungi in Ascomycetes, Basidiomycetes, and Zygomycetes,
whereas Ure2p class GST were found only in Ascomycetes
(supplemental Table 1). Meanwhile, fungi harboring the GstB
orthologs belong exclusively to Ascomycetes and especially to
the Aspergillus and Fusarium genera, whereas we found no pro-
tein orthologous to GstB with >40% sequence identity in other
Ascomycetes fungi such as Candida lusitaniae, Candida tropi-
calis, Chaetomium globosum, Coccidioides immitis, His-
toplasma capsulatum, Magnaporthe grisea, Neurospora crassa,
Sclerotinia sclerotiorum, S. cerevisiae, and in Basidiomycetes
(Coprinus cinerea, Cryptococcus neoformans, Puccinia grami-
nus, Ustilago maydis) and Zygomycetes fungi (Botryotinia fuck-
eliana, R. oryzae) among known genomic DNA sequences. This
indicated that GstB-like GSTs are distributed in restricted fun-
gal species. y class GSTs are another example of GSTs found
only in the Zygomycetes C. elegans and R. oryzae. That these
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specific GST are distinct from the five clusters proposed by
McGoldrick et al. (15) is notable.

Here we presented an initial proteomic differential display
from GR-depleted and wild type fungal strains and found that a
deletion of the GR gene (glrA) resulted in global changes in
cellular protein production in A. nidulans. The change in the
proteome also demonstrated interplay between glutathione-
and thioredoxin-dependent antioxidant systems and led to the
discovery of a novel class of fungal GSTs, which shed light upon
hidden GSTs distributed among fungal species. The present
findings suggest that a combination of targeted gene disruption
and proteomics is a powerful approach to molecular analyses of
A. nidulans in the post-genome era.
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manuscript.
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