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Redox regulation has been shown to be of increasing impor-
tance for many cellular processes. Here, redox homeostasis was
addressed in Aspergillus nidulans, an important model orga-
nism for fundamental biological questions such as development,
gene regulation or the regulation of the production of secondary
metabolites. We describe the characterization of a thioredoxin
system from the filamentous fungus A. nidulans. The A. nidu-
lans thioredoxin A (AnTrxA) is an 11.6-kDa protein with a char-
acteristic thioredoxin active site motif (WCGPC) encoded by
the trxA gene. The corresponding thioredoxin reductase
(AnTrxR), encoded by the rxR gene, represents a homodimeric
flavoprotein with a native molecular mass of 72.2 kDa. When
combined in vitro, the in Escherichia coli overproduced recom-
binant proteins AnTrxA and AnTrxR were able to reduce insu-
lin and oxidized glutathione in an NADPH-dependent manner
indicating that this in vitro redox system is functional. More-
over, we have created a thioredoxin A deletion strain that shows
decreased growth, an increased catalase activity, and the inabil-
ity to form reproductive structures like conidiophores or cleis-
tothecia when cultivated under standard conditions. However,
addition of GSH atlow concentrations led to the development of
sexual cleistothecia, whereas high GSH levels resulted in the
formation of asexual conidiophores. Furthermore, by applying
the principle of thioredoxin-affinity chromatography we identi-
fied several novel putative targets of thioredoxin A, including a
hypothetical protein with peroxidase activity and an aldehyde
dehydrogenase.

Due to the metabolism of molecular oxygen as the final elec-
tron acceptor of the respiratory chain, all aerobic organisms are
exposed to reactive oxygen intermediates (ROIs).> Whereas
low concentrations of ROI are supposed to function as second-
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ary messengers, elevated ROI levels can lead to damage of bio-
logical macromolecules, like DNA, lipids, and proteins. How-
ever, there are several enzymatic and non-enzymatic defense
mechanisms that are able to detoxify ROI efficiently. These
mechanisms include superoxide dismutases, catalases, peroxi-
dases, and the tripeptide glutathione. Glutathione is the most
abundant intracellular thiol compound and serves as a powerful
antioxidant and radical scavenger. Another important redox
system is formed by the thioredoxin system. Thioredoxin sys-
tems are composed of two enzymes, i.e. thioredoxin (Trx) and
thioredoxin reductase (TrxR) (1, 2). Thioredoxins are small,
ubiquitously distributed proteins with a molecular mass of
12-13 kDa. Due to their redox-active cysteine pair in the active
site (WCGPC), they are able to cycle between their oxidized
disulfide (Trx-S,) and reduced dithiol [Trx-(SH),] forms. In an
NADPH-dependent protein disulfide reduction reaction TrxR
catalyzes the reduction of oxidized thioredoxin using NADPH
as electron donor, its own redox-active cysteine pair and FAD
as cofactor. Reduced Trx directly reduces the disulfide in the
target protein. This NADPH-dependent disulfide reduction
mechanism is required for several intracellular processes. Since
the discovery of the first Escherichia coli Trx, which was shown
to be involved in DNA synthesis by acting as an electron donor
for ribonucleotide reductase (3), a number of Trx target pro-
teins were identified. Until now, the physiological functions
assigned to Trx include protein disulfide reduction, sulfur
assimilation, detoxification of reactive oxygen species, protein
repair and redox regulation of enzymes and transcription fac-
tors. Also, regulatory effects of Trx on apoptosis as well as co-
cytokine-, chemokine-, and growth-stimulating activities have
been discussed (reviewed in Ref. 4).

TrxRs are members of the larger family of pyridine nucleoti-
de-disulfide oxidoreductases, which also includes enzymes like
glutathione reductase, mercuric reductase, and lipoamide
dehydrogenase (5). Two classes of TrxRs have evolved, i.e. the
low molecular weight TrxRs found in prokaryotes, archaea,
plants, and fungi, and the high molecular weight TrxRs present
in higher eukaryotes. Both classes have certain features in com-
mon. They are homodimeric flavoenzymes containing a redox
active disulfide and binding sites for FAD and NADPH in each
subunit (6, 7). The basis of their reaction mechanism is the
transfer of reducing equivalents from NADPH to an active
disulfide by using FAD as cofactor (8). However, low molecular
mass TrxRs are homodimers of 35-36 kDa subunits, whereas
the high molecular mass TrxRs from higher eukaryotes are
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TABLE 1
Bacteria and fungi used in this study
Strain Relevant phenotype and/or genotype Source/reference
E. coli
DH5a F~, ¢$80d/lacZAM15, A(lacZYA-argF)U169, recAl, endA1, hspR17(r,” m,"), supEd4, Invitrogen
A", thi-1, gyrA96, relAl
TOP10 F~, mcrA, A(mrr-hsdRMS-mcrBC), ¢80lacZAM15, AlacX74, deoR, nupG, recAl, Invitrogen
araD139, Aara-leu)7697, galll, galK, rpsL(Str®), endA1 A~
BL21(DE3) F~ ompT hsdS; (ry, myg) gal dem (DE3) Novagen, Darmstadt, Germany
A. nidulans
TNO2A7 (AnkuA) pyrG89; pyroA4, nkuA::argB; riboB2 (26)
AnTrxAKO pyrG89; pyroA4, nkuA:.argB; riboB2; trxA::pyr-4 N .crassa This work
AXB4A2 pyrG89, pabaAl; argB2; fwAl; bgaO; argB2:pAXB4A (acvAp-uidA, ipnAp-lacZ), ArgB™ (28)

composed of two subunits with a molecular mass of 55-58 kDa.
In contrast to low molecular mass TrxRs, high molecular mass
TrxRs possess an additional redox active site in the C-terminal
extension, which is responsible for the interaction with the sub-
strate Trx (6, 9).

The rapidly growing literature on thioredoxin reductases,
thioredoxins, and redox-regulated proteins indicates the deep
impact of oxidoreductase systems on cellular processes. In
microbial eukaryotes, ROIs are involved in development, cell
differentiation (10), and host-pathogen interaction (11). Also, a
possible role of oxidoreductase systems in the penicillin biosyn-
thesis has been discussed for Penicillium chrysogenum and
Streptomyces clavuligerus (12, 13). In this report, we describe
the isolation and characterization of a thioredoxin system from
A. nidulans, which is an important model organism to study all
kinds of biological questions, including development and the
production of secondary metabolites (14). As shown here, the
thioredoxin system is essential for development of A. nidulans,
and novel target proteins of thioredoxin were identified. Fur-
thermore, the in vitro and in vivo data indicate that this thiore-
doxin system possesses a key role in the redox regulation of A.
nidulans, because correlations with other redox systems, such
as catalases, the glutathione system, and a thioredoxin-depend-
ent peroxidase seem to exist.

EXPERIMENTAL PROCEDURES

Strains and Molecular Genetic Techniques—Bacterial and
fungal strains used in this study are listed in Table 1. A detailed
oligonucleotide description can be found in the supplemental
data (Table S1). Standard techniques in the manipulation of
DNA were carried out as described by Sambrook et al. (15).
Genomic DNA from A. nidulans mycelia, grown for 24—48 hin
Aspergillus minimal medium (AMM), was isolated by using the
MasterPure™ Yeast DNA purification kit from Biozym Scien-
tific (Oldendorf, Germany) according to a modified isolation
protocol (16).

Media and Cultivation of Strains—AMM was prepared as
previously described (17). If required, uridine (1 g/liter), p-ami-
nobenzoic acid (3 mg/liter), riboflavin (2.5 mg/liter), pyridox-
ine-HCI (500 mg/liter), or reduced glutathione (307 mg/liter to
30.7 g/liter) was added to the medium.

Isolation of Total RNA—A. nidulans strain AXB4A2 was
grown at 37 °C in AMM supplemented with p-aminobenzoic
acid and uridine. Mycelia were harvested, and cell extracts were
obtained using liquid nitrogen as previously described (18).
Total RNA was isolated by using the RNeasy kit from Qiagen
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following the “RNeasy Mini Protocol for Isolation of Total RNA
from Plant Cells and Tissues and Filamentous Fungi.” Aliquots
(1-2 wg) of total RNA were used for the synthesis of
AnTrxA-cDNA and AnTrxR-cDNA, as described in the follow-
ing section.

Synthesis of AnTrxA-cDNA and AnTrxR-cDNA—AnTrxA-
c¢DNA was synthesized with the gene-specific primers AnTrxAf
and AnTrxA-His,r by using the BioScript™ One-Step RT-PCR
kit from Bioline (Luckenwalde, Germany) according to the manu-
facturer’s protocol. AnTrxR-cDNA was synthesized by using the
gene-specific primers AnTrxR-His,f and AnTrxRr.

Generation of Recombinant Plasmids for AnTrxA and AnTrxR
Overproduction—For the overproduction of the C-terminal His-
tagged AnTrxA(wt) fusion protein AnTrxA-cDNA was cloned
into the Ndel-Ncol site of the pET-39b(+) vector (Novagen) to
generate the plasmid pET39-AnTrxA(wt)-H6. For the overpro-
duction of the C-terminally His-tagged AnTrxA(C39S) fusion
protein a cysteine residue (Cys-39) in AnTrxA (wt) was replaced by
a two-step PCR amplification technique, as described by Ho et al.
(19) using pET39-AnTrxA(wt)-H6 as template and the primers
AnTrxC39Sf and AnTrxC39Sr for mutagenesis. The resulting
DNA fragment was cloned into the Ndel-Ncol site of the pET-
39b(+) vector to generate the plasmid pET39-AnTrxA(C39S)-
H6. For the overproduction of the N-terminally His-tagged
AnTrxR fusion protein AnTrxR-cDNA was cloned into the Ndel-
HindIII site of the pET-39b(+) vector to generate the plasmid
pET39-H6-AnTrxR. The DNA sequence of the inserts was veri-
fied by sequence analysis.

Purification of Recombinant Proteins—The recombinant
soluble His,-tagged proteins AnTrxA(wt), AnTrxA(C39S),
and AnTrxR were overproduced and purified by Ni** chelate
and anion exchange chromatography, as described elsewhere
(20). For storage at —20 °C, the recombinant AnTrxA(wt),
AnTrxA(C39S), and AnTrxR proteins were transferred into
50% (v/v) glycerol, 0.1 M potassium phosphate, pH 7.5, 2 mm
EDTA, and 5 mm dithiothreitol (DTT), using a HiPrep desalting
column (GE Healthcare, Freiberg, Germany). Protein concen-
trations were determined according to Bradford (21) using the
Coomassie Plus™ protein assay reagent (Pierce).

Purity and Molecular Weight Determination—The purity and
molecular weights of the recombinant proteins were determined
by SDS-PAGE. In addition, the AnTrxA(wt) and AnTrxR proteins
were subjected to gel filtration using a Superdex 200 HiLoad 16/60
column (GE Healthcare) equilibrated with a buffer containing 100
mM potassium phosphate, 150 mm NaCl, pH 7.0.
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FAD Content and Reconstitution of the AnTrxR Holo-enzyme
with FAD—The concentration of enzyme-bound FAD was
determined by measuring the absorbance at 454 nm with a
molar extinction coefficient of 11.3 mm ' X cm ™! for FAD
(22). Due to the high production levels of AnTrxR in E. coli
BL21(DE3) and the following purification procedures, the
majority of the enzyme was present as an apo-enzyme. To
reconstitute the AnTrxR holo-enzyme for further characteriza-
tion, AnTrxR was incubated with a 60-fold molar excess of FAD
for 20 min before adding on a NAP-5 column (GE Healthcare)
to remove the excess of FAD.

Thioredoxin Reductase Activity—TrxR activity of the puri-
fied AnTrxR was determined by using two different methods.
In the NBS, reduction assay AnTrxR activity was determined
by the NADPH-dependent reduction of 5,5’-dithiobis(2-nitro-
benzoic acid) (DTNB) (23). One enzyme unit is defined as the
NADPH-dependent production of 2 wmol of 2-nitro-5-thio-
benzoate (€,,5 ., = 2 X 13.6 mM~ ' X cm™ ') per min. TrxR
activity was also assayed based on the ability of AnTrxR to
reduce AnTrxA(wt), which then reduces insulin disulfide
bridges (24). AnTrxR activity was calculated from the decrease
in absorbance at 340 nm using a molar extinction coefficient of
6.22mM * X cm ™ ! for NADPH. One enzyme unit is defined as
the amount of enzyme that leads to the consumption of 1 wmol
of NADPH per minute.

Trx Activity—Trx activity was determined by using the TrxR-
dependent insulin precipitation assay (24). After starting the
reaction by the addition of NADPH, the NADPH consumption
was followed by recording the decrease in absorbance at 340
nm, until turbidity appeared. The increase of turbidity was
measured at 650 nm.

Trx-dependent GSSG Reduction Assay—The Trx-dependent
GSSG-reduction assay was carried out as described elsewhere
(25). After addition of NADPH, the activity was calculated from
the decrease in absorbance at 340 nm.

Transformation of A. nidulans and Generation of trxA Dele-
tion and Complemented Strains—As a parental strain for gene
deletion, the uracil auxotrophic strain TN02A7 (AnkuA) was
used (26). As a selectable marker, the pyr-4 gene, encoding oro-
tidine-5'-monophosphate decarboxylase from Neurospora
crassa, was applied. The trxA gene, including 1500-bp up-
stream and downstream flanking regions, was amplified from
genomic DNA of the wild-type strain AXB4A2 by the use of the
oligonucleotides TrxA1500for and TrxA1500rev. The PCR
product was cloned into the PCR2.1 vector (Invitrogen) to yield
plasmid pAnTrxA-FLANK. Plasmid DNA of pAnTrxA-
FLANK was cut with Clal and BmgBI (blunt end cutter) to
release a 1606-bp fragment, including the complete ¢rxA gene,
650 bp of the upstream region, and 552 bp of the downstream
region. For the introduction of the pyr-4 gene, plasmid DNA of
pKTB (27) was restricted with Clal and Pvull (blunt end cutter).
The resulting pyr-4-containing DNA fragment was then ligated
with the Clal- and BmgBI-restricted pAnTrxA-FLANK vector
backbone to give plasmid pAnTrxAKO. Plasmid pAnTrxAKO
was digested with Nsil and Acc65I to remove the PCR2.1 vector
backbone. After gel purification (QIAquick gel extraction kit,
Qiagen) the DNA fragment was directly used for transforma-
tion of A. nidulans TNO2A7 (AnkuA) as previously described
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(28). Transformants were pre-screened for their ability to
sporulate on AMM agar plates containing 20 mm reduced glu-
tathione and their inability to sporulate on AMM-agar plates
without reduced glutathione. Genomic DNA of putative trxA
deletion strains was subjected to Southern blot analysis.
Complementation experiments were carried out by transfor-
mation of strain AnTrxAKO with a ¢trxA-encoding PCR prod-
uct, including 1.5-kb upstream and downstream flanking
regions. Genomic DNA of transformants that behaved like the
wild type was subjected to Southern blot analysis. For detection
of DNA fragments, the digoxigenin system (Roche Applied Sci-
ence) was used.

Trx-affinity Chromatography—5 mg of AnTrxA(C39S) were
coupled to a Hi-Trap NHS-activated 1-ml affinity column (GE
Healthcare) according to the manufacturer’s instructions. A.
nidulans mycelia of the wild-type strain TNO2A7 and the trxA
deletion strain AnTrxAKO were ground in liquid nitrogen
using mortar and pestle. The powder was resuspended in 100
mM potassium phosphate, pH 7.5, and 150 mm NaCl. After cen-
trifugation (10,000 X g, 30 min) the soluble protein-containing
supernatants were applied to the prepared thioredoxin-affinity
column by injection at a flow rate of 1 ml/min. The column was
washed with 100 mM potassium phosphate and 250 mm NaCl,
pH 7.5, at 1 ml/min. Elution was carried out with 100 mm potas-
sium phosphate containing 10 mm DTT, pH 7.5, and 150 mMm
NaCl. Aliquots of the supernatants, flow-through, wash, and
elution fractions were analyzed by SDS-PAGE.

Identification of AnTrxA Targets—Protein bands of the elu-
tion fraction were excised manually and digested with trypsin
(Promega, Madison, W1I). Peptides were extracted as described
(29) and peptide mass fingerprint and fragmentation data were
collected on a Bruker ultraflex TOF/TOF using Bruker Com-
pass 1.2 software (FlexControl/FlexAnalysis 3.0). Obtained
peak lists were sent to a Mascot in-house server (version 2.1.03)
with the current NCBInr data base for protein identification.
Search parameters were set as follows: mass tolerance of 200
ppm for peptide mass fingerprint and 0.5 Da for fragmentation,
maximum of one missed cleavage by trypsin, taxonomy “fungi,”
fixed carbamidomethyl modification, and optional methionine
oxidation. The most significant hits were verified by compari-
son with the combined peptide mass fingerprint/fragmentation
spectrum. With the chosen settings protein scores of >67 are
significant (p < 0.05).

Trx-dependent Peroxidase Activity—The elution fractions of
AnTrx(C39S) affinity-purified protein solutions were applied
to a NAP-10 column to remove the excess of DTT. Then ali-
quots of the DTT-free protein solution in 0.1 M potassium
phosphate, 150 mm NaCl, pH 7.5, were incubated with or with-
out the recombinant A. nidulans thioredoxin system and 200
uM NADPH. After addition of H,O,, the activity was calculated
from the decrease in absorbance at 340 nm.

Hydrogen Peroxide Sensitivity Assay—1.5 X 10® spores of the
strains TNO2A7 and AnTrxAKO were inoculated in 30 ml of
liquid AMM agar (2% w/v) containing 0 mm, 1 mm, and 20 mm
GSH. After the agar became solidified a hole of 1 cm in diameter
in the center of the agar plate was created and filled with 150 ul of
a 4.5% (v/v) H,O, solution. The agar plates were incubated at
37 °C, and the zone of growth inhibition was measured after 48 h.
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FIGURE 1. Biochemical characterization of AnTrxA and AnTrxR. Molecular masses of His-tagged AnTrxR,
AnTrxA(wt) and AnTrx(C39S) proteins analyzed by SDS-PAGE stained with Coomassie Brilliant Blue R-250 (A)
and native molecular mass determination of AnTrxA and AnTrxR by gel filtration (B). The molecular masses of
AnTrxA and AnTrxR were determined by analysis of the elution profiles of standard proteins from a Superdex
200 HiLoad 16/60 column. The column was calibrated with molecular mass standards from GE Healthcare:
thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), aloumin (67 kDa), ovalbumin (43 kDa), chymo-
trypsin (25 kDa), and ribonuclease (13.7 kDa). C, UV-visible absorbance spectra of 15 um reconstituted AnTrxR
holo-enzyme and effect of NADPH addition to 15 um AnTrxR holo-enzyme (D). E, the NADPH-dependent insulin
reduction was followed by the decrease in absorbance at 340 nm and further by the increase in turbidity at 650

nm due to the precipitation of the insoluble B-chain of insulin (F).

Catalase Activity—A. nidulans mycelia and freshly harvested
spores of the strains TN0O2A7 and AnTrxAKO were ground in
liquid nitrogen using mortar and pestle. The obtained powder
was resuspended in 100 mMm potassium phosphate, pH 6.5. After
centrifugation (10,000 X g, 30 min) the soluble protein extracts
were diluted in 50 mM potassium phosphate, pH 6.5, to a final
concentration of 5-50 pg of protein X ml™'. After adding
H,0, (20 mm) the decrease in absorbance at 240 nm was meas-
ured. Catalase activity was calculated from the decrease in
absorbance at 240 nm using a molar extinction coefficient of
0.0436 mm* X cm ™ * for H,0, (30). Catalase activity was also
investigated by zymography (31).

RESULTS

Cloning and Sequence Analysis of the trxA and trxR Genes
from A. nidulans—Two genes with the accession numbers
XM_652682 and XM_656093 have been annotated to encode a
classic cytoplasmatic thioredoxin (TrxA) and a hypothetical
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Time (sec) main formed by the GXGXX(A/G)
motif in the N-terminal region and
the TXXXXVFAAGD motif at the C
terminus of the protein (33, 34). An
NADPH-binding domain was also
identified near the middle of the
protein encoded by the motif
GGGXXA (33, 34). Furthermore, it
contains the pyridine-nucleotide-
disulfide oxidoreductases class-II
active site motif, including a redox-active cysteine pair (CAVC).
This motif was found by a pattern search using the “PROSITE data
base of protein families and domains” (http://www.expasy.org/
prosite/). The motif is characteristic of prokaryotic and eukary-
otic thioredoxin reductases (8, 9, 35, 36), bacterial alkyl
hydroperoxide reductases (37), bacterial NADH:dehydroge-
nases (38), and a probable oxidoreductase encoded by the Clos-
tridium pasteurianum rubredoxin operon (39). An alignment
of AnTrxR with other low molecular weight thioredoxin reduc-
tases can be found in the supplemental data (Fig. S1B).

Both AnTrxA(wt) and AnTrxR were overproduced as
His-tagged proteins in E. coli BL21(DE3) and purified to
homogeneity. Additionally, an AnTrxA mutant version
(AnTrxA(C39S)) was created, which had the second cysteine
of the AnTrxA active site substituted by serine (Cys-39 —
Ser-39). SDS-PAGE analysis of the purified proteins showed
molecular masses of 12.7 and 37.6 kDa for AnTrxA and
AnTrxR, respectively (Fig. 1A). After subtracting the molec-
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TABLE 2
Kinetic parameters of AnTrxR

The kinetic parameters of AnTrxR for various substrates were determined in 0.1 M phosphate buffer, 2 mm EDTA, pH 7.5. The K, and V,
AnTrxA(C39S) were determined using 0.2 mm insulin as final electron acceptor and AnTrxA concentrations in the range of 0.25-20 um. The K, and V,,
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values for AnTrxA(wt) and
values for

max

ax

NADPH were determined at 2—200 um NADPH using 30 uMm of oxidized AnTrxA(wt) as final electron acceptor. DTNB was included as an artificial disulfide substrate,

which is reduced by most high molecular weight thioredoxin reductases.

Substrate K, Vinax Keae koK,
units/mg 57! Mgt
NADPH 3.7 um * 0.6 33.0*21 20.6 = 1.5 5.8 X 10° + 3.5 X 10°
AnTrxA(wt) 34 um* 0.5 300 1.6 188 £ 1.1 6.2 X 10° =2 X 10°
DTNB 51mMm=* 1.1 0.9 £0.2 0.6 = 0.2 107.1 £ 1.5

ular mass due to the His tag, the molecular masses of both
proteins are in agreement with the values deduced from the
respective cDNA sequences. The data obtained by gel filtra-
tion revealed apparent native molecular masses of 12.9 kDa
for the AnTrxA(wt) and 88.0 kDa for the AnTrxR protein
(Fig. 1B). These data indicate that, without the His tag, the
native AnTrxA is a monomer of 11.6 kDa, whereas the native
AnTrxR is a homodimer of 72.2 kDa. Consequently, the con-
centrations of AnTrxR given in the following refer to the
homodimer.

AnTrxR Is a Flavoenzyme—Both the sequence analysis and
the yellow color of the purified AnTrxR led to the assumption
that the enzyme is a flavoenzyme. Consistently, the UV-visible
absorbance spectrum of the reconstituted AnTrxR holo-en-
zyme with absorbance maxima at 280, 380, and 460 nm and an
absorbance ratio A,g,:A ¢, of 7.6 (Fig. 1C) is characteristic of a
pure thioredoxin reductase with one FAD molecule per subunit
(33, 40). The creation of the reduced form of AnTrxR by adding
a 12 M excess of NADPH resulted in a decreased absorbance at
460 nm (Fig. 1D).

TrxR Substrate Specificity—For the determination of the
kinetic parameters of the AnTrxR protein, we used the NBS,,
insulin, and GSSG reduction assays, as described under “Exper-
imental Procedures.” The Cys-39 — Ser-39 substitution in the
active site led to an AnTrxA mutant protein (AnTrxA(C39S)),
which was unable to cycle between its oxidized disulfide (Trx-
S,) and reduced dithiol [Trx-(SH),] form. Thus, this mutant
protein did not serve as a substrate for AnTrxR, which does not
allow kinetic parameter determination. AnTrxR was also able
to catalyze the NADPH-dependent reduction of DTNB, but the
protein was unable to use GSSG and insulin as substrates
directly. The kinetic parameters of AnTrxR for various sub-
strates are summarized in Table 2.

TrxA Activity—Thioredoxins are known for their ability to
catalyze the reduction of insulin disulfide bonds in an NADPH
and thioredoxin reductase-dependent manner. The cleavage of
two disulfide bridges between the insulin - and B-chains
results in the precipitation of the free B-chain, which can be
measured by an increase in turbidity at 650 nm. The NADPH-
dependent reduction of bovine insulin by either AnTrxA(wt) or
AnTrxA(C39S) and AnTrxR was carried out as described under
“Experimental Procedures.” When the coupled insulin reduc-
tion assay was employed, in contrast to the wild-type form
AnTrxA(wt), for the AnTrxA(C39S) mutant protein no
NADPH consumption (Fig. 1E) and no increase in turbidity
(Fig. 1F) were measured. The kinetic parameters of AnTrx-
A(wt) for insulin are summarized in Table 3.
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TABLE 3

Kinetic parameters of AnTrx(wt)

The kinetic parameters of AnTrxA for various substrates were determined in 0.1 M
phosphate buffer, 2 mm EDTA, pH 7.5. The apparent K,,, and V. values for GSSG
were determined using the GSSG reduction assay. The enzyme, GSSG, and NADPH
concentrations were 1 uM AnTrxR, 0.5 um AnTrxA(wt), 1-25 mm GSSG, and 200
uM NADPH. The K, and V,,.. values for insulin were determined at 5-250 um
bovine insulin, using 1 um AnTrxR, 0.5 um AnTrxA(wt), and 200 um NADPH.

Substrate K, V nax Ko ke /K,
units/mg 571 m s
GSSG 72mM* 08 65*05 14*0.1 187.0 £ 154

Bovine 10.7 + 14 23+03 69X10*+ 11X 10°

insulin

32.6 UM * 3.5

GSSG Reduction by the A. nidulans Thioredoxin Systemn—Be-
cause AnTrxR does not accept GSSG as a substrate, it is likely
that AnTrxA(wt) acts as a redox mediator between AnTrxR
and GSSG, as it has been described for the P. falciparum thiore-
doxin (25). The kinetic parameters of AnTrxA(wt) for GSSG
are summarized in Table 3. Cellular GSSG levels of 1 mm and
above were reported for glutathione reductase-deficient yeast
mutants (41). In experiments simulating high GSSG concentra-
tions by using 1 mm GSSG and physiological concentrations of
AnTrxA(wt) (10 uM) and AnTrxR (125 nm) (40, 42), the A.
nidulans thioredoxin system gave GSSG fluxes up to 90 um X
min~'. At higher GSSG levels (5-10 mm) and under steady-
state conditions 10 uM AnTrxA(wt) could reduce GSSG with
higher turnover rates as high as 340 um X min~".

Southern Blot Analysis of AtrxA and Complemented Strains—
A. nidulans was transformed using the plasmid pAnTrxAKO as
described under “Experimental Procedures.” For the Pstl diges-
tion of genomic DNA from a trxA deletion strain a shift from
5.9 to 1.0 kb was expected in the case of a homologous integra-
tion of the deletion construct into the t7xA locus. The EcoRV
digestion should result in a shift from 8.0 to 2.3 kb (Fig. 24).
Transformants 3 (designated AnTrxAKO and used for further
studies), 8, 10, and 11 showed the expected bands, whereas
transformant 5 seemed to possess either tandem and/or ectopic
integrations (Fig. 2B).

The homologous integration of an AnTrxA encoding PCR
fragment into the former trxA locus (replaced by pyr-4) should
lead to the complementation of the wild-type phenotype due to
the restoration of the wild-type locus organization in a comple-
mented knock-out strain (see Fig. 24). Transformant strains C1
and C5 showed the expected hybridization pattern, whereas
strains C3, C6, and C7 neither showed the AtrxA nor the wild-
type situation (Fig. 2C), indicating that the complementation
construct was integrated into the former trxA locus in an inac-
curate way.
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A EcoRV Pstl Pstl EcoRY B wt 3 581011 M 3 5 8 1011wt
wt [ chrom [ 1500 up FZZZN1600 down] chrom _ | »
probe 5908 bp 6 kb =~ Skb mm
8040 bp
X X 2.3kb == -
Pstl EcoRV EcoRV -

KO-construct p

Pstl EcoRV EcoRV

EcoRV Psd

Psfl EcoRV

- -
PCR-product "
EcoRV Pstl ¥ Psl EcoRV
comp. Cchrom [ 1500 s Y1800 dowa]—chrom ] 331 N - e
probe 8040 bp

FIGURE 2. Southern blot analysis of A. nidulans transformants. A, the scheme shows the homologous
integration of the deletion construct into the trxA locus and the restoration of the wild-type locus by using a
trxA-encoding PCR product. B, Southern blot analysis of different knockout strains in comparison to the recip-
ient TNO2A7 (AnkuA) strain. C, Southern blot of different complemented strains in comparison with the wild-

reducing environment within the
cell is essential for the initiation of
growth and sporulation. The phe-
notype observed for the trxA dele-
tion strain was fully complemented
in strain AnTrxAKO transformed
with the trxA gene, indicating that
the observed deletion phenotype
was due to a deletion of the trxA
gene and not caused by unrelated
secondary effects (see Fig. 3). When
AnTrxAKO was cultivated with low
concentrations of reduced glutathi-
one, at levels ranging from 0.5 to 1
mM GSH, the AtrxA strain started to
produce cleistothecial initials and
Hiille cells already after 72 h. Fully
developed cleistothecia were de-

type strain TNO2A7 (AnkuA) and the AtrxA strain AnTrxAKO.

+ Uridine, + GSH + Uridine, - GSH

FIGURE 3. Phenotypes of the wild-type strain TNO2A7, the deletion strain
AnTrxAKO, and the complemented strains C1, C3, C5, and C6 grown for
72 h on AMM agar containing the indicated supplements.

Deletion of trxA Affects Development and Resistance against
H,0,—0On AMM agar plates, AnTrxAKO was characterized by
reduced hyphal growth and almost no sporulation, even after
incubation for more than 6 days (see Figs. 3B, 3D, and 4A).
Cultivation of AnTrxAKO in liquid AMM without reduced glu-
tathione resulted in no growth at all (data not shown). However,
addition of 15-25 mM of reduced GSH to the media led to the
restoration of the wild-type phenotype, i.e. AnTrxAKO grew,
sporulated, and produced colored conidia as the wild type (see
Figs. 34, 3C, and 4B). The data obtained here suggest that a
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tected after 144 h of incubation (Fig.
4C). This was unexpected because
the parental strain used for genera-
tion of AnTrxAKO exhibits a mutated veA gene. In A. nidulans
veA™ strains, light reduces and delays the formation of cleisto-
thecia. Consequently, the fungus develops asexual conidia,
whereas in the dark fungal development is directed toward the
formation of cleistothecia (43). Thus, mutation of veA blocks
cleistothecial production in A. nidulans in the dark (44).
Although AnTrxAKO should be restricted in formation of cle-
istothecia in the dark (incubator conditions) due to the veA
mutation, there was a premature and highly increased forma-
tion of cleistothecia, when compared with the wild-type culti-
vated under the same conditions (Fig. 4D). This finding indi-
cates that oxidative stress or at least an imbalanced intracellular
redox environment leads to sexual development.

To study the importance of the thioredoxin system for
defense against ROIs, AnTrxAKO and the wild-type strain
TNO2A7 were challenged with H,O, and cultivated for 48 h in
AMM agar containing 0, 1, or 20 mm GSH. The treatment of
AnTrxAKO with H,O, by filling a hole in the center of agar
plates containing none or 1 mm GSH resulted in an increased
gas bubble formation around the H,O, solution, already visible
after 15-30 min (Fig. 5A). After 48 h, the whole inhibition zone
was filled with gas bubbles (Fig. 5B), which most likely resulted
from the decomposition of H,O, to oxygen and water. Further-
more, the inhibition zones at these GSH concentrations were
slightly increased for AnTrxAKO when compared with that of
the wild-type strain (Table 4), that only showed a slight gas
bubble formation (Fig. 5, C and D). However, at higher GSH
concentration (20 mm) the inhibition zone of AnTrxAKO was
1.4-fold larger than that of the wild type (Table 4).

Catalase Activity—]It is likely that the increased gas bubble
formation of strain AnTrxAKO is due to an increased catalase
activity. A. nidulans contains at least three catalases designated
CatA, CatB, and CatC (45, 46). Recently, a fourth protein, des-
ignated CatD, was shown to be a catalase-peroxidase (47). By
using A. nidulans protein extracts from different physiological
stages, we were able to detect all four different catalase activities
in zymograms. Due to the early and highly increased gas bubble
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FIGURE 4. Phenotypes of A. nidulans strains TNO2A7 and AnTrxAKO
grown on AMM agar plates with different GSH concentrations. A, growth
of AtrxA on AMM agar plates without GSH and on AMM agar plates with 20
mMm GSH compared with the wild-type strain grown under the same condi-
tions (B). C, induction of early cleistothecia formation (white arrow) by addi-
tion of T mm GSH to AtrxA compared with the wild-type strain grown under
the same conditions (D).

formation observed for AnTrxAKO in the hydrogen peroxide
diffusion assay, we were interested in which of the one or more
catalases were predominantly responsible for the detoxification
of H,O, in AnTrxAKO. Therefore, the specific catalase activi-
ties were measured and compared with the corresponding
zymographic results. The intracellular catalase activity of
AnTrxAKO conidia was only 1.6-fold increased when com-
pared with the wild-type strain TN0O2A7 (Fig. 6A) and therefore
seems not to be responsible for the early catalase activity,
already detected after 20 —30 min. Consistently, no significant
changes for the intracellular activities of CatA and CatB from
both the wild-type strain and AnTrxAKO were detectable in
zymograms (Fig. 6A). However, when using supernatants of
conidia for activity measurements, the specific catalase activity
was ~4 -5 times increased for AnTrxAKO compared with the
wild type. This finding led us to conclude that the one or more
catalases that are responsible for the rapid stress response in
AnTrxAKO are either excreted to the medium or located on the
conidial surface. Based on the known catalase expression pat-
terns (45—47) and a predicted secretory signal peptide in the N
terminus of CatB (48), the increased early catalase activity of
AnTrxAKO is due to extracellular CatB. After 18-h cultivation
only residual CatA activity was determined for both strains,
whereas the CatB activity was still elevated and CatC activity
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1 mM GSH

20 mM GSH

AtrxA

FIGURE 5. Hydrogen peroxide diffusion assay. Oxidative stress response
and growth inhibition of strain AnTrxAKO inoculated in 2% (w/v) AMM agar
containing 0, 1, and 20 mm GSH after 20 min (A) and 48 h (B). Oxidative stress
response and growth inhibition of strain TNO2A7 inoculated in 2% (w/v) AMM
agar containing 0, 1, and 20 mm GSH after 20 min (C) and 48 h (D).

TABLE 4
Hydrogen peroxide diffusion assay

Inhibition zones for the respective strains exposed to H,0, and cultivated for 48 hin
30 ml 2% (w/v) AMM agar containing 0, 1, or 20 mm GSH.

Inhibition zone

Strain
0 mMm GSH 1 mm GSH 20 mMm GSH
cm
TNO2A7 39+0.1 42 *0.1 4.6 £0.1
AnTrxAKO 4.6 0.1 4.5+ 0.1 6.2+ 0.1

became detectable in AnTrxAKO (Fig. 6B). When comparing
the specific catalase activities of intracellular protein extracts
from AnTrxAKO and TNO27A at this time point, a 30-fold
increase in catalase activity was measured for AnTrxAKO (Fig.
6B). This increase can be predominantly assigned to an
increased CatB activity as can be seen from the zymographic
results (Fig. 6B). After 48 h, CatB and CatD activities appeared
to be the major ones. Although the zymogram did not show
significant differences of any catalase activity between the two
strains, the direct measurement revealed a four times higher
intracellular total catalase activity for AnTrxAKO (Fig. 6B).
Taken together, total catalase activity was always increased in
AnTrxAKO, with increases ranging from 1.6- to 5-fold for
conidia-specific catalase activities and to 30-fold for specific
catalase activities from hyphal protein extracts.

Novel Target Proteins of Thioredoxin A—To identify thiore-
doxin A target proteins, we applied thioredoxin-affinity chro-
matography (49) using the AnTrxA(C39S) mutant protein as
bait to catch proteins from soluble protein extracts of both A.
nidulans strains TN02A7 and AnTrxAKO. Strain TN02A7 was
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FIGURE 6. Catalase activity. Protein extracts prepared from strain AnTrxAKO
and its recipient strain TNO2A7 grown for 0 h (spores), 18 h, and 48 h were
analyzed for catalase activity. Cultivation of the wild-type strain with reduced
glutathione was carried out to exclude possible effects of GSH on catalase
activity when compared with the AtrxA strain. A, total catalase activity from
freshly harvested spores compared with the respective protein extracts (20
1g) that were separated in a native polyacrylamide gel, which was stained to
detect catalase activity (7 = catalase activity of spores from the wild-type
strain obtained from agar plates without GSH; 2 = catalase activity of spores
from the wild-type strain obtained from agar plates with 20 mm GSH; 3 =
catalase activity of spores from the AtrxA strain obtained from agar plates
with 20 mm GSH). B, total catalase activities of 18- and 48-h-old mycelia com-
pared with the respective protein extracts (20 ug) that were separated in a
native polyacrylamide gel, which was stained to detect catalase activity (7 =
catalase activity of mycelia from the wild-type strain cultivated without GSH;
2 = catalase activity of mycelia from the wild-type strain cultivated with 1 mm
GSH; 3 = catalase activity of mycelia from the AtrxA strain cultivated with 1
mm GSH).

cultivated in AMM without addition of GSH. AnTrxAKO is not
able to grow in AMM without GSH and was therefore grown
in AMM supplemented with the minimal dose of 1 mm GSH
to allow initiation of growth. After immobilization of the
AnTrxA(C39S) protein on an NHS-activated column, protein
extracts from the respective strains were loaded, and proteins
that were specifically retained via formation of a disulfide bond
to AnTrxA(C39S) were eluted using DTT. Samples represent-
ative of each chromatography step (Fig. 7, A and B) were sepa-
rated by SDS-PAGE (Fig. 7C). Furthermore, proteins of the elu-
tion fractions were identified by a database-assisted mass
spectrometry analysis as described under “Experimental Proce-
dures.” For both protein extracts derived from TN02A7 and
AnTrxAKO, two proteins were recovered by elution with DTT.
A detailed spectrum analysis report for both proteins can be
found in the supplemental data (Table S2). The 18-kDa protein,
representing the major band of the two proteins, is a hypothet-
ical protein (accession number XP_681961) with high similar-
ity to Aspf3 proteins from other related fungal species contain-
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ing a PRX5-like domain. The 55-kDa protein was identified as
an aldehyde dehydrogenase (accession number XP_658158).
The elution profiles and SDS-PAGE band intensities indicate
that the amounts of oxidized aldehyde dehydrogenase and the
PRX5-like protein were increased in the protein extract
obtained from AnTrxAKO. The total amounts of DTT-eluted
proteins were 2.1 ug/mg of protein extract for the wild-type
strain and 7.5 ug/mg of protein extract for AnTrxAKO. Thus,
in AnTrxAKO the levels of disulfide forms of AnTrxA targets
were increased. Because many proteins need to be reduced to
maintain their biological function, the inability of AnTrxAKO
to recycle the target proteins into the active thiol form might
contribute to the deletion phenotype.

Thioredoxin A-dependent Peroxidase Activity of the Thiore-
doxin-affinity Elution Fractions—Peroxiredoxins (Prxs) of the
thioredoxin peroxidase family are known for their ability to
reduce hydrogen peroxide, alkyl hydroperoxides, and peroxyni-
trite in an NADPH-, thioredoxin-, and thioredoxin reductase-
dependent manner. When combined with the recombinant
proteins AnTrxA and AnTrxR, the proteins present in the thi-
oredoxin-affinity elution fractions were able to reduce hydro-
gen peroxide only in the presence of a functional thioredoxin
system, whereas no NADPH consumption was measured for a
reaction mixture without the PRX5-like protein (Fig. 7D). By
applying a soluble protein extract (70 mg of total protein; 2
mg/ml) obtained from a scaled up wild-type culture on a thi-
oredoxin-affinity column, were able to purify 150 ug of pure
PRX5-like protein. This amount was sufficient for a detailed
enzyme characterization. The K, and V,,, values of the PRX5-
like protein for H,O, were calculated to be 4.3 and 6.8 units/mg,
respectively. These values reveal a turnover number (k_,,) of 2.1

s~ ! and a catalytic efficiency of ~4.9 X 10° M ' s~ .

DISCUSSION

Here, we describe the characterization of a thioredoxin sys-
tem from the filamentous fungus A. nidulans. The sequence
and in vitro data of the recombinant proteins, e.g. molecular
masses, specific activities, and absorbance spectra are consist-
ent with data obtained for thioredoxins and low molecular
weight thioredoxin reductases from other organisms, indicat-
ing that we have identified a functional A. nidulans thioredoxin
system. Although there are several other genes in the A. nidu-
lans genome encoding hypothetical proteins with a thioredoxin
domain (e.g. XP_681840.1 and XP_659243.1), the genes/pro-
teins characterized here, which were already annotated to
encode a classic cytoplasmic thioredoxin and a hypothetical
protein similar to thioredoxin reductase (accession number
AAB24444 and CAL36645), respectively, represent the major
thioredoxin system, as indicated by the phenotype of the trxA
deletion mutant. Moreover, we generated a recombinant
mutant version of thioredoxin A, which still binds target pro-
teins but does not reduce them. By applying the principle of
thioredoxin-affinity chromatography with this thioredoxin
mutant protein AnTrxA(C39S), we were able to identify two
putative thioredoxin target proteins. The major protein, iso-
lated from both the wild-type and the ¢trxA deletion strain
AnTrxAKO represents a hypothetical protein with a PRX5-like
domain. Proteins of the PRX5-like subfamily belong to the Prx
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inantly against allergen Aspf3 (57).
The second enzyme identified here
r40 by using the thioredoxin-affinity
r38 technique was an aldehyde dehy-
L3e drogenase (ALDH), which contains
5 cysteine residues in its amino acid
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to be involved in the catabolism of
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FIGURE 7. Characterization of proteins, obtained by thioredoxin-affinity chromatography. Purification of
thioredoxin A target proteins from wild-type (A) and AnTrxAKO (B) soluble protein extracts. C, thioredoxin A
target proteins from a wild-type and an AnTrxAKO-soluble protein extract analyzed by SDS-PAGE stained with
Coomassie Brilliant Blue R-250 (M, molecular weight marker; S, supernatant; FT, flow-through fraction; W, wash
fraction; E, elution fraction). D, thioredoxin-dependent peroxidase activity of an elution fraction from wild-type
protein extract measured at 340 nm due to the reactivation of the PRX5-like protein by the NADPH-dependent
thioredoxin system from A. nidulans. (Assay mixture compositions: 9.25 ug of PRX5-like protein plus NADPH/
H,0, (—AnTrxA); 9.25 ng of PRX5-like protein plus NADPH/H,O,; and AnTrxA(C39S)/AnTrxR (+AnTrxA(C39S));
NADPH/H,0, and AnTrxA(wt)/AnTrxR without PRX5-like protein (—PRX5-like); 9.25 g of PRX5-like protein plus

NADPH/H,0, and AnTrxA(wt)/AnTrxR (+AnTrxA(wt)).

family, a ubiquitous family of antioxidant enzymes that also
controls cytokine-induced peroxide levels, which mediate sig-
nal transduction in mammalian cells (50). As shown for other
organisms, thioredoxin-dependent peroxidases (peroxiredox-
ins) are prominent targets of thioredoxin (reviewed in Ref. 49).
All Prx classes share the same basic catalytic reaction, in which
an active site cysteine (the peroxidatic cysteine) is oxidized to a
sulfenic acid by a peroxide substrate (50). However, the recy-
cling mechanism of the sulfenic acid to a thiol is different for the
Prx classes. Human PRXS5 is able to resolve this intermediate by
forming an intramolecular disulfide bond with its C-terminal
cysteine (the resolving cysteine), which can then be reduced by
Trx, just like an atypical 2-Cys Prx (51). With the thioredoxin-
dependent peroxidase activity assay we showed that the PRX5-
like protein reduces H,O, only in the presence of a functional
thioredoxin system. Furthermore, the kinetic parameters of
this enzyme for H,O, are in agreement with activities of a
human thioredoxin peroxidase, a thioredoxin peroxidase from
Plasmodium falciparum, and a thioredoxin peroxidase-1 from
Drosophila melanogaster (52—54). This led us to conclude that
the identified PRX5-like protein is a functional thioredoxin-de-
pendent peroxidase in A. nidulans. Interestingly, the PRX5-like
protein identified here has ~90% amino acid identity to aller-
gen Aspf3 from Aspergillus fumigatus. This opportunistic
human pathogen has to cope with high oxidative stress during
infection of the human host (55, 56). Therefore, it is very likely
that A. fumigatus recruits enzymes like peroxidases to detoxify
ROL. In agreement with this assumption is the observation that
sera from conidium-exposed mice contain antibodies predom-
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modifying agents, such as the alco-
hol aversion therapy drug disul-
firam, as demonstrated for the rat
liver ALDH (60). It was suggested
that disulfiram inhibits rat liver
ALDH by forming an intramolecu-
lar disulfide between two of the
three adjacent cysteines in the
active site, possibly via a fast inter-
molecular disulfiram-interchange
reaction. This assumption was confirmed by the fact that addi-
tion of DTT led to a partial restoration of the enzyme activity
(60).

A possible role of thioredoxins in maintaining a high GSH:
GSSG ratio has been discussed for S. cerevisiae (41). S. cerevisiae
glr1A mutants lacking glutathione reductase, accumulate high
levels of oxidized glutathione, i.e. the disulfide form of glutathi-
one (GSSG) represented 63% of the total glutathione in a glrIA
mutant compared with only 6% in the wild type. Also, an
increase of GSSG from 6 to 22% of the total glutathione was
observed in a thioredoxin double mutant (trxIA and trx2A).
Other organisms like D. melanogaster or Anopheles gambiae,
an important vector of P. falciparum causing malaria, do not
possess typical glutathione reductases (61, 62). In these orga-
nisms, the capacity of a thioredoxin system to reduce oxidized
glutathione is sufficient for maintaining a high GSH:GSSG
ratio. Here, it was shown that the recombinant A. nidulans
thioredoxin system is able to reduce oxidized glutathione in
vitro under in situ conditions with fluxes of 90 uM min ™' and up
to 340 uM min~' when measured under saturated conditions
(reduced AnTrxA not limiting). Interestingly, these fluxes are
in the range of thioredoxin-dependent GSSG turnover rates,
described for the DmTrx-2 protein from D. melanogaster, an
organism that lacks a classic glutathione reductase (54).
Although A. nidulans encodes a hypothetical protein (acces-
sion number XP_658536) with ~81% identity to a glutathione
reductase from Aspergillus terreus (accession number
XP_001214364), it remains to be elucidated whether this
enzyme is functional and/or whether AnTrxA and AnTrxR can

Time (sec)
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resume the glutathione reductase function. However, both the
in vitro data and the fact that the wild-type phenotype can be
restored in the AtrxA mutant by the addition of 15-25 mm GSH
to the media indicate that there is a link between the thiore-
doxin and glutathione system. This leads to the conclusion that
the A. nidulans thioredoxin system contributes to keep gluta-
thione in the reduced form thereby ensuring high GSH:GSSG
ratios, which are required for a reducing environment in the
cell.

Although for along time ROIs have been regarded as harmful
by-products of aerobic metabolism, there is growing evidence
that at certain concentrations ROIs play an important role in
processes such as differentiation, growth, and signaling (10). In
response to different signals A. nidulans is able to propagate via
two different developmental pathways. The asexual develop-
ment or conidiation is induced by nutrient starvation or expo-
sure to air (63), whereas the sexual development, which leads to
the formation of cleistothecia, is induced by oxygen limitation
(64) and the absence of light (65). Recently, it was shown that
the deletion of the noxA gene in A. nidulans, which encodes the
ROI-generating enzyme NADPH oxidase, leads to mutants
with a developmental defect in production of sexual cleistoth-
ecia, whereas hyphal growth and asexual development were
unaffected (66). On the other hand, deletion of the A. nidulans
SakA MAP kinase, which is activated in response to osmotic
and oxidative stress, led to mutants that developed cleistothecia
prematurely and in higher numbers than the wild type (67). As
shown here for the AtrxA strain AnTrxAKO, similar results
were obtained compared with the AsakA mutant. The AfrxA
mutant developed cleistothecia at low glutathione levels
already after 72—144 h. This led us to conclude that an interfer-
ence with the redox balance of the cell affects the differentiation
of A. nidulans. Consequently, asexual development and
conidiation are not only induced by nutrient starvation or expo-
sure to air but also by a reducing environment of the cell. On the
other hand, sexual development is not only induced by oxygen
limitation and the absence of light but also by oxidative stress,
which occurs when genes encoding for key enzymes involved in
oxidative stress response, such as trxA or sakA, were deleted.
The fact that various catalases are differently expressed and
regulated during the life cycle of A. nidulans also supports the
correlation of redox regulation and developmental processes.
Consistently, different catalase activity patterns were identified
and verified here at different developmental stages of A. nidu-
lans. These results confirm the catalase expression and activity
patterns described elsewhere (45-47). Moreover, we could
clearly show that the deletion of trxA has an inducing effect on
the total catalase activity of A. nidulans and in particular on
CatB. The mechanism behind this induction in the trxA dele-
tion strain remains to be elucidated. However, it was shown for
other fungi, that genes encoding enzymes for oxidative stress
response are under the control of a transcription factor homol-
ogous to the human AP-1 (reviewed in Ref. 68). Such AP-1-like
transcription factors include Yap1 in Saccharomyces cerevisiae,
Papl in Schizosaccharomyces pombe, Capl in Candida albi-
cans, Kapl in Kluyveromyces lactis (reviewed in Ref. 69), and
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AfYapl in A. fumigatus.® Yapl and AfYapl are located in the
cytoplasm of unstressed cells but quickly accumulate in the
nucleus after challenge with H,O, or diamide due to the oxida-
tion of conserved cysteine residues within the C-terminal cys-
teine-rich domain. Thereby, the formation of disulfide bridges
between certain cysteine residues leads to a protein structure
that masks the nuclear export signal of Yapl. The subsequent
export from the nucleus is thus abolished. Recent evidence
indicates that deactivation (reduction) of oxidized Yapl is
mediated by the thioredoxin system. Mutations that affect thi-
oredoxin or thioredoxin reductase activity result in nuclear
localization of Yapl under non-stressed conditions. Oxidative
stress-induced nuclear accumulation of Yap1 also leads to the
activation of thioredoxin and thioredoxin reductase-encoding
genes, suggesting that the nuclear localization of Yapl is regu-
lated by a negative feedback loop. A homologue of AfYapl
could be also identified for A. nidulans (accession number
XP_680782). Based on the assumption that rxA is under tran-
scriptional control of this putative AnYapl, it is reasonable to
assume that in the AtrxA strain reduction of AnYapl is abol-
ished. Consequently, AnYapl accumulated in the nucleus also
under non-stressed conditions, resulting in a permanent acti-
vation of target genes, such as catalase-encoding genes. This
model would explain the increased catalase activity, which is
responsible for the elevated H,0O, decomposition by
AnTrxAKO. At higher glutathione concentrations within the
medium also the GSH content of the cell increases. The result-
ing reducing environment keeps AnYapl reduced, which leads
to an increased accumulation of AnYapl1 in the cytoplasm, and
therefore to a decreased transcription of catalase-encoding
genes. Consequently, a decreased catalase activity increases the
sensitivity of A. midulans against H,O,, resulting in an
increased inhibition zone with no or less H,O, decomposition.
In summary, this work demonstrates the impact of the thiore-
doxin system from A. nidulans on differentiation, sexual devel-
opment, and oxidative stress response. Although the regulatory
networks between the A. nidulans thioredoxin system and the
different redox-regulating systems described here remain to be
elucidated, it is obvious that there is a link between the A. nidu-
lans thioredoxin system and other redox-regulating mecha-
nisms, such as catalases, a thioredoxin-dependent peroxidase,
and the glutathione system.
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Supplementary Data:

Fig. S1.Multiple alignments of thioredoxins and thioredoxeductases from different organisms.

(A) Alignment of AnTrxA with other thioredoxins pregein EMBL and SWISSPROT databases. The
accession numbers are given Ranicillium chrysogenum (P34723) Saccharomyces cerevisiae (P22217),
Arabidopsis thaliana (P29448) Homo sapiens (P10599) andtscherichia coli (POAA26). The redox active
site is marked by a box. Asterisks indicate higtdpserved amino acid residues among thioredoxXs)s. (
Alignment of AnTrxR with other low molecular weighlioredoxin reductases present in EMBL and
SWISSPROT databases. The accession numbers ane fgiveSaccharomyces cerevisiae (P29509),
Arabidopsis thaliana (CAB54874), Escherichia coli (P09625) andAeropyrum pernix (Q9YD51). The
FAD binding domain is indicated by * and the NADB#hding domain byA . The characteristic pyridine
nucleotide-disulfide oxidoreductase class-Il acsite is marked with a box.

Table S10ligonucleotides used in this study.
name sequence (55 3) special feature
ANnTrxR-Hissf ATATACATATGTCTGGTTCTCATCATCATCA - addedNdel site in bold
TCATCATAGCGGATCCATGGTTCACTCCAA -introduced coding sequence

AGTAGTTATCATC for N-terminal His-tag
underlined
ANnTrxRr ACCTAAGCTTTACAGAGCGGGGTTAGCGTG - addedHindlll site in bold
AGCAG
ANTrxAf AGCTCATATGGGTGCCTCTGAACACGTCCC - addedNdel site in bold
CCCCATTAC

AnTrxA-Hisgqr ATGTCCATGGTTATTAATGATGATGATGAT - addedNcol site in bold
GGTGACCAGAACCAGCAAGCAGAGCCTTGA - introduced coding sequence

TACCGGCTTCGAG for C-terminal His-tag
underlined
ANnTrxC39Sf GCGACATGGTGCGGTCCAGCAAGGCC - mutagenized codon in bold
ANnTrxC39Sr GGCCTGCTGGGACCGCACCATGTCGC - mutagenized codon in bold

TrxA1500for CAGCACTACTGATGATCAGGGC

TrxA1500rev.  TGTGATACCCACCAGACGGGATC
Probefor ACTCTATCCACAATTTCAGCGGAGGATG
Proberev GTGATTCTGAGCTTATCAATCGGTATGG

Table S2 Analysis report of thioredoxin affinity-trappedapeins

Protein Locus pl/MW Sequence Identified Mascot Sequence coverage
coverage peptides score MS/MS-data (%)
MS-data (%)

Hypothetical AN8692.2 5.5/18.6 85.1 12 91.7 22.6
protein (PRX5)
Aldehyde ANO0554.2 6.2/54.4 69.6 30 208 215

dehydrogenase
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