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Proteomic analysis of Aspergillus nidulans cultured

under hypoxic conditions
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The fungus Aspergillus nidulans reduces nitrate to ammonium and simultaneously oxidizes
ethanol to acetate to generate ATP under hypoxic conditions in a mechanism called ammonia
fermentation (Takasaki, K. et al. J. Biol. Chem. 2004, 279, 12414-12420). To elucidate the mech-
anism, the fungus was cultured under normoxic and hypoxic (ammonia fermenting) conditions,
intracellular proteins were resolved by 2-DE, and 332 protein spots were identified using MALDI
MS after tryptic digestion. Alcohol and aldehyde dehydrogenases that play key roles in oxidizing
ethanol were produced at the basal level under hypoxic conditions but were obviously provoked
by ethanol under normoxic conditions. Enzymes involved in gluconeogenesis, as well as the tri-
carboxylic and glyoxylate cycles, were downregulated. These results indicate that the mechanism
of fungal energy conservation is altered under hypoxic conditions. The results also showed that
proteins in the pentose phosphate pathway as well as the metabolism of both nucleotide and
thiamine were upregulated under hypoxic conditions. Levels of xanthine and hypoxanthine,
deamination products of guanine and adenine were increased in DNA from hypoxic cells, indi-
cating an association between hypoxia and intracellular DNA base damage. This study is the first
proteomic comparison of the hypoxic responses of A. nidulans.
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1 Introduction

Most eukaryotes inhabit a normoxic milieu. They absolutely
require oxygen (O,) for growth since O, serves as a substrate
for the biosynthesis of some essential compounds such as
sterol and heme, and for O, respiration. For most eukaryotes,
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O, respiration is a mitochondrial mechanism that is indis-
pensable for conserving the energy required for growth.
Oxygen depletion imposes a challenge upon eukaryotic cells,
most of which respond to low O, tension and induce adap-
tation mechanisms for survival. Transcription factors affect-
ing the expression of hypoxic genes participate in cellular
metabolism, growth and death [1].

The eukaryote Saccharomyces cerevisiae expresses an
alcohol (ethanol) fermentation mechanism under hypoxic
conditions. This accompanies alterations of global transcrip-
tion [2—4] and cellular proteins [5, 6] for energy conservation
and for the biosynthesis of cellular components. For exam-
ple, in response to anoxia (O, depletion) S. cerevisiae down-
regulates the genes for respiratory complexes and the tri-
carboxylic acid (TCA) cycle, and upregulates those for glyco-
lysis and ethanol production [5]. Oxygen sensing and the
regulation of O,-responsive genes by heme and sterols in
yeast have been reported [7-9]. Except for extensive studies of
yeast, the hypoxic responses of other fungi, especially those
that are filamentous, remain obscure. Zhou et al. showed
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that the fungus Fusarium oxysporum reduces nitrate to
ammonium under hypoxic conditions and simultaneously
oxidizes ethanol to acetate. This reaction generates ATP
through substrate-level phosphorylation, and is referred to as
ammonia fermentation [10, 11]. Thereafter, we found that
the fungus Aspergillus nidulans produced a similar reaction
and identified niaD and niiA, which encode nitrate and
nitrite reductases, as the enzymes responsible for ammonia
production [12, 13]. We also found that the acetogenic reac-
tion is catalyzed by alcohol dehydrogenase, coenzyme A
(CoA)-acylating aldehyde dehydrogenase (ALDH) and ace-
tate kinase (Ack). The last step of the reaction catalyzed by
Ack produced ATP. The production of Ack requires a func-
tional facA gene that encodes acetyl-CoA synthetase (ACS),
which is widely conserved in both prokaryotes and eukar-
yotes [12]. The cellular response mechanisms of the fungus
have not been documented in detail.

Proteomic differential display is a powerful tool for
identifying proteins and studying global cellular responses to
a specific environment. Recent progress in the genomic
analysis of over 25 species of filamentous fungi has revealed
nucleotide sequences of mostly complete sets of genes.
These findings have enabled genomic and proteomic com-
parisons of these fungi, which should provide a greater
insight into the cellular systems of eukaryotic microorgan-
isms. Proteomic studies of several filamentous fungi have
already begun [14-18]. The genome sequences of A. nidulans,
Aspergillus niger, Aspergillus oryzae, Aspergillus flauas, and
Aspergillus fumigatus have been published and proteomic
osmoadaptation studies of A. nidulans have started [19].
Responses to antibiotics [20] and the iron regulation [21] of
intracellular proteins have been studied in A. nidulans. Fur-
ther proteomic comparisons should reveal how fungi adapt
to various environments.

Here, we performed comparative proteomic analyses to
understand the hypoxic responses of A. nidulans cells. Intra-
cellular proteins were separated and identified using 2-DE
and MALDI MS after in-gel tryptic digestion. We uncovered
the global molecular events that occur in A. nidulans cells in
response to hypoxia.

2 Materials and methods
2.1 Culture conditions

A. nidulans strain A26 (biAl) was 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 (10 g/L fructose, 6 g/L NaNOs,
10 mM KH,PO,, 7 mM KCl, 2 mM MgSO,, 0.2% Hutner’s
trace metals v/v [12]) and normoxically incubated at 30°C for
20 h at 120 rpm (preculture). Resultant mycelia were col-
lected by centrifugation, washed twice with 7 g/L NaCl, and
then inoculated into 500 mL Erlenmeyer flasks containing
300 mL of MMEN (100 mM ethanol, 10 mM NaNO3, 10 mM
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KH,PO,, 7mM KCl, 2mM MgSO,, 0.2% Hutner’s trace
metals v/v). Biotin (0.2 ug/L) was added to all media. Head-
space in the flasks was replaced with nitrogen gas by purging
the air for 15 min, then the flasks were sealed with butyl
rubber stoppers and rotated at 30°C at 120 rpm to induce
ammonia fermentation. Normoxic conditions were main-
tained by agitating 100 mL of MMEN medium in flasks
sealed with cotton plugs but without replacing the head
space air.

2.2 Sample preparation for 2-DE

The mycelia were washed with chilled water, frozen under
liquid nitrogen, ground into a fine powder using a mortar
and pestle, dissolved in four volumes of cold acetone (—20°C)
containing 10% TCA w/v, stored overnight at —20°C, and
centrifuged at 15000 x g for 15 min. The precipitate was
washed twice with cold acetone containing 1% 2-mercap-
toethanol v/v and air-dried for 5 min at room temperature.
The pellet was dissolved in buffer containing 7 M urea, 2 M
thiourea, 4% CHAPS w/v, 20 mM DTT, 1.0% IPG buffer v/v
(pI 4-7 or pI 6-11, GE Healthcare) and a trace amount of
bromophenol blue (BPB). Samples were incubated in the
same buffer for 1h at room temperature and insoluble
material was removed by centrifugation at 20000 x g for
10 min.

2.3 2-DE

Samples prepared from mycelia grown under normoxic and
hypoxic conditions were isoelectrically focused in parallel
with an IPGphor system (GE Healthcare). Proteins (200 pg)
in urea buffer were loaded onto immobilized pI gradient
strips (pI 4-7 or pI 6-11, 18 cm, GE Healthcare) and then
the strips were rehydrated for 12 h. Proteins were isoelec-
trically focused as follows: 500 V for 1 h, 500-1000 V for 1 h,
1000-8000 V for 2 h, and 8000V for 8 h. Thereafter, the
strips were equilibrated with 6 M urea containing 130 mM
DTT, 30% glycerol w/v, 2% SDS w/v, and a trace amount of
BPB, and then with 6 M urea containing 135 mM iodoaceta-
mide, 30% glycerol, 2% SDS, and a trace amount of BPB.
The strips were loaded onto precast 11.0% homogenous
polyacrylamide (slab) gels (PAGE) (20 cm x 20 cm). The
lower and upper running buffers comprised 385 mM Tris
containing 50 mM glycine and 0.1% SDS, with or without
0.2 g/L sodium azide, respectively and proteins were sepa-
rated at 24 mA per gel. The slabs were immersed in 7% acetic
acid v/v, 10% methanol v/v and then stained with SYPRO
Ruby (BioRad, Hercules, CA, USA) by agitation at room
temperature for 3 h. The gels were washed with 7% acetic
acid, 10% methanol for 30 min and then protein spots were
detected using a ChemiDoc XRS (BioRad). Gel images were
loaded into the Proteomeweaver software (version 4.0,
BioRad) and processing, spot detection, quantitation, gel
matching, and warping proceeded according to the manu-
facturer’s instructions [22]. The volumes of spots were nor-
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malized by dividing the volume of each spot by sum of the
total spot volume. All proteomic differential display experi-
ments were independently repeated three times. Mean
values of the normalized volumes from the three experi-
ments determined the expression level of each protein, and
were used for statistical tests (Student’s t-test). We estab-
lished the level of significance at p<<0.05.

2.4 In-gel tryptic digestion

Each target spot was excised with a clean scalpel, cut into
2 mm cubes, transferred into a clean 1.5 mL microcentrifuge
tube, and washed with 40% 1-propanol v/v at room temper-
ature for 15 min. The solvent was removed and the cubes
were dehydrated in 200 mM ammonium bicarbonate in 50%
ACN v/v at room temperature for 15 min. The dehydrated
cubes were treated with a minimal volume of 20 ng/pL tryp-
sin gold (Promega, Madison, WI, USA) in 100 mM ammo-
nium bicarbonate for rehydration, chopped into four to five
smaller pieces, and incubated at 37°C. After 12 h, the super-
natant was collected, and the gel pieces were extracted once
with 100 mM ammonium bicarbonate, and twice with 80%
ACN containing 0.05% TFA v/v. The supernatant and the
extracts were combined and concentrated to about 10 pL
using a SpeedVac centrifugal evaporator.

2.5 MALDI-TOF-MS analysis

Peptide mixtures (Section 2.4) were desalted using ZipTips
Cg (Millipore, Billerica, MA, USA), and then 2 pL was loaded
onto a target plate for MALDI-TOF-MS analysis. The solu-
tion was mixed with 1 pL of 50% ACN v/v containing 10 mg/
mL CHCA and 0.1% TFA w/v and then dried at room tem-
perature. Mass spectra were obtained using an AXIMA mass
spectrometer equipped with a 337 nm N, laser in the positive
ion reflectron mode (Shimadzu, Kyoto, Japan). Spectral data
were processed by averaging 128 spectra, each of which was
obtained from independent laser firings. The mass of each
peptide was calibrated against autolytic trypsin fragments as
internal standards.

2.6 Identification of proteins

Proteins were identified by PMF analysis according to the
molecular mass of each tryptic fragment and using the
MASCOT (Matrix Science) search engines of the entire
NCBI protein database and a protein sequence library con-
structed in-house with the most recent annotation of the A.
nidulans genome (version 3, Broad Institute). Monoisotopic
peptides and possible oxidation of methionine and carbami-
domethylation of cysteine residues were considered for PMF
analysis. A maximum of one missed tryptic cleavage per
protein was allowed in the database search. The maximum
deviation permitted for matching the peptide mass values
was set at 100 ppm. Scores of >71 were considered signifi-
cant (p<<0.005).
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2.7 Real-time quantitative analysis

After incubating for 6 and 12 h under normoxic or hypoxic
conditions, total RNA was extracted from mycelia and
applied (2.0 pg) to first-strand cDNA synthesis as described
[26]. Real-time quantitative PCR was performed using a
MiniOpticon™  (BioRad). Gene-specific primers were
designed based on the sequence data (http://www.broad.mit.
edu/annotation/genome/aspergillus_nidulans) of 17 genes
so that the lengths of the PCR products ranged between 160
and 190 bp. Real-time PCR proceeded in a final volume of
50 pL. The SYBR® Premix Ex Taq" (BioRad) was applied
according to the manufacturer’s instructions at a final con-
centration of 0.2 uM and then PCR proceeded as follows: (i)
initial denaturation at 94°C for 1 min, (ii) 40 cycles of dena-
turation at 94°C for 10 s, annealing at 62°C at 30 s, and elon-
gation at 72°C for 20 s. Specific amplification was confirmed
by analyzing melting curves from 65 to 95°C. Fluorescence
was undetectable in a control experiment without a template.
Table 1 lists the primers used for real-time PCR.

2.8 LC-ESI-TOF-MS analysis

The mycelia were incubated under normoxic and hypoxic
conditions for 12 h at 30°C then separated from the medium
by filtration, washed five times with chilled water, and lyo-
philized. Freeze-dried mycelia (50 mg) were immediately
transferred into liquid nitrogen, ground into a fine powder,
and then suspended in 100 pL of methanol/water (50:50 v/v).
After incubating at room temperature for 16 h, the extract
was centrifuged at 11 000 x g for 5 min at room temperature
then the supernatant was transferred to 1.5 mL tubes.

Metabolites were identified using a LC-ESI-TOF MS sys-
tem in positive and negative ionization modes. Samples were
separated by HPLC using an ACQUITY UPLC (Waters, Mil-
ford, MA, USA) equipped with an ACQUITY UPLC HSS T3
of 2.1 mm x 50 mm (Waters) and then fractions (5 puL) were
eluted using Gradient LC with 0.1% formic acid in ACN as
mobile phase A and 0.1% formic acid v/v in water as mobile
phase B. The initial mobile phase comprised 2% A for
1.5 min, followed by a linear gradient to 100% A for 6.75 min.
The flow rate was 0.4 mL/min. The HPLC system was con-
nected to a TOF mass spectrometer (LCT Premier XE, Waters,
MA, USA) operating under the following conditions: desol-
vation gas flow, 550 L/h; corn gas flow, 50 L/h; desolvation
temperature, 350°C; source temperature, 100°C. Leucine en-
kephalin (1 ng/uL) was the reference. Spectra were acquired
over the m/z 50-1000 range at a scan rate of 0.05 s/spectrum.
The entire mass spectra were processed using MassLynx
software (Waters) and Metalys2 (Genaris, Tokyo).

2.9 Other methods
Ammonia, nitrate, and nitrite were determined as described

[10-12]. Nitrite was extracted from A. nidulans cells by incu-
bating broken cells (see Section 2.2) with ice cold water for
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Table 1. Primers used for real-time PCR

Proteomics 2009, 9, 7-19

Gene Primer sequence® Gene Primer sequence®
AN0893.3 F; 5-ACCTCACCAAGCTCGACATC-3 AN5939.3 F; 5-ACACGACCACCTTCCTTGAC-3
R; 5-ATGGTGTTGCTCTTCCAACC-3 R; 5-GTCTTCCATATCGCCCAGAA-3
AN1965.3 F; 5-CAAACTCATGGCAAACATGC-3 AN6157.3 F; 5-GAAAACCAACGTCACCGTCT-3'
R; 5-AGATTCTCCCGGATCCACTT-3 R; 5-ACTTGCGGTCCTCAAAGATG-3
AN2440.3 F; 5-GCCAAATTTGTCGGTATTGG-3 AN6209.3 F; 5-CAGCTCGTCACTGTTGGAAA-3
R; 5-GAATGGCATCGAAATCCACT-3 R; 5-CTTGTCGTGATCTCCGTTGA-3
AN2448.3 F; 5-CCATTCAGTCTGAGGGTGGT-3 AN6490.3 F; 5-TGTATGCCTTCGTTTGTGGA-3
R; 5’-CCATATCGGGAGGAGTCTCA-3 R; 5-GAACAGGTGAAAGCACAGCA-3
AN2867.3 F; 5-CTGCAACCTCTTCGACAACA-3 ANG6542.3 F; 5-GAAGTCCTACGAACTGCCTGATG-3
R; 5-AGAACTCAGACTGGATCGAA-3 R; 5-AAGAACGCTGGGCTGGAA-¥
AN4464.3 F; 5-ATCGAAGAGGCTGTTGAGG-3 AN7141.3 F; 5-GCGATCGGCTCTCTGAATAC-3
R; 5-TCGTAGTCCGCAGTGTGTTC-3 R; 5-GACGGAGACCACCCTGAGTA-3
ANb5447.3 F; 5-TCTCTAAGGGCGCTTCACAT-3 AN7588.2 F; 5-TATTCATGAGGAGGGGATGC-3
R; 5-CGCTGGCTCATGATGATAAA-3 R; 5-GAAGCTCTGAGGCCATGAAC-3
ANb5884.3 F; 5-GGAGCGGGTTAGTGAGAGTG-3 AN10230.3 F; 5-GGCGGCTCTGTGATTAACAT-3
R; 5-ATACCTCGCCCGGTAATCTT-3 R; 5-TGACAAAGTGCTTTGCGTTC-3
a) F, forward primer; R, reverse primer.
1h. The protein concentration was determined using a A
BioRad protein assay kit (BioRad). The oxygen concentration 10
and dry weight of mycelia were determined as described [10— _ {02
12]. Total DNA of A. nidulans was prepared as described [12]. E o |
DNA bases in the total DNA were determined as described by e s
o 02 E
Spencer et al. [23]. o) -
2 +
ey =
IM %
o 404
3 Results and discussion ]
3.1 Hypoxic ammonia fermentation uu 5 10 15 20 250
B Time (h)
We cultured A. nidulans A26 in the presence of 10 mM = E‘ o
nitrate and 100 mM ethanol to confirm ammonia-ferment- o =
ing activity. The fungus consumed nitrate under both nor- g 10';:.'?
moxic and hypoxic conditions. The hypoxic culture under — 8 F&a
low O, tension (<2 pM) concomitantly produced ammonia E " E
throughout the incubation period, whereas the normoxic E i
culture produced none (Fig. 1A). Nitrite was undetectable in -:51 43
the culture medium. These observations closely correlated & {2 g
with previous findings indicating that nitrate is reduced to =
. S . . 0 e . {r 0
ammonia, which is then excreted into the culture medium 0 5 10 15 20 25

and critical for the growth of A. nidulans under hypoxic con-
ditions [12, 13]. Here, we found that nitrite accumulated in
the cells as the incubation proceeded (Fig. 1B). This phe-
nomenon was specific to cells cultured under hypoxic condi-
tions. As reported [12] A. nidulans grew more slowly and
reduced less nitrate under hypoxic conditions (Figs. 1A, B).
However, considering the fungal cell mass, more nitrate was
consumed under hypoxic, than normoxic (3-5 vs. 1-3 mM/
mg cell protein) conditions, findings that are consistent with
hypoxic nitrate reduction to ammonia. The lower growth
rates under hypoxic than normoxic conditions is consistent
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Time (h)

Figure 1. Nitrogen metabolism by A. nidulans A26 during nor-
moxic and hypoxic culture. (A) A. nidulans A26 was cultured in
medium containing 10 mM NaNO; (nitrogen source) under nor-
moxic (open symbols) and hypoxic (closed symbols) conditions.
Circles, nitrate; squares, nitrite; triangles, ammonium. (B) A.
nidulans A26 cultured as in A under normoxic (open symbols)
and hypoxic (closed symbols) conditions, and intracellular nitrite
levels were determined. Total cellular proteins that increased
during incubation are indicated as diamonds. Initial amount of
total protein, 6.3 mg/flask. Experiments were repeated three
times. SD of all data was <10%.
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with the free energy change of —313 kJ/mol for the oxidation
of ethanol to acetate by nitrate, which is considerably lower
than that for the oxidation of ethanol to carbon dioxide by
dioxygen (—1324 kj/mol). Since, an electron acceptor is a
critical factor that limits cell growth [12], slower reduction
rates of nitrate under hypoxic conditions (8-17 uM/h,
Fig. 1A) than dioxygen under normoxic conditions
(~200 uM/h, data not shown) also probably affected the
growth rate. Upon incubation under hypoxic conditions for
up to 24 h, the ratio of the fungal biomass (data not shown)
and total cellular proteins (Fig. 1B) were constant
(0.054 = 0.002 g protein/g dry cell weight), indicating that
the lack of dioxygen did not result in either autolysis or cell
death during which intracellular proteins are released from
the cells.

pi4 pi7
- . normoxic 6h
100 = - i
75 = .
\
50 &
35
25 -
-
<
e S I
15 « Betn eaby.  ayTeng
kDa . : P _'_..———-l
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3.2 Comparative proteomic analysis

The 2-DE proceeded using IPG gels at pI 4-7 (Figs. 2 and 3)
and at pI 6-11 (Figs. 2 and 4). We analyzed intracellular pro-
teins in the fungus cultured for 6, 12, and 24 h under nor-
moxic or hypoxic conditions. The experiments were repeated
three times and the expression level of each respective pro-
tein spot was determined as average fluorescent intensity.
Over 900 spots from cells cultured for 6, 12, and 24 h (Table
2) were visualized on the gels, and 322 spots (300 protein
species) were identified via PMF analysis (Fig. S1 and Table
S1 in Supporting Information). By comparing 2-DE gel pro-
files from different aeration conditions and culture stages
(Figs. 2—4), we identified protein spots with intensity that
was over double or less than half in one culture condition

pl1
hyoxic 6h

Figure 2. Time-dependent changes in
proteome map of A. nidulans A26.
Mycelia were incubated for 6, 12 and
24h at 30°C under normoxic and
hypoxic conditions. Intracellular pro-
teins in lysed cells were separated by
electrophoresis on IPG gels (p/4-7, left;
p/6-11, right) and by SDS-PAGE, and
images were overlaid with Proteome-
weaver software. Spots detected in the
normoxic and hypoxic samples are
f shown in blue and orange, respectively.
Overlap of spots from both gels is
shown in black. Arrowheads indicate
spots of which volumes changed over
time.

hypoxic 24h
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Figure 3. Proteome map of A. nidulans A26. Mycelia were incu-
bated for 12 h at 30°C under normoxic (upper panel) and hypoxic
(lower panel) conditions. Intracellular proteins in lysed cells were
separated by electrophoresis on IPG gels (p/4-7) and by SDS-
PAGE. Identified protein spots are marked by arrows with num-
bers (Table 3).

compared with the other and designated the corresponding
proteins as up- or downregulated. The results showed that 63
and 41 proteins were up- and downregulated, respectively
under hypoxic conditions, while the expression level of actin
(actA gene product) (spot 50, Fig. 3, Table 3) remained con-
stant. Among them, PMF analysis identified 49 proteins
(Figs. 3 and 4). Table 3 summarizes the quantitative findings
for these proteins.

3.3 Glycolysis, gluconeogenesis, TCA and glyoxylate
(GLOX) cycles, and glutamate metabolism

Among the glycolytic enzymes, pyruvate dehydrogenase was

induced under hypoxic conditions while the expression of
fructose-1, 6-bisphosphate aldolase, triose-phosphate isom-
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Figure 4. Proteome map of A. nidulans A26. Mycelia were incu-
bated for 12 h at 30°C under normoxic (upper panel) and hypoxic
(lower panel) conditions. Intracellular proteins in lysed cells were
separated by electrophoresis on IPG gels (p/6-11) and by SDS-
PAGE. Identified protein spots are marked by arrows with num-
bers (Table 3).

erase, glycelaldehyde-3-phosphate dehydrogenase, enolase,
and phosphoglycerate kinase remained constant (Figs. 24,
Table 3). Phosphoenolpyruvate carboxykinase and malic en-
zyme, which are involved in gluconeogenesis, were repres-
sed compared with those under normoxic conditions. The
amount of intracellular glucose was 2.1-fold less under
hypoxic conditions (data not shown), indicating that cells
were more starved for glucose when cultured under hypoxia
than under normoxia. The production of typical proteins in
the TCA cycle was also dependent upon aeration. Isocitrate
dehydrogenase, aconitase, and succinate dehydrogenase
levels remained constant at 6, 12, and 24 h under hypoxic
conditions, while citrate synthase, 2-oxoglutarate dehy-
drogenase, and malate dehydrogenase were downregulated
(Figs. 2—4, Table 3). Levels of fumarate reductase, NADH-
ubiquinone oxidoreductase, and ATP synthase remained
constant irrespective of aeration (Figs. 2—4, Table 3).
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Table 2. Summary of A. nidulans proteins identified by 2-DE

13

pl4-7 p/6-11
No. of detected No. of upregulated No. of detected No. of upregulated
protein spots proteins protein spots proteins
N H N H N H N H
6 h 603 606 31 38 225 231 13 22
12h 655 659 32 48 253 260 19 27
24 h 644 650 35 42 214 218 17 24

A. nidulans A26 was cultured under normoxic (N) and hypoxic (H) conditions. Proteins were designated as
upregulated when intensity of corresponding spots was greater than double or less than half that in gel showing

other culture condition.

Isocitrate lyase functioning in the GLOX cycle was signifi-
cantly downregulated, indicating decreased metabolic flow to
GLOX cycle under hypoxic conditions. These findings are
consistent with the fact that no glyoxisome (peroxisome) is
generated by S. cerevisiae under anaerobic conditions [24] and
indicated that the flux of the central metabolic pathway was
obviously changed under hypoxic conditions.

We showed that NADP'-dependent glutamate dehy-
drogenase (NADP-GDH) encoded by the gdhA gene is
upregulated under hypoxic conditions (Figs. 2 and 3 and
Table 3). NADP-GDH is versatile in fungi and functions in
ammonia assimilation by synthesizing glutamate through
the reductive amination of 2-oxoglutarate [25, 26]. A role of
NADP-GDH in detoxifying ammonia has also been reported
[27, 28]. The induction of NADP-GDH in hypoxic cells sug-
gests that the fungus assimilates and/or detoxifies ammonia
under these culture conditions. The production of NADP-
GDH is induced by ammonia at the transcriptional level [29,
30]. We showed that when cultured under hypoxic condi-
tions, the cells accumulated ammonia (Fig. 1A), which
induces gdhA expression.

Under hypoxic conditions, y-aminobutyrate (GABA)
transaminase and a putative succinic semialdehyde dehy-
drogenase were upregulated by incubating for 12 and 24 h
under hypoxic conditions (Figs. 2—4, Table 2). Reports have
shown that GABA is generated from 2-oxoglutarate via glu-
tamate through the actions of glutamate dehydrogenase and
glutamate decarboxylase, and that GABA transaminase irre-
versibly transaminates GABA to succinic semialdehyde,
which is then oxidized to succinate by succinic semialdehyde
dehydrogenase. This reaction is physiologically significant as
it bypasses the TCA cycle and is referred to the GABA shunt
[31, 32]. We detected expression of the genes for GABA
transaminase (AN2248.3) and the putative succinic semi-
aldehyde dehydrogenase (AN7141.3) was upregulated in the
hypoxic cells (Table 4) as well as the corresponding proteins
(Table 3). The gene for glutamate decarboxylase (AN5447.3)
was upregulated under hypoxic conditions (Table 4), indicat-
ing that the GABA shunt is more active under such circum-
stances. The increase of glutamate dehydrogenase (Table 3)
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that supplies glutamate for the GABA shunt also supports
this notion. The physiological significance of the GABA
shunt in the absence of O, remains obscure, but it might
function in regulating the NADH/NAD ™ balance in the cells.
Although nitrate serves as electron acceptor under hypoxic
conditions, this function is insufficient to re-oxidize NADH—
NAD™, and would result in a high NADH/NAD™ ratio. In the
GABA shunt, NADH-GDH oxidizes NAD(P)H and succinic
semialdehyde dehydrogenase reduces NAD(P)" to generate
NAD(P)H and thus no NAD(P)" is produced via this path-
way. This is in contrast to the oxidative conversion of 2-oxo-
glutarate to succinate in the conventional TCA cycle, in
which 2-oxoglutarate dehydrogenase, and succinyl CoA syn-
thetase perform the catalysis, generating one molecule of
NADH per conversion of one 2-oxoglutarate molecule to
succinate. Under hypoxic conditions, 2-oxoglutarate dehy-
drogenase was downregulated (Table 3) and a high NADH/
NAD" ratio led to the inactivation of 2-oxoglutarate dehy-
drogenase, indicating that the metabolic flow from 2-oxo-
glutarate to glutamate is more activated than under nor-
moxic conditions. The similar activation of the GABA shunt
in F. oxysporum cultured under anoxic conditions [32, 33],
suggests a popular role of the shunt in hypoxia.

3.4 Pentose and nucleotide metabolisms under
hypoxic conditions

We found that glucose-6-phosphate dehydrogenase
(G6PDH), transaldolase, and transketolase typical proteins
constituting the pentose-phosphate pathway (PPP), were
upregulated under hypoxic conditions (Figs. 2 and 3, Table
3). One of the physiological functions of PPP is the genera-
tion of NADPH, which might serve as a substrate for
NADPH dehydrogenases including NADP-GDH, succinic-
semialdehyde dehydrogenase, sulfite reductase, nitro-
reductase, and quinone reductase, which were induced under
hypoxic conditions (Table 3). We also found that enzymes
involved in nucleotide metabolism such as bifunctional pur-
ine biosynthesis protein (purH) (AN4464.3), orotate phos-
phoribosyltransferase (AN5884.3), and purine nucleotide
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Table 3. Identified proteins of A. nidulans cultured under normoxic and hypoxic conditions

No. Annotation name 6 h? 12h®  24h® Score tpl tMwW®  MPY  Cov.?

Upregulated proteins under hypoxic conditions

Glycolysis

1 Pyruvate dehydrogenase E1 AN5162.37 1.8 2.5 2.6 94 8.18 455 9/13 24

component subunit alpha

PPP

2 Glucose-6-phosphate dehydrogenase  AN2981.3 2.9 2.0 1.7 164 6.27 59.0 15/17 41

3  Transaldolase AN0240.3 3.3 1.5 2.4 135 5.31 35.5 1113 31

4  Transketolase ANO0688.3 1.5 1.1 4.8 192 5.85 75.5 23/29 41
GABA shunt

5 GABA aminotransferase AN2248.3 3.3 5.7 2.2 120 8.92 55.5 14/23 27

6 Glutamate dehydrogenase AN4376.3 2.2 2.9 3.4 159 6.07 49.6 15/24 47

7 Succinic-semialdehyde dehydrogenase AN7143.3 3.6 1.8 2.2 71 5.76 51.3 712 22
Thiamine synthesis

8 Pyrimidine biosynthetic enzyme (THI5) AN8009.3 5.0 2.8 3.0 155 5.74 38.2 12/14 44

9  Thiazole biosynthetic enzyme (THI4) AN3928.3 8.1 7.6 14.2 131 5.48 35.6 15/24 43
Sulfur metabolism
10 S-Adenosylmethionine synthase AN1222.3 1.1 35 2.8 198 5.30 42.2 17/24 52
11 Adenylylsulfate kinase AN1194.3 unique unique unique 80 6.60 23.0 6/9 36
12 Methionine synthase AN4443.3 2.9 25 5.0 122 6.36 86.8 14/17 24
13 Putative sulfite reductase AN1752.3 2.8 1.3 1.8 71 5.00 114.8 8/14 15
14  Sulfate adenylyltransferase AN4769.3 4.1 2.4 1.8 192 6.87 63.9 22/28 44
Nucleotide metabolism
15 Adenosine kinase AN2272.3 25 1.6 3.0 120 5.31 38.3 11/18 38
16 Bifunctional purine biosynthesis AN4464.3 2.2 1.4 3.0 105 6.31 65.6 12/16 31

protein (PurH)

17 dUTPase AN0271.3 0.7 3.4 3.6 109 6.15 215 7/12 43
18 Orotate phosphoribosyltransferase ANb5884.3 1.8 2.7 1.6 72 6.85 25.4 5/7 27
19 Phosphorylase AN10230.3 unique 2.9 unique 93 6.62 39.5 7/11 30
Fatty acid metabolism
20 ATP-citrate lyase subunit A AN2436.3 unique unique unique 92 8.20 71.5 8/10 18
21 ATP-citrate lyase subunit B AN2435.3 3.2 2.6 3.7 213 5.80 53.0 21/26 41
22 Acetoacetyl-CoA thiolase AN1409.3 2.4 2.0 1.8 82 7.04 42.0 7/10 27
Others
23  ADH AN8979.3 2.4 2.2 1.8 103 7.59 37.1 9/19 43
24 Carbonic anhydrase family protein AN1805.3 1.2 2.4 unique 75 5.8 24.8 6/8 22
25 Elongation factor 1B AN9304.3 2.6 2.6 3.0 74 5.36 24.0 4/7 28
26 Heat-shock protein 70 AN10202.3 3.8 1.4 2.9 179 5.24 67.0 18/25 38
27 Inorganic phosphatase AN2968.3 2.7 2.4 1.9 93 5.36 33.9 10/13 30
28 78 kDa glucose-related protein AN2062.3 1.9 3.0 25 238 4.84 73.7 26/29 45
29 Methyltransferase AN9098.3 2.7 2.0 unique 70 5.38 29.9 5/8 30
30 NADH-ubiquinone reductase subunit AN5971.3 3.4 2.1 2.6 74 5.09 27.1 6/9 24
31 Nitroreductase AN2343.3 2.2 4.1 2.0 94 5.45 245 6/7 31
32 Quinone reductase AN7914.3 2.2 2.0 1.2 62 4.99 36.0 5/7 27
33  SeptinB AN6688.3 2.7 4.2 2.2 85 6.70 46.8 9/11 25
34  Tryptophan synthase AN6231.3 1.7 2.5 1.6 69 5.75 77.5 7/12 15
Downregulated proteins under hypoxic conditions
35 ACS ANb5626.3  0.21 0.34 0.40 161 6.0 74.3 19/23 31
36 Alanine aminotransferase AN1923.3  0.28 0.41 0.48 155 5.6 54.8 12/16 37
37 ADH AN8979.3  0.16 0.19 0.21 93 7.6 37.1 8/19 38
38 ALDH ANO0554.3  0.19 0.12 0.18 249 6.2 54.2 25/32 43
39 Citrate synthase AN8275.3  0.80 0.41 0.31 77 8.7 52.2 8/12 26
40 Flavohemoglobin AN7169.3  0.48 0.60 0.41 79 6.0 44.9 8/11 25
41 GMC oxidoreductase AN7267.3 0.35 0.45 0.78 72 5.7 59.2 6/10 19

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



Proteomics 2009, 9, 7-19 15

Table 3. Continued

No. Annotation name 6 h? 12h?  24h® Score tpl tMwWe - MPY  Cov.®
42 GMC oxidoreductase AN8547.3  0.68 0.88 0.43 74 5.6 64.5 7712 22
43 Isocitrate lyase ANb5634.3 0.23 0.21 0.22 171 6.5 60.2 14/17 43
44 Malic enzyme AN6168.3 0.18 0.47 0.36 86 6.6 71.8 16/21 27
45 Malate dehydrogenase ANG6499.3 0.35 0.31 0.14 110 5.8 333 11/15 39
46 Malate dehydrogenase AN6717.3  0.72 0.40 0.89 124 6.9 37.7 10/13 41
47 2-Oxoglutarate dehydrogenase AN5571.3  0.59 0.50 0.48 90 6.4 117.9 12/16 18
48 Phosphoenolpyruvate carboxykinase =~ AN1918.3  0.22 0.40 0.45 139 5.8 61.4 11/16 29
49 UTP-glucose-1-phosphate AN9094.3  0.36 0.65 0.92 89 6.0 55.8 8/15 24

uridylyltransferase

Constantly-produced proteins
50  Actin AN6542.3 1.3 1.1 1.0 135 5.5 41.7 13/17 38

a) Levels of expression compared under hypoxic and normoxic conditions. SDs of each data were less than 31%. p<0.05.

b) Theoretical pl.

c) Theoretical mass.

d) Numbers of peptides of which mass matched theoretical numbers of peptides.

e) Sequence coverage (%) in PMF.

f) Protein names and accession numbers are according to the A. nidulans genome database: http://www.broad.mit.edu/annotation/
genome/aspergillus_nidulans/MultiHome.html.

Table 4. Expression of genes for glutamate, pentose, and nucleotide metabolism

Annotation name Gene name Fold change?
6h 12h
GABA shunt
Glutamate decarboxylase ANb5447.3 4.1 5.6
GABA transaminase AN2248.3” 3.1 7.5
Putative succinic semialdehyde dehydrogenase AN7141.3" 2.6 2.1
PPP
Ribose-phosphate pyrophosphokinase AN1965.3 1.5 3.7
Ribose 5-phosphate isomerase AN2440.3 1.8 4.0
Phosphoglucomutase AN2867.3 3.9 5.2
Ribulose-phosphate 3-epimerase AN7588.3 4.1 6.5
Nucleotide synthesis
Orotate phosphoribosyltransferase AN5884.3 2.9 7.6
Orotidine-phosphate decarboxylase ANG6157.3 2.9 5.4
Bifunctional purine biosynthesis protein (PurH) AN4464.3Y 2.2 4.1
Adenosylsuccinate synthase ANO0893.3 1.0 3.1
Adenosylsuccinate lyase ANG6209.3 2.1 3.3

Nucleotide degradation

5-Nucleotidase AN5939.3 3.0 3.8
Purine nucleotide phosphorylase ANG6490.3 2.4 3.4
Purine nucleotide phosphorylase AN10230.3” 2.5 2.9

Transcripts quantified by real-time PCR by using total RNA prepared from A. nidulans grown under normoxic and
hypoxic conditions. Data are shown as relative expression rates and are normalized to B-actin (actA) transcript.
Experiments were repeated three times. SD of all data was <10%.

a) Fold changes for cells cultured under hypoxic versus normoxic conditions.

b) Corresponding proteins identified on 2-DE.
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phosphorylase (AN10230.3) were also upregulated under
hypoxic conditions (Table 3). To further characterize the
enzymes involved in these metabolic mechanisms, we used
real-time PCR to measure the expression of 12 putative
genes, nine of which were not identified in 2-DE gels (Table
4). The results showed that transcription of ribose-5-phos-
pahte isomerase (AN2440.3), ribose-phosphate pyrophos-
phokinase (AN1965.3), orotate phosphoribosyltransferase
(AN5884.3), and orotidine phosphate carboxylase
(AN6157.3), which were involved in de novo synthesis of pyr-
imidine nucleotides (Fig. 5), and bifunctional purine bio-
synthesis protein (purH) (AN4464.3) involved in purine bio-
synthesis were activated, suggesting that metabolic flow
from PPP to nucleotides is activated under hypoxic condi-
tions. Furthermore, we found that the genes for degrading
nucleotides, namely 5’-nucleotidase (AN5939.3), and purine
nucleotide phosphorylases (AN10230.3 and AN6490.3) were
also upregulated under hypoxic conditions. These enzymes
digest both pyrimidine and purine nucleotides to generate
nucleobases and ribose-1-phosphate (Fig. 5), the latter of
which returns to enter PPP. These results imply that hypoxia
activates the turnover of intracellular nucleotides and ribose
phosphates. Intracellular nucleotides were analyzed using
LC-ESI-TOF-MS. The observed molecular mass values were
searched in the database (Chemical Entities of Biological
Interest, EMBL-EBI) and identified. The results showed that
more xanthosine (C;,H;,N,Og, observed m/z = 284.077009,
55x), dTMP (C,oH;sN,OgP, mj/z = 322.058289, 2.8 x),
deoxyadenosine (CyoH3NsO;3, m/z=251.101611, 2.5x),
adenine (CsH;Ns, m/z=135.055072, 2.2x), thymidine
(C1oH,N,O5,  m/z =242.090614, 2.1x), and dAMP
(C1oH14NsOgP, m/z = 331.069261, 2.0 x) were produced by
A. nidulans grown under hypoxic, compared with normoxic
conditions (molecular mass values and induction ratios are
shown in parentheses). This indicated that ribose production
was altered under hypoxic conditions, and supports the
notion that nucleotide turnover is more active under hypoxic
conditions.

Although little is known about organisms that anoxically
activate nucleotide mechanisms, >100 uM nitrite leads to
the deamination of purine bases in DNA from human epi-
thelial cells [23]. Here, we found nitrite accumulation in
hypoxic A. nidulans cells (Fig. 1B). We also found that DNA
in the hypoxic cells contained 1.7- and 2.4-fold more xan-
thine and hypoxanthine, deaminated products of guanine
and adenine than those in the normoxic cells (Table 5), which
suggested that DNA became intracellulary damaged by
nitrite. Damaged nucleotides must be enzymatically broken
down through the activity of 5'-nucleotidase and purine
nucleotide phosphorylase (which we found were upregulated
under hypoxic conditions) and the resultant ribose phos-
phate moieties were recycled for nucleotide synthesis.
Meanwhile, the successive reactions of adenosylsuccinate
synthase and adenosylsuccinate lyase present another route
for repairing deaminated purines (AMP) and for generating
AMP from IMP, a deamination product of AMP via nitrite
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Figure 5. Schematic illustration of putative purine and pyr-
imidine metabolism in A. nidulans A26 under hypoxic condi-
tions. Enzymes identified in 2-DE gels are shown in italics. Gene
names for each enzyme are listed in Table 4. Orotidine-5-P, oroti-
dine-5-phosphate; PRPP; ribose-1-P, D-ribose-1-phosphate;
ribose-5-P, p-ribose-5-phosphate.

(Fig. 5). Real-time PCR analyses showed increased expres-
sion of the genes for these enzymes (AN0893.3 and
ANG6209.3) in the hypoxic cells (Table 4), indicating that the
repair mechanism of purine nucleotides is more important
for adapting to hypoxia. The upregulation of two HSPs
(AN10102.3 and AN2062.3) was consistent with the notion
that nitrite damaged the cells.

3.5 Thiamine biosynthesis

The production of thiazole biosynthetic protein (THI4) and
pyrimidine biosynthetic protein (THIS5), both of which play
key roles in thiamine biosynthesis [34-36], was obviously
increased (3.0- to 14.2-fold, respectively) under hypoxic con-
ditions (Figs. 2 and 3, Table 3). These findings indicated that
the biosynthesis of thiamine is more important under such
conditions. Thiamine is converted to thiamine pyrophos-
phate (TPP), which is an essential coenzyme for the critical
enzymes used in energy conservation [37, 38]. Such enzymes
include transketolase in PPP and pyruvate dehydrogenase in
glycolysis and levels of these were increased as above. This
supports our claim that PPP and pentose/nucleotide synthe-
sis are more active under hypoxic conditions. In S. cerevisiae
and other eukaryotes, only the genes for thiamine biosyn-
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Table 5. DNA base modification in A. nidulans under hypoxic conditions

Culture Amounts of bases (nmol/mg DNA)

diti
conditions Adenine Cytosine Guanine Thymine Hypoxanthine Xanthine 8-OH-A  8-OH-G

Normoxic 120 116 130 113 0.55 0.98 0.022 0.020
Hypoxic 125 118 136 116 1.33 1.58 0.025 0.020

DNA prepared from A. nidulans cells was treated with formic acid and liberated bases were analyzed GC/MS as
described in [13]. 8-OH-A, 8-hydroxy adenine; 8-OH-G, 8-hydroxy guanine. Experiments were repeated three

17

times. SD of all data was <19%.

thesis identified so far are required for 4-methyl-5-(B-
hydroxyethyl) thiazole phosphate (thiazole moiety) (THI4)
and 2-methyl-4-amino-5-hydroxymethylpyrimidine pyro-
phosphate (pyrimidine moiety) (THI5) biosynthesis. The
postulated substrates for Thi4p are glycine, cysteine, and
an unidentified precursor with five carbon (C5) atoms. The
C5 precursor might originate from p-ribulose-5-phosphate
or D-xylurose-5-phosphate, both of which are intermediates
of the PPP [34, 35]. The pyrimidine moiety is synthesized
by Thi5p from histidine and pyridoxine, the latter of which
is also derived from 5-phosphoribosyl diphosphate (PRPP)
produced via the PPP [34, 36]. The upregulation of Thi4
and Thi5 is hence consistent with PPP activation, which
could supply C5 precursors for thiamine synthesis, and
implies that one roles of PPP under hypoxic conditions is
to supply more pentose-derived C5 compounds for thia-
mine synthesis.

3.6 Other proteins

Under hypoxic conditions, the expression level of alcohol
dehydrogenase I (ADH) and ALDH, which play key roles in
oxidating ethanol [12], was basal, incontrast to being
obviously induced under normoxic conditions (Table 2). We
have shown that the transcription factor AlcR induces
expression of the genes for ADH (AN8979.3, alcA) and
ALDH (AN0554.3, aldA) under hypoxic [12] as well as under
normoxic [39] conditions. These results indicated that the
activity of AlcR is differently regulated according to aerating
conditions.

We reported that A. nidulans oxidizes ethanol to ace-
tate through the activities of ADH, CoA-acylating ALDH,
and Ack under hypoxic conditions. Among them ADH
(as above) and Ack (FacA, AN5626.3, spot 35) were
detected in the 2-DE gels. Ack gave three spots with
slightly different molecular masses and pl. This is con-
sistent with our previous observation that A. nidulans
produced Ack isozymes with and without acetylated
lysine residues [12]. Neither CoA-acylating ALDH nor
ammonia producing enzymes (the niaD and niiA gene
products) was detected in 2-DE gels. Hypoxia upregulates
heme- and sterol-biosynthesis pathways in yeasts [7-9].
We did not identify any upregulated enzymes for these

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pathways in our proteomes, probably because of low
production levels. This is consistent with proteomes of
other filamentous fungi [17].

We used sulfate as a sulfur source for A. nidulans. Sulfate
adenyltransferase that catalyzes the initial step of sulfate
assimilation was upregulated in hypoxic cells. This enzyme
activates sulfate to phosphoadenosine 5-phosphosulfate
(PAPS), and hence the increased production of sulfate ade-
nyltransferase probably increased the PAPS level, which
would have further increased the amount of enzyme sub-
strate (PAPS) available for sulfate assimilation (NAD(P)H-,
sulfate-, and sulfite-reductases). This consequently re-oxi-
dizes the NAD(P)H that accumulates in hypoxic cells due to
the lack of electron acceptors and supports cell growth under
hypoxic conditions. Another reason for a higher rate of sul-
fate assimilation under hypoxic conditions might be an
increased Cys requirement due to the unfavorable nitrosa-
tion of sulthydryl Cys groups caused by hypoxic nitrite accu-
mulation (Fig. 1B).

4 Concluding remarks

We applied a comparative proteomic approach to investigate
hypoxia-induced responses by the model filamentous fungus
A. nidulans and found that a series of enzymes involved in
energy conservation, as well as carbohydrate, lipid, and sul-
fur metabolism were up- and downregulated. The metabo-
lism of pentose and nucleotide metabolism was notably acti-
vated under hypoxia. The physiological relevance of this
remains to be determined, but one explanation might be the
synthesis of TPP cofactor for various metabolic enzymes.
The upregulation of the enzymes for thiamine biosynthesis
as well as TPP enzymes such as transketolase in PPP and
pyruvate dehydrogenase supports this notion. The activation
of nucleotide metabolism is of biological significance in that
it increases nucleotide turnover to allow the degradation of
damaged (deaminated) nucleotides and re-constructing
nucleotides as discussed above. Another possible role of the
upregulated nucleotide metabolism is the use of intracellular
nucleoside pools as energy sources like human astrocytoma
cells. Under ischemic conditions these cells are limited by
the amount of energy available due to deficient respiration
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and so they use nucleosides as an energy source [40]. In
either or both circumstances, we consider that the activation
of nucleotide salvage is a fungal mechanism of adaptation to
hypoxia. We have shown that A. nidulans expresses nitrate
reduction mechanisms for utilizing nitrate as an electron
acceptor under hypoxic conditions, and this is considered a
mechanism of adaptation to hypoxia [12]. Both mechanisms
constitute a fungal strategy for survival under hypoxic con-
ditions.
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