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Abstract Extracellular proteins of filamentous fungi are
important for biomedical and biotechnological applications.
Aspergillus terreus not only comprises an important class of
organisms that have significant commercial relevance to the
biotechnology industry, but also is an emerging fungal
pathogen. However, no information is available on the
extracellular proteome of A. terreus. Thus, we analyzed the
extracellular proteomes of A. terreus under different culture
conditions using sucrose, glucose, or starch as a main car-
bon source. A total of 82 protein spots including 39 unique
proteins was successfully identified by 2-DE and nano-LC-
MS/MS. Of these, 12 proteins were detected in the presence
of at least two different carbon sources, whereas 16 proteins
were unique to sucrose-, 3 to glucose-, and 8 to starch-
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grown A. terreus. Most of the proteins with known func-
tions are hydrolytic enzymes, such as hydrolases, glycosy-
lases and proteases, some of which include potential
allergens. Both oryzin and a predicted protein (ATEG_
07481) were the most abundant in all three media. Partic-
ularly, oryzin was highly secreted in high concentration
sucrose medium. These proteomic data will be useful for
studying protein secretion in further detail, and finding
fusion partners for the extracellular production of homolo-
gous or heterologous proteins in A. terreus.

Keywords Aspergillus terreus - Extracellular proteins -
Fungus - Secretome

Introduction

Filamentous fungi are important organisms with significant
commercial relevance in industrial biotechnology. The
fungi are often used to produce a wide variety of products
ranging from human therapeutics (e.g., antibacterial and
antifungal agents) to chemicals (e.g., commercial enzymes
and organic acids), which together represent billions of
dollars in annual sales (Carlile et al. 2001; Nevalainen et al.
2005). For example, the cholesterol-lowing statins that
represent a market of almost US$15 billion per year in the
USA (Manzoni and Rollini 2002; Maggon 2005) could be
naturally produced by species of filamentous fungi. Lova-
statin is mainly produced by Aspergillus terreus strains
(Manzoni and Rollini 2002). Also, A. terreus is the fre-
quently used commercial producer of itaconic acid that has
been categorized as one of the “top 12” building block
molecules from sugars in advanced biorefineries and used
worldwide in the fields of polymer chemistry, pharmacy,
and agriculture (Okabe et al. 2009).
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On the other hand, fungi are notorious pathogens in
both humans (Segal and Walsh 2006; Cutler et al. 2007)
and plants (Maor and Shirasu 2005). Invasive fungal
infections caused by Aspergillus species have become a
major cause of morbidity and mortality among immuno-
compromised patients worldwide (Ellis 1999; Rementeria
et al. 2005). In case of the absence of effective therapy,
mortality rates are high, between 30 and 90%. In partic-
ular, A. fumigatus, which is the most common Aspergillus
species associated with invasive aspergillosis, causes
approximately 4% of all hospital-based deaths in Europe
(Brookman and Denning 2000). Although A. fumigatus is
most frequently isolated from clinical specimens, other
species including A. flavus, A. niger, and A. terreus have
emerged as significant causes of opportunistic infection at
hospitals. In particular, there have been increasing reports
of pneumonia and disseminated infections due to A. fer-
reus strains derived from environmental and clinical iso-
lates (Tokimatsu et al. 2007; Castdn et al. 2007). The fact
that A. terreus is becoming more frequent in relation to
other Aspergillus species (Baddley et al. 2003) causes
concern because of its resistance to amphotericin B,
which is the main antibiotic used for the treatment of
fungal infections (Walsh et al. 2003).

The increasing number of fungal genomes that have
been sequenced highlights the importance of studying
fungi (Kim et al. 2007b). The addition of proteome
analysis to these studies facilitates better understanding of
the various altered protein expression patterns that occur
in filamentous fungi under industrial culture conditions
and vastly improve our knowledge of pathogenesis, anti-
biotic resistance, and the biology of fungi. Several pro-
teomic studies of intracellular proteins from Aspergillus
species, such as A. nidulans (Melin et al. 2002; Kim et al.
2007a), A. flavus (Medina et al. 2004), A. fumigatus
(Carberry et al. 2006; Asif et al. 2006), and A. oryzae
(Oda et al. 2006), have been reported. Some of the
studies, known as subcellular proteomics or subproteo-
mics, have also focused on a particular subset of protein
complement such as membrane proteins (Medina et al.
2004; Asif et al. 2006) or secreted proteins (Oda et al.
2006; Tsang et al. 2009). Secretome-related studies are
particularly relevant in understanding fungi, because many
fungi secrete a large number of proteins to accommodate
their saprotrophic lifestyle. Secreted proteins are of par-
ticular interest in the studies of pathogens (Rementeria
et al. 2005) and finding fusion partners for extracellular
production of biotechnologically relevant heterologous
proteins in filamentous fungi (Nevalainen et al. 2005).
Although a few of secretomic studies on Aspergillus
species, such as A. flavus (Medina et al. 2004, 2005) or
A. oryzae (Oda et al. 2006) have been previously reported,
none involved in-depth proteomic analysis using both

@ Springer

two-dimensional gel electrophoresis (2-DE) and advanced
mass spectrometry (MS) techniques. Recently, a large
fraction of the A. niger secretome was identified by a
combination of direct MS analysis without separation on
2-D gel and by prediction by computational methods
(Tsang et al. 2009). Since that method did not provide any
information on protein quantitation, the relative amounts
of each protein secreted under different growth conditions
could unfortunately not be determined. To date, no
research has described any part of the extracellular pro-
teome of A. ferreus.

Taking advantage from the recently annotated A. ferreus
genome, we used 2-DE and nano-liquid chromatography
(LC)-MS/MS to identify the proteins secreted from
A. terreus grown at under three different culture conditions
utilizing sucrose, glucose, and starch, which are the most
commonly used carbon sources in industrial biotechnology.
The extracellular proteomes of A. ferreus produced in the
presence of high concentrations of sucrose and glucose
were also determined. In addition, computational approa-
ches were used to further confirm the subcellular local-
izations of the identified proteins.

Materials and methods
Strain, culture conditions, and analytical procedures

A. terreus NRRL 1960 (ATCC10020) was maintained on a
spore-forming solid medium (pH 5.0) containing 20 g/L
glucose (Samyang Genex, Incheon, Korea), 35 g/L. corn
steep liquor, 20 g/L NaCl, and 20 g/L agar (Dwiarti et al.
2002). Spores (1 x 10%) were transferred into Czapek-Dox
solution (pH 7.3 £ 0.2) (Atlas and Parks 1993) containing
30 g/L sucrose (Junsei Chemical Co., Ltd, Tokyo, Japan),
3.0 g/l NaNOs, 1.0 g/l K,HPO,, 0.5 g/L. MgS0O,4-7H,0,
0.5 g/L KCI, and 0.01 g/L FeSO47H,O and -cultures
incubated at 30°C and 170 rpm for 48 h (Dwiarti et al.
2002; Thom and Raper 1945). Then, 10% of the seed was
transferred into 500-mL Erlenmeyer flasks containing
50 mL of Czapek-Dox solution that was supplemented
with 30 g/L of one of three carbon sources: sucrose, glu-
cose, or starch (soluble starch, Yakuri Pure Chemicals Co.
Ltd. Osaka, Japan). All of the media had the same common
composition except for the carbon source. To examine the
effect of a higher concentration of sugars on secretion,
media containing 100 g/L of either sucrose or glucose,
which are widely used in industrial production processes
(Okabe et al. 2009), were also tested. The effects of high
starch concentration were not studied since cultivation in a
medium containing 100 g/L of starch resulted in a highly
viscous solution, making it difficult to obtain extracellular
proteins from the culture supernatant. The cultivation was
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performed at 30°C for 84 h (3.5 days) on a rotary shaker at
170 rpm. Cell growth of A. terreus grown under the five
different conditions was measured by dry cell weight
(DCW, g/L) at the sampling point. To determine DCW, the
cell suspension was centrifuged in pre-weighed tubes for
10 min at 3,500x g, followed by drying at 85°C until there
was no further change in total weight. For all cultures, the
pH was measured after growth to ensure that the values
were maintained without a significant change in the pH of
the initial inoculated medium. Total nucleic acids were
measured fluorometrically using the fluorescent dye bis-
Benzimide (Sigma Chemical Co., St. Louis, MO, USA)
(Nandakumar et al. 2006; Xia et al. 2008). The concen-
trations of glucose and acetic acid were measured by high-
performance liquid chromatography (HPLC) using the
ProStar 210 system (Varian, Palo Alto, CA, USA) equip-
ped with a MetaCarb 87H column (300 mm x 7.8 mm,
Varian) and ProStar 320 UV/visible-light (Varian) and RI
(Shodex RI-71; Tokyo, Japan) detectors. The column was
eluted isocratically with 0.01 M H,SO, at 60°C at a flow
rate of 0.6 mL/min. The residual starch and sucrose in the
broth was estimated after acid hydrolysis (Pirt and Whelan
1951) by HPLC analysis using the conversion factors of
(0.9 x glucose) and (0.95 x sum of glucose and fructose),
respectively. Flask cultures were carried out in triplicate
and checked for the consistency as to the profiles of cell
growth and metabolite formation.

Preparation of extracellular proteins

The extracellular proteins were prepared as previously
described by Xia et al. (2008). Briefly, cells were
removed by centrifugation at 3,500x g for 20 min at 4°C.
The clear supernatant was collected, passed through a
membrane (pore size of 0.2 um; Sartorius, Goettingen,
Germany), mixed with an equal volume of cold 20%
(w/v) TCA (trichloroacetic acid; Sigma, St. Louis, MO,
USA) in acetone, and incubated overnight at —20°C. The
precipitate was collected by centrifugation at 13,000x g
for 1 h at 4°C. The precipitated protein pellet was then
washed with cold acetone to remove traces of TCA. The
washed protein pellet was air dried for 1 h at room tem-
perature and resolubilized in a 2-DE sample buffer com-
posed of 8 M urea, 2 M thiourea, 4% (w/v) CHAPS,
20 mM DTT, and 1% (v/v) protease inhibitor cocktail
(Complete Mini EDTA-free; Roche Diagnostics GmbH,
Mannheim, Germany). Insoluble materials were removed
by centrifugation at 13,000xg for 15 min. The superna-
tant was collected, and the total extracellular protein
concentration was measured by the Bradford method
(Bradford 1976). The resulting solution was stored at
—80°C until 2-DE analysis.

Preparation of whole cellular proteins

Whole cell extracts were obtained as reported previously
by Kniemeyer et al. (2006) with some modifications.
Briefly, frozen biomass was ground to a fine powder in
liquid nitrogen using a cooled mortar. About 50 mg of the
powder was directly dissolved in the 2-DE sample buffer
and incubated for 30 min at room temperature. After cen-
trifugation at 16,000 x g for 15 min at 20°C, the supernatant
was collected. Proteins were precipitated with TCA/ace-
tone and quantified as described in the preparation of
extracellular proteins.

Two-dimensional gel electrophoresis (2-DE) and gel
analysis

The 2-DE experiments were carried out with the IPGphor
IEF system (GE Healthcare; Chalfont St. Giles, Bucks,
UK) and Protean II xi Cell (Bio-Rad, Hercules, CA, USA)
as described previously (Han et al. 2005). The samples of
extracellular proteins (100 pg) or whole cell extracts
(100 pg) were diluted with the 2-DE sample buffer con-
taining 1% (v/v) IPG buffer (GE Healthcare; pH 3-10 NL
and pH 4-7). IbpB purified from recombinant E. coli was
added at a concentration of 5% (w/w) to inhibit the pro-
teolysis of the samples during isoelectric focusing (Han
et al. 2005) and was used as a standard marker for gel-to-
gel comparison and spot quantitation. Protein samples were
carefully loaded on the IPG strips (GE Healthcare; 18-cm,
pH 3-10 NL and pH 4-7), followed by rehydration of the
loaded IPG strips for 12 h. and the isoelectric focusing was
performed at 20°C for 15 min at 250 V, followed by
3,500 V until a total of 60 kV h was reached. The strips
were first equilibrated for 15 min in equilibration buffer I,
which was composed of 6 M urea, 0.375 M Tris—HCI (pH
8.8), 20% (w/v) glycerol, 2% (w/v) SDS, and 130 mM
DTT, then incubated for 15 min in equilibration buffer II,
which was composed of 6 M urea, 0.375 M Tris—HCI (pH
8.8), 20% (w/v) glycerol, 2% (w/v) SDS, and 135 mM
iodoacetamide, and lastly placed on 12% (w/v) SDS—
PAGE gels as described by Laemmli (1970). Protein spots
were visualized using a silver staining kit (GE Healthcare),
and the stained gels were scanned by a UMAX PowerLook
2100XL Scanner (UMAX Technologies Inc., TX, USA).
PDQuest 2-D Analysis Software (Bio-Rad) was used to
automate the process of finding protein spots within the
image and to quantify the density of the spots in the per-
centage of volume basis (i.e., values were calculated by the
integration of spot optical intensity over the spot area).
After features resulting from non-protein sources were
filtered out and protein spots were normalized, pairwise
image comparisons were performed. All 2-DE experiments
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were carried out in triplicate, and the mean and the stan-
dard deviation of each spot were calculated.

Nano-LC-MS/MS analysis

Samples for the MS/MS analysis were prepared as described
previously (Han et al. 2001) with some modifications.
Briefly, protein spots were excised and destained by incu-
bation in 30 mM potassium ferricyanide and 65 mM sodium
thiosulfate for 10 min. Gel pieces were washed in Milli-Q
water until they were colorless and transparent and then vac-
uum-dried. These pieces were proteolyzed with 0.02 pg/pL
of modified trypsin (Promega, Madison, WI, USA) in
40 mM ammonium bicarbonate overnight at 37°C. Tryptic
peptides (10 pL aliquots) were analyzed by a nano-LC/MS
system consisting of an Ultimate HPLC system (LC Pac-
kings, Amsterdam, Netherlands) and a quadrupole-time-of-
flight (Q-TOF) MS (Micromass, Manchester, UK) equipped
with a nano-ESI source, as described previously (Lee et al.
2006). The acquired MS/MS spectra were processed using
MassLynx v 3.5 (Waters, Milford, MA, USA). The MAS-
COT search server (version 1.8; http://www.matrixscience.
com/) was used for the identification of protein spots by
querying the sequence of the tryptic peptide fragments. The
database taken from the Broad Institute at MIT and Harvard
(http://www .broad.mit.edu/annotation/genome/aspergillus_
terreus/GenomesIndex.html) was used for the identification
of target proteins. Both the UniProt Knowledgebase (Swiss-
Prot and TrEMBL,; http://kr.expasy.org/) and NCBI (http://
www.ncbi.nlm.nih.gov/) reference databases were used to
help determine protein functions.

Computational analysis

The subcellular localization of proteins was predicted by
using the WoLF PSORT program (http://wolfpsort.org/)
(Horton et al. 2006). The probability of the presence of a
signal peptide was predicted for those proteins found in the
secretome using SignalP v.3.0 (http://www.cbs.dtu.dk/
services/SignalP/) (Bendtsen et al. 2004). Putative function
of proteins annotated as hypothetical or predictive proteins

from A. terreus database were identified by the BLASTP
search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) against non-
redundant protein sequences (nr) in the NCBI database.

Results

The concentration of secreted proteins of A. terreus
under different carbon sources

Although many secreted proteins in fungi are of special
interest in the study of pathogens (Rementeria et al. 2005)
or to the biotechnology industry (Nevalainen et al. 2005;
Okabe et al. 2009), the proteins secreted from A. ferreus
have not been thoroughly studied. Thus, this study involved
the extracellular proteome profiling of A. terreus grown in
the presence of one of three different carbon sources:
sucrose, glucose and starch. At the selected sampling point,
the amount of proteins secreted from A. terreus was similar
among the culture media supplemented with 30 g/l of
different carbon sources (Table 1). In contrast, A. terreus
cells grown under high concentrations of sucrose or glu-
cose (100 g/L) secreted considerably lower amounts of
protein than cells grown under moderate concentrations of
the carbon source of interest (30 g/L). This result indicates
that protein excretion of A. ferreus is highly suppressed in
the presence of a high concentration of a carbon source.

As shown in Table 1, the accumulation of acetic acid
produced by cell metabolism was negligible at the sam-
pling points. In addition, the culture pH, which was
maintained within ~0.15 unit of the starting pH values, did
not change during the culturing period. These results
confirm that, with the exception of the varying carbon
source, the experimental culture conditions were kept
constant in this study.

The extracellular proteome maps of A. ferreus
under different carbon sources

The representative 2-DE maps of extracellular proteins of
A. terreus at each carbon source are shown in Figs. 1 and 2.

Table 1 The secreted protein amounts of A. ferreus under various culture conditions

Culture condition  Dry cell weight  Extracellular Extracellular ~ Concentration Concentration pH at pH at
(g/L) (DCW; g/L) protein/culture protein/DCW  of residual carbon  of produced starting  sampling
supernatant (mg/L)  (mg/g) source (g/L) acetic acid (g/L)  point point
Sucrose 30 14.7 £ 0.4876 11.23 £ 0.0771 0.7638 3.02 0.10 7.04 7.13
Sucrose 100 29.1 £ 1.249 9.146 £ 0.0321 0.3143 58.7 0.06 7.04 7.10
Glucose 30 13.1 £ 2.081 11.15 £ 0.0177 0.8513 4.01 0.23 7.05 7.10
Glucose 100 28.6 £ 1.987 10.56 £ 0.0963 0.3692 62.1 0.07 7.05 7.07
Starch 30 12.2 £ 0.2598 10.97 £ 0.0642 0.8993 17.2 0.08 7.04 7.28
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Fig. 1 The representative 2-DE
maps of extracellular proteins
(EP) of A. terreus under three
different culture conditions: (a,
b) 30 g/L sucrose; (d) 30 g/L
glucose; and (e) 30 g/L starch.
For comparison, the whole
cellular proteins (WP) extracted
from A. terreus under a sucrose
medium is also shown (c).
Protein samples were
precipitated from the
supernatants at the given
conditions. The precipitated
proteins were separated on IPG
strips of pH 3-10 NL (a) or pH
4-7 (b, ¢, d, and e), followed by
12% (w/v) SDS-PAGE, and
stained with silver. The
positions of identified proteins
and the IbpB used as a standard
marker are indicated. More
information on these proteins
can be found in Table 2
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The initial separation of proteins secreted from A. terreus
grown on sucrose as the carbon source was carried out on the
broader pH range (pH 3-10) IPG gels (Fig. 1a). Most pro-
teins were detected at a pH range between 4 and 7, being
particularly clustered at acidic pHs. To increase the resolu-
tion of the 2-D gels, samples were further analyzed on the
medium pH range (pH 4-7) IPG gels (Fig. 1b). As expected,

there was better separation on the medium pH range IPG
gels. Given that result, the medium pH range IPG gels
(Fig. 1c and d) were used to analyze the proteins secreted
from A. terreus cultured on either glucose or starch.

An important issue in this analysis is the control of the
contamination of cellular proteins in the extracellular
proteome. To examine whether any of the identified
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Fig. 2 The representative 2-DE Mw
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extracellular proteins were actually released as a result of
cell lysis, the culture supernatant was analyzed as described
previously (Nandakumar et al. 2006; Xia et al. 2008).
Nucleic acids were not detected in the culture supernatant
under the period of proteome sampling. In addition, the
2-D gels of extracellular proteins were significantly dif-
ferent from the gel of A. ferreus cell lysates under the same
culture condition (Fig. 1b and c), indicating that the
extracellular protein accumulation was not a result of
simple cell lysis.

In order to identify the proteins secreted by A. ferreus
cultured with different carbon sources, 2-DE analysis fol-
lowed by MS/MS was performed. The initial analysis of
each 2-D gel revealed a total of 148 protein spots, which
included 48 for sucrose, 38 for glucose, and 62 for starch.
Of these, 82 protein spots, including 31 for sucrose, 15 for
glucose, and 36 for starch, were successfully identified, and
these spots corresponded to a total of 39 non-redundant
proteins (Table 2). The positions of the protein spots on the
gels are shown in Figs. 1 and 2. Among the 39 non-
redundant proteins, the numbers of proteins identified from
culture supernatants of A. terreus cultivated on different
carbon sources are summarized in Fig. 3a. In the cultures
grown on starch, the 36 protein spots were represented by
only 19 proteins, demonstrating that 47% of the identified
proteins existed in multiple isoforms. Twelve proteins were
co-detected in the presence of at least two different carbon
sources. Five proteins, which include beta-glucosidase 1
(ATEG_03047), oryzin (ATEG_03900), a conserved
hypothetical protein (ATEG_07817), and two predicted
proteins (ATEG_04955 and ATEG_07481), were secreted
on all three carbon sources. Of these, the most abundant
extracellular proteins were oryzin and the predicted protein
ATEG_07481. Twenty-two unique proteins, representing
over half of the secreted proteins, were classified as
hypothetical or predicted proteins. The largest number of
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different proteins (16 proteins) was secreted by cultures
grown on sucrose (Table 2). The secreted proteins were
further classified into three subgroups: hydrolases (thioe-
ther and trialkylsulfonium hydrolases, glycosylases, and
proteases); proteins with miscellaneous functions; and
hypothetical or predicted proteins. A major function of the
annotated proteins was hydrolysis for the utilization or
degradation of a variety of substrates (Table 2).

As shown in Table 1, the amounts of proteins secreted
from A. terreus cells grown under high concentrations of
sucrose or glucose (100 g/L) were approximately twofold
lower than those grown under moderate concentrations of
sucrose or glucose (30 g/L). Regardless of the concentra-
tion, the overall extracellular proteomic pattern was similar
for a particular carbon source (Figs. 1 and 2) even though
the relative levels of some proteins might differ to some
extent. For example, arabinan endo-1,5-alpha-L-arabinosi-
dase A (Su24 and 25) and the predicted protein
(ATEG_07481; Sul9 and Su20) were significantly repres-
sed at high sucrose concentrations. In contrast, oryzin
(Sul4, Sul5 and Sul6), which is a member of the subtilisin
family, was highly secreted at high sucrose concentrations.
Therefore, both the concentration and type of the carbon
source highly influences the pattern of secreted proteins.

Prediction of subcellular localization of proteins
identified in the culture medium

In order to further confirm the subcellular localization of
identified proteins, we predicted their subcellular locali-
zation by computational methods (Table 2). Of the 39 non-
redundant proteins, 69% (27 proteins) were predicted to be
extracellular proteins by the program WoLF PSORT
(Fig. 3b). Six proteins were predicted to have a cytoplas-
mic origin, and six proteins were predicted to originate
from other compartments, including the nuclear and
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(2) (27)
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Fig. 3 Analyses of the 39 non-redundant proteins secreted by A.
terreus. (a) The number of proteins secreted under the three different
culture conditions was compared. (b) As predicted by WoLF PSORT
(http://wolfpsort.org/), the subcellular localization of the 39 proteins
predicted could be classified into 4 groups: cytoplasmic; extracellular;
mitochondrial; and other, including nuclear and plasma membrane-
bound

mitochondrial inner membranes. This result served as
additional evidence that the identified extracellular proteins
were not substantially contaminated by cellular protein
components.

Since many known secreted proteins are secretory pro-
teins in Aspergillus species, these proteins were also
examined for the possession of signal peptides, using the
Signal P software program (Bendtsen et al. 2004), with a
probability score setting of higher than 0.98 to minimize
false positives. Among the 39 non-redundant proteins
identified, N-terminal signal peptide sequences, which
function to target proteins for secretion from the cytoplasm,
were present in 27 proteins (~69%) (Table 2). Thus, all of
the proteins that were predicted to have an extracellular
location by the WoLF PSORT program contained an
N-terminal signal peptide, most of which would direct their
respective proteins to the secretory protein translocation
(Sec) pathway.

Discussion

An attraction of filamentous fungi is their natural ability to
secrete large amounts of proteins (mainly hydrolytic
enzymes) into the growth medium. However, very few
reports of using 2-DE on extracellular proteins of Asper-
gillus are available. Medina et al. (2004) identified 15
extracellular proteins from A. flavus using 2-DE and
MALDI-TOF MS that were specifically induced when the
flavonoid rutin (quercetin 3-O-glycoside) was the only
source of carbon. Using LC-MS/MS, they also identified a
total of 51 uniquely secreted proteins from A. flavus grown
in media containing rutin, glucose, or potato dextrose, with
18 of these found to be in the rutin degradation pathway
(Medina et al. 2005). Oda et al. (2006) reported the sec-
retome of A. oryzae and identified 29 extracellular proteins
that were produced when the fungi were grown in either
liquid or solid-state culture, with taka-amylase A (TAA),
glucoamylase (GLAA), and aspergillopepsin A (PEPA)

comprising the majority of secreted proteins, as determined
by 2-D gel analysis.

Most of the proteins secreted by A. terreus that were
identified in this study using combination of 2-DE and
nano-LCMS/MS techniques, have not been documented
previously (Table 2). A. terreus cultivated on a sucrose
medium clearly secretes a greater number of different
proteins than the cells cultivated on a glucose medium,
with 16 unique proteins versus 3, respectively (Fig. 3a).
Seventeen of the thirty-six total secreted from A. terreus
cultivated on a starch medium were found to be present as
two or more isoforms; specifically, arabinan endo-1,5-
alpha-L-arabinosidase A (ATEG_03688) and one of the
predicted proteins (ATEG_09250) had five isoforms each,
and oryzin (ATEG_03900) had four isoforms. These results
showed that different kinds of proteins and their isoforms
secreted by A. ferreus, along with their relative levels, are
affected by different carbon sources.

The extracellular proteins specifically produced by
A. terreus in the presence of one of three carbon sources were
mainly hydrolases (Table 2), such as thioether and trialkyl-
sulfonium hydrolases including adenosylhomocysteinase,
glycosylases including arabinan endo-1,5-alpha-L-arabi-
nosidase A, beta-glucosidase 1, endo-1,4-beta-xylanase A,
endochitinase 1, and mannosyl-oligosaccharide alpha-1,2-
mannosidase, and proteases including 24-kDa metallopro-
teinase, cerevisin, dipeptidyl-peptidase 5, and oryzin.

Some of extracellular proteins are related to allergens
which can be grouped into several categories: proteases;
glycosidases; oxidative stress response proteins; and
enzymes involved in gluconeogenesis or the pentose
phosphate shunt (Denning et al. 2006). For example of
A. fumigates (Rementeria et al. 2005), Asp f5/Mep has a
metalloprotease activity, Asp fl10/Pep appears to be a
aspartic protease, Asp fll or cyclophilin has a dipepti-
dylprolyl-isomerase activity, Asp fl13/Alp2 possesses
alkaline serine protease activity, and Asp f18 is a vacuolar
serine protease. In addition, an enolase has been reported to
be similar to the allergen Asp {22 of A. fumigatus (Lai et al.
2002). Thus, several extracellular proteins identified in
A. terreus might represent potential allergens under infec-
tive conditions that can serve as candidates for vaccination
against this fungal organism. These may include 24-kDa
metalloproteinase (Rhodes et al. 1990; Rementeria et al.
2005), cerevisin (Nebes and Jones 1991), oryzin (Chou
et al. 1999), dipeptidyl-peptidase (Monod et al. 2002),
vacuolar protease A (Monod et al. 2002), allergen Asp f 15,
catalase B (Blum et al. 2008) and enolase (Lai et al. 2002).
A 24-kDa metalloproteinase (ATEG_04941) identified in
this study, however, differs from those metalloproteases,
since it has a smaller molecular mass. Instead, it might
represent a homolog of an elastinolytic proteinase of
A. flavus (Rhodes et al. 1990). Catalase B was only secreted
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by A. terreus in the presence of moderate concentrations of
sucrose (spot no. Su3) or glucose (spot no. Gu35). Blum
et al. (2008) showed that A. ferreus produced significantly
more catalases than A. fumigatus and that the high-level
production of catalases by A. ferreus contributes to its
resistance to amphotericin B. Thus, the secreted catalase
may serve as one of several types of reactive-oxidant
scavengers that play roles in amphotericin B resistance in
A. terreus.

Interestingly, oryzin (ATEG_03900; Aspergillus alka-
line proteinase) is a predominant alkaline endopeptidase
secreted by A. terreus on all carbon sources. This is similar
to what has been reported for A. oryzae cultured under
solid-state conditions (Oda et al. 2006). In addition, oryzin
appeared at more than three different positions on the 2-D
gels (Table 2, Fig. 1). High concentrations of sucrose
resulted in higher excretion levels of this enzyme. Our
result is consistent with a previous study that reported that
an alkaline serine protease (IJIRA 6.2) was one of the
major extracellular proteases produced by A. terreus
(Chakrabarti et al. 2000). Recently, a recombinant alkaline
protease derived from A. oryzae was shown to be effi-
ciently produced in Pichia pastoris with a maximum yield
of 513 mg/L, which indicates its potential for wide use in a
variety of industrial applications (Guo and Ma 2008).

In industrial biotechnology, especially with regard to the
expression of heterologous proteins, products of interest
are synthesized by fusing the corresponding gene to the 3’
end of a gene, encoding a well-secreted endogenous pro-
tein, such as glucoamylase (encoded by glaA) in filamen-
tous fungi (Gouka et al. 1997). The gene fusion method has
resulted in higher levels of excretory production of various
proteins, including bovine prochymosin (Ward et al. 1990),
porcine pancreatic phospholipase A2 (Roberts et al. 1992),
human interleukin-6 (Broekhuijsen et al. 1993), and human
lactoferrin (Ward et al. 1995). However, even when pro-
teins are finally secreted efficiently, a major problem for
heterologous proteins is their degradation by extracellular
proteases. In the current study, we have identified effi-
ciently secreted endogenous proteins that may be used as
fusion partners to heterologous gene products. In addition,
we have identified several proteases that may interfere with
the extracellular protein yields. Genes encoding extracel-
lular proteases have been inactivated to successfully
improve the yields of heterologous gene products produced
in fungal hosts (Broekhuijsen et al. 1993; van den Hom-
bergh et al. 1997).

More than half of these secreted proteins (22 of 39 non-
redundant proteins) were classified as hypothetical or pre-
dicted proteins. This finding may be due to the scarce
annotation of the completely sequenced A. terreus genome,
with only approximately 7.5% of the open reading frames
having assigned functions. The function of these proteins

@ Springer

can be predicted by using the BLASTP search (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) (Table 2). The majority of
proteins identified in this study were hydrolytic in nature,
such as alpha-amylase, alpha-glucosidase, amidase, aspar-
tyl protease, cellulase, endo-arabinase, glutaminase,
hydrolase, and peptidase. Two potential allergens Asp F3
and F9 were also identified. Despite the lack of proteins
with known functions, our data confirms that hypothetical
proteins predicted from the genomic sequence are expres-
sed, thereby identifying additional extracellular proteins or
enzymes.

Finally, although the coupling of the 2-D gel analysis
with the nano-LC-MS/MS technique identified many of
new extracellular proteins, the limitation that results from
the lower successful identification rate of protein spots than
typically found in typical biological samples (e.g., bacterial
proteins) still remains. This limitation is caused by the high
number of glycosylated proteins in fungi, resulting in a
poor recovery of tryptic peptide sequences that are used for
protein identification. In the future, an advanced proteomic
approach that allows a much greater depth of analysis is
required.
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