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The secreted proteolytic activity of Aspergillus fumigatus is of potential importance as a virulence factor and
in the industrial hydrolysis of protein sources. The A. fumigatus genome contains sequences that could encode
a five-member gene family that produces proteases in the sedolisin family (MEROPS S53). Four putative
secreted sedolisins with a predicted 17- to 20-amino-acid signal sequence were identified and termed SedA to
SedD. SedA produced heterologously in Pichia pastoris was an acidic endoprotease. Heterologously produced
SedB, SedC, and SedD were tripeptidyl-peptidases (TPP) with a common specificity for tripeptide—p-nitro-
anilide substrates at acidic pHs. Purified SedB hydrolyzed the peptide Ala-Pro-Gly-Asp-Arg-Ile-Tyr-Val-His-
Pro-Phe to Arg-Pro-Gly, Asp-Arg-Ile, and Tyr-Val-His-Pro-Phe, thereby confirming TPP activity of the enzyme.
SedB, SedC, and SedD were detected by Western blotting in culture supernatants of A. fumigatus grown in a
medium containing hemoglobin as the sole nitrogen source. A degradation product of SedA also was observed.
A search for genes encoding sedolisin homologues in other fungal genomes indicates that sedolisin gene
families are widespread among filamentous ascomycetes.

Aspergillus fumigatus, the main causative agent of invasive
aspergillosis in neutropenic patients, is a saprophyte that grows
and sporulates in a humid environment on decaying organic
materials. Secreted proteolytic activity could be an important
contributor to this virulence capability. Like many other asco-
mycetous fungi, A. fumigatus grows well in a medium containing
protein as the sole nitrogen and carbon source and secretes en-
doproteases and exopeptidases (for a review of Aspergillus endo-
and exoproteases, see reference 20). According to the MEROPS
list (http://merops.sanger.ac.uk) (1, 31a), A. fumigatus secreted
endopeptidases may be classified into aspartic proteases of the
pepsin family (MEROPS A1) (17, 34, 35), serine proteases of the
subtilisin subfamily (MEROPS S8A) (14, 24, 32), and metallo-
proteases of two different families (MEROPS M35 and M36) (13,
18, 23, 30, 39). Aspergillus secreted exoproteases include amin-
opeptidases (MEROPS M28), carboxypeptidases (MEROPS
S10), and dipeptidyl peptidases (MEROPS S9B and S9C).

Recently, a new endoprotease of the sedolisin family
(MEROPS S53) was isolated from a commercial protease ex-
tract of Aspergillus oryzae and termed aorsin (16). This enzyme
was homologous to a tripeptidyl-peptidase (TPP) secreted by the
same fungal species (GenBank accession no. AB089196) and
another TPP from Aspergillus niger (12). The term sedolisin was
recently introduced (46) for a group of similar acidic serine pro-
teases of various origins. In particular, this family contains the
human lysosomal TPP involved in hydrolysis of hydrophobic pro-
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teins. A hereditary deficiency of human lysosomal TPP results in
infantile neuronal ceroid lipofuscinosis (31, 40). A BLAST anal-
ysis based on the A. fumigatus genome (www.tigr.org/tdb/e2k1
/aful) revealed the presence of an apparently five member gene
family encoding sedolisins. Four of these enzymes have a pre-
dicted 17- to 20-amino-acid signal sequence for putative secretion
and were named SedA, SedB, SedC, and SedD.

The objective of this study was to provide a detailed description
of these four putative sedolisin proteases secreted by 4. fumigatus
and to validate predictions from the 4. fumigatus genome. This is
the first time outside the patent literature (12) that TPPs secreted
by fungi have been identified and characterized. SedA, SedB,
SedC, and SedD, together with the aspartic protease Pepl (35),
constitute a set of proteases that could be used by A. fumigatus to
degrade proteins at acidic pHs.

MATERIALS AND METHODS

Strains and plasmids. Aspergillus fumigatus NCPF 7367 from the genome-
sequencing project was used in this study. All plasmid subcloning experiments
were performed in Escherichia coli XL1-Blue using plasmids pMTL21 (7),
pUCI1S, and pET11-a. The Pichia pastoris strains used were GS115 and KM71
(Invitrogen, Carlsbad, CA). The expression vectors pKJ111 (21), pKJ113 (5), and
pPICZaA (Invitrogen) were used to express heterologous peptidases.

Aspergillus fumigatus growth media. Aspergillus fumigatus was grown on Sab-
ouraud agar or, to promote production of proteolytic activity, in a liquid medium
containing 1.2% yeast carbon base (Difco, Detroit, MI), 10 g/liter glucose, and 5
g/liter hemoglobin as the sole nitrogen source. The pH of this solution was
adjusted to between 4 and 5. One-liter flasks containing 200 ml of medium were
inoculated with approximately 10° spores and incubated for 48 h at 37°C on an
orbital shaker at 200 rpm.

Genomic and ¢cDNA libraries. An A. fumigatus \gt11 cDNA library was pre-
viously constructed using mRNA from the CHUV192-88 strain grown at 30°C for
40 h in a liquid medium containing collagen as the sole nitrogen and carbon
source (24). Total RNA was extracted as described previously (19) and the
mRNA purified by using oligo(dT) cellulose (Sigma, Taufkirchen, Germany)
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according to standard protocols (37). The cDNA library was prepared from this
mRNA using phage Agt1l (Promega, Madison, WI) and protocols supplied by
the manufacturer. Alternatively, another A-phage cDNA library made from an A4.
fumigatus D141 culture growing in the logarithmic phase (minimal medium,
37°C, 16 h) was used (33).

DNA fragments for production of heterologous proteins. The cDNA coding
for putative SedB and SedD was amplified by PCR. Target DNA was prepared
from 10° clones of the cDNA libraries. PCR was performed with homologous
primers derived from genomic DNA sequences (P17 to P24 [Tables 1 and 2]).
Two hundred nanograms of target DNA, 10 pl each of the sense and antisense
oligonucleotides at a concentration of 42 mM, and 8 pl of deoxynucleotide mix
(containing 10 mM of each deoxynucleoside triphosphate) were dissolved in 100
wl PCR buffer (10 mM Tris-HCI pH 8.3, 50 mM KCI, and 1.5 mM MgCl,). To
each reaction mixture, 2.5 U of AmpliTAQ DNA polymerase (Perkin Elmer,
Boston, MA) was added. The reaction mixtures were incubated for 5 min at 94°C,
then subjected to 25 cycles of 30 s at 94°C, 30 s at 55°C, and 60 s at 72°C, and
finally incubated for 10 min at 72°C.

Amplified DNA segments encoding putative SedA and SedC proteins were
constructed and cloned into pUCI18 to generate plasmids pSedA and pSedC. For
pSedA cloning, the following pairs of sense and antisense primers were used to
amplify four fragments of 4. fumigatus genomic DNA: P1-P2, P3-P4, P5-P6, and
P7-P8 (Table 1). The PCR products were digested with EcoRI/BamHI, BamHI/
Sphl, Sphl/Sspl, and SspI/Asp718, respectively, and were inserted end-to-end
into pUCIS8 digested with EcoRI/Asp718 to generate plasmid pSedAbp47-826.
In a second step, the following pairs of sense and antisense primers were used to
amplify pSedA bp47-826 and A. fumigatus genomic DNA, respectively: P9-P10
and P11-P12 (Table 1). The PCR products were digested with EcoRI/Sacl and
SacI/HindIIT and were inserted end-to-end in pUCIS8 digested with EcoRI/
HindIII to generate plasmid pSedA.

For pSedC construction, the following pairs of sense and antisense primers
were used to amplify two contiguous fragments of A. fumigatus genomic DNA:
P13-P14 and P15-P16 (Table 1). Subsequently, the two PCR products were
digested with HindITI/Asp718 and Asp718/BglII and were inserted end-to-end
into pUCI18 digested with HindIII/BglII.

Production and analysis of heterologously expressed proteins. Expression
plasmids were constructed by cloning PCR products into Pichia pastoris expres-
sion vectors (Table 2). The PCR products were purified with a PCR purification
kit (Roche Diagnostics, Mannheim, Germany) and then digested with restriction
enzymes for which a site was previously designed at the 5’ end of the primers.
Pichia pastoris transformation and selection of transformants were performed as
previously described (4, 5). For enzyme production, transformants were grown to
near-saturation (optical density at 600 nm, 10) at 30°C in 10 ml (or 11 ml for large
preparations of SedB) of a glycerol-based yeast medium (0.1 M potassium phos-
phate buffer at pH 6.0, containing 10 g/liter yeast extract, 20 g/liter peptone, 13
g/liter yeast nitrogen base without amino acids [Becton Dickinson, Sparks, MD],
10 ml/liter glycerol, and 40 mg/liter biotin). Cells were harvested and resus-
pended in 2 ml (200 ml) of the same medium with 5 ml/liter methanol instead of
glycerol and were incubated for 2 days. Then the culture supernatant was har-
vested after centrifugation (3,000 X g, 4°C, 5 min).

Salts and low-molecular-weight solutes were removed from 2.5 ml of P. pastoris
culture supernatants by being passed through a PD10 column (Amersham Phar-
macia, Dibendorf, Switzerland) with 20 mM citrate buffer (pH 6.0) before
testing for proteolytic activity. Supernatants of P. pastoris GS115 and KM71
grown under the same conditions were used as negative controls for comparison.

Heterologously expressed proteins were identified and confirmed by a de novo
sequencing analysis approach. The supernatant was treated with N-glycosidase F
as described previously (8) and then subjected to regular sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (12.5% polyacrylamide). Pro-
tein bands stained with Coomassie brilliant blue R-250 (Bio-Rad, Munich, Ger-
many) were excised from the gel, reduced, and alkylated, and then in-gel trypsin
digestion was performed (38). The resulting peptides were extracted from the
gel, dried, and dissolved in 0.1% formic acid. Peptide sequencing was performed
on a Q-TOF Ultima Global mass spectrometer (Micromass, Manchester, United
Kingdom) equipped with a nanoflow electrospray ionization (ESI) Z-spray
source in positive-ion ESI-tandem mass spectrometry (MS/MS) mode. Samples
were introduced with a CapLC autosampler (Waters) onto a C,g pepMap w-Pre-
column cartridge (300 wm by 5 mm; particle size, 5 wm) and then further
separated through a C,4 pepMap100 nano Series analytical column (75 pm by 15
cm; particle size, 3 wm; LC Packings-Dionex, Amsterdam, The Netherlands).
The precursor ions were selected with a quadrupole analyzer, and fragmentation
took place in a hexapole collision gas cell, with argon as the collision gas.
Acquisition was performed with MassLynx (v. 4.0) and Windows NT on a per-
sonal computer, while data were further processed on a Protein Lynx Global
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Server (v, 2.1; Micromass, Manchester, United Kingdom). The resulting MS/MS
ion data were searched against a mass spectrometry protein sequence database
(MSDB) database through the MASCOT search engine (www.matrixsciences
.com) for identification.

N-terminal Edman sequencing data for proteins were obtained with a Procise
sequencer from Applied Biosystems (Foster City, CA) according to the protocols
of the manufacturer. Sequencing was conducted by SEQLAB (Sequence Labo-
ratories, Gottingen, Germany).

Purification of heterologously expressed SedB. The secreted proteins from 250
ml of P. pastoris culture supernatants were concentrated by ultrafiltration to 6 ml
by using an Amicon cell and an Ultracel Amicon YM30 membrane (30-kDa
cutoff) (Millipore, Volketswil, Switzerland). The concentrate was washed with 10
mM sodium acetate, pH 5.0, and applied at 4°C to a Mono Q-Sepharose column
(Amersham Pharmacia, Diibendorf, Switzerland) equilibrated with the same
buffer at a flow rate of 0.5 ml/min. After the column was washed with 10 mM
sodium acetate, pH 5.0, elution was performed with a linear gradient of 0 to 1.0
M NaCl over 96 min at a flow rate of 0.5 ml/min. The different fractions eluted
from the Mono Q-Sepharose column were screened for enzymatic activity with
Ala-Ala-Phe-p-nitroanilide (Ala-Ala-Phe-pNA) as a substrate, and TPP-con-
taining fractions were pooled. After concentration in an Amicon ultrafiltration
cell with an Ultracel Amicon YM30 membrane and washing with 10 mM sodium
acetate, pH 5.0, the TPP extract was loaded onto a size exclusion Superose 6 fast
protein liquid chromatography column (Amersham Pharmacia), and elution was
performed at a flow rate of 0.2 ml/min using 10 mM sodium acetate, pH 5.0, as
the eluant. The eluted active fractions were pooled. The TPP enzyme was
concentrated (1.0 mg/ml) to a final volume of 0.4 to 1.0 ml in a Centricon
concentrator with a 30-kDa cutoff (Millipore) and stored at —20°C prior to
further functional characterization.

Proteolytic activities. Endoproteolytic activity was measured with 50 wl of a P.
pastoris culture supernatant and 50 pl of 0.2% resorufin-labeled casein at dif-
ferent pHs in sodium citrate buffer (50 mM final concentration; pH 2.0 to 7.0) in
a total volume of 0.5 ml. After incubation at 37°C, the undigested substrate of the
enzyme-substrate mixture was precipitated by trichloroacetic acid (4% final con-
centration) and separated from the supernatant by centrifugation. Five hundred
microliters of Tris-HCI buffer (500 mM; pH 9.4) was added to the collected
supernatant (neutralization step), and the A5, of the mixture (1 ml) was mea-
sured. A blank was performed with 50 wl of a P. pastoris GS115 culture super-
natant. For practical purposes, one milliunit of activity was defined as producing
an increase in absorbance of 0.001 per min in a proteolytic assay (1 ml) at the
optimal pH for activity. The assays were performed in triplicate.

Exoproteolytic activity was tested with synthetic substrates supplied by Bachem
(Bubendorf, Switzerland). Stock solutions were prepared at 100 mM concentration
and stored at —20°C. Ala-pNA, Gly-Pro-pNA, Ala-Ala-pNA, Phe-Pro-Ala-pNA,
Ala-Ala-Pro-pNA, and Ala-Ala-Pro-Leu-pNA were dissolved in ethanol. Ala-
Ala-Phe-pNA was dissolved in dimethylformamide. The reaction mixture con-
tained a concentration of 5 mM substrate and the enzyme preparation (between
0.1 to 1.0 pg per assay) in 100 wl of 50 mM citrate buffer at different pH values
for each Sed (between pH 2.0 and pH 7.0). After incubation at 37°C for 10 min,
the reaction was terminated by addition of 5 wl of glacial acetic acid, followed by
0.9 ml of water, to the mixture. The pNA released was measured by spectrometry
as a change in A,ys. A control with a blank substrate and blank culture broth was
carried out in parallel. The Sed TPP activities were expressed in milliunits
(nanomoles of pNA released per minute) using Phe-Pro-Ala-pNA as the sub-
strate.

For TPP kinetic analysis, purified heterologously produced SedB (see above)
was tested with Phe-Pro-Ala-pNA as a substrate at various concentrations be-
tween 1073 and 1077 M at 20°C in 0.1 M sodium citrate buffer, pH 6.0. The final
concentration of SedB in the reaction mixture was 2.5 X 10~° M. The absorption
of liberated p-nitroaniline was monitored photometrically at 405 nm (Ultrospec
1000 photometer; Amersham Pharmacia). The Michaelis constant (K,,,) and the
turnover number (k,,) were calculated on the basis of a standard Lineweaver-
Burk plot.

Peptide digestion by SedB was investigated with the synthetic peptide Ala-
Pro-Gly-Asp-Arg-Ile-Tyr-Val-His-Pro-Phe (Sigma catalog no. A-0289). The pep-
tide was dissolved in 50 mM sodium citrate buffer, pH 6.0, at a final concentra-
tion of 0.5 mM, and purified heterologously produced SedB was added to a final
concentration of 5 ug/ml. A control without SedB was carried out in parallel. The
reaction was stopped after a 2-h incubation at 37°C by addition of 1/20 volume
of 100% formic acid, and samples were then analyzed with a Q-TOF Ultima
Global mass spectrometer (Micromass) in MS scan mode. For this purpose,
samples were diluted to 1 pmol/ul of the peptide starting material with aceto-
nitrile-H,O (50:50) and subsequently injected into the mass spectrometer using
a HAMMEL syringe at an approximate flow rate of 300 nl/min. Acquisition of
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TABLE 1. Primers used in this study”

1741

Primer

Oligonucleotide sequence®

Location

PCR product size (bp)
(cloning sites)

P1
P2

P3
P4

P5
P6

P7
P8

P9
P10

P11

P12

P13
P14

P15
P16

P17
P18

P19
P20

P21
P22

P23
P24

P25
P26

P27
P28

P29
P30

5'-GTTGAATTCAGTCCCACCCCGAACGACTATG-3'
5'-CTTGGATCCGATATCTCCATCAACAAGTCATG-3’

5"-CTTGGATCCGCGCTCGTCACGCTATGGAC-3’
5'-TCGGCATGCAATGTGTGACTTTCCTGAACC-3'

5'-ATTGCATGCCGAGAATACCATGTCCCCCACTCA-3’
5'-GTTTGTACAGAGCTGATATACACAGTGGTGT-3’

5'-CTCTGTACAACATTACTCGCGGCTCAA-3’
5'-GTTGGTACCCTGGGGAATTTGCTGTGCAAATGTTGAAAAGAA
CAGG-3’

5'-GTTGAATTCGTAACTCGAGCTAGTCCCACCCCGAACGACTATG-3’
5"-CTTGAGCTCCGTCGACGGCCTTCAGGATGGGATGGGTACCCT
GGGGAATTTGC-3'

5'-GACGGAGCTCAAGCCCCAACCAGCGTGACC-3’
5'-GTTAAGCTTGCGGCCGCCTACGGCAGGCTCATGAACAAGTC-3’

5'-GTTAAGCTTAGGCCTGCTGCAGAGCCCAGCTACGCGG-3'
5'-AGACCTGGTACCGCCTACCCTCAACG-3’

5'-GTTGGTACCAGTGCATCTGCGCCTGTATTT-3'
5'-CTTGAGATCTAGGCCTCATGGGGTACTTGAAACACTCG-3'

5'-GTTCTCGAGCTAGTCCCACCCCGAACGACT-3’
5'-CTTGCGGCCGCCTACGGCAGGCTCATGAACAAGTC-3'

5'-GTTCTCGAGCTGCCGAGGTTTTTGAGAAG-3’
5'-CTTGGATCCCTATCTCCGCATAGCAAGAGAC-3’

5'-GTTAGATCTGCTGCAGAGCCCAGCTACGCG-3’
5'-CTGTCTAGATCATGGGGTACTTGAAACACTCGT-3’

5'-GTTGTCGACTTGCCCCAGCCCTTTGTGTGGTGC-3’
5'-CTTGCGGCCGCTTACAACGACAGAACCAACTC-3'

5'-GTTCCATGGGTCCTACTGCAGCGAGATC-3’
5'-GTTGGATCCCTATCCCGTCGCAGCGGAGAACCC-3'

5'-GGTCCATGGGCTGAACGACCAGAACTCCGCC-3’
5'-AACAGGATCCCTATCTCCGCATAGCAAGAGAC-3’

5'-GTTCCATGGGAGAACGCTTGCGTATTCCGTTCC-3'
5'-GTTGGATCCCTATGTGCCGCCTACCCTCAA-3’

5'-GGTCCATGGGAAGCTTCCAGCTCTTCCTAGG-3’
5'-AACAGGATCCCTAGGCAGTAGCGTTCCAGTGAGCG-3'

5'-TATCTAGAAGTCCCACCCCGAACGACTATG-3'
5'-ATAAGCTTGGCCCTGCATTGGTCACGC-3’

5'-TCTAGATGAGAAGCTGTCCGCGGTGC-3’
5'-AAGCTTCCGCTGTCACTGGCGGAGTTC-3’

5'-TCTAGACGGTCGTTGAGCAGCTCAG-3’
5"-AAGCTTGGTACTGCTCAGGGACGAGTCCTG-3'

5'-GCCGGCGTGGTGCAGGAGAAGCTCTCAGC-3’
5'-TCTAGAGCCGAGGGAAGCAGTGGCC-3’

5'-GTACACACAAGCTATTCTTGCG-3’
5'-AAGGCGATTAAGTTGGGTAACG-3’

5'-CGTTTACCCAGAATGCACAGG-3’
5'-AGAGAATGGAGTTCTGCGGCC-3'

sedA
Complement of sedA

sedA
Complement of sedA

sedA
Complement of sedA4

sedA
Complement of sedA

pSedA bp47-826
pSedA bp47-826

sedA
Complement of sedA

sedC
Complement of sedC

sedC
Complement of sedC

sedA
Complement of sedA

sedB
Complement of sedB

sedC
Complement of sedC

sedD
Complement of sedD

sedA
Complement of sedA4

sedB
Complement of sedB

sedC
Complement of sedC

sedD
Complement of sedD

sedA
Complement of sedA

sedB
Complement of sedB

sedC
Complement of sedC

sedD
Complement of sedD

Upstream sequence in sedA

pAN 7.1 sequence

pAN 7.1 sequence

Downstream sequence in sedA

179 (EcoRI-BamHI)

262 (BamHI-SphI)

244 (SphI-Sspl)

143 (SspI-Asp718)

835 (EcoRI-SacI)

1,038 (SacI-HindIII)

1,449 (HindIII-Asp718)

321 (Asp718-BglII)

2,002 (XhoI-NotI)

1,760 (Xhol-BamHI)

1,743 (BglII-Xbal)

1,684 (Sall-NotI)

845 (Ncol-BamHI)

1,002 (Ncol-BamHI)

1,048 (Ncol-BamHI)

1,121 (Ncol-BamHI)

1,027 (Xbal-HindIIT)

829 (Xbal-HindIII)

767 (Xbal-HindIII)

753 (NgoMIV-Xbal)

1,183

1,143

Continued on following page
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TABLE 1—Continued

b

Primer Oligonucleotide sequence

PCR product size (bp)

Location (cloning sites)

s2-A  5'-TCTCTTGTCCTCTTCCGTTGC-3'
s2-B 5'-ACGACGTTGTAAAACGACGGC-3'

s2-C 5'-GTCGTTTACCCAGAATGCACAG-3'
s2-D  5'-TGCAGGTCGAGATTGGCCTC-3’

s3-A  5'-ATCGTGTAGCTCACATGGCTCC-3’
s3-B 5'-TTAAGTTGGGTAACGCCAGGG-3’

s3-C 5'-CTCTCCTATGAGTCGTTTACCC-3’
s3-D 5'-GCTTTATACGCCAAAGAATAGG-3’

s4-A  5'-TTCGCAGTCCGTCCCGTAATGC-3’
s4-B 5'-GTGGGCGCTTACACAGTACACG-3'

s4-C  5'-TGCATGGTTGCCTAGTGAATGC-3'
s4-D  5'-ATCAACTCCACGTCCAGATTGG-3'

Upstream sequence in sedB 896
pAN 7.1 sequence

pAN 7.1 sequence 906
Downstream sequence in sedB

Upstream sequence in sedC 932
pAN 7.1 sequence

pAN 7.1 sequence 881
Downstream sequence in sedC

Upstream sequence in sedD 865
pAN 7.1 sequence

pAN 7.1 sequence 824
Downstream sequence in sedD

“ Primers P1 to P16 were used to construct DNA segments encoding SedB and SedC. Primers P17 to P24 were used for sed gene expression in P. pastoris. Primers
P25 to P32 were used for antigen production in E. coli. Primers sI-1 to s4-2 were used for construction of sed gene disruption vectors. Primers s7-A4 to s4-D were used
for screening of sed-negative mutants. For the locations of those primers, e.g., in the sed4-negative mutant, compare Fig. 1.

® Ttalicized and boldfaced nucleotides represent cloning sites.

data was started after a constant spray was obtained and was carried out for at
least 10 min for each digested and undigested sample. Data were interpreted
with MassLynx 4.0 SP4 software (Micromass).

Antigen preparation for immunization of rabbits. Large peptides (200 to 300
aa) corresponding to sequences from SedA, SedB, SedC, and SedD were pro-
duced using the pET expression system from Novagen (Darmstadt, Germany).
Plasmid pET-11a was changed to incorporate the sequence 5'-CATGCACCA
TATGCACCATATGCACCATGGTAAGGATC-3', encoding a Met-Hisg
amino acid sequence between the unique Nhel and BamHI cloning sites. The
sixth His residue in the newly generated plasmid pET-11aH6 was encoded by a
unique Ncol cloning site. The following pairs of sense and antisense primers
were used to amplify DNA from plasmids encoding heterologous SedA, SedB,
SedC, and SedD, respectively: P25-P26, P27-P28, P29-P30, and P31-P32 (Table
1). The PCR products were digested with Ncol and BamHI and cloned into the
Ncol and BamHI sites of pET-11aH6. The resulting plasmids were termed
pAgSedA, pAgSedB, pAgSedC, and pAgSedD.

TABLE 2. Materials used for the expression of SedA

Heterologous Hiss-tagged peptides were produced in E. coli BL21 trans-
formed with pAgSedA, pAgSedB, pAgSedC, or pAgSedD. Cells were grown at
37°C to an optical density at 600 nm of 0.6, and Hiss-tagged peptide expression
was induced by adding isopropyl-B-p-thiogalactopyranoside (IPTG) to a final
concentration of 0.1 mM. Incubation was continued for an additional 4 h at 37°C.
Cells were collected by centrifugation (4,500 X g, 4°C, 15 min), and Hiss-tagged
peptides were extracted with guanidine hydrochloride buffer and nickel-nitrilo-
acetic acid resin (QIAGEN, Hilden, Germany) columns according to the man-
ufacturer’s instructions. Rabbit antisera were made by Eurogentec (Li¢ge, Bel-
gium) by using the purified SedA, SedB, SedC, or SedD polypeptide chains as
antigens.

Extraction and Western blot analysis of A. fumigatus native proteins. A.
fumigatus was grown in hemoglobin medium (see above) for 2 days at 37°C under
aerobic conditions (rotary culture, 200 rpm). After filtration, the fungal culture
supernatant was precipitated at 80% ammonium sulfate saturation and centri-
fuged (15,000 X g, 20 min, 8°C). The precipitate was dissolved in 20 mM sodium

to SedD in P. pastoris and yields of heterologous proteins

Yield of
G Oligonucleotide  Encoded amino acid Targeted PCR product (nucleotide positions Vector heterologous
ene primer” sequence” DNA on cDNA®); cloning site (cloning site) protein
(pgml™")
sedA P17 (R)ASPTPND pSedA“ sedA (52-1935); Xhol-Notl pKJ113 (Xhol-NotI) 30
P18 DLFMSLPstop
sedB P19 (R)(A)AEVFEK  DNA prepared from 10° sedB (70-1809); Xhol-BamHI pKJ113 (Xhol-BamHI) 30
clones of the cDNA
library
P20 SLAMRRstop
sedC P21 (R)(S)AAEPSYA  pSedC’ sedC (67-1791); BgllI-Xbal pAC3° (BgllI-Xbal) 10
P22 TSVSSTPstop
sedD P23 (R)(L)APALCVV DNA prepared from 10° sedD (46-1704); Sal-Notl pKJ113 (XhoI-NotI) 30
clones of the cDNA
library
P24 ELVLSLstop
“ See Table 1.

? Amino acids in parentheses are encoded by the restriction site sequences and added to the N-terminal ends of heterologously expressed enzymes.

¢ From the ATG start codon.
4 This work; see Materials and Methods.

¢ Plasmid pAC3 is a pPICZaA derivative (M. Monod et al., unpublished results).
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phosphate buffer, pH 7.0, and dialyzed against the same buffer using Vivaspin
concentrator systems (10,000-molecular-weight cutoff, polyethersulfone mem-
branes) according to the manufacturer’s protocols (Vivascience, Hanover, Ger-
many). Protein concentrations were measured by the method of Bradford with a
commercial reagent (Bio-Rad, Miinchen, Germany). SDS-PAGE (12.5% poly-
acrylamide) gels with samples with and without N-glycosidase F digestion (8)
were stained with Coomassie brilliant blue R-250 (Bio-Rad).

Alternatively, proteins were blotted onto a nitrocellulose membrane. The
membrane was blocked with phosphate-buffered saline (pH 7.4) plus 0.1% (vol/
vol) Tween 20 plus 10% nonfat dry milk (wt/vol) for 2 h at room temperature (20
to 22°C) and then incubated for another 2 h in the blocking buffer with a 1:1,000
dilution of rabbit antisera raised against SedA, SedB, SedC, or SedD. After thorough
washing of the membrane with phosphate-buffered saline (pH 7.4) plus 0.1% Tween
20, another incubation for 2 h with the blocking buffer containing a 1:10,000 dilution
of peroxidase-conjugated mouse anti-rabbit monoclonal immunoglobulins (Sigma
A2074) followed. This conjugate was detected by chemiluminescence with the ECL
system (Amersham Pharmacia) as recommended by the manufacturer.

Gene disruption. Gene disruption vectors were constructed using pAN7.1 (29)
and 0.7- to 1.1-kb internal fragments of the respective sed gene. In detail, sed
fragments were obtained by PCR using appropriate primers (Table 1, primers s/-1
to s4-2) and genomic A. fumigatus DNA as the template. The PCR products were
first cloned into pCR-Script Amp SK(+) (Stratagene, La Jolla, CA). In a second
step, the sed fragments were excised from the plasmid constructs with Xbal and
HindIII or Xbal and NgoMIV, for which a site was introduced into the primers,
and were ligated to the larger fragment of pAN7.1 digested with the same
restriction enzymes. The plasmids generated were termed pAsedA to pAsedD.
Undigested plasmids were used for subsequent gene-targeted disruption exper-
iments. For generation of a sedB disruption mutant only, the pAsedB plasmid was
digested with BsaAl prior to a second transformation experiment. A single
BsaAl site was present in pAsedB, approximately in the middle of the sedB gene
fragment.

A. fumigatus NCPF 7367 was transformed according to a protocol that has
been used for Aspergillus nidulans and A. fumigatus (27, 44). Transformation of
107 protoplasts either with 5 pg of undigested pAsedA, pAsedB, pAsedC, or
pAsedD or with BsaAl-digested pAsedB plasmid DNA typically yielded 100 to
200 hygromycin-resistant colonies. After overnight expression of the hygromycin B
phosphotransferase gene (HPH), the transformants were incubated on agar based
on GYE medium (1% glucose, 0.5% yeast extract) containing 200 w.g/ml hygromycin
(Sigma) and were selected after 5 days of incubation at 20°C followed by overnight
incubation at 42°C. Transformants initially identified as hygromycin resistant were
picked and subcultured again on agar containing hygromycin.

The sed disruptants were identified by PCR of genomic DNA from various
numbers of hygromycin-resistant colonies as a template and two pairs of specific
primers (Table 1, primers s/-4 to s4-D). Each primer pair yields a product of the
predicted size when the respective plasmid is integrated at a homologous site. In
each primer pair, one primer hybridized with the transformation plasmid and the
other primer hybridized with genomic DNA near the desired homologous inte-
gration locus, as shown for sedA4 disruption (Fig. 1). At least one disruption
mutant for each sed gene was identified.

Phylogenetic analyses and genomic data for Aspergillus. Amino acid sequences
of Aspergillus fumigatus sedolisins (SedA to SedE) were first analyzed using the BLAST
algorithm (blastp) (http:/Awww.ncbi.nlm.nih.gov/BLAST/) with a BLOSUMG62 substi-
tution matrix to determine the existence of homologous proteins in other fungal
species. All fungal protein sequences displaying a BLAST score higher than 150
were included in further phylogenetic analyses. The sequences were then aligned
using Clustal W (43) as implemented in BioEdit Sequence Alignment Editor
software (10).

Phylogenetic analyses of A. fumigatus sedolisins and homologous sequences
from other fungi were performed in PAUP* v4.0b10 (42). Amino acid sequences
were analyzed using maximum-parsimony (MP) and neighbor-joining (NJ) phy-
logenetic methods. The Dayhoff PAM model of protein evolution was used to
compute the distances between the amino acid sequences. Analyses were per-
formed using a heuristic search with the TBR branch swapping algorithm. The
reliability of internal branches was assessed using the bootstrap method (9), with
1,000 replicates. Phylogenetic trees were edited using TreeView (26).

In general, genomic data for A. fumigatus were provided by The Institute for
Genomic Research (www.tigr.org/tdb/e2k1/aful) and The Wellcome Trust Sanger
Institute (www.sanger.ac.uk/Projects/A_fumigatus), while genomic data for A.
nidulans, Chaetomium globosum, and Stagonospora nodorum were provided by
The Broad Institute (http://www.broad.mit.edu/annotation/fgi/). Coordination of
the analyses of these data was enabled by an international collaboration involving
more than 50 institutions from 10 countries and coordinated from Manchester,
United Kingdom (www.cadre.man.ac.uk; www.aspergillus.man.ac.uk).
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FIG. 1. Plasmid construct and predicted outcome of pAsedA inte-
gration event. A 1,027-bp internal PCR fragment of sedA was cloned
into the pAN7.1 plasmid (29). pAN7.1 carries the hygromycin resis-
tance gene (HPH) from Escherichia coli as a dominant selectable
marker under the control of the GPD promoter (pGPD) and the TRPC
terminator (t7RPC) from Aspergillus nidulans. Homologous recombi-
nation of the plasmid construct with sedA4 by a single-crossover event
results in the generation of two incomplete copies of the A. fumigatus
gene [labeled sedA (N-term) and sedA (C-term)] separated by the
linearized sequence of pAN7.1. The primers used to screen for the
incomplete sedA genes are s1-4 and sI-B (3' fragment) and s/-C and
s1-D (5' fragment). For further information on primers, see Table 1.

RESULTS

Production and structure of A. fumigatus sedolisins. The
nature of sedolisins secreted by A. fumigatus was investigated
by a reverse genetics approach using enzymes produced het-
erologously in Pichia pastoris. The cDNAs encoding putative
SedB and SedD could be specifically amplified using 5’ sense
and 3’ antisense primers (Tables 1 and 2) and DNA extracted
from a pool of 10° clones of the A. fumigatus cDNA libraries as
the template. The intron-exon structures of the sedB and sedD
genes were determined by comparing the cDNA sequences
with the A. fumigatus genome sequence.

No sedA or sedC cDNA was obtained by PCR. However, the
possible intron-exon structures of the sedA and sedC genes
(Table 3) could be deduced following alignment with sedB and
sedD cDNA sequences. DNA coding for putative SedA and
SedC proteins was synthesized by adding end-to-end PCR-
generated DNA fragments for the deduced exons and then
cloning into pUCIS8. The resulting plasmids were termed
pSedA and pSedC. The A. fumigatus cDNAs obtained by PCR
and the sed4 and sedC DNAs were cloned into P. pastoris
expression vectors (Table 2) and expressed in P. pastoris grown
in a methanol-inducing medium. Thirty micrograms of heter-
ologously produced protein per milliliter was obtained for
SedA, SedB, and SedD, while the yield for SedC was 10 pg
ml ! of culture supernatant. The identities of the heterolo-
gously produced proteins were confirmed as described in Ma-
terials and Methods by ESI-liquid chromatography-MS/MS de
novo sequencing of trypsin-digested bands of SedA to SedD.
When sequences were subjected to a database search, the
relevant heterologous Sed protein was identified as the only
candidate in each inquiry. The amino acid sequence coverage
confirmed by de novo sequencing for mature SedA, SedB, and
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TABLE 3. A. fumigatus genes encoding sedolisins, and main characteristics of deduced translation products

Parameter sedA sedB sedC sedD
Gene length (nt) with stop codon 2,120 1,858 1,845 1,971
No. of introns 4 1 1 4
Preproprotein (aa) 644 602 596 568
Signal peptide (aa)” 18 24 24 20
Mature domain of the protein (aa) 448 397 381
Calculated mol mass of the polypeptide chain of the preproprotein (kDa) 70.0 65.8 65.3 60.1
Calculated mol mass of the polypeptide chain of the mature protein (kDa)” 47.9 43.0 40.6
Mol mass of the native heterologous enzyme (kDa) (SDS-PAGE) ~55 ~60-90 ~065 ~70-100
Mol mass of heterologous enzyme after deglycosylation (kDa) (SDS-PAGE) ~46 ~46 ~48 ~48
No. of putative N-glycosylation sites® (mature domain) 4 4 8 4
Calculated pl (mature domain)® 4.24 5.17 5.12
GenBank accession no. AJ585109 AJ578478 AJ581835 AJ578479

“ Based on the method of von Heijne (45).
b Calculated using VectorNTI suite 8 (InforMax, Inc.).

¢ The putative glycosylation sites correspond to the NXT/S pattern (X stands for any amino acid except for P).

SedD was 44%, 40%, and 19%, respectively. The N terminus of
SedC was not sequenced (see below), so no coverage value for
this enzyme was determined.

Heterologously expressed SedA, SedB, SedC, and SedD
polypeptides were glycoproteins, as determined from reduc-
tions in their molecular weights following treatment with N-
glycosidase F (Fig. 2, lanes 3 and 4). The apparent molecular
mass of each deglycosylated heterologously expressed protein

SedA SedB
1 2 3 4
1 2 3 4 5 6 KkDa 5 ] kDa
- 113 —11l3
- 92.0 g —92.0
L] Lo - -
— -52.9
— 52.9 —
—35.4 —35.4
-29.0 -—29.0
--_21.5 —21.5
SedC SedD
1 % @ 4 5 & 1 2 3 4 5 &
§ kDa kDa
‘ —113 'I'l‘ ‘_113
—92.0 o —92.0
— -
—— — —52.9 pr— —52.9
—35.4 —35.4
—29.0 —29.0
— —
—21.5 —-21.5

FIG. 2. Western blot of A. fumigatus culture supernatant and het-
erologously expressed enzymes. A. fumigatus wild-type and mutated
strains were grown in liquid hemoglobin medium at 37°C for 2 days on
a rotatory shaker at 200 rpm. The proteins of Aspergillus culture su-
pernatants (lanes 1 and 2, mutant strain; lanes 5 and 6, wild-type
strain) were concentrated 150-fold, and 30 pl of this solution was
loaded onto SDS-PAGE (12.5% polyacrylamide) gels. As a control, 1.0
wg of matching heterologous enzymes from P. pastoris culture super-
natants was loaded in parallel (lanes 3 and 4). In all blots, supernatant
preparations were used with (lanes 1, 3, and 5) and without (lanes 2, 4,
and 6) prior treatment with N-glucosidase F. Western blots were re-
vealed using antisera raised against parts of the respective heterolo-
gously expressed sedolisin (see Materials and Methods).

was lower than the calculated molecular mass of the complete
polypeptide chain deduced from the nucleotide sequence of
the encoding gene (Table 3). Based on the N-terminal amino
acid sequence obtained by Edman degradation, the mature
SedA, SedB, and SedD proteins start at Arg-Ser-Pro-Leu-Pro,
Thr-Ser-Thr-Cys-Asp, and Ala-Ala-Thr-Asn-Ser, respectively,
and thus prove the existence of a prosequence for each of these
enzymes. After the signal and propeptide portions of the
polypeptide chain were subtracted, the calculated molecular
masses for the mature SedA, SedB, and SedD proteins were
consistent with the molecular masses of deglycosylated pro-
teins estimated by SDS-PAGE. The N terminus of SedC could
not be determined by Edman degradation of the protein.

Enzymatic activities of heterologously produced A. fumigatus
sedolisins. Heterologously produced proteins were tested for
endo- and exoproteolytic activity. Only SedA had endoproteo-
lytic activity as described in Materials and Methods. This en-
zyme was active between pH 3.0 and 6.5, with optimal activity
at pH 5.5. At this pH, SedA activity was 15 mU ml~! of P.
pastoris culture supernatant. SedA had no exoprotease activity,
as evidenced by the fact that it did not release pNA from any
of the mono-, di-, tri-, or tetrapeptide substrates tested in this
study (see Materials and Methods).

The heterologously expressed SedB, SedC, and SedD pro-
teins had no endoproteolytic activity, but they released pNA
very efficiently when Phe-Pro-Ala-pNA or Ala-Ala-Phe-pNA
was used as the substrate. Supernatants of P. pastoris GS115
and KM71 had no activity on these tripeptide pNA substrates.
SedB and SedC were active between pH 3.0 and 7.0, with an
optimum at pH 6.0, while SedD was active between pH 1.5 and
6.0, with an optimum peak at pH 5.0. At the optimal pH, SedB,
SedC, and SedD activities were 1,560, 400, and 480 mU ml of
P. pastoris culture supernatant™ ', respectively. None of these
three enzymes had activity toward either Ala-Ala-Pro-pNA or
mono-, di-, or tetrapeptide pNA substrates. Since SedB, SedC,
and SedD share a common specificity for tripeptide-pNA sub-
strates, they were considered TPPs.

SedB was purified as described in Materials and Methods by
ion-exchange chromatography and gel filtration for further
characterization. At room temperature (20°C), with Phe-Pro-
Ala-pNA as a substrate at the optimum pH, SedB had a k., of
35s 'and a K,, of 6.25 X 107° M, leading to a k_,/K,, value

cat
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FIG. 3. MS scan analysis of protease activity of SedB. (A) MS
spectrum representing the undigested 11-amino-acid peptide A-P-G-
D-R-I-Y-V-H-P-F in the absence of SedB. The sample (1 pmol/pl of
peptide in acetonitrile-water [50:50]) was analyzed at a flow rate of 0.3
pl/min. The chromatogram (not shown) and spectrum were recorded
for 10 min and combined. Peaks at m/z 636.3 and m/z 424.6 represent
double- and triple-charged whole peptides (insets). No digested di-,
tri-, or pentapeptide fragments were observed. (B) MS spectrum of the
SedB-digested 11-amino-acid peptide. Two peaks at m/z 244.1 and
403.2 were detected in accordance with the single-charged tripeptides
A-P-G and D-R-I, respectively. Two other peaks at m/z 662.3 and 331.6
represent the single- and double-charged pentapeptide Y-V-H-P-F.

of 5.6 X 10° M~ ' s~ . The specific activity of SedB was 52 mU
pg of protein~'. When purified SedB was incubated with the
peptide Ala-Pro-Gly-Asp-Arg-Ile-Tyr-Val-His-Pro-Phe, mass
peaks in accordance with the degradation products Ala-Pro-
Gly, Asp-Arg-lle, and Tyr-Val-His-Pro-Phe were detected by
MS, thus confirming a TPP activity of the enzyme (Fig. 3).
Detection of A. fumigatus sedolisins in the culture supernatant.
sed-negative mutants were constructed as described in Mate-
rials and Methods. The TPP activity of the A. fumigatus wild-
type strain in comparison to that of sed-negative mutants was
measured in hemoglobin liquid medium culture supernatants
with Phe-Pro-Ala-pNA as a substrate at pH 5.0. At this pH,
secreted A. fumigatus leucine aminopeptidase (Lap) and X-
prolyl-peptidase (DpplV) (22) activities are not detectable,

ASPERGILLUS FUMIGATUS SEDOLISINS 1745

and thus interference by these enzymes was excluded. sedB-,
sedC-, and sedD-negative mutants had 20, 90, and 80% of the
TPP activity of the A. fumigatus wild-type strain NCPF 7367,
respectively. Therefore, TPP activity in the A. fumigatus culture
supernatant was due mainly to SedB. None of the sed-negative
mutants had a visible phenotype on Sabouraud agar or in
hemoglobin liquid medium.

Immunoblot analyses using polyclonal antibodies were per-
formed to detect Seds in A. fumigatus culture supernatants.
Antisera against SedA, SedB, and SedC were highly specific,
while the anti-SedD antiserum cross-reacted slightly with SedA
(data not shown). Western blot analysis unambiguously de-
tected the presence of SedB, SedC, and SedD in A. fumigatus
culture supernatants. Deglycosylated native enzymes and het-
erologously expressed enzymes from P. pastoris had the same
electrophoretic mobility (Fig. 2). With the exception of glyco-
sylated native SedD, which did not appear as a distinct band,
the corresponding glycosylated heterologous and native Seds
had approximately the same electrophoretic mobility. In con-
trast, only a 25-kDa protein was identified by anti-SedA or
anti-SedD antibodies. This protein was absent in the sedA-
negative mutant culture supernatant, leading to the conclusion
that it is a degradation product of SedA that cross-reacts with
the anti-SedD antibodies (Fig. 2).

Phylogenetic analysis of A. fumigatus sedolisins. BLAST
searches performed with SedA to SedD displayed hypothetical
proteins from complete genome sequences of various fungi.
Matching sequences were obtained from the genomes of the
ascomycetes Magnaporthe grisea (five sequences), Gibberella
zeae (three sequences), Neurospora crassa (three sequences),
Aspergillus nidulans (three sequences), Chaetomium globosum
(seven sequences), and Stagonospora nodosum (six sequences)
and from the genome of the basidiomycete Ustilago maydis
(one sequence) (Fig. 4). Additionally, A. oryzae TPPa and
aorsin sequences are displayed. The best BLAST scores for
nonfungal sequences were those for TPPs from vertebrates.
The SedE sequence appeared to be highly divergent from
SedA to SedD (18 to 21% sequence identity), and BLAST
searches showed homology with the kumamolisin (sedolisin)
precursors from a Bacillus sp., Alicyclobacillus sendaiensis, and
Burkholderia pseudomallei. The sequences closest to SedA to
SedD were Anidulans3 (55% identity), A. oryzae TPPa (69%
identity), Anidulans2 (63% identity), and Gzeael (47% iden-
tity), respectively (Fig. 4).

DISCUSSION

We identified and characterized four novel proteases se-
creted by A. fumigatus that belong to the sedolisin family
(MEROPS S53). The catalytic triad of sedolisins (Glu, Asp,
Ser) was conserved in the four enzymes described here (see
Fig. S1 in the supplemental material). SedA is an endoprotease
similar to the previously described aorsin from A. oryzae (16)
(MEROPS S$53.007). No 46-kDa polypeptide chain compara-
ble to that of the heterologously expressed enzyme was de-
tected in A. fumigatus culture supernatants by Western blot
analyses. However, comparison of results obtained using a
wild-type strain and sed mutants suggests that the 25-kDa pro-
tein identified by Western blotting was a SedA product follow-
ing degradation of the mature enzyme by other endo- and
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FIG. 4. NJ phylogenetic tree inferred from sedolisin amino acid
sequences. Aspergillus fumigatus sedolisins are boxed. Bootstrap values
(1,000 replicates) higher than 50% are given at nodes. Bar, number of
substitutions per site. The aligned data set of SedA to SedE and
putative orthologues from fungi and bacteria cited comprised 912 sites,
among which 975 were variable (74%). Phylogenetic analyses per-
formed using MP and NJ methods produced very similar tree topolo-
gies. The MP analysis produced a single most-parsimonious tree, which
differed from the NJ tree mainly by the basal position of the human
TPP1 sequence. The trees were rooted with the most divergent Sed
sequence (SedE). Amino acid sequence accession numbers at NCBI
are as follows: SedA, CAE51075; SedB, CAE17674; SedC, CAE46473;
SedD, CAE17675; SedE, EAL86850; A. oryzae TPPa, BAC56232; A.
oryzae aorsin, BAB97387; Anidulansl, XP411296; Anidulans2,
XP407157; Anidulans3, XP411338; Mgriseal, EAAS53127; Mgrisea2,
EAA49282; Megrisea3, EAAS51305; Mgrisea4, EAAS53282; Mgrisea),
EAA47813; Ncrassal, XP329464; Ncrassa2, XP324260; Ncrassa3, XP329780;
Gzeael, XP383248; Gzeae2, XP390519; Gzeae3, XP382642; Umaydis,
XP403733; TPP1 human, O14773; Bacillus, BAB85637; Alicyclobacillus,
BAC41257; Burkholderia, YP_111568. Amino acid sequence accession
numbers at Broad Institute are as follows: Cglobosuml, CHG0218]1;
Cglobosum2, CHG05416; Cglobosum3, CHGO07661; Cglobosum4,
CHGO08553; CglobosumS, CHG09918; Cglobosum6, CHG05162; Cglobo-
sum?, CHG09915; Snodorum1, SNU10163; Snodorum2, SNU01084; Snodo-
rum3, SNU12941; Snodorum4, SNU12886; Snodorum5, SNU09464; Snodo-
rum6, SNU14758.
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exoproteases secreted by A. fumigatus into media that con-
tained proteins as their sole nitrogen source (32). The other
three A. fumigatus secreted sedolisins, SedB, SedC, and SedD,
are TPPs like the human lysosomal enzyme of the sedolisin
family. SedD activity clearly was more acidic than those of
SedB and SedC.

The N-terminal amino acid sequences of heterologously ex-
pressed SedA, SedB, SedD (this work), and aorsin (16) indi-
cate that the mature enzymes are made as preproproteins.
N-terminal Edman degradation of SedC did not yield usable
results. However, the presence of a prosequence was strongly
supported by the molecular mass of deglycosylated SedC,
which was comparable to those of the other Seds. Consistently,
no peptide before alignment position 200 was detected by mass
spectrometric de novo sequence analysis of any of the four
secreted Seds (see Fig. S1 in the supplemental material).

Single TPPs from A. oryzae and A. niger were previously
described in a patent (12). However, this is the first report of
a fungal species secreting several TPPs of the sedolisin family.
The finding of putative homologous proteins in all of the fun-
gal genomes available for the ascomycete subphylum Pezizo-
mycotina (A. nidulans, G. zeae, M. grisea, N. crassa, C. globo-
sum, and S. nodorum) and in one basidiomycete genome (U.
maydis) indicates that proteases of the S53 family are widespread
among fungi. The sedolisin phylogenetic tree has a complex
branching pattern of orthologues (versions of the same gene in
different genomes that have been created by the splitting of tax-
onomic lineages) and paralogues (genes in the same genome that
have been created by gene duplication events). The SedA
sequence belongs to a basal, well-supported group that in-
cludes aorsin. This group is clearly distinguished from other
groups, including all of the other sequences we analyzed, which
emphasizes the unusual endoprotease activity of SedA and
aorsin. Most of the ascomycete sedolisin paralogues are dis-
tributed in distinct clades, suggesting a common origin from
ancient gene duplications. In contrast, only one putative sed-
olisin gene was found in the genome of the basidiomycete
Ustilago maydis, and no putative sedolisin genes were detected
in the yeast genomes (ascomycete subphylum Saccharomyco-
tina) screened. This would suggest that the duplications of
sedolisins occurred after the ascomycete-basidiomycete split,
followed by loss of all genes in the Saccharomycotina. The
current disparity in protease gene numbers among filamentous
ascomycetes (subphylum Pezizomycotina) has been observed
previously for other fungal proteases (15) and likely results
from further duplication and/or loss of genes under selective
pressure. The interaction of secreted proteases with the envi-
ronment is believed to confer considerable selective functions
and possibly to preadapt fungi for decomposition of organic
matter in saprophytism or in pathogenesis.

Digestion of protein into amino acids and short peptides by
Aspergillus spp. has been investigated extensively by the food
fermentation industry. These fungi secrete various endo- and
exoproteases that cooperate very efficiently. In Aspergillus, en-
doprotease cleavage of proteins at neutral pHs with the sub-
tilisin Alp (24, 32) and metalloproteases (23, 30), Laps (22),
and DpplV (2) synergistically digests large peptides into amino
acids and X-Pro dipeptides (6, 25). Laps can degrade peptides
from their N termini; however, X-Pro acts as a stop sequence.
In a complementary manner, these X-Pro sequences can be
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removed by DpplV, thus allowing Laps access to the next
residues. Synergistic action of A. oryzae Lap and DpplV at pH
7.5 leads to complete digestion of the Ala-Pro-Gly-Asp-Arg-
Ile-Tyr-Val-His-Pro-Phe peptide into amino acids and X-Pro
dipeptides (6). Using the same peptide, we have shown that
SedB can bypass Pro residues by degrading large peptides from
their N termini when these Pro residues are in the second
position. Although the substrate specificity of A. fumigatus
TPPs needs further investigation, these enzymes appeared to
be active when the amino acid in the P1 or P'1 position (amino
acids in positions 3 and 4 from the N terminus of the substrate
peptide) is not a proline. Indeed, the remaining pentapeptide
Tyr-Val-His-Pro-Phe was not digested by SedB, just as the
synthetic substrate Ala-Ala-Pro-pNA was not digested by any
of the TPPs tested.

Filamentous fungi, like bacteria, yeasts, and specialized cells
of plants and animals, express membrane proteins for uptake
of amino acids, dipeptides, and tripeptides (3, 11, 28, 36, 41).
Large peptides cannot be used as nutrients. Therefore, SedA
and the aspartic protease Pep1 (35) as endoproteases, together
with SedB, SedC, and SedD as exoproteases, constitute a set of
proteases that can be used by A. fumigatus to degrade proteins
at acidic pHs and to generate assimilable nitrogen sources in
decomposing organic matter and composts. In addition, as A.
fumigatus regularly acidifies its culture supernatant in vitro
(32), it is likely to acidify its microenvironment in the living
host. Thus, the Seds may also play a role in proper nutrition of
the fungus during infection. Growth studies on protein me-
dium and in the living host comparing the wild type and a
triple-knockout sedB sedC sedD mutant should therefore fol-
low our investigations as an intriguing future project.
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