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Abstract

A novel subtilisin-related serine proteinase (ALP2) [EC 3.4.21.48] with a broad range of activity
between pH 4.5 and 11.0 was released from a cell wall fraction of Aspergillus fumigatus by an al-
kaline pH shift. The enzyme which was not detected in the culture supernatant was partially pur-
ified by phenylbutylamine agarose chromatography. The N-terminal sequence revealed that ALP2
is the same protein identified as the major allergen of A. fumigatus in patients suffering from ex-
trinsic bronchial asthma (Shen et al. 1999, Int. Arch. Allergy Immunol. 119, 259-264). Based on
this N-terminal sequence and on a conserved region of fungal subtilisins, a specific PCR probe was
generated and the ALP2 genomic and ¢cDNA were isolated from corresponding phage libraries.
ALP2 shares a 49 % identity with the vacuolar proteinase B (PrB) of Saccharomyces cerevisiae. In
addition there is a 78 % identity with PEPC, a serine proteinase which has been described in Asper-
gillus niger. Targeted disruption of the ALP2-encoding gene resulted in a slightly decreased speed
of vegetative growth and in a more than 80 % reduction of sporulation in the al/p2-negative mu-
tants, correlated with an approximately 50 % reduction of the median diameter of conidiophore
vesicles. The requirement of ALP2 for regular sporulation, in addition to its role in allergic asthma,
raises further interest in cellular proteinases in respect to morphogenesis and pathogenesis in A. fu-
migatus.
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Introduction

Filamentous fungi of the genus Aspergillus are known
to cause invasive aspergillosis (IA) in the immunocom-
promised host (Denning, 1998; Latgé, 1999; Riichel
and Reichard, 1999), aspergillomata in immunocom-
petent patients mostly with underlying lung diseases

like tuberculosis (Riichel and Reichard, 1999), and
allergic diseases in patients suffering from asthma or
cystic fibrosis (Cockrill and Hales, 1999; Cranreri,
1999). Because of their potential role in pathogenesis
in respect to invasiveness of fungal hyphae into the

host tissue, so far three extracellular endoproteinases
of A. fumigatus (ALP1, MEP, and PEP1) have been in-
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vestigated in detail (Lee and Kolattukudy, 1995;
Monod et al., 1991, 1993; Reichard et al., 1990,
1994). Animal trials with knock-out mutants did not
support a significant contribution of the proteinases to
the pathogenesis of invasive aspergillosis (Jaton-Ogay
et al., 1992, 1994; Reichard et al., 1997; Tang et al.,
1993). However, these proteinases secreted by A. fu-
migatus seem to be involved in the pathogenesis of al-
lergic disorders due to the fungus (Chow et al., 2000;
Crameri, 1998; Crameri and Blaser, 1996; Shen et al.,
1999).

A new interest in the proteinases of A. fumigatus was
raised with the finding of proteinases located in the cell
wall fraction. These proteinases active in the acid and
alkaline pH range are different from the endoprotei-
nases secreted by the fungus. Recently, we have pur-
ified and characterized an aspartic proteinase (PEP2)
with homology to the vacuolar proteinase PrA of Sac-
charomyces cerevisiae (Reichard et al., 2000). Until
now, few reports on cell wall-associated proteinases of
medically important fungi have been published and
their function still remains unclear. In the present
work, we report the isolation and characterization of a
novel serine proteinase, ALP2, which contributes to
the proteolytic activity of the A.fumigatus cell wall
fraction in the alkaline pH range. Like PEP2, ALP2 ex-
hibits homology to a yeast vacuolar proteinase, in this
case PrB. In addition, ALP2 turned out to be identical
with the recently identified major allergen of A. fumi-
gatus associated with extrinsic bronchial asthma (Shen
et al., 1999), and we present data that ALP2 contrib-
utes significantly to efficient conidia production in this
fungus.

Materials and methods
Strains and culture conditions

For extraction of native proteinase, a clinical isolate of As-
pergillus fumigatus strain D141 (Reichard et al., 1997) was
grown on Sabouraud glucose agar plates for 3 days at 37°C.
Conidia in 10 ml of saline containing 0.1 % Tween 80 (Sig-
ma, St. Louis, MO) were used for inoculation of 2-1 Erlen-

Table 1. Primers used for PCR-amplifications.

5'-GAYCCIACIGTIGAIAAIWSIGC-3
5'-TGIGGISWIGCCATISWIGTICC-3”
5'-GCCTACACCATTGACACTGG-3’
5'-GTTGACTGCGTGCTTAGAGC-3’
5'-AAGGCATCAGAGCTGAGCAGC-3’
5'-TAGAAAGCGAAGACGGGCTCG-3'
5'-TATACTCCCGTTGCTCGTCGC-3’
5"-TGGAAAGAGTCCGATTAGCGG-3'

TOHTMON® >

|=inosine; S=G/ICW=AT, Y=UT.

meyer flasks containing 350 ml of minimal medium (Cove,
1966). Aerated flasks were incubated for 16 to 24 hours at
37°C with constant shaking (220 rev min™1).

Proteolytic activity and inhibition experiments

Alkaline and acid proteolytic activities were measured as be-
fore (Reichard et al., 2000) using azocasein (Sigma, St. Louis,
MO) (Scharmann and Balke, 1974) and hemoglobin (Sigma)
(Anson, 1938) as a substrate, respectively.

Phenylmethylsulfonylfluoride (PMSE Serva, Heidelberg,
Germany) was used according to standard protocols includ-
ing the preincubation of enzyme-containing samples with the
inhibitor at pH 7.0 (Barrett, 1994). Chymostatin or pepsta-
tin (Peptide Institute, Osaka, Japan) were directly introduced
into the substrate solutions of the proteinase assays (Barrett,
1994). Stock solutions of PMSE chymostatin and pepstatin
were prepared in ethanol, dimethylsulfoxide (DMSO) and
methanol, respectively.

Purification of ALP2

For purification of ALP2, fungal cell wall debris in 50 mM
Na-citrate buffer, pH 4.5, was prepared as described previ-
ously (Reichard et al., 2000), but at each washing step, pep-
statin was added at a concentration of 1 puM. In addition, to
prevent autolysis, all washing and the following purification
steps were carried out at 4°C. To release ALP2 from the cell
wall the debris was spun down and resuspended in 50 mM
glycine-NaOH, pH 10.5, supplemented with 5 mM CaCl,.
Then, the ALP2-containing supernatant (30 ml) was separat-
ed from the debris by centrifugation (15,000 X g; 10 min),
and %, volume of 1 M Tris-HCI, pH 7.5, was added. To op-
timize the binding conditions of ALP2 in hydrophobic ex-
change chromatography, the pH of the sample was adjusted
to 8.0 by further addition of diluted HCI or NaOH. Subse-
quently, the sample was applied to a column containing
10 ml phenylbutylamine agarose (Sigma, St.Louis, MO),
which had been thoroughly equilibrated with 0.2 M Tris-
HCI, pH 8.0. After several rinses with the same buffer, the
proteinase was eluted with 10 mM glycine-NaOH, pH
10. 0. Proteinase-containing fractions (7 X 1 ml) were pooled
and freeze dried. For SDS-PAGE and Western blot analysis,
the freeze dried sample was redissolved in 200 pl H,O.

Protein electrophoresis and sequencing of amino acids

Protein extracts were analyzed by SDS-PAGE with 12.5%
gels (Laemmli, 1970). For amino acid sequencing, the pur-
ified proteinase was blotted onto a polyvinylidene difluoride
(PVDF) membrane (Millipore, Bedford, MA) and stained
with Coomassie® Brilliant blue R-250 (Merck, Darmstadt,
Germany). N-terminal amino acid sequencing was accom-
plished by in situ Edman degradation using an Applied Bio-
systems Type 491 Protein Sequencer and the protocols of the
manufacturer,

DNA manipulation

PCR reactions using degenerate oligonucleotide primers (A
and B in Table 1) were performed with an Omnigene TR3
thermocycler (MWG-Biotech, Ebersberg, Germany) using the



following conditions: Forty nanograms of genomic A. fumi-
gatus DNA, 1.0 pl of each oligonucleotide at 50 uM and 5 pl
of deoxynucleoside triphosphates each at 2 mM were dis-
solved in 50 ul of PCR buffer (10 mM Tris-HCI, pH 8.3,
50 mM KCl, 3 mM MgCl,, 0.01 % gelatin, 0.015 % Tween
20) also containing 2.5 units of Taqg DNA polymerase (Roche
Molecular Biochemicals, Mannheim, Germany). This reac-
tion mixture was subjected to § cycles with 20 s at 95°C, 20 s
at 43°C, 45 s at 72°C (heating to 72°C included a 3 s ramp
per °C) followed by another 30 cycles with 20 s at 95°C, 20 s
at 53°Cand 50 s at 72°C (Compton, 1990). The reaction was
completed with an additional cycle at 72 °C for two minutes.
Subsequently, the PCR sample was applied on a 1 % agarose
gel and the band of interest was extracted with a QiaexII gel-
extraction kit (Qiagen, Hilden, Germany). The DNA was then
cloned into a plasmid, using the pCRII cloning kit (Invitrogen,
San Diego, CA) according to the instructions of the supplier.

The gene encoding ALP2 was cloned using previously con-
structed (ZAP-cDNA and A-Fix II-genomic libraries of A. fu-
migatus (Moser et al., 1992; Reichard et al., 2000). Screening
of the cDNA library was performed using 32P-labelled PCR
products as a probe and standard protocols (Sambrook et al.,
1989). The DNA was labelled using a random-primed DNA
labelling kit (Roche, Mannheim, Germany) and [o->*P]dATP.
A pBluescript-I1 SK+ plasmid was excised from A-ZAP bacte-
riophages using f1-helper bacteriophages (Short et al., 1988).

Screening of the genomic A-Fix II-library was done with a
digoxigenin-labelled PCR probe. The latter was produced by
introducing digoxigenin-11-dUTP (Boehringer, Mannheim,
Germany) and genomic DNA of A. fumigatus D141 into a
PCR reaction. For detection of hybridizing plaques, peroxi-
dase-labelled anti-digoxigenin-Fab fragments (Boehringer)
were used according to the manufacturer’s protocols. For
Southern blots, standard protocols (Sambrook et al., 1989)
and digoxigenin-labelled PCR probes using the same detec-
tion system as above were used. Agarose gel electrophoresis
of restricted recombinant bacteriophage DNA and subclon-
ing of genomic DNA fragments into the plasmid pMTL21
(Chambers et al., 1988) were performed according to stan-
dard protocols (Sambrook et al., 1989).

Double-stranded DNA, subcloned into pBluescript-II
SK+ or pMTL21 was sequenced using the Applied Bio-
systems DNA Sequencer Model 373A and the protocols of
the manufacturer.

A. fumigatus transformation

A. fumigatus was transformed according to the method de-
scribed by Tilburn (Tilburn et al., 1983) and Paris (Paris,
1994). After overnight expression of the HPH gene, the
transformants were incubated on agat, based on minimal
medium containing 200 pg/ml hygromycin (Sigma), and se-
lected after another 6 days of incubation at 20°C. Initial
transformant colonies were picked and again plated on
hygromycin-containing agar. Growing colonies were screened
by PCR for the replacement of the ALP2 gene.

Analysis of the phenotype of the Aalp2 mutant

For comparison of vegetative growth of the Aalp2 mutant
and its parental wild-type strain, agar plates based on mini-
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mal medium (Cove, 1966) but varying in their carbon
sources were used. Altogether, plates with nine different car-
bon sources (glucose, saccharose, mannose, mannitol, sorbi-
tol, fructose, lactose, xylose, inositol) at a final concentration
of 1% were point-inoculated with approximately 10? conid-
ia each, and the diameters of growing colonies at 37°C were
determined every 12 h for four days. Diameter values were
plotted against the time, and the speed of colony growth was
deduced for each carbon source and strain from the linear
part of the curve.

To quantify sporulation, the surfaces of minimal medium
agar deeps (3 m! in 15-ml conical centrifuge tubes) were in-
oculated with approximately 10* freshly harvested conidia
and incubated at 37°C. The conidia from triplicate cultures
were harvested daily in 0.1% Tween 80 and counted in a
haemocytometer. The morphology of conidiating structures
was determined after three days of growth in slide cultures
(Raper and Fennell, 1965), using minimal agar inoculated
with approximately 20,000 conidia. Slides were stained in
lactophenol-cotton blue (Raper and Fennell, 1965) and ob-
served microscopically with a 40X objective (Carl Zeiss,
Oberkochen, Germany).

Results
Purification of ALP2

Proteolytic activity against azocasein in the cell wall
fraction of A. fumigatus was detectable over a broad
pH range between 4.5 and 11.5. The protease which
caused this activity was sensitive to PMSF and chymo-
statin, but not to pepstatin. It is called ALP2 in sub-
sequent investigations.

ALP2 released from 10 g cell wall debris was pur-
ified on phenylbutylamine agarose, freeze dried and
finally dissolved in 200 ul H,O. The protein concen-
tration was estimated to be approximately 3 mg/ml by
absorption at 260 and 280 nm (Warburg and Chris-
tian, 1942) and by comparison with standards in SDS-
PAGE. However, ALP2 did not migrate as a single
band in SDS-PAGE, but rather as a low molecular
weight smear (not shown), possibly due to strong
autolytic activity of this enzyme. Introducing the in-
hibitor chymostatin into the sample prior to heating in
SDS-sample buffer markedly improved the outcome
and led to the occurrence of three major bands of
approximately 34, 37 and 42 kDa (Fig.1). Edman
degradation of the 37 and 42 kDa band resulted in
identical sequences (both: E-D-P-T-V-E-K-S-A-P) that
showed four and five amino acid positions of identity
with the N-terminus of A.fumigatus secreted sub-
tilisin-related proteinase ALP1 (Jaton-Ogay et al.,
1992; Reichard et al., 1990) and A. niger subtilisin-
related PEPC (Frederick et al., 1993), respectively. The
third, 34 kDa fragment was different in its N-terminus
(T-I-D-T-G-I-N-V-D-H-V-D) but also showed partial
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Fig. 1. Western blot of the purified ALP2 fraction on a PVDF membrane from
15% SDS-PAGE. The three major bands (1=42 kDa; 2 =37 kDa; 3 =34 kDa)
of the same blot shown here were subjected to Edman degradation. Left lane:
molecular weight marker (Biorad low).

identity with ALP1 (seven positions) and even com-
plete identity with PEPC in a region approximately 50
amino acids downstream its N-terminus. Thus, it was
likely that the 34 kDa band is derived from the same
ALP2 molecule as the 37 and 42 kDa band and that a
major part of the smear was derived from autolysis of
the ALP2 enzyme.

Isolation of genomic and cDNA clones encoding ALP2

To approach the cDNA and genomic cloning of ALP2,
a 750-bp PCR product of the gene was generated us-
ing degenerated oligonucleotide primers (A and B in
Table 1). The primers were based on the N-terminal
amino acid sequence obtained by Edman degradation
of the mature proteinase and on the amino acid se-
quence region around the serine of the catalytic triad
(Fig. 2) highly conserved in all serine proteinases of the
subtilisin family (S8) (Rawlings and Barrett, 1994).
The PCR product was cloned into a plasmid, using the
pCRII cloning kit (Invitrogen, San Diego, CA) and then
sequenced completely. '
For screening the MZAP ¢cDNA-library from A. fu-
migatus, the 750-bp insert was 3?P-labelled and 10 hy-
bridizing plaques out of approximately 30,000 plaques
screened were identified, subcloned into pBluescript I1

SK+, and in part sequenced. Alternatively, the probe
was digoxigenin-labelled and used to screen the ge-
nomic A-FixII-library from A. fumigatus, which led to
the isolation of 12 plaques out of which a common
4.8 kb Bglll-fragment containing the ALP2 gene was
identified, subcloned into pMTL21 (Chambers et al.,
1988) and restriction mapped (Fig. 3A). Sequence anal-
ysis of the genomic and ¢cDNA did not reveal any dif-
ference in the coding regions between the two A. fu-
migatus strains used. The ALP2 gene consists of
1623 bp encoding three exons and two introns. The
deduced amino acid sequence revealed a 495 amino
acid long subtilisin-related enzyme, with 49 % identity
with the vacuolar proteinase B of S. cerevisiae (Moeh-
le et al., 1987) and 78 % identity with PEPC, a serine
proteinase of A.niger (Frederick et al., 1993). The
identity with ALP1, the secreted subtilisin of A. fumi-
gatus (Jaton-Ogay et al., 1992), is only 34 %. An align-
ment of the proteinases is displayed in Fig. 2.

Based on the method of von Heijne (von Heijne,
1986), a 16 amino acid signal peptide was predicted,
which is followed by a 120 amino acid long proregion
located before the experimentally identified N-ter-
minus. The mature protein theoretically consists of
359 amino acids with a calculated molecular mass of
37.5 kDa and matched the sequences of all the three
42, 37 and 34 kDa protein bands obtained by Edman
degradation of purified ALP2. Further, the ALP2 se-
quence displays the catalytic triad (Asp/His/Ser) in the
order common in all proteinases of the subtilisin fam-
ily (A8) and the subtilisin-characteristic motifs around
these active site residues (Fig. 2) (Rawlings and Barrett,
1994). In addition, there is a cysteine residue near the
active site histidine (Cys 218 in Fig.2) which is also
present in the related PEPC of A. niger and PrB of S. ce-
revisiae, possibly indicating a requirement of ALP2 for
thiol activation (Rawlings and Barrett, 1994).

The pl of mature ALP2 was calculated to be at
pH 5.8, using the PCGENE program (IntelliGenetics,
Geneva, Switzerland). Genomic DNA of A. fumigatus
digested with various restriction enzymes revealed only
single bands in high-stringency Southern blots using
the 750-bp ALP2 PCR product as a probe (not shown),
suggesting a single copy of the gene in the Aspergillus
genome. ALP2 sequence data were submitted to
EMBL database and are available with the accession
No. Y13338 and AJ243 145.

Replacement of the ALP2 gene

A transforming plasmid pAalp2-1 was designed as an
ALP2 one-step gene replacement vector and was con-
structed using the plasmids pAN7-1 (Punt et al., 1987)
and pMTL21 (Chambers et al., 1988) as shown in
Fig. 3B. Additionally, a 4.8-kb cloned BglIl A. fumiga-



tus DNA fragment containing the ALP2 gene was used
(Fig. 3A and B). In the final plasmid about 0.5 kb from
the 5'-end of the ALP2 gene and another 0.2 kb from
its promoter region were missing. Instead, the plasmid
contained the hygromycin resistance cassette of the
pAN7-1. Prior to transformation, the pAalp2-1 plas-
mid was digested with BglII.

After transformation, 57 hygromycin-resistant colo-
nies were isolated, using the pAalp2-1 plasmid (Fig. 3B
and 4A). Screening for the desired replacement event
(see Fig.4A) was performed by PCR with only 12 of
the transformants and a primer pair located within the
theoretically replaced part of the ALP2 gene (primer
pair G+H in Table 1). Amplification of a 412-bp
product indicated failure to delete ALP2, On the other
hand, a negative PCR result indicated the replacement
of ALP2. Six out of the 12 transformants were iden-
tified to carry the desired homologous integration and
two of these mutants were then subjected to Southern
blot analysis for further confirmation of the replace-
ment events (Fig. 4).

Phenotypic analysis of the Aalp2 mutants

As expected, the Aalp2-mutant lacked PMSF-sensitive
activity against azocasein, while the pepstatin-sensitive
proteolytic activity against hemoglobin, known to be
caused by PEP2 (Reichard et al., 2000) was approxi-
mately at the same level as in the parental strain. In ad-
dition, all the six Aalp2 mutants identified by PCR ex-
hibited a similar phenotype showing a color change of
the mature colonies from greyish-green to white or
light green (see Fig. SA and B), independent from the
medium chosen for growth. In contrast, the other six
transformants with likely heterologously integrated
pAalp2-1, did not show any difference in the pheno-
type compared to the parental strain. In total, 35 out
of the 57 hygromycin-resistant transformants exhibit-
ed the color-changed phenotype of the identified Aalp2
disruptants.

The color change of the Aglp2-mutant colonies was
due to a significant decrease in formation of conidia.
On minimal medium, formation of conidia in the mu-
tant was about 20 % in comparison to the parental
strain (Fig. 6A). The microscopic structure was charac-
terized by an average smaller-sized conidiophore, and
a reduction of the mean and median diameter of the
mutant conidiophore vesicles to approximately half of
those of the parental values (Table 2; Fig. 6B). Howev-
er, both conidiophore morphologies were confluent:
the typical wild-type condiophore was also found in
the mutant, and the typical mutant conidiophore was
found in the wild type, although each typical morphol-
ogy was only present in the other strain in compara-
tively low numbers. In addition, the speed of vegetative
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Fig. 2. Alignment of ALP2 against PEPC from A.niger (Frederick et al.,
1993), vacuolar proteinase PrB from S, cerevisiae (Moehle et al., 1987) and
secreted ALP from A. fumigatus (Jaton-Ogay et al., 1992). Identical amino ac-
ids are black, homologous amino acids are gray shaded. The three putative
N-glycosylation sites in ALP2 are designated with G . The three amino acids
of the active triad of subtilisin-proteinases are labeled with an asterisk ().
Arrows (4) indicate the cleavage site which separates the signal peptide from
the proregion and the proregion from the mature enzyme, respectively.

growth of the Aalp2 mutant as measured by the time-
dependent increase of colony diameters, was slightly
reduced between 10-20% of the values obtained for
the wild type. This decreased growth was detected on
all agar plates supplemented with different carbon
sources and was also not dependent on the amount or
source of nitrogen. The latter was examined using
minimal medium-glucose agar containing normal or
reduced levels of ammonium ions or no ammonium
ions and instead 1 % gelatin (data not shown).

Discussion

We have purified an alkaline proteinase ALP2 which
belongs to the subtilisin family from a cell wall fraction
of A. fumigatus. Sequence analysis of ALP2 revealed a
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Fig.3. A: Restriction map of the 4.8-kb Bglil fragment containing the ALP2
gene obtained from recombinant A-Fix Il bacteriophages. The gene consists
of 1623 bp, including introns. B: Generation of plasmid pAalp2-1 on the ba-
sis of the restriction-mapped 4.8-kb ALP2-containing genomic fragment
(Fig. 3A). Prior to transformation, pAalp2-1 was digested with Bglll (insert in
Fig. 4A).

close relationship to the major vacuolar proteinase PrB
of 8. cerevisiae (Moehle et al., 1987) and a proteinase
of A. niger PEPC (Frederick et al., 1993). Although our
data do not rule out the possibility that wall-associated
ALP2 activity results from wall contamination during
cell breakage, it is also very possible that ALP2 is a nat-
ural component not just of the vacuole but also of the
wall. Indeed, overexpression of vacuolar proteinase
PrAin S. cerevisiae as well as overexpression of the cor-
responding enzyme PEP2 of A. fumigatus in the yeast
Pichia pastoris, led to the occurrence of the enzymes in
the fungal culture supernatants (Reichard et al., 2000;
Rothman et al., 1986). These findings demonstrate

that under certain circumstances sorting of vacuolar
proteinases which takes place in the late Golgi com-
partment (for review see (Jones et al., 1997)) is not nec-
essarily a strictly uni-directed event. Thus, additional
extracellular sorting combined with a high affinity of
ALP2 to the cell wall, is a reasonable explanation for
our finding of the enzyme in the wall debris. However,
studies in different developmental stages of A. fumiga-
fus are in progress to examine the localization of ALP2
in the cell more closely.

Altogether, three ALP2 products of 42, 37 and 34
kDa were detected on SDS-PAGE from a cell wall prep-
aration. The 42- and 37-kDa ALP2 products (Fig. 1)
showed identical N-termini. It is likely that the size dif-
ference of these ALP2 products is due to a processing
of the C-terminal part of the protein as it is known for
8. cerevisiae PrB. Here, in addition to the removal of
the N-terminus propeptide, two additional cleavages at
the C-terminus take place which together remove
about 60 additional amino acids (Moehle et al., 1989).
Assuming a similar process in A.fumigatus, the se-
quence length of mature ALP2 might be not the calcu-
lated 359 amino acids but only about 300 amino acids
which corresponds to the 37-kDa ALP2 product visu-
alized on SDS-PAGE. The 34-kDa band (Fig. 1) how-
ever, most likely reflects a degradation product of
ALP2,

The Aalp2 mutants were largely impaired in their
production of asexual spores and also exhibited a
slightly reduced speed in their vegetative growth. Com-
paring the Aalp2 mutant and parental strain colonies
microscopically, no specific block in the genesis of the
conidiophores, phialides, or conidia was observed in
the mutants. Conidium and phialide morphologies
were similar in both strains. It was not practicable to
determine if any differences in overall conidiophore
densities in the two strains might correlate with the
mutant’s reduction in conidium production. However,
the average size of the conidiophore was reduced and,
in particular, the mean and median diameter of the
mutant conidiophore vesicles were approximately half
of those of the parental values (Table 2; Fig.6B).
Assuming phialide distribution over one half of the
vesicle surface, an approximately 75 % reduction on
phialide density is calculated per conidiophore. On the
other hand, reduction of vegetative growth of the
Aalp2 mutant was between 10 and 20 % and may con-
tribute to its impaired production of conidia. Howev-
er, as shown in Figure 6A, time-dependent increase in
spore numbers of mutant and wild-type cultures does
not reflect a simple delay of sporulation in the mutants.
Instead, the number of conidia of the mutant reaches a
nearly time-independent maximum of approximately
20 % of that of the wild-type strain. Thus, it is likely
that almost the entire reduction in conidium produc-
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Fig.4. A: Predicted cross-over event using Bglll-digested pAalp2-1 (see Fig. 3B). B: Southern blot analysis of ALP2-deletion strains (A8 and A11) and their
parental wild-type strain (W) using a probe hybridizing outside of the deleted region {note the location of probe A in Fig. 4A). Chromosomal DNA was sub-
jected to electrophoresis after Hindlll digestion. In the wild-type strain the probe hybridized with an approximately 8.0-kb genomic fragment. Following homol-
ogous integration of the transforming DNA, the predicted size of the hybridizing Hindlll fragment is 12 kb, which is in agreement with the size of the hybrid-
izing bands in both mutants. In addition, the single bands in the mutants provide evidence for a single integration event of the transforming DNA into the
fungal genome. The 591-bp probe A used was generated by PCR on A. fumigatus D141 DNA and the primers displayed in Table 1 (primer C + D). M=
digoxigenin-labeled DNA size marker (Roche). C: Southern blot analysis of ALP2-deletion strains (A8 and A11) and their parental wild-type strain (W) using a
probe hybridizing with the deleted region (note the location of probe B in Fig. 4A). The Southern blot was hybridized with probe B which detected the 8.0-kb
ALP2 gene-containing fragment in the wild type and a second probe C (not displayed in Fig. 4A) detecting another known proteinase gene of Aspergilius on
a 3.0-kb fragment as a control (PEP2; EMBL Accession No. Y15744 and AJ132504). Note that both of the mutants and the wild-type strain showed hybrid-
ization with the controf probe C on the 3.0-kb fragment, whereas probe B only hybridized with the wild type. Thus, there is evidence that as a result of homol-
ogous integration of the transforming DNA the ALP2 gene is missing in the genome of the two mutants. The two probes used were generated by PCRs on
A. fumigatus D141 DNA and primers displayed in Table 1 (primer G + H for 412 bp-sized probe B; primer E + F for 479 bp-sized probe C). M = digoxigenin-
labeled DNA size marker (Boehringer).

tion in the mutant can be attributed to the smaller size  velopmental specific proteins. Since the Aalp2 mutants
of the conidiophore vesicle. showed comparable phenotypes on Sabouraud and on

The phenotype of the Aalp2 mutants, which does  minimal agar (Fig. 5), the source of substrate proteins
not show a block but rather a starvation pattern of co-  indeed should be rather intracellular (e.g. unneeded
nidiophore development, would be in agreement with  structural or metabolic proteins) than extracellular.
the assumption that ALP2 like its homologue PrB is  Interestingly, knock-out mutants of PEP2 in A. fumiga-
also a vacuolar proteinase responsible for the general  tus, which is likely to be the corresponding enzyme of
supply of amino acids needed for the synthesis of de-  vacuolar PrA in S. cerevisiae, did not show a develop-
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Fig.5. A: Parental strain A. fumigatus D141 (left) and Aalp2 mutant A8
{right) grown on Sabouraud agar plates for three days at 37°C. The Aalp2
mutant showed significantly reduced sporulation seen here as a typical white
colony. Note that a smaller central zone in the Aalp2 mutant is pigmented.
B: Parental strain A.fumigatus D141 (left) and Aalp2 mutant A8 (right)
grown for 4 days at 37°C on minimal medium containing no proteins,
peptides or amino acids (Cove, 1966). Note again the reduced pigmentation
in the Aalp2 mutant.

mental phenotype (Reichard et al., 2000). Thus, in
contrast to yeasts where functional PrA is a key devel-
opmental enzyme normally required for PrB activity
(Jones et al., 1997), in Aspergillus the PrB homologue
ALP2 seems to be the more independent and crucial
protease for development,
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Another aspect that should be taken into considera-
tion derives from the observation that PrB in S. cerevi-
siae is not merely a digesting enzyme of the vacuole but
also a multiple hydrolase-activating enzyme (for review
see (Jones et al., 1997)). Therefore, the effects of its
homologue ALP2 on conidiophore and conidial devel-
opment may also reflect the activation of other proteins
involved in this process. A good example of such an im-
portant processing modulator proteinase is the calpain-
like cysteine proteinase (CPL1) in yeast. This enzyme
has a unique role in signal transduction via an indirect
activation of RIM101, a key transcription factor in-
volved in sexual sporulation (Futai et al., 1999). Albeit
sexual sporulation in S. cerevisiae genetically is distinct
from asexual sporulation in Aspergillus, the possibility
exists that ALP2 may perform a similar function involv-
ing activation of a corresponding transcription factor,
in addition to its suspected vacuolar functions.

Although there is a slight difference in molecular
mass (37 versus 34 kDa in SDS-PAGE) and a similar
amino acid substitution in one position of their N-
termini, ALP2 is likely to be identical with the major
allergen of A. fumigatus in patients suffering from al-
lergic asthma (Shen et al., 1999). We have found ALP2
to be a strong autolytic enzyme, and observed mass
variation of corresponding bands particularly when no
proteinase inhibitors were added to the samples. In ad-
dition, even though one amino acid among the nine
identified at the N-terminus of ALP2 differs from that
of the allergen (Shen et al., 1999), this should be inter-
preted as supporting identity between the two rather
than as indicating that they are different members of a
common family. N-terminal variation is high even
among related fungal subtilisins (see Fig.2), and the

Fig.6. A: Time course of conidium production in parental strain D141 and mutant strain A8 of A. fumigatus. Vertical error bars equal plus or minus one stan-
dard deviation. B: Typical conidiophore morphology of parental strain D141 (left) and mutant strain A8 (right). Note that the sizes of conidia are equal in both

strains. Magpnification 700-fold.



Table 2. The effect of ALP2 deletion upon conidiophore vesicle morphology.

Strain Mean vesicle Range  Median Median
diameter (um) (um)  vesicle vesicle
() diameter diameter
(um) (um?) (e)
Parental (a=59) 21.4+/~59() 8-32 22 760
A8 (a=60) 121 +-53() 4-28 N 190
(50%) (d)  (25%) (d)

(a) Number of observations; (b) Standard deviation; (c) Different at the 0.001
level of significance; (d) Percent of the parental value; (e) One-half the area
of an idealized sphere.

small difference seen between these two sequences
almost certainly results merely from strain variation.

In fact, being a major allergen supports a cell-wall or
surface localization of ALP2, because allergic asthma
usually is characterized by an immediate response of
pulmonary mast cells which release mediators of
hypersensitivity upon direct contact with the inhaled
allergen. The potential crucial role of ALP2 in patients
with allergic asthma together with its significant con-
tribution to efficient conidia production in the fungus
should now give reason for further detailed medical
and biological investigations of this class of cell wall-
associated enzymes in pathogenic fungi.
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