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Summary

Aspergillus fumigatus secretes a serine alkaline pro-
tease (ALP) and a metalloprotease (MEP) when the
fungus is cultivaied in the presence of collagen as
sole nitragen and carbon source. The gene encoding
ALP was isolated and characterized previously. We
report here the cloning and the sequencing of the
gene encoding MEP. Genomic and cDNA clones
were isolated from A. fumigatus libraries using syn-
thetic oligonuclectides as probes. Stretches of the
deduced amino acid sequence were found to be in
agreement with the N-terminal amino acid sequence
of MEP and with internal peptide sequences. The
amino acid sequence of the enzyme coniains a puta-
tive active-site sequence HEYTH homologous to the
active site of other bacterial and eukaryotic zinc
metalloproteases. Sequence analysis reveals that
MEP has a pre-proregion consisting of 245 amino
acid residues preceding the 388 amino acid residues
of the mature region (molecular mass of 42kDa). An
alp mep mutant, deficient in proteolytic activity at
neutral pH in vitro, was constructed and tested for
pathogenicity in a murine model. No difference in
pathogenicity was observed between the wild-type
strain and the alp mep double mutant, suggesting
that ALP and MEP are not essential for the invasion
of the lung tissues by A. fumigatus.

Introduction

The opportunistic fungus Aspergillus fumigatus is the cau-
sative agent of a number of diseases in humans, including
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allergic bronchopulmonary aspergillosis. aspergilloma and
invasive aspergillosis (Bodey and Vartivarian, 1989). The
last has become an increasingly important threat to neutro-
penic patients undergoing bone-marrow transplantation
and chemotherapy. Several reports suggest that the viru-
lence of A. fumigatus is associated with the production of
secreted proteases (Kothary ef al,, 1984; Miyaji and Nishi-
mura, 1977). We showed that A. fumigatus secretes two
proteases when the fungus is cultivated in the presence
of collagen as the sole nitrogen and carbon source, a ser-
ine alkaline protease (ALP) and a metalloprotease (MEP)
(Monod et al, 1993b). ALP was isolated and character-
ized by several groups and was considered as a potential
virulence factor of the fungus (Reichard ef al., 1990; Monod
et al., 1991; Frosco et al., 1992; Larcher et al., 1992; Kolat-
tukudy et al., 1993). This enzyme has a molecular mass of
33kDa, cleaves elastin and collagen and belongs to the
subtilisin family. The gene encoding ALP (ALP) was iso-
lated (Jaton-Ogay et al, 1992) and inactivated by targeted
gene disruption in pathogenic wild-type strains (Tang et al..
1992, Monod et al., 1993a). Surprisingly, both isogenic
ALP-producing and non-producing A. fumigatus strains
invade lung tissues, causing comparable mortality in
immunosuppressed mice (Monod et al., 1993a; Tang et
al., 1993). MEP was isolated from the ALP-non-producing
mutant cultures that stiil showed a significant proteolytic
activity (Monod et al., 1993b). The molecular mass of
the enzyme was determined to be 40kDa from electro-
phoretic mobility on SDS-PAGE. MEP cleaves collagen
but does not cleave elastin and was tolally inhibited by
specific inhibitors of metalloproteases such as EDTA,
1,10-phenanthroline, and phosphoramidon.

We report the isolation and the nucleotide sequence of
both genomic DNA and ¢DNA enceding MEP (MEF). An
alp, mep mutant, deficient in proteolytic activity at neutral
pH in vitro, was then constructed and tested for pathogeni-
city in a murine model.

Results

Isolation of genomic DNA clones encoding the
extracellular metalloprotease of A. fumigatus

The N-terminal amino acid sequence of MEP, as well as
the sequence of an internal peptide generated after cyano-
gen bromide cleavage, were determined. Two oligonucleo-
tide probes (probes A and B) were designed on the basis of
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Fig. 1. Reslriction map of the 5.0kb Hindlll genomic DNA fragment obtained from positive recombinant 4 EMBL3 bacteriophages. The MEP
cDNA is indicated by the filled-in region. The part of this map for which the nucleotide sequence is reported in Fig. 2 is dotted. B, BamHI; Bg,

Balll; E, EcoRl; H. Hindlll; N, Neol; P, Pstl S, Sall; X, Xhol.

these sequences and of the codon usage far the genes
encoding ALP (Jaton-Ogay et al, 1992) and the restricto-
cin (Lamy and Davies, 1991) of A. fumigatus (Table 1).
A mixture of probes A and B was used to screen the A.
fumigatus genomic library and eight positive clones were
identified. Seven clones that hybridized with probe A or
B used separately were selected for further analysis.
Restriction enzyme analysis of purified bacteriophage
DNA revealed that the seven clones had a common
5.0kb Hindlll fragment that hybridizes with probes A and
B (data not shown). This fragment, for which a restriction
map is shown in Fig. 1, was subcloned in pMTL21 gener-
ating the plasmid pMTL21-H5. The sequences hybridizing
with the probes A and B were localized on two EcoRl sub-
fragments of 1.4 and 1.3 kb, respectively. The sequence of
these two EcoRl fragments together with an additional
400bp EcoRI-Hindlll fragment is shown in Fig. 2. The
1.3kb EcoRl fragment contained a stretch of 24 base
pairs encoding a putative active site of a zinc-dependent
metalloprotease (Jongeneel et al, 1989) consisting of a
HEXXH motif after three hydrophobic amino acids.

Table 1. Amino acid sequences and oligonucleotide probes used 1o
screen the A. fumigatus genomic library,

Probe Amino acid sequence Oligonucleotide probe

A ADYQVYAWGINDPTEGERT"  TAC CA(A/G) GT(T/C)
TA{T/C) GC{T/C) TGG
GG(T/C) AT{T/C) AA(T/C)
GAC CC

B ALQPCHNPNFVQOARDAILD® CAG CC(T/C) TGC AA(T/C)

CeIT/G) AR{TCY TT(T/C)
GI(T/C) CA(AS/G) GC

a. N-terminal amino acid sequence of MEP.

b. N-terminal amino acid sequence of a peptide generated after cya-
negen bromide cleavaga of MEP.

Oligonucleotide probes were based on the underlined amine acid
sequences.

Northern blot analysis of RNA isolated from
A fumigatus grown in collagen or glucose and
peptone medium

Supernatants of A, fumigatus cultures contained MEP only
when the fungus was grown in a medium containing col-
lagen as sole nitrogen and carbon source, but not in
Sabouraud medium containing glucose and peptone
(Monod et al., 1993b). Northern blots of RNA isolated
from fungal mycelia grown in either medium were probed
with genomic DNA of MEP (1.3 and 1.4 EcoRl frag-
ments) and consistently an mRNA transcript (2.4 kb) was
observed only when the fungus was grown in collagen
medium (Fig. 3). No MEP signal was abserved with DNA
upstream from the Xhol site in base pair position —92
used as a probe (data not shown).

Isolation of a cDNA clone encoding MEP

In absence of a cDNA library constructed from A. fumiga-
tus grown in collagen medium, a AZAP library was con-
structed in AC broth (Difco) in which proteolytic activity
was not detected (data not shown) (Moser et al., 1992).
Because of the low frequency of MEP cDNA in this
library, approximately 100000 recombinant phage pla-
ques were screened with the 1.3 and 1.4kb EcoRl frag-
ments. Only one clone was identified and purified. A
pBluescript-ll SK plasmid carrying MEP cDNA, pK100,
was excised in vivo from the hybridizing AZAP bactetio-
phage using the f1 helper bacteriophage (Short et al.,
1988), and further restriction analysis of pK100 showed
a cloned insert of 2.4 kb. The nucleotide sequence of the
cloned cDNA was compared with that of the genomic
DNA. The 5" extremity of the cloned cDNA starts in base
pair position —87, and four introns were detected (base
pair positions 357-406, 802-853, 1401-1452, 1868—
1920) (Fig. 2).

Fig. 2. Nucleotitie sequence of MEP genomic DNA. The sequénces of both strands were determined. The 5" and 3' (polyA) extremities of
cloned cDNA are indicated by arrow heads at base pair —87 and 2276, respectively. The sequences in brackets are introns and are not
present in MEF cDNA, The deduced amino acid sequence is shown below the nucleotide sequence, The N-terminal amino acid sequence of
the mature enzyme begins at amino acid residue 246 and is preceded by a vertical bar and a horizontal arrow. The primary sequence motif
HEXXH found in zinc-dependent metalloproteases is boxed. The putative cleavage sites within the signal sequence for secretion are indicated
by a vertical arrow. The amino acid sequences determined by protein sequencing are underlined. The GenBank accession number is Z30424.
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GAATTCAGCAGCAAAGCAGCGCGACATUCGACGGACAGGTCCCTGAAATOTTCATGARGATTACGTCCCTCGCCCACTTCCAATCAACCA
TGCAGATCGTTATCTCCACCAATTC TCACGCGECETGCACTCCATTGTGCATACAGTCCGCAATGC TTATAGETCAACACTATECAGTET
CTCTGCTAATGCAAC TGTC TCOGAGTGLGAGGECOGAGAACCGGAAGATATCGACTTGCAATATCCCATGATETGAATAGC TCCGGALTGG
GTC G@CCMGMCGGACGGTTCTECGC TGGATCACAATGAGAATGGCATGOAGTAGATAGGGCATGC ACAACCAAARACGUCAGATGET
CGAGTATAAATACTCGGCTGAAGCTCAGAGAGTCGCTAGAAGCATCCEGCTTTTGAATCOGACATCGTTCTTCGCCAGATCACATCCTCAA
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M R G L L L A G A L AL PASVF AHXPAUHBDQ QS Y GLNZR RR
40 &0
TACTGTTGATCTGAATGCTTTCCGCTTGAAGTCCCTEGC CAAGTACGTCAATGCCACAGAGACCGTCATTGAGEGCCCCGTCCTCCTTTGC
T Y DL N AFRULIEKSULAIU KYVYVY NATETUVIEW AUPSZSSF A
80
CCCTTTCAAGCCGCAMAGCTATGTEGAGETCGCGACGCAACATCTCARGATGATTGCCCCTGATGCGAC TTTCCGCETEETCCACGATCA
P F K P ¢Q &8 ¥V EV A TOQHV KM I AP DA T F RV YV DDH
100
CTATCTTGGTGACAACGECGTTGCCCATETCCATTTCCGCCAGACGGCCAMCGETCTCGATATCGACARTCCTGACTTCAATGTCAAC E’I‘
Y v 6 b NG V A HV HPFRQTANOGILDTIUDU N SADUFNUVN
120
ACGTTATGATTCGGTGCCGTGTATCTCTCTTGCTGAL, AGGG(;’I‘GCM%}TCGG ARRAGATGGAAAGSTCTTTTCCTATGGCARCTCTTTC
vV ¢ KD G KV F 8 Y G N S F
140 160
TATACCGGACAGATCCCCAGCTCGEC TECATTGACCAAGCGTGACTTCTCCGACCCTETEACTGCTCTCARGEEGARC TACAAARTACACTA
¥y ¢ & 0 I 2 8 8 A AL TKURDE® SD P VA LEGITTNDL
180
CAGCTGCCCATCACTGTGGATAGUGUGTCETCCGAGAGCACAGAGGAGARGGAGTCCGTATS T T TCARAGEGEETCTCTGGCACTETCTCT
e L P I T ¥ bS58 A S S E S TEZEIKES YV FK®eSsWVY s G TV B
200 220
GATCCCARAGCCAMACTGGTATACTTTCTCAAAGACGATGGAACCCTCGCCTTCGCATGCAGAGTTGAGACCGACATTGATAGCAACTGG
oD P KA KL V¥ FV KDDGTULAMILAWERYETTDTIDSIHNW
240
CTGTTGACCTACATCCATGCCAAGAGCAECGAGGAGATCCACGETETEETCEACTATGTTGCTGAAGCCGAL TACCARGTATAGTGAGTA
L L T ¥ I DA K9 g B EBEIHEBYYREYY RBE DY Q@ VY
260
TGGGACCAACCCTCCARC AGARAGAGCCTORCTCAC NPGGTGCPECGCATGGGGCATTP:ATGBCCCAAC AORGGGUGRACGEACGETEATC
A W G I N D P TE G E R T V I

280
ARGGATCCTTGEGACTCGETCACAGAATTCACCTEGATCAGTGATCECACCACAAATTATACCACTTCGCGCGECAATAACCGECATCGCG
K D P WDS VT EFTT@WTISDGSTNUYTTSRGNDNTG I A

300 320
CAATCCAATCCCAGCGGTGGECCCGAGC TACCTGAACAAC TACCGCCCTAGCAGCTCGAGCCTETCATTCAAGTATCCCTATAGTG TGAGT
9 S NP S G G P S ¥ L NNYRUP S SE& S S L S8 F KY P Y 8 V 8§

340
TCETCGCCGCCATCATCCTACATCGACGCATCGATCATCCAGCTC TTCTACACGGCCAATATCTACCATCATCTGC TTTACACCCTGEGE
5 s P P85 858 Y I DA S I I LFEY T AMNTIUY¥YHRDPILIILY TUL G
360 380
TTCACCGAAAAGGCCGETAACTTCCAGTACAACACTARCGGECAAGECCGECCTCGGAAATEACTATGTCATCCTGAACGCCCAGGACGGC
P2 E K A G N FE Y N T NGB OG G L G N D XY I L EAQD G
400
TCTGGCACCAACAACGCCAACTTTGCCACTCCTCCTGATGECCAGCCCGGCCGCATGCGCATETACGTC TGGACCGAGTCGACGCCGTAC
g @ PN MNENELIZTE PG P &R MERENY VEDTEESE D PY
420
CGCGACGGCTCCTTTGAGGCTGGAATCGTGATCCACGAGTATACTCACGGTCRTACETATTACCTTGCTGGTTTTATTGACACATUGACTC
R D@8 F EA G IV IHEETY 7 HGL
440
ACCCC'I“I"I‘TTTCAgTT"I'CCAACCGACTCACTGGCGGCCC'I‘GCCMCTCCAACTGCCTGMCGCCCTCGAG’I‘C‘AGGCGGCA‘T\BGGCGAAGC:
S N R L T 6 G P A NS NCILWDNALUESGGMGE G
460 480
CTGGAGTGATTTCATGGUGACGGCCATCCGTCTGAAGCCCGECGACAAGCGCTCGACCCGACTAC ACCATCECCCARTRAGUTTCUARCCG
W s D FMATATIRILIK®POGD DI KRS TD®Y T MG E WA § N R
500
GGCAGGCEGAATCCCCCAGTACCCGTACTCGACCTCGUTGAGCACCAACCCTCTAACGTACACCAGCGTCAACTCGCTCARCGCGETETA
A G & I R Q ¥ P Y s T s L s TNUP?IL T Y T &2 V N S L N A& V H
520 540
CGCCATTAGCACGETC TGGECATCCATGC TGTACGAGC TG TTCTGCAATTTCATCGATARGCACGGCAAGAATGATGCGCCGAAGCUTAC
A T ¢ TV WAS ML Y EV L W®NILTIDI XHOGI KNDSAUPIEKEPET
560
CCTCCGCCATGGEGTCCCGACGEACGEC ARG TACCTTOCCATGARACTAGTCATGCATSGGATEEC AT’IE’I‘ACGT&-C&& AGRATCCTTCA
L R D GGV PTDOG K Y L AMIEKULVMDGMHA
EBO
CCGG’I"T‘&TGTTGACACCGCTAA"GACAAAC‘Aﬁ;CAACCATGCkACCCCnAC’I"I TGTCCAGGCCCGTGACGTCATCCTCGATGCTGATACT
P C N FF N F VvV O & B D A I L D & B T
500 620
GCTCTGACTGGTGCGCGAGAACCAGTGTGAGATTTGGACGECATTTGCCAAGCGGGGATTGGETGCTGGGECGAAGTATAGCTCAAGGAAC
L LT B & ENWN CCE I WTAPF ARRGILGBG- A®SB-AEKDYS S RN
COGETGGGARGTACTGAGETCCCCACTEGTGTCTGTTGAGTCCACCATGACCCAGC AACCAGCAGGACCGEGAGTGCAATGAGAATARATG
BE W g & ¢ g Vv P g @ 7 g wex
ACAATCCTCGGCACGGTTACCTTGTCTCCCGCAAAGATCTTCTAATAAGCGGCGGAGAAATAGGCTCGAATTCCACAGCGCTCCTGAGAGC

CACAAGTAACCAATCCTGGACTTCTGGAACCTATCTACTCCAGTAAGTETGAGGETEATTTGTAGACGATCCCACCTTAATTTCTACTAAT

AGTAATCCAATTCCTTTCTGGAAATGAGCACGAGATTC TGAACCAATTGCGCCCCCTEAATTGCTAGCCAAGAAATTAGCCGCGTTCAGE
CCCAGGAACAGTCTCGAACACCECCAATCACTGTCCATACTAGGACGAAATGGACTGTCCCAAAGAGGTTACGGGAGGACACAGTTCCAGG
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Fig. 3. Northern blot of RNA from a culure of A, fumigatus grown
in Sabouraud medium (lane 1) and in collagen medium (lane 2)
probed with genomic DNA of MEP. The apparent molecular sizes of
the RNA hybridizing with the probes were estimated to be 2.4 kb
based on the position of the 285 and 185 ribosomal RNA. RNA
agarose gel electrophoresis was performed in the presence of
10pgml~ " of ethidium bromide. The 183 and 28 S RNA bands
visualized after exposure of the blotted membranes to u.v. radiation
attested that the RNA was not degraded.

Sequence analysis

Northern blot analysis and the nucleotide sequence aof
cDNA indicated that MEP is encoded by nucieotides start-
ing from the ATG codon 451 bp downstream of a EcoRl
site (Fig. 2). The N-terminal amino acid sequence of the
mature enzyme oblained by amino acid sequencing
(Table 1) was preceded by a polypeptide of 245 amino
acid residues, suggesting thal the protein was synthe-
sized as a precursor of 633 amino acid residues. Its cal-
culated molecular mass was 68 656 Da. Inspection of the
N-terminal amino acid sequence of the precursor begin-
ning from the Met-1 residue suggested the existence of a
signal peptide with an hydrophobic core of 10 amino acid
residues and two putative signal peptidase cleavage
sites in accordance with the —3—1 von Heijne’s rule (von
Heijne, 1986) after the Ala-14 and Ala-18 residues
(Fig. 2). The mature protein sequence generated after
cleavage of the 245 amino acid residue polypeptide from
the 633 amino acid residue precursor predicts a molecular
mass of 42 064 Da. The deduced amino acid sequence of
MEP was further verified by amino acid sequencing of the
N-terminus of five internal peptides obtained after trypsin
digestion of the protein (Fig. 2).

Total A. fumigatus RNA was translated in vitro in rabbit
reficulocyte lysate and producis immunoprecipitated
using a polyclonal anti-MEP specific rabbit antiserum
were analysed on SDS-PAGE (Fig. 4). The immunopreci-
pitated products migrated as two protein bands with esti-
mated sizes of 70 and 40kDa, corresponding to the

putative 633 amino acid residue precursor and the mature
form of the enzyme, respectively.

MEP disruption

MER disruption was performed in ALP-producing G10 and
ALP-non-producing A18 strains (Monod et al., 1993a). The
plasmid pAMEP was designad to function as a one-step
gene disruption vector in the transformation experiment
and was constructed using the pAN8-1 and pMTL21-H5
plasmids as described in Fig. 5. The pAMEP contained
MER disrupted by the phleomycin-resistant gene of Strep-
tococcus hindustanus under the control of the GPD pro-
moter and the TAPC terminator of Aspergillus nidulans
(Fig. 8A). Transformation of protoplasts of strains G10
and A18 with the 7.3 kb Hindlll fragment of pAMEP gener-
ated 31 and 53 A. fumigatus colonies resistant to phleomy-
cin, respectively. One G10 transformant, M1, showed 70%
of G10 collagenic activity (data not shown). This activity
was totally inhibited by PMSF, suggesting that M1 was
MEP deficient and produced only ALP. Three A18 transfor-
mants, MA1, MAZ2, MA3, were completely devoid of extra-
cellular proteolytic activity, as indicated by the absence of
degradation of the collagen of the medium during growth
as well as the lack of azocoll degradation by the culture fil-
trate (Fig. 7). SDS—PAGE of proteins secreted by the four
transformants M1, MA1, MA2 and MA3 showed the
absence of the 40kDa band (Fig. 8) idenfified as MEP
(Monod et al., 1993b). The four transformants were
retained for restriction fragment analysis. Genomic DNA
of A. fumigatus G10 and A18, and of the four transfor-
mants not producing active MEP, was digested with
EcoRl or Hindlll, electrophoresed and probed with the
1.4 and 1.3kb EcoRlI fragments of pMTL21-H5 containing
MEP. The band pattern of MEP-non-producing strains was
consistent with the correct replacement of MEP by the

q 2
kDa.
2%,
66..
42 _
——

Fig. 4. In vitro translation and immunoprecipitation of MEF
translation product, MEP transiation product was immuno-
precipitated using polyclonal anti-MEP specific rabbit antiserum (1)
and preimmune serum (2) and analysed on 9% SDS—-PAGE.
Molecular mass markers are on the left margin.
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Fig. 5. Construction of plasmid pAMEP. The plasmid pMTL21-H5
was obtained by cloning a 5.0kb Hindlll fragment carrying MEP in
pMTL21. The plasmid pANS-1 has been described elsewhere
(Mattern et al, 1988). Thick lines, double lines, dotted lines
represent A. nidulans, A. fumigatus and E. coli DNA, respectively.
pGPD is the 5 expression signal of the A. nidulans GPD gene;
tTAPC is the terminator region of the A, nidulans TRPC gene. A,
Asp 718; B, BamHI; E, EcoRl; H, Hindlll; N, Neol; S, Stul; Xb,
Xbal.
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mepA::PHL construct in chromosomal DNA (Fig. 68 and
C).

Infectivity of alp mep mutanis

The parental strain (G10) and the alp mep mutant (MA1)
were injected at two dosages (10° and 10° per mouse) to
mice submitted 1o two different immunosuppression regi-
mens. In both cases, similar mortality was observed with
wild-type strain and double-mutant strain (Fig. 9). With
the second regimen, maximal mortality was attained with
the lowest concentration one week after injection, whereas
with the first regimen and a high conidia concentration.
mortality occurred much more rapidly. All dead animals
had lungs infected by A. fumigatus. Fungi isolated from
lung tissues were strains that did not produce ALP and
MEP and which were resistant to both hygromycin and
phleomycin.

Histopathological studies of lungs from infected mice
showed a similar extent of mycelial growth in both parental
and mutant strains (Fig. 10). Invasion of the lung fissues
by both strains occurred through the bronchial epithelium
after extensive development of the fungus inside the
bronchia and bronchioles. No colonization of the alveolar
space of the lung was noticed before the death of the
mouse. When the collagen and elastin maltrix was
crossed by fungal hyphae, no apparent proteolytic degra-
dation was seen around the hyphae of either mutant or
wild-type fungi.

Discussion

Analysis of the deduced amino acid sequence of MEP
reveals that the mature protein is composed of 388
amino acid residues. lis estimated molecular mass is
42 kDa, which is 2kDa larger than the size evaluated
from the electrophoretic mobility of the protein purified
on SDS-PAGE. In addition, the theoretical p/ of this
protein is 4.9, which is close to the value determined
experimentally (Monod et al, 1993a). The MEP amino
acid seguence contains the consensus seguence of a
metalloprotease represented by the motif |-V-I-H-E-Y-T-
H-G-L-S, in which the two histidine residues co-ordinate
the cation Zn* in the active centre and the glutamate is
involved in the bond-breaking process (Jongeneel et al.,
1989). The three amino acid residues before the first histi-
dine and after the second histidine are generally repre-
sented by hydrophobic or small and neutral amino acids
in the active site of a melalloprotease. The sequence
found in MEP is in agreement with the above motif.

A pre-proregion consisting of 245 amino acid residues
was observed with the MEP sequence analysis. Two
proteins, corresponding to the putative precursor and
mature form of the enzyme, were produced when MEP
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was translated in vitro. This finding suggests that MEP pro-
cessing is achieved by an autoproteolytic activity and is
similar to that of other microbial secreted proteases
(Power et al, 1986; Miyazaki et al, 1989; Hiramatsu et
al, 1888; Terada et al., 1890; Tatsumi et ai., 1991). How-
ever, it cannot be formally excluded that rabbit reticulocyte
lysate contains a specific protease which cleaves the
68 kDa protein. A pre-proregion has also been reported
for the Aspergilius orvzae neutral protease I, which is
the only other secreted metalloprotease sequenced in
Aspergillus. This pre-proregion has 175 amino acid resi-
dues and precedes the mature enzyme which consists of
177 amino acid residues (Tatsumi et af., 1991).

Interms of molecular mass, pland effect of pH on activity,
MEP resembles other metalloproteases, such as Aspergil-
lus sojae and A. oryzae neutral proteases | (Sekine et al.,
1972; Nakadai et al., 1973), Bacillus thermoproteolyticus
thermolysin (Fujii et al, 1983) and related enzymes of
other bacteria (reviewed by Hase and Finkelstein, 1993).

B and C. Southern blot analysis from A,
fumigatus MEP-producing strain and from
MEP non-producing transformants.
Chromosomal DNA was subjected to
electrophoresis after cleavage with EceRl (B)
and Hindlil (C}) and transferred (o a Gene
Screen Plus Membrane. Tha filters were
hybridized with the labelled 1.3 kb and 1.4kb
EcoRl fragments of the plasmid pMTL21-H5.
Lane 1, recipient G10 (ALP MEP); lane 2,
recipient A18 strain (alp, MEF); lane 3,

transformant M1 (ALP meapA:PHL); lane 4, 5
73 and 6, transformant MA1, MA2 and MAS,
5.0 respectively (alp mepA::PHL).

However, the A. sojae and A. oryzae neutral proteases |,
like MEP, differ from the B. thermoproteolyticus thermo-
lysin by losing their activity at temperatures above 60°C
after 10min. The genes of the A. sojae and A. oryzae
proteases | have not been isolated and sequenced, while
thermolysin and other bacterial zinc-dependent metallopro-
teases have been extensively characterized. The deduced
amino acid sequence of the mature MEP, as well as the
pre-proregion, was compared with those of proteins avail-
able in the NCBI database. Except for the zinc signature
of metalloproteases, consisting of 11 amino acid residues
spanning the HEXXH motif, no significant homology was
found. In contrast to ALP and Bacillus sp. subtilisins
(Tatsumi et al, 1989), MEP and B. thermoproteolyticus
thermolysin do not appear to be closely related.

Two A. fumigatus metalloproteases of 82 and 43kDa
have been recently described (Ibrahim-Granet ef al., 1994;
Markaryan ef al, 1994). The 82kDa enzyme is intracellular
and has a higher molecular mass than the pre-proform of
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Fig. 7. Extracellular proteolytic activity (A) and protein concentration
(B) of G10 (ALP MEP) (@), A18 (alp MEF) (). M1 (ALP mep)
(), MA1 (alp mep) () strains. The fungi were grown in collagen
medium at 30°C. Protaolytic aclivities and protein concenirations
were measured as described in the Experimenial procedures.

MEP. The 43 kDa enzyme is secreted and has a molecular
mass and a pH optimum of activity comparable to those of
MEP (Monod et al, 1893b), but differs by having elastinoly-
tic activity and by retaining 50% of its activity after 1h at
60°C. The N-terminal amino acid sequence obtained by
amino acid sequencing of the metalloprotease described
by Markaryan et al. (1994) is very similar to that of MEP,
the first 18 amino acid residues being identical. The pre-
sence of an additional gene encoding a metalloprotease
was investigated by Southern analysis of £coRl-digested
genomic DNA of five different A. fumigaius strains. The
1.3 and 1.4kb EcoRl fragments, encoding MEP, were
used as a probe and the hybridization was performed at
low-stringency conditions. Only 1.3 and 1.4kb bands
were detected (data not shown), suggesting that A. fumiga-
tus does not contain a DNA sequence encoding a second
enzyme closely related to MEP. Therefore MEP and the
43kDa metalloprotease described by Markaryan et al.
(1994) appear to be the same enzyme and the differences
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observed between these two proteins should he evaluated
in several other A. fumigatus strains to make sure they are
consistent. f not, the protease isolated by Markaryan et al.
(1984) could be an enzyme homologous to MEP secreted
by a strain different from those isolated in Europe.

MEF was disrupted in wild-type and in A, fumigatus
strains containing alp. The alp mep slrains were com-
pletely devoid of extracellular proteolytic activity in col-
lagen medium (Fig. 7), while mep ALP strains had 70%
of the proteolytic activity of the wild-type strain. The Strep-
tomyces hindustanicus PHL gene was for the first time
used for targeted disruption of a gene in A. fumigatus.
A high majority (> 90%) of transformanis resistant to phleo-
mycin still revealed MEP secretion. The integration events
generating these transformants were not investigated
further, since it is known that integration of foreign DNA
in Aspergillus can occur at chromosomal positions other
that the targeted homologous site (Miller et al., 1985). How-
ever, transformants with the MEP gene disrupted by the
phleomycine-resistance gene occurred at frequencies
similar to those obtained in previous gene-disruption
experiments, using the Escherichia coli hygromycin phos-
photransferase gene (HPH) as selective resistant marker
(Monod et al., 1993a).

Extensive colonization of the lung tissue by A. fumigatus
has suggested the key role of fungal proleases during
infection. The role of ALP was eliminaled when ALP-non-
producing mutants, constructed by targeted gene disrup-
tion, were shown to cause comparable mortality and to
invade lung tissues in immunosuppressed mice, as well
as the parental strain (Monod et al., 1993a; Tang e! al.,
1993). These results differ from those of Kolatiukudy et

Fig. 8. Secreted protein preparations of A. fumigatus strains grown
for 48h at 30°C in collagen medium. The proteins of 1 mi of culture
supernatant were precipitated with TCA before loading on a 9%
SDS—-PAGE gel. The gel was stained with Coomassie brilliant blue
R250. Lane 1, 2, 3 and 4, protein profile of MA1 (alp mep), M1
(ALP mep), A18 (alp MEP) and wild-type (ALP MEP) strains,
respectively. Lane 5, purified MEF. Lane 6, molecular mass
markers: phosphorylase b, 97 kDa; bovine serum albumin, 66 kDa:
ovalbumin, 42 kDa; and bovine carbonic anhydrase, 30 kDa. Arrow
and arrow head indicate ALP (33kDa) and MEP (40 kDa),
respectively.
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Fig. 9. Acute and chronic experimental aspergillosis in mouse
infected with a high dose of conidia (10%) and regimen 1 (), or a

low dose of conidia (10%) and regimen 2 ([]) of the alp mep mutant
{open symbols) and the wild-type strain (closed symbols).

al. (1993), who observed that an ALP-deficient mutant
obtained by nitrosoguanidine treatment was less virulent
than the wild-type strain of A. fumigatus. Mutagenic treat-
ments, however, are known to cause multiple undefined
mutations which could be responsible for the defect in
virulence. Using targeted gene disruption, no difference
of pathogenicity was observed between isogenic wild-
type strains and alp mep mutants totally deficient in proteo-
Iytic activity in collagen medium. Mortality curves (Fig. 9)
and sections of lung from mice experimentally infected
with both mutants and parental wild-type strains were
similar (Fig. 10). Therefore, it must be concluded that the
secreted A, fumigatus proteases, identified in vitro and
active at neutral pH, are not essential factors for the inva-
sion of the tissues. Our results with an opportunistic organ-
ism such as A. fumigatus contrast with those obtained with
a wild-type strain of the pathogenic bacteria Legionalla
pneumnophila and an isogenic metalloprotease-deficient
mutant constructed by targeted gene disruption (Moffat et
al, 1994). The protease-deficient mutant of L. pneumo-
phila was still pathogenic for guinea-pigs, but death was
delayed and the bacterial colonization of the lung was
limited. Histopathological studies also showed a reduction
in the necrosis of the tissue as well as an increase in
macrophage infiltrates in animals infected by the mutant.
Recently, the lack of vessel wall elastolysis in human
invasive aspergillosis was demonstrated by Denning et
al. (1992), with tissues obtained at autopsy. In experimen-
tally infected mice, a heavy saprophytic colonization of the
lung occurs rapidly after the death of the animal (unpub-
lished results). For this reason, histopathological studies
were conducted during the early stages of the disease to
see if a different degradation pattern could be seen at

the beginning of the infection and during the saprophytic
colenization of the lung after mouse death. In both cases,
no apparent degradation of the collagen was seen, even in
the tissue surrounding the bronchia which seems to be the
target organ for infection and is a different microenviron-
ment from the blood vessel. An analysis of growth condi-
tions in this very peculiar microenvironment may help to
elucidate the nature of the factors regulating the infection
process of A. fumigatus. Since proteases do not appear
to play a role, another hypothesis for virulence of A. fumi-
gatus could be advanced. One can imagine that A. fumiga-
tus has a ecological niche in the bronchia characterized
by nutrient and temperature conditions favourable to its
saprophytic growth, since this fungus accounts for only a
small proportion of the airborne mould spores but is the
most frequently isolated fungus from lung and sputum
{(Mullins and Seaton, 1978; Schmitt ef al., 1991). Conse-
guently invasive aspergillosis could be circumstantial
when the host phagocytic defences have been weakened
by immunosuppressive treatments.

Experimental procedures
Strains and growth media

A. fumigatus strains G10 and A18 were used. G10 is a spon-
taneous nitrate reductase mutant (nia) of strain CBS 144-89
with a reversion frequency of less than 1 x 10%. A18 is a
G10 mutant in which the gene encoding ALP was inactivated
by gene disruption (Monod et al., 1993a). The strains were
grown in Sabouraud liquid medium or, to promote production
of MEP, in 0.2% collagen medium at 30°C, shaking at
150 r.p.m. for 2days (Monod et al., 1991). E. coli LE392 was
used for the propagation of bacteriophage » EMBL3 (Pro-
mega). All plasmid subcloning experiments were performed
in E. colf strain DH5¢.

N-terminal and internal amino acid sequence analysis
of MEP

MEP was produced by A. fumigatus A18 strain grown in liquid
culture as previously described (Monod et al.,, 1993b). MEF
and MEP fragments obtained by cyanogen bromide treat-
ment were separated by Tricine—-SDS~PAGE (Schagger
and von Jagow, 1987) and transferred onto PVDF-immobifon
membranes (Millipore). After staining with Coomassie brilliant
blue, polypeptide bands were cut out and analysed by a gas-
phase sequenator 470A (Applied Biosystemns) with on-line
PTH-derivative analyser 120A.

Tryptic fragments were generated by in-gel digestion of the
MEP band resolved on a 15% polyacrylamide gel, essentially
as described by Rosenfeld ef al. (1992). The fragments were
separated on a Brownlee Aguapore RP-300 (7 um) reversed-
phase column using an acetonitriie gradient (0-80% in
65 min) in 0.01% trifluoroacetic acid (TFA). The manually col-
lected fragments were sequenced on a gas-phase sequenator
as described above.
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Fig. 10. Sections of lung from experimentally infected mice.

A, B. Early stages of infection showing similar mycelial development inside the bronchia for the wild-type (A) and mutant (B) strains. Note the
absence of fungus in the alveolar space. Arrowhead: bronchia. Arrow: blood vessel.

C, D, E, F. Details of lung thin sections made from mice infected with wild-type strain and showing the absence of evident degradation of
collagen and elastin matrix (stained in blue) when infiltrated by A. fumigatus mycelium.

C. Tangential section of a bronchia crossed by hyphae.

D, E, F. Hyphae crossing the collagen—elastin matrix in lung fixed after mouse death. Similar results were seen with the alp mep mutant.

Combined Grocott's—Roos’ stain. Magnification: A, B x 125, C—F x 500.

DNA manipulation

We used previously constructed JEMBL3 genomic and *AZAP
GDNA libraries of A. fumigatus (Jaton-Ogay et al, 1992;
Moser et al., 1992). Recombinant plagues of the genomic library
were immobilized on nylon membranes (Zeta-Frobe, Bio-Rad)
and probed with *?P-labelled oligonucleotides (Amersham)
(Table 1) as described (Jaton-Ogay ef al., 1892). Agarose gel
electrophoresis  of restricted recombinant bacteriophage
LEMBL3 DNA, Southern blotting, subcloning of genomic DNA
fragments into pMTL21 (Chambers et al, 1988) and pANS-1
(Mattern et al, 1988) plasmids were performed according to
standard protocols (Sambrook et al, 1989). The plasmid

pANS-1 carrying the S. hindustanus phleamycin-resistance
gene (PHL) was kindly provided by Dr P. J. Punt (TNO Medical
Biological Laboratory, Rijswijk, The Netherlands).

Screening of the ¢cDNA library was performed using *P-
labelled genomic DNA fragments as the probe. Labelling of
DNA was performed using a random-primed DNA labelling
kit (Boehringer) and [+-**P]-dATP. A pBluescript-ll SK plas-
mid was excised from AZAP bacteriophages using f1-helper
bacteriophages (Short et al., 1988).

Double-stranded DNA was sequenced using a Sequenase
Version 2.0 sequencing kit (USB) according to the supplier's
instructions. DNA was annealed with SL primer, reverse pri-
mer or synthetic oligonucleotide primers (Microsynth).
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RNA extraction and Northern blotiing

A. fumigatus was grown in Sabouraud and collagen media at
30°C for 16 and 44 h, respectively. The mycelium of 500m!
culture was collected on filter paper and incubated for 30 min
at 37°C in 20ml of an osmotic solution (1.2 M MgSQO., 10mM
sodium phosphate, pH5.8) containing 1 mgml~" of Novozym
284 (Calbiochem). Enzymatically lysed mycelium was collected
by centrifugation in a swinging bucket rotor at 8000 = g for
5min and total RNA was extracted following the guanidinium
thiocyanate phenol/chloroform protocol of Chomezynski and
Sacchi (1984) with a further purification by an anion-
exchange resin column (QIAGEN System). Gel electrophor-
esis of RNA with 10 pgml ' ethidium bromide in the agarose
gel and Northern blotting were performed following standard
protocols (Sambrook ef al, 1989). After the BNA transfer
was complete, the membrane filters (Zetaprobe, Bio-Rad)
were air-dried and exposed to u.v. radiations from a u.v. illumi-
nator for 2min. The 18s and 28s RNA bands were visible at
this stage and positioned on the membrane with a pencil.
The filters were prehybridized at 65°C for 5 min in a solution
containing 7% SDS, 0.5M NaH.PO; pH7.2 and 1mM
EDTA. Hybridization was performed overnight in the same
solution containing **P-random-primed labelled probes. The
membranes were exposed to X-ray film after two washes in
2x 88C, 0.1% SDS at 65°C.

In vitro transiation and immunoprecipitation of MEP

Translation was performed for 90 min at 37°C in a final volume
of 50 containing & ng total A. fumigatus RNA, 25 ul rabbit
reticulocyte lysate and 20 pCi [*°S)-methionine. Immunopreci-
pitation was performed on the translation mixture as pre-
viously described (Franzusoff et al, 1981) using polyclonal
anti-MEF rabbit antibodies. Rabbit antiserum directed against
MEP was prepared as described previously (Monod et al.,
1991) with 100 pg of purified enzyme (Monod et al., 1993b).

A. fumigatus fransformation

The transformation procedure of A. fumigatus was based on
methods previously described (Tilburn et al,, 1983; Malardier
et al, 1989). After overnight expression of the phi gene, the
transformants were selected on minimal medium containing
20pgml ' of phleomycin (CAYLA).

Proteolytic assay and protein concentration in culture
supernalant

Collagenic activity was measured as previously described
(Monod et al, 1991) using azocollagen (Calbiochem) as sub-
strate. Protein concentrations were measured in culture super-
natant by the method of Bradford et al. (1976) with & Bio-
Rad dye reagent (No. 500-0006) with casein as the protein
standard.

Mouse infection

Male IOPS OFI mice, 18—20 g (Iffa Credo) were used for infec-
tion experiments. All animals were cortisone-pretreated: 5mg

cortisone acetate (200l of a 0.9% NaCl agueous solution
containing 25 mg ml~ ' cortisone acetate) were given intraper-
itonally for each injection. Two immunosuppression regimens
were used: (1) injection at day —3 and day 0 and (2) injection
atday —3, 0, + 2, + 4. Wild-type and transformant strains were
inoculaied intranasally into cohorts of 10 mice at a dosage of
10% conidia per mouse with regimen (1) and 107 conidia per
rmouse with regimen (2). Mortality was evaluated every day
for 10d. Aspergillus strains were reisolated, on malt agar,
from lung homogenates of infected mice. Cortisone-pretreated
conirol mice received intranasal injection of saline solutions
only. Cantrol mice survived for at least 2 weeks after challenge.
Animal work was performed in the Pasteur Institute follow-
ing the Helsinki deciaration and the recommendations of the
French Ethical Committee for Life Sciences and Health.

Histopathology

Mice infected with alp mep MA1 mutant and G10 strain were
killed 3 to 4days after intranasal infection (10° conidia per
mouse, corfisone regimen 2). Lungs dissected from eutha-
nased mice were fixed in 10% buffered neutral formalin
under vacuum and processed to paraffin wax. Tissue
sections were stained with the Grocott's methenamine siiver
nitrate method, where fungal hyphae appear black (Grocott,
1955). Sections were then counterstained with a one-step
polychrome method (Roos, 1992) which stained in blue the
collagen and elastin lung matrix.
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