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A dipeptidyl-peptidase IV was purified from the culture medium of the human-pathogenic fungus Aspergillus
fumigatus. The enzyme has an apparent molecular mass of 95 kDa and contained approximately 10 kDa of
N-linked carbohydrate. This glycoprotein is antigenic and has all characteristics of the class IV dipeptidyl-
peptidases: removal of Xaa-Pro and to a lesser extent Xaa-Ala dipeptides from the N termini of peptides,
including bioactive peptides such as neuropeptide Y, [des-Arg'] bradykinin, and glucagon-like peptide 1,
activity at neutral pH, and presence in the amino acid sequence of the Gly-X-Ser-X-Gly consensus motif of the
serine-hydrolases and the putative catalytic triad (Ser®"?, Asp®*’, His”**) of the dipeptidyl-peptidases. More-
over, the last 200 amino acids displayed 60 to 65% similarity with the other dipeptidyl-peptidases IV from rat,
mouse, human, and yeast. However, unlike the other dipeptidyl-peptidases, the dipeptidyl-peptidase IV of A.
fumigatus is a secreted enzyme with a cleavable signal peptide. Expression of a recombinant dipeptidyl-
peptidase IV of A. fumigatus has been attained in the yeast Pichia pastoris.

Members of the dipeptidyl-peptidase (DPP; EC 3.4.14) fam-
ily cleave dipeptides from the N termini of peptides or pro-
teins. These enzymes belong to different classes depending on
the nature of the dipeptide released as well as their cellular
localization (3). A DPP V has been isolated recently from
Aspergillus fumigatus (3). This DPP V can release the dipep-
tides His-Ser, Ser-Tyr, and Ala-Ala. It is the first described
DPP that is secreted and not membrane associated. A putative
role of the DPP V in the immune defense reaction against 4.
fumigatus was indicated by the identity between DPP V and the
major nonpurified chymotrypsic antigen currently used for the
differential serodiagnosis of patients with aspergilloma (3). In
addition, mice surviving infection with A. fumigatus have anti-
bodies that recognize only the DPP V specifically in an A.
fumigatus total extract (20a). A possible role in protection
against Aspergillus infection was thus suggested. DPPs are rec-
ognized as playing an essential role in human physiology. Re-
moval of Xaa-Pro (and to a lesser extent Xaa-Ala) dipeptides
from the N termini of peptides may generate biologically active
peptides or, conversely, may inactivate peptides by truncation
(23, 25, 28). The DPP IV CD26 is a surface differentiation
marker involved in the transduction of mitogenic signals in
thymocytes and T lymphocytes in human, mouse, and rat and
in cell matrix adhesion through specific interactions with fi-
bronectin and collagen (11, 13, 14, 24). During the purification
of the DPP V of A. fumigatus, we identified a second DPP
which belongs to class IV and is antigenic. To better charac-
terize the DPP family, which has been overlooked in fungal
pathogens, we undertook the purification, cloning, expression,
and biochemical characterization of secreted DPP IV. The
ability of this DPP to bind to collagen and to hydrolyze some
biological peptides suggests a possible role during lung inva-
sion of A. fumigatus.
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MATERIALS AND METHODS

Organism and culture conditions. A. fumigatus CBS 144.89 was maintained on
2% malt extract agar slants. Mycelium was obtained from cultures grown in a
fermenter for 48 h of culture at 25°C in 1% (wt/vol) yeast extract (Difco). Flask
and fermenter culture conditions were as previously described (21).

Purification of DPP IV. A. fumigatus DPP 1V was purified basically as de-
scribed for DPP V (3). An ethanol precipitate of a 44-h culture of A. fumigatus
in a 1% yeast extract medium was dissolved in 50 mM Tris HCI (pH 8.8). After
concentration under vacuum, the sample was loaded on a Superdex 75 HR 10/30
(Pharmacia) gel filtration column and eluted with a 150 mM NaCl aqueous
solution at 0.8 ml/min. Fractions corresponding to the size range of 80 to 95 kDa
were dialyzed, loaded on a MonoQ (Pharmacia) column, and eluted at 0.8
ml/min with a 0 to 0.35 M sodium acetate buffer gradient in 20 mM Tris HCI (pH
8.8). Fractions eluted between 0.25 and 0.35 M sodium acetate were dialyzed and
loaded on a ProPac PA1 anion-exchange high-pressure liquid chromatography
(HPLC) column (Dionex) and eluted with the same buffer. The presence of DPP
IV activity was monitored during the different purification steps by the cleavage
of Gly-Pro p-nitroanilide (pNA) in the chromatographic fractions (see below).

Protein characterization by SDS-PAGE and Western blotting. Sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) on 7.5% acrylamide
and deglycosylation of A. fumigatus DPP IV were performed as described pre-
viously (19). Proteins were stained with Coomassie blue or silver nitrate (19).

A pool of serum from aspergilloma patients (kindly provided by J. P. Bou-
chara, CHR Angers) was used for anti-Aspergillus human serum. Monospecific
antisera against DPP V of A. fumigatus and CD26 from human T cells (mono-
clonal antibody 1F7; generous gift of C. Morimoto, Dana-Farber Cancer Insti-
tute, Boston, Mass.) (9) were also tested on A. fumigatus DPP IV (3). Preimmune
mouse antiserum and human sera from Candida-infected patients were used as
control sera. After electrophoresis, samples were electrotransferred to nitrocel-
lulose membranes and immunoblotted as previously described (19), using 1/1,000
dilutions of antisera and their peroxidase-conjugated anti-immunoglobulin G
antibodies.

Amino acid sequence determination of peptide frag ts of A. fumig DPP
IV. Internal sequences after endolysin digestion of A. fumigatus DPP IV excised
from an SDS-7.5% polyacrylamide gel and NH, terminus peptide sequence were
determined as previously described (2, 18).

Cloning and DNA seq ing of 4. fumig DPP IV. We used previously
constructed bacteriophage A\EMBL3A genomic and \gt11 cDNA libraries of 4.
fumigatus (17). Recombinant plaques of the genomic library were immobilized
on nylon membranes (Zeta-Probe; Bio-Rad) and probed with a *?P-labeled
oligonucleotide designed according to one internal amino acid sequence (17).
Recombinant plaques of the Agtll cDNA library were transferred on the same
membrane and probed with a >?P-labeled randomly primed genomic DNA frag-
ment of the isolated A. fumigatus DPP IV. Agarose gel electrophoresis of re-
stricted recombinant bacteriophage N\EMBL3A DNA, Southern blotting, and
subcloning of genomic DNA fragments into plasmid pMTL21 (7) were per-
formed according to standard protocols (26). Primers were provided by Mi-
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TABLE 1. Substrate specificities of the DPP IV of A. fumigatus and
CD26 of human MOLT4 cells”

Activity
Substrate (pg of substrate hydrolyzed)
DPP IV CD 26
Gly-Pro pNA 160 103
Ala-Pro-pNA 200 90
Lys-Pro MNA 400 ND?
Arg-Pro pNA 160 ND
Gly-Phe pNA 106 ND
Ala-Ala pNA 60 0
Lys-Ala MNA 0 0
Ser-Tyr NA 0 ND
His-Ser NA 0 ND
Gly-Arg pNA 0 0
Leu-Gly NA 0 ND
Arg-Arg NA 0 ND
N-Acetyl Ala pNA 0 0
Phe pNA 0 ND
Ala-Ala-Phe pNA 0 ND
N-Acetyl Ala-Ala-Ala pNA 0 0
Gly-Gly-Phe pNA 0 ND
NAPNE* Not degraded ND

“ The reaction was performed at 37°C for 1 h with 0.5 pg of A. fumigatus DPP
IV and the monoclonal antibody-purified CD26 (15).

? ND, not done.

¢ Not compared because the NAPNE is not a pNA or an arylamide derivative.

crosynth, Balgach, Switzerland. Double-stranded DNA was sequenced by using
an automatic sequencer. DNA sequence data were analyzed by using the Uni-
versity of Wisconsin Genetics Computer group program (10).

Expression of A. fumigatus DPP 1V in Pichia pastoris. P. pastoris GS115 and the
expression vector pHIL-S1 were from a Pichia expression kit (Invitrogen). PCR
of A. fumigatus DPP IV DNA was performed by using two homologous primers
based on the genomic DNA sequence: 01 (5" GC TGC GAT ATC GCC ATT
GAC GTC CCT CGT CAA CAA 3'), encoding the N-terminal sequence of the
protein (bases 93 to 116); and 02 (5" C ATG AGA TAT CTA CAG AAC AGA
CTT CTT 3'), encoding the C-terminal extremity of the protein (bases 2334 to
2361). cDNA was used as the template. Thirty cycles consisting of a 1-min 95°C
melting step, a 1-min 60°C annealing step, and 1-min 70°C extension were run.
The PCR product was digested by EcoRV and cloned into the Smal site of
pHIL-S1, generating plasmid pHIL-S1-DPP IV. P. pastoris spheroplasts were
transformed with 10 g of pHIL-S1-DPP IV linearized by Bg/II as described in
manual version E for the Pichia expression kit (Invitrogen). The culture filtrate
containing the A. fumigatus DPP IV was recovered after 1 to 4 days of expression.
Deglycosylation of the recombinant A. fumigatus DPP IV was performed by using
peptide-N-glycosidase F (Oxford Glycosystems) as described previously (19).

Enzymatic activity of the A. fumigatus DPP IV. DPP activity was estimated with
0.5 wg of A. fumigatus DPP IV and different pNA and arylamide derivatives of
mono-, di-, and tripeptides (Sigma) at the final concentration of 0.4 mM in 100
wl of 50 mM Tris HCI (pH 7.5) for 1 h at 37°C (Table 1). The optical density of
the pNA coloration was measured at 405 nm, and the fluorescence of the
arylamide was measured by using emission and excitation filters at 335 and 405
nm, respectively. The optimum pH was determined by using various buffers
containing either 50 mM Tris HCI (pH 6.5 to 9) or 50 mM sodium acetate (pH
3.5 to 6). K,,, was determined by using a 50 mM Tris HCI (pH 7.5) buffer
containing 0.05 to 2.4 mM substrate. The inhibitory activity of two specific DPP
IV inhibitors, lys-4-nitrobenzylocarbonyl-pyrolidide {lys-[Z(NO,)]-pyrolidide}
and lys-[Z(NO,)]-thizolidide (4, 27), was determined with the two substrates
Gly-Pro pNA and Ala-Pro pNA. As a control, H-Gly-Pro-OH (2 pM to 2 mM),
which is not a DPP IV inhibitor, was also tested. For inhibitor assays, the DPP
IV CD26 from MOLT4 cells was used as a control enzyme. The control enzyme
was purified by immunoprecipitation using monoclonal antibody 1F7 (8) and
protein A-Sepharose (Sigma) as described previously (15). The reaction buffer
for the DPP IV activity of CD26 contained 100 mM HEPES (pH 7.6), 120 mM
NaCl, 5 mM KCl, 1.2 mM MgSO,, 8 mM glucose, and 1% bovine serum albumin.
The inhibition experiments were performed with the specific substrate of DPP
1V, Gly-Pro pNA.

The activity of the DPP IV was assayed by using three biologically active
peptides: neuropeptide Y (NPY), [des-Arg'] bradykinin (BK) and glucagon-like
peptide (GLP)-1-(7-36) amide. Cleavage of [des-Arg'] BK (Bachem, Bubendorf,
Switzerland) was followed by HPLC using a pBondapak cyanopropyl reverse-
phase column (150 by 3.9 mm; Waters, Milford, Mass.) with a linear gradient of
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FIG. 1. Separation of A. fumigatus (A. f) DPP IV by ion-exchange chroma-
tography (ProPac PA1; Dionex) with a sodium acetate linear gradient (0 to 350
mM in 27 min). DPP IV activity was monitored by the cleavage of Gly-Pro pNA
and DPP V activity as described previously (3).

0 to 40% acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 1 ml/min.
GLP-1-(7-36) amide (gift of B. Thorens, Lausanne, Switzerland) and the cleaved
fragments were separated on a Nucleosil phenyl reverse-phase column (125 by
3.0 mm; Macherey-Nagel, Oensingen, Switzerland) with 31% acetonitrile in
0.1% trifluoroacetic acid at a flow rate of 1 ml/min. NPY (Novabiochem,
Laiifelfingen, Switzerland) and its cleaved fragments were separated on the
wBondapak cyanopropyl column with 26.5% acetonitrile in 0.05% trifluoroacetic
acid at a flow rate of 1 ml/min. Peptide fragments were detected and quantified
by their absorbance at 220 nm. Fragments isolated by HPLC were characterized
by electrospray mass spectrometry. Incubations with synthetic peptide substrates
were conducted with 50 to 100 ng of A. fumigatus DPP IV at 37°C in total volume
of 25 to 50 pl of 25 mM triethanolamine (pH 7.8). At the end of the incubation,
the assay solutions were acidified with acetic acid and analyzed by HPLC. K,,, and
Vmax Values for NPY, [des-Arg'] BK, and GLP-1-(9-36) amide were determined
under the following conditions: peptide substrates were incubated at final con-
centrations ranging from 10 to 100 pM for NPY, 20 to 200 pM for [des-Arg']
BK, and 10 to 50 uM for GLP-1-(7-36) amide. The substrates and products were
quantified after separation by HPLC as described above. K,,, and V,,, were
determined from initial velocity measurements plotted versus various substrate
concentrations, using the Lineweaver-Burk representation.

Hydrolysis of N-acetyl-phenylalanine naphthyl ester (NAPNE), a chymotrypsic
substrate, was estimated as described previously (3).

The binding of A. fumigatus DPP IV to native collagen was demonstrated by
the capacity of the enzyme to be retained on a matrix containing collagen.
Briefly, the sample was loaded in a column containing 1 ml of collagen insolu-
bilized on cross-linked 4% beaded agarose (suspension of 1 mg of collagen/ml of
packed gel; Sigma). The column was washed with 50 mM Tris HCI (pH 7.5).
Elution was performed with 2 volumes of 50 mM Tris HCI (pH 7.5) containing
100, 200, and 350 mM NacCl successively.

Nucleotide sequence accession number. The sequence reported has been as-
signed GenBank accession no. U87950.

RESULTS

Purification and antigenic specificity. Preliminary experi-
ments have shown that culture filtrate of A. fumigatus con-
tained two DPP activities: an activity due to the DPP V releas-
ing mainly X-Ala dipeptide but inactive on X-Pro peptides (3)
and an activity cleaving X-Pro dipeptides. The 80- to 95-kDa
fraction recovered from the Superdex column and subse-
quently eluted from the MonoQ column at 0.25 to 0.3 M
sodium acetate contained both DPP activities. The ProPac
PA1 column allowed the separation of the two DPP activities,
the fraction containing the X-prolyl DPP activity being eluted
at 300 mM sodium acetate (Fig. 1). SDS-PAGE of this fraction
on a 7.5% acrylamide gel showed that the fraction was slightly
contaminated by the DPP V (characteristically seen as a 87- to
88-kDa doublet [Fig. 2]). The estimated M, of A. fumigatus
DPP 1V was 95,000 (Fig. 2). The results presented in Fig. 2
showed that the A. fumigatus DPP IV is an antigenic protein



3044 BEAUVAIS ET AL.

205- 1 2 34 5 6
116.
97- | o

67.‘ ke d

FIG. 2. Protein and antigenic characterization of A. fumigatus DPP IV.
Lanes 1 to 4, silver nitrate staining of an SDS-7.5% polyacrylamide gel of the
MonoQ fraction shearing the X-prolyl DPP activity (lane 1), the most purified 4.
fumigatus DPP 1V from the ProPac fraction (lane 2), the recombinant DPP IV
(lane 3), and its deglycosylated from (Lane 4). Lanes 5 and 6, immunoblot
labeling of A. fumigatus DPP IV by a 0.1% dilution of a pool of sera from
aspergilloma patients and anti-human peroxidase conjugate (lane 5) and by a
0.1% dilution of an anti-DPP V mouse antiserum and anti-mouse peroxidase
conjugate (lane 6). Sizes are indicated in kilodaltons.

recognized by the polyclonal human sera from patients with
aspergilloma but did not cross-react with mouse antiserum
recognizing specifically DPP V or with monoclonal antibody
1F7, specific for CD26 (data not shown).

Molecular characterization of A. fumigatus DPP IV. The
N-terminal amino acid sequence as well as the sequence of one
internal peptide generated after endolysin digestion of A. fu-
migatus DPP IV were determined to be IDVPRQPYA and
KYPVLFTPYGGPGAAQ, respectively. One oligonucleotide
probe (5" AAG TAC CCY GTB CTB TTC ACY CCY TAC
GGY GG 3’) was designed on the basis of the amino acid
sequence KYPVLFTPYGG of the internal peptide and the
codon usage for the genes encoding alkaline protease (17),
metalloprotease (16), and a restrictocine (20) of A. fumigatus.
This probe was used to screen 20,000 recombinant plaques of
the A. fumigatus genomic library, and six positive clones were
identified. Restriction enzyme analysis of purified bacterio-
phage DNA revealed that the six clones carried similar but not
identical DNA fragments. However, all six clones contained a
0.6-kb Sall fragment which hybridized with the oligonucleotide
probe. Four clones contained a 4.6-kb hybridizing HindIII frag-
ment, and two clones contained a hybridizing HindIII fragment
over 8 kb which was a chimera of a \EMBL3A arm vector and
A. fumigatus genomic DNA. The 4.6-kb HindIII fragment, for
which a restriction map is shown in Fig. 3, was cloned in
pMTL21, generating plasmid pMTL21-H4.6. An internal
Psp14061-Xbal fragment including the 0.6-kb Sal/l fragment
was sequenced on both strands (Fig. 4). One long open reading
frame (ORF) coding for a polypeptide of 765 amino acids was
found, starting 254 bp downstream of the Psp1406I site. The
sequence of this long ORF and its 5'- and 3'-flanking regions
along with the corresponding amino acid sequence is shown in
Fig. 4. The N-terminal amino acid sequence of the mature
protein is preceded by a putative signal peptidase cleavage site
(AAA). However, the absence of a Met residue in the ORF
before the N-terminal amino acid sequence of the mature
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FIG. 3. Restriction map of the 4.8-kb HindIIl genomic DNA fragment ob-
tained from positive recombinant EMBL3 bacteriophages. A, Asp718; B,
BamH]I; E, EcoRI; Ev, EcoRV; M, Mlul; P, Psp14061; S, Sall; Xb, Xbal; Xh,
Xhol.
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protein suggested a possible intron/exon structure at the be-
ginning of the A. fumigatus DPP IV gene. Therefore, 100,000
recombinant phage plaques of a previously constructed A. fu-
migatus cDNA library in Agt11 were screened with the genomic
DNA of plasmid pMTL21-H4.6. Six clones were identified and
purified. The cDNA was extracted from the Agtl1 phage DNA
after NorI digestion and cloned in plasmid pBluescript IT KS™.
The nucleotide sequence of the longest cDNA was compared
with that of the genomic DNA, and one intron was detected at
bp 7 to 59 relative to the ATG encoding the putative Metl of
the DPP IV translation product. The cDNA encoded an
85,816-M, protein with an isoelectric point, calculated from the
cDNA sequence, of 5.73. Comparison of the amino acid se-
quence with that of the other DPP IV sequences listed in the
Swiss-Prot data library revealed similarities, particularly in the
last 200 amino acids. Based on the alignments of these 200
amino acids shown in Fig. 5, A. fumigatus DPP 1V displayed
similarities of 60% with rat, mouse, and human DPP IV and
65% with the yeast DPAP B. A similarity score of 47% was
observed with the DPP V of A. fumigatus. Moreover, this
stretch of 200 amino acids also contained the Gly-X-Ser-X-Gly
consensus sequence shared by the serine proteases, the serine
esterases, and the other DPPs (Fig. 4) (3, 22). The putative
catalytic triad of all DPPs IV was also present and arranged in
the same topological order (Ser®? Asp®* His’* [Fig. 4]).
However, only the DPP IV and DPP V of A. fumigatus shared
a cleavable signal peptide. The hydropathy profile of the de-
duced amino acid sequence of the A. fumigatus DPP IV
showed a highly hydrophobic amino-terminal end correspond-
ing to the signal peptide and a highly hydrophilic carboxy-
terminal end.

Expression of A. fumigatus DPP IV in P. pastoris. After
transformation with pHIL-S1-DPP 1V, P. pastoris secreted A.
fumigatus DPP IV enzyme in the culture medium upon induc-
tion of expression with methanol at a maximal rate of 0.15
mg/ml, with maximum production after 48 h of expression.
SDS-PAGE showed that the secreted recombinant A. fumiga-
tus DPP IV was the major protein present in the culture me-
dium of P. pastoris (Fig. 2). This protein migrated as a broad
band between 95 and 100 kDa. However, after deglycosylation
by endoglycosidase F, this broad band gave rise to a thin band
at 85 kDa (Fig. 2) similar to the one obtained with the degly-
cosylated native DPP IV (data not shown). The recombinant
A. fumigatus DPP 1V was also recognized by the serum of A.
fumigatus-infected patients (data not shown).

Activity of A. fumigatus DPP IV. Recombinant and native A.
fumigatus DPP IV exhibited the same substrate specificity. A.
fumigatus DPP IV showed a hydrolytic activity similar to the
other DPPs IV, with a specific degradation of X-Pro dipeptides
such as Gly-Pro pNA, Ala-Pro pNA, Arg-Pro pNA, and Lys-
Pro methoxy-p naphthylamide (MNA) (Table 1). The reaction
using Gly-Pro pNA was linear for 2 h. The apparent K,,, at pH
7.5 was determined by using Michaelis-Menten plots. For Gly-
Pro pNA and Ala-Pro pNA, the K,,, was 0.38 mM; for Arg-Pro
pNA, the K,,, was 0.15 mM. As a control, CD26, which is a DPP
IV, showed the same X-Pro dipeptide substrate specificity (Ta-
ble 1). The optimum pH of A. fumigatus DPP IV was pH 6.5 to
7 (Fig. 6), similar to the optimum pH of CD26 (15). To a lesser
extent, Ala-Ala pNA but not Lys-Ala MNA was hydrolyzed by
A. fumigatus DPP IV (Table 1).

Two specific inhibitors of DPP IV, lys-[Z(NO,)]-pyrolidide
and lys-[Z(NO,)]-thiozolidide, were good inhibitors of CD26
and A. fumigatus DPP 1V: lys-[Z(NO,)]-pyrolidide at 10 uM
inhibited A. fumigatus DPP IV by 90% and CD26 by 100%;
lys-[Z(NO,)]-thiozolidide, at the same concentration, inhibited
A. fumigatus DPP IV by 77% and CD26 by 95%. As a control,



VoL. 65, 1997

-193 aacgtttgcttggcaggtgaaaacagacgaatggaatgggagatgatcgagcccaagage -134
-133 tatctectgegcattctecgtegggattagaatgatacaategtettegetetggtatge -74
-73 ggggttattcccccatatttaagetcagggaggegatgcaagtacctegetgtggetget -14

-13 agccgcagtcaacATGAAGgtatgtactttatcatgcaatccaaggaatgcagacaactyg 46
M K

47 acaaatgcaatagTGGTCAATTCTCCTTTTGGTCGGCTGCGCTGCCGCCATTGACGTCCC 106

w s I L L L V G C A A A I D V P

107 TCGTCAACCATATGCCCCTACTGGAAGCGGCAAGAAACGACTGACCTTCAACGAGACGGT 166
R O P Y A P T G S G K KR L T FNE T V

167 CGTCAAGCGAGCCATTTCCCCCTCGGCCATCTCGGTCGAGTGGATTTCTACCTCCGAGGA 226
vV KR AI $S$P S 2aAI 8V EWTI S T S E D

227 TGGGGATTATGTCTACCAAGACCAGGACGGCAGTCTGAAAATCCAGAGCATCGTCACCAA 286
G DY VY QD QDG S 5L K I QS I V TN

287 CCACACGCAGACCCTCGTCCCTGCGGACAAAGTGCCAGAGGATGCCTACAGCTACTGGAT 346
H T TUL V P A DKV P EDAY S Y W I

347 CCATCCCAATCTCTCCTCCGTGCTCTGGGCTACCAACTACACCAAGCAATACCGGCACTC 406
H P NL S S V L WAaATNYTIE K QY R H S

407 GTACTTTGCCGACTACTTTATCCAGGACGTGCAGTCGATGAAATTGCGACCGCTCGCCCC 466
Y FADYF I QDV QS M KL RPIL A P

467 AGACCAGTCCGGCGACATCCAGTACGCTCAGTGGAGTCCCACCGGCGACGCCATCGCCTT 526
D Q S ¢GD I Q YA QW S P T GDATI A F

527 TGTCCGCGGCAACAACGTCTTCGTCTGGACCAATGCCTCGACTAGCCAGATTACCAATGA 586
VRGNDNV F VW TN AZST S Q I TUND

587 CGGCGGGCCGGATCTCTTCAATGGCGTCCCGGACTGGATCTACGAGGAGGAGATCCTCGG 646
G G P DL F NGV PDWIYETETETITL G

647 CGACCGGTTTGCGCTCTGGTTCTCGCCGGACGGGGCGTACCTCGCCTTCCTGCGGTTCAR 706
D RFALWVF S PDGAYTLAFTLTRF N

707 TGAGACCGGTGTCCCAACCTTCACCGTGCCGTACTACATGGACAACGAGGAGATTGCGCC 766
E T GV P T F T V P Y Y M DNE E I A P

767 GCCGTACCCACGCGAGCTGGAGCTGCGGTATCCCAAGGTGTCGCAGACGAACCCTACCGT 826
P Y P R EUL EL R Y P K V § Q T N P T V

827 CGAGCTGAACCTGCTGGAGCTCCGTACCGGCGAGCGGACGCCTGTCCCGATCGACGCGTT 886
E L N L L EL R TG E R TPV P I D A F

887 TGACGCAAAGGAGCTGATCATCGGCGAGCTGGCGTGGTTGACGGGGAAGCATGACGTCGT 946
DA K EUL I I G EV A WILTTG K HUDV V

947 GGCTGTCAAGGCGTTCAACCGCGTGCAGGACCGGCAARAGGTCGTCGCTGTGGATGTGGC 1006
A V KA F N RV QDR Q KV V A V D V A

1007 CTCGCTCAGGTCCAAGACAATTAGTGAGCGCGACGGCACGGACGGATGGCTGGATAACCT 1066
S$ L RS KTTISETZRTDTGTTDGTWTL DN L

1067 GCTCTCCATGGCGTACATCGGGCCCATCGGCGAGTCCAAGGAGGAGTACTACATTGACAT 1126
L s M A Y I G P I GE S KETE Y Y I D I

1127 CTCGGACCAGTCCGGCTCGGCGCATCTCTGGCTGTTTCCTGTCGCTGGAGGCGAGCCCAT 1186
S D Q S G WA HTULWILUF PV A GG E P I

1187 CGCCCTGACCAAGGGCGAGTGGGAAGTCACCAATATCCTTAGCATCGACAAGCCGCGCCA 1246
A L T K G E W E V TN I L S I D K P R Q
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1247 GCTGGTCTACTTCCTGTCGACCAAACACCACAGCACCGAGCGCCACCTCTACTCCGTCTC 1306
L VvV Y F L S TKHHSTERUHELYS V S

1307 CTGGAAGACGAAAGAAATCACCCCCTTAGTCGACGACACCGTCCCCGCCGTCTGGTCCGC 1366
W KT K E I TP LV DDTUV P AUV W S A

1367 CTCCTTCTCCTCGCAGGGCGGATACTACATCCTCTCTTACCGCGGGCCCGACGTGCCCTA 1426
s F $ $ Q 6 6 Y Y IL S YURGU®PDV P Y

1427 CCAAGACCTCTACGCCATCAACTCCACCGCGCCCCTGCGCACCATCACCAGCRAACGCGGL 1486
Q DL Y ATINSTAZ®PULRTTIT S NARA

1487 CGTGCTCAACGCCTTGAAGGAATACACCTTGCCGAACATTACCTACTTCGAGCTCGCCCT 1546
v L NAL K EY TZLPNTITYT FETULATL

1547 TCCCAGCGGCGAAACCCTCAACGTCATGCAGCGCCTCCCCGTCAAGTTCTCCCCCAAGAA 1606
P S GETULNUVMOQRTLZPV KT F S P KK

1607 GAAGTACCCCGTTCTCTTCACGCCCTACGGCGGTCCCGGCGCACAAGAAGTCTCCAAACC 1666
K Y P VvV L F T P Y G G P 6 A O E V S K P

1667 CTGGCAAGCCCTCGACTTCAAGGCCTACATTGCCTCAGACCCCGAACTCGAGTATATCAC 1726

W 9 A L DF KA YTIASDTZPETLEYTIT

1727 CTGGACGGTTGACAACCGCGGCACGGGCTACAAGGGCCGCGCATTCCGGTGCCAAGTCGT 1786
W TV DNURGTGY K GRATFRCOQV A

1787 CAGCCGGCTGGGCGAGCTCGAAGCCGCCGACCAGGTCTTCGCCGCGCAGCAGGCCGCCAA 1846
S R L G EL EAADAOQV FADRAZQ QA AK

1847 GCTCCCTTATGTCGACGCACAGCACATCGCCATATGGGGATGGAGTTACGGCGGCTATCT 1906
L P Y V DA Q H I A I WG@W S8 Y G G Y L

1907 GACGGGCAAGGTCATCGAGACCGACAGTGGGGCGTTCTCGCTTGGTGTGCAGACCGCTCC 1866
T G KV I ETD S G AVF S L GV QTAP

1967 GGTTTCGGACTGGCGATTCTATGATTCGATGTACACGGAGCGGTATATGAAGACGCTGGA 2026
vV §$S DWRF Y D S M Y TE R YMIKTUL E

2027 GAGCAACGCGGCAGGGTACAATGCCAGTGCGATCCGGAAGGTAGCAGGCTACAAGAATGT 2086
S N A A G Y N A S A X RKV A G Y KNV

2087 GCGTGGTGGGGTGCTGATCCAGCATGGGACGGGTGACGATAATGTGCATTTCCAGAATGC 2146
R 6 GV L I 0 HGTGDUDNVHTF QN A

2147 GGCGGCGCTGGTGGACACCCTTGTTGGGGCGGGAGTGACGCCGGAGAAGCTGCAGGTGCA 2206

2207 GTGGTTTACAGACTCGGATCATGGGATTCGGTACCATGGGGGGAATGTGTTCTTGTATCG 2266
W FTD S DHEGIRYHGGNV F L Y R

2267 GCAGTTGTCCAAGAGGCTGTACGAGGAGAAGAAGCGGAAGGAGAAGGGTGAGGCGCATCA 2326

Q L $ K R L Y EE K KR KEIKGE A H Q

2327 GTGGAGCAAGAAGTCTGTTCTGTAGatatctcatgtatgcacggttggegtacatggcag 2386
W S K K § V L

2387

caatgacgctcaattttcgtttat tgaatat atatatccagtgctc 2446

2447 cactcctgcagcaagactcaggttgatgcaccccagctccggagtctgtettocatttee 2506
2507 ttctggtatgaataagatcatgagaaaggactcccgtagacatgaatcatccaagggcta 2566
2567 taagacaccagcatgagtaatttttcctaagataactgagtcagcgtaatgatctgtcta 2626

2627 ga 2628

FIG. 4. Genomic nucleotide sequence of the A. fumigatus DPP IV and the deduced amino acid sequence. The NH, terminus methionine residue is referred to as
+1 of the amino acid sequence and A of the initiator ATG codon of the nucleotide sequence. Two introns were identified by comparison with the cDNA sequence
of DPP IV and are shown in lowercase. The sequences corresponding to the NH, terminus and internal peptides determined for 4. fumigatus DPP IV are underlined.
The Gly®''-X-Ser®'3-X-Gly®'> consensus and the catalytic triad Ser®'® Asp®®® His’** are in boldface.

H-Gly-Pro-OH had no effect on the A. fumigatus DPP 1V or
CD26. These results confirmed that A. fumigatus DPP 1V is a
true DPP IV which hydrolyzed preferentially X-Pro dipeptides
and reacted with the specific inhibitors of this class of enzymes.

NAPNE, the chromogenic substrate used in the serodiagno-
sis of aspergilloma which is cleaved by DPP V (3), was not
degraded by A. fumigatus DPP IV (data not shown), confirm-
ing the difference in biochemical activities of these two DPPs
from A. fumigatus.

Reverse-phase chromatography allowed the separation of
intact NPY, GLP-1-(7-36) amide, and [des-Arg'] BK from
their corresponding N-terminally deleted dipeptide fragments
(Table 2). The identities of the fragments obtained by cleavage
of NPY, GLP-1-(7-36) amide, and [des-Arg'] BK by A4. fumiga-
tus DPP IV were confirmed by electrospray mass spectrometry.

The average m/z products of 3-36 NPY, [des-Arg'-Pro*’] BK,
and GLP-1-(9-36) amide were 3,993, 710, and 3,109, respec-
tively, in close agreement with the calculated [M+H]™ values
of 3,991, 710, and 3,071, respectively. The difference observed
between the [M+H] " calculated and experimentally found for
GLP-1-(9-36) amide was due to the formation of a K* salt. The
kinetic data clearly demonstrate that A. fumigatus DPP 1V
cleaved biological peptides more efficiently than chromogenic
dipeptidic substrates. K,,, values for NPY, [des-Arg'] BK, and
GLP-1-(7-36) amide were 24, 128, and 80 pM, and V,,, values
were 74, 786, 653 pmol/min, respectively.

The A. fumigatus DPP IV bound to the collagen agarose
column and was recovered mainly in the 200 mM NaCl eluted
fraction, whereas no activity was detected in the void volume.
This result provided an easy way to separate the two DPPs (V
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mouseDPPIV 518 ......FWYQMSHIPHIEHIR. .34 LDVIALEICERKSASHR . ATHLIGTENT .
ratDPPIV 525 GP[o{sS QINA DFYAF) 3N ATHLINTENI .
humanDPPIV 524 G P{S QINA DrdiF ) 38 ATMLEGEITENT .
yeastDPAPB 565 FGRDILVNSYEISBINDIZETLEDH)$IVF FFANMGEIINE JOVVKTIY. SVGFNEVVEE]. . QLN
AfDPPIV 503 .....TLNVMQRIBIVEK|ISP . . KIZReIVIAF TPGAIGAEVSKPWQAFMDFKAILEIDPELE
AfDPPV 454 ......IHAWVHYREENFII. .S $IIT FFIHG[PIQCNWEBIGWS TRWJPKAW. . . .ADQG
mouseDPPIV 568 . S PR 108D K I MHESAN RESNET LiSv ERRIEEY . FAR[OJF ViRM GIEA43)S KR VESRTEA LR §
ratDPPIV 575 . I ADGRGSGY MG IATISAR LGYRAENSADQ I IHANALIOIRAR HEF VDI RYA TWGWS Y
humanDPPIV 574 . I IDGRGSGY[oiGE S8 §: (A IINEIR L GEdIENADQ I 1A RAIIOESKIHIF VDI RIA IWGWS Y
yeastDPAPB 622 A VVDGRGEGFKGQDFRSLVRDRLGDY RiJoRASIN INSLYGSL TP QK I S L F[e1if:3Y
AfDPPIV 556 YMTWTVENIJET(HKERAFRCQVASLKIAIE LA AlJJVFLEY. [NoMA A[QL P Y)aela o H T FETT10F-h'Y
AfDPPV 502 YVVAPNPT[ETGFEQALTDEE{QNNWEGAP YDBLVKCWEYVHENLD Y\l TDHGVAA[ALR
mouseDPPIV 626 fsM cEYe . vigiicH. . . . . . . IEXZESAE] - }{YDSVYTERYM[EIA-J4P
ratDPPIV 633 WsM GEfel. vighiclel. . . ... . IENZNAT . M{YDSVYTERYMEIBIT P
humanDPPIV 632 T GEJel. vigucle. . . ... . ILNZSA] . MYDSVYTERYMERITP
yeastDPAPB 681 LWLKTHEKDGERH|PAY(E., . . ... . MS{ZVAYT . W YDSVYTERYMES:T P
AfDPPIV 615 LGKYIETDEe. AlJSLlel. . . ... .VQTLSAE]. . . KiL
AfDPPV 562 FMINWIQEFPL[ERK LVSHDGTFVEDIRILITE e
mouseDPPIV 671 PFPRLBENMRNETHGMSRINGHFIANE. .EY DA[E}YY]. . . DF
ratDPPIV 678 IIINLINHIRNET\M SRINANFIAN. .EY DAl . . . DF
humanDPPIV 677 3N LINHV4RNETIMSRISINFIXNY . . EY| DV[e}4. . . DF
yeastDPAPB 725 QENFBGHVEESIJHNVTA . LA[]A DLN[E}Y. . ENYD
AfDPPIV 658 AGHNANAIRKVEG. YEIN{YRGGVMIQ GA[lYT PEKL[8)
AfDPPV 615 .PIUYRRWDPEA....PEHRILEFATPM SDKBJYRLPVAEGLSLFNVIMQER[AYP SRFLN
mouseDPPIV 726 AMYYIIo lediAS STINHOHIFSHMSHFLQQCHASLHE . -« v v v v v e et e oo neeens
ratDPPIV 733 AMUYEdI):{erdA S STEVHQH IS HMSHFLQOQCIESLR e ¢+ o v e e o o v v o cneeeens
humanDPPIV 732 AMYids)ope):deddA S ST NHOH I {THMSHF IKQC S L P v v v v v v oo v v oo nnvennns
yeastDPAPB 781 VHVFPDEDHEIRYHNANVIVFDKLLDWAKRA DGQFVEK . v oot veoeecnnnons
AfDPPIV 717 VQIFERSpiEMRYHGGNVFLEJRQL . . . SKRLYEEKKRKEKGEAHQWSKKSVL. . .
AfDPPV 670 ...FPPENEWVVNPENSLVWHQQOALGWINKYSGVEKSNPNAVSLEDTVVPVVNYN

FIG. 5. Alignment of the predicted DPP IV protein (amino acids 503 to 765) of A. fumigatus with the corresponding segment of rat and mouse DPP IV, human
CD26, yeast DPAP B, and A. fumigatus DPP V. Sequences were from the Swiss-Prot data bank (accession no. p27487 [human CD26], p28843 [mouse DPP IV], p14740
[rat DPP IV], and p18962 [yeast DPAP B]) and from the EMBL/GenBank data library for A. fumigatus DPP V (accession no. L48074).

and IV) in A. fumigatus. All of these results showed that the
95-kDa DPP of A. fumigatus exhibited all of the main biochem-
ical characteristics of the DPP IV family and was very different
from the DPP V of A. fumigatus previously characterized (3).

DISCUSSION

DPPs have not heretofore been considered putative viru-
lence factors of human fungal pathogens. A. fumigatus secretes
two types of antigenic DPP, IV and V, that may play different
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FIG. 6. Influence of pH on the activity of A. fumigatus DPP IV. Reactions
were performed at 37°C, using Gly-Pro pNA Arg-Pro pNA and Ala-Pro pNA, for
30 min; 100% activity is that at pH 6.5 for Ala-Pro pNA.

roles during infection. First, DPP V is one of the two major
antigens of A. fumigatus and has long been known as the
chymoptrypsic antigen of A. fumigatus (3). Second, mice sur-
viving infection with A. fumigatus have antibodies that recog-
nize only the DPP V specifically in a total A. fumigatus extract
(20a), which suggests that this molecule is primarily involved in
the protective immunity against Aspergillus infection. DPP IV,
in contrast to DPP V, is able to bind to and release a dipeptide
from collagen and may thus help the fungus in the first step,
colonization of the proteinaceous matrix of the lung, which is
composed mainly of collagen and elastin. The A. fumigatus
DPP 1V characterized in this study shows the same properties
as the other known DPP IV: removal of Xaa-Pro and to a
lesser extent Xaa-Ala dipeptides from the N termini of pep-
tides, including bioactive peptides such as NPY, [des-Arg']
BK, GLP-1-(7-36) amide, and the human growth releasing
factor (data not shown), activity at neutral pH, and presence in

TABLE 2. HPLC separation on cyanopropyl or phenyl columns of
NPY, GLP-1-(7-36) amide, and [des-Arg'] BK from their
corresponding N-terminally deleted fragments

Peptide or fragment Retention time (min)

3-36 NPY.........

[Des-Arg'] BK....
[Des-Arg'-Pro*?] BK...
GLP-1-(7-36) amide. "
GLP-1-(9-36) Qmide.....c.ceoveuerreeecreiricecirieeeieieereeseeeeeeseaenens 17.4
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the amino acid sequence of the Gly-X-Ser-X-Gly consensus
motif of the serine-hydrolases and the putative catalytic triad
(Ser®3, Asp®?, and His”*®) of the DPPs. After removal of the
Tyr-Pro sequence from the N terminus of NPY, a peptide
involved in cardiovascular regulation, NPY is no longer able to
bind to the Y1 receptor (23). GLP-1-(7-36) amide, one of the
incretin hormones which potentiates the action of glucose on
insulin secretion in the pancreas, is inactivated by DPP IV
through removal of the His-Ala dipeptide (25). Similarly, after
inactivation of the vasodilatory molecule BK by an aminopep-
tidase P which liberates the N terminus residue, DPP IV pro-
motes cleavage of the penultimate Pro-Pro sequence from the
inactivated [des-Arg'] BK (28). The K,, values of NPY and of
GLP-1-(7-36) amide were higher for A. fumigatus DPP IV than
those found for mammalian DPP IV, nevertheless, the cleav-
age specificity is conserved (23, 25, 28). Hydrolysis of NPY,
GLP-1-(7-36) amide, and human growth releasing factor by
human DPP 1V yields biologically inactive metabolites (12, 23,
25). Therefore, the inactivation of these hormone peptides by
the DPP IV secreted by A. fumigatus may affect the overall
physiology of the host.

Complement receptor molecules have been found on the
surface of both host cells and fungal pathogens and have been
considered to play a significant role in fungal pathogenesis (5).
A. fumigatus DPP IV and CD26 display significant sequence
homologies and show the same enzymatic activity. This is yet
another example of homology between receptor molecules
found both in a fungus and in its human host. In humans and
animals, CD26, either directly or by binding with components
of the cell matrix such as fibronectin or collagen, activates T
cells (8), in particular CD4™ T cells (24). Moreover, another
DPP IV-like enzyme present at the surface of macrophage
cells can inactivate the tumor necrosis factor alpha produced
after stimulation of the CD4™ Th1 population (1). Activation
of the Th2 and inactivation of the Th1 CD4" T-cell population
has been recently shown to favor A. fumigatus infection (6).
Similarly, binding of A. fumigatus DPP IV to collagen may also
activate the CD4™" T cells. The availability of recombinant DPP
IV and DPP V from A. fumigatus will allow us to test the roles
of these different DPPs on the cellular immune response dur-
ing an A. fumigatus infection.
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