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We have cloned and characterized a cDNA encoding
DmI1-MMP, the first matrix metalloproteinase (MMP)
identified in Drosophila melanogaster. The isolated
cDNA encodes a protein of 541 residues that has a do-
main organization identical to that of most vertebrate
MMPs including a signal sequence, a prodomain with
the activation locus, a catalytic domain with a zinc-
binding site, and a COOH-terminal hemopexin domain.
Northern blot analysis of Dm1-MMP expression in em-
bryonic and larval adult tissues revealed a strong ex-
pression level in the developing embryo at 10-22 h, de-
clining thereafter and being undetectable in adults.
Western blot analysis confirmed the presence of pro-
and active forms of Dm1-MMP in vivo during larval de-
velopment. In situ hybridization experiments demon-
strated that Dm1-MMP is expressed in a segmented pat-
tern in cell clusters at the midline during embryonic
stage 12-13, when neurons of the central nervous system
start to arise. Recombinant Dmi1-MMP produced in
Escherichia coli exhibits a potent proteolytic activity
against synthetic peptides used for analysis of verte-
brate MMPs. This activity is inhibited by tissue inhibi-
tors of metalloproteinases and by synthetic MMP inhib-
itors such as BB-94. Furthermore, Dm1-MMP is able to
degrade the extracellular matrix and basement mem-
brane proteins fibronectin and type IV collagen. On the
basis of these data, together with the predominant ex-
pression of Dm1-MMP in embryonic neural cells, we
propose that this enzyme may be involved in the extra-
cellular matrix remodeling taking place during the de-
velopment of the central nervous system in Drosophila.

In 1962, Gross and Lapiere (1) reported the discovery of a
collagenolytic enzyme involved in resorbing amphibian tadpole
tails during metamorphosis. This report initiated the field of
matrix metalloproteinases (MMPs),! a family of zinc-depend-
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ent endopeptidases. These proteinases play an essential role in
the connective tissue remodeling occurring in normal processes
in vertebrates, such as embryonic development, bone growth,
angiogenesis, wound healing, and limb regeneration (2, 3). In
addition, abnormal expression of these enzymes may contrib-
ute to a variety of pathological processes including atheroscle-
rosis (4), rheumatoid arthritis (5), neurological diseases (6),
and tumor invasion and metastasis (7). To date, the human
MMP family consists of 20 distinct proteinases that can be
classified into five major subfamilies according to their primary
structures, substrate specificity, and cellular localization.
These are collagenases, stromelysins, gelatinases, membrane-
type MMPs, and other MMPs (1, 8, 9). Structural analysis of
MMPs reveals that most are organized into three distinctive
and well defined domains as follows: a propeptide with a con-
served Cys residue involved in maintaining the enzyme la-
tency, a catalytic domain with a zinc-binding site, and a he-
mopexin-like domain that plays a role in substrate binding as
well as in mediating interactions with the tissue inhibitors of
metalloproteinases (TIMPs), a family of endogenous inhibitors
of MMPs (10). Additional domains such as fibronectin-like re-
peats or COOH-terminal hydrophobic extensions are present in
other family members like gelatinases or membrane type (MT)-
MMPs, thus contributing to an increase in their structural
complexity. Interestingly, recent biochemical characterization
of diverse mammalian MMPs has shown that these enzymes
are not exclusively involved in the degradation of extracellular
matrix or basement membrane protein components. These
MMPs play direct roles in essential cellular processes such as
proliferation, differentiation, angiogenesis, or apoptosis
through their ability to catalyze the hydrolysis of a variety of
substrates including membrane-bound precursors of cytokines,
growth factors, or hormone receptors (11-15).

The finding that MMPs may be involved in a wide variety of
biological processes has prompted the search for members of
this family in model organisms, in which the functional roles of
these enzymes could be recognized and extensively analyzed by
using additional experimental approaches. Thus, in addition to
the diverse MMPs identified in mammalian tissues, MMPs
have also been cloned from Xenopus laevis (16, 17), embryonic
sea urchin (18), green alga (19), Caenorhabditis elegans (20),
Hydra vulgaris (21), and Arabidopsis thaliana (22). However,
no member of the MMP family has been cloned in Drosophila

ase chain reaction; SDS, sodium dodecyl sulfate; STS, sequence tagged
site; TIMP, tissue inhibitor of metalloproteinases; DTT, dithiothreitol;
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melanogaster. This is particularly intriguing if we consider that
MMPs are assumed to play a decisive role in tissue remodeling
during embryogenesis, a process that has been extensively
studied in Drosophila and that has many other features that
are conserved. Furthermore, a number of recent reports pro-
vide evidence that Drosophila metalloproteases belonging to
other families, including those encoded by the kuzbanian,
tolloid, and tolkin genes, are key components in many signaling
pathways in Drosophila and mediate essential processes such
as neurogenesis or embryonic patterning (23-27).

Because of the potential importance of MMPs in developmen-
tal processes, identification and characterization of members of
this family in Drosophila are likely to help resolve the functions
of these enzymes. In this study, we report the identification and
characterization of Dm1-MMP, the first MMP family member
identified in D. melanogaster. We show that it is expressed in
larval tissues, with a distinct, reiterated expression pattern in
the midline, coinciding with the beginning of neural and glial
differentiation during embryogenesis. Furthermore, recombi-
nant DmI1-MMP produced in Escherichia coli has proteolytic
activity against extracellular matrix and basement membrane
proteins. On the basis of these data, we propose that Dm1I-
MMP may play a role during the development of the central
nervous system in Drosophila.

EXPERIMENTAL PROCEDURES

Materials—-Fly cosmid genomic clones in Lorist 6 vector (28) were
obtained from the Human Genome Mapping Resource Center (Cam-
bridgeshire, UK). ¢cDNA libraries constructed in Agtll were from
CLONTECH (Palo Alto, CA). Restriction endonucleases and other re-
agents used for molecular cloning were from Roche Molecular Biochemi-
cals. Synthetic oligonucleotides were prepared with an Applied Biosys-
tems (Foster City, CA) model 392A DNA synthesizer. Double-stranded
DNA probes were radiolabeled with [**P]dCTP (3000 Ci/mmol) pur-
chased from Amersham Pharmacia Biotech using a commercial ran-
dom-priming kit from the same company.

Probe Preparation and Screening of a Drosophila cDNA Library—A
computer search of the GenBank™ data base STSs for entries with
similarity to MMPs previously described identified a sequence (Z31945)
contributed by the D. melanogaster STS European Mapping Project.
This 309-bp sequence revealed significant similarity with the catalytic
domain of MMPs. Cosmid clones containing this STS (18a7, 23 g10, 57
g3, 162d9) were used to verify this sequence and to extend it by direct
sequencing. To obtain the corresponding ¢cDNA sequence, two specific
primers, 5'-CGGCTATCTACCCGCCTCTG (primer 1) and 5'-AGATCT-
TGTAGGTGAGGTT (primer 2), were used for PCR amplification to
prepare a probe to screen a panel of cDNAs from different developmen-
tal stages. The PCR was carried out in a GeneAmp 2400 PCR system
from PerkinElmer Life Sciences for 30 cycles of denaturation (94 °C,
15 s), annealing (57 °C, 15 s), and extension (72 °C, 20 s). A 271-bp PCR
product amplified from larva cDNA was radiolabeled and used to screen
a larva ¢cDNA library according to standard procedures (29). Cloned
DNA fragments were sequenced with an ABI 337 automatic sequencer
(PerkinElmer Life Sciences). Computer analysis of DNA and protein
sequences was performed with the GCG software package of the Uni-
versity of Wisconsin Genetics Computer Group.

Chromosomal Mapping—Hybridization to polytene chromosomes
squashes using the alkaline phosphatase-based DNA detection system
was performed as described (30). cDNA was biotin-labeled by nick
translation (Roche Molecular Biochemicals) and used as probe.

RNA Analysis—Total RNA (30 pg) from diverse developmental
stages of Drosophila was electrophoresed and blotted to Hybdond N+
(Amersham Pharmacia Biotech). The blot was hybridized with a radio-
labeled Dm 1-MMP ¢DNA and washed according to standard procedures
(21). Blots were subsequently hybridized with a ribosomal DNA probe
to control for RNA loading. In situ hybridization to whole mount em-
bryos was performed using sense and antisense RNA probes synthe-
sized by using the DIG-RNA labeling kit (Roche Molecular Biochemi-
cals). Detection was with anti-DIG-alkaline phosphatase reaction (31).

Expression, Refolding, and Purification of DmI-MMP—A 735-bp
fragment of the DmI1-MMP cDNA containing the pro- and catalytic
domains was generated by PCR amplification with primers 5'-CGG-
GATCCGCAATCGGCACCCGTTTCCACC (BamHI-proDm1l) and 5'-
CGGAATTCATACAGTGACTGGATGGCCGC (EcoRI-proDm1l) using
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the full-length Dm1-MMP cDNA as template. PCR amplification was
performed for 30 cycles using the Expand™ High Fidelity PCR system.
Due to the design of the oligonucleotides, the amplified fragment could
be cleaved at both ends with EcoRI and BamHI and ligated in frame
into the pRSETB E. coli expression vector (Invitrogen) thereby adding
an NH,-terminal His, tag to the protein. The resulting pRSET-proDm1
vector was transformed into BL21(DE3)pLysS E. coli cells, and expres-
sion was induced by addition of isopropyl-1-thio-B-D-galactopyranoside
(0.5 mM final concentration) followed by further incubation for 3—20 h at
30 °C. Recombinant protein obtained in inclusion bodies was solubilized
using 20 mM Tris buffer, pH 7.6, containing 6 M GdnHC]I, and 5 mm
DTT, and purified in a Superdex-75 column (Amersham Pharmacia
Biotech) equilibrated with 20 mm Tris buffer, pH 7.6, containing 3 M
GdnHCI, and 5 mm DTT. After SDS-PAGE analysis, peak fractions with
the recombinant protein were pooled, and the GdnHCI concentration
was adjusted to 6 M. Refolding was achieved by dialysis, first against a
50 mMm Tris buffer, pH 7.6, containing 5 mM CaCl,, 200 mm NaCl, 50 um
ZnS0O,, 0.05% Brij 35, 20% glycerol, and 2 M GdnHC]I, and then against
the same buffer with 2 mMm DTT, without GdnHCI.

Enzymatic Assays—Enzymatic activity of purified recombinant
Dm1-MMP was detected using the synthetic fluorescent substrates
Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH, (QF-24), Meca-Pro-Leu-Ala-
Nva-Dpa-Ala-Arg-NH, (QF-35), and Mca-Pro-Cha-Gly-Nva-His-Ala-
Dpa-NH, (QF-41) (provided by C. G. Knight, University of Cambridge,
UK). Routine assays were performed at 37 °C at substrate concentra-
tions of 1 uM in an assay buffer of 50 mm Tris/HCI, 5 mm CaCl,, 150 mMm
NaCl, 0.05% (v/v) Brij 35, pH 7.6, with a final concentration of Me,SO
of 1% (32). The fluorometric measurements were made in an MPF-44A
PerkinElmer Life Sciences spectrofluorometer (A, = 328 nm, A, = 393
nm). For inhibition assays, DmI-MMP (20 nM) and inhibitors were
preincubated for 30 min at 20 °C, with BB-94 (British Biotech Pharma-
ceuticals, Oxford, UK) at concentrations ranging from 0 to 100 nM.
Inhibition assays with TIMPs (kindly provided by Drs. V. Knduper and
G. Murphy) were performed at the same conditions with 20 nM concen-
tration of the different inhibitors. Cleavage of type I, type II, and type
IV collagens, type I gelatin, type I laminin, fibronectin, and fibrinogen
(purchased from Sigma) by recombinant DmI1-MMP was followed by
SDS-PAGE. All assays were performed in the above described assay
buffer for 16 h at 37 °C. The enzyme/substrate ratio (w/w) used in these
experiments was 1/10.

Substrate Gel Zymography—Casein zymography was done using a
13% SDS-polyacrylamide gel containing 1 mg/ml casein. Electrophore-
sis was performed at room temperature, under nonreducing conditions.
Following electrophoresis, the gel was washed twice for 1 h each in 100
ml of 2.5% Triton X-100 (v/v) to remove SDS and incubated for 24 h at
37 °C in 50 mMm Tris/HCI, 5 mm CaCl,, 150 mm NacCl, 0.05% (v/v) Brij 35,
pH 7.6, to allow proteolysis. After that, the gel was stained with Coo-
massie Blue to visualize the lytic bands.

Antibody Production and Western Blot Analysis—Purified Dm1-
MMP was injected into rabbits using the multiple injection method
developed by Vaitukaitis (33). The rabbits were bled 6 weeks after the
injection, and the serum was dialyzed for 24 h at 4 °C against 20 mm
phosphate buffer, pH 7.2. The material was then chromatographed in a
column of DEAE-cellulose equilibrated and eluted in the same buffer.
IgG-containing fractions were collected and stored at —20 °C until used.
Western blots were blocked in 5% milk in PBT (PBS containing 0.1%
Tween 20) and then incubated for 1 h with rabbit antiserum diluted
1:5000 in PBT. After three washes in PBT, blots were incubated for 1 h
with horseradish peroxidase-conjugated goat anti-rabbit IgG at
1:20,000 and developed with the Renaissance chemiluminescence kit
(PerkinElmer Life Sciences).

RESULTS

Identification and Characterization of a Drosophila Larva
cDNA-encoding a Member of the Matrix Metalloproteinase
Family—By analyzing the GenBank™ data base of Drosophila
expressed sequence tags and STSs, we identified a sequence
with similarity to vertebrate MMPs. We used this sequence to
isolate a short genomic fragment (Z31945) with significant
sequence similarity to a region of the catalytic domain found in
the different vertebrate MMPs, and then we isolated a full-
length ¢cDNA clone from a a fly larva Agt-11 library. The cor-
responding 2.2-kb mRNA has an open reading frame with two
potential translation start sites. The most likely start site is the
second methionine residue since the sequence immediately up-
stream of the AUG codon corresponding to this residue (CAAA
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Fic. 1. Nucleotide sequence and de-
duced amino acid sequence of Dm1-
MMP. The amino acid sequence is shown
in single-letter code below the nucleotide
sequence. The methionine residue pre-
dicted as translation start site is under-
lined. The cysteine-switch residues and
those corresponding to the zinc-binding
site are shaded.
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CTCASTCTAGCGCACTAGCGAGCCTCARRARCGCACTCGAACTTECAGTTACGECAGC TTECTGL CRARTCTCC
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AUG) perfectly matches the Drosophila translation start site
consensus sequence ((C/A)AA(A/C) AUG) (34). Furthermore,
this methionine residue immediately precedes a hydrophobic
sequence that could direct the protein to the secretory pathway.
Assuming that translation starts at this residue, the identified
open reading frame encodes a protein of 541 residues with a
calculated molecular mass of 60.3 kDa (Fig. 1). Localization of
the DmI1-MMP gene to polytene chromosomes revealed that it
was located to region 60D13 (data not shown).

Comparison of the predicted DmI-MMP sequence with those
of the vertebrate MMPs demonstrated that the Drosophila
MMP has all the structural features typical of members of this
family. The stretch of hydrophobic residues close to the pro-
posed initiator methionine strongly suggests the presence of
the signal peptide, which is characteristic of most MMPs. Dm1-
MMP also has a sequence PRCGVXD (at positions 91-97),
which is a conserved motif in the prodomain of MMPs that is
involved in maintaining latency. Seven residues COOH-termi-
nal to this motif, the deduced amino acid sequence contains a
furin consensus sequence (RXKR) that mediates the intracel-
lular activation of several family members including MT-

TTATAATACCTATTGAARAACTAARAAAARARAAAAAARAMARAAR 2315

MMPs and stromelysin-3 (35, 36). In addition, Dm1-MMP also
contains a putative catalytic domain of about 160 residues,
including the consensus motif HEXGHXXGXXHS (at positions
224-234) containing the three His residues involved in the
coordination of the zinc atom at the active site and the Ser
residue that distinguishes MMPs from other metalloprotein-
ases. This catalytic domain also has a Met residue seven resi-
dues COOH-terminal to the zinc-binding site, conserved in all
MMPs and proposed to play an essential role in the structure of
the active sites of these enzymes (37). Finally, the deduced
sequence contains a COOH-terminal fragment of about 200
residues with sequence similarity to hemopexin and found in
most family members. On the basis of these structural fea-
tures, we propose that this nucleotide sequence codes for a new
member of the MMP family that we suggest to call Dm1-MMP,
because it is the first MMP cloned and characterized in D.
melanogaster.

Sequence analysis has subdivided the collagenases, strome-
lysins, membrane-type MMPs, and gelatinases to distinct
MMP subgroups. However, detailed analysis of the deduced
amino acid sequence of Dm1-MMP did not allow us to assign it
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1 a8
Dml-MMP  .......... ....MTNCQS SVFIVVGTLF SILAAAQSAP VSTTTQAEI. ....... Q PASAR NPASSGLHDQ RTWVSAIEEF QSFAGLNITE E
MT1-MMP ........ MS PAPR....PS RCLLLPLLTL GTALASLGSA QSSSFSPERA. ....... QYSMEPPGDL R.THTQ.RSP QSLSABIARM QKFYGHOVTE K
MT4-MMF MRRRAARGPG PPPPGPGLSR LPLLPLPLLL LLALGTRGGC AAPEPARRAE DLSLGVEWES R PPAD. .PTTGQLOTQ EELSKHITAM RQOFGGEEATE ILBEAELALI
MME=10 i itiuinnnne svnnnnnnns on MHCQQLWL GFLLEMTVSG RVLGLAEVA. ..BVDYHRS QYG¥EOXPL. ..EGSNNFKP EDITEHLEAF QEASERPVSE QLEDAERA
184
Dml-MMP VGTGDS. . .R SKRYALQGSR SKYPKR. .LK RVDVDAEIGR AFAVWSEDTD LTETRKT... ..... SGFVH IKE.VESE HGDGD.
MT1-MMP FGAEIKANVR RKRYAIQGLK QONYTPK. .VG EYATYEAIRK BFRVHESATP REVPYAY IREGHEKQAD @MIFE.AEGF HGDRTABBGE
MT4-MMP . ..LPVLTQAR RRRQAPAPTK RTFERDSPLG HDTVRALMYY SDIAP HEVA ... +.... GSTAD BQIDE.SKAD HNDGYE
MMEP-19 | NQK TLKYLLLG.R LNLP..STLP PHTARARALRQ BFQLMSNVAP BTECEV.... .... QAGAAD ERLSEHGRQS SYCSNTEEGP
185 284
Dml-MMP GGT. V..FGGD. IG SER.. SDQSS RGFE ED| IQs .QLR PTNVYPA.TT
MT1-MMP GGF' YFE GENIGGD.TH EDSAEPNEVRE NEDLNGNDIF L L LELEHSSDPS AT .. WMDTEK HYBERGIQQ GKQG.SPP RCEPLNEGLEP
MT4-MMP RHR. FFB GHHHTAGYTH END FR SS5DAHBMOLE A IBHSHVAARH SIMRBY®OGP VGDPLRYGHP YEBKVRVWQ RESVSPT AQPEEPPLLP
MME-19 GRV DI ....ELGSVH EDEDEF . EGTYREVNLR II V) LEHGHSRYSQ A VEE.. .GYRPHFEEOH PDBVAGIQ KKSPVIRD EEEEETELPT
285 385
Dml-MMP QRPYSPPKVP LDDSICKDSK VDTLFNSA.. .. TY, GDKYYKLTTD SVEEGY.PQL ISK . ..GNIDAAFT YQG
MT1-MMP GLLF...LIN PKNPTYGPNI CDGNFDTVAM .LRGEMFDEN KRWFWRVRNN QVMDGY.PMP IGQ . «.ASINTAYE DEHNVFDE ASLEPGYBKH
MT4-MMP EPPDNRSSAP PRKDV..PHR CSTHFDAVA(Q .IRGEAFFER GKYFWRLTRD RHLVSLQPAQ MHR L HLDSVDAVYE DRYWVFED
MMP-19 VPBV...... PTEPSPMPDP CSSELDAMML GEREKTY GDYVWTVSDS GEGPLFR... VSALNE . . .GNLDARAVY DEVHRYIN
386
Dml-MMP ISEGFTGIP. DH .GKIY! GSKFWRFDPA PVKASYP KPIS.NWE RFAVDSATEP
MT1-MMP IKELGRGLPT DKIDAMLFWM PN.GKTY GNKYYRFNEE LR.AVDSEEE KNIK.VWEGL KL...KVEPG
MT4-MMP VSDF..SLPP GGIDABMFSHA HN.DRTY DOLYWRYDDH TR.HMDPGER AQSFE.LWR G EL...EVAPG
MMP-19 LNRVEPNL.. ... LYNP LM.QKVFLEK GSGYWQWDEL ARTDF.SSEE KPIKGLET . . LRVEKG
492 541
Dml-MMP PSSTG ..... NIVEGE SDNEFEQHSM IPHADDGNGD DFDAGEWDRL SGSFV..... .uvviuvuiune sossrrrrrs sonnns
MT1-MMF GB....PSGG ..... RPDE@ TEEETEVIII EVDEEGGGAV SAAAVVLPVL LLLLVLAVGL AVFFFRRHGT PRRLLYCQRS LLDKV
MT4-MME GDSQADGS VAAGVDARE@ PRAPEGQHD( SRSEDGYEVC SCTSGASSPP GAPGPLVAAT MLLLLPPLSP GALWTAAQAL TL....
MMP-19 HERPRTIDTT PSGGHTTPSH TGITLDTTLS ATETTFEY.. «.veveerss sovssvsnss svonvsrsss sovesvanns sasves

FiG. 2. Amino acid sequence alignment of Dm1-MMP with different human MMPs. The amino acid sequences of human MMPs showing
the highest degree of sequence similarity with DmI-MMP were extracted from the SwissProt data base, and the multiple alignment was performed
with the PILEUP program of the GCG package. Common residues to all sequences are shaded. Gaps are indicated by hyphens. Numbering

corresponds to the sequence of Dm1-MMP.

to any of the main subfamilies (Fig. 2). Dm1-MMP lacks the
three residues (Tyr, Asp, and Gly) that are conserved in all
collagenases and that have been proposed as essential deter-
minants of collagenase specificity (38, 39). The equivalent res-
idues in DmI1-MMP are Thr-216, GIn-237, and Ser-239.
Stromelysins are characterized by the presence of an insertion
of 9 mostly hydrophobic residues in the COOH terminus of
their catalytic domain. The sequence of DmI1-MMP shows a
longer insertion (15 residues) in the homologous region that
has marked differences in amino acid sequence when compared
with stromelysins. Furthermore, Dm 1-MMP lacks the fibronec-
tin-like domain present in gelatinases and the hydrophobic
transmembrane domain in the COOH terminus characteristic
of the MT-MMPs, although it possesses a COOH-terminal ex-
tension rich in acidic residues whose functional significance is
presently unclear (Fig. 2). There is a growing category of “other
MMPs,” and we suggest that Dm1-MMP should be included
with them. Finally, it should be mentioned that during prepa-
ration of this manuscript, the genomic sequence of Drosophila
was reported (40). One of the annotated genes in this sequence
(AAF47255) appears to correspond to DmI-MMP although
there are some differences in the predicted exons. The first
exon of Dm1-MMP, which encodes the initiator Met and signal
sequence, is not identified in AAF47255, whereas an additional
exon is predicted at the 3'-end of AAF47255 which is missing in
the corresponding cDNA. The finding of an expressed sequence
tag covering the region present in clone AAF47255 together
with data derived from sequencing several other cDNA clones
are fully compatible with the sequence of Dm1-MMP reported
in Fig. 2.

Enzymatic Activity of DmI-MMP Produced in Bacterial
Cells—To investigate the enzymatic properties of Dm1-MMP, a
c¢DNA construct coding for its pro- and catalytic domains was
expressed in E. coli as a His fusion protein (Fig. 3). After
purification and refolding, a fraction of the proenzyme was
autoactivated, resulting in the generation of a protein with a
molecular mass of about 19 kDa (Fig. 3). This behavior has
been observed previously with some vertebrate pro-MMPs (41).
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Fic. 3. Production of recombinant DmI-MMP in E. coli
BL21(DE3)pLysS. SDS-PAGE analysis of recombinant DmI1-MMP, 5
ul of bacterial extracts transformed with pRSETB (lane 1), pRSETB-
Dm1-MMP (lane 2), and purified Dm1-MMP (lane 3). The processed
form of the enzyme generated after dialysis of the purified proDm1-
MMP (lane 4) indicated as active Dm1-MMP. The sizes of the molecular
weight markers (MWM) are shown to the left.

In order to assess the substrate specificity of the recombinant
protease, a series of synthetic quenched fluorescent peptides
commonly used for assaying vertebrate MMPs were employed.
As shown in Fig. 4, the general MMP substrate QF-24, the
collagenase/gelatinase substrate QF-41, and the stromelysin
substrate QF-35 were hydrolyzed by Dm1-MMP. Next, we ex-
amined the potential inhibition of active Dm1-MMP by differ-
ent available TIMPs and the hydroxamic acid-based inhibitor
BB-94 (Fig. 4). For this purpose, we used a constant enzyme
concentration of 20 nM in the quenched fluorescent assay, em-
ploying QF-41 as substrate. As shown in Fig. 4, TIMP-4 com-
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Q-24

Q35 Q44 Q41 Q41 Q41 Q#H

TIMP-1 TIMP-2 TIMP-4 BB-94

Fic. 4. Analysis of enzymatic activity of Dm1-MMP. Synthetic
fluorescent peptides QF-24, QF-35, and QF-41 (1 puMm) were incubated
with active Dm1-MMP (20 nm) at 50 mm Tris/HCI, 5 mm CaCl,, 150 mm
NaCl, and 0.05% (v/v) Brij 35, pH 7.6, with a final concentration of
Me,SO of 1%, for 12 h at 37 °C. The fluorometric measurements were
made at A,, = 328 nm and A, = 393 nm. Synthetic peptide QF-41 was
incubated with active DmI-MMP in the presence or absence of 20 nm of
the indicated TIMPs and of the MMP inhibitor BB-94 (100 nM), and
fluorescence was monitored as above.

pletely abolished the hydrolyzing activity of DmI1-MMP,
whereas TIMP-2 and BB-94 extensively blocked this activity.
By contrast, the inhibitory effect of TIMP-1 was significantly
lower.

We next tested whether Dm1-MMP could hydrolyze a series
of basement membrane and extracellular matrix components.
For this purpose, a variety of proteins including type IV colla-
gen, laminin, fibronectin, fibrinogen, gelatin, and fibrillar col-
lagens were incubated with purified Dm1-MMP and the reac-
tions followed by SDS-PAGE. As shown in Fig. 5A, the active
DmI1-MMP was able to degrade mammalian fibronectin and
type IV collagen. In both cases, the degrading activity was
completely blocked by MMP inhibitors including EDTA, syn-
thetic hydroxamic acid-based compounds like BB-94, and
TIMP-4 (data not shown). Fig. 5A also shows that no proteol-
ysis was obtained with laminin, fibrinogen, and gelatin. Simi-
larly, type I and type II fibrillar collagens were resistant to
hydrolysis, which is consistent with the fact that Dm1-MMP
lacks the structural determinants to act as a triple helical
fibrillar collagenase. Zymogram analysis using casein provided
additional evidence on the enzymatic activity of DmI-MMP
(Fig. 5B). Lytic bands co-migrating with the proform and active
Dm1-MMP recombinant proteins (35 and 19 kDa, respectively)
were observed. An additional band of 21 kDa was also detected
in the zymogram. This band is absent in the control extracts
and likely corresponds to an intermediate form generated dur-
ing the activation process (Fig. 5B). Taken together, these
results provide evidence that Dm1-MMP is an active enzyme
on extracellular matrix and basement membrane substrates
and with the inhibitory profile characteristic of members of the
MMP family of endopeptidases.

Spatio-temporal Expression Pattern of Dm1-MMP—To deter-
mine the temporal expression pattern of DmI-MMP during
Drosophila development, a Northern blot containing total RNA
prepared from different developmental stages was hybridized
with the DmI1-MMP cDNA. As can be seen in Fig. 6A, the
Dm1-MMP mRNA migrated as a major band of 3.5 kb, al-
though a second transcript of 7 kb was also detected. These
DmI1-MMP transcripts were first observed in the embryo at
1022 h. DmI1-MMP expression declined to much lower levels
throughout all larval stages and was virtually undetectable in
adults (Fig. 6A4). To characterize the abundance of DmI1-MMP
protein, we performed Western blot analysis of protein extracts
from larva, using polyclonal antibodies against the purified
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recombinant protein. As can be seen in Fig. 6B, a major band of
about 49 kDa and a minor one of 60 kDa were observed in
larva. These bands likely correspond to the active and latent
forms of the enzyme, respectively. By contrast, no signal was
obtained with the preimmune antiserum (Fig. 6B). Finally, the
spatial expression pattern of Dm1-MMP in Drosophila embryos
was analyzed by whole mount in situ hybridization. In agree-
ment with the results obtained by Northern blot analysis,
DmI1-MMP mRNA was only detected in stage 12—-13 embryos
(Fig. 7). At this point, Dm1-MMP RNA was mainly in a single
cluster of cells present in each segment along the ventral mid-
line. At this developmental stage such pattern resembles the
distribution of midline glial cells associated with the develop-
ing commissures of the ventral nerve cord (42).

DISCUSSION

This work provides the first characterization of a Drosophila
MMP. The approach to identify Dm1-MMP involved the search
of Drosophila genomic STSs for sequences conserved in verte-
brate MMPs, followed by screening of a Drosophila larva cDNA
library using the identified ST'Ss as hybridization probes. The
isolated full-length ¢cDNA codes for a protein that contains all
protein domains characteristic of vertebrate MMPs, including a
signal sequence, a propeptide with a conserved Cys residue
involved in maintaining enzyme latency, a catalytic domain
with the corresponding zinc-binding site, a hinge region, and a
COOH-terminal hemopexin domain organized in four recogniz-
able repeats. Dm1-MMP also contains a furin-like cleavage site
at the end of the propeptide domain that could be involved in
the activation of this enzyme by some of the furin-like pro-
teases described in Drosophila (43, 44). On the basis of these
data, we conclude that the identified protein is a member of the
MMP family that has conserved all structural features defined
in its vertebrate counterparts as essential determinants for
secretion, latency, activation, and catalytic activity of these
enzymes.

In addition to all these structural properties, we have also
provided evidence that DmI1-MMP is a functionally active
member of this family of proteolytic enzymes as assessed by its
ability to degrade several peptides and proteins widely used as
substrates for vertebrate MMPs. Recombinant Dm1-MMP ex-
hibited a broad specificity against synthetic substrates, effi-
ciently degrading a general MMP peptide substrate as well as
collagenase-gelatinase, and stromelysin-specific substrates.
The recombinant Dm1-MMP was also able to cleave proteins
such as fibronectin and type IV collagen, which are present in
extracellular matrix and basement membranes and have been
previously documented in Drosophila (45-47). Interestingly,
all these proteolytic activities mediated by Dm1-MMP are in-
hibited by specific MMP inhibitors including TIMPs, providing
additional support for the idea that DmI-MMP behaves as its
vertebrate counterparts in terms of enzymatic properties, sub-
strate specificity, and sensitivity to inhibitors.

The finding of a Drosophila MMP exhibiting striking struc-
tural and functional similarities with MMPs described in other
organisms, together with the observation that at least a mem-
ber of the TIMP gene family is also present in flies (48),
strongly suggests that a conserved proteolytic system of tissue
remodeling can be fully reconstituted in invertebrates. How-
ever, compared with other organisms, the Drosophila MMP
system is significantly simpler. In fact, 20 different MMPs and
4 TIMPs have been described in human tissues to date,
whereas only two MMPs and a single TIMP have been identi-
fied in the Drosophila genome (40, 48). These results suggest
that this protease family has undergone extensive gene dupli-
cation events following divergence of invertebrates and verte-
brates, perhaps as a consequence of the increasing complexity
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of substrates that must be hydrolyzed by mammalian MMPs.
However, the possibility that Drosophila MMPs may have a
broader substrate specificity cannot be ruled out. Nevertheless,
the apparently simplified MMP-TIMP system in Drosophila
may represent a very useful and interesting model for studying
the functional role of protease-mediated events during devel-
opment processes. This aspect is of special interest considering
that over many years Drosophila has proven to be ideally
suited for the analysis of this type of biological questions. In
addition, it is remarkable that other experimental systems
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@ 2 Fic. 6. Expression analysis of Dm1-
MMP in diverse Drosophila develop-
ment stages. A, developmental pattern
& of the Dm1-MMP transcripts determined
- by Northern blot analysis. The filter was
; hybridized to a Dm1-MMP ¢cDNA probe

and then to a ribosomal DNA probe to
control for RNA loading. B, Western blot
analysis of larval extracts incubated with

& polyclonal antibody against Dm1-MMP
diluted 1/5000 in PBT.

including C. elegans or A. thaliana are somewhat incomplete as
compared with Drosophila if we consider that to date no evi-
dence of presence of TIMPs in these organisms has been re-
ported (20, 22).

As a prelude to analyzing the functional importance of Dm1-
MMP in development processes, we have examined the spatio-
temporal pattern of expression of this enzyme in the Drosoph-
ila embryo. Interestingly, in the course of embryogenesis, Dm1-
MMP was detected predominantly in what appear to be midline
glial cells, suggesting that this enzyme may have a role in the
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Fic. 7. Embryonic pattern of Dm1-MMP gene expression. In
situ hybridization to stage 12—-13 embryos using a Dm1-MMP antisense
RNA probe. A, ventral view; B, lateral view. Hybridization signal is
detected in midline glial cells. Signal at the salivary glands was de-
tected with the sense and antisense probe.

development of the Drosophila neural system. The observed
pattern of expression has interesting parallels to the expres-
sion of previously described genes such as buttonless (49), and
this similarity may provide clues to the putative function of
Dm1-MMP in development of Drosophila neural system. The
midline glia are specialized non-neuronal cells that play a
major role in growth cone guidance (50-52). Thus, during neu-
ral development, these cells are thought to provide guidance
cues for extending axons and at the same time to migrate and
contribute to separate the two axon commissures. Dm1-MMP
synthesized by these glial cells could be directly involved in
these processes. In this way, its proteolytic activity on extra-
cellular matrix proteins may facilitate growth cone penetration
through the complex cellular environment of the nervous sys-
tem. Consistent with this possibility, previous work has dem-
onstrated that MMPs are associated with extending neurites in
mammals (53, 54). Likewise, the ADAM metalloprotease en-
coded by kuzbanian is required for axonal extension in the
embryonic central nervous system of Drosophila (23-27, 55).
Alternatively, Dm1-MMP might play more specific and subtle
roles than providing space for axonal growth by degrading
extracellular matrix proteins. Instead, this protease could help
regulate the availability of proteins sequestered as inactive
molecules in the extracellular matrix or help produce guidance
signals encrypted in cell surface molecules located in the envi-
ronment of midline glial cells. In this regard, it is of interest
that a number of midline glia or growth cone guidance proteins
such as Fasciclin II, Neuroglian, Wrapper, Frazzled, and Klin-
gon, contain several fibronectin-like domains in their extracel-
lular region (56—60). Our finding that Dm1-MMP can degrade
fibronectin suggests that these proteins could be potential tar-
gets of a regulated action of this protease. The advantages of D.
melanogaster as an experimental model will make it possible to
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combine genetic and biochemical approaches to understand the
biological meaning of the presence of Dm1-MMP during neural
development and to identify functionally relevant targets of
this protease.

In conclusion, we have cloned Dm 1-MMP the first member of
the MMP family identified and characterized in Drosophila.
This enzyme exhibits extensive structural similarities with its
vertebrate counterparts in terms of similar domain organiza-
tion and the presence of critical residues for enzymatic activity.
Likewise, functional analysis has confirmed that Dm1-MMP is
able to degrade synthetic substrates and extracellular matrix
remodeling and basement membrane protein components that
are targets of the proteolytic action of vertebrate MMPs. Ex-
pression analysis has revealed an unexpected specificity to its
synthesis and suggests interesting roles of this protease in
development of the neural system. Further studies, including
analysis with mutant Drosophila deficient in Dm1-MMP, will
be required to elucidate the precise role of this protease in any
of the extensive extracellular matrix remodeling processes tak-
ing place during Drosophila development.
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