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We report the isolation and characterization of a
cDNA encoding Dm2-MMP, the second matrix metallo-
proteinase (MMP) identified in the Drosophila melano-
gaster genome. The cloned ¢cDNA codes for a polypeptide
of 758 residues that displays a domain organization sim-
ilar to that of other MMPs, including signal peptide,
propeptide, catalytic, and hemopexin domains. How-
ever, the structure of Dm2-MMP is unique because of the
presence of an insertion of 214 amino acids between the
catalytic and hemopexin domains that is not present in
any of the previously described MMPs. Dm2-MMP also
contains a C-terminal extension predicted to form a
cleavable glycosylphosphatidylinositol anchor site.
Western blot and immunofluorescence analysis of S2
cells transfected with the isolated cDNA confirmed that
Dm2-MMP is localized at the cell surface. Production of
the catalytic domain of Dm2-MMP in Escherichia coli
and analysis of its enzymatic activity revealed that this
proteinase cleaves several synthetic peptides used for
analysis of vertebrate MMPs. This proteolytic activity
was abolished by MMP inhibitors such as BB-94, con-
firming that the isolated cDNA codes for an enzymati-
cally active metalloproteinase. Reverse transcription-
PCR analysis showed that Dm2-MMP is expressed at low
levels in all of the developmental stages of Drosophila as
well as in adult flies. However, detailed in situ hybrid-
ization at the larval stage revealed a strong tissue-spe-
cific expression in discrete regions of the brain and eye
imaginal discs. According to these results, we propose
that Dm2-MMP plays both general proteolytic functions
during Drosophila development and in adult tissues and
specific roles in eye development and neural tissues
through the degradation and remodeling of the extra-
cellular matrix.

* This work was supported by Comisién Interministerial de Ciencia y
Tecnologia Grant SAF(00-0217, Plan Fondos Europeos para el Desar-
rollo Regional Grant 1FD97-0214, a CNRS grant (ATIPE), I’Association
pour la Recherche sur le Cancer Grants 5550 and 7594, and a Fondation
pour la Recherche Medicale grant. The Instituto Universitario de On-
cologia is supported by Obra Social Cajastur-Asturias. The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBank™'/ EBI Data Bank with accession number(s) AJ289232.

§ These authors contributed equally to this work.

| To whom correspondence should be addressed: Dept. de Bioquimica
y Biologia Molecular, Facultad de Medicina, Universidad de Oviedo,
33006 Oviedo-Spain. Tel.: 34985104201; Fax: 34985103564; E-mail:
CLO@correo.uniovi.es.

This paper is available on line at http://www.jbc.org

The matrix metalloproteinases (MMPs)! are a family of
structurally related enzymes that play major roles in the con-
nective tissue remodeling occurring in a variety of physiological
conditions, such as embryonic growth and development, angio-
genesis, wound healing, or reproductive processes (1-3). In
addition, deregulated production of these endopeptidases is
associated with a number of pathological conditions including
rheumatoid arthritis (4), atherosclerosis (5), and tumor inva-
sion and metastasis (6). To date, more than 20 distinct MMPs
have been identified in human tissues (7-9). These MMPs have
been classified into six major subfamilies according to their
primary structures, domain organization, cellular localization,
and substrate specificity. These subfamilies are collagenases,
stromelysins, gelatinases, matrilysins, membrane-type MMPs,
and other MMPs (9). The structure of most of these enzymes is
organized into several characteristic domains: a signal peptide
to direct secretion from the cell, a prodomain with a conserved
Cys residue involved in maintaining the enzyme latency, a
catalytic domain with a zinc-binding site, and a hemopexin-like
domain that plays a role in substrate binding as well as in
mediating interactions with the tissue inhibitors of metallopro-
teinases (TIMPs), a family of endogenous inhibitors of MMPs
(10). Several members of the human MMP family lack some of
these well defined domains. Thus, MMP-23, the most distantly
related family member, does not contain a cleavable signal
peptide (11, 12), whereas matrilysins have lost the hemopexin
domain (9). In contrast, additional domains such as fibronectin-
like repeats or C-terminal hydrophobic extensions have been
incorporated into the structure of other family members like
gelatinases or membrane-type MMPs, thereby contributing to
generate a considerable diversity in the structural organization
of these enzymes.

In close parallelism with the structural complexity of MMPs,
recent functional studies have revealed that these proteinases
are also involved in processes distinct from those derived from
their ability to degrade the different protein components of the
extracellular matrix and basement membranes. Thus, MMPs
play direct roles in essential cellular processes such as prolif-
eration, differentiation, angiogenesis, apoptosis, or defense re-
sponses through their ability to target other substrates includ-
ing proteinase inhibitors, chemokines, antimicrobial peptides,
and membrane-bound precursors of growth factors, cytokines,
and hormone receptors (13-18).

1 The abbreviations used are: MMP, matrix metalloproteinase;
GdnHCI, guanidinium hydrochloride; HA, hemagglutinin; RT, reverse
transcription; TIMP, tissue inhibitors of metalloproteinase; PBS, phos-
phate-buffered saline.
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An important aspect in understanding the increased func-
tional diversity of this growing family of proteolytic enzymes is
to identify and characterize MMPs in model organisms, in
which the functional relevance of these enzymes can be exten-
sively analyzed by using distinct experimental strategies.
Thus, in addition to the diverse MMPs identified in verte-
brates, proteases belonging to this family have also been de-
scribed in a variety of organisms from plants such as Arabi-
dopsis thaliana (19), soybean (20), and cucumber (21), to
invertebrates like Caenorhabditis elegans (22), sea urchin (23),
Hydra vulgaris (24), and more recently Drosophila melano-
gaster (25). In this regard, we have described the finding and
characterization of Dm1-MMP, the first member of this pro-
teinase family identified in Drosophila (25), a model organism
that is central to the study of developmental biology. Because of
the relevance of MMPs in developmental processes, the finding
of additional members of this family in Drosophila may con-
tribute to uncover new substrates and new functions for these
enzymes, potentially extrapolable to vertebrate MMPs. In this
study, we report the cloning and the structural and enzymatic
characterization of Dm2-MMP, the second member of the MMP
family identified in D. melanogaster. Interestingly, extensive
searches of the Drosophila genome revealed the presence of
only two MMPs in this organism, thus offering a simplified and
genetically tractable system to study MMP function in devel-
opment. We have also performed an expression analysis of
DmZ2-MMP during Drosophila development, showing that the
gene is expressed at all stages. Detailed in situ hybridization
analysis at the larval stage revealed a strong expression in
discrete regions of the brain and eye imaginal discs. Taken
together, our data suggest that this novel MMP member may
play both general and specific degradative roles in the extra-
cellular matrix remodeling processes occurring in Drosophila
during development and in adult tissues.

EXPERIMENTAL PROCEDURES

Materials—Synthetic oligonucleotides were prepared with an Ap-
plied Biosystems (Foster City, CA) model 392A DNA synthesizer. Re-
striction endonucleases and reagents used for molecular cloning were
from Roche Molecular Biochemicals. Double-stranded DNA probes were
radiolabeled with [*2P]dCTP (3000 Ci/mmol) from Amersham Bio-
sciences, using a commercial random priming kit from the same
company.

Probe Preparation and Hybridization of a Drosophila ¢DNA Li-
brary—Screening of the GenBank™ data base for entries with similar-
ity to previously described MMPs allowed us to identify a sequence
(AC005894) contributed by the Berkeley Drosophila Genome Project.
This sequence revealed regions with significant similarity to the cata-
lytic and hemopexin domains of MMPs. To obtain the corresponding
cDNA sequence, two specific primers 5'-TGCAGACCGCCCTGGACGT
(primer 1, catalytic domain) and 5'-ATGTAGGTGCGGTTGTTGTGG
(primer 2, hemopexin domain) were used for PCR amplification to
prepare a probe for screening of cDNAs from different developmental
stages. The PCR reaction was carried out in a GeneAmp 2400 PCR
system from PerkinElmer Life Sciences for 30 cycles of denaturation
(94 °C for 15 s), annealing (60 °C for 15 s), and extension (72 °C for 45 s).
A 1473-bp PCR product amplified from pupa cDNA was radiolabeled
and used to screen a pupa cDNA library according to standard proce-
dures (26). In addition, we obtained a 4120-bp full-length ¢cDNA
(SD03462) identified by the Berkeley Drosophila Genome Project (Re-
search Genetics). Cloned DNA fragments were sequenced with an Ap-
plied Biosystems 310A automatic sequencer (PerkinElmer Life Scienc-
es). Computer analysis of DNA and protein sequences was performed
with the GCG software package of the University of Wisconsin Genetics
Computer Group.

Construction of an Eukaryotic Expression Vector for Dm2-MMP and
Immaunolocalization—Full-length Dm2-MMP ¢cDNA was subcloned into
pRmHA-3 expression vector (27). In addition, a 24-bp linker coding for
the hemagglutinin (HA) epitope of the human influenza virus was
inserted immediately downstream of the putative furin cleavage motif.
S2 cells were transfected with 1 ug of plasmid DNA, using the FuGENE
6 reagent (Roche Molecular Biochemicals) according to the manufactur-
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er’s instructions. Forty-eight hours after transfection, CuSO, was
added to a final concentration of 0.7 mMm to induce the cells and incu-
bated for 6—18 h to produce the protein. The cells were then fixed for 10
min in cold 4% paraformaldehyde in PBS, washed in PBS, and incu-
bated for 10 min in the presence or absence of 0.2% Triton X-100 in PBS.
Fluorescent detection was performed by incubating the slides with
monoclonal antibody 12CA5 (Roche Applied Science) against HA (dilut-
ed 1:2500), followed by another incubation with goat anti-mouse fluo-
resceinated antibody (diluted 1:50). After washing in PBS, the slides
were mounted with Vectashield (Vector Laboratories, Burlingame, CA)
and observed in a Bio-Rad confocal laser microscope. S2 extracts were
also obtained for Western blot analysis of the Dm2-MMP-HA protein.

Preparation of Cell Membrane Fractions and Western Blot Analy-
sis—S2 cells were transiently transfected with the pRmHA-3-Dm2-
MMP-HA plasmid as described previously. The cells were scraped from
the plates, and the membrane fractions were prepared essentially fol-
lowing the procedure described by Strongin et al. (28). The extracts
were separated by SDS-PAGE, analyzed by Western blotting with an
anti-HA monoclonal antibody, and detected with an enhanced chemi-
luminescence kit (Amersham Biosciences).

Production of Recombinant Dm2-MMP in Escherichia coli—A 462-bp
fragment of the Dm2-MMP c¢cDNA containing the catalytic domain was
generated by PCR amplification with primers 5'-GGAATTCCATATGT-
TCGCCCTGCAGGGACCCAAG (Ndel-proDm2) and 5'-CGGGATCCT-
TAGTACAACTGCTGAATGCCATA (BamHI-proDm2) using the full-
length Dm2-MMP cDNA as a template. PCR amplification was
performed for 30 cycles using the Expand™ high fidelity PCR system.
Because of the design of the oligonucleotides, the amplified fragment
could be cleaved at both ends with Ndel and BamHI and ligated in
frame into the pET E. coli expression vector (Novagen). The resulting
pET-Dm2 vector was transformed into BL21(DE3) E. coli cells, and
expression was induced by the addition of isopropyl-1-thio-S-p-galacto-
pyranoside (final concentration, 0.5 mm) followed by further incubation
for 20 h at 30 °C. Recombinant protein obtained in inclusion bodies was
solubilized using 20 mm Tris buffer, pH 7.6, containing 6 M GAnHCI and
5 mM dithiothreitol and purified in a Superdex-75 column (Amersham
Biosciences) equilibrated with 20 mwm Tris buffer, pH 7.6, containing 3
M GdnHCI and 5 mm dithiothreitol. After SDS-PAGE analysis, peak
fractions with the recombinant protein were pooled, and the GdnHCl
concentration was adjusted to 6 M. Refolding was achieved by dialysis,
first against a 50 mm Tris buffer, pH 7.6, containing 5 mm CaCl,, 200
mM NaCl, 50 um ZnSO,, 0.05% Brij 35, 20% glycerol, and 2 M GdnHCl
and then against the same buffer with 2 mM dithiothreitol and without
GdnHCL

Enzymatic Assays—Enzymatic activity of purified recombinant
Dm2-MMP was analyzed by using the synthetic fluorescent substrates
Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH, (QF-24), Mca-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,
Cambridge, UK). The assays were performed at 37 °C at substrate
concentrations of 1 uM in a buffer containing 50 mm Tris/HCl, 5 mm
CaCl,, 200 mMm NaCl, 0.05% (v/v) Brij 35, pH 7.6, and 1% Me,SO (29).
For inhibition assays, Dm2-MMP (20 nm) and inhibitors were preincu-
bated for 30 min at 20 °C, with 1 mM EDTA or with BB-94 (British-
Biotech Pharmaceuticals, Oxford, UK) at concentrations ranging
from 0 to 100 nM. The fluorometric measurements were made in an
MPF-44A PerkinElmer Life Sciences spectrofluorometer (A, = 328 nm,
Ao = 393 nm).

Homology Modeling—A three-dimensional model of the catalytic do-
main of Dm2-MMP was calculated using Swiss-Model, a semiauto-
mated modeling server (30), and analyzed with the Swiss Protein Data
Bank Viewer. The quality of the resulting models was verified automat-
ically with WhatCheck and manually with the Swiss Protein Data Bank
Viewer. Electrostatic analyses of the model were performed with Mol-
Mol (31).

RT-PCR Analysis—RT-PCR was performed for analysis of Dm2-
MMP expression during Drosophila development or in adult flies. Total
RNA was extracted from diverse developmental stages of Drosophila or
from adult tissues, and 1 ug was used to perform the reverse transcrip-
tion. The PCR reaction was carried out for 35 cycles of denaturation
(94 °C for 15 s), annealing (60 °C for 15 s), and extension (72 °C for 25 s)
using two specific oligonucleotides 5'-TTACCTCATGCAGTTTGAT-
TATCT (primer 1), and 5'-CTCCACGTAAGATCCGTTCTG (primer 2).
The integrity of RNA was verified by similar RT-PCR experiments
using specific primers for the Drosophila gene encoding ribosomal pro-
tein 49 (rp-49).

In Situ Hybridization—RNA in situ analysis was performed as de-
scribed previously (32) with the following modifications. The hybridiza-



Dm2-MMP, a Matrix Metalloproteinase from Drosophila 23323

1 ttaagcctcgaacatagaataaagataaatacacagttttgttectactgatcgaggaatagtttegtgtecaagtgttttegttgegeg 90
91 agcgaaagagagcggcgaaatgttttccaaatatgttctegecacecctgetegecactetttgegeaatecatgtgecatecaggagetgte 180
M F S K Y V L ATULU LA ALV FAQS MOCTIOGOQETL S

181 cctcccacccgaaggatctcactcoccaccgetgegaccaggtecaagaaggecaaaaaccgetateteccgaggatataatgtacaattacet 270
L P P EG S H S TAATU RS KI KA AZ KTATISETDTIMMYNTYTL

271 catgcagtttgattatctgcccaagtcggacctggaaacgggtgctcotgegecaccgaggaccagetgaaagaagcaatceeggagteteca 360
M ¢Q F D Y L P K SDILETGA ATZLUZRTETDUGQTLI KEA ATIUZRSTLQ

361 gtcttttggcaacattacagttacgggcgaaatcgacteggcaacggcccggctaatacagaaaccteggtgeggegtgggegacagaag 450
S F 6 N I TV TGETIUDSA AT ARTILTIGOGQZE KT ERTEEV GD R R

451 gteccgecggacagecttctegecagataacctgtatcacgaaateggetccaatgtgegggtgeggegettegecetgeagggaceccaagtg 540
S A D S F S PDNULYHETIUG SNV RV VI RRT FALUGQTGU?PIE KW

541 gtccagaacggatcttacgtggagcatggtcaacaggtcgatgecccgatgectecaaagtegagagaatggtgecagacegecctggacgt 630
S R TD L T W S M V NR S M P DA S KV ERMVUYVYGQTATULTDV

631 ttgggcgaaccactcgaagctgacattccgecgaggtcetacagegaccaggecgacattcagatactetttgegeggegegegeacggega 720
W A N H S K L T FREV Y S D Q aADTIOQTIULVFAUZRUBERAUBETGTD

721 tggctataaattcgatggacctggtcaggtgetggeccacgecttetateccggegaggggegtggeggagatgeccatttegatgegga 810
G Y K FDGP G Q VLAHAPFYUPGETGHRGG GTDA AHTFTUDA ATD

811 cgagacgtggaactttgacggcgaatccgatgatagccatggaaccaattttectgaacgtggecetgecacgaactgggtecattegetggg 900
E T WNF D G E S DD S HGT TNV FILWNUVATLU BHETLUGUHS L G

901 actggcccactccgecgatcccggatgeggtcatgtttecatggtaccagaataacgaggtggegggcaacctgeccgacgacgategeta 990
L A H S A I P DAYV M F P W Y Q NNEV AGNULUPUDTUDTUDR Y

991 tggcattcagcagttgtacggcactaaggagaagacctgggggccatacaaaccacaaaccacaacaacgacaacaaccacgacgaccat 1080
G I Q Q L ¥ G T K EKTW P Y K P Q T TTTTTTTTTT M

1081 gcgcocgogatgatttaccgggocagataaaccggoctactggocatggaacaatccaagcaacaatcccaacaatgatcgaaategtgecag 1170
R A M I Y R A DK P A Y WP WWNWDNUP S N NUPWNNUDURWNURWA AR

1171 ggagcgccaggagqaggagcggcggcgccaggagaaggachgcgchccaggaggaggagcggcggcaccaggaggaggachgcggcg 1260
E R Q E E E R RURGQEIEKEUZRUBRURUGQEEEUZRTU RUEZ®OQEEE R

1261 ccaggtggaggagcggcagcgccaggaagaggagegttggegtcaggagecaggaacgacaagaggaggagaategteggegegaaataga 1350
Q V E E R Q R Q E E ERWUZ RUGOQEUGQEU&RUGQETETENDNUZ RURERTRETIE

1351 gcataaaagccagtgggagaggaatcctagcaaggaacggaatcgtecccagggagegeccaggagatggagaggaggegtcaggagcagga 1440
H K 8§ Q W ERDNP S8 K ERNUZRUPIREUZRUGQEMEU&RU ERIZRUGQE Q E

1441 gecgacaagagcaggagcgacaggagcaggaggategteggegegaaagagaacgtgateggecagttggagtgggaacgtaggaataggaa 1530
R Q E Q E R Q E Q E D RURUZREUREUZRUDURUOGQILEWEURU ERDNUERN

1531 tggagcccgggaaccagtcactcccacggccaataccaccccgagaccaaccaacaagccatatcccacggttcaceggecagecaccacea 1620
G A RE PV TPTANTT®PRUPTNIEKUPYUPTV HRUGQIHHH

1621 ccataacaagccgcggaaacccaagccggactcatgtatgacctactacgatgeccatectegattatcegeggtgaactgttecatettteg 1710
H N K P R KUPIEKUZPDSCMT Y YODATISITIZRGETLTFTIVFR

1711 gggaccgtacttgtggcgecattggaacttetggtetgtataatggetatecccacggagatcaggagacattggteegetetgececgaaaa 1800
G P ¥ L W R I GT S G6GL Y NG Y P TETIW RUBERUEHEWSATLTPTEN

1801 tctcaccaaggtggatgctgtatacgaaaacaagcagecgacaaattgtgttettcataggtegegagtattatgtattecaacteggtgat 1890
L T K VvV D A Vv ¥ ENI KOUZROGQTIUVUFFI GZRE Y Y V FN S V M

1891 gctagctecctggetteccecgaaaccacttgecagtetgggtetgecgeccactttgacccacategatgectecttegtgtggggecacaa 1980
L A PG F P K PLASULGILUPUPTULTUEHTIUDA AST FVWGHN

1981 caaccgcacctacatgaccagcggcacactgtactggegecatcgacgactacacgggtcaggtggaattggattaccegegegacatgag 2070
N R T ¥ M T §$ 6 T L ¥ WR I DD Y T G Q V EL DY P R DM 8§

2071 catctggtcgggagtgggctacaatatagatgcggcattccagtacttggatggcaagacgtacttctttaagaacctgggatactggga 2160
I ¥ N I D A A F Q Y L G K T ¥ F F K N L Y

2161 gttcaacgacgaccgcatgaaggtggcccatgecagggctaageteteggecacgaaggtggatgeagtgegecegeagtgotaatgaggt 2250
F N DD RMEXKVV AHARABAIKTILSA ARIERMWMOGQT ECA ARTSA ATNTEV

2251 ggacgacgagcagcgctggacggegtcecttggtatecgagggegaggaaacggggagaageggetetagggagetaaggatcaaccactt 2340
DD EQRWTWASULVYV S EGEETG GRS G S REULRTINUHF

2341 cattctttcgatccttttgctageccatcgeccaactggeggagttaagattgaatgtggagegtagectaagaaatgtetaaaactaagag 2430
I L 8§ I L L L A I A N W R 8§ *

2431 agatggtttttgtaaccaaaaatgaaagaagcatattggtctgttatgatccaattcttcaaggagctttgegaagtaaaaaccggtaga 2520
2521 tctagtattcaactactcaaaaactgcaaagttgcaaattacttaggtacaagaagggaaacttaaatgtaagcttggccaattttaaat 2610
2611 tggaaatcaaaaagtgtttaagattgagttgtaaattgtagcggcctgagcagatttaatgecatttttaactgecagagegecagetgtgtyg 2700
2701 acagtctggegettcaatgeccccaaagacgacaccgageggectttecttagatttaaggaaaataaatcaacacaccagtgaaag 2787

Fic. 1. Nucleotide sequence and deduced amino acid sequence of Dm2-MMP. The amino acid sequence is shown in single-letter codes
below the nucleotide sequence. The cysteine-switch residues and those corresponding to the zinc-binding site are shaded. The putative glycosy-
lation sites and glycosylphosphatidylinositol anchor are singly and doubly underlined, respectively.
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55
Dm2-MMP FALQGPKWSR TDLTWSMVNR SMPDASKVER ..... MVQTA LDVWANHSKL TFREVYSDQA
Dml1-MMFP YALQGSRWRV KNLTYK.ISK ...YPKRLKR VDVDAEIGRA FAVWSEDTDL TETR...KTS
Hydra-MMP YTLQGTTWKK NELTWKLLNN ...NNDGLTR GEIETTLHKA FSMWEAVTNL KERQCLQINEN
MT6-MMP YALSGSVWKEK RTLTWRV..R SFPQSSQLSQ ETVRVLMSYA LMAWGMESGL TEHEVDSPQG
56 110
Dm2-MMP ...DIQILFA RRAHGDGYKF DGPGQVLAHA FYP.GEGR.G GDAHFDADET WNFDGESDDS
Dml-MMP GPVHIEIKEYV ESEHGDGDAF DGOGGTLAHA FFP....VFG GDAHFDDAEL WTIGS....P
Hydra-MMP KEKADIEIKEFA QGYHDDPYSE DGFGGTLAHA FYPHTNEGLS GDVHFDDAEK FTIES....P
MT6-MMP QEPDILIDEFA RAFHQDSYPF DGLGGTLAHA FFE.GEHPIS GDTHEDDEET WTFG..SKDG
111 165
Dm2-MMP HGTNFLNVAL HELGHSLGLA HSAIPDAVMF PWYQNNEVAG N...LPDDDR YGIQQLYG
Dml-MMFP RGTNLFQWAA HEFGHSLGLS HSDQSSALMA PFYRGFE.PV ..FKLDEDDK AAIQSLYG
Hydra-MMP EGRSLLWVAV HEIGHSIGLE HSNVKEALMF BWYRVQDVED ..IQLSDDEV LGIQSIXG
MT6-MMP EGTDLFAVAV HEFGHALGLG HSSAPNSIMR PFYQGPVGDP DKYRLSQDDR DGLQQLYG
B Propeptide Catalytic Hinge Hemopexin-like
Signal y » 2 ”

Dm1-MMP

]

RSKR

[~ ©

RVRR

GPl-anchor

Dm2-MMP

Fic. 2. Structural comparisons between Dm2-MMP and other vertebrate and invertebrate MMPs. A, amino acid sequence alignment
of the catalytic domains of Dm2-MMP and those of different vertebrate and invertebrate MMPs. The amino acid sequences of the different MMPs
were extracted from the SwissProt data base, and the multiple alignment was performed with the PILEUP program of the GCG package. Residues
common to all sequences are shaded. Gaps are indicated by dots. The numbering corresponds to the sequence of the catalytic domain of Dm2-MMP.
B, domain organization of Dm2-MMP and comparison with that of Dm1-MMP. The characteristic insertion of the Dm2-MMP is indicated by the
horizontally striped box.

RVRR HELGHSLGLAH

Dm2-MMP 1 —t |

1040 102 203 141 146 866 142 1480
MMP-28 - =

=280 80 188 225 246 150 168 995
MT6-MMP |
268 132 134 305 168 84 81 154 256 1728

Dm1-MMP 1 =

290 217 465

[J 5- and 3'- untranslated region Prodomain B8 Hinge region GPI-anchor sequence

[ | Signal peptide B Catalytic domain B Hemopexin-like region
Fic. 3. Structural organization of the Dm2-MMP gene and comparison with that of other MMPs genes. Exons in Dm2-MMP,
MT6-MMP, MMP-28, and Dm1-MMP genes are indicated by boxes with their respective sizes in bp. Exon regions defining conserved protein

domains in MMPs are aligned.
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FiGc. 4. Membrane localization of Dm2-MMP. A, Western blot analysis from S2 cells transiently transfected with the same Dm2-MMP-HA
vector. The Dm2-MMP band was detected with a monoclonal anti-HA antibody in the total extracts and in the plasma membrane fractions but not
in the soluble fraction. B, immunofluorescent detection of Dm2-MMP-HA in transiently transfected S2 cells with the anti-HA antibody.
Fluorescence was observed under a confocal laser microscope and localized to the surface of the S2 cells.

tions were carried out overnight at 55 °C, and the alkaline phosphatase
detection buffer was prepared from Sigma Fast TM 5-bromo-4-chloro-
3-indolyl phosphate/nitro blue tetrazolium tablets instead of Tris/HCL.
Digoxigenin-labeled RNA probes made from ¢cDNA SD04362 were pre-
pared according to the protocol described for the Genius system (Roche
Molecular Biochemicals).

RESULTS

Molecular Cloning and Structural Characterization of a Dro-
sophila ¢eDNA Coding for a Matrix Metalloproteinase—A com-
puter search of the data base of Drosophila genomic sequences
allowed us to identify a sequence (AC005894) that contains a
region with significant similarity to the catalytic and he-
mopexin domains found in most vertebrate MMPs. To define
the precise structure of this putative novel fly MMP, we under-
took the isolation of a ¢cDNA encoding this protein. First, we
prepared a specific probe for this enzyme by PCR amplification
of total A-phage DNA obtained from a fly pupa ¢cDNA library.
The identity of the PCR-amplified product was confirmed by
nucleotide sequencing, and then it was used as a probe to
isolate a 3.4-kb ¢cDNA clone from the same fly pupa Agt-11
library. The sequence of this clone was subsequently confirmed
and extended by nucleotide sequence analysis of a 4120-bp
c¢DNA clone (SD03462) obtained from the Berkeley Drosophila
Genome Project and isolated from a Schneider L2 cell cDNA
library. Computer analysis of the 3.4- and 4.1-kb ¢cDNA isolated
sequences revealed the presence of a unique open reading
frame that encodes a protein of 758 residues with a calculated
molecular mass of 89 kDa (Fig. 1). These sequences would be
encoded by one of the annotated genes (CG1794, located in
region 45F6-46A1) in the Drosophila genome sequence re-
cently reported (33). Nevertheless, there are several differences
in the number and location of computer-predicted exons for
CG1794, when compared with the experimental data derived
from the cDNA sequences reported herein (Fig. 1). In addition,
pairwise comparisons of the protein sequence derived in this
work with those described previously for other MMPs demon-
strated that the new sequence contains all the structural fea-
tures present in members of this protease family (Fig. 2A).
From N terminus to C terminus, it includes a predicted N-
terminal cleavable signal peptide that targets these proteolytic
enzymes to the secretory pathway. The deduced sequence also
contains a propeptide region with the conserved motif
PRCGVXD (at positions 106-112), which is involved in main-
taining the latency of these proteinases. This prodomain ends
in a stretch of basic amino acid residues (RVRR, at positions
133—-136) that mediates the intracellular activation of several
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Fic. 5. Production of recombinant Dm2-MMP in E. coli
BL21(DE3). 5 ul of bacterial extracts transformed with pETB (lane 1),
pETB-Dm2-MMP (lane 2), soluble fraction (lane 3), insoluble fraction
(lane 4), and purified Dm2-MMP (lane 3) were analyzed by SDS-PAGE.
The sizes of the molecular weight markers are shown to the left.

MMPs including membrane-type MMPs, stromelysin-3, and
MMP-28 by furin-like enzymes (7, 8, 34, 35).

The sequence alignment shown in Fig. 2B also confirms the
presence in the Drosophila MMP sequence of a catalytic do-
main of about 170 residues, containing the zinc-binding site
(HEXGHXXGXXH, at positions 257-267) and the Ser residue
(position 268) that distinguishes MMPs from other metallopro-
teinases. There is also a conserved Met residue located seven
residues C-terminal to the zinc-binding site that is proposed to
play an important role in the structure of the MMPs active sites
(36). Finally, the identified sequence contains a C-terminal
fragment of about 200 residues similar to the hemopexin-like
domain found in most MMPs. According to these structural
features, we suggest that the cloned ¢cDNA encodes a new
MMP family member that has been named Dm2-MMP, be-
cause it is the second MMP identified and characterized in D.
melanogaster.

A more detailed analysis of the amino acid sequence deduced
for Dm2-MMP revealed that in addition to common features
shared with MMPs, it also shows some specific features unique
to this protein (Fig. 2A4). Thus, it contains an insertion of about
200 amino acids in the hinge region located between the cata-
lytic and hemopexin domains (at positions 308—-509). This in-
sertion is not present in the sequence of Dm1-MMP or in those
reported for the remaining members of this family. In this
extra domain found in Dm2-MMP, there is a long stretch of Thr
residues and multiple repeats of a seven-amino acid sequence
containing Glu, Gln, and Arg residues (RQEEERR, or variants
of this sequence). It is also remarkable that Dm2-MMP lacks
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Fic. 6. Analysis of enzymatic activity of Dm2-MMP. Synthetic fluorescent peptides QF-24, QF-35, and QF-41 (1 uMm) were incubated with

active Dm2-MMP (20 nm) in 50 mM Tris/HCI, 5 mm CaCl,, 150 mm NaCl,

0.05% (v/v) Brij 35, 1% Me,SO, pH 7.6, for 12 h at 37 °C. The fluorometric

measurements were made at A,, = 328 nm and A, = 393 nm. The synthetic peptide QF-24 was incubated with active Dm2-MMP in the presence
or absence of 1 mM EDTA and in the presence or absence of the MMP inhibitor BB-94 (100 nm), and fluorescence was measured as above.

conserved residues characteristic of collagenases or stromel-
ysins (37, 38), as well as the fibronectin-like domain present in
all gelatinases. Interestingly, Dm2-MMP possesses a C-termi-
nal extension rich in acidic residues and ending in a stretch of
hydrophobic residues that is predicted to form a cleavable
glycosylphosphatidylinositol anchor site (program available at
129.194.186.123/GPI-anchor/index_en.html). Therefore, it is
likely that Dm2-MMP belongs to the subfamily of membrane-
type MMPs structurally characterized by having a hydrophobic
region at the C-terminal end as well as by the presence of the
furin-like activation sequence between the propeptide and
the catalytic domain (39—42). The intron-exon distribution of the
gene encoding Dm2-MMP is also somewhat similar to that of
some vertebrate MMPs, such as MMP-28 and MT6-MMP, and
markedly different from that of DmI1-MMP (Fig. 3).

Membrane Localization of Dm2-MMP—To provide experi-
mental support to the above hypothesis on the putative mem-
brane localization of Dm2-MMP, we transfected S2 cells with
pRmHa-3-Dm2-MMP-HA, a construct containing the HA
epitope immediately downstream of the furin-like cleavage mo-
tif present in the amino acid sequence deduced for Dm2-MMP.
Transfected cells were then analyzed by Western blot with a
mouse monoclonal antibody (12CA5) specific for this viral
epitope. As shown in Fig. 4A, Dm2-MMP was detected in the
membrane-enriched fractions but not in the soluble fraction. To
provide additional information on the subcellular distribution
of Dm2-MMP, we transfected S2 cells with the pRmHa-3-Dm2-
MMP-HA construct, and transfected cells were then analyzed
by immunofluorescence with the 12CA5 antibody. As shown in
Fig. 4B, a fluorescent pattern surrounding the cell was clearly
visualized in a serial optical section obtained by the confocal
microscope. Taken together, these results provide experimen-
tal evidence that Dm2-MMP is a member of the membrane-
type MMP subfamily of MMPs.

Analysis of the Enzymatic Activity of Recombinant Dm2-
MMP—After the preceding findings showing that Dm2-MMP
was structurally related to MMPs, we next evaluated the pos-
sibility that this protein could be a functionally active member
of this proteinase family. For this purpose, a cDNA construct
coding for the Dm2-MMP catalytic domain was expressed in
E. coli following the same strategy described previously for
Dm1-MMP (25) (Fig. 5). To assess the substrate specificity of
the recombinant protease, a series of quenched fluorescent

peptides commonly used for assaying vertebrate MMPs were
employed. As shown in Fig. 6, the general MMP substrate
QF-24, the collagenase/gelatinase substrate QF-41, and the
stromelysin substrate QF-35 were hydrolyzed by Dm2-MMP.
Next, we examined the potential inhibition of active Dm2-MMP
by EDTA and the hydroxamic acid-based inhibitor BB-94, us-
ing QF-24 as substrate. As can be seen in Fig. 6, EDTA com-
pletely abolished the hydrolyzing activity of Dm2-MMP,
whereas BB-94 extensively blocked this proteolytic activity.

Homology Modeling of the Catalytic Domain of Dm2-MMP—
The amino acid sequence determined for Dm2-MMP is similar
to several vertebrate MMPs of known three-dimensional struc-
ture, thus opening the possibility of creating a computer model
of the structure of this Drosophila enzyme, especially in terms
of the size of its S1’ pocket, an essential specificity determinant
in MMPs. The depth of this pocket is largely determined by the
residue located at position 214 (MMP-1 numbering) (43—47).
MMPs with small residues at that key position show a channel
across the protease structure, allowing the cleavage of sub-
strates with bulky P1’ side chains. By contrast, MMPs with
large residues at position 214 occlude the S1’ channel and leave
a cavity that can only accept middle sized substrates. The
predicted structure of Dm2-MMP with an Asn residue at the
equivalent position (Asn-253) reveals a large and open S1’
pocket (data not shown), thereby predicting that this enzyme
may accommodate bulky residues in this site.

Expression Pattern of Dm2-MMP—To determine the tempo-
ral expression pattern of Dm2-MMP during Drosophila devel-
opment, we performed RT-PCR of total RNA prepared from
different developmental stages and adult flies. As can be seen
in Fig. 7TA, Dm2-MMP is detected in all of the developmental
stages tested as well as in male and female adult flies. How-
ever, Dm2-MMP transcripts could not be detected by standard
Northern blot assays, indicating that it is expressed at low
levels or in few specific cells. To get information on the tempo-
ral and spatial pattern expression of Dm2-MMP, we performed
whole mount in situ hybridization to third instar larvae. As
shown in Fig. 7 (B-E), expression is restricted to specific do-
mains, indicating that Dm2-MMP has tissue-specific functions.
Hybridization to eye imaginal discs reveals a strong staining
behind the morphogenetic furrow, a region where photorecep-
tors are formed during larval development. In the brain, ex-
pression is strong in the optic lobe region, where photoreceptors
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Fic. 7. Expression analysis of Dm2-MMP in diverse Drosophila
development stages. A, the presence of Dm2-MMP transcripts during
development was determined by RT-PCR, using total RNA extracts
prepared from different stages. Amplification of ribosomal protein 49
was used as a control for RNA integrity. B-E, whole mount in situ
hybridization to third instar larvae using a Dm2-MMP antisense RNA
probe. Expression of Dm2-MMP is detected in the optic lobe (B and C)
in the brain and in imaginal discs (D and E). C corresponds to a close up
of the optic lobe, in which expression is detected in the lamina. In eye
imaginal discs (B and D), expression is strong behind the morphoge-
netic furrow where photoreceptors form. In wing imaginal discs (E),
expression is weak and diffuse. No signal was detected with a control
sense probe.

project their axons. Altogether, these data suggest a role for
Dm2-MMP in eye and nervous system formation.

DISCUSSION

This work describes the cloning and characterization of the
second MMP identified in D. melanogaster. The strategy used
to clone Dm2-MMP was based on the search for structural
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motifs of vertebrate MMPs in Drosophila genomic sequences,
followed by hybridization of a Drosophila ¢cDNA library with a
probe derived from a MMP-related sequence identified in the
fly genome. This approach allowed us to isolate a full-length
c¢DNA coding for a protein that contains all structural domains
characteristic of MMPs, including the signal peptide, the
prodomain, the catalytic domain, the hinge region, and the
C-terminal hemopexin domain. In addition, the recombinant
protein produced in E. coli is able to degrade several peptides
widely used as substrates for vertebrate MMPs, and this pro-
teolytic activity is abolished by MMP inhibitors. According to
these structural and enzymatic properties, we conclude that
the identified cDNA codes for a functionally active member of
the MMP family that we called Dm2-MMP. Nevertheless, the
sequence of Dm2-MMP is unique because of the presence of an
insertion of 200 amino acids in the hinge region located be-
tween the catalytic and hemopexin domains. This sequence is
not present in DmI-MMP or in other MMPs from different
sources. The functional significance of this domain character-
istic of Dm2-MMP is presently unknown, although it could
serve to mediate interactions with other proteins, including the
putative substrates of this enzyme.

The structural differences between the two MMPs identified
in Drosophila can be also extended to their respective expres-
sion patterns. Thus, Dm2-MMP is expressed, albeit at low
levels, in all of the developmental stages of Drosophila, as well
as in male and female adult flies. By contrast, DmI-MMP is
strongly expressed in the developing embryo at stages 12 and
13, declining thereafter and being almost undetectable in adult
flies (25). These differences in the expression patterns of the
two MMPs present in Drosophila are consistent with the pos-
sibility that both enzymes play distinct roles in the tissue
remodeling processes occurring during fly development. Inter-
estingly, Dm2-MMP is expressed in discrete regions of the
nervous system both in embryos (data not shown) and larvae,
suggesting a specific role of this enzyme in this tissue. Dm2-
MMP proteolytic activity on the extracellular matrix may play
an important role in photoreceptors growth cone guidance
and/or cell rearrangement in the retina and nervous system. In
this respect, it is interesting to note that some MMPs are found
to be associated with extending neurites and play important
roles in growth cones in mammals (48-50). The different sub-
strate specificities of Dm1-MMP and Dm2-MMP, as assayed
using synthetic substrates, together with the nonoverlapping
patterns of MMP expression, suggest distinct roles for Dm1-
MMP and Dm2-MMP in development. Further comparative
genetic loss- and gain-of-function studies will provide cues on
the cellular role of each MMP in Drosophila. In any case, it is
remarkable that seemingly, only two MMPs are necessary in
Drosophila to accomplish the extensive matrix remodeling re-
quired during embryonic and larval development, metamor-
phosis, and adult life. In fact, after exhaustive screening of the
Drosophila genome, we have not found any evidence of the
presence of additional MMP genes other than those encoding
Dm1-MMP, and Dm2-MMP. Nevertheless, it is very interesting
that one of these MMPs (Dm1-MMP) seems to be a secreted
protease, whereas Dm2-MMP is membrane-bound, thereby
providing a further level of versatility in the type of substrates
that can be targeted by these two enzymes. On the other hand,
it is remarkable that we have not found other Drosophila TIMP
genes distinct from that recently described by Pohar et al. (51).
Therefore, we conclude that the Drosophila MMP proteolytic
system is complete in terms of presence of both proteases and
inhibitors with the ability to mediate and modulate tissue
remodeling processes in this organism but extremely simple
when compared with the MMP system operating in verte-
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brates. Thus, to date 24 MMP genes and four TIMP genes have
been identified in the human genome (7-10, 52), indicating
that these protease and inhibitor families have undergone ex-
tensive gene duplication events after the divergence of verte-
brates and invertebrates.

At present we can only speculate on why Drosophila has only
two MMPs in its genome, whereas humans or other organisms,
including C. elegans, have many more members of this protease
family (52). It has been proposed that this fact could reflect the
different developmental processes occurring in these organisms
(53). Thus, in vertebrates and nematodes, growth and develop-
ment involve extensive cell migration and rearrangement,
whereas Drosophila undergoes an early syncytial stage prior to
cellularization. The low number of MMPs in Drosophila could
therefore indicate that cell release from the extracellular ma-
trix is a generic requirement in this organism, whereas the
complex matrix-remodeling processes taking place in the other
organisms involve more specific and highly regulated functions
and, consequently, a higher number of proteolytic enzymes
potentially associated with them. On this basis, it has been
suggested that Drosophila may not be a good model to study
specific processes associated with these MMP functions (53).
However, we consider that the simple comparison of the num-
ber of MMP genes with the fact that Drosophila undergoes an
early syncytial stage should not be used to get definitive con-
clusions regarding the functional relevance of the MMP system
in this organism or its value as a model for extrapolating MMP
functions to other organisms. Thus, the syncytial stage lasts
just for the first 2 h of Drosophila development, in the absence
of zygotic transcription, whereas full Drosophila development
takes 11 days at 25 °C. Furthermore, Drosophila, like any
other multicellular organism, undergoes several crucial devel-
opmental processes involving cell rearrangements and migra-
tion, as well as wound healing (54, 55). On the other hand,
behind the apparent simplicity of the MMP system in Drosoph-
ila, it may be possible to uncover new mechanisms controlling
MMP expression or function of potential relevance to verte-
brate MMPs. Likewise, the limited number of endogenous en-
zymes in Drosophila as compared with human may represent a
unique system to study vertebrate MMPs in gain-of-function
studies through expression of heterologous proteases in flies,
without interfering with the Drosophila endogenous system.
Finally, we must consider that the high number of MMPs in
vertebrates may also reflect a significant degree of redundancy
in this system, a possibility that is consistent with the lack of
significant abnormalities in most mutant mice deficient in spe-
cific MMPs (56). In summary, and despite some caveats, we
believe that the simplified MMP-TIMP system from Drosoph-
ila, whose description is now completed with the finding of
Dm2-MMP, may be an advantageous model for studying the
role of protease-mediated events during development pro-
cesses. Consistent with this proposal, recent studies in this
organism have established the relevance of diverse proteases,
including metalloproteinases like Kuzbanian, Tolloid, and
Tolkin, in signaling pathways operating in essential processes
such as neurogenesis or embryonic patterning (57-61).

In summary, we have cloned and characterized Dm2-MMP,
the second member of the MMP family identified in D. mela-
nogaster. This enzyme exhibits structural and functional sim-
ilarities with Dm1-MMP as well as with vertebrate MMPs, in
terms of similar domain organization, profile of activity against
synthetic substrates, and sensitivity to inhibitors. However,
Dm2-MMP also exhibits unique features including an ex-
tremely long hinge region that distinguishes this enzyme from
all the remaining MMPs described in any organism. In addi-
tion, the predicted architecture of the catalytic domain of Dm2-
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MMP, with an unusually large and open S1’ pocket, supports
the proposal that this protease may have a wide substrate
specificity. Further biochemical studies, together with genetic
analysis of mutant flies deficient in Dm2-MMP, will be re-
quired to identify the relevant in vivo substrates of this prote-
ase and to define its precise role in any of the extensive extra-
cellular matrix remodeling processes taking place during
Drosophila development.
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