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Membrane Localization of Membrane Type 5 Matrix
Metalloproteinase by AMPA Receptor Binding Protein and
Cleavage of Cadherins
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Matrix metalloproteinases (MMPs) have been proposed to remodel the extracellular environment of neurons. Here, we report that the
metalloproteinase membrane-type 5 MMP (MT5-MMP) binds to AMPA receptor binding protein (ABP) and GRIP (glutamate receptor
interaction protein), two related postsynaptic density (PSD) PDZ (postsynaptic density-95/Discs large/zona occludens-1) domain pro-
teins that target AMPA receptors to synapses. The MT5-MMP C terminus binds ABP PDZ5 and the two proteins coimmunoprecipitated
and colocalized in heterologous cells and neurons. MT5-MMP localized in filopodia at the tips of growth cones in young [2–5 d in vitro
(DIV)] cultured embryonic hippocampal neurons, and at synapses in mature (21 DIV) neurons. Its enrichment in synaptosomes also
indicated a synaptic localization in the mature brain. Deletion of the PDZ binding site impaired membrane trafficking of MT5-MMP,
whereas exogenous ABP splice forms that are associated either with the plasma membrane or with the cytosol, respectively, colocalized
with MT5-MMP in synaptic spines or recruited MT5-MMP to intracellular compartments. We show that endogenous MT5-MMP is found
in cultured neurons and brain lysates in a proenzyme form that is activated by furin and degraded by auto-proteolysis. We also identify
cadherins as MT5-MMP substrates. These results suggest that ABP directs MT5-MMP proteolytic activity to growth cones and synaptic
sites in neurons, where it may regulate axon pathfinding or synapse remodeling through proteolysis of cadherins or other ECM or cell
adhesion molecules.
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Introduction
Remodeling of neuronal cell junctions is a continuous process in
the developing and adult brain. Extension and retraction of den-
dritic filopodia and attraction and repulsion of growth cones
during synaptogenesis require a continuing re-elaboration of cel-
lular membrane interactions (Mueller, 1999; Dunaevsky and Ma-
son, 2003), processes that may serve the acquisition and retention
of new information (Maletic-Savatic et al., 1999; Luscher et al.,
2000; Toni et al., 2001; Yuste and Bonhoeffer, 2001; Lamprecht
and LeDoux, 2004), and require the remodeling of extracellular
matrix (ECM) and cell adhesion molecules (Luscher et al., 2000;
Cline, 2001).

Matrix metalloproteinases (MMPs) are extracellular protein-
ases that degrade components of the ECM, including collagens,
glycoproteins, and proteoglycans. They also release growth fac-
tors and cleave nonmatrix substrates, such as receptors and cell
adhesion molecules (Levi et al., 1996; McCawley and Matrisian,
2001). During CNS development, MMPs facilitate cell migration,
myelinogenesis, and axon elongation, mostly through degrada-
tion of nonpermissive ECM substrates (Yong et al., 2001). MMPs
may also degrade �-dystroglycan, laminin, and neurotrophins,
which regulate neuronal survival and synapse structure (Lee et
al., 2001; Costa et al., 2002; Kaczmarek et al., 2002; Chen et al.,
2003).

Membrane-type 5 MMP (MT5-MMP) is predominantly ex-
pressed in hippocampus and cerebellum, brain regions display-
ing synaptic plasticity (Jaworski, 2000; Sekine-Aizawa et al.,
2001). MT5-MMP may promote axon and dendrite extension
(Hayashita-Kinoh et al., 2001; Sekine-Aizawa et al., 2001) and
structural remodeling after nerve injury (Komori et al., 2004).
However, the role of MT5-MMP in mature neurons, specifically
in synaptic plasticity, is unknown.

MT5-MMP is a transmembrane protein consisting of an
N-terminal extracellular region containing the catalytic domain,
a single transmembrane domain, and a C-terminal 20 aa cytosolic
tail that is likely to localize the enzyme (Llano et al., 1999; Pei,
1999; Sekine-Aizawa et al., 2001). In fact, MMP proteolytic activ-

Received Aug. 19, 2005; revised Nov. 29, 2005; accepted Jan. 5, 2006.
This work was supported by National Institutes of Health (NIH) Grant AG13620 (E.B.Z.). S.M. was supported by

NIH Training Grant GM07238, and B.A.J. was supported by NIH Grant K01MH073759. We are grateful to Dr. D. Pei for
the full-length MT5-MMP cDNA plasmid and anti-extracellular MT5-MMP antibody, Dr. E. Schuman for the
E-cadherin cDNA plasmid, and the Developmental Studies Hybridoma Bank (developed under the auspice of the
National Institute of Child Health and Human Development and maintained by the University of Iowa Department of
Biological Sciences) for monoclonal antibody to SV2 developed by K. M. Buckley.

Correspondence should be addressed to Edward B. Ziff, Department of Biochemistry, New York University School
of Medicine, New York, NY 10016. E-mail: edward.ziff@med.nyu.edu.

S. Srivastava’s present address: Morgan Stanley, 1585 Broadway, New York, NY 10036.
S. DeSouza’s present address: Skirball Institute of Biomolecular Medicine, New York University School of Medi-

cine, New York, NY 10016.
DOI:10.1523/JNEUROSCI.3521-05.2006

Copyright © 2006 Society for Neuroscience 0270-6474/06/262300-13$15.00/0

2300 • The Journal of Neuroscience, February 22, 2006 • 26(8):2300 –2312



ity is often restricted to specific sites in the cell membrane (Bas-
baum and Werb, 1996; Murphy et al., 2000).

Here, we report that MT5-MMP binds two related proteins of
the postsynaptic density (PSD), AMPA receptor binding protein
(ABP), and glutamate receptor interacting protein (GRIP). The
PSD is a matrix of scaffolding proteins that organizes postsynap-
tic cytoskeletal and signaling peptides (Ziff, 1997). ABP and GRIP
interaction with AMPA receptors (Dong et al., 1997; Srivastava et
al., 1998) regulates their trafficking and localization (Osten et al.,
2000; Fu et al., 2003). ABP and GRIP also interact with ephrins,
eph receptors, liprin-�, kinesins, and neuronal plakophillin-
related armadillo protein (NPRAP)-cadherin complexes (J. Sil-
verman, L. Lee-Edwards, L. Khatri, W. Lu, and E. B. Ziff, unpub-
lished observations) (Bruckner et al., 1999; Lin et al., 1999;
Contractor et al., 2002; Setou et al., 2002; Wyszynski et al., 2002).

Also, we show that both MT5-MMP and ABP/GRIP are local-
ized to the tips of growth cones of developing neurons and to
synapses in mature neurons. We present evidence that ABP di-
rects MT5-MMP to these subcellular compartments, where it
may cleave cadherin cell adhesion molecules. We suggest that
ABP and GRIP spatially regulate MT5-MMP localization and
hence its degradation of ECM or cell adhesion molecules, thereby
contributing to synaptogenesis and activity-dependent synaptic
remodeling.

Materials and Methods
Yeast two-hybrid screen. Yeast two-hybrid screening was performed as
described previously (Osten et al., 1998; Srivastava et al., 1998). Briefly,
the C-terminal 527 residues of ABP-S (amino acids 295– 822) were sub-
cloned into the pAS2 vector and used as a bait in the Matchmaker two-
hybrid system (Clontech, Mountain View, CA) to screen an adult rat
brain library in pGAD10 according to the instructions of the manufac-
turer. The positive clones were further tested by yeast mating assays
according to the instructions of the manufacturer (Clontech).

Expression vectors. Full-length murine MT5-MMP cDNA in
pCR3.1uni was a gift from Dr. D. Pei (University of Minnesota, Minne-
apolis, MN) (Pei, 1999).

E-cadherin expression vector was a gift from Dr. E. Schuman (Caltech,
Pasadena, CA). Hydrophillic beta-peptide DYKDDDDK-tagged (FLAG-
tagged) ABP cDNAs were subcloned in pCMV and pCDNA3.1 vectors
(Srivastava et al., 1998). PKC-interacting protein 1 (PICK-1) and GRIP
were subcloned in pCDNA3.1. Mutants were made with the QuikChange
XL Site-Directed mutagenesis kit (Stratagene, La Jolla, CA) according to
the instructions of the manufacturer. FLAG-tagged ABP-L PDZ (PSD-
95/Discs large/zona occludens-1) domain mutants were constructed in
two consecutive mutagenesis cycles, in which two amino acids were mu-
tated in each cycle. Specifically, three ABP-L mutants were made, in
which the amino acids 416GFGL 419 in PDZ4, 517ELGI 520 in PDZ5, and
615PLGI 618 in PDZ6, respectively were mutated to alanine. The pairs of
primers were as follows: for PDZ4, 5�ggtagtgctctgtggagaccccctcagt-
gctgcaggcctccagctgcaggggggc3� and 5�ggtagtgctctgtggagaccccctcagt-
gctgcagctgcacagctgcaggggggc3�; for PDZ5, 5�gttacccaaaaggcgtggtgtggctg-
caggcatcaccattagctcggccagcagaaagcg3� and 5�gttacccaaaaggcgtggtgtg-
gctgcagctgcaaccattagctcggccagcagaaagcg3�; for PDZ6, 5�gtggaactgaag-
cgctatggcggagcagcaggtatcaccatctccggtacagaggaacc3� and 5�gtggaactga-
agcgctatggcggagcagcagctgcaaccatctccggtacagaggaacc3�. To construct cat-
alytically inactive MT5-MMP, the amino acid E252 in the active site of
murine MT5-MMP was converted to alanine, using the primer 5�gccgt-
gcatgcactgggccat3�. Full-length MT5-MMP, �3 deletion mutant lacking
the three final amino acids (EWV) and catalytically inactive mutant were
generated by PCR and cloned into the XbaI site of pSinRep5 to make
Sindbis virus expression vectors.

Glutathione S-transferase-fusion proteins purification and precipitation.
To prepare glutathione S-transferase (GST) fusion proteins, the full-
length cytosolic domain of rat MT5-MMP (aa 599 – 618) or deletion
fragments lacking the 3 or 10 final amino acids (aa 599 – 615 and 599 –

608, respectively) were subcloned in-frame at the EcoRI/XhoI sites in
pGEX-4T-1 (Amersham Biosciences, Piscataway, NJ). Recombinant
GST-MT5 proteins were purified on glutathione Sepharose-4B (Amer-
sham Biosciences) as suggested by the manufacturer, calibrated on Coo-
massie Brilliant Blue-stained gels, and incubated with in vitro translated
ABPs, GRIP, PICK-1, or cell or brain lysates (see below) in 1 ml of 25 mM

HEPES, pH 7.5, 150 mM NaCl, and 1% Triton X-100. ABPs, GRIP, and
PICK-1 were translated using the TNT Coupled Reticulocyte Translation
System (Promega, Madison, WI).

Antibodies. Antibody to the extracellular domain of MT5-MMP
(Tyr125 to Cys538) was obtained from Dr. Pei (Pei, 1999) and Chemicon
(Temecula, CA). Antibody to the intracellular domain of MT5-MMP
(antibody cytoMT5-MMP; #2850) was generated by immunization of
rabbits with a 16 aa peptide (GPQPVTYYKRPVQEW) from the intracel-
lular domain (aa 598 – 614) with an extra Cys at the N terminus that was
conjugated to keyhole limpet hemocyanin. Antibodies were affinity pu-
rified on a peptide affinity column. Antibody #303, raised against aa
1027–1043 (QSRRTPGAPGPSSPQMI) at the C terminus of ABP-L, was
generated by the same procedure. Antibody to ABP Linker 2 region has
been described previously (Srivastava et al., 1998). Monoclonal antibody
to synaptic vesicle protein SV2 (SV2), developed by K. M. Buckley, was
obtained from the Developmental Studies Hybridoma Bank (University
of Iowa, Iowa City, IA). GRIP antibody was generated as described pre-
viously (Gabriel et al., 2002). Goat cadherin antibody to the C terminus
(C-19) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Mouse antibody to the aa 802– 819 of N-cadherin and to GRIP were
purchased from BD Transduction Laboratories (Franklin Lakes, NJ).

Cell transfection and immunoprecipitation. Human embryonic kidney
293T (HEK293T) cells were cultured in DMEM supplemented with 10%
FBS and 1% penicillin-streptomicin. Transfection was performed by the
calcium phosphate method with 15 �g of DNA per 10 cm dish. Thirty-six
hours after transfection, cells were washed with 1� PBS and solubilized
in immunoprecipitation buffer (25 mM HEPES, pH 7.5, 150 mM NaCl,
1% Triton X-100) and complete protease inhibitor cocktail (Roche Prod-
ucts, Indianapolis, IN). Immunoprecipitation was performed with 2 �g/
sample of anti-ABP antibody (#303) or 1 �l/sample anti-extracellular
MT5-MMP antibody. Immunoprecipitates were collected with Protein
G PLUS-Agarose (Santa Cruz Biotechnology), separated on 8% SDS-
PAGE, and analyzed by Western blot.

Immunoprecipitation from cerebellar extracts. Cerebella from adult
Sprague Dawley rats were Dounce homogenized in 4 mM HEPES, pH 7.5,
and 0.32 M sucrose buffer containing protease inhibitors. The homoge-
nates were clarified by centrifugation at 1000 rpm for 15 min, and the
supernatant was collected and spun down at 30,000 � g for 30 min to
yield the P2 pellet. The P2 pellet was suspended at 2–3 mg/ml in ice-cold
10 mM Tris buffer, pH 7.4, containing protease inhibitors. One-tenth
volume of ice-cold DOC buffer (10% sodium deoxycholate and 500 mM

Tris-HCl, pH 9.0) was added to the P2 fraction and incubated at 36° for
30 min, after which Triton X-100 was added to a final concentration of
0.1%. The samples were then dialyzed against ice-cold binding buffer (50
mM Tris-HCl, pH 7.4, and 0.1% Triton X-100) over night. Unextractable
material was pelleted at 37,000 � g for 40 min, and the supernatant was
used for immunoprecipitation. Specifically, �1 mg of the lysate was
immunoprecipitated with 2 �g/sample of primary antibody. Immuno-
precipitates were collected with Protein G PLUS-Agarose (Santa Cruz
Biotechnology), resuspended in SDS sample buffer with 80 mM DTT,
separated on 10% SDS-PAGE, and analyzed by Western blot.

Western blot and cell surface biotinylation of cultured neurons. Cultured
hippocampal or cortical neurons at 3 � 10 4 cells/cm 2 in 10 cm poly-L-
lysine-coated Petri dishes were infected with 50 �l of MT5-MMP viruses,
treated with different inhibitors as specified, and washed twice with cold
PBS. Cell extracts were prepared in immunoprecipitation buffer (20 mM

sodium phosphate, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.5%
sodium deoxycholate) and complete protease inhibitor cocktail (Roche
Products), and were analyzed by SDS-PAGE and Western blot. To test
the effect of proteinase inhibitors on MT5-MMP activation, cortical neu-
rons were plated at a density of 3 � 10 4 cells/cm 2. GM6001 (Ilomastat;
Chemicon) and decanoyl-Arg-Val-Lys-Arg-chlorometylketone (CMK;
Bachem) were added to the culture media at 50 and 25 �M, respectively.
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The proteosome inhibitor MG-132 (Calbiochem, La Jolla, CA) was
added to culture media at 10 �M. For the biotinylation experiments,
washed cells were incubated with 1.5 mg/ml Sulfo-NHS-SS-Biotin
(Pierce, Rockford, IL) in PBS for 30 min at 4°C. Nonreacted biotin was
quenched with 50 mM glycine in PBS, and cells were rinsed twice with
cold PBS. Cell extracts were prepared in immunoprecipitation buffer (20
mM sodium phosphate, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% NP-40,
0.5% sodium deoxycholate) and complete protease inhibitor cocktail
(Roche Products). Biotinylated surface proteins were purified with Ul-
tralink Immobilized NutrAvidin beads (Pierce) and analyzed by SDS-
PAGE and Western blot. Densitometry of the bands and quantification
of surface MT5-MMP were performed using ImageJ software, and p
values were determined by standard t test.

Immunocytochemistry. HeLa cells were seeded on glass coverslips and
transfected by the calcium phosphate method. Twenty-four hours after
transfection, live cells were incubated with anti-MT5-MMP antibody
(Pei, 1999) at 1:500 dilution in DMEM (40 min at 4°C), washed with 1�
PBS, fixed with 4% paraformaldehyde (Electron Microscopy Sciences,
Fort Washington, PA) in 0.12 M sucrose in PBS (10 min at room temper-
ature), permeabilized with 0.25% Triton X-100 (10 min at room temper-
ature), blocked in 10% bovine serum albumin (BSA) in PBS, and then
incubated with 0.5 �g/ml M2 FLAG antibody (Sigma, St. Louis, MO) in
3% BSA. Cells were then washed three times in 1� PBS. Secondary
antibodies conjugated to rhodamine, fluorescein, or cyanine 5 (Jackson
ImmunoResearch, West Grove, PA) were incubated in 3% BSA for 1 h at
the dilution suggested by the vendor. Images were taken with a Nikon
(Tokyo, Japan) PCM 2000 confocal microscope and analyzed using Sim-
ple 32 software (Compix, Cranberry Township, PA).

Hippocampal primary cultures and immunofluorescence. Hippocampal
primary neurons were prepared as described previously (Osten et al.,
1998) and plated at a density of 120,000 cells/well on poly-L-lysine-coated
glass coverslips in a six-well plate. Neurons were grown in Neurobasal
medium with B27 (Invitrogen, San Diego, CA). After different times in
culture, cells were fixed as described above, and endogenous proteins
were stained with different antibodies. Anti-cyto-MT5-MMP antibody
(#2850) was used at a concentration of 1.5 �g/ml, anti-Synapsin I anti-
body (Chemicon) at 4 �g/ml, anti-microtubule-associated protein 2
(MAP2) antibody (Upstate Biotechnology, Lake Placid, NY) at 5 �g/ml,
anti-calcium calmodulin-dependent protein kinase II (Boehringer
Mannheim, Indianapolis, IN) at 250 ng/ml. ABP antibody to Linker 2
described above was used at a concentration of 0.25 �g/ml, and GRIP
antibody was used at 1 �g/ml.

Sindbis virus infections. Recombinant Sindbis viruses expressing wild-
type MT5-MMP or the �3 mutant lacking the three final amino acids,
EWV, at the C terminus were generated as described in the Sindbis Ex-
pression System manual (Invitrogen). Sindbis viruses expressing ABP-L-
green fluorescent protein (GFP) and pABP-L-GFP have been previously
described (DeSouza et al., 2002; Fu et al., 2003). Infections were per-
formed as described previously (Osten et al., 2000). Briefly, 20 �l of viral
stock was diluted in 600 �l of Neurobasal-B27 medium and added to
neurons in each well of a six-well dish for 1 h, after which 1.5 ml of
conditioned Neurobasal-B27 medium was added to the wells. Expression
was analyzed by antibody staining and confocal microscopy after 18 h.

Brain extracts and subcellular fractionations. Crude forebrains from
adult Sprague Dawley rats were homogenized in 25 mM HEPES, pH 7.5,
and 150 mM NaCl buffer containing protease inhibitors. The homoge-
nates were clarified by centrifugation at 1000 rpm for 5 min, the super-
natant was solubilized with 1% Triton X-100 for 1 h at 4°C, and spun at
10,000 rpm for 10 min. The supernatant was incubated in the presence of
the different GST-MT5 fusion proteins.

Synaptosomes were purified on sucrose gradients as described previ-
ously (Srivastava et al., 1998; Greger et al., 2002). Briefly, brain homog-
enate was spun at 1000 � g for 10 min; the supernatant (postnuclear
fraction) was centrifuged at 9000 � g for 15 min. The supernatant (cy-
tosol) was discarded, and the pellet containing the synaptosomes was
resuspended in homogenization buffer and loaded at the top of a three-
layer discontinuous sucrose gradient consisting of three layers of 1.2, 1.0,
and 0.8 M sucrose in 10 mM HEPES, pH 7.4. Purified synaptosomes were
collected from the 1.0 –1.2 M interphase, osmotically shocked in hypo-

tonic buffer to release cytosolic proteins, and centrifuged. The pellet was
then solubilized in 25 mM HEPES, pH 7.5, 150 mM NaCl, and 1% Triton
X-100 and spun at 100,000 � g for 15 min. The supernatant was collected
as Triton X-100 soluble fraction and the pellet as PSD fraction.

Results
To understand ABP contributions to synapse function, we
screened for ABP interacting proteins. Three splice variants of
ABP have been identified previously (Srivastava et al., 1998; De-
Souza et al., 2002). These include a short form (ABP-S) contain-
ing six PDZ domains arranged in two sets of three (sets I and II),
with each set followed by a linker region (L1 and LII), and two
long forms (ABP-L and pABP-L) that, in addition, contain a 52
amino acid N-terminal leader region plus a seventh C-terminal
PDZ domain (Fig. 1A). pABP-L contains a unique N-terminal
sequence with a palmitoylated cysteine at position 11 (DeSouza et
al., 2002). GRIP counterparts to ABP-L and pABP-L have been
reported previously (Dong et al., 1997; Yamazaki et al., 2001). To
identify ABP interactors, the C-terminal 527 aa of ABP-S, which
encompass PDZ domains 4, 5, and 6 (i.e., set II) plus the flanking
L1 and the L2 linker regions, were used as bait for a yeast two-
hybrid screen of an adult rat brain cDNA library. Two partial
cDNA clones of the membrane-type 5 matrix metalloproteinase
were isolated.

MT5-MMP consists of an N-terminal extracellular region, a
single transmembrane domain, and a short C-terminal cytosolic
tail of 20 amino acids (Fig. 1B). The extracellular portion con-
tains a prodomain at the N terminus that maintains the enzyme
in an inactive form and the removal of which activates the en-
zyme. This is followed by a catalytic domain with Zn 2� at the
active site, a hinge region, a hemopexin-like domain, and a stem
region (Llano et al., 1999; Pei, 1999; Sekine-Aizawa et al., 2001).
The ABP-interacting clones encoded the hemopexin-like region,
stem, transmembrane, and cytosolic domains (aa 335– 618) of rat
MT5-MMP (Pei, 1999; Sekine-Aizawa et al., 2001).

Binding of ABPs to GST-MT5 fusion proteins
To verify the interaction between MT5-MMP and ABP, fusions
to GST of the 20 amino acid long, full-length cytosolic domain of
rat MT5-MMP or truncation mutants of this domain lacking the

Figure 1. Schematic representation of different ABP isoforms and MT5-MMP. A, Different
ABP splice variants are compared. ABP-S, Short form (six PDZ domains); ABP-L, long form (seven
PDZ domains); pABP-L, long palmitoylated form (seven PDZ domain and palmitate on Cys 11).
PDZ domains are shown as black boxes. The palmitoylation site on Cys 11 in pABP-L is indicated.
L1 and L2, Linker 1 and Linker 2 regions. The ABP fragment used as a bait in the yeast two-hybrid
screen is depicted. B, Structure of MT5-MMP representing the prodomain (Pro), catalytic do-
main, hinge region (Hinge), hemopexin-like domain, stem (S), transmembrane (tm), and cyto-
solic domain (cyt). The cDNA fragments isolated by two-hybrid screen are shown.
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three (EWV) or 10 (YYKRPVQEWV) final amino acids were
incubated with 35S-labeled ABP-L, pABP-L, and ABP-S prepared
by translation in reticulocyte lysates (Fig. 2A). Cytosolic tails of
membrane proteins and receptors often mediate binding to PDZ
domains of scaffolding proteins through their three C-terminal
residues. ABP and GRIP are proteins containing PDZ domains,
and the C-terminal amino acids of MT5-MMP represent a pos-
sible PDZ-binding sequence. All three ABP forms bound to the
full-length MT5-MMP cytosolic domain GST fusion but not to
GST alone. GRIP bound with lower efficiency; however, PICK-1,
a PDZ-containing control protein, did not bind, suggesting that
the binding to ABP and GRIP was specific. Both the 120 and 98
kDa forms of ABP from rat brain lysates, which represent ABP-L
together with pABP-L and ABP-S, respectively, bound to the
wild-type MT5-MMP cytosolic domain GST-fusion but not to
the �3 and �10 truncation mutants (Fig. 2B). GRIP from brain

lysate also bound to the full-length cytosolic domain (Fig. 2B)
but more weakly than ABP, as seen for in vitro translated GRIP.
We conclude that the three C-terminal residues of the MT5-
MMP cytosolic tail mediate MT5-MMP binding to both ABP and
GRIP. Also, the interaction resembles a PDZ-mediated interac-
tion, because deletion of the PDZ-binding sequence in the cyto-
solic tail of MT5-MMP prevents the binding.

We analyzed the interaction by incubating lysates of HEK293
cells expressing FLAG epitope-tagged ABP deletion mutants with
the MT5-MMP C-terminus GST fusions (Fig. 3A). ABP set II
(PDZ4, 5, 6) but not set I (PDZ1, 2, 3) bound to the wild-type
C-terminus GST-MT5(CT), indicating that the interaction was
specific. The flanking Linker 1 region facilitated the interaction,
but the Linker 2 region appeared to have an inhibitory effect on
the PDZ-mediated binding. Inhibition by Linker 2 was relieved
by the presence of Linker 1. We conclude that the C terminus of
MT5-MMP binds to PDZ domain(s) of ABP set II and that L1
sequences of ABP may be required for high-affinity binding. To
determine the particular ABP PDZ domain(s) involved in MT5-
MMP binding, mutants with nonfunctional PDZ domains were
constructed. Specifically, the four amino acids that generate the
carboxylate-binding loop in the hydrophobic pockets of ABP-L
PDZ4, PDZ5, and PDZ6 (the so-called “GLGF” motif) were mu-
tated to alanine (respectively, 416GFGL3AAAA 419,
517ELGI3AAAA 520, 615PLGI3AAAA 618). These mutants were
then expressed in HEK293T cells and assayed for interaction with
the MT5-MMP C-terminus GST fusion. As shown in Figure 3B,
the inactivation of PDZ5, but not PDZ4 or PDZ6, greatly de-
creased the binding of ABP-L to MT5-MMP, suggesting that this
PDZ domain is required for MT5-MMP binding. Assays for co-
immunoprecipitation of MT5-MMP with ABP deletion mutants
(epitope-tagged PDZ4 –5-6, PDZ4 –5, and PDZ5– 6) support this
finding. PDZ4 –5 on its own still binds to MT5-MMP, whereas
PDZ5– 6 can not (Fig. 3C). This is consistent with PDZ5 being the
binding site for MT5-MMP and with PDZ4 being an accessory
domain, which contribute to the generation of a compact, two
PDZ domain structure, PDZ4 –5. In this structure, PDZ5 pro-
vides the single functional binding site, and PDZ4 stabilizes
PDZ5 (Feng et al., 2003).

Coimmunprecipitation and colocalization of ABP
and MT5-MMP
We confirmed the interaction of MT5-MMP with ABP by dem-
onstrating coimmunoprecipitation and colocalization of these
proteins in heterologous cells. We used the murine MT5-MMP
(Pei, 1999), the cytosolic domain of which differs from that of the
rat protein by a single amino acid, at position �17 (A in mouse; T
in rat). We detected MT5-MMP with an affinity-purified anti-
body raised against the MT5-MMP cytosolic domain, which rec-
ognized the transfected murine protein as a band of �62 kDa in a
Western blot. After coexpression of MT5-MMP and FLAG-
tagged ABP-L in HEK293T cells, immunoprecipitation of ABP by
an antibody recognizing the ABP-L C terminus (#303) coprecipi-
tated MT5-MMP, as shown by Western blot (Fig. 4A). Con-
versely, ABP-L was coimmunoprecipitated with MT5-MMP by
an antibody against the extracellular domain of MT5-MMP (Fig.
4B). MT5-MMP also coimmunoprecipitated with pABP-L and
ABP-S (data not shown).

MT5-MMP independently expressed by transfection in HeLa
cells localized at the cell surface (Fig. 4Ci), whereas ABP-L ex-
pressed independently formed large dense clusters in the cyto-
plasm (Fig. 4Cii) (DeSouza et al., 2002; Fu et al., 2003). Strikingly,
when the two proteins were coexpressed, ABP-L was recruited to

Figure 2. Binding to ABP and GRIP requires MT5-MMP C-terminal amino acids EWV. A,
Different ABP splice variants (ABP-L, pABP-L, and ABP-S), GRIP, and PICK-1, 35S-radiolabeled by
translation in vitro in reticulocyte lysates, were incubated with GST alone or GST fused to the
full-length, 20 amino acid long, MT5-MMP cytosolic domain [GST-MT(CT)] bound to glutathi-
one agarose beads. The precipitated proteins were resolved by SDS-PAGE and autoradiography.
The two gels were electrophoresed in parallel, dried, and exposed on the same film so that they
could be compared directly. All ABP splice variants and GRIP bound to the cytosolic domain of
MT5-MMP, but not to GST alone, whereas a control PDZ protein, PICK-1, did not bind. B, GST-
MT5 fusion proteins containing the full-length MT5-MMP cytosolic domain (CT) or deletion
mutants lacking the three (�3) or 10 (�10) C-terminal amino acids were incubated with Triton
X-100 rat brain lysates. The associated proteins were then analyzed by SDS-PAGE and immuno-
blotting with specific antibodies to ABP and GRIP. Both short and long ABP forms (ABP-S, ABP-L,
and pABP-L) and GRIP bound to the full-length MT5-MMP cytosolic domain but not to deletion
mutants missing the 3 or 10 C-terminal amino acids.
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the cell membrane (Fig. 4Ciii), where it
colocalized with MT5-MMP. The ability
of coexpressed MT5-MMP to alter the
subcellular localization of ABP-L strongly
supports the conclusion that the two pro-
teins can form a complex in heterologous
cells.

Expression of MT5-MMP and ABP
in brain
Endogenous ABP is localized in cytosolic
clusters in neurons from different brain
regions, and it is also found at synapses
and in the PSD (Srivastava et al., 1998; Bu-
rette et al., 2001). MT5-MMP is also
widely expressed in the brain, including in
the hippocampus and cerebellum (Jawor-
ski, 2000; Hayashita-Kinoh et al., 2001;
Sekine-Aizawa et al., 2001), but its subcel-
lular localization and function in mature
neurons are unknown. Western blot anal-
ysis of Triton X-100 lysates of cultured
cortical neurons and adult rat brain iden-
tified MT5-MMP as a major band of �62
kDa (Fig. 5A,B). The active MT5-MMP
species is unstable and rapidly decays by
autoproteolysis (Wang et al., 1999; Wang
and Pei, 2001). When cells were incubated
in the presence of the MMP inhibitor,
GM6001 (Ilomastat), a new band of �58
kDa was observed. This suggests that the
62 kDa band is the inactive proenzyme,
and the 58 kDa band is the active form
produced by proteolytic removal of a pep-
tide of �10 kDa from the proenzyme N
terminus and stabilized against autoprote-
olysis by the inhibitor. In heterologous
cells, the protease furin was reported to
conduct the proteolytic cleavage that acti-
vates MT5-MMP in the trans-Golgi net-
work (Wang and Pei, 2001). When the
furin inhibitor CMK was added to the cul-
ture media together with GM6001, the generation of the active 58
kDa form was inhibited, suggesting that furin is an MT5-MMP
activator in neurons as well (Fig. 5A, top).

We biotinylated cell surface protein to determine what form
of MT5-MMP was present at the cell surface of neurons. To pre-
vent degradation of the active MT5-MMP form by autoproteoly-
sis, the MMP inhibitor GM6001 was added to the culture me-
dium for 24 h before biotinylation (see Materials and Methods).
As shown in Figure 5A (middle and bottom panels), both the
proenzyme and active forms were present at the cell surface. This
suggests that not all MT5-MMP produced by the cell is activated
intracellularly by furin and that MT5-MMP proenzyme is also
found at the cell surface and could be activated by other
mechanisms.

As shown in Figure 5B, MT5-MMP was enriched in the syn-
aptosomal fraction of adult rat forebrain, suggesting that, similar
to ABP, the metalloproteinase is found at synapses (Srivastava et
al., 1998). ABP was found in the Triton X-100 insoluble fraction,
which contains PSD proteins. In contrast, MT5-MMP was found
in the soluble fraction and was absent from the PSD (Fig. 5B,
bottom). This differential extraction is consistent with MT5-

MMP being a membrane protein and ABP associating with the
matrix of insoluble proteins at the synapse that form the PSD.
Also, MT5-MMP and ABP coimmunoprecipitated from extracts
of adult cerebellum (Fig. 5C), indicating their association in vivo.

Subcellular localization
To confirm the synaptic localization of MT5-MMP, cultured hip-
pocampal neurons [15–20 d in vitro (DIV)] were stained for en-
dogenous MT5-MMP, GRIP, and synaptic markers. MT5-MMP
was observed in the cell body and at the plasma membrane of
dendrites, where it showed a discrete, punctate staining (Fig.
5D,E,G). To determine whether these puncta represent synapses,
we stained with antibodies to the synaptic markers SV2 and PSD-
95. MT5-MMP colocalized with each of the markers, confirming
in mature neurons the synaptic localization that was indicated by
enrichment in the synaptosomal fraction. GRIP also showed a
similar pattern of distribution in mature neurons, where it colo-
calized with the synaptic marker SV2 and with MT5-MMP (Fig.
5F,G).

MT5-MMP has been reported in growth cones of DRG neu-
rons and in dendrites of developing Purkinje cells (Hayashita-

Figure 3. Binding to MT5-MMP is mediated by ABP PDZ5. A, Top, Schematic representation of Flag-tagged ABP-L full length
and fragments used to determine the MT5-MMP binding domain. Bottom, Triton X-100 lysates of HEK293T cells transfected with
the indicated Flag-tagged ABP fragments were incubated with GST fused to full-length MT5-MMP cytosolic domain [GTS-
MT5(CT)] as described. The precipitated fragments were resolved by SDS-PAGE and immunoblotting with an anti-Flag antibody.
The smallest fragment still able to bind consisted of the set 2 of PDZ domains (S2), whereas set 1 did not bind. B, ABP-L mutants
with nonfunctional PDZ domains 4, 5, and 6, respectively (4*, 416GFGL3AAAA 419; 5*, 517ELGI3AAAA 520; 6*,
615PLGI3AAAA 618) were expressed in HEK293T cells and assayed for their interaction with the MT5-MMP C-terminus GST fusion.
The ABP-L mutant with an inactivated PDZ5 did not bind to the MT5-MMP cytosolic domain. C, MT5-MMP and ABP deletion
mutants (epitope-tagged full-length ABP-L and isolated PDZ4 –5-6, PDZ4 –5, and PDZ5– 6) coexpressed in HEK293T cells were
coimmunoprecipitated with an antibody to the extracellular domain of MT5-MMP (aa 125–538) and detected by Western blot by
antibodies anti-cytosolic domain of MT5-MMP (anti-cytoMT5-MMP, #2850; to aa 598 – 614) and anti-Flag, respectively. Wild-
type ABP-L and isolated set 2 of PDZ domains coimmunoprecipitated with MT5-MMP; PDZ4 –5 alone still binds to MT5-MMP,
whereas PDZ5– 6 does not.
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Kinoh et al., 2001; Sekine-Aizawa et al., 2001). We asked whether
MT5-MMP colocalized with ABP at these sites in developing
hippocampal neurons. As shown in Figure 6A, in young hip-
pocampal neurons (2 and 5 DIV), MT5-MMP was found in
filopodia-like structures at the tips of growth cones in both axons
and dendrites, in agreement with the proposed role for the met-
alloproteinase in the extension of processes and/or synaptogen-
esis. Axonal growth cones were identified by staining for synapsin
1, a synaptic vesicle protein that is preferentially localized in the
distal portion of axons and growth cones in developing neurons
(Fletcher et al., 1991, 1994). We analyzed in parallel the subcel-
lular localization of ABP. ABP was previously localized at mature
neuron synapses and in the PSD (Srivastava et al., 1998; DeSouza
et al., 2002). In young hippocampal neurons (2 and 5 DIV), ABP
was found in the distal portion of extending axons, with a distri-
bution similar to synapsin I (Fig. 6B). As with ABP, GRIP was
observed in axonal growth cones of 2 DIV hippocampal neurons
(Fig. 6C) (Wyszynski et al., 2002). The finding of endogenous
ABP, GRIP, and MT5-MMP in the same cellular compartments is
consistent with their interaction and suggests that ABP/GRIP
functions in the trafficking or subcellular targeting of MT5-MMP
to these sites in neurons.

Study of MT5-MMP and ABP
interaction in vivo
To determine whether the cytosolic tail of
the metalloproteinase, which contains the
ABP binding site, is required for MT5-
MMP plasma membrane localization, we
expressed wild-type MT5-MMP or a mu-
tant lacking the three final amino acids
(�3) in hippocampal neurons using Sind-
bis virus vectors. Surface expression was
assayed by Western blot after biotin label-
ing of surface membrane protein and
streptavidin precipitation (see Materials
and Methods). Wild-type MT5-MMP was
readily detected at the cell surface, whereas
the truncated mutant �3, which is unable
to bind ABP, was exclusively intracellular
(Fig. 7A, top). Densitometry of the bands
and quantification of surface MT5-MMP
revealed that deletion of the three final
amino acids in �3 reduced the amount of
the mutant at the cell surface to �40% of
the level of the wild-type MT5-MMP.

As a control, the surface expression of
the AMPA receptor subunit glutamate re-
ceptor 1 (GluR1) was not altered by MT5-
MMP overexpression (Fig. 7A, bottom).

Specific roles for ABP in AMPA recep-
tor (AMPAR) synaptic stabilization and
trafficking have been proposed. The
palmitoylated form of ABP, pABP-L, is
found at the plasma membrane of spines,
whereas the unpalmitoylated form,
ABP-L, is found in large clusters inside the
cell body and dendritic shafts. At both of
these subcellular compartments, the ABPs
were shown to bind and stabilize AMPARs
(DeSouza et al., 2002). This suggests that
ABP can target binding proteins differen-
tially depending on its own localization.
Therefore, we asked whether ABP can

similarly direct the localization of MT5-MMP, either intracellu-
larly or to synapses. When we expressed GFP-tagged pABP-L
from a Sindbis virus vector in cultured hippocampal neurons,
pABP-L-GFP colocalized with endogenous MT5-MMP in den-
dritic spines protruding from the dendritic shaft, which was iden-
tified by MAP2 staining (Fig. 7B). The putative MT5-MMP/
pABP-L complexes also colocalized with or were in close
proximity to the synaptic marker SV2 (Fig. 7D). In contrast, after
exogenous expression, the unpalmitoylated ABP-L formed large
intracellular clusters within the dendritic shafts. Strikingly, ex-
pression of ABP-L altered the subcellular localization of the en-
dogenous metalloproteinase. ABP-L decreased MT5-MMP levels
at spines and increased its levels in intracellular compartments
(Fig. 7C). A similar result was observed with an ABP fragment
containing PDZ set II (data not shown). In addition, after ABP-L
expression, the colocalization of MT5-MMP with the synaptic
marker SV2 was lost. As shown in Figure 7E, the extent of colo-
calization between MT5-MMP and SV2 was significantly re-
duced in neurons infected with ABP-L, and most SV2 did not
colocalize extensively with MT5-MMP in these cells (also com-
pare with Fig. 5D). Quantification of this experiment showed that
the localization of endogenous MT5-MMP with SV2 was in-

Figure 4. MT5-MMP and ABP-L coimmunoprecipitate and colocalize in heterologous cells. A, HEK293T cells were transfected
with MT5-MMP and Flag-tagged ABP-L as indicated and immunoprecipitated with an anti-ABP antibody (#303; to aa 1027–
1043). Expression and precipitation of ABP were detected by immunoblotting with an anti-Flag antibody, whereas expression and
coimmunoprecipitation of MT5-MMP were assayed by immunoblotting with an anti-cyto MT5-MMP antibody (#2850; to aa
598 – 614). When expressed together, MT5-MMP and ABP-L were coimmunoprecipitated by the anti-ABP antibody. MT5-MMP
was not immunoprecipitated with anti-ABP antibody in the absence of ABP, indicating that the binding was specific. B, MT5-MMP
and ABP-L were also coimmunoprecipitated by an antibody, anti-MT5-MMP extracellular domain (to aa 125–538), when coex-
pressed in HEK293T cells. As a control, ABP-L was not immunoprecipitated with anti-MT5-MMP antibody in the absence of
MT5-MMP. C, HeLa cells were transfected with MT5-MMP alone (i), ABP-L alone (ii), or both MT5-MMP and ABP-L (iii), respec-
tively. MT5-MMP was detected in unpermeabilized cells by a polyclonal antibody to the extracellular domain (red) and ABP-L by
mouse anti-FLAG epitope (green) after permeabilization. When expressed alone, ABP-L formed big aggregates inside the cell (ii),
whereas MT5-MMP alone was expressed at the cell membrane. Coexpression of MT5-MMP and ABP-L caused the redistribution of
ABP-L to the cell membrane, where ABP-L colocalized with MT5-MMP (yellow). This suggests that ABP and MT5-MMP interact in
living cells.
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creased fourfold in cells expressing
pABP-L versus the colocalization in con-
trol cells lacking exogenous ABP. In con-
trast, in cells expressing ABP-L, the colo-
calization was reduced to 0.6 of that of the
control. Interestingly, this result contrasts
with the ability of MT5-MMP to recruit
ABP-L in heterologous cells to the plasma
membrane (Fig. 4Ciii) and suggests that in
the targeting of MT5-MMP-ABP com-
plexes in neurons, ABP dominates,
whereas in HeLa, the associated mem-
brane protein, MT5-MMP, may domi-
nate. These results indicate that the PDZ
binding site of MT5-MMP can contribute
to the plasma membrane localization of
the enzyme in neurons by interaction with
a synaptic scaffolding protein and that
ABP can fulfill this targeting function, be-
cause interaction of MT5-MMP with
pABP-L or ABP-L can localize MT5-MMP
in vivo, in cultured neurons. Notably ex-
pression of the intracellular peptide,
ABP-L, decreases MT5-MMP at synapses
and spines, whereas pABP-L favored a
synaptic localization. Thus, the cellular lo-
cation of ABP can determine the location
of MT5-MMP.

Function of MT5-MMP in neurons
MT5-MMP was proposed to degrade pu-
rified proteoglycans and gelatin substrates
in vitro (Wang et al., 1999) and also to
relieve the inhibitory function of proteo-
glycans during axonal elongation on
laminin-coated plates (Hayashita-Kinoh
et al., 2001). However, MT5-MMP physi-
ological function and substrates in mature
neurons have not yet been investigated.

ABP resides in a macromolecular com-
plex with NPRAP (�-catenin) (Silverman,
Lee-Edwards, Khatri, Lu, and Ziff, unpub-
lished observations), an armadillo (ARM)

Figure 5. MT5-MMP expression in the brain and in neurons. A, Top, To identify MT5-MMP forms expressed by neurons, cultured
rat cortical neurons were incubated in culture medium alone, in the presence of an MMP inhibitor (GM6001; Ilomastat; 50 �M) or
in the presence of GM6001 and a furin inhibitor (CMK; 25 �M). Cell extracts were analyzed by Western blotting with an anti-
cytoMT5-MMP antibody (#2850). Inactive (62 kDa) and active (58 kDa) MT5-MMP forms are indicated by arrows. The active form,
generated by furin, is not observed in the presence of the furin inhibitor CMK or in the absence of the MMP inhibitor GM6001,
confirming that this form is unstable and rapidly undergo autocatalytic decay. Middle and bottom, Cultured hippocampal neurons
were infected with Sindbis virus vectors expressing wild-type MT5-MMP and incubated in the presence or absence of the MMP
inhibitor GM6001. At 18 h after infection, cell surface proteins were biotinylated and purified with avidin as described in Materials
and Methods. Total cellular protein (10% input) and purified surface protein (Avidin pull-down) were analyzed by SDS-PAGE and
Western blot with anti-cytoMT5-MMP antibody. The active form of MT5-MMP was observed only in the presence of the inhibitor
GM6001. Both the inactive and active forms of MT5-MMP were present at the cell surface. B, Brain subcellular fractions (60 �g)
were obtained as described in Materials and Methods and analyzed by immunoblotting with anti-cytoMT5-MMP antibody (top) or
ABP anti-Linker 2 antibody (bottom). Both MT5-MMP and ABP long and short forms copurified and were enriched in the fraction
containing synaptosomes (lane 3). MT5-MMP was extracted from the synaptosomal membrane with Triton X-100 (lane 4),
whereas ABP was Triton X-100 resistant and was found in the PSD fraction (lane 5). C, Endogenous MT5-MMP

4

and ABP were coimmunoprecipitated by an antibody, anti-
ABP Linker 2, from cerebellar lysates as described in Materials
and Methods. D, E, Immunostaining of primary hippocampal
neurons (21 DIV) with a polyclonal antibody to cytoMT5-
MMP and monoclonal antibodies to different synaptic mark-
ers. Scale bars, 20 �m. Colocalization of endogenous MT5-
MMP (red) with the synaptic marker SV2 (blue) is shown by
pink overlay (D) and PSD-95 (green) by yellow overlay (E).
Sites of significant colocalization are indicated by arrows,
confirming MT5-MMP synaptic localization. F, Colocalization
of endogenous GRIP (red) with the synaptic marker SV2
(green) is shown by yellow overlay. Sites of significant colo-
calization are indicated by arrows, confirming that GRIP was
found at the same synaptic compartments as MT5-MMP and
ABP. Scale bars, 20 �m. G, Colocalization of endogenous
MT5-MMP (red) with endogenous GRIP (green) is shown by
yellow overlay. Sites of significant colocalization are indi-
cated by arrows, and enlargement of the region of interest is
shown in the bottom panels. Scale bars, 20 �m.
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repeat protein that binds to cadherins. Modification of cadherins
in response to synaptic activity may affect dendritic spine mor-
phogenesis (Tanaka et al., 2000; Togashi et al., 2002).
Metalloproteinase-mediated cleavage of cadherins has been re-
ported in other systems (Lochter et al., 1997; Ito et al., 1999;
Marambaud et al., 2002), suggesting cadherins as possible sub-
strates for MT5-MMP while bound to ABP at synapses. To deter-
mine the mechanisms of cadherin cleavage in neurons, cultured
cortical neurons were treated with different proteinase inhibitors
(MMP inhibitors and proteasome inhibitors). Western blot anal-
ysis of cell lysates of untreated cells using an antibody that recog-
nizes the C-terminal region of N-cadherin showed only the full-
length, unprocessed N-cadherin (Fig. 8A). However, when the
proteasome inhibitor MG132 was added to the cell culture me-
dium, a band of �35 kDa was observed in addition to the full-
length cadherin. This band migrates as expected for the MMP-
cleaved, membrane-bound fragment containing the cytosolic

domain of the cadherin and has been ob-
served by others (Ito et al., 1999; Maram-
baud et al., 2002). Significantly, this cleav-
age was inhibited when cells were
incubated in the presence of the MMP in-
hibitor GM6001 (Ilomastat). These results
suggest that under physiological condi-
tions, N-cadherins are processed in neu-
rons by MMP and that the resulting
cleaved product is degraded by the protea-
some intracellular proteolytic pathway.

To determine whether MT5-MMP was
the protease responsible for cadherin
cleavage in neurons, wild-type MT5-
MMP or a catalytically inactive mutant
were coexpressed with E-cadherin in
HEK293T cells. The effect of the MMP ex-
pression on cadherin degradation was an-
alyzed by Western blot. As shown in Fig-
ure 8B, wild-type MT5-MMP but not the
inactive mutant was able to generate the
�35 kDa cadherin degradation product.

To determine whether this MT5-
MMP-mediated cleavage also occurred in
neurons, mature cortical neurons were in-
fected with Sindbis virus vectors express-
ing wild-type MT5-MMP or the catalyti-
cally inactive mutant and then incubated
in presence of the proteasome inhibitor
MG132 for a series of times up to 4 h. The
exogenous wild-type MT5-MMP was seen
in cell bodies, dendrites, and synapses as
shown by colocalization or close proxim-
ity with the synaptic marker SV2 (Fig. 8C),
and the inactive mutant displayed a simi-
lar distribution (data not shown). As ob-
served in Figure 8D, the generation of the
�35 kDa cadherin degradation product
was delayed in cells expressing the inactive
MT5-MMP compared with uninfected
cells or cells expressing the wild-type
MT5-MMP. Surprisingly, no dramatic in-
crease of the �35 kDa band was observed
after overexpression of wild-type MT5-
MMP. These results suggest that, in neu-

rons, an MMP activity can cleave N-cadherins and generate an
�35 kDa product that is further degraded by the proteasome
proteolytic pathway. This activity may be represented by MT5-
MMP, given that this enzyme is able to generate the same cad-
herin band in heterologous cells. These results also raise the pos-
sibility that in neurons, a subpopulation of cadherins, possibly
those that are synaptic, is accessible to MT5-MMP and are
cleaved by this proteinase. Such cleavage of a restricted cadherin
population by MT5-MMP would be in agreement with the
“dominant-negative” effect of the catalytically inactive MT5-MMP
on the generation of the �35 kDa cadherin degradation product.
Expression of wild-type MT5-MMP may not lead to an elevation of
active MT5-MMP levels of a greater rate of cadherin cleavage if active
MT5-MMP steady state levels are established by an autoproteolysis
mechanism, rather than by the rate of MT5-MMP proenzyme
expression.

Figure 6. Localization of MT5-MMP and ABP in growth cones of young hippocampal neurons. Immunofluorescence analysis of
primary hippocampal neurons at different early developmental stages (2 and 5 DIV) labeled with anti-cytoMT5-MMP antibody
(red; A), anti-ABP antibody (red; B), or anti-GRIP antibody (red; C) showed MT5-MMP, ABP, and GRIP proteins localized in growth cones,
identified by anti-Synapsin I antibody (green; A, B, C). A higher magnification of the boxed regions is shown. Scale bars, 20 �m.
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Discussion
Here, we report a novel interaction between
a brain-specific, membrane-bound matrix
metalloproteinase MT5-MMP and the
AMPA receptor binding protein ABP. The
interaction targets the metalloproteinase to
growth cones of neurons during develop-
ment and to synapse in mature neurons,
where it may contribute to synapse forma-
tion and remodeling through cleavage of ex-
tracellular matrix or cell adhesion mole-
cules. Also, we show that MT5-MMP
proteolytic activity is activated by a furin-
like convertase and inactivated by autopro-
teolysis. We also show that MT5-MMP me-
diates cleavage of cadherins in neurons.

Extracellular proteinases modify cell
interactions with the environment during
cell migration, growth, and differentiation
and must be strictly regulated (Murphy
and Gavrilovic, 1999; Vu and Werb, 2000;
McCawley and Matrisian, 2001). Protein-
ase regulation is particularly important in
neurons, which require extensive extracel-
lular remodeling during development and
synaptic modification but which rely on
ECM adhesion for survival (Chen et al.,
2003). To limit proteolysis, extracellular
proteinases may be spatially confined and
active only at those sites where specific
substrates require degradation (Basbaum
and Werb, 1996; Seeds et al., 1997).

MT5-MMP is a membrane-bound,
brain-specific matrix metalloproteinase
that participates in axodendritic develop-
ment and remodeling after nerve injury
(Hayashita-Kinoh et al., 2001; Sekine-
Aizawa et al., 2001; Komori et al., 2004). It
is expressed in brain regions active in plas-
ticity, including the hippocampus and
cerebellum, and it may also degrade inhib-
itory extracellular matrix molecules such
as proteoglycans during axonal elongation
and synaptogenesis (Hayashita-Kinoh et
al., 2001). Our demonstration of MT5-
MMP in growth cones at early develop-
mental stages and at synapses in mature
hippocampal neurons suggests roles for
this enzyme in synapse modification.

We show that the localization of MT5-
MMP depends on the PDZ binding site
sequence (EWV), because deletion of this
site decreased enzyme levels at the plasma
membrane. MT5-MMP binds to PDZ do-
main set II of ABP. Mutagenesis of the GLGF
motif of PDZ5, but not PDZ4 or PDZ6, and
deletion of the C-terminal sequence, EWV,
of MT5-MMP disrupted the interaction, in-
dicating that it is a PDZ-mediated interaction. We also detect a de-
pendence on PDZ4. It is known, however, from crystallographic
studies (Zhang et al., 2001; Feng et al., 2003) that PDZ4 and PDZ5
interact and that PDZ4 stabilizes the function of PDZ5.

Both MT5-MMP and ABP were found at the tips of growth cones
at early developmental stages (2–7 DIV) and at synapses in mature
neurons, where MT5-MMP colocalized with synaptic markers and
GRIP. The splice variant of ABP affected MT5-MMP subcellular

Figure 7. Cellular localization of MT5-MMP dependent in PDZ binding site and ABP isoform. A, Cultured hippocampal neurons were
infected with Sindbis virus vectors expressing wild-type MT5-MMP or the �3 deletion mutant lacking the three C-terminal amino acids,
EWV, previously shown to mediate binding to ABP. At 18 h after infection, cell surface proteins were biotinylated and purified with avidin
as described in Materials and Methods. Total cellular protein (10% input) and purified surface protein (Avidin pull-down) were analyzed by
SDS-PAGE and Western blot with anti-cytoMT5-MMP antibody (top) or anti-GluR1 antibody (bottom). Noninfected neurons showed very
low MT5-MMP levels (lane 1) compared with infected cells (lane 2 and 3), which expressed MT5-MMP as a 62 kDa band. Although
wild-type and �3 MT5-MMP were expressed at comparable levels in the infected cells (lanes 2 and 3), only wild-type MT5-MMP was
expressed at the cell surface (lane 5), and no �3 mutant was found at the cell surface (lane 6). Quantification of surface MT5-MMP was
performed by densitometry of the bands. p values were determined by a standard t test (n�3). This suggests that the three ABP-binding
amino acids EWV in the MT5-MMP cytosolic tail determine MT5-MMP subcellular localization. As a control, all of the cells analyzed
expressed comparable levels of total endogenous GluR1 (lanes 1–3), and no differences were detected in the surface-expressed GluR1 in
thedifferentsamples(lanes4 – 6). B–E,Hippocampalneuronsat21DIVwereinfectedwithSindbisvirusesexpressingGFP-taggedpABP-L
(synaptic form) or ABP-L (intracellular form) (green; B–E). Eighteen hours after infections, neurons were fixed and costained with anti-
bodies anti-cytoMT5-MMP (red), anti-MAP2 to stain dendritic shafts (blue; B, C), and anti-SV2 to stain synapses (blue; D, E). B, D, Colocal-
ization of pABP-L (green) and MT5-MMP (red) in synaptic spines protruding from the dendritic shaft (blue) is shown by arrows and yellow
overlay in the merged image (B). The colocalization of pABP-L (green) and MT5-MMP (red) with SV2 (blue) is also shown by arrows and
white dots (overlay of green, red, and blue dots; D). C, E, Virally expressed unpalmitoylated ABP-L (green) formed intracellular aggregates
inside the dendritic shafts (C) that did not colocalize with SV2 (E). Interestingly, MT5-MMP was recruited in these intracellular compart-
ments, where it colocalized with ABP-L (yellow overlay in C and E, merged pictures). Colocalization of MT5-MMP and SV2 was dramatically
reduced (E). Arrows show SV2-labeled synapses (blue) that do not show any MT5-MMP (red staining).
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localization. The palmitoylated ABP form, which is found at plasma
membrane and spines, directed MT5-MMP to spine heads, whereas
the unpalmitoylated ABP form, which is intracellular, directed en-
dogenous MT5-MMP to intracellular compartments. The enrich-
ment of MT5-MMP in synaptosomes, which also contain ABP, also
supports a synaptic localization of MT5-MMP. MT5-MMP binds
another PDZ domain protein, Mint-3, which may regulate MT5-
MMP trafficking in heterologous cells (Wang et al., 2004). Mint-3 is
expressed at low levels in the brain (Okamoto and Sudhof, 1998),
and another protein such as Mint-2 or unpalmitoylated ABP/GRIP
could fulfill this function in neurons. The related GRIP protein func-
tions in microtubule transport of EphB2 in dendrites (Hoogenraad
et al., 2005). In HeLa cells, MT5-MMP directed unpalmitoylated
ABP-L to the cell membrane, suggesting altered targeting mecha-
nisms in heterologous cells. Other mechanisms in addition to pal-
mitoylation, such as interaction with the synaptic cytoskeleton,
could anchor ABP at synapses. ABP binds to NPRAP, an ARM re-
peat protein that binds to cadherins (Silverman, Lu, Lee-Edwards,
Khatri, and Ziff, unpublished observations). This interaction could
tether MT5-MMP-ABP complexes in close proximity to cadherins,
consistent with the capacity of MT5-MMP for cadherin
degradation.

Other proteinases contribute to remodeling during neuronal
development and activity-dependent synaptic plasticity associ-
ated with learning and memory (Seeds et al., 1997; Madani et al.,
1999; Shiosaka and Yoshida, 2000; Nicole et al., 2001; Tomimatsu
et al., 2002; Wright et al., 2002; Pawlak et al., 2003). The serine
proteinase tPA is regulated by synaptic activity and contributes to
LTP, axonal elongation, formation of new synapses, and neuro-
nal remodeling (Qian et al., 1993; Gualandris et al., 1996; Huang
et al., 1996; Baranes et al., 1998; Madani et al., 1999; Neuhoff et
al., 1999). Although the mechanisms are still incompletely under-
stood, they could involve degradation of ECM substrates such as
laminin (Chen and Strickland, 1997; Chen et al., 2003), proteo-
glycans, (Wu et al., 2000), or receptors such as the NMDA recep-
tor (Nicole et al., 2001).

At present, only a few MMPs have been directly associated
functionally with synaptic plasticity (Kaczmarek et al., 2002; Dz-
wonek et al., 2004). MMP-9 expression is increased in the mouse
hippocampus during learning and memory acquisition (Wright
et al., 2003) and is regulated in the hippocampus by synaptic
activity during dendritic remodeling (Zhang et al., 1998; Szklarc-
zyk et al., 2002). MMP inhibitors also protect hippocampal neu-
rons against kainate-induced excitotoxicity and affects LTP,
sprouting and synaptogenesis (Reeves et al., 2003), whereas re-
combinant MMP-9 induces neuronal death (Jourquin et al.,
2003). MMP-9 activation by S-nitrosylation can induce neuronal
apoptosis (Gu et al., 2002). At the neuromuscular junction,
MMP-3 degrades the heparin sulfate proteoglycan agrin (Van-
Saun and Werle, 2000).

MMPs and plasminogen activators often act together in a pro-
teolytic cascade to degrade different ECM components (Mignatti
and Rifkin, 1993, 1996), raising the possibility that in brain,
MMPs may function with tPA and plasmin. Both tPA and plas-
min can regulate MMP-9 activity (Wang et al., 2003).

Here, we report that cleavage by a furin-like convertase acti-
vates MT5-MMP and that cadherins are substrates for MT5-
MMP in neurons. A furin-like convertase was shown to activate
exogenous MT5-MMP in Madin-Darby canine kidney cells
(Wang and Pei, 2001). We observed that treatment of cultured
neurons with the metalloproteinase inhibitor Ilomastat gener-
ated an MT5-MMP band migrating like the active form of the
enzyme, generated by cleavage of the “pro”-domain from the

Figure 8. MT5-MMP-mediated cleavage of cadherins. A, Cultured cortical neurons were
treated with the proteosome inhibitor MG132 (10 �M) and the MMP inhibitor GM1006 (Ilomas-
tat; 50 �M) for 16 h as indicated, and then cell lysates (70 �g) were analyzed by SDS-PAGE and
Western blot with an antibody to the intracellular domain of N-cadherin. In the presence of the
proteasome inhibitor MG132, a cadherin fragment of �35 kDa was observed, the generation of
which was inhibited by the MMP inhibitor GM1006. This suggests that, in neurons, cadherins
are processed by MMP activity to a �35 kDa fragment that is rapidly degraded by the proteo-
some proteolytic pathway. B, HEK293T cells were transfected with E-cadherin, wild-type MT5-
MMP, or a catalytically inactive mutant as indicated. Lysates (50 �g) were analyzed by SDS-
PAGE and Western blot with antibodies to the intracellular domain of MT5-MMP (top) and
N-cadherin (bottom). Wild-type MT5-MMP but not the catalytically active mutant generated a
cadherin band of �35 kDa similar to the MMP-generated band in neurons, suggesting that
MT5-MMP is the proteolytic activity responsible for cadherin cleavage in physiological condi-
tions. C, Cultured hippocampal neurons were infected with Sindbis virus vector expressing
wild-type MT5-MMP and, after 18 h of infection, fixed, permeabilized, and labeled with anti-
cytoMT5-MMP antibody (red) and anti-SV2 antibody (green). Detection by immunofluores-
cence showed that MT5-MMP was localized in dendrites and synapses. D, Cultured cortical
neurons were infected with Sindbis virus vectors expressing wild-type MT5-MMP or the cata-
lytically inactive mutant for 12 h and then incubated in the presence of the proteosome inhibitor
MG132 for the time indicated. Triton X-100 lysates were assayed by SDS-PAGE and Western blot
with different antibodies. Top, MT5-MMP expression is tested by Western blot with anti-
cytoMT5-MMP. Although cells infected with wild-type MT5-MMP only showed the inactive
MT5-MMP form, cells infected with the catalytically inactive mutant also showed the active
MT5-MMP form, because autoproteolytic decay was inhibited. Middle, Western blot of cell
lysates stained with an antibody anti-cytoN-Cadherin showing the kinetics of generation of the
�35 kDa band after overexpression of MT5-MMP (wild-type or catalytically inactive mutant).
Overexpression of the catalytically inactive mutant showed a dominant-negative effect by de-
laying the generation of the cadherin cleavage product, suggesting that MT5-MMP can be the
proteolytic activity responsible for the cleavage in neurons. Bottom, Western blot with anti-
tubulin antibody showed that the expression levels of tubulin were the same in all of the
samples analyzed.
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full-length enzyme. Because the production of this form was
blocked by the furin inhibitor CMK cleavage by a furin-like con-
vertase may convert the proform of MT5-MMP to the active
form. Because the active form is stabilized by the MMP inhibitor
Ilomastat, it may be degraded by autoproteolysis, as occurs in
heterologous cells (Wang and Pei, 2001). Observation of both the
inactive proenzyme MT5-MMP form and the active form at the
cell surface suggests that MT5-MMP is activated at the neuron
cell surface by other proteinases, such as serine proteinases, which
contribute to synaptic plasticity and activate MMPs (Lijnen, 2001;
Lo et al., 2002). Working at the cell surface, MT5-MMP could de-
grade ECM molecules or cell-adhesion molecules at synapses, per-
haps activating other enzymes such as MMP-2, which could extend
the range of substrates (Giannelli et al., 1997).

Synaptic structures are maintained, in part, through interac-
tions between molecules in the presynaptic and postsynaptic
membranes, including cadherins and other adhesion proteins
(Yamagata et al., 2003). ABP is also linked to cell adhesion com-
plexes through binding to NPRAP (�-catenin), which in turn
binds to cadherins (Silverman, Lu, Lee-Edwards, Khatri, and Ziff,
unpublished observations). Cadherins contribute to synaptic
plasticity and can determine spine shape and morphology
(Bozdagi et al., 2000; Tanaka et al., 2000; Kiss et al., 2001; Huntley
et al., 2002; Togashi et al., 2002; Okamura et al., 2004). MMPs
cleave cadherins in epithelial cells during their conversion to a
malignant, invasive phenotype (Lochter et al., 1997). MMPs can
cleave next to the transmembrane region to release the extracel-
lular domain, whereas the membrane-bound fragment is de-
graded by the intracellular proteolytic pathway (Ito et al., 1999).
MMPs working with �-secretase can disassemble adherens junc-
tions by cleavage of E-cadherins (Marambaud et al., 2002). Here,
we report an MT5-MMP-mediated cleavage of cadherins in both
heterologous cells and neurons. MMP activity generated a �35
kDa cadherin C-terminal peptide in heterologous cells, the mo-
lecular weight of which is consistent with a cleavage product
containing the transmembrane and cytosolic domains, as was
observed by others (Ito et al., 1999; Marambaud et al., 2002).

In neurons, overexpression of the catalytically inactive MT5-
MMP exerted a dominant-negative effect, slowing the kinetics of
generation of this peptide. Although overexpression of wild-type
MT5-MMP did not effect the generation of this cadherin cleavage
product, overexpression of MT5-MMP may not lead to an in-
crease in its net proteolytic activity. Indeed, MT5-MMP has a
short half-life and is rapidly degraded by autoproteolysis (Wang
et al., 1999). Thus, autoproteolysis may prevent elevation of the
level of overexpressed active enzyme, whereas the catalytically
inactive mutant could exert the observed dominant-negative ef-
fect. Alternatively, only a limited subpopulation of cadherins may
be accessible to the enzyme and undergo the observed MMP-
mediated cleavage, limiting the effects of overexpression of wild-
type MT5-MMP while allowing the inactive mutant to replace
endogenous enzyme and inhibit cadherin cleavage.

MMPs also cleave cell surface receptors (Levi et al., 1996; Mc-
Cawley and Matrisian, 2001), and proteolysis may regulate
NMDA and AMPA receptor activity (Bi et al., 1996; Chan and
Mattson, 1999; Gingrich et al., 2000; Lu et al., 2001; Nicole et al.,
2001). The association of MT5-MMP with ABP and GRIP, pep-
tides that bind AMPA receptors, suggests mechanisms of synaptic
regulation involving neurotransmitter receptors, PDZ-
containing proteins, matrix metalloproteinases, and cell adhe-
sion molecules.
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