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MMP-9 Sheds the 3, Integrin Subunit (CD18)

from Macrophages*s
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Activated macrophages are essential effectors of immu-
nity and a rich source of matrix metalloproteinase-9
(MMP-9; gelatinase B). To search for cellular substrates of
the enzyme, we subjected wild-type macrophages and
macrophages expressing an autoactivating form of pro-
MMP-9 (M9A macrophages) to proteomics analysis. Two-
dimensional liquid chromatography together with tandem
mass spectrometry identified 467 proteins in medium
conditioned by M9A and/or wild-type macrophages. Sub-
tractive proteomics identified 18 candidate MMP-9 sub-
strates. Biochemical studies confirmed that two trans-
membrane proteins, B, integrin subunit (CD18) and
amyloid protein precursor (APP), were enriched in the
medium of M9A macrophages. To identify potential cleav-
age sites, we synthesized an overlapping library of pep-
tides that spanned 60 residues of the ectodomain and
transmembrane domain of B, integrin. Active MMP-9
cleaved a single peptide, ECVKGPNVAAIVGGT, at resi-
dues corresponding to Ala’® and lle”®® of the g, integrin.
Peptides corresponding to this cleavage site were de-
tected by tandem mass spectrometric analysis only in
medium from M9A macrophages, strongly supporting the
proposal that B, integrin is shed by autoactivating MMP-9.
Our observations indicate that subtractive proteomics in
concert with peptide substrate mapping is a powerful
approach for identifying proteolytic substrates and sug-
gest that MMP-9 plays previously unsuspected roles in
the regulation and shedding of B, integrin. Molecular &
Cellular Proteomics 8:1044-1060, 2009.

Matrix metalloproteinases (MMPs)," a subfamily of
metazincins, are a structurally related group of zinc-dependent
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proteases (1). They are synthesized in latent form as pro-MMPs,
and their prodomain must be removed or modified before they
are proteolytically active. Some MMPs are secreted, whereas
others are anchored to the cell surface, but their proteolytic
activity is thought to be confined locally within the secretory
pathway at the cell surface and nearby extracellular space (1-3).
Individual MMPs have distinct substrate specificities and act on
diverse extracellular and membrane proteins, such as chemo-
kines, cell surface adhesion proteins, and extracellular matrix
components. Proteolysis by MMPs plays an important role in a
wide variety of normal and pathological processes, such as host
defense, inflammation, and tumor progression (1-9).

High levels of MMP-9 (gelatinase B) are expressed by ac-
tivated macrophages (10), which are key effector cells of both
innate and acquired immunity. In addition to having homeo-
static functions, MMP-9 secreted by macrophages has been
implicated in aneurysm formation, tumor progression, and
disruption of atherosclerotic plaques (8, 9, 11, 12). Although
the pathogenesis of those processes is generally thought to
involve inappropriate degradation of extracellular matrix pro-
teins, it has become increasingly clear that MMPs cleave a
number of diverse substrates to mediate their varied functions
(3, 13). Because MMP-9 can accumulate on the cell surface
(14), it is likely to act on membrane proteins.

To understand the specific roles of individual MMPs in inflam-
matory and immune responses, it is critical to identify their
physiological substrates (3, 15-17). Most studies have focused
on identifying substrates by their ability to be cleaved in defined
in vitro reactions (18, 19), but this approach is biased in two
ways. First, the candidate substrate must be selected a priori.
Second, in vitro reactions fail to account for the complexity of
the pericellular environment. Another method is to identify se-
quences in synthetic peptides that MMPs can cleave (20, 21).
However, individual MMPs cleave different proteins at a variety
of sites rather than at a consensus site. Moreover MMPs often
interact with substrates through domains remote from the active
site (exosites) (22), and exosites of MMP-2 have been used in a
yeast two-hybrid system to trap candidate substrates (23).
However, some substrates may bind weakly or not at all to
exosites, limiting the utility of this approach for global substrate
screening.

An emerging strategy for finding MMP substrates is to con-
duct an unbiased, global search by coupling gel electrophoresis
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or liquid chromatography with MS-based protein identification.
For example, two-dimensional (2D) gel electrophoresis (24) and
derivatization of cysteine-containing peptides with an isotope
affinity tag (25) have identified candidate substrates for mem-
brane type-1 MMP (MT1-MMP) in plasma and cultured cells.
Quantitative approaches using 2D difference gel electrophore-
sis have identified potential substrates of MMP-2 and MMP-9 in
bronchoalveolar lavage fluid (26) and of MMP-9 and the related
metalloproteinases ADAM-10 and ADAM-17 in cancer cells (27,
28). Lectin affinity chromatography detected glycosylated pro-
teins that were selectively enriched in medium from a monocyte
cell line expressing ADAM-17 and in phorbol ester-stimulated
monocytes (16). Recently iTRAQ (isobaric tags for relative and
absolute quantitation) labeling was used to identify substrates
of MMP-2 (29). It is important to note, however, that proteases
can affect protein abundance by pathways not involving prote-
olysis. Thus, an important limitation of many of these studies is
that they fail to provide evidence that proteins with altered
abundance in cells expressing a protease are direct substrates
for proteolytic cleavage.

In the current studies, we used subtractive proteomics to
identify proteins enriched in the medium of a macrophage cell
line. Subtractive proteomics compares two or more proteomes
to identify proteins that are specifically enriched or depleted
under certain conditions (30, 31). Our biochemical studies con-
firmed that two integral membrane proteins, amyloid precursor
protein (APP) and the 3, integrin subunit (CD18), were shed by
macrophages expressing autoactivating MMP-9. We next used
a peptide substrate mapping strategy to identify potential
MMP-9 cleavage sites in 3, integrin subunit. Targeted MS/MS
analysis demonstrated that 3, integrin subunit peptides with the
same cleavage site were detected only in the medium of mac-
rophages expressing autoactivating MMP-9, providing strong
evidence that B, integrin is a direct substrate for proteolysis. Our
observations indicate that subtractive proteomics in concert
with peptide substrate mapping is a robust, high throughput
technique for identifying cellular substrates that are proteolyti-
cally shed from macrophages.

EXPERIMENTAL PROCEDURES

Cell Culture—The mouse macrophage cell line RAW264.7 was
transduced with high titer retrovirus. Retrovirus was prepared with
Phoenix-A packaging cells transfected with the retroviral expression
vector pBM-IRES-PURO (32) containing the cDNA for an autoactivat-
ing form of mouse MMP-9 (M9A) (33) or with an empty vector control
(wild type (WT)) in the first cistron. To select transfected cells, a
puromycin resistance gene was inserted into the second cistron.
MMP-9 activity in the transduced cell lines was tested by elastin
assay as described previously (34).

Macrophage-conditioned Medium—Transduced macrophages
(2 x 107 cells in 150-mm maxiplates) grown to confluence in RPMI
1640 medium supplemented with 10% fetal bovine serum were
washed three times with PBS (pH 7.4) and then incubated with 15 ml
of serum-free RPMI 1640 medium for 6 or 24 h with or without
presence of 50 um ilomastat (GM6001) (Elastin Products Co., Inc.,
Owensville, MO). Conditioned medium from the cells was collected,
supplemented with 100 uM butylated hydroxytoluene (to inhibit oxi-

dation) and 10 mm EDTA (to inhibit MMP-9 and other metal ion-de-
pendent proteases), and centrifuged for 15 min at 1200 X g. The
supernatant was frozen immediately at —80 °C until use.

Protein Isolation—Macrophage-conditioned medium (15 ml) was
supplemented with 0.2% sodium deoxycholate, incubated for 30 min
at 4 °C, and adjusted to a final concentration of 20% trichloroacetic
acid. After the medium was incubated overnight at 4 °C, it was
centrifuged at 15,000 X g for 45 min. The pellet was washed twice
with acetone at —20 °C, and the precipitated protein was resolubi-
lized at room temperature in 6 M urea and 50 mmM ammonium
bicarbonate.

Cell Lysates—Adherent M9A cells were washed three times with
PBS and then incubated on ice for 30 min with lysis buffer (25 mm
Tris-HCI, pH 7.4, 150 mm NaCl, 1% Nonidet P-40, 1% sodium
deoxycholate, and 0.1% SDS supplemented with 1 mm PMSF, 1
mmMm EDTA, 5 pg/ml aprotinin, and 5 pg/ml leupeptin). The plates
were scraped to recover residual cellular material, which was com-
bined with the cell lysates. DNA in the harvested material was
sheared by repeated passage through a 25-gauge needle. The
lysate was then centrifuged for 15 min at 13,800 X g, and the
supernatant was frozen at —80 °C until use. For MS analysis,
thawed cell lysates (80 x 10° cells/ml in lysis buffer) were vigor-
ously mixed with an equal volume of lysis buffer. Cellular debris
were removed by centrifugation at 15,000 X g for 10 min. Protein
concentration was determined using the Bradford assay with albu-
min as the standard.

Tryptic Digestion—Proteins were reduced with 10 mm DTT at
37 °C, alkylated with 40 mm iodoacetamide at room temperature in
the dark for 45 min, and then digested for 3 h with endo-Lys-C (1:100,
w/w; Roche Applied Science). After the protein solution was diluted
1:4 (v/v) with 50 mm ammonium bicarbonate, trypsin (1:50, w/w;
Promega) was added, and the sample was digested overnight at
37 °C. For MS analysis, samples were desalted on a C,4 solid-phase
extraction column (Empore C18HD, 3M Inc.) and eluted with 80%
acetonitrile in 0.1% formic acid.

LC-MS—Peptides were separated with a 2D LC system (Sur-
veyor HPLC, Thermo Fisher) and then introduced into an ion trap
mass spectrometer (Deca XP Plus, Thermo Fisher) using ESI (35). For
each analysis, the same amount of digested protein was loaded onto
the system. In the first dimension, peptides were separated on a strong
cation exchange column (BioBasic SCX, 150 X 0.3 mm; Thermo Elec-
tron Corp.) with a 12-step salt gradient (0, 10, 20, 30, 40, 50, 60, 70, 100,
200, 500, and 900 mm NH,CI). In the second dimension, they were
separated on a C,g reverse-phase column (Hypersil BioBasic-C18, 5
um, 100 X 0.3 mm; Thermo Electron Corp.) with a linear gradient of
7-35% acetonitrile in 0.1% formic acid over 90 min. Two reverse-phase
columns were alternately loaded to allow simultaneous elution from one
column into the mass spectrometer and salt step elution onto the other.
MS/MS spectra were acquired in the positive ion mode using data-de-
pendent acquisition with a survey MS scan (m/z 300-1500) followed by
MS/MS scans on the four most abundant precursor ions. After two
acquisitions of a given precursor ion within 30 s (the average chromato-
graphic peak width), the ion was excluded for 1.2 min.

Targeted LC-MS/MS analyses of candidate MMP-9 substrates
were performed on an LTQ linear ion trap instrument (Thermo Fisher)
interfaced with a Michrom MS4B HPLC instrument (Michrom Biore-
sources) containing a nanotrap column (PepTrap, Michrom Biore-
sources) and a Magic C18AQ analytical column (5 um, 0.1 X 100 mm;
Michrom Bioresources) (35). Tryptic digests (2 ng of protein in 5%
acetonitrile, 0.1% formic acid) were loaded onto the trap column and
eluted with a linear gradient of 0-37% solvent A (90% acetonitrile,
0.1% formic acid) over 180 min. MS/MS spectra were obtained with
a specific ion precursor selection window of 2.5 amu (relative collision
energy, 35).
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MALDI-TOF and MALDI-TOF/TOF analyses were performed on a
4700 Proteomics Analyzer (Applied Biosystems). MS/MS analysis
was performed with a precursor ion resolution of 50 and metastable
ion suppression. Samples were desalted with C,g ZipTips (Waters),
spotted on the MALDI target plate (2 pmol), dried, and overlaid with
matrix (5 mg/ml a-cyano-4-hydroxycinnamic acid in 70% acetonitrile,
0.1% TFA).

Protein Identification— Proteins were identified with the SEQUEST
v2.7 search engine and the UniProt protein database (Swiss-Prot/
TrEMBL v.2.0; February 1, 2005) using mouse taxonomy restriction,
an enzyme-unrestricted search with a 2.5-amu window for precursor
mass, 0.8-amu mass tolerance for fragment ions, fixed cysteine al-
kylation by iodoacetamide, and variable oxidation of methionine.
MS/MS spectra were extracted from original files using Bioworks v3.1
(Thermo Electron) with the default settings. Peptide identifications
from SEQUEST database searches were further evaluated using Pep-
tideProphet (36) and compiled into protein identifications using Pro-
teinProphet (37). Only proteins with a ProteinProphet probability of
=0.96 and =2 unique peptides (semitryptic and fully tryptic peptides
with PeptideProphet probability of =0.90) in two independent analy-
ses were considered as substrate candidates (estimated false dis-
covery rate <5%). For proteins that could not be distinguished from
each other because of similar sequence(s), only the isoform assigned
the most unique peptides by ProteinProphet was considered in the
analysis. Functional analysis of proteins was performed with the
UniProt Knowledgebase (v8.0) and Swiss-Prot IDtracker.

Extracted lon Chromatograms—Proteins identified as potentially
different in relative abundance by spectral counting (38-42) were
quantified by extracted ion chromatograms that were manually ex-
tracted from MS survey scans (43, 44) of the data-dependent LC-
MS/MS data. Extracted ion chromatograms were constructed from
the MS data for selected peptides using Xcalibur software (Thermo
Electron). lon chromatograms were reconstructed for the peptide
charge state identified by SEQUEST. A wide retention time window in
the chromatograms of different samples was examined to ensure that
differences in the elution time of peptides did not affect the results.
Reconstructed chromatograms for other charge states (up to 3+)
were also monitored to ensure that the major charge state of each
peptide was used. We also confirmed that each peptide eluted in a
single fraction from the strong cation exchange column.

Technical Replicates—Previous studies have shown that repeated
LC-MS/MS analysis of complex biological material yields up to 50%
more protein identifications than a single analysis (38, 45). We there-
fore determined the number of analyses needed to assess the extra-
cellular macrophage proteome by performing replicate analyses on
equivalent amounts of total protein from macrophage-conditioned
medium. In four independent experiments, a single analysis identified
an average of 329 proteins (=2 unique peptides and a ProteinProphet
probability of =0.96) in medium from M9A macrophages. Combining
two analyses increased the number of protein identifications by 32%.
The average number of identified proteins with three and four analy-
ses increased the number by only 13 and 8%, respectively. These
observations indicate that duplicate analyses of the same sample give
a reasonable estimate of the number of proteins that our 2D LC-
MS/MS approach can identify in macrophage medium and that this
approach yields reproducible results.

Controlling for Cell Lysis—Two approaches were used to deter-
mine whether the proteins detected in medium might have been
released from injured, apoptotic, or necrotic cells. First, the rank order
of protein abundance (as assessed by the number of unique peptides
detected) in conditioned M9A and WT medium was compared with
that in lysates of macrophages expressing autoactivating MMP-9.
There was no significant correlation between the medium and lysate
samples (p = 0.25, Spearman’s rank correlation test) even when only

the 100 most abundant proteins in the medium were considered (p =
0.27). These observations indicate that cellular injury was unlikely to
have been a major contributor to the proteins found in macrophage-
conditioned medium. The observation that a large number (~50%) of
the proteins detected in medium were undetectable in lysates was
consistent with this proposal.

Second, to identify extracellular proteins that were likely derived
from injured cells, we devised an empiric relationship, the “medium/
lysate ratio,” which we defined as (medium rank/lysate rank) '. To
calibrate the relationship, we calculated the medium/lysate ratio for
lactate dehydrogenase (LDH) and aspartate amino acid aminotrans-
ferase, two intracellular proteins often used as markers of lysis (46).
Lactate dehydrogenase and aspartate amino acid aminotransferase
exhibited medium/lysate ratios of 0.9 and 1.2, respectively. Based on
this observation, we defined shed and secreted proteins as those with
a medium/lysate ratio of >1.5.

Immunoblot Analysis—Cell lysates and conditioned media were
separated by SDS-PAGE under reducing conditions, transferred to
PVDF membranes (Immobilon, Millipore, Bedford, MA), and subse-
quently immunoblotted with specific antibodies before being visual-
ized by chemiluminescence (ECL Plus, Amersham Biosciences). Im-
munoblot analyses used rabbit antibodies to the N terminus (Sigma)
and C terminus (Zymed Laboratories Inc., San Francisco, CA) of
B-APP, rat monoclonal anti-g3, integrin (CD18) (BD Pharmingen), and
goat anti-murine MMP-9 (R&D Systems, Minneapolis, MN).

Identifying Candidate Proteolytic Cleavage Sites—An overlapping
library of 10 peptides centered on the putative transmembrane do-
main and adjacent ectodomain region of 3, integrin subunit (residues
651-710) was synthesized (SigmaGenosys). Each peptide had 15
residues with a five-amino acid overlap between peptides. Peptides
(28 ng/ml) were individually incubated for 12 h at 37 °C in PBS
supplemented with active MMP-9 (250 ng; Calbiochem) in 20 mm
phosphate buffer (pH 7.4). At the end of incubation, the sample was
desalted using C,s ZipTips (Millipore) and analyzed by MALDI-
TOF-MS and LC-MALDI-TOF/TOF-MS/MS.

ELISA—Conditioned media were analyzed for AB,_,o peptide by
sandwich ELISA as described previously (47). Rodent AB_,o peptide
(Bachem, Inc.) was used as a standard.

Gene Ontology Analysis—Gene Ontology analysis was performed
with DAVID (48) and the BiNGO plug-in module (49) in Cytoscape.
Proteins were linked with the current UniProt identification numbers
(IDs) and then submitted to analysis (either directly or after conversion
to Entrez Gene identifications using the DAVID Gene ID conversion
tool). A complete list of UniProt IDs was submitted to the DAVID Gene
Functional Annotation Clustering tool. Complete Gene Ontology
terms (SP_PIR_KEYWORDS, UP_SEQ_FEATURE, COG_KOG_ON-
TOLOGY) and medium classification stringency (defined by « statis-
tics and fuzzy heuristic clustering) were used to classify proteins
against the whole mouse genome. Graphical analyses of cellular
compartments, biological processes, and molecular functions were
performed using Entrez Gene IDs and the BINGO module of
Cytoscape.

Statistical Analysis—Student’s unpaired two-tailed t test and Bol-
shev’s sign test (a Poisson distribution-based non-parametric test)
(50) were used to compare the number of unique peptides identified
in medium from M9A cells versus WT cells. For all statistical analyses,
p < 0.05 was considered significant.

RESULTS

To search for potential substrates of MMP-9, we trans-
duced a mouse macrophage cell line (RAW264.7) with a ret-
rovirus expressing an autoactivating form of MMP-9 (M9A
macrophages). Control cells were transduced with an empty
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Fic. 1. Macrophages expressing autoactivating pro-MMP-9 se-
crete active MMP-9. RAW cells were transduced with retrovirus
encoding a puromycin resistance gene (WT) or a puromycin resist-
ance gene plus a gene for autoactivating pro-MMP-9 (M9A). A, equal
amounts of protein from cell lysates or conditioned medium were
separated by SDS-PAGE and then analyzed by gelatin zymography
(upper panel) or immunoblotting with an antibody specific for MMP-9
(lower panel). B, WT and M9A cells were incubated with radiolabeled
elastin as described previously (33, 34). At the end of the incubation,
the medium was harvested and clarified by centrifugation, and solu-
ble elastin degradation fragments were quantified by scintillation
counting (mean = S.E.). Pro, pro-MMP-9; Active, proteolytically
cleaved MMP-9.

vector (WT macrophages). Autoactivating MMP-9 was gener-
ated by replacing the glycine residue at position 100 in the
prodomain with a leucine residue (33, 51). Using this autoac-
tivating mutant circumvented the need to add exogenous
proteases or compounds to activate pro-MMP-9 that could
produce nonspecific effects. Because macrophages normally
secrete MMP-9, the transduced cells had the mechanisms to
accurately deliver the recombinant enzyme to the pericellular
compartments in which endogenous MMP-9 proteolysis oc-
curs. Thus, by overexpressing MMP-9 in cells that already
express MMP-9, we up-regulated the shedding of authentic
substrates, increasing the likelihood of identifying natural sub-
strates. In contrast, exogenous MMP-9 would not be spatially
regulated and therefore could act indiscriminately on numer-
ous macrophage proteins.

Using gelatin zymography and immunoblotting, we readily
detected both pro-MMP-9 and active MMP-9 in conditioned
medium from M9A cells. WT macrophages expressed lower
levels of pro-MMP-9 and no active MMP-9 (Fig. 1A). Elastin,
an established in vitro substrate of MMP-9 (33), was degraded
2.5-fold more rapidly by M9A cells than by WT cells (Fig. 1B).
These results indicate that expression of autoactivating
MMP-9 modestly increased the level of active enzyme in the
medium of M9A cells.

LC-MS/MS Identifies a Diverse Array of Proteins in Mac-
rophage-conditioned Medium—We next searched for trans-
membrane or membrane-associated proteins whose pres-

WT macrophage MSYA macrophage

| —

WT medium MSA medium  Lysate

l L

Shotgun Proteomics
WT medium MSA medium
proteins proteins

Subtraction ‘

v
MSA medium-enriched

proteins Lysate proteins

Subtraction ‘

A4

Candidate MMP-9 Substrates

Fic. 2. Scheme for identifying candidate MMP-9 substrates.
Conditioned medium from WT and M9A cells and lysates from M9A
cells were analyzed by 2D LC-MS/MS. Proteins were identified using
a peptide probability score of =0.90 and a protein probability score of
=0.96 by the PeptideProphet and ProteinProphet algorithms. We also
required that at least two unique peptides be derived from each
protein, which had to be detected in at least two of three independent
experiments. Proteins potentially derived from leaky or injured cells
were removed from the list of proteins in the media. Candidate
substrates of MMP-9 were identified using the following criteria: (i)
detecting at least 3 times as many unique peptides in medium of MOA
cells as in medium of WT cells and (i) a significant difference in the
number of unique peptides as assessed by Student’s t test or Bol-
shev’s sign test.

ence in the medium was enhanced by overexpression of
autoactivating MMP-9. Macrophages were incubated for 24 h
in serum-free medium, which was then collected and concen-
trated. A tryptic digest of proteins from the concentrate was
analyzed by 2D LC-MS/MS using an ion trap mass spectrom-
eter. Peptides were identified, using strict criteria, by search-
ing MS/MS spectra against the mouse Swiss-Prot/TrEMBL
protein database.

We used a three-tiered strategy to identify shed and
secreted proteins that were more abundant in the medium
when macrophages overexpressed MMP-9 (Fig. 2). First, we
used MS/MS to detect proteins in medium from M9A and
WT macrophages. Second, we identified proteins that ap-
peared to be selectively enriched in medium from M9A cells
(as judged by the number of unique peptides). Third, we
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identified proteins that likely were derived from leaky or
damaged cells and removed them from the list of candidate
substrates.

Protein identification was based on the following four crite-
ria: (i) a peptide probability score of =0.90 as determined by
the PeptideProphet algorithm, (ii) a protein probability score of
=0.96 as determined by the ProteinProphet algorithm, (jii)
detection of at least two unique peptides derived from the
protein of interest in a single sample, and (iv) detection of the
protein in at least two of three independent experiments.

Our preliminary studies indicated that combining two rep-
licate analyses of macrophage medium gave a reasonable
estimate of the number of proteins that 2D LC-MS/MS can
identify and that the analyses yielded reproducible results
(“Experimental Procedures”). We therefore performed repli-
cate analyses on three independent preparations of serum-
free medium incubated with WT or M9A cells for 24 h. With
this approach, we detected 467 proteins in conditioned media
from WT and/or M9A macrophages (supplemental Table 1).
Most of the proteins (~77%) were present in both samples.
However, ~8% were identified only in medium from M9A
cells, and ~15% were unique to WT medium. Overall >67%
of WT proteins and >66% of M9A proteins were found in all
three analyses, indicating comparable biological and analyti-
cal variability in proteome coverage.

Gene Ontology Analysis Reveals a Distinct Subset of Bio-
logical Functions for Shed and Secreted Macrophage Pro-
teins—We used Gene Ontology annotation (Fig. 3) to organize
the proteins found in macrophage-conditioned media and
lysates (supplemental Table 2) into functional biologic mod-
ules. Proteins in the media, which would represent shed and
secreted products, associated strongly with pathways impli-
cated in lysosomal degradation, the secretion pathway (signal
peptide-containing proteins), macromolecule degradation,
iron metabolism, calcium metabolism, and the immune re-
sponse (Fig. 3). These modules are consistent with the roles of
macrophages in immunity. In contrast, proteins identified in
cell lysates segregated into different, non-overlapping func-
tional modules relating to intracellular processes and interme-
diary metabolism (Fig. 3).

It is worth noting that only 29 of the 467 proteins we
detected in medium conditioned by M9A and/or WT macro-
phages have known or predicted membrane-spanning do-
mains (Table I). Those proteins include the metalloproteases
ADAM-8, -10, and -15; several integrins, including a,, a,,, and
B,; the interleukin 2 receptor; activated leukocyte cell adhe-
sion molecule (CD166/ALCAM); CD44; and syndecan-4.
These data suggest that shedding of proteins associated with
the plasma membrane accounted for only a fraction of the
proteins we detected in medium from M9A macrophages.
Interestingly syndecan-4 (52) and CD166 (28) are known sub-
strates of MMP-9.

Subtractive Proteomics Identifies Candidate MMP-9 Sub-
strates—To identify candidate proteins shed specifically by

macrophage MMP-9, we used subtractive proteomics (30, 31)
to select proteins enriched in medium conditioned by M9A
cells. Recent studies strongly suggest that quantifying the
number of identified peptides in a shotgun proteomics anal-
ysis provides a semiquantitative assessment of relative pro-
tein abundance (38, 39, 41, 53, 54). We therefore used the
number of unique peptides detected for each protein to quan-
tify the relative abundance of that protein.

Proteins enriched in medium from M9A cells were distin-
guished by the following criteria: (i) at least 3 times as many
unique peptides detected in medium from M9A cells as in
medium from WT cells, (ii) subtraction of likely cytosolic pro-
teins (medium/lysate ratio =1.5; note that no proteins unique
to the M9A cell medium met this criterion), and (iii) a significant
difference in the number of unique peptides detected in M9A
cells and WT cells as assessed by both Student’s t test and
Bolshev’s sign test. Extracted ion chromatograms (XICs) were
used to confirm that peptides derived from candidate proteins
were more abundant in medium from M9A macrophages than
in medium from WT macrophages (39). XICs were based on
precursor ion intensities in the MS survey scan and quantifi-
cation of peak areas of the peptide ions derived from medium
conditioned by WT or M9A macrophages.

Using these criteria, we identified 18 proteins that appeared
to be enriched in medium conditioned by M9A cells (Table lI).
Four of those have a known or predicted transmembrane
domain. One protein, retinoic acid early inducible protein 1a
(RAET1A), is anchored to the plasma membrane by glyco-
sylphosphatidylinositol. Two of the membrane-associated
proteins, APP and the B, integrin subunit (CD18), are trans-
membrane proteins implicated in human disease.

Subtractive proteomics also identified elevated levels of 12
secreted proteins (proteins with known or predicted signal pep-
tides but without transmembrane domains) in medium from
M9A cells (Table ll), including MMP-9 itself. Platelet factor 4
(PF4), a known substrate of MMP-9 in vitro (18), was also
detected, although the difference in levels of unique peptides
had borderline significance (p = 0.057, Student’s t test).

Because the cells in our model system overexpressed
MMP-9 (Fig. 1), pro-MMP-9 was one of the most enriched
proteins in medium from M9A macrophages (Table Il), being
identified by 35 times as many unique peptides as in medium
from WT cells. The peptide number for PF4 was 3 times higher
in M9A medium than in WT medium, and the enrichment was
confirmed by XICs of selected peptides (data not shown). PF4
is generally considered to be a secreted protein that binds
with high affinity to cell surface proteoglycans (18). L6, a
subunit of the 60S ribosome that lacks a known transmem-
brane domain or signal peptide, also appeared to be enriched
in medium from M9A macrophages. Antimicrobial peptides
derived from ribosomes have been identified in the extracel-
lular space (55, 56).

In Gene Ontology analysis of proteins enriched in medium
conditioned by M9A cells, increased MMP-9 activity was as-
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Fic. 3. Macrophage proteins detected in medium and in lysates represent distinct functional categories. Conditioned medium from
MO9A and WT cells and lysates from M9A cells were analyzed by 2D LC-MS/MS. Proteins were identified and quantified as described in the
legend to Fig. 2. Proteins were ranked by the number of peptides identified, and the medium/lysate ratio was calculated. Functional categories
were determined using Gene Ontology analysis for lysate proteins (medium/lysate ratio <0.5) (A) or secreted/shed proteins (medium/lysate
ratio >1.5) (B). This approach identified multiple distinct categories of proteins that were significantly overrepresented (categories with p <
0.01; plotted as p ") in secreted/shed proteins and proteins arising from lysis.

sociated with the presence of proteins involved in leukocyte
adhesion and migration, glycosyl bond hydrolysis, and lyso-
somal functions (Fig. 4). Many of the proteins were hydrolases
with amylase, hexosaminidase, or sulfuric ester hydrolase
activity being consistent with lysosomal origin (57, 58).
Biochemical Confirmation That Overexpression of MMP-9
Induces Shedding of B, Integrin and Amyloid Protein Precur-
sor—We selected APP and the 3, integrin subunit for detailed
biochemical characterization because they are involved in the

pathogenesis of human disease. Although MMP-9 was re-
cently implicated in shedding of APP, B, integrin subunit is not
known to be an MMP-9 substrate (59-63). APP is a type |
integral membrane protein expressed by macrophages (64); it
is proteolytically cleaved to yield amyloid-gB peptides. 2D LC-
MS/MS identified a mean of 11 unique peptides in three
independent preparations of medium exposed to M9A cells
for 24 h. In contrast, only three peptides were identified in two
of three analyses of WT medium (Fig. 5A). When the incuba-
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TABLE |
Transmembrane proteins identified in medium conditioned by macrophages

Macrophages were extensively washed to remove serum proteins and then incubated for 24 h in serum-free medium. The medium was
harvested and concentrated. Macrophages were lysed with detergent. Desalted tryptic digests of medium or lysate proteins were analyzed by
replicate 2D LC-MS/MS analyses. Peptides were identified with SEQUEST and the mouse UniProt protein database using an unrestricted
search and a 2.5-amu window for precursor mass, assuming cysteine alkylation and variable oxidation of methionine. Peptide identifications
were compiled into protein identifications using ProteinProphet. Protein identification required a ProteinProphet probability =0.96 and
detection of at least two unique peptides in two of three independent experiments.

Total number of unique peptides

Entry name Protein name - -
M9A medium WT medium Lysate
A4_MOUSE Amyloid-B A4 precursor protein (APP) 34 7 0
ADA10_MOUSE A disintegrin and metallopeptidase domain 10 11 6 0
ADA15_MOUSE A disintegrin and metallopeptidase domain 15 (metargidin) 2 12 0
ADAM8_MOUSE A disintegrin and metallopeptidase domain 8 4 6 0
APLP2_MOUSE Amyloid-like protein 2 4 0 0
ATNG_MOUSE Sodium/potassium-transporting ATPase y chain 13 8 0
CD166_MOUSE Activated leukocyte cell adhesion molecule 6 3 0
CD44_MOUSE CD44 antigen 8 6 0
CSF1R_MOUSE Colony-stimulating factor 1 receptor 70 60 0
CSTN1_MOUSE Calsyntenin 1 16 24 0
DAG1_MOUSE Dystroglycan 1 9 9 0
GSLG1_MOUSE Golgi apparatus protein 1 8 0 0
HA1D_MOUSE Histocompatibility 2, k1, k region 7 3 0
HA1L_MOUSE Histocompatibility 2, d region locus 1 14 23 0
HG2A_MOUSE CD74 antigen 8 5 0
IGSF8_MOUSE Immunoglobulin superfamily member 8 (EWI-2, CD316) 4 1 0
IL2RG_MOUSE Interleukin 2 receptor, y chain 4 6 0
ITA4_MOUSE Integrin a, 5 10 0
ITAM_MOUSE Integrin ay, 13 7 1
ITB2_MOUSE Integrin B, 12 3 1
ITM2B_MOUSE Integral membrane protein 2b 2 4 0
LFNG_MOUSE B-1,3-N-Acetylglucosaminyltransferase 9 8 0
NRP2_MOUSE Neuropilin 2 9 6 0
RAE1A_MOUSE Retinoic acid early transcript 1, « 9 0 0
SDC4_MOUSE Syndecan-4 5 5 0
SEM4A_MOUSE Semaphorin-4a 7 16 0
SORL_MOUSE Sortilin-related receptor 4 9 0
ST14_MOUSE Suppression of tumorigenicity 14 (epithin) 3 9 0
VAS1_MOUSE Vacuolar ATP synthase subunit s1 7 12 0

tion period was reduced to 6 h, five unique peptides were
identified in medium from M9A macrophages, but none were
detected in WT medium. Integrating peak areas of the XIC for
multiple different peptide molecular ions yielded similar re-
sults as shown in the XICs of peptide STNLHDYGM-
LLPCGIDK (Fig. 5B; m/z 967, [M + 2H]**). Only peptides
derived from the ectodomain of APP were detected in the
medium; this is consistent with proteolytic shedding of APP at
the extracellular face of the plasma membrane (Fig. 5C).
These observations strongly support the involvement of
MMP-9 in a pathway that leads to shedding of APP from M9A
macrophages.

To confirm these observations, we performed immunoblot
analysis with antibodies that specifically recognize the N ter-
minus or C terminus of APP or residues 1-16 of amyloid-
peptide (Fig. 6). When medium conditioned by macrophages
for 6 or 24 h was probed with an antibody that binds to the
N-terminal extracellular domain of APP, a band of ~100 kDa
was readily detected in M9A samples but was much less
prominent in the WT samples (Fig. 6A). In addition, the appar-
ent molecular mass of the immunoreactive protein in medium

from M9A cells was lower than that of the immunoreactive
protein detected in lysates of WT and M9A cells (Fig. 6C, left
panel). In contrast, the antibody specific for the C terminus
failed to detect protein in medium conditioned by either M9A
or WT macrophages, but it did react with full-length APP in
both cell populations and a low molecular weight band in M9A
lysates (Fig. 6C, right panel). These data show that cleavage
of APP leaves a fragment containing the cytoplasmic domain
associated with cells. When M9A cells were cultured in the
presence of the metalloprotease inhibitor GM6001, APP
shedding was significantly inhibited (Fig. 6B).

The two secreted forms of APP, sAPP«a and sAPPg, are
generated when a- and B-secretase, respectively, cleave the
full-length protein (62). The product of a-secretase is 16
amino acids longer than that of B-secretase. SDS-PAGE and
immunoblot analysis with an antibody specific for the region
containing those 16 amino acids revealed a single band in
medium from M9A cells (Fig. 6D). In contrast, no immunore-
active band was detected in WT medium, suggesting that
shedding requires a-secretase activity. Furthermore AB;_,0
levels were lower in medium from macrophages expressing
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FiG. 4. Functional analysis of proteins enriched in the medium
of M9A macrophages. Conditioned medium from WT and M9A cells
was analyzed by 2D LC-MS/MS. Functional categories of proteins
enriched in medium from M9A macrophages (Table Il) were deter-
mined by Gene Ontology analysis. This approach identified two major
categories of proteins that were significantly overrepresented (leuko-
cyte adhesion and migration, p = 0.007; lysosome and hydroxylase
activity, p = 0.0001 after Benjamini-Hochberg correction) in the me-
dium of macrophages expressing autoactivating MMP-9. Gene name,
protein entry ID, protein name (UniProt database) are as follows: App,
A4_MOUSE, amyloid protein precursor; ltgb2, ITGB2_MOUSE, inte-
grin B,; Raet1a, RAE1A_MOUSE, retinoic acid early transcript 1, «;
Pf4, PLF4_MOUSE, platelet factor 4; Igsf8, IGSF8_MOUSE, immuno-
globulin superfamily member 8; Amy1, AMYS_MOUSE, a-amylase,
salivary and hepatic; Amy2, Q61297_MOUSE, pancreatic a-amylase
isozyme; Arsb, ARSB_MOUSE, arylsulfatase B; Ctse, CATE_MOUSE,
cathepsin E; Hexb, HEXB_MOUSE, B-hexosaminidase 8 chain; Lipa,
LICH_MOUSE, lipase A; Gns, Q8BK91_MOUSE, N-acetylglucosa-
mine-6-sulfatase; Gusb, BGLR_MOUSE, B-glucuronidase; Man2b2,
MA2B2_MOUSE, epididymis-specific a-mannosidase; Naglu,
088325_MOUSE, «a-N-acetylglucosaminidase; Scpep?, RISC_
MOUSE, retinoid-inducible serine carboxypeptidase.

autoactivating MMP-9 (Fig. 6E). Together the proteomics
analysis and biochemical studies provide strong evidence
that MMP-9 sheds the ectodomain of APP into the medium,
perhaps with a-secretase specificity.

B, integrin subunit (CD18) forms a heterodimer with various
a integrin subunits on leukocytes (65). Like APP, the B, sub-
unit is a type | transmembrane protein with a large ectodo-
main and a comparatively small cytosolic domain. All of the 3,
peptides detected by 2D LC-MS/MS in M9A and WT medium
were derived from the extracellular domain of the subunit (Fig.
7E). In three independent experiments, we observed 4 times
as many unique peptides in medium exposed for 24 h to M9A
macrophages as in medium from WT macrophages (Fig. 7A).
Importantly one of the peptides that was detectable only in
the medium of M9A macrophages contained a non-tryptic
cleavage site, raising the possibility that it was a proteolytic
target for autoactivating MMP-9. Similar results were ob-
served after the macrophages were incubated for 6 h when a
mean of 11 unique peptides derived from B, integrin were
detected in MOA medium compared with none in WT medium
(three independent analyses).

B, integrin can form heterodimers with four different o
subunits (66), and more unique peptides derived from one of
those « subunits («,,/CD11b) were detected in medium from

M9A macrophages compared with WT macrophages. How-
ever, the difference did not reach statistical significance.
When medium incubated with M9A macrophages for 6 h was
analyzed, we detected a mean of 5.4 unique peptides derived
from integrin «, in three separate experiments. In contrast, a
mean of only 0.2 peptides was detected in medium of WT
cells (p = 0.009, Student’s t test). These observations suggest
that MMP-9 might target the CD11b/CD18 complex for
proteolysis.

XICs confirmed that peptides derived from the B, integrin
subunit were more abundant in medium from M9A macro-
phages than in medium from WT macrophages after either a
6- or 24-h incubation. For example, LTDNSNQFQTEVGK (m/z
791.2, [M + 2H]>") produced a readily detectable peak in the
XIC of medium harvested from M9A macrophages at both
time points (Fig. 7B). In contrast, a much smaller peak was
observed in medium from WT macrophages, and it was de-
tected only in medium collected at 24 h. We used a B,
integrin-specific antibody to confirm these observations. 3,
subunit was markedly more abundant at both 6 and 24 h in
M9A-conditioned medium than in medium conditioned by WT
cells (Fig. 7C), but protein levels in the cell lysates did not
differ (data not shown). Addition of 50 um GM6001, a hydrox-
amate compound that inhibits MMPs by binding to the zinc at
the active site of the enzyme, significantly decreased the shed
levels of the B, subunit (Fig. 7D). These observations indicate
that activated MMP-9 directly or indirectly mediates shedding
of B, integrin subunit from the surface of macrophages.

MMP-9 Directly Cleaves Only One B, Integrin Juxtamem-
brane Peptide—To determine whether B, integrin subunit is a
direct substrate for MMP-9, we synthesized an overlapping
library of 10 15-amino acid peptides whose sequences cov-
ered the 60 residues adjacent to the extracellular side of the
putative transmembrane domain of 3, integrin (Gly®®'-Thr"'°;
Fig. 8A). Each peptide was incubated with active MMP-9, and
the reaction mixture was analyzed by MALDI-TOF-MS and
MALDI-TOF-MS/MS.

Of the 10 peptides in the library, only ECVKGPNVAAIVGGT
(where the bold letters indicate the cleavage site) was detect-
ably proteolyzed by active MMP-9 with cleavage between its
Ala and lle residues (Fig. 8B). Those residues correspond to
Ala’® and 1le”°® in B, integrin subunit. The identity of the
cleavage site was confirmed by MS/MS analysis (Fig. 8C).

We next searched for B, integrin peptides containing this
cleavage site in the medium of M9A and WT cells. Our shot-
gun proteomics analysis of tryptic digests of M9A medium
collected at 24 h had identified a semitryptic peptide,
DGRNIYNIHVEDSLECVKGPNVAA (where the underline indi-
cates the sequence shared with the synthetic peptide cleaved
by MMP-9), with high confidence as assessed by two different
algorithms (PeptideProphet (probability = 1.0, Xcorr = 5.7,
ACn = 0.424) and MASCOT (MOWSE (molecular weight
search) score 40, p < 0.05)). The peptide contained the same
C-terminal sequence and the Ala’®® non-tryptic cleavage site
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FiGc. 5. The ectodomain of APP is shed by macrophages expressing active MMP-9. Conditioned medium from M9A or WT cells was
analyzed by 2D LC-MS/MS or immunoblotting. A, the number of unique peptides derived from APP that were detected by MS/MS in
conditioned medium incubated with cells for 24 h. Results represent the means and S.D. of three independent experiments. B, XIC for peptide
STNLHDYGMLLPCGIDK (m/z 967, [M + 2H]*") of APP. Results represent three independent experiments. The peptide was detected only in
one salt gradient fraction. C, peptides derived from APP identified in medium conditioned by M9A macrophages (underlined). The predicted
transmembrane domain is shown in boldface type. Note that only peptides from the extracellular domain were detected.

as the synthetic peptide (ECVKGPNVAAIVGGT) that was
cleaved by active MMP-9. Importantly we detected this pep-
tide only in medium from cells expressing autoactivating
MMP-9.

We used targeted LC-MS/MS analysis to search for other
proteolytic products derived when MMP-9 cleaved B, integrin
between Ala’® and lle”°®. We focused our studies on mac-
rophages incubated for 6 h because medium harvested at this
time point contained the highest level of immunoreactive B,
integrin (Fig. 7C). This approach identified two semitryptic
peptides ([DGRNIYNIHVEDSLECVKGPNVAA + 3HJ]?*,
[NIYNIHVEDSLECVKGPNVAA + 3HJ**, and [NIYNIHVED-
SLECVKGPNVAA + 2H]?>"). Both peptides contained the C-
terminal Ala residue represented in the synthetic peptide
ECVKGPNVAAIVGGT that active MMP-9 cleaved in vitro.
Again the peptides were detected in the medium of M9A cells
but not in the medium of WT cells. The XICs for NIYNIHVED-
SLECVKGPNVAA in conditioned medium harvested from
M9A and WT macrophages are shown in Fig. 9A. In two
independent experiments, the peptide was detectable only in
medium harvested from M9A macrophages. Using MS/MS
analysis, we confirmed the identity of the semitryptic peptide

in both the triply (Fig. 9B) and doubly (Fig. 9C) charged states.
Collectively these observations provide strong evidence that
autoactivated MMP-9 can directly shed B, integrin subunit
from the macrophage surface.

DISCUSSION

In a search for cellular substrates of MMP-9, we used
subtractive proteomics to identify plasma membrane-associ-
ated proteins that had been shed into culture medium of M9A
cells, a macrophage cell line expressing an autoactivating
form of pro-MMP-9. We focused on proteins with known or
predicted transmembrane domains because ectodomain
shedding has been implicated in inflammation, wound heal-
ing, and host-pathogen interactions (67, 68). Furthermore
MMP-9 localizes to the cell surface of activated leukocytes
(14), suggesting that it might proteolyze membrane-associ-
ated proteins.

Using stringent criteria for protein identification and requir-
ing the detection of =3 times as many unique peptides in
medium conditioned by M9A cells as in medium from control
cells, we identified 18 proteins that appeared to be enriched in
the medium of macrophages expressing autoactivating
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Fic. 6. Activated MMP-9 promotes APP shedding and ApB,_4
degradation by macrophages. Equal amounts of protein from me-
dium conditioned by M9A or WT cells were fractionated by SDS-
PAGE and then immunoblotted with antibodies specific for the N-
terminal or C-terminal domains of APP or the secreted form of APP
containing ABi_4o (SAPPa). A, immunoblot analysis of conditioned
medium from M9A and WT cells with antibody specific for the N
terminus. B, effect of the metalloproteinase inhibitor GM6001 on
levels of APP detected with an N terminus-specific antibody in me-
dium conditioned by macrophages for 6 h. C, immunoblot analysis of
macrophage-conditioned medium (24 h) with antibodies specific for
the ectodomain (N terminus; left) or cytoplasmic domain (C terminus;
right). Note that APP was detected in the medium only with the
ectodomain antibody and that the band was shifted to a lower ap-
parent molecular weight. In contrast, both antibodies detected equiv-
alent amounts of full-length APP in macrophage lysates. In addition,
a low molecular weight protein detected by an antibody to the cyto-
plasmic domain was significantly elevated in M9A lysates. D, immu-
noblot analysis of medium conditioned for 24 h by M9A or WT cells
with an antibody for the 16-amino acid region contained in sSAPP« but
absent in sAPP. Note that the a-secretase product of APP (sAPP«)
is enriched in medium from M9A cells. E, quantification of AB;_40
(Ab40) peptide in medium from M9OA and WT macrophages. Similar
results were observed in three independent analyses. Veh, vehicle.

MMP-9 (Table Il). The identification of such a limited number
of proteins in M9A expressing macrophages suggests that
overexpression of active MMP-9 in our system does not result
in nonspecific proteolysis. Four of the identified proteins (APP,
E-selectin ligand 1, immunoglobulin superfamily member 8,
and B, integrin subunit) have transmembrane domains, and
another (retinoic acid early inducible protein 1«) associates

with the cell surface via a glycosylphosphatidylinositol an-
chor. The medium of M9A macrophages was also enriched in
proteins with hydrolase, amylase, hexosaminidase, or sulfuric
ester hydrolase activity (Fig. 4). The mechanism for enriching
lysosomal proteins in the medium of M9A cells is unclear, but
this finding raises the possibility that MMP-9 promotes the
secretion of lysosomal proteins.

The B, integrin subunit, E-selectin ligand 1, and immuno-
globulin superfamily member 8 (CD316; EWI-2) have all been
implicated in cellular adhesion (69-71), suggesting that their
shedding might affect macrophage recruitment during inflam-
mation. Moreover natural killer cell activation is regulated by
B, integrin engagement and retinoic acid early inducible pro-
tein 1« (72-74). Thus, proteolytic shedding of these two cell
surface proteins may modulate the activity of natural killer
cells and the interaction of those cells with macrophages.
Importantly the relative abundance of these proteins in mac-
rophage medium has not been shown previously to be regu-
lated by MMP-9.

We selected the B, integrin subunit and APP for detailed
biochemical characterization because both are transmem-
brane proteins that have been implicated in human pathology
(64, 75). B, integrin subunit, also termed CD18, is a glyco-
sylated type | membrane protein that is part of a leukocyte-
specific membrane receptor that is critical for host defense
(76).

Human leukocytes shed integrin o, B, integrin in a model of
acute tissue injury (77), but the protease responsible for that
cleavage remains unknown. It is therefore of interest that we
detected 4 times as many unique [, integrin peptides in
medium from M9A macrophages as in medium from WT
macrophages. Moreover all of the detected peptides origi-
nated exclusively from the extracellular domain of the integrin.
SDS-PAGE and immunoblot analysis with a 8, integrin-spe-
cific antibody confirmed that immunoreactive protein was
much more abundant in MOA medium than in WT medium and
that its abundance in M9A medium was reduced by a metal-
loprotease inhibitor. These observations suggest that ex-
pressing autoactivating pro-MMP-9 in macrophages pro-
motes the shedding of B, integrin subunit from the cell
surface.

We used a two-tiered strategy to demonstrate that 3, inte-
grin is a direct proteolytic substrate for autoactivating MMP-9.
First we synthesized a library of 10 peptides with overlapping
sequences that spanned 60 residues (Gly®®'-Thr”'%) of the
transmembrane and extracellular membrane-associated do-
mains of B, integrin. We incubated each peptide with active
MMP-9 and used MALDI-TOF and -TOF/TOF to identify pro-
teolytic cleavage products. This approach revealed a single
peptide, ECVKGPNVAAIVGGT, that was cleaved between its
Ala and lle residues. Significantly this site corresponded to a
site in a semitryptic peptide that we identified with high con-
fidence in our initial proteomics analysis of MO9A medium.
Moreover the peptide was detected only in medium from
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macrophages expressing the autoactivating form of MMP-9,
suggesting that the protease was shedding B, integrin from
the cell surface.

To confirm that B, integrin subunit is a direct substrate for
proteolysis by autoactivating MMP-9, we used targeted
MS/MS analysis to determine whether macrophage-condi-
tioned medium contained peptides that contained this same
cleavage site. Peptides NIYNIHVEDSLECVKGPNVAA and
DGRNIYNIHVEDSLECVKGPNVAA were readily identified in
the medium of M9A macrophages but were undetectable in
the medium of WT macrophages. It is noteworthy that the
proteolytic cleavage site for MMP-9 resides within or near the
putative transmembrane domain of 3, integrin, indicating that
the protease acts at a site very close to the plasma mem-
brane. Collectively our observations provide strong evidence
that B, integrin subunit is a direct target for proteolysis by
autoactivating pro-MMP-9.

Other lines of evidence support the proposal that MMPs
might promote integrin shedding. For example, both partners
of the Mac-1 complex, integrin a8, integrin, bind pro-
MMP-9 in vitro (78). Interestingly the active form of MMP-9
lacks this ability (70). It is noteworthy that unique peptides
derived from integrin «,, were significantly enriched in the

Intracellular domain

medium of M9A following a 6-h incubation, although the
difference in peptide abundance was only borderline signifi-
cant in medium exposed to M9A and WT cells for 24 h. This
observation raises the possibility that MMP-9 sheds the a8,
integrin complex.

The other candidate MMP-9 substrate we characterized,
APP, is the precursor of amyloid-B peptide, the major com-
ponent of the extracellular plaques found in the brain in Al-
zheimer disease (79). Recent studies demonstrate that over-
expression of activated MMP-9 by HEK/APP695 cells
promotes the release of APP (80). Many types of cells, includ-
ing macrophages, express this glycosylated type | integral
membrane protein (64). Our MS/MS analysis detected only
peptides derived from its ectodomain in medium from M9A
macrophages; this is consistent with proteolytic shedding of
APP. Immunoblot analysis demonstrated that an apparently
truncated form of APP was much more abundant in M9A
medium than in WT medium; this is also consistent with
shedding by a protease. Moreover a low molecular weight
protein reactive with an antibody to the cytoplasmic domain
of APP was detected only in lysates of M9A cells. These
observations suggest that cleavage of APP releases the ex-
tracellular domain of the protein into the medium, leaving a
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Fic. 8. A library of synthetic peptides identifies a candidate MMP-9 cleavage site in B, integrin. A, a library of 10 overlapping peptides
based on the extracellular domain of 3, integrin adjacent to its putative transmembrane region was synthesized. B, each synthetic peptide was
incubated in PBS with or without active MMP-9. Reaction mixtures were subjected to MALDI-TOF-MS. This approach demonstrated that a
single peptide, ECVKGPNVAAIVGGT, was cleaved proteolytically between Ala and lle to yield a product peptide of m/z 987. C, MALDI-TOF/

TOF analysis of the cleavage product.

small fragment containing the cytoplasmic domain associated
with the macrophage. Together our proteomics analysis and
biochemical studies provide strong evidence that MMP-9 is
involved in shedding the APP ectodomain.

Two competing proteolytic pathways lead to shedding of
APP from the cell surface. The amyloidogenic pathway, which
releases the neurotoxic amyloid-3 peptide from APP, involves
a B-secretase (an aspartyl protease) and a y-secretase (62).
The non-amyloidogenic a-secretase pathway involves a met-
alloproteinase, which cleaves APP in the amyloid-B domain
and precludes amyloid-B peptide formation. Immunohisto-
chemical studies with antibodies specific for the various re-
gions of APP suggest that MMP-9 may also have a-secre-

tase-like activity. Another metalloproteinase we identified in
macrophage-conditioned medium, ADAM-10, has «-secre-
tase activity (81). However, we did not observe a significant
difference between the number of unique peptides of ADAM-10
in the medium of control and M9A macrophages. Differential
expression or release of ADAM-10 is therefore unlikely to be
responsible for increased shedding of APP by M9A cells.

An «a-secretase-like cleavage of APP by MMP-9 would re-
duce amyloid-B levels. In agreement with this proposal, we
observed lower amyloid-g levels in MOA medium than in WT
medium. Additionally higher levels of amyloid-B peptide levels
are seen in the brains of mice deficient in MMP-9 (82). More-
over MMP-9 can proteolytically degrade amyloid-gB peptides
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Fic. 9. The B, integrin subunit of macrophages is a direct proteolytic target for autoactivating MMP-9. Medium conditioned by M9A
or WT macrophages for 6 h was monitored for B, integrin peptides containing the non-tryptic MMP-9 cleavage site identified in the peptide
substrate mapping studies (Fig. 8). A, XICs for the semitryptic peptide NIYNIHVEDSLECVKGPNVAA ([M + 3H[**) in medium from M9A or WT
macrophages. Similar results were observed in two independent experiments. B and C, tandem mass spectra of the [M + 3H]** ions and [M +
2H]?" ions of NIYNIHVEDSLECVKGPNVAA in the medium of MOA macrophages. Note the almost complete coverage of b and y ions,

confirming the identity of the peptide with high confidence.

(63, 82). This raises the intriguing possibility that MMP-9 might
reduce cerebral amyloid burden by two complementary
mechanisms: by impairing production and by increasing the
degradation of amyloid-3 peptide (63, 80, 82, 83).

Previous studies have identified a variety of cell surface
proteins as substrates of MMP-9, including CD166 (ALCAM)
(28), c-kit ligand (84), galectin-3 (85), IL-2 receptor « (86),
syndecan-1 and -4 (52), and interleukin-13 (87). Our proteom-
ics studies identified two of those proteins, CD166 and syn-
decan-4, but their concentrations were similar in MOA and WT
media. This discrepancy may reflect a number of factors,
including variations in protein expression by different cell
types. It is also important to note that data-dependent scan-

ning typically selects the most abundant peptide ions for
MS/MS analysis: therefore, protein sampling in complex mix-
tures is incomplete, and the ability to detect low abundance
proteins, such as interleukin-1p, is limited (38).

In summary, our observations indicate that subtractive pro-
teomics, which requires no a priori knowledge of enzyme
specificity, in concert with peptide substrate mapping of can-
didate proteolytic cleavage sites is a powerful strategy for
identifying proteolytic substrates in cells. In future studies, it
will be of great interest to use both macrophages deficient in
MMP-9 and mouse models of inflammation to determine
whether shedding of the candidate MMP-9 substrates we
have identified is physiologically relevant.
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