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Screening of matrix metalloproteinase (MMP)-14
substrates in human plasma using a proteomics approach
previously identified apolipoprotein A-IV (apoA-IV) as a
novel substrate for MMP-14. Here, we show that among
the testedMMPs, purified apoA-IV is most susceptible to
cleavage by MMP-7, and that apoA-IV in plasma can be
cleaved more efficiently by MMP-7 than MMP-14.
Purified recombinant apoA-IV (44-kDa) was cleaved by
MMP-7 into several fragments of 41, 32, 29, 27, 24, 22and
19 kDa.N-terminal sequencing of the fragments identified
two internal cleavage sites for MMP-7 in the apoA-IV
sequence, between Glu185 and Leu186, and between
Glu262 and Leu263. The cleavage of lipid-bound apoA-IV
by MMP-7 was less efficient than that of lipid-free
apoA-IV. Further, MMP-7-mediated cleavage of
apoA-IV resulted in a rapid loss of its intrinsic anti-
oxidant activity. Based on the fact that apoA-IV plays
important roles in lipid metabolism and possesses anti-
oxidant activity, we suggest that cleavage of lipid-free
apoA-IV by MMP-7 has pathological implications in the
development of hyperlipidemia and atherosclerosis.

Keywords: anti-oxidant activity/apolipoprotein A-IV
(ApoA-IV)/lipid metabolism/matrix metalloproteinase
(MMP)/substrate.
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Matrix metalloproteinases (MMPs) are a family of
closely related zinc-dependent endoproteinases (1).
Twenty-three different types of MMPs, which are
either secreted or associated with the cell membrane,

have been described in humans (2). These endoprotei-
nases degrade virtually all extracellular matrix
(ECM) components as well as many non-ECM
functional proteins and play important roles in a var-
iety of physiological and pathological processes includ-
ing cell proliferation, tissue repair, tumor invasion,
cancer progression and atherosclerosis (1�3).
Most MMPs are synthesized and released into the
extracellular space as pro-enzymes, and converted
into active forms through the removal of a
pro-domain by other proteases (2, 4, 5). The catalytic
activities of MMPs are inhibited by their endogenous
inhibitors, tissue inhibitors of metalloproteinases
(TIMPs) (3, 6).

Apolipoprotein A-IV (apoA-IV) was first found in
rat plasma lipoproteins (7). Human apoA-IV, a
46-kDa glycoprotein composed of 376-amino acid resi-
dues and modified by O-linked glycosylation, is
synthesized in the enterocytes of the small intestine
and secreted as a component of triglyceride-rich chylo-
microns (8�11). Following lipolysis of these chylomi-
crons, apoA-IV released from the particle circulates
either in a lipoprotein-free state, or bound to
high-density lipoprotein (HDL) (8, 12). Accumulating
data suggest that apoA-IV plays many roles in lipid
metabolism. In addition to its role in chylomicron
assembly and secretion, apoA-IV is involved in
enhancement of lecithin cholesterol acyl transferase
activity (13), stimulation of the cholesterol ester trans-
fer protein (14), and modulation of lipoprotein lipase
activity (15). Moreover, there is evidence for the role of
apoA-IV as an anti-oxidant; overexpression of
apoA-IV in apoE-deficient mice has been shown to
reduce the levels of oxidative markers (16). Inhibition
of lipid peroxidation by apoA-IV has also been
biochemically demonstrated (17). Therefore, apoA-IV
seems to play a protective role against atherosclerosis
by virtue of both its classical roles in lipid metabolism
and its anti-oxidant properties.

We have previously screened MMP-14 substrates
from human plasma using a proteomics approach
(18) and identified apoA-IV as a novel substrate for
MMP-14. In the present study, we expressed and pur-
ified human apoA-IV as a soluble protein in
Escherichia coli and analysed its susceptibility to cleav-
age by various MMPs in vitro. We examined whether
apoA-IV in plasma can be cleaved by MMP-7
and MMP-14, studied the cleavage process,
and identified MMP-7 cleavage sites in recombinant
apoA-IV. We then compared the MMP-7-mediated
cleavage of the lipid-bound and lipid-free forms of
apoA-IV. Finally, we analysed the effect of
MMP-7-mediated cleavage on the anti-oxidant activity
of apoA-IV.
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Materials and Methods

Construction of the human apoA-IV expression plasmid
An E. coli expression vector for human apoA-IV fused to an affinity
tag and a protease cleavage site was constructed as previously
described (19), with minor modifications. A cDNA encoding
human apoA-IV polypeptide containing the hexa-histidine (His)
tag and a tobacco etch virus (TEV) protease cleavage site (TEV;
Glu-Asn-Leu-Tyr-Phe-Gln#Gly) at the N-terminus was amplified
by polymerase chain reaction (PCR) using Pfu polymerase (Cat.
No. CMT4001; Cosmo Genetech, Seoul, Korea) and cDNA from
Caco-2 cells as a template. The sequences of primers used for the
PCR were as follows: forward primer, 50-ggaattcCATATGCATCAT
CATCATCATCATGAAAATTTATATTTTCAAGGCGAGGTCAG
TGCTGACCAGGTGGC-30 (nt. 165�187 of GenBank NM_
000482), including an NdeI site (underlined), a start codon (bold),
a hexa-histidine sequence (italicized), and a TEV cleavage site (bold
italicized); reverse primer, 50-cgGGATCCTCAGCTCTCCAAAGG
GGCCAGCAT-30 (nt. 1292�1272 of NM_000482), including a
BamHI site (underlined) and a stop codon (bold). The PCR product
and pET-22b(þ) vector were cut using the restriction enzymes NdeI
and BamHI and ligated. The resultant construct, pET-22b(þ)-
His-TEV-apoA-IV, was sequenced to confirm the absence of PCR
errors and then transformed into E. coli BL21(DE3) cells.

Purification of human apoA-IV
E. coli BL21(DE3) cells harbouring the pET-22b(þ)-His-TEV-
apoA-IV construct were cultured in Luria-Bertani medium with
0.1mg/ml ampicillin. When the absorbance of the culture at
600 nm reached 0.5, isopropyl-1 -b-D-galactopyranoside was added
to a final concentration of 1mM, and the cells were further cultured
for 4 h at 37�C. Cells were sedimented by centrifugation, and the cell
pellet was resuspended in 20ml of lysis buffer (20mM Tris�HCl,
pH 8.0, 300mM NaCl, 0.1% Triton X-100) and sonicated on ice.
Following centrifugation of the cell lysate, the His-TEV-apoA-IV
polypeptide was affinity-purified from the supernatant using Ni2þ-
NTA agarose resin (Cat. No. 30210, QIAGEN), according to the
manufacturer’s recommendations. The purified His-TEV-apoA-IV
fusion protein was incubated with His-tagged TEV protease (19) in
a 1:2 enzyme/substrate molar ratio in TEV protease reaction buffer
(50mM Tris�HCl, pH 8.0) overnight at 25�C, and the His-TEV
protease and the cleaved His-TEV fragment were eliminated using
Ni2þ-NTA resin. Purified apoA-IV was dialyzed against 20mM
Tris�HCl buffer, pH 7.4, containing 150mM NaCl.

Preparation of MMPs and TIMPs
The catalytic domains of human MMP-3 (cMMP-3; Phe100-Pro273),
human MMP-7 (Ala93-Lys267), and human MMP-14 (cMMP-14;
Tyr112-Ile318), and the pro, catalytic and hinge domains of MMP-1
(pchMMP-1; Phe20-Ala277) were expressed as inclusion bodies in
E. coli and refolded as described previously (20�22). Recombinant
human proMMP-2 and proMMP-9 were expressed in Sf9 cells by
infection with baculoviruses and purified by gelatin-agarose column
chromatography as described previously (23). The pro-forms of
MMPs were activated using 1mM 4-aminophenyl mercuric acetate
(APMA). Recombinant human TIMP-1 and TIMP-2 were expressed
in Sf9 cells and purified as previously described (24).

Cleavage of apoA-IV by MMPs
Purified apoA-IV (1 mg) was cleaved with catalytically active MMPs
in a 1:10 enzyme/substrate molar ratio in 16 ml of MMP reaction
buffer (20mM Tris�HCl, pH 7.4, 150mM NaCl, 5mM CaCl2,
0.5mM ZnCl2, 0.001% Brij-35) at 37�C for the indicated time inter-
vals unless specified. To analyse cleavage of apoA-IV present in
plasma proteins by MMPs, plasma proteins (75 mg) were incubated
with 100 ng of MMP-7 or MMP-14 in 16 ml of MMP reaction buffer
at 37�C for different times. When the effect of protease inhibitors
was investigated, reactions were performed in the presence of prote-
ase inhibitor cocktail (PIC) (0.15 ml, Cat. No. 539134, Calbiochem,
Torrey Pines, CA, USA), pan-MMP inhibitor GM6001 (8.75 ng,
Cat. No. CC1010, Chemicon, Temecula, CA, USA), TIMP-1
(250 ng), or TIMP-2 (210 ng). Reactions were terminated by
adding SDS sample buffer unless otherwise specified. Samples were
subjected to 15% SDS�PAGE and stained with Coomassie Brilliant
Blue (CBB) R-250 or analysed by western blotting using anti-apoA-
IV antibody (Cat. No. sc-19036, Santa Cruz Biotechnology, Santa

Cruz, CA, USA). A protein marker (Bio-Rad Laboratories,
Hercules, CA, USA) was also run on the gel for molecular weight
identification.

N-terminal sequencing of MMP-7-cleaved apoA-IV fragments
The N-termini of the MMP-7-cleaved apoA-IV fragments were
sequenced by the Edman degradation method in the Tufts Core
Facility (Tufts University, Boston, MA, USA) as previously
described (25).

Formation of apoA-IV-containing proteoliposomes
ApoA-IV-containing proteoliposomes were prepared by the
Tris-buffered saline (10mM Tris�HCl, pH 8.0, 140mM NaCl,
1mM EDTA) dialysis method using a 95:5:1:150 initial molar
ratio of palmitoyloleoyl phosphatidylcholine:cholesterol:apoA-
IV:sodium cholate (26). Proteoliposomes were dialyzed against
20mM Tris�HCl buffer, pH 7.4, containing 150mM NaCl.

Ferric-reducing ability assay of MMP-7-degested apoA-IV
The ferric-reducing ability (FRA) assay was performed as described
previously (27, 28). The FRA reagent (500 ml) was mixed with an
equal volume of MMP-7-digested apoA-IV (2 mM). Absorbance at
593 nm was measured at 25�C every 30 s over a period of 30min
using a DU 800 Spectrophotometer (Beckman Coulter, Fullerton,
CA, USA) equipped with a MultiTemp III Thermocirculator
(Amersham Biosciences, Uppsala, Sweden).

Results

Purification of apoA-IV and its cleavage by MMPs
Recombinant human apoA-IV containing a His tag
and a TEV protease cleavage site at the N-terminus
(His-TEV-apoA-IV) (Fig. 1A) was expressed in
E. coli and purified using Ni2þ-NTA resin (Fig. 1B).
ApoA-IV protein containing an N-terminal Gly resi-
due (Fig. 1A) was purified by incubating His-
TEV-apoA-IV with His-TEV protease (19), followed
by removal of both the His-TEV fragment and the
His-TEV protease using Ni2þ-NTA resin (Fig. 1C).
The recombinant apoA-IV was detected as a 44-kDa
band in SDS gels (Figs 1C and 2), slightly lower than
the 46-kDa band observed in the case of plasma
apoA-IV (Fig. 3A), which contains O-linked glycans
that constitute up to 6% of its molecular weight (9).

To analyse whether apoA-IV is a substrate of
MMPs, the purified apoA-IV was incubated with vari-
ous MMPs (MMP-1, MMP-2, MMP-3, MMP-7,
MMP-9 and MMP-14) in a 1:10 enzyme/substrate
molar ratio for 1 h at 37�C. Among MMPs used
here, MMP-3, MMP-7 and MMP-14, of which cata-
lytic domains were refolded, are catalytically active.
However, pchMMP-1, proMMP-2 and proMMP-9,
each of which contains a pro-domain, were activated
to active enzymes by APMA in an optimal condition
(Supplementary Figs S1 and S2). The cleavage of
apoA-IV was maximal by MMP-7, followed by
MMP-14, MMP-1 and MMP-3, in that order (Fig. 2).

In vitro cleavage of apoA-IV in plasma protein
preparations by MMP-7 and MMP-14
To analyse the cleavage of apoA-IV in plasma proteins
by MMP-7 and MMP-14, plasma proteins were incu-
bated with each of these MMPs and the reaction mix-
tures were subjected to western blot analysis using the
anti-apoA-IV antibody. While apoA-IV in plasma pro-
teins was not digested by an 180-min incubation in the
absence of the MMPs, the level of apoA-IV gradually
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decreased in the presence of MMP-7 and MMP-14 in a
time-dependent manner (Fig. 3A). Consistent with the
results from purified apoA-IV, MMP-7 was more
effective in cleavage of apoA-IV than was MMP-14.

To directly examine whether apoA-IV in plasma
proteins can be cleaved by MMP-7, plasma proteins
were incubated with MMP-7 in the presence of various
protease inhibitors (Fig. 3B). Protease inhibitor cock-
tail (PIC) contains inhibitors for aspartic, cysteine and
serine proteases, and amino peptidases, but not an in-
hibitor for MMPs. TIMP-1 inhibits many MMPs but
not MMP-14, and TIMP-2 inhibits MMP-2, MMP-7
and MMP-14. As shown in Fig. 3B, apoA-IV in
plasma proteins was digested by MMP-7 in the pres-
ence of the PIC, but not in the presence of the
pan-metalloprotease inhibitor GM6001, TIMP-1 and
TIMP-2. Taken together, these results suggest that
apoA-IV in plasma can be specifically degraded by
MMP-7.

Process of cleavage of apoA-IV by MMP-7
When apoA-IV was incubated with MMP-7, the
44-kDa apoA-IV protein was processed into seven

Fig. 1 Purification of recombinant apoA-IV. (A) Schematic diagrams of His-TEV-apoA-IV and apoA-IV. His-TEV-apoA-IV contains a trans-
lation initiation codon, a His tag, a TEV cleavage sequence and the 376-amino acid sequence of apoA-IV (Glu21 to Ser396). The final recombinant
apoA-IV consists of a Gly residue derived from the C-terminus of the TEV cleavage site, followed by the 376-amino acid sequence of apoA-IV
(Glu21 to Ser396). (B) Purified His-TEV-apoA-IV. The purified His-TEV-apoA-IV (45 kDa) was analysed by 10% SDS�PAGE and stained with
CBB R-250. (C) Production of recombinant apoA-IV. His-TEV-apoA-IV was incubated overnight with His-TEV protease (29 kDa) in a 1:2
enzyme/substrate molar ratio at 25�C. The reaction mixture was applied to a Ni2þ-NTA affinity column to remove the His tag derived from
His-TEV-apoA-IV, as well as the His-TEV protease. His-TEV-apoA-IV, the reaction mixture of His-TEV-apoA-IV and TEV protease, and
purified apoA-IV after Ni2þ affinity chromatography were subjected to western blot analysis using anti-His antibody (left panel) and anti-His
monoclonal antibody (right panel). The closed and open arrowheads indicate the 45-kDa His-TEV-apoA-IV and the 44-kDa recombinant
apoA-IV, respectively. An arrow shows the position of the His-tagged TEV protease. The numbers of left side of the gels are the molecular
weights (MW; kDa) of bands from the protein marker.

Fig. 2 Cleavage of purified recombinant apoA-IV by various MMPs.

Proforms of MMPs (200 nM) were activated by incubation with
1mM APMA at 37�C;15min for pchMMP-1 and proMMP-2 and
30min for proMMP-9. Purified recombinant apoA-IV was incu-
bated with active MMPs in a 1:10 enzyme/substrate molar ratio at
37�C for 1 h. Samples were subjected to 15% SDS�PAGE and
stained with CBB R-250. The open arrowhead indicates the position
of intact recombinant apoA-IV containing an N-terminal Gly
residue.
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detectable fragments in a time-dependent manner
(Fig. 4A). The apparent molecular weights of the frag-
ments were 41 (A), 32 (B), 29 (C), 27 (D), 24 (E), 22 (F)
and 19 (G) kDa. As expected, the larger bands were
detected at earlier time points and the smaller bands
were seen at later time points. N-terminal sequencing
of each fragment showed that the A, C, D, E and F
bands as well as the intact apoA-IV band start at
Gly-Glu21-Val-Ser-Ala (Fig. 4B). The first Gly residue
was derived from TEV protease cleavage site and the
following amino acid residues corresponded to
the N-terminus of apoA-IV (the numbering system of
the apoA-IV sequence presented here follows that of
GenBank AAA51744.1). In addition, the B and G
bands start at Leu186-Lys-Ala-Lys-Ile and Leu263-
Arg-Gln-Arg-Leu, respectively, indicating that MMP-
7 cleaves apoA-IV between residues Glu185 and Leu186

and between Glu262 and Leu263.

MMP-7-mediated cleavage of lipid-free and
lipid-bound apoA-IV
ApoA-IV is present in lipid-free and lipid-bound forms
in human plasma (10). We showed that apoA-IV in
plasma was cleaved by MMP-7 (Fig. 2A). To analyse
whether MMP-7 is able to cleave the lipid-bound form
of apoA-IV, a liposome containing apoA-IV was
reconstituted with phospholipid and cholesterol (26).

One microgram of ApoA-IV in either lipid-bound state
or lipid-free state was subjected to digestion by
MMP-7. Incubation of lipid-bound apoA-IV with
MMP-7 resulted in accumulation of bands correspond-
ing to fragments C and F (Fig. 5), whereas lipid-free
apoA-IV was much more susceptible than lipid-bound
apoA-IV to MMP-7 cleavage.

Anti-oxidant activity of recombinant apoA-IV
digested by MMP-7 in vitro
It is known that recombinant apoA-IV inhibits perox-
idation of low-density lipoproteins, which is mediated
by Cu2þ and thiobarbituric acid-reactive substances
(29, 30). We therefore analysed whether cleavage of
the lipid-free form of apoA-IV by MMP-7 affects its
anti-oxidant activity. The anti-oxidant activity of
apoA-IV was measured as a change in absorbance at
593 nm in the presence of FRA assay reagents. As ex-
pected, cleavage of lipid-free apoA-IV by MMP-7 re-
sulted in a time-dependent decrease of its anti-oxidant
ability (Fig. 6).

Discussion

We previously screened MMP-14 substrates using a
proteomics approach, and identified apoA-IV as a
novel MMP-14 substrate (18). Here, we have shown

Fig. 3 Cleavage of apoA-IV in plasma by MMPs. (A) Cleavage of apoA-IV in plasma by MMP-7 and MMP-14. Plasma proteins were incubated
with MMP-7 (left panel) or MMP-14 (right panel) at 37�C for the indicated time intervals. (B) Effect of protease inhibitors on the cleavage of
apoA-IV in plasma by MMP-7. Plasma proteins were digested with MMP-7 for 180min at 37�C in the presence of PIC, GM6001, TIMP-1 or
TIMP-2. Samples were subjected to 15% SDS�PAGE and analysed by western blotting using anti-apoA-IV antibody. The open arrow indicates
the position of intact apoA-IV present in plasma.
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that among the tested MMPs, MMP-7 cleaved purified
apoA-IV most efficiently, whereas MMP-14 exhibited
lower efficiency. Consistent with these results from the
cleavage of purified apoA-IV, apoA-IV present in
plasma is also cleaved by MMP-7 and, to a lesser
extent, by MMP-14.

MMP-7 (also known as matrilysin and PUMP-1) is
secreted as a 28-kDa pro-enzyme form and activated
by the removal of a 9-kDa N-terminal pro-domain
(31). Similar to other MMPs, MMP-7 cleaves various
components of the ECM, including fibronectin, lam-
inin, collagens, gelatin and proteoglycans (2). MMP-7
is also involved in processing of pro-proteins into
mature forms (e.g. MMPs, pro-a-defensin, and
pro-tumor necrosis factor-a), and in the shedding of
cell-surface molecules (e.g. heparin-binding epidermal
growth factor, Fas ligand and E-cadherin) (3, 32�34).

ApoA-IV has 22-amino acid tandem repeats, which
are located between Ala60 and Asn352 (35). These
repeats form amphipathic a-helices, a characteristic
feature of apolipoproteins (10, 36). These a-helical re-
peats, as well as the N-terminal 40 amino acids, facili-
tate the association of apoA-IV with lipids, although
the lipid-binding affinity of apoA-IV is weaker than
that of other apolipoproteins (9, 10, 35).

In the initial analysis of MMP-7-mediated degrad-
ation of recombinant apoA-IV, we detected seven dis-
crete bands of apoA-IV fragments in SDS�PAGE.
N-terminal sequencing revealed that the 41-kDa A,
29-kDa C, 27-kDa D, 24-kDa E and 22-kDa F frag-
ments have the same N-terminus as the 44-kDa intact
apoA-IV, whereas the 32-kDa and 19-kDa fragments
start at Leu186 and Leu263, respectively. Because most
of the fragments have an intact N-terminus, it appears
that apoA-IV is gradually degraded from its
C-terminal end by MMP-7. This analysis also identi-
fied two internal cleavage sites in the apoA-IV se-
quence; Pro-His-Ala-Asp-Glu185#Leu186-Lys-Ala and
Ala-Ser-Ala-Glu-Glu262#Leu263-Arg-Gln. A compari-
son of these sites with the consensus MMP-7 cleavage
site motif, (Pro or Ile) (Val, Ile or Arg) (Pro, Val or Ile)
(Leu, Met or Tyr) (Ser, Glu, Asn or Ala) # (Leu, Ile or
Met) (Val, Thr, Ile, Met, Lys or Arg) (Met, Tyr
or Gln), determined by MMP-7 cleavage of
oligopeptide libraries (37), revealed that, interestingly,
both cleavage sites were matched at only 4 of the 8 pos-
itions in the MMP-7 cleavage site consensus motif.
This result indicates that screening of MMP sub-
strates by digestion of protein mixtures or proteomes
is more practical than in silico screening of MMP
substrates based on cleavage site motifs.

ApoA-IV is mainly secreted from the enterocytes of
the intestine as a component of triglyceride-rich chylo-
microns (8). Lipolysis of these chylomicrons leads to
the dissociation of apoA-IV, and the released apoA-IV
circulates either in a lipid-free form or bound to HDL
particles (8, 36). We therefore analysed the cleavage of
lipid-bound and lipid-free forms of apoA-IV by
MMP-7. Our results show that the half-life of the
intact apoA-IV band was 13.8min while that of the
lipid-bound apoA-IV was about 138min, under our
reaction conditions. This suggests that lipid-free
apoA-IV is much more susceptible to cleavage by
MMP-7 than apoA-IV located within chylomicrons
or bound to HDL particles in physiological conditions.

Although human apoA-IV deficiency has not been
reported, apoA-IV is likely involved in lipid metabol-
ism; apoA-IV has been shown to increase the activity
of the lecithin cholesterol acyltransferase (13) and of
the cholesterol ester transfer protein (14), and to play a
role in the activation of lipoprotein lipase (15). We
have previously showed that apolipoprotein C-II
(apoC-II), a cofactor of lipoprotein lipase, is readily
cleaved by MMP-14 and MMP-7 (21). Thus, the deg-
radation of both apoA-IV and apoC-II by these
MMPs accelerates the disruption of normal lipid
physiology. In addition, apoA-IV exhibits anti-oxidant
and anti-atherogenic activity in vitro and in animal
models (29). The anti-oxidant activity of apoA-IV is
significant because apoA-IV is present in both

Fig. 4 Process of cleavage of apoA-IV by MMP-7. (A) Cleavage of
apoA-IV by MMP-7 as a function of time. Purified recombinant
apoA-IV was digested by MMP-7 in a 1:10 enzyme/substrate molar
ratio at 37�C for the indicated time intervals. Samples were analysed
by 15% SDS�PAGE and stained with CBB R-250. The open
arrowhead indicates the position of intact recombinant apoA-IV.
The seven major fragments (bands A�G) detected are shown.
(B) Relative position of the major fragments of apoA-IV resulting
from MMP-7 cleavage. The N-terminal sequences of the seven major
fragments as well as intact apoA-IV were determined. Based on
N-terminal sequence data and apparent MWs, the relative positions
of the fragments were assigned. Recombinant apoA-IV polypeptide
is represented by a bar for apoA-IV (Glu21-Ser396) in addition to a
circle denoting the extra N-terminal Gly residue.
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lipoprotein-bound and lipoprotein-free forms in circu-
lation due to its amphipathic property, unlike most
other anti-oxidants (38). Our results demonstrate that
the cleavage of apoA-IV by MMP-7 results in loss of
its anti-oxidant activity.

To our knowledge, this is the first demonstration of
apoA-IV as a novel substrate for MMP-7. The classical
roles of apoA-IV in lipid metabolism, as well as its
anti-oxidant activity, appear to be important to protect
against the development of hyperlipidemia and athero-
sclerosis. MMP-7 is known to be expressed primarily
at the border between the fibrous cap and lipid core in
atherosclerotic lesions (39, 40). In light of these obser-
vations, we suggest that the cleavage of apoA-IV by
MMP-7 might be an important step leading to the dis-
ruption of normal lipid metabolism and the induction
of atherosclerosis.

Supplementary Data

Supplementary Data are available at JB Online.

Funding
Studies on Ubiquitome Functions (2005-2001143, to S.-T.L.); the
Mid-Career Researcher Program (2010-0026103, to S.-T.L.); the
National Core Research Center Program (2010-006123, to H.-J.K.)
of the National Research Foundation, the Ministry of Education,
Science, and Technology, Republic of Korea and the National R&D
Program for Cancer Control (1120110, to S.-T.L.) of the Ministry of
Health and Welfare, Republic of Korea. Pre-doctoral trainee pro-
gram recipients from the Brain Korea 21 Program from the Ministry
of Education, Science, and Technology, Republic of Korea (to
J.Y.P. and J.H.P.). Post-doctoral trainee program award from the
Yonsei University Research Fund (to J.H.P.).

Conflict of interest
None declared.

References

1. Van Lint, P. and Libert, C. (2007) Chemokine and cyto-
kine processing by matrix metalloproteinases and its
effect on leukocyte migration and inflammation.
J. Leukoc. Biol. 82, 1375�1381

Fig. 5 Comparison of MMP-7 cleavage of lipid-bound and lipid-free apoA-IV. Recombinant apoA-IV (1 mg) in lipid-bound (lipid:protein¼ 95:1)
or lipid-free state was digested by MMP-7 in a 1:10 enzyme/substrate molar ratio at 37�C for the indicated time intervals. Samples were analysed
by 15% SDS�PAGE and stained with CBB R-250.

Fig. 6 Effect of apoA-IV degradation by MMP-7 on its antioxidant activity. Recombinant lipid-free apoA-IV (50 mg) was digested by MMP-7 in a
1:10 enzyme/substrate molar ratio in 50 ml of MMP reaction buffer at 37�C for the indicated time intervals. Samples were dialyzed into
phosphate-buffered saline after the reaction was stopped by adding EDTA to a final concentration of 10mM. Aliquots of the samples were
analysed by 15% SDS�PAGE and stained with CBB R-250 (left panel). The MMP-7-cleaved apoA-IV samples (44 mg) were analysed for
anti-oxidant activity by the FRA assay using a DU 800 Spectrophotometer equipped with a MultiTemp III Thermocirculator. The plotted
absorbance at 593 nm at each time point is the mean�SD of three independent determinations.

J.Y. Park et al.

296



2. Morancho, A., Rosell, A., Garcia-Bonilla, L., and
Montaner, J. (2010) Metalloproteinase and stroke infarct
size: role for anti-inflammatory treatment? Ann.
N. Y. Acad. Sci. 1207, 123�133

3. Burke, B. (2004) The role of matrix metalloproteinase 7
in innate immunity. Immunobiology 209, 51�56

4. Zhang, S.C. and Kern, M. (2009) The role of
host-derived dentinal matrix metalloproteinases in redu-
cing dentin bonding of resin adhesives. Int. J. Oral. Sci.
1, 163�176

5. Spinale, F.G. (2002) Matrix metalloproteinases: regula-
tion and dysregulation in the failing heart. Circ. Res. 90,
520�530

6. Skrzydlewska, E., Sulkowska, M., Koda, M., and
Sulkowski, S. (2005) Proteolytic-antiproteolytic balance
and its regulation in carcinogenesis. World
J. Gastroenterol. 11, 1251�1266

7. Swaney, J.B., Reese, H., and Eder, H.A. (1974)
Polypeptide composition of rat high density lipoprotein:
characterization by SDS-gel electrophoresis. Biochem.
Biophys. Res. Commun. 59, 513�519

8. Green, P.H., Glickman, R.M., Riley, J.W., and Quinet,
E. (1980) Human apolipoprotein A-IV. Intestinal origin
and distribution in plasma. J. Clin. Invest. 65, 911�919

9. Weinberg, R.B., Ibdah, J.A., and Phillips, M.C. (1992)
Adsorption of apolipoprotein A-IV to phospholipid
monolayers spread at the air/water interface. A model
for its labile binding to high density lipoproteins.
J. Biol. Chem. 267, 8977�8983

10. Tubb, M.R., Silva, R.A., Fang, J., Tso, P., and
Davidson, W.S. (2008) A three-dimensional homology
model of lipid-free apolipoprotein A-IV using
cross-linking and mass spectrometry. J. Biol. Chem.
283, 17314�17323

11. Dieplinger, H., Ankerst, D.P., Burges, A., Lenhard, M.,
Lingenhel, A., Fineder, L., Buchner, H., and Stieber, P.
(2009) Afamin and apolipoprotein A-IV: novel protein
markers for ovarian cancer. Cancer Epidemiol.
Biomarkers Prev. 18, 1127�1133

12. Hayashi, H., Nutting, D.F., Fujimoto, K., Cardelli, J.A.,
Black, D., and Tso, P. (1990) Transport of lipid and
apolipoproteins A-I and A-IV in intestinal lymph of
the rat. J. Lipid Res. 31, 1613�1625

13. Steinmetz, A. and Utermann, G. (1985) Activation of
lecithin: cholesterol acyltransferase by human apolipo-
protein A-IV. J. Biol. Chem. 260, 2258�2264

14. Main, L.A., Ohnishi, T., and Yokoyama, S. (1996)
Activation of human plasma cholesteryl ester transfer
protein by human apolipoprotein A-IV. Biochim.
Biophys. Acta 1300, 17�24

15. Goldberg, I.J., Scheraldi, C.A., Yacoub, L.K., Saxena,
U., and Bisgaier, C.L. (1990) Lipoprotein ApoC-II acti-
vation of lipoprotein lipase. Modulation by apolipopro-
tein A-IV. J. Biol. Chem. 265, 4266�4272

16. Ostos, M.A., Conconi, M., Vergnes, L., Baroukh, N.,
Ribalta, J., Girona, J., Caillaud, J.M., Ochoa, A., and
Zakin, M.M. (2001) Antioxidative and antiatherosclero-
tic effects of human apolipoprotein A-IV in apolipopro-
tein E-deficient mice. Arterioscler. Thromb. Vasc. Biol.
21, 1023�1028

17. Ferretti, G., Bacchetti, T., Bicchiega, V., and Curatola,
G. (2002) Effect of human Apo AIV against lipid perox-
idation of very low density lipoproteins. Chem. Phys.
Lipids 114, 45�54

18. Hwang, I.K., Park, S.M., Kim, S.Y., and Lee, S.T.
(2004) A proteomic approach to identify substrates of

matrix metalloproteinase-14 in human plasma. Biochim.
Biophys. Acta 1702, 79�87

19. Tubb, M.R., Smith, L.E., and Davidson, W.S. (2009)
Purification of recombinant apolipoproteins A-I and
A-IV and efficient affinity tag cleavage by tobacco etch
virus protease. J. Lipid Res. 50, 1497�1504

20. Koo, H.M., Kim, J.H., Hwang, I.K., Lee, S.J., Kim,
T.H., Rhee, K.H., and Lee, S.T. (2002) Refolding of
the catalytic and hinge domains of human MT1-MMP
expressed in Escherichia coli and its characterization.
Mol. Cells 13, 118�124

21. Kim, S.Y., Park, S.M., and Lee, S.T. (2006)
Apolipoprotein C-II is a novel substrate for matrix
metalloproteinases. Biochem. Biophys. Res. Commun.
339, 47�54

22. Park, J.H., Park, S.M., Park, K.H., Cho, K.H., and Lee,
S.T. (2011) Analysis of apolipoprotein A-I as a substrate
for matrix metalloproteinase-14. Biochem. Biophys. Res.
Commun. 409, 58�63

23. Jo, Y., Yoon, D.-W., Kim, M.Y., Lee, Y.J., Kim, H.J.,
and Lee, S.T. (1999) Tissue inhibitor of
metalloproteinases-2 inhibits the 4-aminophenylmercuric
acetate-induced activation and autodegradation of the
free promatrix metalloproteinase-2. J. Biochem. Mol.
Biol. 32, 60�66

24. Park, S.M., Hwang, I.K., Kim, S.Y., Lee, S.J., Park,
K.S., and Lee, S.T. (2006) Characterization of plasma
gelsolin as a substrate for matrix metalloproteinases.
Proteomics 6, 1192�1199

25. Park, J.H., Park, S.M., Park, S.H., Cho, K.H., and Lee,
S.T. (2008) Cleavage and functional loss of human
apolipoprotein E by digestion of matrix
metalloproteinase-14. Proteomics 8, 2926�2935

26. Cho, K.H., Park, S.H., Han, J.M., Kim, H.C., Choi,
Y.K., and Choi, I. (2006) ApoA-I mutants V156K and
R173C promote anti-inflammatory function and antioxi-
dant activities. Eur. J. Clin. Invest. 36, 875�882

27. Benzie, I.F. and Strain, J.J. (1996) The ferric reducing
ability of plasma (FRAP) as a measure of ‘‘antioxidant
power’’: the FRAP assay. Anal. Biochem. 239, 70�76

28. Park, K.H., Shin, D.G., Kim, J.R., and Cho, K.H.
(2010) Senescence-related truncation and multimeriza-
tion of apolipoprotein A-I in high-density lipoprotein
with an elevated level of advanced glycated end products
and cholesteryl ester transfer activity. J. Gerontol. A Biol.
Sci. Med. Sci. 65, 600�610

29. Qin, X., Swertfeger, D.K., Zheng, S., Hui, D.Y., and
Tso, P. (1998) Apolipoprotein AIV: a potent endogenous
inhibitor of lipid oxidation. Am. J. Physiol. 274,
H1836�H1840

30. Wong, W.M., Gerry, A.B., Putt, W., Roberts, J.L.,
Weinberg, R.B., Humphries, S.E., Leake, D.S., and
Talmud, P.J. (2007) Common variants of apolipoprotein
A-IV differ in their ability to inhibit low density lipopro-
tein oxidation. Atherosclerosis 192, 266�274

31. Ii, M., Yamamoto, H., Adachi, Y., Maruyama, Y., and
Shinomura, Y. (2006) Role of matrix
metalloproteinase-7 (matrilysin) in human cancer inva-
sion, apoptosis, growth, and angiogenesis. Exp. Biol.
Med. (Maywood) 231, 20�27

32. Yu, W.H., Woessner, J.F. Jr., McNeish, J.D., and
Stamenkovic, I. (2002) CD44 anchors the assembly of
matrilysin/MMP-7 with heparin-binding epidermal
growth factor precursor and ErbB4 and regulates
female reproductive organ remodeling. Genes Dev. 16,
307�323

ApoA-IV as a novel substrate for MMPs

297



33. Vargo-Gogola, T., Crawford, H.C., Fingleton, B., and
Matrisian, L.M. (2002) Identification of novel matrix
metalloproteinase-7 (matrilysin) cleavage sites in
murine and human Fas ligand. Arch. Biochem. Biophys.
408, 155�161

34. Davies, G., Jiang, W.G., and Mason, M.D. (2001)
Matrilysin mediates extracellular cleavage of
E-cadherin from prostate cancer cells: a key mechanism
in hepatocyte growth factor/scatter factor-induced
cell-cell dissociation and in vitro invasion. Clin. Cancer
Res. 7, 3289�3297

35. Pearson, K., Tubb, M.R., Tanaka, M., Zhang, X.Q.,
Tso, P., Weinberg, R.B., and Davidson, W.S. (2005)
Specific sequences in the N and C termini of apolipopro-
tein A-IV modulate its conformation and lipid associ-
ation. J. Biol. Chem. 280, 38576�38582

36. Tubb, M.R., Silva, R.A., Pearson, K.J., Tso, P., Liu, M.,
and Davidson, W.S. (2007) Modulation of

apolipoprotein A-IV lipid binding by an interaction be-
tween the N and C termini. J. Biol. Chem. 282,
28385�28394

37. Turk, B.E., Huang, L.L., Piro, E.T., and Cantley, L.C.
(2001) Determination of protease cleavage site motifs
using mixture-based oriented peptide libraries. Nat.
Biotechnol. 19, 661�667

38. Dallinga-Thie, G.M., van Tol, A., van’t Hooft, F.M.,
and Groot, P.H. (1986) Distribution of apolipoproteins
A-I and A-IV among lipoprotein classes in rat mesenteric
lymph, fractionated by molecular sieve chromatography.
Biochim. Biophys. Acta 876, 108�115

39. Katsuda, S. and Kaji, T. (2003) Atherosclerosis and
extracellular matrix. J. Atheroscler. Thromb. 10, 267�274

40. Williams, H., Johnson, J.L., Jackson, C.L., White, S.J.,
and George, S.J. (2010) MMP-7 mediates cleavage of
N-cadherin and promotes smooth muscle cell apoptosis.
Cardiovasc. Res. 87, 137�146

J.Y. Park et al.

298


