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a b s t r a c t

Substrates for matrix metalloproteinase (MMP)-14 were previously identified in human plasma using
proteomic techniques. One putative MMP-14 substrate was apolipoprotein A-I (apoA-I), a major compo-
nent of high-density lipoprotein (HDL). In vitro cleavage assays showed that lipid-free apoA-I is a more
accessible substrate for MMP-14 compared to lipid-bound apoA-I, and that MMP-14 is more prone to
digest apoA-I than MMP-3. The 28-kDa apoA-I was cleaved into smaller fragments of 27, 26, 25, 22,
and 14-kDa by MMP-14. ApoA-I sites cleaved by MMP-14 were determined by isotope labeling of C-ter-
mini derived from the cleavage and analysis of the labeled peptides by mass spectrometry, along with N-
terminal sequencing of the fragments. Cleavage of apoA-I by MMP-14 resulted in a loss of ability to form
HDL. Our results suggest that cleavage of lipid-free apoA-I by MMP-14 may contribute to reduced HDL
formation, and this may be occurring during the development of various vascular diseases as lipid metab-
olism is disrupted.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Matrix metalloproteinases (MMPs) are a family of structurally
and functionally related zinc-containing endopeptidases [1].
MMP proteolytic activity is inhibited by specific tissue inhibitors
of metalloproteinases (TIMPs) and non-specific inhibitors that in-
clude a2-macroglobulin and a1-antiprotease [2]. Disruption of
the finely tuned balance of MMPs and their inhibitors has been ob-
served in a number of pathological conditions such as cardiovascu-
lar disease and metastasis [3].

Increasing numbers of MMP substrates continue to be identified
that range from extracellular matrix components (ECM) to non-
ECM components such as cellular receptors, growth factors, and
other soluble proteins [4–8]. In an attempt to identify novel
MMP substrates, we developed a method for screening potential
MMP substrates using proteomic approach [4]. As a result, apolipo-
protein A-I (apoA-I) was identified as one of substrates of MMP-14
in human plasma.

Mature human apoA-I is a 28-kDa polypeptide that is 243 ami-
no acids long, and is synthesized in the liver and small intestine [9].
ApoA-I is well known as a major component of high-density lipo-
protein (HDL) that promotes efflux of cholesterol from cells [10].
ApoA-I is a cofactor for lecithin:cholesterol acyltransferase (LCAT),
which is responsible for the formation of most cholesteryl esters in
plasma. Here, we examined if apoA-I can be directly cleaved by
MMPs and sought to determine the MMP-14 cleavage sites in the
ll rights reserved.
apoA-I sequence. Moreover, we examined effect of MMP-14 cleav-
age on incorporation of apoA-I into liposomes.
2. Materials and methods

2.1. Preparation of human apoA-I and HDL3

Human apoA-I [11,12] and HDL3 [13] were prepared from plas-
ma as described previously.
2.2. Preparation of MMP catalytic domains and proMMPs, and
activation of proMMPs

The catalytic and hinge domains of human MMP-14 (cMMP-14;
Y112-I318), the catalytic domain of human MMP-3 (cMMP-3; F100-
P273), the pro, catalytic, and hinge domains of human MMP-1
(pchMMP-1; F20-A277), and human MMP-7 (A93-K267) were ex-
pressed as inclusion bodies in Escherichia coli, and purified by pre-
viously reported refolding methods [14]. Recombinant proMMP-2
and proMMP-9 were expressed and purified as described [15].
Pro-MMPs were activated in reaction buffer (20 mM Tris–HCl, pH
7.5, 150 mM NaCl, 5 mM CaCl2, 0.5 mM ZnCl2, 0.001% Brij-35) in
the presence of 1 mM 4-aminolphenyl mercuric acetate (APMA)
prior to use. The optimal activated condition for each proMMP
was for 40 min at 200 nM pchMMP-1, for 20 min at 200 nM proM-
MP-2, and for 2 h at 200 nM proMMP-9, at 37 �C.
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2.3. Detection of apoA-I in plasma proteins incubated with MMP-14

Human plasma proteins (6 lg) were incubated with 240 ng of
cMMP-14 in 15 ll of MMP reaction buffer at 37 �C for 0–180 min.
Reaction products were subjected to Western blot analysis using
an anti-apoA-I polyclonal antibody (Rockland Immunochemicals,
Inc., Gilbertsville, PA, USA).

2.4. Cleavage of apoA-I by MMPs

ApoA-I was digested with catalytically active MMPs in specified
reaction conditions. Reactions were stopped by the addition of so-
dium dodecyl sulfate (SDS) sample buffer. Each sample was sub-
jected to 15% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS–PAGE) and stained with Coomassie Brilliant
Blue (CBB) R-250.

2.5. N-terminal sequencing of the MMP-14-cleaved fragments of apoA-
I

ApoA-I digested by cMMP-14 was electroblotted to PVDF mem-
brane and each fragment on the blot was analyzed by Edman deg-
radation at the Tufts Core Facility (Tufts University, Medford, MA,
USA) as described previously [16].

2.6. C-terminal end-O18 labeling of cMMP-14-cleaved apoA-I
fragments

ApoA-I (1 lg) was cleaved by cMMP-14 in 16 ll of MMP reac-
tion buffer containing H2O16/H2O18 (1:1) in 1:20 enzyme/substrate
molar ratio for 4 h at 37 �C. The reaction was stopped by the addi-
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Fig. 1. Digestion of purified apoA-I, apoA-I within plasma proteins, or apoA-I as part of
incubated with MMP-14. Plasma proteins (6 lg) were incubated with 240 ng of cMMP-14
anti-apoA-I polyclonal antibody. (B) Cleavage of purified apoA-I by MMP-14 and MMP-3. T
1:50 enzyme/substrate molar ratio for the indicated time intervals at 37 �C in 2 ll of MM
with CBB R-250. (C) Cleavage of apoA-I within HDL3 by MMP-14 and MMP-3. HDL3 was i
(B) section. Numbers on the left side of the SDS-gel denote molecular weights of protei
tion of ethylenediaminetetraacetic acid (EDTA) to a final concen-
tration of 10 mM. The C-terminal O18-labeled fragments of apoA-
I were directly analyzed by matrix-assisted laser desorption/ioni-
zation-time-of-flight mass spectrometry (MALDI-TOF MS) as de-
scribed previously [8] or were separated by SDS–PAGE followed
by in-gel digestion and MALDI-TOF MS.
2.7. In-gel digestion, MALDI-TOF MS, and peptide fingerprinting

Gel slices containing MMP-14-digested apoA-I fragments were
subjected to in-gel digestion with trypsin, Asp-N, or Glu-C (Roche
Molecular Biochemicals, Indianapolis, IN, USA) and analyzed by
MALDI-TOF MS as described previously [4]. Mass spectra were ana-
lyzed using ProFound searches (http://www.prowl.rockefeller.edu)
for peptide fingerprinting.
2.8. Reconstitution of HDL using apoA-I digested by MMP-14

Purified apoA-I (100 lg) was digested with cMMP-14 at a 1:20
enzyme/substrate molar ratio for the indicated time intervals at
37 �C in 1.6 ml of MMP reaction. Samples taken at the specified
time points were treated with EDTA to a final concentration of
10 mM to halt the digest reaction, then dialyzed against 10 mM
ammonium bicarbonate buffer (pH 8.0) containing 0.5 mM EDTA,
lyophilized, and resuspended with 100 ll resuspending buffer
(10 mM Tris–HCl, pH 8.0, 140 mM NaCl, 1 mM EDTA). Reconsti-
tuted HDL (rHDL) containing apoA-I samples were prepared by
dialysis in the initial molar ratios of palmitoyloleoyl phosphatidyl-
choline/cholesterol/apoA-I/sodium cholate of 95:5:1:150, as de-
scribed [17]. Formation of rHDL was analyzed by 8–25% native
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polyacrylamide gradient gel electrophoresis (GE Healthcare Bio-
Science, Piscataway, NJ, USA) as described previously [18].
45

31

21.5

14.4

cMMP-14                          ( + )                         ( - ) 

a
bc
d

e

M
M

P-
1

C
on

tr
o

M
M

P-
3

M
M

P-
2

M
M

P-
9

M
M

P-
7

M
M

P-
1

31

21

14

0      10     30     60    120  180   180 (min) (kDa)

45

B

Fig. 2. Cleavage of purified apoA-I by various MMPs. (A) ApoA-I (1 lg) was digested
by various MMPs (MMP-1, 2, 3, 7, 9, and 14) in a 1:20 enzyme/substrate molar ratio
at 37 �C for 60 min in 16 ll of MMP reaction buffer. (B) ApoA-I (1 lg) was digested
by cMMP-14 in a 1:20 enzyme/substrate molar ratio at 37 �C, as a function of
incubation time in 16 ll of MMP reaction buffer. Samples were subjected to 15%
SDS–PAGE, and then stained with CBB R-250.
3. Results

3.1. Cleavage of apoA-I by MMP-14 in the plasma proteins

To ensure cleavage of apoA-I by MMP-14, plasma proteins incu-
bated with cMMP-14 for various time intervals were examined by
Western blot analysis using an anti-apoA-I polyclonal antibody.
While apoA-I in plasma was not degraded by incubation for
180 min in the absence of cMMP-14, the digested fragments grad-
ually appeared in the presence of cMMP-14 over time (Fig. 1A).

3.2. Digestion of apoA-I in lipid-free state or within HDL3 by MMP-3 or
MMP-14

Given that apoA-I in plasma can be cleaved by MMP-14
(Fig. 1A), we proceeded to analyze whether a specific form of
apoA-I, either lipid-free or the form imbedded within HDL3, is
cleaved by MMP-14, under previously described conditions [19].
The efficiency of apoA-I cleavage by cMMP-14 or cMMP-3 was also
compared. Lipid-free apoA-I (Fig. 1B) was cleaved more efficiently
by both MMPs than apoA-I within HDL3 (Fig. 1C). The intact 28-
kDa band of apoA-I disappeared much more rapidly when digested
with cMMP-14 in comparison with cMMP-3 (Fig. 1B and C), indi-
cating that apoA-I is much more susceptible to cleavage by
MMP-14 than MMP-3.

3.3. Cleavage of purified apoA-I by various MMPs

To determine if MMPs other than MMP-14 and MMP-3 can also
cleave apoA-I, purified apoA-I was incubated with various MMPs.
ApoA-I cleavage efficiency appeared to differ between MMPs, with
MMP-14 being the most efficient cutter followed by MMP-7, MMP-
3, and MMP-2 in order (Fig. 2A). To resolve the process of degrad-
ing apoA-I by MMP-14, purified apoA-I was incubated with cMMP-
14 in a 1:20 enzyme/substrate molar ratio and cleavage was exam-
ined in a time-dependent manner. The intact 28-kDa form of apoA-
I was digested into fragments with molecular masses of 27, 26, 25,
22, and 14-kDa (labeled a–e, respectively) at early time points, and
the intact form gradually disappeared by 180 min of MMP-14
digestion (Fig. 2B).

3.4. Determination of the cleavage sites of apoA-I by MMP-14

To determine the MMP-14-mediated cleavage sites on apoA-I,
N-terminal sequencing of fragments ‘‘a–e’’ was performed. N-ter-
mini of fragments ‘‘a–e’’ started at the N-terminal Asp (D1) of the
intact apoA-I (Fig. 3B). Each fragment was then subjected to in-
gel digestion with trypsin or GluC, MALDI-TOF MS, and peptide fin-
gerprinting (Supplementary Table 1 and 2). Although C-terminal
peptides of the fragments were not identified by this approach, it
was found that the fragments ‘‘a–e’’ include residues D1-K226, D1-
R215, D1-E198, D1-R171, and D1-R116, respectively (Fig. 3B).

To determine C-termini of apoA-I fragments, apoA-I was di-
gested by cMMP-14 in the presence of 50% H2O18, and the digested
apoA-I was examined by SDS–PAGE. Each fragment labeled with
O18 at the C-terminus was further digested in-gel with trypsin,
AspN, or GluC, in normal water, and the extracted peptides were
analyzed by MALDI-TOF MS in reflector mode. Doublet spectra as
a consequence of having both O16 and O18 at their C-termini (dis-
crepancy of 2.01 Da) were detected from the AspN-digested pep-
tides of fragment ‘‘a’’ and from GluC-based cleavage products of
fragment ‘‘e’’. Specific fragments included m/z 1948.07 and
1950.08 from 14-a-AspN fragment ‘‘a’’, and m/z 1032.50 and
1034.51 from 14-e-GluC fragment ‘‘e’’. These masses were assigned
to D213-F229 and L114-P121 of apoA-I, respectively (Supplementary
Fig. 1A–C). From the C-terminal identification of these fragments,
two cleavage sites, P121;L122 and F229;L230 were pinpointed
(Fig. 3C and Supplementary Fig. 1D).

Compared to fragments ‘‘a’’ and ‘‘e,’’ fragments ‘‘b–d’’ were less
abundant during degradation process of apoA-I by MMP-14. These
fragments could be transient intermediate forms that are further
cleaved into smaller fragments. To identify the C-termini of smaller
fragments of apoA-I, C-termini of MMP-14-cleaved apoA-I frag-
ments were labeled in the presence of 50% H2O18. Then, O18-la-
beled fragments less than 5000 Da were examined by MALDI-TOF
MS in reflector mode. By this method, three doublet spectra were
detected; m/z 1137.68 and 1139.69 (14-1 fragment), m/z 1833.03
and 1835.04 (14-2 fragment), and m/z 2579.33 and 2581.34 (14-
3 fragment). These masses were assigned to L214-E223, L214-F229,
and L159-A180 of apoA-I, respectively (Supplementary Fig. 2A and
B). From the N- and C-termini of these fragments, five cleavage
sites, A158;L159, A180;L181, D213;L214, E223;S224, and F229;L230 were
identified (Fig. 3D and Supplementary Fig. 2C). Based on cleavage
sites, apparent molecular weights, N-terminal sequencing data,
and potential sequence ranges, it appears that fragments ‘‘b’’, ‘‘c’’,
and ‘‘d’’ span D1-E223, D1-D213, D1-A180, respectively (Fig. 3).
3.5. Analysis of rHDL formed with apoA-I cleaved by MMP-14

It has been known that apoA-I interacts with lipids from hepa-
tocytes and peripheral cells by activation of ATP-binding cassette
transporter A1 (ABCA1) to generate lipid-poor pre-b- or discoidal
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HDL [20,21]. Then, esterification of cholesterol by LCAT in blood
allows pre-b-HDL to enlarge into spherical HDL structures
[22,23]. In vitro, rHDL can be formed with apoA-I and lipids. To
examine if initial products of apoA-I cleavage by MMP-14 are able
to be incorporated into HDL, apoA-I was incubated with MMP-14
for various time intervals and this mixture was reconstituted with
phospholipid and cholesterol into rHDL proteoliposomes. While in-
tact apoA-I efficiently formed rHDL by association with lipids,
MMP-14-digested apoA-I rapidly lost the ability to form rHDL
(Fig. 4). rHDL was poorly formed by 5 min even though most of
the intact apoA-I remained. It is possible that cleaved products of
apoA-I may inhibit the formation of rHDL, or that digest reagents
may interfere with rHDL formation.
4. Discussion

We show that MMP-14 is the most efficient enzyme for cleav-
age of apoA-I among the tested MMPs, including MMP-3. As pre-
dicted from the embedded structure of apoA-I in HDL particles
[22,23], we found that lipid-free apoA-I was more susceptible to
cleavage by MMP-14 or MMP-3 than apoA-I within HDL3. In a
similar context, it was shown that apoA-I in pre-b-HDL is more
susceptible to MMP-3 cleavage than apoA-I in HDL3 [19]. ApoA-I
seems to be resistant to MMPs when protected by lipids, less in
pre-b-HDL and more in HDL3.

To identify MMP-14 cleavage sites on apoA-I, we have deter-
mined the N-terminal sequence and the C-terminal sequence of
the major fragments through Edman degradation and proteomics
techniques, respectively. For C-terminal sequence determination,
major fragments were labeled with O18 at their C-termini by cleav-
age of apoA-I with MMP-14 in the presence of isotopic water
(H2O16:H2O18 = 1:1). Then, each isotope-labeled fragment was sub-
jected to in-gel digestion and mass analysis to detect the O18-la-
beled C-terminal peptide, as previously described [8]. By this
approach, the C-termini of fragments ‘‘a’’ and ‘‘e’’ were determined,
but C-termini of other fragments were not, probably due to the
limited quantity of these fragments. For identification of C-termini,
apoA-I was digested with MMP-14 in the presence of isotopic
water (H2O16:H2O18 = 1:1) for extended times to generate smaller
fragments labeled with O18 at their C-termini. Then, O18-labeled
small fragments were assigned to apoA-I by mass analysis and
peptide fingerprinting. As a result, cleavage sites of apoA-I digested
with MMP-14 were determined to be: P121;L122, A158;L159,
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A180;L181, D213;L214, E223;S224, and F229;L230. Along with the
sequence coverage data for each band, fragments ‘‘a–e’’ were as-
signed to positions D1-F229, D1-E223, D1-D213, D1-A180, and D1-
P121, respectively (Fig. 3).

ApoA-I is a major component of HDL and plays an important
role in the initiation of reverse cholesterol transport through cellu-
lar cholesterol efflux, lipid binding, the activation of LCAT, and the
recognition of receptors and lipid transfer proteins [10,24]. ApoA-I
has an N-terminal domain (residues D1-A187) and a C-terminal
domain (residues R188-Q243) [23]. The N-terminal domain is com-
posed of four amphipathic a-helices and it appears to be responsi-
ble for stabilizing the lipid-free conformation in addition to
facilitating lipid association. The C-terminal domain, composed of
two amphipathic a-helices, was predicted to show high lipid affin-
ity, lipid-sensitive triggering, and self-association [23,25]. It ap-
pears that the hydrophobic portions of all helices are involved in
lipid binding. Residues L44-G65 include the N-terminal half of the
first helix and residues A210-N241 include the sixth helix. These re-
gions are recognized to be important for the initial association with
lipids. Residues Y100-P121 include the N-terminal half of the third
helix, and are required for strong association with lipids. Residues
L122-P143 include the C-terminal half of the third helix, and are
essential for binding to lipids and formation of mature HDL. Resi-
dues L144-G186 correspond to the fourth helix and were assigned
to the LCAT activation domain. Residues R149-Q243 span the fourth
to sixth helices, which play a role in HDL receptor binding
[10,25,26]. Among the cleavage sites on apoA-I that are recognized
by MMP-14, three sites (D213;L214, E223;S224, and F229;L230) are
present in the initial lipid association region. The P121;L122 site is
present within the lipid-binding region, and the two other sites
(A158;L159 and A180;L181) are located in the LCAT activation do-
main. In addition, most cleavage sites (A158;L159, A180;L181,
D213;L214, E223;S224, and F229;L230) are present in the HDL receptor
binding domain. A previous study that analyzed cleavage of apoA-I
in HDL3 by MMP-3 showed that degradation products lacking the
C-terminal 2�6-kDa region reduce HDL-induced cholesterol efflux
[19]. We found that MMP-14 gradually shortened apoA-I from the
C-terminus. Therefore, we assumed that cleavage of apoA-I by
MMP-14 could abrogate its functions to interact with lipids or
receptors for lipid metabolism and reverse cholesterol transport.

ApoA-I is responsible for the structural integrity of HDL parti-
cles and regulates HDL formation, maturation, and assembly
[27,28]. When we tested the formation of rHDL with lipid-free
apoA-I with or without MMP-14 cleavage, we found that apoA-I
rapidly lost its capacity to make rHDL upon MMP-14 cleavage.
Thereby, we assume that digestion of lipid-free apoA-I by MMP-
14 would greatly impact HDL formation and lipid metabolism
involving HDL.

MMP-14 is known to be expressed at high levels on the cell sur-
face of endothelial cells, vascular smooth muscle cells, and macro-
phages, present at the inflammation sites or atherosclerotic
plaques [29–31]. It is likely that MMP-14 concentrations can be
reached within local lesions high enough to degrade apoA-I.
ApoA-I not only involves in reverse cholesterol transport as a major
protein of HDLs but it also functions as an anti-inflammatory re-
agent [32] and an anti-oxidant reagent [33]. These roles of apoA-
I are important for protection from various vascular diseases such
as atherosclerosis. We thus think that increased understanding of
apoA-I as a substrate of MMP-14 would provide useful information
for the development of new therapeutics for vascular diseases.
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