13928

Biochemistry1999, 38, 13928-13936

Characterization of Stromelysin 1 (MMP-3), Matrilysin (MMP-7), and Membrane
Type 1 Matrix Metalloproteinase (MT1-MMP) Derived Fibrin(ogen) Fragments
D-Dimer and D-like Monomer: NKTerminal Sequences of Late-Stage Digest

Fragments

Alessandra Bini,* Dan Wu, Jamie Schnuer, and Bohdan J. Kudryk

Laboratory of Blood Coagulation Biochemistry, Lindsley F. Kimball Research Institute, New York Blood Center,
New York, New York 10021

Receied May 13, 1999; Résed Manuscript Receéd July 27, 1999

ABSTRACT. Matrix metalloproteinases (MMPSs) participate in physiological remodeling of the extracellular
matrix. Recently we determined that both fibrinogen (Fg) and cross-linked fibrin (XL-Fb) are substrates
for selected MMPs. Specifically, XL-Fb clots were solubilized by MMP-3 (stromelysin 1) by cleavage at

y Gly 404—Ala 405, resulting in a D-like monomer
MMP (membrane type 1 matrix metalloproteinase)

fragment. Similarly, MMP-7 (matrilysin) and MT1-
solubilized XL-Fb clots. However, the molecular mass

of fragment D-dimer, obtained after MMP-7 and MT1-MMP degradation of XL-Fb, is similar to that of
fragment D-dimer from plasmin degradatiori86 kDa). In contrast, fragment D-like monomer, from

MMP-3 degradation of both fibrinogen (Fg) and XL-

Fb, is similar to fragment D from plasmin degradation

of Fg (~94 kDa). Reduced chains from MMP-3, MMP-7, and MT1-MMP digests of Fg and XL-Fb were
subjected to direct sequence analyses and D/D-dirarain showed cleavage at bathAsp 97—Phe 98

anda Asn 102-Asn 103. Degradation of th@-chain
B Asp 123-Leu 124,35 Asn 137Val 138, ands Glu

resulted in microheterogeneity of cleavage sites at
141-Tyr 142, whereas all three enzymes cleaved

the y-chain aty Thr 83—Leu 84. In both Fg and XL-Fb, several cleavage sites obtained by proteolysis

with MMP-3, MMP-7, and MT1-MMP were found
plasmin on these same substrates. That does not
MT2-MMP. The degradation of XL-Fb by MMPs

to be in very close proximity to those obtained by
occur with other MMPs such as MMP-1, -2, and -9 and
suggests both plasmin-dependent and independent

mechanisms of fibrinolysis that might be relevant in inflammation, angiogenesis, arthritis, and

atherosclerosis.

Matrix metalloproteinases (MMPsare a family of pro-
teolytic enzymes involved in remodeling of the extracellular
matrix (ECM) by degrading a number of proteins that

constitute the frame of connective tissue and basement

membrane such as collagen, fibronectin, vitronectin, and
laminin (1-5). MMPs are also implicated in angiogenesis
(6, 7) and destruction of the ECM in the pathophysiology
of metastatic spread of cance8—(11), in the rupture of
atherosclerotic plaqued?—14), and in the breakdown of
bone and cartilage in rheumatoid arthritib{-19).

Recently we found the both fibrinogen (Fg) and cross-
linked fibrin (XL-Fb) are substrates for matrix metallopro-
teinases (MMPs)20). However, different classes of MMPs
seem to have selected avidity for both Fg and XL-Fb.
MMP-3 (stromelysin 1) can completely solubilize cross-
linked fibrin. One of the main cleavage sites on both Fg and
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XL-Fb y chain is Gly 404-Ala 405 @0). Proteolysis at this
site in XL-Fb leads to formation of a D-like monomer
fragment. In contrast, plasmin degradation of cross-linked

1 Abbreviations: APMA, 4-aminophenylmercuric acetate; BSA,
bovine serum albumin; ELISA, enzyme-linked immunosorbent assay;
DD, fragment D-dimer, the COOH-terminal fragmentsl@6 kDa) of
cross-linked fibrin obtained by plasmin digestion in buffers containing
CaCl; fragment E, the Nktterminal fragments (50 kDa) of fibrinogen
or fibrin obtained by plasmin digestion [the formula for the predominant
species is (& 20—78, B5 54—122,y 1-53)]; ECL, luminol-based
enhanced chemiluminescence method; ECM, extracellular matrix; Fg,
fibrinogen; XL-Fb, cross-linked fibrin 1l (des-fibrinopeptides A and
B) prepared by clotting fibrinogen with thrombin in the presence of
factor Xllla; FPA, fibrinopeptide A (A& 1—16); FPB, fibrinopeptide
B (BS 1—-14); FRA, fibrin(ogen)-related antigen; Hi2-DSK, a hydro-
philic disulfide containing CNBr fragment @A241—-476) derived from
the Ao chain of fibrinogen; HPLC, high-performance liquid chroma-
tography; HRPO, horseradish peroxidase; MMP-1, matrix metallopro-
teinase 1, interstitial collagenase (EC 3.4.24.7); MMP-2, matrix
metalloproteinase 2, gelatinase A (EC 3.4.24.24); MMP-3, matrix
metalloproteinase 3, stromelysin 1 (EC 3.4.24.17); MMP-7, matrix
metalloproteinase 7, matrilysin (EC 3.4.24.23); MMP-9, matrix met-
alloproteinase 9, gelatinase B (EC 3.4.24.35). MT1-MMP, membrane
type 1 matrix metalloproteinase (MMP-14); MT2-MMP, membrane type
2 matrix metalloproteinase (MMP-15); MoAb, monoclonal antibody;
PTH, phenylthiohydantoin; RAM, rabbit anti-mouse immunoglobulin;
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophore-
sis; TNE buffer, 0.05 M tris(hydroxymethyl)aminomethane (Tris), 0.1
M NacCl, and 1 mM ethylenediaminetetraacetic acid (EDTA), pH 7.4.
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fibrin lead to formation of fragment D-dimer2q, 22). proMMP-7 (in 50 mM Tris-HCI, pH 7.5, 0.15 M NacCl,
Previously, we also showed that MMP-2 (gelatinase A) was 0.05% Brij 35, and 0.05% Nafwere activated with 1 mM
able to partially degraded Fg and XL-Fb, whereas MMP-1 APMA at 37 °C for 24 and 1 h, respectively. MMP-9 was
(collagenase) displayed only a limited capacity to cleave similarly activated at 40C for 1 h. MT1- and MT2-MMP
either substrate2(). were active forms from the manufacturer. All reactions were
Evidence accumulated in recent studies has shown thatin the presence of 10 mM Cagat 37°C. Digestions were
MMPs represent potential therapeutic targets in a numberstopped with EDTA (25 mM). Reaction products were mixed
of diseases, some of which include fibrin deposition as part with reducing or nonreducing buffer and subjected to SDS
of the pathophysiological process. Therefore, we investigatedPAGE.
the ability of other MMPs, such as MMP-7 (matrilysird3], Monoclonal AntibodiesMoAb/T54 was recently devel-
membrane type 1 MMP (MT1-MMP)24, 25), and MT2- oped in our laboratory35). MoAb/T54 reacts with D-like
MMP to degrade fibrin(ogen). Recent work has also shown core fragments found in MMP-3 digests of Fg and XL-Fb
degradation of fibrin by MMP-3 and MT1-MMF7}. More- and corresponding fragments present in MMP-7 digests of
over, very recently we detected MMP-degraded fibrin in these same substrates. Antibody T54 does not react with
human synovial fluid with new monoclonal antibodi@&). intact fibrinogen but binds two peptidesfB23-127 and
The present work reports a detailed study on the proteoly- B3 123—128) found in late-stage plasmin digests of Fg and
sis of Fg and XL-Fb with MMP-3, -7, and -9, MT1-MMP,  XL-Fb. MoAb/4AS5 (antis 397—411) was a kind gift of Dr.
and MT2-MMP. Digest products of either substrate prepared G. Matsueda (Bristol-Myers Squibb, Princeton, NJ). This
with any of these enzymes were characterized by SDS antibody reacts with intact fibrinogen and plasmin-generated
PAGE and by immunoblot analysis with specific monoclonal fragments D and DD, but its immunoreactivity is lost upon
antibodies (MoAbs). Nkiterminal sequence studies on degradation of fibrin(ogen) by MMP-20).
separated chain fragments of late-stage degradation products Gel Electrophoresis/Immunoblottingamples of Fg and
were performed to identify enzyme-sensitive cleavage sites. XL-Fb degraded with plasmin or MMPs were subjected to
SDS-PAGE under both reducing and nonreducing condi-
EXPERIMENTAL PROCEDURES tions. Reduced samples were prepared in 62.5 mM Tris
Proteins and Other Reagentsyophilized human Fg (Fg  buffer, pH 6.8, containing 4% SD® M urea, 5% DTT,
>95% clottable, according to the manufacturer), was pur- 10% glycerol, and 1% bromophenol blue. Nonreduced
chased (catalog no. 437, lots F187-1 and F194-1, Americansamples were made in the same buffer without DTT. SDS
Diagnostica Inc., Greenwich, CT). Plasminogen and fi- PAGE was performed on-515% gradient or 10% and 12.5%
bronectin were removed by affinity chromatography on polyacrylamide gels, as indicated, in Friglycine buffer 80)
lysine—Sepharose and gelatittepharose, essentially as following general procedures. Prestained molecular mass
described Z7—29). The amount of factor XIIl in these standards used were myosin (200 kDa), phosphorylase B
preparations was 0-10.2 Loewy unit/mg of Fg according  (97.4 kDa), BSA (68 kDa), ovalbumin (43 kDay;chymo-
to the manufacturer. Stock solutions of Fg (12 mg/mL in trypsinogen (25.7 kDa)g-lactoglobulin (18.4 kDa), and
TNE buffer) were stored at 70 °C until used. Fg concentra-  lysozyme (14.3 kDa) (Bethesda Research Laboratories,
tion was measured spectrophotometrically in alkaline urea Gaithersburg, MD). Transfer to nitrocellulose membranes for
with extinction coefficient (1%, 1 cm)» 16.5 at 282 nm. immunoblot analyses was as describedll) (with few
Clottability of the Fg preparations used in the study was modifications 82). Membranes were stained with colloidal
>94%, after removal of plasminogen and fibronectin. Human gold (colloidal gold total protein stain, Bio-Rad, Hercules,
Glu-plasminogen (1 unit/0.5 mg) was from Imco (Stockholm, CA) prior to immunoblotting. Membranes were blocked with
Sweden). Streptokinase (4500 units/mg solid), bovine serum5% dry milk (Carnation, Nestle, Glendale, CA), incubated
albumin (BSA, fraction V, radioimmunoassay grade), 4-ami- overnight with a selected primary antibody and then probed
nophenylmercuric acetate (APMA), and EDTA were from with RAM-HRPO prepared as describe83| with RAM
Sigma Chemical Co. (St. Louis, MO). Aprotinin (Trasylol) purchased from Dako (Carpinteria, CA) and HRPO (type
was from Mobay Chemical Corp. (New York). The following VI) from Sigma. Bound peroxidase complexes were detected
reagents were generous gifts: huneathrombin (2300 units/  with the chemilumiscent substrate (ECL Western blotting
mg) from Dr. J. Fenton (Albany, NY); pro-MMP-3 and detection system, Amersham Life Science, Arlington Heights,
recombinant MMP-3 from Dr. H. Nagase (University of IL). Light emitted from the hydrolysis of the added luminol
Kansas Medical Center, Kansas City, KS) and Dr. R. Palermo substrate exposed the provided film (Kodak X-Omat RP,
(Roche, Nutley, NJ); proMMP-7 from R. Martin (Roche Eastman Kodak C., Rochester, NY) in-180 s. Molecular
Bioscience, Palo Alto, CA); proMMP-9 from Dr. W. Stetler- mass was calculated from-35% gradient SDSpolyacryl-
Stevenson (NIH, Bethesda, MD); and MT1- and MT2-MMPs amide gels after scanning (ScanJet 6100C/T, Hewlett-
from InVitek (Berlin, Germany). All other reagents were of Packard) and analysis with Gel-Pro Analyzer Software 2.0
analytical grade and were purchased from Fisher Scientific (Media Cybernetics, Silver Spring, MD).
(Springfield, NJ). Activity of MMPs was determined at the NH,-Terminal Sequence Analysé&g and XL-Fb digested
source and by a fluorometric assay, with an HTS7000 with MMP-3, -7, and -9 and MT1-MMP were separated
BioAssay Reader (Perkin-Elmer2¥). under reducing conditions on an SB&2.5% polyacrylamide
Degradation of Fg and XL-FIiBriefly, Fg or XL-Fb (1.2 gel (30) and electroblotted to a polyvinylidene difluoride
mg/mL Fg or 3.5M, 0.4 NIH unit of thrombin/mL, 20 mM membrane (PVDF)34). Digests for sequencing were also
CaCl) was incubated with MMP-3, -7, and -9 and MT1- made from Fg devoid of plasminogen and fibronectin and
and MT2-MMP (50ug/mL corresponding to 0:52.5 uM with different preparation of MMPs. The portion of the
or 1:24 w/w E:S ratio) at 37C for 24 h. ProMMP-3 and  membranes corresponding to each protein band were excised
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Table 1: NH-Terminal Sequence Analysis of Cross-Linked Fibrin Degraded with MMP-3 (Enzyme/Substrate Ratio 1/24) for 24°Cat 37

fragment  fragment NH amino acid recovery (pmol) in cycle

(kDa) terminus 1 2 3 4 5 6 7 8

88 y-84 Leu (1) Lys (1) Ser (1) Arg (0.5) Lys (1) Met (1) Leu (0.5) Glu (0.2)

40 y-84 Leu (10) Lys (10) Ser (10) Arg (5) Lys (4) Met (5) Leu (4) Gla)g
p-121 Leu (5) Lys (4) Asp (4) Leu (2) Trp (1) GIn (5) Lys (2) Arg (1)
y-405 Ala (7) Lys (*P GIn(4) Ala (3) Gly (1) Asp () Val (-)

38 p-127 Lys (4) Arg (4) GIn(2) Lys (3) GIn (7) Val (2) Lys (1) Asp (2)
y-84 Leu (4) Lys (5) Ser (2) Arg (2) Lys (2) Met (2) Leu (2) Glu (5)

36 p-142 Tyr (5) Ser (1) Ser (1) Glu (1) Leu (3) Glu (1) Lys (2) His (1)

14 y-1 Tyr (4) Val (6) Ala (3) Thr (3) Arg (3) Asp (2) Asn) Cys (-)
o-103 Asn (11) Arg (15) Asp (7) Asn (9) Thr (3) Tyr (8) Asn (4) Arg (6)

12.5 y-1 Tyr (12) Val (17) Ala (10) Thr (6) Arg (8) Asp (3) Asn (5) Cys
o-103 Asn (1) Arg (1) Asp (1) Asn (1) Thr=) Tyr (0.5) Asn () Arg (0.5)
o-414 Leu (3) Val () Thr (0.2) Ser (0.2) Lys (1) Gly (1) Asp (2) Lys (1)

12 o-17 Gly (12) Pro (8) Arg (6) Val (8) Val (15) Glu (12) Arg (9) His (4)
p-51 Thr (5.5) Gin (9) Lys (10) Lys (6) Vakf) Glu (?) Arg () Lys (—)
o-20 Val (6) Val (7) Glu (3) Arg (5) His (2.5) GIn (2) Ser (3) Ala (5)
p-52 GIn (4) Lys (5) Lys €) Val (—) Glu (1) Arg (1) Lys (1) Ala &)

a(—) Recovery undetectable(*) Present as cross-link.

Table 2: NH-Terminal Sequence Analysis of Cross-Linked Fibrin Degraded with MMP-7 (Enzyme/Substrate Ratio 1/24) for 24°Cat 37

fragment  fragment NH amino acid recovery (pmol) in cycle

(kDa) terminus 1 2 3 4 5 6 7 8

90 y—84 Leu (3) Lys (2) Ser (1) Arg (0.5) Lys (1) Met (1) Leu (1) Glu (0.5)

82 y-84 Leu (15) Lys (13) Ser (1) Arg (8) Lys (9) Met (6) Leu (8) Glu (1)

38 p-124 Leu (15) Trp (8) GIn (7) Lys (11) Arg (7) GIn(6) Lys (10) GIn(6)

36 [-142 Tyr (2) Ser (1) Ser (1) Glu (1) Leu (1) Glu (1) Lys (0.5) His (0.5)

14 o-98 Phe (16) Ser (2) Ser (2) Ala (8) Asn (5) Asn (6) Arg (7) Asp (1)

12.5 y-1 Tyr (20) Val (18) Ala (17) Thr (5) Arg (10) Asp (6) Asn (5) Cys
o-423 Leu (9) Arg (5) Thr (1) Gly (3) Lys (3) Glu () Lys (4) Val (3)

12 o-17 Gly (8) Pro (10) Arg (11) Val (6) Val (10) Glu (5) Arg (6) His (6)
o-20 Val (4) Val (5) Glu (4) Arg () His (1) GIn(2) Ser (3) Ala (3)

@ (—) Recovery undetectable.

and subjected to automated sequencing on a 494/HT Procise MMP-7 _MMP-3 MMP-9
sequencing system controlled by Procise control software Fe Fg XL-Fb Fg XL-Fb

and a 610/A data analysis system. Tipe ) 2 8 24 48 2 . _2“ 48 48 24 48 1;‘; “i‘;
RESULTS " T LT

Chain Composition of Fibrinogen and Cross-Linked Fibrin 68- b
Degraded with MMP-3, -7, and -9%g and XL-Fb were . -
incubated with MMP-3, -7, and -9 (1:24 w/w) at different - .
time intervals. MMP-7 degradation of Fg leads to degradation

of all chains at about 24 h with formation of two chain
fragments of about 38 and 36 kDa (Figure 1, laneB
that were identified as originating from- and g-chains,
respectively, by Nkterminal sequence (see Table 2). -
Identification of they-chain remnant was also made by 18- -

immunoblot analysis (Figure 2). Degradation of XL-Fb with 14 J ; i
MMP-7 was extensive and led to formation of a degraded
y-dimer of about 82 kDa and a majftchain remnant of
about 38 kDa and a fainter one of about 36 kDa (Figure 1, ) _ . .
lanes 79, and Table 2). Two lower r_nolecular mass bands r/'l(,\;AUPR_%’1;3,Cahna:j'n_g(fomp:r?;t;,%'egfw':e?eaﬂgeé(;}Fé);sdfgﬁeveﬁv)\fv'th
of 16 and 14 kDa appeared at-88 h in both Fg and XL- incubated for the indicated time intervals at 32, and stopped
Fb degraded with MMP-7 (Figure 1, lanes-8 and 79) with EDTA (25 mM). The digests were reduced and separated by
and, from sequence analysis, both originate from different SDS-PAGE (12.5%). Samples of Fg digested with the indicated

regions of thex-chain (Table 2). Degradation of Fg and XL- &nZymes were: MMP-7 (lanes &) and MMP-3 (lane 10). Samples
Fbgb MMP-3 (Fi uré 1 Iane)s }&?2) was as rgeviousl of digested XL-Fb were MMP-7 (lanes-®), MMP-3 (lanes 11
y g ’ P Y  and 12), and MMP-9 (lanes 13 and 14). Intact Fg is in lane 1 and

determined and shows, in the case of XL-Fb, degradation nondegraded XL-Fb, incubated for 48 h as the treated samples, is
of v dimer to ay-like monomer (Figure 1, lanes 11 and 12, in lane 15. The gel was stained for protein with Coomassie Blue.

and Table 1). Degradation of XL-Fb by MMP-9 was

minimal, showing only a 20 kDa fragment that was not  Immunochemical Identification of theChain Remnants
present in the control cross-linked fibrin samples (Figure 1, in the MMP-3, -7, and -9 Cleage Products of Fg and XL-
compare lanes 13 and 14 with the control in lane 15). Fb. The same samples shown in Figure 1 were immuno-

: e
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Ficure 2: Identification ofy-chain remnants in MMP-3, -7, and
-9 digests of Fg and XL-Fb. A nitrocellulose membrane containing
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Ficure 3: Immunoblot analysis of high molecular weight degrada-
tion products of Fg and XL-Fb generated by MMP-3, -7, and -9.
Samples were subjected to SBBAGE (7.5%) under nonreducing

the same reduced samples (in the same order) as in Figure 1 wasonditions. The following samples were electrophoresed: MMP-

immunoblotted with MoAb/4A5 (antj 397—411). Specific antibody-
bound fibrin(ogen) chain remnants were detected by use of RAM-
HRPO and the chemiluminescent substrate.

blotted with MoAbs/4A5 (antiy 397—411) and T54 (antB
123-127) to evaluate the size and/or epitope integrity of
the B3/ and y/y-dimer chains in either Fg or XL-Fb
degraded with MMP-3, -7, and -9. Immunoblotting with
MoAb/4A5 shows that Fg and XL-Fb degraded with MMP-7
still maintained the/-chain 397411 epitope reactive with
MoAb/4A5 (Figure 2, lanes 29). XL-Fb degraded with
MMP-9 (Figure 2, lanes 13 and 14) reacted similarly to intact
XL-Fb with this same antibody (Figure 2, lane 15). MMP-3
digests of both Fg and XL-Fb did not react with MoAb/
4A5, as previously describe®@), since bothy/y-dimer
chains are cleaved by MMP-3 at thel04—405 peptide bond
(Figure 2, lanes 1612).

Immunoblotting of some of the same samples in Figures
1 and 2 under nonreducing conditions is shown in Figure 3.
MoADb/4A5 reacts with fragment D and D-dimer from Fg
and XL-Fb degraded with MMP-7 (Figure 3A, lanes 1 and
2) and plasmin (Figure 3A, lanes 6 and 7) but not with Fg
and XL-Fb degraded with MMP-3 (Figure 3A, lanes 3 and
4). An MMP-9 digest of Fg (Figure 3A, lane 5) shows a
fragment Y-like degradation product that is reactive with
MoAb/4A5. When XL-Fb was first digested with plasmin
(24 h) and second with MMP-3 (24 h), immunoreactivity
with MoAb/4A5 was lost because of cleavage at th&ly
404—Ala 405 peptide bond as discussed above (Figure 3A,
lane 8). Addition of aprotinin did not inhibit degradation by
MMP-3 with previously plasmin-digested XL-Fb (Figure 3A,
lane 9). Newly developed MoAb/T54 (antigBl123—127)
was also utilized for immunoblot analysis of the same

degradation products under nonreducing conditions. Late-

stage plasmin degradation products of both Fg and XL-Fb
do not react with MoAb/T54 sincg Asp 134 was identified

as a new NkHerminus 86). As shown in Figure 3B, MoAb/
T54 reacts with fragment D/D-dimer obtained after degrada-
tion of Fg and XL-Fb with MMP-3 and MMP-7 (lanes-#)

but not with plasmin-degraded XL-Fb (lanes-8). Little
reactivity was obtained with this same antibody and the
fragment Y-like degradation product generated from Fg
incubated with MMP-9 (Figure 3B, lane 5).

7- (1:24 wiw) digested Fg (lanes 1) and XL-Fb (lanes 2); MMP-3-
(1:24 wiw) digested Fg (lanes 3) and XL-Fb (lanes 4); MMP-9-
(1:24 wiw) digested Fg (lanes 5); plasmin (1:20 w/w) digest of
XL-Fb (lanes 6); plasmin (1:200 w/w) digest of XL-Fb (lane 7 in
panel A only); plasmin (1:200 w/w) and MMP-3 (1:24) digest of
XL-Fb (lane 8 in panel A and lane 7 in panel B); plasmin (1:200
w/w) and MMP-3 (1:24) digest of XL-Fb in the presence of
aprotinin (lane 9 in panel A and lane 8 in panel B). Aliquots of the
same samples were applied to two different gels. After electro-
phoresis, samples were transferred to nitrocellulose, and membranes
were blotted with either MoAb/4A5 (panel A) or MoAb/T54 (panel
B). Specific antibody-bound fibrin(ogen) chains were detected by
use of RAM-HRPO and the chemiluminescent substrate.

Degradation of XL-Fb with Plasmin, MMP-3, or Plasmin/
MMP-3 Mixtures for Different Time Inteals. XL-Fb clots
were incubated at different time intervals in the presence of
plasmin, plasmin and MMP-3, and MMP-3 alone in the
presence/absence of aprotinin. Samples under reduced condi-
tions were subjected to SDFAGE (12.5%). As shown in
Figure 4, plasmin degradation of XL-Fb produced the
expected degradation pattern witlr-alimer of about 90 kDa
and gB-chain of about 43 kDa at both higher (1:24 E:S ratio)
and lower (1:200) enzyme concentrations (lanes63
Addition of MMP-3 to XL-Fb with plasmin (Figure 4, lanes
7—9) exhibited virtually the same pattern as MMP-3 alone
(Figure 4, lanes 13 and 14). Addition of aprotinin, in the
presence or absence of plasmin, did not affect MMP-3
degradation of XL-Fb (Figure 4, lanes 102).

Size and NhtiTerminal Sequence of Chain Remnants of
Late-Stage Digests of Fg and XL-Fb by MMP-3, -7, and -9.
Fg and XL-Fb were degraded with MMP-3, -7, and -9 for
24 h. Digests similar to those shown in Figures3lwere
electroblotted onto PVDF membranes, and protein bands
were sequenced. Thechain sequence for Fg and XL-Fb
digests gave Leu-Lys-Ser-Arg-Lys, indicating that MMP-3
cleaved both substrates at th@hr 83—Leu 84 bond (Figure
5). This same band from the XL-Fb digest also gave a second
y-chain sequence (Ala-X-GIn-Ala-Gly-Asp), indicating hy-
drolysis at they Gly 404—Ala 405 bond, in they-chain
cross-link region as previously describez). The NH-
terminal sequences of the othwer;, -, andy-chain fragments
excised from the PVDF membrane are as indicated in Figure
5. (Intact Fg chains are. 610 amino acids, 68 kDa, with
Ala as the major Nktterminus; B 461 amino acids, 57 kDa
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Table 3: NH-Terminal Sequence Analysis of Cross-Linked Fibrin Degraded with MT1-MMP (Enzyme/Substrate Ratio 1/24) for 249Cat 37

fragment  fragment NH amino acid recovery (pmol) in cycle
(kDa) terminus 1 2 3 4 5 6 7 8
88 y-84 Leu (4) Lys (4) Ser (0.8) Arg (3) Lys (2) Met (2) Leu (2) Glu (1)
y-79 lle (2) Asp (3) Ala (1) Ala (1) Thr (1) Leu (1) Lys (1) Ser (0.2)
y-1 Tyr (2) Val (1) Ala (1) Thr (0.5) Arg (2) Asp (2) Asn (1) Cys
81 y-84 Leu (10) Lys (10) Ser (3) Arg (6) Lys (5) Met (6) Leu (4) Glu (2)
y-79 lle (3) Asp (5) Ala (1) Ala (1) Thr (2) Leu (2) Lys (1) Ser (0.3)
52 p-15 Gly (2) His (1) Arg (2) Pro (1) Leu (1) Asp (1) Lys (0.4) Lys (1)
49 p-51 Thr (2) GIn (2) Lys (1) Lys (1) Val (1) Glu (1) Arg (1) Lys (0.7)
38 p-124 Leu (7) Trp (3) GIn (5) Lys (5) Arg (6) GIn (6) Lys (3) GIn (2)
36 $-138 Val (4) Val (4) Asn (2) Glu (3) Tyr (3) Ser (4) Ser (4) Glu (1)
p-142 Tyr (1) Ser (0.3) Ser (0.4) Glu (0.5) Leu (1) Glu (1) Lys (1) His (0.5)
14 p-15 Gly (2) His (0.7) Arg (1) Pro (0.5) Leu (1) Asp (2) Lys (0.5) Lys (1)
125 o-98 Phe (19) Ser (1) Ser (2) Ala (8) Asn (7) Asn (9) Arg (9) Asp (3)
o-103 Asn (6) Arg (5) Asp (4) Asn (2) Thr (0.6) Tyr (2) Asn (1) Arg (4)
o-414 Leu (6) Val (3) Thr (0.8) Ser (1) Lys (1) Gly (2) Asp (3) Lys (2)
p-51 Thr (3) GIn (3) Lys (1) Lys (1) Val (1) Glu (2) Arg) Lys (2)
y-1 Tyr (2) Val (1) Ala (1) Thr &) Arg (0.4) Asp (0.6) Asn (0.5) CysH)
12 o-17 Gly (36) Pro (12) Arg (18) Val (12) Val (18) Glu (7) Arg (12) His (10)
a(—) Recovery undetectable.
2
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- . ' Ficure 5: Schematic identifying major cleavage sites on human
14- fibrinogen generated by either MMP-3 (solid downward-pointing
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Ficure 4: Degradation of XL-Fb with plasmin (PI), MMP-3, or
plasmin/MMP-3 mixtures for different time intervals. The following
samples were reduced and separated by-SPYSGE (12.5%): XL-

Fb (lane 1); Fg (lane 2); XL-Fb degraded with plasmin (1:20 w/w)
for 2 h (lane 3) and 24 h (lane 4); XL-Fb degraded with plasmin
(2:200 w/w) fa 2 h (lane 5) and 24 h (lane 6); XL-Fb degraded
with plasmin (1:200 w/w) and MMP-3 (1:24 w/w) f@ h (lane 7),

24 h (lane 8), and 48 h (lane 9); XL-Fb degraded with plasmin
(1:200 w/w) and MMP-3 (1:24 wiw) in the presence of aprotinin
for 48 h (lane 10); XL-Fb degraded with MMP-3 (1:240 w/w) in
the presence of aprotinin for 48 h (lane 11); XL-Fb degraded with
plasmin (1:200 w/w) and MMP-3 (1:24 w/w) in the presence of
aprotinin for 24 h (lane 12); and XL-Fb degraded with MMP-3
(1:24 wiw) for 48 h (lane 13) and 24 h (lane 14). Protein bands
were stained with Coomassie Blue.

with a blocked NH-terminus; andy 411 amino acids, 47
kDa, with Tyr as NH-terminus.)

The NH-terminal sequences of chain remnants of XL-Fb
degraded with MMP-3 and MMP-7 are shown in Tables 1
and 2. Leu 84 is the NHterminal residue of the-chain in
MMP-7 digests of both Fg and XL-Fb (Figure 5 and Table
2). This indicates that MMP-7 has identical cleavage site in
this region of they-chain as MMP-3. Th@-chain remnant
in fragments D/D-dimer in MMP-7 digests of both substrates

arrows) or MMP-7 (broken upward-pointing arrows). Corresponding
data with both enzymes and fully cross-linked fibrin as substrate
are presented in Tables 1 and 2, respectively. Digests of fibrinogen
with each enzyme were subjected to SEFAGE (12.5% gels)
under reducing conditions and each band was subjected to sequence
analysis (8 cycles). The size of fibrinogen chain remnants is
indicated in kilodaltons (first value within parentheses) and the yield
of the NHx-terminal residue in picomoles (second value within
parentheses). Although g-chain peptide encompassing the se-
quence A405V411 was not identified in the present study, MMP-3
most probably cleaves fibrinogen at G404405 as previously
reported for this same enzyme and XL-Fb as subst2@g This
conclusion is based on the fact that D-like fragments resulting from
MMP-3 cleavage of fibrinogen fail to react with MoAb/4A5 (Figure
3A).

gave several sequences, the major startingfallB4. This
finding explains the reactivity of MoAb/T54 with both
MMP-3 and -7 digests of Fg and XL-Fb (Figure 3B). As
already mentioned, the epitope reactive with this antibody
is contained within the sequencg B23—127. At least three
p-chain remnants in fragment D-like monomers are obtained
in MMP-3 digests of both Fg and XL-Fb (Figure 5, Table
1) and two in MMP-7 digests (Figure 5 and Table 2).
Therefore, this region of thg-chain is particularly suscep-
tible to multiple cleavages by both MMPs. Due to the
proximity of all these cleavage sites, it is to be expected
that bands with nearly identical size contain a mixture of
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Ficure 6: Degradation of XL-Fb with MT1-MMP and MT2-MMP.
The following samples were reduced and separated by-F2&E
(5—15%): Fg (lane 1); XL-Fb degraded with MT1-MMP (1:24
wiw) for 24 h (lane 2); XL-Fb (lane 3); XL-Fb degraded with MT2-
MMP (1:24 wiw) for 24 h (lane 4); marker proteins (lane 5). Protein
bands were stained with Coomassie Blue.

Bp-chain related Nhitermini as observed in Tables 1 and
2.

Pattern of Degradation of XL-Fb with Membrane Type 1
and 2 Matrix MetalloproteinasesMT1- and MT2-MMP

Biochemistry, Vol. 38, No. 42, 19993933

were incubated with Fg and XL-Fb following our MMP
digestion protocol. As shown in Figure 6, MT1-MMP
extensively cleaved all chains in XL-Fb, maintaining the
cross-linkedy-dimer chain remnant (Figure 6, lane 2),
similarly to plasmin-degraded XL-Fb. In contrast, MT2-
MMP leads to only partly degraded fibrin under comparable
experimental conditions (Figure 6, lane 4; compare with
intact cross-linked fibrin, lane 3). Similarly, MT1-MMP
extensively degrades Fg while MT2-MMP leads to only
limited degradation (not shown).

The NH-terminal sequences of XL-Fb degraded with
MT1-MMP are shown in Table 3. The first residue of the
y-chain remnant is Leu 84, identical to that obtained with
MMP-3 and MMP-7 digests of Fg and XL-Fb. Multiple NH
termini for thef-chain remnants in D-dimers obtained with
MT1-MMP were identified (Table 3) similarly to those
obtained with both MMP-3 and -7.

Formation of X-, Y-, D-, and E-like Fragments after
Fibrinogen Degradation with MMP-2 and MMP-3 as a
Function of TimeFg was incubated for various time intervals
as indicated in Figure 7 with either enzyme (nonreduced
condition, SDS-7.5% PAGE). The pattern of degradation
is compared to the one obtained with plasmin (Figure 7,
inset). Degradation of Fg with both MMP-2 and -3 was very
rapid, with formation of an X-like fragment as early as 10
min. Degradation products obtained with MMP-2 at 24 h
are a mixture of X-, Y-, and D-like species. Degradation
with MMP-3 was more extensive, resulting in total conver-
sion to fragment D-like and E-like species after 24 h. The
degradation of Fg with MMP-3 generates fragments that are
similar in M, to those obtained with plasmin (Figure 7, inset).
In the presence of calcium, fibrinogen is progressively
degraded by plasmin to transient degradation products
fragment X (Fg-X,M, 225 006-333 000) and fragment Y
(Fg-Y, M, 150 006-170 000), and terminal core products

1 2 3 4 5 6 789 10
R » Fg MMP-2 Fg MMP-3
S [T T
Y 0N e 0 10'20'30'1th2h4h 6h 24h 0 10'20'30'1h2h 4h6h 24h Time
. kDa
Dl n-..... - -
X ——— - - o s s s 200
Y
E i .
““ - 974
D <
_________ - 68.0
E o -430

1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20

Ficure 7: Rate of Fg degradation with MMP-2 and MMP-3. Both enzymes were used at H:34 (w/w), and incubation time was as
indicated, at 37C. Samples were separated by SEFAGE (7.5%, nonreducing conditions). Migration of intact Fg (F, lane 1 in the inset)

and plasmin degradation products fragments X, Y, D, and E are indicated at the left margin in the inset (digestion times of 25 and 50 min
and 1, 1.5, 2, 2.5, 3, 4, and 22 h for lanesI® in the inset). Note the similarity in the migration of comparable fragments obtained after
degradation with MMP-3. Control Fg is in lanes 1 and 10. Lane 20, BRL. Protein bands were stained with Coomassie Blue.
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Table 4: Peptide Bonds Cleaved by MMP-3, MMP-7, and
MT1-MMP in Generation of Fragments D/DD: Comparison with
Plasmin

amino acid sequence

chairt
D/DD MMP-3 MMP-7 MT1-MMP plasmin
a Asnl92—Asnl03 Asp?’—Phé®  Asp?’’—Phé®  Argl04—Aspl%®

Bl Led?—Leul?! Aspl?i—Leul?* Aspl?i—Leul?4 Lysl33-—Agpl34
B2 GIU-Thr42  Glu1-Thr42 Asnl3’—Vall38

p3  GInt26-Lys'?7  Asnt¥7—Vall3®  Glul4-Thrl4?

B4 Asnt¥’—Vvall38 |eul0—Leut?t

y1  The-Lew* Thr—Lew* Thr¥—Lew* Lyst2-Alass
y2 Lys®5—Sefb

@ Chain designation is based on relative mobility on SIPAGE;
the lower number corresponds to the larger chain remnant.

fragment D (Fg-D,M; 94 000) and fragment E (Fg-B,
50 000).

Time digests of Fg with MMP-3 were reduced and
separated by SDSPAGE and electroblotted onto a PVDF
membrane (not shown). Results show that the bprichr
83—Leu 84 was already cleaved at 1 h. Ntérminal

Bini et al.

to degrade Fg and XL-Fp-chain. In fact, Fg and XL-Fb
y-chain degraded by MMP-7 did not lose immunoreactivity
with MoAb/4A5, contrary to Fg and XL-Fb degraded with
MMP-3. We previously showed that MMP-3 cleaves the 4A5
antibody-reactive epitope at Gly 404—Ala 405 0). Fg
and XL-Fb exposed to MMP-9 retain full immunoreactivity
with MoAb/4A5 since both substrates are largely refractory
to this enzyme.

Recently, it was shown that MT1-MMP can degrade a
number of substrates in the extracellular mat#%)( Results
from a different study confirmed our previous finding on
the ability of MMP-3 to fully solubilize fibrin and also
showed that MT1-MMP displayed similar properties whether
present in soluble form or as a pericellular enzyme on the
membrane of endothelial cell§)( In this study we have
determined that MT1-MMP can completely degrade XL-Fb
while MT2-MMP only leads to partial digestion under similar
experimental conditions. Moreover, the specific cleavage
sites of MT1-MMP on XL-Fb are similar to those obtained
with MMP-3 and -7.

Fragments generated after degradation of Fg with MMP-

sequence of Fg degraded with MMP-2 at 24 h indicated intact 3: MMP-7, and MT1-MMP and plasmin are similar in size.
y-chain, while the other chains gave evidence of cleavage The bonds split by MMP-3 in XL-Fb are similar to those

of the following peptide bondso. Arg 16—Gly 17, oo Arg
20—Val 21, 5 Lys 35-Val 36, andp Leu 40-GIn 41.
Fragments D and EDimer from MMP-3, MMP-7, MT1-
MMP, and Plasmin Degradation of Fibrin(ogem\ sum-
mary of peptide bonds cleaved and resulting,MNétminal
sequences ofi-, -, andy-chains of fragments D and D-
dimer obtained after degradation of Fg and XL-Fb with
MMP-3, MMP-7, and MT1-MMP is shown in Table 4.
MMP-3, MMP-7, and MT1-MMP share similarities in their
cleavage of the same substrates with heterogeneity in th
cleavage of thg-chain. All three enzymes cleave thechain

at Thr 83-Leu 84. Plasmin cleavage sites on the same

e

split in Fg with specific cleavage gf 404—405. That does
not occur with plasmin. The proximity of cleavage sites with
MMP-3, MMP-7, MT1-MMP, and plasmin on both Fg and
XL-Fb is observed on all chains. Plasmin cleavesiFghain
at Arg 104-Asp 105, while MMP-3 cleaves at Asn 162
Asn 103 and MMP-7 and MT1-MMP cleave at Asp-97
Phe 98. Plasmin cleaves Bechain Lys 133-Asp 134 @36)
and MMP-3, MMP-7, and MT1-MMP show heterogeneity
of cleavage af Leu 120-Leu 121,3 Asp 123-Leu 124,
GIn 126-Lys 127, Asn 137Val 138, ands Glu 141-
Thr 142.

Studies with natural proteins and with synthetic peptides

substrates are in very close proximity to those obtained with 21d substrates have shown that MMP-7 has a preference for

MMP-3, MMP-7, and MT1-MMP as indicated in Table 4.

DISCUSSION

Fibrin provides a posthemostatic healing matrix. In that

hydrophobic residues on the 'Rlte 37—39) while MMP-3

has a broader specificity and, in addition to hydrophobic
aliphatic residues, also accommodates residues Phe, Trp, Met,
Tyr, and Ser at that position3¢—41). MT1-MMP also
cleaves gelatinase A at a hydrophobic residue (Asnl33u

context it participates in tissue remodeling and is ultimately 38) (42). Amino-terminal residues of proteolytic fragments
removed by proteolytic enzymes. A large number of studies generated by MT1-MMP on different matrix proteins are not
have shown that plasmin is the principal fibrinolytic enzyme. available 25). All three enzymes specifically cleave both
However, recent studies in transgenic animals have suggestegtg and XL-Fl3 andy chain with Leu at the PXkite. MMP-3
that matrix metalloproteinases (MMPs) might be an ad- cleaves thex chain with Asn at the Plsite, while MMP-7
ditional physiological system participating in fibrin removal. and MT1-MMP cleave with Phe at Piite.
Our studies and those of others have shown that fibrin(ogen)  Plasmin cleaves at Lys 62—Ala 63 and more slowly at
is a substrate for several MMPE, (20). y Lys 85-Ser 86 86). Fg digested by plasmin, in physi-
In previous work we showed that MMP-3 degrades both ological conditions, results in fragment D species with both
Fg and XL-Fb specifically and differently from plasmi2dj. y Ala 63—Val 411 andy Ser 86-Val 411 sequences. MMP-
In the present study, we have investigated the ability of other 3, MMP-7, and MT1-MMP all cleave both Fg and XL-Fb
MMPs (MMP-7 and -9, MT1- and MT2-MMP) to degrade aty Thr 83—Leu 84. In addition, since MMP-3 hydrolyzes
Fg and lyse XL-Fb clots. Results show that MMP-7 the Gly 404-Ala 405 peptide bond, the-chain has a very
progressively degrades all Fg and XL-Fb chains. The patternsimilar molecular weight to plasmin-generated fragment D

of the reduceds-chains of Fg degraded with MMP-7 is
similar, in part, to those obtained with MMP-3. However,
in XL-Fb degraded with MMP-7 thg-chains remain cross-
linked. MMP-9 does not seem to degrade XL-Fb to any

y-chain. However, in the digests of XL-Fb with MMP-3,
this is not a real monomer since the sequend®5—411 is
cross-linked to the adjacent branchjethain comprising
the sequence Leu 84-Gly 404. Also, both ther- and the

significant extent. Results obtained with MMP-7 digests of S-chains of MMP-3-generated fragment D-like monomer are

XL-Fb immunoblotted with MoAb/4A5 (antj: 397—411)

similar to plasmin fragment D. This can be explained by

extended our understanding on the ability of these enzymessusceptibility of Fg to proteolysis in selected ared8) (
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MMP-7 and MT1-MMP generated fragment D-dimers are
similar, in part, to that obtained with plasmin degradation.
The clot is degraded but the-y cross-link remains intact.
Interestingly, among all human proteolytic enzymes the bond
split aty 404—405 is specific and unique to MMP-3.

MMP-7 degrades a number of matrix proteins (aggrecan,
collagen type IV, fibronectin, laminin, and elastdj. Like
MMP-3, MMP-7 can be activated by plasmin, and also by
MMP-3 itself (23). Recent studies have indicated the
presence of MMP-7 in atherosclerotic plaqudgh( As
shown from our data, MMP-7 has a strong proteolytic action
on Fg and also has the ability of solubilizing XL-Fb clots.

Previously characterized MoAbs to fibrin(ogen) were
tested against both Fg and XL-Fb digested with MMP-3,
-7, and -9 to evaluate their immunoreactivity. A monoclonal
antibody (MoAb/T54) that reacts with D-like and D-dimer-
like fragments generated by both MMP-3 and MMP-7, but
not by plasmin, has recently been identified. The sequence
of MT1-MMP fragments (Table 3) suggests that some of
the D-dimer-like fragments generated by this enzyme should
also be fully reactive with the same monoclonal. MT1-MMP
can degrade Fg and XL-Fb more extensively than MT2-
MMP, similarly to what was reported for fibronectig).

In summary, our studies show that MMP-3, MMP-7, and
MT1-MMP are capable of fully solubilizing XL-Fb while
the other MMPs tested (MMP-1, -2, and -9 and MT2-MMP)
only minimally or partly degraded Fg or XL-Fb. The NH
terminal sequences of the fragments obtained after full
degradation of XL-Fb with MMP-3, MMP-7, and MT1-
MMP were determined. The molecular masses of those
fragments were calculated, showing that proteolytic cleavage
of Fg and XL-Fb with MMPs results in a number of well-
defined fragments, similarly to plasmij, 36, 45). The
similarity of the cleavage sites obtained on XL-Fb with
MMP-3, MMP-7, and MT1-MMP, but not with MMP-1, -2,
and -9 and MT2-MMP, indicate common mechanisms of
degradation of Fg and XL-Fb by selected MMPs that might
participate in the removal of fibrin in the normal and
pathological matrix. Very recent preliminary data indicate
the presence of MMP-degraded fibrin(ogen) in synovial fluid
from patients with rheumatoid arthritis and other arthritides
(26). Further studies will elucidate the pathophysiological
relevance of this mechanism in vivo.
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