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Generation of an Angiostatin-like Fragment from Plasminogen by Stromelysin-1
(MMP-3)'
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ABSTRACT. Matrix metalloproteinase-3 (MMP-3 or stromelysin-1) specifically hydrolyzes thé%Iu

Asrfo, Prg*’—Val*8 and Pr&*—Sef* peptide bonds in plasminogen, yielding a 55 kDaNerminal
angiostatin-like domain (comprising kringles-4), a 14 kDa domain comprising kringle 5, and a 30 kDa
domain comprising the serine proteinase domain. The conversion is completely abolished in the presence
of the MMP inhibitors EDTA or 1,10-phenanthroline. Biospecific interaction analysis indicates that binding

of proMMP-3 and MMP-3 to plasminogen occurs with comparable affirily ¢f 4.7 x 10° and 4.1x

10° M1, respectively) and is mediated via the miniplasminogen moiety (kringle 5 plus the proteinase
domain) and via the catalytic domain of MMP-3. Thus, proteolytic cleavage of plasminogen by MMP-3
generates angiostatin-like fragments.

Plasminogen, the zymogen of the fibrinolytic enzyme glycans that constitute the extracellular matrix and thereby
plasmin, is a single chain glycoprotein of 92 kDa consisting play a role in normal tissue remodeling and in pathological
of 791 amino acids1, 2. Conversion to the two-chain  conditions such as arthritis, tumor invasion, and metastasis
plasmin molecule occurs by specific cleavage of the’®rg (13—16).

Val®%? peptide bond by plasminogen activatog énd may In the present study, we report that matrix metallopro-
be associated with conversion of the native Glu-plasminogenteinase-3 (stromelysin-1) specifically generates angiostatin-
molecule (NH-terminal glutamic acid) to modified forms  like fragments from plasminogen.

(Lys-plasminogen) as a result of hydrolysis of the %rg

Met®®, Lys’’—Lys’® or Lys’®—Val”® peptide bonds by  MATERIALS AND METHODS

plasmin and removal of the preactivation peptidesj. Both
chains of plasmin (approximately 65 and 25 kDa) are
connected by two disulfide bonds, and the active site locate
in the 25 kDa COOH-terminal proteinase domain is com-
posed of Hi&% Aspf*, and Sef*! (1). The NH-terminal
domain consists of five kringle structures, of which the
lysine-binding sites located in the kringle-B region play

a key role in the regulation of fibrinolysi$( 7). Recently,

it has been reported that angiostatin, a plasminogen fragmen
containing kringles 4, has antiangiogenic propertie).(

In vitro, angiostatin inhibits endothelial cell proliferation
(8—11), and in mice in vivo it inhibits primary tumor growth
and angiogenesis-dependent growth of metast8sé4 (13.

The exact composition of the active angiostatin fragment as
well as the mechanism by which it is generated in vivo is,
however, still debated. )

Matrix metalloproteinases (MMP’5pare also secreted as previously €1, 22. . .
zymogens (proMMP's) that are activated in the extracellular ~ 1h€ chromogenic substrate S-2403 for plasmin was

milieu: active MMP’s degrade most proteins and proteo- Purchased from Chromogenix (Antwerp, Belgium) and
1,10-phenanthroline from Sigma Chemie (Bornem, Belgium).

Proteins, Reagents, and Assaykluman plasminogen,
dplasmin, miniplasminogen (miniPIlg), LBS I, LBS II, and the
inactive plasminogen variant with substitution of the active
site Sef*' by Ala, PIg(S741A), were obtained and character-
ized as described elsewherk7( 18.

Recombinant human proMMP-3 (57 kDa native form) and
MMP-3 (23.5 kDa truncated form, lacking the COOH-
erminal domain) were a kind gift of Dr. H. Nagase
%Department of Biochemistry and Molecular Biology, Uni-
versity of Kansas Medical Center, Kansas Cit$p, 20.
Protein concentrations were determined with the BCA protein
assay (Pierce, Rockford, IL). The monoclonal antibodies
MAb-42B12 (directed against plasminogen kringle 5), MAb-
31E9 (directed against the proteinase domain), and MAb-
34D3 (directed against LBS 1) were obtained as described
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The plasmin inhibitor Val-Phe-Lys-Gi€l was custom

synthesized at UCB (Brussels, Belgium). 100 A Time (hours) B
SDS-PAGE without reduction or after reduction with 1% w e I
dithioerythritol was performed on #15% gradient gels w0l : - Z wi 9:
using the Phast system. Apparent molecular weights were | - " ! B zo
determined from reduced gels, by comparison with a protein ~ e - 30

calibration mixture consisting of phosphoryldsé4 kDa),
BSA (67 kDa), ovalbumin (45 kDa), carbonic anhydrase (30
kDa), soybean trypsin inhibitor (20.1 kDa), andactalbu-
min (14.4 kDa). Densitometric scanning of SBBAGE
was performed with the Gel-scan accessory of the Beckman
DUG60 spectrophotometer. Immunoblotting of nonreduced
SDS-PAGE was performed according to Towbi23|. 20 r
NH.-terminal amino acid sequence analysis was performed
on an Applied Biosystems model 477A protein sequencer
(Foster City, CA), interfaced with an Applied Biosystems 0 1 2 3 4
model 120A on-line analyzer. Samples were electrophoresed

on 10-20% Tris-HCI Ready Gels (Mini-Protednl Cell; Ficure 1: Time course of proteolytic cleavage of plasminogen by
Bio-Rad, Hercules, CA) and blotted on ProBlott membranes MMP-3 (enzyme/substrate ratio of 1/10). The area corresponding

(Applied Biosystems). to intact plasminogenl) or to the 55 kDa @), 40 kDa @), 30
Association rate constant&dsein M~-s™1) and dissocia- kDa (a), and 14 kDa ¥) fragments at different time points was
tion rate constantgssocin 2 for the interaction between  determined by densitometric scanning of reduced SBAGE

] ; ; . _ (inset A) and expressed as percent of the total area. The data
(pro)MMP-3 and different plasminogen moieties were de represent meait SEM of three separate experiments. Inset B shows

termined by real-time biospecific interaction analysis using jmmunoblotting of nonreduced SBSAGE with MAb-34D3 (lane
the BlAcore instrument (Pharmacia, Biosensor AB). ProM- 1), MAb-31E9 (lane 2), and MAb-42B12 (lane 3).

MP-3 or MMP-3 were immobilized on the surface of sensor . )

chip CM5 using the Amine Coupling kit (Pharmacia), and for the 55 kDa fragment of plasminogen, starting at ‘Glu

binding of plasminogen moieties was evaluated as describec(@bout two-thirds of the protein) or ASh(one-third of the

in detail elsewhere2(). protein), respectively (Table 1). The 40, 30, and 14 kDa
Proteolytic Cleaage of Plasminogen by MMP-3Human fra%I;r;ents ishowed oneiwhomogen_eous sequence starting at

plasminogen (final concentration 1M1) was incubated with Val*®, Seﬁ . and Vat®, respectively. 44;I’hesg data are

MMP-3 (final concentration M) at 37°C in 50 mM Tris- compat|.ble with cleavage of the F"f*b—VaI_ _peque bond,

HCI buffer, pH 7.5, containing 0.15 M NaCl, 10 mM Cagl gengratlng the 55 kDa fragment comprising kringlesAl

and 0.01% Tween 80. At different time intervals—-@ h), additional cleavage of the_ GﬁrAsrPO _peptlde bond re-

samples were removed from the incubation mixtures, EDTA Moved most of the preactivation peptide from about one-

) : .~ third of the protein. In addition, cleavage of the #fe
(final concentration 25 mM) was added to stop the reaction, ; .
and SDS-PAGE was performed under nonreducing or Yal'* peptide bond generates the 40 kDa fragment (kringle

reducing conditions. The amount of the different plasmi- 3 pIusd tge prrc:teinaske domain)_, part dOf WhiCh i?j furtrller
nogen fragments in the samples was determined by densi-dégraded to the 30 kDa (proteinase domain) and 14 kDa

tometric scanning of the gels, and the area of each fragment(k'ingle 5) fragments by cleavage of the Pfe-Sef*

was expressed as percent of the total area at each time poinf.)eptide bond. 'I_'he composit?on of the_: different m_olecu_lar
mass fragments is further confirmed by immunoblotting using

RESULTS monoclonal antibodies which are specific for kringle 5
(MADb-42B12), for LBS | (MAb-34D3), or for miniplasmi-
Incubation of plasminogen with MMP-3 (enzyme/substrate nogen ((MAb-31E9) (Figure 1, inset B). Indeed, MAb-
ratio of 1/10) resulted in quantitative conversion to nondis- 42B12 reacts with residual intact plasminogen and with the
ulfide bonded fragments with molecular masses of 55, 40, 40 and 14 kDa fragments, confirming that they contain
30, and 14 kDa, as shown by SBBAGE under nonreduc-  kringle 5. MAb-31E9 reacts with plasminogen, and with
ing or reducing conditions. Addition of EDTA (final the 40 and 30 kDa fragments, confirming the presence of
concentration 25 mM) or 1,10-phenanthroline (final concen- the proteinase domain. MAb-34D3 reacts with plasminogen
tration 1 mM) to the incubation mixture completely abolished and with the 55 kDa fragment, confirming that they contain
proteolytic cleavage, confirming that it is MMP-dependent at least kringles £3. The apparent heterogeneity of the 55
(not shown). Densitometric scanning of SBBAGE of  kDa fragment is in agreement with the double amino acid
samples taken at different time points revealed rapid genera-sequence (Table 1) and may also reflect carbohydrate
tion of the 55 and 40 kDa fragments, with more than 50% heterogeneity in the plasminogen preparatibf).(
of the plasminogen cleaved within 30 min. The 30 and 14  Binding of different plasminogen fragments to proMMP-3
kDa fragments appeared somewhat later (Figure 1, inset A),and to MMP-3 was evaluated by biospecific interaction
while nearly complete conversion of plasminogen within 4 analysis (Table 2). The affinity of Plg(S741A), active-site
h was evident from the parallel decrease of the concentrationplocked plasmin, and miniplasminogen for binding to
of intact protein. proMMP-3 and MMP-3 was comparabl&q of (4.2—9.8)
NH_-terminal amino acid sequence analysis of samples x 10°f M~1], whereas LBS | and LBS Il did not bind. This
after 1 h incubation with MMP-3 revealed a double sequence suggests that the (pro)MMP-3 binding site is comprised

60

40

Area (% of total

Time (hours)
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Table 1: NH-Terminal Amino Acid Sequence Analysis of Plasminogen Treated with MMP-3 (Enzyme/Substrate Ratio 6./10) &b 37°C

amino acid (recovery in pmol) in cycle

fragment 1 2 3 4 5 6 7 8

55 kDa Glu (30) Pro (33) Leu (22) Asp (20) Asp (28) Tyr (26) Val (22) Asn (22)
Asn (18) Arg (11) Lys (16) Ser (7) Ser (9) lle (9) lle (11) lle (17)

40 kDa Val (40) Val (41) Leu (37) Leu (37) Pro (31) Asp (23) Val (27) Glu (24)

30 kDa Ser (4) Phe (9) Asp (8) CysJ Gly (8) Lys (5) Pro (7) Gln (4)

14 kDa Val (19) Val (20) Leu (15) Leu (16) Pro (14) Asp (5)

Table 2: Apparent Affinity Constants of ProMMP-3 (57 kDa) and MMP-3 (23.5 kDa) for Binding to Different Molecular Forms of

Plasminogeh
pro-MMP-3 MMP-3
kassoc(>< 103) kdissoc(>< 10—3) Ka (X 1@) kassoc(>< 103) kdissoc(>< 10_3) Ka (X 1@)
ligand (M~Ls (s MY (M~Ls (s MY

Plg(S741A) 83t 14 18+ 2.3 4.7+ 0.23 120+ 42 29+ 3.8 41+1.3
VFK-plasmir? 64+ 6.6 16+ 0.8 4.2+ 0.53 82+59 17+ 3.3 5.0+ 0.67
miniPlg (VFK)? 72+ 8.3 15+ 0.7 4.7+ 0.35 93+ 32 9.2+ 1.1 9.8+ 1.9
LBS| <1 <1
LBS Il <1 <1

aData are meas= SEM of three experiment8.Experiments performed in the presence of Val-Phe-Lys@H

within the miniplasminogen moiety. Furthermore, compa-
rable binding of the plasminogen moieties to 57 kDa
proMMP-3 and 23.5 kDa MMP-3 indicates that the catalytic
domain of MMP-3 is involved in plasmin(ogen) binding.

DISCUSSION

Antiangiogenic activity of angiostatin was first described
in a plasminogen fragment consisting of the first four kringle
domains 8) and later confirmed in an elastase-derived
fragment (LBS I) containing kringles-13 (8, 9). Recently

Very recently, it was reported that MMP-7 (matrilysin)
and MMP-9 (gelatinase B) also generate angiostatin-like
fragments comprising kringles-# from human plasminogen
(33). Both MMP-7 and MMP-9 hydrolyze the L{5-Lys"®
peptide bond, thus releasing the preactivation peptide.
MMP-7 further cleaves the Ptg—Val**® peptide bond,
whereas MMP-9 hydrolyzes the Pt6-Prd*’ peptide bond.

At an enzyme/substrate ratio of 1/15, MMP-7 hydrolyzes
plasminogen faster than MMP-9 (within approximately 20
h, as compared ta 100 h). MMP-3 at an enzyme/substrate

it was, however, reported that the isolated kringle 5 fragment "atio of 1/10 hydrolyzes the susceptible peptide bonds in
of plasminogen displays a much more potent inhibition of Plasminogen for more than 50% within 30 min. Because of
microvascular endothelial cell migration than angiostatin Potential differences of specific activities of MMP prepara-
(25). Macrophage-derived metalloelastase was shown totions, .dlrect comparison of proteolyt!c activities tqward
produce angiostatin from plasminogen and may contribute Plasminogen may, however, be difficult. Interestingly,
to angiostatin generation in the murine Lewis lung carcinoma MMP-3 generates concomitantly with the kringle-4
model @6). Angiostatin-generating activity is present in domain also the kringle 5 fragment, which was recently
tumor-bearing animals and serum-free conditioned medium réPorted to have a strong antiangiogenic poterasy. (

of human prostate carcinoma cells (PC-37)( Two D!fferent members of the I_\/IMP_famlly may thus generate
components released by PC-3 cells were identified, the apglostatln—llke fra}gments with @fferent efﬂmency and with
plasminogen activator urokinase and free sulfhydryl donors, different composition. In addition, the contribution of
that are involved in angiostatin generati@) Angiostatn ~ MMP-3 and other MMP's to angiostatin generation in vivo
may be generated by plasmin autodigestion in a reactionW'”_ d.epend on the rate qf their inactivation by end_ogenous
catalyzed by a protein disulfide isomerase or the presencelnhlbltors. This mechanism may be further complicated by

of a free sulfhydryl donorZ48, 29. Thus, the exact structural

requirements for angiostatin activity as well as the mecha-

nism(s) involved in its generation are not definitively
established.

interactions between different MMP’s. Thus, proMMP-9 can
be activated by MMP-334, 35 and by MMP-7 86). It
remains to be shown whether and to what extent different
MMP’s contribute to angiostatin generation and to regulation

We have observed that an angiostatin-like fragment Of angiogenesis in vivo.

(containing kringles +4) can be generated from plasmino-
gen with stromelysin-1 (MMP-3). MMP-3 indeed hydro-
lyzes the GI&®—Asn®®, Prd“’—Vval*8, and Pré*—Sep*®
peptide bonds in plasminogen, yielding a 55 kDa ;NH
terminal fragment comprising kringles-4, a 14 kDa domain
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