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Involves Direct, Non-Active-Site Interactions between Urokinase and Plasmihogen
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ABSTRACT: The binding of the zymogenic form of urokinase-type plasminogen activator (pro-uPA) to its
specific cellular receptor, UPAR, leads to a large potentiation of plasmin generation. This is dependent on
the concurrent cellular binding of plasminogen, and is completely abrogated by the plasminogen lysine-
binding site ligand, 6-aminohexanoic acid. Previous data have provided circumstantial evidence for the
formation of specific complexes to mediate the kinetically favorable reciprocal interactions between the
protease and zymogen components [Ellis, V., and Dang, K. (129ipl. Chem. 2684806-4813]. To

further investigate the formation of these putative complexes, we have studied the effect of various lysine-
binding site ligands on the binding and activation of plasminogen on U937 cells. Lysine-binding site
ligands resembling internal lysine residues, suchNésacetyli-lysine methyl ester, were found to
specifically inhibit uPAR-mediated cell-surface plasminogen activation at concentrations up to 40-fold
lower than those inhibiting the cellular binding Bfl-labeled plasminogen (Kgs 300uM vs 8.5 mM).

By contrast, 6-aminohexanoic acid, resembling a C-terminal lysine residue, did not display this disparity
(ICses 25 vs 30uM). These lysine analogues were also found to compete a non-active-site interaction
between uPA and plasminogen, detected by surface plasmon resoiaris fM), at concentrations
correlating with their effect on cell-surface plasminogen activation, suggesting that this interaction is part
of the kinetic mechanism. Consistent with this, synthetic peptides corresponding to the sequeriteé¥PA
(GQKTLRPRFK) and uPA*-157 (GQKTLRPRF) specifically abolished the amplification of cell-surface
plasminogen activation. These data demonstrate that a novel non-active-site interaction between uPA and
plasminogen is necessary for the assembly and efficiency of cell-surface plasminogen activation complexes.

Urokinase-type plasminogen activator (uPi&)one of two plasmin, due to increased efficiencies of the reciprocal
specific serine proteases responsible for the conversion ofactivation of both zymogen®( 7). A soluble recombinant
the abundant extracellular serine protease zymogen to theform of UPAR has no potentiating effect on plasmin
broad-specificity protease plasmin. uPA is expressed in ageneration §) as the effects with cell-associated uPAR are
variety of cell types from which it is secreted as pro-uPA, a absolutely dependent on the concurrent cellular binding of
single-chain proenzyme form, which can be converted to the plasminogen§, 7). The lack of a direct effect of UPAR on
fully active two-chain protease by limited proteolysis cata- the activity of the system is consistent with the high degree
lyzed by a number of proteases, including plasniin2). of dynamic independence displayed by the individual
The action of plasmin leads to the formation of a reciprocal gomains of uUPAg, 10, suggesting that the serine protease
zymogen activation system and a consequent amplification yomain would be unaffected by the interaction of the
of plasmin generation3f. o N-terminal epidermal growth factor-like module with uPAR.

Both pro-uPA and uPA bind to a specific cellular receptor _ o _

UPAR, present on the surface of many cell typtis (PAR The necessity for thg cellular bmdmg of plgsm[nogen has
is a multidomain, glycolipid-anchored protein, and binds been _demonstra_ted using the aminocarboxylic a(_:ld an_alogues
these ligands with high affinity 0.5 nM) via the epidermal ~ ©f lysine, 4-(aminomethyl)cyclohexanecarboxylic acid and
growth factor-like module of uPAS). Binding of pro-uPA 6-aminohexanoic acid, that act as inhibitors of plasminogen
to UPAR leads to a large increase in the generation of binding 6, 7). These, and other, lysine analogues act by
occupying the lysine-binding sites present in the various
" Financial support for this work was provided by the British Heart  kringle modules of plasminogen, interfering with the binding

Foundation (PG 97/173 to V.E.), the Weston Foundation, the British ; ; ; ; R
Council, and the Estate of the Iate Lillian Cecil. of plasminogen to a wide variety of molecules, including its

* All correspondence should be addressed to this author at the Neterogeneous cellular binding sitekl13). The lysine-
Thrombosis Research Institute, Emmanuel Kaye Building, Manresa Rd., binding sites contain both anionic and cationic centers that

London SW3 6LR, United Kingdom. Telephone: (44) 171 351 8322. i —ami ; i
FAX: (44) 171 351 8324. E-mail: vellis@tri-london.ac.uk. bind thee-amino and carboxyl functions of lysine, and an

L Abbreviations: uPA, urokinase-type plasminogen activator, both iNtervening region that interacts with the aliphatic chdi, (
the activated two-chain protease and as a generic term; pro-uPA, single-15). However, the structures of the lysine-binding sites of

chain form of uPA; UPAR, uPA receptor; AMC, 7-amido-4-methyl-  the individual kringles are sufficiently different that they vary
coumarin;pNA, p-nitroaniline; GPI, glycosylphosphatidylinositol; BIA, in both affinit d selectivity for IVsi th .
real time biomolecular interaction analysis; SPR, surface plasmon [N DOth affinity and selectivity for lysine, other aminocar-

resonance. boxylic acids, and their derivatived ).
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Although many cells have a very high capacity for substrate ratio of 1:100 fal h at 37°C. The various lysine
plasminogen bindingl) and this will lead to a high surface  analogues and all other chemicals were of the highest grade
density of plasminogen, indirect evidence suggests that thiscommercially available.
effect is not the principal mechanism responsible for the  Measurements of Cell-Associated PlasminogervAtitin.
efficiency of uPAR-mediated plasminogen activation and its Plasmin generation by uPA or pro-uPA bound to cellular
dependence on plasminogen binding. The coincident bindinguPAR was determined essentially as described previously
of pro-uPA and plasminogen to an anti-uPA monoclonal (6, 7). Briefly, U937 cells 20) were washed 3 times in RPMI
antibody, forming a ternary complex, has been shown to both 1640 buffered in 25 mM HEPES, pH 7.4, and incubated for
qualitatively and quantitatively mimic the enzyme kinetic 3 min with 0.05 M glycine hydrochloride, pH 3.0, 0.1 M
effects that occur on the cell surfack7f. Thus, a simple NacCl to dissociate endogenously bound uPA, followed by
stoichiometric relationship is sufficient in this situation, in neutralization and further washing. The cells were resus-
which the antibody acts as a specific template for the pended at a density of £ 10"/mL and incubated with uPA
catalytically favorable approximation of the protease/zy- or pro-uPA (2 nM) for 20 min at 37C, followed by three
mogen components. The virtually identical kinetic effects further washes. In some experiments, a recombinant form
observed in both situations strongly imply the involvement of uPA directly anchored to the plasma membrane by a GPI
of similar mechanisms, and that uPAR-mediated plasminogenmoiety, previously characterized after expression in bovine
activation requires the assembly of specific complexes to aortic endothelial cells18), was used after expression by
enable the interaction of the cell-associated reactants. Theretroviral transduction in U937 cells (Ellis, Lee, and Dichek,
mechanism by which the approximation of the reactants on unpublished). Cells were incubated (37) at a final density
the cell surface may occur is not known, although it appearsof 1 x 10°mL in 0.05 M Tris-HCI, pH 7.4, 0.1 M NacCl,
that UPAR itself does not act as a template for complex 0.01% Tween 80 in the presence of 0.2 m\bH/al-Leu-
formation. This is demonstrated by the observations that aLys-AMC and plasminogen at a fixed concentration of 50
recombinant chimeric mutant of pro-uPA directly anchored nM or, in the experiments in which kinetic constants were
to the cell surface via a glycolipid moiety generates plasmin determined, with varying concentrations up teM. Plasmin
with the same characteristics as the uPAR systE8) and generation was determined by recording released AMC
that soluble forms of uPAR do not enhance plasmin fluorescence intensity at 60 s intervals, using a Perkin-Elmer
generation §). Therefore, uPAR does not appear to be LS-5B spectrofluorimeter at excitation and emission wave-
directly involved in the interactions leading to complex lengths of 370 and 470 nm, respectively, and 5 nm slit
formation, other than to localize uPA to the cell surface.  widths. In some experiments 6-aminohexanoic acid or its

In the present study, we have obtained further evidence derivatives (here collectively termed lysine analogues) were
for the formation of specific activation complexes, and show included in the incubation buffer at varying concentrations,
that their assembly is dependent on a non-active-site interac-as ligands for the lysine-binding sites of plasminogen.
tion between plasminogen and uPA. This interaction can be In addition to acting as ligands for the lysine-binding sites
competed by various lysine analogues and peptides corre-of plasminogen, at high concentrations these lysine analogues
sponding to uPA®158 implicating the involvement of the  also behave as competitive inhibitors of the catalytic activity
kringle-modules of plasminogen and the region N-terminal of both plasmin and uPA. The kgvalues for the inhibition
of the activation cleavage site of uPA in the formation of of plasmin activity, at the concentration of plasmin substrate
these functionally relevant complexes. used above, ranged from approximately 1.5 mM for the

various methyl esters ts 100 mM for the carboxylic acids.
EXPERIMENTAL PROCEDURES The plasmin concentrations shown in the various figures have

Proteins and ReagentdHuman uPA, pro-uPA, Gld been corrected for this inhibitory effect by reference to
plasminogen, plasmin, and the anti-uPA monoclonal antibody plasmin activity calibrations for the relevant lysine analogue.
clone 1 were all as described previousk; (7). Soluble, The inhibitory effect on uPA activity was corrected for in

truncated uPAR (residues-R77) was purified by immu-  the calculations of plasminogen activation kinetic constants,
noaffinity chromatography of the conditioned media from which are described below. The use of this approach was
transfected Chinese hamster ovary cells as describ®d ( validated in control experiments in which the effect of the
and was a gift from Dr. Michael Ploug (Finsen Laboratory, lysine analogues on solution-phase plasminogen activation
Copenhagen, Denmark). The plasmin- and uPA-specific by uPA and pro-uPA was determined.

fluorogenic substrates H-Val-Leu-Lys-AMC and Z-Gly- Determination of Inhibition Constant¥he effect of uPA-
Gly-Arg-AMC were from Bachem AG, Bubendorf, Swit-  derived synthetic peptides on receptor-mediated plasminogen
zerland, and the plasmin-specific chromogenic substrate H- activation was determined by their inclusion at varying
Val-Leu-Lys-pNA (S-2251) was from Chromogenix AB, concentrations up to 1 mM together with varying concentra-
MdéIndal, Sweden. Carboxypeptidase B from porcine pan- tions of plasminogen (0.1752.62 uM), with experimental
creas, carboxypeptidase P (sequencing grade) Renicil- conditions otherwise as described above. Although these
lium janthinellum and endoproteinase Glu-C fro8taphy- peptides inhibited plasmin generation, the mechanism of their
lococcus aureu¥’8 were obtained from Boehringer Mannheim  action did not involve direct inhibition of the active site of
(Mannheim, Germany). Synthetic peptides were prepared in-uPA. However, the data could be treated in the same manner
house using Fmoc chemistry. Plasminogen was labeled withas direct enzyme inhibition data in order to obtain inhibition
Na'?¥ as described previouslyr). The pro-uPA activation  constants for the effect of the peptides on plasminogen
site mutant K158E was a gift from Dr. Roger Lijnen (Center activation. For this purpose, the data were plotted according
for Molecular and Vascular Biology, Leuven, Belgium), and to Dixon (21). As with the methyl esters, these peptides are
was activated using endoproteinase Glu-C at an enzyme:substrates for plasmin and act as competitive inhibitors of
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plasmin activity with 1Ges in the range of 25 mM. fonyl fluoride prior to use and digestion performed as
Therefore, these data were corrected for this effect aspreviously described2@). uPA (1 mg/mL) was digested with
described above. CpP at an enzyme:substrate ratio of 1:100 in 50 mM sodium

Measurement of Solution-Phase Plasminogenzattn. citrate, pH 4.5, for up to 24 h at 2%C. Although at this pH
The solution-phase activation of plasminogen was determineduPA catalytic activity is minimal, parallel incubations in the
by incubating pro-uPA or uPA (0.5 nM) with plasminogen absence of CpP were made to control for possible autolytic
(85 nM) in 0.05 M Tris-HCI, pH 7.4, 0.1 M NaCl, 0.01% cleavage of uPA. These preparations were assayed for both
Tween 80, 0.2 mM Hb-Val-Leu-Lys-pNA at 37 °C. catalytic and receptor binding activitg)

Substrate hydrolysis was followed at 405 nm in a Molecular  Real-Time Biomolecular Interaction Analysis (BIAPA
Devices Thermomax plate reader at 60 s intervals. An excessyas inactivated with 4-amidinophenylmethylsulfonyl fluoride
of soluble uPAR (5 nM) was included in some experiments as previously described ), and coupled at a concentration
to determine the specificity of the observed effects for cellular of 20 ug/mL to a CM5 sensor chip in a BIACore 2000
UPAR. In some experiments, the anti-uPA monoclonal jnstrument (Pharmacia Biosensor AB, Uppsala, Sweden)
antibody (clone 1) was included in the incubation at a ysing a two-stage reaction with 1-ethyl-3-(3-dimethylami-
concentration of 1.5ug/mL as a specific stimulator of  nopropyl)carbodiimide andi-hydroxysuccinimide, as rec-
plasminogen activationl{). ommended by the manufacturers. Plasminogen-binding ex-
Kinetic Analysis of Plasmin Generation Ges In experi- periments were performed in 10 mM HEPES, pH 7.2, 0.15
ments where pro-uPA was the activator initially present, \j NaCl, 3.4 mM EDTA, 0.005% surfactant P-20 at 20
plasmin generation and pro-uPA activation kinetics were and a flow rate of 1QL/min. Controls for the contribution
calculated using a previously described modgl 17). In of the bulk refractive index to the surface plasmon resonance
the absence of lysine analogues, the final steady-state rategjgnal were performed in a parallel noncoupled flow cell and
of plasmin generation were fitted according to the previously subtracted from all binding sensorgrams. After each cycle,
reported kinetic constants; the effect of the lysine analoguesihe sensor chip was regenerated by injection of 0.1 M acetic
on the plasmin generation rate was then calculated as aagcid, 0.5 M NaCl, 0.05% surfactant P-20. Plasminogen
change in théca/Knm value. These values were corrected for  pinding kinetics were performed at varying concentrations
the inhibitory effect of the lysine analogues on uPA catalytic of plasminogen (0.5500 nM). Dissociation rate constants

activity (calculatedK;s ranging from 1 mM foN“-acetyl-  (k;) were calculated from the slope of plots of IRyR)
L-lysine methyl ester and arginine methyl ester to 75 mM yersust, whereR; andR, are the surface plasmon resonance
for 6-aminohexanoic acid), using the relationship: signals measured at the start of the dissociation phase and

. at varying timeg thereafter. Association rate constarkg (

v 1+ (Ke/9)2 + 1K) were calculated from plots of In Ridt) versust, which has

exp 1+K,/s a slope of—(kjplg] + kg). These calculations were made
using the manufacturer’s BlAevaluation (version 2.1) soft-

in which K., is the Michaelis constant for plasminogen are.

activation andK; is the competitive inhibition constant for

the lysine analogues and i are the concentrations of

V=

The effect of various lysine analogues on plasminogen
; s . binding was determined by their inclusion at varying
plasminogen and lysine analogue, respectively,agand  oncentrations in the buffer during the association phase at
v are the experimentally determined and corrected rates of tvad concentration of plasminogen (50 or 500 NM). As
plasmin generation, Irespecnvely. Th_e effect of the lysine o lysine analogues would be expected to reduce the
anglog_ues on the kinefics of plas_mln-catalyz_eql Pro-UPA gffeciive concentration of free ligand during the association
a_tctlvatlon was_subsequently determined by_obtalnlng the _beStphase, their competitive effect was calculated from the
fit of the associateblea/Km values to the experimental plasmin - 4yimum SPR signal observed at the end of the association

generation curves. hase when binding is approaching equilibrium.
129-Labeled Plasminogen Binding'he binding of'?3- P g PP 94

labeled plasminogen to U937 cells was performed essentiallyResyLTs
as described previousl2?). Briefly, cells were prepared as
above, and resuspended at a final density of 10’/mL in Inhibition of Cell-Surface Plasminogen Awdition by
0.05 M Tris-HCI, pH 7.4, 0.1 M NacCl, 0.1% bovine serum Lysine AnaloguedVe have previously demonstrated that the
albumin, containing 10 mg/mL aprotinin. The cells were then kinetically favored substrate for uPAR-bound uPA is cell-
incubated fo 2 h at 4°C with *3-labeled plasminogen, 0.1  associated, rather than solution-phase, plasmino@en (
mBg/mL, approximately equivalent to 0.6 nM, and various Lysine and its aminocarboxylic acid homologues such as
concentrations of 6-aminohexanoic acid or other lysine 6-aminohexanoic acid have been demonstrated to inhibit the
analogues in the same buffer. One hundred microliter aliquotsactivity of this uPAR-mediated plasminogen activation
of cell suspension were then layered onto 200 of oil system 6, 7) due to competition of the cellular binding of
mixture (85:15 v/v of dimethyldiphenyl-polysiloxane add plasminogen®, 11). This is illustrated in Figure 1A where
= 0.88 g/mL mineral oil) in polypropylene microcentrifuge plasmin generation on U937 cells, initiated by uPAR-bound
tubes, prior to centrifugation at 1409fr 3 min, amputation pro-uPA, is progressively reduced at increasing concentra-
of the tube tips, angr-counting. tions of 6-aminohexanoic acid. Figure 1B shows a compari-
Carboxypeptidase Treatment of uP@PA obtained by  son between this effect on plasmin generation and the effect
plasmin activation of pro-uPA, to ensure an intact A-chain of 6-aminohexanoic acid on the binding &-labeled
C-terminus 23), was subjected to C-terminal digestion with plasminogen to the cells. As would be predicted from the
either CpB or CpP. CpB was treated with phenylmethylsul- model previously proposed’), these competition curves
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n0r Blsd Table 1. Inhibitory Effects of Lysine Analogues on uPAR-Mediated
= e 1 & Plasminogen Activation and Plasminogen Binding on U937 €ells
= ® ol 1°5 —
£ g o[ 1,8 b|r_1d|n_g/
2 S 40 1" = PIn 129-labeled activation
2 5 20l K ; generation plg binding ratio
"o " o 6-aminohexanoic acid 2aM 30uM 1
107 0% 10° 10% 10° 102 e )
[BAHA], M N“—acetylt—lysme 50uM 150 uM 3
15E - 100 - lysine methyl ester 450M 3.5mM 8
C %{& ) '\ § N*-acetylt-lysine methyl ester  300M 8.5 mM 28
Z i )f& ) oL z Ne-acetyl+-arginine >1mM  45mM 1
£ | g% g arginine methy! ester 100M  4.0mM 40
7 a E
3, 05 /vf 5’40 3 f: a|Cso values for the inhibition of plasmin generation initiated by
r o 20T IFe uPAR-bound pro-uPA an#3-labeled plasminogen binding on U937
00k T o bl T cells are shown. These data are taken from the experiments shown in
o 5 10 15 20 02 107 10% 107 10° 107 107 10° Figure 1 and other similar experiments. The relationship between the
minutes [N-Ac Lys methyl ester], M two 1Csp values is also shown expressed as a ratio.

Ficure 1: Effect of lysine analogues on uPAR-mediated activation

and cellular binding of plasminogen. Pro-uPA was pre-bound to . . .
U937 cells prior tg thepadditiongof plasminogen (go nM) and system. Our previous observation that cell-surface plasmi-

plasmin generation determined by hydrolysis obMal-Leu-Lys- nogen activation can be mediated in a uPAR-independent
AMC. Plasmin generation is shown for experiments performed in manner by a recombinant directly GPI-anchored uR8) (
the presence of varying concentrations of either 6-aminohexanoicimp|ies that uPAR itself is not involved in an interaction

acid (panel A: 0, 10, 30, 100, 10QaV) or N*-acetyl+-lysine ; ; : ; ;
methyl ester (panel C. 0, 10, 100, 300, 1000, 3000, The lines with plasminogen. Consistent with this, the effect of the

shown are the best fit of the experimental data to a model describingVarious lysine analogues on GPl-anchored uPA paralleled
this reciprocal zymogen activation systefiv), In panels B and their effect on uPAR-bound uPA (data not shown). Therefore,
D, competition curves for the effect of these lysine analogues on we speculated that uPA may be the additional component

the kinetic constants for plasminogen activation (derived from data jnteracting with plasminogen through a lysine binding site
such as those shown in panels A and C and expresskd/&s,) dependent mechanism

(®) are compared to their effect on the cellular binding'&f- O ) .
labeled plasminogerm). Similar competition curves were obtained ~ Binding of Plasminogen to uPA Determined by BiAe

when uPA rather than pro-uPA was bound to the cells (data not potential binding of plasminogen to uPA was investigated
shown). The data shown in panels A and C are corrected for the using surface plasmon resonance technology. Active-site-

inhibitory effect of 6-aminohexanoic acid amd-acetyl+-lysine ; i ; ; ; _
methyl ester on plasmin catalytic activity. The data in panels B blocked uPA was immobilized using amine coupling chem

and D have been further corrected for the inhibitory effect on uPA iStry to @ CMS sensor chip in a BIACore 2000 instrument.
catalytic activity. The chip was probed with a dilution series of plasminogen,

and, as can be seen in Figure 2A, the SPR signal detected

coincide, with IGgs of 25 and 3@M, respectively. However,  binding at all concentrations. Analysis of the association and
when derivatives of lysine with blocked-amino or carboxyl dissociation rate constantk,(= 3.2 x 10* Mt s%, kg =
groups were used, discrepancies were found between thel.6 x 102 s72) revealed a dissociation constant of 50 nM
concentrations needed to inhibit cell-surface plasminogen for the interaction, in agreement with earlier observations
activation and those needed to inhibit plasminogen binding. (24). To determine whether plasminogen could also interact

Figure 1C shows thalN*-acetyli-lysine methyl ester  with uPAR-bound uPA, the sensor chip was pre-injected with
inhibits plasmin generation in a manner comparable to that soluble recombinant uPAR, uPAIPAR complex formation
of 6AHA, with an 1G5, of 300 M. Figure 1D shows that ~ was assessed by the SPR signal, and the chip was further
Ne-acetylt -lysine methyl ester also competes for the cellular probed with plasminogen. The interaction of plasminogen
binding of123-labeled plasminogen, but that this effect has with uPA was found to be unaffected (data not shown),
an 1G, of 8.5 mM. Kinetic analysis of the plasmin generation indicating that plasminogen can participate in a ternary
data shows that the inhibitory effect is due to an effect on complex with uPA and uPAR.
plasminogen activation, with no detectable difference inthe The interaction of plasminogen with uPA was found to
rate of pro-uPA activation. A similar Kgwas also observed  be lysine binding site dependent as, at a fixed concentration
using uPA rather than pro-uPA (data not shown). Therefore, of plasminogen, inclusion of increasing concentrations of
Ne-acetyli-lysine methyl ester appears to specifically in- 6AHA in the analysis buffer completely abolished the
terfere with the activation of cell-surface-associated plasmi- increase in SPR signal (Figure 2B). Plotting maximum SPR
nogen, ie., inhibit cell-surface plasminogen activation at signal against 6AHA concentration revealed agol@f 30
concentrations which do not affect either the cellular binding «M as shown in Figure 2C. This figure also shows competi-
of plasminogen or the activation of solution-phase plasmi- tion of the plasminogenuPA interaction byN*-acetyl+ -
nogen (data not shown). Similar effects were observed with lysine methyl ester, with an Kgof 120uM. Comparison of
Ne-acetyli-lysine,L-lysine methyl ester, and the equivalent these data with those in Table 1 shows that thesesIfor
arginine derivatives, as shown in Table 1. the competition of the direct uPAplasminogen interaction

These data suggest thdft-acetylt -lysine methyl esterand  correlate with those for the inhibition of cell-surface plas-
the other ligands for the kringle lysine-binding sites of minogen activation, and that in the casé\Bfacetyl+-lysine
plasminogen are interfering with interactions not only methyl ester this is approximately 70-fold lower than the
between plasminogen and its cellular binding sites but also concentration required to compete the cellular binding of
between plasminogen and another component(s) of theplasminogen.
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Ficure 2: Demonstration of an interaction between plasminogen
and uPA by real-time biomolecular interaction analysis. uPA
inactivated with 4-amidinophenylmethylsulfonyl fluoride was coupled
to a CM5 sensor chip in a BIACore instrument. This was then
probed with a dilution series of plasminogen as shown in panel A.

Analysis of these sensorgrams revealed dissociation and associatio

rate constants of 1.6H0.4) x 103stand 3.2 {0.6) x 10* M1
s™1, respectively, giving a dissociation constant of 50 nM. Similar
binding was observed with noninactivated uPA coupled to the
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Ficure 3: Effect of uPA peptide sequences on uPAR-mediated
activation and cellular binding of plasminogen. Pro-uPA was pre-
bound to U937 cells prior to the addition of plasminogen (50 nM)
and Ho-Val-Leu-Lys-AMC. Plasmin generation is shown for
experiments performed in the presence of varying concentrations
(0 mg/mL,O; 0.120 mg/mL,0O; 0.33 mg/mL,a; 1.0 mg/mL,v) of
either GQKTLRPRFK (panel A) or GQKTLRPRF (panel C). In
panels B and D, competition curves for the effect of these peptides
on the kinetic constants for plasminogen activatia®) (are
compared to their effect on the cellular binding Bfl-labeled
plasminogenM), as in the legend to Figure 1.

terminal of the activation cleavage site of uPA can act as a
ligand for the lysine-binding kringle 2 module of tP29).
Therefore, we sought to determine whether this sequence
could also act as a ligand for the lysine-binding kringle
modules of plasminogen.

Inhibition of Cell-Surface Plasminogen Awdition by
uPA9-158 peptides The peptide GQKTLRPRFK was syn-
thesized, this being the C-terminal sequence of the uPA
A-chain immediately adjacent to the interchain disulfide
pridge (Cy3$*—Cys*®). This peptide inhibited cell-surface
plasminogen activation in a manner qualitatively similar to
that observed for the lysine analogues, and with ap ¢€
50 uM (Figure 3A,B). Peptides with a C-terminal lysine

sensor chip (data not shown). Panel B shows the effect of increasingrasique have been shown to compete for the cellular binding

concentrations of 6-aminohexanoic acid on the binding of plasmi-

nogen (500 nM). Panel C shows these data plotted as a competitio

of plasminogen30), which may therefore be the inhibitory

curve of maximum resonance values against 6-aminohexanoic acidmechanism of this peptide. Figure 3B shows that the peptide

(®) and compares this to a similar experiment performed With
acetylt-lysine methyl esterl), together with 1G, values from
the fitted curves.

does indeed inhibit the binding &#3-labeled plasminogen
but the IGyis 20-fold higher (1 mM) than that for inhibition
of cell-surface plasminogen activation. To further discrimi-

These data suggest that lysine analogues other thamate between these mechanisms, the effect of the analogous

6-aminohexanoic acid, and in particuld#-acetyl+-lysine
methyl ester, exert their inhibitory effect on plasminogen
activation primarily by the antagonism of a direct interaction

peptide lacking this residue (GQKTLRPRF) was tested. As
shown in Figure 3C,D this peptide also efficiently inhibited
cell-surface plasminogen activation, although with a some-

between uPAR-bound uPA and plasminogen associated withwhat higher 1Go of 220uM, but had no effect of3-labeled

its cellular binding sites. These analogues lacking a carboxyl plasminogen binding. Despite the high density of lysine and
function resemble internal lysine or arginine residues in a arginine residues in these peptides, the inhibitory effect
protein sequence, and linear sequences containing a highappeared to be relatively sequence-specific as a scrambled
density of these residues may be candidates for the plasmi-uPAM 158 peptide inhibited plasmin generation with andC

nogen binding site on uPA. uPA contains four such se-

quences: uPA&3110 (RNPDNRRR), uPA 158 (KTLR-
PRFK), uPA7181 (RRHR), and uPA5%267 (KIRSKEGR),
and they represent the “heparin binding site” of the kringle
module @5), the sequence N-terminal of the activation
cleavage site (Ly§8—I1le!®9), the “PAIl-1 binding site” 26,
27), and the VR4 region of the serine protease dom28), (

respectively. It has previously been shown that in a recom-
binant chimeric plasminogen activator the sequence N-

of 800 uM, 16-fold higher than the authentic sequence. A
random octapeptide with a C-terminal lysine residue inhibited
with an G, of 110 uM (Table 2).

The inhibitory mechanism of the uP& 158 and uPA*%-157
peptides on cell-surface plasminogen activation was further
analyzed kinetically. Figure 4A,B shows that at saturating
concentrations the effect of both peptides was to increase
the K, for plasminogen activation, from 0idM to >15uM,
with little or no effect onk.s: Repeating these experiments



656 Biochemistry, Vol. 38, No. 2, 1999 Ellis et al.

Table 2: Inhibitory Effects of uPA Sequence-Derived Peptides on L
uPAR-Mediated Plasminogen Activation and Plasminogen Binding
on U937 Cell3

ICs0

plasmin 129-plg

sequence peptide generation  binding
GQKTLRPRFK  uPA#-158 50uM 1mM %
GQKTLRPRF UPA49-157 220uM >10 mM =
KRQGPKFTRL  uPA*-158scrambled 80GM >10 mM €
PKKATELK C-terminal Lys 11uM  nd K]
[=%

a|Csp values for the inhibition of plasmin generation initiated by
UPAR-bound pro-uPA an#-labeled plasminogen binding on U937
cells are shown. These data are taken from the experiments shown in
Figure 3 and other similar experiments.

20 (o e e e L L B L L L B B I
[ L ™ - - a 1
a A 1 B ] -5l
2 °F / ER E 0 5 10 15 20 25 30 35
S o 4 2o . 3 minutes
% / 1 f 4 Ficure 5: Effect of uPA peptide sequences on anti-uPA mono-
s 5r ’ 7 °F Vs E clonal antibody-mediated plasminogen activation. Pro-uPA (0.1 nM)
a e 0] Eo ={.HH~‘. . and plasminogen (100 nM) were incubated with anti-uPA antibody
S T T o 1 2 s 4 s e o a0t 2 s s (clone 1), as a specific stimulator of plasminogen activatiof).
1[PIg] (uM) 1[Plg] (M) Plasmin generation was determined by hydrolysis af-Mal-Leu-
20 e 12 — Lys-pNA, and under these conditions, plasmin generation was

! i undetectable in the absence of the antibody (not shown). The two
peptides were included in the incubations at varying concentrations
(0 mg/mL,O; 0.10 mg/mL,O; 0.33 mg/mL,A; 1.0 mg/mL, V).

The 1G5, for the inhibition of plasminogen activation by GQKTL-
RPRFK was calculated to be 2.

Lo leaaad
w0
T

the presence of a lysine residue at the C-terminus of the
L ranr I . oz immunoglobulin heavy chains to act as a plasminogen-
05 00 05 o -0 05 00 binding site, but does not appear to depend on any other
GQKTLRPREK, mi GQKTLRPRF, mM interactions {7, 29. The data in Figure 5 show that the
FIGURE 4: Kinetic analysis of the inhibitory effect of uPA peptide  ;pAL49-158 peptide efficiently inhibited plasmin generation
sequences on uPAR-mediated plasminogen activation. uPA was pre-(ICSO 2004M), whereas uPA%157 was essentially without

bound to U937 cells prior to the addition of plasminogen, peptide, e .
ang HD_Va|_|_eu_|_yS_pA:v|C. In pane|s' 'A and %, dmjbh?_recif)rg’cg, effect. This is in contrast to the effects of these two peptides

plots of the kinetics of plasminogen activation are shown in the on cell-surface plasminogen activation where both inhibited
absence®) and presencel) of 1 mM GQKTLRPRFK (panel A) efficiently. Thus, only the peptide with a C-terminal lysine
or GQKTLRPRF (panel B). Both peptides had the effect of residue was inhibitory in this model as it could compete for

increasing th&, for plasminogen activation from 0:4M to greater o : . . _
than 15xM. In panels C and D, the effects of varying the the binding of plasminogen to the immunoglobulin C

concentrations of the two peptides have been assayed at varioud€rminus.

Co L by vy

1/Plg activation (pM.sec™)

o
”

fixed plasminogen concentrations (0.1, O; 0.665uM, O0; 1.31 Effect of uPA A-Chain C-Terminal Sequence on Plasmi-
UM, A;2.62uM, V). The data are plotted according to Dix@i); nogen Actiation. The data obtained above show that the
the intersection of the extrapolated lines abovextaxis demon- UPA9-157 peptide can act as a specific inhibitor of UPAR-

strates competitive inhibition witK; values of 1QuM and 45uM,

respectively. mediated cell-surface plasminogen activation by an antago-

nism of the uPA-plasminogen interaction. To test whether
at a range of peptide concentrations allowed the determina-this sequence within uPA itself also acts as the ligand for
tion of K;s for the inhibitory effect, these being 10 and 45 plasminogen, uPA was treated with various carboxypepti-
uM for UPA4%158 and uPA*157 respectively (Figure  dases. Both cell-surface and solution-phase plasminogen
4B,D). These plots also demonstrate a competitive inhibition activation were unaffected after treatment of uPA with the
mechanism for both peptides, consistent with the observedbasic carboxypeptidase CpB to remove 1sThe nonin-
increase irK, for plasminogen activation. volvement of Ly3°8 was also demonstrated using recombi-
To confirm that the inhibitory mechanism of the peptides nant K158E pro-uPA after activation with endoprotease Glu-
is due to an antagonism of the putative uP#lasminogen C. However, when uPA was treated with the general
interaction, rather than of the cellular binding of plasminogen carboxypeptidase CpP, a decrease in cell-surface plasmino-
or a nonspecific effect, we made use of a specific anti-uPA gen activation relative to the solution-phase reaction was
monoclonal antibody which potentiates plasmin generation observed. The maximal effect was a reduction in the
in a manner kinetically indistinguishable from that of cell- plasminogen activation rate to 55% that of control values.
surface UPAR 17). The mechanism of this effect involves Although this is a smaller effect than would be predicted
the coincident binding of uPA and plasminogen to the from the data above, the extent of C-terminal degradation is
antibody, i.e., ternary complex formation, and requires both likely to be rather limited, due to both the relatively low
a specific steric arrangement of uPA on the antibody and efficiency of the carboxypeptidase and constraints on the
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accessibility of the C-terminus under nondenaturing condi- sequence of uPA all point to this interaction being necessary
tions @1). for the assembly of the putative plasminogen activation

complexes.
DISCUSSION _ . . .
The demonstration of the importance of a non-active-site

We have shown previously that the presence of UPAR oninteraction between uPA and plasminogen furthers our
the surface of cells leads to the formation of an efficient ynderstanding of the mechanisms of cell-surface plasminogen
system for the activation of plasminogen. Kinetically this activation, but a plausible model for this process needs to
system is characterized by a greatly reduk@dor plasmi-  account for the lack of effect of complex formation on
nogen activation (from>20 uM to 0.1-0.4 uM) and an  solution-phase plasminogen activation. The interaction of
increased efficiency of plasmin-catalyzed pro-uPA activation plasminogen with receptor-bound uPA could be occurring
(6, 7). These effects are dependent on the cellular binding by either of two pathways, both involving the interaction of
of plasminogen as they are abolished by aminocarboxylic different kringle modules of plasminogen with uPA and the
acid lysine analogues, and consistent with this, soluble forms ce|l-surface plasminogen binding sife€ell-associated plas-
of uPAR have no potentiating effect on plasmin generation minogen may bind to receptor-bound uPA, thus facilitating
(7, 8. Cell-surface-associated plasminogen is thus the the catalytic interaction, or plasminogen may first bind to
kinetically preferred substrate for uPAR-bound uPA. The receptor-bound uPA and then become associated with its cell-
simplest model to explain these effects is that the high density surface binding sites. The higher affinity of plasminogen for
of cellular binding sites for plasminogen has a partitioning upA (K4 50 nM) compared to its cellular binding sitelq[
effect on plasminogen between the solution and immobilized 08—28#|\/| (]_2)] makes the latter sequence of events more
phases leading to high local substrate concentrati8®s ( Jikely. In either case, it can be expected that the two
Alternatively, a more complex mechanism may be involved, independent interactions put a constraint on plasminogen,
dependent on a more ordered interaction between thewnhich sterically facilitates the catalytic interaction with
protease/zymogen components. The latter model is supportegeceptor-bound uPA. In the solution phase this constraint will
by the observation that ternary complex formation, with an not be present, and the catalytic interaction will be unaffected.
anti-uPA monoclonal antibody acting as a specific template The highK,, for solution-phase plasminogen activatior2Q
for the stoichiometric assembly of uPA and plasminogen, ;M) suggests that the complexed plasminogen is not a
quantitatively mimics the kinetic parameters of the UPAR substrate for the uPA molecule to which it is bound. In
system 7). This suggests that cell-surface plasminogen contrast, the apparern, for plasminogen activation by
activation may involve a similar mechanism and therefore receptor-bound uPA under ideal conditior {s close to
also be dependent on specific complex formation. We have the K4 of the uPA-plasminogen interaction (110 nM vs 50
previously speculated that uPAR has the characteristicsnM) and substantially lower than thi€g of the cellular
necessary to mediate complex formatid@)(as it has been  pinding of plasminogen. The antibody model which we have
shown to have potential associations with other cell-surface previously used to mimic complex-dependent plasminogen
components, including integrins3). However, we have  activation (L7), although reproducing the kinetic effects of
demonstrated that efficient cell-surface plasminogen activa- ypAR-mediated plasminogen activation, would appear to be
tion can be catalyzed by a recombinant directly GPl-anchored independent of the uPAplasminogen interaction described
form of uPA (18), eliminating the possibility that UPAR has  here. In this case, the juxtaposition of the two reactants in
a direct role in the assembly of the putative complexes. The the ternary complex is presumably sufficient to mediate a
data presented here provide evidence that complex formationcatalytically favorable interaction in the absence of the

is necessary for cell-surface plasminogen activation and interaction described here. Therefore, a peptide specifically
demonstrate that these complexes are formed by non-activeinterfering with the uPA-plasminogen interaction (i.e.,

site interactions between the protease/zymogen componentgPA4®-157) has no effect in this model, although the

bound to their cognate cellular binding sites. UPAL49-158 peptide is inhibitory due its C-terminal lysine
This evidence is based on the observation that certainresidue competing for the binding of plasminogen to the

lysine analogues, such &¥-acetyli-lysine methyl ester,  C-terminal lysine of the antibody heavy chain.

inhibit cell-surface plasminogen activation at concentrations The necessity for the cellular binding of plasminogen to

that do not inhibit either the binding of plasminogen to the realize the effect of the uPAplasminogen interaction

cells or the catalytic reactions in the_ squthn phase. yeseribed here is consistent with our previous observation
Therefore, un.de'r thes.e conditions, plasminogen is bound oy, 5 so|yble recombinant form of UPAR neither potentiates
its cellular binding sites, but no longer beh_aves as the plasminogen activation by uPA nor affects the intrinsic

preferred substrate for receptor-bound uPA. This Observat'oncatalytic activity of pro-uPA &), although others have

exc.ludes mechanlsms |r_1volvmg simple cgll-;urface concen- reported that the intrinsic activity of pro-uPA can apparently
tration and approximation effects, and indicates that the be increased by soluble UPARA, 35. However, the latter

gnzymé:\tlct mteractlc;)(?t.betvlveetn UPtA antd Ft))lgsmmt?gintk:s effect occurred only under certain very restricted conditions
ependent upon additional intéractions 1o bring about the required the presence of a specific tripeptide plasmin

catalytically favorable Juxtaposition of the pr otease/ ZYMOgen g nstrate containing nonnatural amino acids, and the effect
components. The demonstration of a direct noncatalytic

interaction between uPA and plasminogen by BIA, the
antagonism of this interaction by the lysine analogues at The involvement of different kringles in the two processes is

; ; ; inhihi _ suggested by the differential effects of the various lysine analogues on
concentrations correlating with the inhibitory effects on cell the binding of plasminogen to the cell surface and to uPA, each kringle

surface plasminogen activation, and the inhibition of cell- moqule of plasminogen having both different affinities and selectivities
surface plasminogen activation by peptides derived from the for these ligands4Q).
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was reversed by low concentrations of carrier molecules suchpeted with these interactions with4& of 200 and 40@M,

as serum albumin and detergents that would usually berespectively, consistent with our own observation that the
present to prevent losses by adsorption and denaturation. TheC-terminal Ly$%® is not necessary for the interaction of
relevance of these observations to UPAR function is therefore plasminogen kringles with the uPA protease domain. Pre-
uncertain, and the various lysine analogues and peptides usetiminary experiments using the chimera described by Bakker
in this study were found to have no effect on pro-uPA- et al. point to it having an impaired capability in cell surface
initiated plasmin generation in the presence of soluble uPAR plasminogen activation, consistent with the mechanism

(data not shown). proposed here (unpublished experiments).
The region of uPA identified as being responsible for the It appears, therefore, that the uP&® region is an
interaction with plasminogen is the sequence HPASS, the important functional motif that can act as a ligand for a range

C-terminus of the noncatalytic A-chain. The recently pub- of lysine-binding kringles, both in recombinant chimeric
lished crystal structure of the protease domain of uPA shows plasminogen activators and, more significantly, in the physi-
this to be a relatively well-ordered region, with Gi§-Leut53 ologically relevant uPAR-mediated activation of plasmino-
unambiguously fitted to the electron density and &tg gen. The interaction between uPA and plasminogen may also
Prot>® modeled to an area of weak densi8), although be of functional significance in other situations in which one
there is no conservation of either structure or sequence inor both of these components become immobilized to a
this region of the trypsin-like serine proteases. The competi- surface, and both uPA and plasminogen have been reported
tion by N*-acetyl+-lysine methyl ester determined both in to bind to various extracellular matrix components in vitro
cell surface plasminogen activation and by BIA suggests that (37, 3§. Such a mechanism may allow for some level of
lysine, or possibly arginine, side chains are the ligands for stimulation of plasminogen activation in the absence of
the lysine-binding site of the kringle modules of plasminogen. uPAR. The observation that in transgenic mice deficiency
The C-terminal residue Ly% does not appear to be critical, of uPA has a more profound effect than deficiency of uPAR
as its removal from uPA with CpB had no effect on cell- (39) demonstrates that, at least in some circumstances, uPA
surface plasminogen activation. However, the 4-fold lower can function independently of uPAR. Therefore, the uPA/
ICs for the synthetic peptide GQKTLRPRFK compared to plasminogen interaction may also be involved in the com-
GQKTLRPRF (and the effect of an irrelevant C-terminal pensatory mechanism for the stimulation of plasminogen
lysine peptide) (Table 1) demonstrates that, although notactivation that is suggested by these observations.

necessary, a C-terminal lysine residue may be the preferred
ligand when present. ACKNOWLEDGMENT
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