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Definition of the Structural Elements in Plasminogen Required for High-Affinity
Binding to Apolipoprotein(a): A Study Utilizing Surface Plasmon Resonance
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ABSTRACT. Lipoprotein(a) [Lp(a)] is suggested to link atherosclerosis and thrombosis owing to the similarity
between the apolipoprotein(a) [apo(a)] moiety of Lp(a) and plasminogen. Lp(a) may interfere with tPA-
mediated plasminogen activation in fibrinolysis, thereby generating a hypercoaguable state in vivo. The
present study employed surface plasmon resonance (SPR) to examine the binding interaction between
plasminogen and a physiologically relevant, 17-kringle recombinant apo(a) species [17K r-apo(a)] in real
time. Native, intact Gl&plasminogen bound to apo(a) with substantially higher affirity ¢ 0.3 uM)
compared to a series of plasminogen fragments{K1K1—3, K4, K5P, and tail domain) that interacted
weakly with apo(a) Kp > 50 uM). Treatment of Gléplasminogen with citraconic anhydride (a lysine
modification reagent) completely abolished binding to wild-type 17K r-apo(a), whereas citraconylated
17K r-apo(a) decreased binding to wild-type Gplasminogen by~50%; inhibition of binding was also
observed using the lysine analoge@minocaproic acid. Whereas native Gplasminogen exhibited
monophasic binding to 17K r-apo(a), truncated 1yslasminogen exhibited biphasic binding. Altering
Glu'-plasminogen from its native, closed conformation (in chloride buffer) to an open conformation (in
acetate buffer) also yielded biphasic isotherms. These SPR data are consistent with a two-state kinetic
model in which a conformational change in the plasmineggmo(a) complex may occur following the

initial binding event. Differential binding kinetics between Gluys’8-plasminogen and apo(a) may explain

why Lp(a) is a stronger inhibitor of tPA-mediated Glplasminogen activation compared to [§s
plasminogen activation.

Elevated plasma levels of lipoprotein(a) [Lp{d)ave been terified cholesterol and phospholipid in which apolipoprotein
identified as a risk factor for the development of atheroscle- B-100 (apoB-100) is embedded. Lp(a) is distinct from LDL
rotic disorders including coronary heart disease (reviewedin that it contains a single molecule of an additional
in ref 1). Originally described by Berg?j, Lp(a) is similar glycoprotein moiety called apolipoprotein(a) [apo(a)], which
to low-density lipoprotein (LDL) in that it contains a is covalently linked to apoB-100 by a single disulfide bond
cholesteryl ester core surrounded by a monolayer of unes-(3, 4). The cloning of apo(a)g) revealed a striking similarity
between the sequence of apo(a) and the fibrinolytic serine
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the tail domain also induces a large conformational change MATERIALS AND METHODS

such that Ly&-plasminogen is characterized by a flexible
open-loop structure in which the activation cleavage site
(Arg®-Val®%?) is exposed19—21). During fibrinolysis, the
increased affinity of Ly&-plasminogen for fibrin cofactor

and tissue-type plasminogen activator (tPA) renders it a more
efficient substrate for plasminogen activation compared to

Glu'-plasminogen 22, 23).

Materials. Benzamidine-Sepharose (affinity), lysine
Sepharose CL-4B (affinity), and Q-Sepharose (ion-exchange)
resins were from Amersham Biosciences (Baie d'Urfe, PQ,
Canada). Bio-Gel P-60 (gel filtration) resin was from Bio-
Rad (Hercules, CA). All SPR instrumentation, software, and
reagents (including P20 surfactant) were from Biacore Inc.
(Piscataway, NJ). The plasmin-specific inhibiteWal-Phe-

The apo(a) moiety of Lp(a) lacks sequences correspondingLys chloromethyl ketone (VFK-CK) was from Calbiochem
to the plasminogen tail and kringle 1, 2, and 3 domains, yet (San Diego, CA). The plasmin-specific chromogenic sub-

contains multiple repeats of plasminogen K4-like domains
[apo(a) KIV] followed by plasminogen K5-like [apo(a) KV]
and protease-like domainS)( There are 10 distinct classes
of apo(a) KIV repeats (designated KIKIV ;0 domains),
which differ from one another by only a small number of
amino acid substitution$). There is a single copy of each
KIV repeat except for KI, which is known as the major
repeat kringle 24, 25). This sequence can be present in
3—>30 identical copies, which gives rise to Lp(a) isoform
size heterogeneity in the populatid®g). Apo(a) KIVs_g each
contain a weak lysine-binding site (LBS) that mediates the
initial non-covalent interaction between apo(a) and apoB-
100 in the assembly of Lp(a2{—29). Apo(a) KIVs contains

an unpaired cysteine residue that forms the disulfide linkage

with apoB-100 in the Lp(a) assembl,@). Apo(a) KIVig

contains a stronger LBS that is believed to mediate binding

of apo(a)/Lp(a) to lysine residues exposed on biological
substrates such as fibri@ 31). Due to the presence of a
critical amino acid substitution and a deletion of several

strate S-2251 was from Chromogenix AB (Molndal, Swe-
den). Dialysis tubing (3.5 kDa MWCO) and dithiothreitol
(DTT) were from Fisher Scientific Limited (Nepean, ON,
Canada). Poly(ethylene glycol) (PEG) 20000 was from Fluka
(Seelze, Germany). Mammalian cell culture media, sera, and
reagents were from Gibco Invitrogen Corp. (Burlington, ON,
Canada). Citraconic anhydride was from ICN Biomedicals
Inc. (Costa Mesa, CA). Units of citrated, fresh frozen, human
plasma were from Kingston General Hospital (Kingston, ON,
Canada). Centricons (4 mL; 30 kDa NMWL) were from
Millipore Corp. (Bedford, MA). Porcine pancreatic elastase
(PPE) was from Roche Diagnostics (Laval, PQ, Canada).
e-Aminocaproic acid {-ACA) and diisopropylfluorophos-
phate (DFP) were from Sigma-Aldrich Canada Limited
(Oakville, ON, Canada). Purified human plasmin and throm-
bin were generously provided by Dr. Michael E. Nesheim
(Queen’s University) and were prepared from plasma-derived
plasminogen and prothrombin, respectively, as previously
described 42). All materials required for the fluorescent
plasminogen activation assays were prepared as previously

amino acid residues, the apo(a) protease-like domain exhibitsyescribed 41).

no catalytic activity 82).
The similarity of Lp(a) to both LDL and plasminogen

Expression and Purification of Recombinant Apo(a).
Construction of the 17-kringle recombinant apo(a) variant

suggests that the pathogenic mechanism of Lp(a) likely in the pRK5 expression plasmid (pRK5hal7) has been

involves both proatherogenic and prothrombotic/antifibrin-
olytic effects (reviewed in ref). Several in vitro and in vivo

previously described4@). Baby hamster kidney (BHK) cells
were cultured in 100 mm dishes using DMEM/F12 medium

studies have shown that apo(a) or intact Lp(a) can inhibit supplemented with 5% newborn calf serum. For stable 17K

fibrinolysis (33—35). Moreover, binding interactions have

r-apo(a) expression, BHK cells were cotransfected with the

been demonstrated between apo(a)/Lp(a) and fibrin(ogen),PRK5hal7 and neomycin resistance plasmids using calcium

plasmin-modified fibrin(ogen), plasminogen, and tP30,(

36—40). We have recently proposed that the inhibition of
plasminogen activation by Lp(a) conforms to an equilibrium
template model in which apo(a) can interact with all three
ternary complex members (tPA, plasminogen, fibrin), as

opposed to a direct competition between apo(a) and plas-

minogen for binding sites on fibrim{). Our previous studies

have demonstrated a high-affinity interaction between apo-

(a)/Lp(a) and plasminoge®), so the present study sought

to provide a more detailed analysis of the structural elements

in plasminogen that mediate this binding interaction. Using

surface plasmon resonance (SPR) and a series of native

phosphate precipitation; neomycin-resistant foci were isolated
using the selective agent G418, and positive clones were
identified by ELISA/Western blotting as previously described
(43). Subsequently cultured in conditioned medium (Opti-
MEM), the 17K r-apo(a) protein secreted from the BHK cells
was purified by affinity chromatography as previously
described 29). Briefly, Opti-MEM harvests collected from
the stably transfected cells were loaded over a 50 mL lysine
Sepharose column pre-equilibrated in PBS (2.7 mM KClI,
1.8 mM KH,PQy, 137 mM NacCl, 10.1 mM NgHPQ,, pH
7.4). The column was washed extensively with PBS contain-
ing 500 mM NacCl, and r-apo(a) was eluted with 200 mM
¢-ACA in the same buffer. Protein-containing fractions were

plasminogen fragments, we demonstrate that native, intactp00|ed, dialyzed extensively against HBS (20 mM HEPES,

Glut-plasminogen is required for maximal binding to apo-
(a) and that Ly&-plasminogen exhibits distinctly different
binding kinetics for apo(a) compared to Gjplasminogen.

In additional kinetic studies using a fluorescently labeled,
catalytically inactive form of plasminogen, we demonstrate
that apo(a) is a strong inhibitor of tPA-mediated &lu
plasminogen activation but a relatively poor inhibitor of
Lys’8-plasminogen activation.

150 mM NacCl, pH 7.4), and concentrated using PEG 20000.
Aliquots of purified protein were stored at70 °C prior to

use. All protein concentrations were determined spectropho-
tometrically (corrected for Rayleigh scattering) using the
following molecular weight and extinction coefficient: 17K
[MW ~ 278 719;€104(280 nm)= 20.7]. The 17K r-apo(a)
proteins were assessed for purity by SEFAGE (0.5ug/
lane; 4-20% polyacrylamide gradient) under nonreducing
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and reducing (containing 10 mM DTT) conditions followed agarose for Gliplasminogen] with Coomassie Blue staining.
by silver staining. All purified 17K r-apo(a) preparations The citraconic anhydride treatment was reversible upon
appeared as homogeneous bands under both nonreducing andcubation of the modified proteins in HBS under low-pH
reducing conditions and migrated at the expected molecular(5.0) conditions, followed by incubation in HBS under
weight. physiological pH (7.4) conditions.

Purification of Natbe PlasminogenGlu'-plasminogen Purification of Natve Plasminogen Fragmentghe plas-
(Glu'~Asn’®) was purified from citrated, fresh frozen, minogen tail domain (GR+Lys’") and LysS®-plasminogen
human plasma by lysineSepharose affinity chromatography  (|ys78—Asn9?) were isolated following plasmin-mediated
as previously describedd4) with several modifications.  gigestion of Gld-plasminogen as previously describd)
Briefly, 1 L of plasma was passed over 160 mL of lysine  yjth several modifications. Briefly, Gleplasminogen (10
Sepharose resin (pre-equilibrated in 0.1 M sodium phosphatemg/mL), -ACA (5 mM), and plasmin (0.25M) were
buffer, pH 8.0) in a 350 mL sintered glass funnel under low jncypated in 2 mL of HBS (final volume). After 90 min at
vacuum. The resin was then stacked in a column 230 22 °C, the reaction mixture was passed owe 1 mL
c¢m) and washed atC with 0.1 M sodium phosphate buffer,  aprotinin-agarose column pre-equilibrated in HBS. Pre- and
pH 8.0, overnight. Specifically bound plasminogen was ,sst-chromatography aliquots were monitored for a lack of
eluted from the column in wash buffer containing 20 MM hyqrolysis of the plasmin-specific chromogenic substrate
e-ACA. To remove contaminating serine protease activity, g.2251 as specified above. The plasmin-free flow-through
protein-containing fractions were pooled and then passed,y 55 3150 treated with VEK-CK (10M final) for 1 h at 4
over a 4 mLbenzamidine-Sepharose column pre-equili- ¢ The sample volume was then diluted 1/5 in HBS prior

brated in wash buffer. Pre- and post-chromatography aliquotsy, passage over a 30 mL lysinSepharose column pre-
were monitored for a lack of hydrolysis of the plasmin- equilibrated in HBS.

specific chromogenic substrate S-2251 at 405 nm in a
Lambda-4B spectrophotometer (Perkin-Elmer, Boston, MA)
in kinetics mode. The plasmin-free flow-through was con-
centrated at 4°C by adding ammonium sulfate (80% . ! . .
saturation), stirring overnight, and centrifugation at 1a900 kDa molecular weight cutoff filters. The plasminogen tail

for 20 min. The pellet was resuspended in a minimal volume domai?gwas cpllected in the floyv-through, Whergas traces
of HBS and then centrifuged at 30§@r 5 min at 22°C; of Lys’8-plasminogen were retained above the filter. The

the supernatant was extracted and saved for dialysis. ThelloW-through volumes were pooled and diluted 1/5 in 20 mM

pellet was washed two more times in a minimal volume of HEPES, pH 7'4’. prior to passage ovel mLQ-Sepharose
HBS, extracting and saving the supernatant each time. TheCOIumn pr_e-eqwhbrated n the same buff_er. After Washlng,
supernatant volumes were pooled and dialyzed against HBSIN® Plasminogen tail domain was eluted with HBS containing
at 4°C. Aliquots of purified protein were stored &f70 °C 0.5 M NaCl and then dialyzed against HBS &1t Aliquots
prior to use. All protein concentrations were determined Of Purified protein were stored at70 °C prior to use. Al

spectrophotometrically (corrected for Rayleigh scattering) Protein concentrations were determined spectrophotometri-
using the following molecular weight and extinction coef- C&lly (corrected for Rayleigh scattering) using the following

ficient: GIu--plasminogen [MW~ 92 000:€10(280 nm)= molecular weight and extinction coefficient: plasminogen

16.1]. The Glé-plasminogen proteins were assessed for (@l domain [MW ~ 8794; €15(280 nm) = 3.0]. The
purity by SDS-PAGE (0.5ug/lane; 4-20% polyacrylamide plasminogen tail domain proteins were assess_ed for purity
gradient) under nonreducing and reducing (containing 10 mm PY SDS-PAGE (0.5ug/lane; 4-20% polyacrylamide gradi-
DTT) conditions followed by silver staining. All purified ~ €Nt) under nonreducing and reducing (containing 10 mM
Glul-plasminogen preparations appeared as homogeneou@TT) _condmons foIIovv_ed by S|Iv<_ar staining. All purified
bands under both nonreducing and reducing conditions andP/@sminogen tail domain preparations appeared as homoge-
migrated at the expected molecular weight. neous _bands under both nonreducing and reo!ucmg conditions
Citraconic Anhydride Modification17K r-apo(a) and ~ @nd migrated at the expected molecular weight.
Glut-plasminogen were modified with citraconic anhydride  Protein-containing, lysineSepharose elution fractions
as previously describedd®) with several modifications.  (Lys’®plasminogen in HBS containing 20 mdACA) were
Briefly, each protein stock (2 mg/mL) was added to a pooled and concentrated at@ by adding ammonium sulfate
saturated sodium acetate solution (15 g in 35 mL of@H (80% saturation), stirring overnight, and centrifugation at
in a 1:1 ratio. After incubation on a shaker for 15 min at 4 1000@ for 20 min. The pellet was resuspended in a minimal
°C, citraconic anhydride (1458M final) was added in 2L volume of HBS and then centrifuged at 3@0@r 5 min at
increments every 15 min. The treated sample volumes were22 °C; the supernatant was extracted and saved for dialysis.
then dialyzed extensively against HBS at@. Aliquots of The pellet was washed two more times in a minimal volume
purified protein were stored at70 °C prior to use. All of HBS, extracting and saving the supernatant each time.
citraconic anhydride-modified protein concentrations were The supernatant volumes were pooled and then dialyzed
determined spectrophotometrically (corrected for Rayleigh against HBS at 4C. Aliquots of purified protein were stored
scattering) using the molecular weights and extinction at —70 °C prior to use. All protein concentrations were
coefficients specified above. Control proteins (positively determined spectrophotometrically (corrected for Rayleigh
charged, native lysine residues) and modified proteins scattering) using the following molecular weight and extinc-
(negatively charged, derivatized lysine residues) appearedtion coefficient: Lys$8-plasminogen [MW~ 84 000; €14
as homogeneous bands as assessed by native agarog280 nm)= 16.1]. The Ly$t-plasminogen proteins were
electrophoresis [ag/lane; 1% agarose for 17K r-apo(a); 2% assessed for purity by SD$AGE (0.5 ug/lane; 7%

Protein-containing, lysineSepharose wash fractions (plas-
minogen tail domain in HBS) were pooled and then
centrifuged at 22C at 300@ in 4 mL centricons with 30
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polyacrylamide) under nonreducing and reducing (containing plasmin-specific chromogenic substrate S-2251 as specified
10 mM DTT) conditions followed by silver staining. All  above. The plasmin-free flow-through was then passed over
purified Lys’®-plasminogen preparations appeared as homo-a 10 mL lysine-Sepharose column pre-equilibrated in the
geneous bands under both nonreducing and reducing condisodium phosphate buffer. The column was washed with the
tions and migrated at the expected molecular weight. same buffer, and the specifically bound Pgi8Lfragment
Elastase-derived plasminogen fragments (PgBITyrt— [MW ~ 55 000; €104(280 nm) = 17.0] was eluted with
Val®*5, PgK4, VaPf>—Ala*% PgK5P, Letd®—Asn™®) were sodium phosphate buffer containing 20 naM\CA. Protein-
isolated as previously describedir] with several modifica- containing fractions were pooled and dialyzed against HBS
tions. Briefly, 160 mg of Gl&plasminogen and 720g of at 4°C. Aliquots of purified protein were stored at70 °C
porcine pancreatic elastase (PPE) were diluted in 13 mL prior to use. All protein concentrations were determined
(final volume) of reaction buffer (0.3 M NJHCG;, pH 8.3). spectrophotometrically (corrected for Rayleigh scattering)
After 5 h at 22°C, the reaction was terminated by passage using the molecular weight and extinction coefficient speci-
over a 4 mLbenzamidine-Sepharose column, pre-equili- fied above. The Pgk5 fragments were assessed for purity
brated in the same buffer. The PPE-free flow-through was by SDS-PAGE (0.5ug/lane; 4-20% polyacrylamide gradi-
also treated with DFP (to 2 mM) and incubated for 30 min ent) under nonreducing and reducing (containing 10 mM
at 4°C. The reaction mixture was then adjusted to 0.55 M DTT) conditions followed by silver staining. All purified
with respect to NEHCO; and stirred overnight at 4C prior PgK1-5 preparations appeared as homogeneous bands under
to passage over a 100 mL lysin8epharose column (2.5 both nonreducing and reducing conditions and migrated at
15 cm) pre-equilibrated in wash buffer (0.1 M HHCO;, the expected molecular weight.
pH 8.3). The column was washed with the same buffer; the Surface Plasmon Resonance (SPR)e binding interac-
fragment containing the plasminogen kringle 5 and proteasetion between plasminogeanalyte and apo(a)igand was
domains (PgK5P) was present in the wash fractions. To examined in real time using a BIACORE 3000 biosensor
ensure that the PgK5P fractions were catalytically inactive, system (Biacore Inc., Piscataway, NJ). Changes in the
they were monitored for a lack of hydrolysis of the plasmin- refractive index at the sensor chip surface over time (caused
specific chromogenic substrate S-2251 as specified aboveby analyte-ligand association and dissociation) are scaled
Specifically bound fragments corresponding to plasminogen in resonance units (RU}P). For proteins, every 1000 RU
kringles -3 (PgK1-3) and kringle 4 (PgK4) were eluted corresponds to a surface mass change-bfng/mn?. All
from the column with wash buffer containing 20 mdvACA. experiments were performed at 26 using research grade
Protein-containing wash and elution fractions were ap- carboxymethylated dextran matrix (CM5) sensor chips (Bia-
propriately pooled in dialysis tubing and concentrated using core Inc.). On-line subtraction (response over active surface
PEG 20000. Subsequent passages over 350 mL Bio-Gel P-60ess response over reference surface) corrected for bulk
columns (1.5x 160 cm; 23 mL/min flow rate; 2.5 mL refractive index changes, nonspecific binding, and instrument
fractions) in wash buffer resulted in the separation of drift. Prior to all analyses, the plasminogen and/or fragment
catalytically inactive PgK5P [MW~ 38 000;¢(280 nm)= analyte preparations were dialyzed against the running buffer
8.9 x 10* Mt cm™Y] from any residual, DFP-bound PPE to minimize bulk effects. Blank analyte injections (i.e.,
(MW ~ 26 000), and the separation of PgKk3 [MW ~ running buffer only) were also subtracted from the specific
38 000;¢(280 nm)= 8.0 x 10* M~* cm™] from PgK4 [MW binding isotherms to further minimize instrument noise.
~ 11 000; (280 nm)= 3.1 x 10* M~t cm™Y]. Protein- For affinity binding experiments, active flow cells of
containing fractions corresponding to each fragment were ~2000 RU 17K r-apo(a) (5«g/mL in 10 mM sodium
pooled and dialyzed against HBS &t@. Aliquots of purified acetate, pH 4.5) were immobilized using the ligand thiol-
protein were stored at70 °C prior to use. All protein coupling kit (Biacore Inc.) and running buffer 1 [10 mM
concentrations were determined spectrophotometrically (cor-HEPES, 150 mM NacCl, 3.4 mM EDTA, 0.005% (v/v) P20
rected for Rayleigh scattering) using the molecular weights surfactant, pH 7.4]. For kinetic binding experiments, active
and extinction coefficients specified above. The elastase-flow cells of ~500 RU 17K r-apo(a) (wild-type and
derived proteins were assessed for purity by SBPAGE citraconic anhydride-modified) were immobilized in a similar
(0.5 ugl/lane; 4-20% polyacrylamide gradient) under non- manner. For reference flow cells, the surfaces were activated
reducing and reducing (containing 10 mM DTT) conditions and blocked in a similar manner but in the absence of any
followed by silver staining. All purified fragment prepara- ligand addition. In all cases, analyte binding measurements
tions appeared as homogeneous bands under both nonreduavere performed using running buffer 2 [identical to running
ing and reducing conditions and migrated at the expectedbuffer 1, but containing 0.003% (v/v) P20 surfactant].
molecular weights. Surfaces were regenerated after each binding interaction
Additionally, a plasmin-derived plasminogen fragment using running buffer 1 containing 20 mMACA/0.5 M
(PgK1-5, Lys’®—Arg®9) was isolated as previously de- NaCl. Typical parameters for each cycle of the affinity and
scribed 48) with several modifications. Briefly, 4 mg of  kinetic binding methods were as follows: 260 of analyte
plasmin was dialyzed against 0.1 M glycinaOH, pH (with 750 s of dissociation) at 2@L/min, 3 x 80 uL
10.5, at 4°C and then added to 40 mg of Glplasminogen regeneration at 4pL/min, 250 uL of running buffer at 20
in 10 mL of the same buffer (final volume). After 12 h at uL/min. Associationk, (M~*s™1), and dissociatiorks (s™2),
37 °C, the reaction mixture was dialyzed against 0.1 M rate constants were determined using curve-fitting procedures
sodium phosphate, pH 8.0, af@ overnight before passage and binding models available in the BlAevaluation 3.1
over a 4 mLbenzamidine-Sepharose column pre-equili- software (Biacore Inc.). The association and dissociation
brated in the same buffer. Pre- and post-chromatographyphases were fit simultaneously, and global fits were obtained
aliquots were monitored for a lack of hydrolysis of the for thek,andky constants. The overall equilibrium dissocia-
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tion, Kp (M), constants were obtained from the ratio of the 150 -
off and on ratesKp = ky/ka). A
For equilibrium binding experiments, active flow cells of
~1700 RU 17K r-apo(a) were immobilized as specified
above. Method parameters for each cycle of the equilibrium
binding experiments were as follows: 40 of analyte (with
30 s of dissociation) at 40L/min, 2 x 10 uL regeneration
at 40uL/min, 2 x 10 uL running buffer at 4Q:L/min. To
determine the overall equilibrium dissociation constants,
binding responses in the steady-state region of the sensor- T T r T T T
grams Reg) were plotted against analyte concentrati@). 0 300 600 900 1200 1500
In the BlAevaluation 3.1 software, the data were subjected Time (sec)
to nonlinear regression according to the following equation:
Reqg = (C)(Rnay/(C + Kp), where Req is the steady-state 150 4 B
binding level,C is the concentration of analyte in solution,
Rmax IS the maximum analyte binding capacity, alkd is
the equilibrium dissociation constant. Alternatively, Scat-
chard plots were generatel:{/C vs Req) and the data were
subjected to linear regression according to the following
equation: ReC = —(RedKp) + (RnadKbp). 30 4 i
Fluorescence Spectroscaopintrinsic fluorescence was ii
used to monitor the binding FACA to 17K r-apo(a) and 07 . : : : : l.
Glul-plasminogen as previously describeb,(50) with 0 300 600 900 1200 1500
several modifications. Briefly, 17K r-apo(a) and Glu Time (sec)
plasminogen were each dialyzed against Biacore buffers AFIGURE 1- SPR analvsis of Ghplasminogen analvte binding to
[10 mM HEPES, 150 mM NaCl, 3.4 mM EDTA, 0.003% apo(a) ligand at ZpL/%in: reprlefentative gensorgrgtms for spgecific
(viv) P20 surfactant, pH 7.4] and B [10 mM HEPES, 150 pinding of (i) 0.5, (i) 1, (iii) 2, (iv) 5, (v) 10, and (vi) 2QM
mM sodium acetate, 3.4 mM EDTA, 0.003% (v/v) P20 Glul-plasminogen to wild-type (A) or citraconic anhydride-modified
surfactant, pH 7.4]. In an LS50B fluorescence spectrometer (B) ligand. In each panel, 500 RU of 17K r-apo(a) was immobilized.
(Perkin-Elmer) thermostated at ZZ, the four different i ] ]
samples were placed in 4 mL quartz cuvettes with microstir final), FDP (0.6uM final), and 17K r-apo(a) (63 uM final)
bars [70 nM 17K r-apo(a) or 150 nM Ghplasminogen], in HBS containing 0.02% (v_/v_) Tween 80 (HBST) were
and small aliquots 0é-ACA were added [6-100 mM for adde_d to \{vells already pontammg 20 volumes of tPA (3
apo(a) titrations or 820 mM for plasminogen titrations]. nM final) in HBST. Initial rates of fluorescence decrease
The additions also contained 17K r-apo(a) or Gilasmi-  Were compared between the Flu-Gland Flu-Lys®-plas-
nogen at a concentration identical to that present in the Minogen data sets in the presence of increasing apo(a)
cuvette in order to eliminate the need to correct for dilution. concentration.
All samples and concentratedACA stocks were diluted in RESULTS
the appropriate chloride- or acetate-containing buffers (A and
B, respectively) in each case. Changes in fluorescence The binding interaction between plasminogen and thiol-
intensity were monitored continuously during the course of coupled apo(a) was examined by SPR. The sensorgrams (RU
the titrations [excitation wavelength, 280 nm (slit width vs time) presented are typical of results acquired in at least
5.0 nm); emission wavelength, 340 nm (slit wigth6.0 nm); three independent trials. The active 17K r-apo(a) surfaces
cutoff filter, 290 nm]. showed good stability, and no significant decreases in bound
Fluorescent Plasminogen Agtition AssayAs previously plasminogen analyte were observed throughout the duration
described 41), a fluorescence-based system was employed of the experiments. Agreement between the theoretically
to study the effect of apo(a) on plasminogen activation in predicted and experimentally observed maximal specific
the presence of degraded fibrin cofactors (FDP) and in the binding Rnay) parameter indicated that the ligand thiol
absence of positive feedback reactions catalyzed by plasminimmobilization technique vyielded fully active surfaces.
Briefly, a recombinant variant of human Glplasminogen,  Agreement between the theoretical and obseRsggvalues
in which the active site serine had been replaced by cysteine,also indicated a 1:1 binding stoichiometry between plasmi-
was employed so that the zymogen could be labeled with anogen and apo(a). Ghplasminogen and its fragments
thiol-specific fluorescein tagdg). The labeled protein (Flu-  exhibited almost no nonspecific binding over reference
Glul-plasminogen) was digested with plasmin as specified surfaces [lacking apo(a)] compared to the total responses over
above to generate the fluorescently labeled, truncated formapo(a)-immobilized surfaces (data not shown). When BSA
(Flu-Lys™-plasminogen). Plasminogen cleavage by tPA was (15uM) or 17K r-apo(a) («M) was injected as the analyte,
followed at 25°C using 96-well Dynex Microfluor2 plates they also exhibited no nonspecific binding to the reference
and a SpectraMax Gemini XS plate reader (excitation surfaces (data not shown).
wavelength, 495 nm; emission wavelength, 535 nm; cutoff Dose-response experiments with Glplasminogen were
filter, 530 nm; sensitivity setting, normal; PMT setting, low; performed over wild-type and citraconic anhydride-modified
run time, 1 h; interval, 36 s). Specifically, 8 volumes 17K r-apo(a) surfaces immobilized in tandem (Figure 1). The
containing Flu-Glé&+ or Flu-Lys®plasminogen (0.3uM titrations showed that Gleplasminogen binding was sig-
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FIGURE 2: SPR analysis of Glgplasminogen analyte binding to
apo(a) ligand at 2@L/min: (A) representative sensorgrams for
specific binding of (i) 1M Glu-plasminogen to 17K r-apo(a) with
20 mMe-ACA competitor, (ii) 1uM citraconic anhydride-modified
Glul-plasminogen to 17K r-apo(a), (iii) AM Glul-plasminogen

to 17K r-apo(a) with 2uM 17K r-apo(a) competitor, and (iv) 1
uM Glut-plasminogen to 17K r-apo(a); (B) representative sensor-
grams for contact time test in whichi@ Glu!-plasminogen was
injected for (i) 188 s, (ii) 375 s, and (iii) 750 s. In each panel,
1700 RU of 17K r-apo(a) was immobilized.

nificantly decreased when citraconic anhydride-modified 17K
r-apo(a) was immobilized as the ligand. The binding of'Glu
plasminogen to wild-type 17K r-apo(a) was unaltered in the
presence of BSA (18M) or high 0.5 M salt conditions (data

Hancock et al.

surface for three different durations. The shortest injection
series (188 s) possessed the fastest dissociationkgate (
0.0010 s%), and fitting of the data correlated well with the
1:1 binding model. The longest injection series (750 s)
possessed the slowest dissociation rége~ 0.0002 s?),

but fitting of the data did not agree with the 1:1 binding
model. The middle injection series (375 s) possessed an
intermediate dissociation ratky(~ 0.0004 s?), and fitting

of the data also did not agree with the 1:1 binding model.
Evaluation of the contact time test results revealed poor
correlations with the 1:1 model, and the decreasing dissocia-
tion rate constants (with increasing contact time) are
consistent with the two-state kinetic model described in the
BlAevaluation software. Thus, the initial binding of analyte
and ligand would have occurred during the association phase,
and a subsequent conformational change in the plasminogen-
apo(a) complex may account for the altered rate constants
in the dissociation phase.

Evaluation of the doseresponse titrations revealed an
equilibrium dissociation constari) of ~0.3uM for Glu®-
plasminogen binding to wild-type or citraconic anhydride-
modified 17K r-apo(a). On the basis of the wild-type 17K
r-apo(a) titrations, estimated rate constants for the association
(ka ~ 1500 Mt s1) and dissociationky ~ 0.0005 s?)
phases are indicative of relatively slow binding kinetics
between Gliplasminogen and apo(a) overall. In contrast,
the majority of plasminogen fragments (PgK3, PgK1-3,
PgK4, and PgK5P) exhibited low levels of rapid, steady-
state binding compared to the hyperbolic isotherms seen with
native Gld-plasminogen (Figure 3A). For example, equi-
librium binding experiments estimated<a of ~50 uM for
the interaction between PgKB and 17K r-apo(a) (Figure
4). A linear profile in the corresponding Scatchard analysis
also indicated that a single class of binding sites is involved
in this interaction. No significant binding was observed with
the plasminogen tail domain and, interestingly, ©ys
plasminogen exhibited biphasic isotherms (Figure 3A).
Compared to Gliplasminogen, significantly more L{%s

not shown), but significantly decreased in the presence of plasminogen bound to the 17K r-apo(a) surface due to the

17K r-apo(a) as a solution-phase competitor (Figure 2A).

presence of an additional, rapid binding event at the start of

Binding was also abolished in the presence of the competitivethe association phase. Moreover, significantly less’tys

lysine analoguee-ACA (20—200 mM) or when Gl&
plasminogen was pretreated with the lysine modification

plasminogen remained on the 17K r-apo(a) surface due to
the presence of an additional, rapid dissociation event at the

reagent citraconic anhydride. Thus, the plasminogen-apo(a)start of the dissociation phase. Evaluation of the mid-sections
binding interaction was very specific as assessed by SPR.of the association (156600 s) and dissociation (96350

In the BlAevaluation software, initial modeling attempts
with the simplest “1:1 (Langmuir) binding” equation failed

s) phases, however, revealed that the estimated on- and off-
rates k, andkg, respectively) in these regions did not differ

to provide a good fit to the experimental data as judged by significantly between the Glegplasminogen and Ly%
the nonrandom distribution in the residuals. Although mass plasminogen injections. Thus, although the overall affinities

transport limitation (MTL) effects were not expected with

(Kp = kg/ks) of Glu'- and Ly<®-plasminogen for 17K r-apo-

such slow association rates, flow rate tests with low-density (a) are similar, Ly&-plasminogen binding to apo(a) is more

immobilized surfaces definitively ruled out the possibility
that MTL effects were responsible for the observed devia-
tions from the 1:1 modeling (data not shown). Eventually,

complicated and weaker overall due to additional interactions
not apparent with GRaplasminogen binding.
Subsequent experiments in which &plasminogen was

it was determined that a more complex “two-state reaction” injected in the presence of variable chloride and acetate
model provided a good fit to the experimental data. As this concentrations generated dramatically different binding
model suggests that a conformational change would be profiles (Figure 3B). While ionic strength was held constant,
occurring in the plasminogerapo(a) complex after the initial  monophasic isotherms in the presence of chloride (ie. closed
binding event, a contact time test was then performed to Glul-plasminogen conformation) shifted to biphasic iso-
assess the validity of the two-state kinetic model (Figure 2B). therms in the presence of acetate. The biphasic!-Glu
At a constant flow rate, a fixed concentration of &lu plasminogen isotherms possessed an additional, rapid binding
plasminogen was injected over the wild-type 17K r-apo(a) event at the start of the association phase followed by the
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Ficure 3: SPR analysis of plasminogen fragment analytes binding
to apo(a) ligand at 20L/min: (A) representative sensorgrams for
specific binding of (i) 1QuM plasminogen tail domain, (ii) 10M

Ficure 4: SPR analysis of Pgki3 analyte binding to apo(a)
ligand at 40uL/min: (A) representative sensorgrams for steady-
PgK4, (iii) 10uM PgK1-3, (iv) 10uM PgK5P, (v) 5uM PgK1— state binding of (i) 5, (ii) 10, (iii) 20, (iv) 30, (v) 40, (vi) 50, and

5, (vi) 2 uM Lys’&plasminogen (dotted line), and (viiyaM Glul- (vii) 60 uM PgK1-3 binding to 1700 RU of 17K r-apo(a); (B)
plasminogen (solid line) to 2700 RU of 17K r-apo(a) in the presence representative plot of steady-state binding in which siggbols

of 150 mM chloride/0 mM acetate; (B) representative sensorgrams correspond to experimental data and tee corresponds to
for specific binding of 1M Glul-plasminogen to 1700 RU of 17K nonlinear regression analysis of the data to an equation describing
r-apo(a) in the presence of (i) 150 mM chioride/0 mM acetate (solid €quilibrium binding; (inset) corresponding Scatchard analysis in
line), (i) 75 mM chloride/75 mM acetate (dashed line), and (iii) 0 Which the symbolscorrespond to experimental data and time

mM chloride/150 mM acetate (dotted line); (inset) corresponding corresponds to linear regression analysis of the data. In each panel,
analysis in which changes within the first 30 s are highlighted. ~ Req s the steady-state binding level a@ds the concentration of

PgK1-3 in solution.

longer, slower association event (Figure 3B inset). Increases L .
in the GIu-plasminogen binding response and the dissocia- conformation in the presence of acetate (compared 1o its
tion rate were maximal in the presence of 150 mM acetate native, closed conformation in the presence of chloride).
(i.e., open Gli&plasminogen conformation), yielding iso- To examine the functional consequence of the differential
therms that were reminiscent of §lasminogen in the ~ SPR kinetics observed between &luys’®-plasminogen and
presence of 150 mM chloride (i.e., open [§plasminogen ~ @po(a), fluorescent plasminogen activation assays were
conformation). Unlike Ly&-plasminogen, however, the Performed with soluble FDP cofactors (Figure 6). Cleavage
plasminogen tail domain was still intact in the chloride/ ©f the fluorescently labeled plasminogens by tPA elicits a
acetate experiments performed with Gplasminogen. conformational change that results in a quenching of the

fluorescein fluorescence. Because the active site serine has
Fluorescence spectroscopy analyses were then employe

to investigate conformational changes in the SPR analyte/ o mutated to a cysteine in the recombinantly expressed
: >Ug ang : y plasminogen, the fluorescent Gliand Ly<®-plasmin prod-
ligand in the presence of variable chloride and acetate

. X ucts formed remain catalytically inactive, thereby simplifying
E?rgfeegt@itt'ﬁnsAgF:p:ﬁsTs'gO%?& iﬁorligs- r::pg(cﬁt;\;eete the kinetics of _the reaction. The kir)etic plots (relativ_e
o . . > : fluorescence vs time) presented are typical of results acquired
contal_nlng buff;r; Id-en.tICﬁ.l to those utlfhzed in _the SPR in at least three independent trials. Overall, it was found that
experlments. T e_|ntr|nS|c uorescence 00 Siasminogen 17K r-apo(a) inhibited the rates of Glplasminogen activa-
(150 DM) in chlonide butfer mcreaseﬁlO@ whene-A'CA . tion in a dose-dependent manner (Figure 6A) but failed to
was titrated to 20 mM, whereas the identical experiment in

S 78 ; L e
acetate buffer resulted in an increase of ori% (Figure Icnohr:l()ili:;iol_glss (F;i)gllisr;ngé))gen activation under similar assay
5A,B). The intrinsic fluorescence of 17K apo(a) (70 nM) '

decreased-15% in either chloride or acetate buffer when piscussioN

e-ACA was titrated to 100 mM (Figure 5C,D). Taken

together, the titrations suggest that the native conformation Previous fluorescence studies with a series of recombinant
of 17K r-apo(a) was unaltered in the SPR experiments by apo(a) variants have shown that the apo(a) protease-like
the change in anions, whereas Gfilasminogen would have  domain mediates binding to Ghplasminogen in solution
adopted a more open, relaxed, “[§plasminogen”-like (38). Exposed lysine residues in the apo(a) protease-like
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FIGURE 5: Fluorescence spectroscopyeefACA binding to Glu-plasminogen and apo(a): representative intrinsic fluorescence titrations of
¢-ACA binding to 150 nM Gld-plasminogen in the presence of 150 mM chloride (A), 150 nM'@lasminogen in the presence of 150

mM acetate (B), 70 nM 17K r-apo(a) in the presence of 150 mM chloride (C), and 70 nM 17K r-apo(a) in the presence of 150 mM acetate
(D). In each panel, theymbolscorrespond to experimental data and lihes correspond to nonlinear regression analysis of the data to an
equation describing equilibrium binding.

domain are hypothesized to interact with LBS in plasmino- presence of BSA or high-salt conditions. Binding was altered,
gen. Conversely, the present study sought to determine whichhowever, in the presence of the lysine analogu&CA,
kringle domains in plasminogen are important for mediating citraconic anhydride-modified Glplasminogen, and 17K
binding to apo(a). r-apo(a) as solution-phase competitors. All of these methods
Methods initially chosen to examine the binding between to decrease and/or abolish binding reinforced the lysine-
the isolated plasminogen fragments and apo(a) (i.e., ELISA, dependent nature of this interaction that has been demon-
RIA, intrinsic and extrinsic fluorescence) all proved to be strated in our previous work3g). The present study,
problematic for a variety of reasons beyond the scope of however, has challenged the notion that lysine residues on
this publication. On the other hand, SPR successfully apo(a) interact only with LBS in plasminogen. The SPR
addressed the current objective in a quantitative, real-time experiments with citraconic anhydride modification have
manner. Initial SPR experiments using amine-coupled apo-illustrated that lysine residues on 17K r-apo(a) are indeed
(a) or plasminogen as the ligand proved to be confounding, important, but lysine residues on Glplasminogen also
however, due to the lysine-dependent nature of the bindingappear to be critical for apo(a)-plasminogen binding to occur.
interaction. This approach also generated less desirable Initial dose-response titrations for native, Gplasmi-
heterogeneous surfaces for kinetic studies, and certain aminenogen binding to 17K r-apo(a) failed to conform to a simple
coupled plasminogen surfaces (i.e., PgK4) were very unstable‘1:1 binding” model using the BlAevaluation software.
as previously reported{). Capture techniques using amine- Because flow rate tests with low-density immobilized
coupled apo(a)- or plasminogen-specific monoclonal anti- surfaces successfully ruled out any mass transport limitations,
bodies also failed to yield reliable data. Eventually, the ligand deviations from 1:1 binding were then thought to reflect the
thiol immobilization technique provided stable, oriented, fact that purified plasminogen is naturally heterogeneous.
homogeneous surfaces. The 17K r-apo(a) was thiol-coupledin plasma, native plasminogen is composed of two glyco-
to the CM5 sensor chip surface through the unpaired cysteineforms §): 35% Glu-plasminogen | (glycosylated at AZ#
in KIV o, thereby mimicking how apo(a) is disulfide-bonded and Th#*9) and 65% Glé&plasminogen Il [glycosylated at
to apoB-100 in the intact Lp(a) particle. Thr3%6 only; plasminogen amino acid numbering system
Using immobilized surfaces of the appropriate density, includes Gin residue at sequence position 32 (sed4gf
increases in the SPR signal allowed monitoring of the smaller The two glycoforms differ structurally and functionally in
molecular weight plasminogen/fragment analytesq®@ kDa) terms of their native conformations3), affinities for lysine-
binding to the larger molecular weight apo(a) ligand (279 Sepharose53), and rates of plasminogen activatioby.
kDa). The interaction was also very specific as binding of Once the contact time test was performed, however, we found
Glu-plasminogen to 17K r-apo(a) was unaltered in the that short contact times yielded 1:1 binding, whereas longer
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Ficure 6: Fluorescent plasminogen activation assay to examine
the inhibition of tPA-mediated plasminogen activation by apo(a):
representative kinetic plots for the activation of @8 Flu-Glu'-
plasminogen (A) or 0.3«tM Flu-Lys’®plasminognen (B) in the
presence of (i) &M 17K r-apo(a), (i) 1uM 17K r-apo(a), (iii) 2

uM 17K r-apo(a), (iv) 3uM 17K r-apo(a), and (v) no tPA control.

In each panel, all reactions contained pM FDP cofactor and 3

nM tPA.

contact times did not. Good 1:1 fits obtained with the short
injection series were indicative that the Ghlasminogen
glycoforms | and Il were binding to 17K r-apo(a) in identical

Biochemistry, Vol. 43, No. 38, 200412245

Glu*-plasminogen. The plasminogen tail domain was the only
fragment that failed to exhibit any binding to apo(a) over
baseline. After adjustment for differences in molecular
weight, PgKt-5, PgK1-3, PgK4, and PgK5P all exhibited
effectively similar levels of weak binding relative to Glu
plasminogen. Despite differences between PgE1PgK1-
3, PgK4, and PgK5P in terms of the number and combination
of lysine-binding kringles present, binding to 17K r-apo(a)
was comparable. These plasminogen fragments, however,
rapidly reached steady-state binding levels in contrast to the
more gradual, hyperbolic isotherms observed using-Glu
plasminogen. Interestingly, L¥splasminogen exhibited bi-
phasic isotherms compared to the monophasic isotherms
observed with Gl4plasminogen. Similar biphasic isotherms
were observed when the binding of intact Ehlasminogen
(i.e., plasminogen tail domain present) to 17K r-apo(a) was
examined in the presence of variable chloride and acetate
ion concentrations. This result confirmed that the biphasic
isotherms were conformation-dependent and not attributable
to the loss of specific sequences contained within the
plasminogen tail domain, which is absent in [&plasmi-
nogen. Moreover, the biphasic effects observed were not due
to bulk effects because all sensorgrams presented were
subtracted over reference surfaces.

One of the most striking properties of Giplasminogen
is its tight, activation-resistant conformatioh8( 19). The
binding of lysine analogues to LBS in Ghplasminogen
elicits a large conformational change that is characterized
by a sigmoidal increase in intrinsic fluorescence with
increasing analogue concentration. Previous studies have
reported fluorescence intensity increases of-1.6% upon
Glu*-plasminogen binding te-ACA (0—16 mM) in chloride-
containing buffers 46, 55). In contrast, no significant
increase in intrinsic fluorescence is observed upon’tys
plasminogen binding te-:ACA under similar conditions1(8).

fashion; therefore, additional SPR analyses with the isolated Thus, Gld-plasminogen is characterized by a closed con-

glycoforms were not required. On the other hand, poor 1:1
fits were obtained with the longer injection series, and the

formation, whereas Ly&plasminogen is characterized by
an open conformation. Upon binding to lysine analogues,

dissociation rate constants decreased in the presence o&po(a) also undergoes a large conformational change that

increased contact times.

can be monitored by intrinsic fluorescence. Previous studies

Because several possible technical concerns (e.g., masfrom our laboratory have reported a fluorescence decrease

transport limitations, analyte/ligand heterogeneity) failed to

of 15-20% upon 17K r-apo(a) binding i©ACA (0—100

account for the observed deviations from 1:1 binding, a more mM) in chloride-containing buffer$5Q). Although analogous

complex kinetic model was investigated using the BlAe-

to the conformational change in plasminogen, the molecular

valuation software. Results from the contact time test indicate determinants that govern the conformational change in apo-
that our present SPR results are consistent with a “two-state(a) are dissimilar to those that govern the conformational

reaction (conformation change)” model for the plasminogen-
apo(a) binding interaction. According to this model, analyte
(A) binds to ligand (L) and the resultant complex AL changes
to AL*, an alternative form of the complex that dissociates
very slowly to A+ L. The conformational change can occur
in only the AL complex, not in free A or L. To simplify the
model, it also is assumed that the only way AL* can
dissociate to release free-A L is through prior conversion
to the complex AL. The relative inability of AL* to dissociate
directly is consistent with the very slow dissociation rate
constants observed for Ghplasminogen binding to 17K
r-apo(a) in the longer injection series.

Loss of the plasminogen tail domain dramatically altered
the binding kinetics of various plasminogen fragments for
apo(a). In general, no single kringle domain in plasminogen

change in plasminogerb().

It is well established that chloride ions help to maintain
the closed conformation of native Glplasminogen, whereas
other ions such as acetate cause'@lasminogen to adopt
a more open, relaxed conformation like that of [&s
plasminogen 15). In agreement with the literature values
noted above, intrinsic Glgplasminogen titrations with
€-ACA in our study resulted in an overall fluorescence
increase of 10% in the presence of the chloride-containing
buffer. The similar experiment performed in the presence
of acetate resulted in an overall fluorescence increase of only
4%. Although no fluorescence increase is expected when
Lys’®plasminogen is titrated wite-ACA, previous studies
have indicated that positive co-operative binding of at least
two ligands €-ACA, t-AMCHA) to Glu!-plasminogen is

could account for the binding response observed with native required to induce a fully extended conformation of the
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molecule (6, 20). Specifically, it is hypothesized that initial We have also shown that changes in the native conformation
binding to the PgK5 domain induces a conformation change of plasminogen (i.e., Gldto Lys’®-plasminogen conversion)
that facilitates the rapid binding of a second ligand to the dramatically alter its binding interaction with thiol-coupled
PgK4 domain. Although substituting chloride ions for acetate apo(a) as well as the ability of apo(a) to inhibit plasminogen
ions likely establishes equilibrium between the open and activation on a FDP surface. Whereas Ghlasminogen

closed forms of Glttplasminogen, it is important to note
that a significantly larger percentage of Gllasminogen

binding to apo(a) was characterized by a single binding
interaction (monophasic isotherm), [§plasminogen bind-

was in the open state in acetate as assessed by the intrinsitg was characterized by more than one binding interaction

fluorescence titrations.
To examine the functional consequence of the differential
SPR kinetics observed between &luys’®-plasminogen and

(biphasic isotherm). Thus, it appears that Glto Lys’®-
plasminogen conversion may result in the exposure of
additional apo(a) binding sites. Moreover, modeling of our

apo(a), fluorescent plasminogen activation assays weredata indicated that Gleplasminogen binding to apo(a) is

performed. Although the fluorescently labeled plasminogen consistent with a two-state kinetic model, which suggests
remains catalytically inactive upon cleavage by tPA, the that a conformational change in the plasminogen-apo(a)
resultant conformation change results in a fluorescencecomplex is occurring. Additional biophysical studies are
decrease that can be followed in real time. Previous work required to provide direct evidence that a conformational

with this model system has validated that the inhibition of
tPA-mediated Gliplasminogen activation by Lp(a) is at-
tributable to the apo(a) moiety; the dose-dependent inhibition
observed with 17K r-apo(a) is consistent whether native fibrin
or degraded fibrin (FDP) cofactors are utilizedil. The
present fluorescent plasminogen activation results (utilizing
FDP) indicate that apo(a) is a strong inhibitor of &lu
plasminogen activation but a poor inhibitor of §s

change is taking place.

All of the current results may be relevant to the mechanism
underlying the ability of apo(a) to inhibit tPA-mediated Glu
plasminogen activation. Our previous kinetic studies using
fluorescently labeled plasminogen suggest that apo(a) par-
ticipates in a quaternary apofajofactor-tPA-plasminogen
complex that exhibits a lower turnover number (with respect
to plasmin formation) compared to the corresponding ternary

plasminogen activation. These results agree with previouscomplex lacking apo(ay(). The nature of the interactions

in vitro clot lysis assays in which apo(a) attenuated the lysis
of clots prepared from purified fibrinogen and initially
containing Gld-plasminogen, but had no effect on the lysis
of similar clots in which Ly$%-plasminogen was substituted
(34). Although positive feedback reactions catalyzed by

plasmin would have been present in the clot lysis assays,

between apo(a) and the other three components is unknown.
One interpretation of our findings is that apo(a) interacts with
multiple domains in plasminogen, because weak interactions
were observed between apo(a) and all plasminogen fragments
examined. As a result, apo(a) may interfere with binding
interactions between plasminogen and tPA and/or cofactor

such feedback reactions were not present in the fluorescen(fibrin, FDP). Alternatively, the conformational change in
plasminogen activation assays. Despite such differencesthe plasminogenapo(a) complex predicted by the SPR
between the two assay systems, a common outcome has beemodel may result in a form of plasminogen that is less readily

observed in which the apo(a) inhibitor behaves differently
in the fibrinolytic process depending upon whether'Gar
Lys’8-plasminogen is present.

This is the first study in which apo(a) binding to plasmi-

nogen (and its fragments) has been examined in real time

by SPR. Analyte binding was examined under physiological
conditions (0.15 M NaCl, pH 7.4) and in the presence of
the natural molar ratio of the plasminogen glycoforms.
Analyte concentrations were reflective of normal circulating
plasma plasminogen levels<{3 «M), and our immobiliza-
tion technique mimicked how apo(a) is naturally disulfide-
bonded in the context of the native Lp(a) particle. An
estimated equilibrium dissociation constaip) of ~0.3uM

for Glu*-plasminogen binding to 17K r-apo(a) by SPR is in

activated or is impaired in its interaction with tPA and/or
cofactor. Further structural and functional analyses of both
apo(a) and plasminogen will be required to address these
guestions.
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