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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 Glu1-plasminogen bound to apo(a) with substantially higher affinity (KD ∼ 0.3 µM)
compared to a series of plasminogen fragments (K1-5, K1-3, K4, K5P, and tail domain) that interacted
weakly with apo(a) (KD > 50 µM). Treatment of Glu1-plasminogen 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 Glu1-plasminogen by∼50%; inhibition of binding was also
observed using the lysine analogueε-aminocaproic acid. Whereas native Glu1-plasminogen exhibited
monophasic binding to 17K r-apo(a), truncated Lys78-plasminogen exhibited biphasic binding. Altering
Glu1-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 plasminogen-apo(a) complex may occur following the
initial binding event. Differential binding kinetics between Glu1-/Lys78-plasminogen and apo(a) may explain
why Lp(a) is a stronger inhibitor of tPA-mediated Glu1-plasminogen activation compared to Lys78-
plasminogen activation.

Elevated plasma levels of lipoprotein(a) [Lp(a)1] have been
identified as a risk factor for the development of atheroscle-
rotic disorders including coronary heart disease (reviewed
in ref 1). Originally described by Berg (2), Lp(a) is similar
to low-density lipoprotein (LDL) in that it contains a
cholesteryl ester core surrounded by a monolayer of unes-

terified cholesterol and phospholipid in which apolipoprotein
B-100 (apoB-100) is embedded. Lp(a) is distinct from LDL
in that it contains a single molecule of an additional
glycoprotein moiety called apolipoprotein(a) [apo(a)], which
is covalently linked to apoB-100 by a single disulfide bond
(3, 4). The cloning of apo(a) (5) revealed a striking similarity
between the sequence of apo(a) and the fibrinolytic serine
protease zymogen plasminogen.

The native form of plasminogen (Glu1-plasminogen)
contains an N-terminal tail domain of 77 amino acids, five
intervening kringle domains (K1-K5), and a trypsin-like
protease domain at the C terminus (6, 7). Binding studies
with lysine and its analogues have shown that the K1, K4,
and K5 domains contain strong, moderate, and weak affinity
lysine-binding sites (LBS), respectively, whereas K2 contains
a very weak LBS and K3 does not contain a functional LBS
(8-10). In solution, Glu1-plasminogen exists in a closed-
loop, activation-resistant conformation that is stabilized by
interactions between lysine residues in the tail domain and
sequences in the K4 and/or K5 domain (11, 12). Modulators
of Glu1-plasminogen conformation include chloride ions,
acetate ions, lysine analogues such asε-aminocaproic acid
(ε-ACA), and lysine residues exposed on biological substrates
such as fibrin (13-16). Proteolysis of the Lys77-Lys78

peptide bond (plasminogen amino acid numbering system
includes Gln residue at sequence position 32; see ref44) by
plasmin results in the generation of a truncated form of
plasminogen denoted Lys78-plasminogen (17, 18). Loss of
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the tail domain also induces a large conformational change
such that Lys78-plasminogen is characterized by a flexible
open-loop structure in which the activation cleavage site
(Arg561-Val562) is exposed (19-21). During fibrinolysis, the
increased affinity of Lys78-plasminogen for fibrin cofactor
and tissue-type plasminogen activator (tPA) renders it a more
efficient substrate for plasminogen activation compared to
Glu1-plasminogen (22, 23).

The apo(a) moiety of Lp(a) lacks sequences corresponding
to the plasminogen tail and kringle 1, 2, and 3 domains, yet
contains multiple repeats of plasminogen K4-like domains
[apo(a) KIV] followed by plasminogen K5-like [apo(a) KV]
and protease-like domains (5). There are 10 distinct classes
of apo(a) KIV repeats (designated KIV1-KIV 10 domains),
which differ from one another by only a small number of
amino acid substitutions (5). There is a single copy of each
KIV repeat except for KIV2, 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 population (26). Apo(a) KIV5-8 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(a) (27-29). Apo(a) KIV9 contains
an unpaired cysteine residue that forms the disulfide linkage
with apoB-100 in the Lp(a) assembly (3, 4). Apo(a) KIV10

contains a stronger LBS that is believed to mediate binding
of apo(a)/Lp(a) to lysine residues exposed on biological
substrates such as fibrin (30, 31). Due to the presence of a
critical amino acid substitution and a deletion of several
amino acid residues, the apo(a) protease-like domain exhibits
no catalytic activity (32).

The similarity of Lp(a) to both LDL and plasminogen
suggests that the pathogenic mechanism of Lp(a) likely
involves both proatherogenic and prothrombotic/antifibrin-
olytic effects (reviewed in ref1). Several in vitro and in vivo
studies have shown that apo(a) or intact Lp(a) can inhibit
fibrinolysis (33-35). Moreover, binding interactions have
been demonstrated between apo(a)/Lp(a) and fibrin(ogen),
plasmin-modified fibrin(ogen), plasminogen, and tPA (30,
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 fibrin (41). Our previous studies
have demonstrated a high-affinity interaction between apo-
(a)/Lp(a) and plasminogen (38), 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
plasminogen fragments, we demonstrate that native, intact
Glu1-plasminogen is required for maximal binding to apo-
(a) and that Lys78-plasminogen exhibits distinctly different
binding kinetics for apo(a) compared to Glu1-plasminogen.
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 Glu1-
plasminogen activation but a relatively poor inhibitor of
Lys78-plasminogen activation.

MATERIALS AND METHODS

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 inhibitorD-Val-Phe-
Lys chloromethyl ketone (VFK-CK) was from Calbiochem
(San Diego, CA). The plasmin-specific chromogenic sub-
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).
ε-Aminocaproic acid (ε-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
described (41).

Expression and Purification of Recombinant Apo(a).
Construction of the 17-kringle recombinant apo(a) variant
in the pRK5 expression plasmid (pRK5ha17) has been
previously described (43). Baby hamster kidney (BHK) cells
were cultured in 100 mm dishes using DMEM/F12 medium
supplemented with 5% newborn calf serum. For stable 17K
r-apo(a) expression, BHK cells were cotransfected with the
pRK5ha17 and neomycin resistance plasmids using calcium
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 KCl,
1.8 mM KH2PO4, 137 mM NaCl, 10.1 mM Na2HPO4, pH
7.4). The column was washed extensively with PBS contain-
ing 500 mM NaCl, and r-apo(a) was eluted with 200 mM
ε-ACA in the same buffer. Protein-containing fractions were
pooled, dialyzed extensively against HBS (20 mM HEPES,
150 mM NaCl, pH 7.4), and concentrated using PEG 20000.
Aliquots of purified protein were stored at-70 °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;ε1%(280 nm)) 20.7]. The 17K r-apo(a)
proteins were assessed for purity by SDS-PAGE (0.5µg/
lane; 4-20% polyacrylamide gradient) under nonreducing
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and reducing (containing 10 mM DTT) conditions followed
by silver staining. All purified 17K r-apo(a) preparations
appeared as homogeneous bands under both nonreducing and
reducing conditions and migrated at the expected molecular
weight.

Purification of NatiVe Plasminogen.Glu1-plasminogen
(Glu1-Asn791) was purified from citrated, fresh frozen,
human plasma by lysine-Sepharose affinity chromatography
as previously described (44) with several modifications.
Briefly, 1 L of plasma was passed over 160 mL of lysine-
Sepharose resin (pre-equilibrated in 0.1 M sodium phosphate
buffer, pH 8.0) in a 350 mL sintered glass funnel under low
vacuum. The resin was then stacked in a column (2.5× 30
cm) and washed at 4°C with 0.1 M sodium phosphate buffer,
pH 8.0, overnight. Specifically bound plasminogen was
eluted from the column in wash buffer containing 20 mM
ε-ACA. To remove contaminating serine protease activity,
protein-containing fractions were pooled and then passed
over a 4 mLbenzamidine-Sepharose column pre-equili-
brated in wash buffer. Pre- and post-chromatography aliquots
were monitored for a lack of hydrolysis of the plasmin-
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 10000g
for 20 min. The pellet was resuspended in a minimal volume
of HBS and then centrifuged at 3000g for 5 min at 22°C;
the supernatant was extracted and saved for dialysis. The
pellet was washed two more times in a minimal volume of
HBS, extracting and saving the supernatant each time. The
supernatant volumes were pooled and dialyzed against HBS
at 4 °C. Aliquots of purified protein were stored at-70 °C
prior to use. All protein concentrations were determined
spectrophotometrically (corrected for Rayleigh scattering)
using the following molecular weight and extinction coef-
ficient: Glu1-plasminogen [MW∼ 92 000;ε1%(280 nm))
16.1]. The Glu1-plasminogen proteins were assessed for
purity by SDS-PAGE (0.5µg/lane; 4-20% polyacrylamide
gradient) under nonreducing and reducing (containing 10 mM
DTT) conditions followed by silver staining. All purified
Glu1-plasminogen preparations appeared as homogeneous
bands under both nonreducing and reducing conditions and
migrated at the expected molecular weight.

Citraconic Anhydride Modification.17K r-apo(a) and
Glu1-plasminogen were modified with citraconic anhydride
as previously described (45) with several modifications.
Briefly, each protein stock (2 mg/mL) was added to a
saturated sodium acetate solution (15 g in 35 mL of dH2O)
in a 1:1 ratio. After incubation on a shaker for 15 min at 4
°C, citraconic anhydride (145µM final) was added in 2µL
increments every 15 min. The treated sample volumes were
then dialyzed extensively against HBS at 4°C. Aliquots of
purified protein were stored at-70 °C prior to use. All
citraconic anhydride-modified protein concentrations were
determined spectrophotometrically (corrected for Rayleigh
scattering) using the molecular weights and extinction
coefficients specified above. Control proteins (positively
charged, native lysine residues) and modified proteins
(negatively charged, derivatized lysine residues) appeared
as homogeneous bands as assessed by native agarose
electrophoresis [5µg/lane; 1% agarose for 17K r-apo(a); 2%

agarose for Glu1-plasminogen] with Coomassie Blue staining.
The citraconic anhydride treatment was reversible upon
incubation of the modified proteins in HBS under low-pH
(5.0) conditions, followed by incubation in HBS under
physiological pH (7.4) conditions.

Purification of NatiVe Plasminogen Fragments. The plas-
minogen tail domain (Glu1-Lys77) and Lys78-plasminogen
(Lys78-Asn791) were isolated following plasmin-mediated
digestion of Glu1-plasminogen as previously described (46)
with several modifications. Briefly, Glu1-plasminogen (10
mg/mL), ε-ACA (5 mM), and plasmin (0.25µM) were
incubated in 2 mL of HBS (final volume). After 90 min at
22 °C, the reaction mixture was passed over a 1 mL
aprotinin-agarose column pre-equilibrated in HBS. Pre- and
post-chromatography aliquots were monitored for a lack of
hydrolysis of the plasmin-specific chromogenic substrate
S-2251 as specified above. The plasmin-free flow-through
was also treated with VFK-CK (10µM final) for 1 h at 4
°C. The sample volume was then diluted 1/5 in HBS prior
to passage over a 30 mL lysine-Sepharose column pre-
equilibrated in HBS.

Protein-containing, lysine-Sepharose wash fractions (plas-
minogen tail domain in HBS) were pooled and then
centrifuged at 22°C at 3000g in 4 mL centricons with 30
kDa molecular weight cutoff filters. The plasminogen tail
domain was collected in the flow-through, whereas traces
of Lys78-plasminogen were retained above the filter. The
flow-through volumes were pooled and diluted 1/5 in 20 mM
HEPES, pH 7.4, prior to passage over a 1 mLQ-Sepharose
column pre-equilibrated in the same buffer. After washing,
the plasminogen tail domain was eluted with HBS containing
0.5 M NaCl and then dialyzed against HBS at 4°C. Aliquots
of purified protein were stored at-70 °C prior to use. All
protein concentrations were determined spectrophotometri-
cally (corrected for Rayleigh scattering) using the following
molecular weight and extinction coefficient: plasminogen
tail domain [MW ∼ 8794; ε1%(280 nm) ) 3.0]. The
plasminogen tail domain proteins were assessed for purity
by SDS-PAGE (0.5µg/lane; 4-20% polyacrylamide gradi-
ent) under nonreducing and reducing (containing 10 mM
DTT) conditions followed by silver staining. All purified
plasminogen tail domain preparations appeared as homoge-
neous bands under both nonreducing and reducing conditions
and migrated at the expected molecular weight.

Protein-containing, lysine-Sepharose elution fractions
(Lys78-plasminogen in HBS containing 20 mMε-ACA) were
pooled and concentrated at 4°C by adding ammonium sulfate
(80% saturation), stirring overnight, and centrifugation at
10000g for 20 min. The pellet was resuspended in a minimal
volume of HBS and then centrifuged at 3000g for 5 min at
22 °C; the supernatant was extracted and saved for dialysis.
The pellet was washed two more times in a minimal volume
of HBS, extracting and saving the supernatant each time.
The supernatant volumes were pooled and then dialyzed
against HBS at 4°C. Aliquots of purified protein were stored
at -70 °C prior to use. All protein concentrations were
determined spectrophotometrically (corrected for Rayleigh
scattering) using the following molecular weight and extinc-
tion coefficient: Lys78-plasminogen [MW∼ 84 000;ε1%-
(280 nm) ) 16.1]. The Lys78-plasminogen proteins were
assessed for purity by SDS-PAGE (0.5 µg/lane; 7%
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polyacrylamide) under nonreducing and reducing (containing
10 mM DTT) conditions followed by silver staining. All
purified Lys78-plasminogen preparations appeared as homo-
geneous bands under both nonreducing and reducing condi-
tions and migrated at the expected molecular weight.

Elastase-derived plasminogen fragments (PgK1-3, Tyr80-
Val345; PgK4, Val355-Ala440; PgK5P, Leu450-Asn791) were
isolated as previously described (47) with several modifica-
tions. Briefly, 160 mg of Glu1-plasminogen and 720µg of
porcine pancreatic elastase (PPE) were diluted in 13 mL
(final volume) of reaction buffer (0.3 M NH4HCO3, pH 8.3).
After 5 h at 22°C, the reaction was terminated by passage
over a 4 mLbenzamidine-Sepharose column, pre-equili-
brated in the same buffer. The PPE-free flow-through was
also treated with DFP (to 2 mM) and incubated for 30 min
at 4 °C. The reaction mixture was then adjusted to 0.55 M
with respect to NH4HCO3 and stirred overnight at 4°C prior
to passage over a 100 mL lysine-Sepharose column (2.5×
15 cm) pre-equilibrated in wash buffer (0.1 M NH4HCO3,
pH 8.3). The column was washed with the same buffer; the
fragment containing the plasminogen kringle 5 and protease
domains (PgK5P) was present in the wash fractions. To
ensure that the PgK5P fractions were catalytically inactive,
they were monitored for a lack of hydrolysis of the plasmin-
specific chromogenic substrate S-2251 as specified above.
Specifically bound fragments corresponding to plasminogen
kringles 1-3 (PgK1-3) and kringle 4 (PgK4) were eluted
from the column with wash buffer containing 20 mMε-ACA.
Protein-containing wash and elution fractions were ap-
propriately pooled in dialysis tubing and concentrated using
PEG 20000. Subsequent passages over 350 mL Bio-Gel P-60
columns (1.5× 160 cm; 23 mL/min flow rate; 2.5 mL
fractions) in wash buffer resulted in the separation of
catalytically inactive PgK5P [MW∼ 38 000;ε(280 nm))
8.9 × 104 M-1 cm-1] from any residual, DFP-bound PPE
(MW ∼ 26 000), and the separation of PgK1-3 [MW ∼
38 000;ε(280 nm)) 8.0× 104 M-1 cm-1] from PgK4 [MW
∼ 11 000; ε(280 nm) ) 3.1 × 104 M-1 cm-1]. Protein-
containing fractions corresponding to each fragment were
pooled and dialyzed against HBS at 4°C. Aliquots of purified
protein were stored at-70 °C prior to use. All protein
concentrations were determined spectrophotometrically (cor-
rected for Rayleigh scattering) using the molecular weights
and extinction coefficients specified above. The elastase-
derived proteins were assessed for purity by SDS-PAGE
(0.5 µg/lane; 4-20% polyacrylamide gradient) under non-
reducing and reducing (containing 10 mM DTT) conditions
followed by silver staining. All purified fragment prepara-
tions appeared as homogeneous bands under both nonreduc-
ing and reducing conditions and migrated at the expected
molecular weights.

Additionally, a plasmin-derived plasminogen fragment
(PgK1-5, Lys78-Arg530) was isolated as previously de-
scribed (48) with several modifications. Briefly, 4 mg of
plasmin was dialyzed against 0.1 M glycine-NaOH, pH
10.5, at 4°C and then added to 40 mg of Glu1-plasminogen
in 10 mL of the same buffer (final volume). After 12 h at
37 °C, the reaction mixture was dialyzed against 0.1 M
sodium phosphate, pH 8.0, at 4°C overnight before passage
over a 4 mLbenzamidine-Sepharose column pre-equili-
brated in the same buffer. Pre- and post-chromatography
aliquots were monitored for a lack of hydrolysis of the

plasmin-specific chromogenic substrate S-2251 as specified
above. The plasmin-free flow-through was then passed over
a 10 mL lysine-Sepharose column pre-equilibrated in the
sodium phosphate buffer. The column was washed with the
same buffer, and the specifically bound PgK1-5 fragment
[MW ∼ 55 000; ε1%(280 nm) ) 17.0] was eluted with
sodium phosphate buffer containing 20 mMε-ACA. Protein-
containing fractions were pooled and dialyzed against HBS
at 4 °C. Aliquots of purified protein were stored at-70 °C
prior to use. All protein concentrations were determined
spectrophotometrically (corrected for Rayleigh scattering)
using the molecular weight and extinction coefficient speci-
fied above. The PgK1-5 fragments were assessed for purity
by SDS-PAGE (0.5µg/lane; 4-20% polyacrylamide gradi-
ent) under nonreducing and reducing (containing 10 mM
DTT) conditions followed by silver staining. All purified
PgK1-5 preparations appeared as homogeneous bands under
both nonreducing and reducing conditions and migrated at
the expected molecular weight.

Surface Plasmon Resonance (SPR). The binding interac-
tion between plasminogenanalyteand apo(a)ligand was
examined in real time using a BIACORE 3000 biosensor
system (Biacore Inc., Piscataway, NJ). Changes in the
refractive index at the sensor chip surface over time (caused
by analyte-ligand association and dissociation) are scaled
in resonance units (RU) (49). For proteins, every 1000 RU
corresponds to a surface mass change of∼1 ng/mm2. All
experiments were performed at 25°C using research grade
carboxymethylated dextran matrix (CM5) sensor chips (Bia-
core Inc.). On-line subtraction (response over active surface
less response over reference surface) corrected for bulk
refractive index changes, nonspecific binding, and instrument
drift. Prior to all analyses, the plasminogen and/or fragment
analyte preparations were dialyzed against the running buffer
to minimize bulk effects. Blank analyte injections (i.e.,
running buffer only) were also subtracted from the specific
binding isotherms to further minimize instrument noise.

For affinity binding experiments, active flow cells of
∼2000 RU 17K r-apo(a) (50µg/mL in 10 mM sodium
acetate, pH 4.5) were immobilized using the ligand thiol-
coupling kit (Biacore Inc.) and running buffer 1 [10 mM
HEPES, 150 mM NaCl, 3.4 mM EDTA, 0.005% (v/v) P20
surfactant, pH 7.4]. For kinetic binding experiments, active
flow cells of ∼500 RU 17K r-apo(a) (wild-type and
citraconic anhydride-modified) were immobilized in a similar
manner. For reference flow cells, the surfaces were activated
and blocked in a similar manner but in the absence of any
ligand addition. In all cases, analyte binding measurements
were performed using running buffer 2 [identical to running
buffer 1, but containing 0.003% (v/v) P20 surfactant].
Surfaces were regenerated after each binding interaction
using running buffer 1 containing 20 mMε-ACA/0.5 M
NaCl. Typical parameters for each cycle of the affinity and
kinetic binding methods were as follows: 250µL of analyte
(with 750 s of dissociation) at 20µL/min, 3 × 80 µL
regeneration at 40µL/min, 250µL of running buffer at 20
µL/min. Association,ka (M-1 s-1), and dissociation,kd (s-1),
rate constants were determined using curve-fitting procedures
and binding models available in the BIAevaluation 3.1
software (Biacore Inc.). The association and dissociation
phases were fit simultaneously, and global fits were obtained
for theka andkd constants. The overall equilibrium dissocia-
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tion, KD (M), constants were obtained from the ratio of the
off and on rates (KD ) kd/ka).

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: 10µL of analyte (with
30 s of dissociation) at 40µL/min, 2 × 10 µL regeneration
at 40µL/min, 2 × 10 µL running buffer at 40µL/min. To
determine the overall equilibrium dissociation constants,
binding responses in the steady-state region of the sensor-
grams (Req) were plotted against analyte concentration (C).
In the BIAevaluation 3.1 software, the data were subjected
to nonlinear regression according to the following equation:
Req ) (C)(Rmax)/(C + KD), where Req is the steady-state
binding level,C is the concentration of analyte in solution,
Rmax is the maximum analyte binding capacity, andKD is
the equilibrium dissociation constant. Alternatively, Scat-
chard plots were generated (Req/C vs Req) and the data were
subjected to linear regression according to the following
equation: Req/C ) -(Req/KD) + (Rmax/KD).

Fluorescence Spectroscopy. Intrinsic fluorescence was
used to monitor the binding ofε-ACA to 17K r-apo(a) and
Glu1-plasminogen as previously described (46, 50) with
several modifications. Briefly, 17K r-apo(a) and Glu1-
plasminogen were each dialyzed against Biacore buffers A
[10 mM HEPES, 150 mM NaCl, 3.4 mM EDTA, 0.003%
(v/v) P20 surfactant, pH 7.4] and B [10 mM HEPES, 150
mM sodium acetate, 3.4 mM EDTA, 0.003% (v/v) P20
surfactant, pH 7.4]. In an LS50B fluorescence spectrometer
(Perkin-Elmer) thermostated at 22°C, the four different
samples were placed in 4 mL quartz cuvettes with microstir
bars [70 nM 17K r-apo(a) or 150 nM Glu1-plasminogen],
and small aliquots ofε-ACA were added [0-100 mM for
apo(a) titrations or 0-20 mM for plasminogen titrations].
The additions also contained 17K r-apo(a) or Glu1-plasmi-
nogen at a concentration identical to that present in the
cuvette in order to eliminate the need to correct for dilution.
All samples and concentratedε-ACA stocks were diluted in
the appropriate chloride- or acetate-containing buffers (A and
B, respectively) in each case. Changes in fluorescence
intensity were monitored continuously during the course of
the titrations [excitation wavelength, 280 nm (slit width)
5.0 nm); emission wavelength, 340 nm (slit width) 5.0 nm);
cutoff filter, 290 nm].

Fluorescent Plasminogen ActiVation Assay. As previously
described (41), a fluorescence-based system was employed
to study the effect of apo(a) on plasminogen activation in
the presence of degraded fibrin cofactors (FDP) and in the
absence of positive feedback reactions catalyzed by plasmin.
Briefly, a recombinant variant of human Glu1-plasminogen,
in which the active site serine had been replaced by cysteine,
was employed so that the zymogen could be labeled with a
thiol-specific fluorescein tag (46). The labeled protein (Flu-
Glu1-plasminogen) was digested with plasmin as specified
above to generate the fluorescently labeled, truncated form
(Flu-Lys78-plasminogen). Plasminogen cleavage by tPA was
followed at 25°C using 96-well Dynex Microfluor2 plates
and a SpectraMax Gemini XS plate reader (excitation
wavelength, 495 nm; emission wavelength, 535 nm; cutoff
filter, 530 nm; sensitivity setting, normal; PMT setting, low;
run time, 1 h; interval, 36 s). Specifically, 80µL volumes
containing Flu-Glu1- or Flu-Lys78-plasminogen (0.3µM

final), FDP (0.6µM final), and 17K r-apo(a) (0-3 µM final)
in HBS containing 0.02% (v/v) Tween 80 (HBST) were
added to wells already containing 20µL volumes of tPA (3
nM final) in HBST. Initial rates of fluorescence decrease
were compared between the Flu-Glu1- and Flu-Lys78-plas-
minogen data sets in the presence of increasing apo(a)
concentration.

RESULTS

The binding interaction between plasminogen and thiol-
coupled apo(a) was examined by SPR. The sensorgrams (RU
vs time) presented are typical of results acquired in at least
three independent trials. The active 17K r-apo(a) surfaces
showed good stability, and no significant decreases in bound
plasminogen analyte were observed throughout the duration
of the experiments. Agreement between the theoretically
predicted and experimentally observed maximal specific
binding (Rmax) parameter indicated that the ligand thiol
immobilization technique yielded fully active surfaces.
Agreement between the theoretical and observedRmax values
also indicated a 1:1 binding stoichiometry between plasmi-
nogen and apo(a). Glu1-plasminogen and its fragments
exhibited almost no nonspecific binding over reference
surfaces [lacking apo(a)] compared to the total responses over
apo(a)-immobilized surfaces (data not shown). When BSA
(15 µM) or 17K r-apo(a) (5µM) was injected as the analyte,
they also exhibited no nonspecific binding to the reference
surfaces (data not shown).

Dose-response experiments with Glu1-plasminogen were
performed over wild-type and citraconic anhydride-modified
17K r-apo(a) surfaces immobilized in tandem (Figure 1). The
titrations showed that Glu1-plasminogen binding was sig-

FIGURE 1: SPR analysis of Glu1-plasminogen analyte binding to
apo(a) ligand at 20µL/min: representative sensorgrams for specific
binding of (i) 0.5, (ii) 1, (iii) 2, (iv) 5, (v) 10, and (vi) 20µM
Glu1-plasminogen to wild-type (A) or citraconic anhydride-modified
(B) ligand. In each panel, 500 RU of 17K r-apo(a) was immobilized.
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nificantly decreased when citraconic anhydride-modified 17K
r-apo(a) was immobilized as the ligand. The binding of Glu1-
plasminogen to wild-type 17K r-apo(a) was unaltered in the
presence of BSA (15µM) or high 0.5 M salt conditions (data
not shown), but significantly decreased in the presence of
17K r-apo(a) as a solution-phase competitor (Figure 2A).
Binding was also abolished in the presence of the competitive
lysine analogueε-ACA (20-200 mM) or when Glu1-
plasminogen was pretreated with the lysine modification
reagent citraconic anhydride. Thus, the plasminogen-apo(a)
binding interaction was very specific as assessed by SPR.

In the BIAevaluation software, initial modeling attempts
with the simplest “1:1 (Langmuir) binding” equation failed
to provide a good fit to the experimental data as judged by
the nonrandom distribution in the residuals. Although mass
transport limitation (MTL) effects were not expected with
such slow association rates, flow rate tests with low-density
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,
it was determined that a more complex “two-state reaction”
model provided a good fit to the experimental data. As this
model suggests that a conformational change would be
occurring in the plasminogen-apo(a) complex after the initial
binding event, a contact time test was then performed to
assess the validity of the two-state kinetic model (Figure 2B).
At a constant flow rate, a fixed concentration of Glu1-
plasminogen was injected over the wild-type 17K r-apo(a)

surface for three different durations. The shortest injection
series (188 s) possessed the fastest dissociation rate (kd ∼
0.0010 s-1), and fitting of the data correlated well with the
1:1 binding model. The longest injection series (750 s)
possessed the slowest dissociation rate (kd ∼ 0.0002 s-1),
but fitting of the data did not agree with the 1:1 binding
model. The middle injection series (375 s) possessed an
intermediate dissociation rate (kd ∼ 0.0004 s-1), 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
BIAevaluation 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 dose-response titrations revealed an
equilibrium dissociation constant (KD) of ∼0.3µM for Glu1-
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 M-1 s-1) and dissociation (kd ∼ 0.0005 s-1)
phases are indicative of relatively slow binding kinetics
between Glu1-plasminogen and apo(a) overall. In contrast,
the majority of plasminogen fragments (PgK1-5, PgK1-3,
PgK4, and PgK5P) exhibited low levels of rapid, steady-
state binding compared to the hyperbolic isotherms seen with
native Glu1-plasminogen (Figure 3A). For example, equi-
librium binding experiments estimated aKD of ∼50 µM for
the interaction between PgK1-3 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, Lys78-
plasminogen exhibited biphasic isotherms (Figure 3A).
Compared to Glu1-plasminogen, significantly more Lys78-
plasminogen bound to the 17K r-apo(a) surface due to the
presence of an additional, rapid binding event at the start of
the association phase. Moreover, significantly less Lys78-
plasminogen remained on the 17K r-apo(a) surface due to
the presence of an additional, rapid dissociation event at the
start of the dissociation phase. Evaluation of the mid-sections
of the association (150-600 s) and dissociation (900-1350
s) phases, however, revealed that the estimated on- and off-
rates (ka andkd, respectively) in these regions did not differ
significantly between the Glu1-plasminogen and Lys78-
plasminogen injections. Thus, although the overall affinities
(KD ) kd/ka) of Glu1- and Lys78-plasminogen for 17K r-apo-
(a) are similar, Lys78-plasminogen binding to apo(a) is more
complicated and weaker overall due to additional interactions
not apparent with Glu1-plasminogen binding.

Subsequent experiments in which Glu1-plasminogen was
injected in the presence of variable chloride and acetate
concentrations generated dramatically different binding
profiles (Figure 3B). While ionic strength was held constant,
monophasic isotherms in the presence of chloride (ie. closed
Glu1-plasminogen conformation) shifted to biphasic iso-
therms in the presence of acetate. The biphasic Glu1-
plasminogen isotherms possessed an additional, rapid binding
event at the start of the association phase followed by the

FIGURE 2: SPR analysis of Glu1-plasminogen analyte binding to
apo(a) ligand at 20µL/min: (A) representative sensorgrams for
specific binding of (i) 1µM Glu1-plasminogen to 17K r-apo(a) with
20 mMε-ACA competitor, (ii) 1µM citraconic anhydride-modified
Glu1-plasminogen to 17K r-apo(a), (iii) 1µM Glu1-plasminogen
to 17K r-apo(a) with 2µM 17K r-apo(a) competitor, and (iv) 1
µM Glu1-plasminogen to 17K r-apo(a); (B) representative sensor-
grams for contact time test in which 1µM Glu1-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.
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longer, slower association event (Figure 3B inset). Increases
in the Glu1-plasminogen binding response and the dissocia-
tion rate were maximal in the presence of 150 mM acetate
(i.e., open Glu1-plasminogen conformation), yielding iso-
therms that were reminiscent of Lys78-plasminogen in the
presence of 150 mM chloride (i.e., open Lys78-plasminogen
conformation). Unlike Lys78-plasminogen, however, the
plasminogen tail domain was still intact in the chloride/
acetate experiments performed with Glu1-plasminogen.

Fluorescence spectroscopy analyses were then employed
to investigate conformational changes in the SPR analyte/
ligand in the presence of variable chloride and acetate
concentrations. Glu1-plasminogen and 17K r-apo(a) were
titrated with ε-ACA in 150 mM chloride- or actetate-
containing buffers identical to those utilized in the SPR
experiments. The intrinsic fluorescence of Glu1-plasminogen
(150 nM) in chloride buffer increased∼10% whenε-ACA
was titrated to 20 mM, whereas the identical experiment in
acetate buffer resulted in an increase of only∼4% (Figure
5A,B). The intrinsic fluorescence of 17K apo(a) (70 nM)
decreased∼15% in either chloride or acetate buffer when
ε-ACA was titrated to 100 mM (Figure 5C,D). Taken
together, the titrations suggest that the native conformation
of 17K r-apo(a) was unaltered in the SPR experiments by
the change in anions, whereas Glu1-plasminogen would have
adopted a more open, relaxed, “Lys78-plasminogen”-like

conformation in the presence of acetate (compared to its
native, closed conformation in the presence of chloride).

To examine the functional consequence of the differential
SPR kinetics observed between Glu1-/Lys78-plasminogen and
apo(a), fluorescent plasminogen activation assays were
performed with soluble FDP cofactors (Figure 6). Cleavage
of the fluorescently labeled plasminogens by tPA elicits a
conformational change that results in a quenching of the
fluorescein fluorescence. Because the active site serine has
been mutated to a cysteine in the recombinantly expressed
plasminogen, the fluorescent Glu1- and Lys78-plasmin prod-
ucts formed remain catalytically inactive, thereby simplifying
the kinetics of the reaction. The kinetic plots (relative
fluorescence vs time) presented are typical of results acquired
in at least three independent trials. Overall, it was found that
17K r-apo(a) inhibited the rates of Glu1-plasminogen activa-
tion in a dose-dependent manner (Figure 6A) but failed to
inhibit Lys78-plasminogen activation under similar assay
conditions (Figure 6B).

DISCUSSION

Previous fluorescence studies with a series of recombinant
apo(a) variants have shown that the apo(a) protease-like
domain mediates binding to Glu1-plasminogen in solution
(38). Exposed lysine residues in the apo(a) protease-like

FIGURE 3: SPR analysis of plasminogen fragment analytes binding
to apo(a) ligand at 20µL/min: (A) representative sensorgrams for
specific binding of (i) 10µM plasminogen tail domain, (ii) 10µM
PgK4, (iii) 10µM PgK1-3, (iv) 10µM PgK5P, (v) 5µM PgK1-
5, (vi) 2 µM Lys78-plasminogen (dotted line), and (vii) 2µM Glu1-
plasminogen (solid line) to 2700 RU of 17K r-apo(a) in the presence
of 150 mM chloride/0 mM acetate; (B) representative sensorgrams
for specific binding of 1µM Glu1-plasminogen to 1700 RU of 17K
r-apo(a) in the presence of (i) 150 mM chloride/0 mM acetate (solid
line), (ii) 75 mM chloride/75 mM acetate (dashed line), and (iii) 0
mM chloride/150 mM acetate (dotted line); (inset) corresponding
analysis in which changes within the first 30 s are highlighted.

FIGURE 4: SPR analysis of PgK1-3 analyte binding to apo(a)
ligand at 40µL/min: (A) representative sensorgrams for steady-
state binding of (i) 5, (ii) 10, (iii) 20, (iv) 30, (v) 40, (vi) 50, and
(vii) 60 µM PgK1-3 binding to 1700 RU of 17K r-apo(a); (B)
representative plot of steady-state binding in which thesymbols
correspond to experimental data and theline corresponds to
nonlinear regression analysis of the data to an equation describing
equilibrium binding; (inset) corresponding Scatchard analysis in
which thesymbolscorrespond to experimental data and theline
corresponds to linear regression analysis of the data. In each panel,
Req is the steady-state binding level andC is the concentration of
PgK1-3 in solution.
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domain are hypothesized to interact with LBS in plasmino-
gen. Conversely, the present study sought to determine which
kringle domains in plasminogen are important for mediating
binding to apo(a).

Methods initially chosen to examine the binding between
the isolated plasminogen fragments and apo(a) (i.e., ELISA,
RIA, intrinsic and extrinsic fluorescence) all proved to be
problematic for a variety of reasons beyond the scope of
this publication. On the other hand, SPR successfully
addressed the current objective in a quantitative, real-time
manner. Initial SPR experiments using amine-coupled apo-
(a) or plasminogen as the ligand proved to be confounding,
however, due to the lysine-dependent nature of the binding
interaction. This approach also generated less desirable
heterogeneous surfaces for kinetic studies, and certain amine-
coupled plasminogen surfaces (i.e., PgK4) were very unstable
as previously reported (51). Capture techniques using amine-
coupled apo(a)- or plasminogen-specific monoclonal anti-
bodies also failed to yield reliable data. Eventually, the ligand
thiol immobilization technique provided stable, oriented,
homogeneous surfaces. The 17K r-apo(a) was thiol-coupled
to the CM5 sensor chip surface through the unpaired cysteine
in KIV 9, thereby mimicking how apo(a) is disulfide-bonded
to apoB-100 in the intact Lp(a) particle.

Using immobilized surfaces of the appropriate density,
increases in the SPR signal allowed monitoring of the smaller
molecular weight plasminogen/fragment analytes (9-92 kDa)
binding to the larger molecular weight apo(a) ligand (279
kDa). The interaction was also very specific as binding of
Glu1-plasminogen to 17K r-apo(a) was unaltered in the

presence of BSA or high-salt conditions. Binding was altered,
however, in the presence of the lysine analogueε-ACA,
citraconic anhydride-modified Glu1-plasminogen, and 17K
r-apo(a) as solution-phase competitors. All of these methods
to decrease and/or abolish binding reinforced the lysine-
dependent nature of this interaction that has been demon-
strated in our previous work (38). The present study,
however, has challenged the notion that lysine residues on
apo(a) interact only with LBS in plasminogen. The SPR
experiments with citraconic anhydride modification have
illustrated that lysine residues on 17K r-apo(a) are indeed
important, but lysine residues on Glu1-plasminogen also
appear to be critical for apo(a)-plasminogen binding to occur.

Initial dose-response titrations for native, Glu1-plasmi-
nogen binding to 17K r-apo(a) failed to conform to a simple
“1:1 binding” model using the BIAevaluation software.
Because flow rate tests with low-density immobilized
surfaces successfully ruled out any mass transport limitations,
deviations from 1:1 binding were then thought to reflect the
fact that purified plasminogen is naturally heterogeneous.
In plasma, native plasminogen is composed of two glyco-
forms (6): 35% Glu1-plasminogen I (glycosylated at Asn289

and Thr346) and 65% Glu1-plasminogen II [glycosylated at
Thr346 only; plasminogen amino acid numbering system
includes Gln residue at sequence position 32 (see ref44)].
The two glycoforms differ structurally and functionally in
terms of their native conformations (52), affinities for lysine-
Sepharose (53), and rates of plasminogen activation (54).
Once the contact time test was performed, however, we found
that short contact times yielded 1:1 binding, whereas longer

FIGURE 5: Fluorescence spectroscopy ofε-ACA binding to Glu1-plasminogen and apo(a): representative intrinsic fluorescence titrations of
ε-ACA binding to 150 nM Glu1-plasminogen in the presence of 150 mM chloride (A), 150 nM Glu1-plasminogen 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, thesymbolscorrespond to experimental data and thelinescorrespond to nonlinear regression analysis of the data to an
equation describing equilibrium binding.
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contact times did not. Good 1:1 fits obtained with the short
injection series were indicative that the Glu1-plasminogen
glycoforms I and II were binding to 17K r-apo(a) in identical
fashion; therefore, additional SPR analyses with the isolated
glycoforms were not required. On the other hand, poor 1:1
fits were obtained with the longer injection series, and the
dissociation rate constants decreased in the presence of
increased contact times.

Because several possible technical concerns (e.g., mass
transport limitations, analyte/ligand heterogeneity) failed to
account for the observed deviations from 1:1 binding, a more
complex kinetic model was investigated using the BIAe-
valuation software. Results from the contact time test indicate
that our present SPR results are consistent with a “two-state
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 Glu1-plasminogen 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
could account for the binding response observed with native

Glu1-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, PgK1-5, PgK1-3, PgK4, and PgK5P all exhibited
effectively similar levels of weak binding relative to Glu1-
plasminogen. Despite differences between PgK1-5, PgK1-
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 Glu1-
plasminogen. Interestingly, Lys78-plasminogen exhibited bi-
phasic isotherms compared to the monophasic isotherms
observed with Glu1-plasminogen. Similar biphasic isotherms
were observed when the binding of intact Glu1-plasminogen
(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 Lys78-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 Glu1-plasminogen
is its tight, activation-resistant conformation (18, 19). The
binding of lysine analogues to LBS in Glu1-plasminogen
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 7.5-10% upon
Glu1-plasminogen binding toε-ACA (0-16 mM) in chloride-
containing buffers (46, 55). In contrast, no significant
increase in intrinsic fluorescence is observed upon Lys78-
plasminogen binding toε-ACA under similar conditions (18).
Thus, Glu1-plasminogen is characterized by a closed con-
formation, whereas Lys78-plasminogen is characterized by
an open conformation. Upon binding to lysine analogues,
apo(a) also undergoes a large conformational change that
can be monitored by intrinsic fluorescence. Previous studies
from our laboratory have reported a fluorescence decrease
of 15-20% upon 17K r-apo(a) binding toε-ACA (0-100
mM) in chloride-containing buffers (50). Although analogous
to the conformational change in plasminogen, the molecular
determinants that govern the conformational change in apo-
(a) are dissimilar to those that govern the conformational
change in plasminogen (50).

It is well established that chloride ions help to maintain
the closed conformation of native Glu1-plasminogen, whereas
other ions such as acetate cause Glu1-plasminogen to adopt
a more open, relaxed conformation like that of Lys78-
plasminogen (15). In agreement with the literature values
noted above, intrinsic Glu1-plasminogen titrations with
ε-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
Lys78-plasminogen is titrated withε-ACA, previous studies
have indicated that positive co-operative binding of at least
two ligands (ε-ACA, t-AMCHA) to Glu1-plasminogen is
required to induce a fully extended conformation of the

FIGURE 6: Fluorescent plasminogen activation assay to examine
the inhibition of tPA-mediated plasminogen activation by apo(a):
representative kinetic plots for the activation of 0.3µM Flu-Glu1-
plasminogen (A) or 0.3µM Flu-Lys78-plasminognen (B) in the
presence of (i) 0µM 17K r-apo(a), (ii) 1µM 17K r-apo(a), (iii) 2
µM 17K r-apo(a), (iv) 3µM 17K r-apo(a), and (v) no tPA control.
In each panel, all reactions contained 0.6µM FDP cofactor and 3
nM tPA.
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molecule (16, 20). Specifically, it is hypothesized that initial
binding to the PgK5 domain induces a conformation change
that facilitates the rapid binding of a second ligand to the
PgK4 domain. Although substituting chloride ions for acetate
ions likely establishes equilibrium between the open and
closed forms of Glu1-plasminogen, it is important to note
that a significantly larger percentage of Glu1-plasminogen
was in the open state in acetate as assessed by the intrinsic
fluorescence titrations.

To examine the functional consequence of the differential
SPR kinetics observed between Glu1-/Lys78-plasminogen and
apo(a), fluorescent plasminogen activation assays were
performed. Although the fluorescently labeled plasminogen
remains catalytically inactive upon cleavage by tPA, the
resultant conformation change results in a fluorescence
decrease that can be followed in real time. Previous work
with this model system has validated that the inhibition of
tPA-mediated Glu1-plasminogen 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 utilized (41). The
present fluorescent plasminogen activation results (utilizing
FDP) indicate that apo(a) is a strong inhibitor of Glu1-
plasminogen activation but a poor inhibitor of Lys78-
plasminogen activation. These results agree with previous
in vitro clot lysis assays in which apo(a) attenuated the lysis
of clots prepared from purified fibrinogen and initially
containing Glu1-plasminogen, but had no effect on the lysis
of similar clots in which Lys78-plasminogen was substituted
(34). Although positive feedback reactions catalyzed by
plasmin would have been present in the clot lysis assays,
such feedback reactions were not present in the fluorescent
plasminogen activation assays. Despite such differences
between the two assay systems, a common outcome has been
observed in which the apo(a) inhibitor behaves differently
in the fibrinolytic process depending upon whether Glu1- or
Lys78-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 (2-3 µM), 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 constant (KD) of ∼0.3µM
for Glu1-plasminogen binding to 17K r-apo(a) by SPR is in
good agreement with previously acquired binding data using
radioiodinated 17K r-apo(a) and Glu1-plasminogen im-
mobilized in microtiter wells (KD ∼ 0.2µM) (M. A. Hancock
and M. L. Koschinsky, unpublished results). In contrast, we
previously reported an equilibrium dissociation constant of
∼20 nM for the solution-phase interaction between 17K
r-apo(a) and fluorescently labeled plasminogen (38). The
decreased affinity of this interaction in our present SPR
studies may reflect a more restricted 17K r-apo(a) conforma-
tion when thiol-coupled to the CM5 sensor chip surface.

Overall, we have shown that all structural domains in
native Glu1-plasminogen are important for maximal, high-
affinity binding to apo(a) and that a variety of truncated
plasminogen fragments exhibit decreased binding affinities.

We have also shown that changes in the native conformation
of plasminogen (i.e., Glu1- to Lys78-plasminogen conversion)
dramatically alter its binding interaction with thiol-coupled
apo(a) as well as the ability of apo(a) to inhibit plasminogen
activation on a FDP surface. Whereas Glu1-plasminogen
binding to apo(a) was characterized by a single binding
interaction (monophasic isotherm), Lys78-plasminogen bind-
ing was characterized by more than one binding interaction
(biphasic isotherm). Thus, it appears that Glu1- to Lys78-
plasminogen conversion may result in the exposure of
additional apo(a) binding sites. Moreover, modeling of our
data indicated that Glu1-plasminogen binding to apo(a) is
consistent with a two-state kinetic model, which suggests
that a conformational change in the plasminogen-apo(a)
complex is occurring. Additional biophysical studies are
required to provide direct evidence that a conformational
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 Glu1-
plasminogen activation. Our previous kinetic studies using
fluorescently labeled plasminogen suggest that apo(a) par-
ticipates in a quaternary apo(a)-cofactor-tPA-plasminogen
complex that exhibits a lower turnover number (with respect
to plasmin formation) compared to the corresponding ternary
complex lacking apo(a) (41). The nature of the interactions
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
(fibrin, FDP). Alternatively, the conformational change in
the plasminogen-apo(a) complex predicted by the SPR
model may result in a form of plasminogen that is less readily
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
questions.
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