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ABSTRACT: Interaction of lipoprotein(a) with fibrin associated with atherosclerotic lesions promotes its
accumulation in the lesions, thereby contributing to the development of atherothrombosis. Numerous studies
revealed that this interaction occurs through the apolipoprotein(a) [apo(a)] component of lipoprotein(a)
and COOH-terminal Lys residues generated by partial degradation of fibrin with plasmin (a COOH-Lys-
dependent mechanism). At the same time, the mechanism of the interaction of apo(a) with intact fibrin-
(ogen) remained unclear. Our recent study identified the Lys-independent apo(a)-binding sites within the
fibrin(ogen)RC domains which contribute to an alternative Lys-independent mechanism. In this study,
we performed direct measurements of the interaction between apo(a) and various fibrin(ogen) fragments
representing the whole fibrin(ogen) molecule except theRC regions. The experiments revealed that the
apo(a)-binding site, identified previously within fibrinogenγ chain residues 207-235 [Klose, R., et al.
(2000)J. Biol. Chem. 275, 38206-38212], is a high-affinity site and mainly Lys-independent, suggesting
that it should also contribute to the Lys-independent mechanism. The experiments also identified a novel
Lys-dependent high-affinity apo(a)-binding site within the sequence ofγ chain residues 287-411. This
site may provide interaction of apo(a) with intact fibrin(ogen) through another alternative mechanism,
which depends on internal Lys residues. Thus, apo(a) may interact with intact fibrin through the Lys-
independent and Lys-dependent mechanisms, while the COOH-Lys-dependent mechanism may prevail
in the presence of fibrinolytic activity.

It is well established that elevated plasma levels of
lipoprotein(a) [Lp(a)]1 and fibrinogen are independent risk
factors for atherosclerotic cardiovascular diseases (1, 2). Lp-
(a) and fibrin deposits have been detected in atherosclerotic
lesions, and the accumulation of these components has been
connected with their development (2, 3). Numerous experi-
ments with transgenic animals have provided direct evidence
of the involvement of both fibrin and apo(a), a protein
component of Lp(a), in the development and progression of
atherosclerosis (4-8). Specifically, it was shown that
fibrinogen deficiency in apo(a) transgenic mice substantially

decreased the level of accumulation of apo(a) in the vessel
walls as well as lesion development, and it was suggested
that fibrin(ogen) provides one of the major sites to which
Lp(a) binds to the vessel wall and participates in generation
of atherosclerosis (8).

Lp(a) interacts with fibrin(ogen) via its apo(a) component,
and this interaction occurs in Lys-dependent and Lys-
independent manners (9-11). Numerous studies have char-
acterized the Lys-dependent interaction of apo(a) with
COOH-terminal Lys residues generated by limited plas-
minolysis of fibrin (reviewed in ref12). It was also shown
using the yeast two-hybrid system that apo(a)-binding sites
are located in the fibrinogen D region within the sequence
of residues 207-235 of its γ chain and the corresponding
homologous portion of itsâ chain (10) (Figure 1A-C).
Further binding experiments with apo(a) and/or Lp(a) and
synthetic peptides, includingγ chain residues 207-235,
revealed that the interaction between them is only partially
Lys-dependent (10). More recent experiments with recom-
binant fibrinogenRC fragments identified a Lys-independent
apo(a)-binding site in the fibrin(ogen)RC region and further
localized it within the sequence of residues AR392-610
forming theRC domain (11) (Figure 1A). The apo(a)-binding
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sites identified in the D andRC regions are not related to
COOH-terminal Lys residues and therefore may play a role
in the interaction of apo(a) with intact fibrin(ogen). Whether

these sites account for all the apo(a) binding activity of fibrin-
(ogen) or if there are some additional putative apo(a)-binding
sites remains to be established.

FIGURE 1: Location of the apo(a)-binding sites in fibrinogen and its fragments. (A) Location of the previously identified apo(a)-binding
sites in the fibrin(ogen) D regions (10) andRC domains (11). Fibrinogen is represented by a ribbon diagram based upon its crystal structure
(31); its interactingRC domains (41) are shown as two spheres. The individual fibrinogen chains, AR, Bâ, andγ, are colored blue, green,
and red, respectively; black arrows mark the apo(a)-binding sites, while magenta arrows mark the AR148-160-containing plasminogen-
binding sites located in the D regions (13). (B and C) Ribbon diagram and solvent-accessible surface, respectively, of the D fragment based
upon its crystal structure (27). The D fragment consists of the coiled coil domain (triple blue, green, and red helix) and theâ andγ modules
formed by the COOH-terminal portions of the Bâ andγ chains, respectively. In both panels, the apo(a)-binding sequences,â247-310 and
γ207-235 (10), are colored yellow. (D-F) Ribbon diagrams of the isolatedγ module (28). The color scheme in panels D and E is the
same as in the previous panels. The diagram in panel E is covered with semitransparent solvent accessible surface; the surface which is
buried in the D fragment and becomes exposed in the isolatedγ module is highlighted in white. The diagram in panel F shows the domain
structure of theγ module according to ref28. The NH2-terminal (residuesγ148-191), central (residuesγ192-286), and COOH-terminal
(residuesγ287-380) domains are colored light blue, magenta, and beige, respectively; theγ381-390â strand inserted into an antiparallel
â sheet of the central domain is also colored beige. This figure was prepared with PyMol (42).
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Apo(a) consists of the COOH-terminal protease- and
kringle 5-like domains and of multiple copies of kringle
4-like domains of plasminogen. The kringle domains of both
apo(a) and plasminogen contain Lys-binding sites which
provide their interactions with various proteins and thereby
participation in different physiological and pathological
processes. Specifically, they play an important role in fibrin-
dependent tPA-mediated activation of plasminogen into
plasmin which initiates fibrinolysis (13). Because of their
structural homology and because both proteins interact with
fibrin via their Lys-binding sites, it was proposed that apo-
(a) may compete with plasminogen for the Lys-dependent
binding sites of fibrino(gen); such competition may inhibit
generation of plasmin on fibrin associated with athero-
sclerotic lesions, resulting in inhibition of fibrinolysis and
thereby promoting atherogenesis (12).

Interaction of plasminogen with fibrin(ogen) occurs in a
Lys-dependent manner. There are two identified plasmino-
gen-binding sites in each half of the intact fibrinogen
molecule; one, which includes residues AR148-160, is in
the coiled coil domain of the D region, and the other is
located in theRC domain (reviewed in ref13) (Figure 1A).
In addition, theRC domain contains the Lys-dependent tPA-
binding site (14). All these sites are important for the
initiation of fibrinolysis, while COOH-terminal Lys residues
generated upon fibrinolysis are involved in its propagation
(13). Although all three proteins, apo(a), plasminogen, and
tPA, interact with theRC domain, there is practically no
competition between them for theRC domain specific
binding sites (11). However, apo(a) does compete with
plasminogen for COOH-terminal Lys residues on partially
digested fibrin (12). Whether it also competes for the
plasminogen-binding sites localized in the D regions remains
to be established.

The major goals of this study were to further characterize
the interaction between fibrin(ogen) and apo(a), to clarify
whether the above-mentioned binding sites account for all
the apo(a) binding capacity of fibrin(ogen), and to test which
binding sites in fibrin(ogen) are shared by apo(a) and
plasminogen.

EXPERIMENTAL PROCEDURES

Proteins. Plasminogen-depleted human fibrinogen and
bovine serum albumin were purchased from Calbiochem.
Recombinant tPA was a product of Genentech. Human Glu-
plasminogen was prepared from citrated human plasma by
affinity chromatography on Lys-Sepharose 4B (15) and
further purified by size exclusion chromatography on Super-
dex 200 (Pharmacia). BovineR-thrombin, aprotinin, and
carboxypeptidase B were from Sigma.

Antibodies.The rabbit anti-plasminogen polyclonal anti-
bodies were purchased from Chemicon. The peroxidase-
conjugated anti-sheep, anti-mouse, and anti-rabbit polyclonal
antibodies were from Sigma. The sheep polyclonal anti-apo-
(a) antibodies and monoclonal antibody mAb A10.2 directed
against the lysine-binding site of kringle IV type 10 of apo-
(a) were obtained as described in refs16and17. Monoclonal
antibodies Fd4-7B3 and 2N3H10 directed against fibrinogen
D and E fragments, respectively, were a gift from B. Kudryk
(New York Blood Center, New York, NY).

Preparation of Recombinant and Proteolytic Fibrin(ogen)
Fragments.The recombinantγ module, including human

fibrinogenγ chain residues 148-411 and its subfragments,
γ148-191, γ192-286, andγ287-411, were prepared as
described in refs18 and19. Recombinant apo(a) A10 was
expressed and purified as described previously (20). Fibrino-
gen-derived fragments D1 and E3 were prepared by the
procedures described in ref21. The fibrin-derived E1
fragment was prepared as described previously (22). The
NH2-terminal sequences of D1, E1, and E3 were determined
by direct sequencing for 10 cycles using a Hewlett-Packard
model G 1000S sequenator. Their NH2-terminal residues
were essentially the same as those reported previously (23,
24), namely, ARAsp105, ARVal111, BâAsp134, γSer86, and
γMet89 for the D1 fragment; ARGly17, BâGly15, andγTyr1

for the E1 fragment; and ARVal20, ARHis24, BâLys54, and
γTyr1 for the E3 fragment. Note that in E1 the NH2-terminal
residues were the same as those in intact fibrin while in E3

the NH2-terminal portions of the AR and Bâ chains were
missing. Since all three fragments were prepared with
plasmin, their COOH-terminal residues were supposedly the
same as those reported in refs23 and24.

Generation of Fibrin Surfaces.To prepare a surface with
intact fibrin, commercially available fibrinogen (Calbiochem)
was additionally purified on Superdex 200, immobilized onto
plastic at 10µg/mL by incubation overnight at 4°C, and
converted into fibrin by treatment with 100µL of a mixture
of thrombin (1 NIH unit/mL) and aprotinin (400 units/mL)
per well. Plasmin-degraded fibrin surfaces were prepared via
a procedure similar to that described in ref25 with some
modifications. Briefly, immobilized intact fibrin was incu-
bated with 0.1 nM plasmin in 20 mM Tris buffer (pH 7.4)
containing 150 mM NaCl and 1 mM CaCl2 (TBS-Ca buffer)
for 30 min at 37°C, washed with 20 mM Tris buffer (pH
7.4) containing 200 mMε-ACA and 500 mM NaCl, and
then with TBS-Ca buffer, and incubated with 400 units/mL
aprotinin in TBS-Ca buffer for 1 h at 37°C. Such treatment
generated a fibrin surface with maximal apo(a) binding
capacity as revealed by the control experiments (not shown).
In some experiments, plasmin-degraded fibrin surfaces were
treated with 5µg/mL carboxypeptidase B in TBS-Ca buffer
for 1 h at 37°C to remove COOH-terminal Lys residues.

Solid-Phase Binding Assay.Solid-phase binding was
performed in plastic microtiter plates using an enzyme-linked
immunosorbent assay (ELISA) as described in ref11 with
some modifications. Microtiter plate wells (Fisher) were
coated overnight with fibrinogen or fibrin(ogen) fragments,
recombinantγ module or its truncated variants, apo(a) A10,
tPA, or plasminogen, all at 10µg/mL in TBS-Ca buffer
following washing with the same buffer. The wells were then
blocked with 2% bovine serum albumin in TBS-Ca buffer
containing 0.01% Tween 20. Treatment of immobilized
proteins with carboxypeptidase B in some experiments was
performed as described above. Following washing with TBS-
Ca buffer containing 0.01% Tween 20, the indicated
concentrations of the proteins used as ligands were added
to the wells and incubated for 1 h. Bound proteins were
detected by reactions with specific polyclonal or monoclonal
antibodies and the peroxidase-conjugated anti-sheep, anti-
mouse, or anti-rabbit polyclonal antibodies. A TMB Mi-
crowell Peroxide Substrate (Kirkegaard & Perry Laboratories
Inc.) was added to the wells, and the amount of bound ligand
was measured spectrophotometrically at 450 nm. Data were
analyzed by nonlinear regression analysis using eq 1:
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whereA represents the absorbance of the oxidized substrate,
which is assumed to be proportional to the amount of ligand
bound,Amax is the absorption at saturation, [L] is the molar
concentration of the ligand, andKd is the dissociation
constant.

Biosensor Assay.The interaction of fibrinogen or fibrin-
(ogen)-derived fragments with apo(a) A10 was studied by
surface plasmon resonance (SPR) using the BIAcore 3000
biosensor (Biacore AB, Uppsala, Sweden) which assesses
association and dissociation of proteins in real time. Apo(a)
A10 at 50µg/mL was immobilized to the CM5 sensor chip
using the amine coupling kit (BIAcore AB) as specified by
the manufacturer. Binding experiments were performed in
TBS-Ca buffer containing 0.01% Tween 20 at a flow rate
of 10 µL/min. The association between the immobilized
fragments and the added proteins was monitored as the
change in the SPR response; the dissociation was assessed
upon replacement of the ligand solution for the buffer without
ligand. To regenerate the chip surface, complete dissociation
of the complex was achieved by adding 10 mM HCl for 30
s following re-equilibration with binding buffer.

Protein Structure Analysis.The solvent accessible surface
areas of residues 207-235 and 287-411 of theγ chains in
the D1 fragment and the isolatedγ module were calculated
on the basis of atomic coordinates available from the Protein
Data Bank (26) as entries 1FZA and 1FIB, respectively (27,
28). All calculations were performed using NACCESS (29).

RESULTS

The fibrinogen D regions andRC domains have been
implicated in the interaction with apo(a) (10, 11) (Figure
1A). To check if other fibrinogen regions and/or domains
are involved in apo(a) binding and to further characterize
apo(a)-binding sites of the D regions, we tested the interac-
tion of recombinant apo(a) A10 with various fibrin(ogen)-
derived proteolytic fragments and their recombinant sub-
fragments.

Interaction of Apo(a) with Immobilized Fibrin(ogen)-
DeriVed Proteolytic Fragments.In an ELISA, when the
immobilized D1 and E3 fragments, derived from the fibrino-
gen D and E regions, respectively (Figure 1A,B), were
incubated with increasing concentrations of apo(a) A10, only
D1 exhibited dose-dependent binding (Figure 2). Like E3,
the more intact fibrin-derived E1 fragment (see Experimental
Procedures) also failed to interact with apo(a). The interaction
between apo(a) A10 and D1 occurred with a high affinity
(Kd ) 7.7 nM) (Table 1). This interaction was influenced
by the Lys analogue,ε-aminocaproic acid (ε-ACA), the
addition of which reduced the amount of bound apo(a) A10
and increased the apparentKd value to 28.4 nM (Figure 2
and Table 1). At the same time, no changes in binding were
observerd after the D1 fragment was treated with carboxy-
peptidase B to remove COOH-terminal Lys residues (not
shown). All these experiments indicate that the fibrin(ogen)
E region does not contain apo(a)-binding sites and that those
localized in the D regions are not related to COOH-terminal
Lys residues.

To further characterize the interaction between apo(a) and
the D regions, we tested if plasminogen, which also binds

to these regions through the AR148-160-containing sites
(13) (Figure 1A), would interfere with this interaction. In
an ELISA, when apo(a) at 0.1µM (saturating concentration)
was added to the immobilized D1 fragment in the presence
of increasing concentrations of plasminogen (up to 2.5µM),
virtually no differences in apo(a) binding were observed
(Figure 2, inset). At the same time, when plasminogen at
0.1 µM was added to D1 in the presence of increasing
concentrations of apo(a) A10, the latter inhibited binding of
the former by∼40%. This inhibition reflects most likely the
competition of apo(a) A10 for the AR148-160-containing
plasminogen-binding site located in the coiled coil domain
of D1 (Figure 1A,B).

FIGURE 2: Analysis of binding of apo(a) A10 to the immobilized
fibrin(ogen) fragments. Increasing concentrations of apo(a) A10
were added to the immobilized D1 fragment (b), E3 fragment (2),
and E1 fragment (9). The data for the binding of apo(a) A10 to the
immobilized D1 fragment in the presence of 0.1µM ε-ACA are
shown with empty circles. Bound apo(a) A10 was detected with
specific anti-apo(a) antibodies. The curves represent the best fit of
the data to eq 1. The inset shows results of the experiment in which
apo(a) A10 at 0.1µM was incubated with microtiter wells coated
with the D1 fragment in the presence of increasing concentrations
of plasminogen ([); similarly, plasminogen at 0.1µM was
incubated with the immobilized D1 fragment in the presence of
increasing concentrations of apo(a) A10 (9). Bound proteins were
detected with specific anti-apo(a) or anti-plasminogen polyclonal
antibodies, as described in Experimental Procedures. All results
are means( the standard deviation of three independent determina-
tions.

Table 1: Dissociation Constants (Kd) for the Interaction of Apo(a)
A10 with the Fibrin(ogen) Fragments Detected by an ELISAa

Kd (nM)

fragment withoutε-ACA with 100 mM ε-ACA

D1 fragment 7.7( 0.5 28.4( 2.2
E1 fragment nbb nbb

E3 fragment nbb nbb

γ module 1.8( 0.5 21.1( 1.4
γ148-191 nbb nbb

γ192-286 1.1( 0.2 5.5( 2.1
γ287-411 60.6( 3.5 nbb

a Values are means( the standard deviation of at least three
independent experiments.b No binding observed.

A ) Amax/(1 + Kd/[L]) (1)
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Interaction of Apo(a) A10 with the Recombinantγ Module
and Its Subfragments.Because theγ module is a part of the
D1 fragment (Figure 1B) and because the previously identi-
fied apo(a)-binding site was localized within itsγ207-235
region (10), we next focused on the interaction of this module
with apo(a) A10. In an ELISA, the immobilized recombinant
γ module exhibited a dose-dependent binding to apo(a) A10
with an apparentKd of 1.8 nM (Figure 3A and Table 1).
This binding was influenced byε-ACA, the addition of which
reduced the amount of bound apo(a) A10 and increased the
Kd value to 21.1 nM. Note that the affinities of apo(a) A10
for the γ module and D1, both in the absence and in the
presence ofε-ACA, were comparable (Table 1). These data
indicate that binding of apo(a) A10 to the immobilizedγ
module, like that to the immobilized D1 fragment, occurs

with high affinity and that such binding is only partially Lys-
dependent.

It was shown that theγ module consists of three
independently folded domains (18, 28) (Figure 1F). We have
recently expressed the recombinant fragments,γ148-191,
γ192-286, and γ287-411, corresponding to the NH2-
terminal domain, the central domain, and the COOH-terminal
domain with theγ381-411 extension, respectively (19).
These fragments were used to test the involvement of individ-
ual γ module domains in the interaction with apo(a). In an
ELISA, the immobilizedγ148-191 fragment did not bind
apo(a) A10, indicating that the NH2-terminal domain is not
involved in this interaction (Figure 3B). As expected, the
immobilized γ192-286 fragment containing the apo(a)-
binding γ207-235 sequence (10) bound apo(a) A10. The
binding occurred with high affinity; the apparentKd was
found to be 1.1 nM (Table 1). This binding was only slightly
inhibited by ε-ACA which, when added, increased theKd

value to 5.5 nM but had practically no impact on the amount
of bound protein (Figure 3B and Table 1). This is in
agreement with a previous finding that the interaction of the
γ207-235 peptide with Lp(a) or apo(a) was only partially
Lys-dependent (10). The immobilized COOH-terminalγ287-
411 fragment also bound apo(a) with a comparatively high
affinity (Kd ) 60.6 nM); however, this binding was complete-
ly abolished byε-ACA. Since this fragment does not contain
COOH-terminal Lys, the binding most probably occurred
through internal Lys residue(s). In agreement,R-N-acetyl-
L-lysine methyl ester, which may better mimic internal Lys,
also completely inhibited the interaction with apo(a) A10
(not shown). These experiments confirm the presence of the
apo(a)-binding site in the central domain of theγ module
and reveal that it is of high affinity and practically Lys-
independent. They also identify a novel Lys-dependent apo-
(a)-binding site within theγ287-411 portion of this module.

Interaction of Fibrin(ogen) Fragments with Immobilized
Apo(a) A10.In reverse ELISA experiments, when the D1,
E1, or E3 fragments, all at 5µM, were added to immobilized
apo(a) A10, no binding was observed (Figure 4). In the
control experiment, no binding was observed with fibrinogen,
in agreement with our previous observation (11). The lack
of interaction between immobilized apo(a) A10 and these
fragments may be connected with the cryptic character of
the fibrin(ogen) apo(a)-binding sites. At the same time, one
cannot exclude the possibility that immobilization of apo(a)
A10 by adsorption to a surface may alter its conformation
and inactivate its binding sites. To check for such a
possibility, we tested the interaction between apo(a) A10 and
the same fragments by another method, surface plasmon
resonance (SPR), in which chemical coupling of a protein
to a surface provides less structural perturbation. When apo-
(a) A10 was coupled to the surface of a sensor chip and D1,
E1, and E3 were added, none of them exhibited binding while
anti-apo(a) mAb A10.2, used as a control, bound to apo(a)
A10 well (Figure 5). These results suggest that apo(a)-
binding sites are cryptic in D1. In agreement, visual inspection
of the γ207-235 and â247-310 residues in the three-
dimensional structure of the D fragment revealed that most
of them are buried (Figure 1B,C).

Interaction of the Recombinantγ Module with Immobilized
Apo(a) A10.In contrast to the D1 fragment, the recombinant
γ module, representing a portion of this fragment (Figure

FIGURE 3: Analysis of binding of apo(a) to the recombinantγ
module and its subfragments. (A) Increasing concentrations of
apo(a) A10 were incubated with microtiter wells coated with theγ
module in the absence (b) or presence (O) of 100 mM ε-ACA.
(B) Increasing concentrations of apo(a) A10 were incubated with
microtiter wells coated with theγ148-191 (squares),γ192-286
(circles), andγ287-411 (triangles) fragments; the experiments with
γ192-286 andγ287-411 were performed in the absence (filled
symbols) or presence (empty symbols) of 100 mMε-ACA. Bound
apo(a) A 10 was detected with specific anti-apo(a) antibodies as
described in Experimental Procedures. The curves represent the best
fit of the data to eq 1. Results are means( the standard deviation
of three independent determinations.
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1), exhibited binding when added to immobilized apo(a) A10
(Figure 4). The binding was Lys-dependent since it was
abolished by the addition of 100 mMε-ACA. The fact that
treatment of this module with carboxypeptidase B had no
effect on the binding excluded the possibility of the involve-
ment of COOH-terminal Lys residues. The binding was dose-
dependent (Figure 4, inset); the apparentKd was found to
be 1.2 µM. This value is much higher than that for the
interaction between apo(a) A10 and the immobilizedγ

module (Table 1), suggesting that the apo(a)-binding sites
in the soluble nonimmobilizedγ module are only partially
exposed.

Although theγ module in the D fragment2 and fibrinogen
has the same overall fold as the isolatedγ module (27, 28,
30, 31), the presence of the neighboringâ module in the
parent molecules (Figure 1A,B) may influence the exposure
of its apo(a)-binding sites. To check if this is the case, we
compared the accessibilities of the apo(a)-binding portions,
γ207-235 andγ287-411, in the D fragment with those in
the isolatedγ module. Calculation of the solvent accessible
surface areas revealed that the degree of exposure ofγ287-
411 in both the D fragment and theγ module is similar while
γ207-235 is more exposed in the latter (602 Å2 in D1 vs
1190 Å2 in the γ module). Further, the accessibilities of
Gln210, Glu213, His217, Leu218, Thr224, and Lys232 side chains
in the γ module were found to be more than 2-fold higher
than those in the D fragment (not shown). The exposure of
these residues could account for the observed apo(a) binding
activity of the isolatedγ module.

Competition between Apo(a) and Plasminogen for the
Interaction with Fibrin.The results presented above, as well
as those reported previously (14), suggest that plasminogen
does not compete with apo(a) for binding to the isolated D1

fragment andRC domain. At the same time, apo(a) exhibited
some competition for binding to D1 (Figure 2, inset) and
also effectively competed for COOH-terminal Lys residues
generated by treatment of fibrin with plasmin (32). To further
test competition between plasminogen and apo(a) for binding
to fibrin, the following experiments have been performed.

First, we generated intact and plasmin-treated fibrin
surfaces (see Experimental Procedures) and characterized
their apo(a) and plasminogen binding properties. In an
ELISA, apo(a) A10 bound to immobilized intact fibrin with
a high affinity (Figure 6A and Table 2); the apparentKd value
was found to be 13.2 nM, close to that reported previously
(11, 32). Plasmin-treated fibrin exhibited an increased level
of apo(a) A10 binding; the affinity of the binding also
increased [Kd ) 2.3 nM (Table 2)]. This extra binding
occurred due to the plasmin-generated COOH-terminal Lys
residues because after incubation of this fibrin with carboxy-
peptidase B its apo(a) binding became similar to that of intact
fibrin (dashed line in Figure 6A). In contrast, binding of
plasminogen to intact fibrin occurred with a much lower
affinity (Kd ) 860 nM), and the treatment of fibrin with
plasmin increased the level of this binding more significantly,
while not affecting the affinity (Figure 7A and Table 2).

Next, we tested the ability of apo(a) and plasminogen to
compete for binding to intact and plasmin-treated fibrin. In
an ELISA, when increasing concentrations of plasminogen
(up to 2µM) were added to 0.1µM apo(a) A10 (saturation
concentration), there was virtually no inhibition of interac-
tions between the latter and the immobilized fibrins, both
intact and plasmin-treated (Figure 6B). This result indicates
that plasminogen at near-physiological concentrations does
not compete for apo(a)-binding sites of fibrin. This is not
surprising since its affinity for both fibrins is much lower
than that of apo(a) (Table 2). In contrast, apo(a) A10, added
at concentrations up to 2µM, decreased the level of binding

2 This D fragment is equivalent to the D1 fragment used in this study.

FIGURE 4: Analysis of binding of the fibrin(ogen)-derived fragments
and the recombinantγ module to immobilized apo(a) A10.
Fibrinogen, fibrin(ogen)-derived D1, E1, and E3 fragments, or the
recombinantγ module, each at 5µM, was incubated with microtiter
wells coated with apo(a) A10. Binding of theγ module was tested
in the absence and presence of 100 mMε-ACA as well as after its
treatment with carboxypeptidase B (Carb-B). Bound species were
detected with monoclonal and/or polyclonal antibodies against
fibrinogen fragments as described in Experimental Procedures. The
inset shows results of the experiment in which increasing concen-
trations of theγ module were added to immobilized apo(a) A10,
and the bound protein was detected with specific polyclonal
antibodies againstγ module. The curve represents the best fit of
the data to eq 1. Results are means( the standard deviation of
three independent determinations.

FIGURE 5: Analysis of binding of the fibrin(ogen)-derived fragments
by surface plasmon resonance. The D1, E1, and E3 fragments, all
at 10µM, as well as anti-apo(a) A10 monoclonal antibody A10.2
were added to immobilized apo(a) A10, and their association and
dissociation were monitored in real time while registering the
resonance signal (response).
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of 0.1µM plasminogen to intact and plasmin-treated fibrins
by 16 and 70%, respectively (Figure 7B). The 16% decrease
was most probably due to the competition of apo(a) A10
for plasminogen-binding sites of the D regions (Figure 1A),
while the more dramatic 70% decrease also reflects its
competition for the newly generated COOH-terminal Lys
residues. It should be noted that since the concentration of
plasminogen used in these experiments was below the
physiological concentration, we also tested the effect of apo-
(a) on the binding of 1µM plasminogen (near-physiological
concentration) to plasmin-treated fibrin. The concentration

of apo(a) which inhibited this binding by 50% (IC50%) was
found to be 137 nM (not shown), very similar to the IC50%

of 123 nM determined from data presented in Figure 7B.
This indicates that apo(a) efficiently competes for the
plasminogen-binding sites and COOH-terminal Lys residues
at physiological concentrations of plasminogen.

DISCUSSION

In a previous study (10), use of the yeast two-hybrid
system allowed localization of the apo(a)-binding sites within
the Bâ247-310 andγ189-246 portions of the fibrinogen
â andγ modules, respectively (Figure 1). Further localization
of one of the sites withinγ207-235 has been performed
using synthetic peptides (10). In this study, we performed
direct measurements of the interaction of recombinant apo-
(a) A10 with fibrin(ogen) and its various fragments. The
experiments with the recombinant fibrinogenγ module
and its subfragments identified a novel high-affinity Lys-
dependent apo(a)-binding site within its COOH-terminal
γ287-411 portion and revealed that the previously localized
γ207-235 apo(a)-binding site is of high affinity and mainly
Lys-independent. Although we did not test the apo(a) binding
properties of theâ module, whose sequence and overall fold
are homologous to those of theγ module (27), on the basis
of previous data (10) one can expect its central domain also
to contain an apo(a)-binding site. Whether its COOH-
terminal portion contains another binding site similar to that
in the γ module remains to be clarified.

Interaction of Lp(a) with fibrin(ogen) through its apo(a)
component contributes to the atherogenic processes (8).
Competition between apo(a) and plasminogen for Lys-
dependent binding sites of fibrin associated with athero-
sclerotic lesions results in inhibition of fibrinolysis and is
regarded as the major established mechanism by which apo-
(a) and fibrin(ogen) promote atherogenesis (12). At the same
time, as demonstrated in this and some previous studies (12),
such competition occurs mostly for plasmin-generated COOH-
terminal Lys residues, suggesting that this COOH-Lys-
dependent mechanism may play a substantial role only when
fibrin is partially degraded with plasmin and that in the
absence of fibrinolytic activity apo(a) should interact with
intact fibrin through alternative mechanisms. The existence
of an alternative Lys-independent mechanism was proposed
after the discovery of a high-affinity Lys-independent apo-
(a)-binding site in the fibrinogenRC domain (11). In
agreement, the recent in vivo study with apo(a) transgenic
mice in a plasminogen deficient background provided strong
evidence for a prothrombotic role of apo(a) that is indepen-

FIGURE 6: Analysis of binding of apo(a) A10 to fibrin species in
the absence or presence of plasminogen. (A) Increasing concentra-
tions of apo(a) A10 were added to the following immobilized
species: intact fibrin (b), fibrin treated with plasmin for 30 min
(O), or fibrin treated with plasmin for 30 min followed by treatment
with carboxypeptidase B (4). Bound apo(a) A10 was detected with
specific anti-apo(a) polyclonal antibodies. The curves represent the
best fit of the data to eq 1. (B) Apo(a) at 0.1µM in the presence
of increasing concentrations of plasminogen was incubated with
microtiter wells coated with fibrin (b), fibrin treated with plasmin
for 30 min (O), and fibrin treated with plasmin for 30 min followed
by incubation with carboxypeptidase B (4). Bound apo(a) A10 was
detected with specific anti-apo(a) polyclonal antibodies. Results of
all experiments are means( the standard deviation of three
independent determinations.

Table 2: ELISA-Detected Dissociation Constants (Kd) for the
Interaction of Apo(a) A10 and Plasminogen with Fibrin,
Plasmin-Treated Fibrin, and Plasmin-Treated Fibrin after Incubation
with Carboxypeptidase Ba

Kd (nM)

apo(a) A10 plasminogen

intact fibrin 13.2( 2.5 860( 77
plasmin-treated fibrin 2.3( 0.6 920( 64
plasmin-treated fibrin incubated

with carboxypeptidase B
21.3( 6.2 1100( 278

a Values are means( the standard deviation of at least three
independent experiments.
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dent of plasmin (33). In this study, we found that the apo-
(a)-binding site located within theγ207-235 portion of the
central domain of theγ module is mainly Lys-independent
and therefore should also contribute to the Lys-independent
apo(a) binding mechanism. Furthermore, since the affinity
of this site for apo(a) is very high, its contribution to the
Lys-independent mechanism could be comparable with that
of the high-affinity site of theRC domain.

Our previous study (11) revealed that Lys-independent
interaction accounts for almost half of the overall binding
of apo(a) to intact fibrin, while the other half is Lys-
dependent. Since intact fibrin has no COOH-terminal Lys

residues, the Lys-dependent interaction occurs most probably
through the novelγ287-411 Lys-dependent apo(a)-binding
site. This site is of high affinity and therefore may contribute
substantially to the Lys-dependent interaction between apo-
(a) and intact fibrin. Such interaction may represent another
alternative mechanism, a Lys-dependent one, which involves
internal Lys residues (internal Lys-dependent mechanism).
In addition, since competition experiments with the D1

fragment revealed that apo(a) competes for the AR148-160
plasminogen-binding site (Figure 2, inset), binding of apo-
(a) through this site may also contribute to the internal Lys-
dependent mechanism. This mechanism, in contrast to the
COOH-Lys-dependent one, does not require COOH-terminal
Lys residues, i.e., it is plasmin-independent, and therefore
may mediate binding of apo(a) to intact fibrin in the absence
of fibrinolytic activity.

It should be noted that in our experiments the fibrinogen-
derived D1 fragment exhibited its apo(a) binding activity only
when immobilized onto plastic; in solution, it was inactive.
The absence of this activity in solution is in agreement with
our findings that in the crystal structure of the D fragment
most of theγ207-235 residues are totally or partially buried
(this study) and that apo(a)- and plasminogen-binding sites
in intact fibrinogen are cryptic (11, 13, 14). At the same
time, the appearance of the apo(a) binding activity upon
immobilization of D1 is in agreement with the previous
studies indicating that surface-adsorbed fibrinogen or its
fragments have altered conformation and that their cryptic
binding sites and fibrin specific epitopes are exposed (19,
34-38). Further, the previous reports that the fibrinogen D
regions undergo conformational changes upon conversion
of fibrinogen into fibrin and that such changes result in
exposure of some cryptic sites (22, 39, 40) strongly suggest
that the apo(a)-binding sites are also exposed in fibrin
deposited on the vessel walls or in atherosclerotic lesions.
In such a case, the interaction of apo(a) with fibrin through
these sites may play an important role in attraction of Lp(a)
to the lesions in the absence of fibrinolytic activity required
for generation of COOH-terminal Lys residues.

In summary, the results of this and the previous studies
(10-12) suggest that apo(a) may interact with fibrin(ogen)
through at least three alternative mechanisms which utilize
different types of apo(a)-binding sites. They include (i)
plasmin-generated COOH-terminal Lys residues (COOH-
Lys-dependent sites), (ii) Lys-dependent apo(a)- and plas-
minogen-binding sites localized in theγ287-411 and
AR148-160 portions of the D region, respectively (internal
Lys-dependent sites), and (iii) Lys-independent apo(a)-
binding sites localized in theRC domain and in theγ207-
235 portion of the central domain of theγ module (and most
probably in the homologous portion of theâ module). The
Lys-independent and internal Lys-dependent mechanisms
may provide an interaction of apo(a) with intact fibrin and
therefore may be important at the early stage of accumulation
of Lp(a) in atherosclerotic lesions, whereas the COOH-Lys-
dependent one may prevail in the presence of fibrinolytic
activity which generates COOH-terminal Lys residues in
lesion-associated fibrin.
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FIGURE 7: Analysis of binding of plasminogen to fibrin species in
the absence or presence of apo(a) A10. (A) Increasing concentra-
tions of plasminogen were added to the following immobilized
species: intact fibrin (b), fibrin treated with plasmin for 30 min
(O), and fibrin treated with plasmin for 30 min followed by
incubation with carboxypeptidase B (4). Bound plasminogen was
detected with specific anti-plasminogen polyclonal antibodies. The
curves represent the best fit of the data to eq 1. (B) Plasminogen
at 0.1µM in the presence of increasing concentrations of apo(a)
A10 was incubated with microtiter wells coated with fibrin (b),
fibrin treated with plasmin for 30 min (O), or fibrin treated with
plasmin for 30 min followed by incubation with carboxypeptidase
B (4). Bound plasminogen was detected with specific anti-
plasminogen polyclonal antibodies. Results of all experiments are
means( the standard deviation of three independent determinations.
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