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Abstract Although elevated plasma concentrations of lipo-
protein [a] (Lp[a]) are considered to be a risk factor for
atherosclerosis, the mechanisms by which Lp[a] mediates
its pathogenic effects have not been conclusively deter-
mined. The apolipoprotein [a] (apo[a]) component of
Lp[a] confers unique structural properties to this lipopro-
tein, including the ability to bind to lysine residues in bio-
logical substrates. It has been shown, however, that only a
fraction of plasma Lp[a] (Lp[a]-Lys

 

1

 

) binds to lysine-
Sepharose in vitro. The nature of the non-lysine-binding
Lp[a] fraction in plasma (Lp[a]-Lys

 

2

 

) is currently unknown.
In the present study, the Lp[a]-Lys

 

1

 

 fraction was deter-
mined in the plasma of six unrelated individuals; the Lp[a]-
Lys

 

1

 

 fraction in these plasma samples ranged from 

 

,

 

37 to

 

,

 

48%. Interestingly, purification of the Lp[a] by density
gradient ultracentrifugation followed by gel filtration and
ion-exchange chromatography resulted in progressive in-
creases in the Lp[a]-Lys

 

1

 

 fraction. Addition of either puri-
fied low density lipoprotein (LDL) or fibronectin to the pu-
rified Lp[a] at a 1:1 molar ratio reduced the Lp[a]-Lys

 

1

 

fraction (maximal decrease of 34 and 20%, respectively)
whereas addition of both fibronectin and LDL to the puri-
fied Lp[a] resulted in a further decrease (45% maximally)
in this fraction. Similar results were obtained by using a re-
combinant expression system for apo[a]: addition of a
4-fold molar excess of either LDL or fibronectin to condi-
tioned medium containing metabolically labeled recombi-
nant apo[a] reduced the Lys

 

1

 

 fraction by 49 and 23%, re-
spectively.  Taken together, our data suggest that the
lysine-binding heterogeneity of plasma Lp[a] is not prima-
rily an intrinsic property of the lipoprotein, but rather re-
sults in large part from its ability to noncovalently associate
with abundant plasma components such as LDL and fi-
bronectin. These interactions appear to mask the lysine-
binding site in apo[a] kringle IV type 10, which mediates the
interaction of Lp[a] with lysine-Sepharose. The contribution
of these interactions to the function of Lp[a] in vivo remains
to be investigated.
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Numerous studies have demonstrated that elevated
plasma levels of lipoprotein [a] (Lp[a]) (greater than a

 

risk threshold of 

 

,

 

25–30 mg/dl) are associated with the
development of coronary heart disease (1, 2). Plasma
Lp[a] concentrations vary more than 1,000-fold in the
population, ranging from less than 0.1 to greater than 100
mg/dl. Lp[a] contains a low density lipoprotein (LDL)-
like moiety but is clearly distinguishable from LDL by the
presence of apolipoprotein [a] (apo[a]), which is co-
valently linked to apolipoprotein B-100 (apoB) by a single
disulfide bridge (3, 4). Human apo[a] contains multiple
repeated copies of a sequence closely resembling plasmin-
ogen kringle IV, followed by sequences that bear a high
degree of similarity to the kringle V and protease domains
of plasminogen (5). Differently sized apo[a] isoforms all
contain 10 different classes of kringle IV sequences; the
apo[a] kringle IV type 2 domain (the major repeat krin-
gle) is present in varying numbers of copies, which consti-
tutes the basis of Lp[a] isoform size heterogeneity (6, 7).
Of the kringle IV sequences in apo[a], the sequence of
apo[a] kringle IV type 10 (KIV

 

10

 

) most closely resembles
that of plasminogen kringle IV. Like plasminogen kringle
IV, apo[a] KIV

 

10

 

 contains a lysine-binding site (LBS) (8),
which has been postulated to mediate the interaction of
Lp[a] with biological substrates such as fibrin (9, 10).
Weaker LBS have also been identified in apo[a] kringle IV
types 5–8; these LBS mediate the initial noncovalent in-
teraction between apo[a] and apoB-100 and appear to be
masked in the context of the Lp[a] particle (11).

Particular interest has arisen regarding the heterogene-
ity of Lp[a] with respect to its ability to bind to lysine. Ini-
tial studies by Armstrong and coworkers (12) showed that
plasma Lp[a] from individuals can be fractionated into
species that either bind (Lp[a]-Lys

 

1

 

) or fail to bind
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enzyme-linked immunosorbent assay; Fn, fibronectin; KIV

 

10

 

, apo[a]
kringle IV type 10; LBS, lysine-binding site(s); LDL, low density lipo-
protein; Lp[a], lipoprotein [a]; Lp[a]-Lys

 

1
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binant apo[a]; tPA, tissue-type plasminogen activator.

 

1

 

To whom correspondence should be addressed.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

Xia et al.

 

Lp[a] lysine-binding heterogeneity 1579

 

(Lp[a]-Lys

 

2

 

) to lysine-Sepharose. It was subsequently
demonstrated that the proportions of the Lp[a]-Lys

 

1

 

/
Lp[a]-Lys

 

2

 

 fractions are donor dependent and apo[a]
isoform-size independent (13). This study also showed that
the Lp[a]-Lys

 

2

 

 fraction was incapable of inhibiting tissue-
type plasminogen activator (tPA)-mediated plasminogen
activation in vitro, and did not bind to cyanogen bromide
(CNBr)-digested fibrinogen (13). However, the biochemi-
cal basis that underlies the inability of a fraction of plasma
Lp[a] to bind to lysine-Sepharose is not known. It has been
reported that a Trp

 

➝

 

Arg substitution in human apo[a]
kringle IV type 10 abolishes lysine binding of the corre-
sponding Lp[a] species (14). However, because the fre-
quency of the mutant allele in the population appears to be
low, it is unlikely that this polymorphism plays a major role
in the determination of Lp[a] lysine-binding heterogeneity.

In the present study, we have examined the lysine-binding
properties of Lp[a] isolated from several unrelated indi-
viduals. We have compared the lysine-binding ability of
the Lp[a] as a function of its degree of purification, and
found that the lysine-binding ability of the Lp[a] in all
cases increased as a function of Lp[a] purity. We were also
able to demonstrate that the ability of the purified Lp[a]
to bind to lysine-Sepharose could be decreased by the ad-
dition of LDL or fibronectin. Similar results were ob-
tained with a recombinant form of apo[a] (r-apo[a]); the
addition of either purified LDL or fibronectin to the
r-apo[a] significantly decreased its ability to bind to lysine-
Sepharose. Taken together, our data suggest that plasma
proteins such as LDL and fibronectin can interact nonco-
valently with Lp[a], thereby altering the lysine-binding
properties of Lp[a] in vivo.

EXPERIMENTAL PROCEDURES

 

Isolation and characterization of Lp[a]

 

After obtaining informed consent, blood was collected from
healthy volunteers (according to the ethical guidelines estab-
lished by Queen’s University, Kingston, Ontario, Canada) into
tubes containing ethylenediaminetetraacetic acid (EDTA)(final
concentration, 1 m

 

m

 

). Plasma was then obtained by centrifuga-
tion of whole blood at 2,000 

 

g

 

 for 20 min at 4ºC. Phenylmethyl-
sulfonyl fluoride (PMSF) was added to the plasma to 1 m

 

m

 

 (final
concentration) to prevent endogenous proteolysis. Both Lp[a]
concentrations (15) and apo[a] isoform sizes (16) were deter-
mined as previously described for the six donor plasma samples.

Lp[a] purification was performed as previously described
(17), with some modifications. Plasma (25 ml) was adjusted to a
density of 1.006 g/ml with solid sodium bromide and centri-
fuged at 90,000 

 

g

 

 for 20 h at 8

 

8

 

C. After centrifugation, the top 3
ml containing very low density lipoprotein (VLDL) was removed
with a syringe, and the infranatant was adjusted to d 

 

5

 

 1.21 g/ml
with sodium bromide. Samples were then centrifuged at 90,000 

 

g

 

for an additional 20 h at 8

 

8

 

C. The top 5 ml was removed and dia-
lyzed extensively against 20 m

 

m

 

 Tris-HCl, pH 7.4, containing 150
m

 

m

 

 NaCl, 0.01% NaN

 

3

 

 (buffer A). The dialyzed sample (desig-
nated lipid flotation fraction) was then subjected to gel-filtration
chromatography over Sepharose CL-4B (Pharmacia, Piscataway,
NJ) (2.5 

 

3

 

 110 cm column) in buffer A containing 0.1% (v/v)
Tween 20 and 0.1 

 

m

 

 proline. Seven-milliliter column fractions
were collected and the Lp[a] in each fraction was quantitated by

enzyme-linked immunosorbent assay (ELISA) as previously de-
scribed (15). On the basis of the ELISA data, Lp[a]-containing
fractions were pooled, diluted 3-fold with distilled water, and
loaded onto a DEAE-Sepharose Fast Flow (Pharmacia) ion-
exchange column (2.5 

 

3

 

 2.5 cm). Bound Lp[a] was eluted with
a linear gradient of NaCl (50 to 300 m

 

m

 

 in 20 m

 

m

 

 Tris-HCl, pH
7.4). The Lp[a] in each column fraction was quantitiated by
ELISA and Lp[a]-containing fractions were pooled (15). For all
samples, Lp[a] consistently eluted from this column at approxi-
mately 180 m

 

m

 

 NaCl. Lp[a] concentrations in plasma, the lipid
flotation fraction, and pooled DEAE-Sepharose column frac-
tions were measured by ELISA as previously described (15); the
respective Lp[a]-containing fractions from the purification
scheme were used for lysine-Sepharose binding analysis (see
below). The integrity of the purified Lp[a] preparations was as-
sessed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) of 

 

,

 

5 

 

m

 

g of the samples, using a 2.5 –15%
gradient gel under nonreducing conditions followed by silver
staining; purified human LDL (isolated as described below) was
used as a size standard. The average percent recovery of purified
Lp[a] from plasma was approximately 20%. The loss in yield was
almost entirely attributable to losses incurred after density gradi-
ent ultracentrifugation of the plasma samples.

 

Isolation and measurement of LDL

 

LDL was prepared from the plasma of a normolipidemic volun-
teer by sequential flotation within the density range 1.006 

 

,

 

 d 

 

,

 

1.05 g/ml as previously described (18). Briefly, plasma was centri-
fuged at 436,000 

 

g

 

 for 2 h at 8

 

8

 

C. The d 

 

,

 

 1.006 g/ml fraction was
removed with a syringe; the infranatant was adjusted to d 

 

,

 

 1.05
g/ml with solid sodium bromide and centrifuged for an addi-
tional 2 h under the conditions described above. The d 

 

,

 

 1.05
g/ml was isolated, and centrifuged at d 

 

5

 

 1.05 g/ml for a final 2 h.
LDL isolated using this procedure was found to contain no con-
taminating Lp[a], as determined by Western blot analysis and
ELISA. The LDL concentration in the final preparation was mea-
sured using a modified Bradford assay (Bio-Rad, Hercules, CA).

LDL-apoB was measured in all human plasma samples as pre-
viously described (19). LDL was isolated by ultracentrifugation
as previously described and apoB in this fraction was measured
in duplicate, using an immunoturbidometric assay (Boehringer
Mannheim Biochemicals, Indianapolis, IN) on a COAS MIRA-S
(Roche Diagnostics, Nutley, NJ) automated analyzer.

 

Isolation of fibronectin

 

Fibronectin was isolated as previously described (20), using
fresh-frozen plasma obtained from the Blood Bank at Kingston
General Hospital (Kingston, Ontario, Canada). Briefly, plasma
was clarified by centrifugation at 2,000 

 

g

 

 for 20 min at 4ºC. The
clarified plasma was then diluted with an equal volume of 50 m

 

m

 

Tris-HCl, pH 7.5, and loaded onto a gelatin-Sepharose (Pharma-
cia) column (2.5 

 

3

 

 6.0 cm). The column was washed with 50 m

 

m

 

Tris-HCl, pH 7.5, and then washed with this buffer containing 1 

 

m

 

urea until the absorbance at 280 nm of the effluent returned to
baseline. The fibronectin was eluted from the column in 50 m

 

m

 

Tris-HCl, pH 7.5, containing 4 

 

m

 

 urea. The protein-containing
fractions were pooled, dialyzed against 50 m

 

m

 

 Tris-HCl, pH 7.5,
containing 150 m

 

m

 

 NaCl, and concentrated in a dialysis bag im-
mersed in PEG 20,000 (Fluka, Buchs, Switzerland). The fi-
bronectin concentration was determined by measurement of ab-
sorbance at 280 nm [

 

«

 

0.1%

 

(280) 

 

5

 

 1.28]. Purity of the
preparation was determined by SDS-PAGE followed by silver
staining.

The presence of fibronectin in the lipid flotation fraction and
in purified Lp[a] (i.e., after DEAE-Sepharose chromatography)
was assessed by Western blot analysis using a polyclonal anti-
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human fibronectin antibody (Calbiochem, La Jolla, CA) and pu-
rified human fibronectin as a marker.

 

Measurement of the lysine-Sepharose
binding affinity of Lp[a]

 

The ability of Lp[a] contained in plasma and in the lipid flota-
tion fraction (see above) to bind to lysine-Sepharose matrix was
compared with that of purified Lp[a] obtained from the DEAE-
Sepharose column. In all cases, 20 

 

m

 

g of Lp[a] (as determined
by ELISA) was diluted to 7 ml in buffer A (see above). The sam-
ples were applied to 2 ml of lysine-Sepharose CL-4B (Pharmacia)
in a 1.1 

 

3

 

 10 cm column. The column was sealed on both ends
and rocked gently for 2 h at 4

 

8

 

C to allow batch adsorption of
Lp[a] to the resin. The slurry was then allowed to pack in the
column and the flowthrough (A) was collected. The column was
then washed with 25 ml of buffer A. The resultant flowthrough
(B) was then collected and combined with flowthrough A; the
combined fractions were designated as the unbound or Lp[a]-
Lys

 

2

 

 fraction. Specifically bound Lp[a] was then eluted with 12.5
ml of buffer A containing 0.2 

 

m

 

 

 

«

 

-aminocaproic acid (

 

«

 

-ACA). The
eluted material was designated as the Lp[a]-Lys

 

1

 

 fraction.
The Lp[a] content in both Lys

 

2

 

 and Lys

 

1

 

 fractions was deter-
mined by ELISA and expressed in terms of the percentage of
Lp[a] that was capable of binding to lysine-Sepharose.

In some experiments, purified Lp[a] (20 

 

m

 

g) from either of
two donors was diluted to 7 ml in buffer A, and was then mixed
with purified LDL or fibronectin (1:1 molar ratio of either) or a
combination of the three (1:1:1 molar ratio). Mixtures were in-
cubated with lysine-Sepharose and the Lp[a]-Lys

 

1

 

 fraction was
determined as described above.

 

Expression and metabolic labeling of recombinant apo[a]

 

Human embryonic kidney (293) cells were cultured in 100-mm
dishes in minimal essential medium (MEM; GIBCO-BRL, Rock-
ville, MD) supplemented with 5% fetal calf serum. Cells were
transiently transfected by calcium phosphate precipitation (21),
using 10 

 

m

 

g of the plasmid encoding either the 17K

 

D

 

Cys deriva-
tive (ref. 22; lacking the free cysteine in apo[a] kringle IV type 9
that mediates covalent association of apo[a] and apoB-100) or
the 17K derivative (ref. 23; containing the free cysteine in
apo[a] kringle IV type 9 that is involved in disulfide linkage with
apoB) per 100-mm culture dish. The precipitate was left on the
cells for 7 h, after which time the transfected cells were washed
thoroughly with phosphate-buffered saline (PBS) and fresh MEM
containing 5% fetal calf serum was added. After overnight recov-

ery, cells were preincubated for 1 h in Met/Cys-depleted MEM
(GIBCO-BRL) without fetal calf serum. [

 

35

 

S]Cysteine (ICN, Irvine,
CA) was then added (40 

 

m

 

Ci/ml of medium). Conditioned me-
dium (CM) containing labeled r-apo[a] was harvested after a
3.5-h labeling period and was clarified by brief centrifugation.
The r-apo[a] in the CM was quantified by ELISA (15).

 

Chromatographic analysis of the binding
of labeled r-apo[a] to lysine-Sepharose columns

 

CM containing [

 

35

 

S]Cys-labeled 17K

 

D

 

Cys (1 ml) was applied
to a 1-ml lysine-Sepharose (Pharmacia) column. The column was
washed with 7 column volumes of PBS, followed by 5 column vol-
umes of PBS containing 0.2 

 

m

 

 

 

«

 

-ACA. One-milliliter column frac-
tions were collected and immunoprecipitated with 4 

 

m

 

g of the
apo[a]-specific monoclonal antibody 2G7 as previously de-
scribed (11). Immunoprecipitates were analyzed by SDS-PAGE
on a 6% polyacrylamide gel; the gel was treated with Enlightning
(DuPont, Wilmington, DE), dried under vacuum, and exposed
to Hyperfilm (Amersham, Arlington Heights, IL).

In other experiments, 1 ml of CM containing [

 

35

 

S]Cys-labeled
17K

 

D

 

Cys was incubated at 37

 

8

 

C for 2 h with a 4-fold 

 

m

 

 excess of
either purified LDL or purified fibronectin. Reaction mixtures
were subjected to lysine-Sepharose chromatography and column
fractions were analyzed as described above. In control experi-
ments, a 10-fold molar excess of bovine serum albumin (Sigma,
St. Louis, MO) was incubated with r-apo[a] prior to lysine-
Sepharose chromatography.

In some experiments, 1 ml of CM containing [

 

35

 

S]Cys-labeled
17K r-apo[a] was incubated with a 4-fold molar excess of LDL; re-
action mixtures were subjected to lysine-Sepharose chromatogra-
phy and column fractions were analyzed as described above.

In all cases, fluorograms were scanned with a Hewlett-Packard
(Palo Alto, CA) ScanJet 3c flatbed scanner and analyzed with
Corel PhotoPaint (version 5.0, Corel, Ottawa, Canada) and
SigmaGel (version 1.0; Jandel Scientific, San Rafael, CA) soft-
ware in order to determine the percentage of r-apo[a] that
bound to lysine-Sepharose.

 

RESULTS

 

Effect of the purification of Lp[a] on its ability
to bind to lysine-Sepharose

 

Lp[a] was purified from the plasma of six unrelated
subjects for the present study. Plasma Lp[a] levels in these

 

TABLE 1. Lysine-binding fraction of Lp[a] during purification

 

LDL-apoB
(Plasma)

Lp[a]
(Plasma)

Lp[a]-Lys

 

1

 

Donor Isoform(s) Plasma Flotation Pure

 

mg/dl %

 

1 15 98 57.3 

 

6

 

 6.4 47.9 

 

6

 

 0.3 55.4 

 

6

 

 0.3 92.7 

 

6

 

 0.1
2 17 76 33.4 

 

6

 

 5.6 38.0 

 

6

 

 0.1 41.6 

 

6

 

 2.1 87.1 

 

6

 

 2.8
3 16 57 73.2 

 

6

 

 5.1 46.8 

 

6

 

 0.3 56.3 

 

6

 

 5.9 88.5 

 

6

 

 0.6
4 23, 22 50 32.0 

 

6

 

 2.6 37.4 

 

6

 

 0.9 67.7 

 

6

 

 2.8 93.4 

 

6

 

 3.1
5 22, 17 96 17.8 

 

6

 

 2.5 46.9 

 

6

 

 0.2 60.1 

 

6

 

 1.2 93.7 

 

6

 

 0.3
6 16 45 106 

 

6

 

 3 46.7 6 4.2 49.2 6 2.2 80.3 6 2.1

Summary mean 6 SD 44.0 6 4.9 50.1 6 13.0 89.3 6 5.2a

The apo[a] isoforms and Lp[a] levels were measured as previously described. Numbers for isoforms represent
the total number of kringle IV repeats for each detectable isoform. The LDL-apoB levels were determined as de-
scribed in text. The Lp[a]-Lys1 fraction for plasma and for each subsequent purification step was determined by
ELISA measurement of lysine-Sepharose-binding and nonbinding fractions and expressed as a percent. Values are the
standard deviation calculated from a representative experiment in which measurements were performed in triplicate.
Also indicated are the summary means and standard deviations for the Lp[a]-Lys1 fraction at each purification stage.

a Significantly different from Lp[a]-Lys1 fraction in plasma (P , 0.0005) as determined by a paired t -test.
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individuals were determined by ELISA as previously de-
scribed (15). As summarized in Table 1, Lp[a] levels var-
ied in these subjects from ,18 to ,106 mg/dl. In addi-
tion, we determined apo[a] isoform sizes (see Table 1),
which ranged from 15 to 23 kringle IV repeats. We mea-
sured, by ELISA, the ability of Lp[a] to bind to lysine-
Sepharose during different stages of the purification process
(see Table 1). In all cases, compared with the Lp[a]-Lys1

fraction observed in the plasma samples (ranging from
approximately 37 to 48%), the Lp[a]-Lys1 fraction ob-
served after lipoprotein flotation increased; the increase
ranged from 5 to 81%. In addition, in all cases, there was a

further substantial increase (ranging from 38 to 109%) in
the Lp[a]-Lys1 fraction in the final purified Lp[a] sam-
ples (see Table 1 and Fig. 1).

We hypothesized that the increase in lysine-binding ability
of Lp[a] observed as a function of its state of purification
may be attributable to noncovalent interactions between
Lp[a] and other plasma constituents. Two such candidate
plasma components to which Lp[a] has been shown to
bind and that are present in plasma in sufficient abun-
dance are fibronectin and LDL. LDL would of course be
present in the lipoprotein flotation fraction. In our purifica-
tion scheme, LDL is separated from Lp[a] by ion-exchange
chromatography (Fig. 2), being detected in peak I of the
DEAE-Sepharose elution profile (data not shown). We
were also able to detect fibronectin in the lipid flotation
fraction by Western blot analysis (Fig. 3). Fibronectin was
not detectable by this analysis in the pure Lp[a] fraction
obtained after DEAE-Sepharose chromatography (Fig. 3),
nor was it present in peak I of the DEAE column profile
(data not shown). This suggests that the fibronectin was
largely removed during the gel-filtration step.

Effect of the addition of exogenous LDL and fibronectin 
to purified Lp[a] on its ability to bind to lysine-Sepharose

To assess whether the presence of LDL and fibronectin
in the plasma and lipoprotein flotation fractions could ac-
count for the reduced ability of Lp[a] in these fractions to
bind to lysine-Sepharose, we determined the ability of pu-
rified Lp[a] to bind to this resin in the presence of an
equimolar amount of either purified LDL or purified fi-
bronectin. The results, which are summarized in Table 2,
clearly demonstrate that the addition of either LDL or fi-
bronectin to Lp[a] markedly decreases its ability to bind
to lysine-Sepharose. Interestingly, a combination of these
proteins with purified Lp[a] in a 1:1:1 molar ratio further
decreases the binding of Lp[a] to lysine-Sepharose.

Fig. 1. The effect of Lp[a] purification on its ability to bind to
lysine-Sepharose. The Lp[a]-Lys1 binding fraction from six unre-
lated individuals was determined in plasma, in the lipid flotation
fraction, and after gel exclusion and ion-exchange chromatogra-
phy. The percentage of Lp[a]-Lys1 (i.e., that which bound specifi-
cally to lysine-Sepharose) was determined at each stage by ELISA as
described in text. Plasma Lp[a] concentrations are given for each
individual as well as apo(a) isoform sizes.

Fig. 2. Column profile of Lp[a] chromatographed over DEAE-Sepharose. Lp[a]-containing fractions from
the gel-filtration column were loaded onto a DEAE-Sepharose Fast Flow ion-exchange column (2.5 3 2.5
cm). Protein content in the fractions was measured by absorbance at 280 nm (dotted line). Bound Lp[a] was
eluted with a linear gradient of NaCl (50 to 300 mm) (dashed line). Lp[a]-containing fractions were identi-
fied by ELISA (solid line) and these fractions were pooled and dialyzed against PBS. The presence of LDL
but not fibronectin in peak I was determined by SDS-PAGE and Western blotting (data not shown).
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Effect of LDL and fibronectin on the binding
of r-apo[a] to lysine-Sepharose

We determined the effect of LDL and fibronectin on
the ability of metabolically labeled 17KDCys to bind to
lysine-Sepharose columns. As expected on the basis of our
previous studies (11), we found that 100% of the r-apo[a]
bound to the lysine-Sepharose column as shown in Fig.
4A. However, on the addition of a 4-fold molar excess of
LDL, the amount of r-apo[a] bound to the lysine-
Sepharose column was reduced to ,51% (Fig. 4B). Incu-
bation of r-apo[a] with a 4-fold molar excess of fibronec-
tin resulted in ,77% of the r-apo[a] bound to the column
(Fig. 4C). The addition of a 10-fold molar excess of bovine
serum albumin had no effect on the ability of the
17KDCys r-apo[a] to bind to lysine-Sepharose in the ab-
sence of LDL or fibronectin (data not shown).

Experiments were also performed in which metabolically
labeled 17K was incubated with an ,4-fold molar excess of
LDL. In these experiments, a population of covalent r-Lp[a]
particles (representing ,50% of the r-apo[a]) was formed;
approximately 50% of the covalent r-Lp[a] particles were
capable of binding to the lysine-Sepharose column (data
not shown).

DISCUSSION

Although elevated plasma concentrations of Lp[a] have
been correlated with an increased risk for atherosclerotic
disorders, the mechanisms by which Lp[a] mediates its
pathogenic effects remain unclear at present. Lp[a]
studies are complicated by the structural heterogeneity
that characterizes this lipoprotein. In addition to isoform
size heterogeneity, it has been reported that plasma Lp[a]
is heterogeneous with respect to its ability to bind to
lysine-Sepharose (12, 13). In this regard, both binding
and nonbinding species have been identified. Leerink
and colleagues (13) have reported that the size of the
lysine-binding Lp[a] fraction (i.e., Lp[a]-Lys1) is donor
dependent, but is independent of apo[a] isoform size. Al-
though the functional significance of these two Lp[a]
populations in vivo remains unclear, in vitro studies have
suggested that compared with the Lp[a]-Lys1 fraction, the
Lp[a]-Lys2 fraction does not inhibit plasminogen activa-
tion and does not bind to CNBr-digested fibrinogen (13).
Clearly, large prospective studies are required to assess the

Fig. 3. Demonstration of fibronectin in the lipid flotation frac-
tion. Plasma was subjected to ultracentrifugation as described in
Experimental Procedures. The Lp[a] concentration in the lipid flo-
tation fraction was determined by ELISA. Purified fibronectin (52
ng) (lane 1), lipid flotation samples containing 240 ng of Lp[a]
(lane 2) or 60 ng of Lp[a] (lane 3), and 60 ng of purified Lp[a]
(after ion-exchange column chromatography) (lane 4) were elec-
trophoresed on a 4 –15% gradient gel and transferred to a poly-
vinylidene difluoride (PVDF) membrane. The blot was probed with
a polyclonal sheep anti-human fibronectin antibody and immu-
noreactive bands were visualized by chemiluminescence.

TABLE 2. Effect of LDL and fibronectin
on lysine-binding of Lp[a]

Lp[a]-Lys1

Donor Pure
1:1 

Lp[a]:LDL
1:1

Lp[a]:Fn
1:1:1

Lp[a]:LDL:Fn

%

1 92.7 6 0.1 61.3 6 0.7 74.6 6 1.3 51.4 6 1.2
6 80.3 6 2.1 74.1 6 0.3 72.7 6 0.7 64.4 6 0.9

Purified LDL or fibronectin (Fn) were added to purified Lp[a]
from donors 1 and 6 and the percentage of Lp[a] binding to lysine-
Sepharose (i.e., Lp[a]-Lys1) was determined as described in text.

Fig. 4. Effect of LDL and fibronectin on the ability of r-apo[a] to
bind to lysine-Sepharose. 293 cells were transiently transfected with
an expression plasmid encoding the 17KDCys r-apo[a] derivative.
Cells were metabolically labeled posttransfection and CM was har-
vested 3.5 h postlabeling. CM (1 ml) was chromatographed over
lysine-Sepharose with no additions (A) or in the presence of a 4-fold
molar excess of LDL (B) or fibronectin (C). Columns were washed
with 7 column volumes of PBS; specifically bound material was
eluted with 5 column volumes of PBS containing 0.2 m «-ACA. Each
column fraction including the flowthrough (lane FT), PBS wash
fractions (lanes 1–7), and the PBS/«-ACA elution fractions (lanes
1–5) was immunoprecipitated with the apo[a]-specific monoclonal
antibody 2G7. Immunoprecipitates were subjected to SDS-PAGE on
6% gels and exposed to film. The percentage of r-apo(a) bound to
the column (i.e., Lys1 apo[a]) was determined by densitometric
measurement of the amount of apo[a] present in the elution frac-
tions, divided by the total amount of apo[a] present in the FT,
wash, and elution fractions.
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significance of the Lp[a]-Lys1/Lys2 fractions in the deter-
mination of vascular risk attributable to Lp[a].

The molecular basis of lysine-binding heterogeneity of
Lp[a] is currently not understood and therefore formed
the basis of our present investigation. Initially, we analyzed
the lysine-binding properties of plasma Lp[a] in six unre-
lated individuals. The plasma Lp[a]-Lys1 fraction did not
appear to correlate with apo[a] isoform sizes of the do-
nors (see Table 1), which is in keeping with the findings of
Leerink and co-workers (13). In our study, on subsequent
purification of the plasma Lp[a] by ultracentrifugation
and column chromatography, the Lp[a]-Lys1 fraction was
found to increase with each purification step. We inter-
preted this to suggest that proteins present in plasma and
retained in subsequent purification steps can interact with
Lp[a] and interfere with its lysine-binding properties. The
study by Leerink and co-workers (13) reported a broad
range for the Lp[a]-Lys1 fraction (17 to 91% in eight
donors). The Lp[a]-Lys1 fraction measured in a density
fraction 1.055 , d , 1.15 g/ml by Armstrong et al. (12)
ranged from 40 to 81% in five donors. We found that the
Lp[a]-Lys1 fraction in six donors ranged from ,37 to
,48% in plasma, from ,42 to ,68% in the lipid flotation
fraction, and from ,80 to ,94% in the purified Lp[a]
preparation (Table 1). We did not study the lysine-binding
properties of Lp[a] isolated in a comparable density
range by density gradient ultracentrifugation, thereby
complicating direct comparisons of the data in our study
with that in the aforementioned studies.

It should be pointed out that a variable fraction of our
purified Lp[a] species (from ,6 to ,20%; Table 1) did
not bind to lysine-Sepharose, despite its apparent purity as
assessed by SDS-PAGE followed by silver staining (data not
shown). Thus, some minor variation in lysine-binding ca-
pacity, inherent in the Lp[a] molecule, may exist. This
may reflect differences in glycosylation or in the degree of
oxidation of the apo[a] moiety; oxidation of Lp[a] in vitro
has been shown to significantly decrease its ability to bind
to lysine-Sepharose (24). Alternatively, purified Lp[a] may
self-associate to some extent, thereby masking its lysine-
binding capability.

Because the lysine-binding properties of Lp[a] appear
to be conferred by apo KIV10 (11), we speculate that pro-
teins may interact with plasma Lp[a] in such a way as to
mask the LBS present in this kringle. On the basis of pre-
vious studies, we considered the possibility that either fi-
bronectin or LDL, both of which are abundant in human
plasma, could function in this capacity. Both our group
(20) as well as Salonen and co-workers (25) have docu-
mented the interaction of apo[a]/Lp[a] with fibronectin.
Although this interaction is not lysine dependent, incuba-
tion of Lp[a] and fibronectin in a 1:1 molar ratio de-
creases the lysine-binding ability of purified Lp[a] (see Ta-
ble 2); similar results were observed when using a 5:1 molar
ratio of fibronectin to Lp[a] (data not shown). To deter-
mine whether this behavior could be attributed to the
apo[a] portion of Lp[a], we utilized a previously charac-
terized recombinant expression system for apo[a]. We uti-
lized the 17KDCys derivative such that we could avoid the

formation of covalent apo[a] homodimers in solution,
which would have complicated our analysis. Similar to what
we observed when purified Lp[a] was mixed with fibronec-
tin, when we incubated CM containing labeled r-apo[a]
with purified human fibronectin and chromatographed
the mixture over lysine-Sepharose, the fraction of apo[a]
that bound to this resin was decreased (Fig. 4). This sug-
gests that the fibronectin can interact noncovalently with
apo[a], thereby masking the LBS in KIV10. The mecha-
nism of this masking effect is unclear, however, because we
have demonstrated that the KIV10 sequence is not re-
quired for fibronectin-apo[a] interactions (M. L. Koschin-
sky, unpublished results). We would speculate that the
binding of apo[a] to fibronectin results in steric blocking
of LBS in KIV10.

The interaction of Lp[a] with apoB-containing particles
including LDL has been extensively characterized by
Trieu and co-workers (26). The Lp[a]-LDL interaction
can be inhibited in vitro by the addition of proline and in-
volves the one or more of the kringle IV domains in
apo[a]. In the Lp[a] purification procedure utilized in our
study, we employed density gradient ultracentrifugation to
obtain a crude lipoprotein fraction, and then subjected
this material to size-exclusion chromatography followed
by ion-exchange chromatography. In the size-exclusion
step, we resuspended the lipoprotein fraction in a buffer
containing 0.1 m proline to promote dissociation of the
Lp[a]-LDL complex and developed the column in this
buffer (see Experimental Procedures). However, we found
that after this step, there still remained contaminating
LDL that was separated from Lp[a] by chromatography
over DEAE-Sepharose utilizing a gradient of NaCl concen-
tration. Although the precise sequence in apo[a] that me-
diates the Lp[a]:LDL interaction is unclear at present, it is
possible that KIV10 may play a role in the context of the
Lp[a] particle. As such, apo[a] in the context of Lp[a]-LDL
complexes may lose the ability to bind to lysine-Sepharose.
Evidence of this is provided by the results of experiments
in which we found that the addition of LDL to purified
Lp[a] in a 1:1 molar ratio reduced the lysine-binding ability
of the Lp[a] (Table 2); addition of LDL in a 5:1 molar ratio
with Lp[a] yielded similar results (data not shown). Com-
parable results were also observed when using an r-apo[a]
expression system to form noncovalent r-apo[a]-LDL com-
plexes (Fig. 4).

Given the amounts of LDL and fibronectin in plasma
(.1 and ,0.5 mm, respectively) compared with the molar
concentration of Lp[a] (,0.3 mm for an individual with
Lp[a] at 30 mg/dl and a 17K-sized apo[a] isoform), as
well as the respective dissociation constants for these bind-
ing interactions [10 nm for LDL-Lp[a] binding (26) and
1 mm for apo[a]-fibronectin binding (M. L. Koschinsky,
unpublished data)], it is likely that at least some of the
Lp[a] in plasma is complexed to either LDL or fibronectin
or both in vivo. In addition, Lp[a] has been shown to bind
to other abundant plasma proteins including plasminogen
(27). It is likely the totality of the interactions between
apo[a] and other plasma proteins that dictates the size of
the Lp[a]-Lys1 fraction in plasma. Why this fraction varies
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among individuals remains to be investigated. To address
this question, future studies in a larger population should
include the examination of a possible relationship between
the size of the Lp[a]-Lys1 fraction and plasma levels of plas-
minogen, LDL-apoB, LDL-cholesterol, fibronectin, and fi-
brinogen. In addition, because studies to date have focused
on individuals with Lp[a] levels greater than 30 mg/dl (12,
13), it would be of interest to quantify the Lp[a]-Lys1 in indi-
viduals with plasma concentrations less than 10 mg/dl. On
the basis of our findings, we would predict that the Lp[a]-
Lys1 fraction may be low due to the larger molar excess of
plasma proteins such as fibronectin in these individuals.

In conclusion, we have provided evidence that the
lysine-binding heterogeneity of plasma Lp[a] is for the most
part not an intrinsic property of the lipoprotein, but rather
is a function of the binding of Lp[a] to other plasma pro-
teins such as LDL and fibronectin. The significance of
lysine-binding and non-lysine-binding Lp[a] populations
in the plasma is unclear, however, because the relative
contribution of Lp[a]-Lys1 versus Lp[a]-Lys2 to the ath-
erosclerotic process has not been assessed. Indeed, mech-
anisms of action for Lp[a] pathogenicity involving both
lysine- and non-lysine-binding functions of Lp[a] have
been proposed (1, 2). Clearly, however, the ability of
Lp[a] to bind to LDL and/or fibronectin in plasma may
provide an additional means by which Lp[a] can be deliv-
ered to the arterial wall in a piggy-back fashion.
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