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Elevated plasma Lp(a) is an independent risk factor for cardiovascular disease. Unique
to Lp(a) is the apoprotein, apo(a) which can vary from 250-800 kDa in molecular weight. Small
isoforms are also associated with the risk of cardiovascular disease. The purpose of this study
was to examine the association of Lp(a) concentration, apo(a) size, and Lp(a) lysine-binding
site(s) (LBS) function in patients with premature heart disease, and age-matched controls. Mean
values of Lp(a) were significantly higher in the patients than for the age-matched group. The
smallest molecular weight isoform for each subject had significantly fewer kringles for the
patients than the age-matched controls. There was a significant correlation between LBS activity
and kringle number in the single-banded phenotypes of the patients, but not the controls. LBS
activity was significantly higher in patients in the small isoforms (<18 kringles) compared to
controls. The odds ratio for coronary artery disease for high LBS activity and high Lp(a)
concentration was 4.4 (p = 0.002) and for high LBS activity in small isoforms was 10.1 (p =
0.002). In the patients, Lp(a) concentration was higher, apo(a) size was smaller, and LBS activity
higher in the small isoforms compared to the controls. This study suggests an association of

high LBS activity in small isoforms of Lp(a) with disease in humans.
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Introduction

Numerous studies have demonstrated that plasma lipoprotein (a) [Lp(a)] concentrations
are elevated in patients with coronary artery disease [CAD] (for review (1)), but some
prospective studies have failed to find an association between initial plasma Lp(a) concentration
and the occurrence of myocardial infarction (2). Lp(a) is a class of lipoprotein particles
resembling low density lipoproteins (LDL) in which the apoB-100 is covalently linked to a
highly polymorphic glycoprotein, apolipoprotein (a) [apo(a)], a multikringle structure with a
high degree of homology to plasminogen (3). Apo(a) contains multiple copies of the
plasminogen-like kringle 4 (KIV) domain (4). These kringles are similar but not identical to
each other and 10 distinct types of kringles have been identified (KIV types 1 through 10). The
tandem repeats of KIV type 2 constitute the molecular basis of Lp(a) isoform size heterogeneity
and most Caucasian individuals (94%) have two apo(a) alleles that contain different numbers of
KIV repeats, ranging from 3 to > 40 (5). The distribution of plasma Lp(a) is highly skewed
towards lower levels and in general there exists an inverse association between the number of
KIV repeats, the size of apo(a) isoforms, and plasma Lp(a) concentrations (6).

Certain of the kringles of apo(a), like K4 of plasminogen function as lysine binding sites
(LBS). The LBS consists of a trough lined by three aromatic residues flanked on one end by two
anionic residues and at the other end by two cationic residues (7). The KIV type 10, contributes
most of the lysine affinity of apo(a), but KIV types 5-8, also contain LBS (8). The LBS mediate
the interaction of Lp(a) with Lys residues in fibrin, cells, and extracellular matrix components
(9-12). The LBS activity of Lp(a) has been shown to play a key role in the pathogenic activity of
apo(a). Wild-type apo(a) transgenic mice show a marked increase in the development of lipid

lesions and deposition of apo(a) in the aorta compared with a strain of mice expressing an apo(a)



in which the two key anionic residues (Asp55, Asp57) were replaced by alanine, resulting in a
70% loss of the LBS activity (13,14). In humans and Rhesus monkeys, a naturally occurring
polymorphism has been described for single point substitution (Trp72 to Arg) that nearly
eliminates lysine binding of intact Lp(a) (15,16). This finding also suggests that apo(a) isoforms
might show variability in LBS function. It has been recently shown that Lp(a) particles
containing distinct apo(a) isoforms display functional heterogeneity for fibrin and monocyte
binding, with the low molecular mass isoforms having the highest affinity (17). A logical step
was to assess LBS function of Lp(a) in patients with CAD, with a recently developed accurate
and simple immunoassay that can quantify LBS activity (14,18). Therefore, in this study, we
have examined the relationship of apo(a) gene, apo(a) glycoprotein, plasma concentration and

LBS activity of Lp(a) in patients who have survived an early onset myocardial infarction.



Materials and Methods

Study population

The procedures used in this study complied with the ethical standards of the Hospital
Universitari de Sant Joan. Blood samples were obtained from 95 male patients, who participated
in a previous study (19) and had one episode of acute myocardial infarction before the age of 50
years. To ensure genetic predisposition 95 subjects were selected with no history of familial
hypercholesterolemia, renal failure, liver disease, hypertension, obesity or diabetes mellitus from
a group of 250 patients. The patients were compared with 95 male controls without clinical
evidence of coronary disease and having a similar age (+ 4 years) and BMI (+ 1.1), randomly
chosen from the routine health and safety-at-work checks conducted in several industrial

companies in our area.

Lipid and Lipoprotein measurement

Cholesterol and triglycerides were determined enzymatically with the CHOD-PAP and
the lipase/GPO/PAP methods, respectively, as previously described (20). High density

lipoprotein (HDL) cholesterol was measured with a homogeneous assay recently described (20).

Quantification of plasma Lp(a)

The concentration of Lp(a) in plasma was determined by immunoturbidimetry using
antibodies, calibrators and standards supplied by Incstar Corporation (Stillwater, MN) (21). The
specificity of the apo(a) antibodies and ability to recognize equally the different apo(a) size
isoforms has already been described (22). The assay is not affected by the presence of
apoprotein B, plasminogen or hyperlipidemia and shows a good correlation with a double

monoclonal ELISA assay used at the Northwest Lipid Research Laboratories (21).



Apo(a) glycoprotein size determination by immunoblotting

Apo(a) phenotyping was performed by sodium dodecyl sulfate (SDS) agarose gel
electrophoresis of plasma under reducing conditions followed by immunoblotting as recently
described (23). In brief, 125 ng of delipidated Lp(a) was boiled for 10 min in the presence of 10
puM dithiothreitol, 3% SDS, 0.5 mM EDTA and 22.5 mM Tris buffer, pH 8.2, and then
bromophenol blue (0.1%), glycerol (1%), and a-iodoacetamide (100 mM) were added at room
temperature. Agarose (1.5%) electrophoresis was performed in a GNA chamber (Pharmacia,
Uppsala, Sweden) at 120 V, 4°C and during 6 h. Protein were transferred to nitrocellulose
membranes and incubated sequentially with a polyclonal goat anti-human Lp(a) (BiosPacific,
Emeryville, CA) and a monoclonal mouse anti-goat IgG coupled with alkaline phosphatase.
Bands were made visible colorimetrically and the number of KIV repeats assigned according to

standards supplied by Immuno AG (Vienna, Austria).

Apo(a) genotype determination

Apo(a) alleles were determined by a modification of the procedure described by Lackner
et al (5). Leukocytes were isolated from whole blood, suspended to a final cell concentration of
2x107 cells/mL and embedded in low-melting-temperature agarose plugs. The separation was
performed in a Gene NavigatorTM apparatus (Pharmacia) with alternating pulses of 4 s at 190
mA for 30 min, followed by 10 s pulses at 170 mA for 18 h and 6 s pulses at 170 mA for 6 h.
Premade plugs containing lambda phage concatamers (Pharmacia) were used as a size standards
and several samples were used as internal standards to assure accurate measurement of migration
in different gels. The size-fractionated DNA was blotted to a nylon membrane and hybridized
with an [32P]dCTP radiolabeled human apo(a) KIV-specific single-stranded fragment (MP1), (5)
kindly provided by Dr. Helen Hobbs, Univ. Texas Southwestern Medical Ctr, Dallas. The
apo(a) alleles were designated by the estimated number of KIV encoding sequences per allele. A

single KIV repeat was considered to be 5.5 kb in length.



Measurement of LBS activity

The frozen plasma samples were shipped on dry ice to Cleveland with no evidence of
thawing during transit. The samples were stored at -70°C and assayed within 10 wk. of arrival.
The samples were thawed only once and assayed the same day. The LBS function of Lp(a) was
measured with a quantitative LBS-Lp(a) immunoassay as previously described (14). The
maximum absorbance of each sample, taken at the plateau of the concentration curve (4-80
mg/L), was compared to an isolated Lp(a) reference standard. Thus, the measurement of LBS
activity in this assay is not concentration dependent and LBS activity can be quantified in plasma
samples with as little as 2-5 mg/L of Lp(a) protein (14). The limit of the Lp(a) concentration
assay was 49 mg/L, so for samples < 49 mg/L, the plasma was assayed at 0, 1:2, and 1:4
dilutions. In the LBS-Lp(a) immunoassay (14), two-lysine analogues, s-aminocaproic acid
(EACA) and lysine, produced similar dose-dependent inhibition of the LBS antibody binding to
Lp(a). The average ICsy for EACA was 0.5 and for lysine 3.7 mmol/L. These values are in
excellent agreement with values (1.3 and 3.8 mmol/L for EACA and lysine, respectively)
obtained in our lysine-bead assay (24) where Lp(a) is in solution. In a preliminary study, we
determined that LBS activity did not change significantly with up to 12 weeks of storage at -
70°C.

Statistical analysis

Values are expressed as the mean = SD or SEM as indicated. Statistically significant
differences were set at p < 0.05. Multiple Kolmogorov-Smirnov one-sample tests were
performed to determine the fit of the data to a normal distribution. Accordingly, the differences
between groups were assessed using ANOVA or Mann-Whitney’s U test following the
indications of the F test. The association between variables was measured by linear regression
analysis and Spearman rank correlation. The association between the likelihood of CVD and the
level of LBS activity was measured by odds ratios with 95% confidence intervals within high

and low levels of Lp(a) concentration and the smallest kringle number. Tests for associations



and for differences in the odds ratios were carried out using Wald statistics from logistic
regression models. The analyses were performed with SPSS-PC (SPSS Inc., Chicago, IL) and
SAS version 6.12 (SAS Institute, Cary, NC).



Results

Description of the subjects

Patients with myocardial infarction were young (45 yr. + 6, mean + SD), and the mean
age of the control group matched patients, 45 + 5. There were no differences in body-mass index
between the groups considered and the percentage of current or former smokers was significantly
(p < 0.005) higher (81.2%) in patients with myocardial infarction than in controls (46.2%).
Patients also showed a higher (p<0.05) enrichment of cholesterol (5.76 + 0.70 mmol/L) and
triglyceride (2.09+1.33 mmol/L) in apo B containing lipoproteins and lower HDL-cholesterol
(1.00 = 0.23 mmol/L) as compared with the control group (5.49 £ 0.91, 1.66 = 1.17 and 1.11 £
0.25 mmol/L, respectively).

Differences in plasma Lp(a) concentration and apo(a) size

The mean and median Lp(a) concentration was significantly higher in patients than age-
matched controls (Table 1). In the control group, > 77% of the individuals had plasma Lp(a)
concentrations less than 300 mg/L whereas only 51% of patients had plasma Lp(a) levels in this
range (p < 0.05). The distribution of plasma Lp(a) concentration for each group is shown in
Figure 1. Plasma Lp(a) concentrations were not normally distributed, and only patients had
Lp(a) levels > 800 mg/L. Skewness and kurtosis were higher in patients than in controls. In the
whole group (all subjects), we found a total of 31 apo(a) size alleles with KIV repeat numbers
ranging from 8 to 39, 96% of the subjects had two apo(a) alleles that contained different numbers
of KIV repeats, and the number of homozygous subjects did not differ between groups. The
largest isoform (of each subject) was equally distributed in the two groups (Fig. 2), but patients
showed a significantly higher prevalence of isoforms < 22 in the smallest isoform (for each
subject) than controls (p =0.037). Likewise, the mean kringle number of the largest isoform was
not different between groups (Table 1), but the mean kringle number for the smallest isoform

was higher (p < 0.05) in controls.



There was an inverse relationship between the size of the apo(a) alleles and the plasma
concentration of Lp(a), which is consistent with data found in other studies (22,25). The
Spearman rank correlation values for the relationship between the sum of the apo(a) allele sizes
was significant in patients (-0.377, p < 0.0005) but not in controls (-0.116, p > 0.05). As a whole
group (all subjects), there was no substantial correlation between Lp(a) concentrations and the
number of KIV repeats in the largest isoform (per subject), but plasma Lp(a) concentrations (y)
correlated negatively with the number of KIV repeats in the smallest isoform (per subject) (x)
[y(mg/L) = 581.44 - 16.76x; r = 0.315, p < 0.0005]. Lp(a) concentration at various kringle
numbers is depicted in Fig. 3. Lp(a) concentration is significantly higher for the isoforms of 16-
18 and 19-22 kringles (Fig. 3) in the patients than the controls. The apo(a) size of < 22 KIV
kringles was more prevalent in patients (74%) than controls (62%). Lp(a) concentration was
significantly higher in the patients (400 + 344, n = 72) with smaller apo(a) isoforms (< 22 kringle
number) compared to the age-matched controls (180 = 166, n = 69), but not with larger isoforms

(> 22 kringles).

LBS activity and its relationship to Lp(a) concentration and size

Although there was a trend toward higher values in patients, the mean LBS activity of
Lp(a) was not significantly different between groups (Table 1). The frequency of LBS activity
was normally distributed in both groups (data not shown), but the peak frequency of LBS
activity was shifted toward higher LBS activity values in the patients (70-80%) compared to the
control group (50-60%). There was a strong and positive correlation between plasma Lp(a)
concentration and the LBS activity (r = 0.524, p < 0.0005 for the whole group), that was
observed in both groups (Figure 4). We have observed a negative association of LBS activity
with expressed isoform in single-banded phenotypes (Figure 5) but this association was only

significant (r = -0.632, p = 0.0005) in the patients (Figure 5). Thus, in the patients, both Lp(a)
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concentration and LBS activity of the small isoforms were higher than in controls. LBS activity
of the single-banded phenotypes was 49% for patients and 47% for controls, but if we consider
only those with kringle numbers < 22 the difference between patients (65% =+ 2, mean + SEM, n
= 48) and controls (54% =+ 2, n = 38) is statistically significant. As found in other studies, Lp(a)
concentration and apo(a) size are independent risk factors (model 1) for CVD in this study
(Table 2). LBS activity is not an independent risk factor, but high LBS activity becomes a
significant risk factor when considered with high Lp(a) concentration (p = 0.003) or low kringle
number (p = 0.004) (Table 2). The odds ratio for high LBS activity and high Lp(a) concentration

is 4.4 and for high LBS activity and low kringle number the odds ratio is 10.1.
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Discussion

In this study of patients with an early onset myocardial infarction, we document elevated
plasma Lp(a), a preponderance of small apo(a) isoforms, and an association of elevated Lp(a)
and high LBS activity with the small isoforms compared to controls. This study demonstrates an
association of the LBS function of Lp(a) with cardiovascular disease in humans. Numerous and
extensive clinical studies have indicated that elevated plasma Lp(a), particularly values above
300 mg/L, is a major independent risk factor for CAD. While this generalization is not
supported in all studies or all populations, many investigators have reached similar conclusions
(reviewed in (1)). Several studies also demonstrate a high prevalence of low molecular weight
apo(a) isoforms in patients with CAD (26,27). In a recent study, Gazzaruso et al (28) found that
Lp(a) with small apo(a) isoforms (280-640 kDa) was associated with two or more stenosed
coronary vessels (75% of patients), compared to only 24% of the patients with high molecular
weight isoforms (655-790 kDa). African-Americans (29) and African populations (30) have
high concentrations of Lp(a), but the elevated Lp(a) is of the larger isoform size and is not as
great a coronary disease risk as elevated small size isoforms found in Caucasians (31). In our
study, patients with apo(a) kringle numbers between 16 and 22 of the smallest isoform had
significantly elevated Lp(a) concentration compared to controls. Our results indicate that it is
not only the elevated concentration of Lp(a), but elevated Lp(a) in subjects with small apo(a)
isoforms contribute to the CAD risk.

The importance of the LBS function of Lp(a) in the development of atherosclerosis has
been demonstrated in transgenic mice. Atherosclerosis is reduced in transgenic mice carrying

apo(a) with a mutation in the KIV-10 kringle in which ASP 55 and ASP 57 are replaced by
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ALA, and LBS activity is reduced (13,14). In another study (32), a recombinant adenovirus with
an apo(a) construct was injected into the apoB transgenic mice. Three apo(a) constructs were
studied, wild-type, a mutation of TRP 72 substituted for ARG in the KIV-10 kringle, and the
Rhesus monkey construct with the TRP to ARG mutation in KIV-10 and the absence of a KV
kringle. Both of these mutations have markedly reduced LBS activity (14). Lesion formation
was reduced in both mutant constructs compared to the wild-type apo(a). In a clinical study,
Karmansky et al. (33) examined lysine-binding species of Lp(a) in two groups of subjects with
CAD, one with severe (2 or 3-vessel) and the other with moderate (one vessel) disease. The
Lp(a) concentration of both the Lys(+) and Lys(-) species were higher in patients with severe
disease than patients with moderate disease. These authors did not examine apo(a) size in this
study. In a cell culture system, we have demonstrated (34) that modifications of the LBS
function, alter retention in the extracellular matrix. Modifications of Lp(a) which selectively
increase LBS function also selectively increase binding to the matrix.

In addition to the observation in several studies (26,27,35) that the low-molecular
1soforms are associated with CAD, studies have demonstrated that smaller molecular forms of
Lp(a) that have a higher affinity for fibrin (36) and a greater antifibrinolytic effect (37) than large
isoforms, and 04small molecular weight forms have a lower binding affinity for macrophages
than the higher molecular weight forms (17). Our results suggest that properties which increase
retention in the vessel wall (LBS function) and binding to fibrin and cells (small isoforms) are
associated with Lp(a) of patients with CAD.

Although the distribution of the alleles in our study was in Hardy Weinberg equilibrium,
the apo(a) isoforms detectable by immunoblotting are not. This suggests that the methods

currently used to analyze the apo(a) protein do not detect all of the apo(a) gene products. Since a

13



significant percentage of isoforms may not be detectable the analysis was made with subjects
showing the single banded phenotype, and the conclusions are similar to those obtained with the
genotype. This is not surprising if we accept that the detection of an isoform is related to its size,
and undetected isoforms may be from larger alleles than those coding for detectable proteins.
Other authors (5,38) consider the apo(a) gene itself as an important determinate of the plasma
levels of Lp(a) and consequently of LBS activity. In our study the percent of individuals with
single-banded phenotypes, similar to that observed in other studies (39-41) could represent a
lack of sensitivity to detect all of the apo(a) genetic products with the electrophoresis and
immunodetection methods (42). Other factors, such as, rapid clearance, inefficient synthesis or
secretion could also affect plasma concentrations.

The increased LBS activity found in the small isoforms of the patients could be due to
either sequence polymorphisms or post-translational modifications. Sequence polymorphisms of
Lp(a) which have been identified to date do not exhibit enhanced LBS function (15,16,43). The
Lp(a) LBS immunoassay measures the LBS activity of Lp(a). Certain kringles of apo(a) (KIV
types 5-8, LBS II) have LBS activity and are not available at the surface of most intact Lp(a)
particles or are occupied by lysines from apoB. The LBS II is unavailable in the intact Lp(a), but
can be measured in the isolated apo(a), and could be the site of enhanced LBS activity in the
small isoforms. It is unclear whether the LBS II is available in vivo under certain circumstances,
such as after enzymatic or chemical modifications. Substitutions of amino acids in the LBS
pocket of KIV 10 which could enhance LBS activity, e.g. K1 of plasminogen has different amino
acids in the LBS pocket which results in enhanced LBS affinity compared to K4 of plasminogen
and KIV type 10 of apo(a). According to the study of Rejante and Llinas (44), NMR

experiments indicate the ligand-binding site of plasminogen kringle 1 is a shallow cavity
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composed of Pro33, Phe36, Trp62, Tyr64, Tyr72 and Tyr74 with the double charged anionic and
cationic center configured by the side chain of Asp55 and Asp57, and Arg34 and Arg71. In Plg
K4 and Lp(a) KIV 10, there are two amino acid substitutions (7,45,46) which may account for
the reduced of affinity of Plg K4 compared to K1, and these are His33 instead of Pro33 and a
Phe64 instead of the Tyr in K4 compared to K1 of plasminogen. Substitutions of these two
amino acids in Lp(a) KIV 10 from His33 to Pro33, and Phe64 to Tyr64 could increase the
affinity of the LBS. In plasminogen K1 these substitutions direct the ligand amino group toward
Arg 34 and Arg71 (3). KV of Lp(a) could also be a potential site of mutations which could
enhance LBS activity in Lp(a) (47). We previously demonstrated that certain enzymatic and
chemical modification of Lp(a) may alter LBS activity, such as phospholipase A, or oxidation
(18), and small isoforms may be more susceptible to these types of modifications resulting in
altered LBS activity. Determination of the sequence polymorphisms and susceptibility to
modification of low molecular weight isoforms of Lp(a) in patients with CAD and their effect on

LBS function will be important to our understanding of the pathogenicity of Lp(a).
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Table 1
Lp(a) plasma concentration, apo(a) size, and LBS function.
Standard
Mean Median  deviation Range
Plasma Lipoprotein(a) (mg/L)
Myocardial infarction 334 297 299 <49-1346
Age-matched controls 176* 146 160 <49-596
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apo(a) size (Kringle number)

Largest isoform

Myocardial infarction 25.24 25.00 4.42 11-34
Age-matched controls 26.12 25.00 5.10 14-39
Smallest isoform

Myocardial infarction 18.61 18.00 4.48 8-30
Age-matched controls 20417 20.00 4.77 11-34
LBS activity (%)*

Myocardial infarction 52.8 57.0 24.7 0-103
Age-matched controls 50.3 53.0 24.6 0-98

*p < 0.0005 with respect to patients, and 'p = 0.008 with respect to patients. LBS
activity is the percent of the reference Lp(a). Largest and smallest isoforms refer
to the largest or smallest isoform determined for each subject with 2 isoforms.
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Table 2.
Association of Lp(a) Concentration, Smallest kringle number, and LBS
activity with CAD.

Variable Odds Ratio (95% confidence p value
Ratio)
1)Lp(a) concentration 1.18 (1.09-1.27) <0.001
Smallest kringle 0.92 (0.86-0.98) 0.009
LBS Activity 1.02 (0.96-1.08) 0.49

2) Small kringle number (< 22)

Low LBS 0.58 (0.27-1.28) 0.18
High LBS 10.10 (2.1-48.8) 0.004

3) High Lp(a) (>300mg/L

Low LBS 2.55(0.97-6.7) 0.06
High LBS 4.40 (1.7-11.34) 0.002

Models considered one risk factor at a time. In models 2 and 3, a
subset was evaluated, either smaller kringles (model 2) or high
Lp(a) (model 3).
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Figure Legends

Figure 1. Frequency distribution of plasma Lp(a) concentration in patients with myocardial

infarction (Panel A, n = 95), and age-matched controls (Panel B, n = 95).

Figure 2. Frequency distribution of apo(a) alleles in patients with myocardial infarction (Panel
A), and age-matched controls (Panel B). Black bars represent the smallest isoforms and white

bars the largest isoforms determined for each subject with 2 isoforms.

Figure 3. Lp(a) Concentration of Various Size [soforms (mean £+ SEM). Lp(a) concentration is
plotted versus the smallest kringle determined for each subject with 2 isoforms. The number of
subjects per group for the various kringle sizes are: patients -- < 15, n = 28, 16-18, n = 23, 19-
22, n=21,23-25,n=17,> 26, n = 6; and age-matched controls -- < 15, n =15, 16-18, n = 25,
19-22, n =25, 23- 25, n = 14, > 26, n = 16. Gray bars are values for patients and black bars for

the controls.

Figure 4. Scatterplot of LBS activity values versus Lp(a) concentration for patients (Panel A o)

and controls (Panel B [0).

Figure 5. Scatterplot of the Lp(a) LBS activity versus the number of KIV repeats of the
phenotypes of single banded subjects), controls -- n = 54 (Panel A) and patients -- n = 39 (Panel
B. Correlation coefficients of LBS activity for CAD patient phenotype was statistically

significant (p<0.0005).
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