
The Mysteries of Lipoprotein (a) 

Lipoprotein(a) [Lp(a)] is a macromolecular complex 
found in human plasma that combines structural ele- 
ments from the lipoprotein and blood clotting systems 
and that is associated with premature coronary heart 
disease and stroke. It is assembled from low-density 
lipoprotein (LDL) and a large hydrophilic glycoprotein 
called apolipoprotein(a) [apo(a)], which is homologous to 
the protease zymogen plasminogen. Plasma Lp(a) concen- 
trations vary 1000-fold between individuals and repre- 
sent a continuous quantitative genetic trait with a skewed 
distribution in Caucasian populations. Variation in the 
hypervariable apo(a) gene on chromosome 6q2.6-q2.7 
and interaction of apo(a) alleles with defective LDL- 
receptor genes explain a large fraction of the variability of 
plasma Lp(a) concentrations. Though of high theoretical 
and practical interest, many aspects of the metabolism, 
function, evolution, and regulation of plasma concentra- 
tions of Lp(a) are presently unknown, controversial, or 
mysterious. 

L OW-DENSITY LIPOPROTEINS (LDLs) ARE THE MAJOR 

transporters of cholesterol in human plasma. They contain a 
single hydrophobic polypeptide chain, apolipoprotein B-100 

(apoB-loo), which has a molecular mass of 513 kD. This protein is 
one of the two principal ligands for the LDL receptor that facilitates 
the specific uptake of LDL primarily by parenchymal cells of the 
liver (1). In 1963, Berg (2) described genetic variation in LDL that 
was detected with heterologous antibodies from rabbits immunized 
with human LDL; he attributed this genetic variation to an antigen 
he called lipoprotein(a) [Lp(a)]. ~ h e - ~ ~ ( a )  antigenic property was 
later shown to reside in a distinct particle. It appeared that not all 
subjects had this lipoprotein in plasma, suggesting that it might be 
of only minor importance. Although Lp(a) was characterized in 
some detail already in the early 1970s (3), little attention was paid 
for almost two decades to this macromolecular complex that is 
assembled from LDL and a high molecular mass glycoprotein called 
the Lp(a) glycoprotein or apolipoprotein(a) [apo(a)] (4). Numer- 
ous studies suggested an association of plasma Lp(a) concentrations 
with atherosclerotic vascular disease (5, 6). However, only the recent 
discovery of the strong homology of apo(a) to plasminogen (7, 8) 
has stimulated intensive research in the genetics, metabolism, func- 
tion, and disease association of Lp(a). 

There are many questions, however, that await clarification or to 
which there are only partial answers. (i) What is the function of 
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apo(a) and of Lp(a), if any? (ii) What is the mechanism underlying 
the strict genetic control of plasma Lp(a) concentrations? (iii) 
Where is Lp(a) assembled? (iv) Is there any relation between Lp(a) 
metabolism and that of LDL, and is Lp(a) catabolized by the same 
specific mechanism as other apoB- 100-containing lipoproteins, that 
is, by the LDL-receptor pathway? (v) Is Lp(a) associated with 
premature myocardial infarction because it is atherogenic or throm- 
bogenic, or both? 

One major focus of research is on the genetics of Lp(a). Though 
the population distribution of Lp(a) concentrations in Caucasians is 
extremely broad and highly skewed, it is at the same time under 
rather strict genetic control. This strict genetic control of plasma 
Lp(a) concentrations and the association of high plasma Lp(a) 
concentrations with premature myocardial infarction are of particu- 
lar relevance to predictive medicine. 

Structure of Human Lp(a) 
Lp(a) is different from other plasma lipoproteins in that it is 

assembled from two very different components (Fig. 1). One of 
these components, the hpdrophilic apo(a), is unlike other known 
proteins of the plasma lipoprotein system and possibly should not 
even be classified as an apolipoprotein. The other component shares 
structural and functional properties with LDL; it has a density of 
approximately 1.04 gramsher-liter, contains apoB-100, and binds to 
the LDL receptor (9). Early studies showed that Lp(a) is not simply 
a variant of LDL distinguished by its antigenic properties. Rather 
Lp(a) differs from LDL& protein compos~tion A d  electrophoretic 
mobility and by having a larger particle size (diameter 236 to 255 A 
versus 200 to 225 A), a higher buoyant density (1.05 to 1.08 giliter 
versus 1.03 to 1.06 giliter), and six times as much neuraminic acid 
(3). After simple disuffide reduction, Lp(a) dissociates into LDL 
and apo(a) (9, 10). This has led to the conclusion that apo(a) and 
LDL are covalently linked by disulfide-bridge formation. The LDL 
component of ~ ~ ( a )  contains apoB-100 as ;he sole protein compo- 
nent, the cDNA-derived amino acid sequence of which has been 
elucidated (1 1). The protein conferring the characteristic properties 
to the Lp(a) complex is the highly glycosplated apo(a). Apparent 
molecular masses ranging from 200 to 700 kD have been reported 
for apo(a) and individuals with multiple apo(a) size isoforms have 
been-described (4). Onlv recent111 it has been shown that this size 

\ ,  

heterogeneity is genetically controlled (10). 
Sequencing of apo(a) at both the protein and cDNA level has 

revealed a high degree of homology to plasminogen (7, 8). Homolo- 
gy to plasminogen is also revealed by irnmunochemical studies that 
show cross-reactivity of apo(a) and plasminogen (12, 13). The 
immunochemical cross-reactivity of apo(a) and plasminogen and the 
size polymorphism of apo(a) have created problems for the quantifi- 
cation of Lp(a), but some of these have been overcome by the use of 
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sandwich-me emme-linked imrnunoassavs and combinations of 
antibodies ';o apoia) and apoB (14) or 'monoclonal antibodies 
specific for apo(a) (15). 

Plasminogen is a serine protease zymogen of the fibrinolytic 
system. It consists of a trypsin-like protease domain and five 
tandemly repeated homologous domains called kringles. Kringles 
are vretzel-like structures that are stabilized bv three internal 
d i s k d e  bridges. Kringle structures have also b e d  identified in a 
variety of proteins of the blood coagulation and fibrinolytic systems, 
including prothrombin, tissue-type plasminogen activator (@A), 
urokinase, and coagulation factor XII, and also in other proteins, for 
example, fibronectin (16). The apo(a) gene [apo(a)] contains a single 
serine protease domain that is 94% identical to the protease domain 
of the plasminogen gene. Further, it contains two types of plasmino- 
gen-like kringle domains. One of these is homologous to the fifth 
kringle domain of the plasminogen gene (kringle-5) and is present as 
a single copy. The other is homologous to the fourth kringle domain 
of the plasminogen gene (kringle-4) and is present in multiple 
copies. The size of the apo(a) mRNA was measured as 14 kb by 
RNA-gel blot hybridization of RNA from one human liver and the 
human hepatocarcinoma cell line Hep G2 (8,17). This large mRNA 
encodes a protein of 4529 amino acids, including a 19-residue 
presequence (8). 

There is considerable intragenic homology in apo(a). Out of the 
37 repeats of the 342-bp kringle-4 domain in the only apo(a) yet 
sequenced, 24 + 2 are identical. Overall the kringle-4 structures in 
apo(a) are highly conserved and have a high degree of homology 
with the kringle-4 domain of the plasminogen gene. There are, 
however, some specific differences between homologous structures 
of apo(a) and plasminogen. Unlike plasminogen, apo(a) cannot be 
converted to an active protease by tPA, urokinase, or streptokinase. 
This is because of a single amino acid substitution (serine for 
arginine) in apo(a) at the position that is cleaved in plasminogen 
when the zymogen is converted to the active protease (8). Also there 
is one extra unpaired cysteine residue in one of the kringle-4 repeats 

Kr~ngle-5 dorn: 
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Fig. 1. Schematic model of Lp(a) (4, 7, 8). The central LDL particle, with its 
core of neutral lipids and the apoB-100 molecule, is attached to one molecule 
of apo(a). The mode of interaction of the LDL component with the apo(a) 
moiety and the spatial orientation of these components are unknown, as is 
the exact topology of the postulated (but not proven) disulfide bond (S-S) 
between apoB-100 and apo(a). The kringle domains may face out rather 
than in toward LDL. The regularity of carbohydrate chains also is a 
simplification. 

of apo(a). This residue is thought to facilitate the covalent binding 
of apo(a) with apoB-100 (8). In the connecting sequences between 
the kringle-4 units, including the end and the beginning of a kringle, 
there are six potential sites for 0-linked sugars (four threonine and 
two serine residues). Further, there is one site for an N-linked sugar 
within each kringle structure. Thus in total there are 253 potential 
glycosylation sites in apo(a). It is not known which of these sites are 
actually glycosylated; however, Lp(a) is very rich in carbohydrate, 
staining strongly with the periodate-Schiff reagent and containing 
28.1% carbohydrate by weight. Mannose, galactose, galactosamine, 
glucosamine, and sialic acid are present in an approximate molar 
ratio of 3: 7: 5:4: 7, respectively (18). 

Genetics of Lp(a) 
Early studies by Berg (2) were consistent with Lp(a) being 

inherited as a simple dominant Mendelian trait under the control of 
two alleles, Lpa and L~O.  This view was challenged when several 
groups detected that the distribution of plasma Lp(a) concentra- 
tions is continuous but highly skewed (3, 19). Most Caucasians have 
plasma Lp(a) concentrations-at the low end of the range, with 5% of 
Caucasians having a concentration of less than 1 milligram per 
deciliter (15). Mean and median concentrations are approximately 
15 and 8 milligrams per deciliter, respectively. There are, however, 
strikingly different distributions in other ethnic groups ranging from 
bell-shaped in U.S. Blacks (20) and African Blacks to highly skewed 
in Chinese from Singapore (Fig. 2). 

Several hypotheses have been advanced to explain the inheritance 
of plasma Lp(a) concentrations. Most groups agree in that one 
major locus is controlling plasma Lp(a) concentrations, but poly- 
genic models have also been proposed (19,21). The frequency (q) of 
a postulated major dominant gene for high Lp(a) concentrations 
was estimated as being 0.10. The nature of this major locus 
remained undefined, however, and it was difficult to see how the 
concentrations of such a complex molecule as Lp(a) could be 
determined in such a strict manner as to mimic a simple Mendelian 
trait. 

The discovery of a genetic size polymorphism of apo(a) provided 
new insights into the genetics of the quantitative Lp(a) trait and 
allowed the identification of the apo(a) locus as the major locus that 
determines plasma Lp(a) concentrations (10, 22). Several apo(a) 
isoforms can be distinguished in total plasma from different individ- 
uals by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) fol- 
lowed by immunoblotting with p l y -  or monoclonal antibodies 
against apo(a) (Fig. 3). These isoforms range in apparent molecular 
mass from approximately 400 to 700 kD. A single individual may 
have one or two major apo(a) isoforms or may be without a 
detectable apo(a) band. Together at least six different apo(a) 
isoforms have been distinguished but no individual exhibits more 
than two of them. These six isoforms have been designated F, B, S1, 
S2, S3, and S4 according to their relative mobility compared to 
apoB-100 (here F stands for fast, B for the position of apoB-100, 
and S for slow). Intermediates between these isoforms have been 
observed but will not be discussed here. The major apo(a) isoforms 
are specified by alleles at a single locus that has been identified as 
that of apo(a). In addition, the existence of a null allele has been 
postulated to account for individuals with no detectable apo(a) and 
for the segregation of apo(a) types in families (10, 22). The 
definition of the null allele in the Lp(a) system is operational as it 
depends, at least to some extent, on'the sensitivity of the immuno- 
blotting assay. There is still debate on whether there are subjects 
who completely lack Lp(a) in plasma. The segregation of apo(a) 
types in 21 families including 192 subjects is consistent with the 
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genetic hypothesis (10, 22). The frequencies of apo(a) phenotypes 
and the calculated frequencies of apo(a) alleles as determined in a 
Caucasian population are shown in Table 1. These frequencies 
should be viewed as rough approximations because of the inherent 
problems of the system. Some "null types" in fact may have an 
apo(a) isoform, although this is not detectable by current methods. 
Some single-band types may in fact be heterozygotes but with one 
of the isoforms not detectable by the blotting method. According to 
this concept subjects with two apo(a) isoforms are heterozygotes, 
whereas those with a single band may be either homozygous or 
heterozygotes with one null allele. 

Apo(a) Types and Lp(a) Concentrations 
There is a strong inverse relationship between the apparent 

molecular mass of apo(a) isoforms and plasma concentrations of 
Lp(a). The mean Lp(a) concentration of individuals with apo(a) of 
the B-type is more than ten times as high as that in individuals with 
the S4-type (Table 1). Heterozygotes tend to have plasma Lp(a) 
concentrations that almost equal the sum of those of the respective 
single-band types (23). This indicates that apo(a) alleles affect Lp(a) 
concentrations in an additive manner. In support of this is the 
finding that the intensities of apo(a) isoforms on immunoblots in 
heterozygotes may be extremely different (22). The two apo(a) 
isoforms in heterozygotes reside on different particles that may be 
separated by density gradient ultracentrifugation (24). This suggests 
that heterozygotes have two particle species in plasma that differ in 
their metabolism. Hence the association of isoform molecular mass 
with Lp(a) concentrations is reflected even within a single subject. 
These findings provide a conceptual framework to explain the 
distribution of Lp(a) concentrations within populations. In Cauca- 
sians, the skewed distribution is a result of apo(a) allele frequencies 
and of the allele-specific effects on Lp(a) concentrations. Alleles that 
result in high Lp(a) concentrations, such as ~ p ~ ,  are rare in the 
Caucasian population, whereas those that result in low Lp(a) 
concentrations, such as L ~ ~ ~ ,  are frequent. A definitive answer as to 
whether the differences among populations (Fig. 2) are explained by 

differences in apoja) allele frequencies or allele-specific effects, or 
both, is not yet available. Apo(a) phenotyping in Chinese individ- 
uals from Singapore, who have very low plasma Lp(a) concentra- 
tions (Fig. 2), did demonstrate an extremely high frequency of the 
L~~~ allele which is associated with low Lp(a) concentrations in 
Caucasians (22). This suggests that the differences in the distribution 
of Lp(a) concentrations may be due to apo(a) allele frequency 
differences between ethnic groups. The reason why apo(a) types or 
concentrations are so different among human races is mysterious. 
The relation between apo(a) type and concentration is, however, 
not as simple as outlined. This is obvious from the true distribution 
of Lp(a) concentrations within a given apo(a) phenotype, for 
example, S2. There is not only a broad distribution of concentra- 
tions within the S2-type, but the distribution is also heterogeneous 
(23). Also the variation at the apoja) locus does not explain the total 
variation of Lp(a) concentrations in the population. With the 
methodology of the measured genotype approach, it has been 
determined that about 40% of the variability in Lp(a) concentra- 
tions is explained by the measured variability at the apo(a) locus (23). 
This figure most certainly underestimates the true significance of the 
apo(a) locus as at present only the measured heterogeneity, that is, 
the size polymorphism of apo(a), can be related to Lp(a) concentra- 
tions. It is not known how the apo(a) size polymorphism affects 
plasma Lp(a) concentrations. It may be a direct consequence of the 
structural differences in the gene products or there may be linkage 
disequilibrium between structural and regulatory elements in apo(a). 
Clearly the apoja) locus is the major locus for determining Lp(a) 
concentrations in Caucasians, but still the calculated figure of 40% 
raises the question of what determines the rest of the variation in 
Lp(a) concentrations. 

Linkage of Apo(a) and Plasminogen Genes 
The plasminogen gene was localized to the long arm of chromo- 

some 6 at q 2 . 6 q 2 . 7  by in situ hybridization and somatic cell hybrid 
studies with a probe to the plasminogen kringle-4 domain (25). In 
retrospect, this probe might have recognized the multiple kringle-4 
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Flg. 2. Distribution of plasma Lp(a) concen- 
trations in different ethnic groups (46). Lp(a) 
concentrations (in milligrams per deciliter) 

20 
20 were measured by electroimmunodiffision 

(10). (A) Chinese from Singapore (n  = 112, 
mean Lp(a) concentration is 7.0 mgldl). (8) 
Austrians, representing a Caucasian popula- 
tion (N = 162, mean Lp(a) concentration of 
16.1 mgldl). (C) Indians from Singapore 

10 30 50 70 90 110 10 30 50 70 90 110 (n = 145, mean Lp(a) concentration of 20.0 
mgidl). (D) Sudanese (n = 105, mean Lp(a) 

Plasma Lp(a) (mgldl) concentration of 45.7 mgldl). 
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Table 1. Apo(a) isoforms and allele frequencies, and plasma Lp(a) concentrations (mean + SD) in the Austrian population and in individuals with familial 
hypercholesterolemia (FH). Data from (28). 

-- -- 

Molec- Mele frequencies Phenotype frequency 
(%) 

Lp(a) concentration (mgldl) 
Iso- ular Allele Pheno- 
form mass Population FH patients 'YL'e* Popu- FH 

(n = 279) (n = 102) lation patients Population FH patients 

*Only single-band phenotypes shown. 

Fig. 3. Principal apo(a) phe- - b c d e f  .- - + . -- -- 
notypes. Delipidated plasma g- 
samples from individual do- 
nors were subjected to 6.7% 
SDS-PAGE under reducing 5k5D0 - - 4 
conditions. Apo(a) bands 
were visualized by immuno- 
blotting with monoclonal 
antibody 1A2 to apo(a) 
(47). Single-band types rep- 
resenting homozygotes or individuals with one null allele are shown in lanes 
(a), (b), (d), and (e) (phenotype S2). Double-band types representing 
heterozygotes are shown in lanes (c) and (g) (phenotype SllS2). In lane (f) is 
a null type. 

repeats in apo(a) rather than the single plasminogen kringle-4 
domain. Linkage studies that used as markers the apo(a) protein 
polymorphism, plasma Lp(a) concentrations, the plasminogen pro- 
tein polymorphism, and a Sac I polymorphism recognized by the 
plasminogen kringle-4 probe unequivocally demonstrated linkage of 
the plasminogen gene and apo(a) (lod score >5.0 at a recombination 
fraction, 8 = 0) and established 6q2.6-q2.7 as the region of the 
apo(a) and plasminogen gene cluster (26). 

Apo(a) Types and Lp(a) Concentrations in 
Familial Hypercholesterolemia 

As Lp(a) contains apoB-100, one of the two principal ligands for 
the LDL-receptor, it might be anticipated that Lp(a) would bind to 
this receptor and be removed from plasma through the LDL- 
receptor pathway. Unfortunately, in vitro studies on the binding 
and uptake of Lp(a) by the LDL receptor have yielded controversial 
results (27), and it has been concluded by some that attachment of 
apo(a) to the LDL-like particle markedly reduces or abolishes 
binding to the receptor (9). The question of whether or not Lp(a) is 
removed through the LDL-receptor pathway in vivo may be 
addressed by studying individuals with familial hypercholesterol- 
emia (FH), a common, dominant human disorder that results from 
multiple defects in the gene for the LDL receptor (1). As a 
consequence of the receptor defect, heterozygotes for FH have 
plasma LDL-cholesterol concentrations that are two- to threefold 
the normal value. If Lp(a) were also cleared by the LDL receptor in 
vivo, one would anticipate a similar increase in Lp(a) concentrations 
in individuals with defective LDL receptors. As Lp(a) concentra- 
tions in the general population are largely determined by apo(a) 
type, any effect of the receptor defect on Lp(a) concentrations will 
only be detected in subjects matched for apo(a) phenotype. There- 
fore, Lp(a) types and concentrations were compared in individuals 
with heterozygous FH and in a random population sample (Table 

Fig. 4. Model demon- 
strating the multiplica- 
tive effects of the apo(a) 
and the LDL receptor 
loci on plasma Lp(a) 
concentrations. Num- 
bers under the curves 
give the approximate 
mean Lp(a) concentra- 
tion (in milligrams per 
deciliter) in a group (see 
Table 1). White areas 
under the curves repre- 
sent the highly idealized 
distribution of Lp(a) 
concentrations for the 
respective phenotype in 
the population and black 
areas represent the corre- 
sponding dismbution in 
individuals with hetero- 
w ~ o u s  familial h m r -  
~h~lesterolemia (F'H) . 
The FH mutation (indi- 

Plasma Lp(a) (mgldl) 

cated by the arrow) does not result in a constant increase but in an 
approximately threefold increase in Lp(a) concentrations. The dashed verti- 
cal line indicates the threshold of 30 mgldl, above which Lp(a) concentra- 
tions are believed to increase the risk for premature coronary heart disease. 

1) (28). Three major results emerged from this study. First, Lp(a) 
concentrations are indeed significantly increased in FH heterozy- 
gotes (Table l) ,  suggesting &at the ~ ~ ~ - r e c e ~ t o r  defect does &e& 
Lp(a) concentrations in the same manner as it increases LDL 
concentrations. Therefore, these results may be taken as indirect 
evidence that the LDL-receptor ~athwav is a crucial determinant of 

I I 

Lp(a) removal in vivo. Though straightforward, this interpretation 
may be incorrect. Given that the accumulation of Lp(a) in heterozy- 
gotes is a direct consequence of a failure of the mutant LDL receptor 
to interact with a p o ~ - i 0 0  in Lp(a), one would expect a complemen- 
tary situation when apoB-100 itself is defective. A mutant of apoB- 
100 that does not bind to the LDL receptor has recently been 
described 129). When six indewndent families with familial defec- 

\ ,  

tive apoB-100 were analyzed for apo(a) isoform and Lp(a) concen- 
trations, no effect of the apoB-100 mutation on Lp(a) concentra- 
tions was noticed (30). These data obviouslv contradict the condu- 

\ ,  

sion that failure to interact with the defective receptor is the reason 
for the increased Lp(a) concentration in FH. What then causes the 
elevated Lp1a) concentrations in individuals with FH? At the 

I \ '  

moment this is still another mystery of the Lp(a) lipoprotein. 
The second major result to emerge from the FH study was that 

the interaction of apo(a) type with LDL-receptor defect is multipli- 
cative rather than additive in nature (Fig. 4). such a situation is not 
commonly considered in statistical human genetics. The multiplica- 
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Fig. 5. Gel blot of geno- B C D E  
mic DNA from subjects 2 1 2 1  2 1 2 1  2  
with apo(a) types BlS2 
(lanes 1) and S4 (lanes 
2). DNA was digested 
with the enzymes Pvu I1 kb 

(A), Rsa I (B), Eco RI 
(c), Sac I (D), and  am 5.6 -YIO LO UY 
HI (E), and the frag- 
ments were hybridized 
with a 45-nucleotide 
oligomer corresponding 
to a sequence in the re- 
peated kringle-4 domain 
of apo(a) (nucleotides - 
551 to 595). The signal 
intensities of the major 
fragments (5.6 or 1.4 
kb) are different in the 
two phenotypes. 

tive interaction of the apo(a) and LDL-receptor gene loci is deduced 
from the observation that Lp(a) concentrations were increased 
approximately two- to threefold in each common apo(a) phenotype 
(Table 1). The idea that plasma Lp(a) concentrations are determined 
by a major gene and a polygenic background therefore may be 
formally correct. We now know that the major gene is the apo(a) 
locus. One of the "polygenes" may be the LDL-receptor gene locus. 

Finally, it emerged from the FH study that an increased Lp(a) 
concentration is a strong and independent risk factor for coronary 
heart disease in individuals with FH (31). FH individuals with 
coronary heart disease had on the average higher plasma Lp(a) 
concentrations (mean of 59.7 milligrams per deciliter) than those 
without (mean of 28.7 milligrams per deciliter). By multivariant 
analysis, plasma Lp(a) concentration was the best discriminant 
between FH individuals with and without coronary heart disease. 

Thus the LDL-receptor defect has a dual effect on coronary heart 
disease morbidity by increasing both LDL and Lp(a) concentra- 
tions. Whether or not Lp(a) concentrations will be in a "pathologi- 
cal" range, however, depends on the apo(a) type. These findings 
may also have practical implications. Determination of plasma Lp(a) 
concentration might be considered in individuals with FH and 
possibly also other individuals with elevated LDL concentrations for 
a personal risk assessment. 

Molecular Basis of Apo(a) Heterogeneity 
It has been hypothesized that the size heterogeneity of apo(a) 

reflects differences among individuals in the number of kringle-4 
repeats in apo(a). Recently, indirect evidence for this hypothesis has 
been obtained. When genomic DNA from different individuals was 
digested with any of the restriction enzymes Pvu 11, Eco RI, Barn 
HI, Rsa I, or Sac I, subjected to DNA-gel blotting, and hybridized 
to a 45-nucleotide oligomer corresponding to the highly repeated 
apo(a) kringle-4 region (nucleotides 551 to 595 of kringle-4A) (8), 
only one main fragment was obtained irrespective of the apo(a) 
phenotype of the individual (Fig. 5). Pvu 11, Eco RI, and Bam HI 
generated fragments of identical size (5.6 kb) as did Rsa I and Sac I 
(1.4 kb). The intensity of the signal obtained with the oligonucleo- 
tide probe varied widely among individuals and was much stronger 
in individuals of phenotype S4 than in those with lower molecular 
mass isoforms (for example, BlS2; see Fig. 5). A clear correlation of 
the kringle-4 signal with the combined molecular mass of the apo(a) 
isoproteins of an individual was found in family studies (32). These 
results indicate that there is a high degree of internal homology also 
of the repeated introns in this region of apo(a). This is uncommon 

and points to a very recent expansion of the locus. The results also 
indicate that differences in the number of kringle-4 repeats in apo(a) 
indeed underlie the size heterogeneity of apo(a). If so, one might 
also expect differences in the size of apo(a) mRNA between 
individuals that should correspond to the apo(a) isoform pattern in 
plasma. Heterogeneity of human apo(a) mRNA has been demon- 
strated by gel blotting of liver RNA. The mRNA sizes for apo(a) 
range from 10 to 14 kb, with some individuals exhibiting two 
mRNA species (17). A recent report (33) found that the size and 
type of apo(a) protein heterogeneity in baboons correlates with the 
heterogeneity of apo(a) mRNA from liver. However, in both 
species there were also discrepancies between the protein and 
mRNA types; for example, one liver mRNA species but two plasma 
apo(a) isoforms and vice versa. The reason for this discrepancy is 
unknown. 

Evolution 
A protein with the immunochemical properties and having a 

molecular mass similar to human apo(a) has been detected by 
irnmunoblotting in several species of nonhuman primates and Old 
World monkeys including the chimpanzee, orangutan, gorilla, 
rhesus monkey, and baboon. In all these species the protein is 
polymorphic (33, 34), and in several of them a lipoprotein with the 
characteristics of Lp(a) has been demonstrated (35). Neither Lp(a) 
nor apo(a) could be found in New World monkeys, rabbit, rat, or 
cow (34). These findings are complemented by the sequence 
comparison of human apo(a) with plasminogen. The degree of 
homology between the two structures suggests that they diverged 
some 40 million years ago ( 4 ,  around the time when Old World 
and New World monkey lineages diverged. 

These data suggest a scenario where apo(a) has evolved from 
plasminogen during early primate evolution by a series of events 
including an initial duplication, deletions (kringles-1 to -3 in the 
human lineage and kringles-1, -2, -3, and -5 in the rhesus lineage), 
duplications and deletions caused by out-of-register homologous 
recombination (kringle-4), gene conversion events, as well as point 
mutations and small deletions (8, 36). The presence of a size 
polymorphism in all primates studied thus far indicates that expan- 
sion and contraction of the locus by homologous recombination is 
probably still occurring. 

A protein of the same apparent molecular mass as apo(a) that 
assembles with LDL and cross-reacts with antibodies to human 
apo(a) is present in the hedgehog (37). Notably, apo(a) is present in 
the hedgehog already as a lipoprotein and not just as apo(a). The 
existence of Lp(a) in the hedgehog raises several questions. (i) Has 
apo(a) been discovered by nature twice? (ii) Is apo(a) from the 
hedgehog by some mysterious accident cross-reacting with the 
primate protein, whereas this cross-reactivity does not exist in other 
species, which also might have the protein in plasma. Possibly, 
divergent kringle sequences have expanded independently in differ- 
ent animal species, resulting in a lack of cross-immunoreactivity and 
DNA hybridization but maintaining the same function. (iii) Finally, 
could it be possible that some species secrete Lp(a) into plasma, 
whereas others do not? It might be that in some species, including 
humans, there is erroneous secretion of apo(a) from cells. In order 
to have Lp(a) in plasma it is not only necessary to preserve an 
unusually large open reading frame of 13,644 nucleotides, including 
the presequence, for a protein that is targeted to the endoplasmic 
reticulum. The protein also has to meet the requirement for specific 
binding to LDL. For the human and rhesus proteins, this property 
is believed to require disulfide bond formation with apoB-100 in 
LDL and is ascribed to a single extra cysteine residue in one of the 
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kringle domains (8, 36). Together these structural requirements 
indicate that there must be selective pressure on the gene to maintain 
it in different species. Why then is it not present in other species? 

Function of Lp(a) and Apo(a) 
The physiological function of apo(a) or Lp(a) is unknown. 

Apparently even the near absence of Lp(a) from plasma does not 
cause a deficiency syndrome or any kind of disease. Also, Lp(a) and 
apo(a) seem not to be present in the plasma from most species 
evolutionarily below Old World monkeys. Nonetheless, various in 
vitro functions have recently been ascribed to apo(a) or Lp(a) (38- 
40). When considering the function of Lp(a) it should be borne in 
mind that apo(a) and LDL are complementary elements from two 
different functional systems. This has led to the suggestion that 
Lp(a) may bridge the two systems also in a functional sense (41). 
Structurally, apo(a) is a member of the protein superfamily that 
includes the regulatory proteases of the fibrinolytic and blood 
coagulation systems (16), many of which contain kringle structures. 
All of these proteins contain a protease domain with homology to 
the serine protease, trypsin. The function of the noncatalytic 
segments of these proteins is to mediate the binding to other 
molecules. In the case of apo(a), this other molecule might be LDL. 
For what reason does apo(a) bind to LDL? Or does apo(a) target a 
fraction of LDL to a specific binding site? It has been speculated 
that Lp(a) may bind to fibrin, thus delivering cholesterol to places of 
recent injury and wound healing (41). Indeed, it has been shown 
that proteolytical digestion of fibrin by plasmin not only results in 
the known binding of plasminogen but also of apo(a) to the 
degraded fibrin (38). Other suggestions are that Lp(a) may modu- 
late the clotting process. Lp(a) and apo(a) do not exhibit proteolytic 
activity either alone or in the presence of tPA, urokinase, or 
streptokinase (7). It has been shown (8, 36) that two residues of the 
catalytic triad (His, Asp, and Ser) have been substituted in rhesus 
monkey apo(a), rendering it inactive. Karadi et al .  (12) have found 
that Lp(a) prolongs the time required for fibrinolysis in an assay 
where fibrinolytic activity is stimulated with streptokinase. The 
mechanism for this appears to be an inhibition of the conversion of 
plasminogen to plasmin by streptokinase-mediated activation (39). 
Lp(a) inhibits plasminogen activation by competitive inhibition at 
low concentration and by noncompetitive inhibition at high concen- 
tration. Three recent studies have shown that apo(a) and Lp(a) 
compete with plasminogen for binding to the plasminogen receptor 
(40). These properties of apo(a) may explain the association of high 
Lp(a) concentrations with myocardial infarction. None of the latter 
in vitro functions described for apo(a) require the LDL moiety of 
Lp(a) or provide a reasonable explanation for its presence in the 
complex. 

Metabolism of Lp(a) 
By examining the apo(a) phenotype and concentration in individ- 

uals undergoing therapeutic liver transplantation and in the respec- 
tive organ donors, it was found that a complete conversion of the 
apo(a) type of the recipient to that of the donor occurs after liver 
transplantation (42). Thus the major site of synthesis of plasma 
apo(a) appears to be the liver, a finding consistent with the presence 
of apo(a) mRNA in human, baboon, and rhesus monkey liver and in 
the Hep G2 cell line (8, 17, 33, 36). However, the demonstration of 
the major synthetic site for apo(a) unfortunately does not reveal 
where Lp(a) is assembled. LDL and apo(a) may be secreted 
independently from each other, and the assembly may take place in 

the plasma. Such a mechanism could explain why only a fraction of 
LDL, which varies from subject to subject, is complexed with 
apo(a). This fraction would be determined by the amount of apo(a) 
secreted rather than by the LDL concentration in plasma. From in 
vivo turnover studies of Lp(a) in humans, it has been concluded that 
differences in plasma Lp(a) concentrations among individuals are a 
result of differences in synthesis rather than by differences in 
catabolism (43). This conclusion, which is based on the study of 
only a few individuals of unknown apo(a) phenotype, requires 
confirmation in individuals of known apo(a) phenotype. 

An alternative site for the assembly of apo(a), apoB-100, and 
lipids would be in the liver cell. The requirement for the formation 
of a specific disulfide bond between apo(a) and apoB-100 is a strong 
argument for an intracellular assembly of Lp(a) and suggests that 
formation of the bond could be catalyzed by specific thiolases that 
are located in the lumen of the rough endoplasmic reticulum. 
Unfortunately, the existence of this bond is not proven. The 
disruption of Lp(a) with reducing agents, which is taken as evidence 
for existence of the disulfide bridge, may simply be a consequence of 
the disruption of the kringle structures, each of which is stabilized 
by three internal disulfide bonds. 

Studies on tissues from rhesus monkeys have disclosed that testes 
and brain, two organs that are separated from blood by barriers, 
contain mRNA for apo(a) but not for apoB (36). Thus in these 
organs, apo(a) may be secreted and function independently of LDL. 

Even more mysterious is the catabolism of Lp(a). Both the site 
and mechanism of degradation of Lp(a) are presently unclear. The 
role of the LDL receptor is uncertain, and no other mechanisms or 
sites of degradation have yet been demonstrated for Lp(a). The 
asialoglycoprotein receptor may be one candidate for removal of this 
highly glycosylated particle from plasma. 

Lp(a) and Atherosclerosis 
It has been demonstrated that a positive family history of 

premature myocardial infarction is among the best single predictors 
for this trait (44). What are the genes that are responsible for this 
familial clustering? Certainly one is the dominant gene for familial 
hypercholesterolemia (1). Others are the apolipoprotein B and E 
genes; defects at these loci may result in type I1 and type I11 
hyperlipidemia, respectively (29, 45), both of which are associated 
with premature coronary heart disease. It now emerges that varia- 
tion at the apo(aj  locus also relates to susceptibility to coronary heart 
disease. Numerous epidemiological studies have all found a positive 
association of plasma Lp(a) concentrations with premature myocar- 
dial infarction (5). For individuals with plasma Lp(a) concentrations 
exceeding 50 milligrams per deciliter and for those with concomi- 
tantly high LDL concentrations, the relative risk for early coronary 
heart disease may be increased up to sixfold. Together with the 
strong genetic control of Lp(a) concentrations, this has led to the 
conclusion that Lp(a) is an independent genetic risk factor for 
atherosclerotic vascular disease. 

It is unclear whether increased Lp(a) concentrations are a signifi- 
cant risk factor in normolipidemic subjects. The relative risk for 
myocardial infarction increases significantly in subjects with high 
Lp(a) concentrations when LDL concentrations are also high (6). 
This increased risk is expected when two independent risk factors 
[LDL and Lp(a)] are present in one subject and is consistent with 
the findings in individuals with familial hypercholesterolemia. It will 
be of great practical importance to see whether Lp(a) is atherogenic 
also in the absence of elevated LDL and whether there is any 
"threshold" plasma Lp(a) concentration in normolipidemics. One of 
the many open questions is whether Lp(a) is involved in the long- 
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lasting process of atherogenesis because of its properties as a 
lipopiot~in or whether it $ays a role in the acute d&eiopment of a 
thrombus due to its plasminogen-like apo(a) component. Or is 
Lp(a) a Janus with two bad faces? 
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