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ABSTRACT: Plasma apolipoprotein(a) [apo(a)] shows considerable size heterogeneity, existing as discrete 
glycoprotein isoform variants that range in apparent molecular mass from approximately 400 to 800 kDa. 
To study the molecular basis of protein size variability, we have isolated liver R N A  from individuals with 
different apo(a) isoforms, and identified apo(a)-specific transcripts using Northern blot analysis. Transcript 
sizes were shown to be variable (8.0-12 kb) and in all cases were closely correlated with protein masses 
(590-850 kDa) as determined from immunoblots. Thus, it is almost certain that apo(a) isoform size variation 
is due to allelic differences in the number of its tandemly repeated sequences of 114 amino acids that resemble 
kringle four of plasminogen. The high carbohydrate content of apo(a) makes true molecular weight 
estimations in SDS-PAGE gels difficult. However, a recombinant form of apo(a) containing 17 kringle 
repeats (calculated molecular mass of 250 kDa) migrates on SDS-PAGE gels only slightly below apoB-100, 
with an apparent molecular mass of approximately 500 kDa. Since smaller protein isoforms have been 
observed in the population, this suggests that plasma apo(a) isoforms contain from less than 17 to greater 
than 30 tandemly repeated kringle units. 

E l e v a t e d  levels of serum Lp(a)l are strongly correlated with 
atherosclerosis in human populations and Lp(a) has been 
assessed as an independent risk factor in the development of 
cardiovascular disease (Rhoads et al., 1986; Dahlen et al., 
1986; Durrington et al., 1988). Lp(a) closely resembles low- 
density lipoprotein (LDL) in both lipid composition and the 
presence of apolipoprotein B-100 (apoB-100). Unlike LDL, 
Lp(a) contains an additional protein designated apolipo- 
protein(a) [apo(a)] which is bound to apoB-100 by a disulfide 

linkage (Gaubatz et al., 1983; Utermann & Weber, 1983; 
Armstrong et al., 1985; Fless et al., 1985). Apo(a) is a large 
glycoprotein that is synthesized primarily in the liver (Tom- 
linson et al., 1989; Kraft et al., 1989) and exhibits considerable 
size heterogeneity in the human population (Fless et al., 1984; 
Gaubatz et al., 1987; Utermann et al., 1987, 1988a,b). 
Marked variability has also been observed with respect to 
plasma Lp(a) levels, which range from less than 1 over 100 
mg/dL in the population. An inverse relationship between 
isoform size and mean plasma concentration in the population 
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has been observed (Utermann et al., 1987, 1988a): The fact 
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that the same gene locus controls both Lp(a) phenotype and 
concentration has been demonstrated by the tight linkeage 
between Lp(a) levels and isoform sizes and the apo(a) gene, 
which lies close to the plasminogen locus on human chromo- 
some 6 (Weitkamp et al., 1988; Frank et al., 1988; Drayna 
et al., 1988). 

On the basis of partial amino acid sequence (Eaton et al., 
1987) and the subsequent sequence analysis of cloned human 
apo(a) cDNA (McLean et al., 1987), apo(a) was found to be 
remarkably similar to human plasminogen. Plasminogen is 
comprised of a preactivation peptide followed by five kringle 
domains and a serine protease domain. Human apo(a) consists 
of multiple tandem repeats of a sequence that resembles kringle 
4 of plasminogen, followed by kringle-Mike and protease-like 
domains (McLean et al., 1987). On this basis it has been 
hypothesized that different apo(a) protein isoform sizes reflect 
expansion or contraction of the tandemly repeated kringle 
region (McLean et al., 1987). In the current study, we de- 
scribe the relationship between human apo(a) isoform variants 
and mRNA transcript sizes and address the correlation be- 
tween protein size variation and human plasma Lp(a) levels. 

EXPERIMENTAL PROCEDURES 
Source of Human Liver Samples. Eight human liver sam- 

ples were obtained from patients undergoing liver resection 
and immediately frozen in liquid nitrogen. The tissue was 
stored at -70 OC prior to RNA preparation. Lp(a) levels in 
the patients ranged from 1 to 60 mg/dL as determined by 
ELISA (W. L. Wong and D. L. Eaton, personal communi- 
cation). 

RNA Isolation and Northern Blot Analysis. One to two 
grams of liver was homogenized in the presence of guanidinium 
thiocyanate (MacDonald, 1987), and total RNA was purified 
by using lithium chloride extraction (Cathala et al., 1983). 
Poly(A+) RNA was subsequently isolated by affinity chro- 
matography on poly(U)-Sepharose (Ricca et al., 1981). RNA 
samples were denatured with formamide and separated by 
electrophoresis in a 1% agarose gel containing 2% form- 
aldehyde according to the method of Maniatis et al. (1982). 
Following transfer to nitrocellulose, the RNA blot was hy- 
bridized to a 2.2-kb restriction fragment (pl19Da18.5) derived 
from the 5'-end of the human apo(a) cDNA clone (McLean 
et al., 1987). The DNA fragment was labeled with 32P by 
using random sequence oligonucleotides as primers for Klenow 
fragment elongation (Feinberg & Vogelstein, 1982). The blot 
was hybridized for 16 h at 42 OC, in 50% formamide, 5X SSC 
(SSC: 150 mM NaCl and 15 mM trisodium citrate), 50 mM 
sodium phosphate, 5X Denhardt's solution, 10% dextran 
sulfate, and 20 pg/mL carrier DNA. The filter was subse- 
quently washed at 68 OC for 45 min in 0.2X SSC and 0.1% 
SDS and autoradiographed with intensifying screens at -80 
"C. RNA size standards were obtained from Bethesda Re- 
search Laboratories. 

Determination of Plasma apo(a) Isoform Sizes. Lp(a) was 
purified from plasma samples (0.3-1.0 mL) by using antibody 
affinity chromatography. Briefly, samples were loaded onto 
I-mL Affi-Gel (Bio-Rad) columns equilibrated in 50 mM 
Tris-HC1, pH 7.5, and 150 mM NaCl, to which apo(a)-specific 
monoclonal antibody (W. L. Wong and D. L. Eaton, personal 
communication) had been coupled. Following extensive washes 
with 50 mM Tris-HC1, pH 7.5, and 1 M NaCl to eliminate 
nonspecifically bound proteins, the apo(a) was eluted by using 
0.1 M glycine, pH 2.2. After neutralization using 1 M 
Tris-HCl, pH 7.5, samples were concentrated by Centricon 
(Amicon) filtration from 2 mL to 50 pL. Samples were 
brought to 5% sodium dodecyl sulfate and 10 mM dithio- 
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threitol and electrophoresed in 2 5 1 0 %  polyacrylamide gra- 
dient gels as described previously (Fless et al., 1984). Fol- 
lowing overnight transfer to nitrocellulose, the blot was in- 
cubated with a polyclonal antibody directed against human 
Lp(a) (Drayna et al., 1988) and visualized with an alkaline 
phosphatase conjugated secondary antibody (Bio-Rad). 
Pharmacia high molecular weight markers (669 000,440 000, 
330000, and 220000) as well as human apoB-100 (550000; 
calculated peptide mass from sequence of 519000 plus &IO% 
carbohydrate; Chen et al., 1986; Law et al., 1986) were used 
for isoform size estimations. Size estimates above 669000 were 
determined by extrapolation. A truncated apo(a) molecule 
(calculated peptide mass of 250 000) containing 17 kringle- 
4-like domains, as well as the kringle-Mike and protease-like 
domains, was produced in cultured mammalian cells by re- 
combinant DNA techniques (Koschinsky, Tomlinson, Lawn, 
and Eaton, unpublished results). Purified recombinant protein 
(1.5 pg) was electrophoresed in a 2 5 1 0 %  polyacrylamide gel 
and its size estimated relative to purified human LDL. 

RESULTS 
Variation in apo(a) Transcript Sizes. On the basis of 

Northern blot analysis (Figure 1 A), apo(a) transcript sizes 
in the current sample range from about 8 to 12 kb. Two 
transcripts were observed in several individuals (lanes 2 ,4 ,6 ,  
and 7) with sizes of 12.2 and 8.2, 11.7 and 8.3, 9.3 and 8.4, 
and 12.3 and 1 1.2 kb, respectively. In each of these cases, the 
smaller transcript was of greater relative intensity. Under the 
conditions of stringency used for the hybridization, very low 
cross-reactivity with plasminogen mRNA (3.0 kb) was ob- 
served (see Figure 1A). 

For the sake of comparison, a sample of the mRNA used 
for apo(a) cDNA cloning (McLean et al., 1987) was included 
in the Northern blot analysis (designated BHL in Figure 1A). 
The size of this transcript was estimated to be 12.0 kb. RNA 
isolated from tissue culture cells transfected with recombinant 
apo(a) was also analyzed, and the size of the transcript agrees 
with the predicted size of approximately 7.6 kb (data not 
shown). 

To allow more accurate apo(a) transcript size estimates, the 
Northern blot was subsequently hybridized with a DNA probe 
specific for human apoB. The size of the latter transcript is 
considered to be 14.1 kb on the basis of the cloned cDNA 
sequence (Chen et al., 1986; Law et al., 1986). The position 
of the apoB transcript is indicated in Figure 1A. 

Analysis of apo(a) Isoform Sizes. Estimations of apo(a) 
protein masses were made on the basis of observed mobilities 
in polyacrylamide gels (Figure 1B). Isoform size variants were 
found to range from approximately 590 to 850 kDa. Two 
isoforms were detected in samples 2, 4, and 7 (590 and 850, 
600 and 810, 760 and 850 kDa, respectively), and in each 
instance, the smaller isoform was clearly more abundant. In 
all cases, apo(a) protein sizes were found to be larger than 
apoB-100 (see Figure 1B). In the case of samples 2 and 4, 
the larger isoform was so much abundant than the lower that 
it was very faint on the original blot and difficult to see in 
photographic reproduction. Hence, these samples were rerun 
with more protein and are shown in lanes 2' and 4'. In lanes 
with excessive loadings, some breakdown products of apo(a) 
are visible. 

A recombinant apo(a) protein with 17 copies of the repeated 
kringle-4-like domain (calculated polypeptide mass = 250 
kDa) migrated in polyacrylamide gels only slightly below the 
position of apoB-100, which has a molecular mass of 550 kDa 
(data not shown). This result underscores the large effect of 
glycosylation on the migration of apo(a) in gels and influences 
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FIGURE 1: (A) Blot hybridization analysis of apo(a) mRNA. 
Poly(A+) RNA (5-10 Ng)  isolated from nine unrelated individuals 
was separated by electrophoresis in a denaturing agarose gel and 
transferred to nitrocellulose. Lanes 1-8 contain the samples for 
comparison of RNA and protein size and correspond to lanes 1-8 in 
(B). The gel also includes RNA (denoted BHL) that was utilized 
to clone apo(a) cDNA, as described in McLean et al. (1987). The 
filter was hybridized with a 32P-labeled apo(a) cDNA probe. On the 
left are indicated the positions of cross-reacting plasminogen mRNA 
( P  3 kb) and size standards (Bethesda Research Labs) including the 
message for apo B (14.1 kb) which was visualized by rehybridizing 
the filter. All lanes derive from different exposures of a single gel 
and filter. (B) lmmunoblot analysis of apo(a) protein isoforms. Lp(a) 
was purified from the plasma of eight unrelated individuals and 
electrophoresed in a 2.5- 10% polyacrylamide gel. Following transfer 
to nitrocellulose, the blot was incubated with an apo(a)-specific an- 
tibody. Apo(a) isoforms were then detected by using an alkaline 
phosphatase conjugated secondary antibody. Arrows point to the 
position of the two isoforms in samples 2,4, and 7. Lanes 2, 2', 4, 
and 4' show different loadings of the same sample to underscore the 
presence of the larger, less abundant isoform. Overloading of some 
samples reveals degraded forms of apo(a) evidenced by a ladder of 
sizes that are assumed to be due to cleavage of repeated domains. 
The positions of apoB-100 (550 kDa) and other size standards 
(thyroglobulin, ferritin, and their subunits; Pharmacia) are indicated 
on the right. 

the estimate of the range in number of apo(a) kringle repreats 
in the population. 

Relationship between apo( a )  Transcript Sizes and Isoform 
Sizes. A direct correlation was observed between apo(a) 

Koschi nsk y et al. 

500 
10 1 1  12 13 

Transcript Size (kb) 
FIGURE 2: Analysis of the relationship between human apo(a) 
transcript size (kb; X axis) and protein mass (kDa; Y axis). Ten 
isoforms are represented for which both determinants could be es- 
timated. Data points are indicated on the graph with boxes. Sizes 
were determined from the mobility in the gels shown in Figure 1. 

protein size and mRNA transcript size as determined by gel 
mobility (see Figure 2). This analysis was based on 10 protein 
isoform variants (Figure 1 B) for which corresponding tran- 
script sizes were determined (Figure 1 A). 

DISCUSSION 
A number of studies have clearly demonstrated that apo(a) 

exists in heritable protein size isoforms in the human popu- 
lation (Fless et al., 1984; Gaubatz et al., 1987; Utermann et 
al., 1987, 1988a,b). However, the molecular basis of this size 
variation has been unclear. Since apo(a) is a large, highly 
glycosylated protein (28% carbohydrate by weight; Fless et 
al., 1986), mechanisms involving posttranslational modification 
(e.g., variable carbohydrate composition) have been evoked 
to account for protein size differences. However, on the basis 
of partial deglycosylation studies, it is apparent that apo(a) 
size polymorphism does not result entirely from differential 
glycosylation (Utermann et al., 1987; Fless et al., 1987; W. 
C. Breckenridge, unpublished results). The discovery of 
tandemly repeated sequences in apo(a) cDNA suggested that 
size polymorphism is generated by allelic variation in the 
number of intragenic repeats, resulting from out of register 
homologous recombination (McLean et al., 1987). (The re- 
peated domains contain 342 nucleotides, coding for 114 amino 
acids.) The fact that many of these domains are precisely 
repeated at the nucleotide level indicates that this variation 
is a recent evolutionary occurrence and would therefore be 
evident in the present population. 

In the current study, we have shown that human apo(a) 
protein size variations are the result of different-sized tran- 
scripts. A plot of the relationship between transcript size and 
protein size reveals a positive linear correlation. [While this 
study was in progress, Hixson et al. (1989) presented similar 
findings with baboon apo(a) protein and RNA.] Minor de- 
viations in correspondence are probably due to limitations in 
both protein and RNA size determinations. In one of the four 
individuals who had two detectable mRNA species, only a 
single protein could be detected (sample 6). This may be due 
to low levels of one isoform or to lack of resolution. In the 
other cases where two isoforms occurs, the large isoform occurs 
in far lower amounts, necessitating the inclusion of two gel 
loadings to make them both apparent in Figure 1. The ov- 
erloaded sample lances contain some visible breakdown 
products, underscoring some of the difficulties in performing 
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this study on human samples. Of the limited number of 
subjects undergoing liver resection available to us, only a subset 
have high enough levels of apo(a) to make the gel analysis of 
their RNA and protein trivial. 

While the mechanism for producing polymorphism in 
mRNA size is not known, it is likely to occur at the gene level 
for several reasons. As stated above, the number, length, and 
identity of repeated kringle-4-like sequences which are a 
hallmark of the apo(a) gene make them likely targets for 
addition or subtraction by homologous recombination. One 
would not suspect that such a mechanism would affect the 
nonrepeated kringle-Mike and protease-like sequences. De- 
spite the many tandem repeats of identical exons and nearly 
identical introns within this gene, differential RNA splicing 
is not evident. All individuals appear to have zero, one, or two 
detectable mRNA and protein isoforms, consistent with the 
faithful splicing and expression of at most two alleles of the 
apo(a) gene. If this hypothesis is correct, apo(a) gene size 
should directly reflect differences in transcript sizes. We have 
attempted to demonstrate variations in the size of the apo(a) 
gene by pulse-field electrophoresis of genomic DNA. However, 
results from these experiments are difficult to interpret due 
to the presence in the human genome of four genes with ex- 
tensive sequence similarity to apo(a) [which include apo(a), 
plasminogen, and possible pseudogenes; M. Nagashima, R. 
Lawn, J. Tomlinson, and J. McLean, personal communica- 
tion], as well as the difficulty of evaluating the contributions 
of each of the two apo(a) alleles per individual. Data that 
could complement our approach would be a correlation of the 
intensity of bands in Southern blots originating from the 
kringle sequences versus protein size. However, since gene 
fragment intensity would represent the sum of the two apo(a) 
alleles per individual and most often only one protein isoform 
is detectable, a large number of samples would be necessary 
to make a statistical correlation on this basis. This is beyond 
the aim of the current study. 

We have shown that recombinant apo(a) protein, which 
contains 17 kringle-4-like domains, migrates on SDS-PAGE 
close to the position of apoB-100 and has a mass of approx- 
imately 500 kDa. On the basis of this observation, it can be 
inferred that apo(a) protein isoforms which have been reported 
to be significantly smaller in size than apoB-100 likely contain 
fewer than 17 kringle repeat units. The mRNA used in the 
cloning of apo(a) cDNA (BHL; McLean et al., 1987) was also 
analyzed in this study. The transcript size was shown to be 
approximately 12 kb. This differs from the previously reported 
estimate of 14 kb, due to increased resolving power of the gels 
employed in this study. On the basis of the original size 
estimate, it was predicted that the cloned apo(a) cDNA species 
contained 37 plasminogen-like kringle 4 domains (McLean 
et al., 1987). Our results thus suggest that the published 
cDNA clone may actually contain less than 37 tandemly re- 
peated kringle units. (Unfortunately, no plasma was available 
from this individual for protein isoform analysis.) We do not 
know what number of repeated kringle domains constitutes 
"functional" apo(a) and the relative contributions of adaptive 
selection and equilibrium between the addition and subtraction 
of repeats. Indeed, the function of apo(a) is unknown at the 
present. On the basis of isoform analysis by ourselves and 
other investigators, we can estimate that apo(a) variants with 
as few as - 15  and as many as -37 kringle repeats can be 
found in human plasma. 

Although not designed to be quantitative, this study affords 
some observations with respect to the relationship between 
isoform levels and transcript levels. In the case of heterozygote 
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expression, a consistent correlation was observed between 
isoform levels and mRNA transcript abundance. For example, 
the smaller protein isoform in the case of samples 2, 7, and 
presumably 4 is significantly more abundant than the larger 
form. This relationship is also visible in the relative amounts 
of the two transcripts for samples 2, 4, and 7. However, this 
sample size is small. Exceptions to the direct correlation 
between transcript levels and plasma protein concentrations 
were detected in a study of 22 baboons (Hixson et al., 1989). 
This was interpreted to suggest that apo(a) plasma concen- 
trations reflect both transcriptional and posttranscriptional 
levels of control (Hixson et al., 1989). We feel that this is 
likely to be correct in light of the observations that although 
the plasma concentration of apo(a) bears an inverse rela- 
tionship to isoform size, there is a large degree of scatter about 
the mean (Utermann et al., 1988a). Since there is no reason 
to suspect that the number of kringle repeats in the gene affects 
promoter strength, it seems reasonable to presume that the 
observed variation reflects differences at the level of tran- 
scription, which are superimposed upon effects occurring at 
the level of message stability, translation, particle assembly, 
secretion, or plasma clearance. As an end result, concentra- 
tions of apo(a) forms with more kringle repeats are relatively 
reduced in the circulation. Direct studies of synthesis, as- 
sembly, and catabolism are clearly required to fully charac- 
terize the regulation of Lp(a) levels in plasma. 
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Proteolytic Formation and Properties of a Fragment of Protein C Containing the 
y-Carboxyglutamic Acid Rich Domain and the EGF-like Region7 
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ABSTRACT: The function of the epidermal growth factor (EGF) like domains in the vitamin K dependent 
plasma proteins is largely unknown. In order to elucidate the function of these domains in protein C, we 
have devised a method to isolate the EGF-like region from the light chain connected to the NH,-terminal 
region, containing the y-carboxyglutamic acid (Gla) residues. This was accomplished by tryptic cleavage 
of protein C that had been reversibly modified with citraconic anhydride to prevent cleavage at  the lysine 
residue (in position 43) that is located between the two regions. The isolated fragment consists of residues 
1-143 from the light chain of protein C connected by a disulfide bond to residues 108-131 from the heavy 
chain. Upon Ca2+ binding to the isolated Gla-EGF fragment from bovine protein C, the tryptophan 
fluorescence emission was quenched in a manner indicating binding to a t  least two classes of binding sites. 
These were presumably the Gla-independent Ca*+-binding site located in the EGF-like region and the lower 
affinity sites in the Gla region. A comparison with the tryptophan fluorescence quenching that occurred 
upon Ca2+ binding to the separately isolated EGF-like and Gla regions suggested that the EGF-like region 
influenced the structure and Ca2+ binding of the Gla region. The isolated Gla-EGF fragment functioned 
as an inhibitor of the anticoagulant effect of activated protein C in a clotting assay, whereas no inhibition 
was observed with either the Gla region or the EGF-like region. 

B o t h  coagulant and anticoagulant systems are required to 
maintain normal hemostasis. The protein C system can be 
regarded as an anticoagulant counterpart to the blood clotting 
cascade, and it regulates the activation rates of factor X and 
prothrombin (Clouse & Comp, 1986; Stenflo, 1988; Esmon, 
1989). The key protein of this system, protein C, is a vitamin 
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K dependent serine protease zymogen that is activated by 
thrombin bound to the endothelial cell membrane protein 
thrombomodulin (Esmon et al., 1982). Activated protein C, 
in conjunction with its cofactor, protein S ,  rapidly inactivates 
factors Va and VIIIa by limited proteolysis (Walker et al., 
1979; Vehar & Davie, 1980; Marlar et al., 1982; Suzuki et 
al., 1983). The role of protein C as an anticoagulant in vivo 
is shown by the fact that a deficiency of the protein leads to 
an increased risk of developing thrombosis (Griffin et al., 
1981). 

Protein C, like the other vitamin K dependent plasma 
proteins, is composed of domains with discrete structure and 

0006-2960/90/0429-644$02.50/0 0 1990 American Chemical Society 


