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Abstract

Lipoprotein(a) [Lp(a)J is a cholesterol-rich lipoprotein that is
distinguished by its content of a glycoprotein called apolipopro-
tein(a) Iapo(a)I. Apo(a) varies in size among individuals owing
to different numbers of cysteine-rich sequences that are homolo-
gous to kringle 4 of plasminogen. The genetic basis for this
variation is not understood at the genomic level. In this study
we used pulsed-field gel electrophoresis and genomic blotting
to identify a highly polymorphic restriction fragment from the
apo(a) gene. The fragment contains multiple tandem repeats of
a kringle 4-encoding sequence and varies in length from 48 to
190 kb depending on the number of kringle 4-encoding se-
quences. A total of 19 different alleles were identified among
102 unrelated Caucasian Americans. 94%of individuals studied
had two different alleles which could be distinguished by size on
pulsed-field gel electrophoresis. The degree of size heterogene-
ity was much greater than had been previously appreciated
based on the analysis of the apparent molecular mass of the
protein.

The size of the apo(a) gene correlated directly with the size
of the apo(a) protein, and inversely with the concentration of
Lp(a) in plasma. Segregation analysis of the apo(a) gene was
performed in families; siblings with identical apo(a) genotypes
had similar plasma levels of Lp(a). These results suggest that
in the normal population, the level of plasma Lp(a) is largely
determined by alleles at the apo(a) locus. (J. Clin. Invest. 1991.
87:2077-2086.) Key words: contractility * hypertrophy* nmitral
regurgitation . valvular heart disease

Introduction

A high concentration of lipoprotein(a) [Lp(a)]l in plasma is an
independent risk factor for coronary atherosclerosis (1-4).
Lp(a) has a lipid composition that is nearly identical to low
density lipoprotein (LDL), and like LDL, it contains a single
copy of apolipoprotein (apo) B-100 (for review, see references 5
and 6). In addition, Lp(a) contains a large glycoprotein called
apo(a), which is attached to apo B by a disulfide bond (7-9).
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The apparent molecular mass of apo(a) can vary from
280 to 830 kD (10-13). The differently sized protein iso-

forms are inherited in a stable, co-dominant Mendelian fash-
ion but are not in Hardy-Weinberg equilibrium (12-14). There
are more homozygotes (i.e., individuals with only a single iso-
form) than would be expected for the observed number of dif-
ferent isoforms in the population. Utermann and his co-
workers, as well as others, have shown that the level of plasma
Lp(a) tends to be inversely related to the size of the apo(a)
isoforms (12-16). Based on the analysis of the apo(a) protein, it
has been estimated that the size variation is responsible for

- 41% of the variability observed in plasma Lp(a) levels (16).
The apo(a) protein resembles plasminogen, the plasma zy-

mogen for plasmin (17). The apo(a) and plasminogen cDNAs
have been cloned (18-20) and the two genes are closely linked
on chromosome 6 (q26-27) (21-25). The two cDNAsequences
are remarkably similar (18). The 5' untranslated and signal se-
quence-encoding regions are 98%and 100% sequence identical
(18). Thereafter, the sequences of the two cDNAs diverge. The
signal sequence of the plasminogen cDNA is followed by se-
quences encoding the "tail" region, five kringles designated
1-5, and the protease domain. Kringles are 114-amino acid
sequences containing six cysteines that form three intra-kringle
disulfide bonds. In the apo(a) cDNA, the signal sequence is
followed immediately by multiple tandem repeats of a 342-
basepair sequence that shares 75-85% homology with the krin-
gle 4-encoding sequence of the plasminogen cDNA. The krin-
gle 4-encoding sequences are followed by a single copy of krin-
gle 5, and a region that shares 94% sequence identity with the
protease domain of the plasminogen cDNA(18). The plasmin-
ogen gene has been cloned (26) but efforts to clone the apo(a)
gene have failed. Both apo(a) and plasminogen have multiple
pseudogenes and it has been difficult to identify a probe that
hybridizes selectively to the apo(a) gene (27, 28).

McLean et al. (18) proposed that the size heterogeneity of
the apo(a) isoforms is due to different numbers of kringle 4-en-
coding sequences in the apo(a) gene. In support of this hypoth-
esis, Hixson et al. (29) and Koschinsky et al. (28) found that the
size of hepatic apo(a) mRNAin baboons and humans varied
and tended to correlate with the size of the apo(a) protein.
Attempts have also been made to estimate the number of krin-
gle 4-encoding sequences in the apo(a) gene by examining the
relative intensity of bands observed on genomic blots using a
kringle 4-specific probe (30, 31). In general, the intensity of the
kringle 4 fragment correlated with the size of the apo(a) protein
(30, 31). However, this method gives only a crude estimate of
the number of kringle 4-encoding sequences and it can not be
used for segregation analysis.

In this paper, we describe a method to directly evaluate the
structure of the kringle 4-encoding sequences of the apo(a)
gene. Weused pulsed-field gel electrophoresis to identify a re-
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striction fragment that contains most, if not all, of the kringle
4-encoding sequences of the apo(a) gene. This fragment is
highly polymorphic in the population due to differences in the
number of kringle 4-encoding sequences. Wehave used this
polymorphism to explore the relationship between the apo(a)
genotype and the level of plasma Lp(a).

Methods
Materials. Leukocytes were isolated using LeucoPREP tubes from Bec-
ton Dickinson Labware (Lincoln Park, NJ). IA2, a polyclonal affinity-
purified rabbit anti-human apo(a) antibody, and IgG-IA2 (32), a
mouse anti-human apo(a) monoclonal antibody (MAb), used in the
enzyme-linked immunosorbent sandwich assay (ELISA) were kindly
provided by Dr. Gerd Utermann, University of Innsbruck, Austria.
IgG-200 1, a control mouse MAbdirected against an irrelevant antigen,
was prepared as described (33). Ponceau-S, used to visualize molecular
weight markers on protein gels, was obtained from Sigma Chemical
Co., St. Louis, MO. A vertical submarine apparatus with transverse
alternating field from GeneLine, Palo Alto, CA was used to perform
pulsed-field gel electrophoresis. Low-endosmosis-coefficient agarose,
low-melting-point agarose, running buffer (TAFE buffer), and X DNA
concatamer used for pulsed-field gel electrophoresis were purchased
from Beckman Instruments, Inc., Fullerton, CA. Restriction enzymes
were obtained from NewEngland Biolabs, Beverly, MA, and Biotrans
nylon membranes used for genomic blotting were obtained from ICN,
Irvine, CA. Escherichia coli DNApolymerase I (Klenow fragment) and

proteinase K were obtained from Boehringer Mannheim Biochemi-
cals, Indianapolis, IN. Thermus aquaticus DNApolymerase and the
DNAthermal cycler were purchased from Perkin Elmer Cetus, Nor-
walk, CT. [a-32PldCTP (3,000 Ci/mmol) was obtained from NewEn-
gland Nuclear, Boston, MA, and 1251 was obtained from Amersham
Corp., Arlington Heights, IL. Iodo-beads used to make radiolabeled
antibodies were obtained from Pierce Chemical Co., Rockford, IL.
M13 replicative form DNAswere obtained from Pharmacia, Uppsala,
Sweden. Oligonucleotides used for polymerase chain reaction
(PCR)-directed amplification were synthesized on a DNAsynthesizer
and genomic DNAwas purified from leukocytes using a nucleic acid
extractor; both machines (models 380A and 340A, respectively) were
obtained from Applied Biosystems, Inc., Foster City, CA.

Subjects. Two venous blood samples, at least one of which was
fasting, were obtained from 88 unrelated Caucasian American individ-
uals from the Dallas, TX area. A single, fasting blood sample was ob-
tained from 14 additional individuals. Plasma was separated after cen-
trifugation at 2,000 g for 20 min at 4°C. Plasma cholesterol and triglyc-
eride levels were measured by enzymatic assays using kits from
Boehringer Mannheim Biochemicals and Sigma Chemical Co. Plasma
lipoprotein levels were measured in the laboratory of Dr. Scott Grundy,
University of Texas Southwestern Medical Center, Dallas, TX, after
ultracentrifugation and heparin-manganese precipitation, according to
the procedures of the Lipid Research Clinic (34).

ELISA assay ofplasma Lp(a). The plasma level of Lp(a) was deter-
mined at GeneScreen Laboratories, Dallas, TX, using an ELISA ex-
actly as described by Menzel et al. (32). A polyclonal rabbit anti-hu-
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Figure 1. (A) Location of apo(a)-specific probe (MP-l1) within the kringle 4-encoding sequence of the apo(a) gene. Each kringle 4-encoding repeat
is encoded by two exons, which are demarcated by boxes that are filled in (the first exon) or open (the second exon). The locations of the EcoRI
site (demarcated by E) is given. A single kringle 4-encoding unit has been enlarged. Restriction analysis was performed on DNAselectively
amplified by PCRfrom genomic DNAusing Lp-2 (5'-TGACACCACACTCGCATAGTCGGAC-3')and Lp-3 (5'-CTGCGTCTGAG-
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AAGCCTAGAGGCTCCTTCCGAACAA-3')and LP-10 (5'-CCCCAGGCCTT-TGCTCAGTCGGTGC-3')to amplify the region between the
repeats. The location of MP-1, the apo(a) kringle 4 specific probe, is given. (B) The sequence of MP-1, which contains 15 base pairs of the
apo(a) cDNAsequence, is compared to the published sequence of the corresponding region of the plasminogen gene (26). (C) Southern blotting
was performed using 8 ,g of genomic DNA. The blot was hybridized with 5 X 106 cpm/ml of the 32P-labeled single-stranded apo(a) kringle
4-specific probe (MP-1), as described in Methods. The filter was washed (38) and exposed to Kodak XAR-5 film and an intensifying screen for
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man apo(a) antibody that had been affinity-purified over an apo(a)-
coupled Sepharose 4B column was used as the first antibody to coat the
solid phase. IgG-1A2, a mouse anti-human apo(a) MAb, was coupled
to horseradish peroxidase and used as a second antibody (35). The
Lp(a) plasma standard was obtained from Immuno AG, Vienna, Aus-
tria, and had a concentration of 52.4 mg/dl. At least two assays were
performed in duplicate on separate plasma samples from each subject
and the average of the levels was used for these analyses. The rank
correlation coefficient between the two Lp(a) measurements was 0.96.

Immunoblotting ofplasma apo(a). Lp(a) levels were determined by
ELISA assay. An aliquot of whole blood (between 0.5 and 10 Al) con-
taining 0.25 ,ug of Lp(a) was mixed with 30 Ml of buffer A, which in-
cluded 15%SDS(wt/vol), 8 Murea, 5 mMdithiothreitol, and 62.5 mM
Tris at pH 8.0. The denatured sample was diluted in 60 ,l of gel loading
buffer, which was composed of 10% glycerol (wt/vol), 0.0 15% bromo-
phenol blue (wt/vol), 2.3% SDS(wt/vol), 5%#l-mercaptoethanol (vol/
vol), 62.5 mMTris at pH 6.8, boiled for 10 min, and stored at -70°C.
The samples were boiled again for 2 min before loading onto a 3-7%
polyacrylamide slab gradient gel with SDS. Electrophoresis was per-
formed for 3 h at 100 V and 30 mA, and the proteins were transferred
to nitrocellulose as described (33). The filters were incubated in buffer
B, which was made up of 500 mMNaCl, 5% powdered skim milk
(wt/vol), 0.2% Tween 20 (vol/vol), and 20 mMTris at pH 7.4, for 120
min before addition of 1% Nonidet P-40 (vol/vol) and 0.35 Mg/ml of
IgG-IA2. After a 35-min incubation, the filter was washed four times
for 10 min in buffer C, which comprised 500 mMNaCl, 20 mMTris,
1%Nonidet P-40, 0.5% deoxycholic acid (wt/vol) 0.1% SDSat pH 7.4.
The blots were then incubated for 45 min in buffer C containing 1
x 106 cpm/ml of an '251I-radiolabeled rabbit anti-mouse polyclonal an-
tibody (5,000 cpm/ng). An identical series of washes were performed in
buffer C, and the blot was again incubated in buffer B for 15 min. The
blots were dried and then exposed to XAR-5 film (Eastman Kodak Co.,
Rochester, NY) and an intensifying screen (Lightening Plus, DuPont
Co., Wilmington, DE) at -70°C for the times specified in the figure
legends.

Subcloning of apo(a)-specific kringle 4 probe. The PCRwas used to
amplify the kringle 4-encoding sequence from the apo(a) gene. The
kringle 4 repeated unit was amplified using two sets of 25-base oligonu-
cleotides-LP-2 and LP-3 and LP-9 and LP- I0 (Fig. 1 A). The template
for the oligonucleotides was the kringle 4-encoding sequence which is
repeated > 20 times in the apo(a) cDNA (18). The kringle 4 repeat is
encoded by two exons interrupted by a large intervening sequence. The

Subject A B C D E F G H I J

regions between the kringle 4-encoding sequences were amplified by
PCRusing oligonucleotides which were identical in sequence to the
upper strand of the last 25 bases (LP-9) and the lower strand of the first
25 bases of the kringle 4-encoding sequence (LP-10) (Fig. 1 A). Both
PCR-directed amplifications were performed using 1 Mg of genomic
DNAas described (36), with the following modifications: the annealing
and extension reactions were performed at 68°C for 5 min, and the
melting temperature was 96°C for 1 min.

A single 4.2-kb band was identified when oligonucleotides LP-2
and LP-3 were used in the PCRreaction. The fragment was purified,
digested with PstI, and cloned into PstI restricted and dephosphory-
lated bacteriophage Ml 3-mpl 8 DNA. The clones containing inserts
were sequenced and one, called MP- 1, shared 15 bases of sequence
identity with the lower strand of the kringle 4-encoding sequence of the
apo(a) cDNA(Fig. 1 B). With LP-9 and LP-10, a single 1.3-kb band was
identified. Therefore, the total length of a kringle 4 repeat was esti-
mated to be 5.5 kb.

Both the 4.2- and 1.3-kb fragments were digested with a series of
restriction enzymes to derive a restriction map for the kringle 4-encod-
ing sequences (Fig. 1 A).

Pulsed-field gel electrophoresis. Mononuclear cells were isolated
from 16 ml of blood after centrifugation in LeucoPREP tubes. The cells
were washed twice in phosphate-buffered saline (PBS) and suspended
to a final cell concentration of 2 X 10' cells/ml. The cells were diluted
in an equal volume of 1% (wt/vol) low-melting-temperature agarose.
Plugs of cellular agarose were made by injecting 150 Ml of the cell-aga-
rose mixture into an iced cold plug mold as described (37), with the
following modifications: the cellular-agarose plugs were suspended in
10 ml of buffer D(1% SDS, 2 mg/ml proteinase K, and 0.5 MEDTAat
pH 8.0) for 48 h at 55°C. The plugs were washed twice in TE (1 mM
EDTAand 10 mMTris-HCI at pH 8.0) before incubation in TE plus
0.04 mg/ml phenylmethylsulfonyl fluoride (PMSF) for 30 min at
55°C. The plugs were stored in 0.5 Mdisodium EDTA(pH 8.0) at 4°C
for up to 6 mo.

A 3-4-mm segment of the plug (containing 1-2 Mg of genomic
DNA) was washed in TE and digested twice for 2 h with 40 units of
KpnI in a total volume of 170,gl (10mMTris at pH 7.0, 10 mMMgCl2,
1 mMdithiothreitol, and 1 mg/ml bovine serum albumin) at 37°C.
After digestion, the plugs were rinsed with TE and then loaded onto a
1% low endosmosis agarose gel (7.6 x 10 x 0.64 cm) made with 1
x TAFE buffer (20 X TAFE buffer contains a 10 mMEDTA [free
acid], 87 mMacetic acid, 0.2 MTris at pH 8.0). The wells were sealed
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Figure 2. Genomic blot of apo(a) gene after pulsed-field gel electrophoresis. High molecular weight genomic DNA(1-2 Mg) was digested with
KpnI, size-fractionated by pulsed-field gel electrophoresis, transferred to a nylon membrane, and hybridized with MP- l, a 32P-labeled single-
stranded probe (5 x 106 cpm/ml), as described in Methods. Preformed concatamers of X phage DNAwere used as a size standard. The filter was

exposed to Kodak XAR-5 film for 16 h with an intensifying screen. Lanes A-T show the 19 KpnI restriction fragments of different size
identified in the sample of 102 unrelated Caucasian Americans.
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with 1% (wt/vol) low-melting-temperature agarose. Premade plugs
containing lambda phage concatamers (Beckman Instruments, Inc.)
were washed in a similar fashion and used as a size standard. The gel
was loaded into a precooled (140C) GeneLine electrophoresis appara-
tus. Alternating 4-s pulses at 170 mAwere applied to the gel for 30 min
before 6-s pulses at 150 mA(10 V/cm) for 18 h at 14'C. The restricted
genomic DNAwas transferred to a nylon membrane, baked, and then
incubated in prehybridization buffer for 30 min, as described (38). A
total of 5 x 106 cpm/ml of single-stranded MP-l, radiolabeled accord-
ing to Church and Gilbert (39), was allowed to incubate with the filter
overnight at 420C. The filter was washed exactly as described (38) and
exposed to X-ray film for 18 h.

Statistical methods. Allele frequencies were estimated by gene
counting. Because of the large number of apo(a) restriction fragment
length alleles (19 observed in this sample of 102 individuals) most po-
tential genotypes were not observed, and the standard x2 test for good-
ness of fit to Hardy-Weinberg equilibrium (40) was inappropriate. In-
stead, the expected number of homozygotes and heterozygotes was
computed and compared to the observed numbers using a standard x2
statistic with 1 degree of freedom. Using simulated data, this method
has been shown to yield results similar to the more complex empirical
likelihood ratio test procedure (R. Chakraborty, personal communica-
tion). All routine statistical procedures were carried out using BMDP
PC-90 statistical programs (41). Because the plasma Lp(a) levels do not
have a normal distribution in the population (12), nonparametric sta-
tistical procedures based on the ranks were used throughout (42).

Results

To determine the molecular basis for the size heterogeneity
found in the apo(a) protein, the structure of the apo(a) gene was
explored by genomic blotting using pulsed-field gel electropho-
resis. An apo(a) gene-specific probe was generated by PCR-di-
rected amplification of kringle 4-encoding sequences in the
apo(a) gene. Two oppositely oriented 25-base oligonucleotides,
Lp-2 and Lp-3, which were identical in sequence to the most
common kringle 4-encoding sequence in the apo(a) cDNA
(18) were used to amplify the intervening sequences by PCR.
The expected size of the amplification product (assuming no
intervening sequences) was 162 base pairs, but the observed
size of the fragment was 4.2 kb. The amplified fragment was
restricted with PstI, and subcloned into the bacteriophage
Ml 3-mpl 8. One of the subclones, MP- 1, contained a 1.5-kb
insert which shared 15 base pairs of sequence identity with the
apo(a) kringle 4-encoding sequences (Fig. 1 A).

After this region of identity, the sequences of the subclone
and the cDNAdiverged, presumably due to the presence of an
intron (Fig. 1 A). The sequence of the subclone was compared
with the corresponding sequence of the kringle 4-encoding re-
gion of the plasminogen gene (26) (Fig. 1 B). The exon-intron
boundary in both genes was identical. Of the 15 base pairs of
coding sequence contained in MP-1, three differed from the
corresponding sequence in the plasminogen gene. A total of 59
base pairs of intron sequence from this portion of the plasmin-
ogen gene has been published (26), and within this region there
were seven mismatches relative to the sequence of MP- 1. Over-
all, these two sequences shared 86% sequence identity. These
results are consistent with the MP-1 subclone being derived
from the apo(a) gene.

A restriction map of the kringle 4-encoding sequences of
apo(a) was made using PCR-amplified fragments generated
from genomic DNAemploying primers LP-9 and LP-l0, and
LP-2 and LP-3 (Fig. 1 A). Restriction analysis of the amplified
DNAdisclosed a single site for BglII, EcoRI, and BamHI, and

multiple PstI restriction sites (Fig. 1 A). Genomic DNAwas
digested with these enzymes and Southern blotting was per-
formed using MP-l as a probe (Fig. 1 C). Only a 5.5-kb band
was identified with BglII, EcoRI, and BamHI (Fig. 1 C). This
was the expected result based on the presence of a single restric-
tion site for these enzymes in the tandemly repeated 5.5-kb
sequence. Similarly, when genomic DNAwas cut with PstI, a
1.5-kb band was identified which was the expected result based
on the restriction mapof the amplified products (Fig. 1 A). The
fact that only a single fragment was seen with these various
restriction enzymes suggests that there is a high degree of se-
quence conservation in the introns as well as exons of the krin-
gle 4-encoding repeats. These results also indicate that the MP-
1 probe is specific for the apo(a) gene and does not detect other
genomic sequences under the blotting conditions employed
here.

No KpnI restriction sites were identified in the amplified
kringle 4-specific fragments and when KpnI was used to re-
strict genomic DNA, only a very large restriction fragment
(> 23 kb) was identified (Fig. 1 C). This large genomic KpnI
fragment must contain multiple tandem copies of the kringle
4-encoding sequences.

The KpnI restriction fragment was too large to be accurately
sized by conventional gel electrophoresis. To circumvent this
problem, pulsed-field gel electrophoresis was employed. By al-
ternating the electric fields at two different angles during elec-
trophoresis, large DNAmolecules (> 20 kb) can be fraction-
ated (43). Genomic blotting of DNAsize-fractionated in this
manner was performed and MP-1 was used as a probe to detect
the apo(a) kringle 4-encoding sequences. 102 unrelated Cauca-
sian American individuals were studied and a total of 19 KpnI
restriction fragments were identified and are shown in Fig. 2.
No individual had more than two restriction fragments and
only 6 of the 102 individuals studied had a single KpnI restric-
tion fragment. To further demonstrate that we were detecting
the apo(a) and not the plasminogen gene, we probed one of the
genomic blots with a plasminogen-specific probe. The probe
contained sequences from the kringle 3-encoding region
(which is not in the apo(a) gene) and only a single invariant
band of 51 kb was seen (data not shown).
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The restriction fragments were numbered consecutively ac-
cording to their size from the smallest (48 kb) fragment to the
largest (190 kb) KpnI restriction fragment. Each apo(a) allele
was designated by a number i.e., from apo(a)J to apo(a)19. The
migration of the lambda phage concatamer standards varied by
up to 5%between gels preventing an allele classification based
on size. Samples from individuals with a KpnI restriction frag-
ment corresponding to each of the 19 sizes served as standards
in the analysis of new subjects. Lymphocytes from the standard
individuals were transformed using the Epstein-Barr virus (44)
and genomic DNAplugs were made. For each new subject
studied, the apo(a) allele classifications were determined by
their relative migration on the same gel with one of the 19
preselected standards. For example, in Fig. 2, subject C was
determined to have an apo(a)3 allele based on comigration of
his KpnI fragment with that of the apo(a)3 standard (sub-
ject D).

When the KpnI fragments were analyzed according to size,
a step-ladder effect was apparent (Fig. 2). The estimated size
difference between adjacent fragments ranged from 4 to 28 kb.
In general, the lengths of the fragments increased in size by
multiples of - 5-6 kb. Based on the PCR-directed amplifica-
tion studies of the kringle 4-encoding region and genomic blot-
ting, each repeat was 5.5 kb in length. This result suggested that
the variation in KpnI fragment size was due to differing num-
bers of kringle 4-encoding sequences. Consistent with this in-
terpretation is the fact that the longer KpnI restriction frag-
ments tended to have a more intense autoradiographic signal
than did the shorter fragments (Fig. 2), as would be expected if
they contained a greater number of kringle 4 repeats to hybrid-
ize with the probe. It would not be surprising to find additional
apo(a) alleles in the population since some of the fragments are
separated by > 5.5 kb and thus differ by more than a single
kringle 4 repeat.

e0X
-J

The frequency distribution of the 19 different apo(a) alleles
identified in the 102 Caucasian American individuals studied
is shown in Fig. 3. The most commonallele was no. 14, which
comprised 15.2% of the total apo(a) alleles in the sample. The
distribution of alleles was skewed towards those of larger size
fragments.

The distribution of plasma Lp(a) levels was similar to that
which has been previously reported for other Caucasian individ-
uals (5, 6) (data not shown). The levels of Lp(a) were highly
skewed towards those of lower levels. Fig. 4 shows the relation-
ship between the size of the apo(a) KpnI restriction fragments
and the level of plasma Lp(a). The apo(a) KpnI restriction frag-
ments are given on the x- and y-axes making up the "floor" of
the diagram. Allele no. 1 (on the x-axis) represents the smaller
apo(a) allele in the heterozygotes. A bar was drawn at the inter-
section of the two allele designations to define the apo(a) geno-
type. The level of the plasma Lp(a) is shown on the z-axis. The
height of the bar represents the mean of the levels of all individ-
uals with that particular apo(a) genotype. In general, the
smaller alleles tended to be dominant over large alleles in estab-
lishing Lp(a) levels. The smaller apo(a) alleles were generally
associated with higher levels of plasma Lp(a), as reflected by the
sizes of the bars decreasing from back to front. However, this
relationship was not invariant and exceptions were apparent;
for example, there is an individual with apo(a) genotype 14/17
who has a level of Lp(a) of 35 mg/dl. Adding the numbers of the
two alleles together for each individual creates an index for the
number of kringle 4 repeats. The rank correlation coefficient
between this index of the number of kringle 4 repeats and
plasma Lp(a) levels was -0.41.

The relationship between the size of the KpnI fragment and
the protein was evaluated by performing immunoblot analysis
of plasma using an apo(a)-specific antibody. The results of
Southern blotting of KpnI restricted genomic DNA(panel A)

Figure 4. Three-dimensional
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I2 of the floor (the z-axis) indi-
uerr cate the magnitude of average

Lp(a) levels (mg/dl) for that
genotype.
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and immunoblotting of apo(a) (panel B) on six randomly se-
lected individuals are shown in Fig. 5. The sizes of the apo(a)
isoforms correlated well with the sizes of the KpnI restriction
fragments. In heterozygotes, the amount of apo(a) protein asso-
ciated with each isoform was often not the same. For example,
individual Chad a genotype apo(a)4/apo(a)16 and the isoform
with a lower molecular weight was much more abundant than
the higher molecular weight isoform, as inferred by the relative
signal intensities on the immunoblot (panel B). In general, the
larger sized KpnI fragments were associated with less plasma
apo(a) protein.

Pulsed-field gel electrophoresis and genomic blotting of five
individuals homozygous for a single KpnI restriction fragment
is shown in of Fig. 5 C. For each subject studied, the plasma
apo(a) protein was analyzed by Western blotting and disclosed
only a single apo(a) isoform (Fig. 5 D). Individual Gis homozy-
gous for apo(a)6 and yet has an Lp(a) level of only 7 mg/dl.
Though he was homozygous for one of the smaller alleles, he
has a relatively low level of plasma Lp(a). Individual J who is
homozygous for apo(a)14 has a level that is over twice his level
despite having a much larger fragment. Pedigree analysis con-
firmed that he was a true homozygote for apo(a)6, and not
heterozygous for a deleted apo(a) gene. Samples Band Kin Fig.
5 are from the same individual who is homozygous for
apo(a)16. She was of Asian descent and, thus, excluded from
the statistical analysis of the apo(a) genotypes and plasma levels
of Lp(a) shown in Fig. 4.

These findings are consistent with previous studies which
found an inverse correlation between the number of kringle
4-encoding sequences and the level of plasma Lp(a) (16, 30,
31). To determine whether genetic determinants other than the
number of kringle 4 repeats at the apo(a) locus contribute to

the plasma level of Lp(a), segregation analysis of the apo(a)
gene was performed in 12 families. First, weconfirmed that the
KpnI restriction fragments were inherited in a manner consis-
tent with a single polymorphic locus. Fig. 6 shows the analysis
of a pedigree in which the four parental apo(a) alleles generated
KpnI restriction fragments of different sizes. The fragments seg-
regated to the four offspring (c-f) in a co-dominant Mendelian
fashion. The father had a level of Lp(a) which was below the
detection limits of the ELISA assay (< 1.0 mg/dl). This does
not mean he does not have any plasma Lp(a). If more plasma is
used, he has detectable apo(a) protein on immunoblotting. The
mother had a plasma Lp(a) level of 32 mg/dl. The only child to
inherit allele apo(a)7 from the mother was the first child and he
had an Lp(a) level of 28 mg/dl. The other three children had
little or no detectable Lp(a), and they all inherited apo(a)15
from the mother. These results suggest that the mother's
apo(a)15 allele, and both apo(a) alleles of the father, were asso-
ciated with little or no plasma level of apo(a). The mother's
apo(a)7 allele was the only apo(a) allele in this family that was
associated with an appreciable level of Lp(a). The single off-
spring who inherited this allele had an Lp(a) level that was the
sum, rather than the mean, of the expected contributions of
each parental allele.

The relationship between the apo(a) genotype and the size
of the apo(a) protein was also examined by analyzing a family
(Fig. 7). The parents, individuals a and b, had genotypes
apo(a)5/apo(a)16 and apo(a)4/apo(a)9, respectively (Fig. 7 A).
The relative sizes of their apo(a) isoforms correlated with the
size of the KpnI restriction fragment (Fig. 7 B). The apo(a)
isoforms, as well as the KpnI fragments, segregated in a Men-
delian fashion. Two of the children, c andf inherited the same
apo(a) genes from each parent, apo(a)16 from the father and

Figure 5. Southern blot analysis
of apo(a) gene and Western blot

A A B C D E F C G H I J K analysis of the apo(a) protein in
six unselected individuals (A and

kb kb B) and in five individuals homo-

146 9 4 zygous for the KpnI restriction
*I, 13- _ fragment (C and D). Pulsed-field

gel electrophoresis and genomic
97l-- 4_ blotting was performed using

high molecular weight leukocyte
49- DNAwhich had been digested

with KpnI, as described in Fig. 2.
Between 0.5 and 10 ul of whole

Apo(a) 11 16 16 15 13 10 6 8 13 1416 blood[0.25 AgofLp(a)]was
Genotype 7 16 4 10 5 4 6 8 13 14 16 size-fractionated on a 3-7% gra-

dient polyacrylamide reducing

gel in the presence of SDS. Deli-

B A B C D E F D G H I J K pidated LDLwas used as size
sadr. The apparent molecu-

lar mass of ApoB is 513 kD. The
proteins were transferred to a
nitrocellulose membrane and

mww, so .... , ;l~t #''in 1,. a,,t then the membrane was stained
ApoB- .: A d ^ ^ with Ponceau-S to determine the

position of apo B-l00. The filter
was incubated with IgGIA2, a

_ mouse anti-human apo(a) MAb,
Lp(a) 44 5 32 20 83 29 7 33 10 1 6 5 before incubation with an '251-
(mg/dl) labeled polyclonal rabbit anti-

mouse antibody, as described in
Methods. The filters were washed and exposed to XAR-5 film for 18 h with an intensifying screen. The plasma Lp(a) levels given are the mean
of 3 separate determinations by ELISA, as described in Methods.
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Figure 6. Southern blot analysis of the apo(a) gene in a Cau
American pedigree. Genomic DNAwas size-fractionated by pu
field gel electrophoresis, transferred to a nylon membrane, pro
with MP- 1, washed, and exposed to film for 18 h, as described i
legend to Fig. 2 and Methods. The circles and squares denote v
and men, respectively. In both pedigrees, the first two lanes of
autoradiogram show results of the analysis of the parents, and
subsequent five lanes demonstrate the Mendelian inheritance
KpnI restriction fragments to the offspring. Below the blots are
apo(a) genotypes as determined by the size of the KpnI restrict
fragments relative to the migration of the standards shown in F
The plasma Lp(a) levels are the mean of two separate determin
on different plasma samples by the ELISA assay, as described
Methods.

apo(a)9 from the mother, and they both had the same
apo(a) isoforms. They also had nearly identical levels of p]
Lp(a) (9 vs. 7 mg/dl). The remainder of the offspring had (

ent apo(a) genotypes and very different levels of plasma I
The apo(a)5 allele of the father was invariably associated N

higher level of Lp(a) than the apo(a)4 allele from the m(
Individual g had a markedly elevated plasma level of Lp(;
mg/dl), which was slightly less than the sum of both paj
levels. In the families we studied, the Lp(a) level of an offs
was the sum, rather than the mean, of the level associated
each parental allele.

Among the 12 families we studied, there were 10 si
pairs with an identical apo(a) genotype and nine of thes4
plasma Lp(a) levels within 2 mg%of each other (Table I
least four of the sib pairs (1-4 in Table I) had levels that
clearly different from the other siblings in the family. The
concordance of Lp(a) levels among siblings with the
apo(a) genotype suggest that factors at the apo(a) locus
than number of kringle 4 repeats are contributing to the pl;
Lp(a) level.

(27, 28). Using pulsed-field gel electrophoresis we genotyped
102 unrelated Caucasian Americans and we found 19 frag-
ments that, in general, differed in size by multiples of - 5 kb.
The size of a single apo(a) kringle 4-encoding sequence was
estimated to be 5.5 kb suggesting that the length polymorphism
of the KpnI fragment is due to variations in number of se-
quences encoding kringle 4. Our studies suggest that most (if
not all) of the size differences in the apo(a) protein are due to
varying numbers of kringle 4-encoding repeats in the apo(a)
gene, as was originally proposed by McLean et al. (18). In sup-
port of this hypothesis, the size of the KpnI restriction fragment
always correlajed with the size of the apo(a) protein, as deter-
mined by SDS-PAGE.

Although the pulsed-field gels revealed the relative number
of kringle 4 repeats in each allele, we are as yet unable to detect
the precise number in each gene. This is because we do not
know the precise location of the KpnI sites that flank the kringle
4-encoding segment, and hence we do not know how much
flanking DNA is included in this segment. In an attempt to

icasian identify the location of the 5' KpnI restriction site, we used a
Ised- radiolabeled fragment from the signal sequence-encoding re-
obed gion of the apo(a) cDNA(18) to probe a KpnI-restricted geno-
in then mic blot. Several nonpolymorphic bands, all smaller than 48

fothe kb, were seen (data not shown). Since the probe shared 100%
the sequence identity with the plasminogen gene, it presumably
of the hybridized to that gene as well as to apo(a) and plasminogen

the pseudogenes (27, 28). The large polymorphic KpnI fragments
-ion seen with the apo(a) Kringle 4-specific probe were not visual-
Fig. 2. ized. Weconclude that the 5' KpnI site was in the intron be-
rations tween the signal sequence-encoding exon(s) and the first krin-
I in gle 4 repeat. Downstream of the kringle 4 repeated sequences

there is at least one KpnI site in an intron associated with the
kringle 5-encoding sequences. This site was identified by per-

sized forming PCRusing two oligonucleotides: one from the 3' end

dlasma of the kringle 5 and the other from the 5' end of the protease
iliffer-
Lp(a).
wvith a
other.
a)(75
rents'

I with

bling
e had
I). At
were
high

same
other
asma

Discussion

In this study, we used pulsed-field gel electrophoresis to iden-
tify a large KpnI restriction fragment from the apo(a) gene that
contains most, if not all, of the sequences encoding the kringle
4 repeats. The studies were made possible by the identification
of a probe that hybridizes specifically to the kringle 4-encoding
region of the apo(a) gene, and not to the plasminogen gene, or
to any of the numerous apo(a) or plasminogen pseudogenes

Apo(a)
Genotype

16 9 16 9 16
5 4 9 5 4

16 5
9 4

A 4 -
..- .... ." 0zI. t v
.- Ji m.~

kb
-146

-97
40

-ApoB

Lp(a) (mg/di) 54 27 9 50 22 7 75
Figure 7. (A) Southern blot analysis of the apo(a) gene and (B) im-
munoblot analysis of the apo(a) protein in a pedigree. Pulsed-field
gel electrophoresis and immunoblot analysis of the apo(a) gene and
protein were performed as described in the legend to Fig. 5.
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Table I. Apo(a) Genotypes and Lp(a) Levels in Sib Pairs

Sibs with identical genotype Other sibs

Apo(a) Plasma Apo(a) Plasma
genotype* Lp(a)r genotypes* Lp(a)t

mg/dl mg/dl

4/10 410 42 10/14; 6/14 <1; 16
9/16 7 9 5/9; 4/5 50; 75

12/14 6§ 9' 8/12 <10
12/15 1 1 14/15; 7/12 <1; 28
14/17 1 1 3§ 14/15; 15/17 2; 3
14/15 <10 <11 15/18 <0
6/16 5 6 6/6; 6/6; 15/15 7; 7; 6
6/6 7 7 6/16;6/16; 15/16 5;6;6
2/18 <1§ <1 15/18 <if

11/15 <10 <I§ 15/17; 8/11 <i4; 7§

* Apo(a) genotypes determined as described in Methods and Fig. 2.
$Plasma Lp(a) levels were determined using the ELISA assay, as de-
scribed in Methods. The value given is the mean of at least two sam-
ples, unless indicated.
I Lp(a) level determined by ELISA on a single fasting plasma sample.

domain of the apo(a) gene. Two bands of - 2.8 kb were identi-
fied and both contained a KpnI site. One fragment was con-
firmed to be from the apo(a) gene by subcloning and sequenc-
ing (data not shown). This site may be the 3' boundary of the
KpnI restriction fragment.

If our KpnI restriction map is correct, it suggests that the
number of kringle 4-encoding repeats in the apo(a) gene ranges
from - 9 to - 35. The most frequent apo(a) allele in our sam-
ple was apo(a)14 which, based on its size (146 kb), would be
expected to contain - 27 repeats. The apo(a) cDNA that was
originally cloned by McLean et al. (18) was reestimated to con-
tain - 32 kringle 4-encoding sequences (28) which would
correspond to an allele with a size between apo(a)18 and
apo(a)19. The actual number of kringle 4-encoding repeats
contained in each fragment can only be determined when the
gene is more fully characterized.

After the original suggestion of Utermann and co-workers
(12), several investigators have noted an inverse relationship
between the size of the apo(a) protein and the amount of
plasma Lp(a) (13, 16, 30). Our findings are consistent with
these previous studies. However, as previously noted, excep-
tions to the general inverse relationship exist. In different fami-
lies the same size apo(a) gene can give rise to proteins that have
very different plasma levels. Someof this variation may be due
to the effect of other gene products. At least one other gene has
been shown to impact importantly on the level of plasma
Lp(a). Utermann et al. (45) have shown that mutations in the
LDL receptor gene are associated with a two- to threefold in-
crease in the plasma concentration of Lp(a) (45). In our popula-
tion, none of the subjects studied had clinical or laboratory
evidence of familial hypercholesterolemia. Thus, additional
factors, some of which are genetic, must modify the level of
plasma Lp(a).

The current data suggest that in addition to the number of
kringle 4 repeats, the level of apo(a) in plasma is controlled by
other factors linked to the apo(a) gene. This follows from the
observation that the plasma level of Lp(a) among sib pairs with

an identical apo(a) genotype were strongly correlated, whereas
the levels among unrelated individuals with the same-sized
apo(a) gene frequently were not. This suggests that all the
apo(a) alleles of the same size do not have identical sequences.
There could be sequence differences in the promotor region of
the gene, or in other sequences that alter the transcription or
translation of the mRNA, or the transport of the protein that
impact importantly on allele expression. Weare currently
studying a larger number of families to accurately determine
the contribution of the apo(a) locus to the level of Lp(a).

The most striking feature of this analysis of the apo(a) gene
is the unprecedented degree of length polymorphism involving
coding sequences of a gene. The apo(a) gene probably arose
from the plasminogen gene by exon shuffling and subsequent
expansion and contraction of the kringle 4-encoding sequence
by homologous recombination and unequal exchange (18).
The sequence homology that has been maintained between the
tandem kringle 4-encoding repeats (in both the noncoding and
coding regions) suggests that gene conversion is also operative
at this locus. Whythe apo(a) gene is so polymorphic in size is
unclear and may not be understood until more is known about
the function of this enigmatic lipoprotein. We identified 17
tandem copies of the dinucleotide d(CA)n in an intervening
sequence of the kringle 4 repeat (data not shown). This class of
repetitive sequences has been implicated in promoting recombi-
nation and gene conversion in the eukaryotic genome (46-49),
and may play a role in the generation of length polymorphism
at the apo(a) locus.

Previous studies examined the segregation of the apo(a)
protein and gene in pedigrees also suggested that the apo(a)
gene itself is an important determinant of the plasma level of
Lp(a) (22, 50-53). A problem which has been encountered
when the apo(a) protein have been used for segregation analy-
sis, is that the isoforms are not in Hardy-Weinberg equilibrium
(12-16). Initially, this was attributed to a frequent null allele in
the population (12, 14). More recently, however, Gaubatz et al.
(13) were able to detect plasma apo(a) by immunoblotting in
over 99% of individuals studied and identified 11 different iso-
forms. 60% of their subjects had only a single apo(a) isoform
(13) detectable by immunoblotting and the isoforms were not
in Hardy-Weinberg equilibrium. In contrast, only 6% of our
samples were homozygous for the same sized apo(a) gene and
this is the exact number expected if the alleles were in Hardy-
Weinberg equilibrium. The probable explanation for this dis-
crepancy is that the methods currently used to analyze the
apo(a) protein do not detect all of the apo(a) gene products.
Knowledge of the apo(a) gene structure has enabled us to opti-
mize conditions for analyzing the protein isoforms by immuno-
blotting, and we have found no evidence of frequent null alleles
at the apo(a) locus.
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