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Methylated DNA-binding protein (MDBP), a sequence-specific DNA-binding protein, was found to recognize
more than 30 sites within an allele of the human apolipoprotein(a) gene. High plasma levels of apolipopro-
tein(a), a risk factor for atherosclerosis, have been correlated with genetically inherited lower-molecular-mass
isoforms of this protein. MDBP might help down modulate the expression of the apolipoprotein(a) gene in a
manner dependent on the length of a given allele of the gene and the number of MDBP sites in it.

Elevated concentrations of lipoprotein(a) in human plasma
have been correlated with increased risk of cardiovascular
disease (24). The most specific protein component of li-
poprotein(a) is apolipoprotein(a). Apolipoprotein(a) has a
unique structure characterized by many tandem copies of
kringle-4, a conserved motif of approximately 80 amino acids
within a 114-amino-acid repeat (13, 16). The corresponding
intragenic repeat unit is highly conserved (16). The size
heterogeneity of human apolipoprotein(a) (M, ~300,000 to
700,000; 13) is genetically controlled and probably is par-
tially the result of different numbers of kringle-4 units in the
apolipoprotein(a) gene (1, 7, 12, 24). In a recent study, it was
estimated that the number of repeats of the kringle-4 domain
in apolipoprotein(a) can vary from ~15 to ~37 (12). Individ-
uals with lower-molecular-mass isoforms typically have
higher (as much as 10-fold or more) plasma concentrations of
lipoprotein(a) than do those with the larger isoforms (24),
and these isoform levels in plasma correlate with the abun-
dance of the apolipoprotein(a) mRNA (12). The basis of this
phenomenon remains unexplained. In this report, we present
a possible explanation for it.

In contrast to the tandem intragenic repetition of kringle-4
units in apolipoprotein(a), a single kringle-4 domain is
present in human plasminogen (3, 15), a zymogen participat-
ing in fibrinolysis, whose binding to endothelial cells is
inhibited by lipoprotein(a) (6, 17). By a computer-assisted
search of the mammalian DNA data base, we discovered
that the single kringle-4 unit in the human plasminogen gene
contains a 14-base-pair (bp) site closely resembling binding
sites for the sequence-specific protein MDBP (methylated
DNA-binding protein) (8, 26). Analogously, most of the
kringle-4 units in the human apolipoprotein(a) gene contain
binding sites for the same protein.

MDBP, a ubiquitous mammalian protein, binds to sites in
several viral enhancers, including to one directly implicated
in enhancer function (20, 21; X.-Y. Zhang et al., submitted
for publication). The highly degenerate, 14-bp consensus
sequence for binding to MDBP is 5'-RTm°YRYYAm’Y
RGm’YRAY-3' (R, A or G; m’Y, 5-methylcytosine or T; Y,
C or T). As indicated by this sequence, some sites require
methylation of cytosine residues for binding; however, oth-
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ers, like the viral enhancer MDBP sites, do not (11, 20, 21,
26). 5-Methylcytosine, the only genetically determined,
modified base detected in mammalian DNA (4), is found
predominantly at CpG dinucleotides (2); therefore, many
methylated MDBP sites matching the consensus sequence
might be present in mammalian DNA. We observed that the
human apolipoprotein(a) gene has three different types of
oligonucleotide sequences matching the MDBP consensus
sequence (Table 1). We predicted that two of these repeated
sequences, sites apo(a)l and apo(a)2, would bind to MDBP
in a methylation-independent fashion and that one, site
apo(a)3, would bond in a CpG methylation-dependent man-
ner. The apo(a)l site is identical to the above-mentioned
sequence in the human plasminogen gene.

Band shift assays. To visualize complexes of MDBP with
oligonucleotide duplexes containing these sequences, we
used a band shift (gel retardation) assay (20). Band shift
assays were performed with 20 fmol of 3?P-labeled oligonu-
cleotide duplexes containing the putative MDBP sites in the
apolipoprotein(a) gene and electrophoresed on 5% poly-
acrylamide gels as described previously (20). The complexes
formed between MDBP and these duplexes were compared
with those from our standard ligand for MDBP assays, pB
site 1 (Table 1). The latter is the high-affinity, methylation-
dependent MDBP-binding site of in vitro-methylated
pBR322 DNA (11). Approximately 1 U of MDBP was used
per assay; 1 U complexes 1 fmol of the pB site 1 duplex
under standard conditions (20). The apo(a)l, apo(a)2, and
methylated apo(a)3 [apo(a)3m] oligonucleotide duplexes
gave DNA-protein complexes that coelectrophoresed with
those of pB site 1 (Fig. 1). Very much lower amounts of
these complexes formed with the analogous unmethylated
apo(a)3u oligonucleotide duplex (Table 1; Fig. 1). That the
binding to these apo(a)l, -2, and -3m sites was specific was
shown in DNA competition experiments using either MDBP
partially purified from human placenta or a crude nuclear
extract from a human cell line (HL-60) cells). Addition of
excess unlabeled, MDBP-specific oligonucleotide duplexes
completely or almost completely abolished detectable bind-
ing by 3?P-labeled apo(a)l, apo(a)2, or methylated apo(a)3
oligonucleotide duplexes (Fig. 1 and 2 and data not shown).
Heterologous sequences gave no detectable competition
(Fig. 2). Only slight competition was observed with a high
concentration of unmethylated pB site 1.
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TABLE 1. Binding to MDBP by human apolipoprotein(a) gene sequences
s a No. of ¢ Relative
Site repeats® Sequence’ binding (%)
1 5 10 14
pB site 1 S-c t a ATMGTCAMGGMG A T-3 100
3-TAGMAGTGMCGMTAGgat c-5
apo(a)l 4 5-attGCTACCATGGTGATG EGg a3 154
3-t aaCGATGGTACCACTAGCGCGCGC t=5
apo(a)2 ~25 5-a gt GCTACCATGGTAATGEG§g a3 116
3-t caCGATGGTACCATTAGCGCGCGC t=5
apo(a)3m 5-a gt GCTACCAMGGTAATGEZG¢g a3 91
3-t caCGATGGTGMCATTACGCOCGC t-5
apo(a)3u 5 5-a gt GCTACCACGGTAATGEZG¢g a3 6
3-t caCGATGGTGCCATTACGCGC t-5

“ The pB site 1 duplex containing a methylated sequence from pBR322 DNA (11) serves as a standard for MDBP-specific binding. The other sites are from the
human apolipoprotein(a) cDNA sequence determined by McLean and co-workers (16).

® The number of copies of a given 14-bp MDBP site within a sequenced apolipoprotein(a) cDNA (16) is indicated. Each of these copies is in a separate kringle-4
unit. Relative to the first base of that cDNA (16), the positions of the MDBP apo(a) sites are as follows: apo(a)l, +128, 11072, 11390, and 12074 (kringle-4 units
1, 33, 34, and 36, respectively); apo(a)2, one site in each of ~22 tandemly repeated, 342-bp kringle-4 units (2 to 23) beginning at +470 as well as at +8336, 8678,
and 12416 (kringle-4 units 25, 26, and 37, respectively); apo(a)3, four sites in tandemly repeated kringle-4 units (kringle-4 units 27 to 30) beginning at +9020 and

one at +7994 (kringle-4 unit 24).

¢ The base pairs corresponding to the 14-bp consensus sequence for MDBP are capitalized and numbered in pB site 1 and the apolipoprotein(a) sites. M,

5-Methylcytosine.

4 Determined by cutting bands from gels and quantitating Cerenkov radiation.
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FIG. 1. Complex formation between the hydroxylapatite fraction
of placental MDBP (8) and oligonucleotide duplexes containing
MDRBP sites in the apolipoprotein(a) gene. These 32P-labeled du-
plexes, whose sequences are given in Table 1, were apo(a)l,
apo(a)2, CpG-methylated apo(a)3 [apo3m], unmethylated apo(a)3
[apo3u], or pB site 1 (pBm), as a standard CpG-methylated MDBP
ligand. First, MDBP was preincubated for 10 min at room temper-
ature with 0.5 pg of poly(dl) - poly(dC) and, where indicated, with
400 fmol of a specific competitor, pBm or apo(a)l oligonucleotide
duplexes in 10 mM Tris hydrochloride (pH 7.6)-80 mM NaCl-5 mM
MgCl,-10% glycerol-0.2 mM sodium EDTA-2 mM dithiothreitol-80
wg of bovine serum albumin per ml. Then the radiolabeled ligand (20
fmol) was added, and incubation continued for 15 min. C and F
denote the closely related (21) family of MDBP-specific complexes
and the free (uncomplexed) fragment, respectively.
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FIG. 2. Complex formation between MDBP in crude nuclear
extracts and site apo(a)2. Band shift assays were performed as for
Fig. 1 with 20 fmol of 3?P-labeled apo(a)2 duplex except using a
crude nuclear extract (4 pg of protein) from HL-60 cells, a promy-
elocytic leukemic human cell line, as the source of MDBP and
various unlabeled DNA competitors (200 fmol of oligonucleotide
duplex) in the reaction. The MDBP-specific oligonucleotide du-
plexes used as competitors were methylated pB site 1 (pBm),
apo(a)l, apo(a)3m, and a 20-bp duplex containing cytomegalovirus
(CMV) ssite 1, one of the two MDBP sites from the major immediate-
early enhancer of human cytomegalovirus DNA (Zhang et al.,
submitted). The nonspecific competitors were the unmethylated
form of pB site 1 (pBu), a 34-bp duplex containing a site for the
mammalian sequence-specific DNA-binding protein NF1 (25) (NF),
and 0.1 pg of Taql-digested Micrococcus lysodeikticus DNA (ML).
32p.labeled pB site 1 formed complexes with MDBP in this nuclear
extract that coelectrophoresed with those of 32P-labeled apo(a)l, -2,
and -3m oligonucleotide duplexes (data not shown).
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AP-2

GCACCBACTG AGCAAAGGCC TGGGGTGCAG

CGAGGCACAT ACTCCACCAC TGTCACAGGA
CCACACTCGC ATAGTCGGAC CCCAGAATAC
TGCAGGAATC CAGATGCTGT GGCAGCTCCT
TGGGAGTACT GCAACCTGAC GCAATGCTCA

ACTGTTACCC CGGTTCCAAG CCTAGAGGCT

NOTES 4959

—— MDBP _____ 60
GAGTGLTACC ATGGTAATGG ACAGAGTTAT

120
AGAACCTGCC AAGCTTGGTC ATCTATGACA
180
TACCCAAATG CTGGCTTGAT CATGAACTAC
240
TATTGTTATA CGAGGGATCC CGGTGTCAGG
300
GACGCAGAAG GGACTGCCGT CGCGCCTCCG

342
CCTTCCGAAC AA

FIG. 3. The 342-bp sequence of the exactly conserved and most highly repeated of the three variants of the kringle-4 unit found in the
previously sequenced apo(a) cDNA (16). The MDBP site, apo(a) site 2, and the site with the consensus sequence for AP-2 are indicated. The
~15 to ~37 repeats of the kringle-4 units occur in tandem and constitute most of the cDNA (12, 16).

We do not know whether MDBP will bind well in vivo to
the several genomic copies of the methylation-dependent
apo(a)3 site because the methylation status of CpG dinucle-
otides in the apolipoprotein(a) gene is unknown. However,
the other >20 copies of the MDBP site in the cDNA
sequenced by McLean et al. (16) should be available in
genomic DNA for binding because they do not require
cytosine methylation for recognition. Furthermore, it is
unlikely that these 14-bp sites are interrupted by introns
because this site is uninterrupted in the highly homologous
exon of the human plasminogen gene although the kringle-4
DNA domain in the plasminogen gene is interrupted by
intron sequences 33 bp in front of and 113 bp after the MDBP
site (15). An important biological role for these sites is
consistent with our finding that MDBP complexes with these
sites were long-lived. The half-time for dissociation was ~50
min, as determined by incubation of 32P-labeled apo(a)
oligonucleotide duplexes with MDBP for 60 min, followed
by addition of 1 pmol of unlabeled pB site 1 and removal of
samples at various time intervals for band shift assays (21).

Conclusions. Such multiple intragenic repeats of sequence-
specific DNA-binding sites have not been reported previ-
ously for any gene. In addition to the one human apolipopro-
tein(a) cDNA (16), the only apolipoprotein(a)-encoding
DNA whose sequence has been reported is that of rhesus
monkeys. This cDNA shows a similar high density of MDBP
sites and kringle-4 units (23). Rhesus plasminogen cDNA, as
well as the analogous human cDNA, contains a single
kringle-4 unit (15, 23), in which one MDBP-specific apo(a)l
site is found. Indeed, it has been proposed that the apoli-
poprotein(a) gene evolved from the nearby plasminogen
gene (1, 14) during primate evolution via rearrangements
including multiple iterations of the kringle-4 domain (13, 16,
24).

The functional significance of the apolipoprotein(a) gene
having so many intragenic copies of MDBP sites remains to
be determined. However, a role for these sites in transcrip-
tion control is strongly suggested by the occurrence of a
consensus sequence for another enhancer-binding protein,
AP-2, in 29 of the human apolipoprotein(a) kringle-4 units
that contain MDBP sites in the sequenced cDNA. This
sequence, 5'-GCCTGGGG-3’, which has been identified as a
binding site (18) for the phorbol ester- and cyclic AMP-
inducible AP-2 (9, 10), is found only 9 bp, or approximately
one turn of the B-DNA helix, from the MDBP site (Fig. 3).
If MDBP helps control apolipoprotein(a) gene expression, it

might be acting from a distance, as in silencers or enhancers,
on the transcription complex in concert with other sequence-
specific DNA-binding proteins, such as AP-2. Alternatively,
it might help organize chromatin structure. Some transcrip-
tion factors control transcription positively from certain
DNA regions and negatively from others (5, 19, 22). In the
latter case, they might be engaged in nonproductive interac-
tions with positively acting factors. If MDBP can down
modulate transcription from within the apolipoprotein(a)
gene, more MDBP molecules binding over a longer region of
chromatin in the larger alleles could help explain the ob-
served inverse relationship between the molecular mass of
apolipoprotein(a) and plasma levels of this glycoprotein.

This research was supported in part by Public Health Service
grant GM33999 from the National Institutes of Health.
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