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Molecular basis of an apolipoprotein[a] null allele:
a splice site mutation is associated with deletion

of a single exon
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Abstract Apolipoprotein[a] (apo[a]), a unique component
of atherogenic lipoprotein[a], is highly polymorphic in hu-
man and nonhuman primates. Null alleles, producing no
detectable circulating Lp[a] or apo[a] isoforms, are found
at high frequencies. The molecular basis of null alleles is
not yet known. In baboons, approximately two-thirds of null
alleles do not produce detectable hepatic transcripts (tran-
script negative nulls), and one-third of null alleles produce
normal amounts of apo[a] transcripts (transcript positive
nulls). We have cloned apo[a] cDNA from a baboon carry-
ing a transcript positive null allele defective in secretion
from primary hepatocytes. Compared with wild-type cDNA,
the null allele contained an in-frame 47 amino acid deletion
in the protease domain corresponding to one exon of the
apo[a] gene. The null allele contains an A0 T substitution in
the third nucleotide position of the intron downstream of
the deleted exon which alters the donor splice site consen-
sus sequence.Bll Thus, this null is likely due to a mutation
that prevents normal mRNA splicing, yielding a shortened
protein that may be defective in intramolecular interactions
required for normal processing and secretion of apo[a].
This is the first report of a molecular basis for apo[a] null
alleles.—Cox, L. A., C. Jett, and J. E. Hixson. Molecular ba-
sis of an apolipoprotein[a] null allele: a splice site mutation
is associated with deletion of a single exon. J. Lipid Res.
1998. 39: 1319-1326.

Supplementary key words protein secretion « plasminogen < lipid
metabolism « transcript processing

Lipoprotein[a] (Lp[a]) is a low density lipoprotein
(LDL) particle that contains apo[a] covalently linked to
apoB. Lp[a] has been found to accumulate in atheroscle-
rotic plaques (1, 2), and serum levels of Lp[a] correlate
with risk of cardiovascular disease independently of such
factors as LDL levels, HDL levels, and levels of apolipopro-
teins (3). In addition, Lp[a] is considered an indepen-
dent risk factor for myocardial infarction (3, 4). Serum
Lp[a] concentration is a heritable trait, and is not strongly
influenced by age or diet. The apo[a] locus itself accounts
for over 90% of the variation in Lp[a] levels in human
populations (5, 6).

Human apo[a] consists of structural domains that are
also present in plasminogen, including a protease domain
and Kringles IV and V (7). However, the protease domain
in apo[a] has been inactivated by amino acid substitu-
tions, and Kringle 1V has been highly amplified to form
large numbers of tandemly oriented repeats. Apo[a] is
highly polymorphic with respect to size, varying between
400 and 700 kilodaltons, due to differences in numbers of
Kringle 1V repeats (8). In addition to the marked size vari-
ation of apo[a], both humans and baboons carry high fre-
quencies of null alleles with little or no detectable apo[a]
isoforms or serum Lp[a]. In humans, null allele frequen-
cies vary between 0.29 and 0.45 for different populations.
In baboons, null allele frequencies vary between 0.22 and
0.46 (9). Little is known about the molecular basis of
apo[a] null alleles or the physiological consequences
of carrying apo[a] null alleles. In baboons, we have shown
that approximately two-thirds of null alleles do not pro-
duce hepatic apo[a] transcripts that are detectable by
Northern blot analysis (called transcript negative nulls)
(10). Approximately one-third of null alleles produce nor-
mal levels of hepatic apo[a] transcripts (transcript positive
nulls).

In previous studies, White et al. (11) used cultured pri-
mary baboon hepatocytes to study intracellular processing
and secretion of apo[a]. These studies have shown that
larger apo[a] alleles have slower rates of intracellular pro-
cessing, offering the first mechanistic explanation for the
inverse correlation between apo[a] size and serum Lp[a]
concentration observed in human and baboon popula-
tions. White, Guerra, and Lanford (12) also studied pri-
mary hepatocytes carrying apo[a] transcript positive null
alleles. Their results show that apo[a] transcripts are
translated, but the protein is not released from the endo-

Abbreviations: apo[a], apolipoprotein [a]; Lp[al], lipoprotein [a];
UTR, untranslated region; RT-PCR, reverse transcriptase-mediated
polymerase chain reaction; PCR, polymerase chain reaction.
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plasmic reticulum during processing. These results sug-
gest that transcript positive null alleles contain changes
within the apo[a] sequence that impair normal apo[a]
processing and secretion. In this study, we investigate the
molecular bases for a transcript positive null allele that
was previously shown to be defective in apo[a] secretion.

EXPERIMENTAL PROCEDURES

Sample selection

Archived liver and DNA samples were obtained from a baboon
that carried a transcript positive null apo[a] allele, and from an
unrelated baboon that was homozygous for a wild-type allele.
Studies of primary hepatocytes from the baboon carrying the
transcript positive null allele showed normal transcription and
translation, but defective secretion of apo[a] protein into the
medium (12). Studies of primary hepatocytes from the baboon
homozygous for the wild-type allele showed normal transcrip-
tion, translation, and secretion (12). We also used archived liver
and DNA samples from other family members of the baboon car-
rying the apo[a] null allele for analysis of cDNA and genomic
DNA sequences. Additional baboons that were screened for the
presence of the splice site mutation were chosen based on Lp[a]
phenotype and Northern blot analyses (10).

Cloning and sequencing of apo[a] cDNAs

A cDNA library was constructed from hepatic mMRNA from the
baboon carrying an apo[a] transcript positive null allele. First
strand cDNA synthesis used reverse transcriptase (Superscript,
Gibco BRL) and a mixture of oligo d(T) and random primers.
After addition of synthetic EcoRI linkers, cDNAs were ligated
into lambda ZAP express vectors (Stratagene Inc.). The cDNA Ii-
brary was screened by hybridization with a human apo[a] probe
containing only Kringle IV (8), and with a plasminogen cDNA
probe containing only Kringles I-111 (13) to identify cross-reacting
plasminogen cDNA clones. Approximately 1 X 107 plaques were
screened, yielding 116 clones that were positive for apo[a] and
negative for plasminogen. The apo[a] cDNA clones containing
the largest inserts were sequenced with an automated DNA se-
quencer (Perkin Elmer Inc.) using the dye terminator method
and primers from flanking vector and internal sequences. Three
different apo[a] clones were sequenced on both strands using
overlapping primers in each direction.

Apola]-specific primers were designed from the baboon cDNA
sequences, and used for reverse transcriptase mediated PCR (RT-
PCR) to amplify and clone cDNA for the wild type apo[a] allele.
RT-PCR used a forward primer located at the junction of the last
Kringle IV and the protease domain (5’-AGGCTCGTTCTGGA
CAAGCATCCT-3"), and a reverse primer located in the 3’ un-
translated region (3" UTR) (5’-GTCACCTTATTGGAGAAAC
CAGC-3’). PCR conditions included initial denaturation (94°C
for 4 min), followed by 30 cycles of denaturation (94° for 1 min)
and annealing/extension (60° for 1 min), and a final extension
(72° for 7 min). RT-PCR products were inserted into pCR2.1 vec-
tors (Invitrogen) for automated sequencing. In addition, RT-PCR
products were directly sequenced using the automated DNA
sequencer. All mMRNA samples were subjected to a minimum of
two RT-PCR assays. Three independent clones were sequenced
from each RT-PCR assay. All RT-PCR clones were sequenced on
both strands with overlapping primers. Nucleotide sequences
were aligned using Sequencher software (Gene Codes Inc.), and
percent identities for nucleotide and predicted amino acid
sequences were calculated using BLAST/Genbank programs
(NCBI).
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RNA isolation and analyses

Messenger RNA was extracted directly from frozen baboon
liver tissue using mRNA FastTrack Kit (Invitrogen). RT-PCR was
used to analyze the length of apo[a] transcripts in liver samples
from baboons carrying various apo[a] alleles. First strand cDNA
synthesis used 100-200 ng hepatic mRNA with a reverse primer
(5'-GTCACCTTATTGGAGAAACCAGC-3") in the 3’ untrans-
lated region (3" UTR) and 20 U/ul reverse transcriptase under
reaction conditions described by the supplier (Gibco BRL). An
aliquot (10%) of the first strand cDNA reaction was amplified us-
ing the same reverse primer and a forward primer (5’-AGG
CTCGTTCTGGACAAGCATCCT-3') from the Kringle IV/pro-
tease domain junction. PCR conditions included initial denatur-
ation (94° for 4 min), followed by 30 cycles of denaturation (94°
for 1 min) and annealing/extension (60° for 1 min), and a final
extension (72° for 7 min). The PCR products were subjected to
electrophoresis on agarose gels (1.0%) and visualized by staining
with ethidium bromide.

Cloning and sequencing of apo[a] genomic sequences

To examine genomic sequences of the wild-type baboon apo[a]
and plasminogen genes, lymphocyte DNA was amplified with
primers from reported human gene sequences (14, 15), and
PCR products were cloned for nucleotide sequencing. Two over-
lapping fragments were amplified including a fragment contain-
ing exons E, F, and G, and intervening introns (forward primer
5-CTCAGGATCCATCCTCTTCATTTGATTGTGGGAAG-3', re-
verse primer 5'-TGCTAAGCTTTAGCAAGGCAATATCTGCTTG-
3’); and a second fragment containing part of exon G, exon H,
and the intervening introns (forward primer 5’-CTGGGAAT
TCACCAAGAAGTGAACCTCGAATCTCA-3', reverse primer 5'-
AAGGAAGCTTGGGTTTCTCCCCAGCCAGTGATGT-3"). PCR con-
ditions included initial denaturation (95° for 5 min), followed by
30 cycles of denaturation (95° for 30 sec), annealing (60° for 40
sec), and extension (72° for 2 min), with a final extension (72°
for 10 min). The PCR products were cloned into pCR 2.1-TOPO
(Invitrogen), and sequenced with Termination Reaction Ready
Mix (Applied Biosystems) on an automated DNA Sequencer.
This procedure yielded clones containing baboon apo[a] and
plasminogen gene sequences. Three different apo[a] clones and
two different plasminogen clones were sequenced on both
strands using overlapping primers in each direction.

To determine genomic sequences of the transcript positive
null allele and other apo[a] alleles, the baboon intron sequences
were used to construct primers specific for either apo[a] or plas-
minogen genes (exons F, G, and H and intervening introns).
The gene-specific primers were used for amplification of ge-
nomic DNA, and the PCR products were directly sequenced by
cycle sequencing on an automated DNA sequencer (see Fig. 3 for
PCR and sequencing primers). PCR conditions included initial
denaturation (95° for 5 min), followed by 30 cycles of denatur-
ation (95° for 30 sec), annealing (68° for 40 sec), and extension
(75° for 2 min), with a final extension (72° for 10 min).

PCR-based typing of the splice site mutation

After the splice site mutation was identified, a PCR-based as-
say was developed to type the mutation in genomic DNA from a
total of 280 baboons. Genomic DNA samples were amplified
with apo[a]-specific primers from the introns flanking exon G
(primers given in Fig. 3). PCR conditions included initial dena-
turation (95° for 5 min), followed by 30 cycles of denaturation
(95° for 30 sec) and annealing/extension (68° for 40 sec.) with
no final extension step. The PCR products were digested with 1.0
U Rsal (Promega, Madison WI), and electrophoresed on agar-
ose gels (3%). The wild type sequence contains the Rsal site
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and yields 173 bp and 139 bp fragments, while the T mutation
in the splice site disrupts the Rsal site yielding a full-length 312
bp fragment.

RESULTS

Baboon apo[a] and plasminogen cDNA sequences

We obtained the sequence of portions of baboon apo[a]
and plasminogen cDNA using clones from hepatic cDNA
libraries and from RT-PCR of hepatic mRNA. Figure 1A
shows the sequence of the wild-type baboon apo[a] cDNA,
including two Kringle IV domains (homologous to human
Kringles type 1V subtypes 9 and 10), the protease domain,
and the 3’ UTR. Figure 1B shows the sequence of baboon
plasminogen cDNA, including the Kringle V domain, pro-
tease domain, and 3’ UTR. We aligned the various do-
mains of baboon cDNA sequences with those of other spe-
cies, and found the highest homologies between baboon
and rhesus cDNA sequences. Table 1 shows pairwise com-
parisons among apo[a] and plasminogen domains from
baboon, rhesus, and human cDNA sequences.

Deletion of an exon in the protease domain in apo[a]
mRNA of a transcript positive null allele

In addition to the wild-type sequence, we isolated and
sequenced apo[a] cDNA from a baboon carrying an
apo[a] null allele that produced hepatic transcripts (tran-
script positive null allele), and that was defective in secre-
tion as shown by studies of cultured primary hepatocytes
(12). This baboon was heterozygous for two different null
alleles, one each from the sire and dam. Subsequent anal-
yses (described below) showed that the dam transmitted
the transcript positive null allele and the sire transmit-
ted the transcript negative null allele which is not repre-
sented in cDNA analyses. The apo[a] genotypes for each
family member of this baboon are shown in Fig. 2A.

Alignment of wild-type and null apo[a] sequences re-
vealed the deletion of 141 base pairs (bp) in the null allele
relative to the wild-type allele, exactly corresponding to
exon G of the apo[a] gene (corresponding to exon 16 of
the plasminogen gene (15)). This in-frame deletion re-
sults in the removal of 47 amino acids of the apo[a] pro-
tease domain. To confirm the presence of the deletion di-
rectly in hepatic apo[a] mMRNA, we used RT-PCR of the
protease domain in this family of baboons carrying null
and wild-type alleles (Fig. 2B). In the baboon known to
carry the transcript positive allele, we detected a short-
ened RT-PCR product corresponding to the 141 bp dele-
tion detected in cDNA sequence comparisons. We found
the dam was heterozygous for both the short and normal
sized RT-PCR products, and other family members showed
only normal sized products. We gel-isolated and sequenced
the wild-type and shortened RT-PCR products, and con-
firmed that the size differences were due to the deletion
of exon G. RT-PCR analysis of hepatic RNA samples from
additional unrelated baboons (including 11 carrying tran-
script positive and 9 carrying transcript negative null al-
leles) failed to detect the short RT-PCR product.

Identification of a splice site mutation in the intron
downstream from the deleted exon

To investigate the source of the exon G deletion, we
compared the exon and intron sequences in the protease
domain of the wild-type versus transcript positive apo[a]
null alleles. To obtain these sequences, we first deter-
mined genomic sequences in the protease domain of the
baboon apo[a] and plasminogen genes. Figure 3 shows
the nucleotide sequences of exons F, G, and H (corre-
sponding to plasminogen exons 15, 16, and 17 from ref.
15) plus their flanking introns for the apo[a] and plasmi-
nogen genes. We used intron sequences that differed be-
tween the two genes to construct apo[a]-specific primers
for PCR and direct determination of genomic sequences
from the baboon carrying the transcript positive null al-
lele and a transcript negative null allele (Fig. 2A). We
found that this baboon was heterozygous for an AO T mu-
tation in the third nucleotide of the intron between exons
G and H, disrupting a consensus splice site for transcript
processing (Fig. 3). We sequenced this region of the
apo[a] gene in the dam that was heterozygous for the short-
ened apo[a] mRNA (Fig. 2B), and found both the mutant
T and wild-type A alleles. We also sequenced this region in
50 additional unrelated baboons (including 11 baboons
carrying transcript positive null alleles and 9 carrying tran-
script negative null alleles), but did not find the AOT
splice site mutation.

Nucleotide sequencing detected the splice site muta-
tion only in baboons containing the transcript positive
null allele and deleted apo[a] mMRNA. In order to screen a
larger number of baboons for the mutation, we developed
a PCR-based assay using amplification of genomic DNA
with apo[a]-specific intron primers, followed by digestion
with Rsal which distinguishes the AO T mutation. The wild-
type sequence contains an Rsal site that is abolished by
the T mutation. We did not detect the A T mutation in
DNA samples from any of an additional 280 baboons that
were typed using this assay.

DISCUSSION

We used cDNA libraries and RT-PCR to clone and se-
guence a portion of the baboon apo[a] cDNA including
two Kringle 1V repeats, the protease domain, and the 3’
UTR (Fig. 1A). Sequence comparisons using the BLAST
program (NCBI) showed that the Kringle 1V repeats were
most homologous to Kringles IV subtypes 9 and 10, which
are the most 3’ kringles in human apo[a] cDNA (16). The
baboon Kringle IV subtype 9 repeat contains a free cys-
teine that is required for covalent interaction with apoB-
100 (17), and the baboon Kringle 1V subtype 10 repeat
contains a tryptophan (amino acid 171) important for
lysine binding (18). Like the rhesus, baboon apo[a] cDNA
does not contain a Kringle V domain that is found in hu-
man apo[a] cDNA and all other plasminogen cDNAs
(13). Surprisingly, the baboon apo[a] protease domain,
like plasminogen, contains arginine (position 224, Fig.
1A) at the cleavage site that converts inactive plasminogen
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Panel A

CTCCACCACTGTTACAGGAAGGAATTGCCAAGCTTGGTCATCTATGACACCACACCAGCATAGTCGGACCCCAAAARACTATCCARATGCTGGCCTGACCAGG
s T TV TGRNUCOQAWS S MTZPHIQUHSRTT?PKNYPNAGTUL TR

—————————————————————————————————————— Kringle IV-9; EXon A ~==—cmmmmmm e e i e e
104 ARCTACTGCAGGAATCCAGATGCTGAGATTCGCCCTTGGTGTTATACCATGGATCCCTGTGTCAGGTGGGAGTACTGCAACCTGACACAATGTCTGGTGACA
35 N Y CRNPDAETIURTPWCVYTMODT PI[C|]VRWETYTCNTILTTU QG CTLUVT
......................................... Kringle IV-9, EXON B . .uuuiiiiiiiiititttneesancnansrocaannsonas
206 GAATCAAGTGTCCTTGAAACTCTCACAGTGGTCCCAGATCCAAGCACACAGGCTTCTTCTGAAGAAGCACCAACGGAGCAAAGTCCCGAGGTCCAGGACTGC
69 E's s VL £ETJL T V VP D P S T QA S$ S EE AP TEQQ S P E V QO D C
....................... Kringle IV-9; Exon B....vvevennensnnennns/————=—- Kringle IV-10; Exon C —-————-
308 TACCATGGTGATGGACAGAGTTATCGAGGCTCATTCTCCACCACTGTCACAGGAAGGCACATGTCAGTCTTGGTCCTCTATGACACCACACCAGCATAAGAGG
103 Y # 6 D G S YR G s F s T TV T GUR T OCOQ S W S $ M TP H Q H K R
——————————————————————————————————————— Kringle IV-10; ExXon C ——————————mm e e
410 ACCCCGGAAAACCACCCAAATGATGGTTTGACAATGAACTACTGCAGGAATCCAGATGCTGACACAGGCCCTTGGTGTTTTACCATGGACCCCAGCGTCAGG
137 T P E N H P ND G L TMNYCRNUPDA ADTG?P WCUF T MDUP S V R
-- Kringle IV-10, EXON C/ .t inimaannenannnananaan Kringle IV-10, EXON D +iuuurintcnnnnncennnanannnns
512 TGGGAGTACTGCAACCTGACGCGATGCTCAGACACAGAAGGGACTGTGGTCACACCTCTGACTGTTATCCCGATTCCAAGCCTAGAGGCTCGTTCTGGACAA
171 W EYCNULTURTCSDTEG TV VTUPULTUV I P I P S L E AT RS G Q
....................................... Kringle IV=10, EXON D 1ttt eniteineeensacaeneenennnnananannn
614 GCATCCTCTTCATITGATTGTGGGAAGCCTCAAGTGGAGCCGAAGAAATGTCCGGGAAGGGTTGTAGGCGGGTGTGTGGCCCACGCACATTCC TGGCCCTGG
205 A s 5 8§ F D ¢C G K P Q V E P K K C P G () v v 6 6 ¢ V A H A H S W P W
J Protease Domain, EXON E ——————mmmemo oo e e
716 CAAGTCAGTCTTAGAACAAGGT TTGGAAAGCACTTCTGTGGAGGCACCTTAATATCCCCAGAGTGGGTGCTGACTGCTGCTCGCTGCTTGGAGATGTCCCCA
239 Q vs L R T RVF G KHF C G G TUL I S P EW V L T A A (@ cC L E S P
———————————————————— /-——==m=-=---—- Protease Domain, Exon F =———-——————mmmmmmmm e T/ ..
818 AGGCCTTCCTCCTACAAGGTCATCCTGGGTGCACACCAAGAAGTGAATCTCGAATCTCATGT TCAAGARATAGAAGTGTCTAAGTTIGTTCTCGGAGCCCACA
273 R P 5 s Y K V I L G A H Q E V N L E s HV Q E I E V S K L F S E P T
....................................... Protease Domain, EXON G tuiiuerncannaanseosoesonnnncaneeonnnnna
920 ¢ TATT AGGCCTGCCATCATCACTGACAAAGTAATCCCAGCCTGTCTGCCATCTCCAAATTACGTGATCACCGCCTGG
307 I p A I I T D K V I P A C L P S P N Y V I T A W
-... Protease Domain, Exon G .../====—————————————————— Protease Domain, Exon H -——————=mmemcmmmemem oo
1022 ACTGAATGTTACAICACTGGCTGGGCAGAAACCCAAGGTACCTTTGGGGCTGGCCTTCTCAGGGAAGCCCGGCTTCCCGTGATTGAGAATACAGTGTGTAAT
341 T E ¢ Yy I T G W G E T QG T F G A G L L REAWRTULU®PVIENTUVCN
————— Protease Domain, Exon H ===-—=/..........ceeuuca.... Protease Domain, EXon T ..cueevrrnnnennennn
1124 CGCTACGAGTTTCTGAATGGAAGAGTCAAATCCACCGAGCTCTGTIGCTGGGCATT TGGCCGGAGGCACTGACAGTTGCCAGGGTGACAG CCTGTG
375 R Y EF L NG R V K S TEULCAGHTULAGTGTD S C Q0 G D G G P V
....................... Protease Domain, Exon I ......eviuveeveessceas./——— Protease Domain, Exon J --
1226 GTTTGCTTCGACAAGGACAAATACATTITTACGAGGAATARCTTCTTGGGGTCCTGGCTGTGCACGCCCCAATAAGCCTGGTGTCTATGTTCGTGTTTCAAGT
409 v ¢ F b KD K Y I L R G I T S WGP G C A URUP NI KU®PGV Y V R V 5 8
————————————————————————————————————————— Protease Domain, ExXon J ———————m=memmmmmm e
1328 TTTGTCACTTGGATTGAGGGAGTGATGAGAAATAATTAattgaacaagagacagagtgaagcattgactcacctagaggctggaatgtgggtagggattage
443 F VT W I E G V M R N N *
——————— Protease Domain, Exon J ———-~-/..........eucuusene. 37 Untranslated Region ...eeeerenceaannnnn
1430 acgctggaaataatggaataatggacagtaatcaatgaagacactgtecccagetaccaactatgeccaaacgtcageatttttggtattattgtgtataage
1532 tttteccegtetgactgetggtttctecaataaggtgacatagetatgecatttgttaaaaataaacteggtacttattttgatttgagtaaaaaaaaaaaaa

1634 aagtcgacgcggecgegaatcaaa

Fig. 1. Nucleotide and predicted amino acid sequences of portions of cDNA encoding baboon apolipoprotein [a] and plasminogen.
Panel A shows the baboon apo[a] cDNA sequence. Nucleotide sequences (above) and amino acid sequences (below) are numbered to the
left, and the exons are identified below the sequences (exon D corresponds to exon 14 in human plasminogen (15)). Exon structure within
the protease domain is based on genomic sequences from the baboon apo[a] gene. The arginine at amino acid position 224 is circled, cor-
responding to the arginine in plasminogen which is cleaved to yield proteolytically active plasmin. Amino acids R (position 266), D (309),
and S (404) corresponding to the catalytic triad of plasminogen (H,D,S) are also circled. Aspartic acid at position 157, which is underlined,
is a potential lysine binding site. The free cysteine (position 54) in exon B thought to be necessary for apoB-100 binding is boxed. The 3’ un-
translated region is shown in small case letters and the polyadenylation signal is double underlined. Exon G, which is deleted in the mRNA
of the transcript positive null allele, is boxed. Primer sequences used for RT-PCR and sequencing are underlined. Genbank Accession Num-

ber: AF029691.

to active plasmin. However, one of the three amino acids
(position 266, Fig. 1A) comprising the catalytic triad is an
arginine instead of a histidine. Human apo[a] contains
serine rather than arginine at the plasminogen cleavage
site. However, a recent study by Gabel and Koschinsky
(19) showed that reintroduction of arginine at the cleav-
age site does not restore proteolytic properties to recom-
binant human apo[a]. They concluded that proteolytic
properties must require as yet unknown sequences in ad-
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dition to the arginine cleavage site and catalytic triad. Al-
though we have not yet tested baboon apo[a] for pro-
teolytic activity, it seems likely that the protease domain
that contains an altered catalytic triad will also prove to be
inactive, despite the presence of the arginine cleavage
site.

We cloned and sequenced a portion of the apo[a]
cDNA for a transcript positive null allele that was previ-
ously shown to be defective in apo[a] secretion from pri-
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Panel B

1 CTTGACTGTATGTTTGGGAATGGGARAAGATACCGAGGCAAAAAGGCAACCACTGTTACTGGGACACCATGCCAGGAATGGGCTGCCAAGGAGCCCCACAGC
1 L b¢CMVF GNGI KU RYIRG KX AT TV T G TP COEWA AU ATIKE P H S
..................................... Kringle V, EXON XTI tuiuionenranentiantononeencaaacanensansenaannnns
103 CACCTCATTTTCACTCCAGAGACATATCCACGGGCAGGTCTGGAAAAAAACTACTGCCGTAACCCTGATGGTGATGTAGGTGGTCCCTGGTGCTACACGACA
35 H L I F T P E T Y P R A G L E K N Y CRNPD G DV G G P WC Y TT
............ Kringle V, Exon XII .......ciuuerunn/~========w————— Kringle V, Exon XIII =----————-—————-
205 AATCCAAGAAAACTTTACGACTACTGTGATGTCCCTCAGTGTGCATCCTCTTCATTTGATTGTGGGAAGCC TCAAGTGGAGCCGAAGAAATGTCCCGGAAGG
69 N P R K L YDY CDV?P Q CAS S S F D CGZ K P Q V E P KK CUP G
—————————— Kringle Vv, Exon XIII -=---—----/....c.cucuu-u.... Protease Domain, Exon XIV ......cccuuaur-
306 GTTGTAGGGGGGTGTGTGGCCCACGCACATTCCTGGCCCTGGCAAGTCAGTCTTAGAACAAGGTTTGGAATGCACTTCTGTGGAGGCACCTTGATATCCCCA
103 v v ¢ G ¢V A HAH S WP WOV S L RTIRUFGMHPFCGG T L I s P
.................. Protease Domain, Exon XIV ................/-——-——-—- Protease Domain, Exon XV -—-———-
409 GAGTGGGTGCTGACTGCTGCCCACTGCTTGGAGAAGTCCCCAAGGCCTTCATTCTACAAGGTCATCCTGGGTGCACACCAAGAAGTGCGTCTCGAACCACAT
137 E W V L T A A ¢ L E K s P R P S F Y KV I L G A H Q E V R L E P H
--~- Protease Domain, Exon XV ——=—=/ . ...t ireruannnnn Protease Domain, Exon XVI .....uccinecnnnnaaans
511 GTTCAGGAAATAGAAGTATCTAAGATGTTCTCGGAGCCCGCAGGAGCAGATATTGCCTTGCTAAAGCTAAGCAGTCCTGCCATCATCACTGACAAAGTAATC
171 v ¢ E I E VvV 858 K M F S E P A G A I A L L K L s s P A I I T D K Vv I
........................ Protease Domain, Exon X Cetnecncenserdencnennefmm——-——————— e
613 CCAGCTTGTCTGCCATCCCCAAATTATGTGGTCGCTGACCGGACCGAATGTTTCATCACTGGCTGGGGAGAAACCCAAGGTACCTATGGGGCTGGCCTTCTC
205 P A C L P s P N YV VADURTETCFTI T GW G E T QG T Y G A G L L
—————————————————————————— Protease Domain, Exon XVII ———-—m—mmmmmmm e it ittt e neae e
715 AAGGAAGCCCGGCTCCCCGTGATTGAGAATAAAGTGTGCAATCGCTATGAGTTTCTGAATGGAAGAGTCARATCCACCGAGCTCTGTGCTGGGCATTTGGCC
239 K E AR L P V I ENXKXK V ¢CNIRYEVFLDNGI RV X S TEILTCM AGHTL A
................................... Protease Domain, EXOn XVIII ..uutiruineneneusnosanencannnecnnnseneas
817 GGAGGCACTGACAGTTGCCAGGGTGACAGTGGAGGGCCTCTGGTTTGCTTCGAGAAGGACAAATACATTTTACAAGGAGTTACTTCTTGGGGTCTTGGCTGT
273 G G T D 8 C Q G D G 6 P L V CFEIXK DK Y I L Q G V T S W G L G C
.................... /=m==m—==m=eee——————————— Protease Domain, Exon XIX ——---meeom—— oo
918 GCGCGTCCCAATAAGCCAGGTGTCTACGTTCGTGTTTCAAGGTTTGTCACTTGGATCGAGGGAGTGATGAGAAATAATTAAttggacgggattacagagtga
307 AR P N K P G VY VRV S RF V TW I E GV MU RN N
———————————————————————— Protease Domain, Exon XIX —=-=—===---—-cemmmwe————————/ ... 3" UTR .......
1021 agcattgactcacctagaggctggaacatgggtagggatttagcatgectggaaataactgacagtaaacaaacgaggacattgtccccagetaccagggaag
1123 ccaaacctcagcattttttgtattactttetgactgetggtttctecaataaggtgacaagecgaattctgcagatateccatecacactggeggecgetegag

1225 catgcatctagagggcccaattcgecectatagtgatcegg

Fig. 1. (continued) Panel B shows the baboon plasminogen cDNA sequence. Nucleotide 1 corresponds to nucleotide 1491 of the rhesus
plasminogen cDNA. The Kringle V, protease domain, and 3’ untranslated region are shown under the sequence. The arginine at amino acid
position 102 is circled, corresponding to the arginine in human plasminogen which is cleaved to yield proteolytically active plasmin. Amino
acids H (position 144), D (187), and S (282) are circled, corresponding to the plasminogen catalytic triad. The 3" untranslated region is

shown in small case letters. Genbank Accession Number: AF029692.

mary hepatocytes. We found a 141 bp deletion that re-
moved a single exon in the protease domain (exon G),
including one amino acid of the catalytic triad of the pro-
tease domain (Fig. 1A). The deletion was confirmed by
RT-PCR of hepatic RNA, which yielded a shortened prod-
uct relative to the wild-type apo[a] allele (Fig. 2B). We
also found that the original baboon inherited the null al-
lele from her dam who was heterozygous for the deletion

(Fig. 2A). We determined genomic sequences in this re-
gion of the apo[a] gene for wild-type and transcript posi-
tive null apo[a] alleles, and found an A O T mutation in
the third nucleotide position of the intron immediately
downstream from the deleted exon G (Fig. 3). We found
the T mutation only in the original baboon carrying the
transcript positive null allele and her dam. RT-PCR screen-
ing of MRNA and genomic sequencing from an additional

TABLE 1. Homology comparisons among apo[a] and plasminogen sequences (% identities)

Kringle IV Kringle V Protease
3'UTR
DNA Protein DNA Protein DNA Protein DNA
Baboon apo[a] vs. rhesus apo[a]? 88 88 N/A N/A 96 94 96
Baboon apo[a] vs. human apo[a]® 86 87 N/A N/A 92 92 85
Baboon apo[a] vs. rhesus plasminogen® 78 75 N/A N/A 91 92 73
Baboon apo[a] vs. human plasminogend 80 80 N/A N/A 91 92 71
Baboon apo[a] vs. baboon plasminogen N/A N/A N/A N/A 94 94 77
Baboon plasminogen vs. rhesus plasminogen N/A N/A 97 96 98 97 96
Baboon plasminogen vs. human plasminogen N/A N/A 94 95 95 95 90

aRhesus apo[a] sequences from ref. 13.
bHuman apo[a] sequences from ref. 7.
°Rhesus plasminogen sequences from ref. 13.
dHuman plasminogen sequences from ref. 34.
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Fig. 2. Pedigree and RT-PCR products for the baboon family carrying the transcript positive null allele.
Panel A shows the pedigree for the baboon (indicated by the arrow) carrying the transcript positive null al-
lele that was previously shown to be defective with respect to apo[a] secretion from primary hepatocytes (12).
The apo[a] genotypes are given adjacent to each symbol (C, single banded apo[a] phenotype type C; N+,
transcript positive null allele; N—, transcript negative null allele). Each family member is numbered according
to the lane number in Panel B. Panel B shows RT-PCR products of the apo[a] protease domain in the baboon
family shown in panel A. Lane 1 shows RT-PCR products from dam, lane 2 shows the sire, lane 3 shows the ba-
boon known to carry a transcript positive null allele, and lane 4 shows the sibling. The sizes of RT-PCR prod-
ucts are indicated to the right of the figure. Lane M shows the size standard (size shown on the left).

50 baboons (including 11 transcript positive and 9 tran-
script negative nulls), and genomic typing of 280 baboons
did not detect the deletion or mutation, suggesting that
this splice site mutation is relatively rare.

The A 0O T mutation in the third position of the intron
occurs in the consensus site for recognition by compo-

nents of the transcript splicing machinery, suggesting that
the associated exon G deletion is due to exon skipping
during mRNA processing. An explanation for this form of
exon skipping is provided by the “exon definition model”
of transcript processing in which the splicing machinery
first scans and defines an exon based on strength and

Exon F AIF > intron f
Apo (a) TTTGGAAAGCACTTCTGTGGAGGCACCTTAATATCCtCAGAGTGGGTGCTGACTGCTGCTCGCTGCTTGGAGAT|gtatgtttaactgacaggtggtctt
Plas B B e €] it C-A-—==—-==-=-A --—-——--- ggg----at--aca-g
Pl1F >
A3R <

Apo(a) atcgtcaagacttttttectcttectettecteectettttgtteectetegtettecectettetectecccaccteecttectttfctggaaggaaca
Plas -ggt-ttgtct-aaa-a-t-t-----tce-tettt--ce-ce-~t-—--t--tecte-~tt-ctce--t-cttttectgg-tg-ga-ac-agg-acca-gc--

Apo (a) ctaggaaccaébgaatgcacgcacagaa ....................

Plas gggca-t-agata-gg=ag...ccuec it annannannnannaaann

AZF >
Apo (a) ttcttqccactcataagtcactgattctgaatggccaagggkctcaggaagattgtgccaagqtcatggcacagagggtacctgaaggggctggaccgta
Plas  ...=mm=m-m-o- e a-——mA-G- At~ o—— o= TG =G oCATCRL——— L =G mmmm o m oo oo
P2F >
Exon G

Apo(a) cttttetcttgacatecteatettttetag|GTTCTCAAGGCCTTCCTCCTATAAGGTCATCCTGGGTGCACACCARGAARGTGAATCTCGAATCTCATGTT
Plas  f---g-———-—-————mmmmmmmmm—m—eo [ S CG-——===-~ C-A—————~

intron g

Apo (a) CAAGAAATAGAAGTGTCTAGGTTGTTCTTGGAGCCCACAGGAGCAGATATTGCCTTGCTAAAGCTAAggégéggagggacggtgctgtcagttaagaaaca

Plas i € b A---~A-A-—-———-— Co—mm—= G—————————=

————————————————————————————— cg-tcac----ggtc-tcaccet-

Apo{a) gttatttgtaggagaggcaggtttgggacaggtgacaaggcacatagggcactegetgtgetggegactetggagggcagggtgteggtgecagacaagga
Plas tgctgg--a--atagttgctt-a--tctgg-t-ttatg--tcatggtct-tgcatggca-tg--gaggggct-tctatcaca--aaa- gct———gﬁZ@tt

AIR <
Apo (a) kggtctggcctggatgggaaaggbtggggca .................. LI i o o o«
Plas —=-g99acag-atc-at ot ittt i e i it et i et e e s et e e e ettt et
PIR < — T
A3F >
Apo (a) tgaaacgctgtgttctaﬂgttgctctgtgtcattgaagcaaqgcbgtgccagctcagagggctctgagacctcaaggtaaggatgcctagttgtagatac
Plag  ——-memmmeeee—e-- Cm——————— === [ e il Lt L C~grgmmmm-——- c-g===—=-= g--g==--- g---gt
Exon H
Apo (a) tgcagctcccagctgggtagtcaaatataactgctaatacttcccttatag|GCCTGCCATCATCACTGACAAAGTAATCCCAGCCTGTCTGCCATCTCCA
Plas  ———===- g-——=-= a=a-C—=————=——C———————=— g--g---tt---tc-- T--—————mr e Tm——m——————= C-—-
P/AZR <

Apo (a) AATTACGTGATCACCGCCTGGACTGAATGTTECATCACTGGCTGGGGAGAAACCCAAth|

Plas  ————- T---G--G-T-A-C-=—~C-—————~ o<

Fig. 3. Genomic DNA sequences of a portion of the baboon apo[a] gene aligned with the baboon plasminogen gene. The nucleotide se-
quences of exons F, G, and H (corresponding to exons 14, 15, and 16 of the plasminogen gene (15)) are shown in upper case letters, and the
introns (f and g) are shown in lower case letters. Nucleotides in the baboon plasminogen sequence which differ from apo[a] are given below
the apo[a] nucleotide sequence. The site of the A 1 T mutation in apo[a] intron g is circled, and the consensus splice site is double under-
lined. The primers for cloning and sequencing are boxed and labeled (A1F and A1R, primers for apo[a] fragment 1; A2F and P/A2R, apo[a]
fragment 2; P1F and P1R, plasminogen fragment 1; P2F and P/A2R, plasminogen fragment 2; A3F and A3R, apo[a] sequencing primers).
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proximity of processing sites, exon length, RNA secondary
structure, exon enhancer elements, and intron sequences
(reviewed in ref. 20). Thus, exons, rather that splice sites,
provide the unit that is recognized for assembly of the
splicesome (20, 21). After exon recognition, the splicing
machinery cleaves introns and re-ligates the coding se-
quences, before transporting the mRNA to the cytoplasm
for translation. Splice sites are determined by sequences
present at the exon/intron junctions. Consensus se-
quences for eukaryotic splice sites include a donor splice
site at the 5" end of the intron (“/,AGgu@/jagu)anda
splice site at the 3’ end of the intron (y;o N ¢ a g ©/,) (22,
23). The A O T mutation in this null apo[a] allele disrupts
the 5’ donor splice site, replacing the 2/, with a uracil at the
third position of the intron in the consensus sequence.
Figure 4A shows predicted normal splicing of exons F,
G, and H in the apo[a] protease domain in which the
exon ends are recognized by the splicing machinery,
the introns between the exons are removed, and the ends
of the exons are ligated together. Figure 4B shows pre-
dicted splicing of the null allele in which the splicing ma-
chinery fails to recognize both ends of exon G due to the
A O T mutation at the 5’ donor splice site. Failure to rec-
ognize both ends of the exon and failure to recognize an
alternative donor splice site may cause the splicing ma-
chinery to skip exon G as if it were an additional intron se-
quence between exons F and H (21, 24). Comparisons of
known 5’ splice site mutations show that exon skipping is
the most common outcome for this type of mutation (21).
Other examples where intronic mutations at this position
in the 5’ donor splice site lead to deletion of the preced-
ing exon include LCAM deficiency (G O C) (25), elipto-
cytosis (G O T in the B-spectrin gene) (26), and other gene
defects (24, 27). A splice site defect has also been detected
in an apo[a]-related gene that causes exon skipping and a

Panel A

coding frame shift, resulting in a premature stop codon
and truncation at the second kringle domain (28).

We have not characterized the entire null allele sequence
and cannot formally exclude the possibility of some other
sequence alteration that might affect apo[a] secretion.
However, the exon G deletion was found only in the null
allele that is known to be defective in secretion and in the
same allele transmitted by the dam, but was not detected
in any of the 330 additional baboons. Therefore, it is ex-
tremely unlikely that the deletion is a common polymor-
phism that by chance was associated with the null allele.
Furthermore, the deletion removes a large portion of the
protease domain which likely has adverse effects on nor-
mal protein folding and processing. The deletion of exon
G removes 47 amino acids in the predicted B-chain of the
protease domain (15), perhaps disrupting important in-
teractions of cysteine residues for normal apo[a] folding.
White et al. (12) did not detect any obvious folding de-
fects in this null allele in cultured primary hepatocytes,
but the resolution of those assays may not have been suffi-
cient to detect such small differences in folding of the
large apo[a] protein. However, such improper folding
would be detected by cell processing machinery, resulting
in retention in the endoplasmic reticulum and subse-
quent degradation (29, 30).

To our knowledge, this is the first report of a molecular
basis for null alleles in apo[a]. Previous studies showed
that two-thirds of null alleles in baboons do not produce
hepatic apo[a] RNA (transcript negative nulls). Yet, in
vitro transfection studies of 5’ flanking regions from a
transcript negative null allele showed only small differ-
ences in promoter activities relative to wild-type alleles
(31). Similarly, Bopp et al. (32) found that 5’ flanking re-
gions of two human null alleles had active promoters in
transfection experiments. It seems likely that mutations
in other, as yet unknown, promoter elements must be re-

Wild Type Genomic DNA & Pre-mRNA

ExonF intron f Exon G CAquua

intron g Exon H Iintron h

123

l Splicing

Wild-Type mRNA [ ExonF | ExonGg | ExonH |

Fig. 4. Models for apo[a] transcript splicing in
wild-type and the transcript positive null allele. Panel
A shows a model for normal splicing of wild-type
apo[a] mRNA where the ends of each exon are rec-
ognized by the splicesomal complex, the intron se-

Panel B

quences are spliced out, and the exons are ligated to-
gether. Panel B shows a model for aberrant splicing
due to the A [1 T mutation. The mutant uracil in the
pre-mRNA in the consensus splice site of intron g

Null Genomic DNA & Pre-mRNA

*
| Exon F | intron f |Exon G CAGlgquu

intron g | Exon H [intron h

(position 3) is shown by an asterisk. This disruption
of the 5’ donor splice site may cause failure of the
splicesome to recognize both ends of exon G, result-
ing in exon skipping and ligation of exons F and H.

123

l Exon Skipping

Null mRNA Exon F_ | ExonH |
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sponsible for transcript negative nulls. Previous studies in
baboons found that transcript positive null alleles pro-
duced different sized hepatic apo[a] transcripts, presum-
ably resulting from different sized apo[a] alleles (10). Pre-
vious studies in humans found that null alleles were
associated with different sizes of apo[a] alleles as mea-
sured by Southern blotting of genomic DNA (33). These
results show that null alleles are not likely due to increased
sizes of apo[a] alleles, which are often associated with lower
Lp[a] levels. These results also indicate that null pheno-
types occur on many different allelic backgrounds, perhaps
due to many different mutations that interfere with apo[a]
transcription, intracellular processing, or secretion. This
hypothesis is further supported by the present study that
shows a particular splice site mutation associated with de-
fective secretion and a null phenotype that is rare in ba-
boons, found only in a single baboon pedigree. Bl
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