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Summary: At least six allelic forms of apolipo-
protein(a), differing in molecular mass, could

be detected by immunoblot analysis. One of
these phenotypes with a molecular mass of

570 kDa has been investigated. After reduction
and carboxymethylation it was digested with
trypsin and the resulting peptides were separated
by gel filtration and reverse phase HPLC. The
tryptic fragments sequenced comprised a total
of 356 amino acids. The N-terminus of apo(a)
was highly homologous to the start of the kringle
4 domain from human plasminogen and the
majority of the tryptic peptides isolated was
also homologous to sequences from this kringle.
At least five homologous “kringle 4°* domains
are present in apolipoprotein(a) whereby one
domain occurs more frequently than the others.

A carbohydrate-rich peptide was also obtained
in high yield. This glycopeptide connects two

“kringle 4’ domains and contains one N-gly-
coside within the kringle and six potential O-
glycosides in the linking region. From the re-
covery it can be estimated that this peptide
occurs several times within the whole apolipo-
protein(a) sequence. The high carbohydrate
content is in sharp contrast to that of human
plasminogen. Other peptides sequenced indicate
that apo(a) also contains domains homologous
to the kringle 5 and protease regions of plas-
minogen. No unique peptides were found.

These studies suggest that apolipoprotein (a)
could have arisen through duplication of specific
regions from the human plasminogen gene. The
size heterogeneity of apo(a) might then be
explained by differences in the numbers of gene
duplications.

Strukturelle Verwandtschaft eines Apolipoprotein (a)-Phinotyps (570 kDa) mit
Plasminogen: Homologe ,, Kringle “-Domdnen sind durch kohlenhydratreiche Regionen

miteinander verbunden

Zusammenfassung: Durch ,,Immunblotting*‘
wurden mindestens 6 allelische Formen von
Apolipoprotein (a) entdeckt, die sich in der
Molekularmasse unterscheiden. Einer dieser
Phinotypen mit einer Molekularmasse von

570 kDa wurde gereinigt, reduziert, carboxy-
methyliert, mit Trypsin verdaut und die Peptide
mittels Gelfiltration und Umkehrphasen-HPLC

aufgetrennt. Die sequenzierten tryptischen
Bruchstiicke umfassen insgesamt 356 Amino-
sduren. Der N-Terminus dieses Apo(a) war
homolog zum Beginn der , Kringle*“-4-Doméne
des menschlichen Plasminogens. Auch der iiber-
wiegende Teil der isolierten tryptischen Peptide
zeigte eine deutliche Homologie zu Sequenzen
dieser ,,Domidne*‘. Daher existieren in Apo(a)

Abbreviations:

Lp(a), lipoprotein(a); apo(a), apolipoprotein(a); EDTA, disodium salt of ethylenediamine tetraacetic acid; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; TEMSA, trifluoromethanesulfonic acid; PTH, phenyl-
thiohydantoin; HPLC, high-performance liquid chromatography; FPLC, fast-protein liquid chromatography; LDL,
low-density lipoprotein; HDL, high-density lipoprotein; IgG, immuno vy-globulin.
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mindestens finf zu ,,Kringle‘“ 4 homologe Do-
minen, von denen eine hiufiger auftritt als die
iibrigen.

Unter anderem wurde ein kohlenhydratreiches
Peptid in grofier Ausbeute isoliert. Dieses Glyco-
peptid verbindet einige dieser Dominen mitein-
ander und enthilt einen N-glycosidischen Zucker-
rest am Ende der vorausgehenden ,,Kringle-
Region und sechs O-glycosidische Kohlenhy-
dratseitenketten in der Zwischenregion, auf die
dann der N-Terminus einer neuen ,,Kringle-4-
Region folgt. Von der Ausbeute her kann ver-
mutet werden, daf} dieses Peptid wiederholt in
der Apo(a)-Sequenz vorkommt. Der hohe
Kohlenhydrat-Gehalt stellt das Charakteristikum

dieses Apo(a)-Phidnotyps dar und steht in kras-
sem Gegensatz zu dem geringen Zuckergehalt
des menschlichen Plasminogens. Die Sequenzen
der iibrigen Peptide zeigen, dafd Apo(a) aufier
den zu ,,Kringle* 4 homologen Regionen minde-
stens eine zu , Kringle* 5 homologe Domine
enthilt, auf die — wie im Plasminogen — eine
Protease-Region folgt.

Diese Ergebnisse lassen den Schlufl zu, dai’
Apo(a) durch Duplikation bestimmter Regionen
des menschlichen Plasminogen Gens entstanden
ist. Die Heterogenitit in der Molekularmasse der
Apo(a)-Phinotypen konnte durch eine unter-
schiedliche Anzahl von Gen-Duplikationen er-
klart werden.

Key words: Apo(a), lipoprotein(a), plasminogen, kringle, amino acid sequence.

Since its discovery by Berg in 196311 numerous
clinical studies have revealed a strong correlation
between elevated serum concentrations of the
lipoprotein Lp(a) and cardiovascular disease!?6}.
The structure of Lp(a) is that of a lipoprotein
particle similar in properties to LDL, to which
the glycoprotein apo(a) is attached through
disulfide bonds to apoB-100'""12 After reduc-
tion of Lp(a) with dithiothreitol, this lipopro-
tein particle can be separated from apo(a) by
various methods including ultracentrifuga-
tion!®1%) | affinity chromatography on heparin
sepharosem or immunoaffinity chromatography
on anti-apo(a)-sepharose!'!]. It contains apoB-100
as its sole apolipoprotein and is taken up and
degraded as efficiently by the LDL-receptor in
cultured human fibroblasts as LDL itself!®). In
contrast, normal unreduced Lp(a) is a much
weaker ligand for the LDL-receptor than its
reduced form suggesting that apo(a) prevents
the effective binding of the native lipoprotein

to the receptor!®l.

Apo(a) shows remarkable size heterogeneity
and several different molecular-mass forms have
been described!8 13! ranging from 280 000 to
710000 Da. In the most detailed study yet re-
ported on over 200 persons, Utermann et al.[!3)
detected six apo(a) phenotypes with apparent
molecular masses between 400 000 and 700 000
Da. From these observations they suggested that
the various apo(a) phenotypes are controlled by
a series of autosomal alleles at a single locus.
Seman and Breckenridge!'?! also reported 6 dif-
ferent apo(a) phenotypes in 20 subjects with
molecular masses of 500 000 to 710 000 Da.

To obtain more information on the chemical
structure of apo(a) we have therefore performed

protein sequencing studies on an apo(a) pheno-
type with an apparent molecular mass of
570000 Da. While these studies were in pro-
gress, Eaton et al.''*! reported the partial se-
quence of an apo(a) with an apparent molecular
mass of 280 000 Da. Intriguingly, all peptides
sequenced by these investigators and ourselves
show a high homology to specific domains of
human plasminogen.

Materials and Methods

Isolation of Lp (a) and apo (a)

Plasma from a healthy male subject was stabilised with
0.02% sodium azide and 0.001M EDTA and then its
density was adjusted to 1.15 g/m! with solid KBr. After
centrifugation at 150000 x g for 24 h at 10 °C, the lipo-
proteins of d < 1.15 g/m! were collected. This material
was used as the dense solution in forming a linear gradi-
ent with a d 1.03 g/m/ KBr solution. After centrifuga-
tion in a Beckman 75 Ti rotor at 49000 rpm for 20 h
(10 OC) the gradient was fractionated and the Lp(a)-
containing fractions were pooled and then dialysed
against 0.01M Tris/CI®, pH 8.0; 0.05M NaCl, 0.001 M
EDTA, 0.02% sodium azide. Traces of HDL in this
Lp(a) preparation were removed by affinity chromatog-
raphy over heparin sepharose 4B equilibrated with the
same buffer. HDL were not retained by this column
and after all the 4 ,gq absorbing material had eluted, the
NaCl concentration in the buffer was raised to 0.5M in
order to release bound Lp(a). This was then dialysed
against 0.02M Tris/C1°, pH 7.4, 0.15M NaCl, 0.001M
EDTA, 0.02% sodium azide and stored at 4 °C.

To obtain pure apo(a), Lp(a) was reduced as previously
described!®]. Typically, dithiothreitol was added to a
final concentration of 0.01M to a solution of Lp(a) con-
taining 12 mg/m! total protein. After 60 min at 37 °C
this solution was then adjusted to d 1.063 g/m/ with KBr
and centrifuged at 150000 x g for 20 h (10 °C). Apo(a)



Vol. 368 (1987)

Structural Relationship of Apo(a) to Human Plasminogen

1535

sedimented as a pellet under these conditions. After
rinsing with distilled water the pellet was solubilised

in 0.01M Tris/C1®, pH 8.0. 0.15M NaCl, 0.001M dithio-
threitol, 1 % sodium dodecyl sulfate. It was then exten-
sively diglysed against 0.001M EDTA, pH 7.0 and stored
at — 20 C.

FElectrophoretic procedures

Polyacrylamide gel electrophoresis in the presence of
SDS was performed in 4—30% gradient gels (Pharmacia,
Sweden) as described previously[9].

For detection of apo(a) phenotypes in serum or plasma,
SDS-PAGE was performed according to Neville!15] using
I mm slab gels with a 6.1% separating gel and a 3.2%
stacking gel. Samples were prepared by treating 20 u/
serum with 250 p/ of 0.0054M Tris/SO2%, pH 6.14,
0.17M SDS, 0.3M 2-mercaptoethanol and heating for

10 min at 95 °C. After addition of 1% bromophenol blue
solution (5 ul) and 87 % glycerol (20 ), 20 ul of the
sample solution were applied to the sample wells. Elec-
trophoresis was carried out in a Mini PROTEAN 1II cell
(Bio Rad) at a constant voltage of 150 V for 150 min at
room temperature. The electrophoresis buffers had been
precooled to 4 °c prior to starting the electrophoresis.
After SDS-PAGE immunoblotting was performed ac-
cording to Towbin et al.[16] using a Mini-Trans-Blot cell
(Bio Rad). Apo(a) bands were detected by a double anti-
body technique using either rabbit anti-Lp(a) or anti-
apo(a) IgG’s as the first antibody and a goat anti-rabbit
IgG horseradish-peroxidase conjugate (Bio-Rad) as
second antibody.

Amino-acid analysis

The amino-acid composition of apo(a) was derived after
gas-phase hydrolysis[17] using a Durrum analyser (Dio-
nex, Palo Alto). Serine, threonine and tyrosine values
were corrected with the factors 1.11, 1.05, and 1.05
respectively.

Amino-acid sequencing

Purified apo(a) (9 mg) in 6M guanidinium hydrochloride,
0.1M Tris/CI°, pH 8.1 (12 m/) was treated with 15 mg
dithiothreitol at 37 °C for 4 h. Alkylation was then
performed with 75 mg iodoacetic acid at pH 8.6 for

30 min and the mixture was subsequently dialysed
against 8M urea, 0.1M Tris/C1°, pH 8.1, followed by
0.05M ammonium hydrogencarbonate. The reduced
carboxymethylated apo(a) was digested with 90 ug
‘TosPheCH, Cl-treated trypsin (Merck, Darmstadt) for

2 h. After addition of another 90 ug trypsin and further
incubation for 1 h the solution was concentrated under
a stream of nitrogen. This tryptic hydrolysate was size-
fractionated by FPLC on a Superose 12 column
(Pharmacia, Freiburg) equilibrated with 0.75% am-
monium hydroxide. The effluent was monitored simul-
taneously at 214 nm and 280 nm with a Waters M 440
dual wavelength detector (Millipore, Eschborn). Pooled
fractions were further purified by reverse phase HPLC
on self-packed columns (250 mm x 4.6 mm) filled with
Hypersil ODS (120 A pore size, 5 u particle size) materi-
al (Shandon, Runcorn, England). The column was devel-
oped over 40 min using SmM potassium phosphate,

pH 6.0 as starting buffer and a gradient of 0—36%

acetonitrile. The separation was performed at 60 °C. A
final purification of the peptides was performed by re-
chromatography of the HPLC fractions in 0.1% aqueous
trifluoroacetic acid with 0.1 % trifluoroacetic acid/
acetonitrile as the organic modifier at 40 °c.

Material from FPLC pool 2 was digested further with
Staphylococcus aureus V8 protease. After drying in a
stream of nitrogen the residue was taken up in 0.05M
ammonium hydrogencarbonate, pH 7.8 and V8 pro-
tease was added to a final enzyme/substrate ratio of
1:50. The solution was left at 37 °C for 24 h and pep-
tides were then purified by reverse phase HPLC on
Hypersil ODS (120 A pore size, 5 u particle size) eluted
with the potassium phosphate/acetonitrile buffer system
followed by a second purification step on Hypersil
WP-300 butyl using a gradient developed with 0.1% tri-
fluoroacetic acid and 0.1 % trifluoroacetic acid in 70%
n-propanol at ambient temperature.

Glycopeptides were deglycosylated with trifluoro-
methanesulfonic acid (TFMSA) by the procedure of
Edge et al.[18]. Automated gas-phase sequencing was
performed on an Applied Biosystems Model 470A se-
quencer with on-line PTH-analysis using an Applied Bio-
systems 120A PTH analyser. :

Results

Polymorphism of apo(a)

Whole plasma was reduced with 2-mercapto-
ethanol in SDS and then subject to SDS-PAGE
in homogeneous 6.1% acrylamide gels according
to Neville!!5] | After electroelution onto nitro-
cellulose!''6! | apo(a) phenotypes were detected
with polyclonal antibodies raised against either
Lp(a) or purified apo(a). Using this technique
we identified at least 6 different apo(a) pheno-
types in a collective of 73 individuals. Typical
examples are shown in Fig. 1. In addition to the
apo(a) bands, all individuals showed an addi-
tional band with a mobility identical to that of
apoB-100 in agreement with Utermann et al.l131,
This band was used to assign the different apo(a)
phenotypes. Of the 73 individuals, 52% showed
only one apo(a) band, while the remaining 48%
possessed two. The immunoblotting technique
was reproducible, individuals always showing the
same phenotype(s) on different runs.

For the sequencing studies on apo(a), the glyco-
protein was purified as described in Materials
and Methods from a single healthy male donor
with a serum Lp(a) concentration of around
100 mg/d!. This apo(a) was of the phenotype 3
(lane 7, Fig. 1). After reduction and carboxy-
methylation, gradient SDS-PAGE revealed a
single protein-staining band of apparent molecu-
lar mass 570 000 Da; estimated using apoB-100
(514 000 Da), myosin (205 000 Da), f-galactosi-
dase (116 000 Da) and phosphorylase b

(96 400 Da) as standards.
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Fig. 1. Immunoblotanalysis
with anti-Lp(a) of individual sera
after SDS-PAGE in 6.1% poly-
acrylamide gels.

Six apo(a) bands can be detected

and a band common to all sam-

ples with a mobility similar to B-100
that of apoB-100: lane 1) apo(a)

bands 1/6; lane 2) serum with

Lp(a) concentration (< 5 mg/dl)

below detection limit of the immunoblot analysis; lane 3) apo(a) bands 5/6; lane 4) apo(a) band 6; lane 5) apo(a)
bands 4/5; lane 6) apo(a) bands 3/6; lane 7) apo(a) band 3; lane 8) apo(a) bands 2/5.

e S AR ]

Amino-acid analysis of apo(a) Pro, Thr and a low content of Lys, Phe in com-
The amino-acid composition of our apo(a) is parison to an “average” protein'>°l,

presented in Table 1 together with previously )

published results on other different molecular N-Terminal sequence of apo(a)

mass forms of apo(a). These results were ob- Edman degradation of our purified apo(a) gave
tained on both purified single apo(a) pheno- the following N-terminal sequence for the first
types!122% and mixtures of different molecular- 14 amino acids: EQSHVVQDCYHGDG. An
mass forms!*12), Despite the apparent size identical sequence was obtained using purified
heterogeneity there is a remarkable similarity apo(a) of the same phenotype from a second
in the amino-acid compositions reported. Apo(a) healthy female donor. This sequence shows a
appears to have a rather high content of Trp, high degree of positional identity (79%) to resi-

Table 1. Amino-acid composition of our apo(a) with M,(app_) = 570000 compared to previously published data for various apo(a)
isoforms.

ND = not determined.

Amino-acid Bersot et al.[19] Fless Seman and Gaubatz et al.[11]
et al[20] | Brecken-
ridge[u]

(@)l (@) (@] (a)? (@3 @i @3 (a)®
Lys 1.6 1.9 1.5 1.5 0.9 3.3 1.9 1.3
His 2.5 3.0 3.1 2.8 3.6 2.4 2.9 2.9
Arg 5.1 5.8 6.2 6.2 6.6 5.2 5.3 6.4
Asp 8.7 8.7 8.5 8.2 7.6 8.6 : 9.7 8.1
Thr - 101 10.4 11.0 10.0 12.3 9.5 10.7 10.8
Ser 9.1 8.1 8.2 6.3 8.2 8.1 8.7 10.1
Glu 12.1 12.4 12.3 12.0 13.4 13.7 13.7 12.1
Pro 10.0 104 11.0 11.4 10.4 8.1 10.2 12.2
Gly 11.1 8.0 7.6 7.4 10.5 8.6 8.2 7.4
Ala 8.4 7.7 7.6 7.0 8.7 7.1 7.3 7.6
Val 5.9 6.2 6.4 6.1 7.7 6.7 6.8 5.4
Met 1.6 1.7 1.8 2.0 ND 1.9 1.9 2.1
Ile 2.3 2.5 2.4 2.0 1.8 2.9 1.9 14
Leu 4.9 5.5 4.9 4.2 4.4 6.7 4.5 4.2
Tyr 5.2 6.1 6.6 5.8 4.7 4.8 5.3 7.0
Phe 1.3 1.4 1.0 1.0 0.8 2.4 1.0 1.0
Trp ND ND ND 3.3 ND ND ND ND
Cys ND ND ND 3.0 ND ND ND ND

1 The proteins were purified by preparative SDS-PAGE. Apo(a),, was derived from postprandial d < 1.006 lipoproteins. Apo(a); and
apo(a), were from Lp(a). Their apparent molecular masses decreased in order (a), > (a); > (a), > B-100.

2 The apparent molecular mass of this apo(a) was 280000 Da.

3 The data presented by the authors are the means from three different apo(a) preparations.

4 Apo(a) was purified from two separate donors A and B. Apo(a) o showed three bands on SDS PAGE and apo(a)g two bands, all
with apparent molecular masses equal to or greater than B-100.

5 Data from our purified apo(a) with an apparent molecular mass of 570000 Da.
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dues 349-362 (Fig. 5) from human plasmin- c T L TR
ogen'?!l: ELTPVVQDCYHGDG. Eaton et al.!1%)
have reported the N-terminal sequence of alower
molecular mass (280 000 Da) form of apo(a).
This differed from our sequence by a single
amino acid, Pro being substituted for Ser at the

third position in the sequence. Asia

Absorbance

Partial amino-acid sequence of apofa)

The reduced carboxymethylated apo(a) was
digested with trypsin and then size-fractionated
by FPLC on a Superose 12 column resulting in
the separation shown in Fig. 2. Fractions were
pooled as indicated giving 7 pools in all. Pool

I eluted in the void volume and contained only

a very small amount of protein. It was not in-
vestigated further. Fig. 2. Gelpermeation chromatography of the tryptic
hydrolysate of reduced, carboxymethylated apo(a)
using Superose 12 in 0.75% ammonium hydroxide.

Pool 2 from the size fractionation: On reverse
phase HPLC, the material from pool 2 eluted

. . , Absorbance was monitored at both 214 nm ( ) and
asa smglg broad §houl'dere(i_ peak with a low &k 280 nm (———). Fractions were pooled (pools | to 7) as
V?llue['z;lihls behaviour is typical f?{,,%lyCOpep' indicated below the absorbance curves. The column was
tides'*“!. Or.l gas-phase hydrOI}'SlS a dark calibrated with the following molecular mass markers:
brown precipitate formed which had to be C = carbonate dehydratase {29000 Da); T = soybean
separated by centrifugation before amino-acid trypsin inhibitor (21500 Da); L = lysozyme (14400
analysis. Under these conditions only small Da); TR = trasylol {6 500 Da).

426 430 440 450 460 461 470

Plasminogen &EYC&LKKCSGTEAAVVAPPPVVLAPNVETPSEEé —————————— éMFGNGKGYé
= = = = == =

Kringle 4 Rringle 5
346 350 360 366
Plasminogen APPEATPVVQDCYH&DGQSYA

—_—= = ==
Kringle 4
CHO CHO  CHOCHO CHO CHO CHO

Apo({a) T1 WEYC&LTQCSDAEG%AVAPP$V4PVPALEAPAEQAP%EQRPGVQECYHGDGQSYR
T1-1 WE
T1-2 WEYCNLTQCSDAE
T1-3 GTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQE
T1l-4 CYHGDGQSYR
T1-5 YCNLTQCSDAE

T1-6 WEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQE

- Fig. 3. Homology of the carbohydrate-rich tryptic peptide T1 from FPLC pool 2 to
the plasminogen sequences 426—470 and 346-366.

Peptides T1-1 to T1-6 were obtained after Staphylococcus aureus V8 digestion of T1.
Amino acids common to both apo(a) and plasminogen have been underlined in the
plasminogen sequences. The proposed glycosylation sites are indicated by the abbrevia-
tion CHO.
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amounts of ninhydrin-positive sugars were de-
tected. These increased dramatically, however,
when hydrolysis was carried out with 4M HCI
for 6 h, and both glucosamine and galactosamine
could be identified.

We were able to unambiguously identify 43 resi-
dues from the intact tryptic glycopeptide by
gas-phase sequencing. The complete sequence
was derived after a further V8 digestion fol-
lowed by reverse phase HPLC purification and
sequence analysis of the smaller V8 peptides.
The results are summarised in Fig. 3 and Table 2.
The complete sequence consists of 55 amino
acids. Seven gaps were observed in the auto-
matic sequence analysis. Although high yields
were obtained in steps 4 and 6 during the Edman
degradation, no PTH derivative was detected in
position 5 of this glycopeptide. This result to-
gether with the fact that a threonine residue was
observed in position 7 thus fulfilling the Asn/
Xxx/Thr or Ser rule!?>?4! indicates an asparagine
residue at position 6 to which a carbohydrate
side chain is N-glycosidically linked. When pep-
tide T1-2 was pretreated with TFMSA!'8] and
then analysed, a broad peak appeared during
PTH identification of step 5 which gradually
disappeared in steps 6 and 7. A sharp peak cor-
responding to a PTH derivative of an Asn con-
taining a single covalently bound monosaccharide
as seen after TFMSA treatment of carcino-
embryonic antigen!?®! was not detected. The
remaining six amino acids could be identified

as four Thr and two Ser by comparing the
actual amino-acid compositions of the peptides
in Fig. 3 to their compositions as determined
from the sequence analysis (Table 2). The

assignments of these residues were tentatively
made after TFMSA hydrolysis of the glyco-
peptide T1-3.

The first six amino acids of the glycopeptide T1
are identical to the sequence 426—431 from the
end of the kringle 4 region in plasminogen. A
comparison of the plasminogen sequence 426—
460 to amino acids 1 -35 in T1 reveals a high
degree of similarity. The former sequence con-
nects kringle 4 to kringle 5 which begins with
the Cys at position 461. There is no Cys, how-
ever, at a corresponding position in peptide T1,
whereas a Cys is to be found after a further
eleven amino acids and the subsequent sequence
of CYHGDGQSYR is identical fo the N-terminal
sequence of kringle 4 from plasminogen (Fig. 3).
It is also noteworthy that there is a high degree
of positional identity between the eleven amino
acids preceding this sequence in T1 and plas-
minogen residues 346—356.

On the basis of the amount of T1 recovered from
the reverse phase HPLC it could be estimated
that 160 nmot (assuming 100% recovery) must
have been present in pool 2 from the tryptic
digest of 9 mg purified apo(a). Assuming a
molecular mass for our apo(a) of 570 000 Da,
then a maximum of 15.8 nmol of T1 would
have been expected if it occurred only once in
the complete sequence of apo(a). This peptide
must therefore be replicated several times in the
apo(a) sequence.

It was also possible to detect T1 immunochemi-
cally using anti-apo(a). After SDS-PAGE in
4--30% gradient gels and immunoblotting, a
single band was observed (Fig. 4) with an esti-

Table 2. Comparison of the numbers of individual amino acids in T1 and its V8 peptides calculated from the amino-acid composition

(A) with those obtained from the sequence analysis (S).

T1-1 T1-2 T1-3 T1-4 T1-5 T1-6 Tl

A S A S A S A S A S A S A S
C 1.46 2 0.82 1 1.32 2 1.471 2 1.83 3
D(N) 2.26 2 1.15 1 1.94 2 2381 2 3.14 3
T? 0.89 1 3.36 - .| 073 1 4.66] 1 4.91 1
sa : 0.88 1 1.87 - 0.81 1 0.79 1 317 1 3.61 2
E(Q) 1.00 1 3.02 3 ]7.38 7 1.04 1 1.75 2 | 1041] 10 | 1057 | 11
p 6.37 7 6911 7 7.14 7
G 2.24 2 2.11 2 233 2 4.08 4
A 0.88 1 |378 4 0.88 1 490| 5 5.00 5
A 3.62 4 373 4 3.55 4
L 1.12 1 1.12 1 1.00 1 226 2 221 2
Y 0.88 1 1.76 0.71 1 098] 1 3.01 3
H ~ 1.04 1 1.11 1
R 0.88 1 1.00 1 097 1 1.89 2
wb 1 1 1 1

2 From the differences between the sequence analysis (S) and the amino-acid composition (A) it can be deduced that there are an

additional 4 Thr and 2 Ser in the T1 sequence.

b Tryptophan is degraded by the acid hydrolysis necessary for the determination of the amino-acid compositions of the peptides.
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mated molecular mass of 28 000 Da. A similar although it should be noted that a high car-
estimate of 26 000 Da was also derived from bohydrate content can lead to an erroneous
calibration of the Superose 12 column (Fig. 2). estimate of protein molecular masses by SDS
Since the peptide sequence only accounts for PAGE!26!,

around 6 000 Da, the remaining 20 000-22 000
Da must be due to the carbohydrate content,
and/or other posttranslational modifications.
The one N-linked and six O-linked sugars would
normally be expected to contribute around

6 000 Da to the total molecular mass. The dis-
crepancy between the measured values of

Since apo(a) has such a low lysine content, we
investigated the possibility that the peptide T1
may have been an oligomer with desmosine
cross-links as is seen in elastin'?”!. However, no
desmosine could be detected by either amino-
acid analysis!?®! or UV spectroscopy.

26 000—28 000 Da (by gel filtration and SDS Pools 3—7 from the size fractionation: Material
PAGE) and the calculated value of around from pools 3—7 was further purified by reverse

fractions represented analytically pure peptides
as indicated by amino-acid analysis and/or Ed-
man degradation. The sequences of sixteen
a b different peptides (T2-~T17) are shown in Fig. 5,
: all of which showed great similarity (43—100%
positional identity) to various regions between
514000 residues 349 and 425 of human plasminogen.
A further nine tryptic peptides analysed (results
not shown) proved to be shorter chymotryptic
fragments identical in sequence to one of the
94000 above peptides. Furthermore, the first 14 amino
acids of peptide T2 are identical to the N-termi-
nal sequence of the apo(a), confirming the se-

67000 quence obtained by Edman degradation of in-
tact apo(a). The residues 349—425 from human
43000 plasminogen include the greater part of the
30000 kringle 4 domain (residues 357—429). Note-
worthy is the fact that five different tryptic
peptide sequences (T6-T10) corresponded to
20100 plasminogen residues 392407 and a further
14400 five (T12—T16) were similar to the sequence
408—425. In Table 3 we have compared the
similarity of these peptides to the correspond-
Fig. 4. Immunoblot analysis with anti-apo(a) of (a) ing sequences from all five kringle domains of
intact apo(a) and (b) the material from FPLC pool 2. human plasminogen. In the case of peptides

SDS-PAGE was performed on a 4—-30% polyacrylamide Té» 17, T12, T 1'3 and T14 we‘have only con-
gradient gel and apoB-100 as well as Pharmacia (Sweden)  sidered the partial sequences for the sake of
LMW standards were used as molecular mass markers. comparison to the shorter peptides. The pep-

Table 3. Comparison of apo(a) tryptic peptide sequences to the corresponding plasminogen kringle sequences.

The numbers of amino-acid differences between the apo(a) sequences and the appropriate kringles are indicated.

Peptide . Apo(a) amino-acid sequence Kringle number

1 2 3 4 5
T6 TPENYPNDGLTM 8 8 6 1 6
T7 TPEYYPNAGLIM 8 8 7 2 5
T8 TPENYPDAGLTR 8 9 6 2 5
T9 TTEYYPNGGLTR 9 9 8 4 7
T10 TPAYYPNAGLIK 7 7 8 4 S
T12 NPDADTGPWCFTT 4 4 5 1 4
T13 NPDAEIRPWCYTM 6 4 6 S 6
T14 NPDPVAAPWCYTT 5 S 4 S 5
T15 NPDPVAAPYCYTR 7 7 6 7 7
T16 ) NPDAVAAPYCYTR 7 7 6 6 7
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349 366 367 391
| {
Plasminogen ELTPVVQDCYHGDGQSYR GTSSTTTTGKKCQSWSSHTPHRHQ}
——— -
Kringle 4 Kringle 4
Apo (a) T2 EQSHVVQDCYHGDGQSYR T4 GTYSTTVTGR
T3 SPVVQDCYHGDGR T5 TCQAWSSMTPHSHSR
392 407 408 425
Plasminogen TPENYPNAGLTMNYCR NPDADKGPWCFTTDPSVR
Kringle 4 RKringle 4
Apo(a) T6 TPENYPNDGLTMNYCR T12 NPDADTGPWCFTTDPSIR
T7 TPEYYPNAGLIMNYCR T13 NPDAEIRPWCYTMDPSVR
N [E— e 2=
T8 TPENYPDAGLTR T1l4 NPDPVAAPWCYTTDPSVR
T9 TTEYYPNGGLTR T15 NPDPVAAPYCYTR
T10 TPAYYPNAGLIK T16 NPDAVAAPYCYTR
Ti1 NYCR T17 DPGVR

e

Fig. 5. Homology of apo{a) tryptic peptides to plasminogen sequences between

residues 349-425.

Amino acids common to both apo(a) and plasminogen have been underlined in

the apo(a) peptide sequences.

tides T6 to T10 clearly showed greatest similar-
ity to kringle 4. Of these 5 peptides, T7 was re-
covered in much higher yield than the other pep-
tides suggesting that this sequence occurs more
often in apo(a).

In the case of those peptides corresponding to
residues 408—420 from plasminogen, only T12
showed a clear positional identity to kringle 4,
with only one amino-acid substitution in this
sequence. The remaining four peptides did not
reveal a distinct similarity to any one particular
kringle domain. The highest levels of similarity
were as follows: T13 to kringle 2; T14 and T15
to kringle 3; T16 to both kringles 3 and 4. In
the case of peptides T13 and T14, the remain-
ing sequence of DPSVR in both peptides, not
considered in Table 3, was identical to residues
421-425 of kringle 4 and showed either 2 or 3
substitutions to.the appropriate sequences

DPNKR and NSQVR from kringles 2 and 3,
respectively. As with the previous five peptides
(T6-T10), one peptide T16 from this series was
present in much higher yield than the other four
peptides, indicating that it occurs more fre-
quently in apo(a). :

The sequence 408—425 from plasminogen con-
tains an Asp at position 412 which together with
Arg 425 is believed to be essential for the bind-
ing of w-aminocarboxylic acids!?®!. This residue
is, however, only retained in one (T12) of the
five apo(a) tryptic peptides which correspond

to this region of plasminogen.

In contrast to tryptic peptides T2—T17, the
peptides T18 and T19, isolated from FPLC

pool 3 by reverse phase HPLC revealed a striking
homology not to kringle 4 but to kringle 5

(Fig. 6). The peptide T18 had only one amino-
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474 492 530 552
| | | |
Plasminogen ATTVTGTPCQDWAAQEPHR KLYDYCDVPQCAAPSFDCGKPQV
Kringle 5 Kringle 5
Apo(a) T18 ATTVTGTPCQEWAAQEPHR T19 KLFDYCDIPLCASSSFDC—~-PQV
667 723 749

I
Plasminogen TECFITGWGETQGTFGAGLLK

ELCAGHLAGGTDSCQGDSGGPLVCFEK

Protease

Protease

Apof{a)

T20 TECYITGWGETQGTFGTGLLK -T21 YICAEHLAR

T22 GTDSCQGDSGGPLVCFEK

Fig. 6. Homology of apo(a) tryptic peptides to partial sequences from the kringle 5

and protease domains of plasminogen.

Amino acids common to both apo(a) and plasminogen have been underlined in the

apo(a) peptide sequences.

acid substitution in comparison to the appro-
priate sequence (474—492) from kringle 5
whereas there were a totalof 11, 11,9 and 9
substitutions compared to kringles 1, 2, 3 and
4, respectively. Peptide T19 is similar to the
final eleven amino-acid residues of kringle 5 and
the start of the protease region in human
plasminogen.

A further three tryptic peptides T20, T21 and
T22 were isolated that showed greatest similarity
to specific regions of the protease domain in
plasminogen (Fig. 6). Peptide T22 was identical
to the sequence 732—749 from plasminogen and
therefore has retained a serine analogous to
Ser”™0, the active-site serine essential for the
proteolytic activity of plasminogen. We do not
know, however, whether or not the other
essential amino acids, His®*? and Asp®®®, at the
active site of plasminogen are also retained in
this apo(a). The occurrence of these five pep-
tides T18-—-T22 in the tryptic digest of apo(a)
would suggest that there is a sequence in apo(a)
analogous to the kringle 5 and protease region
ranging from residues 461—790 in human plas-
minogen.

Discussion

The protein apo(a) from the plasma lipoprotein
Lp(a) is a large molecular mass glycoprotein con-
taining between 24% and 50%!1%2 carbohy-

drate by weight and displaying remarkable inter-
and intraindividual size heterogeneity!®=13!. In
the largest population study so far, Utermann et
al. using SDS-PAGE and immunoblotting! !
identified six different molecular-mass pheno-
types of apo(a) with apparent molecular masses
ranging from 400 000—-700 000 Da. We are able
to confirm these findings in a collective of over
70 randomly selected persons with plasma Lp(a)
concentrations greater than 10 mg/d/. Seman
and Breckenridge!!?! also reported six apo(a)
species with molecular masses between 500 000—
710000 Da in a smaller collective of around 20
persons. In these three studies, no individual
exhibited more than two apo(a) bands suggesting
that the different phenotypes are under genetic
control. On the basis of their family studies
Utermann et al.['3! have therefore postulated that
the apo(a) phenotypes are controlled by a series
of autosomal alleles at a single locus.

In order to obtain further information on the
structural basis of the apo(a) heterogeneity, we
have performed protein sequencing studies on
an apo(a) species purified from a single indivi-
dual. This phenotype had an apparent molecu-
lar mass of 570 000 Da. During our investiga-
tion Eaton et al.!'4] published the sequences of
8 peptides derived from an apo(a) with an
apparent molecular mass of 280 000 Da. This
form has not been observed in other studies
and may therefore represent an unusual variant
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of apo(a). Nevertheless, despite the large dif-
ference in their molecular masses, all of the
peptides so far sequenced from both our apo(a)
phenotype and that of Eaton et al.['*! have
demonstrated high homology to specific se-
quences of human plasminogen!?!). The latter
is a single-chain glycoprotein with a molecular
mass of about 92 000 Da containing only 2%
carbohydrate. It is characterized by five homol-
ogous kringle domains linked by short con-
necting sequences and a C-terminal trypsin-like
protease domain. Each kringle consists of ap-
proximately 80 amino acids including six Cys
residues. Disulfide bridges occur between
cysteines 1 and 6, 2 and 4, and 3 and 5, thus
building a characteristic triple loop structure.
Such kringle domains also occur in Il)rothrom-
bin!3® | tissue plasminogen activator'3!! uro-
kinase!®! and factor X11533.

Although the present studies do not provide us
with the complete primary sequence of apo(a),
the high homology of the tryptic peptides to
specific regions of the plasminogen molecule,
notably the kringle 4 domain, implies a close
evolutionary relationship between these two
proteins. The fact that five different primary
sequences were obtained from apo(a) corre-
sponding to the sequences 392—-407 and 408—
425 from human plasminogen suggests that
there are at least five kringle domains in apo(a)
with different primary structures. Two of the
peptides, T7 and T16 were obtained in far
greater yield than the others. We can therefore
deduce that these two peptides are to be found
in kringle units which are repeated several times.
Interestingly the peptide tryptic 2 derived from
the low-molecular mass apo(a)l'# represents an
overlap between T7 and T16. Plasminogen con-
tains several structural domains known as lysine
binding sites characterised by their ability to
bind w-aminocarboxylic acids!?®!. These sites are
thought to be responsible for the interaction of
plasminogen (and plasmin) with both fibrin and
a,-antiplasmin and therefore probably play a
crucial role in the regulation of fibrinolysis.

One of these binding sites is located in kringle

4 and the amino acids Asp™? and Arg**® have
been shown to be essential for binding activ-
ity! 2] Of the five peptides (T12-T16) se-
quenced from apo(a) that were homologous to
the plasminogen sequence containing Asp*!?,
only one (T'12) had retained this particular amino
acid. The lower molecular mass apo(a)!'# also
contains the corresponding sequences with this
Asp residue and can bind to lysine Sepharose.
However, the possibility that apo(a) phenotypes
may occur in which this residue has been com-
pletely lost and which cannot bind w-amino-

carboxylic acids deserves further investigation

especially in view of the fact that apo(a) could
direct the cholesterol-rich lipoprotein Lp(a) to
fibrin deposits at sites of vascular injury.

In contrast to plasminogen, apo(a) is rich in
carbohydrate. In the case of our apo(a) pheno-
type, carbohydrate was associated with a pro-
line-rich 55-amino acid peptide, the first nine
amino acids WEYCNLTQC of which showed
high homology to the last nine amino acids of
kringle 4 from plasminogen, and the final 10
C-terminal amino acids of which were identical .
to the start of a new kringle 4 domain. This
peptide probably contains one N-linked oligo-
saccharide within the kringle sequence and six
O-linked oligosaccharides in the connecting pep-
tide. The latter is similar to the proline-rich
hinge region of IgA13* which contains several
O-glycosides of the type Gal-GalNAc-35! and
links two immunoglobulin domains (Cy 1 and
Cyx2). In contrast to apo(a), plasminogen con-
tains only one N-linked oligosaccharide (Asp?®®)
in kringle 3 and one O-linked oligosaccharide
(Thr®#) in the connecting region between
kringles 3 and 43¢ However, there is a remark-
able similarity between the sequence ELAPT
preceding Thr*#* of plasminogen and the se-
quence EQAPT preceding the sixth glycosylated
threonine of the carbohydrate-rich peptide T1
from apo(a). On accout of the high recovery of
this carbohydrate-rich peptide we can deduce
that this sequence must be repeated several
times in the apo(a) molecule. The kringle do-
mains are linked by a 36 amino acid sequence,
in contrast to the 26 amino acid sequence-
linking kringles 4 and 5 in plasminogen. Whereas
the first 25 amino acids of the connecting se-
quence in apo(a) show a high degree of posi-
tional identity to the plasminogen sequence
426—-459, the remaining sequence of eleven
amino acids is similar to plasminogen residues
346-356. In this respect it should be noted that
an exon with flanking splice junctions has been
detected in the human plasminogen gene that
encodes amino acid residues 346—399 in human
plasminogen'®”.

In addition to the “kringle 4 sequences, there
is evidence that at least one kringle is present in
apo(a) that is highly homologous to kringle 5 of
plasminogen. Similarly there also appears to be
a protease domain analogous to that in plasmin-
ogen. It cannot be ascertained as to whether
these sequences are repeated more than once in
apo(a), but considering the yields of the peptide
recoveries from these two regions they do not
represent a large proportion of the apo(a) mole-
cule.
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PLASMINOGEN

OOOOE) e

APOLIPOPROTEIN (a)

Fig. 7. Apolipoprotein (a) derives from human plas-
minogen kringles 4 and S as well as the protease region.
The regions in plasminogen homologous to the tryptic
peptides isolated from apo(a) have been marked by thick
lines in the plasminogen model. The domains homol-
ogous to kringle 5 and the protease region probably only
occur once. The remaining part of the molecule consists
of domains homologous to kringle 4. These are con-
nected by a proline-rich region which contains 6-O-gly-
cosidically linked carbohydrate side chains. The yield of
the connecting peptide indicates that most of the
“kringle 4>’ domains are linked by this glycopeptide. An
N-linked glycoside was also detected towards the end of
a “kringle 4”” domain. According to the yields of the
peptides kringle 44 must be present at least 10 times.

On the basis of our data, we consider the most
likely structure for apo(a) to be that of several
duplicated “kringle 4 domains with differences
in their primary structures (Fig. 7). One of these
domains is probably duplicated more frequently
than the others. In contrast to plasminogen,
apo(a) contains a large amount of carbohydrate.
This carbohydrate is clustered in short se-
quences of amino acids connecting the kringle
domains and will therefore be distributed over

a large portion of the apo(a) molecule rendering
it highly hydrophilic. Finally, by analogy to
plasminogen, the C-terminal end probably in-
cludes a “kringle 5” domain followed by a
“protease” domain.

The kringle regions in plasminogen are thought
to have arisen from a common ancestor of the
first prothrombin kringle region by gene dupli-
cation!3®). It can therefore be envisaged that
apo(a) has arisen from the plasminogen gene
through gene duplication and that differences
in the number of duplications are responsible
for the structural heterogeneity of apo(a) lead-
ing to phenotypes with similar amino-acid com-
positions and immunological properties but
differing in their molecular masses. This does

not of course exclude that post-translational
modification may also add to the heterogeneity.
The preliminary data of Eaton et al.l** on a
different species of apo(a) suggest the same basic
structure. However, the N-terminal sequence of
this apo(a) differed from our N-terminal se-
quence by a Ser/Pro replacement at position 3.
Whether this indicates differences between
apo(a) phenotypes at the primary sequence level
remains to be shown.

The elucidation of the structure of apo(a) and
its similarity to human plasminogen opens up
new aspects with regard to the potential role

of Lp(a) in atherogenesis. In particular, the
lysine binding sites of plasminogen are thought
to play an important role in the regulation of
fibrinolysis. It remains to be determined whether
or not high levels of plasma Lp(a) can interfere
with this regulation. Furthermore since plas-
minogen can bind fibrin through these sites it

is possible that apo(a) could target the cholesterol-
rich lipoprotein particle Lp(a) to fibrin deposits
at the site of vascular injury.
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