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ABSTRACT. Lipoprotein(a) [Lp(a)] particle formation is a two-step process in which initial noncovalent
interactions between apolipoprotein(a) [apo(a)] and the apolipoprotein B-100 (apoB-100) component of
low-density lipoprotein (LDL) precede disulfide bond formation. To identify kringle (K) domains in
apo(a) that bind noncovalently to apoB-100, the binding of a battery of purified recombinant apo(a)
[r-apo(a)] species to immobilized human LDL has been assessed. The 17K form of r-apo(a) (containing
all 10 types of kringle IV sequences) as well as other truncated r-apo(a) derivatives exhibited specific
binding to a single class of sites on immobilized LDL, wKh values ranging from~340 nM (12K) to
~7900 nM (KIVs—g). The contribution of kringle 1V types-68 to the noncovalent interaction of r-apo-

(a) with LDL was demonstrated by the decrease in binding affinity observed upon sequential removal of
these kringle domaingd<g ~ 700 nM for KIVe-p, Kg ~ 2000 nM for KIV7—p, Kg ~ 5100 nM for KlIVg_p,

and no detectable specific binding of KJ\f). Interestingly, KI\b also appears to participate in the
noncovalent binding of apo(a) to LDL since the binding of KIY (Kq ~ 7900 nM) was considerably
weaker than that of KIWY.q (Kq ~ 2000 nM). Finally, it is demonstrated that inhibition of Lp(a) assembly

by proline, lysine, and lysine analogues, as well as by arginine and phenylalanine, is due to their ability
to inhibit noncovalent association of apo(a) and apoB-100 and that these compounds directly exert their
effects primarily through interactions with sequences contained within apo(a) kringle 1V tyf&s ®n

the basis of the obtained data, a model is proposed for the interaction of apo(a) and LDL in which apo(a)
contacts the single high-affinity binding site on apoB-100 through multiple, discrete interactions mediated
primarily by kringle IV types 6-8.

Lipoprotein(aj [Lp(a)] is a major focus of study since the apo(a) kringle IV type 2 domain (the major repeat
elevated levels of this lipoprotein (greater than a risk kringle) is present in different numbers of identical copies,
threshold of~25—30 mg/dL) have been identified as an which constitutes the basis of Lp(a) isoform size heterogene-
independent risk factor for a variety of atherosclerotic dis- ity (6, 7). Interestingly, no binding function(s) has (have)
orders (, 2). Lp(a) levels vary over 1000-fold in the human been ascribed to the major repeat kringle sequence to date.
population, ranging fron+0.1 mg/dL to>100 mg/dL. Lp(a) Of the kringle IV sequences in apo(a), the sequence of
contains a low-density lipoprotein (LDL)-like moiety butis apo(a) kringle IV type 10 most closely resembles that of
distinguishable from LDL by the presence of apolipopro- plasminogen kringle IV. Like plasminogen kringle 1V,
tein(a) [apo(a)], which is covalently linked to apoB-100 by apo(a) kringle IV type 10 has a strong lysine-binding pocket
a single disulfide bridge3 4). Human apo(a) contains (8), which has been postulated to mediate the interaction of
multiply repeated copies of a sequence that closely resembles p(a) with lysine residues present in biological substrates
that of plasminogen kringle IV, followed by sequences which such as fibrin @—11). Weak lysine-binding sites have also
bear a high degree of similarity to the kringle V and protease been identified in apo(a) kringle IV types8 (12, 13), some
domains of plasminogerb). Differently sized apo(a) iso-  of which may mediate the interaction of apo(a) and apoB-
forms all contain 10 different classes of kringle IV sequences; 100 to form Lp(a) particles (see below).

In the Lp(a) molecule, apo(a) is covalently linked to apoB-
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e-aminocaproic acid. transfected with a 6-kringle-containing form of recombinant
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apo(a) [r-apo(a)] demonstrated that covalent recombinant Lp-
(a) [r-Lp(a)] particles containing the 6K r-apo(a) species
formed intracellularly {7). However, in other studies
intracellular covalent Lp(a) particles could not be demon-
strated using human livel8), baboon liver 19), or HepG2
cells transfected with a 17-kringle r-apo(a) derivati@&. (

Several groups have assessed the role of specific apo(a)

kringles in the process of Lp(a) formation: studies by Frank
and co-workers suggested a role for apo(a) kringle IV types
6 and 7 in this proces44, 20), while Trieu and McConathy
demonstrated that apo(a) kringle IV type 6 and, possibly,
type 7 are involved in the noncovalent association of apo(a)
and apoB-10041). Generally, studies to date suggest that
Lp(a) formation is a two-step process involving initial

noncovalent interactions between apo(a) and apoB-100 that

precede specific disulfide bond formation. It is not clear,
however, to what extent these noncovalent interactions
ultimately influence the efficiency of covalent complex
formation. Although it has been demonstrated that lysine,
lysine analogues, and proline can inhibit the formation of
Lp(a) particles 13, 22), the mechanism of action of these
inhibitors is currently unknown.

In the present study, we have examined in detail the
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Ficure 1: Schematic representation of r-apo(a) derivatives. The
r-apo(a) derivatives used to examine the noncovalent association
of apo(a) with LDL are shown. The uppermost graphic illustrates
the organization of the 17-kringle r-apo(a) species (17K), which
was derived from the published cDNA as previously descriéj (

noncovalent association of apo(a) and apoB-100 using athe 17K r-apo(a) contains a single copy of sequences corresponding

battery of r-apo(a) derivatives. Our results indicate a key
role for sequences within apo(a) kringle IV types®%in
mediating the noncovalent interaction of apo(a) and apoB-
100 and demonstrate for the first time that sequences within
apo(a) kringle IV types 68 bind noncovalently to LDL and
directly mediate inhibition of the first step of Lp(a) formation
by a variety of compounds.

EXPERIMENTAL PROCEDURES

Construction and Expression of r-Apo(a) Deatives.
With the exception of the 17KCys construct (see below),
the construction of expression plasmids encoding all of the
r-apo(a) derivatives used in this study (Figure 1) has been
detailed elsewherelB, 23—25). The 17KACys expression
plasmid, in which the free cysteine at amino acid 67 in the
wild-type kringle IV type 9 sequence is replaced with a

to each of the 9 unique kringle 1V domains of apo(a) (KIV types
1 and 3-10; shaded boxes) and also contains 8 copies of the major
repeat kringle (KIV type 2; open boxes) and a single copy of kringle
V (V) and inactive protease domain (P). The position of the free
cysteine in apo(a) kringle 1V type 9, which forms the disulfide bond
with a cysteine residue in the apoB-100 moiety of LDL, is shown
by a bar. The presence of a hybrid kringle at the amino terminus
of a number of the r-apo(a) derivatives is indicated by a diagonal
line. These hybrid kringles consist of an in-frame fusion of the
amino-terminal one-third of apo(a) kringle IV type 1 with either
the carboxyl-terminal two-thirds of apo(a) kringle IV type 2 [for
the 12K r-apo(a) derivative] or apo(a) kringle IV type 5 [for the
r-apo(a) derivatives 6K, 6KVP, KIVs_o, and KlIVs_g]. Mean Ky
values for the noncovalent binding of the respective derivatives to
immobilized human LDL are indicated; numbers in parentheses
correspond to the standard deviation of three independent experi-
ments.

generated by calcium phosphate coprecipitat®n (sing

tyrosine, was generated using a PCR-based mutagenesi4¢0 ug of each r-apo(a) expression plasmid anddlof a

strategy using synthetic oligonucleotides. Oligo pairs Cysl
(5GAAGCACCAACGGAGCAAAG3) and Cys2 (5CCT-
CACGTACGGATCGGTTG3) and Cys3 (XCGATCCG-
TACGTGAGGTGGG3Y) and Cys4 (B5AAGAGGATGCA-
CAGAGAGG3) were utilized to amplify overlapping 1244

plasmid encoding the neomycin resistance ge8ger 100
mm plate. Stable transformants were selected by culturing
cells in the presence of G418 (8Q@/mL of media) as
previously describedl@, 23—25).

Protein Purification. All of the r-apo(a) derivatives shown

and 714 bp fragments, respectively, that span the sequencén Figure 1 were purified from the conditioned medium (CM)

encoding the free cysteine in apo(a) kringle IV type 9. The
boldface nucleotides indicate substitutions that convert the
Cys codon at position 67 to a Tyr codon. The fragment
amplified using Cys1 and Cys2 was digested withd and
BsiWI; the fragment amplified using oligos Cys3 and Cys4
was digested withBsiWl and EcdRV. The restriction
fragments were then cloned as a three-part ligation into
pRK5hal7 [encoding the 17K r-apo(a) species;28gfthat

had been digested witkmd andEcaRV. The 342 bpXmd

of stably expressing cell lines by lysin€&epharose (Phar-
macia) affinity chromatography as previously descrilizs).(
Briefly, CM (OptiMEM; Gibco/BRL) harvested from stably
transfected cells was loaded over 50 mL lysit@epharose
CL-4B columns equilibrated with phosphate-buffered saline
(PBS). Columns were washed extensively with PBS con-
taining 0.5 M NacCl, and r-apo(a) protein was eluted from
the columns with 0.2 Me-aminocaproic acidefACA) in

the same buffer. Protein-containing fractions were pooled,

fragment [spanning sequences encoding apo(a) kringle 1V dialyzed against HEPES-buffered saline (HBS; 20 mM

types 5 and 6] removed from pRK5hal7 Xynd digestion

HEPES, pH 7.4, containing 0.15 M NacCl), and concentrated

was subsequently replaced to generate the final expressioragainst PEG-20000 (Fluka). Protein concentrations for each

plasmid encoding the 17XCys derivative.
Stably transformed human embryonic kidney (293 2@f
cells expressing each of the r-apo(a) derivatives were

r-apo(a) derivative were determined by measurement of
absorbance at 280 nm using corresponding extinction coef-
ficients 25) determined by the tyrosine difference spectral
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o® proteins was routinely assessed by SIPRAGE and auto-
radiography.

Immobilized Binding Assayd.DL isolated as described
above was coated onto microtiter wells (Immulon-4; Dyna-
200~ "“- tech) at a concentration ofdg/mL in 0.1 M NaHCQ, pH

9.6, overnight at £C. Microtiter wells were then washed
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105- -.-- - with PBS containing 0.1% Tween 20 (v/v) (PBST) and
- - - incubated overnight at 2C with 200uL of a 2.5% solution
68 - - L J of BSA (w/v) in HBS to block nonspecific binding sites.

Blocked wells were washed with PBST and incubated for
16—20 h at 4°C with various concentrations [up to 104,
FIGURE 2: SDS-PAGE analysis of purified r-apo(a) derivatives. depending on the r-apo(a) species] of the iodinated r-apo(a)

Recombinant apo(a) was purified by lysinBepharose affinity ~ derivatives serially diluted in HBS supplemented with 1%
chromatography from conditioned medium harvested from 293 cells BSA (w/v) and 0.1% Tween 20 (v/v) (HBST). Following

stably expressing each derivative. The indicated recombinantincubation, microtiter wells were washed three times

proteins (1Qug) were analyzed by SDSPAGE under nonreducing . } . . I
conditions using a-315% polyacrylamide gradient gel and stained with 200uL of PBST and the well-associated radioactivity

with Coomassie Brilliant Blue. The positions of molecular weight Was determined using a-radiation counter. For each
markers (Bio-Rad) are indicated to the left of the gel. r-apo(a) derivative, with the exception of K§\b, non-
specific binding was considered to be that observed in the
method as previously describezB. Aliquots of the purified presence of 0.2 M-ACA and was subtracted from total
proteins were stored at70 °C prior to use. binding to yield specific binding values. For K¢, non-
Purified protein corresponding to each r-apo(a) derivative specific binding was determined using a 50-fold molar excess
was analyzed by SDSPAGE, followed by staining with  of unlabeled protein. In all cases, dissociation constags (

Coomassie Brilliant Blue (Figure 2). were determined by Scatchard transformation of the specific
Lipoprotein Isolation. LDL (1.02 < d < 1.05 g/mL) was binding data.

isolated according to the method of sequential flotati&f) ( In some experiments the effect of various amino acids and

from fresh frozen plasma obtained from a single normolipi- competitor r-apo(a) proteins on the binding of r-apo(a) to

demic volunteer with Lp(a) levels<5 mg/dL. Briefly, immobilized LDL was examined. For these assays, LDL

plasma was adjusted to= 1.02 g/mL with sodium bromide  jnmobilized onto microtiter wells was incubated with either
and centrifuged fo2 h at 100 000 rpm in él'L_-lOO rotor 17K (250 nM) or KIVs_g (1—2 uM) r-apo(a) derivatives for
(Beckman) at 10C. The supernatant was discarded, and 16 h at 4°C in the presence of amino acids (5800 mM)
bromide and centrifuged for a furthé h at 100 00apm. the corresponding figure legends. Following incubation, the
The LDL-containing fraction was harvested and recentrifuged \ye|is were washed three times with 200 of PBST. Well-
forafind 2 h atd=1.05 g/mL. The LDL was subsequently  associated radioactivity was determined usingradiation
harvested, and the protein content was determined by usingcounter. The inhibition of binding of r-apo(a) derivatives

albumin (BSA; ICN) as a reference standard. All buffers expressed as a percentage of the total r-apo(a) bound in the
used during the isolation procedure were supplemented withgpsence of amino acids or proteins.

1 mM EDTA, 0.02% (w/v) sodium azide, and 1 mM
phenylmethanesulfonyl fluoride (PMSF). Isolated LDL was

storeq at.4°C and used with_in .5 days of puri_fication. incubated with LDL immobilized on microtiter wells for 16
I9d|n_at|on of r—ApQ(a) Derzvgtwes. Recombmant apo(a) . hat4°C. Wells were subsequently washed three times with
derivatives were iodinated using lodo-Beads (Pierce Cheml—zoom_ of PBST and incubated for a further 16 h with either

cals). One lodo-Bead was incubated for 5 min with 250 - -

; ; oo 100uL of HBST, HBST containing either 0.2 M-ACA or
2 m m

#Ci of Na*4 (ICN) in 0.5 mL of iodination buffer (200 mM 0.2 M proline, or HBST containing BM unlabeled r-apo(a)

Tris—HhCI, pH 7'1' cor:jtaining 0.'1 M Na(_:fl). Thebsupernafca.nt (17K). Following incubation the wells were washed three
was then transferred to a microcentrifuge tube containing ;. \ith 2004L of PBST and the amount of bound
200-250 ug of protem, and the reaction was al]owed _to r-apo(a) was determined by counting the wells ip-edia-
proce_ed for 2 min at room temperature. The |od|r_1at|0_n tion counter. Data were expressed as a percentage of the
reaction was stopped by the addition of sodium metabisulfite amount of r-apo(a) bound relative to that in wells which

S—lo mM final co_ncentration). Freé1 was separated from. received only buffer following the initial 16 h incubation
9-labeled proteins by passage over a 10DG desalting and subsequent washes

column (Bio-Rad) that had been pre-equilibrated with 20 mM
Tris-HCI, pH 7.4, containing 0.15 M NaCl. The protein ResULTS

concentration was determined by using a modified Bradford

assay (Bio-Rad) using the corresponding purified r-apo(a) Binding of Recombinant Apo(a) to Immobilized LDILhe
derivative as a standard. The specific activity of the binding of the purified radioiodinated r-apo(a) derivatives
radiolabeled r-apo(a) derivatives ranged from 400 to 1000 shown in Figure 1 to human LDL immobilized in microtiter
cpm/ng; >95% of the radioactivity was TCA-precipitable. wells was assessed. In an initial experiment we observed
Labeled r-apo(a) derivatives were stored étCGland used  that the r-apo(a) derivative 1ACys (lacking the free cys-
within 5 days of iodination. The integrity of iodinated teine in KIVy that mediates disulfide bond linkage to the

To determine if apo(a) binding to LDL was reversible in
our assay system, radioiodinated 17K r-apo(a) (500 nM) was
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Ficure 3: Specificity of binding of 17KACys r-apo(a) to im- 0.0
mobilized LDL. LDL immobilized onto microtiter wells was 00 02 04 06 08 10 12 14 18
incubated with increasing concentrations of #¥felabeled r-apo(a)
derivative 17KACys overnight at £C in the absence or presence r-Apo(a) Concentration (uM)

of 0.2 M e-ACA. At the conclusion of the incubation the microtiter . e L
wells were washed and the well-associated radioactivity was T/GURE 4 Specific binding of the 17K r-apo(a) derivative to

determined by-radiation counting. The amount of r-apo(a) bound mmobilized L_DL.bIn;:rgasmg _ccr)]lg(;te(gt_ra;[;]onsb@ﬁ-labeled 17K
was plotted as a function of the r-apo(a) concentration to obtain r-apo(a) were incubated overnig Intheé absence or presence

the total binding values (circles), nonspecific binding values of 0.2 M e-ACA in microtiter wells in which LDL had been

; . g ; i i bilized. The assay was terminated by aspirating the wells
(triangles; determined in the presence of 0.24CA), and specific Immo ; . S
binding values [squares; determined by subtraction of the nOnspe_followed by three washes with PBST. The amount of radioactivity

cific from the total binding values at each input apo(a) concentra- PreSent in each well was determined by counting the wells in a
tion]. The data shown represent the mean of an experiment doney-radlatlon counter. The concentration of r-apo(a) specifically bound

in duplicate. The Scatchard transformation (right panel) of the \l/)\{a(sj_deterrlr]ined as deisct:ibded in thfe Ietgend ]:[othFigure t3; specific
specific binding isotherm revealed a single class of binding sites Pinding values were plotted as a function of the input r-apo(a)
with a Kg of 700 nM. concentration. Scatchard transformation of the binding isotherm

(inset) for 17K revealed a single class of binding sites witkga
. . . - value of ~530 nM.
apoB moiety of LDL) was able to bind to immobilized LDL

in a saturable manner and that this binding is inhibité®%

by addition of the lysine analogueACA to a final concen-
tration of 0.2 M (Figure 3, left panel). Scatchard transforma-
tion of the specific binding isotherm indicated a single class
of binding sites with a dissociation constaity) of ~700

nM (Figure 3, right panel).

This result indicated that the 1ACys derivative was able
to bind to immobilized LDL with relatively high affinity and
that specific binding could be abolished by the addition of
e-ACA. We therefore sought to determine if r-apo(a) con-
taining the free cysteine in Kly/also bound to immobilized
LDL in a noncovalent manner. Figure 4 shows the specific 0
binding isotherm obtained for the binding of radioiodinated
17K r-apo(a) derivative to immobilized LDL with the
corresponding Scatchard transformation. The 17K r-apo(a)
denv.a.tlve was also able to bind to LDL m. a Satu.rable and Ficure 5: Binding of the 17K r-apo(a) derivative to immobilized
specific manner. Scatchard _transfor_matlo_n indicated the | p s reversible 123-r-apo(a) (17K; 500 nM final concentration)
presence of a single class of binding sites wikya&f ~530 was incubated with human LDL immobilized in microtiter wells.
nM, which is similar to the results obtained for the 1Xys Following a 16 h incubation at 4C the microtiter wells were
derivative shown in Figure 3. The results obtained for the aspirated and washed three times with 200f PBST. The wells

TR g st ; o were then incubated for a further 16 h at@ with eithere-ACA
binding of the iodinated 17K derivative to immobilized LDL or proline (both 0.2 M final concentration dissolved in HBST) or

suggested that the presence of the free cysteine IR IV 5 5,M solution of the unlabeled r-apo(a) derivative 17K in HBST.
not preclude reversible binding of r-apo(a) and LDL. At the conclusion of the incubation all wells were aspirated and
To more rigorously demonstrate that the iodinated 17K Washed three times with PBST, and the amount of bound

N o . . radioactivity was determined using jaradiation counter. The
r-apo(a) derivative was binding to LDL in a reversible u0 0t of r-apo(a) bound under the indicated conditions was

manner, we conducted the experiment presented in Figureexpressed as a percentage of the total amount of bound r-apo(a)
5. Briefly, following overnight incubation of radioiodinated observed in control wells to which only buffer was added following
17K r-apo(a) (500 nM) with LDL immobilized in microtiter ~ the initial 16 h incubation and wash steps. The results shown

wells. the wells were washed and incubated WitACA represent the mean of an experiment done in triplicate; error bars
’ ' correspond to the standard deviation. Values with asterisks are

proline, or a 10-fold molar excess of unlabeled r-apo(a) for gigniticantly different from the controk(< 0.01; determined using
a further 16 h, at which time unbound r-apo(a) was removed the paired Student test).

by aspiration and the amount of bound r-apo(a) was
determined by counting of the wells inyaradiation counter. ~ with 0.2 M e-ACA and proline or a 10-fold molar excess of
The remaining amount of r-apo(a) bound following treatment unlabeled 17K r-apo(a) was reduced<d5% for r-apo(a)

100 4

80

60 -

40

Percent r-Apo(a) Bound

20

o,;b%

N
@9

4

0\)

Treatment



7896 Biochemistry, Vol. 37, No. 21, 1998

and 30% fore-ACA and proline relative to control wells.
The values obtained foe-ACA and proline correspond
approximately to the nonspecific binding component at this
concentration of input apo(a) shown in Figure 3. This

experiment demonstrated that under the conditions employed

in the present study, r-apo(a) is able to bind to LDL
immobilized onto microtiter wells in a reversible manner,
thereby indicating that the binding experiments were per-
formed under equilibrium conditions.

Having demonstrated the reversible and saturable nature

of the binding of the 17K Cys and 17K r-apo(a) derivatives
to immobilized LDL, we determine#y values for each of

the r-apo(a) derivatives represented schematically in Figure
1 (the corresponding dissociation constants are also presented

in this figure). Scatchard transformation of the specific
binding isotherms indicated that each of the derivatives bound
to a single class of sites within the apoB-100 moiety of LDL
(data not shown). Thé&y values ranged from-340 nM
(12K) to ~7900 nM (KIVs-g) (see Figure 1). No specific
binding of the r-apo(a) derivative Ki)/p was observed using
concentrations of this derivative up to k0. The lack of
involvement of apo(a) kringle 1V type 10 and the kringle
V- and protease-like domains is further emphasized by the
similar K4 values obtained for the r-apo(a) derivatives 6K
(Kg ~ 1800 nM), 6KAVP (K4 ~ 1600 nM), and KI\_g (Kg

~ 2000 nM). Interestingly, however, Kivmay also con-
tribute to the noncovalent association of apo(a) to LDL since
the binding of KIVk_g (K4 ~ 7900 nM) was considerably
weaker than that of KI¥.g (K4 ~ 2000 nM) (see Figure 1).
Our results clearly demonstrate the important contribution
of apo(a) kringle IV types 68 to the noncovalent association
of apo(a) with LDL. The successive removal of each of these
kringles resulted in a decrease in the affinity of the r-apo(a)
derivatives for LDL (comparé&y values of~670, ~2000,
and~5100 nM for KIVe-p, KIV 7—p, and KIVg_p respectively;

see Figure 1). Taken together, our data therefore suggesf

that the initial noncovalent association of r-apo(a) with apoB-
100 is mediated predominantly by a core of kringle domains
consisting of KI\t_g and to a lesser degree KV

Inhibitors of the Noncoalent Association of Apo(a) and
ApoB-100. To date, a number of inhibitors of in vitro
formation of Lp(a) have been identified, which include lysine,
lysine analogues, and proliné3 22), although the mech-
anism of action of these inhibitors has not been thoroughly

Gabel and Koschinsky
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Ficure 6: Inhibition of binding of the r-apo(a) derivatives 17K
and KlIVs_g to immobilized LDL by amino acids. LDL was
immobilized onto microtiter wells and subsequently incubated with
either the r-apo(a) derivative 17K (250 nM final concentration; top
panel) or KIVs-g (1 uM final concentration; bottom panel) in the
absence (Con) or presence of a number of amino acids (all 50 mM
final concentration) for 16 h at 4C. Upon completion of the
incubation, the wells were aspirated and washed three times with
200 uL of PBST, and the well-associated radioactivity was
determined by-radiation counting. The amount of r-apo(a) bound
was expressed as a percentage of the amount of r-apo(a) observed
in the absence of amino acids. The results represent the mean of
an experiment done in triplicate; error bars correspond to the
tandard deviation. Values with asterisks are significantly different
rom the controls (single asterisg, < 0.005; double asterisk, <

0.02; triple asteriskp < 0.05; determined using the paired Student’

t test).

directly involved in mediating this process. As described
under Experimental Procedures, the binding assays were
performed using immobilized LDL and radioiodinated
r-apo(a) derivatives. Using the 17K r-apo(a), we demon-
strated that the binding to immobilized LDL was reversible

examined. As such, we chose to analyze the mechanism(-€- honcovalent), even though this derivative readily forms

underlying the inhibitory effect of a number of different
amino acids on noncovalent association of radiolabeled
r-apo(a) (17K and Kl\_g derivatives; see Figure 1) and
immobilized LDL using the methodology described above.
The results of this experiment (Figure 6) demonstrate that
phenylalanine and arginine (in addition ¢eACA, lysine,
and proline) significantly inhibited the noncovalent associa-
tion of 17K (Figure 6, top) with immobilized LDL, while
glycine had no significant effect. Similar results were
obtained using the r-apo(a) derivative K\ (Figure 6,
bottom).

DISCUSSION

In this study we have quantified the noncovalent binding
of a variety of recombinant apo(a) derivatives to immobilized
human LDL to identify kringle domains in apo(a) that are

covalent r-Lp(a) particles in solutionl®). This is not
surprising since it is has been reported that a side reaction
of iodination results in oxidation of thiol groups of cysteine
residues31). With respect to the integrity of the iodinated
r-apo(a), we have found that the labeled derivatives retain
full lysine-binding properties and migrate as discrete bands
on SDS-PAGE (data not shown).

Scatchard transformation of the binding data obtained for
each r-apo(a) derivative demonstrates that apo(a) interacts
with a single class of binding sites on immobilized LDL;
comparable results were obtained in binding assays using
immobilized r-apo(a) derivatives and radiolabeled human
LDL (data not shown). Removal of amino-terminal se-
guences of r-apo(a) corresponding to apo(a) kringle IV types
1-5 did not severely affect the binding of apo(a) to apoB-
100, suggesting that these kringle domains are not essential
for the noncovalent association of apo(a) with apoB-100. This
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is further supported by our previous study in which we the noncovalent interaction of apo(a) and apoB-100. Inter-
demonstrated that kringle 1V types-5 were not required  estingly, however, removal of the apo(a) kringle IV type 9
for the efficient formation of r-Lp(a) particles in vitrd 8). sequence resulted in a significantly decreased binding affinity
Further amino-terminal truncation of r-apo(a) resulted in a to immobilized LDL (comparédy for KIV 5_g of ~7900 nM
stepwise decrease in the affinity of the various r-apo(a) versus~2000 nM for the KI\k—g derivative; see Figure 1).
derivatives for LDL. Importantly, the contribution of apo(a) This suggests that the KIV type 9 sequence may provide
kringle 1V types 6-8 to the noncovalent association of apo- contacts which contribute to the noncovalent association of
(@) with LDL was clearly demonstrated; the successive apo(a) and LDL. This novel observation supports a model
removal of each of these kringles resulted in a decrease inin which the initial interaction of apo(a) with the apoB-100
the affinity of the r-apo(a) derivatives for LDL (see Figure moiety of LDL is mediated through one or more of the
1). Additionally, no specific binding of the KI¥/ » deriva- kringles present in KIV types-68 and that this initial contact
tive was detectable at concentrations up tg:44) suggesting is essential for the recognition of KIV type 9 binding sites
that the carboxyl-terminal sequences of apo(a) do not con-in apoB and subsequent specific disulfide bond formation.
tribute significantly to the noncovalent association of apo(a) We also sought to determine if inhibitors of Lp(a) assem-
with LDL. The reduced affinities observed for K§ and bly exert their effects by eliminating the noncovalent inter-
KIV g_p relative to that of KIV,_p are in accordance with  action between apo(a) and apoB-100 that precedes specific
the dramatic reduction in the in vitro formation of r-Lp(a) disulfide bond formation. We examined the ability of known
particles in solution using these derivatives which we have inhibitors of Lp(a) assembly (lysine-ACA, and proline)
previously reported [89, 57, and 19% r-Lp(a) formed using to inhibit the noncovalent binding of apo(a) and apoB-100;
the KIVz_p, KIVg_p, and KlVy_p species, respectively; ref  we also tested the effect of additional amino acids (glycine,
13]. These data are also in agreement with a previous paperarginine, and phenylalanine) on this process. All of the
by Trieu and McConathy in which a significant role for KV~ amino acids with the exception of glycine significantly re-
and possibly KI\ was suggested in Lp(a) formatio81). duced the amount of r-apo(a) (either 17K or KlY deriv-
In addition to kringle 1V types 6 and 7, our study indicates atives) bound to immobilized LDL. These data provide the
a previously unreported role for the K§8equence in medi- first demonstration that inhibition of Lp(a) formation by these
ating the first noncovalent step of Lp(a) assembly. Itis likely amino acids is mediated by their direct interaction with
that the weak lysine-binding pockets within each of these binding sites present in KIj/s, thereby eliminating the initial
kringles bind independently to specific sequences within the noncovalent interaction of apo(a) and apoB-100. Our data
apoB-100 moiety of LDL such that kringle IV types—8 suggest that in addition to known inhibitors of Lp(a)
each contribute to noncovalent binding of apo(a) to apoB- assembly, which include lysine, lysine analogues, and proline
100. In this model, the strength of the noncovalent interac- (13, 22), phenylalanine and arginine also appear to inhibit
tion of apo(a) and apoB-100 reflects the sum of the binding the noncovalent interaction of apo(a) and apoB-100 by
energies for the individual kringle interactions. Furthermore, binding directly within apo(a) kringle 1V types-68. We
as our previous study suggesits), the specific noncovalent  have observed the interaction of both phenylalanine and
interaction of each of apo(a) kringles-8 with their cognate  arginine with apo(a) in solution as determined by the
sites on LDL is required for maximally efficient covalent measurement of changes in intrinsic fluorescence (B.R.G.
Lp(a) formation. The identification of sequences in apoB- and M.L.K., unpublished observations). Substitutions of
100 that are able to interact directly with these kringle amino acids within the lysine-binding pockets in apo(a)
domains will aid in the evaluation of these hypotheses. kringle IV types 5-8 (compared with the lysine-binding site
Analysis of the noncovalent interaction of the 6K r-apo(a) in KIV 19) may facilitate the binding of arginine within these
derivative with immobilized LDL revealed that this derivative binding pockets.
bound with lower affinity K4 ~ 1800 nM) than the KI\_p To demonstrate that the direct binding of apo(a) kringle
speciesi{4 ~ 670 nM). It should be noted that the amino- |V types 6-8 to LDL in the context of the KI¥_g derivative
terminal kringle of the 6K species is a hybrid kringle of was representative of the behavior of these sequences present
sequences encoding apo(a) kringle IV types 1 and 5 (seewithin a larger r-apo(a) derivative such as 17K, we assessed
Figure 1). Interestingly, the presence of this hybrid kringle the ability of the 17K and KI\-g r-apo(a) derivatives to
in KIVs_g also reduces its binding affinity to LDLK ~ mutually compete for binding to LDL. We found that a
7900 nM compared witlKy ~ 4100 nM for the KI\4_g 2-fold excess of unlabeled 17K r-apo(a) was able to
derivative; see Figure 1). Taken together, these data suggestffectively inhibit the binding of radiolabeled Kk/g to
that this hybrid kringle serves to decrease noncovalentimmobilized LDL (p < 0.005; data not shown), whereas a
interactions between apo(a) and apoB-100, although thesimilar concentration of KIW-p had no effect. This finding
mechanism underlying this observation is unclear at present.indicates that 17K and Kly/.s do in fact bind to analogous
The absence of detectable specific binding of the KB/ sites on LDL, albeit with different affinities since the 17K
derivative to immobilized LDL in the present study is in derivative also contains additional sequences (i.e., KIV
agreement with results obtained by Trieu and McConathy which serve to increase its overall affinity for LDL.
(21, indicating that the carboxyl terminus of apo(a) is In summary, our study provides important new information
unnecessary for its noncovalent association with LDL. This on the initial noncovalent step of Lp(a) formation. Our
is further underscored by our results in which simikar analysis of the binding of a variety of r-apo(a) derivatives
values were obtained for the 6K, &K/P, and KlVs—g to immobilized LDL suggests a key role for apo(a) kringle
derivatives (see Figure 1). Clearly, sequences correspondindV types 6-8 in this process and provides the first
to apo(a) kringle IV type 10 and the kringle V and protease- demonstration that these sequences interact directly with
like domains can be eliminated without adversely affecting apoB-100. The latter observation is supported by our data
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showing that the inhibition of Lp(a) assembly by a variety

of inhibitors specifically prevents the noncovalent association

of apo(a) kringle IV types 68 with LDL. Finally, the

present study also suggests a novel role for sequences in

apo(a) kringle 1V type 9 in mediating noncovalent interac-
tions with LDL. Clearly, further studies are required to more

precisely identify interactive sequences in apo(a) and apoB- 17.
100 that mediate noncovalent interactions between these two

proteins.
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