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that inhibit lipoprotein(a) assembly
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Abstract Lipoprotein(a) [Lp(a)] is assembled via an initial
noncovalent interaction between apolipoprotein B100 (apoB)
and apolipoprotein(a) [apo(a)] that facilitates the forma-
tion of a disulfide bond between the two proteins. We previ-
ously reported that a lysine-rich, a-helical peptide spanning
human apoB amino acids 4372-4392 was an effective inhib-
itor of Lp(a) assembly in vitro. To identify the important
structural features required for inhibitory action, new vari-
ants of the apoB,3794390 peptide were investigated. Intro-
duction of a central leucine to proline substitution abolished
the a-helical structure of the peptide and disrupted apo(a)
binding and inhibition of Lp(a) formation. Substitution of
hydrophobic residues in the apoBy379.4392 peptide disrupted
apo(a) binding and inhibition of Lp(a) assembly without
disrupting the a-helical structure. Substitution of all four
lysine residues in the peptide with arginine decreased the ICj,
from 40 pM to 5 pM. Complexing of the arginine-substituted
peptide to dimyristoylphosphatidylcholine improved its ac-
tivity further, yielding an IC5y of 1 pM. We conclude that the
o-helical structure of apoB,3794399, in combination with hy-
drophobic residues at the lipid/water interface, is crucial
for its interaction with apo(a).fii Furthermore, the interac-
tion of apoB,s794399 With apo(a) is not lysine specific, be-
cause substitutions with arginine result in a more effective
inhibitor.—Sharp, R. J., M. A. Perugini, S. M. Marcovina,
and S. P. A. McCormick. Structural features of apolipopro-
tein B synthetic peptides that inhibit lipoprotein(a) assem-
bly. J. Lipid Res. 2004. 45: 2227-2234.

Supplementary key words apolipoprotein(a) ¢ DMPC vesicles ® non-
covalent interaction ¢ peptide inhibitor

Lipoprotein(a) [Lp(a)] is an atherogenic lipoprotein
comprised of apolipoprotein(a) [apo(a)] attached to the
apolipoprotein B100 (apoB) of a LDL (1). Large clinical
trials have identified high plasma levels of Lp(a) as a risk
factor for developing heart disease (2—4). The deposition
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of Lp(a) in vascular lesions has been well documented in
humans (5, 6) and in animal models (7). Unfortunately,
Lp(a) has proven resistant to traditional lipid-lowering
therapies (8, 9), except high doses of niacin (10). Estro-
gen dramatically reduces Lp(a) levels (11), but a safe and
effective agent for lowering Lp(a) levels has yet to be de-
veloped.

The majority of evidence suggests that Lp(a) assembly
occurs in circulation (12) after secretion of apo(a) from
the liver and metabolism of VLDL to LDL in the circulation.
Lp(a) assembly is thought to be a two-step process (13, 14)
with noncovalent interactions between apo(a) and apoB
preceding the formation of the disulfide bond between
apo(a) Cys4057 (13, 15) and apoB Cys4326 (16, 17). The
two-step model of Lp(a) assembly was confirmed in a study
of a human apoB100 mutant lacking Cys4326, which still
showed binding to apo(a), despite being unable to form
the disulfide bond (18).

Recent research has focused on characterizing the apoB
residues involved in the noncovalent interaction with
apo(a). Lysine residues on apoB have been implicated in
the noncovalent interaction with apo(a), because lysine
analogues disrupt Lp(a) assembly in vitro (19-21) and de-
letion of lysine-binding sites in apo(a) kringle IV domains
interfere with Lp(a) formation (22-24). A number of apoB
sequences that noncovalently bind apo(a) have been re-
ported. Becker et al. (25) identified an apoB lysine residue
in the N terminus, apoBLys680, that mediates the nonco-
valent binding of an apoB18 fragment to apo(a); in their
study, a synthetic peptide spanning the Lys680 residue was
shown to inhibit Lp(a) formation at similar concentra-
tions to lysine analogues.

Sequences in the carboxyl terminus of apoB have also
been implicated in the noncovalent interaction with apo(a).

Abbreviations: apo(a), apolipoprotein(a); apoB, apolipoprotein B100;
CD, circular dichroism; DMPC, dimyristoylphosphatidylcholine; Lp(a),
lipoprotein (a).
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We recently reported that a synthetic peptide spanning
apoB amino acids 4372-4392, bound apo(a) and inhibited
Lp(a) assembly in vitro (26). Note that the apoB4s79.4390
peptide was 250-fold more effective than the lysine analogue,
g-amino-n-caproic acid, at inhibiting Lp(a) assembly (26).
This work suggested that the apoB 4372-4392 sequence
constitutes an apo(a) binding site that is important for Lp(a)
assembly. The peptide sequence is highly conserved be-
tween species of apoB known to interact with apo(a) (27)
and contains four highly conserved lysine residues sur-
rounded by clusters of hydrophobic residues. Circular di-
chroism (CD) spectroscopy studies showed that apoB4s79.4399
is a-helical (26). Binding of the peptide to dimyristoyl-
phosphatidylcholine (DMPC) increased its a-helical con-
tent and improved its capacity to inhibit Lp(a) assembly
(26). To elucidate the key structural features responsible
for the inhibitory properties of the apoBys79 4390 peptide, a
series of apoB peptides based on the apoB 4372-4392 se-
quence were designed and tested for their ability to bind
apo(a) and inhibit Lp(a) assembly.

EXPERIMENTAL PROCEDURES

Peptides

Five new synthetic apoB peptides based on the human apo
B4372-4392 sequence were synthesized by Chiron Mimotopes
using an Applied Biosystems model 430A synthesizer. Peptides
were purified by HPLC and stock solutions solubilized in Milli-Q
water at a concentration of 1 mM, except for apoB,s79.99arG, Which
was solubilized at 100 wM. Peptides were dissolved in 10 mM Tris,
pH 7.4, for CD spectroscopy studies and Milli-Q water for inhibi-
tory studies. Table 1 gives the amino acid sequences and associ-
ated characteristics of the new series of peptides. The importance
of the a-helical structure for activity was tested with the apoBy 43gsp
peptide, which contains a central leucine to proline substitution
that was expected to perturb the a-helical structure. The impor-
tance of the N- and C-terminal lysine residues was tested with the
apoBgas794 and apoBgysgen peptides, which contain lysine to ala-
nine substitutions at Lys4372 and Lys4392, respectively. The im-
portance of a cluster of four conserved hydrophobic residues sur-
rounding the Lys4392 residue was tested in the apoBys7o99rypro
peptide by substitution of these residues with alanines. To test
whether the inhibitory capacity of the apoB,s79.4390 peptide is spe-
cific to lysines in the sequence, apoBys79.9oarc Was created, in which
all four lysine residues were substituted with arginine. A murine

sequence spanning apoB residues 4372-4392 (KYYEIEENMVELIK-
TLLVSFR) was tested in Lp(a) formation assays. The murine se-
quence has conservation of two of the four lysine residues and a
conservative substitution of the lysine at position 4392 to argi-
nine.

Mice

Human apo(a) transgenic mice (19) were obtained from Dr.
Robert Hammer (University of Texas Southwestern Medical Cen-
ter, Dallas, TX) and human apoB transgenic mice (28) were pro-
vided by Dr. Stephen Young (Gladstone Institute of Cardiovascu-
lar Disease, San Francisco, CA). Wild-type mouse plasma was
obtained from nontransgenic littermates.

Preparation of phospholipid vesicles

Small unilamellar vesicles of DMPC (Sigma-Aldrich, St. Louis,
MO) were prepared using a method similar to that described by
New (29). The DMPC was suspended in 10 mM Tris-HCI, pH 7.4,
and sonicated using a 9.5 mm probe (Soniprep 150, MSE Scien-
tific Instruments, Sussex, England) at 20 MHz for 10 X 60 s with
30 s breaks in between. The temperature was maintained at 30°C,
above the phase transition temperature of DMPC (~24°C), using
a jacketed vial with a circulating water bath (30). The vesicles
were centrifuged at 2,250 X gfor 5 min to pellet titanium origi-
nating from the sonicator probe. Phospholipid concentrations
were determined at 20°C using an enzymatic phospholipid assay
kit (Roche, Australia).

CD spectroscopy

The CD spectra of the apoB peptides in the absence and pres-
ence of DMPC were recorded at 25°C on an Aviv 62DS CD spec-
trophotometer using a 1 mm pathlength quartz cuvette. Spectra
were collected between the wavelengths of 195 nm and 250 nm,
with a step size of 0.5 nm and a slit bandwidth of 1.5 nm. Signal
averaging time was 1 s, and ellipticities were reported as mean
residue ellipticity ([6]) in °cm?dmol™!. The concentration of
each peptide used in the CD studies (150 pg/ml) was deter-
mined by absorption spectroscopy on a Cary 5 UV/Vis spectro-
photometer at 280 nm. The peptides have a molar absorption or
extinction coefficient € of 2,980 M~1 cm™! at 280 nm, except for
apoBys79.09mypRrO, for which ¢ is 1,490 M~! cm™! at 280 nm (31).
Freshly prepared DMPC vesicles (3 mM) were added to aliquots
of the peptides at a molar ratio of 50:1 DMPC-peptide to form
discoidal complexes, which were characterized as previously de-
scribed (26). The a-helical content of each apoB peptide in the
absence and presence of saturating amounts of DMPC was calcu-
lated from the molar ellipticity at 222 nm according to equation
1 by Aggerbeck et al. (32).

TABLE 1. Characteristics of the ApoBys79.4390 peptide series

% a-Helix”
Purity
Peptide name Amino acid sequence® (%) M, —DMPC +DMPC
ApoBygr9.4390 KYYELEEKIVSLIKNLLVALK 86 2,507 68 88
ApoBy 4383p KYYELEEKIVSpIKNLLVALK 95 2,491 6 1
ApoBgasroa aYYELEEKIVSLIKNLLVALK 89 2,540 49 63
ApoBgasgon KYYELEEKIVSLIKNLLVALa 95 2,540 66 87
ApoBuys79.991yDRO KYaELEEKIaSLIKNLaaALK 90 2,317 72 94
ApoBys79.99aRG rYYELEErIVSLIrNLLVALr 88 2,619 57 100

DMPC, dimyristoylphosphatidylcholine; M,, relative molecular mass.

@ Residues altered from the original apoBys79 4390 peptide are shown in lowercase boldface type.

> The % o-helix was calculated using equation 1 and the [0]999,,, obtained from the CD spectra; the average
error was found to be 2% for repeated scans of the same peptide.
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% a-helix = — ([0] 990, + 2340)/303 (Eq. 1)

Apo(a) binding studies

Each peptide was evaluated for its ability to bind apo(a) using
a solid-phase enzyme-linked ligand sorbent assay (26). Briefly, 96-
well polystyrene microtiter plates (Costar®, Corning Inc., Corning,
NY) were coated with 5 ng per well of each apoB peptide. Apo(a)
transgenic mouse plasma, and wild-type mouse plasma (negative
control) were diluted 1 in 10 and 50 pl aliquots and incubated on
the peptide-coated plates for 90 min at room temperature to allow
binding of apo(a) to the peptides. Bound apo(a) was detected
with the HRP-labeled MAb-a5 antibody (33), washed, and then de-
veloped with substrate solution [Ophenylenediamine dihydro-
chloride and hydrogen peroxide (Sigma-Aldrich). The level of
background binding was determined from the wild-type plasma
sample and this was subtracted from the apo(a) binding curves.

In vitro Lp(a) formation assays

The peptides were tested for their ability to act as inhibitors of
Lp(a) assembly as described by Sharp et al. (26). Plasma (1 pl)
from an apo(a) transgenic mouse was incubated with plasma (2 pl)
from a human apoB transgenic mouse for 3 h at 37°C in the pres-
ence of increasing amounts (1-400 wM) of each apoB peptide.
The amount of Lp(a) formed in each incubation was assessed af-
ter aliquots were size-fractionated on SDS/4% polyacrylamide
gels under nonreducing conditions and the separated proteins
transferred to nitrocellulose for Western blotting with the HRP-
labeled MAb-ab antibody. Bands were visualized using the ECL
detection system (Amersham Pharmacia Biotech, Uppsala, Swe-
den). The amounts of Lp(a) formed in the incubations were
quantified by an Lp(a)-specific ELISA, as detailed by Sharp et al.
(26). Background absorbance was determined from incubations
containing human apoB only and this was subtracted from all
data points. The percent Lp(a) formed in each incubation was
calculated relative to the incubation containing no inhibitor.

RESULTS

The WHEEL program (34) was used to produce a heli-
cal wheel diagram of the apoBys794390 peptide (Fig. 1).
Amino acids targeted for substitution in the new series of
peptides are highlighted in Fig. 1. The secondary struc-
tures of the five human apoB peptides were determined
by CD spectroscopy both in the absence and in the pres-
ence of DMPC and each was compared with the control
apoBys79.4390 peptide (Fig. 2). Using equation 1, the per-
cent a-helical structure for each peptide was calculated
from the ellipticity value at 222 nm and the data are re-
ported in Table 1. The spectra for the control apoB379.4390
peptide (Fig. 2A) showed the characteristic double minima
at 208 and 222 nm indicative of a-helical structure. The
a-helicity of apoBg79.4399 was further induced by the bind-
ing of the peptide to DMPC, as previously reported (26).
As predicted, the proline-substituted peptide, apoBy 4333p,
had lost all secondary structure and adopted largely ran-
dom structure, as indicated by a single minimum at 205
nm (Fig. 2B). Furthermore, the addition of DMPC had lit-
tle effect on the structure of this peptide (Fig. 2B). Substi-
tution of the N-terminal lysine residue to alanine resulted
in a 19% decrease in «a helical content in the apoBgys7oa
peptide compared with apoBs79.4399 (Fig. 2C). The addition

Hydrophobic

Fig. 1. Helical wheel diagram of the apolipoprotein B100
apoBys79.4390 peptide. A helical wheel diagram of the predicted am-
phipathic helix formed by apoB residues 4372-4392 was produced
using the WHEEL program (33). Within the helix, the side chains
of the four lysine residues are found at the lipid/aqueous interface
projecting into the aqueous phase; the side chains of the hydropho-
bic residues (in boldface) are predicted to be buried in the lipid
phase. The hydrophobic residues (shaded in gray) were substituted
with alanine in the apoBys79.99nypro peptide. The Leu4383 residue
(marked with an asterisk) was targeted for substitution with proline
in apoBy 43g3p. The four lysine residues on either side of the lipid/
water interface were targeted for substitution with arginines in
apoBysr9goarc. The Lys4372 was targeted for substitution with ala-
nine in apoBg4s794 and Lys4392 was targeted for substitution in

apoBgysgoa-

of DMPC increased the helical content of the apoBgas79a
peptide by 14%; however, the DMPC-complexed peptide
was 25% less helical than apoBgs79.4399 in the presence of
the same concentration of phospholipid. Substitution of
the C-terminal lysine residue for alanine did not affect a-heli-
cal content; apoBgysges showed a secondary structure simi-
lar to apoBys79.4399 both in the absence and in the pres-
ence of DMPC (Fig. 2D). The hydrophobic replacement
peptide, apoBys79.99pypro, Was slightly more helical than
the original peptide, both in the absence (72% helical)
and in the presence (94% helical) of DMPC (Fig. 2E). The
apoBys79.99arc peptide showed a-helical structure (Fig.
2F), with the binding of DMPC significantly increasing its
a-helical content from 57% to 100%.

The ability of each new human apoB peptide to bind
apo(a) was assessed using a solid-phase binding assay
(Fig. 3). The original apoBys79.4390 peptide had previously
been shown to bind apo(a) in a saturable manner (26).
Both the apoBgss;os and apoBgysgen peptides showed
minimal binding to apo(a) (Fig. 3). The apoBy4sgsp and
apoBys79.99uvpro Peptides did not demonstrate any apo(a)
binding beyond background levels. The apoBys79.99arc
peptide was the only peptide shown to effectively bind
apo(a) from transgenic mouse plasma. ApoBys7o99arG
bound apo(a) to a saturable level in a manner similar to
that seen for the original apoBys79.4390 peptide (26).

Sharp et al. Inhibition of lipoprotein(a) assembly 2229

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

A C
30 10 30

i L ApoB L
20 ApoB 43754392 POB k4372

-1

ApoB) 4383p 207

° 20 4

£

oS

o~ T T T T T -30 T T T T T =407 T T T T
E 200 210 220 230 240 200 210 220 230 240 250 200 210 220 230 240 250
G

]

i E F

'o 3 30 30

% 20 ApoBya3gon L 20 ApoBy375.92HYDRO L 20 APOB375.02aRG
= 101 r \

R

-40 T T T T - T
200 210 220 230 240 250 200 210

230 240 250

Wavelength (nm)

Fig. 2.

Circular dichroism (CD) spectra of the apoB,s79.99 peptide variants. A: apoBys7o.4399. B: apoBp43gsp C: apoByysg7oa. D: apoBgasroa. E:

apoBys79.99mypRO- F: ap0Bys70.99arc- The CD spectra of the variant apoB peptides (150 wg/ml, dissolved in 10 mM Tris, pH 7.4) in the presence
(solid symbols) and absence (open symbols) of dimyristoylphosphatidylcholine (DMPC) vesicles are shown compared with the original
apoBys79.4300 peptide. Spectra were recorded on an Aviv62DS spectrophotometer at 25°C using a step size of 0.5 nm and signal averaging
time of 1 s. The mean residue ellipticity ([8]) is plotted as a function of wavelength (nm) for each peptide.

The capacity of each apoB peptide in Table 1 to inhibit
Lp(a) assembly in vitro was investigated. Increasing amounts
of each peptide were incubated with fixed amounts of
apo(a) and human apoB in an Lp(a) formation assay. The
amount of Lp(a) formed was visualized by Western blot
analysis (Fig. 4A-F). The inhibitory effect of the apoBys79.4399
control peptide is shown in Fig. 4A. Compared with the

1.0
O apoBy372-92aRG
A apoBkg3goa I
c 0.8 1 ¢ apoByaazaa 0
5 @ apoBy375.92HYDRO +
@ 0.6 O apoBy 4333p
[0
[¢]
c
S 04-
]
[/
Q2
< 0.2
N A
0.0 EE——¢———% ' ¥
0.0 0.5 1.0 1.5 2.0

Concentration apo(a) (nM)

Fig. 3. Binding of the apoBys79.99 peptides to apo(a). The binding
capacity of each apoB peptide was measured using a solid-phase en-
zyme-linked ligand sorbent assay assay. Peptides were immobilized
on microtiter plates and incubated with increasing amounts of
apo(a) contained in diluted apo(a) transgenic mouse plasma.
Bound apo(a) was detected with the MAb-a5 antibody. Data points
represent the average of the absorbance values obtained from qua-
druplicate incubations. Error bars indicate the standard deviation.
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control (Fig. 4A), the apoBy 4333p peptide (Fig. 4B) had lit-
tle effect on Lp(a) assembly in vitro, suggesting that the
loss in o-helical structure had significantly reduced its
ability to inhibit Lp(a) assembly. The apoBg4s794 peptide
(Fig. 4C) showed only a slight disruption to Lp(a) assem-
bly, and apoBgasges (Fig. 4D) showed very little effect. The
apoB 4379 9onyprRO PEPtide also showed no effect on Lp(a)
assembly, despite having retained its a-helical structure
(Fig. 4E). The apoBy4s7o.99arc peptide proved to be a
highly effective inhibitor of Lp(a) assembly. In the incuba-
tions containing apoBys79 goarc, Lp () levels decreased with
increasing amounts of the peptide, and a corresponding
increase in free apo(a) was seen (Fig. 4F). Indeed, the
apoBys79.99arc peptide was more effective than the origi-
nal apoBys79.4390 peptide as an inhibitor, showing com-
plete inhibition of Lp(a) assembly at a concentration of
25 uM (compared with 100 M for apoBy4s79.4599) .

In addition to Western blot analyses, the amount of Lp (a)
formed in each incubation was quantified by an Lp(a)
ELISA and the results were used to determine 1Cjy, values
for each of the peptides (Fig. 5). The original apoBy4s79.4399
peptide showed an ICj, value of 40 uM, as previously re-
ported (26). The apoBy4sg3p peptide had little inhibitory
capacity, with an ICyy value > 400 wM. The hydrophobic
replacement peptide, apoBys79.99mypro, also showed very
little inhibitory capacity, with an IG5y > 400 wM, whereas
both apoB k43794 and apoBgysgen showed similar 1Cy, val-
ues of approximately 100 wM. By contrast, the arginine-
substituted peptide, apoBys79.99arc, Was the most potent
inhibitor of Lp(a) formation, with an IG5, of 5 uM, 8-fold
more effective than the apoBys79.4390 peptide. The inhibi-
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Fig. 4.

Inhibition of lipoprotein(a) [Lp(a)] formation by apoB4s70.90 peptides. A: apoBysyo.4309. B: apoBy 4383p. C: apoByysg794. D: apoBgyszoa.

E: apoBusro.99uypro- Fr apoBaszogoarc. Increasing amounts of each apoB peptide were added to incubations containing human apo(a) trans-
genic mouse plasma and human apoB transgenic mouse plasma. The original apoB 43794399 peptide was included as a control. The amount
of Lp(a) formed in each incubation was assessed by separation of the incubation mix on SDS/4% polyacrylamide gels under nonreducing

conditions and Western blot analysis with the MAb-a5 antibody.

tory capacity of a murine peptide spanning apoB 4372-4392,
apoBys79.99murINg, Which shows conservation of two of the
four lysines in the human sequence and an arginine at po-
sition 4392, was also tested. ApoBs79.9omuring Was found
to inhibit Lp(a) similarly to the human peptide, with an
1C5 value of 45uM.

As apoBys79.99arc proved to be the only peptide in the

new series effective at inhibiting Lp(a) assembly, further
studies were performed to investigate the inhibitory ca-
pacity of this peptide in the presence of phospholipid.
The addition of DMPC to the apoBys79.4390 peptide had
previously been shown to improve the effectiveness of the
peptide as an inhibitor of Lp(a) assembly (26). Similarly,
we show that apoByg79.99arc in the presence of DMPC im-

S

100 1
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60 A
IC50 = 5uM

® ApoB4372-92ARG
O ApoB4372-4392
A ApoBk4392a

A ApoBK4372A
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& ApoB4372-92HYDRO
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Fig. 5. Inhibitory capacity of the apoBys7999 peptides. Increasing amounts of each apoB peptide were added to incubations containing hu-
man apo(a) transgenic mouse plasma and human apoB transgenic mouse plasma. The apoB 43794390 peptide was included as a control. The
amount of Lp(a) formed in each incubation was quantified using an Lp(a)-specific sandwich ELISA. Each incubation was measured in qua-
druplicate and the average value was expressed as a percentage of Lp(a) formed relative to the incubation containing no inhibitor. Error
bars indicate the standard deviation. The IC5 values for each of the peptides are shown.
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proved its inhibitory capacity by 5-fold, shifting the 1Cs
value from 5 pM to 1 uM (Fig. 6). This is supported by
Western blot analyses (Fig. 6, inset) showing that the DMPC-
bound apoBys79.99arc peptide caused complete inhibition
of Lp(a) assembly at a concentration of 5 uM. Complex-
ing of the less effective apoB 43794 and apoBgasgen pep-
tides with DMPC showed a similar decrease in ICs to that
seen with the apoBysro4399 and apoBysrogoarc peptides
(data not shown), suggesting that complexing to DMPC
has a general stabilizing effect on peptide structure that
results in a more effective inhibitor.

DISCUSSION

Although elevated levels of Lp(a) have been identified
as an independent risk factor for developing vascular dis-
ease, there is currently no safe and effective Lp(a)-lower-
ing therapy available. An understanding of the molecular
interactions between apo(a) and apoB that initiate Lp(a)
formation may lead to the design of novel Lp(a)-lower-
ing agents. Previous research has established that apo(a)
lysine-binding domains most likely interact with lysine res-
idues on apoB to facilitate Lp(a) formation. A recent study

indicates that the lysine-binding domains in apo(a) krin-
gle IV; and IV are the two most likely candidates to be in-
volved in Lp(a) assembly (35). The apo(a) lysine-binding
domains consist of an anionic center followed by a hydro-
phobic trough involving four hydrophobic residues. Lysine
analogues interact with the pocket via the amino group of
their side chain, making an ion-pair interaction with the
anionic center; the aliphatic backbone interacts with the
hydrophobic trough (36, 37).

We are interested in defining the apoB residues in-
volved in the noncovalent interaction with apo(a). The cur-
rent study aimed to identify the key structural features of a
synthetic apoB peptide spanning amino acids 4372—-4392,
which was recently reported to bind apo(a) and effectively
inhibit Lp(a) assembly in vitro (26). The apoB 4372-4392
sequence is predicted to lie within a class A amphipathic
helix with lipid-binding capacity (38). Indeed, CD spec-
troscopy studies confirmed that the apoBys79.4390 peptide
is a-helical in nature and binds phospholipid in a satura-
ble manner (26). The importance of the a-helical struc-
ture for the inhibitory action of apoBys79.4390 Was tested in
this study by replacing the central leucine at position 4383
with proline to create the apoBy4379p peptide. CD spec-
troscopy of apoBy 4sg3p showed a complete loss of a-helix

Fig. 7. Inhibitory capacity of apoBys79.9omuring COmpared
with apoBys79.4399. Increasing amounts of the apoBs79.gonurINE
peptide were added to incubations containing human apo(a)
transgenic mouse plasma and human apoB transgenic mouse
plasma. The amount of Lp(a) formed in each incubation

was quantified using an Lp(a)-specific sandwich ELISA.
Each incubation was measured in quadruplicate and the av-
erage value was expressed as a percentage of Lp(a) formed
relative to the incubation containing no inhibitor. The 1Cj
values are shown. Error bars indicate the standard devia-
tion. The inset shows a Western blot analysis of the Lp(a)
formed in incubations with the apoB4379.9ovurINg PEPtide.
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with the L4383P substitution, which converted the pep-
tide into a random coil structure (Fig. 2B). As a result,
apo(a) binding studies showed that the peptide had lost
the capacity to bind apo(a) (Fig. 3). Not surprisingly, the
apoBp4sssp had also lost the ability to inhibit Lp(a) assem-
bly showing an IC;y, > 400 wM. These data support the no-
tion that the helical nature of the peptide is vital for its in-
hibitory capacity.

We also tested the importance of individual lysine resi-
dues in the apoB 4372-4392 sequence on Lp(a) assembly
inhibition. We speculated that a lysine residue in close prox-
imity to hydrophobic residues at the lipid/water interface
could be important (Fig. 1). The Lys4372 and Lys4392 res-
idues are highly conserved in species capable of binding
apo(a) (27) and both lie close to hydrophobic residues at
the lipid/aqueous interface. Relative to the control, CD
spectroscopy studies showed a substantial reduction in the
propensity for apoBggs794 to adopt an o-helical structure
both in the absence and in the presence of DMPC (Fig. 2).
In addition, only minimal binding of the apoBg4s794 pep-
tide to apo(a) was detected (Fig. 3); this was accompanied
by a significant loss in the inhibition of Lp(a) assembly
(Fig. 4). The apoBg4s794 peptide had an IC;; of 100 uM (Fig.
5), which is 2.5-fold higher than the original apoB,379.4399
peptide. As apoBgus704 had lost some a-helical structure
(Fig. 2C), it is possible that this may account for its loss of
activity. Substitution of the Lys4392 residue had no effect
on secondary structure, but resulted in a similar loss of
binding and inhibitory capacity to the apoBgas704 peptide,
with an IG5y of 100 wM. As the secondary structure of
apoBgasgos Was unaffected, it is most likely the loss of posi-
tive charge at this position accounted for its reduced activ-
ity. We therefore propose that Lys4392 is a likely candidate
for binding to the anionic lysine binding pocket of apo(a).
Because the apoBgasg9a peptide still shows inhibitory activ-
ity, however, other residues besides Lys4392 must be im-
portant in binding apo(a).

The importance of a cluster of hydrophobic residues
adjacent to the Lys4392 residue was tested by creating a
peptide, apoByszs gorypro, in which four hydrophobic resi-
dues located on one face of the helix were replaced with
alanines (Fig. 1; Table 1). Note that the apoB4s79.991ypDRO
peptide showed a complete loss of apo(a) binding and in-
hibitory capacity, with an ICyy value > 400 pM. Because
the secondary structure of this peptide has remained
o-helical (Fig. 2E), the loss in activity is likely due to the
loss of hydrophobic residues, indicating that both the pri-
mary and secondary structure of the apoBys79.4390 peptide
are important for its inhibitory activity. We conclude that
the substituted hydrophobic residues form part of the
apo(a) binding motif in the apoBys79.4390 peptide. One or
more of these hydrophobic residues presumably help to
anchor the peptide into the binding pocket along with the
Lys4392 residue.

Finally, to test whether the interaction of the apoB4s79.4309
peptide with apo(a) was specific to lysine residues, we re-
placed all four lysine residues in the apoBys79.4390 peptide
with arginines to create apoBys7999arc. CD spectroscopy
studies of apoBys79.99arc Showed the peptide to be a-heli-

cal, with a significant increase in helical content in the
presence of phospholipid (Fig. 2F). Apo(a) binding stud-
ies showed that apoBys79.99arc specifically bound to apo(a)
(Fig. 3). The ELISA analysis determined an ICj, value for
apoBuys79.99arc Of b WM (Fig. 5) which is 8-fold more effective
than the original apoBs79.4390 peptide at inhibiting Lp(a)
assembly. Furthermore, addition of the apoBys7o99arc
peptide to DMPC increased the inhibitory capacity 5-fold
(IG5 = 1 wM), resulting in a highly effective inhibitor.
The results with the apoBys7o90arc peptide suggest that
the apo(a) lysine binding domains may have a stronger af-
finity for arginines than lysines. This is consistent with
data showing that the addition of arginine can inhibit re-
combinant apo(a) derivatives from binding native LDL
particles in vitro (39). We therefore propose that the guani-
dinium side chain of arginine may fit more tightly into the
anionic binding pocket of apo(a). Note that the murine
sequence contains an arginine at position 4392. A peptide
spanning mouse apoB 4372-4392 was tested and found to
inhibit Lp(a) formation, with an IC;, similar to the hu-
man apoBysro4390 peptide (Fig. 7). Future studies investi-
gating the importance of individual lysine to arginine sub-
stitutions in the context of the human apoB 4372-4392
sequence may help pinpoint the key lysine residue impor-
tant for the interaction with the apo(a) lysine-binding
pocket.

In summary, this study has determined several struc-
tural features that are responsible for the inhibitory action
of the apoB4g704399 peptide on Lp(a) assembly. First, we
show that the a-helical nature of this sequence is critical
for inhibition, as demonstrated with the L.4383P peptide,
which shows a loss of helical structure coinciding with a
loss in activity. This is also supported by data showing that
the addition of phospholipid, which stabilizes the helical
structure of the apoBys79.4399 peptide, enhances the inhibi-
tion of Lp(a) assembly (26). Second, we show using the
apoBgysges and apoBys7egopypro peptides that a positive
charge at position 4392, along with hydrophobic residues
at the interface of the amphipathic helix, is important for
the interaction with apo(a). Finally, we show that substitu-
tion of lysines for arginines in the sequence increases the
inhibitory capacity of the peptide, suggesting a tighter fit
of arginine in the anionic apo(a) binding cavity. The
apoBys79.4399 peptide has proved to be an excellent model
for studying the nature of the noncovalent interactions be-
tween apoB and apo(a) in Lp(a) assembly and thus provides
scope for the design of novel inhibitors of Lp(a) assembly.
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