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Abstract

We describe an approach for engineering peptide—lipid nanoparticles that function similarly to
high-density lipoprotein (HDL). Branched, multivalent constructs, bearing multiple 23- or 16-
amino-acid peptides, were designed, synthesized and combined with phospholipids to produce
nanometer-scale discoidal HDL-like particles. A variety of biophysical techniques were employed
to characterize the constructs, including size exclusion chromatography, analytical ultracentrifuge
sedimentation, circular dichroism, transmission electron microscopy, and fluorescence
spectroscopy. The nanoparticles functioned in vitro (human and mouse plasma) and in vivo (mice)
to rapidly remodel large native HDLs into small lipid-poor HDL particles, which are key acceptors
of cholesterol in reverse cholesterol transport. Fluorescent labeling studies showed that the
constituents of the nanoparticles readily distributed into native HDLs, such that the peptide
constructs coexisted with apolipoprotein A-I, the main structural protein in HDLs. Importantly,
nanolipid particles containing multivalent peptides promoted efficient cellular cholesterol efflux
and were functionally superior to those derived from monomeric peptides. The multivalent
peptide-lipid nanoparticles were also remarkably stable toward enzymatic digestion in vitro and
displayed long half-lives and desirable pharmacokinetic profiles in mice, providing a real practical
advantage over previously studied linear or tandem helical peptides. Encouragingly, a two-week
exploratory efficacy study in a widely used animal model for atherosclerosis research (LDLr-null
mice) using nanoparticles constructed from a trimeric peptide demonstrated an exceptional 50%
reduction in the plasma total cholesterol levels compared to the control group. Altogether, the
studies reported here point to an attractive avenue for designing synthetic, HDL-like nanoparticles,
with potential for treating atherosclerosis.

INTRODUCTION

An important goal in advancing nanomedicine is to devise novel strategies that allow the
fabrication of robust, well-defined nanoparticles with useful functional properties.
Lipoprotein nanoparticles, as complexes between phospholipids and apolipoproteins, can
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effectively serve in his context. Indeed, synthetic lipid nanoparticles of tunable composition,
size, and morphology would be of considerable interest for understanding the molecular
basis of protein-lipid interactions and for developing new therapeutic agents.

High-density lipoprotein (HDL) is a structurally and functionally fascinating class of
lipoproteins that encompass nanoparticles with distinct sizes (6—-13 nm) and shapes
(discoidal and spherical).2 HDL plays a crucial role in protecting against cardiovascular
disease through a number of mechanisms that depend on the particular particle composition.
The small, dense, discoidal particles are especially important in absorbing and transporting
cholesterol. The antiatherogenic effects of HDL derive in part from its involvement in
reverse cholesterol transport (RCT), whereby excess cholesterol and other lipids are
translocated from peripheral tissues to the liver for elimination (Figure 1).3 A major goal in
developing HDL-targeted therapeutics is to enhance RCT by promoting cellular cholesterol
efflux and by remodeling HDL to increase the levels of lipid-poor species, which have the
greatest capacity to absorb cellular cholesterol. In this vein, the functional mimicry of HDLs
with synthetic lipid nanoparticles has garnered intense interest as a route to potential agents
for managing atherosclerosis.*

Apolipoprotein A-1 (apoA-1), the primary structural protein within HDL particles, has been
mimicked by many short, amphiphilic, a-helical peptides.> However, some of the structural
roles of apoA-I in supporting nanolipid particles may not be fully replicated by monomeric
peptides, as apoA-I contains 10 amphiphilic a-helices. For example, apoA-I adapts to
various particle sizes and morphologies during the course of HDL maturation from small,
cholesterol-poor discoidal particles to larger, cholesterol-rich spherical particles, and plays a
central role in the remodeling of HDL (Figure 1). This remodeling is a constant dynamic
process in which proteins and enzymes mediate the influx, efflux, or modification of
constituent lipids, cholesterol, and small-molecule components, greatly impacting HDL
particle composition and function.2 Thus, we supposed that multimeric a-helical constructs
(linear or branched), by virtue of their multiple interacting helices, would afford improved
scaffolding and conformational adaptability to support the HDL remodeling process.
Although previous studies of helix multivalency have employed linear truncation or deletion
variants of apoA-1,® and linear or branched synthetic constructs,’ the role of multivalency in
apoA-I function has not been systematically investigated. As a design perspective, we
planned to use branched peptide constructs with different numbers of attached a-helices,
which would present a distinctly different topology from the linear arrangement of a-helices
in the native protein (Figure 1). These novel, branched constructs might supply the
morphological plasticity to support the range of HDL particle sizes and shapes to advance
the chemical biology of HDL and serve as potential therapeutic agents. Our multivalent
approach included the use of two different lengths of peptide building blocks, 23-mers and
16-mers, to examine the functional effects of helix multimerization more thoroughly.
Herein, we report on the remarkable properties of these multivalent peptide constructs in
generating functional, synthetic, HDL-like nanolipid particles.

Design and Synthesis of Multivalent Constructs

We endeavored to systematically assess the potential of multivalent peptide constructs in
generating functional nanolipid particles. A convergent strategy involving two distinct
families of monomer, dimer, trimer, and tetramer peptide constructs with different lengths
for the amphiphilic a-helical peptide segments was adopted (Figure 2). For synthetic
efficiency we utilized native chemical ligation (NCL)®8 to attach multiple copies of the
selected peptide to simple small-molecule scaffolds that differed in the number of reactive
arms (Figure 3).° The scaffolds were designed to be flexible and uncharged (Figure 3b), so
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as not to unduly influence the biophysical properties of the constructs, and to be synthesized
in a few steps from commercial starting materials (Figure S1).

For the first series of peptides, we chose to use helix 10 of human apoA-1 (residues 221—
241), which is critical for lipid binding and cholesterol efflux in the native protein.10 The
21-amino-acid peptide was altered for our studies by introducing two conservative amino
acid substitutions: Ala for Val-227 to increase the amphiphilicity and Trp for Tyr-236 to
improve spectrophotometric analyses (Figure 2). We also appended Cys-Gly to the N-
terminus to allow efficient NCL, giving a 23-amino acid monomeric peptide (denoted as
monomers,3). In designing the second family of constructs, we supposed that the structures,
by virtue of their multivalent, amphiphilic, a-helical arrangements, should have stronger,
more cooperative interactions with lipid membranes than typical monomeric apoA-I
mimetic sequences, thus permitting the use of shorter helical modules. Therefore, the second
series was constructed by using a 16-amino-acid peptide (denoted as monomerg), which is a
truncated variant of the parent 23-mer peptide, with seven residues (one turn of an a-helix)
removed from the N-terminus (Figure 2). The required 23-mer and 16-mer peptides were
synthesized and purified according to standard solid-phase protocols. The multivalent
constructs were synthesized (Figure 3) by mixing peptide (1.5 mol equiv) and scaffolds in
neutral aqueous solution for 10-16 h, after which the cysteine side chains were capped by
reaction with bond formation. Overall isolated yields of the constructs iodoacetamide to
prevent complications from disulfide starting from the monomer were 60-85%. This
excellent synthetic efficiency allowed us to smoothly produce sufficient trimeric construct
(~2.0 g) for chronic antiatherosclerosis studies in mice, which are currently ongoing in our
laboratory.

Biophysical Characterization of Lipid-Free Peptides and Peptide Nanolipids

Biophysical characterizations of the lipid-free peptide constructs involved circular dichroism
(CD), analytical ultracentrifugation (UC), pyrene fluorescence studies, surface tension
measurements, and size exclusion chromatography (SEC) (Table S1; Figures S2-S5). CD
analyses showed that the multivalent peptide constructs exhibited a higher degree of helicity,
as judged by the magnitude of the minima at 222 nm, than the monomeric peptide in the
presence or absence of lipid. The monomers and dimers exhibited increased helicity in the
presence of lipid, as is typical of amphiphilic a-helical peptides. On the other hand, the
trimers and tetramers were either unchanged or were marginally less helical in the presence
of lipid, suggesting that these structures are folded due to intramolecular interactions even in
the absence of lipid. UC studies for the 16-mer family were suggestive of reversible self-
association of the multivalent species into dimeric species in the uM concentration range,
whereas monomeryg did not form aggregates even at the highest concentration tested (210
MM). Surface tension values were measured for the 23-mer family of peptides at a
concentration of 1 x 1074 M; all the peptides had values within a narrow range of 44.6 and
47.2 mN/m. Surface tension values dropped with increasing monomer concentrations until
reaching a point that corresponded well with the self-association saturation point determined
by pyrene fluorescence (Figure S5).

Membrane interacting proteins or peptides have often been formulated with phospholipids to
generate lipid nanoparticles (“lipidated”) with the aid of cholate (as detergent), followed by
dialysis to remove most of the cholate from the preparation.1¢ Because we wished to avoid
any complications resulting from any residual cholate, we employed a cholate-free
approach. Lipid nanoparticles were prepared by incubating each peptide construct with an
aqueous (phosphate-buffered saline, PBS) suspension of 3 mM (A)-(+)-1,2-dimyristoyl-sr+-
glycero-3-phosphocholine (DMPC) multilamellar vesicles at 22 °C for 12-16 h.1¢ Despite
having unnatural, branched topologies, all multivalent constructs generated discoidal
nanoparticles of similar size and morphology as discoidal HDL (Figure 4; Table 1; see
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Figure S6 for kinetics of lipid clearance). The nanoparticle sizes could be controlled within a
range of ~9-15 nm by varying the ratio of peptide to lipid (Figure 4a,b). At peptide/lipid
ratios that mimic the~1:100 apoA-1/lipid ratio in native HDL particles, when corrected for
the number of helices per molecule (1:10 for monomer, 1:20 for dimer, 1:30 for trimer, 1:40
for tetramer), the nanodiscs generated by each construct were in the size range of 9-12 nm,
as determined by SEC (Figure 4; Table 1). For a given peptide valency, the SEC
nanoparticle size for the 23-mer variant was 1-2 nm larger than that for the analogous 16-
mer construct (Table 1). In both series of constructs, the construct:DMPC ratio in purified
nanoparticles indicated that the trimer bound considerably more lipids than expected based
on the mixing ratio of 1:30 (Table 1), suggesting that a trimeric structure may be advantaged
in lipid binding compared to the other valencies tested. The discoidal morphology of the
nanoparticles determined by transmission electron microscopy (TEM) was similar to that of
synthetic and native HDL nanoparticles formed from apoA-I (Figures 4d, S7, and S8).11

HDL nanoparticles are highly heterogeneous and dynamic, but the generally accepted
structure for discoidal HDL involves two antiparallel molecules of apoA-1 wrapped like a
double belt around the edge of a phospholipid bilayer. Thus, each discoidal HDL particle
contains 20 individual a-helices (10 helices/apoA-I) (Figure 4e). The lipid nanoparticles
assembled from most of our multivalent species contain 17-25 helices per particle (Table 1),
in general agreement with the assumption that their structures involve helices aligned in an
end-to-end fashion around the edge of a bilayer, like the structure adopted by apoA-1. The
helical subunits of the multivalent constructs likely adopt a number of arrangements in
relation to each other around the edge of the particles, made possible by the flexible linkers,
involving inter- and intramolecular associations between individual helices. A constraint of
the branched nature of the multivalent constructs is that a continuous antiparallel
arrangement of helices around the particle (like that in native discoidal HDL) is not possible,
assuming all of the helices are bound to particle surface.

We also found that the nanoparticles could be freeze-dried, stored at —20 °C, and
reconstituted with water, without apparent changes in particle size or morphology (Figures
S9 and S10). This process could be useful for practical formulations of these materials, as
well as other peptide-based nanoparticle therapeutics.

For the 16-mer peptide series, inspection of the SEC traces for nanoparticle formation
revealed that the multivalent peptides packaged lipids more efficiently than did the
monomeric peptide, for which much of the lipid-free peptide remained after the incubation
period (Figure 4c). Furthermore, the observed construct:DMPC ratio for monomeryg in
purified nanoparticles was 1:5.8, whereas the analogous values for monomer,z and 4F (Ac-
DWFKAFYDKVAEKFKEAF-NH2; a well-studied monomeric, a-helical apoA-1 mimetic
peptide®) were 1:14 and 1:15, respectively (Table 1), indicating that more molecules of the
monomeryg peptide are necessary to form stable nanoparticles. In contrast, the observed
peptide:DMPC ratios for the multivalent 16-mer peptides were similar to those for the 23-
mer family, suggesting that multimerization of the 16-residue helix overcame its
deficiencies of the monomeryg in lipid packaging.

Effects on Cholesterol Efflux and Plasma HDL Remodeling

HDL particles promote the efflux of cholesterol from macrophage cells in the early, rate-
limiting step of RCT.12 To determine the capacity of our peptide-lipid nanoparticles to
mediate efflux, cholesterol-laden mouse macrophages (J774 cells) were treated with the two
families of nanoparticles for 12 h. In both series, the multivalent constructs promoted
cholesterol efflux more efficiently than the monomeric peptide (Figure 5). In the 16-mer
family, the observed efflux ECsg values followed the trend of tetramerqg > trimeryg >
dimeryg; monomeryg failed to cause any notable efflux (Figure 5). No such trend was
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observed for the 23-residue constructs, for which the dimer,3 structure was most efficient,
although all of the nanoparticles from multivalent peptides were more efficient than those
from monomer,3. For both families of peptides, similar trends in efflux activity were
observed for the lipid-free peptide constructs (Figure S11).

Small, dense HDL particles are the initial acceptors of cellular cholesterol in RCT (Figure
1).14 To evaluate the capacity of our peptide-lipid nanoparticles to interact with and remodel
mature plasma HDL (7.5-11 nm in size) into smaller, more dense particles (~7 nm), we
treated human plasma with each nanoparticle for 1 h at 37 °C, and then analyzed the samples
by immunoblotting for apoA-1.1% All peptide nanoparticles induced an increase in small,
dense HDL levels, with the exception of monomerg (Figures 6, S12, and S13). When
corrected for the number of helices present in each molecule, the increases in dense HDL
were similar for the entire panel of multivalent constructs. Controls involving DMPC alone
did not affect the plasma HDL.

Interaction with Native HDL

To investigate how our synthetic nanolipids would interact with biological lipoproteins in
vitro, we prepared peptide constructs alkylated on the Cys side chain with a labeling agent
instead of iodoacetamide.18 Fluorescein was used for the 23-mer series, whereas biotin was
used for the 16-mer series because fluorescein labeling interfered with nanoparticle
formation with these small constructs. The labeled constructs were assembled into
nanoparticles with DMPC containing 1% of a rhodamine-labeled DMPC analogue, yielding
particles that were similar in size to those obtained from nonlabeled components (albeit with
a larger size distribution) (Figure S14). We then independently tracked the peptide and lipid
components of synthetic nanoparticles as they interacted with lipoproteins in a plasma
sample (Figure 6; see Figure S13 for an analogous study with the 16-mer peptides). Human
plasma was incubated with the labeled nanoparticles and subjected to nondenaturing
gradient gel electrophoresis (NDGGE). The gel was fluorescently imaged to visualize the
labeled peptide and lipid components (Figure 6a-c), and then Western blotted for apoA-I to
visualize the HDL species (Figure 6d; Figure S15 shows there was no cross-reactivity
between the apoA-I antibody and the peptide constructs). The synthetic nanoparticles were
rapidly incorporated into biological lipoproteins; within 15 min, the synthetic nanoparticles
(11-14 nm) were not apparent in the gel. The dimer,3 and trimer,3 fluorescence was
overlaid with the apoA-I-containing HDL bands at 7.5-11 nm. In the case of the monomer,
little fluorescence was observed in the HDL region; instead, the monomer was largely
associated with human albumin (7.1-nm band). The labeled lipid was present in the HDL
regions, in larger particles that did not enter the gel (probably low-density and very low-
density lipoproteins), and bound to albumin. Interestingly, over time, the small, dense HDL
bands disappeared and the mature HDL bands increased in size, possibly due to HDL
metabolism.1’ Thus, in human plasma in vitro the multivalent peptides were readily
transferred from the synthetic nanoparticles to native HDL particles, caused HDL
remodeling, and at that point coexisted in the particles with apoA-I (Figure 6e). A similar
overall behavior was observed for the dimeryg, trimeryg, and tetramer,g constructs (Figure
S13).

Proteolytic Stability and Pharmacokinetics

Peptides administered systemically are subject to renal clearance and enzymatic degradation
by abundant proteases.18 A prolonged circulatory half-life would be beneficial for clinical
use of apoA-I mimetic peptides. To investigate the stability of our peptides, we first
followed the disappearance of the intact peptides incubated in mouse serum at 37 °C by LC-
MS with single-ion monitoring (SIM) (Figure S16). For both series of peptides, we found
that the monomeric peptides were degraded quickly, with ~50% lost in the first 2 h, whereas
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the multivalent constructs were much more stable, with minimal degradation during the 12—
24 h incubations (Figures S17 and S18). We also tested the stability of the peptides against
isolated proteases in vitro: chymotrypsin, thermolysin, pronase, and pepsin. The monomers
were readily digested by all proteases, but the multivalent apoA-I mimetic constructs were
remarkably more stable (Figure 7; see also Figures S17 and S18 for time courses of
degradation and data for the dimeric and tetrameric constructs). All of the peptides were
more resistant to degradation when formulated as DMPC/peptide nanoparticles, but the
observed stability trends remained the same (Figures 7, S17, and S18).

When administered intraperitoneally (i.p.) to wild-type mice (BALB/cByJ), the multivalent
nanoparticles exhibited superior blood concentrations and much longer plasma residence
times compared with the nanolipid particles from monomers (Figure 8). Peptide doses were
60 mg/kg (equal doses on a helix basis; 0.63, 0.32, 0.21, and 0.16 pmol of monomerg,
dimerqg, trimeryg and tetramer,g per mouse, respectively) for the 16-mer series, and 75 mg/
kg (0.55, 0.36, and 0.18 pmol of monomer,3, dimer,3, and trimerp3 per mouse, respectively)
for the 23-mer nanoparticles. Plasma concentrations of the monomeryg peptide were only
above the limit of detection (1.7 pM) at 0.5 h (Gyax 0f 12 uM), whereas plasma
concentrations of the 16-residue multivalent peptides peaked at ~4 h and had much longer
residency (Cmayx Of 48, 44, and 20 uM for dimerqg, trimeryg, and tetrameryg, respectively);
tetrameryg remained at detectable levels even after 24 h. The plasma levels of the dimery3
and trimer,3 constructs were also high (Gyax of 26, 88, and 44 uM for monomers,s, dimer;s,
and trimer,s, respectively) and were above the concentrations required for in vitro HDL
remodeling (10 and 7 uM for dimer,3 and trimer,s, respectively) from 1 h post-injection up
to 31 and 18 h, respectively (Figure 8). These long plasma half-lives are remarkable for
peptides comprised of all natural L-amino acids. A similar pharmacokinetics (PK) profile
was observed for the corresponding trimer,3 nanoparticles assembled with a trimeric
construct synthesized from all D-amino acids (Figure 9a), further suggesting that proteolysis
is not a primary in vivo elimination mode for trimerp3. Subcutaneous injection of the
trimer,3 nanoparticles into mice (7= 3; 75 mg/kg dose) gave PK and in vivo plasma HDL
remodeling profiles (Figure S19) similar to the profiles from i.p. injection. Likewise, i.p.
injection of the trimer nanoparticles (n7=3; 30 mg/kg) to rats gave a long elimination half-
life of ~10 h and a high Gnax 0f 27 pM (Figure 9b). For comparison, the plasma half-life of
apoA-I in mice is 11 hours.19

In vivo plasma HDL remodeling blots from these PK studies showed a marked enhancement
of lipid-poor HDL bands from 2-8 h post-injection for the dimer,3- and trimer,3-based
nanoparticles (but not for monomer,3), indicating successful remodeling of mouse HDL in
vivo (Figures 8 and S19). Likewise, the small, dense HDL bands were increased by
tetramery nanoparticles from 0.5-8 h post-injection, indicating successful remodeling of
mouse HDL in vivo.

Exploratory in vivo efficacy/toxicity studies were carried out using the trimerys
nanoparticles in low-density lipoprotein receptor (LDLr)-null (LDLr)-/-) mice, which are a
widely used animal model for atherosclerosis research.20 At 10 weeks of age, the mice were
switched to a high-fat diet (HFD; 1.25% cholesterol, 15.8% fat, and no cholate), and daily
50-mg/kg i.p. injections of the trimer,3/DMPC nanoparticles were commenced. After two
weeks, treatment with the trimer,3 nanoparticles had reduced plasma total cholesterol levels
by 40% and 51%, respectively, compared to controls involving i.p. injection of PBS or
DMPC liposomes (Figure 9c). As determined by SEC fractionation of pooled plasma
samples, the reductions in plasma total cholesterol stemmed mainly from reduced levels of
VLDL and LDL, but, encouragingly, the plasma HDL was also remodeled in favor of the
smaller HDL particle sizes (Figure S20). No differences were observed between the treated
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and control mice in food intake, water intake, body weight, or plasma liver enzyme levels
(ALT and AST) over the course of the two-week study.

DISCUSSION

We carried out the first systematic study of branched, multivalent peptide constructs as a
new approach for generating synthetic HDL-like nanoparticles, by using two distinct
families of 16-mer and 23-mer peptide constructs. In the 16-mer series, cholesterol efflux
capacity and proteolytic stability directly depended on the number of helices present in the
peptide construct, lipid nanoparticle formation was more efficient for the multivalent species
compared to monomerg, and only the tetrameryg showed notable plasma HDL remodeling
in vivo. The functional properties observed for the 23-mer family, in contrast, did not
directly depend on the number of helices, although the lipid nanoparticles from the
multivalent constructs were superior to those from the monomer,3 peptide in cholesterol
efflux, proteolytic stability, PK, and HDL remodeling in vivo. Thus, although the sizes of
the nanoparticles could be controlled by adjusting the peptide/lipid ratio during their
preparation, the resultant functional properties were more complex and not directly tunable
according to the peptide construct used.

Because the shorter peptides possess less inherent capacity for lipid association,
multimerization had a more dramatic effect on the function of these constructs. Consistent
with this observation is that more molecules of the monomer;g peptide were necessary per
phospholipid to form a stable nanoparticle compared to the multivalent variants (Table 1),
which likely stems from the monomer being less folded and/or having lower lipid affinity. It
is notable that the multivalent approach permitted the use of monomeryg, a short peptide that
was functionally deficient as the monomer in generating lipid nanoparticles, effluxing
cholesterol, and remodeling plasma HDLs. Consistent with our findings, other peptides
composed of tandem a-helical segments exhibit improved cholesterol efflux and HDL
remodeling properties compared to monomeric helices.’®

An important issue is whether the observed functional improvements can be explained by a
simple increase in the effective concentration of peptides present or, put another way, would
a four-fold higher concentration of the monomeric peptide be functionally equivalent to a
tetrameric construct? In this case, the answer is clearly no. In the context of cholesterol
efflux, tetramerqg is nearly 10-fold more potent than dimerg, and dimeryg is at least 10-fold
more potent than monomeryg; in the 23-mer series, the dimer construct most efficiently
promoted efflux, despite there being a higher effective concentration of peptides in the
trimer and tetramer species at a given concentration. Likewise, improvements in PK area
under the curve (AUC) values were greater than would be expected on the basis of effective
concentration— dimerpz exhibited a 14-fold greater AUC value than monomer,s, and all of
the multivalent 16-mer constructs had >10-fold improvements compared to monomerg.

As an initial step toward understanding the mechanisms that lead to the functional
improvements for multivalent agents, we labeled the peptide and phospholipid components
of the synthetic nanoparticles and tracked their interactions with native HDL in human
plasma in vitro. Interestingly, monomer;,3 was largely bound to human albumin, whereas the
dimery3 and trimer,3 constructs associated almost exclusively with HDL particles. These
findings are consistent with data from Wool et al. showing that monomeric 4F only weakly
associates with HDL and that it mainly bound to plasma proteins.”f By contrast, a tandem
peptide with two 4F segments linked by proline associated with all lipoprotein classes,
including HDL.”f Likewise, a “peptibody” derived from two copies of 4F attached to a
murine 1gG Fc fragment coimmunoprecipitated with apoA-1, indicating that the pepti-body
coexisted with apoA-1 in the HDL particles.”" Thus, it appears that multimerization of
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amphiphilic a-helical peptides results in more selective, higher affinity binding to
lipoproteins.

A common limitation of peptide-based therapeutics is a short half-life in vivo. Stability
studies in vitro and in vivo indicate that the multivalent species described here are
considerably more robust than the analogous monomers. We suggest that intramolecular
self-assembly of the multivalent constructs might be responsible for the high proteolytic
stabilities observed. Also, the observed higher affinity association with native lipoproteins
for the multivalent constructs may contribute to their greater plasma residency times.
Previous studies have shown that branched, multiple antigen peptides (MAPs) exhibit
resistance to proteases, which has been ascribed to steric hindrance limiting access to the
protease active site.2 In addition to excellent proteolytic stability, the multivalent constructs
may be more resistant to renal clearance than the monomers because of their larger sizes.?2

The observed plasma cholesterol reduction promoted by trimer,3 is exceptional within the
realm of apoA-1 mimetic peptides. Other apoA-l mimetic peptides have typically been
reported to lack any significant effect, or have only modest effects, on plasma cholesterol
levels, even when they effectively reduce the development of atherosclerotic lesions.23 For
example, mouse plasma total cholesterol levels were unchanged by daily, 8-week
administration of D4F (4F peptide with all D-amino acids) at 45-mg/kg, p.o.,23¢ or daily, 6-
week administration of ATI-5261 at 30-mg/kg, i.p.,2%2 and just modestly reduced (9—14%)
by daily, 3-week or 6-week administration of mR18L at 50-mg/kg, p.0.23P Likewise, neither
apoA-I nor rHDLSs cause significant reduction in plasma cholesterol levels.24 These
observations raise a question about whether our peptides function by the same mechanisms
as other apoA-I mimetic peptides. Our data indicate that the peptides can promote HDL
remodeling to produce lipid-poor particles and induce cellular cholesterol efflux, two
important aspects of the RCT pathway. Therefore, it is reasonable to propose that the
mechanism of plasma cholesterol reduction involves the promotion of RCT. We are
currently working to clarify these mechanistic issues.

Synthetic peptides with a monomeric, amphiphilic a-helical structure can functionally
mimic apoA-I in generating lipid nanoparticles and modulating the biological properties of
HDL.525 Assorted studies with different peptide derivatives in mouse models of
atherosclerosis have demonstrated antiatherogenic effects, which led to human clinical
studies with certain agents, such as the 18-mer apoA-I mimetic peptides 4F26 and D4F,2’
and the 22-mer peptide ETC-642.28 Considering the process of multimerization described
herein, it remains to be seen whether other monomeric apoA-I mimetic peptides, such as
those mentioned above, can be functionally improved in a similar manner. More broadly, it
is encouraging that every one of the constructs that we tested, despite their abiologic
branched topologies, generated robust nanolipid particles. These results suggest that more
diverse structural topologies, as well as other types of amphiphilic molecules (besides
amphiphilic peptides), could be useful in forming lipid nanoparticles with HDL-like
functions.

CONCLUSIONS

Our findings with branched, multivalent peptide constructs support their utility as
scaffolding agents for nanolipid particles with HDL-like properties. Our modular synthetic
approach of attaching multiple copies of a purified a-helical peptide to different scaffolds is
synthetically efficient and affords a level of molecular design beyond the peptide primary
sequence. The resulting multivalent apoA-I mimetics can be functionally superior to the
monomeric peptides in several respects. Furthermore, enhanced proteolytic stability in vitro
and improved in vivo PK profiles confer a real practical advantage to such multivalent
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peptide constructs. This key benefit from our approach circumvents the high cost and
potential complications of other strategies to stabilize apoA-1 mimetics, involving peptides
synthesized from all D-amino acids?® or chemical additives to improve their proteolytic
stability.30 Indeed, we have obtained encouraging preliminary results for the antiatherogenic
potential of our multivalent nanolipid particles on chronic daily dosing in LDLr-null mice
(to be reported separately in due course). From a basic science standpoint, our approach lays
the groundwork for further studies involving constructs with more than four helical subunits,
aimed bridging the gap between monomeric apoA-1 mimetics and full-length apoA-1 to
understand Nature’s reasons for using a protein with 10 repetitive helical segments to
stabilize HDL particles. Thus, our results provide a new path for advancing the chemical
biology of HDL and for developing therapeutic agents to manage atherosclerosis.

EXPERIMENTAL SECTION

General

For more detailed experimental methods, and additional procedures, including the synthesis
of peptides and scaffolds, biophysical characterizations, and LC-MS quantitation of peptide
concentrations, see the Supporting Information. All procedures involving human samples
and live animals were approved by TSRI Institutional Review Board and TSRI Institutional
Animal Care and Use Committee, respectively.

Synthesis of Multivalent Constructs

All peptide ligation reactions involved a 1.5-fold excess of purified peptide relative to the
number of thioesters in the scaffold. Ligations were performed in 200 mM 3-(A-
morpholino)propanesulfonic acid (MOPS) buffer containing 7 M guanidine hydrochloride
(Gdn-HCI), 100 mM tris(2-carboxyethyl)phosphine (TCEP), pH 7.5, at room temperature for
6-12 h. At the completion of the ligation reaction, iodoacetamide (~50-fold excess relative
to Cys) was added to cap the free thiol moieties on Cys residues. After 5 min, CF3CO,H
was added to quench the reaction, and the product was purified by RP-HPLC.

Peptide—Lipid Nanoparticle Preparation and Characterization

DMPC multilamellar vesicles (MLVs) were prepared as described in the supporting
information. A stock solution of peptide in PBS was added to 0.5 or 3 mM MLVs at the
appropriate initial molar ratio desired, and the solutions were vortexed for 1 h and incubated
with shaking for 12 h at 22 °C. To obtain fluorescently labeled nanolipid particles, a solution
of 5-1AF-labeled peptide (23-residue series) or biotin-labeled peptide (16-residue series) in
PBS was added at a 1:10 (helix:lipid) molar ratio to 0.5 or 3 mM DMPC MLVs containing
1% 1,2-dimyristoyl-sr-glycero-3-phosphoethanolamine- A-lissamine rhodamine B sulfonyl
(RhBDMPE, Avanti). The mixture was vortexed for 12 h at 22 °C. The lipid nanoparticles
were purified by SEC and characterized by using SEC and TEM. Cholesterol and
phospholipid amounts were determined in purified nanoparticles using cholesterol and
phospholipid assay kits purchased from BioVision; peptide concentrations were determined
using UV absorption.

Size-Exclusion Chromatography (SEC)

Samples were passed through a 0.45-pum polyvinylidene fluoride (PVDF) filter and injected
to a Superdex 200 HR 10/30 column (GE Healthcare) at room temperature at a flow rate of
0.5 mL/min using an AKTA purifier chromatography system. Tris-buffered saline (10 mM
Tris, pH 7.4, 100 mM NaCl, 0.25 mM EDTA, 0.0005% NaN3) or phosphate-buffered saline
(10 mM phosphate, 136 mM NaCl, pH 7.4) was used as a running buffer. The void volume
was at 7.1 mL. The standards were: thyroglobulin (669 kDa, 17 nm), ferritin (440 kDa, 12.2
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nm), bovine serum albumin (67 kDa, 7.1 nm), and ribonuclease A (13.7 kDa), which gave
the following retention volumes (mL): 8.3, 11.0, 14.0, and 17.2, respectively.

Transmission Electron Microscopy (TEM)

The nanoparticle fractions collected by SEC were imaged without further purification.
Glow-discharged copper grids (400 mesh) coated with carbon and formvar (G400-Cu,
Electron Microscopy Sciences, Hatfield, PA) were then immediately inverted, carbon
surface down, onto 7 pL droplets of sample solutions placed on Para-film. After 3 min,
excess liquid was wicked off and the grids immediately placed onto individual droplets of
aqueous 2% phosphotungstic acid at pH 7.0. After 2 min, excess stain was removed and the
grids were allowed to dry thoroughly. Images were taken on a Philips CM100 electron
microscope (FEI, Hillsbrough, OR) at 80 kV and collected using a Megaview 111 CCD
camera (Olympus Soft Imaging Solutions, Lakewood, CO). Size measurements were made
on at least 50 nanoparticles, quantified by using SimpleDigitizer 3.1.8 or Photoshop CS4
software.

Cholesterol Efflux

Remodeling

Cholesterol efflux from macrophage cells was determined by using a modification of a
reported procedure.’® J774A.1 cells (TIB-67; American Type Culture Collection, Manassas,
VA) were cultured to 80-90% confluence in DMEM (Dulbecco’s Modified Eagle’s
Medium) with 10% fetal bovine serum at 5% CQO2. Cells were then incubated with 5%
lipoprotein-deficient serum (LPDS), 2 pyg/mL Sandoz acyl-CoA:cholesterol acyltransferase
inhibitor (Sigma) and 25 pg/mL acetylated low-density lipoprotein in DMEM for 48 h,
followed by 12 h in DMEM with 5% LPDS, 2 pg/mL Sandoz, with 0.3 mM 8-(4-
chlorophenylthio)adenosine-3’,5'-cyclic monophosphate (Sigma). Peptides were then
applied in DMEM with 5% LPDS. Aliquots of medium were taken at 12 h and centrifuged
(1000 rpm, 10 min) to remove floating cells. The cell monolayers were rinsed three times
with ice-cold DMEM and lysed by the addition of 200 uL Cytobuster lysis buffer. After
incubation at room temperature for 10 min, cell lysates were homogenized by using a
homogenizer (PowerGen 125, Fisher Scientific). Cell-free medium and cell lysates were
analyzed for total cholesterol amounts by using a cholesterol Amplex assay kit (Invitrogen).
Cholesterol efflux at each time point was calculated as the amount of cholesterol in the
medium as a percentage of the total cholesterol (medium + lysate).

of HDL in Human Plasma

These procedures were modified from a reported method.1> Human plasma was incubated
with a peptide at 37 °C for various times, and then quenched by adding 50% sucrose (10-
fold dilution). Samples were Western blotted for human apoA-I as described in the
Supporting Information.

Protease/Serum Stability Assays

Mouse serum samples were obtained from the Department of Animal Resources at TSRI.
Peptides or apoA-1 were incubated in serum at a final peptide concentration of 0.1 mg/mL at
37 °C, or at a final concentration of 0.5 mg/mL with 20 mU/mL proteases (pronase,
chymotrypsin, or thermolysin) in PBS (pH 7.4). After various incubation times, aliquots
were removed. Serum samples were extracted with 1.5 volumes of acetonitrile containing
0.1% CF3CO,H and 0.2% triton X-100, centrifuged at 13,000 rpm for 10 min, and the
supernatants were acidified with 0.5 volumes of 1% acetic acid. Aliquots of protease
samples were mixed with 1.5 volumes of PBS containing protease inhibitors (Complete™)
and acidified with 0.5 volumes of 1% acetic acid. Peptide susceptibility to pepsin digestion
was assessed by incubating peptide/DMPC nanoparticles (0.5 mg/mL peptide) with pepsin
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(0.5 U/mL) at 37 °C in 10% acetic acid (pH 2.2). Aliquots of samples were taken at
indicated times, and the digestion was stopped by addition of pepstatin (10 yg/mL) and
dilution with acetonitrile. The concentrations of peptide or apoA-I in the samples were
determined by LC-MS SIM or HPLC, respectively, as described in the Supporting
Information.

Mouse Pharmacokinetics

Male mice (20 g) on a BALB/cByJbackground were obtained from the Rodent Breeding
Colony of the Department of Animal Resources at TSRI, and were maintained on a chow
diet. Peptides-DMPC nanoparticles (1:10, helix:lipid molar ratio) were spin concentrated
with a 3000 molecular weight cutoff centrifugal filter (Millipore). Mice were fasted
beginning 8 h before dosing, and continued the fast until after the 8-h time point blood draw
was completed. Groups of three mice received a dose of peptide-DMPC nanoparticles via
intraperitoneal injection (0.3 mL). Blood (30 or 60 pL) was drawn from the retro-orbital
sinus into a heparinized capillary tube before dosing (0 min) and at different intervals after
dosing. Plasma was isolated immediately from the whole blood by centrifugation.
Immediately after plasma separation, 20 pyL of plasma were extracted with 30 pL of
acetonitrile containing 0.1% CF3CO,H and 0.2% triton X-100. After vortexing for 30 s, the
mixture was centrifuged at 13,000 rpm for 10 min at 4°C. 40 yL of supernatant were
removed and acidified with 20 pL of 1% acetic acid. This solution was used for quantifying
peptide levels in the plasma by using LC-MS SIM as described in the Supporting
Information, with a lower limit of quantification of 1.7, 0.8, 0.6, and 0.8 uM in plasma for
monomeryg, dimeryg, trimeryg, and tetrameryg, respectively; 0.5, 0.2, and 0.2 yM, for
monomers,s, dimers,s, and trimer,s, respectively. To determine the level of in vivo HDL
remodeling, aliquots of the plasma samples from the PK studies were Western blotted for
mouse apoA-I1, as described in the Supporting Information.

Plasma Cholesterol Studies in LDLr-Null Mice

LDLr-null (LDLr~") mice were fed a chow diet until they were 10-weeks old, when they
were switched to a high-fat Western diet (HFD) (Harlan Teklad 94059). At the time that the
HFD was started, trimerpy3-DMPC nanoparticles were administered by daily i.p. injection for
two weeks in the continued presence of HFD. Mice receiving i.p. injections of PBS or
DMPC ULVs served as controls. The mice were bled after an overnight fast (~15 h) after
two weeks of treatment; the plasma was used to determine cholesterol levels using a
commercially available assay kit (Amplex red cholesterol assay kit, No. A12216, Life
Technologies) according to the manufacturer’s instructions).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Major pathways in the formation and dynamic remodeling of HDL, a heterogeneous mixture
of interconverting particles that undergo constant remodeling mediated by various
transporters, receptors, and enzymes. The process by which HDL removes cholesterol from
peripheral tissues and transport it to the liver for elimination is known as reverse cholesterol
transport (RCT). ApoA-I is shown as yellow tubes. Abbreviations: ABC, ATP-binding
cassette transporter protein; CE, cholesterol ester; CETP, cholesteryl ester transfer protein;
FC, free cholesterol; LCAT, lecithin—cholesterol acyltransferase; LDL, low-density
lipoprotein; PL, phospholipid; TG, triglyceride.
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Multivalent peptide constructs used in preparing HDL-like peptide-lipid nanoparticles. (a)
Schematic illustrations of the multivalent peptide constructs, which contain 2—4 copies of

amphiphilic helical peptide ligated at the peptide N-terminus to small scaffolds via native
chemical ligation. This study involves two series of constructs that differ in the length of the

peptide subunit. (b) Helical-wheel diagrams for the peptide subunits used in this study,

illustrating their amphiphilic nature. Color-coding in the helical wheels: yellow,

hydrophaobic; blue, cationic; red, anionic; green, polar uncharged.
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Figure 3.

Synthesis of multivalent peptide constructs. (a) Representative synthetic scheme for
preparing a dimeric construct. (b) Chemical structures of scaffolds used to prepare the
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multivalent constructs. (c) HPLC traces showing formation of the trimer,3 peptide construct

over time via native chemical ligation.
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Figure4.

Characterization of lipid nanoparticles formed by incubation of multivalent peptide
constructs with DMPC multilamellar vesicles. (a) SEC profiles shown for DMPC
nanoparticles generated from the monomer,3 peptide at various peptide/lipid ratios. (b) Plot
of nanoparticle size measured by SEC as a function of lipid/helix ratio for the 23-residue
series of constructs. (c) SEC profiles for nanoparticles generated from each 16-residue
constructs at a peptide/lipid ratio of 1:10, 1:20, 1:30, and 1:40 for the monomeryg, dimeryg,
trimery, and tetrameryg, respectively. The multivalent species efficiently form
nanoparticles, whereas the monomeric peptide remains largely lipid-free. (d) Negative-stain
(phosphotungstic acid) TEM images of purified nanoparticles generated by the peptide
constructs. All adopt a similar morphology to discoidal HDL particles. (e) Hypothetical
molecular model of a lipid nanoparticle assembled from ten 16-amino-acid a-helices per
leaflet (20 helices per particle), viewed from two directions, based on the double-belt model
of native apoA-1 in discoidal HDL particles.
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Figureb5.

HDL-mimetic nanoparticles efficiently promote cellular cholesterol efflux. Efflux was
measured with cholesterol-laden mouse macrophage J774 cells over 12 h for the 23-mer
series (left) and the 16-mer series (right). Values are shown as mean = SD of samples in
triplicate. The peptide concentrations in the nanoparticles at half-maximal efflux (ECsgg)
were: 4F, 7.6 £ 1.5 pM; monomer,s, 13.3 £ 4.0 uM; dimerps, 2.3 £ 0.7 uM; trimerys, 4.6 +
1.6 uM; tetramerss, 2.8 £ 1.9 yM; monomeryg, ~150 uM; dimeryg, 4.1 £ 1.2 yM; trimerg,
2.3 £ 0.6 uM; and tetrameryg, 0.5 £ 0.4 uM. In both peptide series, nanoparticles prepared
from multivalent constructs were superior to monomeric peptides. Similar trends in efflux
activity were observed for the lipid-free peptide constructs (Figure S11).
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Figure®6.

Double-labeled fluorescent imaging and Western-blot analyses to track interactions between
synthetic lipid nanoparticle components and native HDLs. Nanoparticles were formed from
DMPC/1% rhodamine-labeled lipid (red signal) and fluorescein labeled peptide constructs
(green signal) denoted by (F*). Particles in the rightmost two lanes contained labeled lipid,
but unlabeled peptide. (a, b) The particles were incubated with human plasma for various
times, separated by NDGGE, and fluorescently imaged. Lipid-poor HDLs co-migrate at 7.1
nm with human albumin, which autofluoresces and binds labeled lipid and peptide to some
extent (see Figure S13). (c) Overlay of fluorescence images. (d) The gel was then Western
blotted for human apoA-I to get a reading on the native HDL particles. (e) An overlay of the
fluorescence images and Western blot revealed that the multivalent peptides have rapidly
incorporated into the HDLs, and coexist with apoA-1. Over time, the lipid-poor HDL bands
disappear and mature HDL bands increased in size, likely due to HDL metabolism.1’
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Figure7.
Proteolytic stabilities of peptide constructs and DMPC nanoparticles compared to apoA-I

and recombinant HDL (rHDL) particles. Samples (0.5 mg/mL peptide or protein) were
incubated at 37 °C with each protease (20 mU/mL, chymotrypsin, thermolysin, and pronase;
0.5 U/mL, pepsin) for 2 h in PBS. The multivalent constructs were more stable than
monomeric peptides, for both the 23-mer and 16-mer families, and peptide nanolipids were
more stable than the corresponding lipid-free peptides. The trimeric constructs and their
lipid nanoparticles were more stable than native apoA-I and rHDL.
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Figure8.

HDL-mimetic nanoparticles prepared from multivalent peptide constructs have superior in
vivo PK and plasma HDL remodeling properties compared to the monomeric peptides in
mice. (a) Mice (BALBJc, n= 3) were injected i.p. with a 75 mg/kg dose (equal doses on a
helix basis; 0.55 pmol monomerys, 0.36 pmol dimerps, 0.18 pmol trimer,3) of peptide-lipid
nanoparticles. Measured area under the curve values for the monomer,3, dimerps, and
trimerp3 were 110 + 10, 1570 + 130, and 500 + 40 uMeh, respectively. Plasma samples from
the PK study were Western blotted for mouse apoA-1. The multivalent peptides, in contrast
to the monomer, increased the level of lipid-poor HDLs in the mice, which are beneficial for
combating atherosclerosis. (b) Mice (BALBI¢, n= 3) were injected i.p. with a 60-mg/kg
dose (equal doses on a helix basis; 0.63 pmol monomeryg, 0.32 pmol dimeryg, 0.21 pmol
trimeryg, 0.16 umol tetramerg) of peptide nanoparticles. Measured AUC values for the
monomeryg, dimeryg, trimeryg, and tetramer;g were <10, 340 + 30, 180 + 30, and 260 + 30
HUMeh, respectively. Western blotting indicated that the tetramer;g nanoparticles most
effectively increased the in vivo levels of small, dense HDLs in this series of compounds.
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Figure9.

Pharmacokinetics and plasma cholesterol reduction studies of trimeryg nanolipid particles.
(a) Mice (BALBIcByJ, n= 3) were injected i.p. (50-mg/kg dose) with DMPC nanoparticles
synthesized from .-trimer,3 or o-trimer,3 (synthesized from all o-amino acids). Rates of
clearance were similar for the two peptides, indicating that enzymatic degradation is not a
major route of clearance in vivo. (b) Rats (Sprague-Dawley (Crl:CD(SD)), n= 3) were
injected i.p. with a 30-mg/kg dose of trimer,3/DMPC nano-particles. (¢) Two-week, 50-mg/
kg i.p. administration of the trimer,3/DMPC nanoparticles (n7 = 8) reduced the plasma total
cholesterol levels of 10-week old female LDLr-null mice fed a HFD compared to PBS (n=
7) or DMPC liposome/PBS (7= 9) controls. Data points are shown as the mean = SD; **, p
<0.01; *** p<0.001 by one-way ANOVA, post hoc Tukey—Kramer test.

JAm Chem Soc. Author manuscript; available in PMC 2014 September 11.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Zhao et al.

Table 1

Biophysical Properties of DMPC-Based Nanoparticles Generated with Peptides.?

Page 23

peptide peptide:DMPC peptide:DM_PC ratio SEC Stokesdi- TEM diameter Iipid_s per heliC_es per
mixing ratio in nanoparticlesb ameter (nm) (nm) particle  particled
4F 1:10 1:15+2 11+2 ND 300 20
monomeryz  1:10 11141 11+1 15+4 300 21
dimerys 1:20 1:30+2 121 12+3 360 24
trimer,g 1:30 1:43+7 121 12+2 360 25
tetramer,s 1:40 1:39+4 11+2 12+2 300 31
monomeryg  1:10 1:58+0.3 101 12+3 250 43
dimeryg 1:20 1:28+3 101 14+2 250 18
trimeryg 1:30 1:54+7 111 15+2 300 17
tetramersg 1:40 1:44+3 9+1 14+2 200 18
apoA-I 1:100 ND 15, 10€ 11 +3€ ND ND (20)

aSynthetic nanoparticles were prepared by mixing a given peptide construct (300 pM) with DMPC liposomes at the molar ratios shown in PBS,
and incubating overnight prior to analysis by SEC or TEM. SEC Stokes diameter was determined using a standard curve of four globular proteins.
TEM size was determined by averaging the longest diameter of 50 nanoparticles for each peptide species.

The peptide:DMPC ratios were determined by isolating the nanoparticles using SEC and then separately measuring the peptide concentration
using UV absorbance at 280 nm and the phospholipid concentration using a commercially available assay kit (Biovision).

cThe average number of lipids per particle was estimated by assuming a bilayer topology (two leaflets with an equal number of lipids), calculating

the area of a circle having the observed SEC Stokes diameter, and dividing this total area by the area of a single DMPC molecule (0.63 nm2).13

dThe number of helices per particle was estimated by dividing the number of lipids per particle by the DMPC:peptide ratio (corrected for the
number of helices per construct). It is thought that two apoA-1 molecules (10 helices/molecule) reside in discoidal HDL particles.

e . . . . -
Two peaks were observed in the nanoparticle region of the SEC trace for apoA-1. The 10-nm particle, purified by SEC, was used for TEM

analysis.
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