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Flipped C-Terminal Ends of APOA1 Promote
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BACKGROUND: Cholesterol efflux capacity (CEC) predicts cardiovascular disease independently of high-density lipoprotein
(HDL) cholesterol levels. Isolated small HDL particles are potent promoters of macrophage CEC by the ABCA1 (ATP-
binding cassette transporter A1) pathway, but the underlying mechanisms are unclear.

METHODS: We used model system studies of reconstituted HDL and plasma from control and lecithin-cholesterol
acyltransferase (LCAT)—deficient subjects to investigate the relationships among the sizes of HDL particles, the structure of
APOA1 (apolipoprotein A1) in the different particles, and the CECs of plasma and isolated HDLs.

RESULTS: We quantified macrophage and ABCA1 CEC of 4 distinct sizes of reconstituted HDL. CEC increased as particle size
decreased. Tandem mass spectrometric analysis of chemically cross-linked peptides and molecular dynamics simulations of
APOAT1, the major protein of HDL, indicated that the mobility of C-terminus of that protein was markedly higher and flipped
off the surface in the smallest particles. To explore the physiological relevance of the model system studies, we isolated
HDL from LCAT-deficient subjects, whose small HDLs (like reconstituted HDLs) are discoidal and composed of APOAT,
cholesterol, and phospholipid. Despite their very low plasma levels of HDL particles, these subjects had normal CEC. In both
the LCAT-deficient subjects and control subjects, the CEC of isolated extra-small HDL (a mixture of extra-small and small
HDL by calibrated ion mobility analysis) was 3- to 5-fold greater than that of the larger sizes of isolated HDL. Incubating
LCAT-deficient plasma and control plasma with human LCAT converted extra-small and small HDL particles into larger
particles, and it markedly inhibited CEC.

CONCLUSIONS: We present a mechanism for the enhanced CEC of small HDLs. In smaller particles, the C-termini of the
2 antiparallel molecules of APOAT are “flipped” off the lipid surface of HDL. This extended conformation allows them to
engage with ABCAT. In contrast, the C-termini of larger HDLs are unable to interact productively with ABCA1 because they
form a helical bundle that strongly adheres to the lipid on the particle. Enhanced CEC, as seen with the smaller particles,
predicts decreased cardiovascular disease risk. Thus, extra-small and small HDLs may be key mediators and indicators of
the cardioprotective effects of HDL.
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and inversely associates with plasma levels of high-  failed to lower CVD risk in statin-treated subjects, sug-

The risk of cardiovascular disease (CVD) strongly ~ pharmacological interventions that elevate HDL-C have
density lipoprotein cholesterol (HDL-C)." However, gesting that the association between HDL-C and CVD

Correspondence to: Jay W. Heinecke, MD, 850 Republican St, Box 3580565, UW Medicine, Seattle, WA 98109. Email heinecke@uw.edu
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065959.

For Sources of Funding and Disclosures, see page 785.
© 2023 The Authors. Circulation is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access article under the
terms of the Creative Commons Attribution License, which permits use, distribution, and reproduction in any medium, provided that the original work is properly cited.

Circulation is available at www.ahajournals.org/journal/circ

774 March 5, 2024 Circulation. 2024;149:774-787. DOI: 10.1161/CIRCULATIONAHA.123.065959


https://orcid.org/0000-0002-5565-5579
https://orcid.org/0000-0001-5892-9857
https://orcid.org/0000-0002-6103-2976
https://orcid.org/0000-0002-7406-6606
https://orcid.org/0000-0002-8701-2201
https://orcid.org/0000-0001-9303-3810
https://orcid.org/0000-0003-2756-2989
https://orcid.org/0000-0001-9208-6523
https://orcid.org/0000-0001-5246-0007
www.ahajournals.org/journal/circ
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065959
https://creativecommons.org/licenses/by/4.0/

He et al

Clinical Perspective

What Is New?

* Using chemical cross-linking and molecular dynamics
simulations, we showed that the C-termini of APOA1
(apolipoprotein A1), the major protein of high-density
lipoprotein (HDL), have increased mobility and con-
formational freedom in small HDL particles.

* The enhanced mobility of the C-termini of APOA1 in
small HDLs allows the C-termini to “flip” off the sur-
face of a particle, activating ABCA1 (ATP-binding
cassette transporter A1), thereby stimulating cho-
lesterol removal from cells.

What Are the Clinical Implications?

» Because of the vital role of small HDL in cholesterol
efflux, quantification of HDL particle concentration
determined by calibrated ion mobility analysis (the
size and concentration of HDL subspecies) might
be a better metric for gauging cardiovascular dis-
ease risk than HDL cholesterol levels.

* Therapeutic interventions that increase small HDL
levels, with or without increasing HDL cholesterol
levels, may be cardioprotective.

Nonstandard Abbreviations and Acronyms

ABCA1 ATP-binding cassette transporter A1

APOA1 apolipoprotein A1

APOB apolipoprotein B

CEC cholesterol efflux capacity

CvD cardiovascular disease

DTNB 5,5-dithio-bis-(2-nitrobenzoic acid)

EDC 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride

HDL high-density lipoprotein

HDL-C high-density lipoprotein cholesterol

IMA ion mobility analysis

LCAT lecithin-cholesterol acyltransferase

L-HDL large HDL

MD molecular dynamics

M-HDL medium HDL

MS mass spectrometry

MS/MS tandem mass spectrometry

r-HDL reconstituted HDL

S-HDL small HDL

XS-HDL  extra-small HDL

risk is indirect? It is therefore critical to identify new
mechanisms that inversely link high-density lipoprotein
(HDL) to CVD risk and do not involve HDL-C.34

One proposed cardioprotective function of HDL is pro-
motion of cholesterol efflux from lipid-laden macrophages,
which play critical roles in all stages of atherogenesis.® Two
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early steps in this pathway involve ATP-binding cassette
transporters, ABCA1 and ABCG1. Initially, ABCA1 medi-
ates cholesterol efflux from macrophages to lipid-poor apo-
lipoproteins® and small, dense HDL.™® Lecithin-cholesterol
acyltransferase (LCAT) then promotes HDL maturation by
catalyzing the conversion of free cholesterol to cholesteryl
esters, which are then transferred from the surface to the
core, generating larger HDL particles® ABCG1 exports
cellular cholesterol to larger HDL particles that deliver cho-
lesterol to the liver for excretion in bile.?

Rothblat et al demonstrated that serum HDL (serum
depleted of lipoproteins that contain APOB [apolipopro-
tein B]) promotes cholesterol efflux from cultured mac-
rophages, thus mimicking the key early steps in reverse
cholesterol transport from macrophages.'®'' The magni-
tude of cholesterol efflux to serum HDL, termed cho-
lesterol efflux capacity (CEC), is largely independent of
HDL-C."®"" However, large clinical studies demonstrate
that macrophage CEC and ABCA1-specific CEC of
serum HDL strongly and negatively associate with prev-
alent and incident CVD."""'® It is important to note that
CEC predicts CVD independently of HDL-C."'"'® These
results suggest that CEC is a critical contributor to the
proposed antiatherogenic functions of HDL in humans.

LCAT is widely regarded as an important driving force
for mobilizing cholesterol from tissues to the liver for
excretion. However, subjects with complete LCAT defi-
ciency do not appear to be at increased risk for CVD'
despite having very low HDL-C levels. Animal models
of atherosclerosis have yielded conflicting results on
the impact of LCAT deficiency and overexpression.’®
Serum from LCAT-deficient subjects exhibits elevated
ABCA1-dependent cellular cholesterol efflux although
efflux by ABCG1 and SR-B1 is impaired, suggesting that
cholesterol efflux by the ABCA1 pathway might explain
why those subjects are not at high risk for CvD.""

CSL-112, a reconstituted HDL (--HDL) particle com-
posed of human APOA1 (apolipoprotein A1) and phospha-
tidylcholine, was designed to mimic small HDLs (S-HDLs)."®
The drug, which markedly enhances the ABCA1 CEC of
human plasma, promotes the remodeling of HDL, resulting
in higher levels of small and lipid-poor APOA1 particles.”

S-HDLs account for most of the CEC activity of serum
HDL."™ However, the underlying mechanisms are poorly
understood. To explore potential mechanisms, we com-
bined functional and structural studies of r-HDL particles
with studies of control and LCAT-deficient subjects. Our
studies reveal that the C-terminus of APOA1 in smaller
HDLs becomes available to engage ABCAT1, the first key
step in cholesterol export from cells.

METHODS

Generation of r-HDL Particles

Discoidal r-HDL was prepared from recombinant human APOAT,
1-palmitoyl-oleoyl-phosphatidylcholine, and free cholesterol
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by cholate dialysis.?®*?? The composition of the different size
of particles is: (APOAT1:free cholesterol:1-palmitoyl-oleoyl-
phosphatidylcholine, mol/mol): -HDL-80, 1.0:1.8:34; r-HDL-88,
1.0:2.9:52.7; r-HDL-96, 1.0:4.7:90.6; -HDL-120, 1.0:4.7:140.%2

Calibrated lon Mobility Analysis

The sizes of r-HDL and human HDL particles were quanti-
fied with a scanning mobility particle sizer spectrometer (TSI
Inc, Shoreview, MN, model 3080N).23-%5 The concentrations of
r-HDL and HDL particles (moles per liter) were determined
using a calibration curve of glucose oxidase.®

Chemical Cross-Linking of r-HDL

r-HDLs were cross-linked with 1-ethyl-(3-dimethylaminopropy!)
carbodiimide hydrochloride (EDC) in phosphate-buffered saline
(pH 8.5, 4 *C)?2¢ and further fractionated by high-resolution
size exclusion chromatography to isolate monomeric HDL par-
ticles. Details are provided in the Supplemental Material.

Proteolytic Digestion and Mass Spectrometric
Analysis
Details are provided in the Supplemental Material.

Molecular Dynamics Simulations of r-HDL

Molecular dynamics (MD) trajectories of r-HDL-80 and
r-HDL-90 were calculated using a combination of all-atom
simulation, simulated tempering, and coarse-grained methods
(Supplemental Material).?=%% Simulations of r-HDL-100 and
r-HDL-120 (termed r-HDL-110) were reported previously.?’
Because different preparations of the largest r-HDL particles
range in size from 110 to 120 A2 we term these r-HDL-120
to be consistent with the size of the largest particles used here.

HDL Contact Map Analyses

Inter- and intramolecular contact maps between Co atoms used
a cutoff distance of 15.1 A?" A total of 2084 and 1042 frames
from the last half of 20-ps and 10-ps simulations were used for
the r-HDL-100 and r-HDL-120 particles, respectively.?” A total
of 100 frames extracted from the last half of 200-ps coarse-
grained simulations of r-HDL-80 and r-HDL-90 particles were
converted to all-atom structures to develop the contact maps.
Contact maps were plotted using Gnuplot version 5.2 (http://
gnuplotinfo).

Cholesterol Efflux Capacity

Macrophage CEC was assessed with J774 macrophages
labeled with [3H]cholesterol and stimulated with a cAMP ana-
log.'® Efflux by the ABCA1 pathway was measured with baby
hamster kidney cells that expressed mifepristone-inducible
human ABCA1 and were labeled with [®H]cholesterol.?

LCAT-Deficient and Control Subjects

Twenty-four subjects (4 carriers of 2 mutant LCAT alleles
[termed LCAT-/- subjects], 6 carriers of one mutant LCAT allele
[LCAT+/-], and 14 noncarriers [LCAT+/+]) were from an Italian
family study. The ltalian LCAT deficient cohort includes related
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carriers (Table S1)2' Two additional LCAT-/- subjects were
from New York. The study was approved by the institutional
review boards of Milano Area C, Italy (446-092014), New
York University (114-01537), and the University of Washington
(STUDY00012123). All subjects gave informed consent.
Aliquots of serum from subjects who had fasted overnight were
immediately frozen and stored at —80 "C until analysis. Serum
lipid levels and LCAT activity of the Italian cohort were deter-
mined as described.®’

Incubation of Control and LCAT-Deficient
Plasma With LCAT

Details are provided in the Supplemental Material.®?

HDL Isolation

For functional studies, HDL was first isolated by ultracentrifu-
gation (density, 1.063-1.210 g/mL)* from serum of control
subjects (n=4) and LCAT-/- subjects (n=b) and then fraction-
ated on a Superdex 200 10/300 GL column. Details are pro-
vided in the Supplemental Material.

Data Availability

All data supporting the findings of this study are available in the
article or its Supplemental Material.

Statistical Analyses

Statistical analyses were performed with STATA software ver-
sion 12 (Stata Corp, College Park, TX) and with SAS v.9.4
(SAS Inc, Cary, NC). Mixed-effect models, considering family
as a random effect, with Tukey-Kramer post hoc tests were
used to compare the means of 3 or more groups. One-way
ANOVA was used to analyze laboratory experiments. Linear
regression was used to investigate the correlation of serum
HDL CEC with HDL particle concentration for each subspe-
cies. Parametric or nonparametric analyses were based on the
Shapiro-Wilk test for normality. The ratio ¢ test (GraphPad) was
used for the analysis of plasma incubations with or without
LCAT. The null hypothesis is that the average of the logarithms
of the ratio of each pair is 0. P values <0.05 were consid-
ered significant. Unless otherwise stated, values represent
meansSDs.

RESULTS

Reconstituted S-HDL Particles Promote
Macrophage CEC and ABCA1 CEC as
Effectively as Lipid-Free APOA1

We used discoidal -HDL as a model system to in-
vestigate how particle size affects the ability of HDL
to promote CEC.2°%2 To quantify cholesterol efflux by
macrophages and the ABCA1 pathway, we used vali-
dated model systems®'9'" r-HDLs were fractionated
into 4 different sizes of particles, using high-resolution
size exclusion chromatography?® We term these par-
ticles r-HDL-80, r-HDL-88, r-HDL-96, and r-HDL-120
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because their diameters are respectively 80 A, 88 A, 96
A, and 110 to 120 A as determined by calibrated ion
mobility analysis (IMA; Figure 1A). These values are in
excellent agreement with those previously determined
by non-denaturing gradient gel electrophoresis and by
quantification of the hydrodynamic Stokes' diameters of
the particles.??

Each particle population exhibited a symmetrical
Gaussian-like distribution and was clearly distinguishable
from the other sizes of particles by IMA (Figure 1A). The
r-HDL particles were similar in size to human extra-small
HDL (XS-HDL), S-HDL, medium HDL (M-HDL), and
large HDL (L-HDL) (see below).

At equimolar concentrations, the smallest r-HDL-
80 particles were as effective as lipid-free APOAT at
promoting both macrophage CEC and ABCA1 CEC
(Figure 1B). The r-HDL-88 particles were less effec-
tive, and the 2 largest r-HDL particles (r-HDL-96 and
r-HDL-120) failed to promote either macrophage CEC
or ABCA1 CEC.

Probing the Structure of APOA1 in r-HDLs With
Tandem Mass Spectrometry

In their double-belt model for HDL, Segrest et al** pro-
posed that 2 molecules of APOA1 form an antiparallel
helical bundle that encircles the edge of the discoidal
HDL particle. The crystal structure of N-terminally trun-
cated APOA1% and chemical cross-linking studies of r-
HDL2°2%6 and human HDL? support this model.

In contrast with the central region of APOA1, which
formsastablehelicalbundle,the N-terminaland C-terminal
regions of APOA1 in HDL are more flexible and capable
of assuming a variety of conformations.?22%%3" These
regions of the protein are also important for promoting
ABCA1-dependent cholesterol efflux.2® To investigate
the structures of the different regions of APOAT in the
different sizes of r-HDL, we used EDC? to generate
intramolecular and intermolecular zero-length cross-
links in APOA1. EDC reacts with the amino group of
lysine residues that are close to the carboxylic acid
group of aspartate and glutamate to form an amide
bond. Thus, EDC cross-links identify salt bridges in
structures. The cross-linked r-HDLs were reisolated
by high-resolution size exclusion chromatography to
eliminate HDL particles that were cross-linked to each
other. It is important to note that all cross-linking reac-
tions were carried out at low concentrations of EDC in
phosphate-buffered normal saline at pH 6.5, which more
closely mimics physiological conditions than those used
to crystallize proteins.

After the cross-linked APOA1 was digested, the
resulting peptide mixture was fractionated by capillary
liquid chromatography and analyzed by tandem mass
spectrometry. To distinguish between inter- and intramo-
lecular cross-links of APOAT1 in r-HDL, we used a 1:1
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mixture of human ["“N]JAPOAT1 (light, L) and ['®N]JAPOA1
(heavy, H) (isotopic purity >99%) to generate the par-
ticles.?°38 Three combinations of cross-links are possible:
L-L, L-H, and H-H. The L and H forms of APOA1 are
chemically identical but differ in molecular mass, mak-
ing intramolecular and intermolecular cross-links read-
ily distinguishable in MS1 (first MS analysis in tandem
MS/MS) scans. For intraprotein cross-links, in which
the protein is linked to itself, only L-L and H-H forms
are detected (relative abundance ~1:1). For interprotein
cross-links, L-L, L-H, and H-H peptides are detected (rel-
ative abundance ~1:2:1; Figure S1 and S2).20%8
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Figure 1. Calibrated IMA (A) and CEC (B) of reconstituted
HDLs (r-HDLs) prepared by cholate dialysis and fractionation
by high-resolution size exclusion chromatography.

A, Representative IMA profiles of each size of r-HDL. To facilitate
comparison of the size distributions of the particles, the height of each
r-HDL was set to 100%. The median sizes of the isolated particles
were 8.010.2 nm, 8.8%0.1 nm, 9.6+£0.1 nm, and 12.2+0.1 nm. B,
ABCA1-mediated CEC using equimolar concentrations of each size
of r-HDL. Macrophage CEC and ABCA1 CEC of serum HDL were
quantified after a 4-hour incubation with [*H]cholesterol-labeled J774
macrophages and baby hamster kidney cells, without or with induction
of ABCA1 expression with cAMP and mifepristone, respectively.
Cholesterol efflux was calculated as the percentage of radiolabel

in the medium of the cells divided by the total radioactivity of the
medium and cells. CEC was quantified as the difference in cholesterol
efflux of cells with and without induced expression of ABCA1. Results
are representative of b independent experiments with replicate
analyses. *F<0.001, 1-way ANOVA with Tukey-Kramer post-tests.
ABCAT1 indicates ATP-binding cassette transporter A1; APOAT,
apolipoprotein A1; CEC, cholesterol efflux capacity; HDL, high-density
lipoprotein; and IMA, ion mobility analysis.
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Different Sizes of r-HDL Exhibit Distinct
Patterns of Intramolecular and Intermolecular
Cross-Links Between Peptides in the
N-Terminal and C-Terminal Regions of APOA1

This approach identified 34 intramolecular and 31 in-
termolecular cross-links in the 4 sizes of -HDL (Table
S92). Similar numbers of intramolecular cross-links were
detected in the 3 largest particles (r-HDL-120, 8 cross-
links; r-HDL-96, 6 cross-links; r-HDL-88, 7 cross-links).
In contrast, we identified twice as many intramolecular
cross-links in the r-HDL-80 particle (13 cross-links).
These observations indicate that APOA1 has greater
conformational freedom in the smallest r-HDL particles
than in the other sizes of HDL.

Probing the Behavior of HDL Particles Over
Time With MD Simulations

To investigate how APOA1 conformation and mobility vary
in the different sizes of r-HDL, we used a computational
method called MD. Here trajectories of systems model-
ing r-HDL (2 APOA1 bound to a nanodisc composed of
1-palmitoyl-oleoyl-phosphatidylcholine and =10% cho-
lesterol, and surrounded by water) are generated for mul-
tiple microseconds. The result is a series of snapshots of
the dynamic evolution for all of the atoms in the system.

We previously used this approach to generate trajec-
tories of r-HDL-100 and r-HDL-120 particles (100 A
and 120 A diameter particles [Supplemental Material]).2”
To generate the double-belt models for r-HDL-80 and
r-HDL-90 particles (80 A and 90 A diameter particles),
we ran MD simulations after removing cholesterol and 1-
palmitoyl-oleoyl-phosphatidylcholine from the computer-
generated r-HDL-100 particle (Supplemental Material).
We then determined whether the cross-links we identi-
fied in APOAT in the different sizes of r-HDL were con-
sistent with the double-belt model.3

To perform this analysis, we compared intermolecular
and intramolecular distances between Ca atoms in the
models using an HDL contact map to plot a detected pep-
tide by the position of its 2 amino acids in the sequence of
APOA1. The maximum distance between the backbone
Ca atoms of amino acids in the cross-linked peptides is
the sum of the length of 2 side chains plus the length
of the amide bond formed by EDC (10.5 A for lysine-
aspartatic acid linkages and 12.1 A for lysine-glutamic
acid linkages). Figure 2 shows the position of each cross-
link in the contact maps for the simulated belt structure
for each size of HDL. The cutoff radius for the cross-link
residing in the double-belt model was 15.1 A (121 A for
the K-D cross-link plus a 3 A motion averaging factor).?”

Only 1 of the cross-links detected in the largest par-
ticle (r-HDL-120) was inconsistent with the double-belt
model of HDL (Figure 2A; intermolecular cross-links, red
regions; intramolecular cross-links, green regions). Just 2
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of the cross-links in the r-HDL-100 particle were incon-
sistent (Figure 2B). In contrast, 7 and 9 cross-links in
the r-HDL-90 and r-HDL-80 particles were inconsistent
with the prototypical double-belt model. In r-HDL-90, 4
of the 7 cross-links were in the C-terminus of APOAT; in
r-HDL-80, 6 of the 9 cross-links were in the C-terminus
(Figure 2C and 2D). The large number of cross-links in
the C-terminus of the 2 smallest particles (r-HDL-90
and r-HDL-80) indicates that this region is more loosely
organized than in the larger particles and thus underwent
a larger number of cross-linking reactions in the experi-
ment.

These observations indicate that the central region of
the APOA1 dimer is organized as a double belt in all the
sizes of r-HDL we studied. In contrast, the N-terminal
and C-terminal regions differ according to particle size.
Specifically, the C-termini of APOA1 are markedly more
mobile in the 2 smallest particles. Many of the observed
cross-links in the N-termini of APOA1 of the 3 smallest
HDLs also fell outside the contact zones predicted by
the double-belt model (Figure 2B through 2D), which is
consistent with the proposal that the N-terminus APOA1
in r-HDL-100 is hinged.?’

The C-Termini of S-HDL Particles Exhibit
Greater Mobility Than Those of L-HDL Particles

Figure 3A through 3H illustrates the conformational
states of APOA1 obtained by MD simulations of the
HDL particles of varying sizes, with lipids and wa-
ter excluded from the image for clarity. In the case of
r-HDL-120 particles, the 2 proteins adopt a predominant-
ly double-belt arrangement, although some displacement
of the C-terminal helices (H10A and H10B) occurs.?’
Disorder in the N-terminal region (residues 1-43) is no-
ticeable in r-HDL-100 particles, and both the N-termini
and C-termini lose their double-belt characteristics in r-
HDL-90 particles. Both C-termini are flipped off the lipid
edge in the r-HDL-90 particles (Figure 3E and 3F).

The structure of the smallest particle, r-HDL-80,
markedly differs from that of the larger r-HDL particles.
The smallest particles are shaped like a spherical micelle,
deviating from the disk-like structure, and the double-belt
arrangement is largely absent except for helix 5 (green;
Figure 3G and 3H). There is also significant unwinding
and displacement of the C-terminal helices.

It is important to note that the images (Figure 3) rep-
resent snapshots of individual simulations at specific
time points and do not capture the complete flexibility
of the terminal helices. Although the simulations of the
large r-HDL-100 and r-HDL-120 particles show that
the C-termini remain associated with the lipid surface,
they could detach in the presence of a protein such as
ABCAT1. Thus, these images represent low-energy states
but not the sole states achievable by these systems.? It
is also worth noting that the time scale, potential energy
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Figure 2. Contact maps (A-D) of the intermolecular (Inter) and intramolecular (Intra) APOA1 (apolipoprotein A1) cross-links
detected by tandem mass spectrometry (MS/MS) in different sizes of r-HDL.

A, -HDL-120. B, -HDL-100. C, -HDL-90. D, r-HDL-80. Red regions and green regions indicate the allowable distance of intermolecular and
intramolecular peptide contacts (15.1 A), respectively, in a molecular dynamics simulation of the LL5/5 double-belt model of APOA1.27 Cross-
links (0) between APOA1 residues are labeled. Semiquantitative estimates of the strengths of interactions between residues were based on ion
currents (Table S2), and they are indicated by the colors of the circles (green, strong; yellow, medium; and red, weak). Note that we detected
multiple intramolecular cross-linked peptides in the helix 8 (H8) to helix 10 (H10) region and the helix 9 (H9) to helix 10 region of the C-terminus
of APOA1 of r-HDL-80 and r-HDL-90 particles, respectively, that are inconsistent with the classic double-belt model. This indicates that the
C-terminus of APOAT1 has increased conformational freedom and does not assume the double-belt conformation in that region. In contrast, the
intramolecular cross-linked peptides detected in that region of the 2 largest sizes of high-density lipoprotein are consistent with the double-belt

model. r-HDL indicates reconstituted high-density lipoprotein.

functions, and restraints employed in the all-atom and
coarse-grained simulations tend to maintain the helical
structure of the protein residues.

Clinical Characteristics of LCAT-Deficient and
Control Subjects

Like the r-HDL particles used in our model system stud-
ies, the XS-HDL and S-HDL particles in LCAT-deficient
subjects are discoidal and composed largely of APOAT,
free cholesterol, and phospholipid.2*4° We therefore used
serum HDL and HDLs isolated from control and LCAT-
deficient subjects to investigate the relevance of our
model system studies to human HDL.

Circulation. 2024;149:774-787. DOI: 10.1161/CIRCULATIONAHA.123.065959

We studied 3 groups of subjects: 14 controls, 6 sub-
jects with heterozygous LCAT deficiency (LCAT+/-), and 6
with LCAT deficiency (LCAT-/-)3! Two of the LCAT-/- sub-
jects were unrelated to the subjects in the family study. The
3 groups had similar ages, percentages of females, and
plasma low-density lipoprotein cholesterol levels (Table).
Compared with the LCAT+/+ subjects, the LCAT+/- sub-
jects had significantly lower plasma HDL-C levels, as did
the LCAT-/- subjects (P=0.0005). Plasma triglyceride
levels were not significantly different between the groups
(P=0.28; mixed-effect model and Tukey-Kramer post-
tests). LCAT activity was undetectable in the LCAT-/- sub-
jects (O nmol/mL per h), with significantly higher levels in
the LCAT+/- subjects and LCAT+/+ subjects (F<0.0001).
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Figure 3. Comparison of stepwise conformational changes in APOA1 (apolipoprotein A1) between r-HDL-120, r-HDL-100,
r-HDL-90, and r-HDL-80 particles.

Animatated representations: blue, N-terminal 43 (residues 1-43); green, pairwise helix 5 (residues 121-143); red, helix 10 (residues 220-243).
Red arrowheads show the partially unfolded H7-H8 junctions. Blue arrowheads show the hairpin coil that allows helix 10 (H10A and H10B) to
fold onto the 1-palmitoyl-oleoyl-phosphatidylcholine headgroup surface. A, Top view of r-HDL-120. B, Side view of r-HDL-120. C, Top view of
r-HDL-100. D, Side view of r-HDL-100. E, Top view of r-HDL-90. F, Side view of r-HDL-90. G, Top view of r-HDL-80. H, Side view of r-HDL-80.
Note that APOAT in the 2 largest HDL particles (A through D; -HDL-120 and r-HDL-100) has a conformation that is strongly lipid-associated
and consistent with the classic double-belt model. In contrast, this structure is absent in both C-termini (H10A and H10B) of APOAT in the 2

smallest HDL particles (E through H; r-HDL-90 and r-HDL-80). r-HDL indicates reconstituted high-density lipoprotein.

XS-HDL and S-HDL Particles Are Enriched in
LCAT-Deficient Subjects

We used calibrated IMA to quantify total HDL and 4
sizes of HDL particles: XS-HDL, S-HDL, M-HDL, and
L-HDL (Figure 4A; Table S3). This method for quantify-
ing HDL particle concentration determined by calibrat-
ed IMA yields a stoichiometry of APOA1 and sizes and
relative abundances of HDL subspecies that agree well
with those determined by nondenaturing gradient gel
electrophoresis and analytical ultracentrifugation.?®4! In
the LCAT+/+ subjects, M-HDL (mean diameter, 9.240.1
nm) was the most abundant particle population; it ac-
counted for #60% of total HDL (Figure 4A). All 4 sizes
of HDL were detected in all the control subjects. In con-
trast, subjects with partial LCAT deficiency had elevated
levels of XS-HDL (mean diameter, 78+0.1 nm) and S-
HDL (mean diameter, 8.4+0.1 nm diameter) particles
(Figure 4A). Subjects with complete LCAT deficiency
exhibited only XS-HDL (Figure 4A).

The total concentration of HDL particles and the dis-
tribution of the different sizes of HDL also differed sig-
nificantly among the 3 groups (Figure 4B through 4F;
Table S3). Mean total HDL particle concentration levels
determined by calibrated IMA in control subjects were

780  March 5, 2024

5.1x higher than those in LCAT-/- subjects and 1.8x
higher than those in LCAT+/- subjects (F<0.0001).
This reflected significantly lower levels of both M-HDL
and L-HDL in subjects with complete or partial LCAT
deficiency (A<0.0001 for both M-HDL and L-HDL). In
contrast, mean levels of XS-HDL were higher in both
LCAT-/- and LCAT+/- subjects than in control subjects.
LCAT-/- and LCAT+/- subjects had similar levels of XS-
HDL and L-HDL.

Serum HDL From LCAT-Deficient Subjects
Has Normal Macrophage and ABCA1 CEC
Despite Low Total HDL Particle Concentration
Determined by Calibrated IMA

We used serum HDL (APOB-depleted serum) to quan-
tify the subjects’ CEC, as described by Rothblat et al.’®'
Macrophage and ABCA1 CEC were evaluated using
J774 macrophages stimulated with cAMP or baby ham-
ster kidney cells with mifepristone-inducible expression
of human ABCA1. CEC, quantified as the difference in
cholesterol efflux with and without induction of ABCAT1,
was a linear function of serum HDL concentration and
incubation time. A mixed-effect model demonstrated that

Circulation. 2024;149:774-787. DOI: 10.1161/CIRCULATIONAHA.123.0656959
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Table. Clinical Characteristics of the Subjects in the Family Study

Controls (LCAT+/+) Heterozygotes (LCAT+/-) | Homozygotes (LCAT-/-)
Characteristic n=14 n=6 n=4 P value
Age (y) 4920 54+16 47+18 0.81
Female/male (n) 5/9 2/4 4/2
HDL-C (mg/dL) 7119 40%11 9.2+6.1 0.0005
LDL-C (mg/dL) 114132 109+34 111174 0.22
Triglycerides (mg/dL) 11161 121+30 253+130 0.28
LCAT activity (nmol/mL per h) 4249 20+13 00 <0.0001

P values are from a mixed-effect model and Tukey-Kramer post-tests. HDL-C indicates high-density lipoprotein cholesterol; LCAT,
lecithin-cholesterol acyltransferase; and LDL-C, low-density lipoprotein cholesterol.

macrophage CEC and ABCA1 CEC did not differ sig-
nificantly between LCAT-/- and control subjects (P>0.3).

To begin to identify the HDL subpopulations that drive
macrophage CEC and ABCA1 CEC, we correlated the
CEC of serum HDL with the particle concentration of
each HDL subpopulation from all the study subjects

(Figure S3). Macrophage CEC only correlated positively
and strongly with the concentration of XS-HDL particle
concentration (r=0.55; P=0.004). These observations
suggest that XS-HDL is an important driver of cellular
cholesterol export from both macrophages and through
the ABCA1 pathway.

M-HDL

L-HDL

Relative Abundance (arb) 3>

—— LCAT-/-
---- LCAT-/1+
—— LCAT+/+

Figure 4. Quantification of total HDL
and HDL subspecies in LCAT-deficient
(-/-), LCAT-heterozygous (+/-), and
control (+/+) subjects.

A, Representative size and concentration

6 8 10 12
HDL Particle Diameter (nm)

+[+ +/-

LCA

- +H+ o+ -
LCA

14 profiles of HDL isolated from LCAT-
deficient (-/-), LCAT-heterozygous (+/-),
and control (LCAT+/+) subjects. B through

B Total-HDL C XS-HDL D S-HDL F, HDL isolated by ultracentrifugation
s _ from plasma (d=1.063-1.21 g/mL) was
0 rdk 3 6 * .
analyzed by calibrated IMA. The mean
dokk ox HDL subspecies sizes were as follows:
s 2l g o} = extra-small HDL (XS-HDL), 7.8 nm; small
2 ., 2 o 2 HDL (S-HDL), 8:4 nm; medium HDL
E E B E 3r (M-HDL), 9.2 nm; and large HDL (L-HDL),
2 0k 2 41 o 10.9 nm. HDL isolated from plasma by
T T T
ultracentrifugation was subjected to
& b 4 | E | calibrated IMA. The number of subjects
0 0 0 was as follows: LCAT+/+, n=14; LCAT+/~,
+H+ o+ - ++ LEKT -I- ++ LEKT -l- n=6; and LCAT-/-, n=6. Pvalue, 1-way
LCAT ANOVA with Tukey-Kramer post-tests.
E M-HDL F L-HDL **RAL0.001, *A<0.01, and *F<0.05. arb
15 Hkk 10 - indicates arbitrary units; HDL, high-
. *hE density lipoprotein; HDL-P, HDL particle
*kk concentration determined by calibrated
= 10 = IMA; IMA, ion mobility analysis; and LCAT,
= = . lecithin-cholesterol acyltransferase.
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S-HDL and XS-HDL Particles Are the Major
Promoters of Macrophage CEC and ABCA1
CEC in Both LCAT-Deficient Subjects and
Control Subjects

To further investigate how XS-HDL promotes CEC, we
used ultracentrifugation and high-resolution size exclu-
sion chromatography to isolate XS-HDL from LCAT-/-
subjects. We then compared the CEC activity of XS-HDL
with that of 4 sizes of HDL isolated from LCAT+/+ sub-
jects. The mean diameters of the isolated HDLs were
8.1 nm, 88 nm, 9.8 nm, and 11.1 nm (Figure bA; size
distributions), respectively.

We quantified macrophage and ABCA1 CEC as
described above for serum HDL. It is important to note that
we incubated the cells with equimolar concentrations of
isolated particles of each size of HDL. CEC was a linear
function of HDL particle concentration and the incubation
time used in the assays. XS-HDL isolated from LCAT-/-
subjects, composed almost exclusively of 7.8-nm-diameter
particles (XS-HDL-sized), strongly promoted both macro-
phage and ABCA1 CEC. However, it was less potent than
8.1-nm XS-HDL particles isolated from LCAT+/+ subjects
(Figure 5B), which were composed of approximately equi-
molar amounts of XS-HDL and S-HDL (as determined by
calibrated IMA). On a molar basis, 8.1-nm HDL isolated
from control subjects was as effective as lipid-free APOAT
in promoting both macrophage CEC and ABCA1 CEC.
On a molar basis, XS-HDL isolated from LCAT-/- sub-
jects promoted macrophage CEC much more effectively
than 8.8-nm HDL, 9.8-nm HDL, or 11.1-nm HDL isolated
from control subjects, and the differences were significant
(R=0.0002 for 8.8-nm HDL, /A<0.0001 for 9.8-nm HDL,
and A<0.0001 for 11.1-nm HDL). We obtained similar
results when we determined how effectively the different
sizes of isolated HDL promoted ABCA1 CEC (Figure 5C).

LCAT Converts S-HDLs Into L-HDLs, Markedly
Reducing CEC

To test the hypothesis that LCAT is an important factor
controlling the CEC of circulating HDL, we incubated
control plasma and LCAT-deficient plasma with or with-
out recombinant human LCAT at 37 °C for 2 h, stopped
the LCAT reaction with 5,5-dithio-bis-(2-nitrobenzoic
acid) (DTNB), and quantified ABCA1 CEC and HDL
particle concentration, using calibrated IMA. Control ex-
periments demonstrated that DTNB had no impact on
quantification of ABCA1 CEC.

Before incubation with LCAT, the major HDL species
in the LCAT-/- subjects was XS-HDL. In contrast, all
4 sizes of HDL were observed in the control subjects;
M-HDL was the most abundant species. LCAT treatment
decreased the ABCA1 CEC of both control plasma and
LCAT-/- plasma by ~50% (Figure 6A). LCAT converted
virtually all XS-HDL and most S-HDL particles into larger
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HDLs in plasma of both control and LCAT-deficient sub-
jects (Figure 6B). In plasma treated with LCAT, free cho-
lesterol markedly decreased, whereas total cholesterol
did not change significantly (Figure 6C and 6D).

Collectively, these observations support the proposal
that S-HDLs are the major HDL species promoting both
ABCAT1 and macrophage CEC.

DISCUSSION

To investigate the mechanisms that regulate the ability of
HDL to promote cholesterol efflux by the ABCA1 pathway,
we quantified the CEC of 4 different sizes of r-HDLs. As
with human HDL® the smallest r-HDL particles were the
strongest promoters of cholesterol efflux. Chemical cross-
linking followed by tandem mass spectrometry (MS/MS)
analysis showed that twice as many intramolecular cross-
linked peptides had formed in the smallest r-HDL than in the
3 larger sizes, indicating that APOA1 had markedly higher
mobility. When we plotted the positions of the chemically
cross-linked peptides on an HDL contact map, virtually all
the peptides detected in the 2 largest r-HDL particles were
consistent with MD simulations of the double-belt model of
APOAT1. In this model, the helical repeats of 2 APOAT mol-
ecules assume an antiparallel helical structure that forms a
bundle surrounding the edges of discoidal HDL. Because
the helical bundle is amphipathic and has high lipid affin-
ity,*2 these observations strongly suggest that most of the
APOAT1 in the 2 largest HDL particles is bound to lipid and
therefore would not be accessible to ABCAT.

The 2 smallest HDL particles showed a different pat-
tern of chemically cross-linked peptides: the peptides of
the central region of APOA1 were consistent with the
double-belt model, but those at the C-terminus were not
(ie, the C-termini in the APOA1 dimer are not in a heli-
cal bundle). Moreover, the smallest HDL had the largest
number of detectable chemically cross-linked peptides
in the C-terminus of APOA1. Taken together, these data
indicate that the C-termini of APOA1 in the S-HDL
particles have enhanced conformational mobility, likely
because of a loss of overall helicity. Because lipid inter-
action is a major driver of helical formation in APOAT, it
is conceivable that the C-terminus is detached from the
lipid surface in the 2 smallest r-HDLs as observed in the
MD simulations of those particles.

The C-terminus of APOAT1 plays a critical role in
promoting cholesterol export by ABCA1.427* We envi-
sion 2 factors that drive its increased mobility and loss
of helical structure in S-HDLs. First, there is crowd-
ing. The limited surface area of S-HDL might not
accommodate all of the helices of APOAT, prevent-
ing the C-termini of APOA1 from lying on the surface
of the particle. Second, extreme surface curvature
could prevent the C-terminal domain of APOA1 from
fully interacting with the lipid because it cannot turn
sharply enough to lie down on the surface. In this model,

Circulation. 2024;149:774-787. DOI: 10.1161/CIRCULATIONAHA.123.065959
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Figure 5. Calibrated IMA (A) and CEC (B) of HDL isolated from plasma of LCAT-deficient (LCAT-/-) and control (XS-HDL, S-HDL,
M-HDL, and L-HDL) subjects.

A, Representative IMA size profiles of isolated HDL. To facilitate comparison of size distributions of the particles, the height of each isolated
HDL fraction was set to 100%. The diameters of the isolated HDLs of LCAT-/- subjects and control subjects were as follows: LCAT-/-, 7.8+0.1
nm; XS-HDL, 8.1+£0.2 nm; S-HDL, 8.8£0.1 nm; M-HDL, 9.8£0.2 nm; and L-HDL, 11.1£0.2 nm. Note that isolated XS-HDL is composed of

both XS-HDL and S-HDL particles. B and €, ABCA1-mediated cholesterol efflux capacity (CEC) of HDL isolated from LCAT-/- subjects and
control subjects. Macrophage CEC and ABCA1 CEC were quantified with [°*H]cholesterol-labeled J774 macrophages and baby hamster kidney
cells after a 4-hour incubation. Expression of ABCA1 was induced with cAMP and mifepristone, respectively. Cholesterol efflux was calculated
as the percentage of radiolabel in the medium of the cells divided by the total radioactivity of the medium and cells. CEC was quantified as the
difference in cholesterol efflux of cells with and without induced expression of ABCA1. Isolated HDLs were included in the media of the cells at
equal particle concentrations. CEC of HDLs was normalized to CEC of cells exposed to 10 pg/mL of APOAT1 (apolipoprotein A1). Pvalue: 1-way
ANOVA with Tukey-Kramer post-tests. **£<0.0001, **A<0.001, *A<0.01, and *A<0.05. ABCA1 indicates ATP-binding cassette transporter A1;
HDL, high-density lipoprotein; IMA, ion mobility analysis; LCAT, lecithin-cholesterol acyltransferase; L-HDL, large HDL; M-HDL, medium HDL;
S-HDL, small HDL; and XS-HDL, extra-small HDL.

the 2 antiparallel C-termini are “flipped” off the surface An alternative hypothesis for the role of the C-terminus
of smaller HDLs (Figure 7), where their increased mobil-  of APOA1 in promoting CEC is that it involves binding of
ity and freedom from lipid binding promote their engage-  the protein to phospholipid-rich domains in the plasma
ment with ABCA1. In contrast, the C-termini of larger ~ membrane of cells,***¢ which in turn promotes phospho-
HDLs are strongly bound to lipid and unable to interact  lipid and cholesterol efflux. Consistent with this, deletion
productively with ABCA1. On a molar basis, the small-  of helices H8 to H10 decreases binding to lipid vesicles

est r-HDL and human HDL particles were as efficientat ~ but has little impact on cross-linking of radiolabeled
promoting cholesterol efflux by the ABCA1 pathway as ~ APOAT1 to ABCAT1 on cells. However, our recent stud-
was lipid-free APOA1, which is consistent with this model.  ies*” suggest that the lipid affinity of APOA1 plays a role

We suggest that the smaller, less lipidated HDL  in promoting the movement of phospholipids from the
particles may not be fully “filled” with lipid and remain  outer leaflet of the plasma membrane into a hydropho-
effective substrates for ABCA1. At some point between  bic tunnel in the interior of the extracellular domain of
diameters of 80 and 90 A, the APOA1 C-terminus finds ABCA1.

room to associate with the surface of the particle, shut- To test the relevance of our model system studies to
ting down additional lipid accumulation by ABCA1 and human HDL, we used serum HDL and HDL isolated from
possibly promoting the release of a more “mature” par-  LCAT-deficient carriers. Like r-HDLs, the smallest HDL

ticle. In this scheme, the APOA1 C-terminus functions as  particles are discoidal and composed of APOAT, free cho-
a lipid level switch that defines the maximal size of HDL  lesterol, and phospholipid. We found that total HDL par-
particles formed by ABCAT. ticle concentration was markedly lower in subjects who
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S 2- (rLCAT+ and rLCAT-; 50 pg/mL) for 1 h
o % at 37 °C. The LCAT reaction was stopped
< 0 . . 0 LCAIT+I+ LCI-'\T / with 2 mM of DTNB and cooling on
LCAT++ LCAT-/- o= ice. Control studies demonstrated that
DTNB did not alter the CEC of plasma.
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Cc - LCAT- D -~ rLCAT- to quantify cholesterol levels because
it interfered with the enzymatic assay.
= 80+ 0.004 & LCAT+ = 5004 8 rLCAT+ ABCA1 CEC of plasma \i//as quantifiid
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% o 2004 ./E capacity; HDL, high-density lipoprotein;
E \ 2 HDL-P, HDL particle concentration
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E |2 acyltransferase; S-HDL, small HDL; and
0 Y T 0 T I XS-HDL, extra-small HDL.
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completely lacked LCAT activity. The major HDL subspe-
cies in those subjects was XS-HDL, which is very similar in
size (78 A in diameter) to the smallest -HDL-80 particles
used in our model system studies (80 A). In subjects who
were only partially LCAT-deficient, the major HDL subspe-
cies were XS-HDL and S-HDL. In subjects with normal
LCAT activity, we detected all 4 sizes of HDL; M-HDL was
the major species. Although serum from the LCAT-deficient
subjects had very low HDL particle concentrations,
ABCA1 CEC and macrophage CEC were similar to that of
the controls, strongly suggesting that the ABCA1-specific
activities of XS-HDL and S-HDL were greater than those
of the larger HDL particles. Consistent with this proposal,
macrophage and ABCA1 CEC strongly and positively cor-
related with the concentration of XS-HDL in plasma.

To confirm these ideas, we used isolated HDL from
subjects with and without complete LCAT deficiency.
Then we determined macrophage and ABCA1 CEC
activity at equal particle concentrations. The isolated
particles had diameters of 81 nm, 8.8 nm, 9.8 nm, and
11.1 nm—very similar to the sizes of XS-HDL, S-HDL,
M-HDL, and L-HDL in plasma as quantified by calibrated
IMA. It is important to note that the isolated HDLs did not
precisely mimic the size distributions of the HDL sub-
classes in plasma from the LCAT-deficient and control
subjects. XS-HDL isolated from control subjects, which
was a mixture of XS-HDL and S-HDL, had the high-
est macrophage and ABCA1 CEC-specific activities;
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they were about 4- to b-fold greater than those of the 3
larger sizes of isolated HDL. XS-HDL isolated from the
LCAT-deficient subjects did not contain S-HDL and was
less active than XS-HDL isolated from the control sub-
jects; macrophage CEC and ABCA1 CEC of the isolated
HDLs were ~3-fold greater than for the larger sizes of
HDL. Lipid-free APOA1 was not detectable in the HDL
used for these studies because the particles were iso-
lated by both ultracentrifugation and high-resolution size
exclusion chromatography.

These data suggest that both XS-HDL and S-HDL are
the major contributors to macrophage and ABCA1 CEC.
This hypothesis is strongly supported by the demonstra-
tion that incubating control plasma and LCAT-deficient
plasma with LCAT converted S-HDLs into L-HDLs and
markedly diminished ABCA1 CEC. These observations
are remarkably concordant with animal studies, which
demonstrated that ABCA1 CEC of plasma HDL was
increased in LCAT-/- and LCAT+/- mice.'® Moreover,
overexpression of LCAT significantly reduced macro-
phage cholesterol efflux by plasma. Taken together,
these observations suggest that XS-HDL and S-HDL,
which typically represent 20% to 30% of total HDL, are
key mediators of ABCA1 CEC and perhaps cardiopro-
tection.

CSL-112, a r-HDL particle that promotes the for-
mation of small and lipid-poor APOA1 particles,’®' is
being tested in a large, randomized study to determine

Circulation. 2024;149:774-787. DOI: 10.1161/CIRCULATIONAHA.123.065959



He et al

Large HDL

Small HDL

Clasp Domains

ABCA1 Dimer

Figure 7. The “flipped ends” model for the increased ABCA1
activity of small HDLs.

In large HDL particles, the C-termini of the APOA1 dimer are

in antiparallel helical bundles that are amphipathic and strongly
associated with lipid. In small HDL particles, the reduced surface
area and high surface curvature force the C-termini off the particles,
increasing their mobility. The termini also are less lipid-associated
because APOAT1 loses its amphipathic double-belt structure.
Decreased lipid association and increased mobility of the C-termini
(helices H8-H10) promote the engagement of APOA1 with the
clasp domains of ABCAT1, stimulating cholesterol export from the
cell. An alternative hypothesis is that the C-termini of APOA1
promote microsolubilization of phospholipids and cholesterol from
phospholipid-rich domains in the plasma membrane of cells (see
Discussion). ABCA1 indicates ATP-binding cassette transporter A1;
APOAT1, apolipoprotein A1; and HDL, high-density lipoprotein.

if it reduces the risk of CVD events in patients after
myocardial infarction. The demonstration that CLS-112
lowers incident CVD would strongly support the pro-
posal that S-HDLs are critical in cardioprotection in
humans.

Our demonstration that S-HDL and XS-HDL particles
potently promote cholesterol efflux from macrophages
raises the possibility that increased LCAT activity, which
converts smaller HDL particles into larger, cholesteryl
ester—rich particles, is a risk factor for atherosclerosis.*®
Consistent with this suggestion, overexpression of LCAT in

Circulation. 2024;149:774-787. DOI: 10.1161/CIRCULATIONAHA.123.065959
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mice failed to increase reverse cholesterol transport from
macrophages to bile.'® Serum HDL from mice that overex-
pressed LCAT were less able to promote cholesterol efflux
from macrophages by the ABCA1 pathway than control
mice.'® However, studies of the relationships of LCAT to
CVD risk in humans have yielded mixed results.*®%°

One limitation of our investigations is the small num-
ber of subjects in our study of LCAT deficiency. However,
the large differences in the concentrations of the various
sizes of HDL in the different groups of subjects and the
consistency of the results with serum HDL and isolated
HDL strongly support the proposal that XS-HDL and
S-HDL promote cholesterol efflux from macrophages by
the ABCA1 pathway. Another limitation is that the size
distributions of the isolated HDLs overlapped to some
degree, reflecting the limited resolution of size-exclusion
chromatography. Nonetheless, the mean sizes of the iso-
lated HDLs were well-separated, and the particle distri-
butions were clearly distinct from one another.

In summary, both our experiments and MD simula-
tions support the proposal that S-HDL particles are
potent ligands for promoting cholesterol efflux from
macrophages by the ABCA1 pathway. In future studies,
it will clearly be important to determine whether XS-HDL
and S-HDL predict CVD risk in humans, if LCAT mass or
activity associates with HDL size, and if risk prediction is
independent of HDL-C.
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