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Abstract

Naturally occurring point mutations in apolipoprotein A-I (apoA-I), the major protein component of high-density lipoprotein
(HDL), may affect plasma HDL-cholesterol levels and cardiovascular risk. Here, we evaluated the effect of human apoA-I
mutations L144R (associated with low HDL-cholesterol), L178P (associated with low HDL-cholesterol and increased car-
diovascular risk) and A164S (associated with increased cardiovascular risk and mortality without low HDL-cholesterol) on
the structural integrity and functions of lipid-free and lipoprotein-associated apoA-I in an effort to explain the phenotypes of
subjects carrying these mutations. All three mutants, in lipid-free form, presented structural and thermodynamic aberrations,
with apoA-I[L178P] presenting the greatest thermodynamic destabilization. Additionally, apoA-I[L.178P] displayed reduced
ABCA1-mediated cholesterol efflux capacity. When in reconstituted HDL (tHDL), apoA-I[L144R] and apoA-I[L.178P] were
more thermodynamically destabilized compared to wild-type apoA-I, both displayed reduced SR-BI-mediated cholesterol
efflux capacity and apoA-I[L144R] showed severe LCAT activation defect. ApoA-I[A164S] was thermodynamically unaf-
fected when in rHDL, but exhibited a series of functional defects. Specifically, it had reduced ABCG1-mediated cholesterol
and 7-ketocholesterol efflux capacity, failed to reduce ROS formation in endothelial cells and had reduced capacity to induce
endothelial cell migration. Mechanistically, the latter was due to decreased capacity of rHDL-apoA-I[A164S] to activate Akt
kinase possibly by interacting with endothelial LOX-1 receptor. The impaired capacity of rHDL-apoA-I[A164S] to preserve
endothelial function may be related to the increased cardiovascular risk for this mutation. Overall, our structure—function
analysis of L144R, A164S and L178P apoA-I mutants provides insights on how HDL-cholesterol levels and/or atheroprotec-
tive properties of apoA-I/HDL are impaired in carriers of these mutations.
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Ni-NTA Ni?*-nitrilotriacetic acid

oxPAPC Oxidized 1-palmitoyl-2-arachidonoyl-sn-
glycero-3-phosphocholine

POPC 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline

rHDL Reconstituted HDL

ROS Reactive oxygen species

SR-BI Scavenger receptor class B type 1

TBARS Thiobarbituric acid reactive substances

Trx Thioredoxin

WT Wild type

Introduction

Apolipoprotein A-I (apoA-I), the main protein constituent
of high-density lipoprotein (HDL), has a critical role in
HDL biogenesis and structure and is involved in many of
HDL atheroprotective properties [1, 2]. The biogenesis and
catabolism of HDL take place via a complex pathway that
involves several membrane bound and plasma proteins [1,
2]. Initially, lipid-free apoA-I interacts with ATP-binding
cassette A1 (ABCA1) lipid transporter and this interaction
leads to transfer of cellular phospholipids and cholesterol to
apoA-I [1, 2]. As apoA-I acquires more lipids, it is gradu-
ally converted to discoidal particles enriched in unesteri-
fied cholesterol. Subsequently, lipidated apoA-I activates
enzyme lecithin:cholesterol acyltransferase (LCAT), which
esterifies cholesterol molecules resulting in the conversion
of the discoidal particles to mature spherical HDL particles
[1, 2]. Following synthesis, HDL can be remodeled by inter-
actions with various cell receptors and transporters as well
as plasma enzymes and lipid transfer proteins [1, 2]. HDL
binds to scavenger receptor class B type I (SR-BI) which
mediates selective delivery of cholesterol esters from HDL
to cells or transfer of cholesterol from cells to HDL [1, 2].
HDL also interacts with ATP-binding cassette G1 (ABCG1)
cholesterol transporter and this interaction leads to transfer
of cellular cholesterol to HDL [1, 2]. It has been proposed
that apoA-I plays an active role in interactions between HDL
and SR-BI or ABCG1 [3, 4]. Additionally, HDL is remod-
eled following hydrolysis of lipids of HDL by hepatic lipase
and endothelial lipase and exchange of lipids by phospho-
lipid transfer protein and by cholesteryl ester transfer protein
[1, 2]. Interactions between apoA-I and various proteins of
the HDL metabolism pathway control plasma HDL concen-
tration and also affect the antiatherogenic properties of HDL
pertinent to the reverse cholesterol transport pathway [5-7].
Furthermore, apoA-I and HDL possess anti-inflammatory,
antioxidant, antithrombolytic, endothelial-protective and
other beneficial properties [5-7].

Human apoA-I has 243 amino acid residues and the
amphipathic a-helix as its main structural motif [8]. X-ray
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crystallography studies combined with mutation analyses,
biophysical and functional studies proposed that the N-ter-
minal domain 1-184 of lipid-free apoA-I forms a helical bun-
dle that is important for stability of protein and harbors the
LCAT activation domain. The C-terminal domain 185-243
of the protein is considered to lack a well-defined structure,
but plays a critical role in the initiation of lipid-binding and
is involved in cholesterol efflux [9, 10]. Recently, a combina-
tion of distance constraints from cross-linking experiments,
small-angle X-ray scattering, hydrogen—deuterium exchange
and crystallography data resulted in a consensus model for
the lipid-free full-length apoA-I structure [8]. This model
postulates a two-domain structure for apoA-I with an N-ter-
minal domain forming a helical bundle and a C-terminal
domain assuming a mostly random-coil conformation [8].
In discoidal HDL, two molecules of apoA-I are located in
an antiparallel double-belt configuration around the lipid
molecules [11]. ApoA-I on spherical HDL also forms a
double-belt, but it bents in a “trefoil/tetrafoil” fashion that
allows packing of apoA-I and other proteins on the surface
of spherical particles [12-14].

A large number of rare point mutations have been
detected in the gene of human APOA-I, in most cases result-
ing in altered HDL-cholesterol (HDL-C) levels, but also in
increased risk for cardiovascular disease (CVD) and total
mortality, as well as in hereditary amyloidosis [15-18].
Amongst them, apoA-I[L144R] (also denoted as L168R
based on the amino acid numbering of the entire translated
protein) has been shown to reduce HDL-C levels in het-
erozygous carriers, but without any effect on ischemic heart
disease (IHD) risk [18, 19]. ApoA-I[L178P] (also denoted
as L202P based on the amino acid numbering of the entire
translated protein) also results in low HDL-C, but in addi-
tion to increased carotid intima—media thickness (IMT) and
a remarkable 24-fold increased CVD risk in heterozygous
carriers [20]. Interestingly, apoA-I[A164S] (also denoted as
A188S based on the amino acid numbering of the entire
translated protein) has been shown to increase the risk of
IHD and mortality in heterozygotes despite normal levels
of HDL-C [18]. The molecular basis behind the impact of
these apoA-I naturally occurring point mutations on HDL
metabolism and function is still largely unexplored.

In this study, we aimed to evaluate the effect of L144R,
A164S and L178P mutations on the structural integrity and
functions of lipid-free and lipoprotein-associated apoA-I in
an effort to explain the in vivo phenotypes of subjects car-
rying the aforementioned apoA-I mutations. To achieve this,
we produced recombinant apoA-I[LL144R], apoA-I[A164S]
and apoA-I[L178P] and characterized their structural and
thermodynamic integrity by biophysical techniques, as well
as their functions related to HDL metabolism and athero-
protection by cell-based assays. Overall, our findings sug-
gest that the L144R, A164S and L178P mutations affect
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the conformation and thermodynamic stability of apoA-I/
HDL and can induce distinct functional defects that may
impair HDL metabolism and/or atheroprotective properties
of apoA-I/HDL.

Materials and methods
Construction of vectors for apoA-I forms expression

To produce WT human apoA-I we used the pET32a-
apoAI3C vector, containing a thioredoxin (Trx)-tag, a 6x
His-tag and a 3C-protease site at the fusion junction with
the human cDNA for full-length apoA-I, that was gener-
ated as described previously [21]. The L144R, A164S and
L178P mutations were introduced into the cDNA of apoA-
I in pET32a-apoAI3C vector by site directed mutagenesis,
using the QuickChange II XL site directed mutagenesis kit
(Agilent; Santa Clara, CA, USA) according to the manu-
facturer’s instructions. The sequences of primers used for
mutagenesis are: L144R primers 5'-AG AAG CTG AGC
CCA CGG GGC GAG GAG ATG CGC-3' and 5'-GCG
CAT CTC CTC GCC CCG TGG GCT CAG CTT CT-3%
A164S primers 5'-G CTG CGC ACG CAT CTG AGC CCC
TAC AGC GAC GAG-3' and 5'-CTC GTC GCT GTA GGG
GCT CAG ATG CGT GCG CAG C-3"; L178P primers GC
TTG GCC GCG CGC CCT GAG GCT CTC AAG GAG
AA and 5'-TT CTC CTT GAG AGC CTC AGG GCG CGC
GGC CAA GC-3'. Successful mutagenesis was confirmed
by DNA sequencing.

Expression in bacterial cells and purification of wild
type (WT) and mutant apoA-I forms

The expression of WT or mutant apoA-I forms in bacterial
cells was carried out as described previously [21]. Briefly, E.
coli BL21-Gold (DE3) cells (Stratagene, Cedar Creek, TX,
USA) were transformed with WT or mutant apoA-I express-
ing vectors and grown at 37 °C until the optical density of
culture reached 0.6. At that point, protein expression was
induced by isopropyl p-p-thiogalactopyranoside (0.5 mM
final concentration) and the culture was incubated for 2.5 h
at 37 °C.

All proteins were expressed in soluble form, fused with a
Trx-tag, and purified by Ni**-nitrilotriacetic acid (Ni-NTA)
(Thermo Fisher Scientific, USA) affinity chromatography
following elution by increasing concentrations of imidazole
as described previously [21]. The Trx-tag was subsequently
cleaved from apoA-I by His-tagged 3C protease (prepared as
described previously [22] using the vector pET-24/His-3C
that was generously supplied by Dr. Arie Geerlof (EMBL,
Heidelberg, Germany), and the released apoA-I was isolated
by a second Ni—-NTA resin affinity chromatography step in

the flow-through [21]. After purification, each apoA-I form
was extensively dialyzed against 5 mM NH,HCO;, lyophi-
lized and stored at — 80 °C.

Preparation of apoA-l samples

Before analyses, the lyophilized proteins were dissolved
in 8 M guanidine hydrochloride (GdnHCI) in Dulbecco’s
phosphate-buffered saline (DPBS) and refolded by exten-
sive dialysis against the same buffer. The samples were then
centrifuged at 10.000 x g for 10 min at 4 °C, to remove
any precipitated protein. The refolded proteins were at least
95% pure, as estimated by SDS-PAGE. All analyses were
performed on freshly refolded proteins.

Preparation of reconstituted HDL particles
containing phosphatidylcholine, cholesterol
and apoA-I

Reconstituted discoidal HDL (rHDL) particles containing
WT or mutant apoA-I forms were prepared using 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Sigma-
Aldrich, Germany), cholesterol (C) (Sigma-Aldrich), apoA-I
and sodium cholate in a molar ratio 100:10:1:100 in 10 mM
Tris—HCI buffer, pH 8, containing 0.01% EDTA, 150 mM
NaCl, as described previously [4]. rHDL formation was veri-
fied by analysis with non-denaturing polyacrylamide gradi-
ent (4-20%) gel electrophoresis. The hydrodynamic diam-
eter of the complexes was estimated from the gels using
high-molecular mass protein markers [9]. The phospholipid,
cholesterol and protein content of rtHDL particles was deter-
mined using the Phospholipids reagent (Sentinel Diagnos-
tics, Milan, Italy), Cholesterol-LS reagent (Chemelex S.A.,
Barcelona, Spain) and modified Lowry assay (DC™ Protein
Assay, Bio-Rad, Hercules, CA, USA), respectively, accord-
ing to the manufacturer’s instructions. For physicochemical
analyses, rHDL particles were extensively dialyzed against
50 mM sodium phosphate buffer, pH 7.4. For each set of
analyses the rHDL particles containing WT or mutant apoA-
I forms were prepared using the same phospholipid-choles-
terol suspension, and the procedure was performed in paral-
lel. Particles were stored at 4 °C under nitrogen to prevent
oxidation of lipids and used for biophysical studies within
2 days and for functional studies within a week.

Circular dichroism (CD) spectroscopy

Far-UV CD spectra of lipid-free WT and mutant apoA-I
samples [0.1 mg/ml in DPBS (pH 7.4)] were recorded
from 190 to 260 nm at 25 °C. Spectra were collected with
a Jasco 715 (USA) spectropolarimeter, as described before
[23]. Similarly, the far-UV CD spectra of WT and mutant
apoA-I in rHDL [0.1 mg/ml of protein component of the
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particle in 50 mM sodium phosphate buffer (pH 7.4)] were
recorded. Protein concentrations in samples were deter-
mined before and after CD experiments and the values
agreed within 5%. Concentration of lipid-free proteins was
quantitated by measuring their absorbance at 280 nm and
of rHDL-associated proteins by a modified Lowry assay
(DC™ Protein Assay). The helical content of apoA-I forms
was calculated as described [24] using the equation: %
a-helix = (= [©],,,+3000)/(36,000 + 3000) X 100.

For thermal denaturation studies, the change in molar
ellipticity at 222 nm of lipid-free WT or mutant apoA-I
forms was monitored during variation of temperature from
20to 80 °C at arate of 1 °C/min. Boltzmann simple sigmoi-
dal model curve was used to fit the data using the GraphPad
Prism™ software (La Jolla, CA, USA), allowing the deter-
mination of the apparent melting temperature Tm, as the
midpoint of the thermal transition. In addition, the relative
enthalpy change AH was determined as described before
[25].

For thermal denaturation analysis of rHDL-associated
apoA-I, all measuring parameters were identical to that of
the lipid-free apoA-I forms, with the exception of the tem-
perature range used (20-100 °C). The midpoint of thermal
unfolding 7'/, the temperature at which denaturation of
rHDL-associated apoA-I was half-complete, was determined
from the thermal unfolding curves.

Chemical denaturation experiments

To analyze the chemical profile of lipid-free WT and mutant
apoA-I forms [0.1 mg/ml in DPBS (pH 7.4)], we monitored
the change in wavelength of maximum intrinsic fluorescence
of tryptophans by recording emission spectra from 310 to
420 nm using a 295 nm excitation wavelength, upon adding
increasing amounts of 8.0 M GdnHCI, as described previ-
ously [23]. Fluorescence measurements were carried out
using a Quantamaster 4 fluorescence spectrometer (Pho-
ton Technology International, USA). A Boltzmann simple
sigmoidal model curve was used to fit the data using the
GraphPad Prism™ software, allowing the determination of
the midpoint of denaturation D, ,. The free energy difference
between the native state and unfolded state of the protein in
the absence of denaturant AGpwas determined using a linear
extrapolation method, as described previously [25].

ANS fluorescence measurement

The fluorescence signal (excitation 395 nm, emission
425-600 nm) of WT and mutant apoA-I forms [0.062 mg/
ml in DPBS (pH 7.4)] in the presence of 8-anilino-1-naph-
thalenesulfonic acid (ANS, Sigma-Aldrich) at a final ANS
concentration of 310 pM was measured using an Infinite
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M200 microplate reader (Tecan group Ltd., Switzerland),
as described previously [23].

Cholesterol and 7-ketocholesterol efflux assays

ABCAT1-dependent efflux of cholesterol was measured in
cultures of J774 macrophages following induction with a
cAMP analog that leads to increased expression of ABCA1
and using WT and mutant apoA-I forms as cholesterol
acceptors [26]. Briefly, J774 mouse macrophages were
labeled with 0.25 uCi/ml ['*C]-cholesterol ([4-'*C]choles-
terol, 0.1 mCi/ml of specific activity 55 mCi/mmol; ARC,
USA) for 24 h and then treated in the presence or absence
of 0.3 mM cpt-cAMP [8-(4-chloro phenylthio)-cAMP] for
18 h. At the end of this treatment period, the cells were
incubated in the presence or absence of 1 pM lipid-free WT
or mutant apoA-I forms for 4 h. The radioactivity of cell
media and cell lysates were determined by liquid scintilla-
tion counting. The ['*C]-cholesterol efflux was expressed as
the percentage of radioactivity released in the medium rela-
tive to total radioactivity in cells and medium. To calculate
the net cpt-dependent (ABCA 1-mediated) cholesterol efflux,
the cholesterol efflux of the untreated with cpt-cAMP cells
was subtracted from the cholesterol efflux of the cells treated
with cpt-cAMP.

SR-BI- and ABCG1-mediated efflux of cholesterol was
measured in cultures of HEK293 cells following transfec-
tion with human SR-BI or ABCG1 expression plasmid
using rHDL containing WT and mutant apoA-I forms as
cholesterol acceptors [4, 27]. Briefly, HEK293 cells tran-
siently transfected with a pcDNA3.1(+) plasmid encoding
human SR-BI (a generous gift from Dr. Daisy Sahoo, Medi-
cal College of Wisconsin, Milwaukee, Wisconsin, USA)
[28] or human ABCGT1 [4] or with vector alone (mock) as
described before [4, 27], were labeled with 0.22 puCi/ml
['4C)-cholesterol for 24 h. At the end of this period, the cells
were incubated in the presence or absence of 1 pM (concen-
tration of the protein component) rHDL particles containing
WT or mutant apoA-I for 4 h. The [*C]-cholesterol efflux
was expressed as the percentage of radioactivity released
in the medium relative to total radioactivity in cells and
medium, determined by liquid scintillation counting. To
calculate the net SR-BI- or ABCG1-mediated cholesterol
efflux, the cholesterol efflux of cells transfected with the
mock plasmid was subtracted from the cholesterol efflux
of cells transfected with the SR-BI- or ABCG1-expressing
plasmid, respectively. Untransfected HEK293 cells do not
express detectable levels of SR-BI [29] or ABCG1 [30].
Furthermore, the subtraction of cholesterol efflux of cells
transfected with the mock plasmid from cholesterol efflux
of cells transfected with the SR-BI or ABCG1 plasmid mini-
mizes any potential role of endogenous SR-BI or ABCGI in
cholesterol efflux.
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ABCG1-mediated 7-ketocholesterol efflux was measured
in HEK293 cells, transiently transfected with human ABCGl
expressing plasmid or vector alone, that were labeled with
1.6 uCi/ml [*H]-7-ketocholesterol (1,2,6-[°H]-7-ketocholes-
terol, 1 mCi/ml of specific activity 40 Ci/mmol; ARC, USA)
using 1 pM (concentration of the protein component) rHDL
containing WT and mutant apoA-I forms as 7-ketocholes-
terol acceptors [4]. The [’H]-7-ketocholesterol efflux was
expressed as the percentage of radioactivity released in the
medium relative to total radioactivity in cells and medium.
To calculate the net ABCG1-mediated 7-ketocholesterol
efflux, the 7-ketocholesterol efflux of transfected cells with
the mock plasmid was subtracted from the 7-ketocholesterol
efflux of cells transfected with ABCG1-expressing plasmid.

LCAT activation assay

LCAT was purified from the serum-free culture medium of
adenovirus-infected HTB-13 cells and esterification reac-
tions of cholesterol on ['*C]-cholesterol-labeled rHDL
particles containing WT or mutant apoA-I by LCAT were
carried out as described previously [31]. The conversion of
['*C]-cholesterol to [14C]-cholesteryl ester was determined
by liquid scintillation counting after lipid extraction of the
incubation mixture followed by thin-layer chromatogra-
phy. The cholesterol esterification rate was expressed as
nanomoles of cholesteryl ester formed per hour. To calcu-
late the apparent V., and K, the rate of cholesteryl ester
formation was plotted versus the concentration of apoA-I.
The data were fitted to a standard Michaelis—Menten model
using the GraphPad Prism™ software.

Endothelial cell migration assay

EA.hy926 cells were cultured in DMEM supplemented
with 10% FBS and antibiotics. Primary Human Coronary
Artery Endothelial Cells (HCAEC) were cultured in Human
Meso Endo Cell Growth medium (mix of Meso Endo Basal
medium and Meso Endo supplement, Cell Applications,
Inc., USA). For endothelial cell migration analysis [32, 33],
EA.hy926 cells and HCAEC were plated in 12-well plates at
a density of 1.8 10° and 1.5x 103 cells/well, respectively.
When EA hy926 cells and HCAEC reached 90% confluency,
they were synchronized in DMEM/antibiotics medium and
Meso Endo Basal medium/0.5% FBS, respectively, for 16 h
and then cell monolayers were scratched using a pipette tip
(200 pl). Wounded cells were rinsed with warm DPBS to
remove non-adherent cells and then EA.hy926 cells and
HCAEC were incubated in the presence or absence of
100 pg/ml (protein content) rHDL particles containing WT
or mutant apoA-I forms in DMEM/antibiotics medium and
Meso Endo Basal medium/0.25% FBS, respectively, for
24 h. At the end of the incubation period cells were fixed

with ice-cold methanol for 15 min, permeabilized in 0.1%
Triton X-100/PBS for 15 min and stained with hematoxy-
lin (Sigma Aldrich) for 5 min. Cells were photographed on
marked positions at 0 and 24 h, using the 10x objective lens
of a Zeiss Primovert Inverted microscope (Zeiss, Germany).
Wound healing was quantified, following analysis of images
with ImageJ analysis software (NIH, Bethesda, MD, USA)
[34], by measuring the number of cells that migrated (for
HCAEQC) or as follows (for EA.hy926 cells): % Wound area
closure =[(cell-free area(0 h) — cell-free area(24 h))/cell-
free area(0 h)] x 100. In specific experiments, EA.hy926
cells and HCAEC were treated with 15 pg/ml blocking mon-
oclonal antibody for endothelial lectin-type oxidized low-
density lipoprotein receptor 1 (LOX-1) (MAB1798, R&D
Systems Inc., USA) in the presence or absence of 100 pg/
ml rHDL particles. In specific experiments, EA.hy926 cells
were also treated with 1.5 pg/ml oxidized 1-palmitoyl-2-ara-
chidonoyl-sn-glycero-3-phosphocholine (0xPAPC) (Avanti
Polar Lipids, USA) in the presence or absence of 100 pg/ml
rHDL particles.

Western blot analysis

EA.hy926 cells and HCAEC were grown to near conflu-
ence in 12-well plates and were synchronized in DMEM/
antibiotics medium and Meso Endo Basal medium/0.5%
FBS, respectively, for 16 h. Afterwards, cells were incu-
bated in the presence or absence of 100 pg/ml (protein
content) rHDL particles containing WT or mutant apoA-I
forms for 24 h. Following incubation, the culture medium
and cells were collected separately. Cells were lysed at 4 °C
in RIPA buffer (50 mM Tris—HCI pH 7.5, 150 mM NaCl, 1
mM EDTA, 0.25% sodium deoxycholate, 1% Triton X-100,
0.1% SDS) containing protease and phosphatase inhibitors
cocktails (Roche, Germany). The protein concentration
in cell lysates was determined using the BCA protein kit
(Thermo Fisher Scientific). The calculated total cell protein
content was not found to vary significantly between wells in
each experiment. 30 pg of total protein from each cell lysate
were separated on 12% SDS-PAGE gels and then trans-
ferred onto nitrocellulose membranes for immunoblotting.
Phospho-Akt was detected using the rabbit anti-phospho-Akt
(Ser473) monoclonal antibody DIE (1:2000, Cell Signaling
Technology, USA) and a goat anti-rabbit IgG coupled with
horseradish peroxidase (1:2000, Merck Millipore, USA).
The membranes were then stripped using stripping buffer
(Thermo Fisher Scientific) and subsequently re-probed for
the detection of total Akt using the rabbit anti-Akt (pan)
monoclonal antibody C67E7 (1:2000, Cell Signaling Tech-
nology) followed by incubation with goat anti-rabbit IgG
coupled with horseradish peroxidase (1:2000). In addition,
B-actin was detected by the rabbit anti-B-actin monoclonal
antibody 13E5 (1:2000, Cell Signaling Technology) and a
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goat anti-rabbit IgG coupled with horseradish peroxidase
(1:2000). Quantification of protein levels was performed by
densitometry of the immunoreactive bands by ImageJ soft-
ware. Phospho-Akt levels were normalized to their respec-
tive total Akt levels.

Measurement of lipid peroxidation products

EA.hy926 cells synchronized in serum free DMEM for
16 h, were afterwards incubated in the presence or absence
of 100 pg/ml (protein content) rHDL particles containing
WT or mutant apoA-I forms in serum free DMEM for 24 h.
Following incubation, the culture medium was collected and
the amount of lipid peroxidation products in the cell medium
was measured by a commercially available Thiobarbituric
Acid Reactive Substances (TBARS) assay kit (Cayman
Chemical, USA). By this assay, malondialdehyde (MDA),
a common lipid peroxidation product, is detected in rHDL
containing cell medium. We followed the manufacturer’s
instructions, but we omitted the step of acid precipitation of
lipoproteins from the procedure to avoid the loss of TBARS
that are associated to rHDL.

MDA levels were also measured in rHDL particles before
their incubation with EA.hy926 cells, in the absence or pres-
ence of oxPAPC.

Measurement of reactive oxygen species (ROS)
generation

Intracellular ROS generation was measured as described pre-
viously [35], with some modifications. Briefly, EA.hy926
cells were synchronized in serum free DMEM for 16 h and
then were incubated with 0.5 ml DMEM in the presence
or absence of 1 pM (protein concentration) rHDL particles
containing WT or mutant apoA-I forms for 24 h at 37 °C.
In specific experiments, EA.hy926 cells were also treated
with 1.5 pg/ml oxPAPC. After incubation, cells were washed
with DMEM and further incubated in the dark for 45 min
at 37 °C in DMEM containing 25 pM 2',7'-dichlorodihy-
drofluorescein diacetate (DCFH-DA, Molecular Probes/
Thermo Fisher Scientific). Subsequently, cells were washed
with DPBS and production of ROS was detected by record-
ing the fluorescence of 2’',7'-dichlorofluorescein (DCF)
with a Zeiss Axiovert 25 Inverted microscope equipped for
fluorescence microscopy (excitation 450—-490 nm, emission
520nm). DCF fluorescent intensity was measured for at least
30 cells from the fluorescent images of each sample using
the Imagel analysis software and the relative fluorescence
intensity was taken as average of values of at least 5 images
for each experiment.
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Statistical analysis

Quantitative data are presented as means + SD. Statisti-
cal analyses were conducted using the GraphPad Prism™
software. Statistical comparisons between two groups were
analyzed for significance by unpaired two-tailed Student’s ¢
test. p values are indicated in each figure legend.

Results

Protein expression and purification
of apoA-1[L144R], apoA-1[A164S], apoA-I[L178P]
mutants

ApoA-I mutations L144R and A164S are located on helix
6 and L178P on helix 7 of the N-terminal moiety of apoA-I
[9, 11]. Recombinant WT and mutant human apoA-I forms
were expressed using a bacterial expression system. WT and
mutant apoA-I forms migrated at the expected molecular
mass of 28 kDa following SDS-PAGE analysis (Fig. 1). All
proteins were ~95% pure as judged by SDS-PAGE analysis
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Fig.1 SDS-PAGE analysis of recombinant WT and mutant apoA-
I forms. WT and mutant apoA-I forms, produced and purified as
described in ‘‘Materials and methods”, were subjected to electropho-
resis on 15% SDS polyacrylamide gels stained with Coomassie Bril-
liant Blue. M molecular mass marker (kDa)
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(Fig. 1). Before each analysis, WT and mutant apoA-I forms
were subjected in parallel to a refolding step, as described in
“Materials and methods”.

Biophysical characterization of lipid-free WT apoA-I
and apoA-I[L144R], apoA-I[A164S], apoA-I[L178P]
mutants

Since all studied mutations are located within helical regions
of apoA-I, we examined whether they may affect the sec-
ondary structure of the protein. To test this, we recorded
the CD spectra of lipid-free WT apoA-I and mutants. The
CD spectra of all lipid-free apoA-I mutants were found to
overall have a similar shape to the spectrum of WT apoA-I
(Fig. 2a). The intensity of the molar ellipticity, however, was
reduced in all apoA-I mutants, showing an approximately
4% loss of helicity for L144R and A164S as compared to
WT apoA-I and a pronounced helicity loss for L178P (~11%
loss) (Fig. 2b). The severe reduction of a-helical content
observed for apoA-I[L178P] is unlikely to be induced only
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Fig.2 Effect of L144R, A164S and L178P mutations on the second-
ary structure of apoA-I. a Far-UV CD spectra of WT and mutant
apoA-I forms. Spectra are averages of four independent analyses
of separate protein preparations. b Percent a-helical content of WT
and mutant apoA-I forms. Values represent the means + SD (n=4).
*p <0.05; ***p <0.0001 versus apoA-I WT

by local perturbation of the helical structure due to the pres-
ence of the mutated residue and suggests that the mutation
may induce more extensive perturbations to the secondary
or even the tertiary structure of apoA-I.

Subsequently, we proceeded to examine the thermody-
namic stability of apoA-I mutants. We compared the thermal
denaturation profile of each mutant to that of WT apoA-I,
following the CD signal at 222 nm, while the protein was
gradually unfolded by increasing temperature. It has been
proposed before that apoA-I thermal unfolding is reversible
[36]. However, it is not known whether the apoA-I mutants
share this property. Consecutive heating, cooling and re-
heating of apoA-I samples was utilized to investigate the
reversibility of thermal unfolding for apoA-I forms. Our
analysis showed that WT apoA-I and mutant apoA-I forms
demonstrated a predominantly reversible transition (Supple-
mental Figure 1). Analysis of thermal denaturation profiles
of each mutant (Fig. 3a—c) showed that apoA-I[L178P] was
the least stable toward thermal denaturation of the three
apoA-I mutants, having a lower melting temperature mid-
point T, by 14.3 °C and a lower apparent enthalpy change
of the transition AH by 15.6 kcal/mol compared to WT
apoA-I (Fig. 3d, e). Furthermore, the thermal transition of
apoA-I[L178P] showed significant loss of cooperativity as
evidenced by the loss of sigmoidal shape, suggesting that
this protein is significantly less thermodynamically sta-
ble than WT apoA-I. A much less pronounced change in
thermodynamic stability was observed for apoA-I[L144R]
and apoA-I[A164S]. These two apoA-I mutants unfolded
at a temperature ~2.5 °C lower than WT apoA-I, while
only apoA-I[L144R] displayed a decrease in apparent AH
(Fig. 3d, e).

To further examine possible changes in the thermody-
namic stability of apoA-I due to the presence of mutations
L144R, A164S and L178P, we compared the chemical
denaturation profile of each apoA-I mutant to that of WT
apoA-I. Fluorescence emission spectra of WT and mutant
apoA-I forms were recorded in the presence of increasing
concentrations of GdnHCI (Supplemental Figure 2). The
wavelength of the maximum fluorescence signal was plot-
ted versus the concentration of GdnHCI (Fig. 4a—c). Similar
to the thermal denaturation measurements, apoA-I[L178P]
was the least stable toward chemical denaturation of the
three apoA-I mutants, exhibiting a decrease in the midpoint
of denaturation D;,, by 0.4 M and a decrease in the free
energy change AGpby 3.2 kcal/mol compared to WT apoA-I
(Fig. 4d, ). ApoA-I[L144R] and apoA-I[A164S] displayed
much smaller losses in stability versus chemical denatura-
tion. ApoA-I[L144R] unfolded at a 0.1 M lower GdnHCI
concentration compared to WT apoA-I and apoA-I[A164S]
unfolded at a 0.12 M lower GdnHCI concentration, while it
also displayed a decrease in AG} (Fig. 4d, e).
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Fig.3 Effect of L144R, A164S and L178P mutations on thermal
unfolding of apoA-I. a—¢ The thermal denaturation profile of each
apoA-I mutant is presented in comparison to the WT protein. Solid
line indicates the fit of data to Boltzmann sigmoidal model. The y
axis has been normalized to correspond to the fraction of the protein
in the unfolded state. For normalization, O is defined as the value of

Finally, to evaluate whether the introduction of L144R,
A164S and L178P mutations in apoA-I affects the solvent-
exposed hydrophobic surfaces of the protein we used the
amphipathic probe ANS, whose fluorescence is enhanced
upon binding to hydrophobic surfaces of apoA-I [23]. ANS
binding analysis showed that only the L178P mutation
resulted in an increase of solvent-accessible hydrophobic
surface area in apoA-I (Fig. 5a, b). This finding is consist-
ent with the severe thermodynamic destabilization of apoA-
I[L178P] demonstrated by thermal and chemical denatura-
tion analyses.

Overall, the biophysical analyses suggested that residues
L144, A164 and L178 of apoA-I appear to have a role in
the thermodynamic stability of lipid-free apoA-I and that
the mutations of these residues studied here have negatively
influenced the thermodynamic stability of apoA-I. Of the
three mutations, L178P induced the most pronounced effects
on the structure and folding of apoA-I, leading to significant
thermodynamic destabilization and, possibly, local or gen-
eralized misfolding.

In an effort to gain atomic-level insight on the observed
effects of the mutants on the structure and folding of apoA-
I, we employed comparative all-atom molecular dynamics
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simulations (MDs). The mutations were introduced in
silico to the crystal structure of a C-terminally truncated
human apoA-I [9] and simulations were performed for
200 ns. Simulations showed high root-mean-square devia-
tion (RMSD) values of 10-20 A with respect to the ini-
tial crystallographic coordinates (Supplemental Figure 3),
consistent with previous work showing a high degree of
conformational plasticity of apoA-I [37]. Comparative
analysis between WT structure and variants indicated that
all three mutations induced perturbations in the root mean
square atomic fluctuation (RMSF) values compared to the
WT, but in distinct regions of the protein (Supplemental
Figure 4). Overall, the MDs suggested strong local and
global effects of the mutations and segregated L178P from
L144R and A164S, similar to the biophysical analyses.
This analysis suggested that the structural repercussions
of each mutation can extend away from its local region
and have more global effects on the structure of apoA-I,
a result that probably explains the effects observed by the
biophysical analyses.
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profile of each apoA-I mutant is presented in comparison to the WT
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Biophysical characterization of WT apoA-I
and apoA-1[L144R], apoA-I[A164S], apoA-I[L178P]
mutants in reconstituted HDL (rHDL) particles

ApoA-I in the circulation is found mostly in lipidated form
in HDL particles. Therefore, we prepared rHDL consisting
of WT apoA-I or apoA-I mutants, phosphatidylcholine and
cholesterol and examined whether the L144R, A164S and
L178P mutations also affect the structure and thermody-
namic properties of apoA-I in rHDL particles. Non-dena-
turing polyacrylamide gradient gel electrophoresis verified
the formation of lipoprotein particles with similar hydrody-
namic diameter for each protein (Fig. 6a). Measurement of
the lipid and protein levels showed that the phospholipid,
cholesterol and protein content of the rtHDL particles con-
taining the WT and the three mutant apoA-I forms was
comparable (Fig. 6a). Biophysical analyses showed that
WT and mutant apoA-I forms displayed increased a-helical
content and were significantly stabilized when associated in
rHDL particles compared to lipid-free protein, as described
before [38]. CD analysis suggested that compared to WT

defined as the bottom and plateau values, respectively, of the Boltz-
mann fit. d, e D, and AG}, values for the denaturant-induced transi-
tions of WT and mutant apoA-I forms. Values represent the means +
SD (n=3-4). 'p<0.01; *<0.05; *¥p<0.005; **¥p<0.0001 versus
apoA-I WT

apoA-I, apoA-I[L144R] and apoA-I[L178P], but not apoA-
I[A164S], had significantly lower a-helical content when in
lipoprotein form (Fig. 6b, ¢). Thermal denaturation analysis
showed that apoA-I[L144R] and apoA-I[L.178P] mutants
in rHDL undergo unfolding transition at lower tempera-
tures, with the midpoint of the transition 7, being~3 °C
lower than WT apoA-I (Fig. 6d). ApoA-I[A164S] in rtHDL,
though, showed a similar value for the temperature at mid-
point of thermal transition as WT apoA-I (Fig. 6d). Overall,
these findings indicated that L144R and L178P mutations
induced some thermodynamic perturbations in apoA-I when
in lipoprotein particles.

Effect of L144R, A164S and L178P mutations

on the capacity of apoA-I/rHDL to promote
ABCA1-, SR-BI- and ABCG1-mediated cholesterol
efflux, ABCG1-mediated 7-ketocholesterol efflux
and to activate LCAT

The observation of structural defects in apoA-I due to
L144R, A164S and L178P mutations prompted us to
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examine whether the mutations also affect functional prop-
erties of apoA-I and HDL. We first evaluated the capacity
of lipid-free or rHDL-associated WT and mutant apoA-I to
promote cholesterol efflux (via ABCA1, SR-BI and ABCG1)
from cells and to activate LCAT, processes that affect both
HDL-C levels and atheroprotection.

For the measurement of ABCA1-mediated cholesterol
efflux, we used a standard experimental approach in which
macrophage cell lines, such as J774 cells, were labeled with
radioactive cholesterol, pretreated with cAMP analogs, such
as cpt-cAMP, and then the release of radiolabeled cellular
cholesterol using lipid-free apoA-I as acceptor was quan-
tified [26, 39-41]. cpt-cAMP increases the protein levels
of ABCAL in J774 cells as reported before [39-41] and as
shown in Supplemental Figure 5. For the measurement of
SR-BI- and ABCGI1-mediated cholesterol efflux we used
HEK?293 cells following transfection with human SR-BI or
ABCGI1 expression plasmids or mock plasmids. The trans-
fected cells were labeled with radioactive cholesterol and
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then the release of radiolabeled cellular cholesterol using
lipoprotein-associated apoA-I as acceptor was quantified,
as described before [4, 27, 28].

Amongst the three apoA-I mutants only apoA-I[L178P],
that presents the most severe folding defects in lipid-
free form, displayed a 33% reduced capacity to promote
ABCA1-mediated cholesterol efflux (Fig. 7a), while only
rHDL-associated apoA-I[LL144R] was found to have defec-
tive LCAT activation capacity, showing a 70% reduction in
LCAT activation compared to WT apoA-I (Fig. 7b). Further-
more, apoA-I[L144R] and apoA-I[L178P] in rHDL particles
showed a reduced capacity, by 40 and 27%, respectively, to
promote SR-BI-mediated cholesterol efflux (Fig. 7c), while
apoA-I[A164S] had a 59% reduced capacity to promote
ABCG1-mediated cholesterol efflux (Fig. 7d). In addition,
rHDL-apoA-I[A164S] showed a 55% reduced capacity to
promote ABCG1-mediated 7-ketocholesterol efflux (Fig. 7e).

Effect of L144R, A164S and L178P mutations
on the capacity of rHDL to stimulate endothelial cell
migration

The antiatherogenic functions of HDL involve its capac-
ity to promote endothelial-protective effects including the
stimulation of endothelial cell migration [32, 42]. Native
HDL, as well as rtHDL containing POPC, cholesterol and
recombinant apoA-I, have been shown to stimulate endothe-
lial cell migration at comparable levels [32]. However, to
the best of our knowledge, the effect of disease-predispos-
ing apoA-I mutations on the capacity of HDL particles to
stimulate endothelial cell migration has not been studied
before. Here, EA.hy926 endothelial cells were scratched and
then incubated with rHDL containing WT or mutant apoA-I
forms. Cells treated with rHDL-apoA-I[L144R] and rtHDL-
apoA-I[L178P] demonstrated similar migration compared to
cells treated with rHDL-WT apoA-I (Fig. 8a, b). However,
following treatment of cells with rHDL-apoA-I[A164S],
migration was significantly reduced (by approximately 50%
compared to rHDL-WT apoA-I).

To test whether the reduced capacity of rHDL-contain-
ing apoA-I[A164S] to stimulate endothelial cell migration
extends to a more physiologically relevant cellular system we
performed the same analysis using human coronary artery
endothelial cells (HCAEC). Similar to EA.hy926 cells,
HCAEC treated with rHDL-apoA-I[L.144R] and rHDL-
apoA-I[L178P] demonstrated similar migration compared to
cells treated with rtHDL-WT apoA-I, while HCAEC treated
with rHDL-apoA-I[A164S] displayed reduced migration
(Fig. 8c, d). Interestingly, in this cellular system the A164S
mutation appeared to inactivate completely the capacity of
rHDL-associated apoA-I to stimulate cell migration, since
apoA-I[A164S]-treated cells display similar migration pat-
tern as untreated cells (Fig. 8c, d).
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Fig.7 ABCAIl-, SR-BI- and ABCGI-mediated cholesterol efflux with rHDL containing WT or mutant apoA-I forms for 4 h. The net

capacity, ABCG1-mediated 7-ketocholesterol efflux capacity, as well
as LCAT activation capacity of WT apoA-I and apoA-I[L144R],
apoA-1[A164S], apoA-I[L178P] mutants. a J774 mouse mac-
rophages were labeled with ['*C]-cholesterol, treated in the pres-
ence or absence of cpt-cAMP and incubated with lipid-free WT or
mutant apoA-I forms for 4 h. The net ABCAl-mediated (cpt-cAMP-
dependent) [*4C]-cholesterol efflux is calculated as the difference in
cholesterol efflux between cpt-cAMP-treated cells and untreated cells.
ABCAl-mediated ["*C]-cholesterol efflux is presented relative to
cholesterol efflux in the presence of WT apoA-I (measured 2.6 +0.6%
of total cholesterol) set to 100%. Values are the means + SD for three
independent experiments performed in triplicate. b LCAT activation
by [“C]-cholesterol-labeled rHDL particles containing WT or mutant
apoA-I forms shown as the ratio of Vmax / K., values of the enzy-
matic reaction curves relative to the ratio measured for WT apoA-I
(4.8+0.1 nmol CE/h/uM apoA-I) set to 100%. The apparent K, and
Vmax Values of the enzyme are shown at the top of the panel. Values
are the means + SD for three independent experiments. ¢, d HEK293
cells were transfected with empty vector (mock), SR-BI- or ABCG1-
expressing plasmid, labeled with [“C]-cholesterol and then incubated

Understanding the mechanism by which
rHDL-apoA-1[A164S] fails to stimulate endothelial
cell migration

Previous studies have proposed that a main mechanism by

which HDL promotes endothelial migration involves the
activation of Akt kinase [32, 42]. Therefore, to understand
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SR-BI- or ABCG1-mediated ['*C]-cholesterol efflux is calculated as
the difference in cholesterol efflux between SR-BI- or ABCG1-trans-
fected and mock-transfected cells. SR-BI-mediated ['*C]-cholesterol
efflux is presented relative to cholesterol efflux in the presence of
WT apoA-I (measured 10.6+1.0% of total cholesterol) set to 100%.
ABCGI-mediated ["*C]-cholesterol efflux is presented relative to
cholesterol efflux in the presence of WT apoA-I (measured 2.6 +0.4%
of total cholesterol) set to 100%. Values are the means + SD for four
independent experiments performed in duplicate. e HEK293 cells
were transfected with empty vector (mock) or ABCGI-expressing
plasmid, labeled with [*H]-7-ketocholesterol and then incubated
with rHDL containing WT or mutant apoA-I forms for 4 h. The net
ABCG1-mediated [*H]-7-ketocholesterol efflux is calculated as the
difference in 7-ketocholesterol efflux between ABCGI-transfected
and mock-transfected cells. ABCG1-mediated [PH]-7-ketocholesterol
efflux is presented relative to 7-ketocholesterol efflux in the presence
of WT apoA-I (measured 5.0+0.9% of total 7-ketocholesterol) set to
100%. Values are the means + SD for three independent experiments
performed in duplicate. *p <0.01; **p <0.005; **¥p <0.0001 versus
apoA-I WT

how rHDL-apoA-I[A164S] fails to stimulate endothelial
cell migration, we treated EA.hy926 endothelial cells with
rHDL containing WT apoA-I or apoA-I[A164S] forms and
assessed Akt activation. As expected, rHDL-WT apoA-I
induced activation of Akt, as indicated by increased phos-
phorylation levels compared to untreated cells (Fig. 9a, b).
rHDL-apoA-I[A164S] displayed reduced capacity of Akt
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activation (by approximately 60% compared to rHDL-WT
apoA-I), in accordance to the reduced endothelial cell migra-
tion capacity that this mutant displayed.

It has been suggested that Akt-mediated signaling by
HDL in endothelial cells entails the SR-BI receptor [42],
while the ABCG] transporter is also involved in the protec-
tion of endothelial function by promoting cholesterol and
oxysterols efflux [43]. Therefore, we examined whether
rHDL-apoA-I[A164S] reduces Akt activation by reducing
SR-BI or ABCG1 cellular levels. Our analysis showed no
effect on SR-BI or ABCG1 levels of EA.hy926 treated in
the absence or presence of rHDL containing WT apoA-I or
apoA-I[A164S] (Supplemental Figure 6A, B).

Other studies have proposed that Akt activation can be
blocked by dysfunctional HDL via a signaling pathway that
involves the endothelial multiligand receptor LOX-1 [44].
Thus, we examined whether rHDL-apoA-I[A164S] reduces
Akt activation by increasing LOX-1 cellular levels. We did
not observe any difference in LOX-1 levels of EA.hy926
cells treated in the absence or presence of rHDL containing
WT apoA-I or apoA-I[A164S] (Supplemental Figure 6C).
Therefore, we examined whether rHDL-apoA-I[A164S]
reduces Akt activation via interaction with LOX-1. To
address this, we studied how EA.hy926 cells migration was
affected when cells were treated with rHDL-apoA-I[A164S]
in the presence of a LOX-1 blocking antibody. Notably,
blocking of LOX-1 resulted in increased EA.hy926 cell
migration in the presence of rHDL-apoA-I[A164S] similarly
to what was observed for tHDL-WT apoA-I (Fig. 10a, b). In
addition, blocking of LOX-1 in HCAEC treated with rHDL-
apoA-I[A164S] also resulted in cell migration similar to that
observed for rHDL-WT apoA-I (Fig. 10c, d). In line with
these findings, blocking of LOX-1 resulted in restoration of
Akt activation in EA hy926 cells and HCAEC treated with
rHDL-apoA-I[A164S] (Fig. 10e-h). These findings sug-
gested that rtHDL-apoA-I[A164S] fails to activate endothe-
lial Akt and to stimulate migration of cells by interacting
with endothelial LOX-1 receptor.

It has been shown that accumulation of malondialde-
hyde (MDA), a common lipid peroxidation product, in HDL
blocks the activation of Akt via the LOX-1 receptor [42, 44].
We, therefore, measured the MDA levels in rHDL-contain-
ing WT apoA-I or apoA-I[A164S] following their incubation
with EA.hy926 cells. Before incubation with cells, MDA
was undetectable in rHDL-containing WT apoA-I or apoA-
I[A164S], but following incubation we found increased lev-
els of MDA in rHDL-apoA-I[A164S] but not in rHDL-WT
apoA-I (Fig. 11), suggesting that accumulation of MDA in
rHDL-apoA-I[A164S] could contribute to its reduced capac-
ity to stimulate Akt activation and endothelial cell migration.

It has been shown previously that incubation of endothe-
lial cells with HDL prevents the production of ROS [43]
and that MDA-containing HDL is associated with enhanced

cellular oxidative stress and ROS formation [45]. Therefore,
the increased levels of MDA in rHDL-apoA-I[A164S] fol-
lowing incubation with EA.hy926 cells prompted us to
examine the formation of ROS in these cells. As shown in
Fig. 12a, b, WT apoA-I in rHDL reduced the intracellular
formation of ROS, while apoA-I[A164S] failed to reduce
ROS formation. Collectively, our data suggested that HDL
that contains apoA-I[A164S] can lose its capacity to pre-
serve the endothelial function.

Terminal lipid peroxidation products, such as MDA, can
be produced by oxidation of 1-palmitoyl-2-arachidonoyl-
sn-glycero-3-phosphocholine (PAPC) [46]. To examine the
potential effect of lipid peroxidation products on the capacity
of HDL to promote endothelial cell migration, we incubated
EA.hy926 cells with tHDL-WT apoA-I in the presence of
oxidized PAPC (oxPAPC). The concentration of MDA in
cell medium containing tHDL-WT apoA-1I/oxPAPC was
0.73 £0.06 pM, similar to the concentration of MDA found
in cell medium containing rHDL-apoA-I[A164S] following
incubation of lipoprotein particles with EA.hy926 cells for
24 h (Fig. 11). Our analysis showed that oxPAPC impaired
the capacity of rHDL-WT apoA-I to promote endothelial
cell migration (Fig. 13a, b), as well as to reduce ROS forma-
tion (Fig. 13c, d). These findings provide further support for
the role of MDA in the dysfunctionality of HDL.

Discussion

In an effort to gain mechanistic insight linking the presence
of L144R, A164S and L178P mutations in apoA-I with
HDL-C levels and CVD risk in carriers of these mutations
we evaluated the effect of mutated residues on the structural
integrity and functional properties of apoA-I in lipid-free
and rHDL form. By combining the findings from the struc-
tural and functional analyses of the three apoA-I mutants
we conclude that only severe conformational perturbations
in lipid-free apoA-I, such as those found for apoA-I[L.178P],
are accompanied by reduced ABCA1-mediated cholesterol
efflux which is the first step in HDL biogenesis pathway.
ApoA-I[L144R] and apoA-I[L178P] in rtHDL particles that
display similar structural and thermodynamic perturba-
tions of lipidated apoA-I, show a similarly reduced capacity
to promote cellular cholesterol efflux by SR-BI and nor-
mal capacity for ABCG1-mediated cholesterol efflux and
stimulation of endothelial cell migration. However, apoA-
I[L144R] presents with a severe defect in LCAT activation.
Inspection of the crystal structure of an N-terminal truncated
apoA-I that has been proposed to mimic the apoA-I con-
figuration on discoidal HDL [11] indicates that only L144,
that is located in the external site of helix 6, is located in
a position that would allow direct interactions leading to
the activation of LCAT. ApoA-I[A164S] has only minimal
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«Fig. 8 Effect of L144R, A164S and L178P mutations on the capac-
ity of lipoprotein-associated apoA-I to promote the migration of
endothelial cells. a EA.hy926 cells or ¢ HCAEC were wounded and
either left untreated or treated with rHDL containing WT or mutant
apoA-I forms for 24 h. Representative microscopic views at 0 h and
24 h are shown. Images were scanned and quantified by ImageJ soft-
ware. b Quantitative analysis of wound area closure of EA.hy926
cells after 24 h. d Number of HCAEC migrated after 24 h. Values
are the means + SD for three independent experiments performed in
duplicate. ***p <0.0001 versus apoA-I WT

structural perturbations in lipidated form and displays dis-
tinct functional defects that include reduced ABCG1-choles-
terol efflux capacity and reduced stimulation of endothelial
cell migration. Table 1 summarizes the effects of L144R,
A164S and L178P mutations on biophysical and functional
properties of apoA-I. How our findings could explain the
observed phenotypes in humans is discussed below for each
apoA-I mutant.

ApoA-I[L144R] Heterozygous carriers of apoA-
I[L144R], identified at a frequency of 0.04% in the Danish
population, had 47% reduced HDL-C levels, but none of the
carriers had premature IHD [18]. Heterozygous carriers of
apoA-I[L144R] with HDL-C levels below the 5th percen-
tile and without evidence of CVD have also been reported
in a Spanish family [47]. We show that rHDL-associated
apoA-I[L144R] displays greatly reduced capacity to acti-
vate LCAT, which could be the underlying cause of reduced
HDL-C levels in carriers of this mutation. Previous animal
studies have shown that adenovirus-mediated gene transfer
of apoA-I[L144R] in apoA-I-deficient mice results in low
HDL-C levels and formation of discoidal HDL particles
[18]. This phenotype is consistent with normal capacity for
ABCA 1-mediated cholesterol efflux by apoA-I[L144R] and
reduced LCAT activation capacity. Indeed a decreased cho-
lesteryl ester-to-total cholesterol ratio was measured in mice
expressing apoA-I[L144R], while treatment of mice with
adenoviruses expressing apoA-I[LL144R] and human LCAT
normalized HDL-C levels and the cholesteryl ester-to-total
cholesterol ratio and promoted the formation of spherical
HDL particles [18]. Our biophysical analyses demonstrate
reduced helicity and thermodynamic perturbations in rHDL-
associated apoA-I[L144R] that could underlie observed
perturbations in functions, such as LCAT activation capac-
ity and SR-BI-mediated cholesterol efflux. Furthermore, a
previous study showed that carriers of apoA-I[L144R] had
apoA-I fractional catabolic rate values more than two-fold
higher than the fractional catabolic rate values of control
subjects, suggesting enhanced catabolism of mutant apoA-I
[47]. Overall, a combination of the findings from the current
and previous studies suggest that the reduced HDL-C levels
associated with apoA-I[L144R] may be caused by struc-
tural perturbations in apoA-I[L.144R] that result in reduced
activation of LCAT and enhanced catabolism of the mutant

protein. The normal capacity of apoA-I[L144R] for ABCA1-
mediated cholesterol efflux and stimulation of endothelial
cell migration are consistent with the absence of CVD risk
in carriers of this mutation.

ApoA-I[L178P] Heterozygous carriers of apoA-I[L.178P]
in Dutch families exhibited 63% reduced HDL-C levels,
increased carotid IMT and 24-fold increased CVD risk [20].
The L178P mutation introduces a proline residue into the
highly helical central region of apoA-I, and this could lead to
structural perturbations due to the incompatibility of proline
with helical secondary structure. Indeed, our biophysical
studies show that lipid-free apoA-I[L178P] induces major
defects in protein structure and stability. These may be due
to the general helix-breaking properties of proline but could
also indicate that the specific position 178 plays a key role
in apoA-I structure and stability. In contrast to the lipid-free
form, lipoprotein-associated apoA-I[L178P] displays milder
conformational perturbations. The folding defects of lipid-
free apoA-I[L178P] are accompanied with reduced capac-
ity of the protein to promote ABCA1-mediated cholesterol
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Fig.9 Activation of Akt kinase in EA.hy926 cells incubated with
lipoprotein particles containing WT apoA-I or apoA-I[A164S]. Pro-
tein expression levels of pAkt, total Akt and p-actin in EA.hy926
cells left untreated or treated with rHDL containing WT apoA-I or
apoA-I[A164S] for 24 h were measured by immunoblotting. a A
representative set of immunoblots is shown. b Western blots were
scanned and quantified by ImageJ software. The normalized levels of
pAkt against total Akt are shown. Values are the means + SD for four
independent experiments performed in duplicate. AU arbitrary units.
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«Fig. 10 Migration of endothelial cells incubated with lipoprotein
particles containing WT apoA-I or apoA-I[A164S] in the absence or
presence of a LOX-1 receptor blocking antibody. a EA.hy926 cells
were wounded and either left untreated or treated with rHDL con-
taining WT apoA-I or apoA-I[A164S], in the absence or presence
of a LOX-1 receptor blocking monoclonal antibody, for 24 h. Repre-
sentative microscopic views at 0 h and 24 h are shown. Images were
scanned and quantified by Image] software. b Quantitative analysis
of wound area closure for EA.hy926 cells after 24 h. Values are the
means + SD for three independent experiments performed in dupli-
cate. ¢ HCAEC were wounded and treated with rHDL containing WT
apoA-I or apoA-I[A164S], in the absence or presence of a LOX-1
receptor blocking monoclonal antibody, for 24 h. Representative
microscopic views at 0 h and 24 h are shown. Images were scanned
and quantified by Image] software. d Number of HCAEC migrated
after 24 h. Values are the means + SD for two independent experi-
ments performed in triplicate. Protein expression levels of pAkt and
total Akt in EA.hy926 cells (e) and HCAEC (g) left untreated or
treated with rHDL containing apoA-I or apoA-I[A164S] for 24 h, in
the absence or presence of a LOX-1 receptor blocking monoclonal
antibody, were measured by immunoblotting. A representative set of
immunoblots is shown. f, h Western blots were scanned and quanti-
fied by Image] software. The normalized levels of pAkt against total
Akt are shown. Values are the means + SD for four (f) or three (h)
independent experiments performed in duplicate. AU arbitrary units.
#¥p <0.005; #p <0.001; **#p < 0.0001; ns not significant

efflux, something that may underlie the reduced HDL-C
levels in carriers, as well as the increased CVD risk. Fur-
thermore, the conformational perturbations in lipid-free and
lipoprotein-associated apoA-I[L178P] are in accordance
with a previous study from our lab showing that heterozy-
gotes of this apoA-I mutant had HDL with disturbed apoA-I
subpopulations profile and reduced antioxidant/anti-inflam-
matory capacity [48]. These two properties could also under-
lie the increased incidence of premature vascular events in
these subjects.

ApoA-I[A164S] Among the three mutations we studied,
A164S has the most striking pathological phenotype, since
heterozygotes for this mutant have increased risk for IHD,
myocardial infarction and total mortality compared to non-
carriers, but normal plasma lipid and lipoprotein levels,
including HDL-C and apoA-I [18]. Heterozygous carriers
of apoA-I[A164S] were identified at a frequency of 0.23%
in the Danish population and the median survival time of
carriers was reduced by 10 years [18]. We show here that
apoA-I[A164S] has normal capacity for ABCA1-mediated
cholesterol efflux and LCAT activation, findings that are in
accordance with the presence of normal HDL-C levels in
carriers of this mutant. Adenovirus-mediated gene transfer
of apoA-I[A164S] in apoA-I-deficient mice has confirmed
the lack of effect of apoA-I[A164S] on plasma levels of
HDL-C and apoA-I and led to formation of spherical HDL
particles [18].

Analysis of clinical characteristics of A164S heterozy-
gotes did not reveal any deposition of amyloid that could

explain the increased risk of IHD, myocardial infarction and
total mortality associated with this mutation [18]. However,
due to the low sensitivity of the method used, intramu-
ral coronary vascular amyloidosis could not be excluded.
Therefore, we examined the amyloidogenic propensity of
apoA-I[A164S] by measuring binding to the amyloidophilic
fluorescent probe Thioflavin T (ThT). Our analysis showed
no difference in ThT binding between apoA-I[A164S] and
WT apoA-I, following incubation of apoA-I forms for 24
and 48 h (Supplemental Figure 7). Thus, it appears that the
apoA-I[A164S] mutant does not display a strong amyloido-
genic propensity, in accordance with a previous study [49].
An alternative possibility is that the increased cardiovascular
risk of apoA-I[A164S] may be related to dysfunctional HDL
particles.

Our analyses show that lipidated apoA-I[A164S] displays
minimal structural perturbations. However, apoA-I[A164S]
in lipoprotein particles displays aberrant functions that could
explain the association of this mutant with increased car-
diovascular risk. Indeed, rHDL-containing apoA-I[A164S]
has reduced capacity to stimulate endothelial cell migration
following disruption of endothelial cells layer integrity, a
process that has been related with vascular protection by
HDL [5, 32, 42]. Several mechanisms have been proposed
to explain the effect of HDL on endothelial cells migration,
including the involvement of lipoprotein receptors and cho-
lesterol transporters, such as SR-BI, ABCG1 and LOX-1.
According to one proposed mechanism, HDL signaling
through SR-BI (a process that requires SR-BI-mediated
cholesterol efflux) results in Akt activation which promotes
endothelial cell migration [5, 32, 42, 50]. We find, however,
that although rHDL-apoA-I[A164S] has reduced capacity
of Akt activation, neither SR-BI levels nor SR-BI-mediated
cholesterol efflux are affected by this apoA-I mutant. As an
alternative mechanism, it has been proposed that ABCG1
can preserve endothelial function by promoting efflux of
cholesterol and oxysterols, such as 7-ketocholesterol, from
endothelial cells [43]. Additionally, a recent study showed
that the endothelial progenitor cells migration is stimulated
following ABCG1 overexpression via activation of Akt path-
way [51]. We do not observe any reduction in ABCGl1 levels
in rtHDL-apoA-I[A164S] treated endothelial cells that could
account for the observed reduction in activation of Akt. Nev-
ertheless, the reduced capacity (by more than 55%) of rHDL-
apoA-I[A164S] to promote ABCGI1-mediated cholesterol
and 7-ketocholesterol efflux could play at least a partial role
in the reduced ability of this mutant to preserve endothelial
function. Finally, the activation of endothelial multiligand
receptor LOX-1 by dysfunctional HDL has been shown to
promote the activation of PKCBII that subsequently blocks
Akt activation [44, 52]. Our studies suggest that lipoprotein
particles containing apoA-I[A164S] are prone to accumula-
tion of lipid peroxidation products resulting in activation
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Fig. 11 Lipid peroxidation products in the culture medium of
EA.hy926 cells incubated with lipoprotein particles containing WT
apoA-I or apoA-I[A164S]. MDA is detected in the rHDL containing
cell medium of EA.hy926 cells by a commercially available TBARS
assay kit. Values are the means + SD (n=06). *p <0.05; ns not signifi-
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Fig. 12 Effect of lipoprotein particles containing WT apoA-I or
apoA-I[A164S] on ROS formation by EA.hy926 cells. a The forma-
tion of ROS by EA.hy926 cells treated with or without rHDL contain-
ing WT apoA-I or apoA-I[A164S] for 24 h was measured following
incubation of cells with DCFH-DA and detection of fluorescent DCF
emitted from cells using a fluorescence microscope. Representative
microscopic views are shown. b Images were scanned and quantified
by Image J software. The relative DCF fluorescence is shown. Values
are the means + SD (n=6). *p <0.01; ¥p <0.001
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of LOX-1 which subsequently inactivates Akt leading to
impaired stimulation of endothelial cell migration. When
LOX-1 is blocked, then rHDL-apoA-I[A164S] particles
are capable to promote endothelial cell migration probably
through interactions with SR-BIL.

HDL can protect endothelial cells from ROS [5, 42].
We show that apoA-I[A164S] containing rHDL failed to
reduce ROS formation in endothelial cells. This finding may
be related to the increased levels of MDA in these particles,
since high concentrations of MDA in HDL have been shown
to induce ROS generation [45]. Alternatively, this effect may
be related to the reduced capacity of rHDL-apoA-I[A164S]
to promote ABCG1-mediated 7-ketocholesterol efflux. Sev-
eral oxysterols, most notably 7-ketocholesterol, have been
shown to induce ROS generation and lower ABCG1-medi-
ated 7-ketocholesterol efflux has been shown to induce ROS
production [43].

Collectively, our studies propose that the apoA-I mutation
A164S leads to the formation of dysfunctional lipoprotein
particles. The impaired capacity of these particles to stimu-
late endothelial cells migration and to protect endothelial
cells from ROS production may underlie the increased risk
of IHD, myocardial infarction and total mortality observed
in carriers of apoA-I[A164S] mutant.

In recent years, the association between HDL-C levels
and cardiovascular risk has been challenged by genetic and
clinical studies [6]. It has been suggested that the relation-
ship between HDL-C levels and CHD risk is complex and
HDL-C may not be the optimal therapeutic target. HDL
possesses various atheroprotective functions and accumu-
lating evidence supports that HDL functionality may be
more relevant for atheroprotection than HDL-C levels [6].
In the current study we focus on the effect of naturally occur-
ring apoA-I mutations on apoA-I and HDL functionality
that may underlie the observed phenotypes in carriers of the
mutations. Future animal studies using transgenic mice car-
rying the mutant apoA-I forms and modifications in genes
of the HDL metabolism pathway (e.g., lipid transporters,
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with lipoprotein particles containing WT apoA-I in the absence or
presence of oxPAPC. a EA.hy926 cells were wounded and treated
with or without tHDL containing WT apoA-I, in the absence or pres-
ence of oxPAPC, for 24 h. Representative microscopic views at 0 h
and 24 h are shown. Images were scanned and quantified by Imagel
software. b Quantitative analysis of wound area closure for EA.hy926
cells after 24 h. Values are the means + SD (n=06). ¢ EA.hy926 cells

lipoprotein receptors), that interact with apoA-I, could
help us understand further the effect of apoA-I mutations
on HDL functionality. In addition, future detailed compo-
sitional analyses of HDL particles from carriers of apoA-I
mutations may provide information on potential changes in
the proteome, lipidome and metabolome of HDL that may
underlie functional changes.

In summary, we characterized the effect of three natu-
rally occurring mutations of apoA-I (L144R, A164S and
L178P) on the structure and function of the protein. We
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treated with or without rHDL containing WT apoA-I, in the absence
or presence of oxPAPC, for 24 h, were then incubated with DCFH-
DA. The formation of ROS by cells was measured following detec-
tion of fluorescent DCF emitted from cells using a fluorescence
microscope. Representative microscopic views are shown. Images
were scanned and quantified by Image J software. d The relative
DCF fluorescence is shown. Values are the means + SD (n=10).
*#%p <0.0001

find that all mutations induce at least some disrupting struc-
tural and thermodynamic changes, which, although differ
in specific effect and intensity, in all cases appear to affect
a much larger part of the protein than the immediate loca-
tion of the mutation. These structural and thermodynamic
changes associate with specific functional defects that could
underlie the reduction in HDL-C levels and/or increased car-
diovascular risk observed in carriers of the mutations. Most
notably, our results provide novel insights into the molecular
basis for the pathological phenotype observed in carriers of
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Table 1 Summary of the
observed changes in biophysical
and functional properties of

Change in property as compared to WT apoA-I

apoA-I[L144R] apoA-1[A164S] apoA-I[L178P]

apoA-1 L144R, A164S and
L178P mutants as compared to

Biophysical properties (lipid-free apoA-I)

WT apoA-I Helicity (%) ~4] ~4] ~11]
Thermal unfolding
App T, (°C) ~25] ~25] 143 |
App AH (kcal/mol) 551 A 15.6 |
Chemical unfolding
D,, M) 0.1} ~0.1] 04
AG} (kcal/mol) > 14 32
ANS binding > < 22% 1
Biophysical properties (rHDL-apoA-I)
Helicity (%) ~8 A ~6]
Thermal unfolding
Ty, (°O) ~3 > ~3]
Functional properties (lipid-free apoA-I)
ABCA1-mediated cholesterol efflux And And ~35% |
Functional properties (rHDL-apoA-I)
LCAT activation ~70% | And And
SR-BI-mediated cholesterol efflux ~40% | And ~25% |
ABCG1-mediated cholesterol efflux And ~60% | And
Endothelial cell migration
EA.hy926 > ~50% | >
HCAEC > ~100% | A

An upward-pointing arrow indicates that the property has increased, a downward-pointing arrow indicates
that the property has decreased and a left-right arrow indicates no change

apoA-I[A164S], which is the only apoA-I variant described
to predict an increased risk of IHD, myocardial infarction
and total mortality in the absence of low HDL-C levels.
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