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Abstract We investigated the significance of hydrophobic
and charged residues 218-226 on the structure and func-
tions of apoA-I and their contribution to the biogenesis of
HDL. Adenovirus-mediated gene transfer of apoA-I[L218A/
L219A/V221A/L222A] in apoA-I~’~ mice decreased plasma
cholesterol and apoA-I levels to 15% of wild-type (WT)
control mlce and generated pre-p- and a4-HDL particles.

In apoA-I X apoE mice, the same mutant formed few
discoidal and pre-B-HDL particles that could not be con-
verted to mature oa-HDL particles by excess LCAT. Expres-
sion of the apoA-I[E223A /K226A] mutant in apoA-I mice
caused lesser but discrete alterations in the HDL phenotype.
The apoA-1[218-222] and apoA-I[E223A /K226A] mutants had
20% and normal capacity, respectively, to promote ABCAI-
mediated cholesterol efflux. Both mutants had ~65% of
normal capacity to activate LCAT in vitro. Biophysical analy-
ses suggested that both mutants affected in a distinct man-
ner the structural integrity and plasticity of apoA-I that is
necessary for normal functions.Hfl We conclude that the
alteration of the hydrophobic 218-222 residues of apoA-I
disrupts apoA-I/ABCAL interactions and promotes the gen-
eration of defective pre-f particles that fail to mature into
o-HDL subpopulations, thus resulting in low plasma apoA-I
and HDL. Alterations of the charged 223, 226 residues
caused milder but discrete changes in HDL phenotype.—
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ApoA-I is the major protein component of HDL and
plays an essential role in the biogenesis, maturation, and
the functions of HDL (1-3). The biogenesis and remodel-
ing of HDL occurs extracellularly and requires ABCAI,
LCAT, and several other proteins (4). HDL biogenesis oc-
curs predominantly in the liver and, to a lesser extent, in ex-
trahepatic tissues (5, 6). The crucial role of apoA-I, ABCAI,
and LCAT for the biogenesis of HDL has been established
by naturally occurring mutations in these proteins in
humans with low HDL levels (7-9).

In previous studies, systematic mutagenesis and gene trans-
fer of human apoA-I mutants in apoA-I-deficient (apoAI ")
mice disrupted specific steps along the pathway of the bio-
genesis of HDL and generated discrete lipid and lipoprotein
phenotypes (10). The phenotypes generated included inhi-
bition of the formation of HDL (1); generation of unstable
intermediates (11, 12); inhibition of the activation of LCAT
(13); and increase in plasma cholesterol or increase in both
plasma cholesterol and triglycerides (14). The previous
studies also showed that apoA-I-deletion mutants that lack
residues 220-231 have diminished capacity to promote
ABCA1l-mediated cholesterol efflux and fail to cross-link
with ABCALI and to synthesize spherical HDL (1, 15)

In the present study, we investigated the role of four hy-
drophobic (L218, L219, V221, L.222) and two charged
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(E223, K226) residues, located within or in the vicinity of
the 220-231 region, on the biogenesis of HDL and the
properties of apoA-I. The rationale for the alteration of
these residues that reside within the 222-226 domain was
based on the significance of this region for the structure of
apoA-I. The crystal structure at 3.2 A resolution of a trun-
cated, lipid-free form of apoA-I [A(1-43)] that lacks the
amino terminal domain indicated that, with the exception
of the 220-227 region, apoA-I consists of a nearly continu-
ous amphipathic a-helical sequence that is punctuated by
small or pronounced kinks (16, 17). Most recently the
three-dimensional structure of a dimeric truncated form
of lipid-free apoA-I[A(185-2483) ] was determined at 2.2 A°
resolution (18). The structure showed that the N-terminal
domain stabilizes the apoA-I dimer in solution and forces
it to an antiparallel configuration that is similar to the con-
figuration that the two apoA-I monomers assume when
bound to discoidal HDL particles (16-19). In this configu-
ration, it was proposed that the unstructured loop consist-
ing of residues 220-227 allows helices 10 of each monomer
to register in antiparallel orientation relative to the other.

In the present study, physicochemical studies and in
vitro experiments determined how the mutations affected
the structure of apoA-I and the ability of the mutant pro-
teins to promote ABCAl-mediated cholesterol efflux and
to activate LCAT. Adenovirus-mediated gene transfer of
the apoA-1[218-222] mutant in apoA—If/f x apoEﬁf mice
led to the formation of only pre-3-HDL particles and a
small number of discoidal HDL particles. In contrast to
previous studies (11-13), this defect, observed for the first
time, could not be corrected by coexpression of the apoA-
1[218-222] mutant and LCAT. Expression of the apoA-
I[E223A/K226A] mutant in apoA-I /™ mice caused small
alterations in the apoA-I structure and the HDL pheno-
type, suggesting that these residues also contribute to the
efficient formation of HDL.

In addition to the drastic effect of the L218A/L219A/
V221A/L222A mutations on the biogenesis of HDL, the
mutants also inhibited the ability of lipid-free apoA-I to
promote transendothelial transport (20), as well as its bac-
tericidal activity against Gram-negative bacteria (21), indi-
cating the importance of the 218-222 residues for the
functions of apoA-I.

EXPERIMENTAL PROCEDURES

Materials

Materials not mentioned in this section have been obtained
from sources described previously (2, 14).

Methods

Generation of adenoviruses expressing the wild-type and the
mutant apoA-I forms and human LCAT. The apoA-I gene lack-
ing the BglII restriction site that is present at nucleotide posi-
tion 181 of the genomic sequence relative to the ATG codon of the
gene was cloned into the pCDNA3.1 vector to generate the
PCDNAS3.1-apoA-I(ABgIII) plasmid as described (12). This plasmid
was used as a template to introduce the apoA-I mutations apoA-
1[218-222] and apoA-I[E223A/K226A] using the QuickChange®
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XL mutagenesis kit (Stratagene, Santa Clara, CA) and the muta-
genic primers shown in supplementary Table I. The recombinant
adenoviruses were packaged in 911 cells, amplified in human em-
bryonic kidney 293 (HEK293) cells, purified, and titrated as de-
scribed (12).

The human LCAT cDNA in the pENTR221 vector was a gift of
Dr. J. A. Kuivenhoven (University of Amsterdam). The LCAT
c¢DNA was amplified using primers that contained restriction
sites for BglIl and EcoRYV, respectively, at the 5" and 3’ ends, as
shown in supplementary Table I. The LCAT cDNA was digested
with BglIl and EcoRV and cloned into the corresponding sites of
the pAdTrack-CMV vector. The recombinant adenovirus was con-
structed, purified, and titrated as described (12).

ApoA-I production, purification, and use for functional and
physicochemical studies. Wild-type (WT) apoA-I, apoA-1[218-222]
mutant, and apoA-I[E223A/K226A] mutant protein were ob-
tained from the culture media of HTB-13 cells grown in roller
bottles following infection with adenoviruses expressing the cor-
responding proteins. For protein production, the culture me-
dium was collected every 24 h, dialyzed against 25 mM ammonium
bicarbonate, and lyophilized. For the purification of WT apoA-I
and apoA-I[E223A/K226A] mutant, the lyophilized medium was
resuspended in 0.01M Tris (pH 8), filtered, and passed through
a 5 ml HiTrap Q HP column (GE Healthcare). The proteins were
cluted with linear gradient of 1M NH,COj in the Tris buffer, as
described previously (1). The apoA-I[218-222] mutant was puri-
fied with the same procedure under denaturing conditions
(8M urea) to facilitate the dissociation of apoA-I from other pro-
teins that coelute with mutant apoA-I under native conditions.
The purity of the apoA-I preparation was assessed by SDS-PAGE,
and fractions greater than 95% pure were pooled.

ABCA I-dependent cholesterol efflux and LCAT assays. ABCAI-
dependent efflux of cholesterol was measured in cultures of 774
macrophages in which expression of ABCAI was induced by a
cAMP analog using WT and mutant apoA-I forms as choles-
terol acceptors. The J774 mouse macrophages were labeled with
0.3 pCi/ml ["C]cholesterol ([4-"*C]cholesterol, 0.04 mCi/ml
of specific activity 50 mCi/mmol; Perkin-Elmer Life Sciences) for
24 h and then treated with 0.3 mM cpt-cAMP [8-(4-chlorophe-
nylthio)-cAMP] for 24 h. Cholesterol efflux was determined as
described previously (1).

LCAT was purified as described (14) from the culture medium
of human HTB13 cells infected with an adenovirus expressing
the human LCAT ¢cDNA (22). The reconstituted HDL (rHDL)
particles used as the substrate contained cholesterol, and [HC]
cholesterol, B-oleoyl-y-palmitoyl-L-a-phosphatidylcholine (POPC),
and apoA-I. rHDL was prepared by the sodium cholate diallysis
method as described previously (23). rHDL particles without c-
cholesterol containing mutant forms of apoA-I were prepared
with the same procedure to measure their size by electron mi-
croscopy (EM). The size of these particles was determined from
the negatives of the EM images. The enzymatic reactions and the
derivation of the apparent V,,,. and K, were carried out as de-
scribed previously (13).

Physicochemical measurements. Derivation of far-UV spectra,
thermal and chemical denaturation profiles, and 8-anilino-1-
naphthalene-sulfonate (ANS) fluorescence spectra of the WT
apoA-l, apoA-1[218-222] mutant, and apoA-I[E223A/K226A]
mutant are described in the supplementary methods.

Animal studies. ApoA-l’~ (ApoAl"™"™) C57BL/6] mice
(24) were purchased from Jackson Laboratories (Bar Harbor,



ME). Mice deficient for apoA-I™’~ and apoE ™"~ were a gift of Dr.
Fayanne Thorngate and Dr. David Williams (25) or were obtained
by crossing apoA—If/ ~ with apoEf/ ~ (26). The mice were maintained
on a 12 h light/dark cycle and standard rodent chow. All procedures
performed on the mice were in accordance with National Institutes
of Health guidelines and followed a protocol (AN-14219.2012.10)
approved by the Institutional Animal Care and Use Committee
(IACUC). ApoA-I " or apoA-I T x apok " mice, 6-8 weeks of
age, were injected via the tail vein with 1-2 x 10° pfu of recombinant
adenovirus per animal. The animals were euthanized four days after
injection following a four-hour fast. Five to six mice were used for
each set of experiments. Determination of plasma lipids and apoA-I
levels, fractionation of plasma by fast-protein liquid chromatogra-
phy (FPLC), and density gradient ultracentrifugation EM of HDL
and two-dimensional gel electrophoresis of plasma are as described
(1, 2, 27 and supplementary methods).

Statistics. Statistical analyses were performed by two-tailed
Student #test with equal variance.

RESULTS

Expression of the apoA-I transgene following adenovirus
infection

Total hepatic RNA was isolated from the livers of apoA-
1/~ four days after infection with adenoviruses expressing
the WT apoA-I, apoA-I[218-222] mutant, and apoA-l
[E223A/K226A] mutant. The relative expression of the
WT and the mutant apoA-I transgenes was determined by
qPCR as described in the Experimental Procedures. This
analysis showed that the expression of WT and the apoA-I
[218-222] mutant were comparable, whereas the expres-
sion of apoA-I[E223A /K226A] was approximately 165% of
that of WT apoA-I (supplementary Table II).

Plasma lipid and apoA-I levels and FPLC profiles

Plasma lipids and apoA -I were determined four days after
infection of apoA- 1/ mice with adenoviruses expressing the
WT and the two apoA-I mutants. It was found that the apoA-
1[218-222] mutant decreased plasma cholesterol and apoA-I
levels to approximately 15% as compared with WT apoA-I.
The plasma apoA-I levels of the apoA-I[E223A/K226A] mu-
tant were not statistically different from those of WT apoA-],
whereas the plasma cholesterol levels were significantly lower
(62% as compared with WT apoA-I) (Fig. 1A, B). The plasma
triglycerides of the apoA-I[E223A/K226A] mutant were
slightly increased as compared with wild-type apoA-l (P <
0.05) (supplementary Table II). FPLC analysis of plasma from
apoA-If/ ~ mice infected with the recombinant adenovirus
expressing either WT apoA-I or the two apoA-I mutants
showed that in all cases cholesterol was distributed in the
HDL region and that the HDL cholesterol peak of the apoA-
1[218-222] mutant was greatly diminished (Fig. 1C).

Fractionation of plasma, EM analysis, and two-
dimensional electrophoresis of plasma of apoA-I"
expressing the WT and the mutant forms of apoA-I

" mice

Fractionation of plasma by density gradient ultracen-
trifugation and subsequent analysis of the resulting frac-
tions by SDS-PAGE showed that the WT apoA-I was equally
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distributed in the HDL2 and HDL3 region and that the
apoA-I[E223A /K226A] and apoA-1[218-222] mutants were
predominantly distributed in the HDL3 and, to a lesser
extent, the HDL2 region (Fig. 2A, B). The apoA-1[218-222]
mutant was characterized by low levels of apoA-I and in-
creased levels of mouse apoE that floated in the HDL2/
HDL3 (Fig. 2C and supplementary Fig. I-A, B) and in the
VLDL/IDL/LDL region.

Analysis of the HDL fractions 6 and 7 obtained follow-
ing density gradient ultracentrifugation by EM showed
that the WT apoA-I as well as the two apoA-I mutants
(apoA-I[E223A/K222A] and apoA-1[218-222]) generated
spherical particles (Fig. 2D-F). Two-dimensional gel elec-
trophoresis of plasma showed that WT apoA-I formed nor-
mal pre-B- and o-HDL subpopulations (Fig. 2G); the
apoA-I[E223A /K226A] mutant formed predominantly o2,
a3, and a4 and had increased amount of pre-f subpopula-
tions (Fig. 2H); and the apoA-I[218-222] mutant formed
only pre-B, a4, and a3 subpopulations (Fig. 2I).

To clarify whether the HDL particles observed in Fig.
2F originate from the apoA-I[218-222] mutant or mouse
apok that float in the HDL region (Fig. 2C and supplemen-
tary Fig. I-A, B), we performed adenovirus-mediated gene
transfer in apoA—I_/ Y apoE_/ " mice, which lack both mouse
apoA-I and apoE. Analysis of relative expression of the
WT and the mutant apoA-I transgenes by qPCR showed
that the expression of WT apoA-I and apoA-1[218-222]
mutant were comparable (supplementary Table II). Sepa-
ration of the plasma by density gradient ultracentrifuga-
tion and SDS-PAGE analysis of the fractions showed that
WT apoA-I was distributed predominantly in the HDL2/
HDL3 region (Fig. 3A). EM analysis of the fractions 6 and
7 obtained by density gradient ultracentrifugation of the
plasma showed that WT apoA-I generated spherical parti-
cles (Fig. 3B). Two-dimensional gel electrophoresis showed
that the plasma of mice expressing WT apoA-I contained
the normal pre-3- and o-HDL subpopulations (Fig. 3C).
SDS-PAGE analysis of plasma fractions obtained from mice
expressing the apoA-I[218-222] mutant showed the pres-
ence of small amounts of the mutant protein in the HDL3
region (Fig. 3D). The L218A/L219A/V221A/1L222A muta-
tions in apoA-I resulted in a great increase in plasma
apoA-IV that floated in the IDL/LDL/HDL2/HDLS3 re-
gion (Fig. 3D and supplementary Fig. II) and the presence
of apoB-48 in the HDL region (Fig. 3E). The apoA-I[218-
222] mutant generated few discoidal particles as well as
particles corresponding in size to VLDL (48.5 + 15 nm),
IDL (28.8 + 3 nm), and LDL (20.2 + 2.5 nm) (Fig. 3F).
The appearance of the LDL- and IDL-sized particles is
also supported by the presence of apoB-48 in fractions 6
and 7 used for the EM analysis (Fig. 3E). The plasma of
mice expressing the apoA-I[218-222] mutant contained
only pre-3-HDL particles (Fig. 3G). The relative migration
of the particles generated by WT apoA-I and the apoA-
1[218-222] mutant was established by two-dimensional
gel electrophoresis of mixtures of the plasmas containing
these two apoA-I forms (Fig. 3H).

Previous studies have shown that the low HDL levels and
the abnormal HDL phenotypes of some natural apoA-I

3283



Cholesterol (mg/dL)
o
a

2!
A—\\E223 A \k?.l
apo

400 1
350 A
300 A
250 A
200 A
150 4
100 1

ApoA-l plasma levels (mg/dL)

e~
L8] &
s

[
<
L

(=]
L

apoA-l[E223A/K226A] \

apoA-I[L218A/L219A/
V221A/L222A]

L=
L

Cholesterol (mg/dL
F Y

L=
'

<
s

0 5 10 15 20
L J | L

VLDL LDL HDL
FPLC fraction

mutants could be corrected by excess LCAT (11-13). To
assess the potential insufficiency of LCAT that led to the
generation of discoidal particles observed in Fig. 3F, we
carried out gene transfer of both the apoA-1[218-222] mu-
tant and LCAT in apoA—If/f x apoEﬁf mice. The lipid
parameters and the expression levels of the transgene are
shown in supplementary Table II. The FPLC profiles of
plasma obtained from mice expressing WT apoA-I, apoA-
1[218-222] mutant, or apoA-I[218-222] mutant in the
presence of LCAT are shown in Fig. 4A. This comparative
analysis showed that in all cases the great majority of cho-
lesterol was distributed in the VLDL/IDL region. In the
case of WT apoA-I, a small amount of cholesterol was dis-
tributed in the HDL region, whereas the apoA-1[218-222]
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Fig. 1. Plasma cholesterol levels, plasma apoA-I
levels, and plasma FPLC profiles four days after in-
fection of apoA-I /" mice with apoA-I-expressing
adenoviruses. Plasma cholesterol (A), plasma apoA-I
(B), and plasma FPLC cholesterol profiles (C) of
mice infected with adenovirus expressing WT apoA-I,
apoA-1[218-222] mutant, or apoA-I[E223A/K226A]
mutant as indicated. ¥*P < 0.05 compared to apoA-I
WT.

25

mutant did not have an HDL cholesterol peak (Fig. 4A).
Coexpression of the apoA-I[218-222] mutant and LCAT
had a small effect on the HDL cholesterol peak, but it gen-
erated a pronounced cholesterol shoulder in the VLDL/
IDL/LDL region (Fig. 4A). Density gradient ultracentrifu-
gation of plasma followed by SDS-PAGE analysis of the
fractions showed that a small amount of the mutant apoA-I
was found in the HDL3. In addition, the plasma concen-
tration of mouse apoA-IV increased, and the protein
shifted toward the VLDL/IDL/LDL region (Fig. 4B). EM
analysis of the HDL fraction obtained by density gradient
ultracentrifugation showed the presence of small number of
spherical HDL particles, along with larger particles corre-
sponding in size to LDL and IDL (Fig. 4C). The appearance
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the apoA-I[E223A/K226A] mutant (E), or the apoA-1[218-222] mutant (F) following density gradient ultra-
centrifugation of plasma. The photomicrographs were taken at 75,000x magnification and enlarged three

times. Two-dimensional gel electrophoresis of plasma of apoA—I

mice infected with adenoviruses expressing

the WT apoA-I (G), the apoA-I[E223A/K226A] mutant (H), and the apoA-I[218-222] mutant (I).

of the LDL- and IDL-sized particles is also supported by
the presence of apoB-48 in fractions 6 and 7 used for the
EM analysis (Fig. 4D). Itis possible that the LDL- and IDL-
sized particles might arise by initial formation of apoA-IV-
containing HDL (28) and subsequent fusion of such HDL
particles with apoB-containing lipoproteins (Fig. 4C, D).
Two-dimensional gel electrophoresis showed that the
plasma of mice coexpressing the apoA-I[218-222] mutant
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and LCAT contained only small amount of pre-8- and a4-
HDL particles (Fig. 4E).

Comparative analysis of the in vitro functions of
WT apoA-I, apoA-I[218-222] mutant, and
apoA-I[E223A/K226A] mutant

The secretion of WT and mutant forms of apoA-I in the
culture medium of HTB-13 cells following infection of the
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cells with recombinant adenoviruses expressing the corre-
sponding proteins was assessed as described previously
(29). This analysis showed that the apoA-I[218-222] and
apoA-I[E223A/K226A] mutants were secreted at compa-
rable levels in the culture medium of the adenovirus-
infected cells. To interpret the observed defects in HDL
biogenesis that resulted from the apoA-I mutations, we pu-
rified WT apoA-I, as well as the apoA-1[218-222] and the
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apoA-I[E223A /K226A] mutants, from the culture media
of HTB-13 cells grown in roller bottles and studied their
properties in vitro. It was found that the ability of the
apoA-I1[218-222] mutant to promote ABCAl-mediated
cholesterol efflux and to activate LCAT, were 20% and
66%, respectively, as compared with the WT control. The
ability of the apoA-I[E223A/K226A] mutant to promote
ABCAl-mediated cholesterol efflux was slightly increased
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compared with that of WT apoA-I, and its ability to acti-
vate LCAT was 65% of the WT control (Fig. 5A, B).

Effect of the L218A/L219A/V221A/1L222A and E223A/
K226A mutations on the a-helical content, thermal
unfolding, chemical unfolding, and hydrophobic surface
exposure of apoA-I

To test whether the functional changes of the two apoA-I
mutants are accompanied by changes in the structure
and conformation of the protein, we used an array of bio-
physical assays to evaluate the effects of these mutations
(Fig. 6). Circular dichroism (CD) measurements indicated
7% and 4.2% loss of helical content for the apoA-I[218-
222] mutant and the apoA-I[E223A/K226A] mutant, re-
spectively (Fig. 6A and Table 1). Thermal unfolding of

Role of the 218-226 region of apoA-I in HDL biogenesis

apoA-I followed by CD measurements showed that the
apoA-1[218-222] mutant had a much more cooperative
unfolding transition, indicating a more compact struc-
ture for this mutant protein, whereas the apoA-I[E223A/
K226A] mutant had a slightly less cooperative unfolding
transition, indicating a slightly less compact structure for
this mutant (Fig. 6B and Table 1). The chemical unfolding
profile of the apoA-I[218-222] mutant, probed by intrin-
sic tryptophan fluorescence, was identical to that of the
WT protein, whereas the chemical unfolding of the apoA-I
[E223A/K226A] mutant was less cooperative than the WT
apoA-I (Fig. 6C and Table 1). Overall, the apoA-I[E223A/
K226A] mutant appears to be thermodynamically destabi-
lized and is quite distinct from the apoA-I1[218-222] mu-
tant. Finally, the ANS fluorescence measurements indicated
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Fig. 5. A: ABCAl-mediated cholesterol efflux from J774 mouse macrophages treated with cpt-cAMP using
WT apoA-I, apoA-I[218-222] mutant, and apoA-I[E223A/K226A] mutant as cholesterol acceptor. The
ABCALI independent and ABCAl-mediated efflux is shown. The ABCAl-mediated cholesterol efflux by WT
apoA-I is set to 100%. B: LCAT activation capacity of WT apoA-I, apoA-1[218-222] mutant, and the apoA-
I[E223A/K226A] mutant. Experiments were performed as described in the Experimental Procedures. The
data represent the average from two independent experiments in triplicate.

that the apoA-1[218-222] mutant had a 40% reduction of
hydrophobic surface exposure to the solvent, whereas the
apoA-I[E223A /K226A] mutant had a 160% increase in
the hydrophobic surface exposure to the solvent (Fig. 6D
and Table 1).

DISCUSSION

Rationale for selection of the mutations

Lipid-free or minimally lipidated apoA-I promotes
ABCAl-mediated cholesterol efflux and thus serves as an
acceptor of cellular phospholipid and cholesterol (1, 30,
31). Lipid-bound apoA-I is a physiological activator of
LCAT (31). The functional interactions between apoA-I
and ABCAI are important for cholesterol efflux and the
biogenesis of HDL (1, 32, 33). To identify the specific C-
terminal residues of apoA-I that are required for correct
interactions with ABCA1 and/or LCAT that lead to the
formation of mature a-HDL particles, we introduced two
sets of mutations that span the 218-226 region of apoA-I.
The properties of the apoA-I[218-222] and apoA-I[E223A/
K226A] mutants thus generated were studied by in vitro
experiments and adenovirus-mediated gene transfer.
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L218A/L219A/V221A/L222A and E223A /K226A
mutations alter the functional and physicochemical
properties of apoA-I

The in vitro experiments showed that, compared with
WT apoA-], the capacity of the apoA-I[218-222] mutant
to promote ABCAl-mediated cholesterol efflux and to
activate LCAT was 20% and 66%, respectively. The ca-
pacity of the apoA-I[E223A/K226A] mutant to promote
ABCAI-mediated cholesterol efflux was slightly increased
compared with that of the WT control, and the capacity
to activate LCAT was 65% of the WT control. The changes
in the physicochemical properties of the apoA-I[218-
2221 mutant included a 7% decrease in its a-helical con-
tent, a more cooperative thermal unfolding transition
(yet an identical chemical unfolding transition), and a 40%
reduction of hydrophobic surfaces exposed to the solvent.
The higher cooperativity observed during the thermal
denaturation of this mutant suggests a more compact and
stable structure, which may appear at odds with the lack
of any observed stabilization during the chemical dena-
turation. The two methods, however, report on differ-
ent aspects of the conformational change that follows
protein denaturation (overall secondary structure versus
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the immediate environment of the tryptophan residues).
In apoA-l, all of the tryptophan residues are located in
the N-terminal moiety of the molecule, and therefore,
the lack of changes during chemical denaturation sug-
gest that the thermodynamic stability of this domain is
not affected by the mutation. Conversely, the altered
thermal denaturation profile can be explained by localized

changes in the folding and stability of the C-terminal
moiety of the protein where the mutated residues are or
to changes in the interactions between the C-terminal
and N-terminal domain that primarily affect the stability
of the C-terminal domain. However, since the two meth-
ods of denaturation use different mechanisms to unfold
the protein, the possibility that the stabilization seen during

TABLE 1. Calculated biophysical parameters for WT and mutant apoA-I forms
Circular ANS
Mutation Dichroism Thermal Denaturation Chemical Denaturation Binding
Cooperativity AH AGy’ m° Fold
ApoA-1 a-Helix T,, (°C) Slope Index (n) (kcal/mol)  (kcal/mol) Dy, (M) (kcal molfz) Increase”
WT 60.0+1.5 55.6+04 8.3+0.4 6.4+0.2 259+1.5 6.3+04 1.01+0.02 6.3+04 6.0+0.4
L218A/L219A/V221A/L222A 52.7+1.6" 56.1+08 46+02" 97+06°  464+24" 66+04 100003 64=04 35=02
E223A/K226A 558+ 1.1° 53.4+0.2" 104=1.4° 53+07 21.01+22 25+02" 088+0.02 28+01" 9.6+0.5"

Values are means + SD from three or four experiments. Parameters obtained from the indicated measurements are as follows: “a-helix” is the
percentage of a-helical content of the protein as calculated from the molecular ellipticity of the protein sample at 222 nm; “T,,” is middle point of
the thermal denaturation transition (melting temperature); “slope” is the calculated slope of the linear component of the thermal denaturation
transition, around the melting temperature; “n” is an indicator of the cooperativity of the thermal unfolding transition and is calculated using the
Hill equation n = (log 81) /log (Tyo / Ty1), where Ty g and T ; are the temperatures where the unfolding transition reaches a fractional completion
of 0.9 and 0.1; “AH” is the relative enthalpy change during the thermal denaturation; “AGp,”” is the relative change in Gibbs free-energy during the
chemical denaturation; “D; 5" is the guanidine HCI concentration at which the midpoint of chemical denaturation is achieved; “m” is the slope at
the midtransition point of chemical denaturation; and “fold increase” is the increase in ANS fluorescence in the presence of the protein relative to
free ANS in the same buffer.

“Fold increase in signal compared with unbound ANS.

"P<0.0001.

‘P<0.005.

P<0.05.

‘P=0.001.

/P<0.0005.
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the thermal denaturation is dependent on the particular
unfolding pathway utilized during heat denaturation should
not be ruled out.

Finally, although the four mutated amino acids in the
apoA-1[218-222] mutants correspond to ~5% of total hy-
drophobic amino acids of the protein, introduction of
the mutations resulted in a 40% reduction of hydropho-
bic surface exposure, indicating that the residues L218/
L219/V221 /1222 give rise to almost half of the exposed
hydrophobic sites of apoA-I. Taken as a whole, these find-
ings suggest that the apoA-I[218-222] mutant greatly af-
fects the structural integrity and conformational plasticity
of apoA-I, effects that may at least partially underlie the
observed changes in its in vitro and in vivo functions. The
changes in the physicochemical properties of the apoA-
I[E223A /K226A] mutant included a 4.2% decrease in its
a-helical content, a less cooperative thermal and chemical
unfolding, and a 160% increase in the hydrophobic sur-
face exposed to the solvent. These changes indicate that
this mutant is thermodynamically destabilized and dis-
tinct from the apoA-I1[218-222] mutant.

Ability of the apoA-I[218-222] and apoA-I[E223A/
K226A] mutants to promote biogenesis of HDL

Adenovirus-mediated gene transfer of the WT apoA-I
and apoA-I1[218-222] mutant in apoA—I_/_ mice showed
that, at comparable levels of gene expression, the plasma
cholesterol and apoA-I levels of mice expressing apoA-
I[218-222] mutant were greatly reduced as compared
with WT apoA-I. The plasma cholesterol reduction was
due to the great decrease in the HDL cholesterol levels as
determined by FPLC fractionation. Density gradient ul-
tracentrifugation of plasma showed that, compared with
WT apoA-l, the apoA-I[218-222] mutant was mainly dis-
tributed in the HDL3 fraction and its quantity was greatly
reduced. The HDL fraction also contained substantial
amount of mouse apoE and some apoA-IV.

A sensitive analysis that can detect abnormalities in the
pathway of HDL biogenesis is the two-dimensional gel
electrophoresis of plasma. This analysis showed that the
apoA-I[218-222] mutant when expressed in apoA—If/ -
mice generated pre-B- and a4-HDL particles. Such parti-
cles were shown previously to undergo fast catabolism by
the kidney (11, 34). The ability of the apoA-I[218-222]
mutant to form HDL particles was also assessed by EM
analysis of the HDL fractions obtained by density gradient
ultracentrifugation of plasma. This analysis showed the
presence of spherical HDL particles.

We showed recently that apoE- or apoA-IV-containing
HDL particles can be formed following a pathway similar
to that used for the generation of apoA-I-containing HDL
particles (28, 35). Since the HDL fractions 6 and 7 ana-
lyzed by EM contained both apoA-I[218-222] mutant and
mouse apokE, we considered the possibility that the ob-
served spherical HDL particles in Fig. 2F might represent
a mixture of apoA-I- and apoE-containing HDL.

To address this question, we performed gene transfer of
the apoA-1[218-222] mutant in double-deficient (apoA—If/ T X
apoEf/f) mice, which lack the two endogenous mouse
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apolipoproteins. Density gradient ultracentrifugation
showed that the plasma of these mice contained only small
amounts of apoA-I in the HDL3 and the lipoprotein-free
(d = 1.21 g/ml) fractions. EM analysis showed the pres-
ence of few discoidal HDL as well as spherical particles
corresponding in size to LDL and IDL. This is compatible
with the presence of apoB-48 and apoA-IV in the HDL den-
sity range. Two-dimensional gel electrophoresis of plasma
showed that it contained only pre-3-HDL. These data indi-
cated that in apoA-I™’~ x apoE ™"~ mice, the apoA-1[218-222]
mutant caused a defective lipidation of apoA-I, possibly due
to defective apoA-I/ABCAI interaction, which resulted in
the generation of only pre-3-HDL particles that could not
be converted to mature a-HDL particles. Previous studies
showed that C-terminal deletion mutants that remove the
220-231 region of apoA-I prevented the biogenesis of nor-
mal a-HDL particles but allowed the formation of pre-§-
HDL particles (1, 15). Similar pre-3-HDL particles have been
found in the plasma of ABCAl-deficient mice and humans
carrying ABCA1 mutations that are characterized by HDL
deficiency (36-38).

It appears that in apoA—I_/_ mice, the diminished in-
teractions between ABCAI and the apoA-1[218-222] mu-
tant observed in vitro give the opportunity to the mouse
apoE to compete more effectively for the ABCAI binding
site (3) and thus to be lipidated. This will lead to the for-
mation of spherical apoE-containing HDL particles that
float in the HDL2/HDLS3 regions (Fig. 2C, F and supple-
mentary Fig. I). Through unknown mechanisms, the for-
mation of apoE-containing HDL appears to partially
stabilize the limited number of nascent HDL particles
that contain the apoA-I[218-222] mutant. In the absence
of both apoA-I and apoE in the double-deficient mice,
there is limited lipidation of the apoA-I1[218-222] mu-
tant, as evidenced by the low amount of apoA-I that floats
in the HDL region and the formation of few discoidal
HDL particles (Fig. 3F, G). The absence of apoE in this
case appears to have a major destabilizing effect on any
nascent HDL particle formed that contains the apoA-
I[218-222] mutant. This explains the low apoA-I and
HDL levels and the formation of few discoidal HDL par-
ticles associated with this mutant. Furthermore, the ab-
sence of apoE allows formation of apoA-IV-containing
HDL particles in mice expressing the apoA-I[218-222]
mutant that appear to interact with apoB-containing li-
poproteins and shift their flotation in the HDL density
range.

To explain why a4-HDL particles are formed in the
apoA—I_/ “-deficient mice expressing the apoA-1[218-222]
mutant, we explored the possibility of changes in ABCA1
protein or mRNA levels in these mouse models. Previous
in vitro experiments had shown that, in THP-1 cells, apoA-I
protects ABCAI from proteasome-mediated degradation
(39). However, the in vivo animal experiments in the pres-
ent study did not show significant changes in ABCAIl
mRNA or protein levelsin apoA—If/ “or apoA—If/f X apoEik
mice without any treatment or following gene transfer of
either the WT apoA-I or the apoA-1[218-222] mutant (sup-
plementary Fig. III).



The gene transfer studies with the apoA-I[E223A /K226A ]
mutant showed that, at similar level of gene expression,
the plasma apoA-I levels and the EM profile were compa-
rable to those of WT apoA-I. The HDL was shifted toward
the HDL3 region and the total HDL cholesterol levels
for this mutant were two thirds of that obtained from
apoA—If/ ~ mice expressing WT apoA-I. Slight differences
were also observed in the two-dimensional pattern of this
mutant, including increased ratio of pre-f- to a-HDL par-
ticles and decreased a1-HDL particles. The in vitro experi-
ments showed that the apoA-I[E223A/K226A] mutant is
thermodynamically destabilized, has normal capacity to
activate ABCA1, and has a modest reduction (65%) in its
capacity to activate LCAT. Overall, the data suggest that
the apoA-I[E223A/K226A] mutant had small but distinct
effects on the properties of apoA-I and the biogenesis of
HDL.

In previous studies, we showed that, when expressed in
mouse models, naturally occurring point mutations in
apoA-I insufficiently activate LCAT and lead to the accu-
mulation of discoidal HDL particles in plasma. In this cat-
egory belongs the apoA-I variants apoA-I[R151C]p,;, and
apoA-I[R160L] o, as well as the bioengineered mutants
apoA-I[R149A] and apoA-I[R160V/H162A] (11, 13).
Other naturally occurring apoA-I variants, such as apoA-
I[L141R]p;,, and apoA-I[L159R ], mutants, when ex-
pressed in mouse models, were characterized by very low
levels of HDL cholesterol, few HDL particles, and the
presence of pre-B- and a4-HDL particles in plasma (12).
A characteristic feature of these two categories of mu-
tants, which are associated with low plasma HDL levels, is
that the abnormal HDL phenotype could be corrected in
vivo by gene transfer of human LCAT (11-13). The phe-
notype produced by the apoA-I[218-222] mutant is dis-
tinct from all previously described phenotypes and cannot
be corrected by overexpression of LCAT. In addition, the
mutant protein had reduced capability to promote the
ABCAl-mediated cholesterol efflux. Although other in-
terpretations are possible, the in vivo and in vitro data
suggest that the interaction of the apoA-I[218-222] mu-
tant with ABCALI results in defective lipidation, which
leads to the generation of pre-B-HDL particles that are
not a good substrate for LCAT. If this interpretation is
correct, one can envision a very precise initial orientation
of the apoA-I ligand within the binding site of ABCA1 (3),
similar to that described before for enzyme substrate in-
teractions. A precise fit of the apoA-I ligand into the
ABCALI binding site will allow its correct lipidation. The
nascent particle thus formed can then undergo choles-
terol esterification by LCAT, which leads to the formation
of mature a-HDL particles. In contrast, incorrectly lipi-
dated apoA-I becomes a poor substrate of LCAT.

Clinical implications

The apoA-I[218-222] mutant generated a unique aber-
rant HDL phenotype that has not been observed previ-
ously. The hallmark of this phenotype is low HDL levels,
formation of pre-B-HDL and discoidal HDL that do not
mature to spherical a-HDL particles, and the presence of
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IDL- and LDL-sized particles in the HDL region that are
enriched in apoA-IV and apoB-48. Phenotypes generated
by mutagenesis of apoA-I can facilitate the identification
of similar phenotypes that may exist in the human popula-
tion. Such phenotypes may serve in the diagnosis, progno-
sis, and potential treatment of specific dyslipidemias. Bl
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