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ABSTRACT: ATP-binding cassette transporter A-1 (ABCA1)-mediated lipid efflux to lipid-poor apolipo-
protein A-I (apoA-I) results in the gradual lipidation of apoA-I. This leads to the formation of discoidal
high-density lipoproteins (HDL), which are subsequently converted to spherical HDL by the action of
lecithin:cholesterol acyltransferase (LCAT). We have investigated the effect of point mutations and deletions
in the carboxy-terminal region of apoA-I on the biogenesis of HDL using adenovirus-mediated gene transfer
in apoA-I-deficient mice. It was found that the plasma HDL levels were greatly reduced in mice expressing
the carboxy-terminal deletion mutants apoA-I[∆(185-243)] and apoA-I[∆(220-243)], shown previously
to diminish the ABCA1-mediated lipid efflux. The HDL levels were normal in mice expressing the WT
apoA-I, the apoA-I[∆(232-243)] deletion mutant, or the apoA-I[E191A/H193A/K195A] point mutant,
which promote normal ABCA1-mediated lipid efflux. Electron microscopy and two-dimensional gel
electrophoresis showed that the apoA-I[∆(185-243)] and apoA-I[∆(220-243)] mutants formed mainly
preâ-HDL particles and few spherical particles enriched in apoE, while WT apoA-I, apoA-I[∆(232-
243)], and apoA-I[E191A/H193A/K195A] formed sphericalR-HDL particles. The findings establish that
(a) deletions that eliminate the 220-231 region of apoA-I prevent the synthesis ofR-HDL but allow the
synthesis of preâ-HDL particles in vivo, (b) the amino-terminal segment 1-184 of apoA-I can promote
synthesis of preâ-HDL-type particles in an ABCA1-independent process, and (c) the charged residues in
the 191-195 region of apoA-I do not influence the biogenesis of HDL.

Apolipoprotein A-I (apoA-I)1 is the major protein com-
ponent of high-density lipoproteins (HDL) and plays an
essential role in the biogenesis, structure, function, and
plasma concentration of HDL (1-5). ApoA-I contains 22-
and 11-amino acid repeats (6, 7) which based on earlier X-ray
crystallography (8) and computer modeling (7) are organized
in amphipathicR-helices. Most recently, lipid-free apoA-I
has been crystallized in salt buffers containing 500µM
Cr(III)-Tris-acetylacetonate (Cr-acac3) (9). Under the condi-
tions of crystallization, the protein consists of a four helix
amino-terminal bundle and two carboxy-terminal helices.

The biogenesis and catabolism of HDL can be considered
as a complex pathway that involves several proteins (5). In
the early steps of this pathway, apoA-I is secreted mostly
lipid-free by the liver and acquires phospholipid and
cholesterol via its interactions with the ATP-binding cassette
A1 (ABCA1) lipid transporter (2, 10, 11). Through a series
of intermediate steps that are poorly understood, apoA-I is
gradually lipidated and proceeds to form discoidal particles
that are converted to spherical particles by the action of
lecithin:cholesterol acyl transferase (LCAT) (3, 12). Both
the discoidal and the spherical HDL particles interact
functionally with the HDL receptor scavenger receptor class
B type I (SR-BI) (4, 13, 14). They also interact with the
ABCG1 transporter (15). The late steps of the HDL pathway
involve the transfer of cholesteryl esters to very low density
lipoprotein/low density lipoprotein (VLDL/LDL) for eventual
catabolism by the LDL receptor, the hydrolysis of phospho-
lipids and residual triglycerides by the various lipases
(lipoprotein lipase, hepatic lipase, and endothelial lipase),
and the transfer of phospholipids from VLDL/LDL to HDL
by the action of phospholipid transfer protein (16).

In previous studies, we used adenovirus-mediated gene
transfer of apoA-I mutants to identify steps in the HDL
biogenesis pathway where intermediates of the pathway
cannot be converted to products and therefore accumulate
in plasma (2, 17-20). Discrete phenotypes were observed
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that were characterized by a total lack of HDL synthesis,
accumulation of discoidal particles of abnormal preâ-/R-HDL
ratios, and various forms of dislipidemias (2, 17-20).

In the present study, we analyzed the impact of carboxy-
terminal deletion mutants apoA-I[∆(185-243)], apoA-
I[∆(220-243)], and apoA-I[∆(232-243)] as well as the
impact of the point mutant apoA-I[E191A/H193A/K195A]
on the biogenesis of HDL in vivo using adenovirus-mediated
gene transfer of apoA-I mutants in apoA-I-deficient (apoA-
I-/-) mice. The formation of HDL was assessed by fast
protein liquid chromatography (FPLC) fractionation, electron
microscopy (EM) analysis, and two-dimensional gel elec-
trophoresis of plasma.

Our findings indicated that carboxy-terminal deletions that
remove the 220-231 region of apoA-I prevent the biogenesis
of normalR-HDL particles but allow the formation of preâ-
HDL particles by processes, which appear to be independent
of apoA-I/ABCA1 interactions.

EXPERIMENTAL PROCEDURES

Materials. Materials not mentioned in the experimental
procedures have been obtained from sources described
previously (2, 17).

Generation of AdenoViruses Expressing the Wild-Type
(WT) and the Mutant apoA-I Forms.The construction of
recombinant adenoviruses carrying the genomic sequence for
the WT apoA-I, apoA-I[∆(220-243)], and apoA-I[∆(232-
243)] has been described before (2, 19). The adenoviruses
expressing apoA-I[∆(185-243)] and apoA-I[E191A/H193A/
K195A] were generated in a similar way. Briefly, the fourth
exon of the human apoA-I gene was amplified and mu-
tagenized by polymerase chain reaction, using a set of
specific mutagenic primers (185F and 185R for apoA-
I[∆(185-243)] and M32S and M32A for apoA-I[E191A/
H193A/K195A]) containing the mutation of interest and a
set of flanking universal primers (AINOTF and AISALR)
containing the restriction sitesNotI andSalI. The sequences
of the primers are shown in Table 1. The pCA13AIgN vector,
which contains aNotI site in intron 3 and anXhoI site in
the 3′-end of the apoA-I gene, was used as a template in the
amplification reactions (19, 21). The DNA fragment contain-
ing the mutation of interest was digested withNotI andSalI
and subcloned into theNotI andXhoI sites of the pCA13AIgN
vector, thus replacing the WT with the mutated exon 4
sequence. The pCA13-A-I plasmids, containing the 185-

243 deletion or the E191A/H193A/K195A point mutation,
along with a helper PJM17 adenovirus plasmid, were used
to generate recombinant adenoviruses as described previously
(17, 19).

Animal Studies, Plasma Lipids, apoA-I and apoA-I mRNA
LeVels Analyses.ApoA-I-/- (apoA1tm1Unc) C57BL/6J mice
(22) were purchased from Jackson Laboratories (Bar Harbor,
ME). 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
and institutional guidelines. ApoA-I-/- mice, 6-8 weeks of
age, were injected via the tail vein with 1× 109 pfu of
recombinant adenovirus per animal, and the animals were
sacrificed 4 days postinjection following a 4-h fast.

The concentration of total cholesterol, free cholesterol,
phospholipids, and triglycerides of plasma drawn 4 days post-
infection was determined using the Cholesterol CII, Free
Cholesterol C, Phospholipids B (Wako Chemicals USA, Inc.)
and INFINITY triglycerides (ThermoDMA) reagents, re-
spectively, according to the manufacturer’s instructions. The
concentration of cholesteryl esters was determined by
subtracting the concentration of free cholesterol from the
concentration of total cholesterol. Plasma apoA-I levels were
measured by turbidimetric immunoassay using the Autokit
Apo A1 reagents (Wako Chemicals USA, Inc.), according
to the manufacturer’s instructions. Hepatic human apoA-I
mRNA levels were determined by Northerm blotting as
described (2, 4).

For FPLC analysis of plasma, 17µL plasma obtained from
mice infected with adenovirus-expressing WT or mutant
apoA-I forms were loaded onto a Sepharose 6 PC column
(Amersham Biosciences) in a SMART micro FPLC system
(Amersham Biosciences) and eluted with phosphate-buffered
saline (PBS). A total of 25 fractions of 50µL volume each
were collected for further analyses. The concentration of
lipids and apoA-I in the FPLC fractions was determined as
described above.

Fractionation of Plasma by Density Gradient Ultracen-
trifugation and Electron Microscopy Analysis of the apoA-
I-Containing Fractions.For this analysis, 300µL of plasma
obtained from adenovirus-infected mice was diluted with
saline to a total volume of 0.5 mL. The mixture was adjusted
to a density of 1.23 g/mL with KBr and overlaid with 1 mL
of KBr solution ofd ) 1.21 g/mL, 2.5 mL of KBr solution
of d ) 1.063 g/mL, 0.5 mL of KBr solution ofd ) 1.019

Table 1: Oligonucleotide Sequence of Primers Used in PCR Amplifications

name sequence location of sequence

185F 5′-CTC AAG GAG AAC TGAa GGC GCC AGA CTG-3′ nt 612-638 of apoA-I cDNAb (sense)
(amino acids+181 to+189)

185R 5′-CAG TCT GGC GCC TCA GTT CTC CTT GAG-3′ nt 638-612 (antisense) (amino acids+189 to+181)c

M32S 5′-CTG GCCGCGd TAC GCC GCCGCG GCC ACC GAG-3′ nt 638-665 of apoA-I cDNA (sense)
(amino acids+189 to+198)

M32A 5′-CTC GGT GGCCGC GGCGGC GTA CGC GGC CAG TCT-3′ nt 665-633 of apoA-I cDNA (antisense)
(amino acids+198 to+188)

AINOT F 5′ CCT CCG CGG ACA GGC GGC CGCe CAG GG 3′ nt 886-911 of apoA-I genomic sequencef that contains
a NotI site (sense), intron 3 of apoA-I gene

AISAL R 5′ A CAT GTC GAC CCC CTT TCA GGG CAC CTG GCC TTG 3′ ACAT + SalI site+ nt 1917-1894 of apoA-I genomic
sequence (antisense), at 3′ end of apoA-I gene

a The stop codon is underlined.b Nucleotide number of the human apoA-I cDNA sequence (57), oligonucleotide position (+) relative to the
translation initiation ATG codon.c Amino acid position (+) refers to the mature plasma apoA-I sequence.d Mutagenized residues are marked in
boldface type and are underlined.e The restriction enzyme recognition sites are marked in boldface type.f Nucleotide number of the human apoA-I
genomic sequence (21), oligonucleotide position (+) relative to the translation initiation ATG codon.
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g/mL, and 0.5 mL of normal saline. The mixture was
centrifuged for 22 h in SW55 rotor at 30 000 rpm. Following
ultracentrifugation, 0.5 mL fractions were collected from the
top for further analyses. The refractive index of the fractions
was measured using a refractometer (American Optical
Corp.), and it was converted to density for each sample based
on a standard curve derived from solutions of known
densities. The fractions were dialyzed against ammonium
acetate and carbonate buffer (126 mM ammonium acetate,
2.6 mM ammonium carbonate, 0.26 mM EDTA, pH 7.4).
Aliquots of the fractions were subjected to SDS-PAGE, and
the protein bands were visualized by staining with Coomassie
Brilliant Blue. The fractions that were obtained from the
plasma of mice expressing the apoA-I[∆(185-243)] and
apoA-I[∆(220-243)] mutants were further analyzed by
SDS-PAGE and Western blotting. The nitrocellulose mem-
branes were probed with goat polyclonal anti-human apoA-I
antibody (Chemicon International) and/or goat polyclonal
anti-mouse apoE antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA).

For EM analysis, fractions 6-8 that float in the HDL
region were dialyzed against ammonium acetate and carbon-
ate buffer. The samples were applied on carbon-coated grids,
were stained with sodium phosphotungstate, were visualized
in the Phillips CM-120 electron microscope (Phillips Electron
Optics, Eindhoven, Netherlands) and photographed as de-
scribed previously (2). The photomicrographs were taken at
75000× magnification and enlarged three times.

Nondenaturating Two-Dimensional Electrophoresis.The
distribution of HDL subfractions in plasma was analyzed
by two-dimensional electrophoresis as described (23) with
some modifications. Briefly, in the first dimension, 1µL of
plasma sample was separated by electrophoresis at 4°C in
a 0.75% agarose gel using a 50 mM barbital buffer (pH 8.6,
Sigma, St. Louis, MO) until the bromophenol blue marker
had migrated 5.5 cm. Agarose gel strips containing the
separated lipoproteins were then transferred to a 4-20%
polyacrylamide gradient gel. Separation in the second
dimension was performed at 90 V for 2-3 h at 4°C. The
separated proteins were transferred to a nitrocellulose
membrane, and human apoA-I and mouse apoE were
detected by using a goat polyclonal anti-human apoA-I
antibody (Chemicon International) and a goat polyclonal anti-
mouse apoE antibody (Santa Cruz Biotechnology), respec-
tively.

Agarose Gel Electrophoresis. Preâ- and R-HDL were
separated by 0.7% agarose gel electrophoresis followed by
Oil Red O neutral lipid staining (Sigma, St. Louis, MO)
according to manufacturer’s instructions or Western blotting
using a goat polyclonal anti-human apoA-I antibody (Chemi-
con International).

Cell Secretion of WT and Mutant apoA-I Forms. For
assessing the secretion of WT and mutant apoA-I forms,
human HTB13 cells (SW 1783, human astrocytoma) grown
to 80% confluence in Leibovitz’s L-15 medium containing
10% (v/v) fetal bovine serum (FBS) in 100-mm diameter
dishes were infected with adenoviruses expressing WT and
mutant apoA-I forms at a multiplicity of infection of 20.
Twenty-four hours post-infection, the cells were washed
twice with PBS and preincubated in serum-free medium for
2 h. Following an additional wash with PBS, fresh serum-
free medium was added. After 24 h of incubation, medium

was collected and analyzed by SDS-PAGE for apoA-I
expression. HTB-13 cells have been chosen in these experi-
ments and for large-scale growing in roller bottles because
they produce higher yields of apoA-I as compared to Chinese
hamster ovary cells (CHO) and C127 mouse mammary tumor
carcinoma cells (ATCC CRC1616).

Cholesterol Efflux Assay.ABCA1-dependent efflux of [3H]-
cholesterol to lipid-free apoA-I acceptor was measured using
J774 macrophages in which expression of ABCA1 was
induced by a cAMP analogue, as described previously (2).
The apoA-I forms used as cholesterol acceptors were
produced by infection of HTB-13 cells grown in large scale
in roller bottles and purification of apoA-I followed as
described (3). On day 0 J774 macrophages were plated in
12-well plates at density of 5× 105 cells/well in RPMI 1640
with 10% (v/v) FBS and antibiotics. On day 1 cells were
labeled with 1 mL of labeling medium (6µCi/mL 1,2[3H]-
cholesterol) for 24 h. Following 24 h of labeling and washing,
cells were treated with serum-free medium and equilibrated
for 24 h with or without 0.3 mM 8-(4-chlorophenylthio)-
adenosine 3′:5′-cyclic monophosphate (cpt-cAMP). At the
end of the treatment period with cpt-cAMP, cells were
washed twice and incubated with 1 mL of RPMI 1640,
supplemented with 0.2% (w/v) bovine serum albumin (BSA),
with or without 1µM WT apoA-I or mutant forms at 37°C.
At different time points up to 6 h, 55µL of medium were
collected and clarified by centrifugation in a microcentrifuge
for 2 min. The radioactivity in 40µL of the supernatant was
determined by liquid scintillation counting. At the end of
the incubation, cells were lysed by 800µL of lysis buffer
(PBS containing 1% (v/v) Triton X-100) for 30 min at room
temperature, and radioactivity was measured in 40µL of
cell lysate. The percentage of secreted [3H]cholesterol was
calculated by dividing the medium-derived counts by the sum
of the total counts present in the culture medium and the
cell lysate. To calculate the net cpt-cAMP-dependent efflux,
the cholesterol efflux of the untreated cells was subtracted
from the cholesterol efflux of the cells treated with cpt-
cAMP. The total and net cpt-cAMP-dependent efflux of
cholesterol was linear over a 4-h period and was defined as
100%.

RESULTS

In Vitro Studies: ABCA1-Mediated Efflux of Cellular
Cholesterol.The overall objective of these studies was to
assess the importance of domains and residues of the
carboxy-terminal region of apoA-I in the ABCA1-mediated
lipid efflux and the biogenesis of HDL following the
expression of these mutants in apoA-I-/- mice.

On the basis of the three-dimensional structure of apoA-
I, the amino-terminal four helix bundle of apoA-I is
connected with a loop, consisting of amino acids 188-195,
to the two carboxy-terminal helices of apoA-I (9). Previous
studies have shown that the carboxy-terminal region of
apoA-I is involved in binding to multilamelar phospholipid
particles and to HDL particles (3). We have shown previously
that the ABCA1-mediated cholesterol efflux to the carboxy-
terminal deletion mutants apoA-I[∆(185-243)] or apoA-I[∆-
(220-243)], which lack the 220-231 region, was reduced
to 20 and 9% of WT control, respectively (2). However, the
ABCA1-mediated cholesterol efflux to the carboxy-terminal
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deletion mutant apoA-I[∆(232-243)], which retains the
220-231 region, was normal (2).

In the current study, we showed that the cpt-cAMP-
dependent (ABCA1-mediated) cholesterol efflux in the
presence of apoA-I[E191A/H193A/K195A] acceptor was
92% of the WT control (Figure 1).

In ViVo Studies: Plasma Lipids and apoA-I LeVels and
Hepatic apoA-I mRNA LeVels following AdenoVirus Medi-
ated-Gene Transfer in apoA-I-/- Mice. To determine the
effect of the carboxy-terminal deletions∆(185-243),∆(220-
243), and ∆(232-243) and the point mutation E191A/
H193A/K195A in apoA-I on the biogenesis of HDL, we used
adenovirus-mediated gene transfer of apoA-I mutants in
apoA-I-/- mice. For a typical experiment, 4-7 mice were
injected with 1 × 109 pfu of recombinant adenoviruses
expressing the WT or the mutants apoA-I forms or of the
control adenovirus expressing green fluorescent protein
(GFP). Plasma samples and the liver of mice were collected
4 days post-infection.

Analysis of plasma lipids and apoA-I levels, and hepatic
apoA-I mRNA levels showed that apoA-I-/- mice infected
with adenoviruses expressing the carboxy-terminal deletion
mutants apoA-I[∆(185-243)] or apoA-I[∆(220-243)] and
apoA-I-/- mice infected with the control adenovirus express-
ing the green fluorescent protein (apoA-I-/- GFP) had
reduced levels of total and esterified cholesterol and de-
creased cholesteryl ester/ total cholesterol (CE/TC) ratio. In
contrast, the apoA-I-/- mice infected with adenoviruses
expressing the WT apoA-I, the carboxy-terminal deletion
mutant apoA-I[∆(232-243)], and the carboxy-terminal point

mutant apoA-I[E191A/H193A/K195A] had normal levels of
total and esterified cholesterol and similar CE/TC ratios
(Table 2). The phospholipid levels were normal in mice
expressing the WT apoA-I and the apoA-I[∆(232-243)] and
apoA-I[E191A/H193A/K195A] mutants but were greatly
reduced in mice expressing the apoA-I[∆(185-243)] or
apoA-I[∆(220-243)] mutants as well as in the control mice
that express GFP (Table 2). The plasma triglycerides in mice
expressing the WT or mutant apoA-I forms were moderately
increased as compared to apoA-I-/- mice expressing GFP
but remained within the normal range (Table 2). The plasma
apoA-I levels in mice expressing the apoA-I[∆(232-243)]
and apoA-I[E191A/H193A/K195A] mutants were 40 and
85% of the levels in mice expressing the WT apoA-I,
respectively. In contrast, the plasma apoA-I levels were
greatly reduced in mice expressing the apoA-I[∆(220-243)]
mutant and were diminished in mice expressing the apoA-
I[∆(185-243)] mutant (Table 2). The differences in plasma
lipid and apoA-I levels do not reflect differences in apoA-I
expression since the relative amounts of apoA-I mRNA were
comparable (Table 2). In addition, the WT and all apoA-I
mutant forms were secreted with the same efficiency into
the medium of HTB-13 cells following infection with
adenoviruses expressing the WT and mutant apoA-I forms
(Figure 2). As seen in Figure 2, the noninfected HTB-13
cells do not synthesize apoA-I.

FPLC Profiles of Plasma Isolated from Mice Infected with
AdenoViruses Expressing the WT or the Mutant apoA-I
Forms. FPLC analysis of plasma from apoA-I-/- mice
infected with recombinant adenoviruses expressing the apoA-
I[∆(185-243)] or apoA-I[∆(220-243)] mutants showed that
small amounts of cholesterol and phospholipids were detected
in the HDL region (Figure 3A,B). The cholesterol and
phospholipid distribution and levels in these mice were

FIGURE 1: ABCA1-mediated cholesterol efflux in the presence of
WT apoA-I and apoA-I[E191A/H193A/K195A]. Cells labeled with
6 µCi/mL [3H]cholesterol for 24 h and treated with or without 0.3
mM cpt-cAMP for 24 h were incubated with 1µM WT apoA-I
and apoA-I[E191A/H193A/K195A] for 4 h at 37°C. Media and
cells were collected separately, and the radioactivity was measured
as described in Experimental Procedures. The percent of [3H]-
cholesterol efflux represents the amount of the radioactivity released
in the medium divided by the total radioactivity present in the
culture medium and the cell lysate. The percent of the net cpt-
cAMP-dependent [3H]cholesterol efflux was calculated as the
difference in percent of cholesterol efflux between treated cells (total
efflux) and untreated cells (cpt-cAMP independent efflux). Black
and white bars show the percent of [3H]cholesterol efflux from cpt-
cAMP treated and untreated cells, respectively. Shaded bars show
the percent of the net cpt-cAMP-dependent [3H]cholesterol efflux.
The numbers on top of the bars represent the cholesterol efflux
relative to the WT control set to 100%. Values are the means(
S.D. from three independent experiments performed in duplicate.

FIGURE 2: Expression of WT and mutant apoA-I forms in cultures
of HTB-13 cells following infection with the corresponding
recombinant adenoviruses. SDS-PAGE analysis of medium ob-
tained from HTB-13 cells grown in 100-mm dishes and infected
with adenoviruses expressing the WT and mutant apoA-I forms as
described in the Experimental Procedures. An aliquot of 30µL of
serum-free culture medium was analyzed. “Marker” indicates
protein markers of different molecular mass, as shown in the figure.
Lane 6 contains 3µg of BSA. It was estimated that the infected
cultures (5× 106 cells) secreted approximately 60-100µg/mL WT
and mutant apoA-I forms over 24 h of incubation.
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comparable to those of mice infected with the control
adenovirus expressing the GFP (Figure 3A,B). Small amounts
of apoA-I were also found in the HDL region in mice
infected with the adenovirus expressing the apoA-I[∆(220-
243)] mutant, and barely detectable amounts of apoA-I were
found in the HDL region in mice infected with the adenovirus
expressing the apoA-I[∆(185-243)] mutant (Figure 3D). The
plasma cholesterol, phospholipids, and apoA-I in mice
expressing the WT apoA-I, apoA-I[∆(232-243)], or apoA-
I[E191A/H193A/K195A] were distributed in the HDL region
(Figure 3A,B,D). The cholesterol, phospholipids, and apoA-I
FPLC profiles of mice expressing the apoA-I[∆(232-243)]
mutant also had a small shoulder at the LDL region (Figure
3A,B,D). The cholesteryl ester profiles in these mice were
identical to those of total cholesterol (data not shown). In
all mice infected with the recombinant adenoviruses, the
plasma triglycerides were distributed in the VLDL region
(Figure 3C).

The fractions 14-24, which correspond to the HDL region,
obtained from mice expressing the apoA-I[∆(185-243)] had
an increased molar ratio of phospholipids/apoA-I compared
to that of fractions 14-24 obtained from mice expressing
the WT apoA-I (67.2-fold increase) (Figure 3E). An increase
in the molar ratio of phospholipids/apoA-I of fractions 14-
24 obtained from mice expressing the apoA-I[∆(220-243)]
as compared to mice expressing WT apoA-I (4-fold) was
also observed, but this increase was less pronounced than
that observed for apoA-I[∆(185-243)] (Figure 3E). In a
previous study, it was observed that the HDL isolated by
FPLC from ABCA1-deficient mice also had an increased
molar ratio of phospholipids/apoA-I compared to HDL
isolated from control mice (11-fold increase) (24).

Furthermore, based on the lipid composition, it was
observed an increased percentage of triglycerides in fractions
14-24 obtained from mice expressing apoA-I[∆(185-243)]
and apoA-I[∆(220-243)] (4- and 3-fold increase, respec-
tively) (Figure 3E). An increased percentage of triglycerides
(40-fold increase) was also observed in the HDL isolated
from ABCA1-deficient mice (24).

Effect of the Carboxy-Terminal Mutations on the Distribu-
tion of apoA-I in Different Densities and the Composition
of HDL. The fractions obtained following density gradient
ultracentrifugation of the plasma of mice expressing the WT
or the mutant apoA-I forms or the control protein GFP were
analyzed by SDS-PAGE, and the protein bands were
visualized by staining with Coomassie Brilliant Blue. This
analysis showed that in mice infected with adenoviruses
expressing the WT apoA-I, the apoA-I[∆(232-243)] and the

apoA-I[E191A/H193A/K195A] mutants, apoA-I was dis-
tributed in the HDL2 and HDL3 region (Figure 4A,D,E). In
mice expressing the apoA-I[∆(232-243)] mutant, there was
a shift in the distribution of apoA-I toward the HDL3 region
(Figure 4D). In mice expressing the apoA-I[∆(220-243)]
mutant, the low levels of apoA-I were detected in HDL2,
HDL3, and thed > 1.21 g/mL fractions (Figure 4C). The
majority of apoA-I was found in the HDL3 and the lipid-
poor fractions. In mice expressing the apoA-I[∆(185-243)]
mutant, apoA-I could not be detected by Coomassie Brilliant
Blue staining (Figure 4B). Western blotting showed that the
majority of apoA-I was found in thed > 1.21 g/mL fractions,
and small quantities were in the HDL3 region (Figure 4G).
The low levels of apoA-I detected by SDS-PAGE analysis
of the density gradient ultracentrifugation fractions for the
carboxy-terminal mutants are consistent with the low plasma
apoA-I levels detected by turbidimetric immunoassay (Table
2). In mice expressing the apoA-I[∆(185-243)] and apoA-
I[∆(220-243)] carboxy-terminal deletion mutants, the apoE
levels were increased and apoE was distributed in the HDL2

region (Figure 4B,C). The apoE levels and distribution in
these mice were similar to those observed in mice infected
with the control adenovirus that expresses GFP (Figure 4F).
The HDL fraction of apoA-I-/- mice was shown previously
to contain mainly apoE, as well as apoA-IV, apoA-II, and
apoCs (25).

Analysis of the distribution of total cholesterol, cholesteryl
ester, free cholesterol, triglycerides, and phospholipids fol-
lowing density gradient ultracentrifugation of plasma es-
sentially confirmed the distribution of these lipids to different
lipoprotein fractions that were obtained by FPLC fraction-
ation (data not shown). The CE/TC ratio was calculated in
fractions 4-8 that correspond to the HDL region (Figure
4A-F). This analysis showed that the CE/TC ratio in mice
infected with the apoA-I[∆(185-243)] and apoA-I[∆(220-
243)] carboxy-terminal deletion mutants was lower than that
of the mice infected with the GFP-expressing adenovirus and
was greatly reduced as compared to the CE/TC ratio of mice
infected with adenoviruses expressing the WT apoA-I or the
apoA-I[∆(232-243)] and the apoA-I[E191A/H193A/K195A]
mutants (Figure 4A-F). Similar information for the CE/TC
ratio of the HDL region for the WT and mutant apoA-I forms
was obtained by analysis of the FPLC fractions (data not
shown).

Consistent with the lipid composition of the FPLC
fractions that correspond to the HDL region, the fractions
4-8 obtained by density gradient ultracentrifugation that also
correspond to the HDL region had increased molar ratio of

Table 2: Comparison of Plasma Lipids and apoA-I Levels and Hepatic mRNA Levels of apoA-I-/- Mice 4 days Post-infection with
Recombinant Adenoviruses Expressing the WT apoA-I or apoA-I Mutants or the Control Protein GFPa

total
cholesterol
(mg/dL)

free
cholesterol
(mg/dL)

cholesteryl
esters

(mg/dL) CE/TC
phospholipids

(mg/dL)
triglycerides

(mg/dL)
apoA-I
(mg/dL)

relative
apoA-I

mRNA (%)

WT apoA-I 116( 33 36( 18 81( 18 0.71( 0.08 273( 52 91( 6 216( 36 100
apoA-I[∆(185-243)] 28( 3 23( 2 5 ( 2 0.17( 0.07 69( 7 53( 13 0.8( 0.1 94( 17
apoA-I[∆(220-243)] 43( 4 24( 1 18( 3 0.42( 0.03 52( 6 51( 13 13( 3 96( 2
apoA-I[∆(232-243)] 79( 17 20( 5 59( 12 0.75( 0.03 142( 24 68( 8 87( 25 100( 20
apoA-I[E191A/

H193A/K195A]
113( 11 30( 3 83( 9 0.73( 0.03 241( 35 81( 30 183( 32 82( 13

apoA-I-/- GFP 27( 4 13( 3 14( 6 0.53( 0.09 94( 13 37( 9
a Values are means( SD (n ) 4-7).
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phospholipids/apoA-I (57.5-fold increase) and had an in-
creased percentage of triglycerides (4.3-fold increase) in mice
expressing the apoA-I[∆(185-243)] compared to fractions
4-8 obtained from mice expressing the WT apoA-I (Figure
4H). A less pronounced increase in the molar ratio of
phospholipids/apoA-I (2.1-fold) and the percentage of trig-
lycerides (3.7-fold) was observed for fractions 4-8 obtained
from mice expressing the apoA-I[∆(220-243)] as compared
to mice expressing the WT apoA-I (Figure 4H).

Effect of the Carboxy-Terminal Mutations on the Forma-
tion of HDL. Analysis by EM of the HDL fractions 6 and 7
(density 1.100-1.123 g/mL), obtained by density gradient
ultracentrifugation (Figure 4A-F), showed that the mice
expressing the WT apoA-I and the apoA-I[∆(232-243)] and
apoA-I[E191A/H193A/K195A] mutants formed a large
number of spherical HDL particles (Figure 5A,D,E). In
contrast the HDL fraction of mice expressing the apoA-
I[∆(185-243)] and apoA-I[∆(220-243)] mutants contained
few spherical particles (Figure 5B,C) similar to those seen
in control mice infected with the adenovirus expressing

GFP (Figure 5F). Similar results were obtained by EM
analysis of fraction 8, whereas analysis ofd > 1.21 g/mL
fractions did not show the presence of any particles (data
not shown).

The HDL fractions 6 and 7 from mice expressing the WT
apoA-I or the carboxy-terminal deletion mutants apoA-I[∆-
(185-243)] and apoA-I[∆(220-243)] or the control protein
GFP were also analyzed by SDS-PAGE and Western
blotting using an anti-mouse apoE antibody. It was found
that the apoE levels in the HDL fractions of mice expressing
the apoA-I[∆(185-243)] and apoA-I[∆(220-243)] mutants,
as well as in apoA-I-/- mice infected with the adenovirus-
expressing GFP, were increased compared to the HDL
fractions of mice expressing the WT apoA-I (Figure 5G). It
has been previously shown that the levels of mouse apoE in
plasma as well as in the HDL fraction of apoA-I-/- mice
are high and are reduced by expression of WT apoA-I in
these mice (25-27).

The Carboxy-Terminal Deletions Inhibit the Formation of
R-HDL Particles, But Can Promote the Formation of preâ-

FIGURE 3: FPLC profiles of total cholesterol, phospholipids, triglycerides, and apoA-I in plasma of apoA-I-/- mice expressing the WT
apoA-I or the carboxy-terminal mutants apoA-I[∆(185-243)], apoA-I[∆(220-243)], apoA-I[∆(232-243)], apoA-I[E191A/H193A/K195A]
or the control protein GFP. Plasma samples were obtained from mice infected with 1× 109 pfu of the recombinant adenoviruses expressing
the WT or mutant forms of apoA-I or the control protein GFP 4 days post-infection. The samples were fractionated by FPLC and then the
total cholesterol (A), phospholipids (B), triglycerides (C), and apoA-I (D) levels of each FPLC fraction were determined as described in
Experimental Procedures. Panel E, Lipids and apoA-I concentrations from a pool of lipoprotein fractions that correspond to the HDL region
(fractions 14-24) expressed as mg/dL. TG, triglycerides; PL, phospholipids; TC, total cholesterol; %, percentage composition expressed
relatively to the sum of TG, PL, and TC values. PL/apoA-I is expressed as molar ratio.
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HDL Particles. Two-dimensional gel electrophoresis of
plasma showed that the WT apoA-I and the apoA-I[∆(232-
243)] and apoA-I[E191A/H193A/K195A] mutants formed
R-HDL particles and small amounts of preâ-HDL particles
(Figure 6A,J,K). In contrast, the apoA-I[∆(185-243)] mutant
formed only preâ-HDL particles, and the apoA-I[∆(220-
243)] formed preâ-HDL particles and a very small amount
of R-HDL particles (Figure 6D,G). When duplicate blots
corresponding to those shown in Figure 6A,D,G,J,K were
treated with anti-mouse apoE antibodies, apoE-containing
lipoproteins with fast electrophoretic mobility and larger size
were detected in the plasma of apoA-I-deficient mice infected
with adenoviruses expressing the control protein GFP and
those expressing the carboxy-terminal deletion mutants apoA-
I[∆(185-243)], apoA-I[∆(220-243)] (Figure 6C, E, H).
ApoE was not detected in the plasma of mice expressing

the WT apoA-I (Figure 6B), as well as those expressing the
apoA-I[∆(232-243)] or the apoA-I[E191A/H193A/K195A]
mutants (data not shown). Figure 6F,I shows the overlapping
of Figures 6D,E and Figures 6G,H, respectively, to establish
the relative positions of the apoA-I- and apoE-containing
lipoprotein particles. These observations are consistent with
previous findings that showed increased apoE in the HDL
fraction of apoA-I-/- mice (25) and decreased apoE in the
HDL fraction of WT apoA-I overexpressing mice (26, 27).
The increase in apoE levels in mice expressing the apoA-
I[∆(185-243)] and apoA-I[∆(220-243)] carboxy-terminal
deletion mutants may explain the small number of spherical
HDL particles observed in the HDL fraction of these mice
as well as of apoA-I-/- mice (Figure 5B,C,F).

The formation or lack of formation of preâ- andR-HDL
in mice expressing the WT apoA-I or the apoA-I[∆(185-

FIGURE 4: SDS-PAGE analysis of density gradient ultracentrifugation fractions of plasma of apoA-I-/- mice expressing the WT or mutant
forms of apoA-I or the control protein GFP. Fractionation of plasma was performed as described in Experimental Procedures. The fractions
that were obtained from the plasma of mice expressing the WT apoA-I (A) or the carboxy-terminal mutants apoA-I[∆(185-243)] (B),
apoA-I[∆(220-243)] (C), apoA-I[∆(232-243)] (D), apoA-I[E191A/H193A/K195A] (E), or the control protein GFP (F) were subjected to
SDS-PAGE, and the protein bands were visualized by staining with Coomassie Briliant Blue. On the right side of panels A-F is shown
the CE/TC ratio from a pool of lipoprotein fractions that correspond to the HDL region (fractions 4-8). The fractions that were obtained
from the plasma of mice expressing the apoA-I[∆(185-243)] were further analyzed by SDS-PAGE and Western blotting using an anti-
human apoA-I antibody (G) as described in Experimental Procedures. The densities of the fractions are indicated on the top of the figure.
Panel H: Lipids and apoA-I concentrations from a pool of lipoprotein fractions that correspond to the HDL region (fractions 4-8) expressed
as mg/dL. TG, triglycerides; PL, phospholipids; TC, total cholesterol; %, percentage composition expressed relatively to the sum of TG,
PL, and TC values. PL/apoA-I is expressed as molar ratio.
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243)] mutant was evaluated by agarose gel electrophoresis
(Figure 6L). HDL was visualized either by Oil Red O neutral
lipid staining or Western blot analysis and detection with
an anti-human apoA-I polyclonal antibody. The expression
of WT apoA-I was associated withR-migrating and preâ-
migrating HDL bands that were detected by with neutral lipid
staining. These bands, indicated by an asterisk, corresponded
to the position of WT apoA-I as determined by immuno-
blotting (Figure 6L). Oil Red O-stained bands also appear
that migrated in the region between preâ- andR-HDL, which
did not correspond to an apoA-I immunoreactive band. The
apoA-I[∆(185-243)] mutant gave a band that had faster
electrophoretic mobility than preâ-HDL of WT apoA-I. This
band, indicated by an arrow, could be stained with Oil Red
O and corresponded to the position of apoA-I[∆(185-24)]
as determined by immunoblotting (Figure 6L). Another band
of faster electrophoretic mobility was detected by Oil Red
O staining which did not correspond to an apoA-I immu-
noreactive band. In addition, the purified apoA-I[∆(185-
243)] was not stained with Oil Red O and had a faster
electrophoretic mobility compared to the preâ band contain-
ing apoA-I[∆(185-243)] that was present in the plasma of
mice expressing this mutant and was stained by Oil Red O
(indicated by an arrow) (Figure 6L).

DISCUSSION

Role of Specific Domains and Residues of the Carboxy-
Terminal Region of apoA-I in the Biogenesis of HDL.
Previous in vitro studies showed that the carboxy-terminal

apoA-I deletions that remove the 220-231 region diminished
the ABCA1-mediated lipid efflux, whereas the carboxy-
terminal (232-243) deletion that retains the 220-231 region
does not affect the ABCA1-mediated lipid efflux (2).
Chemical cross-linking/immunoprecipitation studies showed
that the carboxy-terminal apoA-I deletions that remove the
220-231 region also had a diminished ability to be cross-
linked to ABCA1 (28).

In this and previous studies, we considered HDL biogen-
esis as a continuous pathway where apoA-I and various
participating proteins interact successively to form spherical
HDL particles that are biologically active. Prerequisite for
the biogenesis of HDL are functional interactions between
apoA-I and ABCA1 that promote efflux of cellular phos-
pholipids and cholesterol (2, 10, 11). Human patients or
animal models that lack apoA-I or ABCA1 or have defective
forms of ABCA1 fail to form HDL (11, 22, 29).

Studies in HeLa cells expressing an ABCA1 green
fluorescence fusion protein (30, 31) and in macrophages (32,
33) indicated that, following interaction at the cell surface,
the apoA-I/ABCA1 complex internalizes, interacts with
intracellular lipid pools, and is re-secreted as a lipidated
particle (32, 33). Following a similar pathway, apoA-I is
transcytosed through endothelial cells and is secreted from
the apical surface in a lipid-bound form (34).

Recent data indicate that ABCA1/apoA-I interactions in
the liver are essential for the initial lipidation of apoA-I and
also determine the subsequent maturation of nascent preâ-
HDL to sphericalR-HDL particles (35, 36). When hepatic

FIGURE 5: Electron microscopy pictures of the fractions corresponding to the HDL region obtained from the plasma of apoA-I-/- mice
expressing the WT or mutant forms of apoA-I or the control protein GFP. Following density gradient ultracentrifugation the fractions that
float to the HDL region obtained from the plasma of mice expressing the WT apoA-I (A) or the carboxy-terminal mutants apoA-I[∆-
(185-243)] (B), apoA-I[∆(220-243)] (C), apoA-I[∆(232-243)] (D), apoA-I[E191A/H193A/K195A] (E) or the control protein GFP (F)
were analyzed by EM. The densities of the fractions used are indicated on the bottom of each picture. The photomicrographs were taken
at 75000× magnification and enlarged 3 times. The fractions that float to the HDL from mice expressing the WT apoA-I or the carboxy-
terminal deletion mutants apoA-I[∆(185-243)], apoA-I[∆(220-243)], or the control protein GFP were also analyzed by SDS-PAGE and
Western blotting using an anti-mouse apoE antibody (G).
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ABCA1 is inactivated, preâ-HDL fails to mature toR-HDL
and is catabolized rapidly by the kidney, thus resulting in
low HDL levels (35, 36). Adenovirus-mediated gene transfer

of ABCA1 in total or liver-specific knockout mice for
ABCA1 restored the HDL cholesterol levels in the liver-
specific knockout mice but only partially in the total
knockout mice (37). The combined data indicate that the liver
is the major site for the initial lipidation of apoA-I, which
seems to be the rate-limiting step of HDL biogenesis and
the contribution of the peripheral tissues in this process
appears to be small. In addition, the ABCA1/apoA-I or
ABCA1/preâ-HDL interactions in the peripheral tissues
appear to enrich the initially lipidated particle with cholesterol
and increase its stability (35-37). However, the fact that
liver-specific inactivation of ABCA1 in mice reduces plasma
HDL to approximately 17% of the WT control suggests that
other proteins produced locally by the liver, such as LCAT,
may be crucial for the maturation of HDL (35, 36).

A fundamental question that remains is how lipid efflux
determined by in vitro assays is correlated to the biogenesis
of HDL. Previous adenovirus-mediated gene transfer studies
of apoA-I mutants to apoA-I-/- mice showed that a carboxy-
terminal deletion (220-243) resulted in low levels of HDL
cholesterol and formation of a small number of spherical
particles, but no further analysis of the nature of these
particles was made (19).

In the current study, we examined by adenovirus-mediated
gene transfer in apoA-I-/- mice the effect of previously
studied carboxy-terminal deletion mutant apoA-I[∆(220-
243)] along with the apoA-I[∆(185-243)] and apoA-
I[∆(232-243)] deletion mutants, as well as a mutant
containing substitutions of charged amino acids in the 188-
195 loop of apoA-I, on the biogenesis of HDL. Residues
His 193 and Lys 195 were shown by X-ray studies to interact
with the Cr-acac3 molecules that bridge the amino- and
carboxy-terminal regions of apoA-I and therefore support a
compact configuration of the two-domain structure of apoA-I
in the crystal (9). In addition, Glu 191 contributes to a patch
of charged residues on the surface of apoA-I that is close to
hydrophobic residues of the carboxy-terminal domain (9).
The objective was to identify critical domains or residues in
the carboxy-terminal segment of apoA-I that are required
for the biogenesis of HDL.

The initial parameters determined 4 days post-infection
were the plasma lipid levels and the lipid FPLC profile that
can initially identify putative defects in the biogenesis of
HDL, the distribution of HDL in preâ- and R-HDL sub-
populations and the formation of HDL by EM. Hepatic
apoA-I mRNA levels were also determined to ensure
comparable levels of expression of WT and mutant apoA-I
forms to interpret the observed phenotypes.

Using the above criteria, we have established that the two
carboxy-terminal deletion mutants apoA-I[∆(185-243)] and
apoA-I[∆(220-243)] that lack the 220-231 region had very
low total plasma cholesterol and phospholipid levels, which
were comparable to those of the control mice that express
the GFP protein and very low HDL levels. The near absence
of HDL was corroborated by the low plasma apoA-I levels
detected by turbidimetric immunoassay and by density
gradient ultracentrifugation analysis of plasma. Since the
hepatic apoA-I mRNA levels and the secretion of these
deletion apoA-I mutants from cells were normal, the present
findings suggest that the observed low HDL levels following
adenovirus infection is the result of fast clearance from
plasma. Previous studies showed that lipid-free apoA-I or

FIGURE 6: Two-dimensional gel electrophoresis analysis of plasma
of apoA-I-/- mice expressing the WT or mutant forms of apoA-I
or the control protein GFP and agarose gel electrophoresis analysis
of plasma of apoA-I-/- mice expressing the WT apoA-I or the
apoA-I[∆(185-243)] mutant and of purified apoA-I[∆(185-243)]
protein. The plasma of mice expressing the WT apoA-I (A, B) or
the control protein GFP (C) or the carboxy-terminal mutants apoA-
I[∆(185-243)] (D-F), apoA-I[∆(220-243)] (G-I), apoA-I[∆-
(232-243)] (J), apoA-I[E191A/H193A/K195A] (K) were analyzed
by two-dimensional gel electrophoresis and Western blotting using
anti-human apoA-I antibody (A, D, G, J, K) or anti-mouse apoE
antibody (B, C, E, H), as described in Experimental Procedures.
Panels F and I show the overlapping of panels D, E and G, H,
respectively. Panel L: The plasma of mice expressing the WT
apoA-I or the carboxy-terminal mutant apoA-I[∆(185-243)] and
purified apoA-I[∆(185-243)] protein were analyzed by 0.7%
agarose gel electrophoresis followed by Oil Red O neutral lipid
staining or Western blotting using a goat polyclonal anti-human
apoA-I antibody as described in Experimental Procedures. The
asterisks indicate preâ- andR-HDL that contain WT apoA-I. The
apoA-I[∆(185-243)] mutant formed particles with faster electro-
phoretic mobility than the preâ-HDL of WT apoA-I as demonstrated
by Western blot analysis, which accumulated significant levels of
neutral lipid (bands indicated by arrow).

ApoA-I Mutations Block Formation ofR-HDL Biochemistry, Vol. 46, No. 19, 20075705



partially lipidated apoA-I forms can be catabolized rapidly
in the kidney by the cubulin receptor or other mechanisms
(35, 38, 39).

The Carboxy-Terminal apoA-I Mutants that Lack the 220-
231 Region Fail to formR-HDL But They Can Form preâ-
HDL Particles by an ABCA1-Independent Mechanism.Two
additional important parameters, used to assess biogenesis
of HDL particles, were the formation of HDL particles as
determined by EM and the distribution of HDL in preâ- and
R-HDL subpopulations as determined by two-dimensional
gel electrophoresis. The EM analysis showed that mutants
that lack the 220-231 region fail to promote formation of
spherical HDL particles. The small number of spherical HDL
particles observed in the plasma of mice expressing the two
mutants that lack the 220-231 region or GFP most likely
represent apoE-containing HDL particles.

The two-dimensional gel electrophoresis of plasma showed
that expression of apoA-I[∆(185-243)] promoted the forma-
tion of preâ-HDL particles but notR-HDL particles. The
apoA-I[∆(220-243)] mutant promoted predominantly the
formation of preâ-HDL particles and a fewR-HDL particles.
The preponderance of preâ-HDL particles in the plasma of
mice expressing the two carboxy-terminal mutants that lack
the 220-231 region can also explain the low levels of plasma
HDL.

The observed phenotypes of the carboxy-terminal mutants
that lack the 220-231 region combined with their inability
to promote lipid efflux and to cross-link to ABCA1 (2, 28)
suggest a blockage of the first step in the biogenesis of HDL,
which involves functional interactions between apoA-I and
ABCA1. Such interactions are necessary for the correct
lipidation of apoA-I and the formation of HDL.

The lack of HDL formation may reflect inability of apoA-I
to associate with ABCA1 (28), as well as inability to
associate with lipids (3), or both. A recent study of refolding
of apoA-I during transition from 5-0.45 M guanidine HCl
using stopped flow circular dichroism showed that deletion
of the 186-243 carboxy-terminal segment of apoA-I in-
creases the free energy required for the transition from the
native state to a partially unfolded intermediate state (40). It
has been proposed that association of apoA-I with lipids
requires partial unfolding of apoA-I (40-42). Thus, the
observed change in the free energy required for the transition
from the native state to the partially unfolded intermediate
state of apoA-I[∆(186-243)] may affect the association of
apoA-I with lipids and possibly its interactions with ABCA1
that lead to lipid efflux and promote the formation of HDL
(40).

In contrast to the properties of the carboxy-terminal
deletion mutants that lack the 220-231 region, mice
expressing the apoA-I[∆(232-243)] that retains the 220-
231 region and the point mutant apoA-I[E191A/H193A/
K195A] had normal HDL levels. The EM and two-
dimensional gel electrophoresis analysis showed formation
of spherical HDL and normal preâ- and R-HDL subpopu-
lations. The overall phenotype of mice expressing these
mutants was similar to this observed in mice expressing the
WT apoA-I. The ability of the apoA-I[∆(232-243)] and
apoA-I[E191A/H193A/K195A] mutants to promote forma-
tion of normal HDL particles is consistent with their ability
to promote normal ABCA1-mediated lipid efflux in vitro.

Although more rigorous studies may be required to assess
the importance of charged residues of the carboxy-terminal
region in the biogenesis of HDL, the current findings indicate
that charged amino acids Glu191, His193, and Lys195 are
not involved in ABCA1/apoA-I interactions or interactions
of the carboxy- and amino-terminal domains of apoA-I that
are important for the biogenesis of HDL. Previous studies
also showed that substitutions of charged amino acids
Glu234, Glu235, Lys238, and Lys239 by Ala did not affect
the biogenesis of HDL (19), whereas alteration of hydro-
phobic residues in the 211-229 region of apoA-I prevented
the maturation of HDL and led to the accumulation of
discoidal HDL particles (19).

The Amino-Terminal 1-184 and 1-219 Region of apoA-I
Can Promote Formation of preâ-HDL Particles in an
ABCA1-Independent Process.Numerous studies have shown
that preâ-HDL particles can be formed de novo by an
ABCA1-dependent process that leads to the formation of
HDL (35-37, 43-47). In addition, processes catalyzed by
hepatic lipase, cholesterol ester transfer protein, and phos-
pholipid transfer protein can generate preâ-HDL from
R-HDL particles (48-52). Furthermore, deficiency of apoM
inhibits the formation of preâ-HDL (53, 54). Previous studies
also showed that the plasma of humans with Tangier disease
(11, 55) and of ABCA1-/- mice (24) contains preâ-HDL
but lacks R-HDL particles. In the ABCA1-/- mice, the
composition of HDL is abnormal and has an increased PL/
apoA-I ratio (24). In addition, inhibition of ABCA1 in
HepG2 cells and macrophage cultures by glyburide inhibited
the formation ofR-HDL particles but did not affect the
formation of preâ-HDL particles (56). All these findings
indicate that some types of preâ-HDL particles can be formed
independently of apoA-I/ABCA1 interactions.

Similarly, in this study we show an abnormal PL/apoA-I
ratio of the HDL fraction obtained by FPLC or density
gradient ultracentrifugation in mice expressing the apoA-
I[∆(185-243)] and apoA-I[∆(220-243)] mutants. Further-
more, the electrophoretic mobility of the lipid-free apoA-
I[∆(185-243)] is different from that of the lipidated particles
formed in mice expressing this carboxy-terminal mutant.

Overall, our studies establish that the 220-231 region of
apoA-I is required for functional interactions between apoA-I
and ABCA1 that are necessary for the biogenesis ofR-HDL
particles and the amino-terminal domain that lacks the 220-
231 region can form preâ-HDL particles in an ABCA1-
independent process.
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