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ABSTRACT: The objective of this study was to determine the effect of two amino-terminal apolipoprotein
A-I (apoA-I) deletions on high-density lipoprotein (HDL) biosynthesis and lipid homeostasis. Adenovirus-
mediated gene transfer showed that the apoA-I[∆(89-99)] deletion mutant caused hypercholesterolemia,
characterized by increased plasma cholesterol and phospholipids, that were distributed in the very low
density/intermediate density/low-density lipoprotein (VLDL/IDL/LDL) region, and normal triglycerides.
The capacity of the mutant protein to promote ATP-binding cassette transporter A1- (ABCA1-) mediated
cholesterol efflux and to activate lecithin:cholesterol acyltranserase (LCAT) was approximately 70-80%
of the wild-type (WT) control. The phospholipid transfer protein (PLTP) activity of plasma containing
the apoA-I[∆(89-99)] mutant was decreased to 32% of the WT control. Similar analysis showed that the
apoA-I[∆(62-78)] deletion mutant in apoA-I-deficient mice caused combined hyperlipidemia characterized
by increased triglycerides, cholesterol, and phospholipids in the VLDL/IDL region. There was enrichment
of the VLDL/IDL with mutant apoA-I that resulted in reduction of in vitro lipolysis. The capacity of this
mutant to promote ABCA1-mediated cholesterol efflux was normal, and the capacity to activate LCAT
in vitro was reduced by 53%. The WT apoA-I and the apoA-I[∆(62-78)] mutant formed spherical HDL
particles, whereas the apoA-I[∆(89-99)] mutant formed discoidal HDL particles. We conclude that
alterations in apoA-I not only may have adverse effects on HDL biosynthesis but also may promote
dyslipidemia due to interference of the apoA-I mutants on the overall cholesterol and triglycerides
homeostasis.

Apolipoprotein A-I (apoA-I)1 is the major protein constitu-
ent of high-density lipoproteins (HDL) and plays a crucial
role in the biogenesis, structure, function, and plasma
concentration of HDL (1-5). 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, apolipoprotein (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. Through a series of intermediate

steps that are poorly understood, apoA-I is gradually lipidated
and proceeds to form discoidal particles, which are converted
to spherical particles by the action of lecithin:cholesterol
acyltransferase (LCAT). Both discoidal and spherical HDL
particles interact functionally with the HDL receptor scav-
enger receptor class B type I (SR-BI). The late steps of the
HDL pathway involve the transfer of cholesteryl esters to
VLDL/LDL for eventual catabolism by the LDL receptor,
the hydrolysis of phospholipids 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.

We have recently performed functional in vitro studies of
apoA-I, as well as gene transfer of apoA-I mutants in apoA-
I-deficient (apoA-I-/-) mice, to ascertain the physiological
interactions of apoA-I with other proteins of the HDL
pathway and the role of apoA-I in the biogenesis and the
functions of HDL. The early studies showed that mutations
that prevent binding of apoA-I to phospholipid and HDL in
vitro resulted in low apoA-I and HDL levels in vivo,
following gene transfer of mutant apoA-I forms in apoA-
I-/- mice, due to defective maturation of discoidal to
spherical HDL particles (6). In subsequent studies we probed
the interactions between ATP-binding cassette transporter
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A1 (ABCA1) and apoA-I in relation to the biogenesis of
HDL (2, 5, 7). These studies showed that residues 220-
231, as well as the central helices of apoA-I, participate in
ABCA1-mediated lipid efflux and HDL biogenesis (2, 5, 7).
In the present study we have analyzed the in vivo phenotypes
of two interesting apoA-I mutations and have correlated the
observed phenotypes with known interactions of apoA-I with
other proteins of the HDL pathway. Here we show that
mutations in apoA-I not only may affect the HDL metabolism
but also may have adverse effects on the overall cholesterol
and triglycerides homeostasis. An apoA-I[∆(89-99)] dele-
tion mutant generated a phenotype that has not been
encountered previously. This deletion affected the maturation
of HDL, inhibited the activity of phospholipid transfer protein
(PLTP), and promoted the accumulation of abnormal lipo-
protein particles in the VLDL/IDL/LDL region. The apoA-
I[∆(62-78)] deletion resulted in a severe hypertriglyceri-
demic phenotype characterized by accumulation of apoA-I
containing triglycerides-rich remnants in the VLDL/IDL
region. This phenotype is similar to that produced by
substitutions of Glu110 and Glu111of apoA-I by Ala (8),
indicating that different structural mutations in apoA-I may
induce hypertriglyceridemia.

EXPERIMENTAL PROCEDURES

Materials. Materials not mentioned in the Experimental
Procedures have been obtained from sources described
previously (8).

Generation of AdenoViruses and BaculoViruses Expressing
Wild-Type and Mutant ApoA-I Forms.The construction of
recombinant adenoviruses carrying the genomic sequence for
WT proapoA-I has been described before (6). The adenovi-
ruses expressing apoA-I[∆(62-78)] and apoA-I[∆(89-99)]
were generated in a similar way. For apoA-I[∆(62-78)] the
sequence of the human apoA-I gene was amplified and
mutagenized by polymerase chain reaction, using a set of
specific mutagenic primers D(62-78)F (5′-C TCC ACC TTC
AGC AAG CTG CGC ACA GAG GGC CTG AGG CAG
GAG 3′) and D(62-78)R (5′-CTC CTG CCT CAG GCC
CTC TGT GCG CAG CTT GCT GAA GGT GGA G-3′)
containing the deletion of interest and a set of flanking
universal primers (PCA13FONT, 5′-GGG GAT CAG TCT
TCG AGT CGA CAA GCT TGA-3′; PCA13END, 5′-GCA
ATA AAC AAG TTG CTC GAT GGA TCC CTC-3′)
containing the restriction sitesSalI and BamHI. The
pCA13AIgN vector, which contains aSalI site before exon
1 and aSalI followed by aBamHI site in the 3′-end of the
apoA-I gene, was used as a template in the amplification
reactions (6). The DNA fragment containing the mutation
of interest was digested withSalI and subcloned into the
SalI sites of the pCA13 vector (MicroBix Biosystems,
Canada). The correct orientation of the apoA-I gene in the
pCA13 vector was determined byHindIII digestion. For
apoA-I[∆(89-99)] the fourth exon of the human apoA-I gene
was amplified and mutagenized by polymerase chain reac-
tion, using a set of specific mutagenic primers AIMIII1-5
(5′-CAG GAG ATG AGC AAG TAC CTG GAC GAC
TTC-3′) and AIMIII1-3 (5′-GAA GTC GTC CAG GTA CTT
GCT CAT CTC CTG-3′) containing the mutation of interest
and a set of flanking universal primers (AINOTF, 5′ CCT
CCG CGG ACA GGC GGC CGC CAG GG 3′; AISALR,
5′ A CAT GTC GAC CCC CTT TCA GGG CAC CTG GCC

TTG 3′) containing the restriction sitesNotI and SalI. The
pCA13AIgN vector, which contains aNotI site in intron 3
and aXhoI site in the 3′-end of the apoA-I gene, was used
as a template in the amplification reactions (6). The DNA
fragment containing the mutation of interest was digested
with NotI and SalI and subcloned into theNotI and XhoI
sites of the pCA13AIgN vector, thus replacing the WT with
the mutated exon 4 sequence. The pCA13-A-I plasmids
containing the 62-78 or the 89-99 deletion along with a
helper PJM17 adenovirus plasmid were used to generate
recombinant adenoviruses as described previously (6).

The expression and purification of recombinant WT
apoA-I or the apoA-I[∆(61-78)] and apoA-I[∆(89-99)]
deletion mutants in the baculovirus expression system was
performed as described previously (7).

Animal Studies, Plasma Lipids, ApoA-I, and ApoA-I
mRNA LeVel Analyses.ApoA-I-/- (apoA1tm1Unc) C57BL/6J
mice (9) 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 plaque-forming units (pfu) of recombinant adeno-
virus 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
postinfection was determined by use of the Cholesterol CII,
Free Cholesterol C, and Phospholipids B reagents (Wako
Chemicals USA, Inc.) and Infinity triglycerides reagent
(ThermoDMA), respectively, according to the manufacturer’s
instructions. The concentration of cholesteryl esters was
determined by subtracting the concentration of free choles-
terol from the concentration of total cholesterol. Plasma
apoA-I levels and hepatic human apoA-I mRNA levels were
determined as described (2, 4).

For FPLC analysis of plasma, 17µL of plasma obtained
from mice infected with adenovirus-expressing WT or mutant
apoA-I forms was loaded onto a Sepharose 6 PC column
(Amersham Biosciences) in a SMART micro FPLC system
(Amersham Biosciences) and eluted with PBS. A total of
25 fractions of 50µL volume each were collected for further
analysis. The concentration of lipids 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
g/mL, and 0.5 mL of normal saline. The mixture was
centrifuged for 22 h in an SW55 rotor at 30 000 rpm.
Following ultracentrifugation, 0.5 mL fractions were col-
lected from the top and analyzed as described (2). The first
density gradient ultracentrifugation fraction obtained from
the plasma of mice expressing the apoA-I[∆(62-78)] mutant
was further analyzed by SDS-PAGE and Western blotting.
The nitrocellulose membranes were probed with goat poly-
clonal anti-mouse apoB, apoE, and apoCII antibodies (Santa
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Cruz Biotechnology, Inc., Santa Cruz, CA) for detection of
the corresponding proteins.

For electron microscopy analysis, the fractions that float
in the HDL region were treated and photographed as
described previously (2).

Nondenaturating Two-Dimensional Electrophoresis.The
distribution of HDL subfractions in plasma was analyzed
by two-dimensional electrophoresis as described (10) 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 with 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 apoA-I was detected by using a goat
polyclonal anti-human apoA-I antibody (Chemicon Interna-
tional).

In Vitro Lipolysis of Triglycerides of the VLDL Plasma
Fraction. Increasing triglycerides concentrations of the
VLDL/IDL fraction (fraction 1) obtained from plasma of
apoA-I-deficient mice expressing WT apoA-I and apoA-
I[∆(62-78)] mutant were used as substrate in lipolysis
experiments. Aliquots of VLDL/IDL in a final volume of
40 µL were adjusted to 2% fatty acid-free BSA in 100 mM
Tris-HCl, pH 8.5, and were incubated with 34 ng of
lipoprotein lipase (LPL) (Sigma) for 15 min at 37°C. The
released free fatty acids were quantified by use of an
enzymatic colorimetric reagent, NEFA C (Wako Chemicals,
Germany). Background values were determined by omitting
LPL for each substrate concentration. LPL activity is
expressed as micromoles of nonesterified fatty acid released
per hour per milligram of LPL. To calculate the apparent
Vmax andKm, the rate of free fatty acid release was plotted
versus the concentration of triglycerides. The data were fitted
to Michaelis-Menten kinetics, using the Prism software
(GraphPad Software, Inc.).

Assay of PLTP ActiVity. To prepare phosphatidylcholine
(PC) liposomes (11), 10 µmol of egg PC, 1µCi of [14C]-
DPPC (dipalmitoyl-L-R-phosphatidylcholine [dipalmitoyl-1-
14C]; 0.05 mCi/mL, specific activity 110 mCi/mmol; Perkin-
Elmer Life Sciences, Inc.), and 20 nmol of butylated
hydroxytoluene were dried under nitrogen. To the dried lipids
was added 1 mL of 10 mM Tris-HC1 buffer, pH 7.4,
containing 150 mM NaCl and 1 mM EDTA, and the mixture
was sonicated for 3× 5 min in an ice bath with the microtip
of a sonifier. After centrifugation for 10 min at 15 000 rpm
in a microfuge, the optically clear supernatant was used for
PLTP assays.

The assay contained human HDL (125µg of protein),
liposomes (75 nmol of [14C]PC-labeled liposomes), plasma
sample (1 µL), and 10 mM Tris-HC1 buffer, pH 7.4,
containing 150 mM NaC1 and 1 mM EDTA in a final
volume of 200µL (12). Tubes without sample were included
in each run. The assays were performed at 37°C in
Eppendorf tubes with 30-min incubations. The reaction was
stopped by the addition of 0.15 mL of 536 mM NaCl and
363 mM MnC12 (containing 52 units of heparin), yielding
final concentrations of 230 mM NaC1, 156 mM MnC12, and
74 units of heparin/mL. The tubes were vortexed for 10 s
and, after standing for 10 min at room temperature, centri-
fuged for 10 min at 15 000 rpm. The supernatant (0.3 mL)
was used for radioactivity determinations. The results are
expressed as nanomoles of phosphatidylcholine transferred
from PC liposomes to HDL per hour per milliliter of plasma.
The plasma sample volume and incubation time were chosen
so that the phospholipid transfer remained in the linear range.
The transfer of radioactive phospholipid during the 30-min
incubation was less than 13% of the total vesicle radioactiv-
ity.

Lecithin:Cholesterol Acyltransferase Production, Purifica-
tion, and ActiVation by WT and Mutant ApoA-I Forms.
LCAT was purified (8, 13, 14) from the culture medium of
human HTB13 cells infected with an adenovirus expressing
the human LCAT cDNA (15), which was a generous gift of
Dr. Santamarina-Fojo. For LCAT analysis, the reconstituted
HDL (rHDL) particles used as substrate contained cholesterol
+ [14C]cholesterol ([4-14C]cholesterol; 0.04 mCi/mL, specific
activity 45 mCi/mmol; Perkin-Elmer Life Sciences, Inc.),
â-oleoyl-γ-palmitoyl-L-R-phosphatidylcholine (POPC), and
apoA-I and were prepared by the sodium cholate dialysis
method as described (3, 16). The reactions were carried as
described (3, 8). The cholesterol esterification rate was
expressed as nanomoles of cholesteryl ester formed per hour.
To calculate the apparentVmax andKm, the rate of cholesteryl
ester formation was plotted versus the concentration of apoA-
I. The data were fitted to Michaelis-Menten kinetics, by
use of Prism software (GraphPad Software, Inc.).

RESULTS

Plasma Lipid, ApoA-I, and Hepatic ApoA-I mRNA LeVels
following AdenoVirus Infection.Analysis of plasma apoA-I
and hepatic apoA-I mRNA levels 4 days postinfection
showed that apoA-I-/- mice infected with adenoviruses
expressing WT apoA-I and apoA-I[∆(89-99)] and apoA-
I[∆(62-78)] deletion mutants had high plasma apoA-I
concentration (479, 146, and 265 mg/dL, respectively). These
differences in plasma apoA-I levels may not reflect differ-
ences in apoA-I expression, since the relative amounts of
apoA-I mRNA were comparable (Table 1). In addition, the

Table 1: Comparison of Plasma Cholesterol, Triglyceride, Phospholipid, ApoA-I, and Hepatic mRNA Levels of ApoA-I-/- Micea

cholesterol
(mg/dL)

triglycerides
(mg/dL)

phospholipids
(mg/dL)

apoA-I
(mg/dL)

relative apoA-I
mRNA (%)

WT apoA-I 110( 30 104( 20 294( 57 479( 168 100
apoA-I[∆(89-99)] 355( 38 82( 16 438( 40 146( 5 128( 25
apoA-I[∆(62-78)] 220( 16 986( 289 707( 20 265( 36 130( 5
apoA-I-/- 31 ( 9 33( 10 92( 15

a Values are means( SD (n ) 3-7) and were measured prior to or 4 days postinfection with recombinant adenoviruses expressing WT apoA-I
or apoA-I[∆(62-78)] and apoA-I[∆(89-99)] mutants.
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WT and the two apoA-I mutant forms were secreted with
the same efficiency into the medium of HTB-13 cells
following infection with adenoviruses expressing WT apoA-I
and the two apoA-I mutants (data not shown). However, we
cannot exclude the possibility of differences in translation
efficiencies or in vivo secretion of the two apoA-I mutants.
The cholesterol and triglyceride levels of mice expressing
WT and the two mutant apoA-I forms did not correlate with
the plasma apoA-I levels. Mice expressing the apoA-I[∆(89-
99)] mutant had increased plasma cholesterol and phospho-
lipids levels and normal triglycerides levels, whereas mice
expressing the apoA-I[∆(62-78)] mutant had higher plasma
cholesterol and phospholipids levels and displayed severe
hypertriglyceridemia (Table 1).

FPLC Profiles of Plasma Isolated from Mice Infected with
AdenoViruses Expressing WT and Two Mutant ApoA-I
Forms. FPLC analysis of plasma from apoA-I-/- mice
infected with recombinant adenoviruses expressing either WT
or the two apoA-I mutant forms, 4 days postinfection,
showed that in mice expressing the WT apoA-I, cholesterol
and phospholipids were distributed predominantly in the
HDL2 and HDL3 region. In mice expressing the apoA-I[∆-
(89-99)] mutant, the majority of cholesterol and phospho-
lipids was found in the VLDL to LDL region (Figure 1A,B).
These mice had normal amounts of triglycerides that were
distributed in the VLDL region (Figure 1C). In mice
expressing the apoA-I[∆(62-78)] mutant, approximately
65% of cholesterol and phospholipids were distributed in
the VLDL, 26% in the HDL, and small amounts in the LDL
region (Figure 1A,B). The triglycerides levels in mice
expressing this apoA-I mutant were high and were distributed
in the VLDL region (Figure 1C).

Plasma fractions obtained from FPLC were further ana-
lyzed for the content of free and esterified cholesterol. These
analyses are shown in Figure 1D-F for WT apoA-I, apoA-
I[∆(89-99)], and apoA-I[∆(62-78)], respectively. The ratio
of CE/TC of the FPLC fractions 14-21 that correspond to
the HDL region for mice expressing WT apoA-I and the
two apoA-I mutants and for apoA-I-/- mice is shown in
Figure 1G. Similar results were obtained by density gradient
ultracentrifugation of plasma and are shown later in Figure
2B. As shown in Figure 1G, the CE/TC ratio of the HDL
fraction obtained from mice infected with the apoA-I[∆(89-
99)] mutant is greatly reduced. Compared to WT apoA-I,
the ratio CE/TC in the LDL fraction was also reduced (0.31
for apoA-I[∆(89-99)] vs 0.60 for WT apoA-I (data not
shown)). This indicates defective in vivo esterification of
HDL and LDL cholesterol. Smaller decrease in CE/TC ratio
of HDL is also observed in apoA-I-/- mice.

Effect of ApoA-I[∆(89-99)] and ApoA-I[∆(62-78)]
Mutations on the Distribution of ApoA-I in Different Lipo-
proteins and Size and Shape of HDL.Analysis of the
distribution of apoA-I following density gradient ultracen-
trifugation of plasma showed that WT apoA-I was predomi-
nantly distributed in the HDL2 and HDL3 region (Figure
2A). Consistent with the FPLC data, the peak concentration
of apoA-I[∆(89-99)] mutant was in the HDL2 region. In
addition, higher concentrations of mutant apoA-I were
distributed in the LDL region as compared to WT apoA-I.
Similarly, the peak concentration of apoA-I[∆(62-78)]
mutant was in the HDL2 and HDL3 region. However a small

fraction of apoA-I was found in the VLDL/IDL and LDL
region (Figure 2A).

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, obtained by FPLC fractionation (data
not shown). The CE/TC ratio was calculated in fractions
4-8, which correspond to the HDL region that contains all
the WT apoA-I and the majority of the mutant apoA-I forms.
This analysis showed that the CE/TC ratio was greatly
reduced for mice expressing the apoA-I[∆(89-99)] mutant
and to a lesser extent for mice expressing the apoA-I[∆(62-
78)] mutant and apoA-I-/- mice (Figure 2B). The diminished
CE/TC ratio supports defective in vivo esterification of
cholesterol by LCAT.

Analysis by electron microscopy of the HDL fractions,
obtained by density gradient ultracentrifugation, that contain
the highest apoA-I concentration showed that the apoA-
I[∆(89-99)] mutant formed discoidal HDL particles (Figure
2D), whereas both WT and the apoA-I[∆(62-78)] mutant
formed spherical HDL particles (Figure 2C,E), and apoA-
I-/- mice formed a small number of spherical particles
(Figure 2F). The average size of spherical HDL particles
that contained the apoA-I[∆(62-78)] mutant was increased
as compared to WT apoA-I. Two-dimensional gel electro-
phoresis of plasma showed that in the apoA-I[∆(89-99)]
mutant approximately 50% of HDL was found in the form
of preâ1 particles and 50% asRHDL (Figure 2H), whereas
both WT apoA-I and apoA-I[∆(62-78)] mutant formed
RHDL particles and small amounts of preâ1 particles (Figure
2G,I).

Diminished Hydrolysis of Triglycerides of VLDL/IDL
Fraction Obtained from Mice Expressing ApoA-I[∆(62-78)]
Mutant.Analysis of the ability of purified LPL to promote
lipolysis showed that triglycerides of VLDL/IDL fraction
obtained from the plasma of mice infected with adenovirus
expressing the apoA-I[∆(62-78)] mutant was hydrolyzed
less efficiently than triglycerides of VLDL/IDL fraction
obtained from mice infected with the adenovirus expressing
WT apoA-I. The reduced catalytic efficiency of the enzyme
(Vmaxapp/Kmapp) was mainly due to the reduction in theVmaxapp

(Figure 3A).
Consistent with the decreased lipolysis of VLDL/IDL,

analysis of the apolipoprotein composition of the VLDL/
IDL fraction obtained from mice expressing WT apoA-I or
apoA-I[∆(62-78)] mutant showed that VLDL/IDL contain-
ing the mutant apoA-I form had increased apoB-48 and
decreased apoCII levels (Figure 3B).

The rate of hepatic VLDL triglyceride secretion following
injection of Triton WR1339 (17) in mice expressing WT and
apoA-I[∆(62-78)] mutant was similar (data not shown).

Functional Analyses of WT and the Two Mutant ApoA-I
Forms: (i) ActiVation of LCAT.For the LCAT activation
assay, the WT and mutant apoA-I forms used for the
generation of rHDL particles were isolated in the baculovirus
system as described previously (7). The LCAT activity was
assayed as the rate of production of labeled cholesteryl esters
from the rHDL particles. The apparent catalytic efficiency
(Vmaxapp/Kmapp) of the enzyme with rHDL particles containing
apoA-I[∆(89-99)] and apoA-I[∆(61-78)] mutant forms was
reduced approximately to 77% and 47% as compared to
rHDL particles containing WT apoA-I. The apparent catalytic

Dyslipidemia Resulting from ApoA-I Mutations Biochemistry, Vol. 44, No. 10, 20054111



efficiency of rHDL particles containing apoA-I[∆(89-99)]
mutant with a His tag was 55% as compared to rHDL
particles containing WT apoA-I (data not shown). The
decrease in catalytic efficiency was accounted for by a

reduction inVmaxapp of the enzymatic reaction with rHDL
particles containing apoA-I[∆(89-99)] mutant and an in-
crease inKmappof the enzymatic reaction with rHDL particles
containing apoA-I[∆(61-78)] mutant (Figure 4A).

FIGURE 1: FPLC profiles of (A) total cholesterol, (B) phospholipids, (C) triglycerides, and (D-F) free cholesterol and cholesteryl esters
in plasma of apoA-I-/- mice expressing WT apoA-I, apoA-I[∆(89-99)] mutant, and apoA-I[∆(62-78)] mutant.(G) Ratio of CE/TC levels
of FPLC fractions 14-21, which correspond to the HDL region.
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(ii) PLTP ActiVity Is Inhibited in the Plasma of Mice
Expressing the ApoA-I[∆(89-99)] Mutant.We analyzed the

PLTP activity of plasma obtained from mice expressing WT
apoA-I and the apoA-I[∆(89-99)] and apoA-I[∆(62-78)]

FIGURE 2: Analyses of plasma of apoA-I-/- mice expressing WT apoA-I or apoA-I[∆(89-99)] and apoA-I[∆(62-78)] mutants.(A)SDS-
PAGE analysis of density gradient ultracentrifugation fractions of plasma of apoA-I-/- mice expressing WT or mutant apoA-I forms.
Densities of the fractions are indicated at the top of the panel. (B) CE/TC ratio from a pool of lipoprotein fractions that correspond to the
HDL region. (C-F) Electron microscopy pictures of HDL fractions obtained from apoA-I-/- mice expressing (C) WT apoA-I, (D) apoA-
I[∆(89-99)] mutant, and (E) apoA-I[∆(62-78)] mutant or from control apoA-I-/- mice (F) following density gradient ultracentrifugation
of plasma. Densities of the fractions used are indicated at the bottom of each picture. The photomicrographs were taken at 75000×
magnification and enlarged 3 times. (G-I) Analysis of plasma obtained from mice expressing (G) WT apoA-I, (H) apoA-I[∆(89-99)]
mutant, and (I) apoA-I[∆(62-78)] mutant following two-dimensional gel electrophoresis and Western blotting.
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mutants and apoA-I-/- mice infected with a control aden-
ovirus expressing green fluorescence protein (GFP). This
analysis showed that in mice expressing the apoA-I[∆(89-
99)] mutant the ability of PLTP to transfer phospholipids
from multilamellar phospholipid particles to HDL was
reduced to 32% of the WT control (Figure 4B). The apoA-

I[∆(62-78)] mutant showed a small reduction in PLTP
activity that was not statistically significant. Reduced PLTP
activity (51% of WT control) was also found in apoA-I-/-

mice infected with a control adenovirus expressing GFP. The
defective transfer of phospholipid may affect the maturation
of the discoidal to spherical HDL particles and may be
responsible for the accumulation of discoidal HDL in the
plasma of mice expressing the apoA-I[∆(89-99)] mutant.

The changes in the in vitro and in vivo parameters of the
two apoA-I mutants are compiled in Table 2. Figure 5 is a
schematic representation that indicates changes in the HDL
biogenesis and catabolism that can account for the lipid and
lipoprotein abnormalities observed in mice expressing the
apoA-I[∆(89-99)] mutant.

DISCUSSION

Adenovirus-mediated gene transfer offers a remarkable
tool to study how structural alterations in apoA-I affect the
biogenesis and functions of HDL, to ascertain the impact of
apoA-I mutations on the overall plasma cholesterol and
triglycerides homeostasis, and to correlate the observed in
vivo phenotypes with known in vitro functions of apoA-I.

By screening the in vitro and in vivo properties of several
apoA-I mutants (2, 6, 7), we were able to identify in the
present study two mutations in the amino-terminal segment
of apoA-I that have a profound effect on overall cholesterol
and triglycerides homeostasis. Since apoA-I is essential for
HDL biogenesis and catabolism, the expectation was that
the apoA-I mutations would affect only the levels and/or the
functions of HDL.

The first mutation has a deletion of residues 89-99 of
apoA-I and produced an apoA-I phenotype that has not been
encountered previously. Mice expressing this mutant have
increased plasma cholesterol and phospholipids that ac-
cumulate in the VLDL/IDL/LDL region and form discoidal
HDL particles.

FIGURE 3: Effect of WT apoA-I and apoA-I[∆(62-78)] on the in vitro lipolysis and apolipoprotein composition of VLDL/IDL fraction.
(A) Diagram of initial velocity of the hydrolysis of VLDL/IDL, obtained from mice expressing WT apoA-I and apoA-I[∆(62-78)] mutant,
versus the concentration of VLDL/IDL triglycerides. Kinetic parameters of the enzymatic reaction are shown at the bottom of the panel.
(B) Apolipoprotein composition of VLDL/IDL of mice expressing WT apoA-I or apoA-I[∆(62-78)] mutant.

FIGURE 4: Functional analyses of WT and mutant apoA-I forms.
(A) Activation of LCAT by rHDL containing WT or mutant apoA-I
forms. The apparentKm andVmax values and the catalytic efficiency
Vmaxapp/Kmappof the enzyme are shown at the top of the panel. Values
are the means( SD from three independent experiments performed
in duplicate. (B) PLTP activity in plasma obtained from apoA-I-/-

mice infected with adenoviruses expressing WT apoA-I and apoA-
I[∆(89-99)] and apoA-I[∆(62-78)] mutants and from apoA-I-/-

mice infected with a control adenovirus expressing the GFP. Values
are the means( SD from four plasma samples assayed in duplicate.
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It was shown previously that an apoA-I[∆(88-98)]
deletion mutant had approximately 50% LCAT activation
capacity as compared to WT apoA-I (18). A more recent
study showed that the apoA-I[∆(88-98)] deletion mutant
containing an amino-terminal His tag had greatly decreased
R-helical content, reduced stability, reduced ability to activate
LCAT in vitro, and defective dimyristoyl-L-R-phosphatidyl-
choline (DMPC) clearance (19). Similar analysis by us
showed that the 89-99 deletion, which differs by two amino
acids as compared to the 88-98 deletion, as well as the 61-
78 deletion of apoA-I caused significant but less severe
reduction in theR-helical content of the two mutant proteins
as compared to the 88-98 deletion and resulted in lower
cooperativity of thermal and chemical transition (I. N.
Gorshkova, D. Atkinson, and V. I. Zannis, unpublished data).
In our studies the deletion mutants apoA-I[∆(89-99)] and
apoA-[∆(61-78)] did not contain a His tag that might have
affected their physicochemical and functional properties.

In vitro analyses showed that apoA-I[∆(89-99)] mutant
that lacks the His tag had 77% capacity to activate LCAT
compared to WT apoA-I. The LCAT activation capacity of
apoA-I[∆(89-99)] containing a His tag was reduced to 55%
of the WT control. The observed differences in the physi-
cochemical and functional properties between apoA-I[∆(88-
98)] and apoA-I[∆(89-99)] may be related to the two amino
acids difference of the two mutants as well as the presence
of the His tag in the apoA-I[∆(88-98)] mutant. As shown
previously, the capacity of apoA-I[∆(89-99)] to promote
ABCA1-mediated cholesterol efflux was 68% (7). Finally,
the capacity of this mutant to promote SR-BI-mediated
cholesterol efflux was 78% (data not shown). Comparing
the in vitro LCAT activation abilities of the apoA-I[∆(89-
99)] and apoA-I[∆(61-78)] mutants (77% and 47% of the
WT control), one would predict the apoA-I[∆(89-99)]
mutant would form spherical HDL particles. However, the
animal experiments provide strong evidence that in vivo the
activity of LCAT in mice expressing this mutant is seriously
compromised. This is demonstrated by the increase in the
preâ1 HDL and concomitant formation of discoidal HDL
particles as well as the diminished esterification of the HDL
and LDL cholesterol. Given the relatively high ABCA1-
mediated cholesterol efflux promoted by this mutant in vitro,
it is reasonable to assume that the 89-99 deletion did not
affect grossly the ABCA1 lipidation of apoA-I. The com-
bined data for the apoA-I[∆(89-99)] and apoA-I[∆(61-
78)] mutants indicate that the in vitro catalytic efficiency
(Vmaxapp/Kmapp) of LCAT with rHDL particles as substrates
may not be a good index of the in vivo catalytic activity of
LCAT with its natural lipoprotein substrates. It is interesting
that the CE/TC ratio of the HDL fraction derived from miceT
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FIGURE 5: Schematic representation of the defects in the HDL
pathway that can account for the high plasma cholesterol levels
and the discoidal HDL particles induced by the apoA-I[∆(89-99)]
mutant. PL, phospholipids; C, cholesterol.
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expressing apoA-I[∆(89-99)] is 38% of the WT control. In
contrast, the CE/TC ratio of the HDL fraction derived from
apoA-I-/- mice is 61% of the normal control.

The most exciting aspect of the apoA-I[∆(89-99)] mutant,
however, is its ability to affect cholesterol and phospholipid
homeostasis by increasing their concentration in the VLDL/
IDL and LDL region. To interpret these findings, we assayed
the plasma activity of PLTP in mice infected with adenovi-
ruses expressing WT apoA-I and apoA-I mutants. This
analysis showed that the PLTP activity of mice expressing
the apoA-I[∆(89-99)] mutant was 32% as compared to the
PLTP activity of the mice expressing the WT apoA-I. It has
been proposed that PLTP functions by linking the donor and
acceptor lipoprotein particles, thus facilitating the net transfer
of phospholipids to HDL (20). Other studies showed that
the PLTP activity could be retained on apoA-I affinity
columns, indicating physical interactions between the two
proteins (21). Monoclonal antibodies recognizing epitopes
within the amino-terminal region, 27-141, of apoA-I
prevented the binding of PLTP to apoA-I (21). PLTP was
also shown to remodel the HDL and to promote the
generation of preâ HDL particles (22-24). Studies are under
way to map the domains and residues required for physical
and functional interactions between apoA-I and PLTP.
Deficiency of PLTP in mice decreased the HDL phospho-
lipids and cholesterol levels on a chow or high-fat diet. On
a high-fat diet, PLTP deficiency also increased the concen-
tration of phospholipids and cholesterol in VLDL and LDL
and promoted the formation of discoidal particles (25). The
phenotype of the PLTP-deficient mice has remarkable
similarities with the phenotype of mice expressing the apoA-
I[∆(89-99)] mutant. Taken together, these findings indicate
that the observed reduction in PLTP activity by the apoA-
I[∆(89-99)] mutant may be physiologically significant. The
PLTP activity was reduced in mice expressing apoA-I[∆-
(89-99)] but not in mice expressing apoA-I[∆(62-78)]
mutant. Diminished interactions between the apoA-I[∆(89-
99)] mutant and PLTP may inhibit the transfer of phospho-
lipids from VLDL/IDL/LDL to HDL. The accumulation of
phospholipids may cause a parallel increase in the cholesterol
of VLDL/IDL/LDL fractions and thus induce hypercholes-
terolemia.

Figure 5 shows a putative pathway of biogenesis and
catabolism of HDL that can explain the synthesis of discoidal
HDL and the induction of hypercholesterolemia in mice
expressing the apoA-I[∆(89-99)] mutant.

The second mutation has a deletion of residues 62-78 of
apoA-I and caused combined hyperlipidemia, characterized
by high plasma cholesterol and severe hypertriglyceridemia.
This phenotype has been also observed in mice expressing
an apoA-I mutant where Glu110 and Glu111 have been
mutated to Ala (8).

It is interesting that a previous study suggested that lipid-
free WT apoA-I binds to the high-affinity HDL receptor for
apoA-I, â-chain of ATP synthase, and that peptides corre-
sponding to the 62-77 region of apoA-I identified this
sequence as a high-affinity ligand domain for this receptor
(26-28). However, the correlation of this property of apoA-I
with the observed dyslipidemia is not obvious.

A series of assays were performed in vitro in order to
correlate the in vitro parameters with the observed in vivo
phenotype. These analyses showed that the apoA-I[∆(61-

78)] mutant had normal capacity to promote ABCA1-
mediated cholesterol efflux (7) and SR-BI-mediated choles-
terol efflux (data not shown), but its capacity to activate
LCAT was 47% of the WT control. Nevertheless, these levels
of LCAT activation by this apoA-I mutant were sufficient
to promote formation of sphericalRHDL particles in vivo,
as determined by EM analysis. Furthermore the CE/TC ratio
of the HDL fraction derived from mice expressing apoA-
I[∆(62-78)] is 90% of the normal control. This mutant did
not affect the plasma activity of PLTP. The findings indicate
that the apoA-I[∆(62-78)] mutant, which is associated with
hypertriglyceridemia, is not defective in the formation and
maturation of HDL.

Density gradient ultracentrifugation of plasma showed that
the VLDL/IDL fraction obtained from mice expressing the
apoA-I[∆(62-78)] mutant contains apoA-I. The rate of in
vitro lipolysis of this fraction was 61% of the lipolysis of
the VLDL/IDL fraction obtained from mice expressing WT
apoA-I. In addition, in vitro experiments also showed that
addition of∼60 µg/mL of either WT or mutant apoA-I to
triglycerides emulsions inhibits their lipolysis by LPL by 40%
(data not shown). Finally, the VLDL/IDL fraction of mice
expressing the apoA-I[∆(62-78)] mutant had greatly di-
minished levels of apoCII and increased levels of apoB48.
Taken together, these findings are consistent with diminished
in vivo lipolysis of VLDL/IDL remnants in mice expressing
the apoA-I[∆(62-78)] mutant.

The molecular etiology of common forms of combined
hyperlipidemia characterized by high plasma cholesterol and
triglycerides as well as hypercholesterolemia remains un-
known. The present study points to the possibility that subtle
changes in the structure of apoA-I may underlie conditions
of dyslipidemia in humans similar to those observed in mice
expressing the mutant apoA-I forms described in this study.
It also indicates that apoA-I and HDL may play a crucial
but still unidentified role in plasma cholesterol and triglyc-
erides homeostasis. The dyslipidemia induced by apoA-I
mutations may be further aggravated by other genetic and
environment factors in humans such as diabetes, thyroid
status, etc. The potential role of apoA-I mutations in
dyslipidemia will be addressed in the future by studies in
transgenic mice, as well as in selected populations of
dyslipidemic patients that may harbor mutations in apoA-I.
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