
Substitutions of Glutamate 110 and 111 in the Middle Helix 4 of Human
Apolipoprotein A-I (apoA-I) by Alanine Affect the Structure and in Vitro Functions

of apoA-I and Induce Severe Hypertriglyceridemia in apoA-I-Deficient Mice†

Angeliki Chroni,‡,§ Horng-Yuan Kan,‡,§ Kyriakos E. Kypreos,‡,§ Irina N. Gorshkova,‡,⊥ Adelina Shkodrani,‡ and
Vassilis I. Zannis*,‡

Molecular Genetics, Whitaker CardioVascular Institute, Department of Medicine, and Department of Physiology and Biophysics,
Boston UniVersity School of Medicine, Boston, Massachusetts

ReceiVed January 30, 2004; ReVised Manuscript ReceiVed April 23, 2004

ABSTRACT: Hypertriglyceridemia is a common pathological condition in humans of mostly unknown
etiology. Here we report induction of dyslipidemia characterized by severe hypertriglyceridemia as a
result of point mutations in human apolipoprotein A-I (apoA-I). Adenovirus-mediated gene transfer in
apoA-I-deficient (apoA-I-/-) mice showed that mice expressing an apoA-I[E110A/E111A] mutant had
comparable hepatic mRNA levels with WT controls but greatly increased plasma triglyceride and elevated
plasma cholesterol levels. In addition, they had decreased apoE and apoCII levels and increased apoB48
levels in very low-density lipoprotein (VLDL)/intermediate-density lipoprotein (IDL). Fast protein liquid
chromatography (FPLC) analysis of plasma showed that most of cholesterol and approximately 15% of
the mutant apoA-I were distributed in the VLDL and IDL regions and all the triglycerides in the VLDL
region. Hypertriglyceridemia was corrected by coinfection of mice with recombinant adenoviruses
expressing the mutant apoA-I and human lipoprotein lipase. Physicochemical studies indicated that the
apoA-I mutation decreased theR-helical content, the stability, and the unfolding cooperativity of both
lipid-free and lipid-bound apoA-I. In vitro functional analyses showed that reconstituted HDL (rHDL)
particles containing the mutant apoA-I had 53% of scavenger receptor class B type I (SR-BI)-mediated
cholesterol efflux capacity and 37% capacity to activate lecithin:cholesterol acyltransferase (LCAT) as
compared to the WT control. The mutant lipid-free apoA-I had normal capacity to promote ATP-binding
cassette transporter A1 (ABCA1)-dependent cholesterol efflux. The findings indicate that subtle structural
alterations in apoA-I may alter the stability and functions of apoA-I and high-density lipoprotein (HDL)
and may cause hypertriglyceridemia.

Apolipoprotein A-I (apoA-I)1 is the major protein constitu-
ent of high-density lipoproteins (HDL) and plays a crucial
role in the synthesis, structure, function, and plasma con-
centration of HDL (1-5). The biogenesis and catabolism of
HDL represent a complex pathway in which participate a
variety of proteins (5). This includes apoA-I and some minor
apolipoproteins, plasma enzymes, lipid transfer proteins, and
cell membrane proteins that act as lipid transporters or

lipoprotein receptors. Alterations in any of these proteins may
affect the levels or the functions of HDL (5).

It is generally believed that the initial functional interac-
tions of lipid-free apoA-I with the ABCA1 transporter are
essential for the formation of precursor HDL molecules of
preâ electrophoretic mobility (6, 7), which are gradually
converted to discoidal and finally to sphericalRHDL particles
by the action of LCAT (8, 9).

In vitro studies have also shown that functional interactions
of discoidal rHDL and sphericalRHDL with scavenger
receptor class B type I (SR-BI) promote bidirectional
exchange of lipids (10-12). Previous studies have associated
some mutations in apoA-I (1, 13-15) or mutations in
ABCA1, which cause Tangier disease (16, 17), with mild
hypertriglyceridemia. However the role of apoA-I and HDL
in plasma triglyceride homeostasis remains largely unknown.

Here we report association of two point mutations in the
middle of helix 4 of apoA-I with dyslipidemia characterized
by severe hypertriglyceridemia and elevation of plasma
cholesterol levels. The E110A/E111A substitutions destabi-
lized the lipid-free and lipid-bound apoA-I, decreased its
R-helical content, and resulted in a looser tertiary structure.
Previous studies using synthetic peptides had shown that
residue E111 of apoA-I might be important for the activation
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of LCAT (18). Although in the lipid-free form the mutant
apoA-I had normal capacity to promote ABCA1-mediated
lipid efflux, when bound to rHDL it had 37% and 53%
capacity to activate LCAT and to promote SR-BI-mediated
cholesterol efflux, respectively, as compared with the WT
apoA-I. These data represent the first report of direct
association of structural alterations in apoA-I with severe
hypertriglyceridemia and indicate an important role of apoA-I
and HDL in plasma triglyceride homeostasis.

EXPERIMENTAL PROCEDURES

Materials.DNA modifying enzymes were purchased from
New England Biolabs, Inc. (Beverly, MA). Oligonucleotides
for PCR and LipofectAMIN-2000 were purchased from
Invitrogen Corp. (Carlsbad, CA). [1,2-3H]Cholesterol (1 mCi/
mL, specific activity range 40-60 Ci/mmol), [4-14C]cho-
lesterol (0.04 mCi/mL, specific activity 45 mCi/mmol), and
materials for polymerase chain reaction (PCR) were obtained
from Perkin-Elmer Life Sciences, Inc. (Boston, MA). HiTrap
Q HP, HiPrep Sephacryl S-200, and Sepharose 6PC columns
were from Amersham Biosciences (Piscataway, NJ). Phenyl-
Sepharose CL-4B resin and bovine serum albumin (BSA)
were from Sigma Aldrich Corp. (St. Louis, MO). All other
reagents were purchased from Sigma Aldrich Corp. (St.
Louis, MO), Bio-Rad (Hercules, CA), Fisher Scientific
International, Inc. (Suwanee, GA), or other standard com-
mercial sources described previously (2).

Generation and Characterization of AdenoViruses Ex-
pressing the WT and the Mutant apoA-I Forms and Produc-
tion and Purification of apoA-I Using the AdenoVirus System.
The construction of recombinant adenoviruses carrying the
genomic sequence for the WT proapoA-I has been described
before (19). ApoA-I expressed by the adenovirus system
contains the six amino acid long prosegment. The adenovirus
expressing proapoA-I[E110A/E111A] was generated in a
similar way. Briefly, the fourth exon of the human apoA-I
gene was amplified and mutagenized by polymerase chain
reaction, using a set of specific mutagenic primers, AI 110/
111F and AI 110/111R, containing the mutation of interest
and a set of flanking universal primers (AINOTF, AISALR)
containing the restriction sitesNotI andSalI (Figure 1). The
sequences of the primers are shown in Table 1. The pUCA-
IN* 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 (3). The DNA fragment
containing the mutation of interest was digested withNotI
andSalI to obtain a 1030 bp DNA fragment containing the
mutated exon 4 sequence and a portion of the third intron
and the 3′ flanking region. This mutated sequence was cloned
into theNotI andXhoI sites of the pCA13-AIgN vector, thus
replacing the WT with the mutated exon 4 sequence (Figure
1). The pCA13-AI plasmids containing the E110A/E111A
mutation along with a helper PJM17 adenovirus plasmid
were used to transfect 293 cells to generate recombinant
adenoviruses expressing the mutant apoA-I form as described
(19). Isolated viral plaques containing the putative recom-
binant adenoviruses were used to infect new cell cultures in
12-well plates of 293 cells, and 72 h postinfection, the media
were analyzed by SDS-PAGE and immunoblotting using
human apoA-I antibodies (Ottawa Heart Institute Research
Company). Positive recombinant adenoviruses were sub-
jected to three rounds of plaque purification using 911 cells.

Following large scale infection of 293 cell cultures with the
recombinant adenoviruses, the adenoviruses were purified
by two consecutive CsCl2 density gradient ultracentrifugation
steps, dialyzed and titrated (19). The titers of the viruses
were generally between 1× 1010 and 5× 1010 pfu/mL.

For apoA-I production, 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 roller bottles were infected with adenoviruses expressing
WT proapoA-I and proapoA-I[E110A/E111A] at a multiplic-
ity of infection of 20. After 24 h of infection, cells were
washed twice with serum-free medium and preincubated in
serum-free medium for 30 min, and fresh serum-free medium
was added. After 24 h, the medium was harvested, and fresh
serum-free medium was added to the cells. The harvests were
repeated approximately 8-10 times.

The proteins were purified from the serum-free medium
by ion exchange chromatography followed by gel filtration,
as described previously (2, 3). For assessing secretion of WT
apoA-I and the apoA-I[E110A/E111A] mutant, HTB-13
cultures in 100 mm diameter dishes were infected as above.
Twenty-four hours postinfection, cells were washed twice
with phosphate-buffered saline (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

FIGURE 1: Cloning steps leading to the generation of recombinant
adenovirus expressing apoA-I[E110A/E111A]. The coding sequence
of the gene for wild-type apoA-I was inserted into the adenovirus
shuttle vector pCA13 to generate the pCA13-AIgN plasmid (19).
A fragment of genomic DNA containing the mutations, which
extends from the third intron to the 3′-flanking region, was generated
by PCR amplification and mutagenesis of an apoA-I-containing
plasmid (pUCA-IN*). This fragment, following digestion withNotI
andSalI, was used to replace the wild-typeNotI/XhoI gene fragment
in the pCA13-AIgN plasmid. The pCA13 apoA-I[E110A/E111A]
plasmid containing the apoA-I mutant, along with a helper PJM17
adenovirus plasmid, were used to transfect 293 cells and generate
recombinant adenoviruses expressing the mutant apoA-I form.
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of incubation, medium was collected and analyzed by
enzyme-linked immunoabsorbent assay (ELISA) and SDS-
PAGE.

AdenoViruses Expressing Human Lipoprotein Lipase (LPL)
and Human LCAT.The adenoviruses expressing WT and
an inactive form of human lipoprotein lipase having an
S132T substitution, as well as human LCAT, were a generous
gift of Dr. Santamarina-Fojo (20-22).

Animal Studies.Male apoA-I-deficient mice (apoA-I-/-),
(ApoA1tm1Unc) C57BL/6J mice (23), were purchased from
Jackson Laboratories (Bar Harbor, ME). The mice were
maintained on a 12-h light/dark cycle and standard rodent
chow. The mice were 6-8 weeks old at the time of injection
of the adenoviruses. All procedures performed on the mice
were in accordance with National Institutes of Health and
institutional guidelines. The apoA-I-/- mice were injected
via the tail vein with 3× 108 to 2× 109 pfu of recombinant
adenovirus per animal, and the animals were sacrificed 4
days postinjection following a 4-hour fast. The plasma of
the mice was adjusted to 1 mM phenyl methyl sulfonyl
fluoride, 0.2% (w/v) aprotinin, 0.1% (w/v) EDTA, and
0.002% (w/v) sodium azide prior to analysis of lipids,
lipoproteins, and apoA-I.

Plasma Lipids and apoA-I LeVels, FPLC Profiles, and
Steady-State Hepatic Human apoA-I mRNA LeVels. The
concentration of cholesterol and triglycerides in plasma was
determined using the INFINITY cholesterol reagent and
INFINITY triglyceride reagent (Sigma Aldrich Corp.) ac-
cording to the manufacturer’s instructions. Cholesterol and
triglycerides concentrations were determined spectrophoto-
metrically at 490 nm. The concentration of human apoA-I
in plasma was determined by sandwich ELISA (4). Mouse
monoclonal anti-human apoA-I antibodies 5F6 (University
of Ottawa Heart Institute; the epitope is amino acids 118-
141 of the human apoA-I) were used for coating a microtiter
plate and sheep polyclonal anti-human apoA-I coupled to
horseradish peroxidase (Biodesign International) was used
as a secondary antibody. The immunoperoxidase procedure
was employed for the colorimetric detection of apoA-I at
490 nm usingo-phenylenediamine dihydrochloride as sub-
strate.

For FPLC analysis of plasma samples, 8-16µL of plasma
of mice infected with adenovirus-expressing WT apoA-I or
apoA-I[E110A/E111A] were loaded onto a Sepharose 6 PC
column in a SMART micro FPLC system (Amersham
Biosciences) and eluted with PBS. A total of 25 fractions of
50 µL volume each were collected for further analysis. The
concentration of cholesterol, triglycerides, and apoA-I in the
FPLC fractions was determined as described above.

Total cellular RNA was isolated from the mouse liver
using the Trizol procedure (Invitrogen Corp.) as recom-
mended by the manufacturer. Fifteen micrograms of total
RNA was separated on 1.0% agarose-formaldehyde gels,
transferred to Hybond-N+ nylon membrane (Amersham
Biosciences), and cross-linked to the membrane by UV
irradiation (Stratalinker, Stratagene). The apoA-I probe used
for hybridization contained 290 bp of exon 4 of human
apoA-I and 148 bp of the intergenic sequence between the
apoA-I and apoCIII genes. The mouse GAPDH probe (905
bp) was obtained from Ambion. The probes were labeled
with 32P using the Multiprime DNA labeling system (Am-
ersham Biosciences). Quantitation of the bands on the X-ray
film was performed by a phosphorimager (Molecular Dy-
namics) using the ImageQuant program. The apoA-I mRNA
signal was normalized for the GAPDH mRNA signal (24).

Fractionation of Plasma by Density Gradient Centrifuga-
tion 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 2 mL. The mixture was adjusted
to density 1.23 g/mL with KBr and overlayed with 1 mL
each of KBr solutions ofd ) 1.20 andd ) 1.15 g/mL
followed by 3 mL each of KBr solutions ofd ) 1.06 andd
) 1.019 g/mL, followed by 3 mL of saline solution. The
mixture was centrifuged for 20 h in an SW41 rotor at 32,000
rpm. Following ultracentrifugation, 1 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 on the basis of 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
analyzed by SDS-PAGE and Western blotting. The nitro-
cellulose membranes were probed with the goat polyclonal
anti-human apoA-I antibody (Chemicon International). The
apoA-I bands were visualized by chemiluminescence fol-
lowing incubation with rabbit anti-goat IgG (Biodesign
International) coupled to horseradish peroxidase. This analy-
sis showed the distribution of apoA-I in different density
regions. Fractions containing the highest concentrations of
apoA-I were analyzed by electron microscopy.

To isolate proteins floating in the very low-density
lipoprotein (VLDL)/intermediate-density lipoprotein (IDL)
region, a different fractionation protocol was used. An aliquot
of 0.3 mL of plasma obtained from adenovirus-infected mice
was diluted with saline to a total volume of 0.5 mL. The

Table 1: Oligonucleotide Sequence of Primers Used in PCR Amplificationsa

name sequence location of sequence

AI 110/111F 5′-TTCCAGAAGAAGTGGCAGGCGGCGATGGAGCTCTACCGCCAG-3′ nt 1422-1463 of pUCA-IN* vector
(sense; amino acids+104 to+132)

AI 110/111R 5′-CTGGCGGTAGAGCTCCATCGCCGCCTGCCACTTCTTCTGGAA-3′ nt 1463-1422 of pUCA-IN* vector
(antisense; amino acids+132 to+104)

AINOTF 5′-CCTCCGCGGACAGGCGGCCGCCAGGG-3′ nt 1153-1178 of pUCA-IN* vector,
intron 3 of apoA-I gene

AISALR 5′-ACATGTTCGACCCCCTTTCAGGGCACCTGGCCTG-3′ ACAT + SalI site of pUCA-IN* vector
at the 3′ end of apoA-I gene

a Boldface letters indicate nucleotide substitutions.
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mixture was adjusted to a density of 1.23 g/mL with KBr
and overlayed with 1 mL of KBr solution ofd ) 1.21 g/mL,
2.5 mL of KBr solution ofd ) 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 collected from the top and dialyzed as described above.
The first fraction was analyzed by SDS-PAGE and Western
blotting. The nitrocellulose membranes were probed with
goat polyclonal anti-mouse apoB, apoE, and apoCII antibod-
ies (Santa Cruz Biotechnology, Inc. Santa Cruz, CA).

For electron microscopy analysis, the fractions that float
in the HDL region were dialyzed against ammonium acetate
and carbonate buffer. The samples were applied on carbon-
coated grids, stained with sodium phosphotungstate, visual-
ized in the Phillips CM-120 electron microscope (Phillips
Electron Optics, Eindhoven, Netherlands), and photographed
as described previously (25). The photomicrographs were
taken at 75,000× magnification and enlarged 3 times.

Preparation and Electron Microscopy Analysis of rHDL
Containing POPC/Cholesterol/apoA-I.rHDL particles were
prepared by the sodium cholate dialysis method (26) using
POPC/cholesterol/apoA-I/sodium cholate in a molar ratio of
100:10:1:100, as previously described (3). The rHDL samples
were adjusted either by dilution or by concentration to a final
protein concentration of approximately 1 mg/mL and pho-
tographed as described above.

Rate of VLDL Triglyceride Production in apoA-I-/- Mice
Infected with WT apoA-I and the apoA-I[E110A/E111A]
Mutant. VLDL triglyceride secretion was determined as
described (27).

In Vitro Lipolysis of Triglycerides of the VLDL Plasma
Fraction. Increasing concentrations of the VLDL/IDL frac-
tion obtained from plasma of apoA-I-deficient mice express-
ing WT apoA-I and apoA-I[E110A/E111A] mutant were
used as substrate in lipolysis experiments. Aliquots of VLDL/
IDL in a final volume of 40µL were adjusted to 2% fatty
acid-free BSA, 100 mM Tris-HCl, pH 8.5, and were
incubated with 34 ng of LPL (Sigma, St. Louis, MO) for 15
min at 37°C. The released free fatty acids were quantified
using 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 millgram of LPL. ApparentKm and
apparentVmax values of the enzymatic reaction were calcu-
lated using the Prism software (GraphPad Software, Inc.).

Effect of WT apoA-I and apoA-I[E110A/E111A] Mutant
on the ActiVity of Lipoprotein Lipase.LPL activity was
assayed as previously described with modification (28, 29).
Liposyn III, 10% containing 100 mM triglycerides and 15.8
mM phospholipids in emulsion (Abbott Laboratories, Chi-
cago, IL), was used as a substrate. The lipid emulsion
substrate at 0.7 mM of triglycerides was preincubated at 37
°C for 20 min with 2% fatty acid-free BSA, 100 mM Tris-
HCl, pH 8.5, 10% fasting plasma obtained from apoA-I-
deficient mice, and various concentrations of purified WT
or mutant forms of apoA-I at a total volume of 40µL. Fasting
plasma of apoA-I-deficient mice that was used as a source
of LPL activator apoCII was heat-inactivated at 56°C for 1
h prior to use to inactivate any endogenous LPL. Triglyceride
lipolysis was initiated by addition of 34 ng of LPL (Sigma,

St. Louis, MO), and the reaction mixture was incubated for
15 min at 37°C. The released free fatty acids during the
lipolysis were measured using an enzymatic colorimetric
reagent, NEFA C (Wako Chemicals, Germany), according
to the manufacturer’s directions. Samples without the addi-
tion of LPL were assayed in parallel, and the background
values were subtracted.

ABCA1 Expression Plasmid.The expression plasmid of
human ABCA1 was a generous gift of Dr. M. W. Freeman
and was constructed as described (30).

ABCA1 and SR-BI-Mediated Efflux of [3H]Cholesterol.For
determination of ABCA1-mediated cholesterol efflux, 95%
confluent HEK293 EBNA-T cell cultures grown in high-
glucose DMEM in 24-well plates were transfected using
LipofectAMIN-2000 with either a pcDNA ABCA1 expres-
sion plasmid or the empty pcDNA vector. Sixteen hours
following transfection, cells were labeled with [1,2-3H]-
cholesterol for 24 h and incubated with 1µM WT or mutant
apoA-I form for 4 h asdescribed (2, 30). The media were
collected and clarified by centrifugation in a microcentrifuge
for 2 min, and the radioactivity in 300µL of the supernatant
was determined by liquid scintillation counting. The cells
were lysed with 1 mL of 0.1 M NaOH, and the radioactivity
in a 300µL aliquot of the cell lysate was determined by
scintillation counting. [3H]Cholesterol efflux was expressed
as the percentage of the radioactivity released in the medium
relative to the total radioactivity in cells and medium. To
calculate the net ABCA1-mediated efflux, the cholesterol
efflux of the cells transfected with the control plasmid (mock)
was subtracted from the cholesterol efflux of the cells
transfected with the ABCA1 plasmid.

For determination of SR-BI-mediated efflux of [3H]-
cholesterol, the ldlA[mSR-BI] cell line, which expresses the
mouse SR-BI, or the parent ldlA-7 cell line were used (31,
32). LdlA[mSR-BI] and ldlA-7 cells were plated in 6-well
plates in Ham’s F-12 medium at 2× 105 cells/well and were
labeled on day 1 with [1,2-3H]cholesterol and treated as
described (4). On day 4, cells were incubated with 1µM
rHDL containing the WT and the mutant apoA-I form. At
various time points, 65µL of culture medium were removed
from the wells and clarified by centrifugation for 1 min in a
microcentrifuge. The radioactivity in 50µL of the supernatant
was then measured by liquid scintillation counting. At the
end of the incubation, the remaining culture medium was
discarded, and the cells were lysed in 800µL of lysis buffer
(PBS and 1% Triton X-100) for 30 min at room temperature.
The radioactivity in 100µL of each cell lysate was
determined by liquid scintillation counting, and the percent
of efflux was calculated. Total cellular [3H]cholesterol was
calculated as the sum of the radioactivity in the efflux
medium plus the radioactivity in the cell lysate. The percent
of [3H]cholesterol efflux represents cholesterol released into
the culture medium at different times, divided by the total
cholesterol, and multiplied by 100. To calculate the net SR-
BI-mediated efflux, the cholesterol efflux of the untransfected
ldlA-7 cells was subtracted from the cholesterol efflux of
the SR-BI-expressing cells.

LCAT Production, Purification and ActiVation by WT and
Mutant apoA-I Forms.LCAT was purified from the culture
medium of human HTB13 cells infected with an adenovirus
expressing the human LCAT cDNA (21). The cells were
grown in roller bottles as described above in serum-free
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Leibovitz’s L-15 medium without phenol red, the medium
was collected, and LCAT was purified by chromatography
on a Phenyl-Sepharose CL-4B column as described (33, 34).
Briefly, 450 mL of medium were adjusted to 0.3 M NaCl
and passed through a 50 mL Phenyl-Sepharose CL-4B
column at a rate of 1.5 mL/min. The column had been
equilibrated with 5 mM sodium phosphate, pH 7.4, 0.3 M
NaCl. The column was washed with the same buffer until
absorbance at 280 nm was below 0.01. Subsequently, LCAT
was eluted with deionized H2O (four column volumes) at
the same flow rate. The fractions were adjusted to 5 mM
sodium phosphate, pH 7.4, 5 mM EDTA and analyzed by
Western blot using mouse anti-human LCAT antibodies 5D4
(University of Ottawa Heart Institute), and those containing
the LCAT protein were pooled and further concentrated using
a Centriplus concentrator (Amicon) with a molecular weight
cutoff of 10,000. The final enzyme preparation adjusted to
10% glycerol was divided to aliquots and stored at-80 °C.
For LCAT analysis, the substrate cholesterol and [14C]-
cholesterol-POPC-apoA-I rHDL particles were prepared
as described above by the sodium cholate dialysis method
(26) using POPC/cholesterol and [14C]cholesterol (5000-
7000 cpm of [14C]cholesterol per nanomole of unlabeled
cholesterol)/apoA-I/sodium cholate at a molar ratio of 100:
10:1:100 (3). The rHDL were diluted in buffer (10 mM Tris-
HCl, pH 8, 150 mM NaCl, and 0.01% EDTA) to give apoA-I
concentrations ranging from 5× 10-8 to 2.5× 10-6 M in a
final 0.5 mL reaction mixture. Each reaction mixture
contained 50µL of 50 mg/mL BSA, 20µL of 100 mM
â-mercaptoethanol, and sufficient quantity of the LCAT
solution necessary to keep the extent of cholesterol esteri-
fication below 15%. The reaction was carried out for 30 min
at 37 °C, and the conversion of [14C]cholesterol to [14C]-
cholesteryl ester was determined by lipid extraction of the
incubation mixture followed by thin-layer chromatography.
The samples were prepared in duplicate, and background
values were determined by omitting LCAT at each substrate
concentration. The cholesterol esterification rate was ex-
pressed as nanomoles of cholesteryl ester formed per hour.
The apparentVmax and Km were determined from plots of
the rate of cholesteryl ester formation as a function of the
apoA-I concentration, and the data were fitted to Michaelis-
Menten kinetics.

Circular Dichroism (CD) Spectroscopy.CD measurements
were performed on an AVIV 62 DS spectropolarimeter
(AVIV Associates, Inc.) equipped with a thermoelectric
temperature control and calibrated withd10-camphorsulfonic
acid in 5, 2, or 1 mm path length quartz cuvettes at protein
concentration 20-160 µg/mL. Far-UV CD spectra were
recorded as described previously (35, 36). The spectra were
normalized to molar residue ellipticity using a mean residue
weight of 115.3 for WT apoA-I and 114.8 for apoA-I[E110A/
E111A]. The complete superimposition of the normalized
spectra obtained at various protein concentrations for each
recombinant apoA-I is consistent with the absence of protein
self-association within the range of protein concentrations
used in our experiments. TheR-helix content was estimated
from the molar residue ellipticity at 222 nm [Θ222] (37). The
protein concentration was determined by modified Lowry
protein assay; the protein assay for rHDL was performed in
the presence of SDS.

Thermal and Chemical Unfolding Monitored by CD.
Thermal and chemical unfolding of lipid-free apoA-I was
monitored by ellipticity at 222 nm using protein concentra-
tions 25-80 µg/mL as described previously (35, 36). For
thermal unfolding, samples were heated from 0 to 98°C
with temperature step size 0.5-1 °C. For chemical unfolding,
samples were incubated with different concentrations of
guanidine HCl (GdnHCl). Similarly, the chemical unfolding
of apoA-I in rHDL particles was monitored by ellipticity at
222 nm, following the incubation of aliquots of the particles
at protein concentrations 25-160 µg/mL with various
concentrations of GdnHCl (from 0 to 5 M) at 4°C for 72 h.
The midpoint (melting) temperature,Tm, and van’t Hoff
enthalpy,∆Hv, of the temperature-induced transitions were
determined from van’t Hoff plots (38), ln Keq versus 1/T,
where Keq is the apparent equilibrium constant andT is
temperature in Kelvin. The equilibrium constant was calcu-
lated asKeq(T) ) (ΘF - Θobs)/(Θobs - ΘU), whereΘobs is
the observed ellipticity andΘF andΘU are baselines for the
protein folding and unfolding states determined by linear
extrapolations of the pre- and posttransitional regions. In the
transition region, the plots were fitted by the linear function,
ln Keq ) ∆S/R - (∆Hv/R)(1/T), whereR ) 1.98 cal mol-1

K-1 is the universal gas constant and∆S is the transition
entropy.

For chemical unfolding, the free energy of denaturation
(conformational stability),∆G°D, the midpoint of denaturation,
D1/2, and m value, which reflects the steepness of the
denaturation curve in the transition region, were determined
using a linear extrapolation method (39). A plot of Gibbs
free energy,∆GD) -RT ln Keq, whereT ) 25 °C ) 298.15
K, versus denaturant concentration, [D], was fitted by the
linear function∆GD ) ∆G°D - m[D]. The apparent equilib-
rium constant,Keq, was calculated as shown above, except
Θobs([D]) is the observed ellipticity at a given concentration
of GdnHCl, [D], andΘF andΘU are the ellipticities in the
folded and unfolded states, respectively.ΘF and ΘU were
taken as constants.

8-Anilino-1-naphthalene-sulfonate (ANS) Fluorescence.
Fluorescence measurements were performed at 25°C using
a FluoroMax-2 fluorescence spectrometer (Instruments S.A.,
Inc.). ANS fluorescence emission spectra were recorded in
the presence of WT apoA-I or apoA-I[E110A/E111A];
concentration of each protein was 0.05 mg/mL. ANS at a
concentration of 0.25 mM in 10 mM sodium phosphate
buffer (pH 8) was excited at wavelength of 395 nm with 5
nm slit width. The emission spectra were scanned from 400
to 560 nm using 2.5 nm slit width. For comparison, ANS
fluorescence was recorded in the buffer in the absence of
any protein and in the presence of 0.05 mg/mL carbonic
anhydrase (CA) as a typical globular water-soluble protein
or 0.05 mg/mL bovine serum albumin as a protein known
to have hydrophobic binding pockets.

DMPC Clearance Kinetic Analysis.The initial rate of
binding of WT and mutant protein to DMPC multilamellar
liposomes was determined using a kinetic-turbidimetric
method as described (40).

RESULTS

Plasma Lipids and apoA-I LeVels Following AdenoVirus
Infection.Analysis of plasma lipids and apoA-I levels 4 days
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postinfection showed that in mice infected with adenoviruses
expressing the WT apoA-I and the apoA-I[E110A/E111A]
mutant, the plasma apoA-I levels were high (338 and 204
mg/dL, respectively). The cholesterol and triglyceride levels,
however, did not correlate with the plasma apoA-I levels.
Compared with the mice expressing the WT apoA-I, mice
expressing the apoA-I[E110A/E111A] mutant had signifi-
cantly higher plasma cholesterol levels and displayed severe
hypertriglyceridemia (Table 2).

Determination of the LeVels of apoA-I Expression in Mice
and Control Experiments in Cells.To assess the expression

of apoA-I in apoA-I-/- mice infected with different doses
of either the WT apoA-I or the apoA-I[E110A/E111A]
mutant, total RNA was isolated from the mouse livers 4 days
postinfection and analyzed for apoA-I and GAPDH mRNA
levels by Northern blotting (24). This analysis showed that
although the hepatic apoA-I mRNA levels of individual mice
infected with adenoviruses expressing the WT or the mutant
apoA-I forms were comparable, only the mice infected with
the apoA-I[E110A/E111A] mutant developed severe hyper-
triglyceridemia (Figure 2; Table 2). The mice expressing the
apoA-I[E110A/E111A] also had elevated cholesterol levels
as compared with mice expressing the WT apoA-I. Analysis
of the medium of HTB13 cells infected with adenoviruses
expressing the WT apoA-I or the apoA-I[E110A/E111A]
mutant by SDS-PAGE and sandwich ELISA showed that
both apoA-I forms are secreted efficiently at comparable
levels in the range of 60-100 µg of apoA-I per milliliter
per 24 h period (Figure 3).

FPLC Profiles of Plasma Isolated from Mice Infected with
AdenoViruses Expressing the WT apoA-I and the Mutant
apoA-I[E110A/E111A] Form.FPLC analysis of plasma from
apoA-I-/- mice infected with recombinant adenoviruses
expressing either the WT or the mutant apoA-I form 4 days
postinfection showed that in mice expressing the WT apoA-
I, cholesterol was distributed predominantly in the HDL2
and HDL3 regions, whereas in mice expressing the apoA-
I[E110A/E111A] mutant, cholesterol was distributed mainly
in the VLDL and to a lesser extent in the HDL3 and LDL
regions (Figure 4A). The triglycerides in mice expressing

Table 2: Comparison of Plasma Cholesterol, Triglycerides, and
ApoA-I Levels and Hepatic mRNA Levels of ApoA-I-/- Mice Prior
to Infection or 4 Days Postinfection with Recombinant
Adenoviruses Expressing the WT ApoA-I or the ApoA-I[E110A/
E111A] Mutanta

cholesterol
(mg/dL)

triglycerides
(mg/dL)

apoA-I
(mg/dL)

relative
apoA-I
mRNA

(%)

WT apoA-I 272( 56 218( 85 338( 21 100
apoA-I[E110A/E111A] 520( 45 1510( 590 204( 27 69( 23
apoA-I-/- 39 ( 6 47( 7

a Plasma was obtained from apoA-I-/- mice prior to infection or 4
days postinfection with 1× 109 plaque-forming units (pfu) of
adenoviruses expressing WT apoA-I or the apoA-I[E110A/E111A]
mutant and analyzed for cholesterol and triglyceride levels, apoA-I
levels, and hepatic apoA-I mRNA levels as described in Experimental
Procedures. The mRNA levels are expressed relative to that in mice
infected with recombinant adenovirus expressing WT apoA-I. Values
are means( SD (n ) 3-7).

FIGURE 2: Correlation of hepatic apoA-I mRNA levels with plasma lipid levels of individual mice infected with adenoviruses expressing
the WT apoA-I and the apoA-I[E110A/E111A] mutant. Panel A shows a representative autoradiogram of Northern blot analysis of total
RNA isolated from livers of individual mice infected with the indicated dose of the recombinant adenoviruses expressing WT apoA-I or
the apoA-I[E110A/E111A] mutant. Panel B shows the cholesterol levels of individual mice expressed in mg/dL. Panel C shows the triglyceride
levels of the individual mice expressed in mg/dL.
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the mutant apoA-I were distributed exclusively in the VLDL
region. As expected, the VLDL triglyceride levels in mice
expressing the WT apoA-I were very low (Figure 4B).
Analysis of plasma apoA-I levels by sandwich ELISA
confirmed the distribution of WT apoA-I in the HDL2 and
HDL3 regions and the apoA-I[E110A/E111A] mutant in the
HDL3 and to a lesser extent in the VLDL and LDL regions
(Figure 4C).

Effect of the apoA-I[E110A/E111A] Mutation on VLDL
Triglyceride Secretion.The rate of hepatic VLDL triglyceride
secretion in the plasma of apoA-I-/- mice was determined
following injection of Triton WR1339 4 days after the
infection with the recombinant adenoviruses expressing the
WT and the mutant apoA-I. It was found that the rate of
VLDL triglyceride secretion was similar for the mice infected
with adenoviruses expressing either the WT or the mutant
apoA-I forms or for uninfected control mice (data not
shown).

Effect of the apoA-I[E110A/E111A] Mutation on the
Distribution of apoA-I in Different Lipoproteins, the Apo-
protein Composition of VLDL, and the Size and Shape of
HDL. Analysis of the distribution of apoA-I following density
gradient ultracentrifugation of plasma showed that the WT
apoA-I was predominantly distributed in the HDL2 and
HDL3 region with small amounts found in the lower density
regions (Figure 5A). Consistent with the FPLC data, the peak
concentration of the mutant apoA-I was in the HDL3 region.
In addition, higher concentrations of the mutant apoA-I were
distributed in the VLDL and IDL region as compared to the
WT apoA-I (Figure 5B). Similar results were obtained by
analysis of the apoA-I distribution following equilibrium
density gradient ultracentrifugation of plasma (data not
shown).

Analysis of the apolipoprotein composition of the VLDL-
containing fraction showed that infection of mice with

recombinant adenoviruses expressing the apoA-I[E110A/
E111A] mutant was associated with increase in apoB-48 and
decrease in apoE and apoCII (Figure 5C).

Analysis by electron microscopy of the HDL formed
showed that both the WT and the mutant apoA-I formed
spherical particles (Figure 5D,E), whereas apoA-I of the
fraction of d > 1.21 g/mL did not contain any lipoprotein
particles (data not shown). The average size of the HDL
particles that contained the mutant apoA-I[E110A/E111A]

FIGURE 3: Expression of WT apoA-I and the apoA-I[E110A/
E111A] mutant in cultures of HTB-13 cells following infection with
the corresponding recombinant adenoviruses. SDS-PAGE analysis
of medium obtained from HTB-13 cells in 100 mm dishes infected
with adenoviruses expressing the WT apoA-I and the apoA-
I[E110A/E111A] as described in Experimental Procedures is
presented. An aliquot of 15µL of serum-free culture medium was
analyzed. The first lane contains protein markers of differentMr,
as indicated. Lanes 3 and 4 contain 1 and 3µg of BSA, respectively.
It was estimated that the infected cultures (5× 106 cells) secreted
approximately 100 and 60µg/mL WT apoA-I and the apoA-
I[E110A/E111A] mutant, respectively, over 24 h of incubation.

FIGURE 4: FPLC profiles of cholesterol, triglycerides, and apoA-I
in plasma of apoA-I-deficient mice infected with recombinant
adenoviruses expressing the WT apoA-I or the apoA-I[E110A/
E111A] mutant. Plasma samples were obtained from mice infected
with 1 × 109 pfu of the recombinant adenoviruses expressing the
WT apoA-I or the apoA-I[E110A/E111A] mutant 4 days postin-
fection. The samples were fractionated by FPLC, and then the
cholesterol (panel A), triglycerides (panel B), and apoA-I (panel
C) levels of each FPLC fraction were determined as described in
Experimental Procedures.
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appear to be smaller as compared with particles containing
the WT apoA-I. However, the difference did not reach
statistical significance (Figure 5D,E). Two-dimensional gel
electrophoresis showed that both the WT and the mutant
apoA-I had a similar pattern of preâ1 and ofRHDL particles
(data not shown).

In Vitro Inhibition of the ActiVity of Lipoprotein Lipase
by apoA-I and Diminished Hydrolysis of VLDL Obtained
from Mice Expressing the apoA-I[E110A/E111A].We have
analyzed the ability of apoA-I to inhibit the activity of
lipoprotein lipase in vitro. Approximately 50% inhibition was
obtained at apoprotein concentrations of∼60 µg/mL with
both the WT apoA-I and the apoA-I[E110A/E111A] mutant
(Figure 6A). Consistent with this finding, the VLDL/IDL
fraction obtained from the plasma of mice infected with the
adenovirus expressing the apoA-I[E110A/E111A] mutant
was hydrolyzed less efficiently than the VLDL/IDL fraction
obtained from mice infected with the adenovirus expressing
the WT apoA-I, mainly due to the reduction in theVmax,app

of the reaction (Figure 6B).
Coexpression of apoA-I[E110A/E111A] and Lipoprotein

Lipase Corrects the apoA-I-Induced Hypertriglyceridemia
in apoA-I-/- Mice.The induction of dyslipidemia character-
ized by severe hypertriglyceridemia and increased plasma
cholesterol levels in apoA-I-deficient mice could be the result
of the insufficiency of the circulating lipoprotein lipase
activity, apoCII, or both. To test these possibilities, apoA-
I-deficient mice were infected with either 1× 109 pfu of
the adenovirus-expressing apoA-I[E110A/E111A] alone or
a mixture of 1× 109 pfu of each adenovirus expressing the

mutant apoA-I and the WT or an inactive form of human
lipoprotein lipase (20, 22). This analysis showed that
coinfection with the adenovirus expressing the WT lipopro-
tein lipase and the mutant apoA-I corrected the hypertrig-
lyceridemia (Figure 7A). In contrast coinfection with the
adenovirus expressing a mutant form of the lipoprotein lipase
having a S132T substitution and the helix 4 mutant of apoA-I
corrected only partially the hypertriglyceridemia 4 days
postinfection (Figure 7A). The finding indicates that in mice
expressing apoA-I[E110A/E111A], the endogenous lipopro-
tein lipase activity may be rate-limiting for the lipolysis,
clearance of VLDL, or both. The total plasma cholesterol
levels were not affected significantly by coinfection with LPL
2 and 3 days postinfection and were slightly decreased 4
days postinfection (Figure 7B).

Physicochemical Analysis of the apoA-I[E110A/E111A]
Mutant. The R-helical content of the WT apoA-I and the
apoA-I[E110A/E111A] in solution and on rHDL was esti-
mated from the normalized far-UV CD spectra. For the lipid-
free state, it was found that the mutation results in∼7%
reduction in the proteinR-helical content, which corresponds
to the loss of∼18 residues in the helical conformation (Table
3, section A). Far-UV CD analysis of rHDL containing the
WT apoA-I or apoA-I[E110A/E111A] mutant showed that
in the lipid-bound state, the mutation results in a reduction
in the R-helical content of apoA-I by∼4%, which corre-
sponds to the loss of∼10 residues in the helical conformation
of the lipid-bound protein (Table 3, section B). Thus, the
E110A/E111A mutation leads to unfolding ofR-helical
segment(s) in apoA-I in both the lipid-free state and on rHDL

FIGURE 5: SDS-PAGE analysis of fractions of plasma that was separated by density gradient ultracentrifugation and EM pictures of HDL
fractions. Plasma was isolated from apoA-I-deficient mice 4 days postinfection with adenoviruses expressing WT apoA-I (panel A) or the
apoA-I[E110A/E111A] mutant (panel B) and was separated by density gradient ultracentrifugation as described in Experimental Procedures.
The densities of the fraction are indicated on the top of the figure. Fractions with the highest apoA-I concentration, as well as thed > 1.21
g/mL fractions, were analyzed by electron microscopy. Panel C, assessment of the apoprotein composition of VLDL/IDL isolated from
plasma of mice infected with WT apoA-I and apoA-I[E110A/E111A] by Western blotting. Polyclonal antibodies to mouse apoB, apoE, and
apoCII were used for detection as described in Experimental Procedures. EM pictures of HDL fractions obtained from mice infected with
adenoviruses expressing WT apoA-I (panel D) or the apoA-I[E110A/E111A] mutant (panel E) are presented. The photomicrographs were
taken at 75,000× magnification and enlarged 3 times. The size of the lipoprotein particles is indicated underneath panels D and E. The
fractions from the plasma of mice expressing WT apoA-I were diluted 3 times.
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particles. Furthermore, by comparison of theR-helical
content of lipid-free and lipid-bound apoA-I, it appears that
the loss of∼18 residues in theR-helical conformation of
lipid-free mutant apoA-I was not fully restored by binding
to lipids.

The thermal unfolding curves for lipid-free apoA-I moni-
tored by ellipticity at 222 nm,Θ222(T), are shown in Figure
8A, the corresponding van’t Hoff plots are shown in the
insert, and the values of the melting temperature,Tm, and
the effective enthalpy,∆Hv, determined from the van’t Hoff
analysis are given in Table 3, section A. The apoA-I[E110A/
E111A] mutant shows a∼5 °C decrease inTm, indicating a
destabilizing effect of the mutation, and a∼19 kcal/mol
reduction in∆Hv, suggesting significantly lower cooperativity
of the thermal transition of the mutant protein compared to
the WT apoA-I. The shape of the melting curve for the apoA-
I[E110A/E111A] also suggests lower cooperativity of un-
folding.

The GdnHCl-induced unfolding curves for lipid-free
proteins are shown in Figure 8B, the free energy of
denaturation∆GD of apoA-I as a function of GdnHCl
concentration is shown in the insert, and the conformational

stability, ∆G°D (the free energy of denaturation at zero
GdnHCl), the midpoint of chemical denaturation,D1/2, and
m values determined from the plots are listed in Table 3,
section A. The analysis of GdnHCl-induced unfolding of
lipid-free apoA-I showed that the apoA-I[E110A/E111A]
mutant had a∼1.1 kcal/mol reduction in∆G°D , indicating a
large destabilizing effect of the two point amino acid
substitutions. It also shows reduction in themvalue by∼1.0
kcal/(moles of apoA-I× moles of GdnHCl), suggesting
lower cooperativity of the chemical unfolding of the mutant
protein as compared to the WT apoA-I.

The GdnHCl-induced denaturation of apoA-I bound to
lipids on rHDL was monitored by ellipticity at 222 nm after
the incubation of aliquots of rHDL with various GdnHCl
concentrations for 72 h to allow the proteins to achieve
complete denaturation (41). The GdnHCl-induced denatur-
ation curves for apoA-I on rHDL are shown in Figure 8C,
the insert shows the effect of GdnHCl concentration on the
free energy of denaturation,∆GD, and the thermodynamic
parameters of the chemical denaturation,∆G°D , m, andD1/2,
are listed in Table 3, section B. The analysis of GdnHCl-
induced denaturation of lipid-bound apoA-I showed that the
apoA-I[E110A/E111A] mutant had a small but significant
reduction in the conformational stability,∆G°D (by ∼0.5 kcal/

FIGURE 6: Effect of apoA-I on the in vitro lipolysis of triglycerides
emulsions and VLDL. Panel A shows the inhibition of the activity
of lipoprotein lipase by increasing concentrations of WT apoA-I
and the apoA-I[E110A/E111A] mutant. The enzymatic reactions
were performed as described in Experimental Procedures. The initial
velocity of the enzymatic reaction in the presence of 0.7 mM
triglycerides, which equals theKm,appof LPL, was set as the 100%
value. Panel B shows a diagram of initial velocity of VLDL/IDL
hydrolysis vs the concentration of the VLDL/IDL triglycerides.
Experiments were performed as described in Experimental Proce-
dures. The kinetic parameters of the enzymatic reaction were
calculated using the Prism software. The/ indicates significant
differences,p < 0.05.

FIGURE 7: Cholesterol and triglycerides plasma levels in apoA-I-
deficient mice infected with recombinant adenoviruses expressing
the apoA-I[E110A/E111A] mutant alone or a combination of the
apoA-I mutant and WT or mutant human lipoprotein lipase. Plasma
samples were obtained from mice infected with 1× 109 pfu of the
recombinant adenovirus expressing the apoA-I[E110A/E111A]
mutant alone or in combination with 1× 109 pfu of an adenovirus
expressing the WT or an inactive form of lipoprotein lipase (having
a S132T substitution) 2, 3, and 4 days postinfection. Triglyceride
(panel A) and cholesterol (panel B) levels were determined as
described in Experimental Procedures.
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mol), and them value (by∼0.3 kcal/(moles of apoA-I×
moles of GdnHCl)). Thus, the two point mutations destabilize
both lipid-free and lipid-bound apoA-I, although the desta-
bilizing effect of the mutations on the protein conformation
in lipid free state is bigger than that on the protein on rHDL.

Binding of the amphipathic dye ANS to the WT apoA-I
and the apoA-I[E110A/E111A] mutant was studied to find
out whether the mutation affects the exposure of hydrophobic
surfaces or cavities of lipid-free apoA-I. It was found that
the intrinsic fluorescence of the amphipathic dye ANS is
increased upon binding to hydrophobic surfaces or cavities,
while the water-phase dye does not contribute to the emission
(42). ANS fluorescence spectra were recorded in the presence
of 50 µg/mL bovine serum albumin, WT apoA-I, apoA-
I[E110A/E111A], or carbonic anhydrase, or in buffer alone.
In the phosphate buffer, ANS has a very low quantum yield
and maximum of fluorescence emission of 515 nm (Figure
8D). In the presence of WT apoA-I, the ANS emission
spectrum shows a∼3-fold increase in intensity and a 35 nm
blue shift (from 515 to 480 nm) in its wavelength of
maximum emission. There is an even more substantial
increase in fluorescence intensity (∼4.5-fold) and a bigger
(∼38 nm) blue shift (from 515 to 477 nm) in the presence
of the apoA-I[E110A/E111A]. This indicates that the mutant
apoA-I binds more ANS molecules as compared to WT
apoA-I, presumably due to increased exposure of hydropho-
bic surfaces in the mutant protein. The “negative control”,
carbonic anhydrase, had no significant effect on ANS
fluorescence, consistent with the compact folding of this
globular protein. In contrast, the “positive control”, bovine
serum albumin, induced the largest (∼6-fold) enhancement
in ANS fluorescence spectra, consistent with its known
ability to bind hydrophobic molecules.

Kinetics of Association of apoA-I with DMPC Liposomes.
The kinetics of association of lipid-free WT apoA-I and
apoA-I[E110A/E111A] with DMPC multilamellar vesicles
was followed by the decrease in the turbidity at 325 nm,
which reflects the formation of DMPC-apoA-I complexes
(Figure 8E). It was found that both WT apoA-I and apoA-
I[E110A/E111A] have a similar rate of association with
DMPC liposomes.

Formation of Discoidal POPC-apoA-I Particles by the
WT apoA-I and the apoA-I[E110A/E111A].The sodium

cholate dialysis method was used to generate discoidal
particles with the WT apoA-I and the apoA-I[E110A/E111A]-
form (26). The rHDL particles generated contained either
unlabeled or both unlabeled and14C-labeled cholesterol.
Unlabeled particles were used for electron microscopy and
SR-BI-mediated cholesterol efflux assays, while labeled
particles were used for LCAT assays. The electron micro-
graphs showed that particles formed with the WT or the
mutant apoA-I form the typical “rouleaux”, indicating that
they are discoidal and have the thickness of a phospholipid
bilayer (data not shown).

Functional Analyses of WT apoA-I and Mutant apoA-
I[E110A/E111A] Forms: (i) ActiVation of LCAT.The LCAT
activation potential of the apoA-I[E110A/E111A] was ex-
amined using LCAT purified from the culture medium of
human astrocytoma HTB-13 cells infected with an adeno-
virus that expresses the human LCAT (21). WT and mutant
apoA-I forms used for the generation of rHDL particles were
isolated from the HTB-13 cells following adenovirus infec-
tion as described in Experimental Procedures.

The LCAT activity was assayed as the rate of production
of labeled cholesteryl esters from the rHDL particles. The
kinetic parameters of LCAT activation were determined from
the initial velocities of cholesterol esterification of the rHDL
substrate at various apoA-I concentrations. The apparent
catalytic efficiency (Vmax,app/Km,app) of the enzyme using rHDL
particles containing the apoA-I[E110A/E111A] mutant was
reduced to approximately 37% of that using rHDL particles
containing the WT apoA-I. This decrease was accounted for
by a similar reduction in theVmax,app(Figure 9A).

(ii) ABCA1-Mediated Efflux of Cellular Cholesterol in
HEK293 Cells Transfected with an ABCA1 Expression
Plasmid. HEK293 EBNA-T cells were transfected with
empty vector or an ABCA1 expression plasmid for 16 h, as
described in Experimental Procedures. Following transfec-
tion, the cells were labeled with [3H]cholesterol for 24 h and
then incubated with or without 1µM lipid-free WT apoA-I
or apoA-I[E110A/E111A] for 4 h. Media and cells were
collected separately, and the radioactivity in the media, as
well as in the cell lysate, was determined 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

Table 3: R-Helical Content and Thermodynamic Parameters Determined by Far-UV CD

(A) Lipid-Free WT apoA-I and Mutant apoA-I[E110A/E111A]

# residues

protein
R-helixa

(%) in protein in helixb Tm,c °C
∆Hv,c

kcal/mol
∆GD°,d

kcal/mol
m,d kcal/(moles of apoA-I

× moles of GdnHCl) D1/2, d M

WT apoA-I ∼59 249 ∼147 59( 1 49( 1 3.1( 0.3 3.0( 0.2 1.0( 0.05
apoA-I[E110A/E111A] ∼52 249 ∼129 (-18) 54( 0.5e 30 ( 1e 2.0( 0.2f 2.0( 0.2f 1.0( 0.00

(B) apoA-I in rHDL Made with apoA-I[E110A/E111A] and WT apoA-I

# residues

rHDL
R-helixa

(%) in protein in helixb
∆GD°,d

kcal/mol
m,d kcal/(moles of apoA-I

× moles of GdnHCl) D1/2,d M

WT apoA-I ∼67 249 ∼167 4.1( 0.3 1.8( 0.1 2.3( 0.0
apoA-I[E110A/E111A] ∼63 249 ∼157 (-10) 3.6( 0.1f 1.5( 0.05f 2.3( 0.1
a Estimated from the valueΘ222 at 25°C (37); systematic error of the estimation is(3%; statistical error is within(1-3%. b Determined by

multiplying the number of residues in the protein by itsR-helical content. Values in parentheses show changes in the number of residues as
compared to WT apoA-I.c Melting temperature,Tm, and effective enthalpy,∆Hv, of thermal unfolding were determined from van’t Hoff analysis
of the melting curves monitored by ellipticity at 222 nm.d Conformational stability,∆G°D, midpoint of chemical denaturation,D1/2, andm values
were determined by the linear extrapolation method from CD-monitored chemical unfolding curves.e Significance of differences from the value for
WT apoA-I is p < 0.005.f Significance of differences from the value for WT apoA-I isp < 0.05.
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culture medium and the cell lysate. It was found that the
ABCA1-mediated cholesterol efflux was similar for the WT
apoA-I and the apoA-I[E110A/E111A] mutant (Figure 9B).

(iii) SR-BI-Mediated Cholesterol Efflux.POPC/cholesterol/
apoA-I discoidal rHDL particles with either wild-type apoA-I
or the mutant apoA-I[E110A/E111A] were prepared by the

FIGURE 8: Physicochemical properties of WT apoA-I and apoA-I[E110A/E111A] mutant. Thermal unfolding (panel A) and denaturant-
induced unfolding (panel B) of the lipid-free WT apoA-I and the apoA-I[E110A/E111A] mutant was monitored by the ellipticity at 222
nm. The inset in panel A shows the van’t Hoff plots (lnKeq versus 1/T) derived from the corresponding thermal unfolding curves. Denaturant-
induced unfolding (panel C) of WT apoA-I and the apoA-I[E110A/E111A] mutant on rHDL particles was monitored by the ellipticity at
222 nm. The insets in panels B and C show the free energy of denaturation,∆G, as a function of GdnHCl concentration. The symbols in
panels A-C indicate the lipid-free WT apoA-I (4), the lipid-free apoA-I[E110A/111A] mutant (O), the lipid-bound WT apoA-I (/), and
the lipid-bound apoA-I[E110A/E111A] (0). Panel D shows ANS fluorescence spectra obtained in the presence of 50µg/mL bovine serum
albumin (BSA), WT apoA-I, apoA-I[E110A/E111A], carbonic anhydrase (CA), or buffer alone. Spectra were recorded in 10 mM phosphate
buffer (pH 8) using 5 nm excitation and 2.5 nm emission slit widths. Fluorescence was excited at wavelength of 395 nm, and emission was
scanned from 400 to 560 nm. Panel E shows the kinetics of DMPC association of WT apoA-I and apoA-I[E110A/E111A] with multilamellar
DMPC vesicles monitored by turbidity changes over time at 24°C. Experiments were performed as described in Experimental Procedures.
The symbols in panel E are the same as those in panels A and B.
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sodium cholate method (26). The particles containing the
WT and the mutant apoA-I had similar sizes with apparent
diameters of 96 Å (not shown). These rHDL preparations
were used to determine the time course of cholesterol efflux
over a 6 hperiod from control ldlA-7 cells that express
almost no SR-BI (31, 32, 43) or the ldlA[mSR-BI] cells that
express high levels of wild-type murine SR-BI as a conse-
quence of stable transfection with a mSR-BI expression
vector (31, 44). It was found that efflux rates of [3H]-

cholesterol from control ldlA-7 cells to the rHDLs (28µg/
mL protein, 1µM) were similar. In contrast, efflux rates from
ldlA[mSR-BI] cells to rHDL, which represents the total
cholesterol efflux, were greater than the rates for the control
ldlA-7 cells. The differences between the rates measured in
the transfected (ldlA[mSR-BI]) and untransfected control
(ldlA-7) cells represent SR-BI-dependent efflux. To simplify
the analysis, the extent of efflux mediated by rHDLs
containing the WT apoA-I after 4 h incubation at 37°C was

FIGURE 9: Functional analyses of apoA-I in lipid-bound or lipid-free form. Panel A shows activation of LCAT by rHDL containing WT
apoA-I and the apoA-I[E110A/E111A] mutant. The substrate particles containing POPC/cholesterol and [14C]cholesterol/apoA-I/sodium
cholate at a starting molar ratio of 100:10:1:100 were prepared as described under Experimental Procedures. Each LCAT assay contained
final apoA-I concentrations ranging from 5× 10-8 to 2.5× 10-6 M and sufficient LCAT concentration to keep the extent of cholesterol
esterification below 15%. The reaction was carried out for 30 min at 37°C, and the conversion of [14C]cholesterol to [14C]cholesteryl ester
was determined by extraction of the lipids of the incubation mixture followed by thin-layer chromatography as described under Experimental
Procedures. The cholesterol esterification rate was expressed as nanomoles of cholesteryl ester formed per hour. The rate of cholesteryl
ester formation was plotted against the apoA-I concentration, the data were fitted to Michaelis-Menten kinetics, and the apparentKm and
Vmax values were calculated. The catalytic efficiency,Vmax,app/Km,appof the enzyme using rHDL containing either WT or the mutant apoA-I
was calculated and is shown in panel A. Values are the means( SD from three independent experiments performed in duplicate. Panel B
shows the effect of the E110A/E111A mutation in apoA-I on ABCA1-mediated efflux of cellular cholesterol in HEK293 EBNA-T cells
transfected with an ABCA1 expression plasmid. Cells were transfected with empty vector (mock) or with ABCA1 plasmid for 16 h, labeled
with 0.5µCi/mL [3H]cholesterol for 24 h in DMEM (high-glucose) containing 10% (v/v) FBS, and then incubated with 1µM lipid-free WT
and mutant apoA-I form in 0.5 mL DMEM (high-glucose) containing 0.2% (w/v) fatty acid-free BSA for 4 h at 37°C. Media and cells
were collected separately, and the radioactivity in the media, as well as in the cell lysate, was determined 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. Black bars show the percent of ABCA1-independent cholesterol efflux.
Shaded bars show the percent of the net ABCA1-mediated [3H]cholesterol efflux, calculated as the difference in percent of cholesterol
efflux between ABCA1-transfected and mock-transfected cells. The numbers on top of the bars represent the cholesterol efflux relative to
the WT control set to 100%. Values are the means( SD from three independent experiments performed in duplicate. Panel C shows the
effect of the E110A/E111A mutation of apoA-I on rHDL-dependent cholesterol efflux from control cells (ldlA-7) and cells expressing
SR-BI (ldlA[mSR-BI]). The ldlA[mSR-BI] and ldlA-7 cells were plated at 200 000 cells/well in 6-well dishes, labeled with [3H]cholesterol
for 48 h in Ham’s F-12 medium containing 10% (v/v) NCLPDS, washed, incubated in Ham’s F-12 medium containing 1% (w/v) fatty-
acid-free BSA for 24 h, washed, and incubated for 45 min at 37°C with 1 mL of Ham’s F-12 medium, as described under Experimental
Procedures. The medium was then aspirated and replaced with 1 mL of Ham’s F-12 medium containing 28µg/mL protein (1µM) of rHDL
prepared with WT apoA-I or apoA-I[E110A/E111A]. After incubation at 37°C for various time points, [3H]cholesterol released to the
media from ldlA-7 cells or ldlA[mSR-BI] cells was measured as described under Experimental Procedures. At the end of the incubation
period, the cells were lysed, and the radioactivity in the cell lysate was measured. 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 [3H]cholesterol efflux after 4 h incubation is shown in panel C. Black bars show the percent of SR-BI-independent cholesterol
efflux. Shaded bars show the percent of the net SR-BI-mediated [3H]cholesterol efflux, calculated as the difference in percent of cholesterol
efflux between ldlA[mSR-BI] and ldlA-7 cells. The numbers on top of the bars represent the cholesterol efflux relative to the WT control
set to 100%. Values are the means( SD from three independent experiments performed in duplicate.
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defined as 100%. Compared with the rHDL containing WT
apoA-I, the SR-BI-mediated efflux capacity of rHDLs
containing the apoA-I[E110A/E111A] mutant was reduced
to 53% (Figure 9C). The findings indicate that the substitu-
tions of alanine for glutamate 110 and 111 in apoA-I reduced
the capacity of the rHDLs to mediate SR-BI-dependent
cholesterol efflux.

DISCUSSION

Background.Mutations or alterations in the plasma levels
of various proteins that participate in HDL metabolism, such
as LCAT, CETP, HL, SR-BI, ABCA1, endothelial lipase,
and lipoprotein lipase, may have adverse effects on HDL
concentrations and functions (45-56). Previous studies have
shown that lack of HDL in patients with Tangier disease is
associated with moderate hypertriglyceridemia (16, 57).
Statistically significant association between moderate hy-
pertriglyceridemia has been reported in the carriers of apoA-I
Milano, as well as the male carriers of apoA-I∆Lys107 (13-
15). These findings indicate that apoA-I and HDL functions
may be required for plasma triglyceride homeostasis.

With the exception of defects in lipoprotein lipase and
apoCII (54, 58), the molecular etiology of most forms of
hypertriglyceridemia in humans remains unclear. Recently
it has been shown that hypertriglyceridemia can be induced
by overexpression of apoCIII, apoCII, apoCI, apoA-II, and
apoE in transgenic mice (59-64), by adenovirus-mediated
gene transfer (27, 65), or by inactivation of the apoA-V gene
in mice (66). In addition, in humans, plasma apoE and
apoCIII levels correlate with plasma triglyceride levels (67,
68).

Changes in the Structure of Lipid-Free and Lipid-Bound
apoA-I Induced by the E110A/E111A Mutation.TheR-helical
content of WT and mutant apoA-I in the lipid-free state and
on the rHDL particles was estimated from the normalized
far-UV CD spectra. It was found that compared to the WT
apoA-I, the apoA-I[E110A/E111A] had approximately 18
fewer residues in theR-helical conformation in the lipid-
free state and 10 fewer residues in theR-helical conformation
in the lipid-bound state (Table 3). In addition, the lipid-free
apoA-I[E110A/E111A] mutant showed greatly reduced
chemical and thermal stability and cooperativity of unfolding
as compared to the WT apoA-I. Similarly, chemical dena-
turation of WT and mutant apoA-I on rHDL particles showed
that in the lipid-bound state the mutant apoA-I also had
slightly reduced chemical stability and cooperativity of
unfolding as compared to the WT apoA-I. ANS fluorescence
measurements in the presence of the WT apoA-I and the
apoA-I[E110A/E111A] mutant indicated that, consistent with
molten globular-like structure of apoA-I (69, 70), both the
WT and the mutant apoA-I forms possess hydrophobic
surfaces exposed to the solvent. However, the comparative
analysis showed that hydrophobic residues in the mutant
apoA-I[E110A/E111A] are more accessible to solvent com-
pared with those of WT apoA-I. The finding suggests a looser
structure of the mutant protein that is only weakly stabilized
by tertiary interactions. This interpretation is consistent with
the significantly lower stability and unfolding cooperativity
of the mutant protein demonstrated by the thermal and
chemical denaturation experiments.

Changes in the in Vitro and in ViVo Functions of apoA-I
as a Result of the E110A/E111A Mutation.ApoA-I is the

major protein of HDL and plays a crucial role in the
synthesis, structure, and function of HDL (1). It is generally
believed that the initial functional interactions of lipid-free
apoA-I with the ABCA1 transporter contribute to the
lipidation of apoA-I. The particles formed through a series
of intermediates give rise to discoidal HDL particles, which
are subsequently converted to spherical particles by the action
of LCAT (6, 9, 71-74). Discoidal and spherical HDL
particles can interact with the HDL receptor (SR-BI). These
interactions are associated with selective lipid uptake and
net efflux of cellular cholesterol in vitro (10, 11, 31). Finally,
cholesteryl esters in humans can be transferred from HDL
to VLDL/LDL with reciprocal transfer of triglycerides by
the action of cholesteryl ester transfer protein (CETP);
however, mice lack CETP activity (75, 76). The striking
finding of the current study is that adenovirus-mediated
transfer of apoA-I[E110A/E111A] in apoA-I-deficient mice
is associated with severe hypertriglyceridemia and increased
plasma cholesterol levels as compared to mice infected with
WT apoA-I. These observations link directly the structural
changes in apoA-I with malfunction of apoA-I, HDL, or both
that may be responsible for the induction of hypertriglyc-
eridemia.

We have performed a series of functional assays to identify
changes in the in vitro and in vivo functions of apoA-I that
could explain the induction of hypertriglyceridemia by the
mutant apoA-I form.

Cholesterol efflux studies in ABCA1-transfected HEK293
EBNA cells showed that both the WT and the apoA-
I[E110A/E111A] mutant have similar ability to promote
ABCA1-mediated cholesterol efflux. This finding is consis-
tent with the similar ability of the WT and the mutant apoA-I
form to solubilize multilamellar DMPC vesicles in vitro and
to promote formation of normal populations of preâ1 and
RHDL particles in vivo.

The next question was the ability of the apoA-I to activate
LCAT. This analysis showed that the apparent catalytic
efficiency (Vmax,app/Km,app) of the enzyme using rHDL con-
taining the apoA-I[E110A/E111A] was 37% of that using
rHDL containing the WT apoA-I. Previous studies using
synthetic peptides had suggested that residue E111 of the
human apoA-I might be critical for the activation of LCAT
in vitro (18). 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 of HDL obtained from mice infected with the WT
or the mutant apoA-I form. The combined observations listed
above suggest that the apoA-I[E110A/E111A] mutation of
apoA-I did not affect the biogenesis of HDL particles in vivo.
Based both on electron microscopy (EM) and on FPLC
profiles, the size of the HDL particles derived from mice
expressing the mutant apoA-I appeared smaller compared
with the particles obtained from mice expressing the WT
apoA-I. This reduction in size may be related to the loss of
R-helical structure in the apoA-I[E110A/E111A] mutant as
compared to the WT apoA-I.

Cholesterol efflux studies using a cell line expressing the
mouse SR-BI [ldlA(mSR-BI)] showed that rHDL particles
containing apoA-I[E110A/E111A] were 53% as efficient to
promote SR-BI-mediated cholesterol efflux compared with
particles containing the WT apoA-I. The physiological
significance of SR-BI-mediated cholesterol efflux in vivo is
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not fully understood. However, it has been shown that
homozygous or heterozygous deficiency in SR-BI in mice
is associated with increase in HDL size (45). On the basis
of these data, one would expect that impairment of interaction
of HDL with SR-BI in vivo as a result of the E110A/E111A
mutation might lead to an increase rather than decrease in
the HDL particle size. Thus our findings suggest that the
E110A/E111A mutation in apoA-I may not have significant
effect on the in vivo interactions of HDL with SR-BI that
might account for the observed hypertriglyceridemia.

Potential Mechanism of Hypertriglyceridemia Induced by
the E110A/E111A Mutation and Clinical Implications.
Analysis of the distribution of apoA-I in different lipoprotein
fractions following density gradient ultracentrifugation or
FPLC fractionation showed that approximately 15% of
apoA-I was distributed in the non-HDL region (i.e., LDL,
IDL, and VLDL). This suggests that the apoA-I[E110A/
E111A] mutant has increased affinity for the lower density
lipoproteins. The tendency of the helix 4 mutant of apoA-I
to associate with VLDL was also demonstrated by in vitro
density gradient ultracentrifugation experiments in which
[35S]-labeled WT or the helix 4 mutant forms of apoA-I were
mixed with plasma lipoproteins in the presence of excess
VLDL (data not shown). Under these experimental condi-
tions, a small portion of the helix 4 mutant of apoA-I was
associated with VLDL and IDL. However, we believe that
the in vivo data are more representative of the physiological
situation because they represent association of apoA-I with
VLDL either prior to or after the secretion of VLDL, whereas
the in vitro experiments represent only extracellular associa-
tion of apoA-I with VLDL and HDL. This raised the
possibility that the presence of apoA-I in VLDL, IDL, and
LDL hinders the lipolysis of these particles and contributes
to hypertriglyceridemia. Consistent with this interpretation,
either WT or mutant apoA-I inhibits the activity of mouse
LPL in vitro. In addition, in vitro lipolysis of VLDL-
containing lipoprotein fractions isolated from the plasma of
mice expressing the apoA-I[E110A/E111A] mutant was less
efficient than that of VLDL isolated from the plasma of mice
expressing the WT apoA-I. Impairment of lipolysis was also
tested in vivo by coinfection of mice with adenoviruses
expressing apoA-I[E110A/E111A] and either the WT or an
inactive form of the human lipoprotein lipase. The treatment
with the WT lipoprotein lipase reduced plasma and VLDL
triglyceride levels, but it had a smaller effect on plasma
cholesterol levels. The treatment with the inactive form of
the lipoprotein lipase reduced partially the plasma triglyceride
levels 3 and 4 days postinfection as compared with the levels
observed in mice infected with the recombinant adenovirus
expressing the helix 4 apoA-I mutant. The findings suggest
that in mice expressing the apoA-I[E110A/E111A], the
activity of lipoprotein lipase is rate-limiting and can account
for the observed hypertriglyceridemia in vivo. Factors that
can account for the reduction of the activity of lipoprotein
lipase is the enrichment of the VLDL/IDL/LDL fraction with
apoA-I, combined with reduced concentration of apoCII in
these fractions. Furthermore, the reduction of apoE in VLDL/
IDL/LDL fractions diminishes direct clearance of triglycer-
ide-rich lipoprotein fractions. The partial reduction of
triglyceride levels by the inactive form of lipoprotein lipase
may represent previously described receptor-mediated clear-
ance mechanisms (77, 78).

The molecular etiology of common forms of hypertri-
glyceridemia remains largely unknown. The present study
points to the possibility that subtle changes in the structure
of apoA-I may underlie conditions of hypertriglyceridemia
in humans. It also indicates that apoA-I and HDL may play
a crucial but still unidentified role in plasma triglyceride
homeostasis. The hypertriglyceridemia induced by apoA-I
mutations may be further aggravated by other genetic and
environment factors in humans, diabetes, thyroid status, etc.
The potential role of apoA-I mutations in hypertriglyceri-
demia will be addressed in the future by studies in transgenic
mice, as well as in selected populations of hypertriglyceri-
demic patients who may harbor mutations in apoA-I.
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