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ABSTRACT:. Recent studies have demonstrated that the ATP-binding cassette transporter A1 (ABCA1)
facilitates the efflux of phospholipids and cholesterol to apoprotein acceptors, leading to the synthesis of
HDL. The purpose of this study was to determine the changes in the lipoprotein fractions in Abcal-
deficient mice and study the mechanisms responsible for the low levels of HDL when ABCAL1 is absent.
Plasma phospholipid concentration was decreased by more than 75%, mostly due to a reduction of
phosphatidylcholine (PC) in HDL. Abca HDL represents less than 2% of wild-type levels and is
smaller and enriched in phospholipids (11.2-fold more than HDL from controls). Compared to wild-type
littermates, Abcal~ HDL had a 4-fold increase in PC, whereas lysophosphatidylcholine (LPC) (125-
fold), sphingomyelin (SPH) (49-fold), and phosphatidylethanolamine (PE) (18-fold) showed even higher
increases. As a consequence, the ratios of LPC/PC, SPH/PC, PE/PC, and phosphatidyhnositol
phosphatidylserine (FIPS)/PC were all much higher in HDL from Abcdl, compared to wild-type

HDL. Plasma phospholipid transfer protein (PLTP) and lecithin cholesterol acyltransferase (LCAT) activities
were decreased by more than 80%, suggesting that the maturation of HDL is affected. To test this
hypothesis, plasma from Abcal mice was incubated with CHO cells that are known to express high
levels of ABCA1 with the intent of restoring the flux of phospholipid and cholesterol onto apoAl. Compared

to native plasma, no change in maturation of HDL was observed. In contrast, a 220% increase in the
formation of mature HDL was observed when ABCA1 function and LCAT activities were restored. Taken
together, these observations suggest that ABCA1 is necessary for the adequate lipidation of apoAl, which
enables the interaction with LCAT and subsequent maturation.

ATP-binding cassette transporter A1 (ABCAll a ABCAL1 appears to be a pore-forming protein consisting of
transporter that is crucial for the synthesis of high-density 6 + 6 transmembrane domains connected by a hydrophobic
lipoproteins (HDL). Since its discovery, the relationship segment11). ABCAL facilitates the efflux of phospholipid,
between expression, lipid efflux and HDL synthesis has been mostly phosphatidylcholine (PC), toward nascent apolipo-
a subject of intense investigation. ABCA1 is present in all proteins, which can then accept cholesterol forming a lipid-
tissues and cell lines examined to dafg @), and its  poor particle, triggering the maturation and formation of
expression is regulated by intracellular cholesterol levels, ypL. Several apolipoproteins mediate phospholipid and
particularly in macrophagedy. In addition, ABCAl activity  cpolesterol efflux by the ABCA1 pathway. Apolipoprotein
is increased by protein kinase3) (reduced by IFI (4) and | (apoAll), the most abundant and most studied apoprotein
geranylgeranyl pyrophosphat€)( and modulated at the 1) “shows the greatest ability to efflux cholester)l (

tranlscriptionaltlevEI F?%’ffg”g 6, 72{ anq agonists of the 12); however, all exchangeable apolipoproteins such as All,
nuclear receptor LxR7-10). From its primary sequence, ¢ c.ii, C-Ill, and E promote ABCAL dependent

fflux. Th hysiological relevan n ntribution of
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at the plasma membrane of cells expressing ABCA1 is the Analysis of Phospholipid Species in Plasma and Lipopro-
first and foremost important step in the biogenesis of HDL. tein Fractions.The total lipids present in either plasma or
It has been proposed that when ABCAL is absent or not lipoprotein fractions were extracted as described by Bligh
functional, apoproteins do not acquire cellular lipids neces- and Dyer 23). Phospholipids were separated on silica gel
sary to form nascent particles; thus, the transport of lipids TLC plate, using chloroform:methanol:acetic acid:0.15 M
among plasma lipoproteins does not occur, and apoAl- NaCl (60:30:10:3 v/v). The lipids were visualized by
containing particles are cleared rapidly from the circulation exposure to iodine vapors, and spots corresponding to the
(18, 19). Although a significant amount of cholesterol and various phospholipid standards were scraped from the plate.
phospholipids present in HDL is derived from triglyceride- The phosphorus content in each spot was determined by the
rich lipoproteins 20), plasma apoAl and HDL levels remain  modified Bartlett procedure2d) using KH, PO, as standard.
unchanged in ABCA1-deficient mice fed either a chow or a |n certain experiments, the HDL fraction was passed through
high-fat and high-cholesterol dietl§), indicating that  a protein G (HiTrap Protein G HP (Amersham Pharmacia
cholesterol and phospholipid from apoB-containing lipopro- Bijotech AB, Uppsala, Sweden) cross-linked to rabbit anti-
teins are incapable of substituting for cellular lipids. Although  serum to mouse albumin (ICN, Costa Mesa, CA) to remove
the relative contribution of the various biochemical processesthe albumin. This procedure removed over 80% of the
leading to the synthesis and maturation of HDL is not well albumin present in the HDL fraction. HDL lipid composition
understood, the phenotype observed in mice lacking ABCAL \as not affected, as demonstrated by the cholesterol to apoAl
suggests that several processes involved in the maturationatios (7.5 and 6.8 before and after the column, respectively).
of HDL are affected..ln this study, we have usc_ad mice I_acking Removal of albumin from HDL was also accomplished by
Abcal to characterize the changes in the lipoproteins andysing a combination of ultracentrifugation and fast protein
determine the mecha_nlsms respon5|bl_e fc_Jr the low levels Ofliquid chromatography. Plasma lipoproteins from either
HDL when ABCAL is absent. The findings from these apcat/- or wild-type mice were obtained by ultracentrifu-
studies indicate that the absence of ABCAL leads to profoundgatiOn atd =< 1.25 in a SW41 rotor at 40 000 rpm for 60 h
changes in the phospholipid composition of HDL that alter 5; 15°¢. Potassium bromide was used for density adjust-
their metabolic stability and maturation. ments. Isolated lipoproteins were extensively dialyzed against
0.9% NaCl, 1 mM EDTA, and 0.02% sodium azide to
MATERIALS AND METHODS remove the KBr and then applied onto 2 tandem Superose 6

Animals.ABCA1 deficient (Abcal’~) mice were created ~ columns to isolate individual lipoprotein classes. Fractions
in DBAL lac/J background as described previously)( corresponding to the HDL fractions were pooled and assayed
Abcal”~ and control littermates were maintained on a 12- for LPC and apoAl. Apoprotein composition was examined
hour light/dark cycle and fed a chow diet. All animal bPY using a4-12% polyacrylamide gradient gel followed by
experiments were performed according to protocols approvedsilver staining using the Proteo Silver Staining Kit (Sigma
by the institutional animal care and use committee. Chemical Co., St. Louis, MO) following manufacturer

Plasma Lipids, Lipoprotein Analysis, and Characteriza- Instructions.
tion. All phenotypic characterizations were performed in ~ Determination of Lecithin:Cholesterol Acyltransferase
Abcaltt, Abcal’~, and Abcal/~ littermates fed a chow (LCAT) Actiities. LCAT activity was measured as the rate
diet. Plasma was isolated from blood collected from the retro- of synthesis of3[H]-cholesteryl esters from unilamellar
orbital plexus and spun at 3000 rpm for 15 min at@. vesicles prepared with a French pressure cell and activated
HDL was separated from non-HDL lipoproteins by dextran with human apoAl (Sigma Chemical Co) to form discoidal
sulfate precipitation as described previoudg)( Individual synthetic lipoproteins25). 1,2-FH]Cholesterol (New Eng-
lipoprotein subclasses were isolated from 200 pooled land Nuclear, Boston, MA) was purified by TLC on silica
plasma from the three different genotypes using two tandemgel plates developed in cyclohexane/ethyl acetate (60:40,
Superose 6 columns (Pharmacia LKB Biotechnology, Pis- v/v). Liposomes contained egg lecithin (82@/mL), un-
cataway, NJ) as previously described), Fractions corre-  esterified cholesterol (100g/mL, specific activity 5x 10P
sponding to VLDL, LDL, and HDL were pooled and cpmjg), and apoAl (100ug/mL). Each assay mixture
concentrated using Slide-A-Lyzer concentrating solution contained 5Q:L of the dispersed lipid, an equal volume of
(Pierce, Rockford, IL). Cholesterol, phospholipids, and recrystallized human albumin (15%, w/v) (Sigma Chemical
triglycerides were determined using enzymatic colorimetric Co) in buffer containing 60 mM phosphate at pH 7.4, 198
assays (Wako Biochemicals, Osaka, Japan). ApoAl and apoBuL 150 mM NaCl, and 2L mouse plasma in a total assay
were determined by ELISA2Q). volume of 300uL. LCAT activities were measured over 20

Further characterization of the HDL species in Abdal ~ min at 37°C. The reaction was stopped by adding 90
and wild-type mice was carried out by two-dimensional chloroform/methanol/bD (4:4:1, v/v) and was lipid-
gradient gel electrophoresigd). In short, the first-dimension  extracted. After separation of the phases, the conteAHdf [
gradient gel electrophoresis was run on a 0.75% (wt/vol) cholesteryl ester radioactivity in the organic phase was
agarose in 50 mM barbital buffer on Gelbond (FMC, determined by TLC on silica gel plates developed in hexane/
Rockville, ME) and subsequently run on a36% poly- diethyl ether/acetic acid (83:16:1, v/v). Cholesteryl ester
acrylamide gradient gel in 25 mM tris-glycine buffer (pH radioactivity was determined by liquid scintillation counting.
8.3). Electrophoresis was carried out for 4.5 h. Plasma LCAT activity was linear up to 30 min of incubation at 37
proteins were transferred to NitroPlus transfer membranes°C and independent of the concentration of plasma lipopro-
and then immunoreacted with a rabbit polyclonal antibody teins. Therefore, a decrease in the esterification rate corre-
to apoAl. sponds to a decreased level of LCAT protein.



HDL Maturation in Abcal-Deficient Mice

LCAT-Mediated Lipoprotein Cholesterol Esterification.
Blood was drawn from wild-type and Abca1 mice in tubes
containing lithium heparin and plasma was obtained by
centrifugation at 3000 rpm for 15 min af&. LCAT activity
was immediately inhibited by adding 5;8ithio-bis(2-nitro-
benzoic acid) (DTNB) to a final concentration of 1.5 mM.
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mined over a 16 h period by ELISA as previously described
(21.

Role of Cellular Cholesterol Efflux, LCAT, and PLTP in
the Maturation of HDL from Abcal~ Mice. Blood was
obtained from Abcal~ mice and collected into ice-cooled
tubes containing streptokinase (300 IU/mL final concentra-

Cholesterol esterification in plasma was determined by the tion) as anticoagulant. Plasma was obtained by centrifugation
method described by Stokke and Noru@6) In short,  at 3000 rpm for 15 min at 4C diluted into DMEM/F-12 at
the incubation mixture containing 36 of DTNB-treated  a concentration of 60% and then incubated@d at 37°C
plasma and @L of albumin-stabilized emulsion of 1,2H]- with either wild-type or LCAT-expressing CHO cells grown
cholesterol (700610 000 cpmiL) was incubated at 37C in DMEM/F-12 medium containing 10% fetal calf serum
for 4 h to allow tracer equilibration with endogenous and 40ug/mL gentamicin. CHO cells expressing human
lipoprotein cholesterol. The enzyme was reactivated by | CAT were generated by transfecting a pBK CMV vector
addings-mercaptoethanol to a final concentration of 10 mM, (Stratagene, Cedar Creek, TX) containing the entire human
and synthesis of lipoprotein-derived cholesterol was moni- | CAT gene ligated into Xhol/Smal sites into CHO K1 cells
tored for 30 min at 37C. The rate of cholesterol esterifi- (ATCC, CCL 61, Rockville, MD). LCAT activity was
cation is linear up to 60 min*H-Cholesteryl esters were  determined as the rate of synthesisidfcholesteryl esters
separated by TLC as described earl&5)(and radioactivity  from apoAl-activated unilamellar vesicles. LCAT activity
measured by a liquid scintillation counter. in the culture medium was 15.3 nmol CE formed/mL/h after
Determination of Phospholipid Transfer Protein (PLTP) 6 h at 37°C. To assess the role of PLTP in HDL synthesis
Activity. Plasma PLTP activities were assayed in duplicate, and maturation, purified human PLTRY) (specific activ-
by measuring the transfer oH]-dipalmitoyl phosphatidyl-  ity: 80 umol/mL/h) was added to the plasma to a final
choline (DPPC) and'{C]-sphingomyelin (SPH) from lipo-  activity of 250 nmol/h/mL and incubated with either wild-
somes to HDL, as previously describéf). In this system,  type or LCAT expressing cells as described above. An
the measured PLTP activity varies linearly with the amount additional experiment was performed in which human PLTP
of plasma added to the incubation mixture (aboytl). was added to the plasma to a final activity of 26 000 nmol/
Activity is measured in the presence of excess exogenoush/mL to reach similar activity levels to those found in mice
HDL and expressed as % of reference pool plasma, which or human plasmag(, 31). Culture media were collected after
is included in each run. The PLTP activity of the reference 6 h at 37°C and HDL species separated immediately by
plasma is virtually identical for labeled DPPC and SPH (15.0 two-dimensional gradient gel electrophoresis and transferred
and 14.5umol/mL plasma/h, respectively), and the within-  onto nitrocellulose membranes. Apo Al-containing HDL
run variation coefficient of the assay is 3.5%. All samples species were visualized by using a rabbit polyclonal antibody
were analyzed using the same batch of substrates. to mouse apoAl. The proportion of apoAl among thefore
Isolation of Mouse Hepatocyteslouse hepatocytes were  anda-HDL species was determined by quantitative scanning
isolated using a modification of the method described by using a phosphoimager. Formation of mature HDL was
Sattler et al. 28). In short, mice were anesthetized by determined by measuring the increase in apoAl irotheDL
intraperitoneal injection of Nembutal and placed on a heating region and expressed as the percent increase in the apoAl
pad. The portal vein was ligated using a 25 3/4G-butterfly within the a-HDL region compared to plasma incubated in
needle, the vena cava cannulated through the right atrium,the absence of cells.
and the inferior vena cava ligated above the kidneys. The RNA Isolation and Northern Blot AnalysiBotal liver and
liver was perfused with oxygenated (95%, &% CQ) intestinal RNA was isolated by using TRISOLV reagent.
Hanks balanced salt solution (HBSS) withoutMg@r C&*  after extraction, RNA was precipitated with 2-propanol, and
for 15 min at 7 mL/min rate. Subsequently, the perfusion its integrity was assessed by agarose gel electrophoresis. Five
was continued at 5 mL/min with 0.1% collagenase type IV micrograms of RNA was separated in a 1% agarose gel
(Sigma) in HBSS supplemented with 2 mM calcium chloride containing 2.2 M formaldehyde and transferred to Nylon
for 20—30 min. The perfused liver was placed in oxygenated mempranes, crossed-linked, and hybridized to a 278 bp
HBSS media containing collagenase for an additional 10 min apoAl cDNA (residues 161 to 436 in murine apoAl cDNA)
with constant agitation. Cells were filtered through a 70- and an exon 6 murine LCAT cDNA probes using the rapid
micrometer.cell strainer (BD Biosciences) and spun at 1000 pypyridization system (Amersham Corp, Arlington Heights,
rpm for 5 min. Cell suspension was resuspended in DMEM/ |y according to the manufacture’s conditions. To verify
F12 containing 1% bovine serum albumin, and an equal equal loading, the probes were stripped, and the membranes

volume of a solution containing nine parts Percoll (Sigma) \yere rehybridized with a mouse 18S RNA probe (Ambion,
and one-part 10X Hanks buffer pH 7.5 was added. Following aystin, TX).

a 15-minute spin at 1500 rpm, the pellet was resuspended

: . - . Statistical AnalysisThe results are expressed as means
in DMEM/F12 media containing 10% fetal bovine serum. y D

+ SD. The statistical significance of the differences between

Cell viability was determined by Trypan blue exclusion, and

the hepatocytes were plated at 600 000 cells/well in collagen

coated six well plates (BD Biosciences) for-@ h prior to
the start of the experiments. Cells were incubated atG37
in the presence of DMEM/F12 and 10% fetal bovine serum,
2 mM glutamine, and 4Qug/mL gentamicin, and the
accumulation of apoAl in the culture medium was deter-

the groups was estimated by the Studenhtsst.

RESULTS

Plasma Lipids and Lipoprotein AnalysiBlasma triglyc-
erides, cholesterol, HDL-cholesterol, and apoAl levels in
Abcal homozygous, heterozygous, and wild-type control
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VLDL _LDL HDL

Table 1: Total Cholesterol, HDL Cholesterol, Triglycerides, and
ApoAl Levels in Wild-type, Heterozygous, and Homozygous Abcal

Mice? . 1404 ' ' ! !
mice triglycerides total cholesterol HDL cholesterol apoAl % 120 4 E E E E
+/+ 164.5+525 66.3£6.7 38.5+ 4.0 70.7+ 5.3 £ 100+ E i E E "
+/— 167.8+ 37.6 333+ 1.9 23.1+ 3.2 415+ 7.7 < 80 : ' ! ! *
—/— 139.3+40.1 6.3+ 4.5 4.1+ 3.0 1.14+02 g ] : : : | —A—+]-
. -— ' 1 1 i —
aBlood was collected from the retro orbital plexus and spun at 3000 7] ' ! ! : —°
rpm for 15 min at 4°C to isolate plasma. The total cholesterol, 10’ ! ! H !
triglycerides, and HDL cholesterol were determined by enzymatic S ! [ \ '

method and expressed as mg/dl. HDL was separated from apoB
containing lipoproteins by dextran sulfate precipitation. ApoAl was
measured by ELISA and expressed as mg/dL of plasma. Values are
means+ SD based on analysis of individual mouse plasma and 300 4
represent 610 animals per group.p < 0.01.¢p < 0.001 compared
to wild-type littermates.

250

200
littermates are shown in Table 1. Consistent with previous

studies 16), Abcal-deficient mice were severely hypocho-
lesterolemic and had a near complete absence of HDL.
Plasma levels of LDL were also reduced in mice lacking
Abcal. The distribution of cholesterol, phospholipids, and
apoAl among plasma lipoproteins is shown following
separation of lipoprotein classes by FPLC (Figure 1) and
demonstrates a gene-related dose-dependent decrease in HDL

150 4

100 4

R mf%w

Phospholipids (mg/dl)

and apoAl with almost undetectable levels in Abcal 01

Secretion of ApoAl by Primary Hepatocyt&s.investigate = 0]
whether the low levels of HDL and apoAl observed in mice g, : : ! :
lacking Abcal resulted from an impairment in apoAl £ oo
production by the liver, hepatocytes were isolated from pre 20+ ' | : :
Abcal’~ (n: 4) and control littermatesn( 4), plated on o oo '
collagen coated plates, and the accumulation of apoAl in 2‘ 10+

Aa

/A ;\g
the culture medium was determined over a 16 h period by ] : g ? A
ELISA. As shown in Figure 2A, no difference was found in 01 000

the amount of apoAl secreted by hepatocytes isolated from 0 4 8 12 16 20 24 28 32

the two genotypes. Further support for this hypothesis comesFicure 1: Plasma lipoprotein cholesterol, phospholipid, and apoAl
from the cellular levels of apoAl mRNA in the two groups distribution in mice of different genotypes. Two-hundred microliters
of mice. Liver apoAl mRNA levels were not decreased but ©f pooled plasma from the three genotypes was fractionated by

th lightly i din Abcat mi Fi 2B | FPLC as described under Materials and Methods. Cholesterol,
rather slightly increased in Abcal mice (Figure 2B, lanes  ,ospholipids, and apoAl were determined and plotted as a function

A—D and E-I for wild type and Abcal’~, respectively)  of FPLC fractions. The position at which known lipoproteins eluted
compared to wild-type littermates (ApoAl/18S RNA G4 from the column is indicated.

0.1 (: 4) and 0.7+ 0.2 (0: 5) for wild-type and Abcal~
mice, respectively). Since human and rodent intestinesabsence of nonlipidated forms of apoAl. Although these
synthesize apoAIl32, 33) and contribute to circulating levels  results do not rule out a poorly lipidated form of apoAl, they
of HDL, intestinal apoAl mRNA levels were also examined do suggest that all the apoAl migrating in the position
in homozygous Abcal-deficient mica:( 5) and control have the same electrophoretic characteristics gsgpecies
littermates G: 4), shown in Figure 2C (lanes A to E and F  present in wild-type mice. Also, no detectable HDL within
to | for wild type and Abcal’~, respectively). No difference  the oo HDL size interval is present in mice lacking Abcal,
was found between genotypes as demonstrated by the apoAlsuggesting a defect on the ability of lipid poor apoAl to
18S RNA ratios (0.98t 0.19 and 0.74t 0.07 for wild type develop into mature HDL species. As apoAl secretion is not
and Abcal’~, respectively). Although the secretion of apoAl affected by the absence of Abcal and several studies have
by enterocytes has not been determined, the intestinal mMRNAsuggested that ABCAL1 facilitates the transport of phospho-
levels suggest that the secretion of apoAl is not impaired. lipids and cholesterol, we sought to examine whether the
Therefore, these studies strongly suggest that the low levelscomposition of the residual HDL particles was altered in mice
of apoAl in AbcaI’~ mice cannot be attributed to changes lacking Abcal compared to heterozygous and wild-type mice.
in apoAl production. Therefore, pooled plasma samples from all three genotypes
HDL Characterization and Lipid CompositioRlIDL from were fractionated by FPLC, and fractions corresponding to
Abcal’~, which represents less than 2% of wild-type levels, HDL were pooled and concentrated to determine their lipid
is distributed among several populations located within the composition. Abcal~ HDL are smaller in size than wild-
pres size interval (Figure 3) described for human plasma type and heterozygous HDL (Figure 1). The phospholipid
(34). When plasma was run in a two-dimensional gradient composition is significantly different from wild-type HDL
gel to equilibrium, no apoAl with a molecular weight or pre3-HDL (35). Compared to HDL isolated from control
corresponding to free apoAl was observed, suggesting thelittermates, the HDL from Abcal™ and Abcal’~ contained
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Ficure 3: Distribution of apoAl in plasma from Abcat and
wild-type mice. Wild-type (Abcat*) and Abcat’~ plasma was
electrophoresed in a two-dimensional gradient gel electrophoresis
as described under Materials and Methods. Plasma proteins were
transferred to nitrocellulose membranes and apoAl was visualized
C. with anti-mouse apoAl antibodies.

| <185

Table 2: HDL Lipid Composition int/+, +/—, and—/— Abcal

. B -

Ficure 2: ApoAl secretion and mRNA levels. (A) Secretion of
apoAl from primary hepatocytes isolated from either Abcdal
(closed circles) or wild-type litermates (open circles) as described
under Materials and Methods. (B) Liver apoAl mRNA levels in
wild-type (lanes A to D) and Abcai~ (lanes E to I) mice. Total
RNA was isolated from liver, electrophoresed, transferred to a
Nylon membrane, and hybridized to mouse apoAl or 18S probes.
(C) Intestinal apoAl mRNA levels in wild-type and Abcd1 mice.
Total intestinal RNA was isolated from small intestine of wild-
type (lanes A-E) and Abcal/~ (lanes F-1) deficient mice,

electrophoresed in 1% agarose gels as described under Material

and Methods. To verify for equal loading, the probes were stripped
and the membranes rehybridized with a murine 18S RNA probe.
more phospholipids perg of apoAl (2- and 11.2-fold
respectively, Table 2). In addition, the lipid composition also
revealed an increased percentage of triglycerides in HDL
isolated from homozygous Abcal-deficient mice. These
findings are consistent with previous studies published on
the composition of HDL isolated from patients with Tangier
disease 18) and support the presence of a lipid core as
previously demonstrated for gieHDL particles isolated
from follicular fluid (35). No apoB was detected.
Phospholipid Composition of Plasma and Lipoprotein
Fractions Isolated from Mice from the Three Different
GenotypesAlthough the preceding findings demonstrate the

position and proportion of different phospholipid species in
HDL isolated from Abcal’~ is unknown. Therefore, HDL
was isolated from mice from the three different genotypes

Mice?

mice TG PL TC apoAl PL/apoAl
+/+ 0.45(0.7%) 30.3(49.5%) 30.5(49.8%) 54 21
+/— 0.40 (1.0%) 21.6(52.5%) 19.1(46.5%) 19.5 43

—/— 0.40(28.2%) 0.46(32.9%) 0.56 (38.9%) 0.075

235

@ Pooled plasma samples from controls and Abcal mutant mice were
used to isolate HDL by FPLC as described under Materials and
Methods. Fractions containing the HDL were pooled and concentrated.
Lipids and apoAl concentrations were determined as described under
Experimental Procedures and expressed as mg/dL. TG, triglycerides;
PL, phospholipids; TC, total cholesterol; %, percentage composition
relative to the sum of TG, PL, and TC values. PL/apoAl is expressed

as molar ratio.

Yable 3: Phospholipid Composition of Abcdl, Abcal’~, and

Abcal’~ HDL?

phospholipid +/+ +/— ==
LPC 0.08+ 0.02 0.20+ 0.09 10.05+ 5.9
SPH 0.03+ 0.02 0.03+ 0.01 1.47+0.87
PC 0.27+ 0.08 0.33+ 0.05 1.12+0.23
PI+PS 0.04+ 0.02 0.04+ 0.04 0.30+ 0.5
PE 0.03+ 0.01 0.03+ 0.02 0.93+ 0.48
Total 0.44+0.13 0.63+ 0.10 13.86+ 7.52
LPC/PC 0.33:0.19 0.61+ 0.23 8.49+ 3.244
SPH/PC 0.1Gt 0.05 0.10+ 0.04 0.85+ 0.40¢
PE/PC 0.06+ 0.05 0.23+0.24 6.98+ 6.25
LPC/PE 6.79 6.32 7.96+ 6.62 10.87+ 6.35
SPH/PE 2.15+ 1.66 1.20+ 0.52 1.26+ 0.61
Pl + PS/PC 0.110.11 0.12+0.11 0.22+ 0.37

aHDL was isolated from pooled plasma—-&2 mice) by FPLC.

presence of phospholipids associated with apoAl, the com- Phospholipids and apoAl were determined as described under Materials
and Methods. Values are expressed as rgoHpoAl from three

independent experiments on pooled plasha.< 0.05.p < 0.005

compared to wild typed p < 0.05.

by FPLC and concentrated, and the phospholipid composition As expected, there was a dramatic decrease in plasma
was determined by silica gel TLC and lipid phosphorus levels of HDL phospholipids in Abcail™ mice, compared
estimation. The distribution of phospholipid subclasses within to heterozygous and wild-type littermates. However, when
expressed as nanomoles per microgram of apo Al, HDL from

HDL isolated from Abcal’~, Abcal”~, and wild-type mice
are shown in Table 3.

Abcal’™ mice showed a significant increase in all phos-
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Ficure 4: SDS-PAGE analysis of HDL isolated from Abcail

and Abcal’* mice. Plasma lipoproteing (< 1.25) were separated
by preparative ultracentrifugation, individual lipoprotein subclasses
were fractionated by FPLC, and fractions corresponding to HDL
were pooled. Abcai~ and Abcat’t HDL were electrophoresed
on a 4-12% SDS-polyacrylamide gradient gel. Proteins were
detected by Silver staining using a Proteo Silver Staining kit as
described by the manufacturer.

pholipid classes. Furthermore, the major phospholipid in
HDL from Abcal’~ mice was lysophosphatidylcholine
(LPC), whereas phosphatidylcholine (PC) was the major
phospholipid in both wild-type and heterozygous HDL. Since
HDL isolated by FPLC coelutes with albumin and most of
the LPC present in plasma is bound to albun®6)( one
possible explanation of the preceding results is the contami-
nation of HDL fraction with albumin. Therefore, an ad-
ditional experiment was performed in which albumin was
removed by passing the HDL through a protein G column
cross-linked with rabbit antisera to mouse albumin. This
procedure removed over 80% of the albumin present in the
HDL fraction and did not affect the lipid composition of
HDL as reflected by the cholesterol/apoAl ratios (7.5 and
6.8 for HDL before and after column, respectively). The
resulting HDL fraction was reassayed for phospholipid
content. Although the total amount of LPC was decreased,
the LPC/apo Al ratio in HDL did not change confirming
the increased amount of LPC in HDL. Additional experi-
ments were performed to confirm the increased levels of LPC
observed in HDL isolated from Abcaf mice. Total
lipoproteins § < 1.25) were isolated by ultracentrifugation
from Abcal’~ and control littermates and then separated in
individual lipoprotein subclasses by FPLC. Fractions con-
taining HDL were pooled, characterized by SDS-PAGE, and
assayed for phospholipid content. As shown in Figure 4,
albumin levels are very low and identical between wild-type
and Abca1’~ HDL. LPC levels, expressed as nanomoles per
microgram of apoAl, were 16-fold higher in HDL isolated
from Abcal’~ mice when compared to wild-type littermates
(3.0 nmolkg apoAl vs 0.19 nmallg apoAl for Abcal’~

and wild type, respectively), confirming the increased in LPC
in Abcal”™ mice. Compared to wild-type littermates, there
was a 4-fold increase in PC in HDL isolated from Abcal
mice, whereas LPC (125-fold), sphingomyelin (SPH) (49-
fold), and phosphatidylcholine (PE) (18-fold) showed even
higher increases. As a consequence, the ratios of LPC/PC
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Table 4: Plasma Phospholipid Composition in AbdalAbcal’~,
and Abcat’t Mice?

phospholipid +/+ +/— —/=
LPC 0.35+ 0.10 0.32+ 0.03 0.16+ 0.0F¢
SPH 0.15+ 0.07 0.11+ 0.03 0.044 0.01¢
PC 1.06+ 0.29 0.75+ 0.19 0.14+ 0.04¢
Pl+ PS 0.15+ 0.03 0.12+ 0.02 0.05+ 0.0
PE 0.12+ 0.03 0.12+ 0.02 0.07+ 0.02¢
Total 1.83+0.36 1.42+0.24 0.47+ 0.07¢
LPC/PC 0.34+ 0.13 0.46+ 0.13 1.28+ 0.27°
SPH/PC 0.15t 0.09 0.14+ 0.03 0.344 0.13'¢
PE/PC 0.12- 0.04 0.17+ 0.06 0.56+ 0.09¢
LPC/PE 3.1+ 1.76 2.92+0.85 2.29+0.39
SPH/PE 1.46t 0.85 0.97+ 0.41 0.60+ 0.19
Pl + PS/PC 0.15t 0.04 0.17+ 0.03 0.36+ 0.04¢

aplasma from controlsn{ 7), Abcal”’~ (n: 7) and Abcal’~ (n:
5) mice were used to determine phospholipid species as described under
Materials and Methods. Values are expressed as nmol/mL plasma and
are meant SD (n: 7).°p < 0.005 compared to wild-typé.p < 0.005
compared to Abcal~ mice.4p < 0.05.¢p < 0.05.

Table 5: VLDL Phospholipid Composition in Abcat, Abcal”-,
and Abcat’* Mice

phospholipid +/+ +/— e
LPC 3.11+ 251 2.14+0.70 1.21+0.41
SPH 3.83+1.47 3.59+ 3.28 1.43+0.33
PC 15.97+ 7.01 13.92+4.36  22.36+ 2.54
Pl+ PS 3.96+ 3.33 1.83+0.76 2.45+0.74
PE 4.53+ 2.59 1.95+ 1.27 1.50+ 0.03
Total 31.38+ 16.50 23.43:8.70 28.94+ 3.88
LPC/PC 0.18+ 0.09 0.16+ 0.05 0.05+ 0.0
SPH/PC 0.24+ 0.06 0.25+0.21 0.06+ 0.0
PE/PC 0.2A# 0.11 0.14+ 0.07 0.07+ 0.0
SPH/PE 0.96t 0.31 1.70+ 0.51 0.96+ 0.22
PI+ PS/PC 0.22+0.11 0.13+ 0.05 0.11+0.02

a Phospholipid species was determined in FPLC isolated VLDL
fractions as described under Materials and Methods. Values are
expressed as nmglg of apoB and are meaha SD (n: 7).2p < 0.05.
bp < 0.05 compared to Abcat mice.¢p < 0.005 compared to
wild-type.

dylinositol + phosphatidylserine (Pt PS)/PC were all much
higher in HDL from Abcal’~ mice, compared to HDL
isolated from wild-type and Abcal heterozygous mice. In
general, the changes observed in the phospholipid composi-
tion of HDL from heterozygous Abcal were insignificant,
except for a decrease in PC and an increase in LPC/PC ratio
(Table 3). Taken together, these findings suggest that one
normal allele of Abcal is sufficient to maintain HDL
phospholipid composition similar to that of wild-type mice.
To determine whether the abnormalities in the composition
of phospholipids are specific for HDL or due to a general
alteration in phospholipid synthesis and transport, we
analyzed the phospholipid composition in whole plasma
(Table 4) and VLDL fraction (Table 5). LPC is the major
phospholipid present in plasma of Abc&lmice, while PC
is the major phospholipid in wild-type and heterozygous
mice. The total phospholipid concentration in plasma was
decreased by 75% in Abcal mice, but only modestly in
Abcal”~ mice. The decrease in the latter was mostly due
to a reduction in PC, with no significant changes in other
phospholipids. On the other hand, all phospholipid classes
decreased in Abcat mice, with the decrease in PC
concentration being more pronounced than that of others.
As observed in isolated HDL, the LPC/PC, SPH/PC, PE/

SPH/PC, phosphatidylethanolamine (PE)/PC, and phosphatiPC, and PH PS/PC ratios were all significantly higher in
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Ficure 5: PLTP activities in plasma from Abcat, Abcal”-,

and Abcal’* mice. PH]-DPPC and }H]-SPH transfer from
liposomes to HDL as described under Materials and Methods.
Transfer activity is measured in the presence of excess exogenous
HDL and expressed as % of reference pool plasma (15.0 and 14.5
umol/mL/h, for DPPC and SPH, respectively), which is included

in each run. H+ - -

) ) ) FiGurRe 6: LCAT activities in plasma from Abcal-, Abcat-,
plasma of Abcal~ mice compared to wild-type mice. In  and Abcat’+ mice. (A) LCAT-mediated esterification of lipopro-
the heterozygotes, only the LPC/PC ratio showed a signifi- tein-derived cholesterol. Plasma was obtained from mice from
cant increase. These results therefore suggest that the p%lﬁg_?RItheLr!otype?, _andthl:AtT acl“V'ty as 'Imé“e‘?'t'ﬁte'y 'Tg'b'ted

: N . y . Lipoprotein cholesterol was labeled with an albumin-
concentration of plasma is disproportionately affected by the i 5o emulsion. of 1,2%]-cholesterol as described under
absence of ABCAL. _ Materials and Methods. LCAT activity was reactivated by adding

In contrast to HDL, the VLDL fraction from Abcai” B-mercaptoethanol, and the synthesis #i]{lipoprotein-derived
mice did not show a decrease in the total phospholipid (Table cholesteryl ester was determined for 30 min &t @7 Lipids were
5). However, there was a significant decrease in SPH and€&xtracted, and the content JH]-labeled cholesteryl ester in the

. ; - organic phase was determined by TLC as described under Materials
an increase in PC compared to VLDL isolated from hetero- n4'\ethods. (B) Plasma LCAT activities were measured as the

zygous and wild-type mice. Furthermore, LPC, which was rate of synthesis 0fH] cholesteryl esters from unilamellar vesicles
the major phospholipid in the HDL fraction, was a minor prepared by French press cell and activated with apoAl as described

component in VLDL from Abcal’~ mice. Interestingly, the ~ under Materials and Methods.

ratios of LPC/PC, SPH/PC, and PE/PC all showed a

significant decrease in VLDL isolated from mice lacking to controls, 0.13k 0.11 nmol mL* h™ (n: 6) versus 25.19
Abcal, while these ratios were all increased in HDL. These £ 6.7 nmol mL* h™* (n: 6), p = 0.008), while Abcal’~
results thus show that the deficiency of ABCAL differentially have a 40% decrease compared to controls (Figure 6B). Since

affects the composition of various lipoproteins, with a more Sphingomyelin is known to compete with PC for binding to
pronounced effect on HDL. the active site of LCAT$9) and inhibit the blndlng of LCAT

Plasma PLTP Actities in Abcat’~, Abcat”’~, and Wild- to HDL (40), we estimated whether the plasma concentration
Type Mice.Several lines of evidence demonstrate that the of LCAT was also decreased in Abcdl mice by using a
transfer of phospholipids from VLDL to HDL as well as Proteoliposome assay. This measurement is independent of
within the HDL fraction plays an important role in the the concentration of plasmalllpoprotems and proportional to
remodeling and maintenance of HDL leveR0( 37, 38). the amount of LCAT protein23). LCAT was markedly
Since the Abcal~ mouse has virtually no HDL and its decreased in Abcal™ mice when compared to wild-type
phospholipid composition is significantly altered, we inves- littermates (15% of the levels found in contragpss= 0.005],
tigated whether plasma PLTP activity levels are affected in While Abcal”~ was not significantly different than control
Abcal’~ mice. PLTP activities measured in plasma samples littermates (Figure 6A). Liver LCAT mRNA levels were not
from mice from the three different genotypes are shown in different between genotypes (data not shown), suggesting a
Figure 5. Compared to wild-type littermates and Abcal normal synthesis and secretion of LCAT protein.
heterozygous mice, the transfer of eith#f]DPPC or [4C]- Role of LCAT and PLTP on HDL Biogenesifie absence
SPH from liposomes to exogenously added HDL, is mark- of mature HDL implies that the biogenesis of HDL is
edly reduced in Abcal™ mice (79% and 78% respectively, impaired as consequence of the absence of ABCALl. The
p < 0.001), consistent with a decrease in the transfer of both initial step in the biogenesis of HDL is thought to involve
major plasma phospholipid classes onto HDL. the ABCAl-mediated transfer of phospholipid and choles-

LCAT Actiities in Abcal’~, Abcal”’~, and Abcal’* terol onto apoAl, resulting in the formation of nascentfre
Mice. The esterification of cholesterol by LCAT is a key HDL species 41). Subsequent interaction and activities of
step in the maturation of nascent HDL specidd)( as it LCAT and PLTP transform these particles into mature
facilitates the formation of a lipid core in nascent HDL, sphericale-migrating HDL species38, 42). Therefore, we
which then develops into mature HDL. The phospholipid performed an in vitro study to assess whether the absence
composition of Abcal’~ HDL suggests that the high SPH/  of ABCAL alone or in combination with defective PLTP or
PC ratio could affect their reactivity with LCAT. Consistent LCAT activities is responsible for the low levels and the
with this hypothesis, the esterification of cholesterol is absence of mature HDL in Abcat mice. The synthesis of
virtually absent in Abcal™ mice (less than 0.5% compared mature HDL was determined by measuring the formation

LCAT (nmol/ml.h)
=]

el




8576 Biochemistry, Vol. 42, No. 28, 2003 Francone et al.

models with either natural mutations or targeted inactivation
of ABCA1 have confirmed the importance of ABCA1 and
raised several important questions regarding the key bio-
chemical processes responsible for the maturation of nascent
HDL. In this study, we have used Abcal-deficient mice to
extend our characterization of the changes in the plasma
lipoproteins and understand the mechanism/s determining the
low levels of HDL when ABCAL is absent. Several novel
findings resulted from this study. HDL from Abcal mice

< represents less than 2% of wild-type levels and is small and
0 s enriched in phospholipids compared to wild-type mice HDL.
© Their phospholipid composition is significantly different from
other HDL or pr@g-HDL (35) and characterized by increased

alpha-HDL (% over control)

b
&

Ficure 7: Effect of ABCAL, LCAT, and PLTP on the biogenesis ratios of LPC/PC, SPH/PC, PE/PC, andPIPS/PC as a
of HDL. Plasma from Abcal~ plasma was incubated with either consequence of a disproportionate decrease in PC. Cell

wild-type CHO cells or CHO cells expressing LCAT alone or in ; : ;
combination with purified PLTP fo6 h at 37°C as described under culture experiments demonstrated that PC is the major

Materials and Methods. HDL species were immediately electro- PNOSpholipid species released onto apoAB,(44) by
phoresed in a two-dimensional gradient gel electrophoresis. ProteinsABCAL suggesting that the abnormal phospholipid composi-
were transferred onto nitrocellulose membranes and apoAl contain-tion of Abcal’~ HDL may reflects the specificity of the

ing HDL species identified by using a polyclonal rabbit antibody ABCA1 toward PC. In addition, changes in phospholipid

to murine apoAl. Formation of mature HDL species was expressed - . ; -
as % increases over Abcdl plasma incubated with CHO cells.  transfer activity as observed in Abcdlmice may contrib

The figure shown is a representative experiment from three Ute, atleastin part, to the abnormal phospholipid composition
independent experiments. of HDL. The transfer rates of PC, the major phospholipid

o ) ) . ) species in plasma lipoproteins, is decreased by 80% in
gel electrophoresis and compared to native plasma incubateqransfer of PC from VLDL to HDL is markedly impaired

in the absence of cells. No increasedamigrating HDL  ¢ontributing to the abnormal low levels of PC observed in
occurred when Abcal™ plasma was incubated with LCAT  aApcal’~ HDL.

alone or in combination with PLTP in the absence of CHO The increase of LPC in Abcat HDL mice is intriguing.

pells. In this_experiment, plasma from Abc&l mice Was  gince LPC is carried by albumin in normal plasra)( we
incubated with CHO cells that are known to express high gecided to remove the albumin by immunoaffinity columns.

levels of ABCA1 @) with the intent of restoring the flux of Although a small amount of LPC~20%) was removed by
phospholipid and cholesterol onto ApoAl. Compared 10 this procedure, the LPC/apoAl ratio remained higher in
native plasma (Figure 7), no changes drHDL were Abcal’~ HDL when compared to wild type. These findings
observed, suggesting that the normalization of ABCAl- 4 150 confirmed in HDL isolated by the combination of
mediated lipidation was insufficient to induce the maturation ultrancentrifugation and FPLC techniques. Following these

of HDL. In contrast, a 220% increase in the formation of ,qcedures, HDL contains negligible amounts of albumin
o-HDL was observed when ABCAL and LCAT activities  jngicating the LPC is indeed associated to HDL, as previ-

were restored by incubating Abc1plasma with CHO cells  o;5ly suggested in the literatur¢s). In addition, LPC was
expressing LCAT. LCAT activity in Abcal™ plasma was  the major phospholipid component in the whole plasma from
initially 0.1 + 0.1 nmol CE formed mt* h™ in Abcal ™ Abcal”’~ mice, indicating that the relative concentration of
plasma and increased to 15.3 nmol CE formed nh* LPC is increased in ABCA1 deficiency. The major source
after 6 h incubation with CHO cells expressing LCAT = f| pC in plasma is the LCAT reactiod). However, this
reaching activity levels similar to those found in wild-type  4ctivity is decreased drastically in the homozygous mice, and
mice (Figure 5B). The addition of PLTP alone or in therefore could not account for the increase in HDL LPC. It
combination with LCAT did not result in a significant i 150 highly unlikely that the LPC is generated in vitro
additional increase in the proportion afmigrating HDL. after the collection of the sample, since all plasma samples
An additional experiment was performed in which PLTP was \yere treated similarly, and the increase in LPC is found only
used at a final activity of 26 000 nmol/mL/h to emulate i, homozygous plasma. It is also of interest to note that
plasma activities in mice or humang8(( 31), and no v pL LPC is actually lower than in controls, indicating a
additional increase in mature HDL was observed (data not specific effect on HDL composition. LPC is secreted by the
shown). Taken together, these findings suggest that ABCAL |iyer directly into plasma46), suggesting that this pathway
is necessary for the adequate lipidation of apoAl, which ¢qyiq be stimulated in the absence of ABCAL. Preliminary
enables the interaction with LCAT and subsequent formation experiments show that peritoneal macrophages from homo-
of HDL. zygous mice secrete relatively more LPC than control
DISCUSSION macrophages (results not shown), supporting an increased
secretion of LPC from peripheral cells and probably liver in
ABCAL plays a crucial role in the synthesis of HDL. the absence of ABCAL. The consequence of increased levels
ABCAL1 is present in all tissues and facilitates the efflux of of LPC in plasma and HDL are unknown. However, it is
phospholipids toward nascent apolipoproteins, which can likely that the physical structure and stability of HDL is
then accept cholesterol forming a lipid-poor particle that significantly altered and, thus, contributes to the low levels
triggers the maturation and formation of HDL. Animal of HDL observed in AbcaZ™ mice. LPC potentiates the
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mitogenic activity of murine and human macrophages and The phenotype observed in LCAT or PLTP-deficient mice
may contribute to the tissue accumulation of macrophagessuggest that LCAT is the primary enzyme responsible for
observed in Abcal~ mice. Further studies are required to the transformation of pfinto a-HDL. LCAT deficiency
evaluate the metabolic consequences of increased levels oin humans $1) and mice §2) leads to the accumulation of
LPC in plasma and HDL in Abcal mice. discoidal HDL patrticles with prg-mobility, while vesicular
The synthesis and maturation of plasma HDL requires the lipoproteins within the IDL/LDL fraction are present in
interaction of many plasma proteins and cellular receptors. PLTP-deficient mice Z0). Alternatively, the absence of
In vivo, apoAl synthesized by the liver and intestine or mature HDL following incubation with PLTP may be
recycling from the plasma compartment becomes lipidated explained by the low levels of LDL present in these mice
by ABCA1 on the surface of cells leading to the formation (16), leading to a decrease in transfer of phospholipids onto
of lipid-poor, nascent HDL particles, also known as/pre  HDL.
HDLs, which are transformed into large-sized HDL particles  Taken together, the findings from these studies suggest
with o.-mobility by the action of LCAT 25, 42). Subsequent  that the absence of ABCA1 results in profound changes
maturation and formation of larger HDL species is dependentin the phospholipid composition of HDL that alter their
upon the interaction and continual remodeling induced by biosynthesis and maturation. In addition to a decrease in
various plasma proteins and surface receptors, resulting inplasma activities of LCAT and PLTP as important mecha-
the structural heterogeneity of circulating HDA.7j. Recent nism/s for the failure of HDL to mature, small HDL filter
studies have confirmed that the first and foremost important rapidly in kidneys as demonstrated in patients with Tangier
step in the biogenesis of HDL is the interaction of apoAl Disease 18, 19). This process, which is independent of the
with ABCA1 on the cell surface. Since apoAl synthesis is change in lipid composition of nascent HDL, is also likely
not affected in Abca?™ mice, our studies suggest that the to contribute to the low levels of HDL in the Abcal-deficient
defective lipidation of apoAl leads to the formation of mice.
abnormal HDL precursors that cannot be transformed into
large and mature HDL species. Several evidences are inACKNOWLEDGMENT
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