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Abstract

Whereas hepatocytes secrete the major human plasma high density lipoproteins (HDL)-protein, apo
A-1, as lipid-free and lipidated species, the biogenic itineraries of apo A-Il and apo E are unknown.
Human plasma and HepG2 cell-derived apo A-Il and apo E occur as monomers, homodimers and
heterodimers. Dimerization of apo A-I1, which is more lipophilic than apo A-1, is catalyzed by lipid
surfaces. Thus, we hypothesized that lipidation of intracellular and secreted apo A-11 exceeds that of
apo A-1, and once lipidated, apo A-I1 dimerizes. Fractionation of HepG2 cell lysate and media by
size exclusion chromatography showed that intracellular apo A-Il and apo E are fully lipidated and
occur on nascent HDL and VLDL respectively, while only 45% of intracellular apo A-l is lipidated.
Secreted apo A-Il and apo E occur on small HDL and on LDL and large HDL respectively. HDL
particles containing both apo A-1l and apo A-I form only after secretion from both HepG2 and Huh7
hepatoma cells. Apo A-11 dimerizes intracellularly while intracellular apo E is monomeric but after
secretion associates with HDL and subsequently dimerizes. Thus, HDL apolipoproteins A-1, A-Il
and E have distinct intracellular and post-secretory pathways of hepatic lipidation and dimerization
in the process of HDL formation. These early forms of HDL are expected to follow different
apolipoprotein-specific pathways through plasma remodeling and reverse cholesterol transport.
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1. Introduction

Human plasma high-density lipoproteins-cholesterol is a negative risk factor for cardiovascular
disease for which current therapies are inadequate [1]. HDL promote reverse cholesterol
transport (RCT) by carrying excess cellular cholesterol through the plasma compartment for
disposal by the liver [2], inhibit LDL oxidation [3], and are anti-inflammatory [4]. Most plasma
HDL are spherical particles with a neutral lipid core surrounded by a surface monolayer of
apolipoproteins, cholesterol and phospholipids [5]. Apo A-l and apo A-11 are 64% and 20% of
HDL-protein mass [5]. Some HDL particles contain only apo A-1 (LpAl); most of the remainder
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contain both apo A-I and apo A-Il (LpA-1/A-I1) [6]. Formation of LpA-I/LpA-Il in plasma
occurs via LCAT-mediated fusion of nascent discoidal apo A-11 HDL with small spherical
LpA-I [7] or by displacement of apo Al by the more lipophilic apo A-11[8,9,10]. Intracellular
formation has not been fully delineated. Apo E, a minor HDL protein, preferentially associates
with large HDL [11,12,13]. The distributions of HDL apolipoproteins, which are exchangeable,
are modified by LCAT, CETP, PLTP and hepatic lipase [14]. Indeed, HDL structural
remodeling and apo A-I dissociation are essential to RCT [2,15].

Apo A-1 is antiatherogenic, promoting RCT, activating LCAT, and inducing regression of
atherosclerotic lesions [16,17,18]. Whereas studies of mice over-expressing apo A-Il reveal
both anti- and pro-atherogenic activities [19,20], a recent study showed that apo A-I1 level is
inversely associated with risk for atherosclerosis [21]. Human apo A-Il is distinguished by
Cys6, which forms disulfide-linked dimers [22,23]. Homodimeric apo A-Il is more lipophilic
than the monomer, giving it distinct properties [24]; >96% of human plasmaapo A-Il isdimeric.
Apo A-I1l dimerization, which is slow in aqueous buffer [22], is catalyzed ~7500-fold by lipid
surfaces [25]. Apo E, which occurs in three isoforms with different cysteine contents, mediates
hepatic clearance of apo B-containing lipoproteins [26] and promotes RCT [27]. Apo E3
(Cys112, Arg158), the most common isoform, is synthesized by HepG2 cells, and in plasma
of E3 homozygotes about 55% of the apo E3 is homodimeric or heterodimeric with apo A-I1
[28,29].

Hepatocytes synthesize and secrete HDL apolipoproteins [30,19]; ~20% of apo A-1 is lipidated
intracellularly with additional lipidation occurring after secretion [31,32,33,34]. The
corresponding intracellular lipidation itineraries of apo A-11 and apo E have not been reported
[10]. Given the mechanistic link between apo A-11 lipidation and dimerization, we investigated
the synergism between these processes in lipoprotein biogenesis in HepG2 and Huh7 cells and
found that apolipoproteins A-1, A-11 and apo E are uniquely distributed among intracellular
and newly secreted lipoproteins.

2. Materials and Methods
2.1 Cell culture

Human hepatoma HepG2 cells (American Type Culture Collection, Manassas, VA) and Huh7
cells (kindly provided by Dr. Yumin Xu in Dr. Boris Yoffe’s laboratory, Baylor College of
Medicine, Houston, TX) were cultured in MEM (InVitrogen, Carlshad, CA) with 10% FBS,
1 mM sodium pyruvate and penicillin-streptomycin antibiotics (10 U/mL, 10 pg/mL
respectively) (InVitrogen, Carlsbad, CA). Cells were plated and grown to about 80%
confluency, washed twice with PBS, incubated with serum-free MEM, and then cells and media
were harvested for analysis. Two time points were chosen, one relatively early (2 h) and one
relatively late (24 h) after secretion. The early 2 h media is enriched in newly secreted
lipoproteins, while by the time of collection of the late 24 h media extensive remodeling of the
secreted lipoproteins has occurred [35,36,37,32]. The longer time has been used in many
previous studies of HepG2 lipoprotein secretion [38,30,39,40]. Dimerization of apo A-Il and
E was blocked at the time of harvest by addition of 5 mM iodoacetamide or 10 mM N-ethyl
maleimide (NEM) to alkylate any free cysteines. Medium was collected, centrifuged to pellet
cell debris and the supernatant was transferred to fresh tubes. Cell dishes were placed on ice,
cells were washed twice with ice-cold PBS, and lysed in NP-40 lysis buffer (50 mM Tris-HCl,
150 mM NacCl, 1% NP-40 (Roche, Indianapolis, IN), pH 8.0) with 10 mM NEM and protease
inhibitor cocktail (Roche, Indianapolis, IN). Control experiments showed that this lysis buffer
did not affect HDL elution profiles by size exclusion chromatography (data not shown). Cell
lysates were centrifuged to remove nuclear debris, and the supernatants transferred to fresh
tubes. One-tenth volume 10X buffer (100 mM Tris-HCI pH 7.4, 1 M NaCl, 10 mM EDTA, 10
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mM NaN3) was added, and media and lysate samples were stored at 4°C until further processing
and analysis.

2.2 Ultracentrifugation

Lipidated and lipid-free apolipoproteins in cell media were separated essentially as described
[31]. Media samples were adjusted to d = 1.25 g/ mL with solid KBr and lipoproteins floated
by centrifugation. Three fractions were collected: T: top 3 mL, containing the lipid-associated
apolipoproteins; M: middle 3 mL (M); B: bottom 6 mL, containing the lipid-free proteins (B).
The middle fraction (M) contained less than 10% of the protein in the bottom (B) fraction and
little if any of the lipidated proteins (data not shown). Buffer was exchanged for TBS and
samples were concentrated with Centricon Plus-20 centrifugal filter devices, 5,000 MWCO
(Millipore, Bedford, MA).

2.3 Size exclusion chromatography (SEC)

Lipoproteins and lipid-free proteins in media and cell lysate samples were separated by SEC
on tandem Superose 6 FPLC columns, as described [41,42]. Eluants (1 mL) were collected
into tubes, which were pooled into 10 fractions each for media and lysate samples, as in Figure
2. Peak elution volumes for human plasma lipoproteins were VLDL, Fraction #1, LDL,
Fraction #3 and HDL, Fraction #6; lipid-free apo-A-I eluted in fraction #8. Larger HDL eluted
in Fraction 5, and lipid-poor HDL in Fraction 7 [42].

2.4 Thiopropyl sepharose (TPS) chromatography

Columns of Thiopropyl Sepharose 6B (GE Healthcare, Piscataway, NJ), 1 mL bed volume,
were used to bind the cysteine containing apo A-1l to separate LpA-I from LpA-I1/A-Il. For
study of cell lysates, HepG2 and Huh7 cells, incubated for 2 h in serum-free MEM were lysed
as above, except that NEM was omitted, and the lysis buffer pH was adjusted to 7.4, to maintain
cytosolic binding conditions. Binding of dimeric apo A-11 to TPS requires its prior reduction
with DTT to form the free —SH groups to which TPS binds. Thus, lysates were treated with 20
mM DTT to reduce all disulfide bonds and then dialysed against TBS containing 0.5 MM DTT
to maintain the reduced —SH groups. The 1mL bed volume minicolumns had a calculated —-SH
capacity of ~ 15 umol, corresponding to a 5 fold excess for the amount of DTT to be loaded.
The contribution of cell lysate proteins to the total —-SH concentration was estimated to be at
least an order of magnitude less than that from the 0.5 mM DTT. Human plasma HDL samples
were reduced with 20 mM DTT, dialyzed and processed through TPS columns in parallel with
the cell lysates as controls for separation of LpA-1 from LpA-I/A-11 (Figure 4 and Table 2).
Four to 6 mL of the reduced and dialyzed cell lysates or HDL were loaded onto the TPS
columns. The initial flow-through was recycled through the column for 1 h. The subsequent
flow-through was collected (Free fraction), the columns were washed with 5 bed volumes (5
mL) TBS (Wash fraction) and eluted with 5 bed volumes 20 mM DTT in TBS (Bound fraction).
Aliquots of each fraction were delipidated, solubilized in SDS-PAGE sample buffer, and
analyzed by SDS-PAGE and Western blotting.

To determine the kinetics of LpAl/All formation in hepatoma media, 60 mL media per time
point was collected as above at 0.5, 1.0, 2.0 and 20 h. At the time of harvest, 2 mM paraoxon-
ethyl (Sigma, St. Louis) was added to inhibit LCAT to stop further formation of LpAl/All
[43]. After 30 min, ImM DTT was added to reduce disulfide bonds, and after another 30 min,
samples were loaded onto 7 mL bed volume TPS columns. After two passes through the
column, the flow through (Free fraction) was collected, the column was washed with 10 bed
volumes TBS, and bound fraction was eluted with 5 bed volumes 20 mM DTT in TBS. Free
and bound fractions were concentrated and aliquots analyzed by SDS-PAGE and Western
blotting.

Biochim Biophys Acta. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gillard et al.

Page 4

2.5 SDS-PAGE and Western blots

3. Results

Lipoproteins and apolipoproteins in media and cell lysates were separated according to density
by ultracentrifugation, SEC or TPS and analyzed for apolipoproteins A-1, A-11, B and E by
SDS-PAGE (15% Tris-Glycine Ready Gels; BioRad, Hercules, CA) and Western blotting.
Samples were loaded in non-reducing or reducing (plus B-mercaptoethanol, (+BMSH)) sample
buffer, as indicated in the figure legends. After transfer to nitrocellulose, the Western blotting
method was essentially that of the Amersham ECL-Plus Western Blotting Manual (Amersham
Biosciences/ GE Healthcare, Piscataway, NJ). Band identification is based on molecular weight
and reaction by Western blot with highly specific, high affinity antibodies. All SDS/PAGE
gels and Western blots were done with both molecular weight standards and apolipoprotein
standards on all the gels/blots. Intensity of bands detected by Western blotting was quantitated
either by densitometry of X-ray exposures using Kodak 1D image analysis software, or directly
on a Storm 840 imaging system (GE Healthcare, Piscataway, NJ) with ImageQuant TL
software. Antibodies for immunoblots were HRP-conjugated goat anti-human apo A-1, apo A-
I1, apo B and apo E (Academy Biomedical, Houston, TX), or goat polyclonal (Academy
Biomedical, Houston, TX) or mouse monoclonal (BioDesign/Meridian Life Sciences,
Cincinnati, OH) antibodies with appropriate HRP-conjugated second antibodies (Chemicon/
Millipore, Billerica, MA or Jackson Immunoresearch, West Grove, PA).

3.1 Apolipoprotein Lipidation and Dimerization in Secreted Lipoproteins

In our first experiments ultracentrifugation was used to separate lipidated and lipid-free
apolipoproteins as previously reported [31]. Immunoblot analysis of fractions from HepG2 cell
media harvested after 2 and 24 h (Figure 1;Table 1) demonstrated that at 2 h, apo A-1 was
partially lipidated (85 %) while apo A-11 and apo E were essentially fully lipidated (95%, 94%).
Extent of dimerization of apo A-11 and apo E was determined by SDS-PAGE analyses under
non-reducing and reducing conditions. Most apo A-11 in 2 h media is homodimer (92%) while
most apo E is monomer (97%). By 24 h, apo E has undergone dimerization (36% A-I1-E and
9% E,). At this later time, for all three apolipoproteins, a larger proportion was recovered in
the lipid-free d>1.25 fraction (24 — 28%). This could be due to the low amount of lipid
production by HepG2 cells [38,30,39,40] and/or loss of apolipoproteins from lipoproteins
during ultracentrifugation (see below) [44,11,45]. The minor lipid-free apo A-1l1 monomer
bands detected in 24 h media (Figure 1, Panel B, anti-A-11, lanes 7 and 8) have increased
molecular weight, and may be glycosylated isoforms [46]. All apo B was lipidated at both 2
and 24 h.

3.2 Apolipoprotein Distribution among HDL Subfractions

Although flotation separates lipidated from lipid-free proteins it provides little information
about the lipoprotein subfractions into which apolipoproteins are distributed. To further
analyze apolipoprotein lipidation, media and lysates were analyzed by SEC, which resolves
lipoprotein particles and lipid-free proteins [41]. Importantly, this method obviates
ultracentrifugal artifacts that strip apolipoproteins from HDL [44,11]. SEC of samples from 2
and 24 h HepG2 media (Figure 2) and the attendant immunoblots of the collected fractions
(Figure 3A, 3B) reveal distinct distributions of apolipoproteins A-1, A-1l and E. Apo A-1in 2
h media was distributed equally (43% each) between Fractions 6 and 7, which correspond to
average plasma-sized HDL and small lipid-poor HDL, with 14% on larger HDL (Fraction 5).
By 24 h, media apo A-l on larger HDL increased (Fractions 5 and 6) consistent with maturation
of HDL species during the longer incubation time. Essentially all apo A-I1 in 2 h media is
homodimer and most (~69%) elutes in Fraction 6 while 23% elutes on smaller lipid-poor
particles (Fraction 7) and 8 % on larger HDL (Fraction 5). At 24 h, Apo A-1l homodimer has
a lipoprotein distribution like that at 2 h, but the apo A-l1-apo E heterodimers formed by this
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time are on larger HDL (Fractions 4, 5 and 6). Apo E in 2 h media is monomeric, and associated
with larger HDL as well as LDL (Fractions 2 — 6). By 24 h, apo E homodimers and apo A-11-
apo E heterodimers are detected and these are associated with larger HDL particles (Fractions
4 — 6), while only monomeric apo E is present in LDL Fraction 3. In human plasma also the
dimeric apo E content of HDL particles is relatively high while monomeric apo E is
predominantly on apo B-containing lipoproteins [29,45]. Media apo B appeared in Fraction 1
(VLDL) and to a lesser extent in Fraction 3 (LDL) (data not shown).

3.3 Intracellular Apolipoprotein Distribution Among Lipoprotein Subfractions

Cell lysates were harvested at the same time as the 2 and 24 h media, fractionated by SEC and
analyzed for apolipoproteins (Figures 2 and 3C, 3D). The distribution of apolipoproteins in the
2 and 24 h lysates differs: the 2 h samples are enriched in newly synthesized intracellular
apolipoproteins, while by 24 h the cell lysates contain more lipoproteins that were secreted,
processed in the media and endocytosed back into the cell [35, 36]. In 2 h lysates, intracellular
apo A-1 is 45% lipid-free (Fraction 8), 45% is on small lipid-poor HDL (Fraction 7) and 10%
is on average plasma-sized HDL (Fraction 6). In 24 h lysates some apo A-1 is on larger LDL
sized particles (Figure 3D, Fractions 3 and 4). In 2 h lysates, all apo A-1l was dimeric, present
as a mix of apo A-11 homodimer and A-11-E heterodimer, and eluted in the HDL Fraction 6
(Figure 3C). Thus both dimerization and lipidation of apo A-11 occur rapidly after synthesis,
prior to secretion. In 24 h lysates, some intracellular apo A-I1 is in the LDL Fractions 2 - 4
(Figure 3D). Apo E distributed differently among intracellular and secreted lipoproteins. Apo
E in 2 h lysates is mostly a monomer in the VLDL Fraction 1 (Figure 3C), whereas in media
at2and 24 hitison LDL and large HDL, but no longer detected on VLDL. At 24 h, intracellular
apo E is present on VLDL (Fraction 1) and LDL (Fractions 2 — 4), with a small fraction on
HDL (Fraction 6). The majority of intracellular apo B in HepG2 cells was in the nascent VLDL
fraction (Fraction 1), with a lesser amount in LDL Fractions 2—4 in both the 2 and 24 h lysates
(data not shown).

These results clearly demonstrate that apo A-Il and apo E lipidation and dimerization follow
different, very distinct pathways, and that lipidation of these apolipoproteins both inside
hepatocytes and after secretion differs from the lipidation of apo A-I.

3.4 Do apo A-l and apo A-ll occur on acommon lipoprotein particle before secretion?

Most intracellular apo A-Il is lipidated (Figure 3C, Fraction 6) while most apo A-1 is lipid-
poor (Fraction 7) or lipid-free (Fraction 8), indicating that there is little if any intracellular
LpA-1/A-I1. To analyze this further, we separated intracellular apo A-I-only particles from apo
A-11 containing particles by TPS chromatography. As a control, we separated normal human
plasma LpA-1 and LpA-I/A-11 by using TPS (Figure 4, HDL panels). LpA-I flows through the
column (Free fraction, lanes 1-3), while LpA-1/A-11 binds, and is eluted with 20 mM DTT
(Bound fraction, lanes 4 — 6). The relative amounts of apo A-1 in the free and bound fractions,
34 + 5% and 66 + 5% (Table 2) agree with published values [8, 1].

TPS analysis of 2 h cell lysates from two different human hepatoma cell lines, HepG2 and
Huh7, reveals that essentially all intracellular apo A-1 elutes in the flow-through, Free fraction
(Figure 4, HepG2 and Huh7 panels, lanes 1 — 3) while all the apo A-I1 is retained in the Bound
fraction (lanes 5 — 7). Quantification of band intensity by phosphorimaging indicates that 98
+ 3% and 94 + 9% of the apo A-1 in HepG2 and Huh7 cell lysates eluted in the Free fraction,
while 99 + 1% and 92 + 11% of the apo A-Il was retained in the Bound fraction (Table 2).
Thus in both HepG2 and Huh7 cells, intracellular apo A-1 and apo A-11 are present on distinct
particles, and do not co-associate on nascent HDL prior to secretion. Rather, as shown below,
HDL particles containing both apo A-1 and apo A-11 (LpA-I/A-11) form after secretion.
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TPS analysis of hepatoma cell media reveals a time-dependent increase in secreted apo A-I
associated with LpA-I/A-11, with more LpA-1/A-11 appearing in the media of HepG2 than in
that of Huh7 cells (Figure 5). Immunoblots of the Free and Bound fractions of media collected
at 0.5, 1.0, 2.0 and 20 h show apo Al in both fractions, while apo A-11 is detectable only in the
Bound fractions (Figure 5A). The rate of LpA-1/A-I1 formation was calculated by
quantification of band intensity by phosphorimaging (Figure 5B). LpA-I/A-11 formation in
hepatoma media is rapid: within 30 min of secretion, 40% of apo A-l in Huh7 media and 73%
of apo A-1 in HepG2 media is present on LpA-I/A-11. By 20 h, 84% of the apo A-1 in HepG2
media and 63% of that in Huh7 media is associated with LpA-I/A-II.

3.5 Impaired Binding of Apo E to TPS

As expected for the cysteine-containing E2 and E3 isoforms, most human plasma HDL apo E
is in the bound fraction (Figure 4, lanes 4 — 6 and Table 2). However, a small amount was also
found in the free fraction (lanes 1 —3). In cell lysates, where apo E is present on nascent VLDL
(Figure 3C, apo E panel), most apo E was in the bound fractions for both HepG2 and Huh7
cell lysates (Figure 5 and Table 2), but as with HDL apo E, some eluted in the flow-through
fractions. The phenotype of HepG2 cell apo E is E3/E3 [29], one cysteine per protein molecule
that should be retained on TPS. However, a fraction of the cysteines in the lipoprotein bound
apo E may not be accessible to TPS. After secretion, the amount of apo E in the free fraction
decreases with time so that by 20 h all the media apo E binds TPS (Figure 5A and 5C). This
change in apo E binding to TPS occurs more rapidly in HepG2 media than in Huh7 media.
Changes in apo E conformation on triglyceride rich VLDL that affect receptor binding have
been reported [47].

4. Discussion

Lipidation of Apolipoproteins A-ll and E are Distinct from that of Apo A-l

Our data showing most intracellular apo A-1 is lipid-free or on small nascent HDL are consistent
with that of others [30,31,32,33,34]. In elegant pulse-chase studies Chisholm et al reported
only 20% of newly synthesized intracellular apo A-1is lipidated prior to secretion, and secretion
begins within 30 minutes of synthesis. [31]. We found that in 2 h lysates 45% of intracellular
apo A-1 was lipid-free, suggesting additional lipidation occurs over this time period.
Importantly, in contrast to apo A-l, all intracellular apo A-11 and apo E were lipidated within
2 h of synthesis. Although some intracellular apo A-I1in 2 h lysates occurred with small,
nascent HDL, most was on plasma-sized HDL (Fraction 6, Figure 3C). Most intracellular apo
E in 2 h lysates was associated with VLDL. Apo E in rat hepatoma cells has also been reported
to bind to maturing VLDL [48]. After secretion, remodeling in the media redistributes the
apolipoproteins among lipoproteins; still each apolipoprotein retains a distinctive pattern of
lipid association both intracellularly, as we report here for the first time, and post secretion
[39,12]. The patterns of lipid association among apolipoproteins in HepG2 media at 24 h
simulate those of human plasma HDL, in which most apo A-Il is on mid-size HDL, apo A-I
associates with a broader range of particle sizes, and most apo E resides on larger HDL [29,
13].

LpA-I/A-ll forms after secretion

LpA-1/A-I1 formation was investigated in two hepatoma cell lines. Though widely used to
study lipoprotein secretion, HepG2 cell media apo B-lipoproteins are lipid-poor [38,30,39,
40]. In contrast, Huh7 cells [49,50] are better producers of VLDL [51,52]. In both cell lines,
TPS analysis revealed no detectable intracellular LpA-1/A-11 (Figure 4). After secretion, LpA-
I/A-11 forms rapidly, with faster kinetics in HepG2 than in Huh7 media (Figure 5). Thus, as
proposed by Ikewaki et al [8], LpA-I/A-11 forms after secretion of the nascent apo A-11 HDL.
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Remodeling of Secreted Lipoproteins is Apolipoprotein-Specific

The nascent HDL particles secreted by HepG2 cells are discoidal, with low neutral lipids,
similar to those found in plasma of LCAT-deficient patients [53,54] and are remodeled to
plasma-like spherical HDL particles by LCAT activity [55]. HepG2 cells secrete many of the
proteins and lipids of lipoprotein metabolism, including LCAT, CETP, PLTP and hepatic lipase
[38,56,57,58]. Our data confirm the remodeling of secreted lipoproteins to more mature forms
in HepG2 media. Apo A-l is hepatically secreted as both lipid-free protein and as lipidated,
nascent discoidal HDL particles (this work and [30,31,32,33]). In vitro, these apo A-1 particles
and model nascent HDL (rHDL) are converted to spherical HDL by LCAT activity [55,59,
60,7]. In contrast, discoidal apo A-Il rHDL, which are poor LCAT substrates [59], are not
converted to spherical apo A-11 HDL [59,61]. Instead, LCAT catalyzes fusion of the apo A-11
rHDL discs with small spherical apo A-1 rHDL to form spherical LpA-1/A-11 HDL [7]. A
similar conversion is observed in vivo; human discoidal apo A-Il rHDL infused into rabbits,
which lack apo A-11, rapidly fuses with endogenous spherical LpA-1 to form LpA-I/A-11 [10].
Requirement of LCAT for the in vivo formation of spherical LpA-1/A-11 is suggested by the
absence of these spherical particles in LCAT deficient patients, where all the apo A-11 is
confined to pre-p discoidal HDL [13]. Our in vitro data show intracellular apo E is associated
with nascent VLDL, while apo E in 2 h media is associated with LDL and HDL. Thus, the apo
E on secreted VLDL particles rapidly redistributes to a pattern like that of human plasma
[29].

Apo A-ll and Apo E have Distinct Dimerization Kinetics

Lipid-free apo A-I1 dimerizes slowly, a process that is greatly accelerated by binding to lipids
[25]. In HepG2 cells, we found no monomeric intracellular apo A-11, suggesting that following
its synthesis apo A-11 undergoes rapid, sequential lipidation and dimerization. In contrast,
intracellular apo E on VLDL (fraction 1, Figure 3C) is primarily monomeric (this work and
[29]). Apo E dimerization is much slower than that of apo A-I1 with no dimer detected in media
at 2 h, when apo E is associated with LDL and HDL. Apo A-ll-apo E heterodimers are present
after the longer 24 h incubation, during which lipoprotein remodeling may occur. Apo E is
required for HDL remodeling in dog plasma, where it supports the conversion of HDL3 to
HDL1, a large, cholesterol-enriched, receptor-competent HDL [62]; during remodeling, HDL
acquire apo E [63].

Apolipoprotein Dimerization and Lipidation are Correlated

Apolipoproteins A-1, A-1l and E belong to a gene family of soluble proteins that have
amphipathic helical regions that bind to lipids with an affinity, i.e., free energy, that is expected
to be apolipoprotein-specific. According to linear free energy relationships, apo A-Il
homodimerization is expected to increase its free energy of binding by a factor of two. Whereas
the free energy of association of monomeric apo A-1l with HDL is —7.3 kcal/mol, the
corresponding free energy value for dimeric apo A-1l is not known and required measuring
dimeric lipid-free apo A-11 concentrations that were below our level of detection [64]. Our data
are consistent with this. Nearly all homo- and heterodimeric apo A-11 and apo E are lipidated.
In contrast, a greater fraction of monomeric apo A-I1 and apo E, as well as obligatory monomer
apo A-1, are found to be lipid-free after ultracentrifugation (Table 1). The lipid affinities of
monomers and dimers may contribute in a currently unknown way to their distinct distributions
between lipoproteins species.

A Refined Model for Hepatocyte HDL Formation and Secretion

Our data are consistent with current models of apo A-I in HDL biogenesis and remodeling
[31,32,37], and support the following refined model that includes apo A-Il and apo E (Figure
6). Synthesis and initial lipidation of apolipoproteins occurs in the endoplasmic reticulum (ER)
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[32]. Further lipidation occurs in the Golgi, so that half of the apo A-1 is secreted on small
nascent HDL, while the remainder is secreted as lipid-free apo A-I (Figure 3 and [31,32]). In
contrast, all of apo A-I1 is lipidated prior to secretion, to a particle size that approaches that of
human plasma HDL. Apo A-I1 is secreted as a lipid-associated dimer on nascent HDL particles
that do not contain apo A-I (Figures 3 and 4). LCAT catalyzes fusion of the apo A-1l nascent
HDL discs with small spherical apo A-l HDL to form LpA-1/A-11 spherical HDL [7]. Apo E
in the Golgi associates with maturing VLDL particles (Figure 3 and [48]). Apo E secreted on
VLDL israpidly remodeled (double arrow) into LDL-sized particles and moves to HDL, where
it subsequently forms homodimers and heterodimers with apo A-11. These secreted lipoproteins
may undergo retroendocytosis, after which some apo A-I and apo A-Il transfer to LDL-sized
particles, while apo E transfers to HDL and is resecreted [37,36].

Physiological Significance

The unique distributions of apolipoproteins A-1, A-1l1 and E among nascent and maturing
lipoprotein particles suggest apolipoprotein-specific HDL formation and processing. Lipidated
and lipid-free apo A-I are expected to support cellular cholesterol efflux via ABCG1 and
ABCAL1 respectively [32,65,66], and if HepG2 and Huh?7 cells are valid models of hepatocytes
in vivo, one could surmise that lipid-free apo A-I is rapidly utilized by ABCA1 or renally
disposed because plasma lipid-free apo A-1 concentrations are very low (<0.05%) [42]. Lp A-
I/A-11 are formed by the LCAT promoted fusion of small spherical apo A-1 HDL with nascent
discoidal apo A-11-HDL [7,10]. Whereas plasma levels of apo A-1 are determined by
catabolism, apo A-I1l levels are determined by synthetic rate. This is a major factor regulating
the distribution of apo A-1 among HDL subclasses LpA-1 and LpA-I/A-11 in normolipidemic
humans [67,8]. Plasma residence time for apo A-11 is longer than that for apo Al [68], consistent
with its higher lipophilicity, and with the lability of apo A-1 association with HDL [41,69,42,
2]. Apo A-Il also modulates the substrate properties of HDL. The rate of hepatic lipase
catalyzed fatty acid release from HDL containing apo A-11 is twice that of HDL devoid of apo
A-11 [70]. Apo E HDL also have distinct properties; apo E facilitates RCT by allowing CE-
rich-core expansion of HDL [27]. Understanding the roles of apolipoprotein-specific HDL
metabolism will provide the basis for development of better therapies to promote RCT.
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Figure 1. Lipidation and dimerization of apolipoproteins in HepG2 media by density
ultracentrifugation

Western blot analysis of the dimerization and lipidation of apolipoproteins A-I, A-Il, E, and B
in HepG2 media collected at 2 h (Panel A) and 24 h (Panel B). Media was separated into
lipidated and non-lipidated species by density ultracentrifugation. Lanes 1, 2, 5, 6: T: top, d <
1.25; Lanes 3, 4, 7, 8: B: bottom d>1.25. Sample buffer was non-reducing (BMSH —) or
reducing (BMSH +). Migration of apolipoprotein standards is indicated in the right margin.
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Figure 2. Size exclusion chromatography (SEC) profiles of HepG2 media and lysate samples
Samples were collected at 2 or 24 h. Eluants were pooled into 10 fractions as indicated by the
gray bars, and used for subsequent Western blot analysis of apolipoprotein distribution as in
Figure 3. Human plasma VLDL, LDL and HDL peak fractions are 1, 3 and 6, respectively.
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Figure 3. Lipidation and dimerization of apolipoproteins in HepG2 media and cell lysates by SEC
Two and 24 h media and cell lysate SEC fractions, pooled as in Figure 2, analyzed by SDS-
PAGE/ Western blot. Antibody used for the immunoblot is indicated to the left of each panel;
mobility of standard apolipoproteins is indicated to the right. Lane numbers correspond to SEC
fraction numbers. Samples were loaded in non-reducing sample buffer. In the cell lysates panels
C and D, lane 8 contained a large amount of cell protein, and this resulted in some non-specific
staining in the region between the migration of All-E and A-I standards.
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Figure 4. Intracellular apo A-1 and apo A-l1 are on distinct particles

Cell lysate samples from HepG2 (middle panels) and Huh7 cells (right panels) collected at 2
h were fractionated on TPS columns and probed by Western blot with antibodies to apo A-I,
apo A-ll and apo E. Lanes 1 — 3: Triplicate aliquots of column pass through fraction (Free).
Lanes 4-6: Triplicate aliquots of bound fraction (Bound). Lanes 7, 8: standard apolipoproteins,
0.1and 1 ng each, respectively. The efficiency and capacity of the TPS columns to bind reduced
apo A-ll and resolve LpA-I from LpA-I/A-11 was demonstrated with human plasma HDL (left
panels), processed in parallel with the cell lysates but loaded onto the TPS columns at more
than ten times the lysate apolipoprotein concentration.
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Figure 5. Time course for formation of LpAl/All in media of hepatoma cells
A. Western blot of TPS flow through (Free) and bound (Bound) fractions of HepG2 media
collected at 0.5, 1.0, 2.0 and 20 h. Each sample was loaded in duplicate lanes. Membranes were
probed with antibodies to apo A-I (top), apo A-11 (middle) and apo E (bottom). Similar blots
were obtained with media of Huh7 cells (data not shown). B. Rate of formation of LpA-1/A-
Il in HepG2 (open circles) and Huh7 (closed circles) media. C. The fraction of media apo E
that binds to TPS as a function on time. Amounts of each apolipoprotein in the free and bound
fractions was determined by phosphorimaging of the Western blots. The data are mean and

SEM (n=4).
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Figure 6. Model for hepatic HDL formation and secretion

Apolipoprotein synthesis and its initial lipidation occur in the endoplasmic reticulum (ER). In
the Golgi, apo A-I1 particles are further lipidated and approach the size of human plasma HDL,
while apo A-1 particles are smaller, with about half of the intracellular apo A-1 remaining lipid-
free. After secretion, lipid-free apo A-1 acquires lipid by interaction with ABCA1, and nascent
discoidal apo A-1 HDL matures to spherical LpA-I by action of LCAT and other remodeling
proteins. Apo A-Il, which dimerizes shortly after lipidation, is secreted as a lipid-associated
dimer on particles that do not contain apo A-l. Shortly after secretion, LCAT promotes fusion
of these particles with spherical LpA-I to form LpA-I/A-11. Monomeric apo E in the Golgi
associates with maturing VLDL particles which are rapidly remodeled after secretion (double
arrow) to LDL sized particles and some apo E transfers to HDL, where it forms homodimers
and heterodimers with apo A-11. Apolipoproteins are represented by green (A-I), yellow (A-
I1) and orange (E) helixes; cysteine groups are red balls; nascent HDL are blue discs, and
spherical HDL, blue spheres.
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