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Quality control in the apoA-| secretory pathway:
deletion of apoA-I helix 6 leads to the formation
of cytosolic phospholipid inclusions
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Abstract From a total of 47 known apolipoprotein A-I
(apoA-I) mutations, only 18 are linked to low plasma HDL
apoA-I concentrations, and 78% of these map to apoA-I he-
lices 6 and 7 (residues 143-186). Gene transfer and trans-
genic mouse studies have shown that several helix 6 apoA-I
mutations have reduced hepatic HDL production. Our ob-
jective was to examine the impact of helix 6 modifications
on intracellular biosynthetic processing and secretion of
apoA-I. Cells were transfected with wild-type or mutant
apoA-], radiolabeled with [3S]Met/Cys, and then placed in
unlabeled medium for up to 4 h. Results show that >90%
of newly synthesized wild-type apoA-I was secreted by 60
min. Over the same length of time, only 20% of helix 6 de-
letion mutant (A6 apoA-I) was secreted, whereas 80% re-
mained cell associated. Microscopic and biochemical stud-
ies revealed that cell-associated A6 apoA-I was located
predominantly within the cytoplasm as lipid-protein inclu-
sions, whereas wild-type apoA-I was localized in the endo-
plasmic reticulum/Golgi. Results using other helix dele-
tions or helix 6 substitution mutations indicated that only
complete removal of helix 6 resulted in massive cytoplasmic
accumulation.fif These data suggest that alterations in na-
tive apoA-I conformation can lead to aberrant trafficking
and accumulation of apolipoprotein-phospholipid struc-
tures. Thus, conformation-dependent alterations in intra-
cellular trafficking and turnover may underlie the reduced
plasma HDL concentrations observed in individuals harbor-
ing deletion mutations within helix 6.—Bhat, S., M. Zaba-
lawi, M. C. Willingham, G. S. Shelness, M. J. Thomas, and
M. G. Sorci-Thomas. Quality control in the apoA-I secretory
pathway: deletion of apoA-I helix 6 leads to the formation
of cytosolic phospholipid inclusions. J. Lipid Res. 2004. 45:
1207-1220.
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Apolipoprotein A-I (apoA-I) is the major protein con-
stituent of HDLs and is synthesized and secreted by the
liver and intestine (1). This unique and abundant plasma
protein directs mature spherical HDL particles to the
liver, where the cholesteryl ester-rich core is removed by
scavenger receptor class B type I, thereby completing a re-
verse cholesterol cycle (2-4). Completion of this cycle is
thought to prevent the accumulation of cholesterol in the
aorta and represents a mechanism explaining the high
correlation between increased plasma HDL concentra-
tions and a lower incidence of coronary heart disease in
humans (5, 6).

Until recently, the origin of nascent HDL apoA-l in
plasma was thought to occur by either direct secretion of
“discoidal” structures from the liver, as shown by studies
from perfused rat liver (7), or by rearrangement of intesti-
nal remnants released from the lipolysis of triglyceride-
rich lipoproteins or the association of phospholipids and
apoA-l in plasma (8). Whereas VLDL particles have been
readily isolated from the Golgi (9, 10), efforts to identify
HDL particles along the secretory pathway have had little
success (9). Although these findings provided little sup-
port for the intracellular assembly of nascent HDL, a
number of other studies supported the concept of an in-
tracellular apoA-I lipidation pathway (11-16). With the
discovery of the ABCAI transporter, many of these con-
cepts concerning nascent HDL assembly have been re-
vised, and recent studies support the idea of both ABCAl-
dependent and -independent mechanisms responsible for
apoA-I lipidation (17, 18).

The conformation of apoA-I is believed to be an essen-
tial factor regulating the synthesis, secretion, and lipida-
tion of nascent HDL (19-22). Cataloging naturally occur-
ring human apoA-I mutations associated with low HDL
concentrations suggests that disruption of apoA-I's native
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structure dramatically alters HDL’s intravascular metabo-
lism (23). Of 18 documented apoA-I mutants associated
with low HDL, 78% are amino acid substitutions/dele-
tions within helices 6 and 7 (23). The association between
mutant forms of helix 6 and 7 and aberrant HDL metabo-
lism has been studied in mice by several different ap-
proaches. In one study, transgenic mice were created ex-
pressing A6 apoA-I, a mutant form of apoA-I lacking the
entire proline-punctuated 22 amino acid helix 6 (residues
143-164) (24, 25). In other studies, an adenoviral con-
struct expressing the dominant-negative helix 6 point mu-
tation, L159R apoA-I, was expressed in apoA-I knockout
mice (26), and in yet another study, a targeted replace-
ment for the dominant-negative mutant apoA-I Milano
(R173C apoA-l), a helix 7 point mutation, was examined
(27). In each of these studies, the data suggest that muta-
tions within apoA-I helices 6 and/or 7 cause decreased he-
patic production and contribute to the dominant-negative
phenotype observed in individuals heterozygous for these
mutations (23, 25).

Thus, the current studies were conducted to probe how
apoA-I conformation affects intracellular trafficking and
secretion by measuring the in vitro secretion efficiency of
mutant forms of apoA-I compared with wild-type apoA-I.
Combining biochemical and microscopy studies, we found
that although wild-type apoA-I was localized mainly in the
endoplasmic reticulum (ER)/Golgi compartment and was
secreted efficiently, the helix 6 deletion mutation, A6
apoA-I, was poorly secreted and accumulated within the
cytosol as novel lipid-apolipoprotein structures. These
studies show that deletion of a structurally essential helix
results in the disruption of protein conformation and its
accumulation and retention within the cell cytosol.

MATERIALS AND METHODS

DMEM, DMEM/Coon’s F12 (50:50), and G418 sulfate were
obtained from Mediatech, Inc. Trypsin was obtained from JRH
Biosciences, Inc. FuGene® was obtained from Roche Diagnostics
Corp. Saponin was purchased from Sigma Chemicals. The poly-
clonal antibody to human apoA-I raised in goat was obtained
from Chemicon, Inc. Rhodamine-conjugated antibody to goat
IgG, mouse anti-cathepsin D, affinity-purified species-specific
rabbit antiglobins conjugated with rhodamine or fluorescein,
and BSA (IgG-free, protease-free) were purchased from Jackson
ImmunoResearch Labs, Inc. Brefeldin A was obtained from Epi-
centre Technologies. Protein G-Sepharose 4 Fast Flow was pur-
chased from Amersham Biosciences.

Preparation of CMV5 human apoA-I
cDNA-containing plasmids

Wild-type and all mutant forms of human apoA-I cDNA, as
well as the human serum albumin cDNA, were cloned into the
pCMV5 vector using previously established methods (28-30).
PCR primers (CMV 5’, 5'-GCCTGCAGTCCCCCACGGCCCTT-3';
CMV 3', 5'-GCGGATCCCACTTTGGAAACG-3') containing em-
bedded Psil and BamHI restriction sites, respectively, were used
in the preparation of all clones. Introduction of apoA-I muta-
tions was carried out as described previously (29-32). Constructs
lacking the signal peptide sequence were made from human and

1208  Journal of Lipid Research Volume 45, 2004

mutant forms of the human apoA-I cDNA using the 5’ primer 5'-
GCCTGCAGCGGCCCTTCAGGCGGCATTTCTGGCAG-3' and the
same CMV 3’ primer listed above. This 5" primer removes the en-
tire 18 amino acid pre-apoA-I sequence, leaving the 6 amino acid
“pro sequence” intact. All plasmids were grown and purified using
the Maxi-prep kit (Promega) as previously described (28, 30).

Cell culture maintenance and transfection

HepG2, COS-1, CHO-K1, and McArdle RH-7777 cells were
obtained from the American Type Culture Collection. COS,
HepG2, and McArdle RH-7777 cells were maintained in DMEM,
whereas CHO cells were maintained in DMEM/Coon’s F12 (50:
50, v/v). All culture media contained essential vitamins and a fi-
nal concentration of 100 U/ml penicillin, 100 pg/ml streptomy-
cin, 2 mM r-glutamine, and 10% FBS. Cells were maintained at
37°C in an atmosphere of 5% COy.

Cells were routinely grown to near confluence (>95%) in
T-75 flasks and then split every third day. The day before COS-1
cells were transfected, nearly confluent flasks were treated with
trypsin (0.25% porcine trypsin, 0.02% EDTA) and seeded onto
35 mm dishes using a 1:60 dilution. Five to 6 h after seeding, cell
monolayers at 25-30% confluence were transfected at a Fu-
Gene®-to-cDNA volume-to-mass ratio of 6:1 (ul/pg).

HepG2 cells were seeded onto 35 mm plates using a 1:40 dilu-
tion. Before plating, cells were passed through a 25 g syringe to
prevent clumping. Approximately 24 h after plating, HepG2 cell
monolayers reached 85% confluence and were transfected at a
FuGene®-to-cDNA ratio of 2:1.25 (pl/pg). To reduce plate-to-
plate transfection variability, duplicate plates of HepG2 cells per
c¢DNA clone transfected were combined and replated 24 h after
transfection.

CHO cells were stably transfected with the human apoA-I A6
gene as previously described (29). These cells were routinely
maintained in DMEM/Coon’s F12 (50:50, v/v) containing a final
concentration of 10% FBS, essential vitamins, 100 U/ml penicil-
lin, 100 pg/ml streptomycin, 2 mM rL-glutamine, and 0.94 mg/
ml G418.

Experiments involving brefeldin A were conducted on CHO
A6 apoA-I stably expressing cells that had been seeded onto 35
mm dishes at a 1:100 dilution from confluent T-75 flasks. Five to
6 h after plating, the cells were approximately 25-30% conflu-
ent. Cells were then treated with a final concentration of 2.5 uM
brefeldin A and then placed back into the incubator for 0, 24,
and 48 h.

Pulse-chase labeling and apoA-I immunoprecipitation

Forty-eight hours after transfection, metabolic labeling studies
were performed. Cell monolayers were washed once with PBS
(137 mM NaCl, 2.7 mM KCl, 8 mM Na,HPO,, and 1.46 mM
KHyPO,, pH 7.4). Labeling was carried out by adding 0.5 ml
of methionine-free DMEM (COS cells and HepG2 cells) or
DMEM/Coon’s F12 (50:50) (CHO cells) containing 10% fetal
calf serum and 200 wCi/ml (18 pl/35 mm dish) trans 33S label or
[35S]Met/Cys for 10 min as previously reported (33, 34). In some
cases, metabolic labeling was continuous for up to 4 h or the in-
dicated time. The chase was begun by aspirating the labeling me-
dium and adding 0.5 ml of fresh methionine-free DMEM (COS
cells and HepG2 cells) or DMEM/Coon’s F12 (50:50) (CHO
cells) containing 10% fetal calf serum only.

At the indicated times, the culture medium was removed and
centrifuged to pellet cell debris. The medium was transferred to
a new tube until immunoprecipitation. Cells monolayers were
washed twice with PBS, scraped in 15 ml of PBS, and collected by
centrifugation at 400 g for 5 min at 4°C. Unless otherwise indi-
cated, all subsequent centrifugation steps were performed at
4°C. Cell pellets were suspended in 750 pl of ice-cold lysis buffer
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(25 mM Tris-HC1, pH 7.4, 300 mM NaCl, 1% Triton X-100, 1 mM
PMSEF, 10 pg/ml leupeptin, and 10 pg/ml pepstatin). After a 10
min incubation on ice, samples were centrifuged at 14,000 rpm
for 2 min. The supernatants were transferred to a fresh micro-
centrifuge tube and adjusted to a final concentration of 2.5 mg/
ml BSA. Cell pellets were immunoprecipitated by adding 30 ul
(2-3 mg/ml) of goat anti-human apoA-I antibody (Chemicon In-
ternational, Inc.) and 35 pl of Protein G-Sepharose beads sus-
pended (50:50, v/v) in TBS-C (25 mM Tris-HC1, 140 mM NacCl,
and 1 mM CaCly). After incubating for 10-28 h at 4°C on a rotat-
ing wheel, immune complexes were recovered by centrifugation
at 14,000 rpm for 30 s. Immune-complexed beads were washed
twice with 1 ml of lysis buffer and once with 1 ml of TBS-C. Im-
munoprecipitation of conditioned culture medium was carried
out exactly as with cell pellets except that 0.5 ml of medium was
adjusted to 1 mg/ml BSA, then 30 pl of goat anti-human apoA-I
antibody and 35 pl of Protein G-Sepharose were added. These
pellets were washed a total of three times with TBS-C and then
prepared for SDS-PAGE.

SDS polyacrylamide gel electrophoresis, fluorography,
and data quantification

ApoA-I eluted from the Protein G-Sepharose beads was sepa-
rated by 15% SDS-PAGE as previously described (34). Gels con-
taining 3%S-labeled proteins were dried and exposed to film at
—80°C using Kodak Biomax MS film. Images were imported into
Scion6 Image, and the signal areas were obtained from the gray
scale image after calibrating the scanner as previously described

(17).

Preparation of postnuclear cell membranes

Transfected cells from 100 mm dishes were labeled as de-
scribed above, their conditioned media were collected, and cells
were then scraped from the dish using 1 ml of ice-cold hypotonic
buffer (10 mM HEPES, pH 7.4, 1 mM PMSF, 10 pg/ml leupep-
tin, and 10 pg/ml pepstatin). The cells were recovered by cen-
trifugation for 45 s at 14,000 rpm. After centrifugation, the su-
pernatant was aspirated, and cell pellets were suspended in 1 ml
of fresh hypotonic buffer and then incubated on ice for 15 min
(33). The cell suspension was transferred to a 2 ml Dounce ho-
mogenizer and subjected to 20 strokes using a tight-fitting pestle.
The homogenate was immediately adjusted to 250 mM (final
concentration) sucrose and centrifuged at 3,000 rpm (700 g) for
10 min. The postnuclear supernatant was then transferred to a
fresh microcentrifuge tube and subjected to an additional round
of centrifugation as described above to ensure the complete re-
moval of nuclei and unbroken cells. Pellets containing nuclei
and unbroken cells were combined and saved for immunopre-
cipitation, whereas the supernatants from both spins were centri-
fuged at 200,000 gfor 15 min using a TLA100.3 fixed-angle rotor
to isolate the microsomal fraction. After this step, an aliquot of
the supernatant or cell cytosolic fraction was saved for immuno-
precipitation. The microsomal fraction or pellet from this spin
was suspended using Dounce homogenization (tight pestle, 10
strokes) in 0.5 ml of 10 mM HEPES, pH 7.4, 250 mM sucrose, 10
mM NacCl, 10 mM KCI, 2.5 mM MgCly, and 2.5 mM CaCly, with
the following final concentrations of protease inhibitors: 20 pg/
ml soybean trypsin inhibitor, 200 wg/ml aprotinin, 2.5 mM
PMSF, 25 pg/ml leupeptin, and 25 pwg/ml pepstatin.

Carbonate extraction of postnuclear cell membranes

The microsomal fraction was suspended in a final volume of 2
ml of ice-cold 0.1 M sodium carbonate, pH 11.5, using Dounce
homogenization. The homogenized membranes were incubated
on ice for 1 h and then centrifuged for 30 min at 200,000 gin a
TL-100 tabletop ultracentrifuge. The microsomal pellet containing

noncarbonate-extractable proteins was saved for immunoprecipi-
tation. The supernatant containing the carbonate-extractable
microsomal proteins was also saved for immunoprecipitation. All
fractions to be immunoprecipitated were adjusted to the follow-
ing conditions: 50 mM Tris-HCI, pH 7.4, 200 mM NaCl, 70 mM
NayCOs, 1 mM CaCly, and 1% Triton X-100. The final pH was ad-
justed to 7.4 by adding dilute HCL. Both supernatant and pellet
fractions were adjusted to a final concentration of 1 mg/ml BSA,
1 mM PMSEF, 10 pg/ml leupeptin, and 10 pg/ml pepstatin. The
supernatant and pellet fractions were suspended in 800 wl and
750 Wl of lysis buffer, respectively. Both suspensions were immu-
noprecipitated using 30 pl of goat anti-human apoA-I polyclonal
antibody and 70 pl of Protein G-Sepharose according to the in-
cubation conditions described above.

Isolation of phospholipid:apoA-I complexes from
postnuclear supernatant and slot-blot/Western analysis

To characterize cytoplasmic inclusion from the postnuclear
supernatant, aliquots were adjusted to a density of 1.30 g/ml,
overlaid with KBr solutions at 1.166, 1.066, and 1.006 g/ml, and
then centrifuged using a SW-41 rotor for 44 h at 40,000 rpm at
15°C. The density of each fraction was obtained by weighing
known volumes of the fractions recovered from blank gradients.

Phospholipid:apoA-I inclusions were isolated from HepG2 cell
cytoplasmic extracts in hypotonic buffer after elution from an
anti-human apoA-I affinity column as previously described (35).
Both bound and unbound fractions were characterized for phos-
pholipid and apoA-I content (36).

Slot-blot/Western analyses were carried out as previously de-
scribed (24). Briefly, aliquots (100 wl) from each fraction from
the density gradient was applied to nitrocellulose (0.2 wm) and
then incubated with a polyclonal antibody to human apoA-I
(1:2,000; Chemicon) and then to anti-goat IgG conjugated to
alkaline phosphatase (1:4,000) and nitro blue tetrazolium/
5-bromo-4-chloro-3-indolyl phosphate (Promega). The phospho-
lipid content was determined on a pooled density fraction using
established procedures (37).

Data analysis

Images from X-ray film or nitrocellulose blots were scanned
on a Linotype-Hell Ultra Scanner. Images were imported into
Scion Image, and the densities were obtained from the gray scale
image after calibrating the scanner as previously described (17).

Immunofluorescence microscopy and morphometry

Cells were prepared for immunofluorescence microscopy as
previously described (38-40). First, the monolayer was washed
twice with PBS, and the cells were then treated with 1 ml of 3.7%
formaldehyde in PBS for 10 min at room temperature. After fix-
ing, the cells were washed three times with a solution of 1% BSA
and 0.1% saponin prepared in PBS (BSA-saponin). The dishes
were incubated for 10 min at room temperature to permeabilize
the cell membrane and then were treated with a 1:2,500 dilution
of anti-human apoA-I diluted in BSA-saponin for 30 min at room
temperature. Cells were washed three times with PBS and incu-
bated with a final concentration of 25 pg/ml affinity-purified
anti-goat IgG conjugated with rhodamine in BSA-saponin for 30
min. The cells were washed three times with PBS to remove un-
bound antibody and then fixed again with 1 ml of 3.7% formal-
dehyde for 10 min at room temperature.

For double-label experiments, cells were sequentially incu-
bated in goat anti-apoA-I followed by mouse anti-cathepsin D (ly-
sosomal marker). This step was followed by treatment with an af-
finity-purified species-specific rabbit antiglobin labeled with
rhodamine. Lipid droplets were visualized by including the flu-
orescent lipid dye Nile Red or osmium-thiocarbohydrazide-
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osmium that selectively labeled classic neutral lipid droplets
(40). After postfixation, the cells were mounted using an anti-
fade reagent, p-phenylenediamine, to retard photobleaching of
the fluorescein signal. Before microscopy was performed, two
drops of 90% glycerol was added in the center of the dish before
mounting a cover slip. Microscopic analyses were carried using a
Zeiss Axioplan-2 fluorescence microscope, and images were gen-
erated using a Dage MTI-300 charge coupled device camera. Vi-
sualization of images was performed using Adobe Photoshop.
Microscopic images were displayed in Adobe Photoshop, and
the diameters of individual structures were measured in centime-
ters and converted to actual size (micrometers) based on the known
magnification of the image. To obtain an average, ~10 diameters
were used from six to eight different cells from duplicate plates.

RESULTS

Comparison of apoA-I secretion in hepatic
and nonhepatic cells

The kinetics and efficiency of endogenous apoA-I secre-
tion were examined in the human hepatoma cell line,
HepG2. Because HepG2 cells normally synthesize and se-
crete apoA-I, plates of cells were mock transfected, pulsed
for 10 min 48 h later with [%S]Met/Cys, and then chased
for up to 4 h with medium containing an excess of amino
acids. At the indicated time, apoA-I-containing cell lysates
and medium were isolated, immunoprecipitated with anti-
human apoA-I antibodies, and separated by SDS-PAGE
followed by fluorography. Approximately 50% of the
apoA-I made during the 10 min pulse was secreted into
medium during the 30 min chase, as shown in Fig. 1A. Af-
ter 60 min of chase, virtually all of the apoA-I formed dur-
ing the pulse was secreted with the loss of cell pellet-asso-
ciated apoA-I. Average results from multiple experiments
are shown in Fig. 1B and suggest that by 30 min, 50% of
the endogenous labeled apoA-I had been released by
HepG2 cells, and that by 60 min, nearly 100% had been
secreted. A similar kinetic profile was obtained from wild-
type apoA-I-transfected HepG2 cells, differing only in the
total amount of radiolabel secreted.

To explore whether the rapid and efficient secretion of
apoA-I was unique to liver-derived cells, we examined
apoA-I’s secretory behavior in COS-1 cells, a nonhepatic,
non-lipoprotein-producing cell line. COS-1 cells were
transiently transfected with wild-type human apoA-I and
then metabolically labeled as described above for HepG2
cells. The results shown in Fig. 1C, D, left panels, indicate
that by ~240 min only 35-40% of the newly synthesized
apoA-I was secreted into the medium, whereas ~60% re-
mained associated with the cell pellet. These results dem-
onstrate a sluggish and less efficient secretion of apoA-I
from COS-1 cells compared with HepG2 cells. Less effi-
cient secretion of apoA-I from COS-1 cells does not ap-
pear to be related to overexpression, because COS-1 cells
transiently transfected with a cDNA encoding human se-
rum albumin showed similar initial counts of radiolabeled
protein, with a secretion profile similar to that of apoA-I
by HepG2 cells. However, unlike HepG2 cells, COS-1 cells
consistently showed an additional higher molecular weight
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band that likely represents the “pro” apoA-I form of ma-
ture human apoA-I (14, 41, 42). However, the ratio of
bands in the apoA-I doublet did not appear to vary during
the pulse-chase analysis, suggesting that the pro form can
be processed and secreted at a similar rate as the mature
form. We have also explored the possibility that the associ-
ation of newly secreted apolipoprotein with the plasma
membrane could explain the apparent low secretion effi-
ciency in COS-1 cells. However, pretreatment of trans-
fected pulsed-labeled COS-1 cells with trypsin before im-
munoprecipitation of the cell pellet did not alter the
results (our unpublished observations).

ApoA:-I conformation affects secretion kinetics
regardless of cell type

ApoA-I helix 6, one of seven proline-punctuated 22
amino acid helices in apoA-I, plays an essential role in de-
termining its lipid-bound conformation (19, 23, 26, 29,
31, 32). Transgenic mice expressing a helix 6 deletion mu-
tant (A6 apoA-I) have remarkably low concentrations of
mature HDL. A reduced rate of apoA-I HDL production
has been cited as a contributing factor to the low circulat-
ing levels of HDL in Tg A6 apoA-I mice (24). To un-
derstand the basis of the low hepatic production of A6
apoA-I, we examined its secretory behavior in HepG2
cells. HepG2 cells were transfected with a cDNA encoding
human A6 apoA-I, and the time course of apoA-I secretion
was recorded. Quantitative analysis of both exogenous
transfected mutant A6 apoA-I (Fig. 2B) and endogenous
wild-type apoA-I (Fig. 2C) was possible because of differ-
ences in molecular size and migration during SDS-PAGE,
shown in Fig. 2A. Pulse-chase analyses demonstrated that
A6 apoA-I was poorly secreted from HepG2 cells, with less
than 25% of the initial radiolabel secreted by 240 min and
more than 70% of the radiolabel remaining cell associ-
ated. In contrast, the endogenous wild-type apoA-I in the
transfected HepG2 cells was secreted with a halflife of
~45 min and an efficiency of ~100%, similar to the re-
sults for mock-transfected cells in Fig. 1.

To examine the structural impact of deleting helix A6,
the secretion kinetics of other apoA-I mutants were also
examined, as shown in Fig. 3. COS-1 cells were transfected,
and 48 h later the medium and cell pellets were analyzed
as before. These data suggest that substitution of helix 6
with helix 10, 10F6 apoA-I (31), had little effect on its se-
cretion kinetics (Fig. 3A) when compared with wild-type
apoA-I. On the other hand, two point mutations that func-
tionally disrupt helix 6 either by introducing a charged
amino acid into its hydrophobic face (L159R apoA-I) (23,
43, 44) or by introducing a proline at the center of its am-
phipathic a-helix showed significantly reduced secretion
efficiency. Additionally, deletion of individual 22-mers had
little effect on secretion except in the case of either helix
6 or helix 7 (Fig. 3B). Deletion of helix pairs or 44-mers
(Fig. 3C) also had relatively little effect on secretion, in-
cluding the deletion of the helix pairs 5/6 and 7/8. Over-
all, the data in Fig. 3 suggest that conformational alter-
ations induced by the deletion of single helices 6 and 7
had greater structural impact on apoA-I folding and secre-
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Fig. 1. Time-course secretion of apolipoprotein A-I (apoA-I) from HepG2 and COS-1 cells. Subconfluent
dishes of either HepG2 cells (A and B) or transiently transfected COS-1 cells (C and D) were studied to com-
pare the rates of newly synthesized apoA-I secretion. HepG2 cells were mock transfected and COS-1 cells
were transiently transfected with human apoA-I cDNA under the control of the CMV5 promoter, as de-
scribed in Materials and Methods. Twenty-four hours after transfection, cells were pulsed for 10 min with
[3S]Met/Cys and then chased for various times up to 4 h. Both media and cell pellets were immunoprecipi-
tated with a polyclonal antibody to human apoA-I run on 15% SDS-PAGE and imaged by fluorography. A: Se-
cretion and accumulation of newly synthesized apoA-I from HepG2 cells with time and the reciprocal de-
crease in cell lysate apoA-I with time. B: Quantification of radioactivity data from HepG2 cell medium (black
bars) and cell lysate (gray bars), where the y axis is expressed as a percentage of 0 time %S in the cell pellet.
C: Time-course secretion of human apoA-I (left) and human serum albumin (right) from transfected COS-1.
COS-1 cells were transiently transfected with either human apoA-I cDNA or human serum albumin cDNA
under the control of the CMV5 promoter, as described in Materials and Methods. Twenty-four hours after
transfection, duplicate dishes were trypsinized and replated for each clone indicated. Forty-eight hours after
transfection, cells were pulsed for 10 min with [3S]Met/Cys. After the pulse, culture medium was replaced
with unlabeled medium and the cells were incubated for the indicated time. Cell detergent lysates and media
samples were subjected to immunoprecipitation with a polyclonal antibody to human apoA-I, as described in
Materials and Methods. D: Quantification of radioactivity data from COS-1 cell medium (black bars) and cell
lysate (gray bars), where the yaxis is expressed as a percentage of 0 time 35S in the cell pellet. Error bars rep-
resent the SD of at least three independent experiments.
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tion than did the deletion of helix pairs. COS-1 cells were
used in these experiments because they lack any complica-
tion attributable to endogenous wild-type apoA-I produc-
tion. Parallel experiments were conducted using HepG2
cells with similar results.

Immunofluorescence pattern of wild-type
and A6 apoA-I in cells

The strikingly inefficient secretion of A6 apoA-I from
HepG2 cells was also demonstrated in non-lipoprotein-
producing cell lines (i.e., CHO and COS-1). These obser-
vations prompted an investigation to determine the loca-
tion of the retained A6 apoA-I within the cell. Both COS-1
and HepG2 cells were either mock transfected or trans-
fected with wild-type or A6 apoA-I cDNA. Figure 4A shows
the immunofluorescence detection pattern for mock-
transfected HepG2 cells, and Fig. 4B, C shows wild-type
apoA-I and A6 apoA-I, respectively, in transfected COS-1
cells. The discernible nuclear envelope-ER and Golgi pat-
tern observed in Fig. 4A is typical of a conventional secre-
tory protein. The fluorescence distribution in mock-trans-
fected HepG2 cells appears identical to COS-1 cells
transfected with wild-type apoA-I (Fig. 4B). COS-1 cells ap-
pear brighter as a result of the transfected exogenous
apoA-I and the fact that they have virtually no detectable

1212 Journal of Lipid Research Volume 45, 2004
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Fig. 2. Time-course secretion of wild-type and A6
apoA-I from HepG2 cells. Subconfluent dishes of
HepG2 cells were transiently transfected with human
A6 apoA-I cDNA under the control of the CMV5 pro-
moter, as described in Materials and Methods. Twenty-
four hours after transfection, cells were pulsed for 10
min with [3*S]Met/Cys and then chased for various
times up to 4 h. Both media and cell pellets were immu-
noprecipitated with a polyclonal antibody to human
apoA-I run on 15% SDS-PAGE and imaged by fluorog-
raphy. A: Results of cell detergent lysates and media
samples that were subjected to immunoprecipitation
with a polyclonal antibody to human apoA-I and then
analyzed by 15% SDS-PAGE and fluorography. B: Quan-
tification of newly synthesized exogenous apoA-I from
HepG2 cell medium (black bars) and cell pellet lysate
(gray bars). C: Quantification of endogenous apoA-I in
culture medium (black bars) and associated with the
cell pellet (gray bars). In HepG2 cells, the %S labeling
of endogenous (wild-type) apoA-I could be separated
from the labeled exogenous apoA-l, corresponding to
transfected A6 apoA-I (missing 22 residues) by virtue of
the difference in molecular size on 15% SDS-PAGE. Er-
ror bars represent the SD of at least three independent
experiments.

endogenous apoA-I signal by immunofluorescence. It is
likely that transfected COS-1 cells appear brighter in part
because of the slower and less efficient secretion kinetics
relative to HepG2 cells. Thus, in a transfected, non-lipo-
protein-producing cell line such as COS-1, the nuclear en-
velope-ER/Golgi fluorescence pattern was similar to the
endogenous wild-type apoA-I distribution in HepG2 cells.

In contrast to the typical ER/Golgi staining pattern, A6
apoA-I-transfected COS-1 cells showed the formation of
cytoplasmic inclusions and very little ER/Golgi staining.
The distribution of fluorescent A6 apoA-I, combined with
the pulse-chase data shown in Fig. 2, suggests that very lit-
tle of the A6 apoA-I protein travels through the clas-
sic secretory pathway but may be shunted into a cyto-
solic quality control pathway as a consequence of the
mutant proteins’ altered conformation. The fluorescent
structures in A6 apoA-I-expressing cells appear circular in
shape, with a diameter of 1.4 pm, and show bright perime-
ter labeling. We call these apoA-I cytoplasmic structures
“bagels.” These structures were consistently observed in
HepG2 and CHO cells transiently or stably transfected
with A6 apoA-I cDNA. Stably transfected CHO cells ex-
pressing A6 or wild-type apoA-I showed apoA-I fluorescent
staining patterns identical to those seen with transiently
transfected COS-1 cells (data not shown). When A6 apoA-
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Fig. 3. Secretion of wild-type (WT) and mutant apoA-I
from COS-1 cells. Subconfluent dishes of COS-1 cells were
transiently transfected with human wild-type or mutant
apoA-I cDNA under the control of the CMV5 promoter, as
described in Materials and Methods. Twenty-four hours af-

ter transfection, cells were pulsed for 10 min with
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[35S]Met/Cys and then chased for various times up to 4 h.
Both media and cell pellets were immunoprecipitated with
a polyclonal antibody to human apoA-I run on 15% SDS-
PAGE and imaged by fluorography. The y axis is expressed
as the amount of radioactivity secreted into the media di-
vided by the 0 time %S in the cell pellet X 100. A: Relative
secretion efficiency for apoA-I replacement mutants: 10F6
apoA-l, a mutant in which helix 10 has been placed in the
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position of helix 6 (31); L159R apoA-I, the human domi-
nant-negative mutant termed apoA-I Fin (43, 44), in which
a positively charged residue has been placed in the center
of the hydrophobic face of helix 6; A154P apoA-I, in which
a proline residue replaces an alanine on the hydrophilic
face of helix 6; and Q132C apoA-I (30), a mutant that allows
disulfide formation between monomers of apoA-I within
helix 5. B: Relative secretion efficiency for apoA-I deletion
mutations for entire 11-mer and 22-mer domains: A3, dele-

tion of residues 88-98; A4, deletion of residues 99-120; A5,

A3/4 ApoA-|
60 | A5/6 ApoA-I

A7/8 ApoA-|
50 T

40 |

30 -

10

Percent Secretion into Media at 4 hr/0-Time in Media o

70 | [ Wild-Type ApoA-I

deletion of residues 121-142; A6, deletion of residues 143—
164; A7, deletion of residues 165-186; A8, deletion of resi-
dues 187-208; A10, deletion of residues 220-241. C: Rela-
tive secretion efficiency for apoA-I deletion mutations for
entire 44-mers (32). Error bars represent the SD of at least
three independent experiments.

I-expressing CHO cells were incubated with 2.5 wM brefel-
din A, the cytoplasmic inclusions decreased in number
but increased in diameter to ~2 pum by 48 h and to 5 pum
by 72 h (data not shown), suggesting the fusion of pre-
formed inclusions.

Subcellular localization of retained mutant apoA-I

To verify the cytoplasmic location of the retained A6
apoA-I, we performed subcellular fractionation studies as
described in Materials and Methods. HepG2 cells were
transiently transfected with either A6 or wild-type apoA-I.
Forty-eight hours after transfection, cells were continu-

ously labeled for 3 h with [¥S]Met/Cys. Postnuclear, cyto-
solic, and microsomal fractions were obtained as de-
scribed previously, subjected to immunoprecipitation with
anti-apoA-I antibodies, and then run on SDS-PAGE, as
shown in Fig. 5A. Quantification of these data in Fig. 5B
reveals that although ~20-30% of the total labeled wild-
type apoA-I accumulated in the cytosolic fraction (lane 2),
~'70-80% of the A6 apoA-I accumulated in this same frac-
tion (lane 6). The ER-extractable fractions showed similar
amounts of lipidated (lanes 3 and 7) and nonlipidated
(lanes 4 and 8) apoA-I for both wild-type and A6 apoA-
I-transfected HepG2 cells. Thus, these results suggest that
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Fig. 4. Immunofluorescence of apoA-l in transfected HepG2 and COS-1 cells. These photomicrographs
show the immunofluorescence staining of cells that had been fixed with formaldehyde 48 h after transfec-
tion and then processed using a polyclonal antibody to human apoA-I and rhodamine indirect labeling, as
described in Materials and Methods. Directly below each micrograph is its corresponding phase-contrast im-
age. A: Mock-transfected HepG2 cells show the endogenous apoA-I staining characterized by a weak endo-
plasmic reticulum (ER)/Golgi pattern. B: Transfection of COS-1 cells with wild-type (WT) apoA-I. HepG2
cells show very similar results only brighter, because the staining in these cells includes both the endogenous
and exogenous signals. ApoA-I secretion is characterized by the presence of a bright nuclear envelope-ER/
Golgi pattern. C: COS-1 cells transfected with A6 apoA-I. In these studies, the cell shows circular cytoplasmic
droplets labeled brightly at their edges, termed “bagels.” Note that both transfected CHO and McArdle RH-
7777 cells show structurally similar inclusions (bagels) when transfected with A6 apoA-I (data not shown).

the difference in accumulation between wild-type and A6
apoA-I-expressing cells does not result from differences in
lipidation within the ER lumen. Mock-transfected cells
showed levels of radiolabeled endogenous apoA-I ~50-
fold lower than those in wild-type apoA-I transfected cells,
indicating that the endogenous apoA-I background ex-
pression did not interfere with data interpretation.

Cytosolic intracellular A6 apoA-I associates
with phospholipid

To determine the extent of intracellular A6 apoA-I lipi-
dation, the postnuclear supernatant was isolated, adjusted
to a density of 1.30 g/ml, and subjected to density gradi-
ent ultracentrifugation. As shown in Fig. 6A, 24 fractions
were taken from each centrifuge tube and the density of
each fraction was determined from its refractive index. An
aliquot from each fraction was removed and assayed for
apoA-I and apoB content by slot-blot/Western analysis.
HepG2 cells transfected with A6 apoA-I showed a large
amount of buoyant or lipid-associated material that con-
tained protein that bound anti-human apoA-I antibodies.
Both A6 and wild-type apoA-I-transfected HepG2 cells
contained low but similar amounts of buoyant apoB-con-
taining material, but these levels were significantly lower
than the A6 apoA-I content in the cytosolic fraction from
transfected HepG2 cells. Individual fractions were pooled
according to their density, dialyzed, and then assayed for
phospholipid and triglyceride content. Figure 6B shows
that the phospholipid content of the 1.056-1.160 g/ml
density fraction from A6 apoA-I-transfected cells had a
6-fold higher mass of phospholipid than cells transfected
with wild-type apoA-I. Neither triglyceride nor cholesterol
was found in any of the fractions (data not shown).
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The lipid-to-protein composition of the cytoplasmic
complexes was examined in more detail after their isola-
tion using anti-apoA-I affinity chromatography. HepG2
cells were transfected with either wild-type or A6 apoA-I
cDNA, and 48 h later the postmicrosomal supernatant or
cytosolic fraction was prepared and applied to an anti-
human apoA-I affinity column. The column was washed
extensively to remove unbound material, and then the
apoA-I-containing material was eluted using a sodium
isothiocyanate elution buffer. The bound fraction was ex-
tensively dialyzed, and its phospholipid and apoA-I com-
position was determined. Wild-type apoA-I-transfected
cells contained little apoA-I. The small amount of material
recovered from wild-type transfected cells had ~5 mol of
phospholipid to 1 apoA-I. In contrast, the cytosolic frac-
tion from A6 apoA-I-transfected HepG2 cells had a much
larger amount of apoA-I eluting from the affinity column,
with ~35-40 molecules of phospholipid to 1 mutant
apoA-I (two independent experiments). Unbound frac-
tions were also analyzed and found to contain 600-750
molecules of phospholipid to apoA-I and were similar
among all cytosolic fractions analyzed.

Do A6 apoA-I and phospholipid inclusions
represent aggresomes?

During protein synthesis, misfolded proteins are either
retained within the ER and degraded immediately or ex-
ported from the ER to the cytosol, where they are incorpo-
rated into proteasomes and degraded. When the amount
of exported misfolded protein exceeds the capacity of the
proteasome, the accumulated proteins form complexes or
structures termed “aggresomes” that tend to collect around
the centrosome (45, 46). However, the formation of aggre-
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Fig. 5. Subcellular fractionation of apoA-I from transfected
HepG2 cells. A: HepG2 cells were transiently transfected with hu-
man wild-type (lanes 1-4) or A6 apoA-I (lanes 5-8) cDNA. Twenty-
four hours later, duplicate transfection dishes were trypsinized and
replated for each clone. Forty-eight hours after transfection, cells
were continuously labeled for 3 h with [3°S]Met/Cys, after which
cells were washed, suspended in hypotonic buffer, and processed as
described in Materials and Methods. Postnuclear pellets were com-
bined and saved for immunoprecipitation (lanes 1 and 5). The
postnuclear supernatant was centrifuged at 200,000 gfor 15 min us-
ing a TLA100.3 fixed-angle rotor. From this spin, the supernatant
was saved for immunoprecipitation and represents the transfected
cell cytosol (lanes 2 and 6). Pellets from the postnuclear membrane
isolation were suspended by Dounce homogenization, and the mi-
crosomes were adjusted to 0.1 M sodium carbonate, pH 11.5, and
incubated on ice for 1 h. The membranes were then centrifuged
for 30 min at 200,000 gin a TL-100 tabletop ultracentrifuge, and
the microsome pellet containing noncarbonate-extractable pro-
teins was saved for immunoprecipitation (levels below detection
limit; data not shown). The supernatant fraction or carbonate-
extractable microsomal proteins were adjusted to d = 1.25 g/ml
with KBr and ultracentrifuged to determine the amount of lipi-
dated (d < 1.25 g/ml; lanes 3 and 7) or nonlipidated (d > 1.25 g/
ml; lanes 4 and 8) apoA-I after immunoprecipitation. Immunopre-
cipitation of each of these fractions was carried out, and the frac-
tion was run on 15% SDS-PAGE and analyzed by fluorography. B:
Quantification of immunoreactive radiolabeled apoA-I (expressed
as the percentage of total radioactivity) for wild-type and A6 apoA-I-
expressing HepG2 cells. Mock-transfected cells showed levels of en-
dogenous apoA-I radiolabel incorporation ~50-fold lower than that
for transfected cells. Error bars represent the SD of at least three
different experiments.

some-like structures may occur by alternative pathways.
For example, ER-exported amyloid B-peptide has been re-
ported to escape degradation by the proteasome, yet it
was not incorporated into “classic” cytosolic aggresomes
(47), suggesting that distinct aggregation pathways may ex-
ist for proteins exported from the ER to the cytosol,
rather than only one major pathway. Therefore, it is possi-
ble that the formation of cytosolic inclusions or structures
may result not only from increased generation of an ag-
gregating protein but also from the reduced clearance or
degradation of misfolded protein (48).

To assess the extent to which intracellular A6 apoA-I in-
clusions resemble aggresomes, immunofluorescence stud-
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Fig. 6. Gradient ultracentrifugation of postnuclear supernatant
from HepG2 cells transfected with A6 apoA-I. HepG2 cells were
transfected with either wild-type or A6 apoA-I cDNA, and 48 h later
cell monolayers were washed and lysed using the same conditions
as outlined in Materials and Methods. A: The postnuclear superna-
tant was centrifuged, and the cell cytosol was adjusted to a density
of 1.30 g/ml with KBr overlaid with KBr solutions of density 1.166,
1.066, and 1.006 g/ml and then spun at 40,000 rpm for 48 h in a SW41
rotor. After centrifugation, the contents were fractionated and their
densities determined. Slot-blot/Western analyses were performed
on individual fractions, and total apoA-I (squares) and apoB mass
(circles) were determined using specific polyclonal antibodies, as
described in Materials and Methods. Closed squares and circles
represent the apoA-I and apoB mass from A6 apoA-I-transfected
cells, and open squares and circles represent the apoA-I and apoB
from wild-type apoA-I-transfected HepG2 cells. ApoA-I levels were
lowest in wild-type transfected cells, whereas apoB levels in both A6
and wild-type transfected cells were similarly low. Although traces of
apoA-I and apoB were found in cell lysates of transfected HepG2
cells, it appeared that A6 apoA-I-transfected cells accumulated large
amounts of A6 apoA-I. B: The mass of phospholipid associated with
each of the indicated density ranges for wild-type transfected cells
(open bars) and A6 apoA-I-transfected cells (closed bars). The cell
cytosol from A6 apoA-I-transfected HepG2 cells accumulated 6-fold
more protein-associated phospholipid floating at a density of 1.056—
1.160 g/ml compared with wild-type apoA-I-transfected HepG2
cells.

ies were conducted in COS-1 cells expressing low and
high levels of wild-type and mutant forms of apoA-I. Two
mutant forms of apoA-I were chosen that had been shown
to secrete less than 10% of their initial radioactivity into
the culture medium after 4 h of chase (Fig. 3) compared
with COS-1 cells transfected with wild-type apoA-I, which
secrete ~40-50% of their radioactivity after 4 h (Fig.
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1). The immunofluorescence pattern and corresponding
phase-contrast images of low-apoA-I-expressing cells are
shown in Fig. 7A-D and A°-D°, respectively. Fig. 7E, F and
E°, F° show the immunofluorescence and phase-contrast
images of high-apoA-I-expressing COS-1 cells, respectively.

In cells expressing low levels of wild-type apoA-I, immu-
nofluorescence was confined to the nuclear envelope, ER,
Golgi, and plasma membrane (Fig. 7A). In cells express-
ing high levels of wild-type apoA-I, a saturation point was
reached at which protein aggregation occurred, typified
by the presence of dense, irregularly shaped inclusions
readily seen by phase-contrast microscopy. These struc-
tures represent misfolded and/or aggregated apolipopro-
teins that have apparently overwhelmed the quality con-
trol pathway (Fig. 7E, E°). On the other hand, cells
expressing low levels of A6 apoA-I displayed large, uni-
formly shaped cytoplasmic inclusions (bagels in Fig. 7B)
and contained few, if any, phase-dense structures (Fig.
7B°). Cells expressing high levels of A6 apoA-I (Fig. 7F,
F°) produced more phase-dense structures with an overall
appearance that was similar to the pattern of phase-dense
material observed in cells overexpressing wild-type apoA-I.

Additional experiments were conducted to examine the
immunofluorescence pattern for other forms of apoA-l
that have mutations in the helix 6 domain. The helix 6
point mutant, L159R apoA-I (i.e., apoA-I Fin), was chosen
because we (Fig. 3) and others (26) have found it to have
poor secretion efficiency. However, despite the aberrant
secretion efficiency, as measured by pulse-chase studies,
both the immunofluorescence and phase-contrast pat-
terns for low- and high-expressing COS-1 cells (Fig. 7C, G
and C°, G°) appeared to be similar to the immunofluores-
cence patterns observed for COS-1 cells transfected with
wild-type apoA-I, respectively.

1216  Journal of Lipid Research Volume 45, 2004

Fig. 7. Immunofluorescence of COS-1 cells transfected
with wild-type and mutant forms of apoA-I. COS-1 cells
were transfected with wild-type and mutant forms of apoA-I,
and 48 h later the cells were permeabilized and pro-
cessed as described in Materials and Methods. A-D: Immu-
nofluorescence images from low-apoA-I-expressing COS-1
cells; A°-D°: the corresponding phase-contrast images. E-H:
Immunofluorescence images from high-apoA-I-express-
ing cells; E°-H°: the corresponding phase-contrast images.
A and E show cells transfected with wild-type apoA-I; B and
F show cells transfected with A6 apoA-I; C and G show cells
transfected with L159R apoA-I, a point mutation associated
with a dominantnegative phenotype in humans carrying
the heterozygous form of this apoA-I mutation; and D and
H show cells transfected with A154P apoA-I, a point muta-
tion that interrupts the helix 6 (amino acids 143-164) 22-mer
by the substitution of a proline, breaking the 22-mer into
two 11-mers and essentially removing its lipid binding
properties.

Another helix 6 apoA-I mutant, A154P apoA-l, effec-
tively removes a lipid binding domain by virtue of a pro-
line-for-alanine substitution in the middle of the am-
phipathic helix, breaking the 22 residue domain in half.
This mutation induces similar secondary structural altera-
tions as those observed for A6 apoA-I and renders a low
(<10%) secretion efficiency, as determined by pulse-
chase studies (Fig. 3). The immunofluorescence and
phase-contrast patterns are shown in Fig. 7D, D°. Cells ex-
pressing low levels of A154P apoA-I showed a ER/Golgi
staining pattern, whereas cells expressing high levels of
A154P apoA-I contained mostly dense, irregular shaped
aggresomes (Fig. 7H, H°). It appears that low-expressing
A6 apoA-I COS-1 cells contained round, uniformly sized
cytoplasmic inclusions (Fig. 7B), whereas COS-1 cells
expressing high levels of apoA-I were typified by in-
tensely fluorescent cytoplasmic inclusions with highly
dense, irregular shapes. These observations suggest that the
unique structures found in low-expressing A6 apoA-I cells
are not the product of protein overexpression.

Accumulation and degradation of cytosolic
A6 apoA-I inclusions

Misfolded A6 apoA-I may be either prevented from en-
tering the ER during synthesis or expelled from the ER
shortly thereafter, when the misfolded apolipoprotein en-
ters the quality control pathway (49). To distinguish be-
tween these possibilities, constructs were created that ex-
press wild-type and A6 apoA-I cDNAs lacking their signal
peptide sequence, which would prevent the apolipopro-
teins from entering the ER lumen. We hypothesized that
both wild-type and A6 apoA-l signal peptide-minus apo-
lipoproteins would not be translocated into the ER but in-
stead would directly enter the quality control pathway,
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Fig. 8. Coimmunolocalization of lysosomes and cytoplasmic inclusions in COS-1 cells transfected with A6
apoA-I. Transiently transfected COS-1 cells were double labeled, as described in Materials and Methods, to estab-
lish whether A6 apoA-I cytoplasmic inclusions labeled with fluorescein colocalize with the organelle-specific ly-
sosomal marker, cathepsin D, labeled with rhodamine. In this single cell image, the composite or colocalization
of A6 apoA-I (green) and lysosomes (red) appears yellow, indicating that the majority of the bagels, or cytoplas-
mic inclusions, are not coincident with lysosomes. Classic lipid droplets were also visualized using osmium-thio-

carbohydrazide-osmium and are colored blue. N, nucleus.

where wild-type apoA-I would be degraded and A6 apoA-I
would associate with lipid-forming cytosolic inclusions. Re-
sults from these studies showed that both wild-type and
A6 apoA-I signal peptide-minus proteins accumulated as
dense, irregularly shaped, brightly fluorescent structures,
similar to those seen in the apoA-I-overexpressing COS-1
cells (Fig. 7E-H). Pulse-chase studies in COS-1 cells trans-
fected with signal peptide-minus wild-type and A6 apoA-I
yielded only partially degraded or truncated forms of la-
beled apoA-I. No “full-length” wild-type or A6 apoA-I was
present in the cell pellet or medium (data not shown).
These results suggest that once the apolipoproteins were
directed from the ER they rapidly entered the quality con-
trol pathway and were degraded, with no evidence of ac-
cumulation in the cytoplasm to form discrete lipid:apo-
lipoprotein inclusions.

Another entry point into the quality control pathway
would be the targeting of A6 apoA-I to the lysosomes. To
investigate this possibility, double-label immunofluores-
cence microscopy was used to determine if the A6 apoA-I
bagel structures colocalized with the lysosome-specific

marker cathepsin D. In these studies, COS-1 cells were
transfected with A6 apoA-I cDNA. As shown in Fig. 8, im-
munofluorescence staining for A6 apoA-I-transfected COS-1
cells showed uniformly shaped cytoplasmic inclusions or
bagels (green) that did not appear to overlay the staining
of lysosomes (red) or the classic neutral lipid droplets
(blue).

DISCUSSION

In these studies, we demonstrate by both biochemical
and microscopic techniques that newly synthesized A6
apoA-I accumulates within the cell cytoplasm as lipid:pro-
tein inclusions. Of the apoA-I mutants tested, only the
production of A6 apoA-I consistently showed the forma-
tion of cytoplasmic bagel inclusions, with minor ER/Golgi
localization. Other apoA-I helix deletion and/or substitu-
tion mutants possessing low secretory properties showed
apoA-I localization predominantly in the ER/Golgi, with
virtually no cytoplasmic bagels. These data suggest that de-
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letion of helix 6 renders an unstable conformation lead-
ing to protein aggregation and the formation of discrete
lipid:protein structures whose physiological implications
are unknown.

The synthesis, folding, and intracellular trafficking of
apoA-1, as with all proteins, is carefully monitored by the
quality control system (49). Like other misfolded pro-
teins, mutant apoA-I is probably retained in the ER and
exposed to ER resident chaperones in an attempt to fold
the protein correctly (50). Here, a misfolded protein may
aggregate and undergo retrograde translocation into the
cytosol followed by ubiquitination and proteasomal degra-
dation (51, 52). Once the misfolded protein enters the cy-
toplasm, a number of quality control mechanisms are di-
rected at preventing aggregation and the formation of
inclusion bodies that if not controlled could disrupt cellu-
lar functions. Usually, the capacity of the proteasome is
not exceeded by the rate of retrograde translocation (50,
53-55). Hence, for most misfolded protein substrates, it is
rare to observe extensive accumulation of the misfolded
protein within the cytosol. In some instances of protein
overexpression and/or pharmacologic inhibition of pro-
teasomal function, misfolded proteins can accumulate
within the cytosol. In the most well-characterized exam-
ple, specific mutants of the cystic fibrosis transmembrane
conductance regulator form microtubule-dependent in-
clusion bodies known as aggresomes. These entities have
characteristic compositional properties that, in addition
to the misfolded protein, include cytoplasmic chaperones
and components of the proteasome. Typically, aggresomes
appear to be wrapped in cagelike structures formed by in-
termediate filament proteins, such as vimentin, and gen-
erally migrate to and accumulate at microtubule-organiz-
ing centers (54, 55).

In the case of A6 apoA-I, a novel form of cytoplasmic in-
clusions has been observed resulting from misfolding and
retrograde translocation. These studies suggest that after
retrograde translocation, misfolded A6 apoA-I rapidly as-
sociates with phospholipid, forming bagel-shaped struc-
tures or inclusion bodies in both lipoprotein- and non-
lipoprotein-producing cells. Because more than 60% of
newly synthesized apoA-I is thought to be secreted from
hepatocytes in a lipid-free form (17, 18), the phospholipid
recruited into the A6 apoA-I inclusions is likely derived
from intracellular membranes. These structures appear to
stabilize the conformation of apoA-I against proteasomal
or other forms of intracellular degradation. Thus, the
accumulation of the lipid:apolipoprotein bagels suggests
that these complexes are extremely resistant to proteaso-
mal degradation and may be further stabilized by fusing
together to form even larger structures, as suggested by
the brefeldin A studies.

Unexpectedly, the apoA-I mutants A7, L159R, and
A154P apoA-l did not accumulate in the cytoplasm or
form bagel structures, although they all had poor secre-
tion efficiencies. These results suggest that the structural
alterations induced by these helix 6 and 7 mutations do
not cause the same degree of protein aggregation and/or
that these mutant proteins are degraded by the protea-
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some before they can form inclusion bodies. Taken to-
gether, these data suggest that apoA-I helix 6 plays a key role
in native protein folding. In the absence of this amphi-
pathic helix, the apolipoprotein is poorly soluble, forming
a precipitate. Perhaps the poor solubility is attributable to
an inability of the apolipoprotein to stabilize its hydropho-
bic N- and C-terminal ends in the absence of helix 6.

Physiologically, the implications of poor apoA-I secre-
tion efficiency and inclusion body formation are un-
known. Studies of the apoA-I helix 6 deletion mutation
showed that Tg A6 apoA-I mice expressing the A6 apoA-I
mutant protein and carrying one mouse allele (Tg A6 +/—)
reported low plasma HDL levels, with the A6 apoA-I frac-
tional catabolic rate ~1.7-fold greater than that for wild-
type apoA-I (25). However, these mice also showed a 35%
lower production rate for the A6 apoA-I protein, with no
apparent decrease in wild-type apoA-I production com-
pared with control mice (25). These findings led us to ask
the question: was retained A6 apoA-I rapidly degraded
within the cell, and would the production and/or secre-
tion of A6 apoA-I “negatively” influence the secretion of
wild-type apoA-I and contribute to a “dominant-negative
phenotype”?

Only a few apoA-I mutations display a dominant-nega-
tive phenotype, defined as the dominant effect of one mu-
tant allele on the normal allele in heterozygous carriers
(23). These mutations are predominantly in helices 6 and
7. Because the A6 apoA-I mutant lacks the complete pro-
line-punctuated repeat of helix 6 (143-164) in native
apoA-], it is similar to apoA-I Seattle E146AR160 (56) de-
scribed in humans. The mutant apoA-I Seattle was charac-
terized in an individual with less than 10% of normal HDL
apoA-I concentrations, despite the presence of one nor-
mal apoA-I allele. In the Tg A6 apoA-I mouse studies,
it was concluded that the dominant-negative influence
could be explained, in part, by the competitive inhibition
of A6 apoA-I over normal mouse apoA-I in the activation
of LCAT, thus accounting for the increase in fractional
catabolic rate (24, 25) and the low concentration of HDL
in plasma. However, contributing to the phenotype, the
production rate of A6 apoA-I was 20-25% lower than that
for wild-type apoA-I, suggesting that the A6 apoA-I con-
centrations in plasma may also be a product of low secre-
tion and assembly of nascent HDL as well as of rapid ca-
tabolism of the cholesteryl ester-poor HDL particles. A
second mutation showing the dominant-negative pheno-
type is apoA-I Fin or L159R apoA-I. Adenovirus-infected
apoA-I~/~ mice showed that L159R apoA-], first described
in heterozygous humans (43, 44), was associated with very
low levels of HDL in plasma. The HDL present in these
mice was severely underlipidated with cholesteryl ester.
Adenovirus overexpression of L159R apoA-I in apoA-I~/~
mice was also associated with enhanced degradation of
the mutant protein in plasma (26). Whether degradation
of the mutant apoA-I in plasma was the cause of its under-
lipidation or a result of its underlipidation was not clear;
however, mouse primary hepatocytes infected with apoA-I
Fin adenovirus secreted 30% less L159R apoA-I than did
wild-type apoA-I adenovirus-infected livers.
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Recently, investigators have shown that primary mouse
hepatocytes from mice homozygous for a targeted substi-
tution of apoA-I Milano or R173C apoA-I for wild-type

mouse apoA-I had a 42% reduction in hepatic secretion of 6.
the mutant protein (27). This dominant-negative muta-
tion has been extensively studied in humans and in ani- 7.
mal models. The cysteine residue has been shown to form
homodimers and heterodimers in plasma, and the pres- N
ence of this mutation has been associated with “protection ’
against coronary heart disease” (57, 58). The “knock in” 9.
mice also showed the characteristic underlipidated or
cholesteryl ester-poor plasma HDL. However, in this 1o.
model, a dominant effect of the mutant protein over the
wild-type human protein was not observed. Mice heterozy-
gous for human apoA-I Milano and human wild-type 1.
apoA-I showed plasma levels similar to those of mice
expressing only human wild-type apoA-I. Primary mouse 12.
hepatocytes heterozygous for apoA-I Milano had de-
pressed apoA-I Milano secretion, similar to that of ho- 13.
mozygous cells, suggesting that the dominant-negative
phenotype was not at the level of protein processing and
secretion. 14,
In summary, these studies show that the apoA-I 143-164
residue domain corresponding to helix 6 is absolutely re-
quired for proper folding of the protein and its efficient 15
secretion from cells. The unique bagel-like inclusions
composed of phospholipid and misfolded or aggregated )
A6 apoA-I appear to result from the transport of A6 apoA-I 16.
from the ER to the cytosol, where the apolipoprotein 17.
binds to phospholipid and the inclusions become resis-
tant to the intracellular degradation machinery. The over-
all consequence of bagel formation does not appear to 18.
have any impact on the production or secretion of human
wild-type apoA-I and thus only appears to contribute to
the dominant-negative phenotype by reducing the overall 19.
apolipoprotein production. Therefore, we conclude that
apoA-l helix 6 plays an essential role in directing the
proper folding of native apoA-I and that without this es- 20.
sential domain the mutant protein forms unique aggre-
gated lipid:apolipoprotein structures that accumulate in 21.
the cell cytoplasm.Hl
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