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Abstract Expression of proteins in cells that lack specific
chaperones, or subunits required for correct assembly results
in the degradation of these proteins early on after synthesis,
probably in the endoplasmic reticulum (ER) or an ER-related
compartment. We have explored heterologous expression as
a model to study the complex process involved in the bio-
genesis of apolipoprotein B (apoB)-containing lipoproteins.
As an initial step, a series of carboxyl-terminal truncated apoB
in COS cells were expressed to characterize this system. ApoB
proteins ranging from apoB-13 to apoB-41 were expressed.
Truncates larger than apoB-29 were completely retained and
degraded within the cells; hence these cells have a 'secretory
defect’ for the larger truncates. Degradation of these apoB
proteins is likely to be in the endoplasmic reticulum or ER-re-
lated compartment, as shown by sensitivity to endo (-N-ace-
tylglucosaminidase, by lack of an effect on the degradation
kinetics by brefeldin A treatment, and by ImmunoGold EM.
Degradation in COS cells was not affected by a variety of
protease inhibitors, including N-acetyHeucylleucyl-norleuci-
nal (ALLN). Addition of oleate to the culture medium did not
alter their metabolic fate. In comparison to the larger trun-
cates, apoB proteins less than apoB-29 were partially se-
creted; the majority of these, too, were also retained and
degraded intracellularly in a similar compartment. Secreted
apoB-17 protein was shown to have been processed correctly
in the Golgi and was secreted as a minimally lipidated pro-
tein.B This model, based on the expression of apoB trun-
cates larger than B-29 in COS cells, may therefore allow for
the identification and study of the requirements of specific
factors that may be required for both apoB secretion and
lipoprotein biogenesis by in vivo complementation of this
'secretory' defect.—Patel, S. B., and S. M. Grundy. Heterolo-
gous expression of apolipoprotein B carboxylterminal trun-
cates: a model for the study of lipoprotein biogenesis. J. Lipid
Res. 1995. 36: 2090-2103.

Supplementary key words apolipoprotein degradation e endoplas-
mic reticulum e apoB-29

The biogenesis of apolipoprotein (apo) B-containing
lipoprotein is a multi-step process (1-3). Two species of
apoB, apoB-48 and apoB-100, have evolved as the major
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lipid transporting forms of the apolipoprotein. Both
species are utilized for lipoprotein secretion by the livers
of mice and rats, but only apoB-100 is secreted by
primate liver. The liver cell synthesizes considerably
more full length apoB than is secreted; the rest is
degraded early on after synthesis. Much of this process
takes place in the ER or in an ER-related compartment
(4-7). Lipid is added to the apolipoprotein both in the
ER and in the Golgi (8-12). The Golgi, in addition to
modifying the terminal mannose residues of the N-
linked sugars, may also be the site where other associ-
ated proteins of the nascent lipoprotein are added (13,
14). The synthesis and secretion of apoB require both
the constitutive machinery for translocation and matu-
ration, as do all secretory proteins, and in addition,
specific proteins for the formation of a complete lipo-
protein particle. The early steps involved in the synthesis
and maturation of the apoB into a lipoprotein particle
have not been fully characterized (4, 15-21), and it is
uncertain as to how many specific factors are needed for
the secretion of a VLDL-sized lipoprotein. Hepatocytes
and hepatoma cell lines provide a valuable tool for the
study of many of these processes (9, 11, 22-25). From
these studies, it is known that a large proportion of
newly synthesized apoB is degraded in the ER or in an
ER-related compartment. Furthermore, the post-trans-
lational control of apoB secretion from such cells is at

Abbreviations: apoB, apolipoprotein B; MTP, microsomal
triglyceride  transfer  protein; Endo H, endof-N-acetyl
glucosaminidase; PNG'ase F, peptidylN-glycosidase F; ER,
endoplasmic reticulum; CHO, Chinese hamster ovary; BFA, brefeldin
A; ALLN, N-acetylHeucylleucyl-norleucinal; FCS, fetal calf serum;
VLDL, very low density lipoprotein.
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this stage, at least for the effects of oleate, at the expense
of degradation. Genetic disorders of apoB secretion
suggest that at least two different loci, other than the
apoB locus, are specifically involved in the secretion of
lipoproteins containing apoB (26). One of these factors
has recently been identified as microsomal triglyceride
transfer protein (MTP). Defects in the MTP gene have
now been shown to be responsible for abetalipoprote-
inemia, a condition where apoB is synthesized but not
secreted from the liver or the intestine (27, 28).

However, as hepatocytes and intestinal cells already
express most, if not all, of the specific factors required
for VLDL synthesis, it is difficult to identify and study
any one of these factors independent of the others. As
an example of this difficulty, oleate supplementation
leads to increased secretion of apoB and decreased
degradation. However, it is not clear how this is medi-
ated; perhaps oleate has a direct effect on the folding of
apoB, or its effects are mediated through MTP, or by
increased synthesis of triglyceride.

For this reason, we have sought to develop and char-
acterize another system for the investigation of lipopro-
tein biogenesis. This system uses the expression of car-
boxyl-terminal truncated apoBs in a heterologous cell,
COS-1. Expression of the full-length apoB-100 cDNA is
possible, but has proven relatively more difficult than
the carboxyl-terminal truncated forms that have been
previously expressed in lipoprotein-secreting cells (29,
30) and have been shown to form lipoprotein particles.
Indeed, truncated apoBs have been previously ex-
pressed in heterologous cell lines, such as CHO and
COS cells (20, 29). For the latter, an apparent secretory
defect was detected for apoBs larger than B-26, but this
was not further characterized (29). In the case of stable
expression in CHO cells, apoB-53 protein could not be
detected unless the cells were pre-treated with a protease
inhibitor, and no secretion of the apoB-53 was detected
under any of these conditions (20). There would there-
fore appear to be a 'secretory' block for heterologously
expressed apoB.

Expression of apoB truncates in COS cells has a
number of advantages. There is a high level of expres-
sion of apoB cDNAs and the proteins can be readily
detected in the absence of protease inhibitor treatment
of the cells. COS cells are unlikely to express hepatocyte-
specific functions, especially those that are involved in
lipoprotein biogenesis. Co-expression of such candidate
factors with such apoB truncates in a heterologous cell
should allow us both to identify specific factors required
for lipoprotein secretion and to study the interaction
between them in a defined cell system. To this end, we
have characterized apoB expression in the COS cell to
investigate the following: a) what is the range of trun-
cated apoB that can be secreted by these cells; b) where

are the larger truncates retained within the cell; ¢) is this
process of retention and degradation affected by oleate
supplementation; d) of the apoB that is secreted, is it
secreted as a lipoprotein, and is this affected by oleate
supplementation; and ¢) if not, are the secreted apopro-
teins capable of forming lipoproteins?

EXPERIMENTAL PROCEDURES
Reagents

Tissue culture media were obtained from Gibco-BRL
(UK/USA); Protein A-Sepharose, Triton X-100, phenyl-
methylsufonylfluoride (PMSF), and oleate-cyclodextrin
complexes were obtained from Sigma Chemical Co., (St.
Louis, MO); brefeldin A was obtained from Epicenter
Technologies (Madison,WI); iodoacetamide from
Aldrich Chemicals (Fairlawn, NJ); [35Slmethionine/ cys-
teine mix for cell labeling was obtained from Amersham
(UK) or NEN-DuPont (Boston, MA); antisera to apolipo-
protein B was obtained from Boehringer Mannheim
Corp. (Germany, sheep antiserum) or Dako Corp. (Den-
mark, rabbit antiserum); Protein A-Gold from Biocell
(UK); all other protease inhibitors and the deglycosy-
lases were obtained from Boehringer Mannheim Corp.
Rabbit anti-serum to H2a was a gift from Drs. Bishoff
and Shia (Whitehead Institute, Cambridge, MA). All
other chemicals were of reagent grade or better.

DNA constructs

The pSV7D-based expression plasmids containing
carboxyl-truncated apoB fragments [numbering using
the centile system, full length 550 kD apoB is B-100 (31)],
apoB-41, apoB-29, apoB-23, apoB-17, and apoB-13 were
as previously described (30). ApoB-29.75 was con-
structed by recloning the Eco RI-Xba I fragment from
apoB-41 into pSV7D. The in-frame stop translation sig-
nals in all of these constructs was provided by allowing
the translation to run into the polylinker sequences
containing an in-frame stop translation in all of the three
frames. This resulted, in some cases, in the addition of
a short novel peptide tail at the carboxyl end (see Fig.
1). The asialoglycoprotein receptor large subunit H2a
(32), in the expression vector pcDNAI (Invitrogen, CA),
was obtained from Dr. Harvey Lodish (Whitehead Insti-
tute, Cambridge, MA).

Cell culture and transfection

COS-1 cells, maintained in 90% D-MEM and 10% FCS,
were harvested at 80% confluence for transfection by
electroporation using 10 x 106 cells/ml and 20 pg of
supercoiled DNA as described (33). The cells were
grown for 36-48 h prior to harvesting. Transfection
efficieney of 30-50% was routinely obtained, monitored
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by parallel transfection with a beta-galactosidase expres-
sion plasmid, pCH110 (Pharmacia). The 2-18 cells were
grown as previously described (32).

Brefeldin A or oleate treatments

Oleate-cyclodextrin complexes were dissolved in me-
dium at a final concentration of 0.8 mM with respect to
oleate. Oleate was added at the pre-incubation step and
was present throughout the chase period. For brefeldin
A treatment, cells were incubated in brefeldin A for 1 h
prior to harvesting and brefeldin A was present through-
out the experiment at 5 pg/ml. For incorporation of
oleate into cellular lipids, [9,10-2H]oleate (sp act 60
Ci/mM) was added to cells at a concentration of 10
HCi/ml and incubated for 24 h. The cells were collected

.and total lipids were extracted by the method of Folch,

Lees, and Sloane Stanley (34) and separated by thin-
layer chromatography, and the amount of label incor-
poration into triglycerides, phospholipid, and
cholesteryl ester was measured by scintillation counting.

Metabolic labeling and immunoprecipitation

All media were pre-warmed to 37°C prior to use. Cells
were harvested by PBS/EDTA, washed once in methion-
ine-free D-MEM, pre-incubated in methionine-free me-
dium for 30 min, pulse-labeled in methionine-free D-
MEM containing 200 pCi/ml of [3*S]methionine (sp act
> 1000 Ci/mmol) for 10 min, washed, aliquoted, and
chased in complete medium for the times indicated in
the Results. In all experiments where a metabolic treat-
ment such as brefeldin A or oleate was performed, to
prevent differences in transfection efficiencies from
affecting the results, the transfected cell population was
split into two equal portions, one of which was used as
a control and the other was exposed to the various
treatments. At various times into the chase, cells were
harvested by centrifugation, the media were collected
where appropriate, and the cell pellets were stored on
dry ice until lysis. Cell lysis was accomplished by rapid
thawing and vortexing in lysis buffer (560 mM Tris, pH
7.5, 150 mM NaCl, 1 mM PMSF, 20 mM iodoacetamide,
and 1% Triton X-100) and incubation on ice for 45 min.
The samples were pre-cleared by centrifugation at
14,000 g for 15 min at 4°C. Aliquots were taken for total
protein assays. The lysates were incubated with 1:100
dilution of apoB sheep or rabbit antiserum on ice for 1
h; Protein-A Sepharose was added and the samples were
gently rocked at 4°C overnight. The immunoprecipi-
tates were collected by centrifugation, washed three
times with the lysis buffer, resuspended in sample buff-
er, and analyzed by SDS-PAGE on 6% or 8% gels (35).
The gels were fixed, dried, and analyzed using a phos-
phorimaging screen and ImageQuant software (Molecu-
lar Dynamics, Sunnyvale, CA). All the data were normal-
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ized by using the total protein estimated from the cell
lysates.

Endoglycosidase H and peptide N-glycosidase
treatment

After immunoprecipitation, the washed Protein A-im-
munoprecipitates were further washed once in 150 mMm
Na(l, resuspended in Endo H buffer (10 mM sodium
phosphate buffer, pH 6, 1% mercaptoethanol, 0.04%
SDS, 0.2% Triton X-100, and 10 mM EDTA), heated at
100°C for 5 min, adjusted to 1 mM PMSF on cooling,
and incubated with either 0.1 mU/ml endoglycosidase
H (Endo H) or 0.17 U/ml peptide N-glycosidase F
(PNG'ase F) for 8-18 h at 37°C. The incubation was
stopped by the addition of sample buffer, heated, and
analyzed by SDS-PAGE.

Cesium chloride density gradient centrifugation

After pulse-labeling, cells were chased in the presence
or absence of fetal calf serum, and supernatants were
collected and cleared of any cellular debris by centrifu-
gation at 2000 g for 5 min. The supernatant was split
into two fractions and adjusted with solid CsCl to 1.1
g/mland 1.3 g/ml, respectively. The lighter fraction was
overlaid on the denser one and spun in a 70Ti rotor at
55 k for 40 h at 20°C in a Beckman ultracentrifuge,
essentially as described (36). For mixing experiments,
conditioned media were incubated with 10% FCS (final
concentration) or 10% BSA/0.8 mM oleate (final con-
centration) for 3-4 h at 37°C and then subjected to CsCl
gradient centrifugation.

Fractions were collected from the bottom and aliquots
were accurately weighed for density estimations.
Aliquots were also analyzed for radioactivity by trichlo-
roacetic acid extraction and scintillation counting. The
remaining fractions were de-salted by centrifugation in
centricon 30 tubes (Amicon, Lexington, MA), adjusted
to 1% Triton, immunoprecipitated for apoB, and ana-
lyzed by SDS-PAGE.

Electron microscopy

Cells, released from tissue culture by incubation with
PBS/EDTA, were fixed in suspension in freshly pre-
pared 8% paraformaldehyde, 100 mM phosphate buffer,
pH 7.4, on ice for a minimum of 4 h. The fixative was
removed and quenched by washing in 50 mM ammo-
nium chloride for 30 min at room temperature. Dehy-
dration in Lowicryl K4M (Agar Scientific, UK) was car-
ried out as previously described (37) except methanol
was substituted for ethanol. Cell were embedded in
fresh resin by polymerization at -20°C with UV light for
24-36 h. Ultrathin sections were collected on
formvar/carbon-coated copper grids and immunola-
beled on 20-ul droplets on parafilm. The sections were
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pre-incubated in PBS-3% BSA for 1 h, incubated with
1:50 diluted protein G affinity-column purified sheep
antiserum for 1 h, washed 3 X 5 min in PBS/BSA,
incubated with Protein A-gold 20 nm (Biocell) diluted
1:100 in PBS/BSA for 1 h, washed as above, rinsed in a
distilled water stream, stained with uranyl acetate 15
min, lead citrate for 1.5 min and examined in a JEOL
1200EX electron microscope. Each grid was methodi-
cally searched; at least 20 grid squares were examined
in detail.

RESULTS

Secretion of truncated forms of apoB

To study the expression of apoB in a heterologous
system, a series of carboxyl-truncated apoB expression
plasmids (Fig. 1) were transfected into COS-1 cells, and
the cell lysates and media were analyzed for apoB by
quantitative immunoprecipitation (Fig. 2). Although
apoB-13, apoB-17, and apoB-23 were secreted by the
cells, very little apoB-29 or apoB-41 was secreted (Fig.
2). Occasionally some apoB-41 (< 1%) in the media was
detectable but this might be attributable to an occasional
decline of about 1-5% in cell viability and spontaneous
lysis over the experimental period. All the truncates
were readily detectable within the cells. Some of the

Cell Lysates

apoB41 >»
apoB 29.75A
apoB29 »
apoB23 »
apoB17 »
apoB 13  »

A1 Pst1 RV Xho! Sali
ApoB 41 | sptmpperpepsmmypmpmppmmpmmm0 DK

R1
APoB29.75 | su——— DPST

R1

ApoB29 L e PR
R1

ApoB 23 | pmm—m RNSRV
R

ApoB 17 | p— RRPR
R

ApoB 13 L m— G SRGSVDLDK

Fig. 1. Constructs of truncated apolipoprotein BcDNA. ApoB cDNA
fragments were cloned into the expression vector pSV7D as described
in Methods and ref. 30. All the constructs share the same amino
terminal end but vary at the carboxyl end. Due to the cloning proce-
dure, a short non-apoB peptide sequence is translated before a stop
translation codon is encountered. The solid vertical bars on the
apoB-41 construct indicate the position of the cysteine residues.

apoB bands appeared as doublets on SDS-PAGE under
reducing conditions; these are thought to be due to
incomplete cleavage of the signal peptide resulting in
both the pro-apoB and apoB proteins (see ref. 38). Pulse
chase experiments were carried out to characterize the
pattern of expression of apoB on COS cells (Fig. 3).

= 200kd
<
A
<
e <

== 98 kd
e <
—69kd - X

=46 kd

Fig. 2. Expression of apoB truncates in COS cells. COS cells were transfected with the apoB constructs and
pulse-labeled for 30 min and chased for 2 h. Cells were harvested immediately after the pulse (Cell lysates), the
media (Medium) after a 2-h chase period, and apoB was immunoprecipitated and analyzed by SDS-PAGE as
described in Methods. Lanes 1-6 are cells transfected with apoB-13, -17, -23, -29, -29.75, and -41, respectively;
the arrowheads indicate the position of migration of the respective proteins. No secretion of apoB-41 is normally
detectable, although, on this occasion, cell viability at the end of the experiment had dropped by 5%, which

accounts for the faint band seen in lane 6, Medium.
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Fig. 3. Pulse-chase analysis of apoBs -13, -17, -23, -29.75, -20, and apoB-41. COS cells were transfected with apoB-13, -17, -23, -29.75, or apoB-41,
pulsed for 10 min, and chased for the various times as indicated. The apoB was quantitatively immunoprecipitated and analyzed by SDS-PAGE.
A representative experiment for each is shown. The data are expressed as a percentage of the initial labeled pool. About 20-30% of the apoB-13,
-17, and -23 was secreted by 5 h, but very little (< 5%) of apoB-29 was secreted by this time. Note that although the apoB-29s have different
carboxyl terminal peptide sequences, they appear to exhibit similar kinetics (see text for discussion).

Although fulllength apoB-41 was readily synthesized,  ability of the cells 10 secrete these proteins. Hence
no secretion was detectable in the medium. In contrast,  apoB-13, apoB-17, and apoB-23, and to a much lesser
truncating the apoB further resulted in a progressive  extent two variants of apoB-29 were secreted into the
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medium. However, most of the newly synthesized
apoBs, regardless of the size, were degraded intracellu-
larly. At best only about 30% of apoB-13-23 were se-
creted, but only 5% of the apoB-29 variants were se-
creted (Fig. 3). Negligible uptake of secreted protein was
present, as indicated by incubations of untransfected
cells with labeled secreted apoB-17 (data not shown),
excluding the possibility of rapid re-uptake to account
for these results.

There are only two naturally occurring apoB proteins,
apoB-100 and apoB-48, and hence only two natural
carboxyl-terminal ends. All of the apoB truncates result
in the formation of 'new' C-terminal ends as a result of
the cloning procedure (Fig. 1) and these may alter the

] —o— oleate cells

80 —0— oleats medium
I — & - control cells

--v-- control medium

Percentage of Apolipoprotein B

100 ¢
- L —e— oleats cells
£ 80} \\ —0— oleate medium
| 1 \ —a& - control cells
g_ \ --v-- control medium
& eof
K]
a
<
-
[+ 40 |
[\
o
[\]
-t
c
S =20}
-
<«
a.

0 e Sod-awms > —— ]
0 1 2 3 4 5
B Time / hours

Fig. 4. Effect of oleate treatment on the secretion of apoB-17 and
-41. COS cells were transfected with apoB-17 or apoB-41, labeled, and
chased in the presence or absence of oleate as described in Methods.
The top panel (A) shows a representative experiment for apoB-17 and
the bottom panel (B) that for apoB-41. No significant changes were
observed in the amounts of apoB-17 secreted or in the rates at which
apoB-41 was degraded intracellularly after oleate treatment.

intracellular processing of these proteins. Short peptide
sequences at the carboxyl ends of proteins are known to
affect the intracellular metabolism, such as ER reten-
tion, targeting to peroxisomes, lysosomes, or the nu-
cleus, etc. (39-42). However, none of the apoB truncate
C-terminal sequences show any similarity to such pep-
tide signals, and despite the divergent ends, no apparent
effect of these peptide sequences was seen for the apoB
truncates relative to each other in their degradation/se-
cretion rates.

Addition of oleate to the cells did not result in secre-
tion of apoB-41, nor were the kinetics of degradation
significantly altered (Fig. 4). Addition of oleate to cells
transfected with apoB-17 did not increase secretion of
apoB-17. The ability of COS cells to metabolize oleate
was not impaired as judged by the incorporation of
labeled oleate into cellular triglycerides (38 pmol/24 h
per 10° cells), cholesteryl ester (1 pmol/24 h per 108
cells) and phospholipids (188 pmol/24 h per 10° cells).
To examine whether apoB-17 was secreted as a lipopro-
tein particle or could function as a lipid acceptor, trans-
fected cells were labeled and chased in the presence or
absence of 10% fetal calf serum. The serum was used as
a ready supply of both lipid and protein factors for lipid
exchange. The medium was collected, subjected to CsCl
density ultracentrifugation, and fractionated, and apoB
was immunoprecipitated and analyzed by SDS-PAGE
(Fig. 5). In the absence of serum, the secreted apoB-17
floats at a slighter lower density than total secreted
protein. An unidentified protein (protein X, Fig. 5)
serves as a marker for non-lipid associated proteins. This
protein cross-reacted with the anti-serum used. When
apoB-17 was pulse-chased in the presence of 10% fetal
calf serum, a marked shift in the density of apoB-17 was
noted (Fig. 5, panel A). In mixing experiments, when
apoB-17, secreted in the absence of FCS, was collected,
incubated with 10% FCS, and subjected to ultracentri-
fugation, it attained a density of 1.10 g/ml (panel C, Fig.
5). However, when apoB-17 was mixed with 10%
BSA/0.8 mM oleate, the peak density of apoB-17 re-
mained at around 1.20 g/ml (panel D, Fig. 5). These
results would suggest that the apoB-17 was secreted as
a minimally lipidated protein, but subsequently either
obtained further lipid from the serum by transfer, per-
haps mediated by CETP, or became physically associated
with the lipoproteins in the serum and hence attained
greater buoyancy. As apoB-17 is about 94 kD in size, it
is likely that it, like apoB-100 and apoB-48, is non-ex-
changeable among other lipoproteins, favoring the lat-
ter possibility.

Intracellular sites of apoB degradation

To investigate the site of degradation of the apoB
within the cell, the glycosylation pattern was studied. In
keeping with many N-glycosylated secreted proteins,
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Fig. 5. Density gradient centrifugation of secreted apoB-17. ApoB-17 was transfected into COS cells, pulse-labeled for 30 min, and chased for
2 h in the presence (panel A) or absence (panels B, C, and D) of 10% fetal calf serum. The media were subjected to cesium chloride density
centrifugation, fractionated, and the apoB-17 was immunoprecipitated and analyzed as described in Methods. The density profiles as well as
the total secreted protein radioactivity profiles are shown. The insets above the profiles show the immunoprecipitated apoB-17 profiles. In the
absence of FCS in the incubation medium (panel B), apoB-17 has a peak density of 1.20 g/ml. In the presence of FCS in the chase medium, it
attains a spectrum of densities, the lowest is about 1.10 g/ml (panel A). Panels C and D show the result of mixing apoB-17, secreted in the
absence of FCS, with 10% FCS (C), or 10% BSA/0.8 mM oleate (D) and then subjected to density gradient centrifugation. ApoB-17 attained
a buoyant density as low as 1.10 g/ml in the presence of FCS, but remained at around 1.20 g/ml in the presence of BSA/oleate. The apoB
antiserum immunoprecipitated an unidentified protein, X, which serves as a marker for the buoyancy of non-lipidated secretory proteins (panels

A and B).

apoB undergoes terminal modification of its mannose
residues in the Golgi under normal circumstances. This
Golgi modification renders the sugars resistant to endo-
glycosidase H (Endo H) digestion, but these sugars can
be cleaved by peptidyl-N-glycosidase F (PNG'ase F) (43).
Pulse-chased apoB-41 was subjected to endoglycosidase
H (Endo H) or peptidyl N-glycosidase F (PNG'ase F)
digestion and analyzed by SDS-PAGE (Fig. 6A). All of
apoB-41 remained fully sensitive to Endo H, even after
a chase time of 2 h, suggesting that this protein does not

2096 Journal of Lipid Research Volume 36, 1995

reach the Golgi, indicating an ER or ER-related compart-
ment for the site of degradation. In contrast, apoB-17,
which is partially secreted, showed that the secreted
form was fully resistant to Endo H digestion, as would
be expected if the N-glycosylated sugars were modified
in the Golgi (Fig. 6B). The majority of the intracellular
apoB-17 remains Endo H-sensitive, suggesting that its
degradation may also be in an ER or ER-related com-
partment. All of the intracellular apoB-29 was also Endo
H-sensitive (data not shown), suggesting this truncate is

2T0Z ‘2T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

£ A N a

A

" ASBVB

JOURNAL OF LIPID RESEARCH

I

A Control Brefeldin A
F 1 |
EndoH = + - = + -
PNGaseF = = + = = +
apoB 41 B> e o
1 2 3 4 5 6
C-
100
2]
£
g 80 ——Apo B 41 - BFA
‘g —o—Apo B 41 + BFA
2 60|
[)
Q
<
S 40]
)
o
3
e 201
)
s
&
0 1 1 L " 1 )
0 1 2 3 4 5

Time / hours

B Cell Peliet

EndoH = + = = % =

PNGaseF = = + - - *
kd
A s omo
apoB 17 - S . w—
- 69-
12 3 M 4 5 6

o

60 |-

40|

20 -

Percentage of Apolipoprotein B 13

treated

Fig. 6. Endoglycosidase sensitivity of intracellular apoB-41 and apoB-17. After transfection with apoB-41, COS cells were either treated with
brefeldin A at 5 pg/ml (panel A, lanes 4-6) or incubated under standard conditions (panel A, lanes 1-3), labeled for 10 min, and chased for 1
h, and apoB-41 was isolated by immunoprecipitation and digested with Endo H (lanes 2 and 5) or peptide N-glycosidase F (PNG'ase F), lanes 3
and 6. Controls are lanes 1 and 4. The protein appears to be fully Endo H sensitive, with no effects by brefeldin A treatment. Panel B shows the
glycosidase treatment of intracellular (lanes 1-3) or the secreted (lanes 4-6) forms of apoB-17. A large proportion of intracellular apoB-17 remains
Endo H sensitive but the secreted apoB-17 is resistant. Panel C shows a pulse chase analysis of apoB-41 in the presence and absence of treatment
by brefeldin A. No significant differences in the intracellular kinetics were observed. Panel D shows the effects of brefeldin A on the secretion
of apoB-13. Compared to control cells (normalized as 100%), brefeldin A inhibited secretion by more than 90%.

also confined to a similar compartment.

To investigate whether the newly synthesized proteins
were shuttling between compartments, such as the cis-
Golgi and the ER, the cells were treated with brefeldin
A (BFA) (44). Brefeldin A treatment blocks the antero-
grade transport between the ER and the Golgi, hence
would affect the metabolism of apoB if it followed this
path. BFA treatment did not alter the sensitivity of
apoB-41 to digestion by Endo H (Fig. 6A, lanes 4-6) or
its rate of degradation (Fig. 6C). In contrast, brefeldin
A blocked the secretion of apoB-13 by 93% (Fig. 6D).

Protease inhibitors, and in particular N-acetylleucyl-
leucyl-norleucinal (ALLN, also known as Calpain I), have
been used to modulate ER degradation of apoB in
HepG2 cells (45) as well as apoB and other proteins in
CHO cells (4, 15-21, 46-48). In contrast, a variety of
protease inhibitors appear to have no significant effect
on the degradation of apoB-41 in COS cells (Fig. 7A).
In particular, ALLN showed no significant inhibition,

and a detailed pulse-chase analysis using ALLN also
failed to alter the degradation kinetics (Fig. 7B). Chlo-
roquine did not affect degradation, suggesting that
lysosomal degradation is unlikely to play a role in apoB
degradation. The asialoglycoprotein receptor subunit
H2a has been shown to undergo ER degradation in the
fibroblast line 2-18, and this process can be inhibited by
TLCK, but not by many other protease inhibitors used
(49). Degradation of the H2a sub-unit in the 2-18 cell
line was observed by TLCK and to lesser extents by
ALLN and PMSF (Fig. 7C). We expressed H2a in COS
cells and found that it too was retained and degraded in
the ER, as judged by Endo H sensitivity (Fig. 8). How-
ever, no sensitivity to TLCK or TPCK nor to a variety of
other protease inhibitors was found in COS cells. This
would suggest that at least for this feature of ER degra-
dation, COS cells may differ significantly from hepato-
cytes, or that of the active protease inhibitors, none of
these penetrated into the cells. Indeed, there is evidence
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that the penetration of such inhibitors is dependent on
the cell's resistance to a variety of drugs (46).

To localize the site of apoB degradation further,
transfected COS cells were also examined by immuno-
gold-EM. ApoB-41 was found only in the ER, and al-
though apoB-17 was also found predominantly in the
ER, some was detected in the Golgi and in vesicles,
presumably en route to secretion from the cells (Fig. 9,
A and B). ApoB-17 staining was also different in that the
gold grains appeared to be in 'clumps’ (see Fig. 9, middle
panels) compared to the somewhat uniform labeling
seen for apoB-41. We have no explanation for this,
although we speculate that perhaps most of the apoB-41
may be membrane bound, whereas the apoB-17 may be
lumenal and may therefore aggregate. No immunogold
staining was detected when non-immune serum was
used or when untransfected cells were stained with
immune serum (Fig. 9, lower panels).

DISCUSSION

The purpose of this study was to characterize a system
for the investigation of lipoprotein biogenesis that uses
truncated forms of apoB expressed in a heterologous
cell line, COS-1. ApoB truncates, ranging from 77 kD
(apoB-13) to 220 kD (apoB-41) were expressed in these
cells. We have hypothesized that since apolipoprotein B
(apoB) undergoes a complex series of processes to form
a lipoprotein requiring specific proteins, heterologous
expression would lead to its retention and ER degrada-
tion. A variety of proteins, when expressed heterolo-
gously, are degraded in the ER because they require
co-expression of specific proteins for maturation
and/or secretion (50-52). Complementation of this 'se-
cretory defect' by introducing factors necessary for
some of the vital steps in the biogenesis of the lipopro-
tein particle should therefore lead to the identification
and further study of these interactions.

Full length apoB truncates were readily synthesized

Fig. 7. Sensitivity of the degradation of apoB-41 in COS cells to
various protease inhibitors. COS cells were transfected with apoB-41,
pulse-labeled for 30 min, and chased for 4 h in the presence of the
various protease inhibitors as indicated. The data are expressed as a
percentage of the initial pool of apoB-41 synthesized. No significant
effect was observed for any of the protease inhibitors indicated in
panel A. Panel B shows a pulse chase analysis of cells transfected with
apoB-41 treated with ALLN. No changes in the kinetics were observed,
and no increase in apoB-41 was detected in the medium. Panel C shows
that the protease inhibitors used can be effective, as judged by
inhibition of H2a sub-unit stably expressed in the cell line 2-18 (see
text for discussion).
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Fig. 8. Endoglycosidase H sensitivity of H2a subunit. The H2a
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subunit remains fully sensitive to Endo H (mottled arrowhead, lane
2). The antiserum crossreacts with an unidentified COS cell protein
(solid arrowhead).

by COS cells. ApoB truncates equal to or larger than
apoB-29 were almost completely retained within the
cells and degraded. The smaller constructs, apoB-13,-17,
and -23, on the other hand were partially secreted.
However, more than 60% of these too were degraded
intracellularly. The site of degradation appears to be the
ER or an ER-related compartment, as judged by sensi-
tivity of the proteins to digestion by Endo H, by a lack
of an effect on degradation kinetics by pre-treatment
with brefeldin A, and by immunogold EM localization.

Stop translation signals for all of the cDNAs were
generated by allowing the translation to run into the
vector sequence containing a stop codon in all three
frames. This results in a variety of short peptide se-
quences added to the carboxyl end not normally present
in apoB. Peptide sequences at such ends can act as
'signals’ that could account for the misdirection of the
apoB proteins (40, 53, 54). However, none of the extra
peptide sequences show similarities to known peptide
signals. Furthermore, all of the apoB fragments have
different carboxyl peptide sequences, but still display a
similar biochemical fate. In particular, no differences
were observed between apoB-29 and apoB-29.75, which
are almost equal in size but have differing ends. This

would suggest that the mechanism of ER retention and
degradation is not due to the novel carboxyl-terminal
ends generated by our cloning procedures. Novel short
peptide sequences at the carboxyl end are frequently
predicted to occur naturally in patients with hypobe-
talipoproteinemias (55), where a truncated apoB species
results from a variety of genetic mechanisms. Expression
in COS cells might be a useful initial step in investigating
whether these novel sequences are the cause of abnor-
mal intracellular processing, as has been proposed to
explain very low levels in the peripheral blood (55).

One question that can be asked is whether the smaller
apoB truncates are secreted as lipoproteins or as lipid-
free proteins. Our results suggest that they are capable
of forming rudimentary lipoproteins but are not se-
creted from COS cells bearing sufficient lipid to cause
a change in buoyant density. Secreted apoB-17, in the
absence of lipid, was found to have a buoyant density
only a fraction lower than the bulk secreted proteins
(1.20 g/ml vs. 1.25 g/ml). However, in the presence of
fetal calf serum, the apoB-17 had a density into the HDL
range (1.15 g/ml). We believe that this change in density
takes place after the protein is secreted and acquires the
lipid from the medium, suggesting it is capable of func-
tioning as a lipid acceptor. A similar observation has
been made for apoB-17 when heterologously expressed
in murine C127 cells (56). Secreted apoB-17 was resis-
tant to Endo H digestion but fully sensitive to PNG'ase
F, indicating that its N-linked sugars have been termi-
nally modified in the Golgi.

The results of these studies suggest that the retention
and degradation of the larger apoB truncates may be a
result of their failure to fold correctly. The folding of
these apoBs may require the addition of sufficient lipid
to form a 'core' particle. The shorter apoB truncates may
not require lipid for folding correctly, and a sufficient
proportion of this may be able to fold spontaneously to
escape the ER's quality control (57). An explanation for
this behavior may lie in the elegant studies of Yao et al.
(29) and Spring et al. (58) who have shown that there is
a linear relationship between the size of the truncated
protein and the lipoprotein radius or the core circum-
ference, as well as an inverse linear relationship between
the size of the truncate and the buoyant density of the
apoB truncates secreted from hepatocytes. However,
this linearity seems to deviate once the size of the apoB
truncate is smaller than apoB-26. These smaller proteins
(apoB < 29) may not require as much lipid for stability
of the tertiary and higher structures and hence are
secreted as minimally lipidated proteins. These smaller
apoBs appear to have the capacity to obtain lipids from
their milieu, as shown by our results and by Herscovitz
et al. (56).

We propose that in the heterologous system used

Patel and Grundy Heterologous expression of apolipoprotein 2099

2T0Z ‘2T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

Downloaded from www.jlr.org by guest, on June 17, 2012

, 1995

2100 Journal of Lipid Research Volume 36



http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

Fig.9. Immunogold electron microscopy localization of intracellular
apoB. COS cells were transfected with apoB-41 (top panels, right and
left) or apoB-17 (middle panels, right and left) or controls (bottom
panels) and processed for immunogold staining and examined by
electron microscopy as described in Methods. When the cells were
transfected with apoB-41, no gold particles were found in any other
organelle except the ER. The majority of the gold particles are found
in the ER in cells transfected with apoB-17, although a few were also
found in vesicular bodies and the Golgi. In many of the fields for cells
transfected with apoB-17, the gold particles appeared to be in 'clumps,’
in contrast to the pattern seen for apoB-41 (compare the right middle
panel with the top panels). Control experiments showed no significant
staining with non-immune serum on apoB transfected cells (lower
panel, right), or untransfected cells with immune serum (lower panel,
left). The bars indicate 1 pm.

here, the specific factors required for lipoprotein assem-
bly are deficient, hence those proteins that require a
significant amount of lipid for structural stability, i.e.,
apoB > 29, cannot fold sufficiently correctly. These
proteins will therefore be degraded. The smaller trun-
cates can escape this as their requirements are reduced.
One prediction of our system would therefore be that
the complementation of this system by any factor(s)
involved in the simultaneous addition of lipid to facili-
tate the folding of nascent apoB into a core lipoprotein
particle should lead to the secretion of the larger trun-
cates.

Indeed, apoB-53 can be secreted from HelLa cells
stably expressing MTP (59), and co-expression of apoB-
41 and MTP in COS cells, resulting in secretion, has also
been reported (60). Gordon et al. (59) have shown that
HelLa cells that do not express MTP do not efficiently
secrete apoB-53 when transfected and analyzed after 24
h. In the presence of stably expressed MTP, apoB-53 was
secreted as a lipoprotein with a density in the HDL range
(59). The intracellular sites of apoB degradation are not
reported. Leiper et al. (60) co-expressed apoB-41 and
MTP in COS cells and found that in the absence of MTP,
no apoB-41 was secreted, but in its presence apoB-41-
carrying lipoprotein in the HDL range was secreted.
These authors also found no effect of ALLN on apoB-41
degradation, but found that ALLN, when apoB41 was
co-expressed with MTP, resulted in 2.5-fold more secre-
tion.

There are some similarities and some significant dif-
ferences between the behavior of newly synthesized
apoB, both full length or truncates, in the hepatoma cell
lines such as HepG2, or McArdle 7777 cells and COS
cells. In both cases, the full-length protein is synthesized,
N-glycosylated, and appears to be degraded in the ER or
ER-related compartment. No effect of brefeldin A is
seen on the degradation kinetics in either case. How-
ever, degradation has been shown to be sensitive to
protease inhibitors, especially ALLN, in intact or perme-
abilized HepG2 cells (45, 61), but we could not demon-
strate a similar effect in COS cells. Heterologously ex-

pressed apoB in the hamster-derived cell line CHO has
also been reported to be sensitive to ALLN (20). In our
efforts to explore the lack of an effect of ALLN in COS
cells, we examined the effects of protease inhibitors on
the degradation of the asialoglycoprotein receptor
(ASGP) H2a subunit expressed in COS cells. ASGP H2a
is also retained and degraded in COS cells. However, we
could not alter the degradation kinetics of this process
by any of the protease inhibitors used. The degradation
of H2a, expressed in a mouse fibroblast line, has been
shown to be inhibited by TPCK and TLCK (49). We have
been able to inhibit the degradation of the H2a in a 3T3
cell line, 2-18, stably expressing the H2a protein, as has
been shown previously (32, 49). Our lack of such an
effect in the monkey kidney-derived fibroblastic COS
cell leads us to conclude that there may either be differ-
ences in the accessibility of these inhibitors when added
to different living cells (see ref. 46) or that the ER
degradation pathway is different in the various cell lines.
We favor the former explanation because the protease
inhibitors used have been used in other cell lines to
inhibit ER degradation in vivo and there is evidence that
the accessibility of peptides and drugs into cells is de-
pendent on the activity of the P-glycoprotein, responsi-
ble for multiple drug resistance (46).

We therefore propose a model for the study of lipo-
protein biogenesis using heterologous expression of
apoB truncates in COS cells. The high level of expres-
sion, together with the ability to introduce specific
cDNAs into this system, allows for the rapid evaluation
of the roles some of these factors play in lipoprotein
biogenesis. B§
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