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The N-linked oligosaccharides at the amino terminus
of human apoB are important for the assembly

and secretion of VLDL
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Abstract We determined the role of N-linked glycosyla-
tion of apolipoprotein B (apoB) in the assembly and secre-
tion of lipoproteins using transfected rat hepatoma McA-
RH7777 cells expressing human apoB-17, apoB-37, and
apoB-50, three apoB variants with different ability to re-
cruit neutral lipids. Substituting Asn residue with Gln at
the single glycosylation site within apoB-17 (N!%8) de-
creased its secretion efficiency to a level equivalent to that
of wild-type apoB-17 treated with tunicamycin, but had lit-
tle effect on its synthesis or intracellular distribution.
When selective N-to-Q substitution was introduced at one
or more of the five N-linked glycosylation sites within
apoB-37 (N158, N956, N1341 N1350  and N14%), secretion ef-
ficiency of apoB-37 from transiently transfected cells was
variably affected. When all five N-linked glycosylation sites
were mutated within apoB-37, the secretion efficiency and
association with lipoproteins were decreased by >50% as
compared with wild-type apoB-37. Similarly, mutant apoB-50
with all of its N-linked glycosylation sites mutagenized
showed decreased secretion efficiency and decreased lipo-
protein association in both d < 1.02 and d > 1.02 g/ml
fractions. The inability of mutant apoB-37 and apoB-50 to as-
sociate with very low-density lipoproteins was attributable
to impaired assembly and was not due to the limitation of
lipid availability. The decreased secretion of mutant
apoB-17 and apoB-37 was not accompanied by accumula-
tion within the cells, suggesting that the proportion of
mutant apoB not secreted was rapidly degraded. How-
ever unlike apoB-17 or apoB-37, accumulation of mutant
apoB-50 was observed within the endoplasmic reticulum
and Golgi compartments.fill These data imply that the N-gly-
cans at the amino terminus of apoB play an important
role in the assembly and secretion of lipoproteins con-
taining the carboxyl terminally truncated apoB.— Vuk-
mirica, J., T. Nishimaki-Mogami, K. Tran, J. Shan, R. S.
McLeod, J. Yuan, and Z. Yao. The N-linked oligosaccha-
rides at the amino terminus of human apoB are impor-
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tant for the assembly and secretion of VLDL. J. Lipid Res.
2002. 43: 1496-1507.
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The asparagine (N)-linked oligosaccharides of proteins
are an important component of the quality control mech-
anisms of eucaryotic cells. Multiple roles have been as-
signed to N-linked oligosaccharides, including folding of
nascent polypeptides, protection from proteolytic degra-
dation, intracellular trafficking, secretion, cell surface
expression, maintenance of protein conformation, and
enzymatic activity (1-3). Human apolipoprotein (apo) B-100,
a major structural protein of VLDL synthesized in the
liver, is a 4,536 amino acid glycoprotein. There are 20 po-
tential N-linked glycosylation sites within apoB-100, of
which 16 Asn residues are conjugated with oligosaccha-
rides on plasma LDL. Each mole of apoB-100 contains 5-6
mol of high-mannose type, and 8-10 mol of complex type
oligosaccharides (4). As a member of the vitellogenin
family of lipid transport and storage proteins (5-7),
apoB-100 possesses numerous amphipathic a-helices and
B-strands that constitute the major structural framework
for the assembly and integrity of triglyceride-rich lipopro-
teins (8, 9). The precise amino acid sequences within
apoB-100 that are involved in lipid binding have not yet
been identified. The regions enriched in amphipathic
B-strands are thought to interact directly and irreversibly

Abbreviations: apo, apolipoprotein; ER, endoplasmic reticulum;
GFP, green fluorescent protein; MTP, microsomal triglyceride transfer
protein; TG, triacylglycerol.

! Current address: Department of Biochemistry, Dalhousie Univer-
sity, Halifax, Nova Scotia, Canada B3H 4H7.

2 To whom correspondence should be addressed.

e-mail: zyao@ottawaheart.ca

Copyright © 2002 by Lipid Research, Inc.
This article is available online at http://www.jlr.org

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

with the VLDL neutral lipid core, whereas the regions rich
in amphipathic a-helices are less tightly associated with
lipid (10). The minimum length of apoB that is required
for the assembly of a neutral lipid core is between 23-28%
of the N-terminal portion of apoB-100 (11-13).
Post-translational modifications of apoB, such as disul-
fide bond formation (14, 15) and palmitoylation (16-18),
have been shown to play a role in the assembly and secre-
tion of apoB-containing lipoproteins. However, clear bio-
chemical evidence for a role of N-linked oligosaccharides
in these processes has not been obtained. Early studies
with rat or chicken hepatocytes suggested that inhibition
of N-linked glycosylation of apoB with the chemical inhib-
itor tunicamycin had no major impact on VLDL secretion
(19, 20, 21). However, experiments with human hepato-
blastoma HepG2 cells showed that secretion of apoB-100
was reduced by tunicamycin treatment (22), and the de-
creased apoB-100 secretion in tunicamycin-treated HepG2
cells was associated with increased apoB degradation (23).
Recently, working with transfected McA-RH7777 cells that
express various C-terminally truncated forms of human
apoB, we also observed that tunicamycin treatment im-
paired apoB secretion in all cell lines examined (Fig. 1B).

These seemingly conflicting results on the effect of tunica-
mycin may highlight pleiotropic effects that may limit the
use of this inhibitor (e.g., the dose and duration of tunica-
mycin used for the treatment with different cells).

In the current study, we tested the role of amino-terminal
apoB N-linked glycosylation using site-specific mutagene-
sis (N-to-Q) within three C-terminally truncated forms of
human apoB, namely apoB-17, apoB-37, and apoB-50, that
have different abilities to assemble a neutral lipid core.
Our results provide new evidence that the N-linked oli-
gosaccharides are important for efficient secretion of
apoB and apoB-containing lipoproteins.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bo-
vine serum were obtained from Life Technologies Inc. ProMix™
(a mixture of [¥%S]methionine and [*S]cysteine, 1,000 Ci/mmol),
peroxidase-conjugated anti-mouse immunoglobulin G antibody,
and protein A-Sepharose CL-4B beads were obtained from Amer-
sham Pharmacia Biotech. The chemiluminescent blotting sub-
strate and tunicamycin was obtained from Roche. Monoclonal
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Fig. 1.

Tunicamycin treatment decreases apoplipoprotein B (apoB) secretion and generation of apoB N-glycan mutants. A: Position of the

N-linked oligosaccharides within human apoB-100. Closed rectangles represent the utilized glycosylation sites. B: McA-RH7777 cells stably
transfected with human apoB-17, apoB-37, and apoB-50 variants (60 mm dish) were pretreated for 3 h in DMEM (20% serum) * 5 wg/ml
tunicamycin, pulse-labeled with [**S]amino acids (200 nCi/ml) in methionine-deficient DMEM (20% serum) for 1 h, and chased up to 2 h
(* tunicamycin). The medium-associated [**S]apoB-17, [¥*S]apoB-37, and [**S]apoB-50 during chase were recovered by immunoprecipita-
tion. Secretion efficiency of each apoB variant is presented as (medium apoB at 2 h chase) / (initial apoB at 60 min pulse) X 100%. Data are
the mean of three experiments with mixed cultures of cells except for apoB-50 where individual G418-resistant colonies were used. Bottom,
endogenous rat [%S]apoB-100 secreted during chase. C: Construction of expression plasmids encoding apoB-17, apoB-37, or apoB-50 con-
taining N-to-Q) substitution at Asn residues 158, 956, 1341, 1350, and 1496 (closed ovals). Restriction sites and the number of nucleotides of
the apoB ¢cDNA sequences are indicated. CMV, cytomegalovirus promoter-enhancer sequences; hGH, human growth hormone transcrip-
tion termination and polyadenylation signals. The M{ul restriction site in pB50 was engineered as described previously (11).

Vukmirica et al. N-linked oligosaccharides of apoB 1497

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

antibodies 1D1, 3E11, 374, 2D8, and 1C4 that were raised against
human apoB were a gift of R. Milne and Y. Marcel (University of
Ottawa Heart Institute). The anti-apoA-I antiserum was a gift of
J- E. Vance (University of Alberta). Antibody against a-mannosi-
dase II was a gift of M. G. Farquhar (University of California, San
Diego). The anti-calnexin antibody was obtained from StressGen
(Victoria, BC).

ApoB expression plasmids

The expression plasmid pB17wt that contained nucleotides
20-2555 of the human apoB cDNA was prepared by inserting
the coding sequence between EcoRI and Clal sites (open boxes in
Fig. 1C) at the polylinker region of pCMV5 vector . The N-to-Q
substitution was introduced into pB17wt at Asn'®® using the
QuikChange™ site-directed mutagenesis kit (Stratagene Inc.,
La Jolla, CA) according to the manufacturer’s instructions. The
plasmids pB17wt and pB17N'58 were used to create pB37wt and
pB37N58  respectively, by inserting a HindlIl-Sall fragment
(nucleotides 2279-5290 of the apoB cDNA, striped boxes in
Fig. 1C) that was derived from pB48 (24). Subsequently,
pB37N96, NI341 N1350, N1496 N158-956 _N158-1341 _N158-1350,
and -N198-14% that contained N-to-Q substitutions at selected or
combined Asn%5, Asn!31 Asn!%0 and Asn!#% positions were
generated by multiple rounds of mutagenesis using pB37N1%8
as a template. To create plasmid pB50N!8-149 3 Sq/I-Sall frag-
ment (from nucleotide 5290 of the apoB cDNA to the
polylinker of pCMV5, crosshatched box in Fig. 1C) was excised
from pB37N158-1350 and inserted into pB50 (15) that had been
digested with Sall. The resulting pB50ON!%8-1350 was used as a
template to introduce N49-t0-Q to create pB50N158-1496  Se-
quences of all primers used for mutagenesis are available from
the authors upon request. The resulting plasmids were purified
by centrifugation twice in a CsCl gradient, and the apoB coding
regions were authenticated by sequencing.

Cell culture and transfection

McA-RH7777 cells were cultured in DMEM containing 10%
fetal bovine serum and 10% horse serum. Transfection of the
cells with expression plasmids encoding wild-type or mutant
forms of apoB-17, apoB-37, or apoB-50 was achieved using the
previously described calcium phosphate precipitation method
(25). Expression of the recombinant human apoB was verified
by immunoblotting of the conditioned media using monoclonal
antibodies 1D1, 3E11, 374, 2D8, and 1C4 (26, 27). Experiments
described below were performed using transiently transfected
MCcA-RH7777 cells or mixed culture of G418-resistant transfec-
tants, except with apoB-50-expressing cells where individual
G418-resistant colonies were used.

Metabolic labeling

Cells were pretreated with tunicamycin and subjected to
pulse-chase experiments (with [35S] methionine/cysteine) to
determine the synthesis and secretion of apoB and apoA-I (ex-
perimental details are described in the figure legends). At dif-
ferent time points during the chase, the cell and medium apoB
and apoA-I were immunoprecipitated and analyzed by polyacryl-
amide gel electrophoresis (3-15% gel) in the presence of 0.1%
SDS (SDS-PAGE) as described previously (12). In the case of
apoB-50, the chase media were separated into d < 1.02 and d >
1.02 g/ml fractions by ultracentrifugation prior to immunopre-
cipitation.

Density ultracentrifugation

Cells were pulse-labeled with [35S]methionine/cysteine for
1 h and chased for 2 h in DMEM containing 20% fetal bovine se-
rum and 0.4 mM oleate as described previously (28). At the end
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of chase, the media and microsomal contents were separated
into 12 fractions in a sucrose density gradient as described previ-
ously (29). The apoB proteins in each fraction were immunopre-
cipitated (using an anti-apoB polyclonal antibody that recog-
nized both human and rat apoB) and subjected to SDS-PAGE
and fluorography. For apoB-50, the microsomal contents were
fractioned into VLDL, (S;> 100), VLDLy (5,20-100), and other
density fractions by cumulative rate flotation (30). The lumenal
content of the microsomes was isolated as described previously
(30).

Subcellular fractionation

Cells were homogenized using a ball-bearing homogenizer as
described previously (30). The postnuclear supernatant was pre-
pared and fractionated on preformed Nycodenz gradients (31)
by centrifugation in an SW 41 rotor (4°C, 90 min, 37,000 g) (32,
33). A total of 19 fractions (600 pl/fraction) were collected, and
an aliquot of each fraction was subjected to SDS-PAGE (3-15%
gel) and immunoblotted to detect a-mannosidase II, calnexin,
and apoB, respectively.

Lipid assay. Metabolic labeling of lipid with [*H]glycerol was
performed as described previously (30).

Immunocytochemistry

Cells stably expressing apoB-50wt or apoB-50N!5814% were
plated on coverslips for 24 h, fixed with 3% paraformaldehyde in
phosphate-buffered saline (PBS) for 20 min, and permeabilized
with 0.1% Triton X-100 (in PBS) for 3 min. Paraformaldehyde
was quenched with 50 mM ammonium chloride (in PBS) for 30
min, and the cells were incubated with 10% FBS (in PBS) for 20
min. Monoclonal antibody 1D1 was used to probe the recombi-
nant human apoB (1 h) with goat anti-mouse IgG Alexa Fluro
488 conjugate (#A-6440; Molecular Probes) as secondary anti-
body. The endoplasmic reticulum (ER) and Golgi were probed
with anti-calnexin and anti-a-mannosidase II antibodies, respec-
tively, with Alexa Fluro 594 conjugated anti-rabbit IgG (#R-6394;
Molecular Probes) as secondary antibody. Between all steps, cells
were washed three times with PBS. All incubation and washing
procedures were performed at room temperature. After stain-
ing, cells were mounted onto the glass slide using SlowFade Anti-
fade kits (#S-7461; Molecular Probes). The images were cap-
tured using the MRC-1024 laser scanning confocal imaging
system (Bio-Rad).

RESULTS

Tunicamycin inhibits secretion of ApoB

Human apoB-100 has 20 potential N-linked glycosyla-
tion sites, of which 16 are conjugated with oligosaccha-
rides (Fig. 1A). In McA-RH7777 cells expressing recombi-
nant human apoB-17, apoB-37, or apoB-50, tunicamycin
treatment decreased secretion efficiency of the nonglyco-
sylated apoBs by varied extents as compared with the con-
trols (i.e., no tunicamycin treatment) (Fig. 1B). The secre-
tion of endogenous apoB-100 in these cells was also
decreased by tunicamycin treatment (Fig. 1B, bottom). Sim-
ilar inhibitory effect of tunicamycin treatment on secretion
of rat apoB-100 was observed in primary rat hepatocytes
(data not shown). These results suggested that the lack of
N-linked oligosaccharides is associated with impaired se-
cretion of apoB. To test further the role of N-linked oli-
gosaccharides on apoB secretion, we performed N-to-Q sub-
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stitution at the glycosylation sites within apoB-17, apoB-37,
and apoB-50 that contain different number of N-glycans
(Fig. 1C).

The effect of N-to-Q mutation on apoB-17
synthesis and secretion

When the single glycosylation site N'58 within apoB-17
was mutagenized, the secretion efficiency of the mutant
apoB-17 (designated apoB-17N1%8) was decreased by 50%
as compared with the wild-type apoB-17 (apoB-17wt). The
inhibitory effect of N%8-t0-Q substitution on apoB-17 se-
cretion was almost equivalent to that of tunicamycin treat-
ment (Fig. 2A). The level of expression of apoB-17wt and
apoB-17N158 was similar in the two cell cultures (as judged
by 3°S incorporation in Fig. 2B). The amount of cell-asso-
ciated [%S]apoB-17 during chase was similar between the
two transfectants (Fig. 2B).

Loss of N-linked oligosaccharides in proteins has been
shown to associate with delayed ER exit (2). To gain an in-
sight into the mechanisms for the impaired secretion of mu-
tant apoB-17, we determined the effect of the loss of N-gly-
can on intracellular distribution of metabolically labeled
apoB-17N1%8, In these experiments, samples were taken 15
and 60 min after labeling with [%S]amino acids and ana-
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lyzed by subcellular fractionation using Nycodenz gradient
centrifugation. Calnexin and a-mannosidase II were used as
ER and medial Golgi markers. No discernible difference was
observed in the relative distribution in ER or Golgi between
[35S]apoB-17wt and [®S]apoB-17N!%8 at 15 or 60 min label-
ing time points (data not shown). These results suggest that
the impaired secretion of apoB-17N'8 was not associated
with intracellular accumulation but with degradation.

Several mechanisms exist in the hepatic cells by which
newly synthesized apoB can be degraded, either at the
stage after apoB translation or else during apoB polypep-
tide chain elongation (34). Rapid degradation of apoB
during or immediately after apoB translation is mediated
by proteasome, which can be prevented by inhibitors
ALLN or MG132 in McA-RH7777 cells (15). To test the
possible role of proteasome in apoB-17N!58 degradation,
we included proteasomal inhibitors ALLN and MG132
during metabolic labeling (Fig. 2C). While inhibition of
proteasome elevated the intracellular levels of endoge-
nous [3*S]apoB-100 by 50% at the end of 30 min labeling,
no significant change in the intracellular levels of apoB-
17wt or apoB-17N!%8 was observed (Fig. 2C, bottom).
These results imply that apoB-17N158 is unlikely degraded
by proteasome during translation.
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Fig. 2. Lack of N-glycan impairs apoB-17 secretion. Transiently transfected cells (60 mm dish) were pretreated for 3 h in DMEM (+ 20%
serum) * 5 pg/ml tunicamycin, pulse-labeled with [*S]amino acids for 1 h, and chased up to 2 h (* tunicamycin). The medium (A) and
cell-associated [3*S]apoB-17 (B) during chase were subjected to SDS-PAGE and visualized by fluorography. The recovery of medium and
cell-associated [**S]apoB-17 during chase was presented as “% of initial counts” that associated with cell apoB-17 at the end of pulse. Insets
show representative fluorograms. Data are the mean of three experiments. C: Cells were continuously labeled with [%*S]amino acids (200
wCi/ml) in methionine-deficient DMEM (20% serum) for indicated times in the absence or presence of proteasomal inhibitors ALLN or
MG132. Top, representative fluorograms; bottom, quantification of radioactivity associated with cell-associated [%°S]apoB-17wt, [3*S]apoB-

17N1%8, and endogenous rat [%S]apoB-100 (rB100).
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Fig. 4. Lack of N-glycans impairs apoB-37 secretion. Kinetics of apoB-37wt and apoB-37N158-14% ip stably transfected cells determined by
pulse-chase analysis as described in Figure 3. A: [3*S]apoB-37 secreted into medium. B: Cell-associated [*3S]apoB-37. C: Medium was col-
lected at the end of 2 h chase and fractionated by ultracentrifugation in a sucrose density gradient. The [3*S]apoB-37 in each fraction was
analyzed by SDS-PAGE and fluorography (top). The radioactivity associated with apoB-37wt and apoB-37N158-14% was quantified by scintilla-
tion counting (bottom). D: The lumenal content isolated from carbonate-treated microsomes was fractionated by sucrose density gradient.
The apoB-37 proteins in each fraction were detected by immunoblotting.

The effect of selective or combined N-to-Q
mutations on apoB-37 secretion

The above results demonstrated the importance of
N-linked oligosaccharides in the secretion of apoB-17.
However, apoB-17 lacks the ability to assemble neutral lip-
ids (13) and thus is unsuitable as a model for lipoprotein
studies. To determine the role of N-linked oligosaccha-
rides in the secretion of lipoproteins, we used apoB-37 as

a model that contains some lipid binding sequences (35)
and four additional N-linked glycosylation sites (Fig. 3A).
Introducing N-to-Q substitution at a single glycosylation
site (i.e., N198 N96 NI341 NI350 and N1496) allows us to
determine if there is a critical N-linked glycan that is im-
portant for lipoprotein synthesis. Transient transfection
with various apoB-37 constructs resulted in different levels
of apoB-37 expression as shown by varied incorporation of

Fig. 3. Effect of selective or combined N-to-Q substitution on apoB-37 secretion efficiency. A: Schematic representation of the wild-type
and nine mutant apoB-37s that contained single or more N-to-Q substitution at residues N 158, N956, N1341 N1350_ and N14% (open ovals).
B: Transiently transfected cells (2 days after transfection) were labeled with [3*S]amino acids for 60 min in the presence of exogenous
oleate (0.4 mM). At the end of labeling, cells were lysed and cell-associated [%3S]apoB-37, endogenous rat [%S]rapoB-100, and rat
[35S]apoA-I were immunoprecipitated and subjected to SDS-PAGE and fluorography (right). Radioactivity associated with [%S]apoB-37,
[35S]rapoB-100, and [*°S]apoA-I was quantified. Incorporation of [¥S]amino acids into [**S]apoB-37 and [**S]apoA-I in mutant apoB-37-
transfected cells is presented as the percent of apoB-37 or A-l in apoB-37wt-transfected cells. C: Cells were pulse labeled with [ %S]amino
acids for 60 min and chased for 2 h. Exogenous oleate (0.4 mM) was included in pulse and chase media. The secreted [3S]apoB-37,
[**S]rapoB-100, and [**S]apoA-I at 2 h chase were subjected to SDS-PAGE and fluorography (right). Secretion of [3S]apoB-37 and [3S]apoA-I
at the end of chase from mutant apoB-37-transfected cells is presented as % of apoB-37 or A-I secreted from apoB-37wt-transfected cells.
Data for apoB-37 are the average of two to three independent transfection experiments. Secretion of A-I was determined once. D: Immu-
noblot analysis of apoB epitopes. At the top are linear maps of apoB48 and apoB-37 with the number of amino acids (a.a.) labeled at right.
The epitope positions for monoclonal antibodies 1D1, 3E11, 374, 2D8, and 1C4 are indicated by square brackets below apoB-48. The
numbers in parentheses represent the position of amino acids at the boundary of each antibody epitope. At the bottom are immunoblot
analyses of apoB-37wt and apoB-37N15814% (resolved on 5% polyacrylamide gel) with indicated monoclonal antibodies. Recombinant hu-
man apoB-48 (apoB-48wt) expressed in transfected McA-RH7777 cells (12) was used as a positive control for various antibodies.
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are the mean of three independent experiments using different stable
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8-14996 during chase. Data presented are average of two experiments with

similar results. C: Secretion of endogenous [**S]apoA-I. The experiments were performed twice. Data from both experiments (dashed and

solid lines) are presented.

[35S]amino acids (Fig. 3B). However, transient expression
of these apoB-37 constructs had no marked effect on the
synthesis of endogenous apoA-I (Fig. 3B) or apoB-100
(quantitative data not shown). The N-to-Q) substitution
at each single glycosylation site had a different effect
on apoB-37 secretion efficiency. Thus, while secretion
of apoB-37N158 and apoB-37N!3%0 was not different from
apoB-37wt, secretion of apoB-37N6, apoB-37N!34l, and
apoB-37N149 decreased by 30-40% compared with apoB-
37wt (Fig. 3C). These data suggest that N-to-Q substitu-
tion at a single N-linked glycosylation site exerted no or
partial inhibition on apoB-37 secretion. On the other hand,
introducing N-to-Q substitution at multiple glycosylation
sites (i.e., N198-956 N1581341 N158-1350 and N158-1496) progres-
sively and consistently decreased apoB-37 secretion effi-
ciency. Thus, when all five glycosylation sites were mutated,
the secretion efficiency of apoB-37N158-149 was decreased to
40% of apoB-37wt, a level almost equivalent to that of apoB-
37wt treated with tunicamycin (Fig. 3C). The secretion ef-
ficiency of endogenous apoA-I (Fig. 3C) or apoB-100
(quantitative data not shown) was not altered among cells
transiently transfected with various apoB-37 forms.

It was noted that N-to-Q substitution at N!4% resulted in in-
creased electrophoretic mobility of apoB-37N11% and apoB-
F7NI&196 (indicated by “x” in Fig. 3B and C). Sequencing
analysis of the expression plasmid DNAs excluded the possi-
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bility of deletions within the apoB-37 coding sequence. To
determine if the aberrant electrophoretic mobility was
caused by proteolytic cleavage at the carboxyl terminus of
the mutant apoB-37, we performed epitope mapping with a
panel of monoclonal antibodies (Fig. 3D). As expected,
apoB-37wt reacted with 1D1, 3E11, 374, and 2D8, but not
with 1C4. The mutant apoB-37N158-14% however, reacted
with 1D1, 3E11, and 374 normally, but lost its reactivity with
2D8 (there was no apoB fragments detectable by 2D8 on the
5% polyacrylamide gel). Thus, it is likely that mutation at res-
idue N4 rendered apoB-37 susceptible to proteolytic cleav-
age at amino acid residue approximately 1440, removing
~5% of apoB sequences. These results suggest an important
role of glycosylation at residue N'4% for the stability of apoB-
37. Loss of N-linked oligosaccharide resulting in proteolytic
cleavage has been reported for other proteins (36).

The effect of N-to-Q substitution at all five N-linked gly-
cosylation sites within apoB-37 was determined further us-
ing mixed cultures of stable transfectants. Again, the aber-
rant mobility of apoB-37N158-149 wags observed (indicated
by “x” in Fig. 4). Pulse-chase analysis showed that the se-
cretion efficiency of apoB-37N198-149 was decreased by
more than 2-fold as compared with that of apoB-37wt,
which was similar to the effect of tunicamycin treatment
on apoB-37wt secretion (Fig. 4A). However, there was no
difference in the amount of intracellular apoB-37N158-14%
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Fig. 6. Impaired apoB-50N158-149 secretion as VLDL and lipid synthesis in transfected cells. A: Medium collected at the end of 2 h chase
was fractionated by ultracentrifugation in a sucrose density gradient, and [33S]apoB-50 in each fraction was analyzed by SDS-PAGE and fluo-
rography. Top, representative fluorograms of two experiments with similar results. Bottom, the radioactivity associated with [%S]apoB-50wt
and [3*S]apoB-50N1%8-14% guantified by scintillation counting. Note the scale of y axis for fractions 8-12 is different from that for fractions
1-7. B: Density distribution of apoB-50wt and apoB-50N158-14% in the microsomal lumen. One hour after labeling, the microsomes were pre-
pared and the lumenal content was fractioned. [3*S]apoB in each fraction was immunoprecipitated and subjected to SDS-PAGE (3-15%)
and fluorography. C: Cells (6-well plate) were labeled with [*H]glycerol (5 pnCi/well) in DMEM (20% serum and 0.4 mM oleate) for indi-
cated times. Lipids were extracted from the cells and resolved by thin-layer chromatography. Radioactivity associated with TG and phos-
phatidylcholine (mean = SD, n = 3) was quantified by scintillation counting.

during chase as compared with apoB-37wt (Fig. 4B), sug-
gesting that apoB-37N158-14%_]ike the apoB-17 mutant, was
also rapidly degraded intracellularly. The effect of N-glycan
mutation on intracellular distribution of apoB-37 was de-
termined by subcellular fractionation using Nycodenz gra-
dient ultracentrifugation. Immunoblot analysis showed
that at steady state, there was no difference in the distribu-
tion in the ER or Golgi compartments between apoB-37wt
and apoB-37N158-149 (data not shown).

The decreased secretion of apoB-37N198-119 was observed
in both VLDL and lipoprotein fractions whose buoyancy
resembling that of high-density lipoproteins (HDL) (Fig.
4C). Moreover, the lack of N-linked oligosaccharides re-
sulted in a skewed distribution of apoB-37N198-149 (oward
denser fractions in the microsomal lumen (Fig. 4D). Thus,
the lack of N-linked glycosylation in apoB-37 not only de-
creases its secretion as lipid-poor particles (i.e., the HDL-
like species) but also impairs its ability to associate with
neutral lipids in VLDL assembly.

N-to-Q substitution within apoB-50
results in decreased secretion

The studies with apoB-37 suggest strongly that appro-
priate glycosylation is required for efficient acquisition of

lipids to form VLDL. However, the unexpected proteolytic
cleavage of apoB-37N158-14% that removed ~5% apoB se-
quences from the carboxyl terminus of apoB-37 made the
above data less conclusive. To ascertain that N-glycan of
apoB indeed plays a role in VLDL assembly, we extended
the mutagenesis studies to apoB-50 that contain the same
number of N-glycan sites as apoB-37 (Fig. 1A) but contains
more lipid binding sequences (35). Because the large size
of the apoB-50 cDNA construct results in poor transfection
efficiency, the experiments were conducted with selected
stably transformants that expressed appreciable amount
of apoB-50 proteins. Preliminary experiments showed that
unlike what happened to mutant apoB-37, mutation at
N9 did not give aberrant electrophoretic mobility in
apoB-50 (data not shown). This result suggests that amino
acid sequences between the carboxyl termini of apoB-37
and apoB-50 can overcome the instability of the proteins
introduced by N49-t0-Q substitution.

We next performed pulse-chase experiments using two
stable cell lines that expressed similar level of apoB-50wt
or apoB-50N!98-1496 (5 determine the effect of lack of
N-glycan on apoB-50 secretion efficiency. Results presented
in Fig. 5A show that secretion efficiency of [3S]apoB-
50N158-1496 was decreased in both d < 1.02 and d > 1.02
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g/ml fractions as compared with that of apoB-50wt. The
amount of cell-associated [3°S]apoB-50N!158-14%  quring
chase was greater than that of apoB-50wt (Fig. 5B), which
suggested that, unlike apoB-17N!58 or apoB-37N158-1496,
the mutant apoB-50 was not rapidly degraded intracellu-
larly. Between the two stably transfected cells, the secre-
tion efficiency of endogenous apoA-I was comparable as
determined by pulse-chase analysis in two independent
experiments (Fig. 5C). However, expression of apoB-
HON198-1496 resulted in 50% decrease in endogenous
apoB-100 secretion efficiency, although synthesis of en-
dogenous apoB-100 was not affected (data not shown). The
inhibitory effect of apoB-50N158-149 expression on endoge-
nous apoB-100 secretion was reminiscent of previous obser-
vation where expression of apoB-50 disulfide linkage mu-
tants also inhibited endogenous apoB-100 secretion (15).
Examination of density distribution of the medium
[%5S]apoB-50N158-119 confirms the above pulse-chase data,
showing diminished secretion of [**S]apoB-50N158-1496 jn
both VLDL and HDI-like fractions (Fig. 6A). The decrease
in secretion of apoB-50N158-1496 35 VL. DL was also observed
by immunoblot analysis to measure apoB-50N158-119 mass
(data not shown). To determine if the decreased apoB-
HONI58-149%.V] DI, secretion was a consequence of im-
paired assembly, we examined the buoyant density of
apoB-50N158-14%_containing lipoproteins within the mi-
crosomal lumen. As shown in Figure 6B, at steady state the
amount of %S-labeled apoB-50N158-1196 agsociated with
HDI -like fractions was reduced and that associated with
VLDL fractions was absent as compared with apoB-50wt.
Thus, the diminished apoB-50N!58-14% secretion as VLDL
was likely attributable to a defect in assembly of neutral
lipid. The inability of apoB-50N158-14% (o assemble VLDL,
however, was not attributable to limited synthesis or avail-
ability of lipids in the transfected cells, as the synthesis of
triacylglycerol (TG) and phosphatidylcholine (measured
as [3H]glycer01 incorporation, Fig. 6C) and the mass of
TG (data not shown) in apoB-50N158-119_ and apoB-50wt-
transfected cells were comparable. There was also no im-
pairment in the activity of microsomal triglyceride transfer
protein (MTP) in apoB-50N!58-149_gransfected cells (data
not shown). These results suggest that the N-linked oli-
gosaccharides play an important role during bulk TG incor-
poration in the assembly of VLDL containing apoB-50.

Effect of N-glycan mutation on intracellular
distribution of apoB-37 and apoB-50

The effect of the loss of N-glycan on intracellular distri-
bution of apoB-50 was determined by subcellular fraction-
ation (Nycodenz gradient ultracentrifugation) followed
by immunoblot analysis. At steady state, although the con-
centration of apoB-5ON!98-1496 5t steady state was in-
creased in the ER and Golgi compartments, the relative
distribution of apoB-50N!58-1496 was nearly identical to
that of apoB-50wt (data not shown). Moreover, double im-
munofluorescence colocalization studies using confocal
microscopy with cells expressing apoB-50wt or apoB-
5ON158-149 3150 showed no apparent difference in their
distribution in the ER or Golgi (data not shown). In addi-
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tion to indirect immunofluorescence studies, the effect of
the loss of N-glycan on intracellular distribution was more
directly determined using GFP (green fluorescent pro-
tein)-tagged apoB proteins (in this case we used apoB-46).
The B46wt-GFP and B46N158-149.GFP fusion proteins con-
tained the amino-terminal 2,099 amino acids of apoB plus
GFP at their carboxyl termini. Including GFP at the carboxyl
terminus of B46 did not affect its ability to form or secrete as
lipoproteins in transiently transfected McA-RH7777 cells
(Vukmirica and Yao, unpublished observation). Live cell
imaging of apoB-46wt-GFP and apo-B46N158-149.GFP using
video microscopy did not detect difference in their intracel-
lular distribution (data not shown). These data together in-
dicate that the loss of N-glycans is not associated with gross
alterations in the intracellular distribution of apoB.

DISCUSSION

In this work, we have compared the role of N-linked oli-
gosaccharides between three truncated apoB variants,
namely apoB-17, apoB-37, and apoB-50, that have increas-
ing lipid binding capabilities. The ability of human apoB
polypeptide to associate with neutral lipids correlates posi-
tively with the number of amphipathic B-strands down-
stream of apoB-17 (35, 37), and proper lipidation confers
post-translational stability of apoB and ensures its efficient
secretion (34). The apoB-17 represents the amino-termi-
nal B-al domain of apoB-100 (38), which is highly disul-
fide bonded and is secreted as lipid-poor forms (13). Al-
though apoB-17 itself is unable to assemble neutral lipids
to form lipoproteins, it has strong binding affinity toward
MTP (39, 40) and is essential for lipid recruitment medi-
ated by downstream lipid binding sequences (41). The in
vivo studies of patients with hypobetalipoproteinemia (42)
and cell culture studies with truncated forms of human apoB
(12, 34) have suggested that the ability to assemble VLDL lies
at the length transition between ~30% and ~40% of apoB, a
region enriched with amphipathic B-strands (35). Our data
have shown that the loss of N-glycans by site-directed mu-
tagenesis results in decreased secretion efficiency of the
apoB polypeptide regardless of their length, suggesting that
the additional lipid binding sequences presented down-
stream of apoB-17 fail to offset the requirement for N-linked
oligosaccharides. Furthermore, the current studies indicate
that the lack of N-glycans not only impairs secretion of apoB
as lipid-poor polypeptides (i.e., the HDI like species contain-
ing apoB-37 or apoB-50), but also compromises the associa-
tion of apoB-37 and apoB-50 with neutral lipids in forming
VLDL. Thus, in addition to lipid binding sequences of apoB,
the N-linked oligosaccharides conjugated to apoB also
play a role conferring the post-translational stability and lipid
assembly.

The observation that loss of a single N-glycan in apoB-17
results in impaired secretion of mutant apoB-17N1%® (Fig.
2) is striking, which indicates that the $-al domain struc-
ture not only requires appropriate disulfide bonding (14,
15) but also N-linked oligosaccharides. The residue N1%8
in apoB is conserved between apoB and MTP, and is im-
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mediately adjacent to a disulfide bridge (C1%-C1#5 in apoB)
that is also conserved between the two proteins. On the
basis of the known crystal structure of lamprey lipovitellin,
this disulfide bridge (C!5%-C185) is believed to connect two
B-strands within the amino-terminal B-barrel structure of
the B-al domain in human apoB (7). Although the
current data suggest a significant role of N'"8-glycan in
apoB-17, previous mutagenesis studies showed that loss of
the adjacent disulfide bond (C!*°-C!8%) had no impact on
the secretion of apoB-29 (43) or apoB-50 (15). Insights into
a functional role of the N'8glycan in apoB-17 folding and
stability has yet to await for structural information on the
B-al domain.

It is noteworthy that although N'%8-glycan is of particu-
lar importance to apoB-17, in the context of apoB-37
where multiple N-linked glycans exist, the single N'%8-t0-Q
substitution exerts no effect on the mutant apoB-37N158
secretion. In fact, N-to-Q substitution at any single N-gly-
can site within apoB-37 had marginal effect on its secre-
tion, except for N149. The loss of N1%% in apoB-37 not only
resulted in decreased secretion (although not to the same
extent as in apoB-37N158-1196) hut also affected electro-
phoretic mobility of apoB-37N!1% and apoB-37N158-119
(Fig. 3B and C). Epitope mapping experiments with
apoB-37N158-14% jmplied that proteolytic cleavage might
have occurred at the carboxyl terminus of the protein and
removed ~5% of apoB sequences (Fig. 3D). Because the
low molecular weight species of apoB-37N158-119 (desig-
nated apoB-37N158-1196.x) was observed at the earliest
time point of labeling within the ER, the proteolysis likely
occurred in the ER. At the moment, the mechanism for
this loss of N-glycan induced proteolysis is unknown; nor
are we able to conclude definitively that N4% is of particu-
lar significance to apoB structure, because proteolytic
cleavage did not occur to mutant apoB-50N198-1496_ Tp.
duced proteolysis as a result of loss of N-glycans has been
reported for mutant human transferrin receptor (36).
When N-to-Q substitution performed at a single N-glycan
site was contrasted with that performed at multiple sites, it
became clear that secretion of apoB-37 was gradually im-
paired as the number of mutated N-glycan sites increased
(Fig. 3C, right five bars marked B37). These data support
the notion that cooperative action of multiple N-linked oli-
gosaccharides takes place in the attainment of proper
folding of proteins (2). The difference in the effect of
N158-1496 mytation on the susceptibility to the presumed
proteolytic cleavage between apoB-37 and apoB-50 is
intriguing. It suggests that whatever has happened to
apoB-37N158-1196 could be offset in the context of
apoB-50, apparently by acquisition of lipid binding se-
quences downstream of apoB-37. The nature of this com-
pensation is unclear. However, it suggests strongly that an
interplay takes place between lipid binding sequences and
N-linked oligosaccharides in achieving proper folding and
lipidation of apoB.

Although the mechanism responsible for the impaired
secretion of VLDL with mutants apoB-37 or apoB-50 is
currently unclear, it is noted that the lack of N-glycans ex-
erts different effects on the fate of these proteins. Pulse-

chase experiments showed that while the impaired secre-
tion of mutant apoB-37N158-1196 (apoB-17N158 as well) was
not accompanied with intracellular accumulation (Figs.
2A and 4B), there was a prolonged intracellular retention
of nascent apoB-50N158-149 (Fig. 5B). The lack of an accu-
mulation of apoB-17N158 or apoB-37N158-14% during chase
is indicative of intracellular degradation of these mutant
proteins. The degradation of apoB-17N!%® and apoB-
$7NI58-14% 5 unlikely mediated by proteasome that has
been implicated in cotranslational degradation of apoB-
100. Thus, while including proteasomal inhibitors during
continuous labeling renders no increase in the incorpora-
tion of [%S]amino acids into apoB-17N1%8, even though
the inhibitor treatment does prevent cotranslational degra-
dation of endogenous apoB-100 in transfected cells (Fig.
2C). However, that no apoB-17N'%8 or apoB-37N158-1496 yag
accumulated in the ER suggests that degradation, proba-
bly occurring in this compartment, preceded ER exit. In
contrast, the effect of loss of N-glycan on cell apoB-50 was
different from that on apoB-17 or apoB-37. Under no cir-
cumstances have we observed rapid degradation of apoB-
HON158-199% during chase. The prolonged retention of
apoB-50 within the secretary pathway suggests that lipid
binding sequences between the carboxyl termini of apoB-37
and apoB-50 make the protein less susceptible to rapid
degradation, even though these sequences cannot compen-
sate for the requirement of N-glycans for efficient lipid re-
cruitment. However, although the use of site-specific mu-
tagenesis has allowed examination of the role of N-linked
glycosylation of apoB more directly than the use of chemi-
cal inhibitor tunicamycin, it remains to be determined
whether or not the Asn-to-Gln mutations may have caused
gross structural changes that affect apoB function inde-
pendent of N-glycans.

The mechanisms responsible for rapid degradation of
mutant apoB-17 and apoB-37 and for the ultimate degra-
dation of mutant apoB-50 retained within the cells also
needs to be defined further. Recently, it has been reported
the existence of a dual mechanism for ER-associated deg-
radation of misfolded proteins. Thus, while misfolded
membrane proteins are retained in the ER, misfolded sol-
uble proteins are trafficked to the Golgi and then re-
trieved back to the ER for degradation (44). In the case of
apoB, a secreted lipid binding protein, multiple degrada-
tion mechanisms have been described (34, 45). It is of in-
terest to determine if apoB N-glycan mutants undergo ER
exit and then retrograde retrieval prior to the ER degra-
dation. It will also be of interest to examine if the loss of
N-glycans in apoB will affect apoB translocation and retro-
grade translocation across the ER membrane. Recently, a
group of molecular chaperones (such as immunoglobulin
binding protein, protein disulfide isomerase, calcium
binding protein 2, calreticulin, and glucose regulatory
protein 94) were found in fractions containing VLDL par-
ticles within the lumen of microsomes (46). The effect of the
loss of N-glycans in apoB on its interaction with molecular
chaperones within the secretory compartments merits fur-
ther investigation. The current study highlights that multiple
factors, including lipids, molecular chaperones, and post-
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translational modification of apoB (such as disulfide bond-
ing, palmitoylation, and N-linked glycosylation) are involved
in the complex VLDL assembly and secretion processes. il
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