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Abstract
The role of two post-translational modifications, N-linked glycosylation and
palmitoylation, of human apolipoprotein B (apoB) in the biosynthesis of hepatic apoB-
containing very low density lipoproteins (VLDL) was investigated. Working with
tunicamycin-treated rat hepatoma McA-RH7777 cells stably expressing human apoB
variants, we found that inhibition of N-linked glycosylation decreased the secretion of
apoB variants, without affecting translation. Detailed biochemical analysis was
performed following site-specific mutagenesis at consensus N-linked glycosylation sites
(using asparagine-to-glutamine substitution) within recombinant human apoB variants
(i.e. apoBl17, -B37, -B48, and -B50). Four notable features associated with the
requirement of N-linked oligosaccharides during apoB biosynthesis were observed: (a)
N-linked oligosaccharides were required for efficient secretion of the apoB polypeptide.
(b) N-linked oligosaccharides were required for the assembly and secretion of the apoB-
containing VLDL. (c) Removal of N-linked oligosaccharides was associated with
accumulation of total intracellular apoB without specific apoB retention in the ER, and
(d) Expression of mutant apoB lacking N-glycans was associated with changes in mass or
activity of microsomal triglyceride transfer protein (MTP). Similar biochemical analysis
was performed following site-specific mutagenesis at potential palmitoylation sites (using
cysteine-to-serine substitution) within human apoB48. The cysteine-to-serine substitution
had no effect on the secretion of apoB48-containing lipoproteins or apoB intracellular
distribution. Thus, while N-linked glycosylation at the amino terminus of apoB represents
an important requisite for proper biogenesis of apoB-containing VLDL, palmitoylation is

not required for apoB-containing VLDL assembly and secretion.
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Chapter 1 Introduction

1.1. Introduction

The function of lipoproteins, macromolecular complexes composed of varying
amount of neutral lipid in their core that is surrounded by proteins (apolipoproteins) on
surface, is to transport plasma cholesterol and triglyceride (TG) through the bloodstream.
In humans, TG-rich VLDL (d < 1.006 g/ml) are produced in the liver, and once secreted
into the bloodstream, transport TG from the liver to the peripheral tissue (1). Subsequent
hydrolysis of TG from VLDL particles in plasma through the action of lipoprotein lipase
generates denser intermediate density lipoproteins (IDL, d = 1.006-1.019 g/ml) that are
further catabolized into cholesterol-enriched low-density lipoproteins (LDL, d = 1.019-
1.063 g/ml) (1). The plasma LDL particles are recognized on the surface of cells and
internalized through LDL receptor-mediated endocytosis (2). Overproduction of VLDL
and decreased LDL catabolism can both lead to elevated concentration of plasma LDL,
which is considered a major risk factor for development of atherosclerosis (1). Since
plasma VLDL particles are the metabolic precursors of LDL, synthesis and secretion of
the TG-rich VLDL represent a key determinant of the plasma concentration of
atherogenic lipoproteins, with therapeutic approaches centered on attenuating the

overproduction of TG-enriched VLDL particles by the liver.

Apolipoprotein B (apoB), the major protein component of VLDL, IDL, and LDL,
plays a central role in lipoprotein metabolism (1). In human liver, the assembly of TG-
rich VLDL involves recruitment of lipid by apoB following regulated biosynthesis of

both apoB and lipid as well as the action of additional facilitating factors. The embryonic



lethality following apoB gene knockout studies in mice suggests an indispensable role for
apoB during development and lipoprotein metabolism (3). Similarly, mutations in the
apoB gene, as observed in subjects with hypobetalipoprotenemia, a disorder characterized
by secretion of truncated forms of apoB, or observed in transgenic mice expressing

altered apoB gene, lead to compromised hepatic VLDL assembly and secretion (4).

Efforts toward understanding the mechanism of hepatic VLDL assembly over the
past two decades have focused with particular emphasis on examining the mechanism of
TG recruitment by apoB, and also on determining the precise function(s) of microsomal
triglyceride protein (MTP), a protein closely associated with VLDL production.
Mutations in the gene encoding MTP have been identified as the proximal cause of
abetalipoproteinemia, a recessive disorder characterized by deficiency in secretion of
apoB-containing lipoproteins (5). To date, significant progress has been made in

understanding the mechanisms of regulation of apoB biogenesis.

In this Chapter, I will summarize the current knowledge in the following areas. (a)
Structure of apoB and apoB lipid-binding properties. (b) Unique features associated with
regulation of apoB biogenesis. (¢) Mechanism of VLDL assembly, including the
subcellular location of VLDL maturation, the origin of recruited TG, and requirement of
MTP and other factors in this process. (d) The role of multiple post-translational
modifications of apoB, namely phosphorylation, formation of disulfide bonds, N-linked

glycosylation, and palmitoylation, during VLDL assembly and secretion.



1.2. Apolipoprotein B

Two forms of apoB are found in the circulation, the full-length apoB100 and the N-
terminal 48% of the full-length, designated as apoB48 (1). ApoB100 is the non-
exchangeable constituent of VLDL particles (30-110 nm in diameter) secreted from the
human liver. During catabolism of VLDL in plasma, apoB100 remains a constituent of
the small and dense IDL and LDL particles (1). ApoB48, on the other hand, is generated
following tissue-specific post-transcriptional mRNA editing of the apoB transcript.
ApoB48 is secreted from the human intestine in the form of large TG-rich chylomicron
particles (over 250 nm in diameter) (1). The mRNA editing process involves deamination
of cytidine (C) at nucleotide 6666 to uridine (U), resulting in conversion of a glutamine
codon at position 2153 of apoB100 into an in-frame stop codon (6,7). In humans, the
mRNA editing process is confined to the intestine, while in some species, such as rats,
mice, dogs, and horses, the mRNA editing occurs not only in the intestine but also in the
liver (8). Both apoB100 and apoB48 can form VLDL, and a VLDL particle contains a

single copy of apoB (9).

The cDNA sequence of apoB was determined by several groups independently (10-
13). The complete amino acid sequence of the full-length human apoB100, deduced from
its cDNA (12, 14-17), shows a large glycoprotein containing 4536 amino acid residues
(Fig. 1.14) (18). There are 20 potential N-linked glycosylation sites within human
apoB100, of which 16 are glycosylated (Fig. 1.1B) (18). From a total of 25 cysteine
residues found within apoB100, sixteen are involved in disulfide bond formation (19).

Seven of these disulfide linkages are clustered within the N-terminal 500 amino acid



residues, suggesting the presence of a globular structure in this region (Fig. 1 1C) (19).
Other modifications of the apoB structure that may have an impact on its function are

fatty acylation (20-23) and phosphorylation (24) (see below).

The interaction of apoB100 with the LDL receptor has been identified as an
important determining factor of cholesterol homeostasis. Binding of apoB100 to the LDL
receptor occurs only after catabolism of VLDL to LDL, suggesting that both lipid
composition and conformation of apoB may affect binding to the LDL receptor (2).
Based on studies using apoB-specific monoclonal antibodies with known epitopes, the
region surrounding the residue 3249 of apoB was identified as the LDL receptor-binding
region (25). Sequence alignment following selective chemical modification suggested
two C-terminal regions within human apoB100, spanning residues 3147-3157 (designated
site A) and 3359-3367 (designated site B) as candidates for LDL receptor binding (14).
The site B sequence shows similarity to the LDL receptor-binding domain of apoE (26),
another ligand for the LDL receptor, and site B, but not site A, sequence is highly
conserved among different vertebrate species (25). Studies using site-directed
mutagenesis of apoB indicated that Site B residues (amino acids 3359-3369) do
participate in binding to the LDL receptor (27). Furthermore, it has been proposed that
the arginine residue at 3500 interacts with the carboxyl terminus after the conversion of
triglyceride-rich VLDL to smaller cholesterol-rich LDL, permitting normal interaction

between LDL and its receptor (27).



1.2.1. Apolipoprotein B structure

The extreme hydrophobicity and large size of apoB have hindered
characterization of the tertiary structure of apoB. A “ribbon and bow” model has been
proposed for the configuration of apoB100 on the surface of human LDL (28). According
to this model, the first 89% of apoB forms a “ribbon™ around LDL while the remainder
11% of apoB forms a “bow” that stretches back and crosses over the “ribbon” at the
region that encompasses the LDL receptor binding site (28). The circumference of the
sphere generated by B strands of the “ribbon” was suggested to be the determining factor
of the neutral lipid core size. More recent studies using vitreous ice electron microscopy
to determine the morphology of sodium-deoxycholate-solubilized apoB100 confirmed a
ribbon-like structure for apoB (29). In these studies, only in a small proportion of
molecules “bow” could be identified, leading to speculation that the “bow” observed in
previous experiments is likely a result of an artifact of the technique, and that

artifactually formed “bows” are less likely in vitrified molecules (29).

Computer modeling and algorithm predictions based on the primary amino acid
sequence of apoB suggest that human apoB100 is comprised of 43% a-helix, 21% f-
sheets, 20% random coil, and 16% B-turns (30). Furthermore, computer analysis has
predicted a pentapartite structure model for the apoB100 polypeptide containing five
structurally distinct domains, namely NH,-Bal-pl1-a2-2-a3-COOH (Fig. 1.1D), in
which the two domains of amphiphatic p-strands alternate with the three domains of
amphipathic a-helices (31, 32). The pentapartite structure of apoB is conserved among

nine vertebrate species (33).



Primary sequence homology between the N-termini of apoB and vitellogenin has
identified apoB as a member of the vitellogenin gene superfamily (34, 35). Vitellogenin
(VTG), synthesized in the liver of egg-laying animals, is an ancient lipid storage and
transport protein that serves as a ligand for the delivery of nutrients to the egg yolk (34).
Following secretion into the bloodstream and receptor-mediated endocytosis, VTG
undergoes specific cleavage into several polypeptides, one of which, referred to as
lipovitellin (LV), is the lipid-binding product (36). The crystal structure of lamprey LV

(36) has been used for modeling of the N- terminal region of apoB (37).

Through phylogenetic analysis via sequence alignment (37), and database search
for proteins containing more than 7 amphipathic -sheets (32), homology between the N-
terminal apoB primary amino acid sequence (residues 1-587) with that of LV was
confirmed. Lamprey LV (200 kDa, 1807 amino acids), contains three domains (Fig. 1.2.):
a globular N-terminal p-barrel (amino acids 17-296), an extended a-helical structure
(amino acids 297-614) and a substantial C-terminal funnel-shaped lipid-binding cavity
formed by two P-pleated sheets (amino acids 615-1807) (36). Lamprey LV is a
homodimer that can associate with 27 molecules of phospholipid and 11 molecules of TG
(36). Based on the coordinates of LV, the Bl domain of apoB has been modeled (37). In
this model, the N-terminal region of apoB (encompassing amino acids 21-263) consists
of 13 B-strands that form a globular B-barrel stabilized by disulfide linkages (Fig. 1.3B).
The amino acids 440-592 downstream of the globular B-barrel form 17 a-helices that are

arranged in a double layered helical bundle (Fig. 1.3D). Mutagenesis studies have shown



that helices 13-17 of the a-helical domain of apoB are stabilized by salt-bridges (37).
With this structural information, a model for the organization of apoB100 on the surface

of low density lipoproteins has been postulated (38).

1.2.2. Apolipoprotein B lipid-binding properties

While precise amino acid sequences within apoB100 that are involved in lipid
binding have not been yet identified, the hydrophobic face of the § domains within apoB
is thought to give the irreversible lipid-binding ability. The regions enriched in
amphipathic B-strands are thought to interact directly with the lipoprotein neutral lipid
core. On the other hand, the regions rich in amphipathic a-helices are less tightly
associated with lipid, and these a-helical domains are thought to confer the reversible
association with the lipoprotein surface (38). 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 apoB100 (39-41).

On the basis of the conservation of the tertiary structures between the N-terminal f-
barrel and a-helical domains of lamprey LV and those of apoB, the amphipathic p-sheets
within apoB100 were postulated to form a “lipid-binding” cavity during lipoprotein
assembly (32). In lamprey LV, the C-terminal lipid-binding domain of is enriched in B-
sheets (36). A triangular “lipid cavity” of lamprey LV is lined on its two major sides by
antiparallel B-sheets, namely BA:LV and BB:LV, and capped at the bottom by a third
antiparalled B-sheet, namely BD:LV (Fig. 1.44). A fourth antiparallel p-sheet of lamprey

LV, namely BC:LV, derived from the N-terminal B-barrel, and the double-layered a-



helical structure containing 17 helices are attached to the top of the triangular “lipid
cavity”. This configuration of LV is thought to allow accommodation of the total of 38

molecules of lipid (36).

In the case of apoB, the “lipid-cavity” was postulated to form following interaction
of apoB with a homologous protein, MTP, which has also been identified as member of
the vitellogenin superfamily (32). Unlike that of LV, the “lipid-cavity” of an apoB-
containing particle is surrounded by three B-sheets, two are from apoB and one from
MTP (Fig.1.4B). ApoB contains amphipathic B-sheets that are over 3000 amino acid
residues in length. Thus, apoB has been postulated to form a “lipid-cavity” that can
accommodate larger amount of lipid than that formed by LV. The “lipid-cavity” model
supports the hypothesized co-translational lipoprotein assembly model, in which lipid
recruitment is achieved through an expansion of the “lipid cavity” of apoB as additional

amphipathic B-strands are being synthesized (Fig. 1.4C) (32).

1.2.3. Unique features associated with apolipoprotein B biogenesis

ApoB is an unusually large secretory protein. Translation of the full-length
apoB100 molecule takes 15-20 minutes and secretion of apoB from the cell occurs after
approximately 30 minutes (42). Early studies have shown that apoB mRNA is quite
stable, and that apoB biosynthesis is regulated mostly at the post-transcriptional and post-
translational levels (43-45). The mRNA editing process, as well as, translocation of apoB
into the microsomal lumen, has been shown to be under tight regulation. Possible “pause-

transfer” motifs identified within apoB were postulated to uncouple translocation of apoB



across ER membranes from its translation (46, 47). Furthermore, evidence from
numerous studies suggested that the lipid association with apoB is highly regulated and is
important in determining the fate of the newly synthesized apoB. Thus, inadequate lipid

association during apoB translocation may target apoB for degradation.

As mentioned, the apoB100 mRNA editing results in synthesis of apoB48 in the
intestine of humans, and in the liver and intestine of some rodents (Section 1.2.) (6,7).
Hepatic apoB mRNA editing is under hormonal regulation and can also be regulated by
fasting, diet, and ethanol (48). The apoB mRNA editing occurs with great precision, and
is mediated through a multicomponent enzyme complex containing a homodimer of the
zinc-coordinating cytidine deaminase, APOBEC-1 (49), and yet unidentified protein
components. Some of the identified cis-acting elements required for apoB mRNA editing
have been identified. They include the recognition (“mooring”) sequence of 11
nucleotide, an AU-rich sequence upstream and downstream of the mooring sequence, the
stem-loop structure in the region surrounding the edited cytidine, and also the presence of
5’ and 3 distal “efficiency sequence” (48). Overexpression of APOBEC-1 in transgenic
mice results in development of hepatocellular carcinoma (50). The cancer phenotype is
likely associated with observed mRNA editing of two other proteins, a tyrosine kinase
and a homologue of translation initiation factor RNA, following overexpression of
APOBEC-1 in transgenic animals, suggesting that apoB may not be the only substrate for

APOBEC-1 (50).



Studies of translocation of apoB into the ER lumen have revealed several unique
features. In mammalian cells, translocation of proteins across the ER membrane usually
occurs co-translationally through the translocon, a proteinaceous channel whose
minimum components are the signal recognition particle (SRP) receptor and the Sec61p
complex (51, 52). For most proteins, tight association of the ribosome with the translocon
has been suggested to prevent exposure of the translocating polypeptide to the cytosol
(53). However, in the case of apoB, it has been found that a large proportion of the newly
synthesized apoB is exposed to the cytosol during translation (43, 54-57). Incompletely
translocated apoB on the cytosolic side of the microsomal membrane has been detected in
various cell models, including rat hepatocytes (58), chicken and rabbit hepatocytes (59),

as well as, rat hepatoma McA-RH7777 cells (40).

The topology of apoB with respect to the ER membrane is still unclear. The primary
amino acid sequence of apoB does not reveal obvious topogenic sequences that confer
transmembrane topology (60). Some researchers claim that the transmembrane topology
of apoB could only be observed as a result of translational pausing (61, 62). On the other
hand, other groups have proposed that the multiple amphipathic B-sheets of apoB may
cluster together forming a membrane-spanning configuration, similar to that observed in
porin, an ion-conducting channel protein (63). Porin also lacks classical membrane-
spanning sequences, and the amphipathic B-sheets of porin, interestingly, show 43%
homology to those found in apoB (64). Studies using chimeric proteins containing
putative amphipathic B-sheets of apoB suggested these sequences are able to confer a

transmembrane topology (65).
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Multiple in vitro translocation studies provided evidence that translocation of the
nascent apoB polypeptides occurs discontinuously (47), thus translocation undergoes stop
and restart at several discrete points during the apoB chain elongation. While efficient
translocation has been observed for the first ~85 kDa of apoB, the translocation pausing
of the downstream sequence of apoB is thought to be mediated by so-called “pause
transfer” sequences. The consensus motif of the pause transfer sequence is LKK-T----N-
A (or LKK---SE), and at least 41 candidate pause transfer sequences can be found within
the apoB polypeptide (47). Studies of a single pause transfer motif led to observations
that the junction between ribosome and the translocon is open during translocational
pausing of apoB. Based on these studies, it has been postulated that certain cis-acting
clements within apoB that contain pause transfer motifs may serve to regulate the rate of
apoB translocation (66, 67). The physiological significance of translocational pausing of
apoB remains unknown, but it has been hypothesized that the complete translocation of
apoB may depend upon the availability of sufficient amount of secretion-coupled lipid
(46). Prolonged translocational pausing of apoB in the absence of “lipid-facilitated
translocation” may lead to an arrest in translocation that results in delivery of apoB to the

proteasome for degradation (68).

1.2.4. Apolipoprotein B degradation mechanisms

In cell culture models, a large proportion of newly synthesized apoB undergoes
extensive pre-secretory degradation. Pulse-chase studies with cultured rat hepatocytes

showed that a significant amount of apoB was not recovered from cells or media (69).
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This was subsequently confirmed in other cell models including HepG2 cells (70) and
also, in McA-RH7777 cells (71). Numerous studies have suggested that the rate of apoB
production is dependent upon a balance of lipid availability and degradation. In cell
culture models, where the lipid availability is likely rate limiting, extensive degradation
of the newly synthesized apoB has been observed. However, in vivo, the lipid availability
may not be limiting, and thus, apoB degradation may play a regulatory role in apoB

production only under certain abnormal physiological conditions, such as dyslipidemia.

The close relationship between lipid availability and apoB degradation can be
demonstrated by examining the role of oleate in the biogenesis of apoB. Oleate is known
to stimulate lipid synthesis and turnover (43, 45, 72). Pulse-chase studies have shown that
supplementation with exogenous oleate to HepG2 cell medium results in diminished
apoB degradation (70, 73). Since translocation of apoB may be affected by lipid
availability (74-76), oleate is thought to act to decrease apoB degradation by increasing
the efficiency of apoB translocation. The limited lipid availability in the absence of
exogenous oleate of cells in cell culture models, likely results in arrested apoB

translocation, and confinement of apoB to a degradative compartment.

Multiple degradative mechanisms have been observed for apoB, ranging from
ubiquitin-proteasome mediated co-translational degradation (77), to proteolysis in the ER
(78) and post-ER compartments (79, 80). Mechanism of ubiquitin-proteasome mediated
apoB degradation has been extensively studied in HepG2 cells, a cell line where

intracellular degradation is very active (81). Lactacystin, acetyl-leu-leu-norleucinal
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(ALLN), and CBZ-leu-leu-leucinal (MG132), are effective inhibitors of proteasomes,
large multi-subunit complexes in the cytosol responsible for much of the intracellular ER-
associated degradation (ERAD) (82, 83). The proteasome-mediated degradation of apoB
is associated with “retro-translocation” of the newly synthesized apoB across the ER
membrane (84). While the ubiquitin-proteasome mediated degradation has been studied
in HepG2 cell models (76, 77), it is unclear whether this pathway is responsible for apoB

degradation in other cell systems.

Degradation of apoB has also been shown to occur after apoB is fully translocated
into the ER lumen. At least two resident candidate ER proteases, ER-60 and ER-70, that
may act to mediate apoB degradation in the ER, have been identified in the rat liver and
characterized (85-87). Studies also show evidence of an intracellular pathway(s) that can
mediate apoB degradation late in the secretory pathway (79, 88). The late degradation
pathway involves reduction in secretion of large, already assembled apoB-containing
lipoproteins in a post-ER compartment, and involves signaling via phosphoinositide-3

kinase (79).

1.3. Assembly and secretion of apolipoprotein B-containing very low density
lipoproteins
The assembly of apoB-containing very low density lipoproteins involves
incorporation of neutral lipid by apoB, in a process initiated co-translationally while
apoB is still being translocated into the ER lumen (89). Accumulating data suggests that

while the C-terminal portion of apoB is still being translated on the ribosome, the N-
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terminal portion that has been translocated across the ER membrane has assembled into a
lipopoprotein particle (90, 91). An inverse relationship exists between the length of the
growing apoB polypeptide and the density of the forming lipoprotein during the assembly
of the apoB-containing lipoproteins, as evidenced in multiple studies using C-terminally
truncated apoB variants (39, 41, 89, 91, 92). The assembly of large, TG-rich apoB48 and

"apoB100-containing VLDL is likely achieved by additional mechanism(s).

1.3.1. Assembly of very low density lipoproteins

While much progress has been made toward understanding the mechanism of
assembly of the TG-rich VLDL, whether the assembly of TG-rich VLDL is achieved in
one step or in two steps has been a matter of debate over the past few decades. The one-
step model theorizes co-translational incorporation of bulk TG into growing apoB
polypeptide as it emerges from the translocon (93, 94). The two step model of TG-rich
VLDL assembly involves both co-translational and post-translational lipid recruitment
(95). The latter “two-step” model has taken more precedence (54, 95-100). According to
the “two-step “ model, the first-step of VLDL assembly involves the co-translational/co-
translocational lipid recruitment and the formation of small, dense apoB-containing
lipoproteins, while the second step occurs post-translationally with incorporation of bulk
TG into primordial particles and maturation into a TG-rich VLDL. The debate still exists,
however, over the issue whether the second step occurs in “quantum” fashion involving
fusion with a large “apoB-free” lipid droplet, or “continuously” involving sequential

addition of TG as the growing lipoproteins traverse the secretory pathway.
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According to the “two step” model, during the first step, increasing amount of lipid
is recruited with elongation of the growing apoB chain, until a full-length apoB-
containing particle is released into the ER lumen. This model is consistent with the two
models of lipoprotein assembly mentioned earlier (Section 1.2.1.), the “ribbon and bow”
model (28) and the “lipid cavity” model (32). While the N-terminal 22% of apoB100
contains the a1l domain likely forming a globular structure, the sequence downstream of
the N-terminal 22% of full-length apoB100 coincides with the first lipid-associating
domain of apoB, the Bl domain. The globular Bal domain is not involved in lipid
recruitment. However, numerous studies have shown a requirement of the fal domain
for efficient VLDL assembly and secretion (32, 37, 40, 101-106). It has been postulated
that the fal domain of the nascent apoB associates with the inner leaflet of the ER
membrane during the translation and translocation of the downstream C-terminal

sequences responsible for lipid recruitment (38).

The second step of the “two-step™ model of VLDL assembly is supported largely by
evidence from studies showing a “precursor-product” relationship between a primordial
lipid-poor particle and mature TG-rich VLDL. From pulse-chase studies of apoB48
performed in rat hepatoma McA-RH7777 cells, a cell line that retains the ability to form
VLDL following supplementation with exogenous oleate, it was shown that the lumenal
dense, “HDL-like” apoB48-containing lipoproteins are a precursor of the apoB48-
containing VLDL particles (90). Furthermore, experiments with increased extraction
efficiency of apoB from the membranes have demonstrated that the membrane-associated

apoB48 is a precursor of both secreted apoB48-HDL and apoB48-VLDL (107, 108).
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Studies of the assembly of apoB100-containing VLDL in McA-RH7777 cells have
suggested that the apoB100-containing HDL, significant amount of which being found in
the microsomal lumen but not secreted from the cells, may represent a precursor for the

secreted apoB100-containing VLDL particles (108).

1.3.2. Origin of triglyceride substrate for assembly of very low density lipoproteins

Under conditions that stimulate the assembly of TG-rich VLDL, the TG substrate
utilized for assembly is not the newly synthesized TG. Instead, some evidence exists that
the TG stored in the cytosol is mobilized to undergo a “hydrolysis-re-esterification” cycle
that results in formation of a “new” TG species that is subsequently a substrate for VLDL
assembly (109, 110). The experimental data concerning TG hydrolysis, however, are still
inconclusive. The candidate hydrolase(s) responsible for TG hydrolysis identified so far
are the microsomal triacylglycerol hydrolase (111, 112) and hormone-sensitive lipase
(113). It is not clear whether cytosolic TG is hydrolyzed primarily to DG (114, 115) or
completely to glycerol and acyl moieties (116). The low rate of TG hydrolysis in HepG2
cells has been suggested to reflect a possible defect underlying the inability of HepG2

cells to form TG-rich VLDL (117, 118).

The enzyme responsible for re-esterification of the substrates during “hydrolysis-re-
esterification” cycle that are used for VLDL assembly is likely mediated by
diacylglycerol acyl transferase (DGAT) (119). Two distinct forms of DGAT have been
identified with different topology across the ER membrane. The DGAT form whose

active site is facing the cytosol may be involved in de novo synthesis of TG to be stored
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in the cytosol, while the other form of DGAT, whose active site is facing the ER lumen,
may be the form responsible for re-esterification of “new” TG. The function of this latter
form of DGAT form has been linked to VLDL maturation, whereby DG and fatty acids
released through lipolysis are incorporated into TG and used as substrate during VLDL

maturation (120, 121).

An important contribution towards TG incorporation during TG-rich VLDL
assembly may be provided through phospholipid remodeling (122). Studies with cultured
fibroblasts and smooth muscle cells, as well as rat hepatocytes, have demonstrated that
the fatty acyl moieties of membrane phospholipids may act as the precursor for the
synthesis of TG used as substrate for VLDL assembly (123, 124). The requirement for
active synthesis of PC in VLDL assembly and secretion, as observed in rat hepatocytes
(125), suggests that, in addition to already known role(s) of PC in lipoprotein
metabolism, PC may serve as a key component of the “hydrolysis-re-esterification”
cycle. Moreover, other enzymes of lipid metabolism that may be involved in the
regulation of lipid availability during VLDL assembly are ACAT (126), 7a-hydroxylase
(127,128), and MTP. Overexpression of 7a-hydroxylase in transgenic mice was shown to
be associated with coordinate induction of VLDL assembly and secretion (128). The role

of MTP in VLDL assembly and secretion will be extensively discussed in Section 1.3.4.

1.3.3. Subcellular location of very low density lipoprotein maturation

Over the past decade or so, conflicting results have been obtained following

attempts to determine the exact subcellular compartment of TG-rich VLDL assembly and
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maturation along the secretory pathway. Some studies show evidence of maturation in the
early secretory pathway while other studies suggest that maturation of TG-rich VLDL
occurs late in the secretory pathway. Evidence that mature VLDL can be formed within
rough ER came from studies with rat hepatocytes demonstrating VLDL size, density, and
lipid composition of the particles isolated from the lumen of the rough ER are similar to
VLDL secreted from the same cells (93). Independently, radiolabeled apoB100 and
apoB48 proteins were shown to associate with the VLDL fractions in the lumen of the

rough ER (94).

On the other hand, experimental evidence abounds indicating that VLDL
maturation may not be confined to the rough ER compartment. Early electron
microscopic studies did not detect VLDL particles within rough ER per se (100).
Similarly, immunoperoxidase studies with rat hepatocytes detected apoB immunostaining
in the rough ER, while VLDL-sized lipoproteins that were “free” of apoB were observed
in the smooth ER (95). These observations led to the proposal that the apoB-free lipid
particles are formed in the smooth ER and that they associate with apoB polypeptides

synthesized in rough ER at the junction of the rough and smooth ER (95).

Supporting data suggesting that VLDL maturation may not be confined to rough
ER were provided by studies addressing the degree of TG recruitment by apoB along the
secretory pathway. Studies with isolated rabbit (98) and rat (97, 99) livers showed
increased overall association of TG with apoB in the Golgi (over 70%) than that seen in

the rough ER (about 30%). Similarly, metabolic labeling studies with chicken
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hepatocytes also suggested Golgi may be the primary site for lipid incorporation and

VLDL maturation (54, 96).

More recently, evidence that the maturation of TG-rich apoB100-containing
VLDL may be achieved through a stepwise process within post-ER compartments was
provided by studies using subcellular fractionation and isolation of the distal Golgi,
cis/medial Golgi and ER by ultracentrifugation (Tran er al., 2002, unpublished
observation). No VLDL was detected in the lumen of the ER and cis/medial Golgi
following pulse-chase analysis and subcellular fractionation, and in these fractions most
apoB was found to be membrane-associated. In contrast, VLDL particles could be
detected in the lumen of the distal Golgi, suggesting that the distal Golgi may be the site

of VLDL maturation.

1.3.4. Microsomal triglyceride transfer protein

Molecular studies and the underlying phenotypes behind the genetic disorder of
abetalipoproteinemia have established the requirement of lipid transfer activity of MTP in
the assembly of apoB-containing lipoproteins. The protein-protein interaction between
apoB and MTP has been postulated to be crucial for lipid recruitment by apoB during the
lipoprotein assembly. Multiple functions have been proposed for MTP during apoB-
containing lipoprotein assembly. They include the role of MTP during apoB translocation
(42), the role of MTP during partitioning of TG between cytosol and microsomal lumen

(129), and the chaperone-like activity of MTP during apoB folding (42).
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Microsomal triglyceride transfer protein (MTP) was originally isolated from
bovine liver microsomal fraction as a protein that catalyzes in vitro transfer of TG, CE,
and PL between membranes (130). MTP is expressed predominantly in liver and
intestine, and to lesser extent, in other tissues (131). On the basis of its tissue distribution,
its subcellular localization and ability to transfer lipid, MTP has been implicated in
VLDL and chylomicron assembly. MTP is a heterodimer of a large subunit (97 kDa) that
contains the lipid transfer activity and of a small subunit (58 kDa) identified as protein
disulfide isomerase (PDI) (132). PDI is involved in formation of disulfide bonds within
the ER lumen and is implicated in the ER quality control mechanism (133). Mutation of
catalytic sites of PDI did not alter the lipid transfer ability of MTP suggesting that the
disulfide isomerase activity of PDI is not required for MTP-mediated transfer activity
(134). However, some studies suggest that the role of PDI in the complex is to provide
solubility (135). In addition, the KDEL sequence found at the C-terminus of PDI but
absent in the large subunit of the MTP complex may allow retention of the MTP

heterodimer within the ER (136).

In vitro, MTP promotes TG exchange between membranes of vesicles containing
equal amounts of TG in membranes of donor and acceptor vesicles. When the amount of
TG is drastically different between membranes of donor and acceptor vesicles, MTP
promotes net TG transfer (137). MTP has been shown to form a stable complex with both
neutral lipids and phospholipids, and the MTP-lipid complex may be an intermediate
during lipid transfer process (137). Under similar in vitro conditions MTP preferentially

transfers neutral lipid as compared with phospholipids, such that the calculated rate of
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transfer of TG, CE, and DG is at least 24-, 16-, and 2.5-fold higher than that of PC,
respectively (138). Whether MTP performs similar function in vivo has not been

determined.

Mutations in the large subunit of MTP are a cause of abetalipoproteinemia, a
disease manifested by the inability to produce chylomicrons or VLDL in the intestine and
liver, respectively. The downstream effects of abetalipoproteinemia in humans include
malnutrition, very low plasma cholesterol and TG, and vitamin deficiency (5). MTP was
implicated in lipid and lipoprotein metabolism following hepatic inactivation of MTP by
gene targeting in transgenic mice, resulting in complete absence of lipid droplets within
the secretory compartment (139). The role of MTP in lipoprotein biogenesis was also

demonstrated in studies using adenovirus-mediated overexpression of MTP in vivo (140).

MTP is a member of the vitellogenin gene family (35). The modeled structure of
MTP, based on the coordinates of the lamprey LV crystal structure, suggested that the N-
terminus of MTP, like that of apoB, contains a B-barrel region composed of 13-stranded
B-sheets (Fig. 1.34) followed by a double layered a-helical structure (Fig. 1.3C) (37).
Evidence suggests physical interaction of MTP with the Bal domain of apoB. Multiple
MTP-binding sites have been identified within the N-terminal 18% of apoB, including
regions that encompass amino acid residues 430-570 (105), 512-721 (103), and likely 2-
154 (37). The apoB-binding site on MTP has also been located within helices 13-17 of
the predicted a-helical domain of MTP, in close proximity to the PDI binding site on

MTP (37, 103).
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1.3.5. Role of microsomal triglyceride transfer protein in assembly of very low
density lipoproteins

The role of MTP during co-translational apoB-containing lipoprotein assembly
has been established following studies with cells dually transfected with apoB and MTP
(40, 141-143). This role of MTP was further confirmed in studies with hepatic cells
treated with specific MTP inhibitors (75, 144, 145). In these studies, the MTP activity
was demonstrated to be essential for the elongation of the apoB polypeptide chain during
translation, translocation of apoB across the ER membrane, and for the assembly and
secretion of the products of the first step. It has also been suggested that the requirement
of MTP activity at the initial stage of apoB-containing lipoprotein assembly is positively

correlated with the extent of lipid recruitment.

The role of MTP during post-transiational lipid recruitment in the assembly of
VLDL has been unclear. Some studies provided evidence that MTP may not be required
for the bulk TG incorporation during the “second step” of assembly of the TG-rich
apoB100-containing VLDL (108, 146). Since MTP inactivation is known to inhibit TG
secretion but not TG synthesis, decreased influx of TG into the microsomal lumen
following MTP inactivation led to the postulate that MTP is the factor that mobilizes TG
into the microsomal lumen (129). Hence, MTP may be acting as a switch involved in the
intracellular TG partitioning between microsomal lumen and the cytosol that occurs
independently ef VLDL assembly. Recently, an active MTP co-localized with apoB has
been detected in the Golgi compartment, the role of which remains to be determined

(147) (Fig.1.5.).
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1.3.6. Additional factors in maturation of very low density lipoproteins

Multiple factors are likely involved in regulation of the complex VLDL assembly
and secretion process (Table I). Stimulation with n-3 fatty acids, insulin, and apoE, to
name just a few, has been shown to regulate VLDL assembly and secretion. The n-3 fatty
acids have been shown to decrease hepatic VLDL production (148-150). Insulin (151-
153) has been shown to be an important negative regulator of apoB and apoB-containing
VLDL secretion. Intracellular apoE has been found to up-regulate VLDL secretion (154).
In addition, a brefeldin A (BfA)-sensitive factor has been shown to be required for bulk
TG incorporation into apoB (155). Brefeldin A is a fungal metabolite that blocks protein
trafficking from ER to Golgi. The blockage is caused by inactivation of a guanine
nucleotide exchange factor that is essential for binding (via GDP/GTP exchange) of the
small ARF (ADP ribosylation factor) GTPase to membranes, a prerequisite for the
formation and budding of coated vesicles (156). In McA-RH7777 cells, the assembly and
secretion of both B48-VLDL and B100-VLDL is inhibited using low dose of BfA (0.2
ug/ml) (155). While it is not known how BfA inhibits VLDL assembly, it has been
postulated that an unknown GTPase, reversibly inhibitable by low dose of BfA, may be
responsible for budding or transport of vesicles carrying bulk TG or immature apoB-

containing lipoprotein particles.

Further indication that the process of VLDL assembly may involve a GTP- or
ATP-binding protein came from studies with rats fed with orotic acid (pyrimidine
precursor), resulting in impaired secretion of VLDL (but not HDL) from the liver of these

rats, increased hepatic lipids, and fatty liver (157-161). The effect of orotic acid could be
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rapidly reversed or prevented by the addition of adenine or adenosine to the diet, as well
as by withdrawal of orotic acid from the diet, suggesting the involvement of a GTP- or
ATP-binding protein. Recent studies implicated further requirement for small GTP

binding proteins and phospholipase D in the later stages of VLDL assembly (162).

Membrane phospholipid remodeling may play an important role in regulation of
VLDL assembly. The remodeling of phospholipids in oleate-treated McA-RH7777 cells
is mediated primarily by Ca’"-independent phospholipase A, (163). The importance of
phospholipid species remodeling is still unclear. However, the phospholipid remodeling
mediated by phospholipase A; may serve to generate oleoyl-enriched membrane
phospholipids that could facilitate correct folding of apoB, modulate apoB interaction
with various molecular chaperones, or possibly facilitate the acquisition of bulk neutral

lipids in the distal Golgi.

1.4. Post-translational modifications of apolipoprotein B

Modifications of the apoB structure that regulate its biosynthesis, in tumm, may
represent important regulators of efficient VLDL assembly and secretion. Multiple
evidence points out that biosynthesis of apoB is regulated at a post-translational level.
ApoB is modified by disulfide bonding at the N-terminus (19), phosphorylation (24),
addition and subsequent processing of N-linked oligosaccharides along the secretory
pathway (18), and palmitoylation (20-23). Post-translational modifications of apoB, such
as disulfide bond formation (102, 106) and palmitoylation (164), have been shown to be

required for the assembly and secretion of apoB-containing lipoproteins. However, clear
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biochemical evidence for a precise role for some of these, particularly, palmitoylation and
the addition of N-linked oligosaccharides, in the assembly and secretion of apoB-

containing VLDL has not been obtained.

1.4.1. Phosphorylation of apolipoprotein B

Phosphorylation of proteins regulates rapid and reversible alteration of the protein
enzyme activity and protein-protein interactions. Phosphorylation has been proposed to
play a role in the mechanism of apoB mRNA editing (165). The editing of apoB mRNA
can be significantly modulated by protein kinase inhibitors or activators altering cellular
phosphorylation, and also, the editing activity of human APOBEC-1 can be significantly

altered by eliminating potential phosphorylation sites (165).

That apoB itself is a phosphorylated protein was shown in studies of secreted
apoB48 from hepatocytes of sucrose-fed rats where phosphorylated apoB48 but not
apoB100 was found in rat plasma (24). Subsequently, it has been shown that both apoB48
and apoB100 are secreted as phosphoproteins from hepatocytes of rats on normal diets.
However, in the same studies, increased apoB phosphorylation was observed in
hepatocytes from diabetic rat (166). Additional studies have suggested that
phosphorylation may play a role in regulating secretion and degradation of apoB (167). In
recent studies, it has been suggested that Golgi may be the intracellular site of apoB
phosphorylation (168). In an in vitro system utilizing rat hepatic Golgi fractions,
phosphorylated apoB100 was found mostly associated with the membrane fraction while

phosphorylated apoB48 was found in the lumenal contents. Moreover, these studies
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suggested that cCAMP dependent protein kinase is not involved in the phosphorylation

process (168).

Phosphorylation may play a role in the events regulating secretion of apoB-
containing lipoproteins, and thus, it is thought to occur late in the secretory pathway in
much the same way as the phosphorylation of vitellogenin has been shown to be a late
event during its secretion (169). Phosphorylation may also act in signaling the movement
of apoB away from the membrane during apoB-containing VLDL assembly. Yet another
possibility is that the function of phosphorylation may be to target or to protect apoB

from degradation.

Phosphorylation of apoB has been proposed to be the vehicle by which insulin
regulates secretion of apoB-containing VLDL (170). Insulin can regulate VLDL secretion
via multiple mechanisms including effects on apoB synthesis and degradation (170), and
modulation of MTP expression (171). Studies in primary rat hepatocytes indicated that
the inhibition of apoB secretion by insulin is a result of enhanced intracellular
degradation of newly synthesized apoB (172), and that the effect is mediated by the
action of the insulin receptor (173). Studies have also shown that the downstream effects
of insulin action result in activation of phosphoinositide 3-kinase, a downstream effector
protein known to phosphorylate phosphatidylinositols (174, 175). Furthermore, insulin
has been shown to decrease apoB phosphorylation (167). The detailed role of
phosphorylation of apoB during apoB-containing assembly and secretion remains to be

determined.
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1.4.2. The importance of disulfide bonds at the amino terminus of apolipoprotein B
in very low density lipoprotein assembly and secretion

Proper folding of most secretory proteins requires formation of disulfide bonds as
the proteins co-translationally translocate across the ER membranes. Disulfide bond
formation is mediated by the enzyme protein disulfide isomerase (PDI), which exists as
an ER resident tetramer complex (a2/f2). The B subunit contains a C-terminal KDEL
sequence responsible for ER retention (133). The § subunit of PDI mediates disulfide
exchange that involves cleavage and reformation of disulfide bonds. PDI forms a
heterocomplex with MTP, as well as, with another enzyme, isoprolyl hydroxylase (133).
As mentioned earlier (Section 1.3.4.), while the activity of PDI is not required in the
complex, it is thought that PDI renders solubility to these complexes (134). In the
absence of proper disulfide formation, most proteins are misfolded, retained in the ER

through interaction with molecular chaperones, and targeted for degradation.

Of the total 25 cysteine residues that are present in full length apoB100, 16 are
involved in the formation of disulfide bonds, 7 are known to be free, while status of the
remaining two, at cysteine residues 2906 and 4326, respectively, is unknown (19).
Interestingly, seven of the total of eight disulfide bonds are clustered within the N-
terminal 500 amino acids of the apoB pal domain (Fig.1.1C), a region of apoB thought
to fold into a globular structure (19). As mentioned earlier (Section 1.3.1.), even though
the compact structure yields low affinity for binding to the lipids (176), the N-terminal

region of apoB has been shown crucial for proper formation and secretion of VLDL (40,
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104). That folding of this N-terminal region of apoB requires proper disulfide bond
formation and, in tumn, is required for VLDL assembly, was shown in experiments using
ditheothreiol (DTT) to perturb formation of disulfide bonds, resulting in impaired
secretion of apoB (177). Disulfide bonds at the N-terminus of apoB are important for
proper folding and secretion competence of apoB regardless of the lipidation state, as
shown using DTT-treated C127 cells that are devoid of MTP expression and are capable

of secreting only the dense “HDL-like” particles (178).

The importance of each of the seven disulfide linkages located within the N-
terminal 500 amino acids of apoB was studied by using site-specific mutagenesis (Cys-
to-Ala or Cys-to-Ser substitutions) that disrupted normal disulfide bond formation (102,
106). Disruption of some of these disulfide bonds had little or no effect on secretion of
apoB. However, two of the disulfide clusters, namely the second and fourth linkage from
the N-terminus, have been shown to be crucial for secretion of the C-terminally truncated
B29 protein, as well as, for the efficient assembly and secretion of apoB50-containing

VLDL (106).

Perturbation of disulfide bond formation may lead to apoB misfolding and
increased apoB proteasomal degradation, as suggested by studies using DTT treatment
resulting in decreased apoB100 translocation across ER membrane and increased
ubiquitination and association with Sec6l-component of the translocon (179).
Furthermore, ubiquitin-mediated proteasomal degradation of apoB has been linked to

association of apoB100 with immunoglobulin binding protein (BiP) (180), a molecular
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chaperone that interacts with unshielded regions of misfolded proteins and catalyzes their
refolding. While the folding process of apoB itself has not been well defined, it may
require the network of molecular chaperones found in the ER. Besides BiP and MTP,
multiple ER resident molecular chaperones have been found to associate with apoB, such
as calnexin and ERp57, and more recently calreticulin, ERp72, and GRP94 (181, 182).
How or if these chaperones participate in regulation of apoB folding, stability, and

secretion competence remains to be determined.

1.4.3. Mechanisms of endoplasmic reticulum quality control

The primary function of the quality control system of the ER is to ensure correct
folding of the newly synthesized polypeptide (183). This role is fulfilled through the
action of multiple enzymes, such as PDI, and molecular chaperones such as BiP, calnexin
and calreticulin (183). The role of BiP and PDI in protein folding has been documented
(184). BiP has been found associated with many mutant, misfolded, or improperly
assembled proteins in the ER with a function to monitor protein folding and prevent ER
exit of misfolded proteins (183). BiP protects the misfolded proteins from aggregation by

binding to the exposed protein regions in an ATP-dependent fashion (183).

Calnexin, a type I membrane protein, and calreticulin, its soluble ER lumenal
paralog, belong to a family of lectins that is conserved across species (185). The lumenal
domain of calnexin has been shown to interact with the nascent chains of the newly
synthesized N-linked glycoproteins immediately upon their translocation into the ER

(186). Recent studies have shown that the presence or absence of a glycosylation site
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close to the N-terminal (within 50 amino acids) of the protein determines whether the
newly synthesized protein will associate co-translationally with calnexin and calreticulin,
or with BiP, respectively (187). Both calnexin and calreticulin have been shown to form
heterodimeric complexes with ERp57, a thiol oxidoreductase and a homolog of PDI
(188). Partial determination of the tertiary structure of calnexin suggested that calnexin
and calreticulin are highly asymmetric molecules containing a long, hydrophilic peptide
that is formed by the so-called P-domain, a region composed of proline-rich tandem

sequence (189).

The “binding-and-release” cycle of association of calnexin and calreticulin with the
oligosaccharide moiety of the proteins has been postulated to play a role in regulating
correct protein folding (Fig. 1.6.) (190). Calnexin and calreticulin binding is specific for
the monoglucosylated form of the glycans (185, 190). The cycle is driven by the action of
two soluble ER enzymes, namely uridine diphosphate (UDP)-glucose:glycoprotein
glucosyltransferase (GT), which adds a glucose residue to high-mannose glycans, and the
glucosidase II, which catalyzes glucose trimming (185, 191). The GT enzyme is thought
to function as the “folding sensor” so that the cycle is repeated until the protein is
correctly folded. With correct folding, the protein does not undergo reglucosylation, or

interaction with calnexin and calreticulin, and hence, is free to leave the ER (185, 190).
In addition to facilitating correct folding of newly synthesized proteins, the other

important function of the ER quality control is to target the terminally misfolded proteins

for ER-associated degradation (ERAD) (192). ERAD involves retro-translocation of
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misfolded proteins via the ER translocation pore into the cytosol, where they are
ubiquitinated and degraded by the proteasome (183, 192). Two distinct ER quality
control mechanisms, the retention and the retrieval pathway, have recently been proposed
for the sorting of the misfolded protein (193). While the misfolded soluble proteins are
transported to the Golgi apparatus, and retrieved back to the ER via the retrograde
transport pathway, the misfolded membrane proteins are retained in the ER (193).
Function of the recently identified gene in yeast, BST!, has been implicated in the

transport of misfolded soluble proteins from the ER to Golgi (193).

1.4.4. Mechanisms regulating the unfolded protein response

Accumulation of misfolded proteins leads to ER stress that results in triggering of
an important intracellular pathway, designated as the unfolded protein response (UPR).
The function of the UPR signaling overlaps with the functions of the ER quality control
and ERAD (194). Treatment with agents known to impair protein folding, including
inhibition of N-linked glycosylation using tunicamycin, reduction of disulfide bonds
using DTT, and disruption of calcium homeostasis (194), have been shown to trigger
UPR, resulting in up-regulation of molecular chaperones known to associate with

misfolded proteins, BiP (GRP78) and GRP94 (194).

In yeast, the UPR signaling pathway requires only three components, namely Irelp,
Haclp, and Rlglp (195). Accumulation of misfolded proteins in the ER leads to ER
stress, with subsequent oligomerization of the ER transmembrane protein

kinase/endoribonuclease Irelp, its autophosphorylation and activation of downstream
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signaling (195). Under non-stress conditions the luminal domain of Irelp has been
suggested to form stable complexes with GRP78/BiP. ER stress is thought to promote
reversible dissociation of GRP78/BiP from the luminal domain of Irelp, and activation of
the Irelp autophosphorylation and UPR signaling (Fig. 1.7.) (196, 197). The
endoribonuclease domain of Irelp catalyzes splicing of the HAC! mRNA, the mRNA
encoding basic leucine zipper transcription factor Haclp, while the activity of Riglp, a
tRNA ligase, is required to re-ligate the transcript (195). Whereas unspliced HAC/
mRNA is poorly translated, spliced HAC! mRNA is efficiently translated into a
functional transcription factor that activates transcription of genes that contain UPR
elements (UPRE) in their promoters (195). The UPR signaling in yeast requires only

these three components, as shown in an in vitro reconstitution system (198).

While the mechanism of UPR signaling in yeast has been well characterized, the
UPR signaling pathway in mammalian cells is less clearly defined. Mammalian UPR
seems to be more complex than that discovered in yeast and is mediated through multiple
pathways. Homologues of Irelp have been identified recently in higher eukaryotes,
including Irela (199), Irelp (200), and PERK (201). Instead of HAC! mRNA, the target
of Irelp-mediated splicing in mammalian cells is the recently identified XBP-I mRNA
(195). Furthermore, activation of the mammalian UPR requires proteolytic cleavage of
Irelp that releases a soluble form into the nucleus (195). What generates complexity in
the mammalian UPR is the divergence in the downstream signaling events following a

response of Irela, IrelP, and PERK to the inducers (195). Furthermore, an additional
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pathway mediated by the activity of the ATF6 transcription factor was found to be

essential for induction of the mammalian UPR signaling (195).

The UPR allows cells to elicit multiple downstream effects including transcriptional
induction of molecular chaperones, attenuation of translation, and degradation of
misfolded proteins. In addition, the volume and capacity of the ER to accommodate
misfolded protein increases following UPR-stimulated induction of lipid synthesis (194).
Under conditions of long-term accumulation of misfolded protein in the ER, however,
cells respond by activation of the apoptotic pathways. Chronic ER stress that was a result
of long-term ER accumulation of misfolded proteins has been associated with multiple
diseases, such as al-antitrypsin deficiency, retinis pigmentosa, cystic fibrosis, as well as,
the early onset of familial Alzheimer’s disease (202). Homocysteine-mediated induction
of ER stress and UPR in cultured human hepatocytes has also been shown to result in
dysregulation of the cholesterol and triglyceride biosynthetic pathways (203). Hence,
UPR signaling pathway(s) may represent an important link between chronic ER stress

and the onset of some diseases.

1.4.5. The N-linked oligosaccharides of apolipoprotein B

The asparagine (N)-linked oligosaccharides of proteins are an important component
of the quality control mechanisms of eucaryotic cells. However, other roles have been
assigned to N-linked oligosaccharides, including protection from proteolytic degradation,
intracellular trafficking, secretion, cell surface expression, maintenance of protein

conformation, cell-cell recognition, and enzymatic activity (190). N-linked glycosylation
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of proteins commences co-translationally with addition of 14 sugars en bloc to the newly
synthesized polypeptide in the ER (Fig. 1.8.). The assembly of the 14 sugars
(Glc)3(Man)s(GIcNAc);, representing the core oligosaccharide unit”, on the
dolichylpyrophosphate precursor occurs on the membrane side of the ER, and the
completed core is then transferred from the dolichylpyrophosphate precursor and coupled
through an N-glycosidic bond to asparagine of the protein (190). The transfer of the core
oligosaccharide is catalyzed by oligosaccharyltransferase that recognizes a specific
conformation of the protein motif Asn-X-Ser/Thr (204). The presence of the N-linked
oligosaccharide is thought to render a compact conformation, such as § tum, to a

glycoprotein (205).

The process of N-linked glycosylation involves assembly of the core
oligosaccharide that is followed by subsequent post-translational timming and rebuilding
into different forms (Fig. 1.9.). The trimming involves removal of the three terminal
glucoses of the core oligosaccharide unit by glucosidase I and II, and the removal of the
terminal mannoses by mannosidase (190). The “glucosylation-deglucosylation” or
“binding-and-release” (mentioned in Section 1.4.3.) cycles are thought to regulate proper
folding of proteins through regulation of their association with calnexin and calreticulin.
All glycoproteins undergo similar alterations in the ER, which provides a limited
spectrum of glycoforms. The terminal glycosylation pathways may provide significant
structural diversification once glycoproteins transit to the Golgi apparatus, where
glycoproteins undergo further trimming, and addition of new sugars such as GlcNac,

galactose, sialic acid, and fucose (190). Thus, while the role of N-linked glycans in the
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ER seems to be mainly involved in regulating protein folding and ER quality control, the
highly complex, branched structures present in mature proteins in the Golgi may provide

a spectrum of novel, yet unidentified functions.

There are 20 potential N-linked glycosylation sites within apoB100, of which 16
Asn residues are conjugated with oligosaccharides on plasma low-density lipoproteins
(LDL) (18). ApoB100 from human LDL has been shown to contain 8-10% carbohydrate,
by weight, consisting of galactose, mannose, glucosamine, and sialic acid (206). ApoB
has been shown to contain both high mannose and complex carbohydrate chains (207).
Previous studies have addressed a possible role of N-linked glycosylation in regulating
the binding of LDL to the LDL receptor and LDL particle internalization (208-211). It
was shown that desialylated LDL were intemalized by cultured human arterial smooth
muscle cells more rapidly than native LDL were (210) and also, accumulated in the rabbit
aorta more than normal LDL did following injection into the animal (209). Desialylation
of LDL was shown to have no effect on degradation in cultured rat hepatocyte (208).
Furthermore, the removal of carbohydrate moieties from LDL by digestion with a
mixture of glycosidases did not alter its binding to the cultured human fibroblast cells
(211). In more recent studies, ectopic expression of an enzyme that regulates branching
of N-linked oligosaccharides, N-acetylglucosaminyltransferase III, in transgenic
hepatocytes, was found to impair apoB secretion and induce generation of fatty liver in

mice (212).
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The role for N-linked oligosaccharides of apoB in apoB-containing VLDL
assembly and secretion has not been determined. Early studies with rat or chicken
hepatocytes suggested that inhibition of N-linked glycosylation of apoB with the
chemical inhibitor tunicamycin had no major impact on VLDL secretion (213, 214).
However, experiments with human hepatoblastoma HepG2 cells showed that secretion of
apoB100 was reduced by the tunicamycin treatment (215). Furthermore, decreased
apoB100 secretion in tunicamycin-treated HepG2 cells was found associated with

increased apoB degradation (216, 217).

1.4.6. Palmitoylation of apolipoprotein B

Fatty acylation involves covalent attachment of fatty acids, such as myristate and
palmitate, onto the protein backbone. Two types of fatty acylation have been
characterized based on whether attachment occurs through an amide linkage (N-
acylation) or thioester linkage (S-acylation) (218, 219). Myristoylation involves an
irreversible co-translational attachment of the 14-carbon myristate onto an N-terminal
glycine via amide linkage, and is a well-characterized process catalyzed by an enzyme N-
myristoyl transferase (218, 219). Palmitoylation, on the other hand, involves a reversible,
post-translational attachment of the 16-carbon palmitate onto a free cysteine via thioester
linkage. A candidate enzyme, a membrane-associated palmitoyl transferase (PAT)
activity, associated with palmitoylation of myristoylated substrates, has been partially
purified from bovine brain (220). Cytosolic acyl protein thioesterase responsible for

turnover of thioacyl groups has been identified that together with PAT may represent the
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molecular machinery of the regulated thioacylation cycle in the cell (221). While no
apparent consensus sequence exists for palmitoylation, some signaling molecules, such as
the members of the Src kinase family and the a subunits of the heterotrimeric G proteins,
contain the sequence myrGlyCys, where Cys-3 is palmitoylated following myristoylation

(218, 219).

Multiple roles have been proposed for palmitoylation of proteins and they range
from a role in anchoring proteins to membranes, regulation and stabilization of protein-
protein interactions, subcellular localization, and regulation of enzymatic activity in
mitochondria (219, 222, 223). Palmitoylation has been shown to play a role in mediating
anchoring to membranes for many signaling molecules that translocate between the
cytosol and plasma membrane (218, 219). For some of the signaling molecules, dual
lipidation, involving myristoylation of the protein that precedes palmitoylation, is the
necessary and sufficient targeting signal for the proteins to the plasma membrane (218,
219). Furthermore, palmitoylation of proteins has been shown to be critical for
localization of some proteins in detergent-resistant microdomains (DRMs) of the plasma
membrane, namely in caveolae, the signaling depots enriched in cholesterol,
glycosphingolipids, and glucosyl phosphatidylinositol-anchored proteins (219). More
recently, palmitate cycling of a protein PSD-95 at the synapse has been shown to regulate

synaptic strength (224).

Apolipoprotein B undergoes covalent fatty acylation whereby palmitate is attached

through a thioester bond (20-23). While the role of apoB palmitoylation in apoB-
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containing VLDL assembly and secretion has not been addressed, evidence was provided
for the role of palmitoylation at a single cysteine at position 1085 in the assembly and
secretion of apoB29-containing lipoproteins (164). In this study, it was proposed that
palmitoylation might play a structural role during the assembly of B29-containing

lipoproteins, as well as, a positional role in the apoB intracellular trafficking (164).

LS. Thesis objective

The overall hypothesis of this thesis is that post-translational modifications of
apolipoprotein B play an important regulatory role during the complex metabolic process
of VLDL assembly and secretion. The focus of this thesis will be on determining the
role(s) of two types of post-translational modifications, namely N-linked glycosylation
and palmitoylation, of human apolipoprotein B in the assembly and secretion of apoB-
containing VLDL using rat hepatoma McA-RH7777 cells stably expressing C-terminally
truncated human apoB variants. The assembly of apoB48- and apoB100-VLDL in McA-
RH7777 cells has been studied extensively (107, 129, 225). In these cells, the VLDL
assembly proceeds through a two-step lipidation process. In the first step of lipidation,
primordial lipoproteins with density similar to that of HDL (d =1.063-1.21 g/ml) are
generated co-translationally. In the presence of sufficient lipid availability, second step
lipidation occurs and involves bulk inccrporation of lipid into the core of the primordial
particle to form mature VLDL (107, 129). Supplementation with exogenous oleate to
medium of rat hepatoma McA-RH7777 cells has been shown to lead to stimulation of
VLDL production (90). Hence, the well-characterized apoB48-VLDL assembly process

in rat hepatoma McA-RH7777 cell line provides a good system for studies of the post-
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translational modifications at the amino terminus of human apoB structure in apoB-

containing VLDL assembly and secretion.

The following questions will be addressed:

(a) Are N-linked oligosaccharides required for proper synthesis and secretion of human
C-terminally truncated apoB variants? If so, are all N-linked oligosaccharides equally
important?

(b) Does assembly and secretion of apoB-containing VLDL require proper N-linked
glycosylation of apoB?

(c) What role(s) do N-linked oligosaccharides play in apoB biogenesis?

(d) Is palmitoylation required for biosynthesis of the human apolipoprotein B48-

containing VLDL?
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FIG. 1.1. Structure of human apolipoprotein B. 4, schematic representation of the
amino acid residues within human apolipoprotein B. Two forms of apoB synthesized
naturally are the full-length apoB100 and the N-terminal 48% of the full-length apoB,
designated B48. B, the line depicts position of the N-linked oligosaccharides within
human apoB100. There are 20 NxS/T consensus N-linked glycosylation sites within
apoB100, 16 of them glycosylated (closed rectangles) and 4 of them non-glycosylated
(open rectangles) (18). C, the line depicts position of the cysteine residues within human
apoB100. Cysteines that are involved in disulfide linkages are connected (19). D, the
pentapartite model of the human apoB100 structure (31).
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Fig. 1.1.
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FIG. 1.2. Model of the lamprey lipovitellin monomer. Ribbon diagram of the lamprey
lipovitellin monomer. The atomic coordinates of the X-ray crystal structure for lamprey
LV (36, 226) were obtained from the Protein Databank, Brookhaven, accesion code
ILLV. Color-coding represents the three domains of LV. The model was created using

the program RASMOL.
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FIG. 1.3. Molecular models of MTP and apoB. The models were generated using the
atomic coordinates of lamprey lipovitellin. 4, model of the MTP B-barrel. B, model of the
apoB PB-barrel. C, the predicted a-helical bundle of MTP. D, the predicted a-helical
bundle of apoB. The a-helices are depicted as blue cylinders, disulfide bonds are red,
loops are gray and f-strands are yellow, except for those that correspond to the
homodimerization interface of lamprey lipovitellin, which are shown in green (adapted
with permission from (37)).
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FIG. 1.4. “Lipid-cavity” meodel for assembly of apolipoprotein B-containing
lipoprotein particles. 4, model of the lamprey lipovitellin “lipid cavity” viewed from
above. Green circles represent phospholipid headgroups. Lipovitellin consists of four p-
sheets, namely BC:LV, BA:LV, BB:LV, and BD:LV, and an a-helical cluster, a:LV (a-
helices are represented with cylinders and antiparallel B-sheets with arrows). B, the
proposed “lipid cavity” model of apoB. To complete the “lipid cavity” (compare with A)
BA:B and BB:B require the contribution of the BB:MTP and the a-helical cluster a:MTP
ApoB structure is represented by blue while MTP is represented by red. C, the
amphipathic B strands (blue dashes) located in the a; domain of apoB form an
incomplete “lipid pocket”. In presence of MTP, the pocket fills up with lipid (shown by
yellow, green, and black). Elongation of the apoB chain results in addition of more
amphipathic B strands from the 3; domain of apoB, allowing the expansion of the “lipid-
cavity” until lipoprotein particles with HDL-like and VLDL density are formed (adapted
with permission from (32)).
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FIG. 1.5. Model for the assembly of apolipoprotein B-containing VLDL. The
assembly of apoB-containing very low density lipoproteins involves incorporation of
neutral lipid by apoB along the intracellular secretory route (depicted by black arrows
between the intracellular compartments). The assembly process is initiated co-
translationally while synthesizing apoB (red lines), still associated with ribosomes (black
circles), is translocating into the ER lumen. The assembly is achieved in a two-step
lipidation process. The first step requires co-translational lipid (yellow) recruitment by
apoB (red) to form dense, primordial particles that are membrane-associated. The MTP
(blue) activity may be required for the elongation of the apoB polypeptide chain during
translation, translocation of apoB across the ER membrane, and for the assembly of the
products of the first step. The second step involves bulk lipid recruitment by apoB, and
maturation of particles into TG-rich VLDL that are soluble and secretion-competent.
Distant Golgi is the likely intracellular site of VLDL maturation. MTP may not be
required for bulk TG incorporation during the “second step” of assembly of VLDL, but
may be acting as a switch that mediates the intracellular TG partitioning between the
microsomal lumen and the cytosol (represented by blue arrows outside of the cis-Golgi).
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FIG. 1.6. The calnexin-calreticulin cycle. The nascent or newly synthesized
glycoproteins interact with calnexin (CNX) or calreticulin (CRT), ER chaperones that
recognize monoglucosylated core oligosaccharides (glucose residues are represented by
red triangles), and another folding factor ERp57, that binds to both CNX and CRT.
Trimming of the last glucose residue by glucosidase II leads to dissociation of the
complexes. If the glycoprotein is not folded at this time, the oligosaccharides are
reglucosylated by an ER glucosyltransferase, and the protein reassociates with CNX or
CRT. The cycle is repeated until the glycoprotein is either folded or degraded. Once
correctly folded, a glycoprotein is no longer recognized by the glucosyltransferase, or by
CNX or CRT, and can exit the ER.
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FIG. 1.7. The unfolded protein response (UPR). Under non-stress conditions the
endoribonuclease/kinase Irel forms stable complexes with GRP78/BiP. Accumulation of
misfolded proteins in the ER leads to ER stress and triggers the unfolded protein response
(UPR). ER stress is thought to promote reversible dissociation of GRP78/BiP from the
luminal domain of Irelp, activation of Irelp autophosphorylation, oligomerization, and
activation of downstream signaling. In yeast, the endoribonuclease domain of Irelp
catalyzes splicing of the HAC/ mRNA, encoding the basic leucine zipper transcription
factor Haclp. Whereas unspliced HAC! mRNA is poorly translated, spliced HACI
mRNA is efficiently translated into a functional transcription factor that activates
transcription of genes encoding ER chaperones that contain UPR elements (UPRE) in
their promoters.
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FIG. 1.8. The N-linked core oligosaccharide. The N-linked glycosylation of proteins
involves co-translational addition of 14 sugars en bloc to the newly synthesized
polypeptide. Once the assembly of 14 sugars (Glc);(Man)o(GIcNAc),, representing the
“’core oligosaccharide unit” is completed, the oligosaccharide is transferred and coupled
via an N-glycosidic bond to asparagine of the protein. The transfer of the core
oligosaccharide is catalyzed by the oligosaccharyltransferase that recognizes a specific
conformation of the protein motif Asn-X-Ser/Thr. The symbols used for the different
sugars are shown.
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FIG. 1.9. Biosynthesis and processing of N-linked oligosaccharides. 4, biosynthesis of
the N-linked core oligosaccharide is initiated on the cytosolic surface of the ER
membrane by the addition of sugars to dolichylphosphate. When two N-
acetylglucosamines and five mannoses have been added, the oligosaccharide is flipped to
the lumenal side of the membrane, and seven further sugars are added from lipid
precursors. The transfer of the core oligosaccharide onto the growing polypeptide chain is
catalyzed by oligosaccharyltransferase enzyme complex. The three glucoses are trimmed
away by glucosidase I and II, and terminal mannose by ER mannosidases. B, upon arrival
of the glycoprotein in Golgi, further trimming of mannose residues occurs. Subsequent
terminal glycosylation involves addition of new terminal sugars including GIlcNAc,
galactose, sialic acid, and fucose.
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Chapter 2 Materials and Methods

Materials — QuikChangeTM mutagenesis kit was obtained from Stratagene Inc., La Jolla,
CA. Primers for mutagenesis, Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), and neomycin analog G418 were obtained from Invitrogen.
Reagents for polyacrylamide gel electrophoresis (PAGE) and nitrocellulose membrane
were obtained from Bio-Rad. Fumed silica, 2-bromopalmitate, oleic acid (OA), and fatty
acid free bovine serum albumin (BSA) were obtained from Sigma/Aldrich. ProMix™ (a
mixture of [*S]methionine and [**S]cysteine, 1000 Ci/mmol), [2-’H]glycerol (1
Ci/mmol), glycerol tri[1-'“CJoleate (80 mCi/mmol), peroxidase-conjugated anti-mouse
and anti-rabbit immunoglobulin G antibody, and Amplify solution were obtained from
Amersham/Pharmacia. The enhanced chemiluminescence (ECL) immunoblot detection
system and tunicamycin were obtained from Roche. Protein A-Sepharose CL-4B beads
were obtained from Amersham/Pharmacia LKB Biotechnology Inc. N-acetyl-leucyl-
leucyl-norleucinal (ALLN) was obtained from Biomol. Silica Gel 60 thin-layer
chromatography (TLC) plates and organic solvents used for TLC were obtained from
BDH Chemicals. Monoclonal antibody 1D1 and MBI9 raised against human
apolipoprotein B were a gift of R. Milne and Y. Marcel (University of Ottawa Heart
Institute) and S. Young (Gladstone Institute of Cardiovascular Disease, San Francisco),
respectively. The anti-apoA-I antiserum was a gift of J. Vance (University of Alberta).
Antibody against a-mannosidase II was a gift of M. Farquhar (University of California,
San Diego). The antibodies against calnexin and BiP were obtained from StressGen
(Victoria, BC). The anti-microsomal triglyceride transfer protein (MTP) rabbit antiserum

was a gift of C. Shoulders (MRC Molecular Medicine Group, London).
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Preparation of Apolipoprotein B Expression Plasmids Containing Asparagine-to-
Glutamine Substitution — The expression plasmid pB17wt that contained nucleotides 20
to 2555 of the human apoB cDNA was prepared by inserting the coding sequence
between EcoRI and Clal sites at the polylinker region of pPCMVS5 vector. The asparagine-
to-glutamine (N-to-Q) substitution was introduced into pB17wt at Asn'*® using the
QuikChange™ site-directed mutagenesis kit according to the manufacturer’s instructions.
The plasmids pBl17wt and pB17N'*® were used to create pB37wt and pB37N'%,
respectively, by inserting a HindIII-Sall fragment (nucleotides 2279-5290 of the apoB
cDNA) that was derived from pB48 (231). Similarly, plasmid pB17wt and pB17N'*®
were used to create pB48wt and pB48N'%, respectively, by inserting a HindIll-HindIll
fragment from nucleotides 2279 of the apoB cDNA to the polylinker of pCMVS5 that was
derived from pB48 (231). In this construct (pB48), the codon CAA for Gin at position
2153 was mutagenized to UAA, thus giving apoB48. Furthermore, pB37N**¢, -N'3! .
NSO N6 NISB9S6  NISBI3L NISBIS0 apg  NISEM96 o contained N-to-Q
substitutions at selected or combined Asn’®®, Asn'**!, Asn'*®, and Asn'**® positions were
generated by multiple rounds of mutagenesis using pB37N'*® as a template.
Subsequently, plasmid pB5ON'**"'*% was constructed by inserting a Sal/l-Sall fragment
(from nucleotide 5290 of the apoB cDNA to the polylinker of pCMVS5) excised from
pB50 into pB37N'%313C that had been digested with Sall followed by mutagenesis using

pBSON'S813%0 55 4 template. The 3’ of the coding sequence in pB50 contains an

engineered Mlul site at nucleotide 7010. Sequence of primers used for mutagenesis is
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presented in Table II. Resulting plasmids were purified by centrifugation twice in a CsCl

gradient, and the apoB coding regions were authenticated using direct sequencing.

Preparation of Apolipoprotein B Expression Plasmids Containing Cysteine-to-Serine
Substitution — The cysteine-to-serine (C-to-S) substitution within human pB48 expression
plasmid (prepared using the pCMVS5 vector) was achieved by four rounds of successive
site-specific mutagenesis. The C-to-S substitution was first introduced into pB48wt at
Cys'%5 using the QuikChangeTM site-directed mutagenesis kit according to the

manufacturer’s instructions. Subsequently, C-to-S substitutions at selected Cys'*®,

1479 and Cys'$* positions were generated by multiple rounds of mutagenesis using

Cys
pB48C'%, pB48C'%513% and pB48C'?%>'4"® as template. Sequences of primers used for
mutagenesis are presented in Table II. Resulting plasmids were purified by
centrifugation twice in a CsCl gradient, and the apoB coding regions were authenticated

using restriction enzyme digests. The pB48C'®'63% ¢DNA was authenticated using

direct sequencing in collaboration with R.Hegele (Western University, London).

Preparation of the Green Fluorescent Tagged Apolipoprotein B46N"*%'*% Expression
Plasmid — The pGFP-B46wt expression plasmid was a gift from E. Fisher (Columbia
University, New York). Gel purified EcoRI insert fragment from pCMV5-B50N'#14%
was ligated with gel purified EcoRI vector fragment from pEGFP-B46wt. Resulting
plasmid pEGFP-B45N!%814% ag purified by centrifugation twice in a CsCl gradient.
Both plasmids were used in fluorescence microscopy experiments following expression

in transiently transfected rat hepatoma McA-RH7777 cells.
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Cell Culture, Stock Solution, and Transfection — Rat hepatoma McA-RH7777 cells were
cultured in DMEM containing 10% (v/v) FBS and 10% (v/v) horse serum (HS). Cells
were split in a ratio of 1:8 every three days (defined as one passage). Transfection of the
cells with expression plasmids encoding wild type or mutant forms of B17, B37, B45,
B48 or B50 was achieved using the previously described calcium phosphate precipitation
method (232). Plated cells (100 mm dishes) of approximate 80% confluency were used
for transient transfection, whereas cells of 20-30% confluence were used for stable
transfection. For transient transfection, cells were transfected with 10 pug of the apoB
expression plasmid. For stable transfection, 15 pg of human apoB constructs was co-
transfected with pSV2neo at a molar ratio of 20:1. At least four hours after transfection
cells were subjected to glycerol shock. Transiently transfected cells were used for
experiments within 48 hours of transfection. Selection of stable transformants was
initiated by adding 400 pg/ml G418 to the culture media two weeks following
transfection with subsequent maintenance of individually picked colonies in culture
media containing 200 pg/ml G418. For experiments, cells were grown no more than 10
passages after revival from liquid nitrogen. All experiments, unless specified, were
carried out on cells of approximate 80% confluence (about 1.2 mg protein/dish) plated in

60 mm Primaria dishes.

A stock solution of tunicamycin (5 mg/ml) and 2-bromopalmitate (100 mM) were

prepared in dimethylsulfoxide.
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Expression of the recombinant human apoB was verified by immunoblotting of the
conditioned media using monoclonal antibody 1D1 (25). Experiments described below
with apoB recombinants containing N-to-Q substitution were performed using transiently
transfected McA-RH7777 cells as well as mixed culture of G418-resistant transfectants,
except with apoB50-expressing cells where individual G418-resistant colonies were used.
Experiments described below with apoB48 containing C-to-S substitutions were
performed using multiple G418-resistant colonies of stably transfected McA-RH7777

cells.

Analysis of ApoB Proteins — The rabbit anti-human apoB polyclonal antibody that cross-
reacts with both rat apoB100 and rat apoB48 was used for immunoprecipitation. The
immunoprecipitated apoB were recovered using protein A-Sepharose CL-4B. ApoB
proteins were eluted from the beads, and subjected to electrophoresis on 3-15% (w/v)
gradient polyacrylamide gels with 0.1% (w/v) sodium dodecyl sulphate (SDS), as
previously described (39). For radiolabeled apoB proteins, the gels were treated with
Amplify solution for 30 min, dried, and apoB proteins were detected by fluorography.
For non-radiolabeled apoB proteins, after electrophoresis apoB proteins were transferred
onto nitrocellulose membranes at 125V for 6 h with a transfer buffer (190 mM glycine,

25 mM Tris base, 20% methanol) at —10 °C, and detected by immunoblotting with 1D1.

Biosynthetic Labeling - Cells stably transfected with pB48wt and pB48 constructs

125

containing C-to-S substitutions were labeled with [ “I]palmitate, as previously described

(164).
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Protein Metabolic Labeling — Cells were labeled using two methods. (i) Continuous
labeling experiments. Cells were labeled with [**SJmethionine/cysteine (200 pCi/ml) for
up to 60 minutes to measure the synthesis rates of apoB. At different time points cell-
associated °S-apoB was immunoprecipitated and analyzed by SDS-PAGE and
fluorography. (ii) Pulse-chase experiments. Cells were pre-treated in the presence or
absence of 5 pug/ml tunicamycin for 3 h, labeled with [*°S]methionine/cysteine (200
pCi/ml) for an hour, and chased for up to 3 h in the presence or absence of tunicamycin
treatment. At different time points of the chase, both cell- and medium-associated *°S-
apoB (and *°S-apoA-I) were immunoprecipitated and analyzed by SDS-PAGE and

fluorography.

Protein Assay - Protein concentration was determined according to Lowry method, as

previously described (233), using bovine serum albumin as a standard.

Separation of Lipoproteins — ApoB-containing lipoproteins were separated using three
methods. (1) Sucrose density gradient ultracentrifugation. Cells were labeled with
[**SImethionine/cysteine for 1 h and chased for 2 h in DMEM containing 20% FBS and
0.4 mM oleate as described previously (163). At the end of chase, the media and
microsomal content were fractionated in a sucrose density gradient as described
previously (89). Gradient was loaded by layering from the bottom of the tube: 2 ml of
47% sucrose, 2 ml of 25% sucrose, 5 ml of sample in 12.5% sucrose, and 3 ml

phosphate-buffered saline (PBS) pH 7.4. The gradient was formed following
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centrifugation at 35, 000 rpm in a Beckman SW41 rotor for 65 h at 12 °C. Twelve
fractions (1 ml each) were collected from the top, of which fractions 1 and 2 represent
very low density lipoproteins (VLDL) (d < 1.02 g/ml) and fractions 8-10 represent
lipoproteins of densities similar to that of high density lipoproteins (HDL) (d = 1.08 -
1.13 g/ml). The apoB proteins in each fraction were immunoprecipitated and subjected to
SDS-PAGE and fluorography or immunoblotting with 1D1. (ii) Ultracentrifugation at
fixed density. To isolate apoB50-containing lipoproteins, the chase media were separated
into d <1.02 and d > 1.02 g/ml fractions. (iii) Ultracentrifugation using potassium
bromide gradient. The conditioned media were incubated with 0.7 g of KBr. The
dissolved samples were loaded into quick-seal tubes containing 0.9% sodium chloride
solution, and subjected to ultracentrifugation in the bench top Beckman TLA 110 rotor, at
65, 000 rpm for 1h at 4 °C. The gradient was unloaded in 19 fractions from the bottom of
the tube. The apoB proteins in each fraction were immunoprecipitated, subjected to

SDS-PAGE and immunoblotting with 1D1.

Isolation of Lumenal Contents - Metabolically labeled cells (100 mm dish) were
resuspended in 2 ml of Tris-sucrose buffer (10 mM Tris-HCl, pH 7.4, and 250 mM
sucrose) that was supplemented with protease inhibitors. The cells were homogenized
using 10 passages with a ball-bearing homogenizer and the total microsomes were
obtained by centrifugation at 10, 000 x g, 4 °C, for 10 min. The lumenal contents were
released from total microsomes with 0.1 mM sodium carbonate, pH 11.3, by gentle

mixing using a nutator for 30 min at room temperature. The lumenal contents were
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separated from microsomal membranes by ultracentrifugation at 400, 000 x g, 4 °C, for

16 min, and subjected to cumulative rate flotation as described below.

Cumulative Rate Flotation - The density of the microsomal lumenal contents was
adjusted to d = 1.10 g/ml with KBr, and loaded onto the bottom of Beckman SW41
centrifuge tube. The sample was overlaid with 3 ml of d = 1.065 g/ml NaBr, 3 ml of d =
1.02 g/ml NaBr, and 3 ml of d = 1.006 g /ml NaCl. After ultracentrifugation at 40, 000
rpm (20 °C, 148 min), VLDL,; (S; > 100) was collected from the top of the gradient.
Following additional ultracentrifugation at 37, 000 rpm (15 °C, 18 h), VLDL, (St 20-100)
and other lipoproteins were collected from top to bottom into twelve fractions. The apoB
proteins in each fraction were immunoprecipitated and subjected to SDS-PAGE and

fluorography.

Subcellular Fractionation Using Nycodenz Gradient — Cells were homogenized using a
ball-bearing homogenizer. The post nuclear supernatant was prepared and fractionated on
preformed Nycodenz gradients, as described previously by ultracentrifugation in an
SW41 rotor (4 °C, 90 min, 37,000 x g) (234, 235). A total of 19 fractions (600
ul/fraction) were collected, and an aliquot of each fraction was subjected to SDS-PAGE

and immunoblotting to detect a-mannosidase II, calnexin, and apoB.

Lipid Assay — Cells, plated into two 6-well plates a day before the experiment, were
labeled with S uCi/ml [*H]glycerol for up to 2 hours. At different time points, lipids were

extracted from the cells with chloroform/methanol/acetic acid/saturated NaClH,O
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(4:2:0.01:1:2, by volume), and resolved on Silica Gel 60 plates by thin-layer
chromatography using egg yolk lipids as a carrier. The solvent system
chloroform/methanol/acetic acid/formic acid/H,O (70:30:12:4:2, by volume) was used
for separation of phosphatidylcholine (PC) and phosphatidylethanolamine (PE), whereas
hexane/diethyl ether/acetic acid (70:30:1, by volume) was used for separation of fatty
acids and triacylglycerol (TG), as described previously (129). TG and PC bands were
identified and the radioactivity for each sample was quantified using liquid scintillation

counting.

TG Mass Assay — Lipids were extracted from cells using chloroform/methanol/H;0, and
TG was separated by thin-layer chromatography. Lipids were dried, resuspended in
isopropanol, and TG mass was measured using the previously described colorimetric

assay (236).

Microsomal Triglyceride Transfer Protein Assay - The TG transfer activity of MTP was
measured using ['*C]triolein as substrate, as previously described (5). Donor and acceptor
small unilamellar vesicles (SUVs) were prepared by bath sonication in assay buffer (15
mM Tris-HCI, pH 7.5, 40 mM NaCl, 1 mM EDTA). The lipid transfer mixture contained
donor membranes (40 nmol of egg PC, 7.5 mol % cardiolipin, and 0.25 mol %
['4C]triolein), acceptor membranes (240 nmol of egg PC, unlabeled TG), and 5.0 mg of
BSA in a total volume of 0.68 ml of assay buffer. The reaction was started by the
addition of various amounts of post-nuclear supernatant containing MTP activity. After

60 min, the reaction was terminated by the addition of 0.5 ml of DE52-cellulose pre-
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equilibrated in assay buffer. The mixture was nutated for 5 minutes and centrifuged in a
microfuge at maximum speed for 3 min to pellet the DES2 containing bound donor
vesicles. To quantitate lipid transfer, radioactivity from 0.5 ml of the supernatant was

measured.

Microscopy — The cells were plated on cover slips for 24 h, fixed with 3%
paraformadehyde (in PBS) for 20 min, followed by quenching with 50 mM ammonium
chloride. Cells were permeabilized using 0.1% Triton X-100 (in PBS) for 3 min and
incubated with 10% FBS (in PBS) for 20 min. Monoclonal antibody 1D1 was used to
probe the recombinant human apoB for 1 h with goat anti-mouse IgG Alexa Fluro 488
conjugate (Molecular Probes, #A-6440) as secondary antibody. The endoplasmic
reticulum and Golgi were probed with anti-cainexin and anti-a-mannosidase II
antibodies, respectively, with Alexa Fluro 594 conjugated anti-rabbit IgG (Molecular
Probes, #R-6394) as secondary antibody. Between all steps, cells were washed three
times with PBS. All incubation and washing were performed at room temperature. After
staining, cells were mounted onto the glass slide using SlowFade Antifade Kkits
(Molecular Probes, #S-7461). The images were captured using the MRC-1024 laser

scanning confocal imaging system (Bio-Rad).
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TABLE II
Sequence of oligonucleotides used for site-directed mutagenesis of N-linked

glycosylation sites within human apolipoprotein B

The oligonucleotides correspond to the complementary sequences of the human
apolipoprotein B cDNA. The mutant codons are underlined while additional nucleotides
mutagenized for the purposes of introducing or deleting restriction enzyme sites are
highlighted in bold. Site-directed mutagenesis was performed using QuikChangeTM

mutagenesis kit (Stratagene).

Amino acid change Mutagenic oligonucleotide

Asn"®.GIn  5°-GAT ACC GTA TAC GGA CAA TGC TCC ACT CAC TTT ACC-3’
3°-GGT AAA GTG AGT GGA GCA TTG TCC GTA TAC GGT ATC-5’

Asn”®-Gln  5’-GGC GCT TAC TCC CAA GCT TCC TCC ACA GAC TCC GCC-3’
3’-GGC GGA GTC TGT GGA GGA AGC TTG GGA GTA AGC GCC-5’

Asn'**'.Gln 5’-CAG CAA CTT GTA CCA ATG GTC CGC CTC CTA CAG TGG-3’
3’-CCA CTG TAG GAG GCG GAC CAT TGG TAC AAG TTG CTG-5’

Asn"*.GIn  5’-CTA CAG TGG TGG CCA AAC TAG TAC AGA CCA TTT CAG-3’
3’-CTG AAA TGG TCT GTA CTA GTI_TGG CCA CCA CTG TAG-5’

Asn'*.GIn 5°-TCC AAC CTG CGG TTT CAA TCC TCC TAC CTC CAA GGC-3’
3’-GCC TTG GAG GTA GGA GGA TTG AAA CCG CAG GTT GGA-5’
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TABLE III
Sequence of oligonucleotides used for site-directed mutagenesis of potential

palmitoylation sites within human apolipoprotein B48

The oligonucleotides correspond to the complementary sequences of the human
apolipoprotein B cDNA. The mutant codons are underlined while additional nucleotides
mutagenized for the purposes of introducing or deleting restriction enzyme sites are
highlighted in bold. Site-directed mutagenesis was performed using QuikChange™

mutagenesis kit (Stratagene).

Amino acid change Mutagenic oligonucleotide

Cys'™.-Ser 5’-CCC TCA TGG GCC ACC TCT CGA GTG ACA CAA AGG AAG-3’
3’-CTT CCT TTG TGT CAC TCG AGA GGT GGC CCA TGA GGG-5’

Cys"®-Ser 5’-GAA TAC GTT CAC ACT CTC GAG TGA TGG GTC TCT ACG-3’
3°-CGT AGA GAC CCA TCA CTC GAG AGT GTG AAC GTA TTC-5’

Cys'’-Ser 5’-GGC ACA TAT GGC CTG AGC_ TCT CAG AGG GAT CCT AAC-3’
3’-GTT AGG ATC CCT CTG AGA GCT CAG GCC ATA TGT GCC-5’

Cys'®*-Ser 5’-GCA ACG ACC AAC TTG AAG AGC TCT CTC CTG GTG CTG-3’
3"-CAG CAC CAG GAG AGA GCT CTT CAA GTT GGT CGT TGC-5’
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FIG. 2.1. Schematic diagram of apolipoprotein B constructs containing N-to-Q
substitution. Closed circles represent utilized N-linked glycosylation site(s); open circles
represent N-linked glycosylation site(s) mutagenized using N-to-Q substitution. 4,
preparation of human apoB17, -B37, and —-B48 constructs containing the N'*8.10-Q
substitution. B, preparation of human apoB37 and —-B50 constructs containing multiyle
N-t0-Q substitution at five residues (Asn'®, Asn®*®, Asn'**', Asn'**, and Asn'*%,
respectively). C, preparation of green fluorescent protein-tagged human apoB45 construct
containin§ mulitiple N-to-Q substitution at five residues (Asn”s, Asn®®, Asn'**! Asn'*%,

and Asn' 96, respectively).
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FIG. 2.2. Schematic diagram of apolipoprotein B constructs containing C-to-S
substitution. Closed circles represent potential palmitoylation site(s); open circles
represent palmitoylation site(s) mutagenized using C-to-S substitution. Preparation of
human apoB48 constructs containing C-to-S substitution at four Cys residues (Cys'®’,

Cys|395’ C)’Sl”g, and Cys1635, respectlvely).
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Chapter 3 The Role of N-linked Glycosylation of Apolipoprotein B

3.1. N-linked oligosaccharides are important for efficient secretion of the
apolipoprotein B polypeptide

As discussed in Section 1.4.5., conflicting results regarding the role of N-linked
oligosaccharides of apoB in apoB and apoB-containing lipoproteins secretion exist in the
literature, which prompted us to re-examine this post-translational modification of apoB.
The conjugation of oligosaccharide with the asparagine residue of the newly synthesized
polypeptide can be prevented using tunicamycin, a fungal antibiotic that inhibits the
formation of GlcNAc-P-P-Dol (237). Following inhibition of N-linked glycosylation
using tunicamycin treatment, impaired secretion of human apoB from rat hepatoma McA-
RH7777 cells was observed (Fig. 3.1.1.). Human apoB100 contains 20 potential N-linked
glycosylation sites, of which 16 are conjugated with oligosaccharides (Fig. 3.1.14). In
McA-RH7777 cells expressing recombinant human B17, B37, or B50, tunicamycin
treatment decreased secretion efficiency of the nonglycosylated apoBs by varied extents
as compared with the controls (i.e. no tunicamycin treatment) (Fig. 3.1.1B). The secretion
of endogenous apoB100 in these cells was also decreased by tunicamycin treatment (Fig.
3.1.1C). Similar inhibitory effect of tunicamycin treatment on secretion of rat apoB100
was observed in primary rat hepatocytes (data not shown). Tunicamycin treatment
affected the incorporation of *°S-label into rat B100 but had no effect on the
incorporation of 35S-label into truncated apoB forms (Fig. 3.1.1D). These results
confirned that the lack of N-linked oligosaccharides is associated with impaired

secretion but not synthesis (at least the N-terminal half) of apoB.



In light of this evidence, we decided to analyze in more detail the role of N-linked
oligosaccharides present within the amino terminus of apoB in the efficient secretion of
the apoB polypeptide. We raised the following questions: (a) Does the inhibition of apoB
N-linked glycosylation using site-specific mutagenesis (N-to-Q substitution) impair the
secretion efficiency of the apoB polypeptide? (b) Does the effect of N-to-Q substitution
on the apoB secretion efficiency vary among apoB polypeptides having a different lipid-
binding ability? (c) Are some N-linked glycosylation site(s) more important than others
for the efficient secretion of the apoB polypeptide? We addressed these questions using
transfected McA-RH7777 cells expressing four C-terminally truncated forms of human
apoB100, namely B17, B37, B48, or B50, that contain N-to-Q substitution at consensus

N-linked glycosylation site(s).

3.1.1. Effect of N'*-to-Q substitution on secretion efficiency of human
apolipoprotein B17

To test the role of N-linked oligosaccharides in the secretion of the apoB
polypeptide, we performed N-to-Q substitution at the single N-linked glycosylation site
(N'*®) within human B17 (Fig. 3.1.24). Media was collected at different time points from
McA-RH7777 cells stably transfected with wild type (B17wt) or mutant B17 containing
the N'*%-to-Q substitution (designated B17N'*®), and the apoB signal was detected using
monoclonal antibody 1D1 specific for human apoB. The time-course of secretion from
this experiment suggested impaired secretion of B17N'*® (Fig. 3.1.2B). Furthermore,
pulse-chase analysis showed quantitatively that the secretion efficiency of the B17N'*®

was decreased by 50% as compared to B1 7wt (Fig. 3.1.34). The inhibitory effect of N'**—
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to-Q substitution on B17 secretion was almost equivalent to that of tunicamycin
treatment. The level of expression of B17wt and B17N'*® was similar in the two cell
cultures (as judged by *°S incorporation in Fig. 3.1.4). The amount of cell-associated *°S-
B17 during chase was similar between the two transfectants (Fig. 3.1.3B), suggesting the
impaired secretion of B17N'*® 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 polypeptide
chain elongation (238). Rapid degradation of apoB during or immediately after apoB
translation is mediated by proteasomes, which can be prevented by inhibitors ALLN or
MG132 in McARH7777 cells (106). To test the possible role of proteasome in B17N'*®
degradation, proteasomal inhibitors ALLN and MG132 were included during metabolic
labeling (Fig. 3.1.4). While inhibition of proteasome elevated the intracellular levels of
endogenous rB100 by 1.5-fold at the end of 30-min labeling, no significant change in the
intracellular levels of B17wt or B17N'*® was observed. Thus, the B17N'*® degradation

was unlikely degraded by proteasome during translation.

Whether or not N'° 8-to-Q substitution has an effect on B17 conformation was tested
using a conformation-specific antibody MB19 that detects cell-associated apoB. Under
non-reducing conditions, immunoblotting using the MB19 antibody following non-
reducing SDS-PAGE detected both B17wt and B17N'*%, suggesting no detectable change

in B17N'*® conformation (Fig. 3.1.5B). An additional band of molecular weight greater
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than that of B17 was observed for both B17wt and B17N'*%, as pointed by arrow (Fig.
3.1.5B). This band was absent following immunoblotting with monoclonal antibody 1D1
that has an epitope located within amino acids 474-539 under reducing conditions (Fig.
3.1.5C). It is possible that the additional band may be due to non-specific binding of
MBI19. It may be possible, however, based on the estimated molecular weight, that B17
dimerizes or interacts with other proteins through disulfide bonding that is sensitive to

reduction following reducing SDS-PAGE.

3.1.2. Decreased effect of N'*-to-Q substitution on secretion efficiency of human
apolipoprotein B37 and apolipoprotein B48 polypeptides

The above results demonstrated the importance of N-linked oligosaccharides in the
secretion of B17, a polypeptide that has limited ability to assemble lipids. To determine
the effect of the N'*®-t0-Q substitution on secretion of apoB peptides with lipid-binding
ability, we introduced the N'**-t0-Q substitution into C-terminally truncated apoBs that
contain some lipid-binding sequence (31), namely B37 and B48 (Fig. 3.1.64). Pulse-
chase analysis was performed with McA-RH7777 cells stably expressing wild type B17,
B37, and B48 or mutant B17, B37, and B48 containing N'**-to-Q substitution (Fig.
3.1.6B). Calculated secretion efficiency suggested that, in comparison with B17N'%%, the
inhibitory effect of the N'*%-t0-Q substitution on B37 and B48 secretion efficiency
diminished gradually as the length of apoB increased (43% vs 62% for B37; 57% vs 53%

for B48) (Table IV).
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3.1.3. Effect of selective versus combined N-to-Q substitution on secretion efficiency

of human apolipoprotein B37

To determine the role of N-linked oligosaccharides in the secretion of apoB-
containing lipoproteins, we used B37 as a model that contains lipid-binding sequences
and four additional N-linked glycosylation sites at N?¢, N'3! N'3* and N'*% (Fig.
3.1.7.). The lack of significant effect of N'*%-to-Q substitution on the secretion of B37 or
B48 could be explained to the existence of N-linked oligosaccharides at the other four N-
linked glycosylation site(s). Or, it could be attributable to the lipid-binding sequences
downstream of B17, which can be important for the efficient secretion of the apoB
polypeptide. To test these possibilities, we performed selective or combined site-specific
N-to-Q substitution at the other four N-linked glycosylation sites, at N°%, N'3#! N!3%
and N'%, espectively (Fig. 3.1.8). An additional purpose for introducing N-to-Q
substitution at a single glycosylation site (i.e. N'*% N°% N'3! N"% or N'*%) was to
help us determine if there is a critical N-linked glycan that is important for lipoprotein

synthesis.

Preliminary experiments showed that the transient transfection with various B37
constructs resulted in different levels of apoB expression, as shown by varied
incorporation of *°S-amino acid (Fig. 3.1.84). However, expression of various B37
constructs had no marked effect on the synthesis of endogenous apoA-I or B100 in
different cells (Fig. 3.1.84). The N-to-Q substitution at each single glycosylation site had
a different effect on B37 secretion efficiency. Thus, while secretion of B37N'*® and

B37N"** was not different from B37wt, secretion of B37N°%, B37N'**! and B37N'*%
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decreased by 30-40% compared to B37wt (Fig. 3.1.8B). These data suggest that N-to-Q
substitution at a single N-linked glycosylation site exerted no or partial inhibition on B37
secretion. On the other hand, introducing N-to-Q substitution at multiple glycosylation
sites (i.e. N'"89% NISB-1381 0 NIS1350 - gng NI58-14%,) progressively and consistently
decreased B37 secretion efficiency. Thus, when all five glycosylation sites were mutated,
the secretion efficiency of B37N'**14% was decreased to 40% of B37wt, a level almost
equivalent to that of B37wt treated with tunicamycin (Fig. 3.1.8B). The secretion
efficiency of endogenous apoA-I (Fig. 3.1.8B8) or B100 (data not shown) was not altered

among cells transiently transfected with various B37 forms.

Notably, N-to-Q substitution at N'**® resulted in increased electrophoretic
mobility of B37N'**® and B37N'**'4% (indicated by “x” in Fig. 3. 1.8B). Sequencing
analysis of the expression plasmid DNA excluded the possibility of deletions within the
coding sequence. To determine if the aberrant electrophoretic mobility was caused by
proteolytic cleavage at the carboxyl terminus of the mutant B37, epitope mapping was
performed with a panel of monoclonal antibodies (data not shown). The mutant B37N*'**
14% reacted normally with most antibodies but lost its reactivity with antibody 2D8
(epitope residues 1438-1481). Thus, it is likely that mutation at residue N'*% rendered
B37 susceptible to proteolysis at amino acid residues approximately 1440 (~ 32% of
B100). These data suggest an important role of glycosylation at residue N'** for the
stability of B37. Loss of N-linked oligosaccharide resulting in proteolytic cleavage has

been reported for other proteins (239).
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3.1.4. Effect of combined N-to-Q substitution on the secretion efficiency of
apolipoprotein B37 and apolipoprotein BS0

The effect of N-to-Q substitution at all five N-linked glycosylation sites within B37
was determined further using mixed cultures of stable transfectants. Again, the aberrant
mobility of B37N'**'%% was observed (indicated by “x” in Fig. 3.1.9.). Pulse-chase
analysis showed that the secretion efficiency of B37N!%8-1%% was decreased by more than
2-fold as compared to that of B37wt, which was similar to the effect of tunicamycin
treatment on B37wt secretion (Fig. 3.1.98). However, there was no difference in the

amount of intracellular B37N'%%14% during chase as compared with B37wt (Fig. 3.1.94).

The studies with B37 suggest strongly that appropriate glycosylation is required for
efficient secretion of the apoB polypeptide. However, the unexpected proteolytic

7'%819% that removed approximately 5% apoB sequences from the

cleavage of B3
carboxyl terminus of B37 made the above data less conclusive. To ascertain whether N-
glycan of apoB play a role in efficient biosynthesis of apoB and apoB-containing
lipoproteins, we extended the mutagenesis studies to BSO that has the same number of N-
glycan sites as B37 but contains more lipid-binding sequences (31). Pulse-chase

experiments were performed in two stable cell lines that expressed similar level of B50wt

or BSON'%8-14%,
The amount of cell-associated *°S-B5ON'**'%% during chase was greater than that

of B50wt, which suggested that, unlike B17N'*® or B37N'**"*%, the mutant B50 was not

rapidly degraded intracellularly (Fig. 3.1.104). Between the two stably transfected cells,
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the secretion efficiency of endogenous apoA-I was comparable as determined by pulse-
chase analysis in two independent experiments (Fig. 3.1.10B). The combined N-to-Q
substitution impaired the secretion efficiency of B50 to a lesser extent than that of B37
(Fig. 3.1.10B). In addition, unlike what occurred to mutant B37 proteins, mutation at
N'* within B50 did not give aberrant electrophoretic mobility of BSON'%*'%% (data not
shown). This result suggests that sequences between the carboxyl termini of B37 and B50

can overcome the instability of the proteins introduced by N'**-to-Q substitution.

3.1.5. Conclusion

In conclusion, selective or combined site-specific mutagenesis at N-linked
glycosylation sites within the N-terminal half of B100 confirmed the results obtained
using tunicamycin treatment, namely, that inhibition of N-linked glycosylation results in
significant impairment of up to 50% of the apolipoprotein B polypeptide secretion
efficiency. Our results suggest the presence of N-linked oligosaccharides at all five sites
(i.e. N'%8, N%%6 NB4 N0 and N'¥%) js required for efficient secretion of human B37
and B50 polypeptides, although a single N-linked oligosaccharide at N'%% may play a
critical role in the secretion of B37. The lipid-binding sequences downstream of B17
cannot overcome the impairment of secretion efficiency of the B37 polypeptide
introduced by N'*-t0-Q or N'SS'“%—tO-Q substitutions. However, the sequences
downstream of B37, to a certain extent, stabilize the secretion efficiency of the B50

polypeptide, and thus, overcome the instability introduced by the N'**-to-Q substitution.
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FIG. 3.1.1. Effect of tunicamycin on synthesis and secretion of apolipoprotein B from
McA-RH7777 cells. A, the line depicts position of the N-linked oligosaccharides within
human apoB100. Closed rectangles represent utilized glyco;?'lation sites in human LDL.
The five most N-terminal sites are at N'%, N%% N'3! N'3% and N'4%, respectively. B,
MCcA-RH7777 cells stably transfected with human B17, B37, and B50 variants were pre-
treated for 3 h (£ 5 pg/ml tunicamycin), pulse-labeled with 35G-amino acids (200 uCi/ml)
for 1 h, and chased up to 2 h (= 5 pg/ml tunicamycin). The medium-associated 35S-apoBs
during chase were subjected to SDS-PAGE and visualized by fluorography (lefi).
Secretion efficiency of each apoB variant is presented as (medium apoB at 2 h chase) /
(initial apoB at 60 min pulse) x 100 % (righg). C, medium-associated endogenous rat *°S-
apoB100 during chase. D, cell-associated *°S-apoB at 0 h chase following tunicamycin
treatment, presented as percent of control, i.e. untreated apoB. Data are presented as the
mean + S.D. from three independent experiments.

72
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FIG. 3.1.2. Secretion time course of recombinant human apolipoprotein B17
containing N'®-to-Q substitution. 4, the top line depicts gosition of the N-linked
oligosaccharide at N'*® within apoB17. The human apoB17N'*® variant containing N'.
to-Q substitution (open oval) was prepared using site-specific mutagenesis at N'*® residue
(closed rectangle) within human apoB17. B, McA-RH7777 cells stably transfected with
human B17wt or B17N'*® were incubated in DMEM (20% serum) for up to 16 h.
Secretion of recombinant human apoBs at indicated time points was verified by
immunoblotting of the conditioned media using monoclonal antibody 1D1. The

experiment was performed once.
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FIG. 3.1.3. Lack of N-linked oligosaccharide at N'*® impairs aPoIipoprotein B17
secretion. Cells transiently transfected with human B17wt or B17N'*® were pre-treated
for 3 h ( 5 pg/ml tunicamycin), pulse-labeled with *>S-amino acids (200 uCi/ml) for 1 h,
and chased up to 2 h ( 5 pg/ml tunicamycin). The medium (4) and cell-associated *°S-
apoB17 (B) during chase were subjected to SDS-PAGE and visualized by fluorography.
The recovery of medium and cell-associated **S-apoB17 during chase was presented as
“% of initial counts” that associated with cell B17 at the end of pulse. Insets,
representative fluorograms. Data are presented as the mean + S.D. from three
independent experiments.
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FIG. 3.1.4. Effect of N'*%-to-Q substitution on synthesis and degradation of
apolipoprotein B17. Cells stably transfected with expression plasmids encoding human
B17wt or BI7N'® were continuously labeled with 35S.amino acids (200 uCi/ml) in
methionine-deficient DMEM (20% serum) for indicated times in the absence or presence
of proteasomal inhibitors ALLN or MGI132. 4, representative fluorograms. B,
quantification of radioactivity associated with **S-B17wt, -B17N'%, and -rB100. The
labeling experiment without the inhibitors was performed twice with similar results,
while the labeling in the presence of inhibitors was performed once.
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FIG. 3.1.5. Effect of N'®-to-Q substitution on apolipoprotein B17 conformation. 4,
the epitopes of monoclonal antibody 1D1 and MB19 within human apoB100. Cells stably
transfected with plasmids encoding human B17wt or B17N'® were homogenized.
Aliquots of total cell extracts were subjected to (B) non-reducing or (C) reducing
SDS—-PAGE, transferred to nitrocellulose membranes, and immunoblotted with (B)
MBI19 antibody or (C) 1DI antibody. The experiment was performed once.
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FIG. 3.1.6. Effect of N'**-to-Q substitution on secretion of apolipoprotein B37 and
apolipoprotein B48. A4, the top line depicts position of the N-linked oligosaccharides
within human apoB100. Closed rectangles represent utilized glycosylation sites in human
LDL. The bottom lines represent human B17, B37, and B48 variants containing the N'>%-
to-Q substitution (open oval). B, cells stably transfected with wild-type or mutant B17,
B37, or B48 were pre-treated for 3 h (x 5 pg/ml tunicamycin), pulse-labeled with **S-
amino acids (200 pCi/ml) for 1 h, and chased up to 2 h (= 5 pg/ml tunicamycin). The
medium-associated *S-apoBs at the end of 2 h chase were subjected to SDS-PAGE and
visualized by fluorography (rop). Data are presented as the mean + S.D. from three
independent experiments.
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FIG. 3.1.7. Schematic diagram of apolipoprotein B37 variants containing N-to-Q
substitution. Closed rectangles represent potential glycosylation sites in human apoB37.
The bottom lines dipict mutant B37s that contain single or combined N-to-Q substitution
at residues les, N° 6, N”‘", N'35°, and N'4% (open ovals).
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Fig. 3.1.7.
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FIG. 3.1.8. Effect of selective or combined N-to-Q substitution on apolipoprotein B37
synthesis and secretion. Cells transiently transfected with wild type and nine mutant
B37s containing various N-to-Q substitution were pulse-labeled with **S-amino acids
(200 uCi/ml) for 1 h and chased for 2 h. Exogenous oleate (0.4 mM) was included in
pulse and chase media. The cell- (4) and media-associated (B) **S-apoB37, 3°S-B100,
and *°S-A-I at the end of 2 h chase were subjected to SDS-PAGE and visualized by
fluorography (top). The recovery of **S-B37 and **S-A-I from mutant B37-transfected
cells is presented as % B37 or A-I from B37wt-transfected cells. Data for B37 are the
average of 2-3 independent transfection experiments. Secretion of A-I was determined
once.
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FIG. 3.1.9. Lack of N-linked oligosaccharides impairs the secretion of apolipoprotein
B37. Cells stably transfected with human B37wt or B37N'**'%% were pre-treated for 3 h
(z 5 pg/ml tunicamycin), pulse-labeled with >*S-amino acids (200 pCi/ml) for 1 h, and
chased up to 2 h (x 5 pug/ml tunicamycin). The medium (4) and cell-associated *S-
apoB37 (B) during chase were subjected to SDS-PAGE and visualized by fluorography.
The recovery of medium and cell-associated *°S-apoB17 during chase was presented as
“% of initial counts” that associated with cell B37 at the end of pulse. Insets,
representative fluorograms. Data are presented as the mean + S.D. from three
independent experiments.
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FIG. 3.1.10. Lack of N-linked oligosaccharides impairs the secretion of
apolipoprotein BS0. Cells stably transfected with human B50wt or BSON'**"4% were
pre-treated for 3 h (= 5 pg/ml tunicamycin), pulse-labeled with **S-amino acids (200
pCi/ml) for 1 h, and chased up to 3 h (= 5 pg/ml tunicamycin). 4, cell-associated *°S-
apoB50 during chase was subjected to SDS- PAGE and visualized by fluorography. Cell-
associated *°S-apoB50 during chase was presented as “% of initial counts” that were
associated with cell BSO at the end of pulse. B, medium-associated >*S-apoB50 and *’S-
apoA-I during chase presented as “% of initial counts” that were associated with cell B5S0
and A-I at the end of pulse. Data are presented as the mean + S.D. from three independent
experiments using different stable clones, except for apoA-I data where experiments were
performed twice.

81



Fig. 3.1.10.

A.

B50wt
l | z 100
€ 80
s |y gy - —| 3
© 60
158-1496 ‘.
B50N S o
| 1 £
s 2t @ B50wt
c‘“ Bso ;! o N , N O B““‘s‘-“ﬂ

0 1 2 3

0 1 2 3
chase time (h) chase time (h)

- 5 -~ medium B50

€

=

8 sof-

s

€

5 25 -

* .m’ 'TM
0 1 Owt, +TM

@& Ni1ss-1498

60 - medium A-I N ™

g “r

s

£ 20 |-

S

2 0 i 1

0 1 2

chase time (h)



TABLE IV
The effect of the N'**-to-Q substitution on apolipoprotein B secretion efficiency

decreases as the length of apolipoprotein B increases

McA-RH7777 cells stably transfected with human B17, B37, and B48 variants were
pre-treated for 3 h (= 5 pug/ml tunicamycin), pulse-labeled with 3S-amino acids (200
uCi/ml) for 1 h, and chased up to 2 h (= 5 pug/ml tunicamycin). The medium-associated
3°S-apoBs during chase was subjected to SDS-PAGE and fluorography. Secretion
efficiency of each apoB variant is presented as (medium 35S-apoB at 2 h chase) / (initial
3SS-apoB at 60 min pulse) x 100 %. Data are presented as the mean + S.D. from three

independent experiments.

Secretion efficiency (%)

Apolipoprotein wild-type mutant wild-type *™
B17 29+3 161 12+2
B37 62+4 43+3 27+12
B48 53+23 57+20 25+ 18
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3.2. N-linked oligosaccharides are important for assembly and secretion of the
apolipoprotein B-containing very low density lipoproteins

The early studies with rat and chicken hepatocytes suggested that inhibition of N-
linked glycosylation of apoB with the chemical inhibitor tunicamycin had no major
impact on VLDL secretion (213, 214). With recent evidence suggesting that tunicamycin
treatment does impair the secretion of apoB (216, 217), the conflicting results on the
effect of tunicamycin treatment highlighted limitations associated with the use of this
inhibitor (e.g. the dose and duration of tunicamycin used for the treatment with different
cells). We re-examined the role of N-linked oligosaccharides of apoB in the assembly and
secretion of apoB-containing lipoproteins, using transfected McA-RH7777 cells
expressing C-terminally truncated forms of human apoB100, namely B37 and BS50,

which contain N-to-Q substitutions at various N-linked glycosylation site(s).

Rat hepatoma McA-RH7777 cells secrete apoB100 in the form of apoB100-
containing VLDL, while B48 is secreted in the form of lipid-poor particles (designated as
apoB48-containing HDL) and apoB48-containing VLDL. The C-terminally truncated
forms of apoB, namely apoB37 and apoB50, contain lipid-binding sequences and can
also assemble VLDL (240). We addressed the following questions: (a) Does the
inhibition of apoB N-linked glycosylation using site-specific mutagenesis (N-to-Q
substitution) impair the secretion of apoB-containing lipoproteins? (b) If so, does the
inhibition of apoB N-linked glycosylation using site-specific mutagenesis (N-to-Q
substitution) impair the assembly of apoB-containing lipoproteins? We addressed these

questions using transfected McA-RH7777 cells expressing mutant apoB variants
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containing N-to-Q substitution at all five N-linked glycosylation sites, namely B37N'**

1496 and BSON'SS'“%.

3.2.1. The N-to-Q substitution impairs the assembly and secretion of apolipoprotein
B37-containing lipoproteins

The effect of N-to-Q substitution at all five N-linked glycosylation sites within B37
was determined using mixed cultures of stable transfectants. Following pulse-chase
analysis (x 5 ug/ml tunicamycin), the medium was collected at the end of chase and
fractionated by ultracentrifugation in a sucrose density gradient. The **S-B37 in each
fraction was detected using SDS-PAGE and fluorography, and radioactivity associated
with B37wt and B37N'®'% was quantified by scintillation counting. The decreased
secretion of B37N'*%1%% was observed in both VLDL and HDL fractions (Fig 3.2.14).
The inhibitory effect of N'°®'*%_to-Q substitution on secretion of B37-containing
lipoproteins was similar to that observed with tunicamycin treatment (Fig. 3.2.14,

bottom).

Moreover, the lack of N-linked oligosaccharides resulted in a skewed distribution
of B37N'*%14% owards denser fractions in the microsomal lumen (Fig. 3.2.1B). Thus, the
lack of N-linked glycosylation in B37 not only decreases 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.
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3.2.2. The N-to-Q substitution impairs the assembly and secretion of apolipoprotein
BS0-containing lipoproteins

To test whether N-to-Q substitution impairs the secretion of apoB50-containing
lipoproteins, we performed pulse-chase experiments using two stable cell lines that
expressed similar level of B5Owt or BSON'**'¥%_ Secretion of *°S-BSON'*14% was
decreased in both d < 1.02 and d > 1.02 g/ml fractions as compared to that of B50wt (Fig.
3.2.2.). Furthermore, examination of density distribution of the medium 35.BSQN! 98-14%
confirmed the above pulse-chase data, showing diminished secretion of *° S-B5ON!8-14%
in both VLDL and HDL fractions (Fig. 3.2.3). The decrease in secretion of BSON!58-14%
as VLDL was also observed by immunoblot analysis to measure BSON'*"'*% mass (data

not shown).

-1496 -
NISS 1

Examination of the microsomal lumen contents showed reduced B50 in

HDL-like fractions and absence of BSON'**"'*% in VLDL fractions as compared with
B50wt (Fig. 3.2.44). Thus, the diminished BSON'*"'%% secretion as VLDL was likely

attributable to a defect in assembly of neutral lipid.

Pulse-chase experiments performed in two stable cell lines expressing BSOwt or
BSON'*%'%% were used to examine density distribution of the secreted endogenous *°S-
B100 (Fig. 3.2.4B). The expression of BSON'*®*'4% resulted in 50% decrease in
endogenous B100 secretion efficiency (Fig. 3.2.4B), although synthesis of endogenous

B100 was not affected (data not shown). The inhibitory effect of BSON'8-!4% expression
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on endogenous B100 secretion was reminiscent of previous observation where expression

of B50 disulfide linkage mutants also inhibited endogenous B100 secretion (106).

The expression of B50wt resulted in increased secretion of [*H]glycerol-labeled
TG as compared with that of non-transfected McA-RH7777 cells, but expression of
BSON'*¥1%% had no effect on [*H]TG secretion (Fig. 3.2.54). The inability of BSON'®
14% to assemble VLDL, however, was not attributable to limited synthesis in the
transfected cells, as the synthesis of TG (Fig. 3.2.5B) and PC (Fig. 3.2.5D) in BSON'**
14%_ and B5Owt-transfected cells were comparable. Nor was the inability of BSON'8-14%
to assemble VLDL attributable to availability of lipids in the transfected cells, as the
mass of TG in BSON'*®14%. and B50wt-transfected cells was similar (data not shown).

These results suggest that the N-linked oligosaccharides play an important role during

bulk TG incorporation in B50-VLDL assembly process.

3.2.3. Conclusion

In conclusion, abolishing apoB N-linked glycosylation by site-specific mutagenesis
(N-to-Q substitution) impairs the secretion of B37 and B50-containing lipoproteins. The
lack of N-linked oligosaccharides in B37 and B50 not only decreases their secretion as
lipid-poor particles, but also impairs their ability to secrete as VLDL. Moreover, our
results show that the diminished BSON'*314% secretion as VLDL is likely attributable to a
defect in assembly of neutral lipid. Hence, the N-linked oligosaccharides play an

important role during bulk TG incorporation in BS0-VLDL assembly process.
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FIG. 3.2.1. Lack of N-linked oligosaccharides impairs secretion and formation of
apolipoprotein B37-containing lipoproteins. A4, cells stably transfected with human
B37wt or B37N'%'%% were pre-treated for 3 h (= 5 pg/ml tunicamycin), pulse-labeled
with **S-amino acids (200 uCi/ml) for 1 h, and chased for 2 h (= 5 pg/ml tunicamycin).
The medium was collected at the end of chase and fractionated by ultracentrifugation in a
sucrose density gradient. The 3°S-B37 in each fraction was detected using SDS-PAGE
and fluorography (rop). The radioactivity associated with B37wt and B37N!5¥14% yas
quantified by scintillation counting (bottom). Data are the representative of two
experiments with similar results. B, the luminal content isolated from carbonate treated
microsomes was fractionated by sucrose density gradient. The B37 proteins in each
fraction were detected by 1D1 immunoblotting. The experiment was performed once.
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FIG. 3.2.2. Lack of N-linked oligosaccharides impairs secretion of apolipoprotein
B50-containing lipoproteins. Cells stably transfected with human B50wt or BSON'%14%
were pulse-labeled with *°S-amino acids (200 puCi/ml) for 1 h and chased for up to 3 h.
The chase media were separated into d <1.02 and d > 1.02 g/ml fractions using
ultracentrifugation at fixed density. The radioactivity associated with *>S-B50 in d <1.02
and d > 1.02 g/ml fractions was quantified by scintillation counting following SDS-
PAGE and fluorography (bottom). Data are an average of two independent experiments
with similar results.
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FIG. 3.2.3. Lack of N-linked oligosaccharides impairs secretion of apolipoprotein
BS0-containing VLDL. Cells stably transfected with plasmids encoding human B50wt
and BSON'%8-14% were labeled with *°S-amino acids (200 uCi/ml) for 1 h, and chased for
up to 2 h. The medium collected at the end of chase was fractionated by
ultracentrifugation in a sucrose density gradient. Top, the **S-B50 in each fraction
analyzed by SDS-PAGE and fluorography. Bottom, the radioactivity associated with *°S-
B50wt and *°S-B5SON'**'%% at 2 h chase was quantified by scintillation counting. The
experiment was performed twice with similar resuits.
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FIG. 3.24. The N-to-Q substitution impairs assembly of apolipoprotein BS0-
containing VLDL and secretion of endo&enous rat apolipoprotein B100. Cells stably
transfected with human B50wt or BSON'**'*% were labeled with *°S-amino acids (200
uCi/ml) for 1 h, and chased for up to 2 h. 4, density distribution of **S-B50wt and *°S-
BSON'**'4% in the microsomal lumen. Microsomes were prepared after labeling and the
lumenal content was fractionated using cumulative rate flotation. The **S-B50 in each
fraction was immunoprecipitated, and subjected to SDS-PAGE and fluorography. The
experiment was performed once. B, rat °S-B100 following fractionation of medium after
1 h or 2 h chase by ultracentrifugation in a sucrose density gradient. The **S-B100 in each
fraction was subjected to SDS-PAGE and visualized by fluorography. Data are
representative of three experiments with similar results.
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FIG. 3.2.5. Effect of N-to-Q substitution on lipid synthesis and secretion. Cells (6-
well plates) stably transfected with human B50wt or BSON'*®'%% were labeled with
[3H]glycerol (5 pCi/well) in DMEM (20% serum and 0.4 mM oleate) for indicated times.
Lipids extracted from cells (B)(D) and medium (4)(C) were resolved by thin-layer
chromatography. Radioactivity associated with TG and PC (mean + S.D., n=3) was
quantified by scintillation counting.
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3.3. The role of N-linked oligosaccharides in the intracellular distribution of
apolipoprotein B

Loss of N-linked oligosaccharides in proteins has been shown to associate with
delayed ER exit (234). To gain insight into the mechanisms responsible for the impaired
secretion of mutant apoB variants containing N-to-Q substitution, we raised two
questions: (a) Is impaired secretion of mutant apoB variants containing N-to-Q
substitution associated with impaired intracellular distribution or intracellular
accumulation of apoB? (b) Is impaired secretion of mutant apoBs containing N-to-Q
substitution associated with alterations in abundance or activity of ER molecular
chaperones thought to interact with apoB, for instance BiP, calnexin, or MTP ? To
address these questions we used transfected McA-RH7777 cells expressing human B17,

B37, or B50, which contain N-to-Q substitution at various N-linked glycosylation site(s).

3.3.1. Intracellular distribution of mutant apolipoprotein B determined following
subcellular fractionation using Nycodenz gradient ultracentrifugation

To determine if the N-linked oligosaccharides play a role in the intracellular
distribution of apoB, we examined subcellular distribution of mutant apoB containing N-
to-Q substitution by Nycodenz gradient ultracentrifugation. The post-nuclear
supernatants from cells stably transfected with expression plasmid encoding human B17
were isolated and fractionated by ultracentrifugation using Nycodenz gradient. Calnexin
and a-mannosidase II were used as ER and medial Golgi markers, respectively (Fig.
3.3.14). Immunoblot analysis of apoB17 showed two discernible peaks that were

localized closely with the respective ER and Golgi markers (Fig. 3.3.1B).
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Analysis of subcellular distribution of human B17wt and B17N'*® was performed at
15 (Fig. 3.3.24) and 60 min (Fig. 3.3.2B) after metabolic labeling, as determined by
subcellular fractionation, no discemible difference was observed in the relative
distribution in ER or Golgi between B17wt and B17N'*:. Interestingly, while the
intracellular distribution of endogenous B100 was similar in cells expressing B17wt and
B17N'*® 15 min after metabolic labeling (Fig. 3.3.34), intracellular accumulation of the
endogenous B100 in the ER compartment was observed in cells expressing mutant
B17N'*® at 60 min after metabolic labeling (Fig. 3.3.3B). The observed intracellular
accumulation of rB100 in cells expressing BI7N'*® suggests that expression of mutant
B17 might exert a negative effect on the endogenous apoB100 secretion. This is in
agreement with the previous evidence (Fig. 3.2.4B) showing that the expression of
B5ON'*!% resulted in impaired secretion of endogenous apoB100. Whether the
expression of B37N'*¥14% and B5SON'%314% resuits in retention of endogenous apoB100

in the ER remains to be determined.

The subcellular distribution of mutant B37 and B50 containing N-to-Q substitution
was examined by Nycodenz gradient uitracentrifugation (Fig. 3.3.4). Immunoblot
analysis showed that at steady state, there was no difference in the distribution in the ER
or Golgi compartments between B37wt and B37N'**'*% (Fig. 3.3.44). The lack of an
accumulation of B37N'*'*% within cells agrees with the pulse-chase results (Fig.
3.1.9B). In the case of B50, even though the concentration of B5ON'*%14% at steady state
was increased in the ER and Golgi compartment (Fig. 3.3.4B), the relative distribution of

BSON'**'% was nearly identical to that of B50wt. The elevated amount of cell-

93



associated BSON'814% agrees with the pulse-chase results showing prolonged retention
of BSON'%14% ip the cells after translation (Fig. 3.1.104). The majority of both B50wt
and BSON'*14% was localized within the fractions containing the ER marker calnexin. A
proportion of BSON'**14% accumulated in a compartment that contained neither calnexin
nor a-mannosidase II (Fig. 3.1.10B, fractions 3-5). These data suggest that the loss of N-
linked oligosaccharides in BS0 was probably not associated with delayed ER exit,

however, it was likely associated with impaired secretion from distal compartments.

3.3.2. Intracellular localization of mutant apolipoprotein B determined using
immunocytochemistry and confocal microscopy

To identify the cellular compartments corresponding to the distribution of BSOwt
and BSON'’*'4%  we performed indirect double immunofluorescence co-localization
studies. Confocal images showed that both B50wt and BS5ON'%#14% appeared as punctate
staining throughout the cell with high intensity near the perinuclear area (Fig. 3.3.5, left
panels labeled with /D). The overall intensity of BSON'5%14% was relatively stronger
than that of BSOwt, which is in agreement with the observation of prolonged intracellular
retention of BSON'**"'%% (Fig. 3.1.104). Merge of fluorescence derived from apoB with
that from calnexin or a-mannosidase II showed substantial co-localization of apoB with
the ER or medial Golgi marker (Fig. 3.3.5). Besides the relatively stronger overall
intensity of BSON'*®14% compared with B50wt (in agreement with the Nycodenz gradient
data shown in Fig. 3.3.4.), there was no apparent difference in the distribution of B50wt
and BSON'*¥'4%_ A proportion of B50wt and BSON'**"*%* was not entirely co-localized

with either calnexin or a-mannosidase II (Fig. 3.3.5, right panels). The identity of the
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compartment where this proportion of BS0O proteins was localized remains to be
determined. These results further suggest that the loss of N-linked oligosaccharides had

little effect on intracellular distribution of BSON'8-14%,

The effect of the loss of N-glycan on intracellular distribution was more directly
determined using GFP (green fluorescent protein) tagged apoB protein (i.e. B46). The
B46wt-GFP and B46N'**'*%_GFP fusion proteins contained the amino-terminal 2099
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 and secrete lipoproteins in transiently
transfected McA-RH7777 cells. Live cell imaging of B46-wt-GFP and B46N'*'% ysing
video microscopy did not detect difference in their intracellular distribution (data not
shown). These data further corroborated evidence that the loss of N-glycans is not

associated with gross alterations in the intracellular distribution of apoB.

3.3.3. Abundance of molecular chaperones and triglyceride transfer activity of the

microsomal triglyceride transfer protein

We tested the intracellular abundance of molecular chaperones, including calnexin,
BiP, GRP94, and MTP, in cells expressing mutant apoBs containing the N-to-Q
substitution. The post-nuclear supernatants were isolated from cells expressing human
B17wt or B17N'*® and immunoblotting with anti-calnexin, anti-BiP, or anti-MTP
antibody was performed (Fig. 3.3.64). While no detectable changes were observed in
signal for calnexin, GRP94, BiP, or PDI, there was a striking increase in the intracellular

levels of MTP in cells expressing mutant B17N'*8 (Fig. 3.3.64). Increase in the
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intracellular levels of MTP was also observed in cells expressing mutant B37N'**4%

(Fig. 3.3.6B) but not BSON!38-14% (Fig. 3.3.6C). The reason for the increase in MTP

levels remains unclear.

We tested the triglyceride (TG) transfer activity of MTP in cells expressing human
wild-type B17 and B50 as well as mutant B17N'*® and BSON'**"*% (Fig. 3.3.7). The
post-nuclear supernatants were isolated, and the TG transfer activity of MTP was
measured and quantified. Increased MTP activity was observed in cells expressing
B50N'*%14% (Fig. 3.3.7B) but not in cells expressing BI7N'*® (Fig. 3.3.74). The reason
why the MTP immunoblotting data does not agree with the activity assay data is unclear.
It is possible, however, that the MTP assay not only measures the TG transfer activity of

MTP, but also of other intracellular transfer proteins.

3.3.4. Conclusion

We have shown that the loss of N-linked oligosaccharides in apolipoprotein B
mutants containing N-to-Q substitution has little effect on their intracellular distribution.
Accumulation of apoB50N'*®'*% within entire secretory compartments was probably
associated with impaired secretion from the distal compartments. Furthermore, our resuits
show changes in abundance and activity of one molecular chaperone, MTP, but not that
of BiP, calnexin or grp94, once mutant apoBs containing N-to-Q substitution are
expressed. The mechanism by which impaired secretion of mutant apoBs containing N-
to-Q substitution directly or indirectly involves the function of MTP remains to be

determined.
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FIG. 3.3.1. Subcellular fractionation using Nycodenz gradient ultracentrifugation. 4,
cells (100-mm dish, 80% confluent) stably transfected with human B17 were washed
with PBS and homogenized. The post-nuclear supernatants were isolated and fractionated
by ultracentrifugation in a Nycodenz gradient. Aliquots were subjected to SDS-PAGE,
transferred to nitrocellulose membranes, and probed with anti-calnexin or anti-a-
mannosidase II (x-MII) antibody. The intensity of the bands was semi-quantified by
scanning densitometry. Data are presented as “% maximum value” in which 100%
corresponds to the highest value. B, the human apoB17 protein in each fraction was
probed with monoclonal antibody 1D1. The intensity of the bands was semi-quantified by
scanning densitometry. Data are representative of two experiments with similar results.
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FIG. 3.3.2. Effect of N'*-t0-Q substitution on intracellular distribution of
apolipoprotein B17. Cells (100-mm dish, 80% confluent) stably transfected with
expression plasmid encoding human B17wt or B17N'*® were labeled with **S-amino
acids (200 uCi/ml) for 15 min (4) or 60 min (B). The post-nuclear supernatants were
isolated and fractionated by ultracentrifugation in a Nycodenz gradient. Aliquots were
subjected to SDS-PAGE, and fluorography. The intensity of apoB17 proteins on the
fluorograms (bottom) was semi-quantified by scanning densitometry. Data are presented
as “% maximum value” in which 100% corresponds to the highest value (top). The
experiment was performed once.
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FIG. 3.3.3. Impaired exit of endogenous apolipoprotein B100 from ER of cells
transfected with apolipoprotein B17N'®, Cells (100-mm dish, 80% confluent) stably
transfected with human B17wt or BI7N'*® were labeled with **S-amino acids (200
uCi/ml) for 15 min (4) or 60 min (B). The post-nuclear supernatants were isolated and
fractionated by ultracentrifugation in a Nycodenz gradient. Aliquots were subjected to
SDS-PAGE, and fluorography. The intensity of endogenous rat apoB100 on the
fluorograms (bottom) was semi-quantified by scanning densitometry. Data are presented
as “% maximum value” in which 100% corresponds to the highest value (fop). The
experiment was performed once.
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FIG. 3.3.4. Lack of N-linked oligosaccharides did not affect intracellular distribution
of apolipoprotein B37 and apolipoprotein BS0. The post-nuclear supemnatants were
isolated from cells (100-mm dish, 80% confluent) and fractionated by ultracentrifugation
in a Nycodenz gradient. Aliquots were resolved by SDS-PAGE, transferred to
nitrocellulose membranes, and subjected to immunoblotting. 4, distribution of B37wt and
B37N'*¥19%  within Nycodenz gradient. Human apoB proteins were probed with
monoclonal antibody 1D1 (insets). The intensity of apoB on immunoblots was semi-
quantified by scanning densitometry. B, distribution of B50wt and BSON'**'*% within
Nycodenz gradient. Repetition of the experiment yielded similar results.
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FIG. 3.3.5. Lack of N-linked oligosaccharides did not affect intracellular localization
of apolipoprotein B50. Cells stably transfected with B50wt or BSON'*314% were plated
on cover slips, fixed, and permeabilized. Monoclonal antibody 1D1 was used to probe the
recombinant human apoB with goat anti-mouse IgG Alexa Fluro 488 conjugate as
secondary antibody. The ER and Golgi were probed with anti-calnexin and anti-o-
mannosidase II antibodies, respectively, with Alexa Fluro 594 conjugated anti-rabbit IgG
as secondary antibody. The images were captured using the MRC-1024 laser scanning
confocal imaging system. Data are representative of two experiments with similar results.
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FIG. 3.3.6. Effect of N-to-Q substitution on intracellular abundance of chaperone
proteins. 4, cells (100-mm dish, 80% confluent) stably transfected with human B17wt or
B17N"*® were washed with PBS and homogenized. The post-nuclear supernatants were
isolated. Aliquots in triplicate (lanes 1, 2, and 3) containing equal amount of total cell
protein from each sample were subjected to SDS-PAGE, transferred to nitrocellulose
membranes, and probed with anti-calnexin, anti-BiP, or anti-MTP antibody. B,
immunoblots using anti-MTP antibody on isolated post-nuclear supernatants from cells
stably transfected with human B37wt or B37N'**'**_C, immunoblots using anti-MTP
antibody on isolated 9£>ost-nuclear supernatants from cells stably transfected with human
B50wt or BSON'**'*%_Data are representative of three experiments with similar results.
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FIG. 3.3.7. Increased triglyceride transfer activity in cells overexpressing
apolipoprotein BSON'**'*%, Cells (100-mm dish, 80% confluent) stably transfected with
human wild type and mutant B17 or B50 were washed with PBS and homogenized. The
post-nuclear supernatants were isolated and protein concentration determined. The TG
transfer activity of MTP was measured using ['“C]triolein as a substrate, as previously
described (5). Data are an average of two independent experiments.
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3.4. Discussion

Although the obligatory role of apolipoprotein B in hepatic VLDL assembly is well
known, neither the tertiary structure of apolipoprotein B nor modifications of the
structural element(s) within apolipoprotein B have been well characterized. Since both
apoB100 and the N-terminal 48% of full-length apoB100 have the ability to assemble
VLDL, the indispensable structural elements(s) required for VLDL assembly and
secretion are likely localized within apoB48. In this study, we have attempted to
determine the requirement of N-linked glycosylation at the N-terminus of apoB during
biogenesis of apolipoprotein B-containing VLDL in rat hepatoma McA-RH7777 cells.
The approach that was used to study the requirement and possible role(s) of N-linked
oligosaccharides of human apoB involved tunicamycin treatment and mutagenesis at
consensus N-linked glycosylation site(s) within C-terminally truncated human apoB

variants.

We observed close to 50% decrease in secretion efficiency of human apoB17
following N-to-Q substitution at a single glycosylation site (N'*®) within B17 (Fig.
3.1.3B). The B17 represents the amino-terminal B-al domain of apoB100 (38) that is
highly disulfide bonded and secreted as a lipid-poor form. (41). Although B17 itself is
unable to assemble neutral lipids to form lipoproteins, it has strong binding affinity
towards MTP (105, 241) and is essential for lipid recruitment mediated by downstream
lipid-binding sequences (104). Studies in vivo of patients with hypobetalipoproteinemia
(242) and cell culture studies with truncated forms of human apoB (40, 238) have

suggested that the ability to assemble VLDL lies between ~30% and ~40% of the
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apoB100 length, a region enriched with amphipathic f-strands (31). The observation that
loss of a single N-glycan in B17 results in impaired secretion of mutant B17N'*® (Fig.
3.1.3.) is striking, which indicates that the B-al domain structure not only requires
appropriate disulfide bonding (102, 106) but also N-linked oligosaccharides. The residue
N'% in apoB is conserved between apoB and MTP, and is immediately adjacent to a
disulfide bridge (C'*°-C'®® 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'*

-C'®) is believed to connect two B-strands within the amino-terminal B-barrel structure of

the B-al domain in human apoB (37). Although the current data suggest a significant role
of N'*® _glycan in B17, previous mutagenesis studies showed that loss of the adjacent
disulfide bond (C'** -C'%5) had no impact on the secretion of B29 (102, 106). Insights into

a functional role of the N'*® —linked glycan in B17 folding and stability have to await

structural information on the f-a1 domain.

Observations of differential sensitivity of recombinant apoB variants to tunicamycin
treatment and of decreased effect of N'*®-to-Q substitution on longer apoBs (B37 and
B48) could be interpreted by two alternate possibilities: (a) Increased lipid-binding ability
associated with increased length of recombinant apoB variants can offset the requirement
for N-linked oligosaccharides. (b) Since additional N-linked glycosylation sites are found
within N-terminal half of apoB, the differential sensitivity of the recombinant apoB
variants to tunicamycin treatment may reflect the requirement of N-linked
oligosaccharide at a particular site(s) within apoB. To distinguish between these two

alternatives we performed N-to-Q substitution at the other four N-linked glycosylation
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sites within B37, namely at N*%, N'**! N'3%® and N'*%. We observed a decrease (by
50%) in the secretion efficiency of B37 (Fig. 3.1.9.), suggesting that the lipid-binding
sequences downstream of B17 cannot offset the requirement of N-linked oligosaccharides
for B37 secretion efficiency. Furthermore, we also observed a similar decrease in the
secretion efficiency of BS50, which contains additional hydrophobic sequences
downstream of B37, when we performed N-to-Q substitution at all five glycosylation
sites within B50 (Fig. 3.1.10.). Thus, neither the lipid-binding sequences downstream of
B17 nor those downstream of B37 could offset the requirement of N-linked

oligosaccharide conjugation onto apoB.

It is noteworthy that N-to-Q substitution at any single N-glycan site within B37 had
marginal effect on its secretion, except for N'**. The loss of N'** in B37 not only
resulted in decreased secretion (although not to the same extent as in B37N'*814%) pyt
also affected electrophoretic mobility of B37N'** and B37N'**1% (Fig. 3.1.8.). At the

N'% is of particular significance to

moment we are unable to conclude definitively that
B37 structure, since aberrant electrophoretic mobility was not evident for mutant
BSON'*14%_Induced proteolysis as a result of loss of N-glycans has been reported for
the mutant of human transferrin receptor (239). The aberrant electrophoretic mobility of
B37N'*% and B37N'*%14% js likely due to proteolysis. Since the low molecular weight
species of B37N'*5'*% (designated B37N'5%'4% _x) was observed at the earliest time

point of labeling within the ER, the proteolysis likely occurred in the ER. The mechanism

for this loss of N-glycan induced proteolysis is currently unknown.
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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 B37 was gradually
impaired as the number of mutated N-glycan sites increased (Fig. 3.1.8B, right five bars
marked B37). These data support the notion that cooperative action of multiple N-linked
oligosaccharides takes place in the attainment of proper folding of the protein (185).
Additionally, the difference in the effect of N'**'%% mutation on electrophoretic mobility
between B37 and B50 is intriguing. It suggests that whatever has happened to B37N'%*
4% could be offset in BSO, apparently by acquisition of lipid-binding sequences
downstream of B37. The nature of this compensation is unclear. However, it suggests

strongly the existence of interplay between the lipid-binding sequences and N-linked

oligosaccharides in achieving efficient biosynthesis of apoB.

Current studies indicated that the lack of N-glycans not only impairs the efficient
secretion of the apoB polypeptide but also the assembly and secretion of the apoB-
containing lipoproteins. We used metabolic labeling followed by ultracentrifugation
methods to separate apoB-containing lipoproteins isolated from the microsomal lumen or
the medium of McA-RH7777 cells stably transfected with wild-type or glycosylation
mutants of B37 and B50. We observed that the lack of N-linked glycans not only
decreased the secretion of the lipid-poor lipoproteins (i.e. the HDL-like species
containing B37 or B50) but also compromised the association of B37 and B50 with
neutral lipids in forming VLDL (Figs. 3.2.1. and 3.2.3.). Hence, conjugation of N-linked
oligosaccharides to apoB represents an important pre-requisite for the assembly and

secretion of apoB-containing VLDL.
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Although the mechanism responsible for the impaired secretion of VLDL with
mutants B37 or B50 is currently unclear, it is noted that the lack of N-glycans exerts
different effects on the fate of these proteins. Pulse-chase experiments showed that while
the impaired secretion of mutant B37N!%814% (B17N'*® as well) was not accompanied
with intracellular accumulation (Figs. 3.3.44 and 3.3.2.), there was a prolonged
intracellular retention of nascent BSON'**'% (Figs. 3.1.104, 3.3.4B, and 3.3.5.). The lack
of an accumulation of B17N'® or B37N"'%¥"%% during chase is indicative of intracellular
degradation of these mutant proteins. The degradation of B17N'*® and B37N!%14% jg
unlikely mediated by proteasomes that have been implicated in co-translational
degradation of apoB100. Thus, including proteasomal inhibitors during continuous
labeling renders no increase in the incorporation of *° S-amino acids into B17N'*, even
though the inhibitor treatment does prevent co-translational degradation of endogenous

apoB100 in transfected cells (Fig. 3.1.4.).

However, that no BI7N'*® or B37N'%"'4% was accumulated in the ER suggests that
degradation, probably occurring in this compartment, preceded ER exit. In contrast, the
effect of loss of N-glycan on intracellular B50 was different from that on B17 or B37.
Under no circumstances have we observed rapid degradation of BSON'**'*% during the
chase. The prolonged retention of B50 within the secretory pathway suggests that amino
acid sequences between the carboxyl termini of B37 and B50 make the protein less
susceptible to degradation, even though these sequences cannot compensate for the
requirement of N-glycans for efficient lipid recruitment. However, although the use of

site-specific mutagenesis has allowed examination of the role of N-linked glycosylation
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of apoB more directly than the use of the chemical inhibitor tunicamycin, it remains to be
determined if the N-to-Q substitutions has caused gross structural changes that affects

apoB function independent of N-glycans.

The mechanisms responsible for rapid degradation of mutant B17, B37 and for the
ultimate degradation of mutant BS0 that is retained within the cells need to be defined
further. Recently, the existence of a dual mechanism for ER associated degradation of
misfolded proteins has been reported. Thus, while misfolded membrane proteins are
retained in the ER, misfolded soluble proteins are trafficked to the Golgi and then
retrieved back to the ER for degradation (193). In the case of apoB, a secreted membrane
protein, multiple degradation mechanisms have been postulated (79, 238). It will be of
interest to determine if apoB N-glycan mutants undergo ER exit and then retrograde
retrieval prior to the ER degradation. It will also be of interest to examine if the loss of N-
glycans in apoB affects apoB translocation and retrograde translocation across the ER

membrane.

MTP has been postulated to play a dual role of a chaperone that can facilitate apoB
folding and also a role in lipid recruitment by apoB (243). The reported thresholds in the
sensitivity of various truncated forms of apoB to MTP and in their requirement for MTP
(241) can potentially explain our conflicting results suggesting that loss of N-linked
glycosylation of apoB may be associated with changes in either the MTP mass or
activity. We observed increased mass of MTP in cells overexpressing the B17N'*® and

B37N"*'“% mutants, but not in cells overexpressing BSON'**'% (Fig. 3.3.6.). On the
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contrary, repeated MTP activity assays suggested increased triglyceride transfer activity
in cells overexpressing BSON'*314% but not BI7N'*® (Fig. 3.3.7.). We postulate that the
short apoB variants, e.g. B17, that do not have significant lipid-binding ability, require
MTP to act predominantly as a chaperone, and in turn, the effect of mutagenizing N'*®
within B17 may lead to an up-regulation of MTP mass. On the other hand, for variants
such as apoB50, the lipid-loading function of MTP may be more important than the role
of MTP as chaperone. Hence, the effect of mutagenizing N-linked glycosylation sites
within B50 may lead to, rather than changes in MTP mass, changes in the MTP activity,
as reflected by the increased triglyceride transfer. Further experiments are required to
determine whether this is the case and also, to determine whether loss of N-linked

oligosaccharides of apoB leads to modification of interaction between apoB and MTP.
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Chapter 4 The Role of Palmitoylation of Apolipoprotein B

4.1. Requirement of palmitoylation for the secretion of apolipoprotein B-containing
very low density lipoproteins

Earlier studies have demonstrated that apoB undergoes palmitoylation, a post-
translational modification whereby palmitate moiety is attached onto a free cysteine
residue of the polypeptide (20-23). ApoB100 contains nine free cysteine residues
available for palmitoylation. The role of palmitoylation of apoB was studied using site-

C'% within human C-terminally

specific mutagenesis of a single free cysteine at
truncated form of apoB, apoB29 (164). Studies using McA-RH7777 cells expressing
either wild type B29 or palmitoylation mutant of B29 suggested a role for palmitoylation
in lipoprotein assembly, since lack of palmitoylation at C'®° induced secretion of smaller
and denser B29-containing lipoproteins. In addition, these studies suggested a positional

role for palmitoylation in apoB trafficking, whereby lack of palmitoylation at C'%*

resulted in accumulation of mutant B29 in the Golgi compartments (164).

The C-terminally truncated B29 does not contain significant lipid-binding
sequences, and assembles into small, dense lipoprotein particles of HDL-like density.
Inability of apoB29 to form VLDL precluded the determination of the role of apoB
palmitoylation in VLDL assembly and secretion. We decided to examine the requirement
of apoB palmitoylation in the assembly and secretion of the apoB-containing VLDL
using an apoB variant that assembles VLDL, namely human apoB48. We raised the
following questions: (a) Does inhibition of B48 palmitoylation impair the secretion of the

apoB polypeptide? (b) How does the inhibition of B48 palmitoylation affect the assembly
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and secretion of B48-containing lipoproteins? (c) Does lack of palmitoylation alter the

intracellular distribution and localization of apoB48?

To address these questions, we treated McA-RH7777 cells stably expressing human
apoB48 with 2-bromopalmitate, an agent that has been shown to inhibit palmitoylation by
as yet unidentified mechanism (244). Following treatment with 2-bromopalmitate, the
apoB48-containing lipoprotein secretion profile was determined using immunoblotting
with 1D1 (Fig. 4.1.1.). We found that the treatment with 2-bromopalmitate completely

abolished the secretion of apoB48-containing VLDL (Fig. 4.1.1 bottom).

4.1.1. Palmitoylation is not required for secretion of human apolipoprotein B48-
containing very low density lipoproteins

To test the role of palmitoylation on secretion of the apoB-containing lipoproteins
more specifically, we used transfected McA-RH7777 cells expressing variants of human
apoB48 that contain C-to-S substitution at potential palmitoylation sites. We performed
progressive C-to-S substitution at four potential palmitoylation sites at cysteine residues
C'%, %, "%, and C'%%, respectively, within human B48 (Fig. 4.1.24). Media was
collected from McA-RH7777 cells stably transfected with wild type (B48wt) and mutant
B48s containing the C-to-S substitution (designated B48C'%®5, B48C'%513% B48C!%*
149 and B48C'®%163%) and the apoB signal was detected semi-quantitatively using
monoclonal antibody 1D1 specific for human apoB. The secretion of mutant B48s
containing C-to-S substitution in this experiment suggested that C-to-S substitution does

not impair secretion of the apoB polypeptide (Fig. 4.1.2B). The absence of palmitoylation
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in mutant apoB48 containing C'%*%%.t0-S substitution was confirmed using metabolic

labeling with [ #I}palmitate (Fig. 4.1.2C).

To test whether C-to-S substitution impairs secretion of the apoB48-containing
lipoproteins, experiments were performed in stable cell lines expressing B48wt or mutant
B48 containing C-to-S substitution. The medium was collected from the cells and
fractionated by ultracentrifugation in a sucrose density gradient. The B48 in each fraction
was detected using immunoblotting with monoclonal antibody 1D1 (Fig. 4.1.3.). No
decrease of B48-containing lipoproteins in either VLDL or HDL fractions was observed
in cells expressing mutant B48 containing either C-to-S substitution at a single

(B48C'*®) or at multiple sites (B48C'®**1**, B48C'®*'*"%, and B48C'**%%),

The effect of C-to-S substitution at all four palmitoylation sites within B48 was
confirmed using pulse-chase analysis (+ 0.4mM oleate) and fractionation by
ultracentrifugation in a sucrose density gradient (Fig. 4.1.44). The 353-B48 in each
fraction was detected using SDS-PAGE and fluorography. No inhibitory effect of C'%*
'63_to-S substitution on secretion of B48-containing VLDL lipoproteins was observed in
cells that were treated with oleate (Fig. 4.1.44). Similarly, immunoblotting of human
B48-containing lipoproteins following fractionation using ultracentrifugation in a KBr
gradient suggested no inhibitory effect of C'**%'%%3_t0-S substitution on secretion of B48-
containing VLDL lipoproteins (Fig. 4.1.4B). However, treatment with 2-bromopalmitate

almost completely abolished the secretion of apoB48C'%*'%*_containing VLDL (Fig.

4.1.4C). Whether the inhibition of apoB48-containing VLDL secretion is associated with
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the inhibition of apoB palmitoylation or with an altogether different intracellular action

elicited by using 2-bromopalmitate remains to be elucidated.

4.1.2. Palmitoylation is not required for intracellular transport of human
apolipoprotein B48

In light of evidence suggesting palmitoylation at C'®° might play a role in
regulation of apoB29 intracellular trafficking (164), we examined whether palmitoylation
plays a role in the intracellular distribution of apoB48. We determined the subcellular
distribution of mutant apoB containing C-to-S substitution using Nycodenz gradient
ultracentrifugation. The post-nuclear supernatant from cells stably transfected with
expression plasmid encoding human B48wt and B48C'®*'%% were isolated and
fractionated by ultracentrifugation using Nycodenz gradient (Fig. 4.1.5.). After SDS-
PAGE and transfer onto nitrocellulose membranes, the samples were immunoblotted with
anti-calnexin or anti-a-mannosidase II (a-MII) antibody to detect ER and Golgi markers,
respectively (Fig. 4.1.54), and with 1D1 to detect B48 (Fig. 4.1.5B). The reason for the
predominant localization of the B48 signal in the Golgi compartment, unlike that
observed for B100, B50, B37, or B17, which were mainly located in the ER, may be due
to high expression level of apoB in the apoB48-transfected cells. The intracellular
distribution of B48C' "' between ER and Golgi compartments was almost identical to

that of B48wt (Fig. 4.1.6).

To identify the cellular compartments corresponding to the distribution of B48wt

and B48C'®%1635 we performed indirect double immunofluorescence co-localization

114



studies. Confocal images showed that both B48wt and B48C'®°"'*® appeared as punctate
staining throughout the cell with high intensity near the perinuclear area (Fig. 4.1.6, left
panels labeled with /DI). Merge of fluorescence derived from apoB with that from
calnexin or a-mannosidase II showed substantial co-localization of apoB with the ER or
medial Golgi marker (Fig. 4.1.6). Thus, similar to results obtained using Nycodenz
gradient fractionation, the data from this experiment suggest that the loss of
palmitoylation of B48 was probably not associated with impaired intracellular

distribution of B48C'%85-1635,

4.1.3. Conclusion

In conclusion, the results from this preliminary study show no evidence for a
deleterious effect on the secretion of apoB48-containing VLDL or on the intracellular
distribution of apoB48 in the absence of palmitoylation following C-to-S substitution at
four potential palmitoylation sites within human apoB48. Hence, contrary to the proposed
role(s) of palmitoylation in apoB29-containing lipoprotein assembly and trafficking, our
studies demonstrate that palmitoylation may not be required for the assembly and

secretion of apoB48-containing VLDL or intracellular apoB48 distribution.
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FIG. 4.1.1. Effect of 2-bromopalmitate treatment on secretion of apolipoprotein B48-
containing VLDL from McA-RH7777 cells. Cells stably transfected with human B48wt
were pre-treated for 16 h (x 100 uM 2-bromopalmitate), and further incubated in media
supplemented with 0.4 mM exogenous oleate (+ 100 pM 2-bromopalmitate) for 4 h. The
medium was collected and fractionated by ultracentrifugation in a sucrose density
gradient. The B48 protein in each fraction was detected by 1D1 immunoblotting. The
experiment was performed once.
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FIG. 4.1.2. Schematic diagram, expression, and palmitoylation of apolipoprotein B48
variants containing C-to-S substitution. 4, the top line depicts the location of free and
disulfide bonded cysteine residues within human apoB100. The bottom lines depict
mutant B48 that contain C-to-S substitution at cysteine residues C'*° C'*%, C'*", and
C'%%, respectively. B, cells were stably transfected with human B48wt or mutant B48
containing C-to-S substitution. Expression of recombinant human apoBs was verified by
immunoblotting of the conditioned media using monoclonal antibody 1D1. C, non-
transfected McA-RH7777 cells (control), and cells stably transfected with expression
plasmids encoding human B48wt or B48C'®1%% were labeled with ['®Ipalmitate as
described previously (164). Top, conditioned media was immunoprecipitated for apoB
proteins, resolved by SDS-PAGE, and subjected to fluorography. Bottom, expression of
apoBs was verified by immunoblotting of the conditioned media using 1D1. The
experiment was performed once.
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FIG. 4.1.3. Lack of palmitoylation did not impair secretion of apolipoprotein B48-
containing VLDL. Cells stably transfected with human B48wt or mutant B48 containing
C-to-S substitution were incubated for 4 h in DMEM media (20% serum) supplemented
with 0.4mM exogenous oleate. The medium was collected and fractionated by
ultracentrifugation in a sucrose density gradient. The B48 proteins in each fraction were
detected by 1D1 immunoblotting. Data are representative of five independent
experiments using stable clones expressing different levels of apoB48.
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FIG. 4.1.4. Apolipoprotein B48-containing Ii})o!)rotein secretion profile. 4, cells
stably transfected with human B48wt or B48C'%"'%%5 were pulse-labeled with **S-amino
acids (200 uCi/ml) for 1 h, and chased for 2 h in the presence of 0.4 mM oleate. The
medium was collected at the end of chase and fractionated by ultracentrifugation in a
sucrose density gradient. The *°S-B48 in each fraction was detected using SDS-PAGE
and fluorography. B, conditioned medium was collected from cells stably transfected
with human B48wt or B48C'®5'%% and fractionated by ultracentrifugation using KBr
gradient. The B48 protein in each fraction was detected by 1D1 immunoblotting. C, cells
stably transfected with human B48C'®*'®*® were pre-treated for 16 h (= 100 uM 2-
bromopalmitate), and further incubated in media supplemented with 0.4 mM exogenous
oleate (= 100 uM 2-bromopalmitate) for 4 h. The medium was collected and fractionated
by ultracentrifugation in a sucrose density gradient. The B48 protein in each fraction was
detected by 1D1 immunoblotting. The experiments were performed once.
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FIG. 4.1.5. Lack of palmitoylation did not affect intracellular distribution of
apolipoprotein B48. Cells (100-mm dish, 80% confluent) stably transfected with human
B48 or B48C'®*'® were washed with PBS and homogenized. The post-nuclear
supernatants were isolated and fractionated by ultracentrifugation in a Nycodenz
gradient. Aliquots were resolved by SDS-PAGE, transferred to nitrocellulose membranes,
and subjected to immunoblotting. 4, immunoblotting using anti-calnexin or anti-a-
mannosidase II (a-MII) antibody. B, immunoblotting with monoclonal antibody 1D1
specific for human apoBs (insets). The intensity of apoB on immunoblots was semi-
quantified by scanning densitometry. Data are presented as “% maximum value” in
which 100% corresponds to the highest value. The experiment was performed once.
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FIG. 4.1.6. Lack of palmitoylation did not affect intracellular localization of
apolipoprotein B48. Cells stably transfected with human B48wt or B48C'%5-1635 were
plated on cover slips, fixed, and permeabilized. Monoclonal antibody 1D1 was used to
probe the recombinant human apoB with goat anti-mouse IgG Alexa Fluro 488 conjugate
as secondary antibody. The ER and Golgi were probed with anti-calnexin and anti-a-
mannosidase II antibodies, respectively, with Alexa Fluro 594 conjugated anti-rabbit IgG
as secondary antibody. The images were captured using the MRC-1024 laser scanning
confocal imaging system. Data are representative of two independent experiments with
similar results.
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4.2. Discussion

While the role of palmitoylation has been studied extensively in proteins with
signal-transducing function, its involvement in the structure or function of apolipoprotein
B has not been well characterized. To date, only one study has been performed
addressing the role of palmitoylation in apoB biogenesis by using site-directed mutation
of a single palmitoylated cysteine (Cys'®’) within the C-terminally truncated human
apoB29 to prevent palmitoylation (164). The results of this study suggested a dual
function of palmitoylation in regulating proper lipid recruitment and assembly into dense
apoB29-containing lipoproteins but also in regulating the intracellular positioning of
apoB29 (164). Thus, it was shown experimentally that the non-palmitoylated apoB29
accumulated in the Golgi and that the apoB29-containing lipoproteins that were secreted

were smaller and denser than those of the wild-type palmitoylated apoB29.

Since apoB29 can only assemble dense lipoproteins of HDL buoyancy, it could not
offer the opportunity to study the role of palmitoylation in the assembly and secretion of
the apoB-containing VLDL. We hypothesized that if palmitoylation plays a role in
assembly and secretion of apoB-containing VLDL, apoB forms that have the ability to
recruit bulk TG would be more suitable than B29. It has been well documented that the
naturally occurring truncated form of apoB, namely B48, has the ability to form VLDL in
the rat liver. Thus, we used a rat hepatoma cell line that has been stably transfected with
human apoB48 in the current study to address the requirement of palmitoylation in

VLDL assembly and secretion.
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Treatment of stably transfected McA-RH7777 cells expressing human apoB48 with
2-bromopalmitate, a palmitic acid analogue shown to irreversibly block palmitoylation of
proteins (244), was used initially to address the requirement of palmitoylation of apoB in
VLDL assembly and secretion. Impaired secretion of human apoB48-containing VLDL
from stably transfected McA-RH7777 cells as a result of 2-bromopalmitate treatment
(Fig. 4.1.1.) prompted us to further verify and study the requirement of palmitoylation in
VLDL using site-directed mutagenesis of potentially palmitoylated cysteines within
apoB48. Contrary to results obtained following treatment with 2-bromopalmitate, we
observed no impairment in the secretion of apoB48-containing VLDL from McA-
RH7777 cells expressing apoB48 forms containing C-to-S substitution (Fig. 4.1.3).
Additional studies using 2-bromopalmitate treatment of McA-RH7777 cells expressing
B48C'%>163 resulting in impaired secretion of apoB48C'®'5_containing VLDL (Fig.
4.1.4C.) suggested that treatment with 2-bromopalmitate may elicit unknown intracellular
effects that are unrelated to the loss of palmitoylation and that lead to impaired assembly
and secretion of VLDL. Supplementation of McA-RH7777 cells with palmitate has been
shown to decrease VLDL production (personal communication). Thus, the effect
observed following treatment with an analogue of palmitate, 2-bromopalmitate, may be
similar to that observed following supplementation of McA-RH7777 cells with palmitic

acid.
Site-directed mutagenesis was performed at four potentially palmitoylated cysteines

within human apoB48 (Cys'®, Cys"**, Cys'"", and Cys'®*), using cysteine-to-serine

substitution at individual or multiple sites. While apoB29 contains a single palmitoylated
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cysteine (Cys'®"), apoB48 contains additional three cysteines that are likely available for
palmitoylation (164). Of note, the surrounding amino acid residues for three of these
cysteines are very similar (LCS'®°D, LSC"**D, and LSC'Y"°Q), suggesting the presence
of a potential recognition motif. We did not determine whether each one of the four free
cysteines is palmitoylated. However, the absence of palmitoylation was verified using
metabolic labeling with the ['*I]palmitate analogue in McA-RH7777 cells stably
transfected with the palmitoylation mutant of apoB containing C-to-S substitution at all
four cysteine residues, B48C!%%1635 (p ig. 4.1.2C). That loss of palmitate(s) of apoB is not
associated with impaired secretion of apoB48-containing buoyant VLDL from cells
expressing each of the generated palmitoylation mutants was confirmed (Fig. 4.1.2.) and
further verified by results from other experiments (Fig. 4.1.4). That the lack of
palmitoylation does not lead to an up-regulation rather than an impairment of VLDL
secretion was assessed using pulse-chase analysis showing similar secretion efficiency of

the nonpalmitoylated apoB48 compared to that of B48wt (data not shown).

Using Nycodenz gradient ultracentrifugation to fractionate apoB in ER and Golgi
compartments, we observed no change in the distribution of nonpalmitoylated apoB48
compared with B48wt (Fig. 4.1.5.). This was confirmed using immunofluorescence
studies with stably transfected McA-RH7777 expressing similar levels of B48wt or
nonpalmitoylated mutant. Both B48wt and B48C'%%1535 were found co-localized with the
specific markers of the ER and Golgi (Fig. 4.1.6.) and no abnormal accumulation either

in the ER or Golgi was observed for the apoB48C'*®°'%** mutant. Hence, contrary to the
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previous study, our results suggest that palmitoylation of apoB has no effect on

intracellular distribution of apoB.

What role does palmitoylation of apoB play? An important yet unsolved issue in the
field of VLDL assembly and secretion is how the membrane-associated lipoprotein
precursor particles recruit lipid and eventually “fall-off’ the membrane as mature,
soluble, lipid-loaded lipoprotein particles that are secretion competent. The fatty acids
conjugated onto apoB may be the link that regulates the association/dissociation of the
apoB-containing lipoproteins with the membrane. Furthermore, it is not clear whether
apoB has a signaling function(s) or whether it interacts with other signaling proteins. It
may be possible that palmitoylation of apoB plays a role in the distal intracellular
compartment(s), i.e. at the vicinity of the plasma membrane, mediating the association of

apoB-containing lipoproteins with signaling proteins.
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Chapter § Concluding Remarks and Future Considerations

The major findings in this study are: (a) The presence of conjugated N-linked
oligosaccharides at the N-terminus of human apoB is required for efficient secretion of
the apoB polypeptide. The N-linked oligosaccharides conjugated to apoB are of greater
importance in the regulation of efficient apoB secretion than are the lipid-binding
sequence(s) present within apoB. (b) Cooperative action of N-linked oligosaccharides at
multiple N-linked glycosylation sites within apoB is required for efficient secretion of
apoB. However, the altered electrophoretic mobility of B37N'*% and B37N'*®!4% and
decreased secretion efficiency of B37N'** (although not to the same extent as in
B37N"%'%) suggest that the presence of N-linked oligosaccharide at N'** may be of
particular significance to B37 structure and function. (c) Conjugation of N-linked
oligosaccharides to apoB is required for efficient assembly and secretion of the apoB-
containing VLDL particles. (d) The N-linked oligosaccharides may play a role in
regulation of the apoB conformational stability, since the absence of N-linked
oligosaccharides leads to likely targeting of apoB for rapid, in case of the apoB17 and
apoB37, or slow, in the case of apoB50 variant, degradation. (¢) Palmitoylation of the

human apoB48 is not required for assembly and secretion of the apoB-containing VLDL.

In conclusion, our studies on the role(s) of two post-translational modifications of
human apolipoprotein B, namely N-linked glycosylation and palmitoylation,
demonstrated the requirement of conjugated N-linked oligosaccharides to apoB but not of
the other post-translational modification, the apoB palmitoylation, for proper assembly

and secretion of VLDL. The hepatic VLDL assembly and secretion is a complex process,

126



which seems to involve multiple factors besides apoB and lipids. The absence of N-
linked glycosylation, as shown in the current study, results in a decrease of up to 50% in
secretion efficiency of the apoB polypeptide. Furthermore, a greater than 50% decrease in
the secretion of apoB50-containing VLDL is observed from McA-RH7777 cells whose
secretion of buoyant apoB50-containing VLDL particles under oleate-stimulated
conditions represents 10-20% of the total secreted lipoprotein pool. If the presence of N-
linked oligosaccharide conjugation to apoB is required for efficient assembly of VLDL,
why the loss of the N-linked glycans did not completely impair VLDL assembly and
secretion? Taking into account the multifactorial nature of the VLDL assembly process
(Table I), the focus of our study has been on the functional requirement of a single factor,
namely the N-linked oligosaccharides of apoB, of the many, both known and unknown,
factors involved in VLDL assembly. Hence, the contribution of these other factor(s) is
likely involved in regulating the half-normal secretion efficiency of the non-glycosylated
apoB polypeptides and also the assembly and secretion of the small percentage of the

non-glycosylated apoB-containing VLDL particles.

What role(s) does conjugation of N-linked oligosaccharides to apoB play? The
underlying mechanism involved may be complex and may involve changes of apoB
folding and/or structure in the absence of N-linked glycans, with little available strategy
for further dissecting the molecular basis for perturbed lipoprotein assembly. Some
evidence was provided that non-glycosylated apoB may be a likely target of rapid (or
slow) degradation. Limited evidence also pointed at a possible change in the association

of the non-glycosylated apoB with its suggested chaperone and facilitating factor in lipid
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recruitment, MTP, with observations of altered intracellular activity or abundance of
MTP in cell expressing the non-glycosylated apoB. The presence of N-linked
oligosaccaharides on the surface of many proteins has been suggested necessary for
regulation of the interaction between the newly synthesized proteins and the ER quality
control chaperones (i.e. calnexin and calreticulin), and in turn, for the facilitation of
correct folding of newly synthesized glycoproteins. The determination of the possibly
similar function of N-linked oligosaccharides present on the surface of apoB has been
impeded by the lack of tools that could be used to monitor apoB folding. However, it has
been shown recently that the interaction of newly synthesized apoB with calnexin
requires glucose trimming (182) and that multiple chaperones, including BiP, calreticulin,
and GRP94 interact with apoB during its maturation (181). Moreover, molecular
chaperones were identified in the VLDL-containing fractions within the lumen of the
microsome (107), all suggesting that the postulated role(s) of N-linked oligosaccharides
conjugated to proteins may extend to N-linked oligosaccharides of apoB. We postulate
that the N-linked oligosaccharides of apoB are required for the regulation of the
biogenesis of the apoB-containing lipoproteins by the intracellular quality control
mechanisms, and we envisage that the loss of N-linked glycans of apoB may activate the
following: (1) misfolding of apoB. (2) altering of the interaction between apoB and
molecular chaperones such as MTP, calreticulin, and BiP. (3) transient intracellular
retention of apoB. (4) impaired secretion of apoB due to targeting of non-glycosylated

apoB for degradation.
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Some of the unanswered questions from the current study include: How are the
folding and/or structure of apoB affected in the absence of N-linked glycosylation? How
does the presence of the N-linked oligosaccharides to apoB influence the conformational
stability of apoB? What is the mechanism by which N-linked oligosaccharides of apoB
play a role in the intracellular quality control mechanisms? Does lack of N-linked
glycosylation trigger interaction of the non-glycosylated apoB with molecular
chaperones, and if so, what are the consequences of this interaction? How does the
absence of N-linked oligosaccharide lead to impaired VLDL assembly and secretion?
Once useful tools are readily available to monitor the apoB folding as well as the
interaction between apoB and molecular chaperones, the McA-RH7777 cells expressing
various glycosylation mutants of apoB generated in the current studies can serve as a

useful system to address these questions.

While our studies demonstrated a requirement for modification of apoB with N-
linked oligosaccharides for VLDL assembly and secretion, no requirement in this process
was observed for the modification of apoB with palmitate. At this point, it is unclear
whether all of the post-translational modifications found associated with the apoB
biosynthesis must have a function. Is it possible that apoB is palmitoylated for no reason?

On the other hand, is it possible that palmitoylation of apoB plays a yet unidentified role?
If palmitoylation of apoB is not required for assembly and secretion of VLDL, what

role(s) (if any) does it play? The proposed role of palmitoylation in regulation of the

affinity of signaling molecules for membranes and targeting of many signaling molecules
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to the signaling depots at the plasma membrane, suggests that palmitoylation may be an
important post-translational modification for intracellular event(s) occurring at the
vicinity of the plasma membrane. The intracellular event(s) preceding the secretion of the
assembled apoB-containing lipoproteins from cells have not been well characterized. Is
secretion of the assembled apoB-containing lipoproteins regulated? If so, what is the
trigger for release of apoB-containing lipoproteins from cells? How do the apoB-
containing lipoproteins traffic from the distal Golgi compartment of the cell to reach the
outside of the cell? In light of evidence that apoB is phosphorylated, another important
unanswered question is whether apoB is a signaling molecule? If so, what proteins (if
any) interact with apoB at the vicinity of distal Golgi and plasma membrane?
Considering that no answers are yet available to these questions, we envisage that
palmitoylation of apoB may play a role in the intracellular events occurring in the distal
intracellular compartments. Hence, the McA-RH7777 cells expressing various
palmitoylation mutants of apoB could possibly be used in the future studies to address

these questions.

The contributions of the current studies represent an increase in the understanding
of the complicated metabolic process of VLDL biogenesis. Innovative approaches will be
necessary in the future studies in order to delineate the complete mechanism responsible
for VLDL assembly. Understanding the mechanism responsible for the biogenesis of
apoB-containing VLDL should lead to important new insights in biochemistry and also,

to significant medical implications.
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Chapter 6 Appendix

6.1. Structure-function studies of the LDL receptor-related protein

Human LDL receptor-related protein (LRP) is a type I membrane protein consisting
of 4522 amino acids. The extracellular domain of LRP is comprised primarily of three
structural modules: (i) the class A ligand-binding repeats clustered in four domains, (ii)
the EGF-like precursor repeats, and (iii) YWTD B-propellers (Fig. 6.14) (245). LRP is
synthesized as a 600-kDa proreceptor that undergoes post-translational processing
yielding a non-covalently associated a (515 kDa) and B (85 kDa) dimer (246). LRP has
been implicated as a receptor for chylomicron remnants. Other studies have suggested
that LRP also binds to multiple ligands including apoE-enriched M-VLDL,
protease/protease inhibitor complexes, lipases, lactoferrin, B-amyloid precursor protein,
and a 39-kDa protein termed receptor associated protein (RAP) (247). Sequence elements
within LRP that are responsible for the multifunctionality of LRP have not been
delineated, mainly because antibodies that can specifically block ligand binding to LRP
are unavailable. We wanted to delineate those functional sequence elements within the

human and chicken LRP using blocking antibodies.
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6.2. Materials and methods

Materials — A synthetic scFv library #1 was provided by Dr. G. Winter (MRC Center for
Protein Engineering, Cambridge). Subcutaneous adipose tissue was obtained from human
subjects undergoing reduction mammoplasty surgery at Ottawa Civic Hospital.
Dulbecco’s modified Eagle’s medium (DMEM), fetal calf serum (FCS), and antibiotics
were obtained from Invitrogen. Pre-tested polyethylene glycol (PEG), hypoxanthine,
aminopterine, thymidine (HAT) powder, and myeloma cells (SP2/0) were obtained from
the American Type Culture Collection (ATCC). Reagents for polyacrylamide gel
electrophoresis (PAGE), and nitrocellulose membrane were obtained from Bio-Rad.
Octyl-glucopyranoside was obtained from Sigma/Aldrich. ProMix™ (a mixture of
[**S]methionine and [**S]cysteine, 1000 Ci/mmol), Sepharose CL-4B and glutathione-
sepharose beads, peroxidase-conjugated anti-mouse and anti-rabbit immunoglobulin G
antibody, reagents for enzyme-linked immunosorbent assay (ELISA), and Amplify were
obtained from Amersham/Pharmacia. Leupeptin, enhanced chemiluminescence (ECL)
immunoblot detection system, and tunicamycin were obtained from Roche. Freund’s
complete and incomplete adjuvant, and a double hub emulsification needle were obtained
from Cedarlane Laboratories Limited. The polyclonal anti-LDL receptor-related protein

antiserum was a gift of G. Bu (Washington University School of Medicine, St. Louis).
Expression and Purification of Recombinant GST-RAP Expression Plasmid from E.coli —

The fusion protein of glutathione-S-transferase and receptor-associated protein (GST-

RAP) was expressed in bacteria and purified using a previously published method (247).
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Purification of LDL-receptor Related Protein from Adipose Tissue — Human or chicken
adipose tissue (100 g) was homogenized in homogenization buffer (TBS, (50 mM Tris-Cl
pH 7.4, 150 mM NaCl), 1% octyl-glucopyranoside, 2 mM CaCl,, 5 uM leupeptin) for 60
seconds in a blender. The homogenate was subjected to centrifugation at 7, 000 rpm (4
°C, 20 min). The homogenate supernatant, extracted from the buoyant fat pellet using a
60cc syringe, was passed over a gel filtration column of Sepharose CL-4B (total volume
100 ml). The flow-through was incubated for 16 h at 4 °C with approximately 16 mg
purified GST-RAP immobilized to glutathione-sepharose. LRP was purified from the
homogenate supernatant using recombinant GST-RAP as a ligand for affinity
chromatography on glutathione-sepharose and additional gel filtration column (Sepharose
CL-4B) in order to minimize co-elution of GST-RAP with LRP. The column was washed
with approximately 100 ml of the homogenization buffer), and LRP was eluted using 40
ml of the elution buffer (TBS, 20 mM EDTA, 1 % octyl-glucopyranoside, pH 3.58).
Purification of LRP was verified by subjecting aliquots of each elution fraction to 3-8 %
SDS-PAGE followed by coomassie staining or immunoblotting with polyclonal anti-
human LRP antibody. Pooled elution fractions were dialyzed in 2 mM ammonium

bicarbonate, and purified LRP was concentrated to approximately 0.1 mg /ml.
Generation of ScFv Fragments Specific for LDL Receptor-related Protein — A synthetic

phage display library (repertoire ~10%) was screened for anti-LRP specific scFv

fragments, using a previously published method (248).
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Generation of Polyclonal Anti-human LDL Receptor-related Protein Antibody — The
rabbit anti-human LRP polyclonal antiserum was obtained using standard immunization
protocols. Prior to immunization, pre-immune serum was obtained from two healthy
rabbits, designated as Emily and Theodore. Primary immunization involved
intramuscular injection of a total of 0.25 ml purified LRP mixed with 0.25 ml Freund’s
complete adjuvant into three sites followed by booster injection two months after of
antigen in Freund’s incomplete adjuvant. Samples of the serum were collected using an
ear vein test bleed two weeks after the injection to check for the production of anti-LRP
specific antibodies by ELISA. After a second booster injection the titer of the antibodies
was tested using ELISA. The rabbits were exsanguinated by coronary artery

catheterization, and serum was stored in aliquots containing 0.1% azide at -80 °C.

Analysis of LDL Receptor-related Proteins- The LRP immunoprecipitated using
polyclonal anti-human LRP antibody was recovered using protein A-Sepharose CL-4B.
LRP proteins were eluted from the beads, and subjected to electrophoresis on 3-8% (w/v)
gradient polyacrylamide gels with 0.1% (w/v) SDS. For radiolabeled LRP proteins, the
gels were treated with Amplify for 30 min, dried, and LRP was detected by fluorography.
For non-radiolabeled LRP, total protein from post-nuclear supernatant of HepG2 cell
extracts was subjected to electrophoresis. After electrophoresis, LRP proteins were
transferred onto nitrocellulose membranes at 125V for 6 h with a transfer buffer (190 mM
glycine, 25 mM Tris base, 20% methanol) at —10 °C, and detected by immunoblotting

with polyclonal anti-LRP antibody.
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Protein Metabolic Labeling — HepG2 cells were pretreated in the presence or absence of
5 ug/ml tunicamycin for 3 h, labeled with [**S]methionine/cysteine (200 pCi/ml) for an
hour, and chased for up to 6 h in the presence or absence of tunicamycin treatment. At
different time points of the chase, cell-associated LRP was immunoprecipitated using

polyclonal anti-LRP antibody, analyzed by SDS-PAGE and fluorography.

Generation of Monoclonal Anti-LDL Receptor-related Protein Antibodies — Purified
human and chicken LRP were used as antigens for immunization of mice by
intraperitoneal injection of 100 pg LRP in 100 ul of PBS emulsified in 100 pl complete
Freund’s adjuvant. At intervals greater than a month, mice were given two intraperitoneal
booster injections with LRP emulsified in incomplete Freund’s adjuvant. Three days
before fusion, mice were injected intravenously with 10 pug of LRP in 100 ul PBS.
Splenocytes isolated from an immunized mouse were fused with myeloma cells (SP2/0)
using PEG, according to standard procedure. Generated hybridomas were screened for
their reactivity against purified LRP using ELISA. Monoclonality of antibodies was
ensured following three rounds of subcloning of hybridomas tested positive against
human LRP. Multiple clones of anti-chicken LRP specific monoclonal antibodies were

frozen in aliquots at —120 °C.
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6.3.1. Novel method for purification of the human and chicken LDL receptor-

related protein

Standard protocols for LRP purification take advantage of rat liver or human
placenta as a source of LRP. Availability of significant amount of pure LRP from these
tissues has been hampered by the relatively poor yield of LRP following purification
using affinity chromatography with ligands, such as a2-M or RAP, and also by the co-

purification of RAP with LRP.

We developed a novel method to purify LRP from human and chicken adipose
tissue using recombinant GST-RAP affinity chromatography. Using human or chicken
adipose tissue extracts, purification was achieved through binding of LRP to a
recombinant GST-RAP fusion that is immobilized to glutathione-sepharose. LRP was
eluted from the affinity column using 20 mM EDTA at pH 3.6 (Fig. 6.1B). The purity of
the human LRP (mainly the 515-kDa o chain) was demonstrated by coomassie blue
staining of the receptor resolved by SDS-PAGE (Fig. 6.1B). Even though RAP co-eluted
with LRP, the peaks of elution of LRP and GST-RAP were resolved using a simple
Sepharose 4B cushion. The Sepharose 4B cushion acting as gel filtration column
separated the peaks of elution of the larger LRP proteins with that of smaller GST-RAP.
Using approximately 100 g of adipose tissue, this method of purification yielded
regularly between 300-800 pg of purified LRP. Thus, this method represents a good

purification procedure for obtaining high amounts of relatively pure LRP.
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6.3.2. Generation of human and chicken anti-LDL receptor-related protein specific
antibodies using phage display, polycional, and monoclonal techniques

We wanted to generate blocking antibodies using purified LRP as an antigen or a
“bait” and taking advantage of multiple available technologies, such as those of phage
display, rabbit immunization for generation of polyclonal antibodies, as well as mouse
immunization for generation of monoclonal antibodies. Screening for anti-human LRP
antibodies using phage display technique was conducted, however, the obtained antibody

fragments were of moderate binding affinity towards LRP (data not shown).

Purified human LRP was used as antigen for rabbit immunization. Antibody titers
were determined following immunoassays by ELISA (Fig. 6.2.). The reactivity of the
antiserum was tested in uncoated plates or plates coated with 5 pug/ml bovine serum
albumin, GST-RAP, or purified LRP. The results of ELISA suggested the presence of a
titer of antibodies, in sera of both immunized rabbits, that are not specific for bovine
serum albumin, but have strong reactivity against both LRP (ECs; of 1/32,000) and RAP
(ECso of 1/8,000) (Fig. 6.2.). The reactivity of the antiserum against RAP can be
explained by the likely presence of co-purified RAP in the preparations of LRP used for

injections.

The generated polyclonal anti-human LRP antiserum from both rabbits was used to
detect purified LRP by immunoblotting following reducing SDS-PAGE (Fig. 6.34).
Newly generated polyclonal anti-human LRP antiserum was as good of a tool as

previously available anti-human LRP antibody in detecting small amounts of LRP
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present in elution fraction aliquots during subsequent purifications (Fig. 6.3B). Using
immunoblotting weak reactivity of the polyclonal anti-human LRP antiserum was

observed towards the non-covalently associated 85 kDa subunit of LRP (data not shown).

That the newly generated anti-LRP antibody is a good experimental tool was shown
further following metabolic labeling conducted using human HepG2 cells to determine
the effect of tunicamycin on post-translational stability of LRP. The newly generated
antibody reacted with glycosylated and non-glycosylated LRP, as demonstrated by
immunoprecipitation of pulse-labeled LRP from total cell lysate during chase (Fig. 6.3C).
The results of this experiment suggested longer half-life of tunicamycin-treated, i.e. of
the non-glycosylated LRP (¢ of more than 6 h) compared with that of wild type,
tunicamycin-untreated LRP (¢% of 4 h). Thus, using tunicamycin treatment to inhibit N-
linked glycosylation possibly induced intracellular retention with targeting of LRP
degradation. Furthermore, the obtained antibody has been a useful tool for
structure/function studies of LRP in which the kinetics of intracellular trafficking of wild

type and mutant LRP were determined (data not shown).

Our novel purification procedure was used to purify LRP also from chicken adipose
tissue. Both the purified human and chicken LRP were used as antigens for immunization
of mice. Samples of serum were obtained from mice immunized with either human LRP
(Fig. 6.44) or chicken LRP (Fig. 6.4B) and immunoassays were performed using ELISA.
Reactivity of the serum was tested against against bovine serum albumin, GST-RAP, or

purified LRP. The mouse showing highest titer of LRP-specific antibodies was sacrificed,
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and the spleen was used for fusion and generation of hybridomas that were subsequently
tested for reactivity against LRP. At least two hybridoma clones, designated 3E4 and
9B1, were found to react with LRP isolated from HepG2 cell extract using
immunoblotting (Fig. 6.4C). More than 90 frozen hybridomas showing specificity against
LRP using ELISA immunoassays remain to be tested for secretion of potential

monoclonal antibodies specific for chicken LRP.

6.4. Concluding remarks

We have developed an improved method for purification of the LDL-receptor
related protein from human or chicken adipose tissue. Purified LDL receptor-related
protein (LRP) was used as antigen for generation of antibodies using phage display,
polyclonal and monoclonal techniques. While phage display did not yield scFv fragments
of adequate affinity towards human LRP, the generated polyclonal antibody was shown
to be a useful tool in studies of LRP structure and function. In addition, multiple clones of
monoclonal antibodies against human or chicken LRP have been generated, and

characterization of their specificities awaits determination.

LRP is a multifunctional receptor that binds multiple ligands. To date, ligand-
binding sites on LRP have not been well defined. The generated antibodies specified
above may serve as useful tools in the future studies to help delineate ligand-binding sites
on LRP. Furthermore, these antibodies can be used in a facet of studies regarding
different aspects of LRP biogenesis, including analysis of the LRP structure, function(s),

and intracellular metabolism.
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FIG. 6.1. Novel method for purification of LDL receptor-related protein from
adipose tissue. 4, schematic diagram depicts the modular structure of LRP. B, LRP was
purified from human adipose tissue using GST-RAP affinity chromatography. The
purification of the human LRP, mainly the 515-kDa a chain, was resolved by coomassie
blue staining of the receptor following SDS-PAGE (enclosed box). Data are
representative of five purification experiments with similar results.
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FIG. 6.2. The specificity of the polyclonal anti-human LDL receptor-related protein
antibody. Immunoassays were performed using sera isolated from two immunized
rabbits, Emily and Theodore, by ELISA. Plates (96-well) were coated for 16 h with 5
pg/ml bovine serum albumin, GST-RAP, or purified LRP. The plates were incubated for
90 min at 37 °C in 8 doubling dilutions of the newly generated antiserum in dilution
buffer, starting at a dilution of 1/250. Anti-rabbit HRP-conjugated IgG was used as
secondary antibody for 90 min at 37 °C, followed by incubation with 1 x ABTS solution.
After 30 min, the ABTS-HRP reaction was read using microtiter plate reader set at 415
nm. The experiment was performed twice with similar results.
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FIG. 6.3. Reactivity of the polyclonal anti-human LDL receptor-related protein
antibedy. A4, aliquots of purified human LRP were subjected to SDS-PAGE, transferred
to nitrocellulose membranes, and probed using 1/2000 dilution of the antiserum obtained
from two immunized rabbits, Emily or Theodore. B, LRP was purified from human
adipose tissue. Aliquots of elution fractions were subjected to SDS-PAGE, transferred to
nitrocellulose membranes, and probed using previously available polyclonal anti-LRP
antibody (top) or newly generated polyclonal anti-human LRP serum (bottom). C, HepG2
cells were pre-treated for 3 h (+ 5 ug/ml tunicamycin), pulse-labeled with **S-amino
acids (200 uCi/ml) for 1 h, and chased for up to 6 h (+ 5 pg/ml tunicamycin). Cell-
associated *°S-LRP during chase was immunoprecipitated using polyclonal anti-human
LRP antibody, resolved by SDS-PAGE, and visualized by fluorography (insets). The
recovery of cell-associated **S-LRP during chase was presented as “% of initial counts”
that associated with cell LRP at the end of pulse. The experiment was performed once.
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FIG. 6.4. Reactivity of the monoclonal anti-LDL receptor-related protein antibody.
A, immunoreactivity of monoclonal anti-human LRP sera obtained from three immunized
mice; mouse #l (open ovals), mouse #2 (red ovals), and mouse #3 (closed ovals).
Immunoassays were performed using ELISA. Plates (96-well) were coated for 16 h with
purified LRP and incubated in 8 doubling dilutions of the antiserum buffer, starting at a
dilution of 1/40. Plates (96-well) were also coated for 16 h with 5 ug/ml bovine serum
albumin or GST-RAP, and incubated in 8 doubling dilutions of the antiserum buffer
(mouse #2) starting at a dilution of 1/40. Anti-mouse HRP-conjugated IgG was used as
secondary antibody. The ABTS-HRP reaction was read using microtiter plate reader set
at 415 nm. The experiment was performed twice with similar results. B,
immunoreactivity of monoclonal anti-chicken LRP serum obtained from three
immunized mice. The experiment was performed twice with similar results. C, HepG2
cells (100-mm dish, 80% confluent) were washed with PBS and homogenized. The post-
nuclear supernatants were isolated. Aliquots in triplicate were subjected to SDS-PAGE,
transferred to nitrocellulose membranes, and probed using anti-human LRP monoclonal
antibodies, 3E4 and 9B1. Data are representative immunoblots from three experiments
with similar results.
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