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Abstract

The role of apolipoprotein B (apoB) and microsomal triglyceride transfer protein
(MTP) in hepatic triglyceride (TG)-rich very low density lipoprotein (VLDL) assembly
has been investigated. Rat hepatoma McA-RH7777 cells were used to characterize
structural determinants within apoB that are required for VLDL assembly/secretion, and
to define mechanisms through which MTP facilitates VLDL assembly/secretion.
Working with McA-RH7777 cells stably expressing recombinant human apoB100
(representing the full-length apoB) and various carboxyl-terminally truncated apoB
proteins, we found that the apoB forms equal to or shorter than apoB29 (representing the
amino-terminal 29% of the full-length apoB) were unable to assemble VLDL, whereas
those equal to or longer than apoB34 could. Detailed biochemical analysis using
apoB100- and apoB48-transfected cells revealed that assembly of VLDL, irrespective of
the apoB length, was achieved through the same general pathway. Three notable features
associated with the VLDL assembly process in McA-RH7777 cells were: (a) VLDL
assembly was absolutely dependent upon exogenous oleate, (b) VLDL assembly was
achieved post-translationally, and (c) the hallmark of VLDL assembly was the
incorporation of bulk TG. Using chemical inhibitors of MTP, we found that MTP activity
was required in the assembly/secretion of TG-rich VLDL, and that the requirement of
MTP activity was determined by the amount of TG utilized for lipoprotein assembly.
Moreover, the accumulation and attainment of TG within microsomal lumen was a
function of MTP activity. Thus, MTP plays a role in facilitating the accumulation of TG
within microsomes, an event that can be separated from TG incorporation into mature

VLDL but represents an indispensable requisite for the post-translational assembly of

TG-enriched VLDL.
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Chapter 1 Introduction

1.1. Introduction

Very low density lipoproteins (VLDL, d < 1.006 g/ml, refer to Table I for
classification of lipoproteins) are triacylglycerol (TG)-rich particles that are produced by
the liver. The function of VLDL is to transport TG from the liver to the peripheral tissues
via the bloodstream. Within the bloodstream, TG associated with VLDL is hydrolyzed by
the action of lipoprotein lipase. During this process, plasma VLDL is converted into
intermediate density lipoproteins (IDL, 4 = 1.006-1.019 g/ml), and further into low
density lipoproteins (LDL, 4 = 1.019-1.063 g/mi) (1). Plasma LDL is cleared from the
bloodstream through the LDL receptor mediated endocytosis (2). The plasma
concentration of all these lipoproteins, including VLDL, IDL and LDL, is positively
correlated with the propensity to develop atherosclerosis (1). Since plasma VLDL
particles are the precursors of IDL and LDL, hepatic production of TG-rich VLDL is a

key determinant of the plasma concentration of atherogenic lipoproteins.

Assembly of TG-rich VLDL in the liver is a complicated metabolic process, and
requires not only coordination in the synthesis of both the protein and lipid components
of VLDL, but also protein factors that facilitate intracellular mobilization and
incorporation of these components to form a large lipid-protein complex. One of the key
protein components of VLDL is apolipoprotein (apo) B100. Mutations in the apoB gene
in hypobetalipoproteinemia subjects result in secretion of truncated forms of the protein.

In most cases, secretion of hepatic VLDL is also compromised (3). In transgenic mice,



alterations in the apoB gene, but not other apolipoprotein genes, dramatically decrease

hepatic VLDL assembly and secretion (4).

Another protein, called microsomal triglyceride transfer protein (MTP), also plays a
critical role in hepatic VLDL assembly. Although MTP itself is not a component of
VLDL, it is an auxiliary factor that facilitates the assembly of hepatic VLDL. A defective
MTP gene is the proximal cause of abetalipoproteinemia, a recessive genetic disorder in
the secretion of normal apoB-containing lipoproteins (LpB) (5). [Both
abetalipoproteinemia and hypobetalipoproteinemia subjects may exhibit a similar
phenotype, such as malabsorption of dietary fat and of the fat-soluble vitamins (6).]
Liver-specific MTP knockout in transgenic mice results in abolition of hepatic VLDL

secretion (7, 8).

The mechanism responsible for hepatic TG-rich VLDL assembly has been
examined extensively over the past two decades. Much progress has been made in
understanding the role of apoB and MTP in recruitment of a large amount of TG (bulk
TG) during VLDL assembly. In this Chapter, I will summarize our current knowledge in
the following three areas. (a) The structure of apoB and MTP, and the molecular details
of their interaction. (b) The biogenesis of apoB and the associated events such as initial
lipidation of apoB and degradation of apoB. (c) The assembly of TG-rich VLDL,
particularly the origin of TG required for VLDL assembly, the cellular localization for
VLDL maturation, and the requirement of multiple protein factors (including MTP)

during VLDL assembly.



1.2. Structure of apolipoprotein B and microsomal triglyceride transfer protein and

their interaction
1.2.1. Apolipoprotein B

Apolipoprotein B100 is a major protein component of VLDL, IDL and LDL (1).
Human apoB100 is synthesized as a protein of 4536 amino acids (Fig. 1.1.4), assembled
into VLDL in the liver, and secreted into the bloodstream. Although newly secreted
VLDL also contains other apolipoproteins such as apoE and apoCs, apoB100 is the only
apolipoprotein that is not transferred to other lipoprotein particles during catabolism of

VLDL within plasma, and is the sole protein component present in LDL.

In humans, apoB100 is the only form of apoB that is synthesized in the liver. In rats
and mice, however, apoB48, representing the amino-terminal (N-terminal) 48% of full-
length apoB (Fig. 1.1.4), is another form of apoB made in the liver. Both apoB100 and
apoB48 have the ability to form VLDL, and each VLDL contains only one copy of apoB
(i.e. either apoB100 or apoB48) (9). ApoB48 is also produced in the small intestine, and
is associated with TG-rich chylomicrons (for review of chylomicron assembly, refer to
(10)). Both apoB100 and apoB48 are derived from the same gene, and expression of
apoB48 is a result of tissue-specific post-transcriptional apoB mRNA editing (11, 12).
Thus, human apoB48 mRNA remains identical in structure to apoB100 mRNA except for
a conversion from cytidine (C) to uridine (U) at nucleotide 6666, resulting a conversion
of the first base of CAA (encoding glutamine-2153) to UAA (encoding an in-frame stop

codon).



The amino acid sequence of human apoB100 has been deduced from its cDNA (13-
17). Human apoB100 contains 19 potential glycosylation sites, of which 16 are
glycosylated (Fig. 1.1.B) (18). Disruption of N-linked glycosylation of apoB with
tunicamycin does not seem to affect VLDL assembly per se (19), but may affect apoB
production (20). There are 25 cysteine residues (designated C1, C2, and so on) distributed
asymmetrically within apoB100. Sixteen of the cysteine residues are involved in disulfide
linkage formation, and six disulfide linkages are located in the N-terminus 500 amino
acid residues (Fig. 1.1.C) (21). Mutagenesis studies showed that disulfide linkages
formed between C2 and C4 and between C7 and C8 are required for proper folding of the

N-terminus of apoB (22, 23).

One physiological function of apoB100 is to serve as a ligand for the LDL receptor.
Sequence alignment demonstrates that two regions within human apoB100, spanning
residues 3147-3157 (designated site A) and 3359-3367 (designated site B) show
similarity to the LDL receptor binding domain of apoE (14), another ligand for the LDL
receptor. [The LDL receptor-binding domain of apoE is located within a cluster of
positively charged amino acids between residues 140-150 (24), which interact with
negatively charged amino acid residues at the N-terminal region of the LDL receptor (2).]
Comparison of primary amino acid sequence of apoB100 among different vertebrate

species shows high homology of the site B, but not the site A (25).



Characterization of the secondary and tertiary structures of apoB100 has been a
formidable task because of its unusually large size and extreme hydrophobicity. On the
basis of primary amino acid sequence, an algorithm has predicted that human apoB100
contains 43% o-helix, 21% pB-sheets, 20% random coil, and 16% B-turns (26). A
computer analysis also suggested the presence of two domains of amphipathic B-strands
alternating with three domains of amphipathic a-helixes within human apoB 100, known
as pentapartite structure NH;-a1-B1-02-B2-03-COOH (Fig. 1.1.D) (27). It has also been
suggested that the pentapartite structure of apoB100 is conserved among nine vertebrate
species (28). The a-helix (between B1.3 and B10.5), appears to form a globular domain
with low affinity for lipids. The other two a-helix clusters, namely a, (between B46.4
and B56.4) and a3 (between B89.5 and B95.6), may represent reversible lipid-binding
domains. The extensive {-strands, namely f; (between B18.2 and B43.2) and f
(between B55.6 and B85.3), may represent irreversible lipid-association domains (27).
The function of the five clusters of putative secondary structure within apoB remains to
be defined. However, it has been proposed that the f; and f; clusters may directly bind to
core lipids and provide a rigid backbone during lipoprotein assembly, whereas the a2 and
as clusters may be flexible in accommodating varying amount of lipids during VLDL
assembly (29). The N-terminus a; domain has been examined extensively and will be

descnibed in Section 1.2.3.

Using immunoelectron microscopy techniques, Chatterton et al. (30, 31) have
determined the configuration of apoB100 on the surface of human LDL and proposed a

“ribbon and bow” model. In this model, the first 89% of apoB forms a “ribbon”



encircling completely the LDL particle, with a compact configuration between B2 to
B23, and a “kink” region between B41 and BSO. The final 11% of apoB constitutes a
“bow”, stretching back and crossing over the “ribbon” at the region that encompasses the
LDL receptor binding site (Fig. 1.2). Thus, the circumference of the circle made by -

strands of apoB (B23-B41, B50-B89) may determine the size of neutral lipid core (see

below Section 1.3.5).

1.2.2. Microsomal triglyceride transfer protein

The microsomal triglyceride transfer protein (MTP), originally isolated from bovine
liver microsomes, transfers TG, phosphatidylcholine (PC), and cholesteryl ester (CE)
between lipid membranes (32). The activity of MTP is found mainly within the lumen of
microsomes in both the liver and the intestine (33). The tissue distribution, subcellular
localization, and lipid transfer activity of MTP imply that MTP may be involved in the

assembly of TG-rich VLDL and chylomicrons.

The isolated MTP is a complex protein composed of two subunits (34): a large
subunit (/MTP) with catalytic activity (97 kDa, 894 amino acid residues), and a small
subunit of 55 kDa identified as protein disulfide isomerase (PDI) (35). PDI is a
multifunctional protein with disulfide isomerase activity and chaperone activity (36).
However, within the MTP complex, PDI does not contri'bute directly to the lipid transfer
activity (37). Rather, PDI acts as a chaperone that contributes to the stability and function
of the MTP. Transfection studies in insect Sf9 cells showed that recombinant /MTP

forms insoluble aggregates unless PDI is co-transfected, and the stable complex of the



two components is required for the activity of MTP (38). Stable interaction between PDI
and /MTP may also allow the MTP complex to be retained within the endoplasmic
reticulum (ER) because PDI is an ER resident protein. The KDEL sequence, found in the
carboxy-terminus (C-terminus) of PDI, confers its ER retention property (39). [The
KDEL sequence within an ER resident protein is specifically recognized by a receptor in
the ER-Golgi intermediate compartment (ERGIC). Once bound, the ER resident protein
is retrieved back to the ER compartment (40).] This ER retention sequence is absent in
the entire sequence of /MTP (41). The disulfide isomerase activity of PDI may not be
required for normal MTP activity, because mutation of two catalytic sites of PDI (CGHC
to SGHC) does not alter the MTP lipid transfer activity (38). The molecular details of the

interaction between MTP and PDI will be described in Section 1.2.3.

Our knowledge about the enzymatic property of MTP is derived mainly from in
vitro experiments examining lipid transfer between membranes in the presence of MTP.
MTP activity is commonly determined by measuring the rate of transfer of radiolabeled
TG from donor membranes to acceptor membranes (5). As a lipid transfer protein, MTP
promotes the exchange of TG between membranes when there are equal amounts of TG
in the membranes of donor and acceptor vesicles (42). However, when the amount of TG
is drastically different in the membranes, i.e., when only the donor membranes contain
TG, TG can be transported from the donor to the acceptor, resulting in net TG mass

transport between vesicles (42). The mode of MTP action in vivo has not been elucidated.



Kinetics studies show that MTP transports lipid between membranes through a
shuttle mechanism (42), a process that requires a stable MTP-lipid complex 2s an
intermediate during lipid transfer. Indeed, MTP binds up to three molecules of lipid, and
forms a stable complex with a variety of lipids, including neutral lipids (TG, CE, DG, and
squalene) and phospholipids (PC, PE, PS, PI and PA) (43). However, the lipid transport
rate mediated by MTP is quite different among these lipid species. Under the same in
vitro assay condition, MTP preferentially transports neutral lipids as compared to
phospholipids, and the calculated initial rate of transfer of TG, CE, and DG is at least 24-,
16-, and 2.5-fold higher than that of PC, respectively (43). The preference of MTP in

neutral lipid transfer raises the possibility that MTP may play a role in TG transfer during

VLDL assembly.

1.2.3. Molecular details of the interaction between apolipoprotein B and microsomal
triglyceride transfer protein

Early studies proposed that both apoB and /MTP are members of the vitellogenin
gene superfamily since the primary sequence of the N-termini of apoB and of /MTP are
homologous with that of the vitellogenin (VTG) (44, 45). This proposal is verified
recently by phylogenetic analysis based on sequence alignment (46) and by database

search for proteins containing more than 7 amphipathic 3-sheets (47).

Vitellogenin (200 kDa, 1807 amino acid residues) is synthesized in the liver of
many egg-laying animals, and is secreted into plasma as a lipid-protein complex. The

complex can be taken up by proteins of the LDL-receptor superfamily in the ovary (44,



48-50). After receptor-mediated endocytosis, VTG undergoes specific cleavage into
several polypeptide chains, and the lipid-binding product is referred to as lipovitellin
(LV), which serves as a source of amino acids and lipid during embryogenesis. Lamprey
LV contains 15% lipid (by weight) that consists of 27 molecules of phospholipid and 11

molecules of triacylglycerol (51, 52).

Crystal structure of the lamprey LV has been determined at 2.8 A resolution (51,
53) and the amino acid residues have been assigned (54). LV contains three domains: a
globular N-terminal P-barrel (amino acid residues 17-296), an extended a-helical
structure (amino acid residues 297-614) and a substantial C-terminal funnel-shaped lipid-
binding cavity formed by two B-pleated sheets (amino acids 615-1807) (Fig. 1.3). LV
forms a homodimer, in which the [B-barrel of each subunit interacts with the o-helical

domain of the other subunit (54).

Coordinates of the LV have been used to model the N-termini of IMTP (residues
22-603) and apoB (residues 1-587) (46). The modeled /MTP and apoB segments show
highly conserved secondary and tertiary structures. The N-terminal ~300 residues of both
apoB and MTP form 3 helices and 13-stranded (-sheets; 11 of these strands form a f3-
barrel conformation, and some of these strands are stabilized by disulfide linkages (Fig.
1.4.4 & B) (46). The next 300 residues of both /MTP and apoB form a double layered a-
helical structure containing 17 helices (Fig. 1.4.C & D). Mutagenesis studies suggested
that salt-bridge residues are required to stabilize helices 13-17 of the a-helical domains of

both MTP (RS540-N531-E570) and apoB (R531-D524-E557) (Fig. 1.4.E & F) (46),



which in lamprey LV underlies the homodimerization interface (54). Furthermore, the
salt bridge residues in /MTP, together with the surfaces of outer helices 15 and 17, form
the major PDI binding sites (Fig. 1.4.E) (46). This is consistent with the previous
observation that missense mutation of Arg540 — His in /MTP interrupts its interaction

with PDI, resulting in abetalipoproteinemia (55).

The physical interaction between apoB and MTP during the assembly of LpB has
been suggested (56, 57). The MTP binding sites are located within the N-terminal 18% of
apoB (58), and both arginine and lysine residues within apoB18 interact directly with
negatively charged residues in MTP (59). The exact number of MTP-binding sites within
apoB18 is not clear. One group has reported that the amino acid residues 430-570 of
apoB are crucial in MTP binding (60). Another group has shown that there are at least
two potential MTP binding sites (46, 61). One site encompassing residues 1-264
(apoBS.8) interacts with the predicted -barrel of IMTP (46). The second site is centered
on residues 512-592 (apoB11-apoB13) plus flanking residues 430-511 (apoB9-apoB11)
and 640-721 (apoBl4-apoB16) (61). The corresponding apoB-binding site of /MTP is
located within helices 13-17 of the predicted a-helical domain (61), a region in close
proximity to the major PDI binding site (46). It has been postulated that during the
assembly of lipoproteins, apoB displaces PDI from /MTP, and is only replaced again by

PDI as lipidation progresses towards the distal parts of the secretory pathway (61).

The C-terminal lipid binding domain of lamprey LV is enriched in B-sheets (54). A

triangular “lipid cavity” is lined on its two major sides by antiparallel B-sheets, namely
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BALV and BB:LV. The bottom of the cavity is capped by a third antiparallel B-sheet,
namely BD:LV. The double-layered a-helical structure containing 17 helices is located at
the top of the triangular “lipid cavity”. A fourth antiparallel B-sheet, namely BC:LV, is
derived from the N-terminal B-barrel, and is attached to the top of BB:LV (Fig. 1.5.4).

The “lipid cavity” can accommodate approximately 38 lipid molecules (54).

On the basis of its sequence homology and motif conservation with lamprey LV,
the amphipathic B-sheets within the first 1000 residues of apoB100 has been postulated to
form a “lipid cavity” for self-assembly of a lipoprotein (47). It is suggested that apoB,
complexed with /MTP, forms a “lipid cavity” that is surrounded by two f-sheets from
apoB and one from /MTP. Such a putative tertiary structure is thought to be stabilized by
the interaction between the negatively charged residues within a-helical domains of
IMTP (residues 340-480) and the positively charged residues within a-helical domains of

apoB (residues 477-618) (Fig. 1.5.8) (47).

Could the “lipid cavity” model explain how lipid is recruited during LpB assembly?
Although VTG, apoB and /MTP share structure motifs at their respective N-termini (46,
47), the length of their C-terminal lipid-associated domains vary profoundly (Fig. 1.6).
The lipid binding capacity may be a function of the length of amphipathic (3-sheets. For
instance, /MTP that has the shortest amphipathic 3-sheets (only about 200 amino acids in
length) may form the smallest “lipid cavity” if any, and therefore may bind the least
amount of lipid. In contrast, apoB that has amphipathic -sheets over 3000 amino acids in

length may form the largest “lipid cavity” and is able to accommodate a large amount of
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lipid. It has been hypothesized that lipoprotein assembly is achieved through expansion
of the “lipid cavity” of apoB by the co-translational addition of the amphipathic B-strands

(Fig. 1.5.C) (47).

The above studies indicate that /MTP binds to apoB, at least within its first 1000
amino acid sequence. However, demonstration of a protein-protein interaction may not
explain how MTP mediates lipid transfer during VLDL assembly. It has been shown that
the affinity between apoB and MTP decreases as the length of apoB increases and as the
lipidation of apoB intensifies (58). Other studies, however, have shown that the
requirement of MTP activity for the lipidation of apoB expands as the length of apoB
increases (62). These results suggest that simply examining the protein-protein
interaction between apoB and MTP may not reveal the mechanism(s) whereby MTP
mediates lipid transfer onto apoB in vivo. In the rest of this Chapter, 1 will present our
current understanding of the biogenesis of apoB and TG-rich VLDL, and present

evidence regarding the role of MTP during the entire process of VLDL assembly.

1.3. Unique features associated with apolipoprotein B biogenesis

Most experimental evidence suggests that expression of the apoB gene is tightly
controlled, and that the production of apoB is mainly regulated co-translationally or post-
translationally (63-65). Some studies suggested that translocation of apoB nascent
polypeptide across the ER membranes was the most critical step in regulation of apoB
production (66, 67). With advanced understanding of the biogenesis of secretory proteins

(for review, refer to (68, 69)), much progress has been made in unraveling the molecular

12



mechanism that governs apoB translocation. ApoB is an unusual secretory protein, which
is intimately associated with lipid during its biogenesis. Inadequate lipid association

during apoB translocation will render apoB susceptible to degradation by protease.

1.3.1. Atypical association of apolipoprotein B with endoplasmic reticulum
membranes

It has been known for long that a large amount of newly synthesized apoB is tightly
associated with the ER membranes (63, 70-72). This is in sharp contrast to typical
secretory proteins (e.g. albumin) that are usually found mainly in the lumen of the
microsomes. Furthermore, it has been shown that not only are apoB100 or apoB48
polypeptide associated with the ER membranes, they are exposed to the cytosolic side of
ER membranes (73). Thus, translocation of apoB is different from that of typical
secretory proteins as well. The cytosolic exposed apoB could be detected by monoclonal
antibodies with epitopes at the N- or C-terminus of apoB100 (74, 75). The incompletely
translocated apoB on the microsomal membranes has been observed in different hepatic
cell models (75-80). Thus, apoB could be detected on the cytosolic side of the ER
membranes in rat hepatocytes (75), or on the cytosolic side of the Golgi in chicken (76)
and rabbit (77, 78) hepatocytes, or on the cytosolic side of the total microsomes in McA-
RH7777 cells (79). In addition, a cytosolic chaperone protein Hsp70 was found
associated with apoB in HepG?2 cells (80). These results suggest the existence of multiple
topological forms of the full-length apoB with respect to ER membranes. Some apoBs are
completely translocated across the ER membranes and either in association with the inner

leaflet of the ER membranes or in association with iipoproteins in the microsomal lumen.
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However, some apoBs exist as a pseudo-transmembrane protein (either transiently or
rather prolonged), and some apoBs may be entirely associated with the cytosolic leaflet
of the ER membranes. The structural basis underlying this multiplicity of apoB
topologies is unclear. Some research groups do not agree with the existence of

membrane-associated apoB and claimed that it was an experimental artifact (81-83).

Attempts have been made to explain the structural basis for pseudo-transmembrane
topology of apoB by several laboratories. Examining the primary sequence of apoB
reveals no topogenic sequences (usually enriched in amphipathic a-helices) that confer
transmembrane configuration (14, 15, 17). It has been proposed that amphipathic B-sheets
of apoB may form an alternative membrane-spanning configuration, a situation similar to
the transmembrane topology of porin (66). Porin is an ion-conducting channel protein in
Escherichia coli, yet it lacks classical membrane-spanning domains. It has been
suggested that the antiparallel amphipathic B-sheets form oligomer structures that allow
porin to integrate into the membranes (84). Recent structure analysis suggested that the
amphipathic B-sheets between B21 to B41 exhibit a 43% homology with those in porin
(85). In addition, mutagenesis studies showed that putative amphipathic B-strands
between B28 to B34 (within the so-called i domain) indeed confer transmembrane
topology of chimeric proteins containing these sequences (86). However, whether or not
the amphipathic f-strands within the B, domain are responsible for the pseudo-

transmembrane topology of apoB is still a matter of speculation (79, 87).
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1.3.2. Translocon and pause transfer motif of apolipoprotein B

Like most secretory and membrane proteins, the newly synthesized apoB peptides
distinguish themselves from other cytosolic proteins by a signal peptide sequence at the
N-terminus. The signal peptide usually contains a positively charged N-terminal
sequence, a central hydrophobic core of 7-20 amino acids, and a polar C-terminal region.
The signal peptide of apoB is 27 amino acids in length. A deletion or insertion in the
hydrophobic core of the 27-residue isoform results in inefficient translocation and

defective secretion of apoB (88).

In mammalian cells, almost all the secretory proteins are translocated co-
translationally across the ER membranes at the sites called translocons. The minimum
components of a translocon are the signal recognition particle (SRP) receptor and the
Sec61p complex (89). In mammalian cells, the Sec 61p complex consists of multiple
subunits (89-91). The Sec61p complex must associate with ribosomes when the nascent
chain-ribosome complex arrives at the ER membranes. Through this association, the
ribosome induces and/or stabilizes an aqueous channel (92) and directs the alignment of
the nascent peptide exit with the channel, thus ensuring continuous translocation (93).
Tight association of ribosome with translocon also provides a sealed membrane barrier
while the channel is in the open conformation for nascent polypeptide translocation (94).

Thus, during chain elongation, the translocating polypeptide is usually not exposed to the

cytosol.
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Since apoB is exposed to the cytosolic side of the ER membranes during and/or
after translation, this raises the possibility that there are unique sequence elements within
apoB (cis-acting elements) that give rise to this unusual phenomenon. /n vitro translation
and translocation studies of a small segment of apoB showed that translocation of the
nascent polypeptide was not continuous but rather in a step-wise manner (95, 96). In this
so-called pause-transfer process, apoB exhibits stop and restart at several discrete points
during chain elongation. These points of translocational pausing are suggested to be
mediated by specific sequences, termed the pause transfer sequences, with a consensus
motif of LKK-T----N-A (or LKK---SE) (96, 97). Sequence analysis of apoB showed that
there were at least 41 candidate pause transfer sequences along the entire polypeptide
(97). However, only 23 of the candidates, clustered within three regions of apoB, were
found to mediate translocational pauses (98). Thus, unlike the known topogenic
sequences such as the signal peptide and stop transfer sequences, whose function can be
autonomously demonstrated, the topogenic manifestation of the apoB pause transfer
sequence depends strongly on the context of apoB sequence (96). However as mentioned
earlier on, some research laboratories do not agree with the concept of discontinuous
translocation of apoB and believe that the so-called translocational pause is in fact an

experimental artifact resulting from translational pause (99, 100).

The role of one of the pause transfer sequences in apoB translocation has been
examined intensively by Lingappa and coworkers (101, 102). They observed that during
a translocational pause, the junction between the ribosome and translocation channel was

opened, exposing the nascent chain to the cytosol (101). [This is in contrast to the

16



translocation of a typical secretory protein, whereby its nascent polypeptide is not
exposed to cytosol.] When the translocational pausing was relieved, and translocation of
the cytosolically exposed region of the nascent chain resumed, the tight ribosome-
membrane junction was reestablished (101). These results imply that the rate of
translocation, the environment of nascent apoB polypeptide, and the organization of the
ribosome-membrane junction may be regulated by certain cis-acting elements of apoB,
which contain pause translocational motifs (101). Moreover, the translocation chain-
associated membrane proteins (TRAM) appear to be another essential component that is
required for the translocational pause (101, 102). TRAM may prevent domains that have
already translocated from having access to the cytosol once the ribosome and membrane

junction has been open during translocational pausing (102).

The physiological significance of translocational pausing of apoB is not known. It
has been suggested that apoB translocational pausing is important for its binding to lipid
during its translocation (96). However, this needs to be verified by in vivo experiments.

Prolonged translocational pausing of apoB may result in translocational arrest (103).

1.3.3. The role of microsomal triglyceride transfer protein in apolipoprotein B
translocation

The role of MTP in the translocation of apoB has been examined extensively.
Initially, transfection of recombinant apoB53 ¢cDNA into Chinese hamster ovary (CHO)
cells that lack /MTP resulted in expression of apoB53 proteins (273-kDa) that could not

be translocated across the ER membranes or secreted (104). Instead, an 85-kDa protein,
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derived from the N-terminus of apoB53, was secreted into the medium (104). It was thus
postulated that the 85-kDa species was the product of proteolysis of a translocational
arrested apoB intermediate, with the N-terminal portion being translocated and the
remaining C-terminal portion residing on the cytosolic surface (105). Subsequently, the
85-kDa protein was found in the plasma of abetalipoproteinemia subjects with increased
(by 2000-fold) concentrations, implying that the extent of apoB translocation may be
correlated to the MTP activity in vivo (106). Recently, it was found that co-expression of
/MTP and apoB53 in CHO cells resulted in translocation of apoB53, suggesting that MTP
may facilitate apoB translocation (107). Expression of /MTP in other heterologous cells
transfected with apoB variants also reconstituted the assembly and secretion of LpB (108-
111), and the successful reconstitution may be attributable to the role of MTP in
facilitating apoB translocation (108). Inhibitors of MTP lipid transfer activity have also
been shown to impair the assembly and secretion of LpB by blocking the translocation of

apoB (112-114). Thus, it is believed that MTP is required for translocation of apoB (115).

However, several lines of evidence suggest that MTP may not be required for
translocation of apoB across the ER membranes, at least is not required for translocation
of certain N-terminal portions of apoB. In mammary derived C127 cells that lack MTP
expression, transfection of truncated apoB forms (e.g. apoB41) resulted in assembly and
secretion of lipoproteins (116). In vitro reconstitution studies have shown that
translocation of apoB48 could be achieved with microsome membranes derived from
either rat hepatocytes that express MTP or from dog pancreas that do not express MTP

(117). Furthermore, in mice with hepatic-specific MTP knockout, plasma B48 level
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(secreted from the liver) was reduced by less than 20% (8), suggesting that B48 can be
translocated and secreted even in the absence of MTP activity. Thus, these results raise

the possibility that the role of MTP in VLDL assembly may not simply reside in assisting

apoB translocation.

1.3.4. The role of phospholipid in apolipoprotein B translocation

The lipid environment, particularly the phospholipid composition, of the ER
membranes has a profound impact on translocation of apoB. Accumulation of
phosphatidylmonomethylethanolamine =~ (PMME), an  otherwise  quantitatively
insignificant phospholipid within primary rat hepatocytes, specifically reduced the
secretion of LpB (118). Vance and coworkers (119, 120) demonstrated that neither
synthesis of lipid or apoB nor secretion of other proteins was affected by PMME
treatment. Since PMME also inhibited the secretion of smaller apoB variants that do not
normally assemble lipoprotein particles (such as apoB15), the inhibitory effect of PMME
on the secretion of apoB100 and apoB48 was not caused by a defect in the assembly of
apoB with a neutral lipid core (121). Trypsin protection assay showed that the defect in
apoB secretion in PMME-enriched hepatocytes was the result of a specific blockade of
apoB translocation into the microsomal lumen (120), and the diminished apoB
translocation in PMME enriched microsomal membranes was probably caused by
impaired resumption of apoB translocation after a translocation pausing (122). Clearly,
phospholipid composition of ER membrane is one of the trans-acting elements that play a

role in determining the rate of apoB translocation.
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1.3.5. Formation of apolipoprotein B-containing lipoproteins during apolipoprotein
B translocation

Formation of LpB, a process involving the incorporation of core lipid into apoB,
initiates during translation/translocation of apoB. Metabolic labeling studies with HepG2
cells showed that when the newly synthesized apoB reached a size of 80-100 kDa, the
nascent polypeptides were already engaged in lipoprotein assembly, suggesting a co-
translational, co-translocational assembly mechanism (123). Similar results were also
obtained by others (124). In McA-RH7777 cells, labeled apoB100 was associated with
VLDL in the microsomal lumen as early as 3 min after the initiation of the labeling, and
the assembly of B100-VLDL could be acutely inhibited by the cycloheximide treatment
(125). Since it takes about 15-20 min to synthesize one B100 polypeptide (126), these
data suggested that assembly of LpB is in close connection with synthesis and
translocation of apoB nascent polypeptide. It seems that while the C-terminal portion of
apoB is still being synthesized on the ribosome of the endoplasmic reticulum, the N-
terminal portion has already translocated across the ER membranes and assembled a

small lipoprotein particle.

Accumulating data suggest that the length of apoB plays an important role during
lipoprotein assembly. In hypobetalipoproteinemia subjects, various C-terminally
truncated forms of apoBl00 were found predominantly in small dense plasma
lipoproteins (3). Several laboratories have examined the relationship between apoB
length and lipoprotein size using cells transfected with various C-terminally truncated

apoB variants (123, 124, 127-129). In general, there is an inverse relationship between

20



apoB length and lipoprotein density (i.e., the longer the truncated apoB protein, the lower
buoyant density of the lipoprotein particle), and a positive relationship between apoB
length and lipoprotein core volume (i.e., the longer the truncated apoB protein, the larger
the lipoprotein particle) (Fig. 1.7). Thus, apoB48 is mainly found associated with the
particles with a buoyant density of 1.10 g/ml whereas apoB 100 is found in the particles of
density range of less than 1.03 g/ml (Fig. 1.7.4). The calculated data indicated that every
10% decrease in length of apoB results in approximately 13% reduction in core volume
of lipoproteins (129). When this linear relationship is extrapolated using apoB length as a
scale, it is found that the minimum length required to assemble a lipid core is
approximately 22% of apoB100 (Fig. 1.7.C, dbotted line) (129), almost corresponding to
the starting point of the B, domain of apoB100. Thus, it is possible that during apoB
translation/translocation, the nascent polypeptide associates initially with the inner leaflet
of the ER membranes while the downstream portion of the peptide is still translating and
translocating across the ER membranes. Once a portion of the polypeptide is extruded
into the ER lumen, it will immediately recruit lipid to assemble a primordial lipoprotein
particle. As the chain grows longer, more lipid is recruited, and the assembled particle
becomes larger until the full-length apoB is released into the ER lumen (130). This co-
translational/co-translocational assembly model may give rise to the phenotype of the
apoB length-density relationship, and is also consistent with the aforementioned “ribbon

and bow” model (Fig. 1.2) (31) and the “lipid cavity” model (Fig. 1.5) (47).

The N-terminal a;, domain has been suggested to be important for efficient

initiation of apoB lipidation. Several experimental observations indicated that apoB17,
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containing only the o,y domain of apoB, is critical for lipoprotein formation. Although the
C-terminal truncated apoB forms are usually secretion-competent (123, 124, 127-129),
recombinant apoB variants that lack the N-terminal sequences of apoB are often secreted
poorly (79, 131). Since apoB17 has relatively low ability to bind to neutral lipids (128,
132), the proper folding of apoB17 may be essential for the initiation of lipoprotein
assembly. The folding of apoB17 during the initiation of lipoprotein assembly is probably
achieved through formation of clustered disulfide linkages within apoB17 (22, 23, 133).
In addition, the interaction between /MTP and first 1000 residues of apoB may also play
a role in apoB folding (46, 47, 60, 61). However, it remains unclear how the folding of a;

domain affect the lipidation of the downstream apoB.

1.3.6. Intracellular degradation of newly synthesized apolipoprotein B by
proteasomes

The metabolic fate of the newly synthesized apoB has been investigated intensively
by many research laboratories. Working with primary hepatocytes, Borchardt and Davis
(134) observed that a significant amount of newly synthesized apoB disappeared from the
cells, and was not quantitatively recovered from the culture medium, suggesting that
some apoB polypeptides are degraded intracellularly. Subsequently, degradation of apoB
was observed in other hepatic cell models, including HepG2 cells (135) and McA-
RH7777 cells (129). In HepG2 cells, apoB degradation occurred even when the nascent
apoBs were in their transmembrane topology (67, 105), and involved mainly the ER-

localized proteases, either on the lumenal or the cytosolic side of the ER membranes
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(135, 136). Recent studies demonstrated that in HepG2 cells cytosolic proteasomes were

involved in apoB degradation (126, 137-140).

Proteasomes are large multi-subunit protease complexes that play an important role
in degradation of ubiquitinated proteins in the cytosol of mammalian cells (141).
Proteasomes are abundant in the cytoplasm and nucleus, but absent in the ER lumen.
Several inhibitors have been identified to selectively block proteasome function. Among
these inhibitors, the most effective and specific one is lactacystin, a fungal metabolite that
modifies the threonine active site of the proteasome (142). Other less potent and less
specific inhibitors, such as Acetyl-leu-leu-norleucinal (ALLN, or calpain inhibitor 1) and
CBZ-leu-leu-leucinal (MG132), are peptide aldehydes that are substrate analogs, and thus

competitively inhibit the chymotrypsin-like activity of the proteasome (143).

Since intracellular degradation is very active in HepG2 cells, this cell line has
become a model of choice for the studies of apoB degradation (103). Over the last few
years, the proteasome-mediated apoB degradation in HepG2 cells has been the subject of
intense investigation. Recent evidence suggests that apoB degradation in HepG2 cells is
in part mediated by the ubiquitin-proteasome pathway. In these cells, degradation of
apoB is mediated by ubiquitination and dependent on ATP, and can be inhibited by
proteasomal inhibitors (126, 137-139, 144). Ubiquitination/proteosomal degradation of
apoB may be achieved both co-translationally (140, 145) and post-translationally (139,
140, 144). The fact that the nascent apoB polypeptide can be ubiquitinated even when its

translation reaches to 50% of the full length (140, 145) suggests that degradation of apoB
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may occur at the very early stage of apoB biogenesis. Currently, it is not clear if the
ubiquitin/proteasome pathway for apoB degradation occurs in hepatocytes other than

HepG?2 cells.

In addition to the ubiquitin/proteasome pathway, other studies raised the possibility

of apoB being degraded by a nonproteasomal protease such as the lumenal protease ER60

homologue (144, 146).

1.3.7. The role of oleate in the biogenesis of apolipoprotein B

As mentioned above, biogenesis of apoB is different from that of typical secretory
proteins. This is probably because it is obligatory for apoB to associate with lipids during
translocation. Thus, if lipidation of apoB is sufficient, translocation of apoB seems to be
in close connection to its translation, similar to that of other secretory proteins. If the
lipidation is insufficient, translocation of apoB will become uncoupled from its
translation, rendering it susceptible to proteasomal degradation. In HepG2 cells,
supplementation of oleate stimulates apoB secretion (63, 64, 147). Pulse chase studies
demonstrated that oleate could effectively diminish apoB degradation in the pre-Golgi
compartment and increase apoB secretion (135, 148). In contrast, protease inhibitor
ALLN alone did not accelerate apoB secretion in HepG2 cells, yet it protected apoB from
rapid degradation (149). An increase in apoB secretion could be manifested only when
oleate was added together with ALLN (149), implying that secretion of apoB from
HepG2 cells is mainly determined by the availability of oleate, not by apoB degradation.

More recently, it has been shown that translocation of apoB may be affected by lipid
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availability (67, 114, 145), and increasing the efficiency of apoB translocation actually
decreased apoB degradation (67). Thus, it is possible that the availability of lipid is
essential for maintaining continuous translocation of nascent apoB polypeptide across the
ER membranes, thereby transporting apoB out of a proteasome-susceptible compartment.
When lipid availability is limited, apoB translocation is impaired, and apoB is confined to
this compartment and is rapidly degraded. Thus, biogenesis of apoB, unlike other

secretory proteins, is tightly regulated by the intracellular lipid metabolism.

1.4. Assembly of triacylglycerol-rich very low density lipoprotein in the secretory
pathway

Assembly of TG-rich VLDL particles does not follow the length-density and
length-size relationship between apoB and lipoproteins (See Section 1.3.5. and Fig. 1.7).
As mentioned earlier on, in rat liver both B100 and B48 have the ability to assembly TG-
rich VLDL particles (9). Thus, apoB48, only half of the full length of apoB100, can
assemble a lipoprotein with density and size similar to B100-VLDL. It is also known that
in human plasma, VLDL particles (d < 1.006 g/ml) are heterogeneous in size and can be
separated into two major classes: large VLDL,; of S, 100-400 and small VLDL,; of S;20-
100 (150). This heterogeneity may result from secretion of B100-VLDL of different sizes
directly from the liver (151, 152). Thus, assembly of TG-rich VLDL is not simply

governed by apoB itself.
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1.4.1. Subcellular location of very low density lipoprotein maturation
Triacylglycerol-rich VLDL is assembled along the secretory pathway. However, the

exact subcellular compartment where the assembly occurs is of controversy; it has been

shown that VLDL maturation occurs as early as in the rough ER, or as late as in the trans-

Golgi compartment. The cause for the apparent difference in the experimental results is

not clear.

Evidence for VLDL maturation within rough ER came from VLDL-lipid
composition study (153). In this study, it was demonstrated that apoB-containing
particles, isolated from the lumen of rough ER or smooth ER or Golgi of rat hepatocytes,
were of the same average size, density and lipid composition as newly secreted VLDL.
These data suggested that rough ER is the site where apoB is assembled with its full
complement of lipid to form a mature VLDL. A separate metabolic labeling study also
demonstrated that radiolabeled B100 and B48 proteins were incorporated into VLDL

fraction in the lumen of rough ER (154).

However, other experimental evidence indicated that addition of bulk lipid into
apoB may not be confined to the rough ER compartment. Early electron microscopic
studies showed that in perfused rat liver, formation of VLDL particles was found within
the smooth-surfaced terminal ends of rough ER, but not within rough ER proper (155).
Immunoperoxidase electron microscopic studies demonstrated that in rat hepatocytes,
apoB immunostaining was found in rough ER cisternae, as well as the smooth-surfaced

terminal ends of rough ER. In contrast, VLDL-sized lipid staining particles within the
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smooth ER lacked the immunostaining of apoB (156). Based on these observations,
Alexander ef al. (156) proposed that VLDL-sized lipid particles lacking apoB are
synthesized in smooth ER, whereas apoB polypeptides are synthesized in rough ER and
become associated with the VLDL-sized lipid particles at the junction of rough and
smooth ER. The mature VLDL particles are then transported through the Golgi apparatus

and secreted.

Other studies suggested that a fraction of TG becomes associated with apoB in a
compartment between rough ER and Golgi during VLDL assembly. In isolated rabbit
(157) and rat (158, 159) livers, association of radiolabeled TG with apoB increased from
rough ER lumen (only about 30% of labeled TG in rough ER) to the Golgi lumen (over
70% of labeled TG in Golgi). In chicken hepatocytes, metabolic labeling experiments
showed that the Golgi apparatus was the primary site for the incorporation of bulk lipid
into VLDL (72, 160). These data suggest that maturation of VLDL may not be achieved

within the rough ER.

1.4.2. “One-step” assembly versus “two-step” assembly of mature very low density
lipoprotein

Another unsettled issue is whether VLDL assembly is achieved through a “‘one-
step” or “two-step” lipidation process. The “one-step” assembly process depicts that bulk
TG is incorporated into apoB during its translocation, either through a concerted fashion,
or through a step-wise fashion immediately after lipid-binding domains of apoB emerge

from the translocational channel. In contrast, the “two-step” assembly model depicts that
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apoB recruits minimal lipid during its translation/translocation, forming a small, lipid-
poor primordial particle (the first step). Subsequently, bulk TG is incorporated into the
primordial particle to form a mature VLDL, either by fusion with a large “apoB-free”
lipid droplet or by sequential addition of lipid through the secretory pathway (the second
step). Thus, in the “one-step” model, mature VLDL is formed within the rough ER.
Within this scheme, formation of mature VLDL is envisioned to take place
simultaneously with apoB translocation (i.e. co-translocational assembly), or even with
apoB translation (i.e. co-translational assembly) (see Section 1.3.5.). In contrast, in the
“two-step” model, the incorporation of bulk TG into apoB is not coupled with its
translation/translocation, therefore mature VLDL may not be formed within the rough

ER.

Data supporting either “one-step” or “two-step” model abound. They were obtained
mostly from studies of subcellular fractionation. Thus, observations that VLDL
maturation achieved in post-ER compartments (72, 155-160) propose the “two-step”
model, whereas results showing VLDL maturation within rough ER (153, 154) claim the

“‘one-step” process.

However, such a simplistic classification for a complex process like VLDL
assembly may not be adequate. In a metabolic labeling study, Swift (154) has indicated
that even mature VLDL within rough ER of rat liver is not assembled through a simple
“one-step” lipidation. It was shown that formation of B100-VLDL in the lumen of rough

ER occurred within 15 min of initial labeling, suggesting a co-translational “one-step”
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assembly process. [It takes about 15-20 min to synthesize one B100 polypeptide (126)].
On the contrary, formation of B48-VLDL in the lumen of rough ER was not achieved
after 30 min of the initial labeling, indicating that B48-VLDL may be formed through a
“two-step” lipidation process even within the rough ER. Thus, revelation of the
subcellular compartment for VLDL assembly is necessary but not sufficient to determine

the lipidation step(s) of VLDL maturation.

Perhaps definitive support for the “two-step” model is the demonstration of a
“precursor-product” relationship between a primordial lipid-poor particle and a mature
TG-rich VLDL particle. Working with rat hepatoma McA-RH7777 cells, Borén et al.
(125) showed an inverse relationship between secretion of apoB48-VLDL and apoB48-
HDL. In these cells, secretion of apoB48-VLDL was induced only when the cells were
incubated with exogenous oleate. Pulse-chase studies showed that the radiolabeled
apoB48 within the microsomal lumen was first associated with lumenal dense particles
(HDL-like), and later with VLDL particles in the presence of oleate supplement (125).
These results suggest that lumenal apoB48-HDL is the precursor of apoB48-VLDL.
However, these results became less conclusive once one realized that a significant
amount of apoB48 was associated with the microsomal membranes, which might serve as
a precursor for both B48-HDL and B48-VLDL. Hence, attempts have been made to

isolate membrane-associated apoB.

To isolate the membrane-associated form of apoB in its native form, Rustaeus et al.

developed an extraction method using a combination of deoxycholate (0.025%) and
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carbonate treatment (161). The concentration of deoxycholate used was not supposed to
affect membrane structure or lipid association with apoB (161). Using this extraction
method, Stillemark er al. (162) demonstrated that membrane-associated B48 was of the
same density as B48-HDL secreted from the cells, and that membrane-associated B48-

HDL was a precursor to both secreted B48-HDL and B48-VLDL.

Assembly of B100-VLDL in McA-RH7777 cells somewhat resembles that of B48-
VLDL. In this case, membrane-associated B100-HDL may act as a precursor of secreted
B100-VLDL (161). Unlike B48-HDL, B100-HDL is not secretion-competent. Thus,

while a significant amount of B100-HDL is found in the lumen, they were not secreted

into the medium (125).

1.4.3. The role of non-esterified fatty acid in very low density lipoprotein assembly
Hepatic TG is synthesized mainly through the phosphatidic acid pathway (Fig. 1.8).
Accumulating evidence suggest that it is the non-esterified fatty acids (NEFA), but not de
novo synthesized free fatty acids from small carbohydrate-derived precursors, that are
utilized for VLDL-TG formation (163-166). In the liver, there are several sources of pre-
made NEFA, either from extracellular NEFA in plasma, or from intracellular hydrolysis
of the cytosolic stored TG, lipoprotein remnants, or membrane phospholipids. Increased
flux of plasma fatty acids from adipose tissues to the liver stimulates hepatic TG-rich
VLDL production, and is often observed in familial combined hyperlipidemia and
insulin-resistant subjects. In cultured rat hepatoma McA-RH7777 cells, secretion of B48-

VLDL is induced only when oleate is supplemented (125). Thus, both in vivo and in vitro
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data indicate that availability of extracellular NEFA is critical for hepatic TG-rich VLDL

production.

Availability of extracellular NEFA, however, is not always positively associated
with hepatic TG-rich VLDL production. Supplementation of some fatty acids can inhibit
hepatic VLDL production. It has been recognized that feeding dietary fish oils lowers
plasma TG level in human and experimental animals (167-171). The hypotriglyceridemic
effect of fish oils is generally believed to be caused by a suppression of hepatic VLDL
secretion mediated by the n-3 fatty acids, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). Since in vitro cell culture studies showed that TG
synthesis is not altered in the presence of n-3 fatty acid (172-175), it has been postulated
that a lack of TG per se may not be the cause for decreased VLDL assembly, but rather
the amount of TG diverted for VLDL assembly is limited (176). Nevertheless, when n-3
fatty acids are fed in vivo via a dietary route, a decrease in TG synthesis becomes
demonstrable, and this may be responsible for decreased hepatic VLDL production (169,
175, 177-179). Thus, the mechanism for the inhibitory effect of n-3 fatty acid on hepatic
lipid and apoB secretion differs, depending on whether they are administered in vivo, via

the dietary route, or in vitro, via direct addition to hepatocyte cultures (175).

1.4.4. The origin of triacylglycerol utilized for very low density lipoprotein assembly
Many studies indicate that the newly synthesized TG is not directly utilized “en
bloc” for VLDL assembly. Lipid metabolic labeling experiments indicated that only

about 15% of cellular TG was secreted without prior hydrolysis in chicken hepatocytes
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(180). In rat hepatocytes, a maximum of 30-40% of VLDL-TG is directly made from the
conventional phosphatidic acid pathway (181, 182). In contrast, at least 70% of the
secreted VLDL-TG can be derived from hydrolysis of the cytosolic stored TG pool (166,
181). Thus, it is generally believed that the newly synthesized TG may not be directly
utilized “en bloc” for VLDL assembly. Rather, the majority of the newly synthesized TG
is stored temporarily in the cytosol (183). Under conditions where VLDL assembly is
stimulated, these cytosolic TG may undergo a “hydrolysis-reesterification” cycle to form

a “new” TG species that can be utilized for VLDL assembly (Fig. 1.9) (165, 184).

The lipase that is involved in the hydrolysis of cytosolic TG has not been
characterized. The lysosomal acid lipase may not be involved since the lipolysis process
is not inhibited by chloroquine (166). Several attempts have been made to determine
whether a microsomal triacylglycerol hydrolase (185, 186) or a hormone-sensitive lipase
(187) is involved in hydrolyzing cytosolic TG. To date the experimental data are
inconclusive. It is also not clear whether the cytosolic TG is hydrolyzed primarily to DG
(181, 188) or completely to glycerol and acyl moieties (Fig. 1.9) (182). In this context, it
is noteworthy that the inability of HepG2 cells to form TG-rich VLDL particles (189) is
probably correlated with a low rate of hydrolysis of cytosolic TG (190). Thus, the

putative lipase might be defective in HepG2 cells.
The enzyme responsible for the final step in the formation of TG during the

“hydrolysis-reesterification” cycle has not been defined, although the candidate enzyme

is likely to be diacylglycerol acyl transferase (DGAT). Two distinct pools of DGAT
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activity have been observed within the microsomal membranes of rat hepatocytes (191).
In HepG2 cells, there are two distinctly localized activities of DGAT, with one major
peak of high-specific-activity occurring in the smooth ER fraction (71). The two DGAT
activity pools may be located at different sides of the ER membranes (192). It has been
postulated that different physical locations of DGAT may underlie two different routes of
intracellular synthesis of TG (163, 193, 194). The first site is responsible for de novo
synthesis of TG, which are then transferred mainly to the cytosol. The second site is
where re-esterification of TG takes place, whereby fatty acids and DG, which are
released through intracellular lipolysis, are incorporated into TG. The latter pathway is
probably closely linked to VLDL maturation. Obviously, more studies are needed to
prove or disprove this hypothesis. Identification of the gene encoding DGAT (195) will

definitely shed some light on the role of DGAT in VLDL assembly.

Membrane phospholipids have been implicated in mediating the transfer of fatty
acyl moieties from cytosolic TG to VLDL-TG (193, 196). Previous studies in cultured
fibroblasts and smooth muscle cells indicated the presence of enzyme machinery in
mediating the transfer of fatty acyl moieties of PL into cytosolic TG (197, 198). Working
with rat hepatocytes, Wiggins and Gibbons (193) found that fatty acyl moieties of PL
may also be the precursor for the synthesis of VLDL-TG, possibly through PL
remodeling involving a sequential coupling of phospholipase A and lysophospholipid
acyltransferase activities (196). It is possible that fatty acids released during lipolysis of
cytosolic TG may be shuttled across the bilayer of the ER membranes via their transient

incorporation into membrane PL. Thus, the requirement of PL in VLDL assembly is not
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simply limited to its structural role by providing a suitable surface lipid component to
facilitate folding of apoB (124, 199) and assembly of neutral lipid core (200). More
importantly, phospholipid may contribute a significant amount of fatty acyl moieties for
the synthesis of lumenal TG that will be utilized for VLDL assembly, and may act as a
key component in the “hydrolysis-reesterification” cycle. The involvement of PC in
VLDL assembly may also provide an explanation of previous observation that active
synthesis of phosphatidylcholine is required for hepatic VLDL secretion from rat

hepatocytes (244).

1.4.5. Translocation of triacylglycerol across the endoplasmic reticulum membrane
bilayer

Most lipids are synthesized in the cytoplasmic leaflet of the ER membranes (201),
they have to be transferred to the lumenal side of the ER membranes for VLDL assembly.
Triacylglycerol has a limited solubility within the amphipathic lipid bilayer of ER

membranes (202). How can TG translocate across the lipid bilayer?

Translocation of apoB across the ER membranes may facilitate TG translocation.
The “lipid cavity” model (Fig. 1.5) proposed by Segrest et al. (47) suggested that the
interaction between apoB and MTP forms a “lipid cavity”, through which TG can be
sequestered between the membrane bilayer. Thus, the longer the apoB polypeptide is
synthesized/translocated, the larger is the hydrophobic cavity within the membranes, and
the more TG is recruited within the core. Translocation of TG is achieved when the

nascent particle is released into the lumen. However, other studies have demonstrated that
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lumenal TG moieties may exist even in the absence of apoB (158, 203, 204), suggesting
that TG may be translocated across the ER membranes through a mechanism independent
of apoB. It seems that other cellular factor(s) may facilitate transfer of TG across the ER

membrane bilayer into microsomal lumen.

Triacylglycerol may not be always translocated across the ER membranes en bloc
(166). It has been suggested that the amphipathic products of TG lipolysis (DG, MG and
acyl chains) are much more stable and more soluble within the phospholipid bilayer than
TG itself (205). Thus, it is tempting to speculate that translocation of TG is achieved
through hydrolysis of TG at the cytosolic side of ER membrane, followed by
translocation of the amphipathic products of TG lipolysis, and lastly reesterification of
TG at the lumenal side of ER membrane. Recently, Zammit and coworkers showed that a
substantial proportion of DGAT activity was found latent within the intact rat liver
microsomes, indicating that the lumen-facing DGAT may be specialized for the synthesis
of TG destined for secretion (192). Thus, the existence of this lumen-facing DGAT
implies that DG and acyl moieties, possibly derived from hydrolysis of cytosolic TG,
may be transferred across the ER membranes for synthesis of TG (194). 1t is not clear
whether the acyl moieties are translocated across the ER membranes through putative
acylcarnitines (206, 207) or through rapid flip-flop in their un-ionized form (208).
Obviously, the mechanism(s) responsible for translocation of TG, either en bloc or

through its building blocks, across the ER membranes need to be further investigated.
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1.4.6. The role of microsomal triglyceride transfer protein in very low density
lipoprotein assembly

In vivo studies from abetalipoproteinemia subjects (S, 41) and from liver-specific
MTP knockout mice (7, 8) have provided strong evidence that MTP plays an obligatory
role in VLDL assembly and secretion. However, little s known about the underlying
mechanism for the MTP action. One of the functions of MTP has been shown to assist
transtocation of apoB across the membranes of ER ((108-111), also refer to Section
1.3.3). Based on the evidence that initial lipidation of apoB takes place during apoB
translocation, some researchers postulated that MTP activity may be essential only in the
early stage of apoB lipidation (113). In the recent work showing post-translational B100-
VLDL assembly, the notion that MTP was required for the “early phase” of assembly but
not for bulk TG incorporation at the “late phase” was reinforced (161). Since both
translocation of apoB and “early phase” lipidation of apoB are the prerequisite for VLDL
maturation, diminished TG-rich VLDL assembly and secretion by MTP inactivation may

be a result of retarded apoB translocation and of impaired “early phase” lipidation.

Although it is plaustible that MTP acts as a facilitator for apoB translocation, other
studies cast some doubts on this conclusion. Experiments with cells (116) or microsomal
membranes (117) that lack MTP expression have shown that apoB translocation and
assembly into a primordial particle do not need MTP activity. Furthermore, emerging
evidence suggests that the demand for MTP is much greater for bulk TG incorporation
during VLDL assembly than that for primordial particle formation (209). In addition, in

abetalipoproteinemia, fat droplets were found in the cytosol but not in the secretory
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compartments (6), implying that MTP may play a role in lipid partitioning between
cytosol and microsomes. The role of MTP in intracellular lipid mobilization is further
supported by recent transgenic mouse studies showing that MTP inactivation resulted in
decreased lipid droplet accumulation within the microsomal lumen (210). In contrast,
deficiency in apoB expression in transgenic mice did not prevent microsomal lipid
droplet formation, implying that mobilization of lipid into microsomes is not always
accompanied with apoB translocation (203). These data raise the possibility that MTP

may play a role in intracellular lipid mobilization, thereby governing the lipid availability

for TG-rich VLDL assembly.

1.4.7. Effect of brefeldin A on very low density lipoprotein assembly

In addition to MTP, a brefeldin A (BfA)-sensitive factor is also required for the
bulk TG incorporation into apoB (161, 211). Brefeldin A is a fungal metabolite that
blocks the 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 (212). The effective dose of
BfA to block protein trafficking is 1 pug/ml. However, in McA-RH7777 cells, assembly
and secretion of B48-VLDL, but not B48-HDL, is inhibited at a low dose of BfA (0.2
pg/ml) (211). Assembly of B100-VLDL is also sensitive to the low dose of BfA (161,

211).
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It is not clear how low dose BfA inhibits VLDL assembly in McA-RH7777 cells. In
the presence of the low dose of BfA, both B48 (162) and B100 (161) were found in the
particles of HDL-like buoyant density, and were associated with microsomal membranes.
When BfA was withdrawn from the culture medium, assembly of VLDL resumed, and
membrane-associated B48- or B100-containing HDL was converted into VLDL in the
presence of oleate (161, 162). These experiments not only provide strong evidence
showing that incorporation of bulk TG into apoB can be achieved post-translationally,
but also imply that an unknown GTPase, reversibly inhibitable by low dose of BfA, is

probably responsible for vesiculation of bulk TG and immature apoB particles.

1.4.8. Effect of orotic acid on very low density lipoprotein assembly

Feeding rats with a diet containing 1% of orotic acid (a pyrimidine precursor)
impaired secretion of hepatic VLDL (but not HDL) with a concomitant increase in
hepatic lipids resulting in fatty liver (213-216). Within the fatty hepatocytes, lipid
accumulated in two forms: one located in cytosol as large lipid droplets, and the other

within ER lumen as smaller droplets, forming “liposome”-like structures (217-224).

Biochemical evidence showed that neither apoB synthesis nor TG synthesis was
affected in fatty hepatocytes isolated from orotic acid-fed rats. Since the membrane-
bound apoB could be chased from the rough ER to the trans-Golgi membranes, the
trafficking of apoB per se within the secretory pathway may not be affected by orotic
acid treatment (225). Despite the accumulation of lipid droplets within the ER lumen and

the presence of apoB, nascent VLDL particles were absent within the Golgi compartment
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(223, 224), implying that there may be an impediment in the mobilization and transport
of TG to the site where VLDL is assembled. Further analysis of the “liposome”-like
structures showed that the “liposome” contents were profoundly deficient in apoB100
and apoB48 relative to apoE and apoC when compared with rat plasma VLDL (220).
Thus, it was postulated that apoE- or apoC-containing TG-rich particles may be the
putative VLDL assembly intermediates, and movement of the putative VLDL assembly
intermediates out of the ER compartment may require a net acquisition of apoB to form

VLDL (220).

The effect of orotic acid could be 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
(216, 226, 227). Thus, the ER exit of the putative VLDL assembly intermediates may
involve a GTP- or ATP-binding protein. The mechanism(s) for the involvement of the

putative GTP- or ATP-binding protein in VLDL assembly remains to be investigated.

L.5. Thesis objective
This thesis mainly focuses on the mechanism responsible for the biogenesis of
hepatic TG-rich VLDL using McA-RH77777 cells stably expressing human B100 or
other C-terminally truncated apoB.
The following issues will be addressed:
(a) Can recombinant apoBs assemble TG-rich VLDL in McA-RH7777 cells? If so, what
is the minimum length of apoB that is required to assemble TG-rich VLDL?

(b) Does apoB 100 assemble TG-rich VLDL through the same pathway as apoB48?
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(c) Is MTP required during post-translational TG-rich VLDL assembly?

(d) How is MTP involved in TG-rich VLDL assembly?
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FIG. 1.1. Structure of human apolipoprotein B. 4, the position of apoB amino acid
residues (fop) in comparison to the nomenclature of apoB using the centile system
(botrom) (228). B48 refers to N-terminal 48% of full-length apoB, whereas B100 refers to
the full-length apoB. The centile system of apoB will be used in this thesis. B, positions
of the N-linked glycosylation sites within B100. There are 19 N-x-T/S sites within B100,
16 of them glycosylated (closed) and 3 of them unglycosylated (open) (15, 18). C,
positions of cysteines within B100. Cysteines involved in disulfide linkages are

connected together (21). D, the pentapartite model for the secondary structure of human
B100 (27).
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Fig. 1.1.
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FIG. 1.2. “Ribbon and bow” model for the conformation of apolipoprotein B100 on
the low density lipoprotein surface. 4-D, the “ribbon” of N-terminal 89% of apoB100
on the LDL surface. These panels (from 4 to D) are related by sequential 90° rotations
about a horizontal axis in the plane of the page. The numeric labels on the surface
represent the centile nomenclature of apoB. E, the “bow” of apoB100. The orientation is
the same as D. The C-terminal 11% of apoB100 moves “backward” from B89 into one
hemisphere (at B92), and then crosses the ribbon near the LDL-receptor binding site and
terminates in the other hemisphere (at B100) (adapted from (31)).
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FIG. 1.3. Ribbon diagrams of the lamprey lipovitellin monomer. 4, the view looking
from the side of the lipid cavity. B, the view looking down into the lipid cavity from the
widened opening. The cartoon is color-coded to show the three domains of the LV. (The
atomic coordinates for lipovitellin were obtained from the Protein Data Bank,
Brookhaven, with accession code ILLV. The models were prepared using the program
Rasmol.)
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FIG. 1.4. Molecular models of MTP and apoB based on the atomic coordinates of
lamprey lipovitellin, A, the N-terminal B-barrel of MTP. B, the N-terminal B-barrel of
apoB. C, the predicted a-helical domain of MTP. D, the a-helical domain of apoB. E,
expanded view of helices 13-17 of MTP showing the predicted buried salt bridge R540-
N531-E570 in red) and PDI-binding residues (Y554, MSSS, K558, 1592 in dark green). F,
expanded view of the R531-E557-D524 buried salt bridge of apoB. In 4 to F, a-helices
are depicted as blue cylinders, disulfide groups are red, loops are gray and f3-strands are
yellow, except those that correspond to the homodimerization interface of lamprey LV,
which are shown in green (adapted from (46)).
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FIG. 1.5. "Lipid cavity" model for assembly of apolipoprotein B-containing
lipoprotein particles. 4, model of the structure of the lamprey LV "lipid cavity" viewed
from above. Green circles represent phospholipid headgroups. The protein structural
schematics in blue indicate the relative positions of the p sheets, BC.LV, BA.LV, BB:LV,
and BD:LV, and the a helical cluster, a:LV (cylinders for a helixes, and arrows for
antiparallel B sheets). B, model of the proposed hApoB "lipid cavity" viewed from above.
To complete the “lipid cavity” (compare with 4), BA:B and BB:B require the amphipathic
B strand cluster B:MTP and the a helical cluster a:MTP from hMTP. The protein
structural schematics are color coded, blue for hApoB and red for hMTP. Notice that the
portion of a:MTP that lines the lipid cavity (negatively charged) binds to the positively
charged N-terminal portion of the a:B domain of hApoB. C, an incomplete "lipid pocket"
is formed by amphipathic B strands (blue dashes) located in the a; domain of hApoB.
MTP is required for this pocket to fill with lipid (yellow, neutral lipid; green,
phospholipid head groups; black, fatty acyl chains), perhaps acting as a co-structural
element to complete the pocket (see B). Once the pocket is filled, additional amphipathic
B strands from the B, domain of hApoB are co-translationally added, allowing the "lipid

cavity" to expand until defined lipoprotein particles with HDL, then VLDL density result
(adapted from (47)).
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FIG. 1.6. Comparison of the length of primary sequence responsible for the lipid
association domain among apolipoprotein B (apoB), vitellogenin (VIG) and
microsomal triglyceride transfer protein (MTP) (adapted from (61)).
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FIG. 1.7. The buoyant density and the size of lipoproteins containing apolipoprotein
B is a function of apolipoprotein B length. 4, immunoblots of human apoB proteins
associated with lipoproteins secreted from transfected McA-RH7777 cells (without oleate
supplement). Lipoproteins from conditioned media were fractionated by a continuous
density gradient ultracentrifugation, denatured and resolved by SDS-PAGE. The arrows
indicate peak fractions of lipoproteins. B, medium lipoproteins were resolved by non-
denaturing polyacrylamide gradient gel electrophoresis (3-10%) and human apoB were
visualized by immunoblotting. C, the relationship between the buoyant density and the
core volume of lipoprotein and the apoB length. Each particle contains C-terminally
truncated apoB, the length of which is indicated by X-axis. The size of particle increases
with the apoB length, as illustrated by the size of circles in the cartoon. Increasing
truncation of the C-terminus of apoB increases the buoyant density (left Y-axis), but
decreases the core volume (right Y-axis), of the particles (adapted from (229)).
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Fig. 1.7.
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FIG. 1.8. Phosphatidic acid pathway for biosynthesis of triacylglycerol in
hepatocytes. Notice that both glycerol and fatty acid (such as oleate) are the precursors
for triacylglycerol.
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FIG. 1.9. Putative pathways for hydrolysis and reesterification of cytosolic
triacylglycerol during very low density lipoprotein assembly. The newly synthesized
triacylglycerol is considered to be partitioned between association with apoB to form
nascent particles and the formation of cytosolic TG. The latter is hydrolyzed to form
partial glycerides (either diacylglycerol or monoacylglycerol) and fatty acyl-CoA through
the action of unknown hydrolase. Triacylglycerol can be synthesized from the remodeled
DG to be incorporated into VLDL, although the enzymes responsible for reesterification
process remain to be defined (adapted from (194)).
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Chapter 2 Material and Methods

Materials - Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
horse serum and neomycin analog G418 were obtained from Life Technologies Inc.
Reagents for polyacrylamide gel electrophoresis (PAGE) and nitrocellulose membrane
were obtained from Bio-Rad. Sheep anti-human apoB and apoA-I antiserum, the ECL
immunodetection system, trypsin and soybean trypsin inhibitor were obtained from
Boehringer Mannheim. CNBr-activated Sepharose 4B beads and protein A-Sepharose
CL-4B beads were obtained from Pharmacia LKB Biotechnology Inc. ProMix™
([S]methionine/cysteine, 1000 Ci/mmol), [2-*H]glycerol (I Ci/mmol), [*H]oleic acid (9
Ci/mmol), [1-'*CJoleic acid, glycerol tri[1-'*C]oleate (80 mCi/mmol), Na'**I (100
mCi/ml), and peroxidase-conjugated anti-mouse immunoglobulin G antibody were
obtained from Amersham Pharmacia Biotech Ltd. Oleic acid, fatty acid free bovine
serum albumin, and standard lipids were obtained from Sigma. 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.
Brefeldin A was obtained from Epicenter Technologies. MTP inhibitors BMS-192951
and BMS-197636 (designated compound 7) (230) were gifts of D. Gordon (Bristol-Myers
Squibb). Monoclonal antibodies specific for human apoB (1D1, Bsol14, 3ES) or rat apoB
(LRB220) were obtained from R. Milne, Y. Marcel (University of Ottawa Heart Institute)

and L. Wong (Louisiana State University), respectively.

Cell Culture and Stock Solution — Rat hepatoma McA-RH7777 cells stably expressing

human apoB variants, i.e., hB29, hB34, hB37, hB42, hB48, hB60, hB72, hB80 and
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hB100 (129), were cultured in DMEM containing 10% (v/v) FBS, 10% (v/v) horse serum
and 200 pg/ml G418 in 100-mm dishes. Cells were split in a ratio of 1:8 every three days

(defined as one passage). For experiments, cells were grown no more than 20 passages

after revival from liquid nitrogen.

All experiments, except for subcellular fractionation studies, were carried out in 60-
mm Primaria dishes. Cells were prepared one or two days before experiments so that cell
confluency was 100% (about 1 mg protein/dish) on the day of experiment. For
subcellular fractionation studies, 100-mm Falcon dishes were used, and the confluency of

the cells was 100% (about 4 mg protein/dish) on the day of experiment.

A stock solution of BfA (5 mg/ml) was prepared in absolute ethanol. MTP
inhibitors BMS-192951 (20 mM) and BMS-197636 (20 mM) were prepared in

dimethylsulfoxide.

Metabolic Labeling - Procedures for metabolic labeling with [*°S]methionine,

[*H]glycerol, [*H]oleate, or ['*C]oleate are described in the figure legends.

Ultracentrifugation of Lipoproteins — Three ultracentrifugation methods were used to
separate lipoproteins. (i) Sucrose density gradient ultracentrifugation. The conditioned
media were collected, diluted to S ml with phosphate-buffered saline (pH 7.4), and mixed
with 0.655 g sucrose for a final concentration of 12.5% (w/v). The samples were then

subjected to ultracentrifugation in a sucrose density gradient. Briefly, the centrifuge tube
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was loaded from the bottom to the top: 2.0 ml 47% sucrose, 2.0 ml of 25% sucrose, 5.0
mi of the sample in 12.5% sucrose, 3 ml phosphate-buffered saline (pH 7.4). The gradient
was formed after 65 h centrifugation at 35,000 rpm in a Beckman SW4! rotor at 12 °C.
Twelve fractions (1 ml each) were collected from the top of the centrifuge tube, of which
fractions 1 and 2 (the top two ml) represent VLDL (d < 1.02 g/ml) and fractions 8-10
(from the top of the gradient) represent lipoproteins of densities similar to that of HDL (d
= 1.08 - 1.13 g/ml). (ii) Sequential flotation ultracentrifugation. The conditioned media
were collected, diluted to 5 ml with phosphate-buffered saline (pH 7.4), and adjusted to d
= 1.02 g/ml with 0.1 g KBr. The samples were loaded into quick-seal tubes, and
subjected to ultracentrifugation in a Beckman TLA100.4 rotor at 100,000 rpm (12 °C, 4
h). After centrifugation, the tubes were sliced to separate the top fraction (1 ml, 4 < 1.02
g/ml) from the bottom fraction (4 mi, d > 1.02 g/ml). (iii) Cumulative rate flotation
ultracentrifugation. The samples (conditioned media or the lumenal contents of
microsomes) were collected, diluted to 4 ml with phosphate-buffered saline (pH 7.4), and
adjusted to d = 1.10 g/ml with 0.56 g KBr. The samples were then loaded onto the bottom
of Beckman SW40 centrifuge tubes, and overlaid with 3 ml of 4 = 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
(40,000 rpm, 20 °C, 148 min), VLDL, (§y> 100) was collected from the top 1 ml of the
gradient. After an additional ultracentrifugation (37,000 rpm, 15 °C, 18 h), other
lipoproteins were collected from top to bottom into 12 fractions (1 ml each). Of the 12

fractions, the top two fractions represent VLDL, (§,20-100).
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Analysis of ApoB Proteins — ApoB proteins were quantitatively immunoprecipitated with
sheep anti-human apoB polyclonal antibody (Boehringer Mannheim). The anti-apoB
polyclonal antibody cross-reacted with both rat apoB100 and rat apoB48. The
immunocomplexes were recovered by protein A-Sepharose CL-4B. ApoB proteins were
eluted from the beads, and subjected to electrophoresis on 5% (w/v) or 3-15% (W/v)
gradient polyacrylamide gels with 0.1% (w/v) SDS. For radiolabeled apoB proteins, the
gels were treated with Amplify (Amersham Corp.) for 30 min, dried, and apoB proteins
were detected by fluorography. For non-radiolabeled apoB proteins, they were analyzed
by immunoblotting. Briefly, 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 with 1D1 for human apoB or with

LRB220 for rat apoB using ECL.

Non-denaturing Gradient Gel Electrophoresis — Conditioned media were fractionated
into VLDL (d < 1.02 g/ml) and HDL (d = 1.06 - 1.21 g/ml) by sequential flotation
ultracentrifugation, or into VLDL, (Sy> 100) and VLDL; (S 20 -100) by cumulative rate
flotation ultracentrifugation. Each fraction was further concentrated to 200 ul by
centrifugation. The concentrated samples (20 ul) were subjected to electrophoresis on 2-
8% (w/v) polyacrylamide gradient gels under non-denaturing conditions. The
electrophoresis was performed at 125 V for 32 h with a recirculating buffer solution
which contained 90 mM Tris base, 90 mM boric acid, and 2 mM EDTA, pH8.0. Human
LDL (22 nm), thyroglobulin (17 nm) and ferritin (12.2 nm) were used as size markers for

determination of particle diameter. Proteins were transferred to nitrocellulose membrane
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for 30 h with a transfer buffer (190 mM glycine, 25 mM Tris base, 20% methanol) being

replaced once during transfer, and apoB proteins were analyzed by immunoblotting.

Immunoaffinity Purification of Lipoproteins Containing ApoB and Lipid Analysis-
Monoclonal antibody 1D1 (4 mg) was coupled to CNBr-activated Sepharose 4B beads (1
g) according to the manufacturer's instructions. For human B48-transfected cells, twelve
fractions obtained from sucrose gradient ultracentrifugation of the conditioned media
were mixed with bovine serum albumin (final concentration 1%) and 100 pl of 1DI1-
affinity beads for 16 h at 4 °C to recover hB48-lipoproteins. After hB48-lipoproteins
were precipitated, the supernatant was subsequently mixed with an anti-human apoB
polyclonal antibody (Boehringer Mannheim, this antibody cross-reacts with rat apoB) to
recover lipoproteins containing endogenous rat apoB100. Immunocomplexes with either
hB48- or rB100-lipoproteins were washed five times with 1 ml of phosphate-buffered
saline by centrifugation. Since hB48- and rB100-lipoproteins were mostly confined to
fractions 1 and 2 (VLDL, 4 < 1.02 g/ml) and 8-10 (HDL, 4 = 1.08-1.13 g/ml) in the
sucrose density gradient, in some cases only these two combined fractions were subjected
to immunoprecipitation to recover hB48-VLDL, rB100-VLDL, and hB48-HDL particles.
The recovery of hB48-VLDL from the conditioned medium by immunoaffinity
purification was greater than 90%, and the purified hB48-VLDL contained less than 15%
endogenous rB100-VLDL as determined by Western blot analysis and by quantification

of **S-labeled apoBs (data not shown).
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For human B100-transfected cells, the conditioned media were subjected to
cumulative rate flotation ultracentrifugation to isolate VLDL, (S;> 100) and VLDL, (S,
20-100) fractions. Human B100-VLDL; and hB100-VLDL, were purified from these two
fractions using 1D1-affinity beads. After hB100-lipoproteins were precipitated, the
supernatant was subsequently mixed with an anti-human apoB polyclonal antibody to

recover rB100-VLDL, and rB100-VLDL,.

Lipids associated with the purified lipoprotein particles were extracted by
chloroform/methanol. Separation of phospholipids and neutral lipids was performed on
silica gel 60 plates as described (231) using egg yolk lipids as a carrier. The radioactivity

associated with individual lipid species was quantified by liquid scintillation counting

(Wallac 1409 counter).

Radioimmunoassay - Solid phase radioimmunoassay was performed in Immulon II
removawells (Dynatech Laboratories, Alexandria, VA). The wells were coated with 100
pl of 1D1 (10 pg/ml of purified immunoglobulins in S mM glycine, pH 9.2) for 16 h and
subsequently saturated by incubation with 125 pul of 1% BSA in PBS, pH 7.4 (PBS-BSA)
for 1 h. Human LDL and medium VLDL (d < 1.02 g/ml) were appropriately diluted in
PBS-BSA as indicated in the figure legends, and aliquots (100 ul) of the samples were
loaded into the coated wells that had been washed with 0.15 M NaCl containing 0.025%
Tween 20. After overnight incubation, the wells were rinsed with the Tween-saline
solution and incubated with 10 ng ‘*I-labeled immunoglobulins (i.e. 1D1, Bsol 14, 3F5,

or LRB220) in 1% PBS-BSA (specific activity: 10,000 cpm/ng) for another overnight
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period. Finally, the wells were rinsed with the Tween-saline solution and radioactivity
was quantified by counting. The epitopes for Bsol 14, 1D1, and 3FS$ are located within
amino acids 186-670, 474-539, and 2835-2922, respectively, of human apoB100 (232).
Antibody Bsol 14, which does not compete with 1D1 for binding to LDL, was used to
show the lack of spatial constraint between 1D! and the captured VLDL particle that

could potentially interfere with antibody-antigen binding.

MTP Activity Assay — The TG transfer activity of MTP was measured using [**C]triolein
and the deoxycholate extract of total cell homogenate according to the published protocol
(5). Since the extensive dialysis required for the deoxycholate extraction precluded the
assessment of BMS-197636 (a reversible inhibitor) effect on MTP, an alternative
protocol (referred to as sonication extraction) was developed in which the cell
homogenate was sonicated for 2 min at 4 °C. After centrifugation (400,000 x g, 16 min)
of the sample, the supernatant that contained the MTP activity was used for TG transfer
assay. The MTP activity in McA-RH7777 cells measured by the two protocols was

comparable (data not shown).

Subcellular Fractionation - Metabolically labeled cells (100-mm dish) were suspended
in 2 ml of Tris-sucrose buffer (10 mM Tris-HCI, pH 7.4, and 250 mM sucrose) that was
supplemented with protease inhibitors (0.1 mM leupeptin, 0.1 mM phenylmethylsulfonyl
fluoride, 100 unit/ml aprotonin, and 40 ug/ml ALLN). The cells were homogenized using
a ball-bearing homogenizer (20 passages) (79), and the postnuclear supernatant was

obtained by centrifugation (10,000 x g, 4 °C, 10 min). Heavy microsomes were isolated
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from the postnuclear supernatant by centrifugation using a microfuge (16,000 x g, 4 °C,
15 min), and subsequently the light microsomes and cytosol were separated by
centrifugation using a Beckman TLA-100.4 rotor (400,000 x g, 4 °C, 16 min). The heavy
microsomes were enriched with ribosomal RNA as determined by ethidium bromide
staining of total RNA separated by agarose gel electrophoresis. In some experiments, the

heavy and light microsomes were combined (referred to as total microsomes).

Trypsin Digestion — Heavy microsomes were resuspended in 200 pl of Tris-sucrose
buffer using a 25 G needle (5 passages). Aliquots (60 ul) of the samples were incubated
(30 min on ice) with or without 50 pg/mi of trypsin and 1% (v/v) of Triton X-100.
Trypsin digestion was terminated by the addition of soybean trypsin inhibitor (final
concentration of 0.5 mg/ml). The samples were solubilized with an equal volume of lysis
buffer [1% (v/v) Triton X-100, 1% (w/v) deoxycholate, and 2% (w/v) SDS] for 16 h and
diluted to 0.2% (w/v) SDS prior to immunoprecipitation with an anti-apoB antiserum
(Boehringer Mannheim). [**S]ApoB was analyzed by PAGE/fluorography as described

above.

Sodium Carbonate Treatment — The total microsome pellet, obtained from centrifugation
(400,000 x g, 4 °C, 16 min) of postnuclear supernatant derived from approximately 2
dishes (100 mm) of cells, were rinsed twice with (to minimize cytosol contamination) and
resuspended in 2 ml Tris-sucrose buffer. The microsome samples were mixed with equal
volume of 0.2 mM sodium carbonate, pH 12.4 (the final concentration of sodium

carbonate was 0.1 mM and pH of which was 11.3) using a nutator™ (a mechanical
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rocker) for 30 min at room temperature to release lumenal contents. The lumenal contents
were separated from microsomal membranes by ultracentrifugation (400,000 x g, 4 °C,

16 min).

Analysis of Intracellular Lipids — [*H]Lipids were extracted with CHCly/CH;0H/H,0
(4:2:3; by volume) from cytosol, microsomal membrane, and microsomal lumen. and
separated by TLC on Silica gel 60 plates using egg yolk lipids as a carrier, as described
previously (231). The radioactivity associated with individual lipid species was
quantified by liquid scintillation counting (Wallac 1409 counter). The recovery of
[*H]TG was nearly 100% for cytosol, microsomal membrane, and microsomal contents
as determined by monitoring radioactivity associated with each fraction in comparison to

that associated with total postnuclear supernatant.
Other Assays - Protein (233) and TG mass (234) were determined by published methods.

Phosphatidylcholine (PC) mass was quantified using an assay kit (Boehringer Mannheim)

according to the manufacturer’s instruction.
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Chapter 3 Results

3.1. Assembly of human B48-VLDL in transfected McA-RH7777 cells

In rat hepatoma McA-RH7777 cells, assembly and secretion of endogenous rat
B48-VLDL can be induced by oleate in the presence of DMEM + 20% serum (125).
Assembly of B48-VLDL has been postulated to undergo a two-step lipidation process: in
the first step lipidation, a primordial particle with the buoyant density of HDL (d = 1.063-
1.21 g/ml) is formed during or immediately after translation of apoB48 nascent
polypeptide. In the presence of sufficient lipid supply, a second step lipidation occurs
whereby bulk lipid is incorporated into the core of the primordial particle to form mature

VLDL (125, 162). Thus, McA-RH7777 cells retain the ability to assemble VLDL.

Based on the above results, we raised the following questions: (a) Does human
apoB48 also have the ability to assemble TG-rich VLDL in McA-RH7777 cells? (b)
What is the minimum length of human apoB that is required for the assembly of TG-rich
VLDL? We chose transfected McA-RH7777 cells as the cell model for the following
reasons: (a) McA-RH7777 is the only available hepatoma cell line that produces
authentic VLDL (i.e. 4 < 1.006 g/ml). (b) Although the level of endogenous apoB
expression is low in McA-RH7777 cells, these cells are suitable for stable transfection
with recombinant human apoBs. Such a system makes it possible to address the effect of
apoB length on VLDL assembly. (c) In human B48-transfected McA-RH7777 cells,
overexpression of human apoB48 (hB48) suppresses endogenous rat apoB48 (rB48)
expression (235), therefore the assembly of human B48-VLDL (hB48-VLDL) can be

examined in this cell line without any interference from rat B48-VLDL (rB48-VLDL).
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3.1.1. Oleate-induced assembly and secretion of human B48-VLDL in human B48-
transfected McA-RH7777 cells

In human B48-transfected McA-RH7777 cells, secretion of hB48-VLDL, like that
of rB48-VLDL, was dependent entirely on oleate supplementation (Fig. 3.1.1.4). In the
absence of oleate, hB48 was secreted primarily as HDL (Fig. 3.1.1.4). Formation of
hB48-VLDL was achieved within the cells, but not through nonspecific association of
exogenous oleate with secreted hB48-HDL, since formation of hB48-VLDL was not
observed when oleate was mixed with conditioned media containing only hB48-HDL
(data not shown). Oleate also stimulated rB100-VLDL secretion (Fig. 3.1.1.8). However,
it was not clear whether the increased rB100-VLDL secretion was accompanied with a
decrease in the buoyant density of the particles since the sucrose density gradient could

not resolve particles with density less than 1.02 g/ml (Fig. 3.1.1.C).

Secretion of hB48-VLDL was stimulated by oleate in a time-dependent manner.
When  human  B48-transfected cells were continuously labeled  with
[**S]methionine/cysteine in the absence (Fig. 3.1.2.4) or presence (Fig. 3.1.2.B) of 0.4
mM oleate for up to 6 h, secretion of [*>S]hB48-VLDL was stimulated more than 10-fold
by oleate (Fig. 3.1.2.C, left panel), while secretion of [**S]rB100-VLDL was stimulated
4-fold by oleate (Fig. 3.1.2.C, right panel). Oleate had no effect on [*°S]hB48-HDL

secretion (Fig. 3.1.2.C, middle panel).
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Secretion of hB48-VLDL was also stimulated by oleate in a dose-dependent manner
(Fig. 3.1.3). Incremental increases in exogenous oleate concentration, from 0 to 0.4 mM,
gradually increased secretion of the amount of [>*S]hB48 and [* S]rB100 associated with
VLDL, while altered secretion of [>>S]hB48-HDL to a less extent. At 0.8 mM oleate,
secretion of both [**S]hB48 and [**S]rB100 decreased, probably due to cytotoxicity of

high dose of oleate. Therefore, 0.4 mM oleate was used in the subsequent experiments.

3.1.2. Characterization of human B48-VLDL

The size of secreted hB48-VLDL from McA-RH7777 cells is comparable to that of
authentic human plasma VLDL (Fig. 3.1.4, compare lane 2 with /ane 8). In the absence
of oleate (lanes [ & 3), human apoB48 was secreted only as HDL with a diameter of 13
nm. Thus, there is a quantum leap in the particle size of apoB48-associated particles from
HDL to VLDL, reflecting an enlargement of neutral lipid core. Oleate had little effect on
the size of the majority of rB100-VLDL, although a slight increase in particle size was

observed with a small portion of rB100-VLDL in the presence of oleate (lanes 5 & 6).

To examine the incorporation of lipid into VLDL, we have monitored intracellular
synthesis of lipid and utilization of lipid for VLDL assembly/secretion. The intracellular
lipid synthesis was determined by incubation of human BA48-transfected cells with
[*H]glycerol for up to 4 h. As shown in Fig. 3.1.5.4, oleate supplementation (0.4 mM
oleate) increased [SH]glycerol incorporation (> 10-fold) into cell TG but had less effect
on the incorporation of [*H]glycerol into cell PC (about 2-fold), suggesting that TG

synthesis is dramatically enhanced by oleate treatment. At the end of 4 h labeling,
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secretion of ["H]TG associated with both hB48-VLDL and rB100-VLDL (d < 1.02 g/ml)
was also significantly increased (16-fold and 4-fold, respectively) by oleate, whereas
secretion of [*H]TG associated with hB48-HDL was increased by 2-fold (Fig. 3.1.5.B8,
left panels). Oleate increased incorporation of [HJPC into hB48-VLDL and rB100-
VLDL, but not hB48-HDL (Fig. 3.1.5.8, right panels). Thus, utilization of newly labeled
lipid for the assembly and secretion of both hB48-VLDL and rB100-VLDL is stimulated

upon oleate supplementation.

In comparison to hB48-HDL, the hB48-VLDL particle is enriched in TG within the
core. For example, in 4 h oleate-treated conditioned media, the ratio of apoB48 proteins
associated with VLDL over HDL was 2:3 (Fig. 3.1.2.C), and the ratio of TG associated
with VLDL over HDL was 10:1 (Fig. 3.1.5.B). Therefore, the amount of TG per hB48-
VLDL particle was approximately 15 fold more than that of hB48-HDL. This
corresponded to a 2.5-fold increase in particle diameter; since the diameter of hB48-HDL

is around 13 nm (Fig. 3.1.4), it is estimated that the diameter of hB48-VLDL is about

32.5 nm.

We also performed lipid pulse chase experiments to examine the incorporation of
pre-existing TG into VLDL. In this experiment, human B48-transfected cells were
labeled with [*H]oleate for 4 h under basal conditions (i.e. DMEM plus 20% serum). The
cells were then immediately incubated with or without 0.4 mM oleate for up to 4 h.
Lipids associated with both cell and secreted apoB-containing particles were analyzed. A

representative experiment, shown in Fig. 3.1.6.4, indicated that oleate supplementation
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during the 4 h chase increased cell ["H]TG by 1.3-fold and decreased ["H]JPC by 34%.
Oleate-stimulated [*HJPC turnover and [*H]TG formation was also observed in other
MCcA-RH7777 cells (both wildtype and human apoB-transfected cells) and CHO cells,
but not in HepG2 cells or COS-7 cells (data not shown). These data indicate that oleate
may enhance the PC turnover in McA-RH7777 cells, and the products from PC turnover
(either acyl chains or acylglycerol moieties) may be utilized for TG formation during the
oleate-supplemented chase, as described by Gibbons and associates (196). At the end of
4-h chase, oleate increased incorporation of [’H]TG into hB48-VLDL more than 6-fold
(Fig. 3.1.6.B, left panel), and concomitantly decreased ["H]TG associated with hB48-
HDL by 2-fold (Fig. 3.1.6.8, middle panel). In contrast, incorporation of [*H]TG into
rB100-VLDL (d < 1.02 g/ml) was not affected by oleate (Fig. 3.1.6.B, right panel). Thus,
pre-labeled [*H]TG, either derived from phospholipid remodeling or from pre-existing
TG en bloc, is recruited in bulk for hB48-VLDL assembly, but not for rB100-VLDL
assembly. The incorporation of bulk TG into human apoB48 is the hallmark for hB48-

VLDL assembly, regardless of the origin of TG.

The apolipoprotein stoichiometry of hB48-VLDL was analyzed by solid-phase
radioimmunoassay (Fig. 3.1.7.4) and compared to that of human plasma LDL (Fig.
3.1.7.B). Human B48-VLDL was isolated from overnight conditioned media, and was
immobilized by 1D1 on a solid phase. '*1-1D1 in the liquid phase was not able to bind to
immobilized hB48-VLDL. This was not caused by steric hindrance of VLDL particles
since '*’I-Bsol14 with its epitope in the vicinity of 1D1 (Fig. 3.1.7.C) could effectively

bind to immobilized hB48-VLDL (Fig. 3.1.7.4). These data suggested that there is only
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one 1D1-epitope on each of hB48-VLDL particles, i.e. one copy of human apoB48 per
VLDL particle. '*I-3FS, with an epitope in the C-terminal of human apoB100 (Fig.

3.1.7.C) could bind to human LDL, but not hB48-VLDL.

3.1.3. Post-translational assembly and secretion of B48-VLDL

Previous studies from Olofsson’s group (125) demonstrated that assembly of rat
B48-VLDL was achieved post-translationally in McA-RH7777 cells. The effect of oleate
on pre-made human apoB48 was examined by pulse-chase analysis. In human B48-
transfected McA-RH7777 cells, the decay of both cellular [>*S]B100 and [*°S)B48 was
not affected by oleate (Fig. 3.1.8.4). However, addition of oleate during the chase
stimulated incorporation of prelabeled [*°S]hB48 into VLDL at 2 h chase (Fig. 3.1.8.B).
Oleate had less effect on [**S]hB48-HDL secretion (less than 2-fold increase) (Fig.
3.1.8.C). These data suggested that like rat B48-VLDL, formation and secretion of

human B48-VLDL could be achieved post-translationally.

3.1.4. Oleate-induced secretion of VLDL containing carboxyl-terminally truncated
apolipoprotein B variants shorter than apoB48

To determine the minimum length of human apoB that is required for VLDL
assembly, we examined VLDL assembly in McA-RH7777 cells stably expressing human
apo-B29, -B34, -B37, and -B42 (Fig. 3.1.9.4). Under standard cell culture conditions (i.e.
DMEM containing 20% serum), all of the secreted h-apoBs were associated with HDL (d
= 108-1.18 g/ml) species (Fig. 3.1.9.8). When culture media were supplemented with

oleate (0.4 mM), VLDL formation could be observed with apo-B42, -B37, and -B34,
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indicating that the ability to assemble VLDL was not severely affected by the truncation
(although VLDL formation by apoB34 was compromised) (Fig. 3.1.9.C). In contrast,
formation of VLDL was entirely abolished by truncation to apoB29. None of the

truncations affected the secretion of apoBs as HDL (Fig. 3.1.9.C).

Sequential flotation of the secreted lipoproteins confirmed that hB34, hB37, and
hB42 indeed formed VLDL (d < 1.006 g/ml) (data not shown). Analysis of the size of
hB34-VLDL by nondenaturing gradient gel electrophoresis (2-8%) showed a size similar
to that of hB48-VLDL (Fig. 3.1.10). Taken together, these data are reminiscent of
observations in human hypobetalipoproteinemia subjects, whereby apoB37 or longer, but
not apo-B31 and -B32.5, are found associated with VLDL in plasma (3). Thus, these
results provide in vitro evidence that the lipid-recruiting sequences for VLDL formation

most likely reside beyond the N-terminal 30% of apoB100.

3.1.5. Conclusion

In conclusion, human apoB48, like rat apoB48, has the ability to assemble authentic
TG-rich VLDL, as determined by its buoyant density, size and lipid composition. Human
B48-VLDL, like rB48-VLDL (9), contains only one copy of apoB48. The minimum
length of apoB that is required to assemble VLDL is beyond the N-terminal 30% of
human apoB100. Incorporation of bulk TG into apoB48 is the hallmark for post-

translational TG-rich B48-VLDL assembly.
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FIG. 3.1.1. Oleate-induced formation of human apoB48-VLDL in McA-RH7777 cells.
Human B48-transfected cells were treated with or without 0.4 mM oleate in 20% serum-
containing media for 6 h. The conditioned media were fractionated into 12 fractions in a
sucrose density gradient. ApoBs in each fraction were recovered by immunoprecipitation,
resolved by 5% SDS-PAGE, and visualized by immunoblotting. A4, immunoblot with
monoclonal antibody 1D1 against human B48. B, immunoblot with polyclonal antibody
against rat B100. C, sucrose density gradient profile. Experiments were repeated five
times and similar results were obtained.

67



Fig. 3.1.1.

A Human B48

VLDL HDL

- Oleate §

+ Oleate S .
1 23 45 6 7 8 9 10 11 12
fraction numbers

B Rat B100

VLDL HOL
=

- Oleate

+ Oleate

1 23 456 7 8 9 10 11 12
fraction numbers

C Sucrose Density Gradient

=120
£

o 1.15
2110
% 1.05
o 1.00

1 23 456 7 8 9 11 12
fraction numbers



FIG. 3.1.2. Time course of oleate-stimulated human B48- and rat B100-VLDL
secretion. Human B48-transfected cells were labeled with 400 puCi [*S]methionine/
cysteine in 20% serum-containing medium in the absence (4) or presence (B) of 0.4 mM
oleate for up to 6 h. The conditioned media were fractionated into 12 fractions by
ultracentrifugation in a sucrose density gradient. The [**S]apoB in each fraction was
recovered by immunoprecipitation, separated by SDS-PAGE, and visualized by
fluorography. C, radioactivity associated with human B48-VLDL (combined from
fractions 1-2), human B48-HDL (fractions 8-10), and rat B100-VLDL (fractions 1-2) was
quantified by scintillation counting. Repetition of the experiments yielded similar results.
Open circle: no oleate; closed circle: with oleate.
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FIG. 3.1.3. The effect of oleate dose on human B48- and rat B100-VLDL secretion. 4,
human B48-transfected cells were labeled with 400 pCi [**Smethionine in 20% serum-
containing media for 6 h in the presence of oleate with incremental concentration (0 to
0.8 mM). The conditioned media were subjected to sucrose density gradient
ultracentrifugation into 12 fractions. [*>S]apoBs were recovered from each fraction by
immunoprecipitation, resolved by 5% SDS-PAGE, and visualized by fluorography. B,
radioactivity associated with human B48-VLDL (combined from fractions 1-2), human
B48-HDL (fractions 8-10), and rat B100-VLDL (fractions 1-2) was quantified by
scintillation counting. Repetition of the experiments yielded similar results.
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FIG. 3.1.4. Gradient gel electrophoresis of secreted human B48- and rat B100-
containing lipoproteins. Human B48-transfected cells were incubated with or without
0.4 mM oleate in 20% serum-containing media for 20 h. The conditioned media were
ultracentrifugally separated into VLDL (d < 1.02 g/ml) and HDL (d > 1.02 g/mi)
fractions, followed by gradient polyacrylamide gel (2-8 %) electrophoresis under non-
denaturing conditions and immunoblotting for hB48 and rB100, respectively. Positions of
markers are indicated on the /eft: human LDL, 22 nm; thyroglobulin, 17 nm; ferritin, 12.2
nm. Normolipidemic VLDL (hVLDL) and LDL (hLDL) were used as lipoprotein
standards. Repetition of the experiments three times yielded similar results.
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FIG. 3.1.5. Continuous labeling analysis of lipids associated with apoB-containing
particles from human B48-transfected cells. Human B48-transfected cells were pulsed
labeled with 30 uCi [*H]glycerol in the absence or presence of 0.4 mM oleate for up to 4
h. [*H]glycerol-labeled cell lipids were extracted and quantified (4). The conditioned
media were subjected to sucrose gradient ultracentrifugation. Human B48-VLDL, human
B48-HDL and rat B100-VLDL were immunoprecipitated under non-denaturing
condition, and [’H]glycerol-labeled TG and PC associated with these particles were
quantified (B). Repetition of the experiments yielded similar results. Open square: no
oleate; closed square: with oleate.
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FIG. 3.1.6. Pulse-chase analysis of lipids associated with apoB-containing particles
from human B43-transfected cells. Human B48-transfected cells were pulsed labeled
with 10 uCi [*HJoleate in the absence of oleate for 4 h, and chased in the presence or
absence of 0.4 mM oleate for up to 4 h. [*H]oleate-labeled cell lipids were extracted and
quantified (4). The conditioned media were fractionated by sucrose gradient
ultracentrifugation, [*H]oleate-labeled TG associated with hB48-VLDL, hB48-HDL and
rB100-VLDL were quantified (B). Repetition of the experiments with ['“C]oleate yielded
similar results. Open square: no oleate;, closed square: with oleate. In two separate
experiments, only the radioactivity associated with cell lipids and medium VLDL lipids
at 4 h time-point was measured, and similar results as shown in this figure (4 h time-
point) were obtained.
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FIG. 3.1.7. Radioimmunoassay of human B48-VLDL. 4, the conditioned media from
human B48-transfected cells incubated with 0.4 mM oleate for 20 h were collected, and
subjected to ultracentrifugation to isolate VLDL fractions (d < 1.02 g/ml). Human B48-
VLDL in serial dilution (X-axis) was immobilized by 1 pg 1D1 IgG in Immulon II
removawells, rinsed, and incubated with 10 ng 1] _labeled immunoglobulins (i.e. 1DI1,
Bsol 14, 3F5, or LRB220) in 1% PBS-BSA (specific activity: 10,000 cpm/ng) overnight.
After rinse, the radioactivity in each well was quantified by counting. B, human LDL
isolated from normalipidemic plasma was used as control. C, the epitopes for Bsol14,
ID1, and 3F5 are located within amino acids 186-670, 474-539, and 2835-2922,
respectively, of human apoB100. The experiment was repeated twice with similar results.
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FIG. 3.1.8. Pulse-chase analysis of secreted human B48- and rat B100-associated
lipoproteins. Human B48-transfected cells were labeled with 400 puCi [**S]methionine
without oleate for 0.5 h, washed, and incubated with (closed square) or without (open
square) 0.4 mM oleate for up to 4 h. Cells (4) were immediately lysed in 1% SDS-RIPA.
The conditioned media were separated into VLDL (d < 1.02 g/ml) (B) and HDL (d> 1.02
g/ml) (C) fractions. [**S]apoBs were immunoprecipitated from cells, VLDL and HDL
fractions, resolved by SDS-PAGE and visualized by fluorography. The intensity of the

bands was quantified by scanning densitometry using One-D scan software. Repetition of
the same experiment twice yielded similar results.
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FIG. 3.19. Oleate-induced secretion of VLDL containing truncated human
apolipoprotein B shorter than apoB48. A4, schematic diagram of C-terminally
truncated human apoBs, represented by solid bars. McA-RH7777 cells transfected with
human apoB variants were incubated in the absence (B) or presence (C) of 0.4 mM oleate
for 6 h. The condition media were fractionated into 12 fractions in a sucrose density
gradient. ApoBs in each fraction were recovered by immunoprecipitation, resolved by
5% SDS-PAGE, and visualized by immunoblotting using 1D1. Repetition of the
experiments yielded similar results.
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FIG. 3.1.10. Gradient gel electrophoresis of secreted human B48- and human B34-
containing lipoproteins. McA-RH7777 cells transfected with human B48 or B34 were
incubated with 0.4 mM oleate for 20 h. The conditioned media were ultracentrifugally
separated into VLDL (4 < 1.02 g/ml) and HDL (d > 1.02 g/ml) fractions, followed by
gradient polyacrylamide gel (2-8 %) electrophoresis under non-denaturing conditions and
immunoblotting. Positions of markers are indicated on the left: human LDL, 22 nm;
thyroglobulin, 17 nm; ferritin, 12.2 nm. Normolipidemic LDL (ALDL) was used as
lipoprotein standard. The experiment was performed once.
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3.2. Assembly of human B100-VLDL in transfected McA-RH7777 cells

Compared to assembly of B48-VLDL, relatively little is known about the
mechanism(s) for assembly of B100-VLDL. Attempts have been made to understand the
pathway for B100-VLDL assembly (123, 125, 211), and the results remain controversial:
evidence in favor of the co-translational assembly comes from observations that B100-
VLDL can be detected as early as three minutes after initiation of labeling (125);
evidence for the post-translational assembly comes from the observations that membrane-
bound apoB100 in its HDL form accumulated during BfA treatment can be converted
into B100-VLDL after BfA withdrawal (211). However, the nature of B100-VLDL in
these two studies is not clear. In plasma, B100-VLDL particles secreted from the liver are
heterogeneous, varying in size and lipid composition. At least two different subclasses,
large TG-rich B100-VLDL, (S; > 100) and small B100-VLDL; (Ss 20-100), have been
characterized (151, 152). The mechanisms responsible for formation of B100-VLDL, and

B100-VLDL; will be investigated.

3.2.1. Oleate-induced secretion of VLDL containing carboxyl-terminally truncated
apolipoprotein B variants longer than apoB48

First, we analyzed the effect of oleate on the assembly/secretion of VLDL in McA-
RH7777 cells stably expressing human apo-B64, -B72, -B80 or -B100 (Fig. 3.2.1.4).
Under basal culture conditions (i.e. DMEM + 20% serum), the buoyant density of
secreted apoB-lipoproteins, as expected, was inversely related to apoB length. Thus,
apoB64, apoB72, and apoB80/apoB100 were found predominantly in fractions with

densities resembling those of HDL, LDL, and VLDL, respectively (Fig. 3.2.1.B, panels
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labeled —OA). Upon oleate supplementation, all apoB forms could be recovered in VLDL
fraction (Fig. 3.2.1.B, panels labeled +OA4). However, the enlargement of lipoprotein size
was readily demonstrable for apoB64 and apoB72 by ultracentrifugation in a sucrose
density gradient, but it was less evident for apoB80 and apoB100 because these proteins
were already observed in VLDL (d < 1.02 g/ml) fraction even in the absence of oleate.

Thus, in the following experiments, an alternative method was used to resolve VLDL

particles of different sizes.

3.2.2. Oleate-induced assembly and secretion of triacylglycerol-rich B100-VLDL,

We used cumulative rate flotation technique to resolve lipoproteins into VLDL, (§¢
> 100), VLDL; (8, 20-100), IDL/LDL, and HDL. In human B100-transfected McA-
RH7777 cells, assembly and secretion of [>*S]B100-VLDL, were induced by oleate (Fig.
3.2.2, +0A). Oleate alsc increased secretion of [**S]B100-VLDL, by more than 3-fold
(Fig. 3.2.2, +0A). In the absence of oleate, [**S]B100 was secreted as VLDL; and
IDL/LDL (Fig. 3.2.2, -OA). Western blot analysis confirmed that both recombinant
human B100 and endogenous rat B100 could assemble VLDL, in response to oleate
supplementation (data not shown). Thus, oleate not only increases the number of VLDL
particles as indicated by the increase in B100 secretion, but also increases the size of

VLDL particles as shown by the secretion of VLDL with low buoyant densities.
The size of hB100-VLDL, is indeed larger than that of hB100-VLDL,, as analyzed

by gradient gel electrophoresis under non-denaturing conditions (Fig. 3.2.3, lanes [-6). In

addition, secretion of hB100-VLDL, was induced by oleate in a dose dependent manner
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(from 0.1 to 0.4 mM) with maximum stimulation at 0.4 mM. Similar oleate dose effect

was observed for rB100-VLDL, secretion (data not shown).

Lipid composition of B100-VLDL, and -VLDL; (both human and rat) secreted
from human B100-transfected McA-RH7777 cells was also analyzed. The B100-VLDL,
contained ~25% of total secreted [*S]B100 and contained 74% and 65% of respective
total [*’H]TG and [*H]JPC associated with B100 (Table II). As a result, the ratios of
PHITG/[**S]B100 and [3H]PC/[3SS]B100 in VLDL, are 8- and S5-fold, respectively,
greater than those in VLDL,. Thus, the oleate-induced size enlargement of B100-VLDL
(equivalent to a 2-fold increase in diameter) was accompanied with bulkk TG
incorporation, which was observable only after VLDL, and VLDL; were resolved. These
data are reminiscent of the difference in lipid composition of B48-VLDL in comparison

to that of B48-HDL (refer to Section 3.1.2)).

To determine the kinetics of lipid incorporation into B100-VLDL, and B100-
VLDL;, we performed the following two lipid labeling experiments. In the first
experiment, human B100-transfected cells were continuously labeled with [*H]glycerol
for up to 4 h in the presence or absence of 0.4 mM oleate. As expected, exogenous oleate
increased cell ["H]TG by 20-fold and cell [*HJPC by 2-fold at the end of 4 h labeling
(Fig. 3.2.4.4). Oleate also increased the incorporation of ["H]TG and [*H]PC into hB100-
VLDL, by 35-fold and 21-fold, respectively (Fig. 3.2.4.B). In contrast, both [’H]JTG and
[’H]PC associated with hB100-VLDL, were increased only by 3-fold by oleate. These

data suggested that oleate supplementation stimulates incorporation of newly synthesized
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lipid into B100-VLDL,. Similar results were observed for rat B100-VLDL, and -VLDL,

(data not shown).

In the second experiment, we re-examined the utilization of pre-existing TG for
B100-VLDL assembly with the same pulse-chase protocol (shown in Fig. 3.1.6) but
using the cumulative flotation technique to separate VLDL, and VLDL,. Figure 3.2.5.4
shows that during oleate supplemented chase, cell ["HJTG was increased by 4-fold and
[*H]PC was decreased by 30%. When lipids associated with secreted lipoproteins were
examined, it was found that exogenous oleate increased secretion of [’HJTG as hB100-
VLDL, by 5-fold and concomitantly decreased its secretion as hB100-VLDL, by 30%
(Fig. 3.2.5.B, left panels). Oleate also increased secretion of [’H]PC as hB100-VLDL, by
8-fold yet had no effect on [*HJPC associated with hB100-VLDL, (Fig. 3.2.5.B, right
panels). Similar results were observed for rat B100-VLDL; and -VLDL, (data not
shown). Thus, through the improved resolution of B100-VLDL particles, oleate-induced
incorporation of pre-existing TG for B100-VLDL assembly became manifest. Such
oleate-induced bulk TG incorporation into certain B100 fractions would have been
overlooked when B100-VLDL particles (both B100-VLDL, and -VLDL;) were grouped
together (compare Fig. 3.2.5.8 and Fig. 3.1.6.B). Taken together, these data are the first
indication that bulk TG incorporation into VLDL, the hallmark for the post-translational

TG-rich VLDL assembly, is also demonstrable during the assembly of B100-VLDL,;.
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3.2.3. Post-translational assembly of triacylglycerol-rich B100-VLDL,

To inquire whether B100-VLDL,, like B48-VLDL, is also assembled post-
translationally, we performed continuous labeling (Fig. 3.2.6.4) and pulse-chase
experiments (Fig. 3.2.6.8) under conditions that were optimal for VLDL assembly (i.e.
cells were pretreated with 0.4 mM oleate for 30 min prior to metabolic labeling). Figure
3.2.6.4 shows that at the end of 10- or 20-min of labeling, [**S]B100 was found mainly in
IDL/LDL fraction with small amount in VLDL; fraction within the microsomal lumen. It
also shows that [**S]B100-VLDL, became detectable at 40-min of labeling. Since
translation of B100 completes within 20 min (126), the delayed B100-VLDL, assembly
suggests a post-translational mechanism. The post-translational assembly of VLDL, was
also confirmed by pulse-chase protocol whereby the association of lumenal [**S]B100
with VLDL, gradually became apparent within microsomal lumen at 15-, 45-, and 60-
min of chase (Fig. 3.2.6.B). These results, reminiscent of the post-translational TG
incorporation for B48-VLDL assembly (Fig. 3.1.8), provide evidence that B100-VLDL,

assembly is achieved via a path similar to that for B48-VLDL.

3.2.4. Triacylglycerol-rich VLDL; containing carboxyl-terminally truncated
apolipoprotein B

Since B100-VLDL, assembly can be achieved through a mechanism similar to that
of B48-VLDL assembly, a common pool of bulk TG precursor may be utilized for both
B48-VLDL and B100-VLDL, assembly. Furthermore, since apoB48 is only half of the
full-length apoB, it is possible that the buoyant density of B48-VLDL is also within the

range of VLDL,. To test this, we examined the flotation rate of both B48-VLDL and
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B37-VLDL in comparison to that of B100-VLDL,. The conditioned media, obtained
from oleate-fed McA-RH7777 cells expressing either human apo-B100, or -B48, or -B37,
were combined, and subjected to cumulative rate flotation centrifugation. In order to
monitor the flotation rate of VLDL particles, one centrifuge tube was unloaded into 12
fractions at certain intervals after the initiation of centrifugation (Fig. 3.2.7). The result
shows that most of B48-VLDL and B37-VLDL particles were found in the same
fractions as B100-VLDL, within the first 2 h of centrifugation (Fig. 3.2.7, top two
panels), suggesting that these VLDL particles have a flotation rate of VLDL,. However,
this was not the case for B100-VLDL particles. A large portion of B100-VLDL particles
(most likely VLDL;) was not recovered in the top fraction until prolonged centrifugation
up to 20 h (Fig. 3.2.7, bottom two panels). Thus, in comparison to B100-VLDL, B48-

VLDL and B37-VLDL are relatively more homogeneous.

3.2.5. Conclusion

In conclusion, both human B100 and C-terminally truncated apoB variants (i.e.
B80, B72, B64, B48, and B37) have the ability to assemble TG-rich VLDL. Formation of
TG-rich B100-VLDL, i.e. B100-VLDL,, can be readily revealed by cumulative rate
flotation method. Assembly of B100-VLDL, and B48-VLDL share several common
features: (a) Assembly is dependent upon oleate. (b) Assembly is achieved post-
translationally. (c) Assembly is a process whereby bulk TG is incorporated into apoB.
This reinforces the notion that incorporation of bulk TG into apoB is the halimark for

post-translational TG-rich VLDL assembly.

82



TABLE II.

Composition of VLDL, and VLDL, secreted from human B100-transfected McA-

RH7777 cells

After being labeled with [”S]methionine/cysteine or [*H)glycerol for 3 h with 0.4
mM oleate, B100-VLDL, and B100-VLDL; (both human and rat B100) were recovered

from fractionated media by immunoprecipitation.

Radioactivity associated with

[**S]B100 is the mean + S.D. from three independent experiments, and data for ["H]TG
and [’H]PC are from a single experiment. However, similar results for [PH]TG and
[PHIPC (presented as ratio of VLDL,/VLDL;) were obtained in an independent
experiment with a different time course (2 h and 4 h) (Fig. 3.2.4.D). The numbers in
parentheses are the ratios of ["H]TG/[*>S]B100 and PHIPC/[**S]B100.

Lipoproteins

[**S]B100 PHITG HIPC

B100-VLDL,
B100-VLDL,

VLDL,/VLDL,

cpm x 107/ mg cell protein

187.1£98 227.3(1.2) 16.5 (0.09)
546.7£415 81.9(0.15) 9.0 (0.02)
0.34 28 1.8
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Fic. 3.2.1. Oleate-induced secretion of VLDL containing truncated human
apolipoprotein B longer than apoB48. A, schematic diagram of C-terminally truncated
human apoBs, represented by solid bars. B, the human B64-, B72-, B80-, or B100-
transfected cells were incubated with DMEM (20% serum) with (+OA) or without
(-0A) 0.4 mM oleate for 6 h, and the conditioned media were fractionated by sucrose
density gradient ultracentrifugation. The human apoB proteins in each fraction were
analyzed by SDS-PAGE followed by immunoblotting using 1D1. Repetition of the
experiments yielded similar results.
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FiG. 3.2.2. Oleate-induced secretion of B100-VLDL,. A, human B100-transfected cells
were labeled with 400 pCi [**S]methionine/cysteine in DMEM (20% serum) + 0.4 mM
oleate for 3 h. The conditioned media were fractionated by cumulative rate flotation. The
[**S]apoBs in each fraction were immunoprecipitated, resolved by SDS-PAGE,
visualized by fluorography. The apoB48 proteins secreted from human B100-transfected
cells are mainly those proteins that are derived from expression of plasmids encoding
large forms of human apoBs, and the size of these protein resembles that of apoB48
(129). B, radioactivity associated with [*°S]B100 in each fraction was quantified by
scintillation counting. Repetition of the experiments five times yielded similar results.
Open circle: no oleate; closed circle: with oleate.
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FIG. 3.2.3. Gradient gel electrophoresis of secreted human B100-VLDL, and B100-
VLDL,. Human B100-transfected cells were incubated with increased amount of oleate
(0 - 0.4 mM, above each lane) for 20 h. VLDL,; and VLDL,; fractions were isolated from
the conditioned media by cumulative rate flotation ultracentrifugation. Each fraction was
resolved by gradient polyacrylamide gel (2-8 %) electrophoresis under non-denaturing
conditions, followed by immunoblotting using 1D1. Positions of markers are indicated on
the /eft: human LDL, 22 nm; thyroglobulin, 17 nm; ferritin, 12.2 nm. Normolipidemic
LDL (hLDL) was used as lipoprotein standard. Repetition of the experiments yielded
similar results.
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FIG. 3.2.4. Continuous labeling analysis of lipids associated with apoB-containing
particles from human B100-transfected cells. Human B100-transfected cells were
puised labeled with 30 uCi [*H]glycerol in the absence or presence of 0.4 mM oleate for
up to 4 h. [*H]glycerol-labeled cell lipids were extracted and quantified (4). The
conditioned media were subjected to cumulative rate flotation ultracentrifugation.
[*H]glycerol-labeled TG and PC associated with hB100-VLDL, and hB100-VLDL; were
quantified (B). Repetition of the experiments with different time points yielded similar
kinetics profile. Open square: no oleate; closed square: with oleate.
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FIG. 3.2.5. Pulse-chase analysis of lipids associated with apoB-containing particles
from human B100-transfected cells. Human B100-transfected cells were pulsed
labeled with 10 pCi [*Hloleate in the absence of oleate for 4 h, and chased in the
presence or absence of 0.4 mM oleate for up to 4 h. [*H]oleate-labeled cell lipids were
extracted and quantified (4). The conditioned media were subjected to cumulative rate
flotation ultracentrifugation. [*H]oleate-labeled TG and PC associated with hB100-
VLDL, and hB100-VLDL; were quantified (B). Repetition of the experiments yielded
similar results. Open square: no oleate; closed square: with oleate.
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FIG. 3.2.6. Continuous labeling and pulse-chase analysis of microsomal lumenal
apoB-containing lipoproteins. Human B100-transfected cells were pretreated with
DMEM (20% serum) + 0.4 mM oleate for 30 min. The cells were pulse-labeled with 800
uCi [**S]methionine for up to 40 min (4). Alternatively, the cells were pulse-labeled with
800 pCi [**S]methionine for 20 min and chased in the presence of 0.4 mM oleate for up
to 60 min (B). Microsomal lumenal contents were released by sodium carbonate method,
followed by rate flotation ultracentrifugation into 13 fractions. [3SS]apoBs in the top
twelve fractions were subjected to immunoprecipitation, resolved by 3-15% SDS-PAGE,
and visualized by fluorography. Repetition of the experiments yielded similar results.
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FIG. 3.2.7. Cumulative rate flotation of B37-VLDL and B48-VLDL in comparison to
B100-VLDL,. Human B37-, B48-, and B100-transfected cells were incubated with
DMEM (20% serum) + 0.4 mM oleate for 4 h. The conditioned media were mixed, and
fractionated by cumulative rate flotation ultracentrifugation for 1 h, 2 h, 4 h and 20 h. At
each time point, a centrifuge tube is unloaded into 12 fractions. The apoBs in each
fraction were immunoprecipitated, resolved by SDS-PAGE, followed by immunoblotting
using 1D1. The experiment was performed only once.
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3.3. Microsomal triglyceride transfer protein is required for assembly of
triacylglycerol-rich lipoproteins

We then addressed the question of whether MTP plays a role in the assembly of
TG-rich VLDL. In this study, chemical inhibitors were used to specifically inactivate
endogenous MTP activity in McA-RH7777 cells for the following two reasons. (a)
Assembly of VLDL can not be reconstituted in heterologous cells. Although data from
the reconstitution experiments clearly indicate that MTP indeed plays an important role in
the assembly and secretion of lipoproteins containing apoB, cells lines used for the
reconstitution experiments lacked the ability to synthesize and secrete VLDL (108).
Thus, the requirement of MTP for the assembly of VLDL, particularly those TG-rich
particles, could not be determined through reconstitution in heterologous cells. (b) McA-
RH7777 cells retain the ability to assemble TG-rich B100-VLDL, and B48-VLDL, as
described in Section 3.1. & 3.2. Particularly, the incorporation of bulk TG into apoB as a
hallmark for post-translational VLDL assembly has been established, and thus can be
used as an unambiguous criteria to determine the effect of MTP inactivation on TG-rich

VLDL assembly.

Two inhibitors, BMS-192951 (Fig. 3.3.1.4) and BMS-197636 (Fig. 3.3.1.B), were
obtained from Bristol-Myers Squibb. BMS-192951 is a photo-activated inhibitor. Once
activated, it covalently binds to MTP and irreversibly inhibits MTP activity. However,
the inhibition process is not acute since it generally requires one-hour preincubation
followed by 15 min ultraviolet activation. In this study, BMS-192951 was mainly used to

examine the role of MTP in B48-VLDL assembly. A second MTP inhibitor, BMS-
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197636, was obtained in the late phase of this study. This compound has high specificity
towards inhibition of MTP activity (ICso = 36 nM) and apoB secretion (EDsp = 3 nM)
(230). Unlike the photoactivated inhibitor BMS-192951, BMS-197636 does not require
ultraviolet treatment, yet inhibits B100 secretion within 10 min of administration (data

not shown).

3.3.1. Requirement of microsomal triglyceride transfer protein for B48-VLDL
assembly

The MTP inhibitor BMS-192951, was used to inactivate endogenous MTP activity
in human B48-transfected McA-RH7777 cells. BMS-192951 at 5 uM reduced the MTP

activity by 65-70%. The inhibitory effect persisted for at least 8 h (Dr. H. Jamil, personal

communication).

The effect of MTP inhibition on the recruitment of prelabeled TG during oleate-
induced B48-VLDL assembly was determined by pulse labeling of human B48-
transfected cells with ["H]oleate (4 h), inactivating MTP with BMS-192951 (1% h), and
monitoring lipoprotein secretion during oleate-supplemented chase. The turnover of
prelabeled [*HJTG and ['HJPC in MTP-inactivated cells during oleate-supplemented
chase was identical to that in untreated cells (data not shown), indicating that MTP
inactivation had little effect on the total cell prelabeled lipid. However, MTP inactivation
specifically abolished the recruitment of pre-existing TG for hB48-VLDL secretion (Fig.
3.3.2). At 5 uM BMS-192951, secretion of prelabeled [*H]TG and [*H]PC associated

with hB48-VLDL was decreased by 80% and 85%, respectively, at the end of a 4-h
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chase. Inhibition of MTP did not affect secretion of [°H]TG associated with hB48-HDL
or [*HJPC with rB100-VLDL (d < 1.02 g/ml), and it only slightly (< 25%) decreased the
secretion of ["HJTG with rB100-VLDL or PHIPC with hB48-HDL. These results suggest
that utilization of pre-existing TG for the oleate-induced B48-VLDL secretion requires

normal activity of MTP.

Protein pulse-chase experiment also demonstrates that inactivation of MTP during
oleate supplemented chase decreased the incorporation of [*>S]hB48 into VLDL by 70%,
whereas MTP inhibition had little effect on secretion of [*>S]hB48 with HDL (Fig. 3.3.3,
A & B). Incorporation of [**$}rB100 into secreted VLDL decreased by 45%, as compared
with cells treated with no inhibitor (Fig. 3.3.3, 4 & B). Inhibition of MTP did not affect

secretion of endogenous rat apoAl as HDL (Fig. 3.3.3.58).

We then examined the effect of MTP inhibition on VLDL secretion by inactivating
MTP prior to metabolic labeling of apoB and lipid. Inactivation of MTP diminished the
secretion of [**S]apoB proteins associated with hB48-VLDL (by 80%) or rB100-VLDL
(by 90%) as compared with cells treated without inhibitor (Fig. 3.3.4). Similarly, MTP
inhibition decreased secretion of [*H]TG associated with hB48-VLDL (by 6-fold) or
rB100-VLDL (by less than 2-fold) (Fig. 3.3.5). However, similar to our observations in
pulse-chase experiments (Fig. 3.3.2 and Fig. 3.3.3), secretion of [*°S]B48 (Fig. 3.3.4) or
[PHITG (Fig. 3.3.5) associated with hB48-HDL was unaffected by MTP inhibition. These
results demonstrate further that MTP activity is required for the oleate-induced secretion

of hB48-VLDL. Under these experimental conditions, incorporation of cell [*HJTG was
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decreased by 30% (69.8 £ 9.8% of control, n = 8) during a 4-h labeling period in the
inhibitor-treated cells compared with untreated cells, whereas incorporation of cell

[*H]PC was not affected (103.0 + 14.5% of control, n = 8).

Taken together from the above protein and lipid metabolic labeling experiments, the
results showed that MTP plays an essential role in post-translational B48-VLDL

assembly.

3.3.2. Requirement of microsomal triglyceride transfer protein for B100-VLDL,
assembly

The results from the above MTP inhibitor study also indicated that the effect of
BMS-192951 on the assembly of B100-VLDL (d < 1.02 g/ml) was less conclusive, since
the extent of inhibition of B100-VLDL assembly by BMS-192951 varied drastically from
25% (Fig. 3.3.2) to 90% (Fig. 3.3.4). A possible explanation for this variation is that the
inhibitory effect of BMS-192951 on MTP activity is not rapid enough. Therefore,
suppression of B100-VLDL assembly by this inhibitor might not be revealed if the

inhibitor was administered at the late stage of B100-VLDL assembly.

To test this possibility, we employed a new MTP inhibitor, BMS-197636, to inhibit
MTP activity in McA-RH7777 cells since its inhibitory effect was rather fast acting (<10
minute after administration). /n vitro MTP assay indicated that endogenous MTP activity
within McA-RH7777 cells decreased with increasing dose of BMS-197636 (ICso = 0.1

1tM) in the culture media (Fig. 3.3.6.4). Since BMS-197636 is a reversible inhibitor, such
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in vitro measurement is likely an underestimate of the actual inhibitory effect of the
inhibitor in vivo. For example, treatment with 0.2 uM BMS-197636 resulted in only
partial inhibition of cell-associated MTP activity (Fig. 3.3.6.4, open square), whereas
adding the same concentration of BMS-197636 to the assay mixture entirely abolished
MTP activity (Fig. 3.3.6.4, closed square). The effect of inactivation of MTP by BMS-
197636 on B48-VLDL assembly in human B48-transfected cells was also examined. In a
pulse-chase experiment, supplementation of BMS-197636 during the chase diminished
[**S]hB48-VLDL secretion in a dose dependent manner. Secretion of hB48-VLDL was
entirely abolished at 0.2 uM of BMS-197636 (Fig. 3.3.6.8). In contrast, at all
concentrations of BMS-197636 tested (from 0.05 to 1 uM), secretion of [**S]hB48-HDL
was unaffected or slightly increased as compared with control (Fig. 3.3.6.8). BMS-
197636 had no effect on the secretion of [”S]apoAI as HDL (Fig. 3.3.6.C). Thus, like

BMS-192951, the inhibitory effect of BMS-197636 on B48-VLDL assembly is readily

demonstrated.

The effect of BMS-197636 on B100-VLDL assembly in human B100-transfected
cells was then examined. In a pulse chase experiment, BMS-197636 (0.2 uM) had little
effect on [*°S]B100-VLDL (both human and rat) secretion during the oleate-
supplemented chase (Fig. 3.3.7.4). In contrast, the effect of BMS-197636 on oleate-
stimulated [*°S]hB72-VLDL secretion was certainly observable (Fig. 3.3.7.B). Thus,
under the conditions that post-translational assembly/secretion of both B48-VLDL and
B72-VLDL can be abolished by MTP inhibitor, post-translational assembly of B100-

VLDL seems to be less sensitive to MTP inhibition, a phenomenon that is independent of
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the type of MTP inhibitor used. Because of its convenience, BMS-197636 was used for

the following study.

During the course of this study, we have obtained convincing evidence showing that
B100-VLDL particles secreted from McA-RH7777 cells are heterogeneous, and the
incorporation of bulk TG into apoB100 can only be observed in B100-VLDL, particles,
but not for all B100-VLDL particles (refer to Section 3.2.). Furthermore, the kinetics for
the assembly of each VLDL species is also different. Thus, it is possible that the

requirement of MTP for the assembly of B100-VLDL, and -VLDL; may not be the same.

To test this possibility, we performed two lipid-labeling experiments in human
B100-transfected McA-RH7777 cells (Fig. 3.3.8). Results from a lipid continuous
labeling experiment showed that inactivation of MTP by BMS-197636 (0.2 uM)
completely abolished secretion of both [H]TG and [H]PC associated with hB100-
VLDL,, while secretion of ’H-labeled lipids associated with hB100-VLDL, was
suppressed by the inhibitor to a less extent (Fig. 3.3.8.4). In a lipid pulse-chase
experiment, secretion of pre-labeled [’H]TG and [’H]PC associated with hB100-VLDL,
was also preferentially inhibited, as compared to those for hB100-VLDL, (Fig. 3.3.8.58).
Similar results were obtained for endogenous rat B100-VLDL, and -VLDL, (data not
shown). However, under no circumstances did BMS-197636 affect synthesis or
accumulation of cell TG and PC (Table III). These data clearly demonstrated that the

demand for MTP activity is positively correlated with the extent of B100 lipidation.
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The requirement of MTP for B100-VLDL assembly could also be manifested by
examining the effect of BMS-197636 on lipoprotein secretion in a protein continuous
labeling experiment. With doses increasing from 0.05 to 0.5 uM, BMS-197636 not only
diminished secretion of [*°S]B100 to <15% of control, but also decreased the size of
B100-lipoproteins from VLDL to HDL (Fig. 3.3.9). The BMS-197636 doses that
abolished secretion of B100-VLDL,; and -VLDL, were 0.05 uM and 0.2 uM,
respectively, corresponding to 62% and 50% of normal MTP activity (Fig. 3.3.6.4). In
contrast to that of [**S]B100, secretion of [**S]B48 (mainly as HDL) was relatively
unaffected by BMS-197636 (Fig. 3.3.9.B). These data showed that secretion of B100-

VLDL, requires more MTP activity than that needed for B100-VLDL; secretion.

To confirm that normal MTP activity is required for B100-VLDL, assembly, we
performed a pulse-chase experiment combined with subcellular fractionation (Fig.
3.3.10). Oleate-pretreated human B100-transfected cells were pulsed labeled for 20 min,
and chased immediately in the presence of BMS-197636 (0.2 uM). At the beginning of
the chase, only [**S]B100-VLDL; and other denser particles appeared in the microsomal
lumen (Fig. 3.3.10, top panel). Inclusion of BMS-197636 during the chase completely
abolished the formation of [**S]B100-VLDL, (Fig. 3.3.10, compare middle and bottom
panels). These results, combined with others (Fig. 3.3.8 & 3.3.9), strongly suggested that
the demand for MTP increases as B100-VLDL assembly proceeds. At the early stage of
assembly, less MTP activity is required (e.g. for B100-VLDL, assembly); whereas at the

later stage of assembly, more MTP activity is required (e.g. for B100-VLDL, assembly).
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Thus, like B48-VLDL assembly, B100-VLDL, assembly is extremely dependent upon

MTP activity.

3.3.3. Conclusion

In conclusion, post-translational assembly of TG-rich VLDL, containing either B48
or B100, requires normal MTP activity. Invariably, the incorporation of bulk TG into
apoB, a hallmark for the post-translational VLDL assembly, is extremely sensitive to
MTP inhibition. Furthermore, the requirement of MTP during post-translational provides
additional evidence that B100-VLDL, assembly is achieved via a path similar to that for

B48-VLDL.
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TABLE IIL

Incorporated radioactivity and mass of cell lipid in human B100-transfected McA-
RH7777 cells

Cells (n= 6) were labeled with 10 uCi/m! [*H]glycerol for 15 30, 45, and 60 min
under the indicated conditions. Radioactivity associated with cell [’H]TG and [*H]PC at
each time pomt was quantified, and the synthetic rate was calculated from the plots of
PHITG and [*H]PC versus time. Lipid mass measurement was done with cells treated
with indicated conditions for 2 h. Cell TG and PC mass are presented as mean + S.D. (n=
3). n.d., not determined.

condition lipid synthetic rate lipid mass
PHITG [*H]PC TG PC
cpm x | 0%/ h/ mg protein ug / mg protein
1. no oleate n.d. n.d. 53£06 43325
2.+ 0.4 mM oleate 50£05 2807 27941 413x26
3.2.+02uM BMS-197636 5404 3.0+£06 31411 448zx48
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FIG. 3.3.1. Structure of MTP inhibitors.
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FIG. 3.3.2. Effect of BMS-192951 on secretion of apoB-associated lipids - inhibition
of MTP after metabolic labeling. Human B48-transfected cells were labeled with 15
uCi [*Hloleate for 4 h and then incubated with or without BMS-192951 (5 uM) for 1 h.
Inhibition of MTP was achieved by photoactivation of the inhibitor for 15 min under 360
nm UV light. After MTP inactivation, the cells were cultured in DMEM (20% serum) +
0.4 mM oleate for up to 4 h. The media were collected at 2 h and 4 h during chase and
fractionated in a sucrose density gradient. ["H]Oleate-labeled TG and PC associated with
hB48-VLDL, hB48-HDL and rB100-VLDL were quantified. Repetition of the
experiments yielded similar results. Open square, control, closed square, MTP inhibited.
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FIG. 3.3.3. Effect of BMS-192951 on secretion of apoBs - inhibition of MTP after
metabolic labeling. Human B48-transfected cells were labeled with 400 uCi
[**S]methionine/cysteine in DMEM (20% serum) for 2 h. After labeling, cells were
incubated with DMEM (20% serum) + BMS-192951 (5 uM) for 1 h. Inhibition of MTP
was achieved by photoactivation of the inhibitor for 15 min under 360 nm UV light.
Cells were then cultured with DMEM (20% serum) + 0.4 mM oleate for 4 h. The
conditioned media were fractionated in a sucrose density gradient to analyze [** S]lapoBs.
A, fluorograms of [**S]apoBs. B, quantification of secretion of [*°S]apoBs and
[**S]apoAl. Each value is the average of two measurements from two independent
experiments.
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FIG. 3.3.4. Effect of BMS-192951 on secretion of apoBs - inhibition of MTP prior to
metabolic labeling. Human B48-transfected cells were incubated with DMEM (20%
serum) =+ BMS-192951 (5 pM) to inactivate MTP. Inhibition of MTP was achieved by
photoactivation of the inhibitor for 15 min under 360 nm UV light. Cells were then
labeled with 400 uCi [*°S]methionine/cysteine in DMEM (20% serum) + 0.4 mM oleate
for up to 4 h. The conditioned media were collected at 4 h and fractionated in a sucrose
density gradient. [>*S]ApoBs were immunoprecipitated from each fraction, resolved by
SDS-PAGE. 4, fluorograms of [**S]apoBs. B, quantification of secretion of [*°S]apoBs

and [*’S]apoAl. Each value is the average of two measurements from two independent
experiments.

103



Fig. 3.3.4.

-BMS Z

+BMS

1 2 3 4 5§ 6 7 8 9 10 11 12
fraction numbers

@l - sMms
R -+ BMS

% of control

hB48- hB48- rB100- rAl-
VLDL HDL VLDL HDL



FIG. 3.3.5. Effect of BMS-192951 on secretion of apoB-associated lipids - inhibition
of MTP prior to metabolic labeling. Human B48-transfected cells were incubated with
DMEM (20% serum) £ BMS-192951 (5 uM) to inactivate MTP. Inhibition of MTP was
achieved by photoactivation of the inhibitor for 15 min under 360 nm UV light. Cells
were then labeled with 30 pCi [*H]glycerol in DMEM (20% serum) + 0.4 mM oleate for
up to 4 h. The conditioned media were collected at 2 h and 4 h, fractionated in a sucrose
density gradient. [*H]Glycerol-labeled TG and PC associated with hB48-VLDL, hB4S-
HDL and rB100-VLDL were quantified. Repetition of the experiments yielded similar
results. Open square, control; closed square, MTP inhibited.
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FIG. 3.3.6. Effect of BMS-197636 on endogenous MTP activity and B48 secretion. 4,
MTP activity assay. Microsomal contents were isolated from cells treated for 30 min with
various doses of BMS-197636 and 0.4 mM oleate, and was used to measure the TG
transfer activity (cell). Data are presented as % of control (n = 4). Addition of 0.2 uM
BMS-197636 directly to the assay mixture abolished the TG transfer activity (in vitro). B
& C, human B48-transfected cells were pulse-labeled with 400 uCi
[* S]methionine/cysteine in DMEM (20% serum) for 1 h, washed, and incubated for 4 h
in DMEM (20% serum) supplemented with 0.4 mM oleate and the indicated amount of
BMS-197636. The media were fractionated into VLDL (d < 1.02 g/ml) and HDL (d >
1.02 g/ml) fractions by ultracentrifugation. [*°S]ApoBs were recovered by
immunoprecipitation and resolved by SDS-PAGE. Radioactivity associated with secreted
B48 on HDL (closed circle) or VLDL (open circle) (B) and apoA-I on HDL (C) is
expressed as % of signal detected in cell treated without inhibitor (control).
Representative fluorograms of medium [*S]labeled apolipoproteins at the end of 4-h
incubation were shown at the bottom of each panel.
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FIG. 337 Effect of BMS-197636 on secretion of B72-VLDL and B100-VLDL.
Human B72 or B100-transfected cells were pulse-labeled with [”S]methionine/cysteine
for 1 h, washed and incubated for 2 h under the indicated conditions. [*° S]ApoBs were
recovered from d < 1.02 and d > 1.02 g/ml fractions by immunoprecipitation, resolved by
SDS-PAGE, and visualized by fluorography. Data were shown in duplicates.
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FiG. 3.3.8. Effect of BMS-197636 on secretion of B100-associated lipids. 4, human
B100-transfected cells were pulsed labeled with 30 uCi [*H]glycerol + 0.4 mM oleate +
0.2 uM BMS-197636 for up to 4 h. The conditioned media were fractionated by
cumulative rate flotation. [*H]Glycerol-labeled TG and PC associated with hB100-
VLDL, and hB100-VLDL, were quantified. B, human B100-transfected cells were
pulsed labeled with 10 uCi [*H]oleate in the absence of oleate for 4 h, and chased in the
presence of 0.4 mM oleate + 0.2 uM BMS-197636 for up to 4 h. After fractionation of the
conditioned media by cumulative rate flotation, [*H]oleate-labeled TG and PC associated
with hB100-VLDL, and hB100-VLDL; were quantified. Repetition of the experiments
yielded similar results. Open square, control; closed square, MTP inhibited.
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FIG. 3.3.9. Effect of BMS-197636 on secretion of B100-VLDL, and B100-VLDL,. 4,
Human B100-transfected cells were labeled for 3 h with [”S]methionine/cysteine in
DMEM (20% serum) in the presence of 0.4 mM oleate + indicated dose of BMS-197636.
The secreted [*°S]B100 and [”S]B48 were fractionated by cumulative rate flotation.
[>>S]ApoBs in each fraction were immunoprecipitated, resolved by SDS-PAGE, and
visualized by fluorography. B, radioactivity associated with secreted [**S]B100 and
[**S]B48 was quantified. Data are presented as % of control (i.e. no BMS-197636).
Repetition of the experiments yielded similar results.
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FIG. 3.3.10. Effect of BMS-197636 on assembly of B100-VLDL, within microsomal
lumen. Human B100-transfected cells were pretreated with 0.4 mM oleate in DMEM
(20% serum) for 30 min, pulse-labeled with [**S]methionine/cysteine for 20 min (0 min
chase), and then incubated in chase medium £+ 0.2 uM BMS-197636 for 60 min (60 min
chase). The microsomal content was fractionated by cumulative rate flotation, and
[**S)apoBs were recovered from each fraction (except the bottom 1-mi fraction) by
immunoprecipitation and analyzed by SDS-PAGE/fluorography. The experiment was
repeated twice and similar results were obtained.
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3.4. Microsomal triglyceride transfer protein is required for mobilizing
triacylglycerol into microsomes

Knowing that BMS-197636 did not affect either synthesis or mass of total cell
lipids (Table III), we hypothesized that it may impair intracellular distribution of lipids.
To test this hypothesis, we determined the effect of BMS-197636 on the distribution of
lipid among different subcellular compartments. Of total microsomal TG, approximately
74% of [’H] TG (Fig. 3.4.1.4, top panel) and 62% of TG mass (Fig. 3.4.1.4, bottom
panel) were found in the membranes with the remainder in the lumen in oleate-treated
cells. [The high proportion of membrane-associated TG in hepatic microsomes was
observed previously with rat (236) and rabbit hepatocytes (157).] Treatment with BMS-
197636 entirely abolished the oleate-induced accumulation of TG within microsomal
lumen, and also decreased the amount of TG associated with microsomal membrane by
30%. A small (~10%) but reproducible increase in cytosolic TG by BMS-197636
treatment was observed, the quantity of which was equivalent to the decrease in total
microsomal TG. BMS-197636 had little effect on the distribution of [’H]PC (Fig. 3.4.1.B,
top panel) or PC mass (Fig. 3.4.1.B, bottom panel) among different subcellular

compartments.

The decrease in microsomal TG could either be a direct result of inhibited TG
influx or else a consequence secondary to inhibited VLDL assembly. Examination of the
BMS-197636 effect on TG influx showed that accumulation of [*H]TG in microsomal
lumen and membrane was decreased by >60% and 40%, respectively, during the first 30-

min labeling (Fig. 3.4.2.4, a & b). Little difference in cytosolic [*H]TG (Fig. 3.4.2.4, ¢)
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and no secretion of ["H]TG were observed during this period (Fig. 3.4.2.4, d). The
inhibitory effect of BMS-197636 on lumenal [H]TG accumulation and on [*H]TG
secretion was also apparent at the end of 1 h labeling. Thus, BMS-197636 specifically
impairs the accumulation and attainment of newly synthesized TG within the microsomal
lumen. When [PH]TG accumulation in the microsomal lumen was plotted against the
dose of BMS-197636 (Fig. 3.4.2.B), an inverse relationship, similar to the residual MTP
activity within the cells as a function of MTP inhibitor (Fig. 3.3.6.4), was observed. The
abolished B100-VLDL, assembly/secretion (Fig. 3.3.9.4), coinciding with 55% decrease
in lumenal [*H]TG accumulation at 0.05 uM of BMS-197636 (Fig. 3.4.2.B), suggests
strongly that the demand of MTP activity for B100-VLDL assembly correlates closely

with the influx of TG into microsomal lumen.

The alternate possibility of diminished lumenal [*H]TG being a consequence of
impaired VLDL assembly was tested using cells treated with a low dose of BfA (0.2
ug/ml). As shown previously BfA effectively blocked bulk TG incorporation into VLDL
(211), which was confirmed here by its effect on B100-VLDL assembly within the
microsomal lumen (Fig. 3.4.3.4). Under this condition, however, influx of [’H]TG into
microsomes and ["H]TG secretion decreased marginally as compared to control (i.e. no
BfA) (Fig. 3.43.8, a, b, & d). The un-impaired accumulation of lumenal TG by BfA
treatment was confirmed by prolonged lipid labeling (Fig. 3.43.C, a) and mass
measurement (data not shown). In these cells, however, the [JH]TG associated with
microsomal lumen (Fig. 3.4.3.C, a) and secreted into the medium (Fig. 3.4.3.C, b) were

also sensitive to BMS-197636 treatment, providing further evidence that MTP activity is
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essential for TG accumulation within microsomes. Thus, the influx of TG into
microsomal lumen may not be tightly coupled with VLDL assembly. Together these data
suggest that the diminished lumenal [*H]TG upon BMS-197636 treatment is unlikely

attributable to an inhibited VLDL assembly.

We have also tested (by pulse-chase experiments) the possibility, though unlikely,
that the decreased lumenal TG accumulation by BMS-197636 was the result of impaired
B100 translocation across the ER membrane (Fig. 3.4.4). The experiment was done under
conditions where B100-VLDL assembly was maximized (with exogenous oleate) yet
degradation of B100 was minimized (with ALLN). Between control and BMS-197636
(0.2 uM)-treated cells, equal amounts of full length [**S]B100 were found during 0, 15,
and 30 min of chase (Fig. 3.4.4, compare lanes /, 4, & 7 between 4 & B). Thus, MTP
inhibition per se does not affect apoB translation. We then determined translocation of
pulse-labeled (15 min) [>*S]B100 during chase by trypsin digestion of the isolated
microsomes. In control cells 40-50% of [**S]B100 was sensitive to trypsin at 0-, 15- and
30-min of chase (Fig. 3.4.4.4, lanes 2, 5 & 8). Under these conditions, inhibition of MTP
did not have an effect on the attainment of trypsin-resistance in [**S]B100 (Fig. 3.4.4.B,
lanes 2, 5, & 8). [The integrity of microsomal vesicles was verified by nearly 100%
trypsin-resistant of the ER resident protein disulfide isomerase (data not shown).]
Fragments of apoB that were resistant to exogenous trypsin (indicated by a dracket on the
right of lanes 2 of Fig. 3.4.4 A & B) were observed whose intensity decreased with time

(compare 0, 15 and 30 min of chase). These fragments might be derived from partially
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translocated B100 as reported previously (237). Thus, decreasing MTP activity by half (at

0.2 uM of BMS-197636) did not impede B100 translation/translocation.

In conclusion, MTP is required for mobilizing bulk TG into microsomal lumen, a
process that is essential for post-translational VLDL assembly. Mobilization of TG into

microsomal lumen and incorporation of microsomal TG to form VLDL are two separate

events.
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FIG. 341 Effect of oleate and BMS-197636 on subcellular distribution of
triacylglycerol and phosphatidyicholine. Human B100-transfected cells were pretreated
for 30 min under the indicated conditions and then labeled with [*H]glycerol for 2 h
under the same conditions. Microsomal lumen, microsomal membrane, and cytosol were
isolated. A, [*H]TG (top) and TG mass (bottom). B, [*H]PC (top) and PC mass (bottom).
Data are presented as the average of two samples from two independent experiments.
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FIG. 3.4.2. Effect of BMS-197636 on triacylglycerol distribution. 4, human B100-
transfected cells were pretreated for 30 min with 0.4 mM oleate (control) or 0.4 mM
oleate + 0.2 uM BMS-197636 (+BMS), and then labeled with [*H]glycerol for up to 1 h
under the same conditions. The microsomal lumen, microsomal membrane and cytosol
were isolated from the cells, and lipids were extracted from each fraction. Radioactivity
associated with [’H]TG is presented as the average of two samples from two independent
experiments. B, dose effect of BMS-197636 on accumulation of PH]TG in microsomes.
The experiment was done as in 4.
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FIG. 3.4.3. Effect of brefeldin A on triacylglycerol distribution. 4, effect of 0.2 ug/ml
BfA on B100-lipoproteins assembly within microsomal lumen. Human B 100-transfected
cells were pretreated for 30 min with 0.4 mM oleate (control) or 0.4 mM oleate + 0.2
ug/ml BfA (+BfA), and then labeled with [** S]methionine/cysteine for up to ! h under the
same conditions. The microsomal content was fractionated by cumulative rate flotation,
and [*°S]apoB was recovered from each fraction (except the bottom 1-ml fraction) by
immunoprecipitation and analyzed by SDS-PAGE/fluorography. B, human B100-
transfected cells were pretreated for 30 min with 0.4 mM oleate (control) or 0.4 mM
oleate + 0.2 pg/ml BfA (+Bf4), and then labeled with [*H]glycerol for up to | h under the
same conditions. The microsomal lumen, microsomal membrane and cytosol were
isolated from the cells, and lipids were extracted from each fraction. Radioactivity
associated with [*H]|TG is presented as the average of two samples from two independent
experiments. C, dose effect of BMS-197636 on [*H]TG distribution in BfA (0.2 pug/ml)-
treated cells. The experiment was done as in A, except the cells were labeled for 2 h.
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FIG. 3.4.4. Trypsin digestion of pulsed-labeled apolipoprotein B associated with
microsomes. Human B100-transfected cells were pretreated with 0.4 mM oleate, 40
ug/ml ALLN in the absence (4) or presence (B) of 0.2 uM BMS-197636 for 30 min. The
cells were labeled with [JSS]methionine/cysteine for 15 min and chased for 0, 15, 30 min
under the same conditions. Heavy microsomes were isolated, and incubated in the
absence (lanes 1, 4, & 7) or presence (lanes 2, 5, & 8) of trypsin (50 ug/ml) or trypsin
plus Triton X-100 (1%) (lanes 3, 6, & 9) for 30 min on ice. The trypsin digestion was
terminated by the addition of trypsin inhibitor, and [”S]apoBs were recovered by
immunoprecipitation and analyzed by SDS-PAGE/fluorography. Repetition of the
experiments with limited proteolysis of the total microsomes (i.e. heavy plus light
microsomes) during chase (up to 45 min) yielded similar results.
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Chapter 4 Discussion

4.1. Structural requirement of human apolipoprotein B for hepatic assembly of very
low density lipoprotein

Although it is known that apoB plays an obligatory role in hepatic VLDL
assembly, the structural element(s) within apoB that is required for hepatic VLDL
assembly have not been well defined. Since a mature VLDL particle can be assembled
with a single copy of either apoB100 or apoB48 (the N-terminal 48% of apoB100), it is
generally believed that the structural elements required for VLDL assembly reside within
apoB48. Thus, in the first part of our study, we have attempted to localize structural
element(s) within apoB48 that are responsible for the oleate-induced formation of VLDL
in McA-RH7777 cells. The first approach that was used to localize structural elements
was to systematically truncate apoB48 from the C-terminus, and to examine the effect of
truncation on apoB’s ability to assemble VLDL in transfected McA-RH7777 cells. Our
results (Fig. 3.1.9) show that the truncated apoB variants that are equal to or longer than
apoB34 can assemble VLDL, whereas apoB variants that are equal to or shorter than
apoB29 can not. This result can be interpreted by two alternate, although not mutually
exclusive possible mechanisms: (a) There exist putative lipid-recruiting sequences (or
domains) beyond the C-terminus of 29% of apoB100 (ie. a domain effect). (b)
Alternatively, there exists a minimum length of apoB polypeptide that is sufficient for
governing VLDL assembly (i.e. a length effect), which is at least longer than 29% of

apoB100.
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To distinguish the possibilities between the domain effect and the length effect, we
have created chimeric proteins that contain human apoA-I and segments derived from
apoB48. Chimera AI/B29-34 was constructed using apoA-I sequences that were fused, at
their C-terminus, to a segment derived from sequences between apo-B29 and -B34
(designated Al/B29-34). Two additional chimeric proteins, designated AL/B34-37 and
Al/B37-42 were constructed similarly using apoAl plus apoB segments derived from
corresponding B34-37 or B37-42 sequences (79). Surprisingly, all these three AI/B
chimeras turned out to be able to form discrete VLDL particles in transfected cells in the
presence of exogenous oleate, whereas the control apoAl was only able to form HDL
(79). These results suggest that the recruitment of large quantities of TG during VLDL
assembly is not governed simply by apoB length, but is mediated by short hydrophobic
sequences ranging from 152 to 237 amino acids (3-5%) of apoB100. Thus, the apoB
sequences required for VLDL assembly are much shorter than was previously expected,

and the ability of apoB to recruit lipids seems a domain effect.

The finding that AI/B chimeric proteins can assemble VLDL raised several
questions. How can a protein containing 3-5% of the apoB sequence mediate VLDL
assembly? Are there any unique features within the B29-34 segment that are responsible
for the ability of apoB34 and Al/B29-34 to form VLDL? We have searched for the
structural features within all three apoB segments in the A/B chimeras (i.e. B29-34, B34-
37, and B37-42). We have eliminated N-glycosylation as a requirement for VLDL
assembly, since N-linked glycosylation sites are present in some (e.g. B29-34) but not the

other segments (e.g. B34-37 and B37-42) (Fig. 1.1.B). Likewise, since cysteines (two in
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B29-34, one in B34-37, and zero in B37-42) (Fig. 1.1.C), proline-rich clusters (one in
B29-34, and zero in B34-37 or B37-42), or the postulated “pause-transfer” motifs (one in
B29-34, zero in B34-37, and four in B37-42) (for “pause-transfer” motif, refer to Section
1.3.2) are not uniformly distributed among the three segments, we have concluded that
none of these structural features is essential for VLDL assembly. The only common
feature among the three apoB segments is their hydrophobicity. The hydropathy values,
as determined by the Kyte and Doolittle algorithm (PCGene™, Intelligenetics, Inc., 15-
residue window) revealed that each apoB segment generated a chimera which was more
hydrophobic (grand average hydrophobicity = 6.59 for AL/B29-34, 6.20 for AI/B34-37
and 5.67 for AI/B37-42) than apoAl itself (grand average hydrophobicity = 8.06).
Furthermore, according to the pentapartite model proposed by Segrest et al. (Fig. 1.1.D,
(27)), each apoB segment was predicted to consist predominantly of amphipathic f3
strands. It is conceivable that the uniquely enriched B strands within B29-34 render the
ability of apoB34 to form VLDL, whereas the presence of muitiple segments enriched in
B strands within apoB48 would certainly enhance the efficiency of lipid recruitment

during VLDL assembly.

A point of note is that not all the amphipathic sequences within apoB are
responsible for the lipid-recruiting function during VLDL assembly. For example,
according to the pentapartite model (Fig. 1.1.D, (27)), amphipathic B strands also occur
within apoB29 (between apo-B18 to -B29), but our data clearly show that apoB29 is
unable to assemble VLDL (Fig. 3.1.9). Moreover, the role of other structural elements,

such as amphipathic a helices, in mediating VLDL assembly remains to be defined.

120



Therefore, further studies are required to determine the molecular details for how some of

the hydrophobic sequences within apoB48 can mediate lipid recruitment during VLDL

assembly.

4.2. A unified model for the assembly of B48-VLDL and B100-VLDL
4.2.1. Novel information on the assembly of B100-VLDL

In McA-RH7777 cells, assembly of rat B48-VLDL is dependent upon exogenous
oleate, and is achieved post-translationally (125). The present study has demonstrated
that these features are also associated with human B48-VLDL assembly in transfected
cells (Fig. 3.1.1 - 3.1.4, Fig. 3.1.8). In addition, our lipid labeling experiments clearly
indicated that assembly of B48-VLDL was a process whereby bulk TG was incorporated
into B48, regardless of whether bulk TG was derived from newly synthesized TG (Fig.

3.1.5) or from pre-existing TG (Fig. 3.1.6).

In contrast to that for B48-VLDL assembly, the mechanism for B100-VLDL
assembly in McA-RH7777 cells was somewhat less clear. Using these cells, Borén et al.
(125) obtained evidence showing that the rat B100-VLDL assembly could be achieved
through both co-translational and post-translational pathways. Evidence in favour of the
co-translational assembly model came from observations that B100-VLDL could be
detected as early as three minutes after the initiation of [>’S]methionine labeling (125).
On the other hand, the apoB100 polypeptides were also associated with dense particles
resembling LDL and HDL in the microsomal lumen of McA-RH7777 cells. Pulse-chase

experiments suggested that the B100-HDL/B100-LDL might serve as precursors of



B100-VLDL (125), supporting a post-translational assembly pathway. Evidence showing
post-translational assembly of B100-VLDL was also presented by the same group in their
subsequent investigations (161, 211). However, as to be discussed later, the published
“B100-VLDL” particles were obtained as d < 1.02 g/ml fractions after sucrose density
ultracentrifugation. These “VLDL” particles were heterogeneous in size and did not

represent truly the TG-rich B100-VLDL particles.

In the current study, the mechanism responsible for the assembly of B100-VLDL
has been closely examined. Although initially much attention was focused on human
B48-VLDL assembly in B48-transfected McA-RH7777 cells (Section 3.1.), we
nevertheless also monitored the process of endogenous rat B100-VLDL assembly and
contrasted it with that of B48-VLDL assembly. In these early studies, we consistently
found that the pathway for the assembly of B100-VLDL was quite different from that for
B48-VLDL assembly. For example, while oleate supplementation induced a quantum
leap of the particle size from B48-HDL to B48-VLDL, the change in the size of B100-
VLDL upon oleate supplementation was not apparent (Fig. 3.1.4). However in these early
studies, B100-VLDL was obtained simply as 4 < 1.02 g/ml fractions and their size

heterogeneity was not taken into consideration.

The difference between B48-VLDL and B100-VLDL (d < 1.02 g/ml fraction)
assembly came from the kinetics of the incorporation of pre-existing TG upon oleate
supplementation. Although both newly synthesized TG (Fig. 3.1.5.8) and pre-existing

TG (Fig. 3.1.6.B) could be used for B100-VLDL and B48-VLDL secretion, pre-existing
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TG seemed to be preferentially incorporated into B48-VLDL upon oleate-induced VLDL
secretion (Fig. 3.1.6.B). Thus, while there was a 6-fold increase in the incorporation of
pre-existing TG into B48-VLDL, there was no difference in secretion of pre-existing TG
as B100-VLDL upon oleate supplement (Fig. 3.1.6.8). These results led us to believe that
assembly and secretion of B48-VLDL and B100-VLDL were achieved through two
different pathways. The oleate-stimulated incorporation of pre-existing TG into B48-
VLDL might imply that bulk TG was added to a primordial B48-HDL particle during
post-translational VLDL assembly. In contrast, the inability of B100 to mobilize
additional pre-existing TG in response to oleate might imply that B100-VLDL was
assembled primarily through a co-tramslational lipidation process, and that post-
translational lipid recruitment might not play a major role in B100-VLDL assembly. On
the basis of these results, we proposed in our manuscript (238) that dual mechanisms
operated in McA-RH7777 cells; while B48-VLDL assembly was achieved post-

translationally, assembly of B100-VLDL was achieved co-translationally.

However, the putative dual mechanisms for B48-VLDL and B100-VLDL assembly
did not stand up well to scrutiny in our subsequent investigations. In an attempt to
determine if the apparent dual mechanisms were accounted for by apoB length (e.g.
apoB48 versus apoB100), we systematically analyzed assembly/secretion of VLDL with
recombinant apoB forms, namely B64, B72, and B80 (Fig. 3.2.1). We reasoned that if the
apparent difference between B100-VLDL and B48-VLDL was attributable to apoB
length, then examining assembly of B64-VLDL, B72-VLDL and B80-VLDL should

reveal a critical length where the transition in assembly mechanisms (i.e. from post-
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translational to co-translational) takes place. What we have observed was that all apoB
forms can respond to oleate to form VLDL (Fig. 3.2.1). The oleate-induced enlargement
of lipoprotein was readily demonstrated for B64 and B72 in a sucrose density gradient,
but was less evident for B80 and B100 since these proteins were already in the VLDL
fraction (d < 1.02 g/ml) even in the absence of oleate (Fig. 3.2.1). At this point, we
realized that the previously used sucrose density ultracentrifugation technique, although
satisfactory for revealing the two-step process for B48-VLDL assembly (79, 125, 238),
did not allow detection of size changes in VLDL particles containing large apoB (i.e. B80
or B100). Thus, we suspected that the proposed co-translational B100-VLDL assembly
mechanism was a misinterpretation of data resulting from inadequate resolution of B100-

VLDL with different sizes.

Demonstration of oleate-induced enlargement in particle size during B100-VLDL
assembly becomes possible with the use of cumulative rate flotation technique to separate
B100-VLDL subclasses (Fig. 3.2.2, Fig. 3.2.3). Only by separating B100-VLDL, from
B100-VLDL; were we able to show unequivocally that B100-VLDL, assembly shares
three features common to B48-VLDL assembly: (a) is absolutely dependent on
exogenous oleate (Fig. 3.2.2, Fig. 3.2.3), (b) is achieved post-translationally (Fig. 3.2.6),
and (c) exhibits incorporation of bulk TG, regardless of whether bulk TG is derived from
newly synthesized TG (Fig. 3.2.4.8) or pre-existing TG (Fig. 3.2.5.8). Thus, a unified
model that can accommodate assembly of both B48-VLDL and B100-VLDL has

emerged which invalidates our previously dual mechanisms hypothesis. A lesson learned
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from this study is that novel information comes about as a result of technical

development, like in most cases.

With the improved resolution of B100-VLDL by cumulative rate flotation
technique, oleate-induced bulk TG incorporation, the hallmark of VLDL assembly
irrespective of apoB length, becomes manifest. This novel information allows us to
answer some previously puzzling questions. For example, we previously observed that
exogenous oleate treatment had no effect on the secretion of pre-existing TG as B100-
VLDL (Fig. 3.1.6.B). However, repeating the pulse-chase experiment with cumulative
rate floatation technique (Fig. 3.2.5.B), we were able to show that exogenous oleate
increased secretion of pre-existing TG as B100-VLDL, by 5-fold, and concomitantly it
decreased secretion of pre-existing TG as B100-VLDL; by 30%. Thus, exogenous oleate
treatment indeed causes a re-distribution of the pre-existing TG from B100-VLDL; to
B100-VLDL,. Since the amount of pre-existing TG associated with total B100-VLDL
(i.e. B100-VLDL,; + B100-VLDL,) was not increased significantly by oleate treatment,
as observed previously (Fig. 3.1.6.8), such a re-distribution of TG between small and

large VLDL species was not detectable with the commonly used centrifugation

techniques.

4.2.2. A common pathway for the assembly of B100-VLDL, and B48-VLDL
As mentioned above, there are three common features associated with both B100-
VLDL, assembly and B48-VLDL assembly in McA-RH7777 cells. First, the assembly of

VLDL is absolutely dependent on exogenous oleate (Fig. 3.1.1, Fig. 3.1.9, Fig. 3.2.1 and
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Fig. 3.2.2). In the absence of oleate, only B100-VLDL; and B48-HDL are assembled in
and secreted from McA-RH7777 cells. Although the precise mechanism whereby oleate
can induce TG-rich VLDL assembly has not been defined, several possibilities are
noteworthy. First of all, erogenous oleate stimulates TG synthesis thus providing
abundant TG substrate for VLDL assembly. Conceivably and most likely, the increased
TG synthesis and TG availability are prerequisites of enhanced VLDL assembly and
secretion. In addition to oleate stimulating TG synthesis, the current study also
demonstrates that oleate stimulates phospholipid turnover in McA-RH7777 cells (Fig.
3.1.6 and Fig. 3.2.5). Gibbons and co-workers ((193, 196), refer to Section 1.4.4) have
proposed that the enhanced phospholipid turnover upon exogenous oleate may act as a
critical step in channeling fatty acyl moieties for synthesis of VLDL-TGs. Second of all,
fatty acyl-CoA has been implicated to play an important role in membrane vesiculation
(239). Membrane vesiculation has been suggested to be an essential component of VLDL
assembly (refer to Section 1.4.7). It is possible that oleate may also regulate VLDL
assembly through its role in membrane vesiculation. Lastly, a rather speculative
possibility is that oleate may serve as a signaling molecule in regulating gene expression
of certain proteins that either directly participate in VLDL assembly process or indirectly

influence the progression of VLDL maturation.

A second common feature associated with TG-rich VLDL assembly that has been
revealed by the current study highlights that maturation of VLDL, either B100-VLDL, or
B48-VLDL, is achieved post-translationally. Biochemical evidence supporting post-

translational B48-VLDL assembly in McA-RH7777 cells comes from studies by
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Olofsson and coworkers (125, 162) showing that membrane-associated B48-HDL is the
precursor for B48-VLDL formation. In rat hepatocytes, formation of B48-VLDL is
achieved at least 15-20 min after synthesis of B48 (154). The current study shows that the
assembly of B100-VLDL, in microsomal lumen is undetectable until 15-20 min after
apoB 100 synthesis (Fig. 3.2.6). These data combined support the notion that formation of
B100-VLDL, and B48-VLDL may share the same pathway. To date, identification of the
precursor of B100-VLDL, remains to be a challenging task. It has been suggested that the
membrane-associated B100-HDL within microsomes may serve as precursor(s) for total

B100-VLDL (161).

Post-translational VLDL assembly implies that there is a temporal delay from the
moment when apoB translation is complete to the moment when VLDL matures. The
molecular events underlying such a delay remain to be determined. It is possible that such
a temporal delay is required for spatial transition of primordial particles from the site of
apoB translation/translocation to the site of VLDL assembly. Additionally, this temporal
delay may be required for spatial transit of lipid entities from the site of synthesis to the
site. of VLDL assembly. Currently, the exact subcellular compartment where VLDL
assembly occurs is not clear (refer to Section 1.4.1.). Future protein pulse-chase
experiments, combined with subcellular fractionation, may provide some clues about the
subcellular location where maturation of VLDL takes place. Alternatively, the temporal
delay may be attributable to the time required for a conformational change of newly
synthesized apoB100 that allows the protein to become assembly competent, as proposed

by Olofsson and associates (161). To date, experimental evidence for such a
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conformational change of apoB is lacking. Apparently, more studies are needed to

determine the fate of the newly synthesized apoB during the temporal delay.

The current study also demonstrates the third feature that oleate-induced
incorporation of bulkk TG into apoB is a common path for TG-rich VLDL assembly.
Thus, assembly of B48-VLDL is accompanied with a 15-fold increase in TG content per
particle as compared to that of B48-HDL, whereas B100-VLDL, contains 8-fold more
TG than B100-VLDL,. The incorporation of bulk TG into apoB is the governing factor
for the expansion of neutral lipid core of LpB, and is therefore the hallmark for post-

translational VLDL assembly.

On the basis of these three common features for the assembly of B100-VLDL, and
B48-VLDL, a unified model for TG-rich VLDL assembly in McA-RH7777 cells has
been advanced. ApoB is associated with a small amount of lipid to form a primordial
particle during or immediately after apoB translation. Subsequently, in the presence of
oleate, the primordial particle undergoes a second lipidation stage, expanding its core by
recruitment of bulk TG, to form TG-rich VLDL. A central question associated with this
model, however, concerns the mechanism by which bulk TG is sequestered into the
microsomes and subsequently incorporated into apoB (irrespective of the apoB length)

during the post-translational VLDL assembly (see below).
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4.3. The post-translational very low density lipoprotein assembly depends upon
normal activity of microsomal triglyceride transfer protein

An important finding in this study is that normal MTP is indispensable for the post-
translational VLDL assembly. In human B48-transfected McA-RH7777 cells, under
conditions where endogenous MTP activity was reduced by 65% by chemical inhibitors,
secretion of either newly synthesized or pre-labeled hB48 and TG as hB48-VLDL was
abolished, whereas their secretion as hB48-HDL was unaffected (Fig. 3.3.2 — Fig. 3.3.5).
Similarly, in human B100-transfected McA-RH7777 cells, secretion of B100 (both
human and rat) and TG as B100-VLDL, was extremely sensitive to MTP inhibition (Fig.
3.3.8 and Fig. 3.3.9.4). At 0.05 uM BMS-197636, corresponding to 60% of normal MTP
activity (Fig. 3.3.6.4), the largest B100-VLDL particle that could be secreted was VLDL;
but not VLDL, (Fig. 3.3.9.4). Thus, the requirement of MTP activity is determined by the
amount of TG to be utilized for lipoprotein assembly. The greater amount of TG to be

recruited, the more MTP activity is required, and the more sensitive towards MTP

inhibition.

Demonstration of the requirement of MTP activity for post-translational VLDL
assembly by no means denies the crucial role of MTP in the initial stage of apoB-
lipoprotein formation. Using heterologous cells co-transfected with apoB and MTP or
using hepatic cells treated with specific MTP inhibitors, several laboratories including
ours have demonstrated that MTP activity is essential for the elongation of apoB
polypeptide chains during translation (126), for the translocation of apoB across the

endoplasmic reticulum membrane (108), and for the assembly and secretion of products
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of the first step (62, 108-111). Furthermore, under conditions where MTP activity was
decreased lower than 40% of control (0.5 uM BMS-197636, Fig. 3.3.6.4), the only
observed B100-lipoproteins in media were those of HDL size (Fig. 3.3.9.4). The
enlargement of secreted particles, shown as a gradual conversion of B100-HDL to B100-
VLDL; (Fig. 3.3.9.4), is correlated closely with increased residual MTP activity (Fig.
3.3.6.4). These data clearly indicate that the requirement of MTP activity at the initial

stage of apoB-containing lipoprotein assembly is also correlated positively with the

extent of lipid recruitment.

4.4. Requirement of microsomal triglyceride transfer protein for mobilization of
triacylglycerol into microsomes

Another important observation made in this study is that the accumulation and
attainment of TG within microsomal lumen is a function of MTP activity. Experimental
evidence supporting this conclusion includes (a) measurement of metabolicaily labeled
TG (Fig. 3.4.1.4 & Fig. 3.4.2.4) and of TG mass (Fig. 3.4.1.4), and (b) demonstration of
a direct correlation between the attainment of lumenal TG and the MTP activity (Fig.
3.42.B). In principle, the steady state level of lumenal TG is determined by the rate of
influx of TG through mobilization and the efflux via secretion. Since MTP inactivation
inhibits TG secretion yet it does not inhibit TG synthesis, the decreased influx of TG is
the most likely explanation for the diminished lumenal TG content. Thus, we propose

that MTP is the protein factor that mobilizes TG into the microsomal lumen.
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Although the origin of TG that is mobilized by MTP into the microsomal lumen
was not determined in the current study, we speculate that the donor for MTP-mediated
TG transfer is most likely the ER membrane. Regardless of whether TG is derived from
de novo synthesis or from hydrolysis-reesterification of a storage pool (refer to Section
1.4.4), the ER membrane is the site where active TG synthesis takes place. Thus, the ER
membrane is a dynamic TG donor, which continuously provides a supply of TG for
MTP-mediated lipid transfer to the acceptor membrane, resulting in a net TG mass

transport from the ER membrane to the microsomal lumen.

However, the ER membrane is not a TG storage pool. When the MTP-mediated TG
mobilization is blocked by MTP inhibitor, we did not observe an increase in the TG mass
or radiolabeled TG counts associated with the microsomal membrane. Instead, we
observed a small (10%) but reproducible increase in cytosolic TG, the quantity of which
was equivalent to the decrease in total microsomal TG (Fig. 3.4.1.4, Fig. 3.4.2 A). This is
consistent with previous observations in liver-specific MTP-knockout mice (8) and MTP-
inhibitor treated rabbit (230), where a large amount of TG accumulates in the cytosol
with prolonged MTP inactivation. It is possible that an excessive amount of TG on the
ER membrane, supposedly being mobilized by MTP into the microsomal lumen, is
shunted to the cytosolic TG pool when MTP activity is inhibited. In that sense, MTP acts

as a switch at the bifurcation of the intracellular TG partitioning between microsomal

lumen and cytosol.
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The current study also demonstrates that accumulation of lumenal TG may occur
independently of VLDL assembly in McA-RH7777 cells (Fig. 3.4.3 A&B). These two
uncoupled events can become manifest by treating cells with BfA. At a low dose of BfA,
assembly of TG-rich VLDL is abolished, yet TG mobilization into microsomal lumen can
still be observed. This suggests that TG may exist within the lumen even in the absence
of VLDL assembly. Interestingly, observation of “TG particles” within the secretory
compartments has been reported recently in mice enterocytes where apoB expression is
abolished by genetic inactivation (203). Our data are in accord with this observation and
provide indirect evidence that the MTP-mediated TG mobilization may lead to the
formation of apoB-free “TG particles” (156). A point of note is that in mice in which
hepatic MTP was inactivated by gene targeting, lipid droplets were completely absent
within the secretory compartment (8). These in vitro and in vivo findings together argue
strongly that accumulation of bulk TG within microsomes is associated with normal MTP
activity, and apoB-free “TG particles” may act as the acceptor for MTP-mediated TG

transfer in microsomes.

A major challenge ahead though is to characterize these “TG particles”
biochemically and to demonstrate that they are indeed precursors for VLDL assembly.
[dentification of protein factors that associate with these “TG particles” will probably
provide some clues. We speculate that exchangeable apolipoproteins, such as apoCIII,
apoE, or apoAl, may be the candidate proteins associated with “TG particles”. Secretion
of VLDL-like particles containing apoE and/or apoAl, but essentially no apoB, from

McA-RH7777 cells has been reported previously (79). Whether these VLDL-like
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particles are derived from the apoB-free “TG particles” in the microsomal lumen remains
to be tested. Interestingly, it has been shown that overexpression of apoCIII (240) or
apoE (241) in transgenic mice stimulates VLDL production. It is possible that the major
function of these exchangeable apolipoproteins is to stabilize “TG particles” prior to their

incorporation into mature VLDL.

The core difficulty with all VLDL assembly models harks back to the old question
concerning the path that is taken by bulk TG before eventually being incorporated into
apoB. The current studies indicate that MTP may play a role in mobilizing TG into the
microsomes. However, they did not address the question of whether MTP activity is
required for incorporation of the microsomal TG into VLDL. It is clear that the demand
for MTP is much greater for the assembly of TG-rich VLDL than for the assembly of a
more dense particle. For instance, VLDL, assembly was abolished at 0.05 uM of BMS-
197636, 4-times lower than the dose needed to abolish VLDL; assembly (Fig. 3.3.9.4).
These results are nicely in accord with our observations that formation of B48-VLDL
also exhibits higher demand for MTP activity than that of B48-HDL (Fig. 3.3.2 - Fig.
3.3.5). In addition, measurement of the residual MTP activity in BMS-197636-treated
cells has shown a positive correlation between MTP activity and lumenal TG content in
microsomes (Fig. 3.3.6.4 & Fig. 3.4.2.8). These combined observations suggest the
existence of a particular “threshold” MTP activity for the maintenance of sufficient

lumenal TG, which is required for efficient assembly of TG-rich VLDL.

Lastly, a noteworthy but less conclusive result from this study is the role of the
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BfA-sensitive factor in TG-rich VLDL assembly. In this study, we observed that the low
dose of BfA does not affect TG accumulation in microsomal lumen, yet abolishes TG-
rich VLDL assembly, suggesting that the BfA-sensitive factor may play an important role
in the fusion of microsomal “TG-particles” into the apoB primordial particle to form
mature VLDL. Interestingly, hepatocytes treated with BfA seem to be phenotypically
similar to fatty-hepatocytes isolated from orotic acid-fed rats, in which apoE- or apoC-
containing TG-rich lipoproteins, not mature VLDL, accumulate in the ER lumen ((220),
refer to Section 1.4.8.). It is tempting to speculate that the BfA- and orotic acid-inhibited
VLDL assembly is mediated through the same mechanism involving the suppression of a
GTP-binding protein. More studies are required to identify the protein factor(s) that

promote the incorporation of microsomal TG into mature VLDL.

4.5. The debate over the requirement of MTP for the post-translational VLDL
assembly

The current study clearly demonstrates that the demand for MTP activity is much
greater for the post-translational TG-rich VLDL assembly than for the primordial particle
formation, regardless the assembly being B100-VLDL, or B48-VLDL. Our finding of the
in vivo function of MTP was subsequently confirmed by studies with Caco2 cells (209)

and with primary rat hepatocytes (242).
However, our conclusion(s) are not in accord with the conclusion of Gordon et al.

(113), suggesting that MTP activity is not required for the second step of apoB48-VLDL

assembly. In a recent report, the notion that MTP inhibition did not affect post-
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translational BI00-VLDL assembly was reinforced (161). In that study, McA-RH7777
cells cultured under basal condition (DMEM + 20% serum) were treated with high dose
BfA to arrest B100-lipoprotein assembly at the HDL stage. By removing BfA from and
supplementing oleate into the medium, secretion of B100-lipoproteins resumed.
Inhibition of MTP at this stage decreased secretion of total B100 by 25%, but it did not
block conversion of the B100-HDL into B100-VLDL (d < 1.02 g/ml) (161). Thus, it was
concluded that the post-translational B100-VLDL assembly is achieved through a process
insensitive to MTP inhibition. However, three caveats associated with these experiments
are noteworthy and could potentially jeopardize the conclusion. First, the reported
“B100-VLDL” whose assembly was insensitive to MTP inhibition is not B100-VLDL,. It
is apparent from the current work that under basal culture condition without exogenous
oleate, only a low level of TG accumulates within the microsomal lumen and only B100-
VLDL; and B100-IDL/LDL are produced (Fig. 3.2.2). Even in the presence of exogenous
oleate, accumulation of TG within microsomal lumen (Fig. 3.4.1.4 & Fig. 3.4.2.4) or
assembly of B100-VLDL, (Fig. 3.3.10) does not occur if the activity of MTP is inhibited.
Second, the report was unaware that the demand for MTP is determined by the amount of
TG loaded into B100-lipoprotein. It is clear from the present study that assembly of small
B100-lipoproteins is much more resistant to MTP inhibition than that of B100-VLDL;.
Since accumulation of TG within microsomal lumen is shown to be unaffected by BfA
treatment (Fig. 3.4.3.8), conceivably the reported “B100-VLDL” formation after BfA
removal could result from recruitment of residual microsomal TG into B100-IDL/LDL
and B100-VLDL, particles. Third, conclusion that MTP inhibition has no effect on

VLDL assembly was drawn solely on the basis of measuring B100 associated with
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VLDL without considering the amount of TG incorporated. It is evident from the current
study that B100-VLDL secreted from McA-RH7777 cells upon oleate treatment is
heterogeneous, and that the majority of secreted TG is associated with a small portion of
B100 (~25% of total) in the VLDL, fraction (Table II). Thus, the requirement of MTP
activity for B100-VLDL, assembly would not be revealed unless the bulk TG
incorporation is measured. For these reasons, caution must be exercised in concluding
that MTP activity is not required for bulk lipid incorporation during B100-VLDL

assembly.

4.6. Concluding remarks and future considerations

The major findings of this study are: (a) Human recombinant apoB100 and apoB48,
like their rat counterparts, can assemble TG-rich VLDL in McA-RH7777 cells. The
minimum length of apoB that is required to assemble TG-rich VLDL is apoB34. (b)
Assembly of B100-VLDL, and B48-VLDL in McA-RH7777 cells is achieved through
the same pathway. This is manifested by the fact that in both cases, assembly of VLDL is
achieved post-translationally, is absolutely dependent upon oleate, and is a process
marked by bulk TG incorporation into apoB. (¢) The demand for MTP activity is much
greater for the post-translational TG-rich VLDL assembly than for the primordial particle
formation. (d) Mechanistically, MTP plays an important role in mobilizing TG into

microsomal lumen, a process that is a prerequisite for VLDL maturation.

Hepatic VLDL assembly is a complicated process invoiving multiple protein and

lipid factors. What we have learnt from the current study represents only a fraction of
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what we would like to know about the assembly process. The questions remaining to be
addressed include: What is the origin of TG utilized for VLDL assembly? What is the
exact route by which bulk TG is incorporated into apoB within microsomes?
Identification of additional protein factors that regulate TG mobilization and TG
incorporation into mature VLDL will definitely help us to understand the VLDL
maturation process. Nevertheless, the current study has shown that McA-RH7777 cells
expressing human apoB proteins can serve as a useful cell model for future studies of

assembly and secretion of TG-rich VLDL.
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