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Abstract

Triglycerides are one of the most efficient storage forms of free energy. Because of their insolubility in biological fluids,
their transport between cells and tissues requires that they be assembled into lipoprotein particles. Genetic disruption of the
lipoprotein assembly/secretion pathway leads to several human disorders associated with malnutrition and developmental
abnormalities. In contrast, patients displaying inappropriately high rates of lipoprotein production display increased risk for
the development of atherosclerotic cardiovascular disease. Insights provided by diverse experimental approaches describe an
elegant biological adaptation of basic chemical interactions required to overcome the thermodynamic dilemma of producing
a stable emulsion vehicle for the transport and tissue targeting of triglycerides. The mammalian lipoprotein assembly/
secretion pathway shows an absolute requirement for: (1) the unique amphipathic protein: apolipoprotein B, in a form that
is sufficiently large to assemble a lipoprotein particle containing a neutral lipid core; and, (2) a lipid transfer protein
(microsomal triglyceride transfer protein-MTP). In the endoplasmic reticulum apolipoprotein B has two distinct metabolic
fates: (1) entrance into the lipoprotein assembly pathway within the lumen of the endoplasmic reticulum; or, (2) degradation
in the cytoplasm by the ubiquitin-dependent proteasome. The destiny of apolipoprotein B is determined by the relative
availability of individual lipids and level of expression of MTP. The dynamically varied expression of cholesterol-7K-
hydroxylase indirectly influences the rate of lipid biosynthesis and the assembly and secretion lipoprotein particles by the
liver. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ability to store energy as fat (about 9 kcal/g) is
signi¢cantly greater than the amount that can be
stored as carbohydrate (about 4 kcal/g). The evolu-
tionary development of processes to transport and
store energy in the form of fat has provided organ-
isms with a thermodynamic advantage in surviving
catastrophic loss of food and essential fat nutrients.
Moreover, nutritional and energy requirements for
reproduction further demanded that fat readily be
mobilized for transport to reproductive organs in
an e¤cient and speci¢c manner. The evolution of
the lipoprotein assembly/secretion pathway provides
these functions. Because of the essential role that
lipid transport and storage has played in the evolu-
tionary development of complex multi-cellular or-
ganisms, the lipoprotein transport system is inti-
mately linked to the most basic biological
functions: membrane biogenesis, cell division and
gene expression. The movement of a diverse group
of lipid substrates through the lipoprotein assembly/
secretion/metabolism pathway is dynamically varied
in response to nutritional, developmental and repro-
ductive needs. In today's human world where the
availability of `fast-food' is commonplace, this e¤-
cient dynamic response, which was essential for sur-
vival of ancestral organisms, contributes to three ma-
jor health threats: atherosclerotic cardiovascular
disease, obesity and diabetes. Much e¡ort has been
invested into research whose major goal has been to
gain an understanding of the molecular mechanisms
that control the hepatic assembly and secretion of
apo B-containing lipoproteins. This investment has
yielded signi¢cant rewards in terms of new knowl-
edge (reviewed by [1^5]). Moreover, these insights
have been successfully applied in the development
of a new class of therapeutics that act speci¢cally
on the intracellular process responsible for lipopro-
tein assembly [6]. We will review the progress made
toward understanding the cell and molecular biology

of the assembly and secretion of apo B-containing
lipoproteins by the liver.

2. Early studies of inherited human hypolipidemic
disorders indicated that the secretion of
triglyceride-rich lipoproteins required the `B'
apoprotein and at least one additional protein

Analysis of the data obtained in one of the most
comprehensive epidemiologic studies provided com-
pelling evidence that plasma LDL is a major risk
factor in the development of atherosclerosis cardio-
vascular disease [7,8]. The recognition of LDL as a
potentiator of cardiovascular disease stimulated in-
terest in determining its structure, biogenesis and me-
tabolism. These e¡orts would ultimately pay o¡ in
the development of e¡ective therapeutic interventions
to lower LDL levels and signi¢cantly reduce both the
morbidity and mortality associated with cardiovascu-
lar disease [9,10]. One of the major intellectual hur-
dles to overcome was to delineate the structure of the
protein in LDL: apo B. As discussed below, many of
the structural aspects of apo B as well as many of the
processes required for the biogenesis of apo B-con-
taining lipoproteins were without precedence.

Technical advances in chemistry, genetics and
physiology preceded those required for characteriza-
tion of proteins, DNA, RNA and molecular genetics.
Thus, phenotypic characterization of inherited hu-
man disorders were established years before the re-
sponsible proteins, genes and mRNAs were identi-
¢ed. While the genetic defect responsible for the
abetalipoproteinemic phenotype would take almost
30 years to unravel, it was recognized as being a
familial trait associated with an almost complete in-
ability by the liver and intestine to secrete apo B-
containing lipoproteins (reviewed in [11^14]). This
recessive phenotypic disorder provided a clear link
between the presence in plasma of the L-migrating
lipoproteins and the ability of the intestine and liver
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to package and transport exogenous ingested and
endogenous de novo synthesized fat [15,16]. Addi-
tional studies showing that the protein component
in LDL was absent in the plasma of abetalipopro-
teinemics, suggested it played an important role in
the assembly of lipoproteins [17]. The autosomal in-
herited disorder hypobetalipoproteinemia displayed a
phenotype somewhat similar to that of abetalipopro-
teinemia (i.e., inability to absorb and transport fat
[18^20]). The insightful recognition that the co-dom-
inant inheritance of hypobetalipoproteinemia was
distinct from the recessive inheritance of abetalipo-
proteinemia, led to the prescient prediction that the
two disorders involved at least two di¡erent genes
[20]. Thus, these ¢ndings suggested that apolipopro-
tein B and at least one additional gene product were
essential for the assembly and secretion of triglycer-
ide-rich lipoproteins.

2.1. The structure of apolipoprotein B is as
unprecedented as the processes that are
responsible for its biogenesis and assembly into
triglyceride-rich lipoproteins; LDL is derived
from hepatic VLDL

It was clear from early studies of the properties of
apolipoprotein B that it behaved di¡erently from the
other apolipoproteins. Unlike most other apolipo-
proteins, apo B can not exchange freely among lip-
oprotein particles. While the functional signi¢cance
of this unique property in regard to lipoprotein as-
sembly would not become apparent for several years,
it served useful in turn-over studies which established
that VLDL was the precursor to the major protein in
LDL [21]. The development of systems to culture
primary hepatocytes provided the additional ¢nding
that essentially all the apo B that was secreted by rat
hepatocytes was in the VLDL fraction [22]. These
combined data suggested that LDL was not a secre-
tory product of the liver, but was derived in plasma
via the metabolism of VLDL. Without knowing the
molecular mass of apo B, investigation of the molec-
ular aspects of apo B biogenesis was greatly ham-
pered. While one could produce antibodies using
LDL or extracts of LDL as the antigen, one could
not unambiguously identify the epitopes recognized
by the antibodies.

2.2. There are two distinct molecular mass forms of
apo B

Until around 1980, the molecular mass of apo B
remained unknown. Obtaining this information was
an exceedingly intractable problem. Those who at-
tempted to elucidate the structure of apo B were
confounded with its unusual physical/chemical prop-
erties. For example, when delipidated, the major pro-
tein in LDL was observed to be water insoluble and
formed large molecular mass aggregates. Subsequent
studies showed that delipidated apo B formed inter-
molecular disul¢de-linked `polymers', suggesting that
free sulfhydryl groups were buried in the lipid core
[23]. Application of common SDS^PAGE and chro-
matography systems suggested that the molecular
mass of apo B was 4^10% of what was eventually
delineated using molecular genetics [24^26]. In later
studies of the cellular processing of apo B, the phys-
iologic signi¢cance of these small apo B peptides
would become apparent [27,28]. The insightful use
of low percentage polyacrylamide gels provided a
major technical advance that allowed the molecular
mass of apo B to be determined [29,30] as well as
providing the means to prepare pure preparations of
apo B. The discovery that two distinct large molec-
ular mass forms of apo B existed in rat [29] and
human [30] plasma raised as many questions about
the biogenesis of apo B as it answered questions
about its structure and metabolic relationships. The
molecular mass of the larger form of apo B
(s 550 000 kDa), found mostly on LDL, was
Vtwice that of the smaller molecular mass form.
Subsequent studies in rats showed that the smaller
form (hereafter referred to as apo B48) was removed
from plasma by the liver much more rapidly than the
larger form (hereafter to be referred to as apo B100)
[31,32]. Additional studies showed that apo E en-
hanced the hepatic uptake of apo B48-containing
remnants [33,34] via a process blocked by the C apo-
proteins [35]. The more rapid uptake of apo B48-
containing lipoproteins by the liver may help to ex-
plain why apo B100 is retained as a component of
human LDL [36].
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2.3. Two distinct molecular mass forms of apo B,
derived from the same gene, led to the discovery
of apo B mRNA editing

The ¢nding of two distinct molecular mass forms
of apo B was consistent with two possibilities: (1)
that the smaller apo B48 may have been derived
from the larger apo B100; or, (2) that apo B48 and
apo B100 were each produced from separate genes.
(The unlikely possibility that the larger apo B100 was
derived by linking two apo B48 molecules was ruled
out by analysis of [125I]apo B48 turnover studies
[36].) The additional observation that one abetalipo-
proteinemic patient produced intestinal apo B48
without an impairment of intestinal fat absorption,
whereas the liver produced no apo B100 was inter-
preted to suggest that there were two independently
regulated apo B genes [37]. Considering that in the
human, the liver selectively synthesizes apo B100,
whereas the intestine selectively synthesizes apo
B48, the proposal that one gene encodes liver apo
B100 and the other gene encodes intestinal apo B48
seemed to be a logical explanation at the time. As
described below, the molecular events responsible for
apo B biogenesis would deviate considerably from
what one might have predicted.

During the 1980s, molecular cloning and nucleic
acid chemistry techniques became available for gen-
eral laboratory use. For many in the ¢eld who had
experienced the intrinsic technical challenges of
working with apo B, it was soon realized that the
structure of apo B would be more likely delineated
from its mRNA sequence than its amino acid se-
quence. These predictions were soon to become real-
ity. The ¢rst report of the successful cloning of a apo
B cDNA immediately revealed some surprising new
insights [38]. As expected the size of the apo B
mRNA in the liver of rats was large (V20 kb)
[38]. More striking was the unexpected ¢nding that
the intestine, which produces only apo B48, showed
a single mRNA having the same size as the one in
the liver [38]. Similar ¢ndings were obtained for the
human apo B mRNA [39^43] and the monkey apo B
mRNA [44]. Furthermore, using the human apo B
cDNAs, which obviously contained nucleotide se-
quences common to both apo B100 and apo B48, a
single gene on the short arm of chromosome 2
(2p23^2p24) was identi¢ed [40,42,44^46]. The com-

bined ¢ndings suggested that a single apo B gene,
produces a single sized mRNA which is translated
into the two di¡erent molecular mass forms of apo
B! Using an immunologic experimental approach,
both apo B100 and apo B48 were found to contain
a monoclonal antibody epitope attributed to a spe-
ci¢c genetic polymorphism [47]. These data provided
additional support indicating that apo B100 and apo
B48 are derived from the same gene. The mechanism
accounting for the production of the two molecular
mass forms of apo B would provide an additional
example of the unprecedented characteristics of apo
B biology.

2.4. A single apo B gene produces two distinct
proteins; elucidation of apo B mRNA editing

Since a single apo B gene produced a single size
mRNA, which produced two distinct proteins (i.e.,
apo B100 and apo B48), di¡erential splicing of
mRNA seemed an unlikely explanation. This conclu-
sion was further supported by the ¢ndings that the
cDNA prepared from human liver apo B mRNA,
which produces only a single protein (apo B100),
had almost the same sequence as the cDNA prepared
from human intestinal apo B mRNA, which pro-
duces only apo B48. The only di¡erence was a single
CCU base substitution at position 6666 (codon
2153) [48]. As a result, the CAA (Gln) codon was
converted to a stop codon, suggesting that apo B48 is
produced by a premature termination of translation
(i.e., editing of the apo B100 mRNA) [48]. These
¢ndings were soon corroborated and extended by
sequence analysis which indicated human apo B48
obtained from human chylous ascites £uid contained
a C-terminal methionine (produced from codon
2151) [49]. It was proposed that the expected C-ter-
minal Ile, produced by codon 2152, missing in hu-
man apo B48, was cleaved post-translationally [49].
Additionally, two separate groups reported that fol-
lowing the editing reaction, intestinal apo B48
mRNA was cleaved and polyadenylated 5P to the
polyadenylation site on apo B100 mRNA, making
it smaller [49,50]. The signi¢cance of the variable
¢nding of a smaller apo B mRNA in the intestine
compared to the liver remains unknown.

The unexpected discovery of apo B mRNA editing
in 1987 provided an explanation for why the human
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liver produced only apo B100 (no apo B mRNA
editing), whereas the liver of most rodents produce
both apo B100 and apo B48 (high activity of apo B
mRNA editing) (reviewed in [51,52]). Moreover,
since it had been well-established that apo B48 was
more rapidly removed from plasma compared to apo
B100, the discovery of apo B mRNA editing pro-
vided an opportunity to gain an understanding of
why rodents display resistance to dietary-induced hy-
percholesterolemia and atherosclerosis, whereas hu-
mans are susceptible [53]. It was reasoned that if one
could understand the molecular events controlling
apo B mRNA editing, development of methods to
induce this process in the human liver might be ther-
apeutically e¡ective in decreasing the susceptibility to
hypercholesterolemia and atherosclerosis. It would
take 5 years of intensive research before the gene
product responsible for apo B mRNA editing was
identi¢ed. Once again, a creative experimental ap-
proach using molecular biology succeeded to solve
a problem which proved to be intractable to a pro-
tein chemistry approach. However, insights gained
from protein chemistry and enzymology were neces-
sary to implement the successful complementary
cloning of apo B mRNA editing enzyme.

In contrast to mammalian intestine, chicken intes-
tine neither edits apo B mRNA nor does it secrete
apo B48 [54]. However, when the cytosol of chicken
enterocytes was added to extracts from tissues and
cells that do edit apo B mRNA, editing activity was
enhanced [54]. These ¢ndings were interpreted to in-
dicate that apo B mRNA editing evolved by adapt-
ing tissue factors that are present in chicken intestine
and are not used for apo B mRNA editing [54].
These tissue factors are presumed to be sub-units
of the apo B mRNA editing enzyme complex [55^
57]. One of these factors is an AU-binding protein
that speci¢cally recognizes a stem^loop structure in
apo B mRNA [58]. While the function of the factors
in chicken intestine remains unknown, their ability to
activate apo B mRNA editing was shown to be es-
sential to clone the editing enzyme from rat [59].
Using oocytes to express mRNA from rat intestine,
a factor was produced that in the presence of chicken
intestinal cytosol allowed functional apo B mRNA
editing to occur [59]. The cDNA subsequently iso-
lated was shown to encode a 27 kDa protein that
acts as a cytidine deaminase [60]. The zinc-containing

deaminase, which has been named APOBEC-1 [61]
operates catalytically like the Escherichia coli cytidine
deaminase that uses monomeric substrates [62]. Con-
sistent with what was predicted based on the meta-
bolic di¡erences between apo B100 and apo B48,
over-expression of APOBEC-1 in animals amelio-
rated dietary induced hypercholesterolemia due to a
reduction in hepatic apo B100 secretion [63^65].

2.5. The structure of apo B shows the same degree of
complexity as the processes responsible for its
production

The isolation of cDNAs containing the portions of
the coding region of apo B100 provided a technically
di¤cult, but not insurmountable method to at last
determine the entire coding sequence [66^69]. It is
interesting to note that four di¡erent groups of col-
laborators succeeded in this di¤cult technical
achievement and published their results within a
few months of each other. Moreover, there was a
remarkable consensus concerning the sequence, sec-
ondary structure and functional domains of apo
B100. Apo B contains a relatively large 27 amino
acid N-terminal signal sequence, which is cleaved
prior to being secreted into plasma as a 4536 amino
acid protein having a molecular mass of 513 kDa
[66^69]. A polymorphism in the human apo B N-
terminal signal sequence has been shown to correlate
with plasma lipid levels, suggesting that it may play a
role beyond its binding to SRP [70]. The additional
¢nding that allelic di¡erences in the N-terminal sig-
nal sequence altered the secretion of invertase chime-
ras in yeast led to the proposal that polymorphisms
in the signal sequence may a¡ect the production of
lipoproteins by the liver [71].

Apo B100 was predicted to contain a globular N-
terminal domain followed by several functionally im-
portant structural motifs that may facilitate the asso-
ciation with lipids. Amphipathic L-sheets, having hy-
drophobic and hydrophilic surfaces are located
throughout the apo B-100 molecule. Short stretches
of amphipathic K-helices (predicted to be too short
to act as typical membrane spanning domains) are
mainly distributed in two clusters: one located at
amino acids 2100^2700 and the other located at ami-
no acids 4100^4500. These amphipathic K-helices
may form the reversible lipid-association domains.
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Alternating amphipathic L-sheets allows the forma-
tion of a pentapartite structure (NH2^K1^L1^K2^L2^
K3^COOH) which has been proposed to explain how
apo B100 is situated in the LDL particle [72]. The
amphipathic L-sheets may play important roles in
directing the cellular processing of nascent VLDL
apo B (see below).

Several lines of evidence suggest that residues
3359^3367 in apo B100 are responsible for high af-
¢nity recognition by the LDL receptor. First, resi-
dues 3359^3367 show a remarkable identify to the
sequences in apo E shown to contain the high a¤nity
LDL receptor binding domain [66]. Secondly, mono-
clonal antibodies having an epitope at residue 3249
speci¢cally impair the binding of human LDL to the
LDL receptor [73]. Furthermore, mutations causing
a loss of arginine at 3500 [74,75] or at 3531 [76] block
binding to the LDL receptor.

Several co- and post-translational modi¢cations of
the apo B structure may have signi¢cant impact on
its structure and function. Within human apo B100
there are 25 cysteine residues of which 16 form intra-
molecular disul¢de bonds. Of these 16 disul¢de-
linked cysteines, 14 are located on the amino-termi-
nal portion, resulting in a globular intramolecular
linked N-terminus. The disul¢de cross-linked globu-
lar N-terminus may play a functional role in the
assembly of apo B-containing lipoproteins via its in-
teraction with MTP (see below). The C-terminal cys-
teine at residue 3426 forms the disul¢de link of LDL
apo B100 to glycoprotein a in the Lp(a) complex
[77]. The Lp(a) complex has been proposed to be
an important factor in the atherogenic process [78].
It is interesting to note that apo B shares homology
with vitellogenin [79], whereas glycoprotein a shares
homology with plasminogen [80]. There seems to be
little functional basis for the structural similarities
between glycoprotein (a) and plasminogen, a proteo-
lytic enzyme involved in blood clotting. Recent stud-
ies show that transglutaminase, a blood clotting en-
zyme from cray¢sh, also shares homology with
vitellogenin [81]. These data raise the possibility
that lipoprotein transport and blood clotting systems
may have evolved from each other or a common
ancestor. While plasma LDL levels appear to corre-
late with blood coagulation activity [82], it is un-
known if this is related to the ability of apo B to
express transglutaminase enzyme activity.

Apo B100 contains at least 20 potential N-linked
glycosylation sites of which four are located in L-turn
structures. Since VLDL apo B is secreted containing
N-linked high mannose and mature (resistant to en-
doglycosidase H) carbohydrate chains [83] and tuni-
camycin-blocked glycosylation has no e¡ect on
VLDL apo B secretion [84,85], is seems likely that
glycosylation is not essential for VLDL assembly and
secretion.

Cultured rat hepatocytes secrete apo B containing
phosphoserine residues [86]. Subsequent studies
showing that phosphorylated apo B was present in
rough microsomal fractions suggest that phospho-
rylation occurs early in the secretory pathway [87].
Hepatocytes from diabetic rats secrete apo B which
contains both phosphoserine and phosphotyrosine
residues [88]. Since plasma apo B contains markedly
less phosphoserine compared to that secreted by cul-
tured hepatocytes this suggests that dephosphoryla-
tion occurs in plasma [86,87]. It is interesting to note
that vitellogenin, thought to be the ancestor of apo B
[79], also contains several phosphoserine residues
[89]. While there appears to be a precedence for lip-
oprotein transport proteins to contain phosphoserine
residues, which may play a role in calcium binding,
the functional signi¢cance in regard to lipoprotein
assembly, secretion and transport are not known.
Apo B also contains covalently linked fatty acid
groups, whose function remain unde¢ned [90].

2.6. The unusually large size of apo B48 may re£ect
requirements for lipoprotein assembly

The inability to absorb and transport triglycerides
displayed by hypobetalipoproteinemic patients pre-
dicted that a large apo B molecule is essential in
order to assemble large triglyceride-rich lipoproteins
[18^20,91,92]. Sequence analysis of the mutation re-
sponsible for the production of truncated apo B in
one proband showed that a four base deletion re-
sulted in a frame-shift and a premature stop codon
[93]. These data provided compelling evidence that
mutations in the apo B gene that result in the pro-
duction of truncated forms of apo B are responsible
for the hypobetalipoproteinemic phenotype [93].
Subsequent studies have shown that while apo B is
one of the most polymorphic genes known, most
mutations do not impair the ability to assemble lip-
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oproteins [94,95], or to bind to the LDL receptor
[96]. The most prevalent mutations in apo B that
both alter function and metabolism, as de¢ned by
plasma lipoprotein levels, are those that result in
either truncated translation products (hypobetalipo-
proteinemia) or impaired binding to the LDL recep-
tor (substitution of either Arg 3500 with Gln or Arg
3531 with Cys) [96,97].

The development of methods to determine the en-
richment of stable isotopes has provided the oppor-
tunity to perform safe turnover studies in humans.
Recent studies show that in hypobetalipoproteinemic
patients, the secretion rate of apo B was linearly
linked to its length (r2 = 0.86, P6 0.0001), with secre-
tion being reduced by 1.4% for each 1% of apo B
truncated [98]. The linear regression line of size ver-
sus secretion rate displayed a zero intercept for apo
B secretion at apo B28, which is consonant with the
apparent absence in plasma of truncations smaller
than apo B25. Additional stable isotope turnover
studies showed that limited C-terminal truncations
which produce Vapo B50 or greater are associated
with greater rates of removal from plasma [99,100].
These results suggest that removing portions of the
extreme C-terminus, which do not include the LDL
receptor binding domain, increases the a¤nity for
the LDL receptor [101]. Thus, apo B size both de-
termines its ability to produce secretion-competent
lipoproteins and to be removed from plasma via its
high a¤nity binding to the LDL receptor.

The development of methods to obtain monoclon-
al epitope-speci¢c antibodies and to construct arti¢-
cial genes for expression in mammalian cells and
animals provided a means to delineate how apo B
structure a¡ects its function. Studies using rat [102]
and human [103^105] hepatoma cells provided clues
to why the apo B molecule is so large. Apo B forms
that are shorter than Vapo B31 were secreted by
McArdle rat hepatoma cells without a triglyceride-
rich core (i.e., they were secreted in a form having a
density s 1.21 g/ml) [102]. In HepG2 cells, apo B41
was secreted solely as a lipoprotein particle, whereas
small apo B (e.g., apo B17) was secreted mainly with-
out a lipoprotein core (i.e., ds 1.21 g/ml) [103^105].

In one study, least squares analysis of the relation-
ship between the size of apo B and the estimated core
circumference de¢ned a straight line of near-zero in-
tercept [105]. The slope of this line was approxi-

mately 1 Aî of core circumference/1 kDa of apo B
molecular mass. These combined ¢ndings suggest
that one function of the large size of apo B is to
provide a lattice in order to form the neutral lipid
core of apo B-containing lipoproteins. Support for
this proposal was obtained using an elegant experi-
mental approach in which electron microscopy was
used to map the localization of speci¢c epitopes of
apo B as determined by the binding of monoclonal
antibodies to LDL [106,107]. Since the apo B se-
quences of the epitopes had been de¢ned and it
had been established that there was one apo B mol-
ecule/LDL particle [108], the relative `polar' coordi-
nates of epitopes were assigned in a manner similar
to that used for global navigation [106]. This ap-
proach provided a three dimensional array of apo
B as it surrounds the LDL neutral lipid core. The
results led the authors to propose a model in which
the ¢rst 89% of apo B100 forms a thick ribbon that
completes a circle around the particle at residue 4050
and is in contact with the neutral lipid core. There is
a kink residing close to the middle of apo B100 rib-
bon. The C-terminal 11% of apo B constitutes a
`bow,' de¢ned as an elongated structure of about
480 residues, beginning at 4050 and stretching back
into one hemisphere and then crossing the ribbon
into the other hemisphere between residues 3000 to
3500. As a result, the C-terminal portion of apo B100
may interact with sequences that reside near to the
suggested binding site for the LDL receptor [109].
Nascent triglyceride-rich lipoprotein particles made
by the liver and intestine contain one apo B100/
VLDL particle [110] and one apo B48/chylomicron
remnant particle [111], respectively. These data sug-
gest that apo B also circles the core of nascent tri-
glyceride-rich lipoprotein particles in a manner sim-
ilar to that described for LDL. The combined data
suggest that the circumference of the circle made by
apo B is likely to be one criterion that determines the
size of the neutral lipid core and thus the capacity to
transport triglycerides and cholesterol esters. How-
ever, apo B size alone can not explain: (1) why
apo B48/triglyceride-rich lipoproteins secreted by
the intestine are signi¢cantly larger than apo B100/
triglyceride-rich lipoproteins secreted by the liver
[112]; or, (2) why the size of apo B100-containing
VLDL is indistinguishable from that of apo B48-con-
taining VLDL secreted by rat hepatocytes [113].
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Clearly, there must be criteria in addition to apo B
size that in£uence the size of the lipoprotein particle.

The development of methods to delete speci¢c se-
quences in the mammalian genome via homologous
recombination has provided the opportunity to cre-
ate mouse models of many human de¢ciency dis-
eases. Heterozygous mice having one allele of the
apo B gene deleted [114] as well as single allelic mu-
tations causing the production of a truncated forms
of apo B [115] display a phenotype that is similar to
that of hypobetalipoproteinemic human patients.
However, the ¢ndings that many of the heterozygous
mice displayed abnormal neurological development
[114,115], whereas homozygosity was embryonic le-
thal [114,116] suggest that in mice the apo B-contain-
ing lipoprotein assembly/secretion pathway is essen-
tial for fetal development. This is in contrast to
humans, who do not appear to have an absolute
requirement for apo B-containing lipoproteins during
fetal development. It has been proposed that in mice,
the apo B-containing lipoprotein assembly/secretion
pathway is essential for transporting essential lipids
from the yolk sac to the fetus [114]. Apparently in
humans, maternal lipoproteins provide essential lip-
ids to the fetus, thus abrogating the fetal requirement
for apo B-containing lipoproteins.

Genetically altered mice have also provided new
insights into the functional importance of the C-ter-
minal sequences in apo B100, which a¡ect the remov-
al of LDL from plasma via the LDL receptor
[96,97,117]. Human apo B variants expressed in
transgenic mice show intramolecular peptide-peptide
interactions, predicted by the ribbon-bow model of
apo B circling the LDL particle [106,107] which can
account for altered binding to the LDL receptor
[118]. The arginine at 3500 may facilitate full expo-
sure of the LDL receptor binding domain, thus facil-
itating recognition and binding. In the absence of
this intramolecular association, which presumably
occurs in mutant apo Bs lacking the 3500 arginine
or in large lipoprotein particles such as VLDL, the
LDL receptor binding domain on apo B100 becomes
obscured by the C-terminus. This proposal may ex-
plain why nascent VLDL is poorly recognized by the
LDL receptor and is e¤ciently secreted. In contrast,
following lipolysis in plasma, the resulting smaller
remnant particles gain a¤nity for the LDL receptor
[119]. These intramolecular interactions [118] further

support a functional basis for the evolutionary con-
servation of the large size of apo B100.

2.7. The high-a¤nity proteoglycan-binding site in apo
B100

The homologous high a¤nity binding domains for
the LDL receptor present on apo B and apo E bind
to negatively charged glycosaminoglycan proteogly-
cans [120]. While the physiologic function for the
binding of LDL to proteoglycans remains unknown,
this interaction within the arterial wall may play an
important role in the development of atherosclerosis
[121^124]. Transgenic mice have been used to exam-
ine how proteoglycan binding and LDL receptor
binding may be related [125]. Mutations in residues
3359^3369 of human apo B100, which contain se-
quences that recognize the LDL receptor and a
high a¤nity proteoglycan-binding site, resulted in
the production of LDL particles that still bound hep-
arin in a high a¤nity manner, but did not bind to the
LDL receptor [125]. Similarly, other mutations dis-
rupted heparin binding, but did not a¡ect LDL re-
ceptor recognition [125]. These ¢ndings show that
the structural requirements for proteoglycan-binding
and LDL receptor binding on apo B are distinct and
are not required for both functions. It is interesting
to note that the LDL produced in mice expressing
the mutant forms of human apo B was similar in size
and lipid composition [125]. Based on these observa-
tions, it is reasonable to propose that the proteogly-
can-binding domain in apo B100 is not essential for
metabolism and removal from plasma or for the as-
sembly and secretion of lipoprotein particles.

3. Apo B assembles lipoproteins in the endoplasmic
reticulum

The development of electron microscopy allowed
intracellular organelles, membranes and their con-
tents to be visualized. The ¢ndings obtained from
electron microscopy studies and sub-cellular mem-
brane isolation using ultracentrifuges were instru-
mental in dissecting the functions of individual or-
ganelles and how protein synthesis, transport and
secretion occurs [126]. The results led to the proposal
that proteins transported through the secretory path-
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way are synthesized on the rough endoplasmic retic-
ulum, translocated into the lumen, transported
through the Golgi apparatus and secreted into the
sinusoidal space. Some of the earliest studies using
electron microscopy concentrated on exploring the
absorption of triglycerides [127] and the synthesis
of lipoproteins [128]. The observation that spherical
particles similar to plasma lipoproteins were com-
monly present within the lumenal domain of the en-
doplasmic reticulum of liver [128] supported the pro-
posal that lipoprotein particles were assembled at the
proximal beginning of the secretory pathway (Fig. 1).
This conclusion was further supported by studies us-
ing sub-cellular membrane isolation in combination
with pulse-chase analysis of radiolabeled glycerol in-
corporation into triglycerides and phospholipids
[129]. The ¢ndings of a sequential movement of the
peak of radioactive triglycerides from rough to
smooth endoplasmic reticulum suggested that
VLDL assembly was nearly complete before entering
the Golgi apparatus, where further modi¢cations
may also occur [129]. Additional studies suggest
that the Golgi apparatus may alter the phospholipid
content of immature lipoprotein particles [130].

The clever use of immunology with electron
microscopy has provided novel insights into the
VLDL assembly process [131]. Immunoreactivity to
LDL (presumably apo B100) was present throughout
the rough endoplasmic reticulum membrane unasso-
ciated with lipid particles [131]. Surprisingly, immu-
noreactivity to a LDL antibody was not detected
associated with the lipid particles present in the lu-
men of the smooth endoplasmic reticulum, whereas it
was observed associated with the lipoprotein par-
ticles in the terminal junctions between the rough
and smooth endoplasmic reticulum, [131]. With the
unproven proviso that the immunoreactivity was re-
£ecting the presence of apo B, these data were inter-
preted to indicate that: (1) apo B is synthesized on
the rough endoplasmic reticulum; (2) the lipid core is
produced independent of apo B; and (3) apo B be-
comes associated with apo B in the terminal junc-
tions of the smooth endoplasmic reticulum [131].

While all of these early studies were consistent
with the proposal that lipoprotein particles were as-
sembled within the lumen of the endoplasmic retic-
ulum, many of the responsible molecular details re-
main to be elucidated (Fig. 1).

3.1. Lipogenic enzymes are asymmetrically localized
to the cytoplasmic surface of the endoplasmic
reticulum

A clever use of protease digestion of correctly ori-
ented microsomes showed for the ¢rst time that the
active site of many phospholipid biosynthetic en-
zymes was facing the cytosolic face [132]. Subsequent
studies using similar experimental approaches
showed that the topographical distribution of the
enzymes responsible for the synthesis of most, if
not all, VLDL lipids has a similar orientation
[133,134], cholesterol (i.e., HMG-CoA reductase)
[135,136] and cholesterol esters (i.e., ACAT) [137].
The cytoplasmic orientation of the active site allows
free access to charged CoA- and phosphorylated in-
termediates, which do not readily enter the lumen. In
order to enter the lumen, the site of VLDL assembly,
lipids synthesized on the cytoplasmic surface of the
endoplasmic reticulum membrane must be translo-
cated across the membrane bilayer. Translocation
of phospholipids from one side of the membrane to
the other has been shown to be facilitated by a `£ip-

Fig. 1. The assembly of apo B-containing lipoproteins occurs in
the endoplasmic reticulum. Early studies using electron micros-
copy clearly showed that the lumen of the endoplasmic reticu-
lum contains mature sized VLDL particles [127^131]. These
data provide compelling evidence that apo B-containing lipo-
proteins are assembled within the endoplasmic reticulum. The
endoplasmic reticulum is also the intracellular site where all the
protein (apo B) and lipid (cholesterol, phospholipids, triglycer-
ides and cholesterol esters) components of VLDL are synthe-
sized [1]. The mechanism through which the individual compo-
nents of VLDL are assembled into a VLDL particle within the
lumen of the endoplasmic reticulum remains to be fully eluci-
dated.
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pase' [138^140]. Translocation of triglycerides, cho-
lesterol, cholesterol esters and phospholipids from
the cytoplasmic face of the endoplasmic reticulum
into the lumen is facilitated by an intraliminal multi-
functional protein: microsomal triglyceride transfer
protein (MTP; discussed in detail below).

3.2. Pulse-chase analysis suggests that movement of
apo B out of the endoplasmic reticulum
determines the rate of secretion of apo B by
cultured rat hepatocytes

The availability of relatively inexpensive high spe-
ci¢c activity [35S]methionine provided the opportu-
nity to analyze the kinetics of apo B biogenesis and
transport using pulse-chase analysis. In order to de-
termine the rate of movement of apo B from it site of
synthesis on membrane bound ribosomes through
the secretory pathway, the time of [35S]methionine
pulse labeling of cultured rat hepatocytes (i.e.,
5 min) [141] had to be less than the time it takes
for V50% of the apo B molecule to be translated
(V7.5 min) [142]. Following a chase with unlabeled
methionine, the peak of [35S]methionine-labeled apo
B100, apo B48 and albumin occurred in the follow-
ing sequential order: rough microsomes, smooth mi-
crosomes and Golgi membrane fractions [141]. These
data were interpreted to indicate a sequential move-
ment of each secretory protein from rough to smooth
endoplasmic reticulum and to the Golgi. For each
protein studied, the ¢rst-order rate constants for
the rate of loss of [35S]methionine-labeled protein
from each membrane fraction (i.e., rough micro-
somes, smooth microsomes and Golgi) were equal
to the ¢rst-order rate constant for secretion into
the culture medium. These data suggest that the
rate of movement of each secretory protein out of
the ¢rst de¢nable membrane fraction (i.e., rough en-
doplasmic reticulum) governed the subsequent move-
ment through the secretory pathway [141]. Further-
more, the relative ¢rst-order rate constants for each
secretory protein showed the following: apo
B486 apo B1006 albumin. Thus, while albumin
moves through the secretory pathway much faster
than apo B, the intracellular transport of apo B100
is faster than that for apo B48. In vivo studies using
rats also showed that the rate of movement of apo
B48 out of the liver is slower than that for apo B100

[143]. Essentially all of the [35S]methionine labeled
albumin that was synthesized was found secreted
into the culture medium. In marked contrast, only
a fraction of the apo B100 (36%) and apo B48 (50%)
that was synthesized was secreted into the culture
medium; the remaining fraction was not retained in
the cell [141]. These data showed for the ¢rst time
that a signi¢cant portion of de novo synthesized apo
B100 and apo B48 is degraded prior to secretion (i.e.,
within the hepatocyte). Based on these combined
¢ndings, it was proposed that the addition of lipid
to form a lipoprotein particle was the rate-limiting
process responsible for regulating apo B secretion
[141]. While similar ¢ndings and conclusions were
obtained using human hepatoma cells (HepG2)
[144], in other studies using estrogen-stimulated
chick hepatocytes, movement of apo B out of the
Golgi was reported to be slower than movement
out of the endoplasmic reticulum [145]. Additional
studies using estrogen-stimulated chick hepatocytes
showed that apo B100 was quantitatively secreted
(i.e., the absence of intracellular degradation) [146]
and that VLDL was assembled in the Golgi appara-
tus [147]. The basis for the di¡erences in the apo B-
containing lipoprotein assembly/secretion pathways
displayed by mammalian hepatocytes compared to
estrogen-stimulated chick hepatocytes remain unre-
solved.

3.3. The endoplasmic reticulum is the major
intracellular site where translocation-arrested apo
B is degraded

One of the ¢rst studies to suggest that apo B could
be degraded in a pre-Golgi compartment of the se-
cretory pathway was based on the ¢nding that in
HepG2 cells, brefeldin A treatment did not block
the degradation of apo B100 [148]. The additional
¢nding that N-terminal apo B peptides were present
in the rough microsomes obtained from primary rat
hepatocytes suggested that apo B could be degraded
in the same compartment it is synthesized (i.e., the
rough endoplasmic reticulum) [149]. Additional proc-
esses that actively degrade apo B include a DTT
inhibitable proteolytic process degrades apo B which
is completely translocated into the lumen of the en-
doplasmic reticulum [150] and a chloroquine-inhibit-
able protease has been proposed to degrade apo B
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which resides in the lysosomal/endosomal compart-
ment [151].

It is now well established that intracellular degra-
dation of apo B occurs in many di¡erent tissues and
cells types and involves several di¡erent proteolytic
processes (recently reviewed in [4]). The most well-
characterized apo B degradative process is the proc-
ess which occurs in the rough endoplasmic reticulum
and acts in a concerted manner with translocation
arrest (described below) [152]. This degradative proc-
ess is blocked by the tri-peptide aldehyde (acetylated
leucine, leucine, nor-leucal: ALLN) which inhibits
cysteine active site proteases [153^155]. Subsequent
characterization of the ALLN-inhibitable process
showed that it involved ubiquitin conjugation and
proteasome degradation [156]. The ubiquitin-depend-
ent degradation of apo B appears to be a conse-
quence invoked in response to impaired translocation
across the endoplasmic reticulum [157^161]. Fully
translocated apo B can also be degraded in the ER
lumen by an ALLN-inhibitable process involving
ER-60 protease [162]. In permeabilized HepG2 cells,
an ATP generating system together with cytosolic
factors also blocks the degradation of a fully lumenal
apo B100-containing lipoprotein precursor [163].

3.4. Unlike most other `secretory' proteins, apo B is
transiently associated with the endoplasmic
reticulum membrane

In an e¡ort to determine the mechanism for the
unusually slow rate of movement of apo B out of the
endoplasmic reticulum, albumin, apo B48 and apo
B100 were characterized in isolated sub-cellular
membrane fractions obtained from rat liver and cul-
tured rat hepatocytes. Essentially all of the albumin
isolated in microsomes was released by sodium car-
bonate disruption of the membrane vesicles, indicat-
ing a lumenal distribution [164]. In marked contrast,
a signi¢cant portion of both apo B48 and apo B100
remained with the membrane fraction following car-
bonate disruption, suggesting it was associated with
the membrane [164]. Additional pulse-chase studies
using human hepatoma cells showed that membrane
associated apo B100 was the precursor to progres-
sively less dense lipoprotein particles which could be
isolated in the carbonate extractable lumenal con-
tents [144]. These studies showed for the ¢rst time,

that VLDL was assembled in the lumen of the endo-
plasmic reticulum via a process in which as the lipid
core of the nascent lipoprotein particle was as-
sembled, apo B was released from the membrane
[144].

3.5. The translocation of apo B across the
endoplasmic reticulum is ine¤cient, causing apo B
to accumulate as a trans-membrane protein

The ¢nding that a majority of the apo B in hepatic
microsomes remained with the carbonate-extractable
pellet [164] was unexpected and suggested two possi-
bilities: (1) apo B may have been indirectly associ-
ated with the membrane through an interaction with
a membrane protein that is not a¡ected by carbonate
extraction; or, (2) newly synthesized (immature) apo
B may exist as an integral, transmembrane protein of
the endoplasmic reticulum. Preliminary experiments
showed that, in rat liver rough microsomes, a major-
ity of apo B100 and apo B48 was isolated as a Triton
X-100 insoluble protein complex (i.e., aggregated cy-
toskeletal proteins) [164]) providing support for the
¢rst possibility. Furthermore, a priori, the second
possibility seemed unlikely, since sequence analysis
predicted that there were no amphipathic K-helices
that were su¤ciently long to span the membrane
bilayer [66^69], a requirement for the formation of
most integral transmembrane proteins [165^167]. At-
tempts to experimentally support the speci¢c associ-
ation of apo B with cytoskeleton proteins resulted in
data that was ambiguous, making it di¤cult to prove
or deny the ¢rst possibility (R.A. Davis, unpublished
data). The ability to analyze the topography of mem-
brane proteins using the relative susceptibility to
exogenous proteases provided an opportunity to de-
termine if apo B exists in microsomes as a transmem-
brane protein. Proteins or speci¢c portions of pro-
teins that reside on the cytoplasmic surface of
microsomal membranes should be susceptible to
cleavage by exogenous proteases, whereas proteins
or portions of proteins that reside within the lumen
should be resistant. In order to accurately de¢ne sus-
ceptibility and resistance as re£ecting actual topo-
graphical orientation, the following criteria must be
met: (1) sealed microsomal vesicles must be formed
in the correct orientation, (2) lumenal proteins must
remain within the lumen during formation of sealed
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microsomal vesicles, and (3) proteolysis should
cleave the cytoplasmic exposed residues of the puta-
tive transmembrane protein while leaving intact pro-
teins that reside completely in the lumen of the en-
doplasmic reticulum. With the proviso that the
aforementioned criteria are experimentally demon-
strated, speci¢c proteolysis susceptibility should ac-
curately re£ect a cytoplasmic orientation. The con-
verse result (i.e., resistance to proteolytic cleavage) of
a putative transmembrane protein may not neces-
sarily indicate a lumenal (protected) localization for
the following reasons: (1) the protein may be ex-
posed, but it may not be a useful substrate for the
proteolytic enzyme used; (2) the protein may be ex-
posed but may be in an orientation that blocks pro-
teolysis; (3) the protein may be exposed but may be
associated with chaperones (e.g., Hsp70) that prevent
accessibility to the protease.

Analysis of the susceptibility of apo B48 and apo
B100 to digestion with trypsin and proteinase K was
determined using isolated microsomal fractions ob-
tained from rat liver (reported ¢rst in [168] and later
in detail in [169]). The following results were ob-
tained: approximately 50% of the apo B100 and
apo B48 present in rat liver rough microsomes was
degraded by exogenous trypsin under conditions in
which microsomes remained intact (no loss of activ-
ity of the intralumenal enzyme mannose-6-phospha-
tase) and there was no detectable degradation of al-
bumin [169]. Additional data showed that the
microsomes remained intact during the proteolysis
assay (i.e., following incubation with trypsin, the en-
zymatic activity of lumenal mannose-6-phosphatase
was quantitatively retained within the microsomes)
and that apo B100 and apo B48 in the other mem-
brane fractions (i.e., smooth microsomes and Golgi
fraction) were resistant to trypsin digestion [169].
Additional studies using pulse-chase analysis of mi-
crosomal membranes obtained from primary cul-
tured rat hepatocytes also showed the presence of a
pool of both apo B100 and apo B48 which was sus-
ceptible to cleavage by exogenous trypsin [169]. To
further corroborate these ¢ndings, an alternative
method to assay apo B topography was developed.
This immunological method, not requiring proteo-
lytic susceptibility, measured the amount of cytoplas-
mic membrane-bound apo B that could bind to mag-
netic beads that were covalently linked to antibodies

that speci¢cally recognize apo B epitopes [169]. The
results showed that both polyclonal and monoclonal
antibodies speci¢c for rat apo B quantitatively bound
rough microsomes from rat liver as demonstrated by
recovery of glucose-6-phosphatase enzyme activity.
In contrast, magnetic beads that bound antibodies
to albumin did not associate with rough microsomes
(i.e., no signi¢cant recovery of glucose-6-phospha-
tase) [169]. These combined data were interpreted
to indicate that apo B domains are exposed on the
cytoplasmic surface of rat liver rough microsomes.
Thus, while the data from these studies indicated
that apo B exists as a transmembrane protein in
the rough endoplasmic reticulum, secondary struc-
ture analysis of apo B predicted the absence of can-
onical membrane spanning domains (i.e., amphi-
pathic K-helices s 12 amino acids) [66^69]. The
combined ¢ndings could be reconciled by proposing
that an alternative secondary structure might be re-
sponsible for the apparent transmembrane orienta-
tion of apo B. Secondary analysis of apo B also
predicted the presence of amphipathic L-sheets,
which reside throughout the apo B100 molecule
and may act to anchor apo B to the lipoprotein
particle [72]. Since similar amphipathic L-sheets
form oligomeric structures which allow porins to in-
tegrate across membrane bilayers [170,171], these
structures were proposed to act as the membrane
spanning domains in apo B [152,169,172]. Recent
structural analysis of the amphipathic L-sheets resid-
ing in sequences between apo B21 and apo B41 in-
dicate that they share 43% sequence identity with
those of porins [173]. Moreover, recent mutational
analysis of apo B demonstrates that L-sheets are re-
sponsible for translocation-arrest in HepG2 cells
[174]. The ¢nding that as the size of apo B increases,
translocation e¤ciency decreases [175] is consistent
with the proposal that the increased content of L-
sheets, which reside through-out the entire apo B
molecule, provides a barrier to translocation.

Apo B15, which contains no amphipathic L-sheets
and does not exist as a transmembrane protein
[27,153] displays an unusual translocational pause
using a reticulocyte translation system with pancre-
atic microsomal membranes [176]. A similar trans-
locational pause was observed using rat liver micro-
somes [177], suggesting that this ¢nding is not likely
to be an artifact associated with microsomes from
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tissue not active in lipoprotein production. Transient
translocational pausing has been proposed to play a
role in the formation of lipoprotein particles [176].
Additional studies have identi¢ed several distinct
translocation pause sequences present throughout
the apo B100 molecule [178^180]. The existence of
apo B translocational pausing has been questioned
based on studies using apo B17 and chimeric pro-
teins containing putative apo B pause sequences
[181,182]. In one study, translocational pausing was
proposed to be due to translational pausing [182].
However, more recent studies provide evidence that
translocation pausing may play a role in the forma-
tion of several di¡erent `unconventional' secretory
and membrane proteins in addition to apo B [183].
The observations showing that apo B can exist as a
stable trans-membrane protein in the endoplasmic
reticulum was subsequently corroborated by addi-
tional studies which used di¡erent models of hepato-
cytes including rat liver [184], HepG2 cells [155,185^
187], chicken hepatocytes [188] and rabbit livers
[189].

The hypothesis that apo B can exist as a trans-
membrane protein in the endoplasmic reticulum
and can exhibit translocation-arrest has been ques-
tioned by one group of co-workers [190,191]. They
were unable to detect protease susceptible forms of
apo B chimeras that were expressed in COS cells and
concluded that the amino-terminal 50% of apo B
lacks autonomous signals or properties that can
block translocation [190]. They same group reported
¢ndings showing that apo B does not display trans-
location arrest in HepG2 cells [192]. The ¢ndings
reported by other groups showing that apo B did
exhibit translocation arrest in HepG2 cells
[155,185^187], were interpreted to be due to leaky
microsomes rather than transmembrane topography
[190,192]. However, the ¢nding that microsomes dis-
playing apo B forms that were susceptible to trypsin
digestion quantitatively retained latent (mannose-6-
phosphatase) enzymatic activity of the intralumenal
enzyme glucose-6-phosphatase [169] argues against
this interpretation. The most likely explanation for
the apparent discrepancy in detecting translocation-
arrested forms of apo B in microsomes is their tran-
sient nature. Since in HepG2 cells, translocation ar-
rest and degradation by the cytoplasmic proteasomes
occurs in a concerted manner [155,158,160,193], the

failure to ¢nd cytoplasmic exposed forms of apo B
[190,192] may be because they were degraded before
detection. Additional data supporting this proposal
were derived in cells that are unable to rapidly de-
grade translocation-arrested apo B via the ubiquitin-
dependent proteasome pathway (see CHO cell stud-
ies, below).

4. In hepatoma cells, oleic acid rescues apo B from
intracellular degradation

In some of the earliest studies using cultured rat
hepatocytes to examine VLDL secretion, it was
noted that while oleic acid increased the secretion
of triglycerides and the size of the secreted lipopro-
tein particle, there was no signi¢cant e¡ect on the
secretion of apo B48 or apo B100 [194,195]. The
ability of the fatty acid to stimulate triglyceride se-
cretion was reduced with chain length and degree of
saturation (18:1s 14:0s 16:0s 18:0) [194]. In
marked contrast, in human HepG2 hepatoma cells
oleic acid stimulated the secretion of apo B100
[196]. Subsequent studies showed that the oleic acid
stimulation of apo B100 secretion by HepG2 cells
was not associated with any detectable change in
apo B100 mRNA suggesting that oleic acid increased
the secretion of apo B via a co- or post-translational
process [197]. Pulse-chase studies showing that oleic
acid decreased the degradation of apo B within 20
min of the chase, provided evidence that it acted on a
process that occurred in an early compartment of the
secretory pathway (i.e., before the majority of apo B
is secreted) [198]. Subsequent studies provided data
indicating that a pre-Golgi compartment (likely to be
the endoplasmic reticulum) was the major site where
oleic acid acts to block apo B degradation in HepG2
cells [185]. The use of ALLN provided compelling
data indicating that in HepG2 cells, oleic acid
blocked the degradation of apo B indirectly by in-
creasing the e¤ciency of the translocation process
[154,155]. Additional studies showed that in HepG2
cells the cytosolic chaperone Hsp70 binds to apo
B100; oleic acid decreases this association, causing
more to be translocated and subsequently secreted
as a lipoprotein particle [199]. Based on these
studies, it was proposed that Hsp70 maintains the
translocation competence of apo B [199]. Thus, either
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the translocation process or a process that acts in
concert with translocation, appears to be rate-limit-
ing for apo B secretion. The rate-limiting transloca-
tion processing of apo B, which in HepG2 cells is
activated by oleic acid, determines whether apo B
is secreted or is degraded in the endoplasmic reticu-
lum.

4.1. The relative availability of all VLDL lipids
(phosphatidylcholine, cholesterol, triglycerides
and cholesterol esters) in£uence the assembly and
secretion of apo B-containing lipoproteins

Essentially all de novo synthesized apo B-contain-
ing lipoprotein particles contain phosphatidylcholine,
free cholesterol, triglycerides and cholesterol esters,
albeit in varying amounts. Oleic acid stimulation of
apo B secretion by hepatoma cells may involve in-
creasing the synthesis of one or more of these lipids.
However, the ¢ndings that in HepG2 cells Triacsin D
blocked oleic acid stimulated apo B secretion by in-
hibiting triglyceride synthesis without a¡ecting the
stimulation of cholesterol ester synthesis suggests
that in these cells cholesterol ester synthesis is not
rate-limiting for apo B secretion [200]. This conclu-
sion is further supported by studies showing that
while cholesterol feeding caused a marked increase
in hepatic cholesterol ester levels, there is no e¡ect
on apo B secretion [201]. While it appears that under
most circumstances, cholesterol ester levels are not
rate-limiting for apo B secretion, the relative avail-
ability of cholesterol esters to triglycerides deter-
mines the relative composition of these hydrophobic
lipids in the core of newly secreted VLDL [202].
These ¢ndings may explain the accumulation of chol-
esterol ester-enriched apo B-containing lipoproteins
in the plasma of animals susceptible to diet-induced
atherosclerosis [203]. While there are no data in-
dicating that free cholesterol acts as a speci¢c regu-
lator of the assembly and secretion of apo B-contain-
ing lipoproteins, there are several reports indicating
that its availability can become rate-limiting [204^
206].

The availability of phosphatidylcholine, the major
lipid component of the surface monolayer of lipopro-
tein particles, when reduced via a choline-de¢cient
diet, leads to impaired secretion of apo B-containing

lipoproteins [207]. The mechanism responsible for
decreased apo B secretion by choline-de¢cient rat
hepatocytes appears to involve degradation in the
Golgi apparatus [184]. Further studies show that
choline de¢ciency only a¡ects the secretion of apo
B forms that are su¤ciently large to form a core-
containing lipoprotein particle [208]. Based on the
essential role that phosphatidylcholine plays in lip-
oprotein particle assembly, the liver speci¢c expres-
sion of the phosphatidylethanolamine methylation
pathway has been proposed to have evolved in order
to provide phosphatidylcholine for essential func-
tions (e.g., membrane biogenesis and lipoprotein as-
sembly) in the absence of dietary choline [209]. Thus,
without methylation, phosphatidylethanolamine can
not replace the requirement for phosphatidylcholine
in lipoprotein particle formation. The head-group
speci¢city of phospholipids for lipoprotein particle
formation is further exempli¢ed by experiments
showing that monoethanolamine cannot replace
choline in order to assemble and secrete apo B-con-
taining lipoproteins [210]. Subsequent studies indi-
cate that phosphatidylmonoethanolamine blocks the
translocation of apo B across the endoplasmic retic-
ulum membrane [211].

The type of fatty acid supplied to hepatocytes has
a marked in£uence on the assembly and secretion of
apo B-containing lipoproteins. For example, while
oleic acid stimulates apo B secretion in hepatoma
cells, n33 fatty acids (eicosapentaenoic and docosa-
hexaenoic acids) may decrease secretion of both apo
B and triglycerides [212^214].

5. Studies of apo B processing in CHO cells indicate
that tissue-speci¢c factors are required for
translocation, lipoprotein assembly and secretion of
apo B-containing lipoprotein particles

While in McArdle rat hepatoma cells, expression
of truncated forms of human apo B s 33% of apo
B100 led to the assembly and secretion of core-con-
taining lipoproteins, when the same CMV-driven apo
B plasmids were transfected into COS-7 cells, no lip-
oproteins were secreted [102]. These ¢ndings raised
the possibility that tissue-speci¢c factors present in
McArdle rat hepatoma cells may be required for
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processing apo B into lipoprotein particles. To exam-
ine this possibility, two apo B expression plasmids,
shown by the McArdle rat hepatoma cell studies to
produce apo B forms that were either too small (apo
B15) or su¤ciently large (apo B53) to form a lip-
oprotein particles were stably expressed in CHO cells
[153]. Expression of apo B15 in CHO cells resulted in
the accumulation of apo B15 protein in both medium
and cells. In contrast, intact apo B53 was not de-
tected in either the culture medium or within CHO
cells transfected with the plasmid encoding apo B53,
despite the expression of apo B53 mRNA. However,
treating these cells with ALLN caused intact apo B53
to accumulate in cells as a transmembrane protein of
the endoplasmic reticulum suggesting that it is syn-
thesized but completely degraded in the absence of
ALLN due to a block in its translocation [153]. The
topography of the translocation-arrested apo B53
that accumulates in microsomes from ALLN-treated
CHO cells was determined using epitope speci¢c
antibodies to map trypsin susceptible and resistant
portions of the apo B53 molecule [27]. The results
showed that apo B assumes a transmembrane orien-
tation having almost 69 kDa of its N-terminus in the
lumen of the endoplasmic reticulum and the remain-
ing portion of the C-terminus residing on the cyto-
plasmic surface [27]. Endogenous proteolytic cleav-
age of the translocation arrested apo B53 by a
process that was blocked by ALLN produced an
85 kDa N-terminal fragment that apparently resumes
translocation and is secreted [27]. Interestingly, the
same topography was observed for the apo B100 that
accumulates as a transmembrane protein in micro-
somes obtained from ALLN-treated HepG2 cells
[27]. These combined ¢ndings suggest that CHO cells
lack a factor present in cells that actively secrete apo
B-containing lipoproteins and is necessary to com-
pletely translocate apo B forms that are su¤ciently
large to assemble core-containing lipoproteins (e.g.,
apo B53). Furthermore, these data indicate that in
the absence of this cell-type speci¢c factor, translo-
cation-arrested apo B53 is rapidly degraded by an
ALLN-inhibitable process. Based on the combined
data it was proposed that in the liver, the apo B
translocation process is the branch point in the se-
cretory pathway which determines whether apo B
will enter the assembly/secretion pathway or if it
will be diverted to degradation [152].

5.1. MTP, whose functional deletion is responsible
for abetalipoproteinemia, facilitates apo B
translocation and lipoprotein assembly, while
blocking ALLN-inhibitable degradation

The discovery of MTP provided new insights link-
ing apo B translocation, lipoprotein particle assem-
bly and intracellular degradation. MTP was ¢rst de-
scribed as a neutral lipid transfer protein found in
the lumen of the endoplasmic reticulum of liver
[215,216]. MTP exists as a heterodimer non-cova-
lently associated with the ubiquitous endoplasmic re-
ticulum lumenal chaperone: protein disul¢de isomer-
ase (PDI) [217]. The ¢nding that MTP facilitates the
transfer of lipids between membranes and liposomes,
led to the proposal that it functions in the assembly
of lipoproteins in the lumen of the endoplasmic re-
ticulum [218]. This prediction was validated by the
discovery that MTP is the defective `abetalipoprote-
inemia' gene responsible for the inability to secrete
apo B-containing lipoproteins [219,220]. The recent
¢nding that heterozygous mice expressing a mutated
(inactive) MTP gene have decreased plasma levels of
apo B-containing lipoproteins further indicates that
MTP plays an essential and rate-limiting role in the
secretion of apo B in mice [221]. Unlike human ho-
mozygous abetalipoproteinemics, inactivating both
MTP genetic loci in mice causes embryonic lethality
[221]. These ¢ndings raise the possibility that MTP
may not be rate-limiting for the secretion of lipopro-
teins in humans.

To examine further the essential requirement of
MTP for lipoprotein secretion in mice, a conditional
cre/lox liver MTP gene knockout was created in mice
[222]. The results showed a marked impairment in
the production and secretion of lipoproteins contain-
ing both apo B100 and apo B48 mice [222]. These
¢ndings were in contrast to other studies showing
that in other mice, conditional liver MTP gene
knockouts only blocked the secretion of apo B100
lipoproteins, with no little e¡ect on the secretion of
hepatic apo B48 lipoproteins (S.G. Young and M.
Raabe, personal communication). Whether the dif-
ferences in the response of apo B48 to MTP deletion
are due to unique aspects of the experimental mouse
model or represent fundamental di¡erences in the
dependency of mouse apo B100 and apo B48 for
MTP remain unanswered.
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Based on the initial discovery of MTP as a lipid
transfer protein [216], it is reasonable to assume that
MTP plays a similar function in lipoprotein assem-
bly. The ¢nding that plasma of abetalipoproteine-
mics display a marked 2000-fold increase in N-termi-
nal apo B peptides, which are similar to those that
are formed from the degradation of translocation-
arrested apo B [27], led to the conclusion that
MTP facilitates the translocation of apo B across
the endoplasmic reticulum [223]. These ¢ndings
and conclusions were further supported by studies
showing that forms of apo B that are capable of
assembling a core-containing lipoprotein could not
be secreted by HeLa and COS cells, which do not
express MTP [224^226]. In contrast, plasmid-driven
expression of MTP in these cells allowed the assem-
bly and secretion of apo B-containing lipoproteins
[224^226].

While the ¢ndings discussed above provide strong
support for the proposal that MTP plays an essential
function in the translocation of apo B forms that are
capable of assembling a core containing lipoprotein,
there are two examples in which translocation has
been detected in the absence of MTP. Mouse mam-
mary-derived cells (C127), which do not express
MTP, secrete apo B-containing lipoproteins having
a neutral lipid core (albeit the e¤ciency of secre-
tion may be much lower than the secretion of
VLDL by the liver) [227]. Another example of
an experimental system that allows apo B transloca-
tion in the absence of MTP were from in vitro trans-
lation/translocation experiments using dog pancreatic
microsomes [228]. Although dog pancreatic micro-
somes contain no detectable MTP, apo B48 became
resistant to exogenous protease suggesting it was
fully translocated [228]. Furthermore, in the presence
of active glycerolipid synthesis and hepatic micro-
somes, apo B48 was assembled into a d6 1.10 g/ml
core containing lipoprotein [228]. These ¢ndings
raise the interesting possibility that gene products
(present in the pancreas and C127 cells) may com-
plement the function that MTP apparently plays
in cultured hepatoma cells [158,229], COS-1 cells
[225], HeLa cells [224] and CHO cells [27,153,161,
230].

The development of speci¢c inhibitors of MTP lip-
id transfer activity has provided scientists with a tool
to further examine the role of MTP in lipoprotein

assembly and secretion. Inhibitors of MTP lipid
transfer activity impair the assembly and secretion
of apo B-containing lipoproteins by blocking an
early event in the secretory pathway [13,158,226,
231,232]. At concentrations of MTP inhibitors that
are not toxic to cells, there is a relationship between
the size of apo B and its sensitivity to inhibition of
secretion [233]. For example, the ability of a MTP
inhibitor to block the secretion follows the order apo
B100s apo B53s apo B48 [233]. An amphipathic
K-helical domain, which is followed by a L-sheet
lipid binding domain (present on the C-terminus of
apo B53) has been proposed to be responsible for
the greater sensitivity of apo B53 compared to apo
B48 to MTP inhibitors [233]. The relative di¡erence
in the sensitivity of di¡erent forms of apo B to in-
hibited secretion by MTP inhibitors may explain the
earlier ¢nding of normal secretion of intestinal apo
B48-containing lipoproteins in an abetalipoproteine-
mic patient lacking hepatic apo B100 [37]. These dif-
ferences may also explain why hepatic MTP gene
deletion in mice appeared to decrease the plasma
concentration of apo B100 to a greater extent than
apo B48 (M. Raabe, S.G. Young, personal commu-
nication).

Chemical inhibition of MTP appears to block apo
B secretion by two distinct processes: translocation
and maturation of the lipid core. Pulse-chase studies
in HepG2 cells suggest that chemical inhibition of
MTP lipid transfer blocked the translocation of
apo B100 causing it be co-translationally degraded
by a process attributed to the proteasome [158]. Sub-
sequent studies show that chemical inhibition of
MTP interrupts apo B translocation in a manner
that is linked to rapid degradation by the ubiqui-
tin-dependent proteasome [229]. If proteasome deg-
radation is also inhibited, the translocation-arrested
apo B remains associated with the major protein
constituent of the translocon (Sec61) as a ubiquitin
conjugated protein [193].

In addition to blocking apo B translocation, chem-
ical inhibition of MTP lipid transfer also impairs a
later process in the secretory pathway (i.e., the addi-
tion of lipid to form a more fully lipidated lipopro-
tein particle). In separate studies using McArdle rat
hepatoma cells, chemical inhibition of MTP lipid
transfer activity was shown to block the oleic acid
stimulation of apo B48 secretion [234] and the for-
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mation and secretion of VLDL containing apo B100
[235].

For most secretory proteins, the receptor for the
signal recognition particle (SRP), Sec61 complex,
and the translocating chain-associated membrane
protein (TRAM) are the only endoplasmic reticulum
proteins required to allow translocation [236,237].
Apo B translocation has an additional requirement
for MTP and at least two chaperones PDI and cal-
nexin. PDI contributes two distinct functions to apo
B translocation: (1) formation of a heterodimeric
complex between MTP and PDI is absolutely re-
quired in order to express active lipid transfer activ-
ity [238]. In addition, while the PDI disul¢de shuf-
£ing and redox activities are not required for MTP
facilitated lipoprotein particle assembly and secretion
by insect cells, these PDI enzyme activities are re-
quired for MTP independent processes [239]. The
additional ¢nding that in HepG2 cells, apo B100
associates with calnexin [240] and impairing this as-
sociation blocks translocation and causes rapid ubiq-
uitin-dependent proteasome degradation [160] sug-
gests that intralumenal chaperones allow apo B to
attain the proper folding required for its maturation
as a component of a lipoprotein particle. In other
studies, apo B was shown to associate with several
intralumenal chaperones (ERp72, GRP94, calreticu-
lin, and BiP) [241].

Several lines of evidence suggest that the MTP/
PDI complex also acts as an intralumenal chaperone
through its association with the N-terminus of apo
B. Studies using insect cells showed that MTP-facili-
tated lipid transfer requires the N-terminal V17% of
apo B [242]. The additional ¢ndings of a physical
interaction between apo B and MTP in the lumen
of the endoplasmic reticulum is reminiscent of a
chaperone/substrate interaction [243,244]. N-terminal
amino acid residues 430^570 [245] and 512^721 [246]
have been proposed to contain the site responsible
for MTP binding. It is interesting to note that the
site on MTP which has been proposed to bind to
apo B also appears to be the site that interacts
with PDI [246]. Since the association of MTP with
PDI is required for lipid transfer activity [238], the
possible formation of the MTP-apo B complex,
which may release PDI, suggests that MTP may fa-
cilitate apo B folding independent of its lipid transfer
activity.

6. Cholesterol-7KK-hydroxylase in£uences production
of apo B-containing lipoproteins: complementing
CHO cells with gene products expressed by the
liver

Over-production of triglyceride-rich lipoproteins is
responsible for the human disease familial hypertri-
glyceridemia [247]. In these patients, the secretion of
triglyceride-rich lipoproteins varies in parallel with
the rate of bile acid synthesis and cholesterol-7K-hy-
droxylase [248,249]. Only one of three familial com-
bined hyperlipidemic patients showed increased rates
of bile acid synthesis [249]. The increased synthesis of
bile acids in hypertriglyceridemic patients has been
ascribed to decreased bile acid absorption [250]. In-
terestingly, treatment of hypertriglyceridemic pa-
tients with chenodeoxycholic acid, which would be
expected to decrease the activity of cholesterol-7K-
hydroxylase, reduces fasting plasma triglyceride lev-
els [251].

In order to determine the mechanism linking hep-
atic lipoprotein production to the bile acid synthetic
pathway, CHO cells were chosen to examine how
expression of the liver-speci¢c enzyme that regulates
bile acid synthesis, cholesterol-7K-hydroxylase, af-
fected the processing apo B [161,230]. CHO cells ex-
pressing apo B53, but not MTP, displayed an inabil-
ity to translocate apo B53, which results in its rapid
degradation [27,153]. While CHO cells expressing
apo B53 and cholesterol-7K-hydroxylase remained
incapable of translocating apo B53, intact apo B53
accumulated as a stable transmembrane protein of
the endoplasmic reticulum [161]. Further studies
showed that expression of cholesterol-7K-hydroxy-
lase blocked the proteasome degradation of translo-
cation-arrested apo B53 by blocking its conjugation
with ubiquitin in a manner that was reversed by oxy-
sterols (7-oxo-cholesterol plus 25-hydroxycholesterol)
[161]). These ¢ndings provide a link between the ster-
ol-status of cells, altered by the expression of choles-
terol-7K-hydroxylase, and the ubiquitin-dependent
proteasome degradation of apo B. Furthermore,
the accumulation of intact apo B53 as a stable trans-
membrane protein in the isolated domains of the
endoplasmic reticulum which are reminiscent of
`Russell bodies' [252] provided further evidence for
the translocation arrest of this unusual `secretory'
protein [161].

BBAMCB 55468 11-8-99

R.A. Davis / Biochimica et Biophysica Acta 1440 (1999) 1^3118



Complementing the CHO cells with MTP allowed
the two functions of MTP (translocation and lipo-
protein particle assembly via lipid transfer) to be ex-
perimentally separated [230]. Unlike HeLa and COS
cells which require only the expression of MTP to
exhibit MTP-lipid transfer activity and the assembly
and secretion of apo B-containing lipoproteins
[224,225], CHO cells expressing apo B53 were shown
to require both MTP and cholesterol-7K-hydroxylase
[230]. While expressing MTP by itself allowed CHO
cells to translocate apo B53, it was rapidly degraded
in an acidic compartment via a process that was in-
hibited by DTT and chloroquine, but was resistant
to inhibitors of the proteasome [230]. The expression
of MTP mRNA and protein was una¡ected by co-
expression of cholesterol-7K-hydroxylase. However,
in CHO cells expressing cholesterol-7K-hydroxylase,
MTP expression led to expression of lipid transfer
activity and the assembly and secretion of apo B53
as a core containing lipoprotein particle. These stud-
ies showed that in CHO cells: (1) MTP-facilitated
lipid transfer is not required for apo B translocation;
and (2) the phenotype of the cell (e.g., expression of
cholesterol-7K-hydroxylase by the liver) may pro-
foundly in£uence the metabolic relationships deter-
mining how apo B is processed into lipoproteins and/
or degraded. If the ¢ndings in CHO cells re£ect proc-
esses that occur in vivo, the unexpected requirement
of cholesterol-7K-hydroxylase expression for MTP-
facilitated lipid transfer activity and lipoprotein par-
ticle assembly and secretion may provide insights
into the basis for chylomicron retention disorder.
Chylomicron retention disorder is characterized by
a block in the secretion of apo B-containing lipopro-
teins by the intestine, but not by the liver [253]. Af-
fected patients produce immunoreactive apo B48 in
enterocytes, process apo B mRNA to the intestinal
(edited) form and express MTP [254^256]. These
data suggest that the inability of the intestine of chy-
lomicron retention disease patients to secrete apo B-
containing lipoproteins is due to the functional loss
of a gene product other than apo B or MTP. The
¢ndings showing that the liver speci¢c enzyme chol-
esterol-7K-hydroxylase is required for CHO cells ex-
pressing apo B and MTP to secrete apo B-containing
lipoproteins support the possibility that expression of
cholesterol-7K-hydroxylase in the liver of chylomi-
cron retention disease patients may complement a

defective process that is common to both intestinal
and hepatic lipoprotein assembly/secretion pathways.

7. MTP and apo B are co-expressed in organs that
assemble and secrete apo B-containing lipoproteins

Elucidation of the genetic basis for the abetalipo-
proteinemic phenotype (inability to assemble and se-
crete apo B-containing lipoproteins) [11,14] demon-
strates that MTP is essential. Based on this
conclusion, one would predict that the tissue speci¢c
expression of the apo B-containing lipoprotein as-
sembly/secretion pathway requires the co-expression
of apo B and MTP. This prediction is ful¢lled by the
unexpected ¢ndings that in mice the yolk sac [257]
heart [258] and kidney [12] express both apo B and
MTP and display active synthesis and secretion of
apo B-containing lipoproteins. These data further
support the proposal that e¤cient assembly of apo
B-containing lipoproteins requires MTP.

8. Inbred, transgenic and gene-deleted mouse models
provide new insights into the physiological functions
of lipoprotein assembly and secretion

With technical advances in being able to manipu-
late the genome of mammals, the physiological in
vivo relevance of hypotheses obtained from in vitro
and cell based experiments can be explored. Studies
in transgenic and gene deleted mice have provided
unexpected insights of the essential role of apo B in
the transport of essential lipid nutrients for fetal de-
velopment and adult energy balance (reviewed in [5]).

Targeted mutagenesis of the mouse apo B gene
resulting in the expression of apo B70 and no apo
B100 caused developmental neurological abnormal-
ities [115]. The essential role for the apo B-containing
lipoprotein assembly/secretion pathway in embryonic
development was dramatically demonstrated by the
¢ndings that complete disruption of either the apo B
gene [116] or the MTP gene [221] resulted in resorp-
tion of the fetus. These ¢ndings are distinct from
those of the human fetus which can survive in the
absence of either apo B or MTP [5]. Elegant studies
by Farese and collaborators provided an explanation
for this apparent species di¡erence in the require-
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ment for the apo B-containing lipoprotein assembly/
secretion pathway [114]. These studies showed that in
the mouse, the yolk sac produces lipoproteins for
fetal nutritional requirements. In contrast, the hu-
man placenta transports maternal lipoproteins to
the fetus. Thus, in humans the apo B-containing lip-
oprotein assembly/secretion pathway is not essential
for fetal survival. However, the ¢nding that neuro-
logical developmental abnormalities are common oc-
currences in homozygous hypobetalipoproteinemia
(mutated apo B gene) and abetalipoproteinemia (mu-
tated MTP gene) suggests that the transport of lipid
soluble nutrients to the fetus is nevertheless impaired
[5].

8.1. Studies of the assembly and secretion of apo B
in animal models show that both the production
of apo B and the enzyme activity of MTP can
become rate-limiting

From the studies discussed above using cultured
cells it appears that the availability of lipid, apo B
and MTP activity can be rate-limiting for lipoprotein
assembly and secretion. Analysis of the plasma lip-
oprotein levels in genetically altered mice may o¡er
some insight into this issue as it relates to in vivo
physiology. Mice exhibiting one inactivated apo B
allele (via gene targeting disruption) show reduced
plasma apo B levels and a dramatic insensitivity to
diet-induced hyperlipidemia [116]. These data suggest
that apo B has become rate-limiting for secretion.
Furthermore, under these circumstances, the require-
ment for lipid for driving VLDL assembly has be-
come reduced. In contrast, transgenic expression of
human apo B in mice showed increased plasma levels
of LDL, human apo B and a markedly increased
sensitivity to diet-induced hyperlipidemia [259,260].
Similar results were found in transgenic rabbits ex-
pressing human apo B [261]. These data suggest that
under these circumstances, the requirement for lipid
for driving VLDL assembly is greater, thus dietary
lipid has more in£uence on plasma lipoprotein levels.
Conversely, in heterozygous MTP gene deleted mice,
hepatic secretion of apo B is decreased and mice dis-
play a lower sensitivity to diet-induced hyperlipide-
mia [221]. These data suggest that under these cir-
cumstances, the enzymatic activity of MTP has
become rate-limiting for VLDL assembly. As a re-

sult, MTP is `saturated' with lipid substrates and the
requirement for lipid for driving VLDL assembly
decreased. Thus, one would predict that the e¡ect
of dietary and de novo synthesized lipid on plasma
lipoprotein levels would be less in situations in which
MTP lipid transfer activity was rate-limiting. Data
supporting this prediction have been recently ob-
tained using a chemical inhibitor of MTP in Wata-
nabe-heritable hyperlipidemic (WHHL) rabbits,
which have a de¢ciency in functional LDL receptors
[6]. In spite of having a catabolic defect in plasma
LDL, chemical inhibition of MTP restored plasma
LDL levels to normal by blocking the assembly
and secretion of apo B-containing lipoproteins [6].

8.2. A gene other than apo B or MTP appears to be
responsible for one form of familial combined
hyperlipidemia

The familial combined hyperlipidemia (FCH) phe-
notype, thought to be caused by over-production of
hepatic apo B-containing lipoproteins, accounts for a
signi¢cant portion of the human population having
premature atherosclerosis [262]. The HcB-19 inbred
mouse displays the FCH phenotype (i.e., high plasma
levels of triglyceride and cholesterol as well as in-
creased hepatic secretion of apo B-containing lipo-
proteins) [263]. Furthermore, the gene loci responsi-
ble for the FCH phenotype in HcB-19 mice is
syntenic with that of a human loci for FCH (1q21^
q23) in a Finnish cohort [264]. These data suggest
that a single (as yet unidenti¢ed) gene other than
apo B or MTP is responsible for the inappropriately
induced rate of assembly and secretion of apo B-con-
taining lipoproteins.

9. Coordinate regulation of lipogenesis, VLDL
assembly and secretion occurs in vivo

In vivo the assembly and secretion of apo B-con-
taining lipoproteins by the liver show marked
changes in response to nutritional and hormonal sig-
nals [172]. The most dramatic changes in VLDL se-
cretion were observed in hepatocytes obtained from
rats that were fasted (48 h) [113,265,266] or fed car-
bohydrate enriched diets (sucrose) [267]. Hepatocytes
from fasted rats displayed a marked decrease in the
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secretion of apo B100 and apo B48 [266]. In contrast,
hepatocytes from rats fed carbohydrate enriched di-
ets displayed increased secretion of apo B100 and
apo B48 [267]. Since there was no detectable change
in the content of apo B mRNA, the changes ob-
served in apo B secretion were due to a post-tran-
scriptional mechanism (i.e., decreased degradation of
apo B) [266]. Moreover, the synthesis of all VLDL
lipids was coordinately changed in response to nutri-
tional state. Fasting decreased, whereas carbohydrate
feeding increased the synthesis of all VLDL lipids
[267]. Based on these ¢ndings, it was hypothesized
that metabolic signals, invoked in response to meta-
bolic state, coordinately regulate seemingly inde-
pendent steps of the VLDL assembly/secretion path-
way (apo B translocation and particle assembly in
the ER lumen vs. degradation of translocation-ar-
rested apo B) [268]. The recent ¢nding that carbohy-
drate induction of hepatic lipogenesis is associated
with increased cellular content of the mature form
of the transcription factor mature SREBP1a [269]
suggests that this might be the mediator through
which metabolic signals coordinately regulate the
VLDL assembly/secretion pathway.

9.1. The expression of cholesterol metabolic and
lipogenic enzymes is regulated by a common
transcription factor family: SREBP

SREBP was ¢rst identi¢ed as the sterol responsive
transcription factor that mediates regulation of the
human LDL receptor gene [270]. Its rat homologue
ADD1 was identi¢ed as a transcription factor in-
volved in adipocyte di¡erentiation [271], suggesting
that it may play a diverse role in regulating the ex-
pression of genes involved in the biosynthesis and
metabolism of several classes of lipids. Subsequent
studies showed that many, if not most, of the genes
encoding isoprenoid/cholesterol biosynthetic enzymes
are SREBP responsive: HMG-CoA synthase [272],
HMG-CoA reductase [273], isopentyfarnesyldiphos-
phate synthase [274] and squalene synthase [275].
More recently, data have been reported showing
that the transcription of some of the genes responsi-
ble for regulating the synthesis of fatty acids and
phospholipids are induced by SREBP: fatty acid syn-
thase [276], acetyl-CoA carboxylase [277], stearoyl-

CoA desaturase-1 [278] and glycerol-3-phosphate
acyltransferase [279].

9.2. Coordinate induction of hepatic lipogenesis and
lipoprotein production can be mediated via
changes in the expression of
cholesterol-7K-hydroxylase

Studies in which cholesterol-7K-hydroxylase was
expressed in McArdle rat hepatoma cells suggest a
role in regulating lipoprotein assembly and secretion.
Stable expression of cholesterol-7K-hydroxylase in
McArdle rat hepatoma resulted in the following
[280]: (1) a linear relationship between the cellular
content of mature SREBP1 and cholesterol-7K-hy-
droxylase, (2) a linear relationship between the rela-
tive expression of cholesterol-7K-hydroxylase mRNA
and the mRNAs encoding the enzymes regulating
fatty acid and sterol synthesis: i.e., acetyl-Co A car-
boxylase and HMG-CoA reductase, (3) a linear rela-
tionship between the relative expression of cholester-
ol-7K-hydroxylase mRNA and MTP mRNA, (4)
increased synthesis of all lipoprotein lipids (cholester-
ol, cholesterol esters, triglycerides and phospho-
lipids), and (5) increased secretion of apo B100 with-
out any change in apo B mRNA. The increased
cellular content of mature SREBP1 and increased
secretion of apo B100 were concomitantly reversed
by 25-hydroxycholesterol, suggesting that the content
of mature SREBP1, known to be decreased by 25-
hydroxycholesterol [272], mediates the changes in the
lipoprotein assembly and secretion pathway that are
caused by cholesterol-7K-hydroxylase. It is interest-
ing to note that McArdle cells expressing cholesterol-
7K-hydroxylase become resistant to oleic acid stimu-
lated apo B100 secretion [280]. These ¢ndings may
explain the discrepancy between primary rat hepato-
cytes (expression of cholesterol-7K-hydroxylase, no
oleic acid-stimulated apo B secretion) and hepatoma
cells (no expression of cholesterol-7K-hydroxylase,
but oleic acid-stimulated apo B secretion). Addition-
al ¢ndings showed that oleic acid stimulated apo B
secretion by perfused liver from fasted rats, whereas
livers from fed rats showed no increased apo B se-
cretion [281]. These ¢ndings further support the pro-
posal that cholesterol-7K-hydroxylase expression,
which is markedly decreased in response to fasting,

BBAMCB 55468 11-8-99

R.A. Davis / Biochimica et Biophysica Acta 1440 (1999) 1^31 21



in£uences the requirement of apo B secretion for
oleic acid stimulated lipogenesis.

9.3. Coordinate, diurnal cyclic changes in hepatic
cholesterol-7K-hydroxylase expression,
lipogenesis and lipoprotein secretion

The ¢ndings that cholesterol-7K-hydroxylase ex-
pression markedly induced the processes in the
VLDL assembly/secretion pathway, suggests the pos-
sibility that this liver-speci¢c gene product may play
an important role in vivo in the coordinate regula-
tion of this pathway. One of the unique character-
istics of cholesterol-7K-hydroxylase is its diurnal var-
iation [282]. Circadian (diurnal) rhythms of several
distinct metabolic pathways, a common characteris-
tic of multi-cellular organisms [283], provide an e¤-
cient and productive utilization of energy and nu-
trients. Diurnal changes in hepatic lipid and sterol
metabolism in rodents and humans are well estab-
lished [282]. Several studies provide indirect support
suggesting that diurnal changes in hepatic lipogenesis
and lipoprotein metabolism signi¢cantly a¡ect the
apo B-containing lipoprotein assembly/secretion
pathway.

Coordinate diurnal changes in hepatic expression
of cholesterol biosynthetic enzymes (e.g., HMG-CoA
reductase [284,285] and the LDL receptor [286]) are
temporally linked to diurnal changes in cholesterol-
7K-hydroxylase. The hypothalamic/pituitary endo-
crine system initiates the hepatic diurnal cycle via a
dramatic induction of the expression of two tran-
scription factors: DBP and TEF [287,288]. TEF
and DBP have di¡erent cognate targets and genetic
transcriptional responses [288]. The ¢nding that DBP
binds to the cholesterol-7K-hydroxylase promoter
and activates gene expression is consistent with the
proposal that this may be the initial step leading to
subsequent activation of other liver processes
[289,290].

While not widely recognized, there are several oth-
er physiologically important diurnal changes that oc-
cur within the liver. The size of the liver diurnally
varies in parallel with the expression of DBP [291].
Concomitant diurnal variations in the amount of
hepatic endoplasmic reticulum [292], may re£ect in-
creased membrane biogenesis. The diurnal anabolic
cycle displayed by the liver is further expressed by

parallel changes in the synthesis and secretion of lip-
oprotein lipids (i.e., triglycerides and cholesterol
[293^295]). Studies using Triton WR-1339 to block
the clearance from plasma and metabolism of newly
secreted lipoproteins showed that in rats the hepatic
secretion of newly synthesized triglycerides was in-
creased in the dark phase of a 12 h light cycle
[295]. In hamsters, the secretion of VLDL cholesterol
esters was signi¢cantly increased in the mid-dark pe-
riod [296]. Interestingly, the in£uence of diurnal cycle
on VLDL secretion was enhanced when hamsters
were fed a high fat diet [296]. The ¢nding that intes-
tinal lymph apo AIV varies in parallel to hepatic
biliary lipid output, further exempli¢es the pervasive
in£uence of the hepatic diurnal anabolic cycle on
lipoprotein production [297].

Several lines of evidence suggest that glucocorti-
coid induction of cholesterol-7K-hydroxylase poten-
tiates diurnal changes in hepatic cholesterol metabo-
lism, lipogenesis and VLDL secretion. In rodents
adapted to a 12:12 h light/dark cycle, plasma levels
of glucocorticoids exhibit a diurnal zenith at light/
dark boundary [298], which is just prior to the in-
duction of cholesterol-7K-hydroxylase. It is well-es-
tablished that glucocorticoids induce the genetic ex-
pression and activity of cholesterol-7K-hydroxylase
[299^303]. The ¢nding that dexamethasone increases
the secretion of apo B-containing lipoproteins by
cultured rat hepatocytes [304] is consistent with pro-
posal that cholesterol-7K-hydroxylase may indirectly
regulate VLDL secretion.

10. Closing remarks: A look toward the future

Technical developments have played an important
role in providing scientists with the opportunity to
de¢ne many of the gene products and processes re-
sponsible for regulating the assembly and secretion
of apo B-containing lipoproteins. The advantages of-
fered by this mainly reductionist experimental ap-
proach have provided the opportunity to gain
many new insights into the complex relationships
which in toto comprise the lipoprotein anabolic path-
way. Based on these new insights, we o¡er a general
scheme describing the post-translational regulation
of the apo B-containing lipoprotein assembly/secre-
tion pathway (Fig. 2). This model suggests that
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under most circumstances and physiologic situations,
MTP lipid transfer activity determined by the avail-
ability of each individual lipoprotein lipid (triglycer-
ides, cholesterol, phosphatidylcholine and cholesterol
esters), drives the translocation of apo B into the ER
lumen where it forms a core-containing lipoprotein
particle. In the absence of su¤cient lipid or MTP
lipid transfer activity, apo B is diverted into the ubiq-

uitin-dependent proteasome degradation pathway.
There appears to be pervasive and compelling data
showing that the phenotype of the cell has a pro-
found in£uence on how the basic members of the
lipoprotein assembly/secretion pathway interact and
orchestrate the processing of apo B. Thus, there re-
mains ample room within this scheme to accommo-
date di¡erent apo B degradative pathways, di¡erent

Fig. 2. In the endoplasmic reticulum apo B has two fates: degradation by the ubiquitin-dependent proteasome in the cytoplasm or
translocation and assembly into lipoproteins in the lumen. Both in the presence and absence of functional MTP, the V70 kDa of
N-terminus of apo B (Vapo B17) enters the lumen of the endoplasmic reticulum. It is at the next step that the metabolic fate of apo
B is determined.
Top (ubiquitin-dependent proteasome degradation): In the absence of functional MTP (e.g., abetalipoproteinemia, CHO cells, treat-
ment with an inhibitor of MTP or insu¤cient lipid), the translocation of apo B becomes blocked by an interaction of amphipathic
L-sheets with the translocation apparatus (e.g., Sec61). The translocated arrested apo B is rapidly conjugated with ubiquitin and de-
graded in the cytoplasm by the proteasome. In CHO cells expressing apo B53, the N-terminus, which is intraliminal, enters the secre-
tory pathway and becomes secreted without hydrophobic lipid (i.e., triglycerides and cholesterol esters) [27]. In HepG2 cells, a portion
of apo B100 may move from the lumen to the cytoplasm (retrotranslocation) [159].
Bottom (translocation and lipoprotein particle assembly): In the presence of MTP facilitated translocation and lipid transfer activity,
apo B continues translocation in a manner that is dependent upon the addition of lipids and appropriate chaperone-assisted folding.
The disul¢de-linked N-terminus of apo B interacts with the MTP/PDI complex. This interaction facilitates both translocation and ad-
dition of neutral lipid to the nascent lipoprotein particle. Within the lumen of the endoplasmic reticulum, the formation of a lipopro-
tein particle containing its full complement of neutral lipids in its core may be either assembled as a concerted series of chemical
transformations involving protein folding and lipid addition (large bold arrow) and/or it may occur as several steps in which partially
completed lipoprotein particles may exist as intermediates (e.g., `HDL'). Improper folding of apo B and/or addition of lipid to both
the surface monolayer and the core can result in the production of a lipoprotein particle that is degraded at a site in the secretory
pathway that is distal to the endoplasmic reticulum (not shown).
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modes of regulation and possible unknown gene
products that may complement or antagonize one
or more of the requisite processes.

Whether and how this scheme conforms to the
complexity expected of the in vivo lipoprotein assem-
bly/secretion pathway remains to a large degree un-
answered. Most studies of lipoprotein assembly se-
cretion in animals are performed with tissues and
cells isolated during the day (when the hepatic diur-
nal expression of lipogenic enzymes and cholesterol-
7K-hydroxylase are at their nadir). Considering the
potential important in£uence that cholesterol-7K-hy-
droxylase and SREBP may play in regulating the apo
B-containing lipoprotein assembly/secretion pathway
(Fig. 3), future studies of this pathway should be
directed toward examining diurnal e¡ects.

While it appears that MTP and apo B are two of
the gene products that are essential for the apo B-

containing lipoprotein assembly/secretion pathway,
clearly other genes also are important. Identifying
these genes and how that they may a¡ect the rela-
tionship between lipogenesis, MTP function and lip-
oprotein assembly may provide new insights into the
molecular basis for familial forms of hyperlipidemias
caused by excessive production of apo B-containing
lipoproteins.

The advances in genomics and molecular genetics
should provide new windows to further our under-
standing how this pathway occurs and is regulated in
vivo.
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[73] R. Milne, R.J. Thëolis, R. Maurice, R.J. Pease, P.K. Weech,
E. Rassart, J.C. Fruchart, J. Scott, Y.L. Marcel, J. Biol.
Chem. 264 (1989) 19754^19760.

[74] T.L. Innerarity, K.H. Weisgraber, K.S. Arnold, R.M. Mah-
ley, R.M. Krauss, G.L. Vega, S.M. Grundy, Proc. Natl.
Acad. Sci. USA 84 (1987) 6919^6923.

[75] D. Ga¡ney, J.M. Reid, I.M. Cameron, K. Vass, M.J. Cas-
lake, J. Shepherd, C.J. Packard, Arterioscler. Thromb. Vasc.
Biol. 15 (1995) 1025^1029.

[76] C.R. Pullinger, L.K. Hennessy, J.E. Chatterton, W. Liu,
J.A. Love, C.M. Mendel, P.H. Frost, M.J. Malloy, V.N.
Schumaker, J.P. Kane, J. Clin. Invest. 95 (1995) 1225^
1234.

[77] M.J. Callow, E.M. Rubin, J. Biol. Chem. 270 (1995) 23914^
23917.

[78] A.M. Scanu, G.M. Fless, J. Clin. Invest. 85 (1990) 1709^
1715.

[79] M.E. Baker, Biochem. J. 255 (1988) 1057^1060.
[80] J.W. McLean, J.E. Tomlinson, W.J. Kuang, D.L. Eaton,

E.Y. Chen, G.M. Fless, A.M. Scanu, R.M. Lawn, Nature
330 (1987) 132^137.

[81] M. Hall, R. Wang, A.R. van, J.L. Sottrup, K. Soderhall,
Proc. Natl. Acad. Sci. USA 96 (1999) 1965^1970.

BBAMCB 55468 11-8-99

R.A. Davis / Biochimica et Biophysica Acta 1440 (1999) 1^3126



[82] P.M. Sandset, H. Lund, J. Norseth, U. Abildgaard, L. Ose,
Arterioscler. Thromb. 11 (1991) 138^145.

[83] P. Siuta-Mangano, D.R. Janero, M.D. Lane, J. Biol. Chem.
257 (1982) 11463^11467.

[84] D.K. Struck, P.B. Siuta, M.D. Lane, W.J. Lennarz, J. Biol.
Chem. 253 (1978) 5332^5337.

[85] Q.J. Bell, T. Forte, P. Graham, Biochem. J. 200 (1981) 409^
414.

[86] R.A. Davis, G.M. Clinton, R.A. Borchardt, M.M. Malone,
T. Tan, G.R. Lattier, J. Biol. Chem. 259 (1984) 3383^
3386. z

[87] R.A. Davis, R.A. Borchardt, Methods Enzymol. 129 (1986)
536^542.

[88] J.D. Sparks, C.E. Sparks, A.M. Roncone, J.M. Amatruda,
J. Biol. Chem. 263 (1988) 5001^5004.

[89] S.E. Allerton, G.E. Perlmann, J. Biol. Chem. 240 (1965)
3892^3898.

[90] J.M. Hoeg, M.S. Meng, R. Ronan, S.J. Demosky, T. Fair-
well, H.J. Brewer, J. Lipid Res. 29 (1988) 1215^1220.

[91] S.G. Young, S.J. Bertics, L.K. Curtiss, J.L. Witztum,
J. Clin. Invest. 79 (1987) 1831^1841.

[92] S.G. Young, F.P. Peralta, B.W. Dubois, L.K. Curtiss, J.K.
Boyles, J.L. Witztum, J. Biol. Chem. 262 (1987) 16604^
16611.

[93] S.G. Young, S.T. Northey, B.J. McCarthy, Science 241
(1988) 591^593.

[94] S.G. Young, Circulation 82 (1990) 1574^1594.
[95] G. Schonfeld, Annu. Rev. Nutr. 15 (1995) 23^34.
[96] E.H. Ludwig, P.N. Hopkins, A. Allen, L.L. Wu, R.R. Wil-

liams, J.L. Anderson, R.H. Ward, J.M. Lalouel, T.L. In-
nerarity, J. Lipid Res. 38 (1997) 1361^1373.

[97] T.L. Innerarity, R.W. Mahley, K.H. Weisgraber, T.P. Ber-
sot, R.M. Krauss, G.L. Vega, S.M. Grundy, W. Friedl, J.
Davignon, B.J. McCarthy, J. Lipid Res. 31 (1990) 1337^
1349.

[98] K.G. Parhofer, P.H. Barrett, S.C. Aguilar, G. Schonfeld,
J. Lipid Res. 37 (1996) 844^852.

[99] E.S. Krul, K.G. Parhofer, P.H. Barrett, R.D. Wagner, G.
Schonfeld, J. Lipid Res. 33 (1992) 1037^1050.

[100] K.G. Parhofer, P.H. Barrett, D.M. Bier, G. Schonfeld,
J. Clin. Invest. 89 (1992) 1931^1937.

[101] E.S. Krul, R.D. Wagner, K.G. Parhofer, H. Barrett, G.
Schonfeld, Arteriosclerosis 11 (1991) 1408a.

[102] Z. Yao, B.D. Blackhart, M.F. Linton, S.M. Taylor, S.G.
Young, B.J. McCarthy, J. Biol. Chem. 266 (1991) 3300^
3308.

[103] D.L. Graham, T.J. Knott, T.C. Jones, R.J. Pease, C.R.
Pullinger, J. Scott, Biochemistry 30 (1991) 5616^5621.

[104] J. Boren, L. Graham, M. Wettesten, J. Scott, A. White,
S.-O. Olofsson, J. Biol. Chem. 267 (1992) 9858^9867.

[105] D.J. Spring, L.W. Chen-Liu, J.E. Chatterton, J. Elovson,
V.N. Schumaker, J. Biol. Chem. 267 (1992) 14839^
14845.

[106] J.E. Chatterton, M.L. Phillips, L.K. Curtiss, R.W. Milne,
Y.L. Marcel, V.N. Schumaker, J. Biol. Chem. 266 (1991)
5955^5962.

[107] V. Schumaker, M.C. Phillips, J.E. Chatterton, Adv. Protein
Chem. 45 (1994) 205^248.

[108] R.W. Milne, Y.L. Marcel, FEBS Lett. 146 (1982) 97^100.
[109] J.E. Chatterton, M.L. Phillips, L.K. Curtiss, R. Milne, J.C.

Fruchart, V.N. Schumaker, J. Lipid Res. 36 (1995) 2027^
2037.

[110] J. Elovson, J.E. Chatterton, G.T. Bell, V.N. Schumaker,
M.A. Reuben, D.L. Puppione, J.R. Reeve Jr., N.L. Young,
J. Lipid Res. 29 (1988) 1461^1473.

[111] M.L. Phillips, C. Pullinger, I. Kroes, J. Kroes, D.A. Hard-
man, G. Chen, L.K. Curtiss, M.M. Gutierrez, J.P. Kane,
V.N. Schumaker, J. Lipid Res. 38 (1997) 1170^1177.

[112] J.P. Kane, Annu. Rev. Physiol. 45 (1983) 637^650.
[113] R.A. Davis, J.R. Boogaerts, R.A. Borchardt, M. Malone-

McNeal, J. Archambault-Schexnayder, J. Biol. Chem. 260
(1985) 14137^14144.

[114] R.J. Farese, S. Cases, S.L. Ruland, H.J. Kayden, J.S.
Wong, S.G. Young, R.L. Hamilton, J. Lipid Res. 37
(1996) 347^360.

[115] G.E. Homanics, T.J. Smith, S.H. Zhang, D. Lee, S.G.
Young, N. Maeda, Proc. Natl. Acad. Sci. USA 90 (1993)
2389^2393.

[116] R.J. Farese, S.L. Ruland, L.M. Flynn, R.P. Stokowski,
S.G. Young, Proc. Natl. Acad. Sci. USA 92 (1995) 1774^
1778.

[117] K.G. Parhofer, A. Daugherty, M. Kinoshita, G. Schonfeld,
J. Lipid Res. 31 (1990) 2001^2007.

[118] J. Boren, I. Lee, W. Zhu, K. Arnold, S. Taylor, T.L. In-
nerarity, J. Clin. Invest. 101 (1998) 1084^1093.

[119] J.L. Goldstein, M.S. Brown, R.G. Anderson, D.W. Russell,
W.J. Schneider, Annu. Rev. Cell Biol. 1 (1985) 1^39.

[120] R.W. Mahley, K.H. Weisgraber, T.L. Innerarity, Biochim.
Biophys. Acta 575 (1979) 81^91.

[121] G. Camejo, A. Lopez, H. Vegas, H. Paoli, Atherosclerosis
21 (1975) 77^91.

[122] P. Vijayagopal, S.R. Srinivasan, B. Radhakrishnamurthy,
G.S. Berenson, J. Biol. Chem. 256 (1981) 8234^8241.

[123] J.S. Frank, A.M. Fogelman, J. Lipid Res. 30 (1989) 967^
978.

[124] K.J. Williams, I. Tabas, Arterioscler. Thromb. Vasc. Biol.
15 (1995) 551^561.

[125] J. Boren, K. Olin, I. Lee, A. Chait, T.N. Wight, T.L. In-
nerarity, J. Clin. Invest. 101 (1998) 2658^2664.

[126] G. Palade, Science 189 (1975) 347^358.
[127] R.J. Cardell, S. Badenhausen, K.R. Porter, J. Cell Biol. 34

(1967) 123^155.
[128] A. Claude, J. Cell Biol. 47 (1970) 745^766.
[129] H. Glaumann, A. Bergstrand, J.L. Ericsson, J. Cell Biol. 64

(1975) 356^377.
[130] K.E. Howell, G.E. Palade, J. Cell Biol. 92 (1982) 833^845.
[131] C.A. Alexander, R.L. Hamilton, R.J. Havel, J. Cell Biol. 69

(1976) 241^263.
[132] D.E. Vance, P.C. Choy, S.B. Farren, P.H. Lim, W.J.

Schneider, Nature 270 (1977) 268^269.
[133] L.M. Ballas, R.M. Bell, Biochim. Biophys. Acta 602 (1980)

578^590.

BBAMCB 55468 11-8-99

R.A. Davis / Biochimica et Biophysica Acta 1440 (1999) 1^31 27



[134] L.M. Ballas, R.M. Bell, Biochim. Biophys. Acta 665 (1981)
586^595.

[135] L. Liscum, R.D. Cummings, R.G. Anderson, G.N. DeMar-
tino, J.L. Goldstein, M.S. Brown, Proc. Natl. Acad. Sci.
USA 80 (1983) 7165^7169.

[136] L. Liscum, M.J. Finer, R.M. Stroud, K.L. Luskey, M.S.
Brown, J.L. Goldstein, J. Biol. Chem. 260 (1985) 522^530.

[137] T.Y. Chang, C.C. Chang, D. Cheng, Annu. Rev. Biochem.
66 (1997) 613^638.

[138] W.R. Bishop, R.M. Bell, Cell 42 (1985) 51^60.
[139] J.M. Backer, E.A. Dawidowicz, Nature 327 (1987) 341^343.
[140] Y. Kawashima, R.M. Bell, J. Biol. Chem. 262 (1987)

16495^16502.
[141] R.A. Borchardt, R.A. Davis, J. Biol. Chem. 262 (1987)

16394^16402.
[142] K. Bostrom, M. Wettesten, J. Boren, G. Bondjers, O. Wik-

lund, S.O. Olofsson, J. Biol. Chem. 261 (1986) 13800^
13806.

[143] L.L. Swift, R.J. Padley, G.S. Getz, J. Lipid Res. 28 (1987)
207^215.

[144] K. Bostrom, J. Boren, M. Wettesten, A. Sjoberg, G.
Bondjers, O. Wiklund, P. Carlsson, S.-O. Olofsson, J. Biol.
Chem. 263 (1988) 4434^4442.

[145] M.J. Bamberger, M.D. Lane, J. Biol. Chem. 263 (1988)
11868^11878.

[146] P. Siuta-Mangano, S.C. Howard, W.J. Lennarz, M.D.
Lane, J. Biol. Chem. 257 (1982) 4292^4300.

[147] M.J. Bamberger, M.D. Lane, Proc. Natl. Acad. Sci. USA
87 (1990) 2390^2394.

[148] R. Sato, T. Imanaka, A. Takatsuki, T. Takano, J. Biol.
Chem. 265 (1990) 11880^11884.

[149] R.A. Davis, A.B. Prewett, D.C. Chan, J.J. Thompson, R.A.
Borchardt, W.R. Gallaher, J. Lipid Res. 30 (1989) 1185^
1196.

[150] X. Wu, N. Sakata, K.M. Lele, M. Zhou, H. Jiang, H.N.
Ginsberg, J. Biol. Chem. 272 (1997) 11575^11580.

[151] C.N. Wang, T.C. Hobman, D.N. Brindley, J. Biol. Chem.
270 (1995) 24924^24931.

[152] R.A. Davis, in: N. Borgese, J.R. Harris (Eds.), Subcellular
Biochemistry, vol. 21, Plenum Press, New York, 1993, pp.
169^183.

[153] R.N. Thrift, J. Drisko, S. Dueland, J.D. Trawick, R.A.
Davis, Proc. Natl. Acad. Sci. USA 89 (1992) 9161^9165.

[154] N. Sakata, X. Wu, J.L. Dixon, H.N. Ginsberg, J. Biol.
Chem. 268 (1993) 22967^22970.

[155] J.A. Bonnardel, R.A. Davis, J. Biol. Chem. 270 (1995)
28892^28896.

[156] S.J. Yeung, S.H. Chen, L. Chan, Biochemistry 35 (1996)
13843^13848.

[157] E.A. Fisher, M. Zhou, D.M. Mitchell, X. Wu, S. Omura,
H. Wang, A.L. Goldberg, H.N. Ginsberg, J. Biol. Chem.
272 (1997) 20427^20434.

[158] F. Benoist, P.T. Grand, J. Biol. Chem. 272 (1997) 20435^
20442.

[159] W. Liao, S. Yeung, L. Chan, J. Biol. Chem. 273 (1998)
27225^27230.

[160] Y. Chen, C.F. Le, S.L. Chuck, J. Biol. Chem. 273 (1998)
11887^11894.

[161] E.Z. Du, J.F. Fleming, S.-L. Wang, G.M. Spitzen, R.A.
Davis, J. Biol. Chem. 274 (1999) 1856^1862.

[162] K. Adeli, J. Macri, A. Mohammadi, M. Kito, R. Urade, D.
Cavallo, J. Biol. Chem. 272 (1997) 22489^22494.

[163] K. Adeli, M. Wettesten, L. Asp, A. Mohammadi, J. Macri,
S.O. Olofsson, J. Biol. Chem. 272 (1997) 5031^5039.

[164] R.A. Borchardt, R.A. Davis, Arteriosclerosis 6 (1986)
515A.

[165] V.R. Lingappa, F.N. Katz, H.F. Lodish, G. Blobel, J. Biol.
Chem. 253 (1978) 8667^8670.

[166] M.J. Gething, J. Sambrook, Nature 300 (1982) 598^
603.

[167] J.K. Rose, J.E. Bergmann, Cell 30 (1982) 753^762.
[168] P.A. Edwards, S.M. Grundy, J. Lipid Res. 30 (1989) 1653^

1659.
[169] R.A. Davis, R.N. Thrift, C.C. Wu, K.E. Howell, J. Biol.

Chem. 265 (1990) 10005^10011.
[170] H.J. Sass, G. Buldt, E. Beckmann, F. Zemlin, H.M. van, E.

Zeitler, J.P. Rosenbusch, D.L. Dorset, A. Massalski, J. Mol.
Biol. 209 (1989) 171^175.

[171] B. Popp, S. Gebauer, K. Fischer, U.I. Flugge, R. Benz,
Biochemistry 36 (1997) 2844^2852.

[172] R.A. Davis, in: D. Vance, J. Vance (Eds.), Biochemistry of
Lipids and Membranes, vol. 20, Elsevier, Amersterdam,
1991, pp. 403^424.

[173] D.M. Small, D. Atkinson, Circulation 96 (8S) (1997) 1I.
[174] J.S. Liang, X. Wu, H. Jiang, M. Zhou, H. Yang, P. Ang-

keow, L.S. Huang, S.L. Sturley, H. Ginsberg, J. Biol.
Chem. 273 (1998) 35216^35221.

[175] D. Cavallo, R.S. McLeod, D. Rudy, A. Aiton, Z. Yao, K.
Adeli, J. Biol. Chem. 273 (1998) 33397^33405.

[176] S.L. Chuck, Z. Yao, B.D. Blackhart, B.J. McCarthy, V.R.
Lingappa, Nature 346 (1990) 382^385.

[177] A.E. Rusinol, R.S. Hegde, S.L. Chuck, V.R. Lingappa, J.E.
Vance, J. Lipid Res. 39 (1998) 1287^1294.

[178] S.L. Chuck, V.R. Lingappa, Cell 68 (1992) 9^21.
[179] S.L. Chuck, V.R. Lingappa, J. Biol. Chem. 268 (1993)

22794^22801.
[180] M.H. Kivlen, C.A. Dorsey, V.R. Lingappa, R.S. Hegde,

J. Lipid Res. 38 (1997) 1149^1162.
[181] R.J. Pease, G.B. Harrison, J. Scott, Nature 353 (1991) 448^

450.
[182] R.J. Pease, J.M. Leiper, G.B. Harrison, J. Scott, J. Biol.

Chem. 270 (1995) 7261^7271.
[183] D.H. Nakahara, V.R. Lingappa, S.L. Chuck, J. Biol.

Chem. 269 (1994) 7617^7622.
[184] H.J. Verkade, D.G. Fast, A.E. Rusinol, D.G. Scraba, D.E.

Vance, J. Biol. Chem. 268 (1993) 24990^24996.
[185] S. Furukawa, N. Sakata, H.N. Ginsberg, J.L. Dixon,

J. Biol. Chem. 267 (1992) 22630^22638.
[186] J. Boren, S. Rustaeus, M. Wettesten, M. Andersson, A.

Wiklund, S.-O. Olofsson, Arterioscler. Thromb. 13 (1993)
1743^1754.

[187] J. Macri, K. Adeli, J. Biol. Chem. 272 (1997) 7328^7337.

BBAMCB 55468 11-8-99

R.A. Davis / Biochimica et Biophysica Acta 1440 (1999) 1^3128



[188] J.L. Dixon, R. Chattapadhyay, T. Huima, C.M. Redman,
D. Banerjee, J. Cell Biol. 117 (1992) 1161^1169.

[189] J. Wilkinson, J.A. Higgins, P. Groot, E. Gherardi, D.E.
Bowyer, Biochem. J. 288 (1992) 413^419.

[190] G.S. Shelness, K.C. Morris-Rogers, M.F. Ingram, J. Biol.
Chem. 269 (1994) 9310^9318.

[191] G.S. Shelness, J.T. Thornburg, J. Lipid Res. 37 (1996) 408^
419.

[192] M.F. Ingram, G.S. Shelness, J. Lipid Res. 37 (1996) 2202^
2214.

[193] D.M. Mitchell, M. Zhou, R. Pariyarath, H. Wang, J.D.
Aitchison, H.N. Ginsberg, E.A. Fisher, Proc. Natl. Acad.
Sci. USA 95 (1998) 14733^14738.

[194] R.A. Davis, J.R. Boogaerts, J. Biol. Chem. 257 (1982)
10908^10913.

[195] W. Patsch, T. Tamai, G. Schonfeld, J. Clin. Invest. 72
(1983) 371^378.

[196] S.K. Erickson, P.E. Fielding, J. Lipid Res. 27 (1986) 875^
883.

[197] C.R. Pullinger, J.D. North, L.M. Powell, S.C. Wallis, J.
Scott, J. Lipid Res. 30 (1989) 1065^1077.

[198] J.L. Dixon, S. Furukawa, H.N. Ginsberg, J. Biol. Chem.
266 (1991) 5080^5086.

[199] M. Zhou, X. Wu, L.S. Huang, H.N. Ginsberg, J. Biol.
Chem. 270 (1995) 25220^25224.

[200] X. Wu, N. Sakata, E. Lui, H.N. Ginsberg, J. Biol. Chem.
269 (1994) 12375^12382.

[201] R.A. Davis, M.M. Malone, Biochem. J. 227 (1985) 29^35.
[202] R.A. Davis, M.M. McNeal, R.L. Moses, J. Biol. Chem. 257

(1982) 2634^2640.
[203] S. Dueland, J. Drisko, L. Graf, D. Machleder, A.J. Lusis,

R.A. Davis, J. Lipid Res. 34 (1993) 923^931.
[204] B. Khan, H.G. Wilcox, M. Heimberg, Biochem. J. 258

(1989) 807^816.
[205] B.V. Khan, T.V. Fungwe, H.G. Wilcox, M. Heimberg, Bio-

chim. Biophys. Acta 1044 (1990) 297^304.
[206] C.L. Bisgaier, A.D. Essenburg, B.J. Auerbach, M.E. Pape,

C.S. Sekerke, A. Gee, S. Wolle, R.S. Newton, J. Lipid Res.
38 (1997) 2502^2515.

[207] Z.M. Yao, D.E. Vance, J. Biol. Chem. 263 (1988) 2998^
3004.

[208] P.S. Vermeulen, S. Lingrell, Z. Yao, D.E. Vance, J. Lipid
Res. 38 (1997) 447^458.

[209] C.J. Walkey, L. Yu, L.B. Agellon, D.E. Vance, J. Biol.
Chem. 273 (1998) 27043^27046.

[210] Z. Yao, D.E. Vance, J. Biol. Chem. 264 (1989) 11373^
11380.

[211] A.E. Rusinol, E.Y.W. Chan, J.E. Vance, J. Biol. Chem. 268
(1993) 25168^25175.

[212] C.A. Lang, R.A. Davis, J. Lipid Res. 31 (1990) 2079^2086.
[213] T. Ranheim, D.A. Gedde, A.C. Rustan, C.A. Drevon,

J. Lipid Res. 33 (1992) 1281^1293.
[214] H. Wang, Z. Yao, E.A. Fisher, J. Biol. Chem. 269 (1994)

18514^18520.
[215] J.R. Wetterau, D.B. Zilversmit, J. Biol. Chem. 259 (1984)

10863^10866.

[216] J.R. Wetterau, D.B. Zilversmit, Chem. Phys. Lipids 38
(1985) 205^222.

[217] J.R. Wetterau, K.A. Combs, S.N. Spinner, B.J. Joiner,
J. Biol. Chem. 265 (1990) 9801^9807.

[218] J.R. Wetterau, D.B. Zilversmit, Biochim. Biophys. Acta
875 (1986) 610^617.

[219] J.R. Wetterau, L.P. Aggerbeck, M.-E. Bouma, C. Eisen-
berg, A. Munck, M. Hermier, J. Schmitz, G. Gay, D.J.
Rader, R.E. Gregg, Science 258 (1992) 999^1001.

[220] D. Sharp, L. Blinderman, K.A. Combs, B. Kienzle, B. Ric-
ci, S.K. Wager, C.M. Gil, C.W. Turck, M.E. Bouma, D.J.
Rader, L.P. Aggerbeck, R.E. Gregg, D.A. Gordon, J.R.
Wetterau, Nature 365 (1993) 65^69.

[221] M. Raabe, L.M. Flynn, C.H. Zlot, J.S. Wong, M.M. Ven-
iant, R.L. Hamilton, S.G. Young, Proc. Natl. Acad. Sci.
USA 95 (1998) 8686^8691.

[222] B.H. Chang, W. Liao, L. Li, M. Nakamuta, D. Mack, L.
Chan, J. Biol. Chem. 274 (1999) 6051^6055.

[223] E.Z. Du, S.-L. Wang, H.J. Kayden, R. Sokol, L.K. Curtiss,
R.A. Davis, J. Lipid Res. 37 (1996) 1309^1315.

[224] D.A. Gordon, H. Jamil, D. Sharp, D. Mullaney, Z. Yao,
R.E. Gregg, J.R. Wetterau, Proc. Natl. Acad. Sci. USA 91
(1994) 7628^7632.

[225] J.M. Leiper, J.D. Bayless, R.J. Pease, D.J. Brett, J. Scott,
C.C. Shoulders, J. Biol. Chem. 269 (1994) 21951^21954.

[226] S. Wang, R.S. McLeod, D.A. Gordon, Z. Yao, J. Biol.
Chem. 271 (1996) 12124^12133.

[227] H. Herscovitz, A. Kritis, I. Talianidis, E. Zanni, V. Zannis,
D.M. Small, Proc. Natl. Acad. Sci. USA 92 (1995) 659^663.

[228] A.E. Rusinol, H. Jamil, J.E. Vance, J. Biol. Chem. 272
(1997) 8019^8025.

[229] M. Zhou, E.A. Fisher, H.N. Ginsberg, J. Biol. Chem. 273
(1998) 24649^24653.

[230] J.F. Fleming, G.M. Spitsen, T.Y. Hui, L. Olivier, E.Z. Du,
M. Raabe, R.A. Davis, J. Biol. Chem. 274 (1999) 9509^
9514.

[231] H. Jamil, D.A. Gordon, D.C. Eustice, C.M. Brooks, J.J.
Dickson, Y. Chen, B. Ricci, C.H. Chu, T.W. Harrity, C.J.
Ciosek, S.A. Biller, R.E. Gregg, J.R. Wetterau, Proc. Natl.
Acad. Sci. USA 93 (1996) 11991^11995.

[232] D.A. Gordon, H. Jamil, R.E. Gregg, S.O. Olofsson, J. Bo-
ren, J. Biol. Chem. 271 (1996) 33047^33053.

[233] E. Nicodeme, F. Benoist, R. McLeod, Z. Yao, J. Scott,
C.C. Shoulders, P.T. Grand, J. Biol. Chem. 274 (1999)
1986^1993.

[234] Y. Wang, R.S. McLeod, Z. Yao, J. Biol. Chem. 272 (1997)
12272^12278.

[235] S. Rustaeus, P. Stillemark, K. Lindberg, D. Gordon, S.O.
Olofsson, J. Biol. Chem. 273 (1998) 5196^5203.

[236] D. Go«rlich, T.A. Rapoport, Cell 75 (1993) 615^630.
[237] K.E.S. Matlack, W. Mothes, T.A. Rapoport, Cell 92 (1998)

381^390.
[238] J.R. Wetterau, K.A. Combs, L.R. McLean, S.N. Spinner,

L.P. Aggerbeck, Biochemistry 30 (1991) 9728^9735.
[239] L. Wang, D.G. Fast, A.D. Attie, J. Biol. Chem. 272 (1997)

27644^27651.

BBAMCB 55468 11-8-99

R.A. Davis / Biochimica et Biophysica Acta 1440 (1999) 1^31 29



[240] W.-J. Ou, P.H. Cameron, D.Y. Thomas, J.J.M. Bergeron,
Nature 364 (1993) 771^776.

[241] K.M. Linnik, H. Herscovitz, J. Biol. Chem. 273 (1998)
21368^21373.

[242] D.G. Gretch, S.L. Sturley, L. Wang, B.A. Lipton, A. Dun-
ning, K.A. Grunwald, J.R. Wetterau, Z. Yao, P. Talmud,
A.D. Attie, J. Biol. Chem. 271 (1996) 8682^8691.

[243] X. Wu, M. Zhou, L.S. Huang, J. Wetterau, H.N. Ginsberg,
J. Biol. Chem. 271 (1996) 10277^10281.

[244] S.B. Patel, S.M. Grundy, J. Biol. Chem. 271 (1996) 18686^
18694.

[245] M.M. Hussain, A. Bakillah, N. Nayak, G.S. Shelness,
J. Biol. Chem. 273 (1998) 25612^25615.

[246] P. Bradbury, C.J. Mann, S. Kochl, T.A. Anderson, S.A.
Chester, J.M. Hancock, P.J. Ritchie, J. Amey, G.B. Harri-
son, D.G. Levitt, L.J. Banaszak, J. Scott, C.C. Shoulders,
J. Biol. Chem. 274 (1999) 3159^3164.

[247] A. Chait, J.J. Albers, J.D. Brunzell, Eur. J. Clin. Invest. 10
(1980) 17^22.

[248] B. Angelin, K. Einarsson, K. Hellstrom, B. Leijd, J. Lipid
Res. 19 (1978) 1004^1010.

[249] B. Angelin, K.S. Hershon, J.D. Brunzell, Proc. Natl. Acad.
Sci. USA 84 (1987) 5434^5438.

[250] W.C. Duane, J. Lipid Res. 38 (1997) 183^188.
[251] E. Camarri, R. Marcolongo, L. Zaccherotti, G. Marini,

Biomedicine 29 (1978) 193^198.
[252] C. Valetti, C.E. Grossi, C. Milstein, R. Sitia, J. Cell Biol.

115 (1991) 983^994.
[253] J.P. Kane, R.J. Havel, Disorders of the Biogenesis and

Secretion of Lipoproteins Containing the B Apolipopro-
teins, 6th ed., McGraw-Hill, New York, 1989.

[254] M.E. Bouma, I. Beucler, L.P. Aggerbeck, R. Infante, J.
Schmitz, J. Clin. Invest. 78 (1986) 398^410.

[255] M. Pessah, P. Benlian, I. Beucler, N. Loux, J. Schmitz, C.
Junien, R. Infante, J. Clin. Invest. 87 (1991) 367^370.

[256] S. Patel, M. Pessah, I. Beucler, J. Navarro, R. Infante,
Atherosclerosis 108 (1994) 201^207.

[257] J.R.V. Farese, S. Cases, S.L. Ruland, H.J. Kayden, J.S.
Wong, S.G. Young, R.L. Hamilton, J. Lipid Res. 37
(1996) 347^360.

[258] J. Boren, M.M. Veniant, S.G. Young, J. Clin. Invest. 101
(1998) 1197^1202.

[259] M.F. Linton, R.J. Farese, G. Chiesa, D.S. Grass, P. Chin,
R.E. Hammer, H.H. Hobbs, S.G. Young, J. Clin. Invest. 92
(1993) 3029^3037.

[260] S.P. McCormick, M.F. Linton, S.G. Young, Genet. Anal.
Tech. Appl. 11 (1994) 158^164.

[261] J. Fan, S.P.A. McCormick, R.M. Krauss, S. Taylor, R.
Quan, J.M. Taylor, S.A. Young, Arterioscler. Thromb.
Vasc. Biol. 15 (1995) 1889^1899.

[262] S. Venkatesan, P. Cullen, P. Pacy, D. Halliday, J. Scott,
Arterioscler. Thromb. 13 (1993) 1110^1118.

[263] L.W. Castellani, A. Weinreb, J. Bodnar, A.M. Goto, M.
Doolittle, M. Mehrabian, P. Demant, A.J. Lusis, Nat. Gen-
et. 18 (1998) 374^377.

[264] P. Pajukanta, I. Nuotio, J.D. Terwilliger, K.V. Porkka,

K. Ylitalo, J. Pihlajamaki, A.J. Suomalainen, A.C. Syva-
nen, T. Lehtimaki, J.S. Viikari, M. Laakso, M.R. Taskinen,
C. Ehnholm, L. Peltonen, Nat. Genet. 18 (1998) 369^373.

[265] R.A. Davis, S.M. Dluz, J.K. Leighton, V.A. Brengaze,
J. Biol. Chem. 264 (1989) 8970^8977.

[266] J.K. Leighton, J. Joyner, J. Zamarripa, M. Deines, R.A.
Davis, J. Lipid Res. 31 (1990) 1663^1668.

[267] J.R. Boogaerts, M.M. Malone, S.J. Archambault, R.A. Da-
vis, Am. J. Physiol. 246 (1984) E77^E83.

[268] R.A. Davis, J. Nutr. 127 (1997) 795S^800S.
[269] J.D. Horton, Y. Bashmakov, I. Shimomra, H. Shiman,

Proc. Natl. Acad. Sci. USA 95 (1998) 5987^5992.
[270] M.R. Briggs, C. Yokoyama, X. Wang, M.S. Brown, J.L.

Goldstein, J. Biol. Chem. 268 (1993) 14490^14496.
[271] P. Tontonoz, J.B. Kim, R.A. Graves, B.M. Spiegelman,

Mol. Cell. Biol. 13 (1993) 4753^4759.
[272] X. Wang, R. Sato, M.S. Brown, X. Hua, J.L. Goldstein,

Cell 77 (1994) 53^62.
[273] S.M. Vallett, H.B. Sanchez, J.M. Rosenfeld, T.F. Osborne,

J. Biol. Chem. 271 (1996) 12247^12253.
[274] J. Ericsson, S.M. Jackson, B.C. Lee, P.A. Edwards, Proc.

Natl. Acad. Sci. USA 93 (1996) 945^950.
[275] G. Guan, G. Jiang, R.L. Koch, I. Shechter, J. Biol. Chem.

270 (1995) 21958^21965.
[276] M.K. Bennett, J.M. Lopez, H.B. Sanchez, T.F. Osborne,

J. Biol. Chem. 270 (1995) 25578^25583.
[277] J.M. Lopez, M.K. Bennett, H.B. Sanchez, J.M. Rosenfeld,

T.F. Osborne, Proc. Natl. Acad. Sci. USA 93 (1996) 1049^
1053.

[278] H. Shimano, J.D. Horton, R.E. Hammer, I. Shimomura,
M.S. Brown, J.L. Goldstein, J. Clin. Invest. 98 (1996) 1575^
1584.

[279] J. Ericsson, S.M. Jackson, J.B. Kim, B.M. Spiegelman,
P.A. Edwards, J. Biol. Chem. 272 (1997) 7298^7305.

[280] S.-L. Wang, E. Du, T.D. Martin, R.A. Davis, J. Biol.
Chem. 272 (1997) 19351^19364.

[281] W.H. Salam, H.G. Wilcox, M. Heimberg, Biochem. J. 251
(1988) 809^816.

[282] P.A. Edwards, R.A. Davis, in: D.E. Vance, J. Vance (Eds.),
New Comprehensive Biochemistry, vol. 31, 1st ed., Elsevier,
Amsterdam, 1996, pp. 341^362.

[283] J.C. Dunlap, Annu. Rev. Physiol. 55 (1993) 683^728.
[284] H. Danielsson, Steroids 20 (1972) 63^72.
[285] A.D. Cooper, J. Clin. Invest. 57 (1976) 1461^1470.
[286] S. Balasubramaniam, A. Szanto, P.D. Roach, Biochem. J.

298 (1994) 39^43.
[287] J. Wuarin, E. Falvey, D. Lavery, D. Talbot, E. Schmidt, V.

Ossipow, P. Fonjallaz, U. Schibler, J. Cell Sci. Suppl. 16
(1992) 123^127.

[288] P. Fonjallaz, V. Ossipow, G. Wanner, U. Schibler, EMBO
J. 15 (1996) 351^362.

[289] D.J. Lavery, U. Schibler, Genes Dev. 7 (1993) 1871^1884.
[290] Y.H. Lee, J.A. Alberta, F.J. Gonzalez, D.J. Waxman,

J. Biol. Chem. 269 (1994) 14681^14689.
[291] E.E. Schmidt, U. Schibler, J. Cell Biol. 128 (1995) 467^483.
[292] A. Chedid, V. Nair, Science 175 (1972) 176^179.

BBAMCB 55468 11-8-99

R.A. Davis / Biochimica et Biophysica Acta 1440 (1999) 1^3130



[293] E.H. Goh, M. Heimberg, Biochem. J. 184 (1979) 1^6.
[294] P. Marrino, D. Gavish, E. Shafrir, S. Eisenberg, Biochim.

Biophys. Acta 920 (1987) 277^284.
[295] J.M. Duerden, G.F. Gibbons, Biochem. J. 255 (1988) 929^

935.
[296] S.J. Robins, J.M. Fasulo, C.R. Pritzker, J.M. Ordovas,

G.M. Patton, Am. J. Physiol. 269 (1995) R1327^1332.
[297] K. Fukagawa, H.M. Gou, R. Wolf, P. Tso, Am. J. Physiol.

267 (1994) R1385^1390.
[298] R. Guillemin, W.E. Dear, R.A. Liebelt, Proc. Soc. Exp.

Biol. Med. 101 (1959) 394^395.
[299] J. Van Cantfort, Biochimie 55 (1973) 1171^1173.

[300] K.A. Mitropoulos, S. Balasubramaniam, Biochem. J. 160
(1976) 49^55.

[301] H.M.G. Princen, C.M.G. Huijsmans, F. Kuipers, R.J.
Vonk, H.J.M. Kempen, Biochem. J. 262 (1989) 341^348.

[302] J.K. Leighton, S. Dueland, M.S. Straka, J. Trawick, R.A.
Davis, Mol. Cell. Biol. 11 (1991) 2049^2056.

[303] J.D. Trawick, S.-L. Wang, D. Bell, R.A. Davis, J. Biol.
Chem. 272 (1997) 3099^3102.

[304] C.N. Wang, R.S. McLeod, Z. Yao, D.N. Brindley, Arte-
rioscler. Thromb. Vasc. Biol. 15 (1995) 1481^1491.

BBAMCB 55468 11-8-99

R.A. Davis / Biochimica et Biophysica Acta 1440 (1999) 1^31 31


