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ABSTRACT. Apolipoprotein (apo) B, the major protein component of the atherogenic low-density lipoprotein
(LDL), has a pentapartite structure, BYdou-f1-02-B2-03-COOH, the domains containing multiple
amphipathig strands and the domains containing multiple amphipathichelixes. We recently reported

that the first 1000 residues of human apoB-100 have sequence and amphipathic motif homologies to the
lipid-pocket of lamprey lipovitellin (LV) [Segrest, J. P., Jones, M. K., and Dashti, N. (1990ipid Res.

40, 1401-1416]. The lipid-pocket of LV is a small triangular space lined by three antiparallel amphipathic
p sheetspA, BB, andfD. TheSA and 5B sheets are joined together by an antiparatlélelical bundle,

o. domain. We proposed [Segrest, J. P., Jones, M. K., and Dashti, N. (1999)d Res. 401401-1416]

that formation of a LV-like lipid-pocket is necessary for lipid-transfer to apoB-containing lipoprotein
particles and that this pocket is formed by association of the region giathdomain homologous to the

PA and 3B sheets of LV with &8D-like amphipathig? sheet from microsomal triglyceride transfer protein
(MTP). To test this hypothesis, we generated four truncated cDNA constructs terminating at or near the
juncture of theBay and 81 domains: Residues-1800 (apoB:800), $931 (apoB:931), £1000 (apoB:

1000), and +1200 (apoB:1200). Characterization of particles secreted by stable transformants of the
McA-RH7777 cell line demonstrated that (i) ApoB:800, missingfBedomain, was secreted as a lipid-
poor aggregate. (i) ApoB:931, containing most, but not all, ofABedomain, was secreted as lipid-poor
particles unassociated with MTP. (iii) ApoB:1000, containing the erftBedomain, was secreted as a
relatively lipid-rich particle associated hydrophobically with MTP. (iv) ApoB:1200, containingsthe
domain plus 200 residues of tife domain, was secreted predominantly as a lipid-poor particle but also
as a minor relatively lipid-rich, MTP-associated particle. We thus have captured an intermediate in apoB-
containing particle assembly, a lipid transfer competent pocket formed by association of the complete
pay domain of apoB with MTP.

Apolipoprotein B (apoB})100, essentially the only protein domains containing multiple amphipathicstrands and
component of the atherogenic low-density lipoprotein (LDL), the a. domains containing multiple amphipathic helixes
has a pentapartite structure, Npbu-f1-0-f2-05-COOH, the (6, 7). Thefaa domain is a mixture of amphipathitstrands
and amphipathica helixes {) related to its structural
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Ficure 1: Homologue domains of human apoB and human MTP mapped onto a cross-eyed stereomodel of lamprey LV. The coordinates
of the X-ray crystal structure for lamprey lipovitellir2,(5) were obtained from the Protein Databank (PDB). Domains of apoB locally
homologous to LV §C:B, a:B, B:B, andfA:B) are indicated in red; domains of MTP locally homologous to IWM TP andsD:MTP)

are indicated in green. Individugl strands of thgsC domain 3 barrel) are represented by solid arrows with arrowheads denoting the
C-terminal directiongp helixes, particularly thex helical domaing., are represented by solid coils. The thfesheet domains that create

the lipid pocket,SB, A, and 8D, are represented by transpargnstrand ribbons. The figure was created using the program, RASMOL

(40).

teins (L1, 14—17), through its direct association with the bad, CA). Transfection MBS kit was from Stratagene (La
nascent apoB18—21). This association has been shown to Jolla, CA). Dulbecco’s modified Eagle’s medium (DMEM),
involve two electrostatic binding sites, one in the region of trypsin, and G418 were purchased from Mediatech, Inc.
residue 200 of apoB1(Q, 22) and a second in the region of (Herndon, VA). Fatty acid free bovine serum albumin (BSA)
residue 50071, 23, 24). was from Miles Inc. (Kankakee, IL). Oleic acid (purity
We recently proposed that formation of a LV-like lipid- greater than 99% by capillary gas chromatography), sodium
pocket structural intermediate containing a nascent nucleusdeoxycholate, Triton X-100, benzamidine, phenylmethylsul-
of lipid is required for initiation of assembly of apoB- fonyl fluoride, leupeptin, aprotinin, and pepstatin A were
containing lipoprotein particled(7, 25). We suggestedly( from Sigma Chemical Co. (St. Louis, MO). Protein G-
25) that this pocket is formed via (i) electrostatic bonds of Sepharose CL-4B-[**S]methionine, and Amplify were from
the fa; domain of apoB with th#C anda. domains of MTP Amersham Pharmacia Biotech. (Piscataway, NJ). Immobilin
(10, 21—24) and (ii) hydrophobic association with the nascent PVDF transfer membrane and Centriprep Centrifugal Filter
lipid core of the region ofio, homologous to th@A and devices YM-30 were purchased from Millipore Corp. (Bed-
/B sheets of LV and a surrogaftb amphipathics sheet ford, MA). All reagents used for gel electrophoresis were
derived from the C-terminal amphipathfcstrands of MTP from Bio-Rad Laboratories (Richmond, CA). Affinity puri-
(Figure 1). fied polyclonal antibody to human apoB-100 was prepared
To test the “lipid-pocket” model, we generated four in our laboratory and affinity purified polyclonal antibody
progressively C-terminally truncated apoB cDNA constructs to bovine MTP 97-kDa large subunitl) was a generous
that terminated at or near the junction of tBe; and 3; gift from Dr. H. Jamil (Bristol-Myers Squib Pharmaceutical
domains. Characterization of the particles stably expressedResearch Institute, Princeton, NJ). The antibodies to apoB
and secreted in the rat hepatoma cell line McA-RH7777 and MTP 97-kDa subunit were biotinylated at Brookwood
allowed the capture of a stable intermediate in apoB- Biomedical (Birmingham, AL). Monoclonal antibody to
containing particle assembly, the lipid transfer competent MTP 97-kDa large subunit and biotinylated goat anti-mouse
pocket formed by the hydrophobic association of the first immunoglobulin were obtained from BD Biosciences Pharm-
1000 residues of apoB and MTP with a nascent nucleus ofingen (San Diego, CA). ApoB-100 cDNA26) was a gift
lipid. from Gladstone Institute of Cardiovascular Disease, San
Francisco, CA.

EXPERIMENTAL PROCEDURES . . .
Construction of Truncated apoB Expression Plasmids
Materials Cloning and restriction enzymes, fetal bovine Truncated apoB cDNAs were prepared from pB100L26)(
serum (FBS), horse serum (HS), and antibiotic-antimycotic as a PCR template and the following primers (fromd®
were obtained from GIBCO BRL Biological Company 3): PCR-N:ATCGATATGGACCCGCCGAGGCCCGCGC-
(Grand Island, NY). TOPO TA Cloning kit and precast Tris- TG; PCR-C1:ATCGATCTAAAGAAAAAAGTCATTCTT-
Glycine gels were obtained from Invitrogen-Novex (Carls- TGAGCC; PCR-C2:ATCGATCTACTCAATGAGAGGTGG-
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GATGACCTC;PCR-C3:ATCGATCTATCTGTCCTCTCTCTG-  col, 50ug/mL leupeptin, 5Q:g/mL pepstatin A, 1.3 mg/mL
GAGCTCATAGG;andPCR-C4:ATCGATCTAACCCACGT-  e-amino caproic acid, 1 mg/mL EDTA, 1 mM benzamidine,
GCCGGAAAGTCATGTCTG. PCR-N is the N-terminal 1 mM phenylmethylsulfonyl fluoride, and 100 kallikrein-
primer and primers C1, C2, C3, and C4 are from the inactivating units of aprotinin/mL was added to both medium
C-terminal position of the fragments; each pair of N- and and cell lysate to prevent oxidative and proteolytic damage
C-terminal primers spans nucleotides-2481, 1-2874, (19, 28). The medium was centrifuged at 2,000 rpm for 30
1-3081, and 13681, respectively, of the full-length min at 4°C to remove broken cells and debris. TReS|-
apoB100 cDNA. The Clal cloning sequence, which is not labeled apoB in the cell lysate and secreted into the medium
present in the apoB-100 cDNA fragment spanning nucle- or the unlabeled apoB-containing lipoprotein particles ac-
otides 13681, was installed at the &nd of all the primers ~ cumulated in the conditioned medium after an overnight
to allow convenient cloning and a stop codon was installed incubation were immunoprecipitated under nondenaturing
in the C-terminal primers. The amplified PCR products were conditions (9, 22, 28) using polyclonal antibodies to either
cloned into the TOPO TA cloning vector and used to human apoB-100 or bovine MTP 97-kDa large subunit
transform cells. Clones harboring the vector were selectedcoupled to Protein G-Sepaharose CL-4B as previously
and identified by restriction enzyme digestion and nucleotide described 19, 28). The F°S]-labeled apoB was extracted
sequencing. The apoB fragments, 2481 bp (apoB:800), 2874from Protein G by boiling for 4 min in sample buffer (0.125
bp (apoB:931), 3081 bp (apoB:1000), and 3681 (apoB:1200) M Tris-HCI, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol,
were excised from the vector, extracted, and purified, and 10% (v/v) 2-mercaptoethanol, and 0.02% (w/v) bromophenol
ligated into the mammalian expression vector, the Molony blue) and run on 412% sodium dodecyl sulfate polyacryl-
murine leukemia virus based retrovirus LNCX7| contain- amide gel electrophoresis (SBEAGE) (29). After elec-

ing the neomycin phosphotransferase gene which conferstrophoresis, the gels were analyzed by autoradiography or
G418 resistance for use as selectable marker. The apoBmmunoblotting as described below and in the figure legends.
expression vectors, pLNCB:800, pLNCB:931, pLNCB:1000,  \sicros0me IsolationAfter an overnight incubation with
and pLNCB:1200 were used to transform cells, and clones gor,m-free DMEM, conditioned medium was removed and

ha}rborirjg pIasmigis cqr)taining aqu.gene with th‘? correct processed as above. Cells were washed with cold PBS and
orlentathn were |dent|f|ed_ by restrlcthn enzyme digestion disrupted by 20 passes through a Dounce homogenizer with
and confirmed by nucleotide sequencing. These constructs, tight-fitting pestle in buffer containing 250 mM sucrose,

were used to transfect mammalian cells. 10 mM Tris-HCI, pH 7.4, 1 mM EDTA, and protease
Cell Culture and TransfectioriThe rat hepatoma McA- joninitors described above. Intact cells and nuclei were

RH7777 cell line (American Type Culture Collection) was removed by centrifugation at 100§0for 10 min, and
grown in DNIIEZA con_Law(;ng 2?;/0 hzorsr? serllljm and 5% FBS microsomes were isolated from the postnuclear supernatant
?S prgvpl;]sy ES?r[')NeAsb)- A Ier_ 4 ,hce rS] were tagns—d as a pellet following centrifugation fd. h at10000@. The

ected wit 5”9 0 y calcium phosphate-mediated  iero50mes were treated with 0.1 M sodium bicarbonate,
trans_fectmn using Stratagene '_I'ransfecnon MBS k!t'_ Ap- pH 11.5, on ice for 30 min to release the lumenal content.
proximately 36 h post-.transfecuon, ceII; were trypsmge_d, The truncated apoB-containing particles in the microsomal
seeded onto 100-mm dishes and grown in DMEM containing fraction and conditioned medium were detected by nonde-

serum and (I).8.mg/me G4185 Appr?ximately—zm ﬁ418' dnaturing gradient gel electrophoresis (NDGGE) followed by
resistant colonies from each transfection were chosen an immunoblotting as described below.

tested for apoB expression by metabolic labeling and ) _ _ ) ) .
immunoblot analysis. One G418-resistant clone from each LiPoprotein Isolation After an overnight incubation in
construct with the highest expression level of the corre- Serum-free DMEM, conditioned medium from seven 100-
sponding apoB protein was selected, expanded in DMEM MM dishes was collected, preservative mixture was added,
containing 20% horse serum, 5% FBS serum, and 0.2 mg/and medium was concentrated 10-fold using Centricon YM-
mL G418 and used for all subsequent studies. 30. The density of the medium was adjusted to 1.23 g/mL

Metabolic Labeling StudieClonal stable transformants with solid KBr and lipoproteinsd < 1.23 g/mL) were
of McA-RH7777 cells, expressing truncated forms of apoB, iSolated by centrifugation for 40 h at 50 000 rpm. The
were grown as described above. At the start of experiments,iPoprotein fraction ¢ < 1.23 g/mL) and infranatantd(>
the maintenance medium was removed, monolayers werel-23 9/mL) were dialyzed against PBS and concentrated 2-
washed twice with phosphate-buffered saline (PBS), and@nd 10-fold, respectively, using Centricon YM-30 and
serum- and methionine-free DMEM containing either 0.75% analyzed by NDGGE and immunoblotting.
BSA or 0.4 mM oleic acid bound to 0.75% BSA was added  Density Gradient UltracentrifugatianAfter an overnight
and the incorporation ofjS]Jmethionine into newly synthe- incubation, conditioned medium from ten 100-mm dishes
sized and secreted truncated forms of apoB duan3 h were collected, preservative mixture was added, and medium
incubation was determined by immunoprecipitation described was concentrated 10-fold as above. The density of 10 mL
below and in the figure legends. of concentrated conditioned medium was adjusted to 1.36

Immunoprecipitation After an overnight (1720 h) in- g/mL with solid KBr, overlayered with 12 mL ofl = 1.26
cubation with serum-free mediunm 8 h metabolic labeling  g/mL and 18 mL ofd = 1.06 g/mL KBr solutions containing
with [3®S]methionine, the conditioned medium was collected, preservative mixture, and centrifuged h at 70 000 rpm
cells were washed with cold PBS and solubilized in nonde- at 7°C (30). Forty fractions of 1.0 mL each were collected
naturing lysis buffer as described9 28). Preservative  from the bottom of the centrifuge tube and after measuring
mixture at final concentrations of 500 units/mL penicillin- their densities were analyzed by NDGGE and immunoblot-
G, 50ug/mL streptomycin sulfate, 20g/mL chlorampheni-  ting.
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Ficure 2: Location and stable expression of four truncated apoB constructs terminating at or near the junctigiugiiings; domains.

Panel A is schematic diagram showing the location of the C-terminal truncation sites relative to the LV homologue domains. The domains
of apoB homologous to LV3C:B, a:B, fA:B, and fB:B are shown as solid red boxes. The sequences of apoB outside the boxes (e.g.,
residues 3006450) may have structural similarity to LV but are not homologous. The location of the LV dong&risy, a:LV, SA:LV,

andpB:LV are indicated below the sequence. The regions between the two sepafaBeend SB:B domains are not seen in the crystal
structure and are presumably mobile. Expression plasmids encoding truncated forms of apoB were constructed as described in Experimental
Procedures. ApoB:800, apoB:931, apoB:1000, and apoB:1200 denote amino acid resi@sl+931, 1-1000, and +1200, respectively,

of the mature protein lacking the signal sequence. Panels B and C show stable expression of truncated forms of apoB in McA-RH7777
cells. Clonal cell lines of McA-RH7777 stably expressing the above truncated forms of apoB were generated as described in Experimental
Procedures. After 4 days in culture, the maintenance medium was removed, cells were washed with PBS and inc@haiedésum-

and methionine-free DMEM containing 0.4 mM oleic acid bound to 0.75% BSA &@]njethionine (10Q«Ci/mL of medium). The
[°S]-labeled apoB in cell lysate (panel B) and secreted into the medium (panel C) of LNCX (neo)-transfected (lane 1), apoB:800- (lane 2),
apoB:931- (lane 3), apoB:1000- (lane 4), and apoB:1200- (lane 5) expressing cells was immunoprecipitated with anti-human apoB-100,
applied to a 412% SDS-PAGE, and autoradiographed as described in Experimental Procedures.

Nondenaturing Polyacrylamide Gradient Gel Electro- domains; apoB:931 containing ti#€, a, andfA domains,
phoresis (NDGGE)Total medium, lipoproteinsd( < 1.23 and most, but not all, of the¢gB domain; apoB:1000
g/mL), infranatantqd > 1.23 g/mL), and all 40 fractions from  containing theSC, a, and SA domains, and all of thgB
density gradient ultracentrifugation were run or20% domain; and apoB:1200 containing th€, a, A, and 3B
NDGGE for 48 h at #C in buffer containing 24 mM Tris-  domains plus 200 residues of tifie domain. ApoB:800,
HCI, pH 8.3 and 192 mM glycine and analyzed by immu- apoB:931, apoB:1000, and apoB:1200 denote amino acid

noblotting. residues +800, 1-931, 1-1000, and +1200, respectively,
Immunoblot AnalysisAfter SDS-PAGE or NDGGE, of the mature protein lacking the signal sequence.
proteins were detected by Western blot analy3i. Briefly, The expression and secretion of tuncated forms of apoB

protein were transferred onto PVDF membrane using either i, stable transformants of McA-RH7777 cells are shown in
Laemmli's transfer buffer systen29) for SDS-PAGE or  Figyre 2B,C. Afte a 3 h metabolic labeling with FS]-
buffer containing 25 mM Tris-HCI, pH 9.2, and 25 MM methionine, conditioned medium was harvested and preser-
glycine for NDGGE. Membranes were blocked ®h in  y4tive mixture was added; cells were solubilized in a
TBS buffer (100 mM Tris-HCI, pH 7.5 and 154 mM NaCl) - ongenaturing lysis buffer containing preservatives. Aliquots
containing 3% gelatin. After being washed with TTBS (TBS ¢ megia and cell lysate were immunoprecipitated with anti-
containing 0.1% Tween 20), membranes were incubated for, .- apoB-100 under nondenaturing conditions and ana-
16 h with biotinylated antibodies to either human apoB-100 lyzed by SDS-PAGE and autoradiography. Results de-

or bqvine MTP 97-kDa subunit in TTB.S contain.ing 1% monstrated the presence &fg]-labeled apoB in the cell
T e o aglysate (Fque 28) and the medum (Fgre 20) wit te
developed using BioRad AP anjugpate Substrajtegkit ’ expected molecular weights of 92 kDa (apoB:800), 107 kDa
: (apoB:931), 115 kDa (apoB:1000), and 138 kDa (apoB:
RESULTS 1200). On the basis of metabolic labeling and Western blot
analysis (data not shown), the apoB:800 (N-terminal 17.6%
Stable Expression and Secretion of C-Terminally Trun- of apoB-100) construct appeared to be expressed and secreted
cated Forms of ApoBFigure 2A is schematic diagram at a relatively lower rate compared to the other three
showing the location of the C-terminal truncation sites in constructs. We included apoB:800 in the present study to
reference to the LV “lipid pocket” homologue domains. The evaluate the role of th8B domain in the assembly of apoB-
constructs are apoB:800 containing tf€, a, and A containing particles.
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MTP is Associated with the Cellular and Secreted Trun-
cated Forms of ApoBThe association of MTP with apoB
has been previously reported(( 18—24). We therefore
sought to determine this association in our cell culture
system. After a 17 h incubation in serum-free DMEM,
conditioned medium was harvested, preservatives were
added, and medium was concentrated 10-fold. Cells were
washed and solubilized with nondenaturing lysis buffer
containing preservatives. Aliquots of the concentrated me-
dium and the cell lysate were immunoprecipitated with anti-
MTP 97-kDa subunit under nondenaturing conditions. The
immunoprecipitated proteins were run on SEFSAGE and
immunoblotted with anti-human apoB-100. Results of this
two-step immunoprecipitation immunoblot analysis showed
that antibodies to MTP 97-kDa subunit also precipitated
truncated apoB proteins in both the cell lysate (Figure 3A)
and medium (Figure 3B) indicating physical interaction
between MTP and truncated forms of apoB.

To establish the interaction of MTP with newly synthe-
sized and secreted apoB, cells were labeled wibs]{
methionine fo 3 h and conditioned medium was immuno-
precipitated with anti-MTP 97-kDa subunit under nondenatur-
ing conditions. The immunoprecipitated proteins were run
on SDS-PAGE and subjected to autoradiography. Results
demonstrated that all four truncated forms of apoB were
immunoprecipitated with anti-MTP (Figure 3C). The faint
band below the apoB band in Figure 3C might be MTP 97-
kDa subunit but remains to be established. To confirm this
apparent physical interaction between MTP and newly
synthesized apoB, sequential immunoprecipitation experi-
ments were carried out. Another aliquot of the above
conditioned medium after metabolic labeling witfPg]-
methionine was immunoprecipitated with anti-MTP 97-kDa
subunit under nondenaturing conditions. After the gels were
washed extensively with nondenaturing buffer, the immu-
noprecipitated proteins were extracted by boiling the gels
for 4 min with 0.05 mL of 2% SDS2J2). The extracted
proteins were diluted to 0.1% SDS with nondenaturing
buffer, immunoprecipitated with anti-human apoB-100 as
described above, and analyzed by SBFAGE and autora-
diography. Results of this sequential immunoprecipitation
shown in Figure 3D corroborated those obtained with the
single-step immunoprecipitation (Figure 3C) and the two-
step immunoprecipitation with anti-MTP followed by im-
munoblotting with anti-apoB-100 (Figure 3A,B) and estab-
lished physical interaction between MTP and truncated forms
of apoB both in the cells and medium. Results in Figure 3C
show a band on top of the gel that was immunoprecipitated
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Ficure 3: MTP is associated with C-terminally truncated forms
of apoB in McA-RH7777 cells. In panels A and B, association of
MTP with apoB in cells and medium was determined by immu-
noprecipitation with anti-MTP 97 kDa subunit followed by immu-
noblotting with anti-human apoB-100. McA-RH7777 cells stably
expressing truncated forms of apoB were incubated with serum-
free medium for 20 h. Conditioned medium was collected and
concentrated and cells were solubilized in nondenaturing lysis
buffer. Aliquots of cell lysate (panel A) and medium (panel B)
from LNCX (neo)-transfected cells (lane 1), apoB:800- (lane 2),
apoB:931- (lane 3), apoB:1000- (lane 4), and apoB:1200- (lane 5)
expressing cells were immunoprecipitated with anti-MTP 97-kDa
subunit under nondenaturing conditions as described in Experi-
mental Procedures. The MTP-bound proteins were extracted and
applied to 4-12% SDS-PAGE and were immublotted with anti-
human apoB-100. In panel C, association of MTP with newly
synthesized apoB was determined by a single-step immunoprecipi-
tation. Cells were labeled with?38]methionine (10QuCi/mL of
medium) fa 3 h and conditioned medium was immunoprecipitated
with anti-MTP 97-kDa subunit under nondenaturing conditions. The
MTP-bound §S]-labeled proteins were extracted from Protein G
and applied to 412% SDS-PAGE and subjected to autoradio-
graphy. In panel D, interaction of MTP with apoB was determined
by sequential immunoprecipitation. In the first step, conditioned
medium from the above metabolic labeling wifftf§]Jmethionine
was immunoprecipitated with anti-MTP 97-kDa subunit under
nondenaturing conditions. In the second step, the MTP-bound
immunoprecipitated labeled proteins were extracted from Protein
G as described in Experimental Procedures and were immuno-
precitated with anti-human apoB-100 as described above 333je [
labeled immunoprecipitated apoB was extracted from the Protein
G, applied to 412% SDS-PAGE, and autoradiographed. In panels
E and F, the association of MTP with apoB in medium was verified
by immunoprecipitation of conditioned medium from apoB:931-
(lane 1), apoB:1000- (lane 2), and apoB:1200- (lane 3) expressing
cells with anti-human apoB-100 followed by immunoblotting with

with anti-MTP 97-kDa subunit and corresponds to the both polyclonal (panel E) and monoclonal (panel F) anti-MTP 97-
molecular weight of apoB-48. The observation that this band kDa subunit as described for panels A and B. Lane 4 in panels E
was not detected after second immunoprecipitation with anti- @nd F is MTP positive control provided by BD Biosciences and
human apoB-100 (Figure 3D), which does not cross-react ?xnceisgdlrf]ropn?naelélr;ol‘?/ t“eDgétEiCt of apoB:1000-containing band
- . . . . 0 .
with rat endogenous apoB (Figure 2B,C), is compatible with
MTP being associated with rat endogenous apoB-48. Futurerun on SDS-PAGE and immunoblotted with polyclonal anti-
studies are required to establish this possibility. MTP 97-kDa subunit. Results shown in Figure 3E demon-
The identity of the putative MTP 97-kDa subunit secreted strated that antibody to human apoB-100 also precipitated
into the medium in association with truncated apoB proteins MTP 97-kDa subunit in the conditioned medium of apoB:
was further verified by immunoprecipitation with anti-human 931-, apoB:1000-, and apoB:1200-expressing cells. In a
apoB-100 followed by immunoblotting with anti-MTP 97- parallel experiment, conditioned medium was immunopre-
kDa subunit. Aliquots of the concentrated medium were cipitated with anti-human apoB-100 as described above and
immunoprecipitated with anti-human apoB-100 under non- monoclonal anti-MTP 97-kDa subunit obtained from BD
denaturing conditions. The immunoprecipitated proteins were Biosciences Pharmingen (San Diego, CA) was used for
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A S, MW 1 2 3 4 56 cells. On the other hand, apoB:931 (N-terminal 20.5% of
- B . apoB-100), apoB:1000 (N-terminal 22% of apoB-100), and
apoB:1200 (N-terminal 26.5% of apoB-100) truncated forms
of apoB formed particles as detected with anti-human apoB-
100 (Figure 4A). Analysis of the conditioned medium by

104— ” i NDGGE and immunoblotting with anti-human apoB-100
i = demonstrated that, as in the microsomes, no apoB-containing
88— ' T particles were detected in the conditioned medium of the
&2 : ' nontransfected, neo-transfected, or apoB:800-expressing cells
(Figure 4B). On the other hand, apoB:931-, apoB:1000-, and
B 1?;_ . apoB:1200-expressing cell lines each secreted a single major

and several minor apoB-containing particles (Figure 4B) with
the same Stokes diamete®( as those detected in the
microsomes. The higher level of apoB:1000 small particle
in the microsomes relative to that in the conditioned medium
might be due to intracellular degradation in the absence of
exogenous fatty acid and remains to be established.

Since our metabolic studies showed interaction between
MTP and apoB in both the cells and medium, we examined
potential association of MTP with the secreted intact
truncated apoB-containing particles. Immunoblot analysis of
the media with anti-MTP 97-kDa subunit demonstrated the
presence of MTP only with apoB:1000- and apoB:1200-
containing particles (Figure 4C). A doublet withS of
approximately 92 A was seen in all samples that presumably
represents free MTP. Whatever its origin, the secretion of

82— _ this doublet into the media is independent of whether the
FiIGurRe 4: Truncated apoB-containing particles are formed in MCA'.RHW?? cells are expressing human apoB constructs.
microsomes and are secreted into the medium. After incubation of _APility of ApoB:931, ApoB:1000, and ApoB:1200 to Form
cells with serum-free medium for 20 h, conditioned medium was Lipoproteins.To determine the effect of different domains
collected and concentrated, and microsomes were isolated from theof the N-terminal 26.5% of apoB-100 on the density of the

cells. In panel A, aliquots of microsomal fraction isolated from secreted apoB_Containing partic'es cells were incubated
parental nontransfected McA-RH7777 cells (lane 1), LNCX (neo)- : : _ L :
transfected cells (lane 2), apoB:800- (lane 3), apoB:931- (lane 4), overnight in serum-free DMEM. Conditioned media and

apoB:1000- (lane 5), and apoB:1200- (lane 6) expressing cells wereliPoproteins @ < 1.23 g/mL) and infranatant(> 1.23 g/mL)
subjected to a 420% NDGGE at 4°C for 48 h. Proteins were  isolated from there were analyzed by NDGGE and immu-

transferred onto PVDF membrane and detected by immunoblotting noblotting with antibodies to apoB-100 and MTP 97-kDa

with anti-human apoB-100. In panel B, aliquots of the concentrated g hunit. Because apoB:800 did not form particles (Figure
conditioned medium from each cell line was applied to-£28% ) pob. P (Fig

NDGGE at 4°C for 48 h and immunoblotted with anti-human 4B), it was not analyzeq in this Ser.les of experlmenjts. AS
apoB-100 as described above. In panel C, concentrated conditionecshown in Figure 5, apoB:931-, apoB:1000-, and apoB:1200-
medium was applied to-420% NDGGE at 4°C for 48 h and expressing cell lines each secreted a single major apoB-

immunoblotted with anti-MTP 97-kDa subunit as described above. containing particle with&; of 110, 112, and 99 A, respec-

tively. Several minor apoB-containing particles were also
immunoblotting. The results of this experiment (Figure 3F) produced: ApoB:931 produced two minor particles with
corroborated the observation obtained with polyclonal anti- of 96 and 118 A. ApoB:1000 produced a Sing|e minor
MTP 97-kDa subunit (Figure 3E) The above studies provide partide with aS; of 95 A, the major 112 A partide appearing
strong support for physical interaction between MTP and monodisperse. ApoB:1200 produced two minor particles with
truncated forms of apoB secreted into the medium. S of 120 and 125 A, thus creating a doublet.

Truncated ApoB-Containing Particles Are Formed in Ultracentrifugation atd = 1.23 g/mL showed further
Microsomes and Are Secreted into the Medite next differences in the properties of the apoB-containing particles
examined the ability of the C-terminally truncated apoB produced by the three cell lines. Only a minor fraction of
species to form particles and determined their site of the particles formed by apoB:931 floated (compare lane T
formation. To achieve this, cells were incubated overnight with lane B in Figure 5A), indicating they are mostly lipid-
in serum-free medium, conditioned medium was harvested poor. For the apoB:1000- and apoB:1200-expressing cell
and, after addition of preservative mixture, was concentratedlines, there was significant flotation of the larger apoB-
10-fold. Cells were washed with PBS and microsomes were containing particles (112 and 120/125 A, respectively),
isolated as described in Experimental Prodedures. Aliquotssuggesting that they are relatively lipid-rich, while the smaller
of microsomal fraction were applied te-20% NDGGE and apoB-containing particles (95 and 99 A, respectively), appear
apoB-containing particles were visualized by immunoblot- to be lipid-poor, although a minor fraction of the smaller
ting. As shown in Figure 4A, we did not detect apoB- apoB:1200 particle floated. The apoB:1000-expressing cell
containing particles in the microsomes of parental nontrans-line was unique in that only the larger, apparently mono-
fected McA-RH7777 cells, LNCX (neo)-transfected cells, disperse, apoB-containing particle floated (Figure 5B).
or apoB:800 (N-terminal 17.6% of apoB-100)-expressing Consistent with results shown in Figure 4C, MTP was not

104—

88—
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NDGGE as described above. The band corresponding to
apoB:1000 was excised from the gel and homogenized in
PBS. The homogenate was adjusted to 1% SDS, and proteins
were extracted by boiling the gel for 4 min. The extracted
proteins were run on SBSPAGE and immunoblotted with

o < 1 anti-human apoB-100 and monoclonal anti-MTP 97-kDa
~ subunit. Both MTP 97-kDa subunit (Figure 3F, lane 5) and
104— ] apoB:1000 (data not shown) were detected. The above results
._ | confirmed the presence of apoB-associated MTP in the
88— ; — - medium.
827 i Amino Acids 93+1000 of ApoB-100 Are Critical for the
Anti-ApoB Anti-MTP Formation of a Lipidated Particle The density gradient
distribution of the secreted apoB:931-, apoB:1000-, and
B:1000 apoB:1200- expressing cells is shown in Figure 6. All 40
S, MW LDLM TB M T B fractions isolated by density gradient centrifugation were
subjected to NDGGE and analyzed by immunoblotting with
anti-human apoB-100. These results confirmed the results
170— of the flotation experiments (Figure 5), and in addition,
12— N provided information about the mean density and size/density
108 distribution of individual apoB-containing particles. Each of
~ the truncated apoB species exibited a characteristic density
a8—a distribution. The major apoB-containing particle formed by
82—:: apoB:931 (Figure 6A) had a constant diameter of 110 A

across a wide range of densities and a mean density of 1.25

Anti-ApoB Anti-MTP

c B:1200

S, MW LDLM T B
N |

g/mL; thus, this particle is denser than the traditional high-

density lipoprotein (HDL) density range of 1.063.21
M T B g/mL. The small (96 A) apoB:931-containing particles had
u a mean density of 1.28 g/mL. The large apoB-containing
particle formed by apoB:1000 (Figure 6B) had a diameter
that remained relatively constant at approximately 112 A
across a wide range of densities and a mean density of 1.208
g/mL that is within the HDL density range of 1.1251.21
104— g/mL; these particles also contained MTP (data not shown).
Thus, over a short stretch of 69 residues from apoB:931 to
apoB:1000, the nature of the secreted particle changed from
a lipid-poor protein to a HD4-like lipoprotein. The small
Anti-ApoB Anti-MTP (95 A) minor apoB:1000-containing particles had a mean

Ficure 5: Analysis of the apoB:931-, apoB:1000-, and apoB:1200- de_nS|ty of1.29 g/mL_. Finally, the _Iarge apoB:_1200 part|cl_e
containing particles secreted by stably transfected McA-RH7777 (Figure 6C) had a diameter that increased with decreasing
cells. After 4 days in culture, cells were washed with PBS and density, ranging from 118 to 127 A, and a mean density of
inqubated for 20 h in serum-free DMEM qontaining 0.4 mM oleic 1,197 g/mL that is within the HDl density range; however,
acid bound to 0.75% BSA. The density of the concentrated the small apoB:1200 particle had a constant diameter of 99

conditioned medium from apoB:931- (panel A), apoB:1000- (panel _ : .
B), and apoB:1200- (panel C) expressing cells was adjusted to 1.23A and a non-HDL density of 1.24 g/mL (Figure 6C).

g/mL and lipoproteins were isolated by centrifugation for 40 h at

50 000 rpm. The lipoproteinsd(< 1.23 g/mL) and the entire ~ DISCUSSION

infranatant @ > 1.23 g/mL) were isolated and dialyzed against PBS

containing preservatives and concentrated as described in Experi- One often quoted mechanism for the physical assembly
mental Procedures. Aliquots of total medium (M), tdp< 1.23 of lipid particles containing apoB is the budding oil droplet
g/mL fraction (T), and bottond > 1.23 g/mL fraction (B) were (32). In this model, the N-terminal portion of apoB is

applied to a 420% NDGGE at 4°C for 48 h. Proteins were bedded in the i I f th dol .
transferred onto PVDF membrane and detected by immunoblotting embeaded In the nner monolayer o € endoplasmic

with anti-human apoB-100 (left panel) and anti-MTP 97-kDa reticulum (ER) membrane, where it nucleates an oil droplet
subunit (right panel). from the supersaturated rough ER membranes. Upon comple-

tion of apoB synthesis, this oil-droplet is detached from the
detected in apoB:931-containing particles (Figure 5A). bilayer to form the nascent lipoprotein. However, thermo-
However, both of the larger apoB-containing particles dynamic considerations make it unlikely that lipoproteins
secreted by the apoB:1000- and apoB:1200-expressing cellassemble through the wholesale remodeling or dismantling
lines (112 and 125 A, respectively) comigrated with anti- of membrane bilayers. The data presented here indicate that
MTP bands (Figure 5B,C). The 99 A particle, which is the gradual lipid transfer into an apoB-containing particle during
major particle secreted by the apoB:1200-expressing cell line, biosynthesis requires translocation of a critical length of apoB
also comigrated with an anti-MTP band (Figure 5C). sequence necessary for creation of a competent lipid pocket.

To confirm the association of MTP with apoB:1000- The apoB:800-expressing cell line secretes an apoB
containing particles, conditioned medium was run e128% fragment of the expected length. The fact that no apoB-
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Ficure 6: Density gradient ultracentrifugation distribution of (A) apoB:931-, (B) apoB:1000-, and (C) apoB:1200-containing particles
secreted by McA-RH7777 cells. Cells were grown and incubated for 20 h under experimental conditions described in the legend to Figure
5. The density of 10 mL of concentrated conditioned medium was adjusted to 1.36 g/mL with solid KBr, overlayered with 18 mL of

1.26 g/mL and 18 mL ofl = 1.06 g/mL KBr solutions containing preservative mixture, and centrifuged fb at 70 000rpm. Forty

fractions of 1.0 mL each were collected from the bottom of the centrifuge tubes, and their densities were measured. Aliquots of fractions
were applied to a420% NDGGE and immunoblotted with anti-human apoB-100 as described in the legend to Figure 5. Fractiéhs 27

did not show any apoB and are therefore not included in the figure.

containing particle is detectable in the media by Western content of mouse liver indicating that MTP is transported to
blot analysis on NDGGE suggests that apoB:800 is likely the Golgi, potentially in association with apoB. (iii) Studies
secreted as an aggregate (or perhaps is associated with lipithy Bradbury et al. Z3) have shown a common binding site
droplets 83)) and thus fails to enter the gel. The apoB:931- on MTP for apoB and PDI. (iv) Hussain et a5, 36) have
expressing cell line secretes a 110 A lipid-poor particle that demonstrated that there is a strong interaction between MTP
contains little, if any MTP. The apoB:1000-expressing cell and human plasma LDL as well as truncated forms of apoB
line secretes a monodisperse 112 A particle containing bothsecreted by McA-RH7777 cells, that relative to MTP, there
apoB:1000 and MTP plus sufficient lipid to have an HDL is a poor interaction between PDI and LDBY, and that
density. The apoB:1200-expressing cell line secretes anMTP binds to lipid vesicles and has a stronger affinity for
HDLs-like particle that, although larger and more buoyant LDL than lipid-free MTP (36).

than the apoB:1000-containing particle, is secreted in a lower The above studies are relevant to our results demonstrating
concentration than a smaller lipid-poor apoB:1200-containing the interaction between MTP and truncated forms of apoB
particle; both lipid-rich and lipid-poor apoB:1200 particles in both the cells and medium, the existence of intact apoB:
contain MTP. 1000- and apoB:1200-containing particles in microsomes,

The similarity of the apparer&, of the lipid-poor apoB: and detection of MTP-bound apoB:1000- and apoB:1200-
931 particle (110 A) and that of the lipid-rich apoB:1000 containing particles in the medium. It is therefore plausible
particle (112 A) requires an explanation. Since thgsgere that the apoB-containing particles found in the microsomes
measured by NDGGE, particle shape influences the apparentand transported into the Golg4) would be secreted into
S more that particle mass; i.e., an elongated particle will the medium. It can be speculate?t3) that the binding of
have a greater appare®f than a spheroidal particle of the apoB to MTP displaces PDI, which retains MTP in the
same mass. Thus, we suggest that the 110 A particlemicrosomes, thus allowing MTP to be secreted into the
containing a collapsed, empty lipid pocket may be more medium. Future experiments involving characterization of
asymmetric in shape than the 112 A particle containing a particles in subcellular compartments and localization of PDI
loaded lipid pocket. are needed to establish this mechanism.

An interesting finding of this study was detection of MTP- The observation that MTP is secreted into the medium
bound apoB-containing lipoproteins in the medium. This is associated with apoB raises two important issues that need
the first time, to the best of our knowledge, that the secretion to be addressed. First, our results tend to suggest that one
of MTP-bound apoB-containing particles has been demon- molecule of MTP would bind to one molecule of apoB. Our
strated. Since MTP is a microsomal proteld)( its secretion attempt to confirm a 1:1 molar ratio of MTP to apoB in the
into the medium presents a biological paradox. However, medium using amino acid sequencing technique has not been
several lines of evidence provide support for this novel successful. However, the fact that immunoprecipitaion of
observation: (i) Studies in HepG2 celldY 22) have conditioned medium with anti-MTP 97-kDa subunit copre-
demonstrated physical interaction between MTP and apoB-cipitated a large amount of apoB (Figure 3C) is compatible
100 in the cells, indicating that MTP remains with apoB with a 1:1 molar ratio. Second, the secretion of MTP into
throughout its maturation. (i) Studies by Swift et a4 the medium may result in a transient deficiency of MTP in
have demonstrated the presence of MTP within the Golgi the cell and subsequent alteration in apoB particle assembly.
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Ficure 7: Model for the initial stages of assembly of apoB-
containing particles. (A) Schematic diagram of the formation of a
nascent lipid pocket intermediate. Binding site 1(e): electrostatic
binding site of MTP to thgsC 3 barrel region of apoB near residue
200 (10, 22). Binding site 2(e): electrostatic binding site of MTP
to thea helical bundle region of apoB near residue 500, (23,

24). Binding site 3(h): coordinated hydrophobic binding of i
and SA amphipathicfs sheets of apoB (site 3(h)) and the amphi-
pathicf sheet domain of MTP1) with the nascent nucleus of lipid
formed by lipid transfer. (B) Four-step model for the initial stages
of apoB-containing particle assembly.

One plausible explanation is that mature apoB-containing
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(i) ApoB:1000, containing a completggB domain,
associates properly with the amphipatfiisheet domain of
MTP (1), allowing lipid transfer into an intact nascent lipid-
pocket. We hypothesize that the bulk of lipid transfer occurs
after release of the particle from the ER membrane. This is
a working hypothesis that is based upon the reasonable
assumption that apoB:1000 is released from the ER mem-
brane simultaneously with completion of the lipid pocket,
leaving insufficient time for completion of lipid transfer that
is only initiated upon creation of the pocket. Since the particle
is a trapped stable intermediate, lipidation then proceeds in
the particles free within the lumen of the ER. MTP associates
electrostatically with apoB:1000 in the ER via binding sites
1(e) and 2(e) and through coordinated hydrophobic binding
of the B and A amphipathics sheets of apoB (site 3(h))
and the amphipathig sheet domain of MTP1) with the
nascent nucleus of lipid formed by lipid transfer (Figure 7A,
middle right). Thus, MTP remains hydrophobically associ-
ated with apoB:1000 during ultracentrifugation to form a
lipid-rich particle containing MTP. Alternatively, as dem-
onstrated by Bakillah and Hussai6j, the MTP-lipid
complexes that apparently exist in the lumen of ER may bind
to apoB with higher affinity allowing the apeBMTP com-
plexes to remain associated during ultracentrifugation. This
would imply that the first 1000 amino acid residues of apoB
might be sufficient to complete the “lipid pocket” without
the requirment of MTP. We do not favor this latter possibility
but cannot rule it out based on our present results. We
speculate that MTP may not bind to the small apoB:1000
particle when subjected to density gradient ultracentrifugation
and/or NDGGE because it contains insufficient lipid to
activate the largely irreversible hydrophobic 3(h) binding site.

(iv) The addition of 200 residues of tifig domain in apoB:
1200 adds amphipathi@ strands to the growing patrticle.
This addition appears to induce instability in particle assem-
bly so that only a fraction of the truncated protein is correctly
folded for secretion in the form of a lipid-rich particle co-
associated with MTP (Figure 7A, right). A likely explanation
for the bimorphic apoB:1200 results is that the particle is

particles secreted into the medium do not contain a 1:1 molarreleased from the ER membrane before significant lipidation

ratio of MTP to apoB. Alternatively, it is possible that MTP
secretion might serve as a regulator of apoB-containing
particle assembly. We plan to investigate these possibilities
in future studies.

Upon the basis of the results of this study, we propose a
model for the initial stages of apoB-containing particle
assembly (Figure 7A) that is substantially similar to the lipid-
pocket model we previously proposed.((i) ApoB:800, due
to the complete absence of tAB domain, is unable to form
a lipid-pocket. MTP associates electrostatically with apoB:
800 in the ER via binding sites 1(e) and 2(e) (Figure 7A,
left) but dissociates from apoB:800 during significant
manipulation such as ultracentrifugation.

(i) ApoB:931, because of an incompleéi8 domain, forms

a lipid-pocket that associates poorly with the amphipashic
sheet domain of MTP, preventing lipid transfer. MTP
associates electrostatically with apoB:931 in the ER via
binding sites 1(e) and 2(e) (Figure 7A, middle left) but
dissociates from apoB:931 during significant physical ma-
nipulation to form a lipid-poor particle containing little, if
any, MTP.

occurs in most particles. Inadequate lipidation leads to in-
correct folding of the residues of thfie domain in most par-
ticles, trapping MTP in an inactive form that cannot transfer
lipid to lipidate the particle. Relevant to this step in the mod-
el, Ginsberg and co-worker87, 38) have suggested that
the initial appearance of a portion of the lipid-associating
1 sheet domain of apoB-100 retards translocation efficiency
and/or increases susceptibility to proteasomal degradation
through association with the cytoplasmic face of the ER
membrane.

Studies by Carraway et al39) have demonstrated that
apoB-29, apoB-32.5, and apoB-37 are secreted with peak
densities of 1.25, 1.22, and 1.16 g/mL, respectively. Our
apoB:1000 construct (apoB-22) secretes as its major product
a 112 A particle with a peak density of 1.208 g/mL, while
apoB:1200 (apoB-26.5) secretes as its major product a 99 A
particle with a peak density of 1.24 g/mL. One way to
reconcile the Carraway et aB9) study with the present one
is to assume that the addition of nascent amphip#tbieets
of the5; domain between apoB-22 and apoB-32.5 results in
the release of particle from the ER membrane before
significant lipidation occurs in most particles.
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Figure 7B is a flow diagram of a four-step model for the
initial stages of apoB-containing particle assembly. The first
step is an electrostatic interaction of MTP with site 1(e) of
apoB (L0, 22) that is necessary for initiating MTP binding.
The second step is an electrostatic interaction of MTP with
site 2(e) of apoBZ1, 23, 24). We have suggested elsewhere
(1) that the binding of MTP to site 2(e) is necessary for
stabilization of step 3. This step involves the coordinated
hydrophobic binding of MTP and site 3(h) on apoB with a
nascent nucleus of lipid formed by lipid transfer into a lipid
pocket intermediate. Step 3 is supported by the present study.
In step 4, biosynthesis of the amphipatBisheets of much
of the 5, results in the release of particle from the ER
membrane before significant lipidation occurs in most
particles leading to formation of misfolded particles and their
subsequent degradation. This step, originally suggested by
Ginsberg and co-worker8T, 38), is also compatible with
the present study.
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