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Abstract Abetalipoproteinemia (ABL) is an autosomal re- 
cessive disease characterized by the inability of the liver and 
intestine to secrete apolipoprotein B (apoB). Mutations in the 
microsomal triglyceride transfer protein (MTF') gene, but not 
the apoB gene, are responsible for the ABL phenotype. It is 
not clear how loss of MTP in ABL patients leads to a com- 
plete, but specific, block in the secretion of apoB. It is to this 
question that our work is directed. In cultured cells lacking 
MTP, translocation of apoB is completely arrested, leading to 
the hypothesis that apoB requires MTP in order to com- 
pletely enter the lumen of the endoplasmic reticulum, the site 
of lipoprotein assembly. We examined this hypothesis by 
determining the presence in plasma of distinct N-terminal 
apoB peptides, produced exclusively from translocation ar- 
rested apoB, in the plasma of six ABL patients and six normal 
subjects. The data show that N-terminal apoB peptides are 
present in the plasma of six ABL patients, whereas intact 
apoB-100 was barely detectable. Moreover, the plasma of all 
six ABL patients displayed a 2000-fold increase in the amount of 
an 85 kDa N-terminal apoB peptide relative to apoB-100. I 
These data provide the first in vivo data supporting the essen- 
tial role that MTP plays in apoB translocation. In normal 
humans, varied expression of MTP may be responsible for the 
post-transcriptional regulation of apoB secretion.-Du, E. Z., 
S-L. Wang, H. J. Kayden, R. Sokol, L. K. Curtis, and R. A. 
Davis. Translocation of apolipoprotein B across the en- 
doplasmic reticulum is blocked in abetalipoproteinemia. J. 
Lipid Res. 1996. 37: 1309-1315. 
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mines whether de novo synthesized apoB is secreted or 
is degraded intracellularly (1-4). There are several sites 
along the secretory pathway where apoB is degraded 
(2-5). The first step in the secretory pathway, transloca- 
tion of apoB across the endoplasmic reticulum, plays a 
critical role in determining the fate of de novo synthe- 
sized apoB. In livers of rats (6) and rabbits (7), primary 
rat hepatocytes (6), avian hepatocytes (8) and several 
lines of hepatoma cells (9-11), a significant portion of 
de novo synthesized apoB is inefficiently translocated 
across the endoplasmic reticulum. Incompletely translo- 
cated apoB is rapidly degraded in the endoplasmic 
reticulum (10-13). In human hepatoma HepG2 cells, 
translocation determines how much apoB enters the 
rapid degradation pathway (1 1). Variation in the translo- 
cation of apoB in response to metabolic state can ex- 
plain how apoB secretion displays rapid changes while 
hepatic levels of mRNA remain nearly constant (14-16). 

One candidate gene that may control the rate of apoB 
translocation and lipoprotein secretion is MTP, a pro- 
tein found in the endoplasmic reticulum of the liver and 
intestine (17-19). The ability of MTP to transfer lipid to 
the nascent apoB lipoprotein particle changes in parallel 
with the rate of apoB secretion by both liver and intes- 
tine (1 7- 19). Genetic loss of functioning MTP is the basis 
of the human recessive disorder abetalipoproteinemia 
(ABL) (17-19). This disease results from an inability of 

The secretion of apoB by the liver is a major determi- 
nant of plasma low density lipoprotein (LDL) levels, one 
of the most important risk factors for atherosclerotic 
cardiovascular disease. Hepatic apoB secretion is regu- 
lated post-transcriptionally by a mechanism that deter- 

Abbreviations: ABL, abetalipoproteinemia; apoB, apolipoprotein 
8; SDS/PAGE, sodium dodecyl sulfate, polyacrylamide gel 
electrophoresis; LDL, low density lipoproteins; CHO, Chinese 
hamster ovary; MTP, microsomal triglyceride transfer protein. 
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both the liver and intestine to secrete apoB-containing 
lipoproteins (20). As the plasma levels of most other 
liver-derived proteins are normal in ABL patients, MTP 
is required for the secretion of apoB, but not other 
proteins. A similar phenotype in regard to the specific 
block in the secretion of apoB exhibited by the livers and 
intestines of ABL patients has been recapitulated in 
cultured cells that express apoB, but not MTP. Cells that 
do not express MTP cannot translocate apoB or secrete 
apoB-containing lipoproteins (12, 13,21,22). However, 
expression of MTP in these cells allows apoB to be 
secreted as a lipoprotein particle (21, 22). 

Topographical analysis of translocation-arrested 
apoB that accumulates in cells lacking MTP shows that 
the extreme N-terminus is lumenal, whereas the C-ter- 
minus remains on the cytoplasmic surface of the en- 
doplasmic reticulum ( 13). Similar topographical orien- 
tation of translocation-arrested apoB occurs in cells (Le., 
HepG2) that express MTP, but display inefficient 
translocation of apoB (13). These data indicate that 
structural determinants present in apoB act as a barrier 
to translocation and that MTP abrogates this obstacle. 
Proteolytic cleavage of translocation-arrested apoB re- 
leases lumenal N-terminal forms of apoB that are se- 
creted as three distinct apoB peptides (13). These N-ter- 
mind apoB peptides, identified by their complement of 
specific immunoreactive epitopes, are found in plasma 
of normal humans and serve as an indicator of translo- 
cation arrest. If, as proposed, MTP is essential for apoB 
translocation, these N-terminal apoB peptides, but little 
or no intact apoB, should be present in the plasma of 
ABL patients. In the present study we examined plasma 
from six ABL patients and six normal subjects for the 
presence of intact apoB and N-terminal apoB peptides. 

MATERIALS AND METHODS 

ABL diagnosis 
All six hypolipidemic patients (Table 1) were diag- 

nosed as being ABL based on the finding that their 
parents were normolipidemic. Moreover, as shown be- 
low (Results section) small amounts of apoB-100 could 
be detected in all of the plasma samples, indicating the 
validity of the ABL diagnosis as the only reasonable 
explanation for their severe hypolipidemia. 

Plasma sample analysis 
Plasma samples were obtained with informed consent 

from six ABL patients and six normolipidemic controls 
(graduate student volunteers) after an overnight fast. 
Plasma samples were immediately frozen at -20°C until 
use. The analyses for triglycerides and cholesterol were 
determined in Lipid Research Centers at the University 

of Colorado Health Sciences Center (ABL patients 1 -3) ,  
New York University Medical Center (ABL patients 4 
and 6), University of Texas Southwestern Medical Cen- 
ter (ABL patient 5) and at the University of California, 
San Diego Medical Center (all normal controls) using 
standard protocols. 

Western blotting 

Western blotting was performed as described in detail 
(13). Plasma proteins were denatured in sample buffer 
containing SDS and P-mercaptoethanol, separated on a 
1-20% gradient SDS/PAGE and electroblotted onto 
nitrocellulose membranes. Nonspecific binding sites of 
the membranes were blocked using defatted milk pro- 
teins followed by addition of primary antibody. The 
relative amount of primary antibody bound was de- 
tected with species-specific horseradish peroxidase-con- 
jugated second antibody. Blots were developed using an 
ECL kit (Amersham). 

Ratios of the 85 kDa apoB peptide to apoB-100 were 
determined by Western blotting with monoclonal anti- 
body 1D 1 (described below) and densitometric analysis 
using a PhosphorImager (Molecular Dynamics). Prelimi- 
nary experiments showed that within the conditions 
used, there was a linear relationship between the density 
of the apoB band and the relative amount of plasma 
sample used. Using the software supplied by the manu- 
facturer, the densitometry for each analysis was on the 
linear portion of the standard curve under all conditions 
used. 

Immunoprecipitation 

Ten mg of ABL plasma protein or 100 pg of normal 
plasma protein was solubilized in 1 ml phosphate-buff- 
ered saline (PBS) containing 0.1% Triton X-100 and 100 
@/ml aprotinin, 100 pg,"l leupeptin, and 2 mM 
phenylmethylsulfonyl fluoride. Antibodies specific for 
human apoB (3 pg of monoclonal antibodies or 5 pl of 
antiserum) were preincubated with 20 p1 of protein 
A-Sepharose beads (dry volume) in 1 ml PBS buffer at 
room temperature for 2 h. The beads were then washed 
with PBS buffer three times to remove free antibodies. 
The antibody-bound protein A-Sepharose conjugates 
were incubated overnight at 4°C with the plasma protein 
samples in an amount determined empirically to com- 
pletely bind the apoB present in each sample. Beads 
were recovered by centrifugation in a microfuge and 
were washed three times with the PBS buffer. The 
immunoprecipitates were dissolved in 100 p1 sample 
buffer containing SDS and P-mercaptoethanol and sepa- 
rated on a l-20% gradient SDS-PAGE. The gels were 
then subjected to Western blotting, as described above. 
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TABLE 1. Plasma lipid and apoB analyses for ABL patients (1-6) and normals (7-12) 

Ratio 

Patient Plasma Tridvceride Plasma Cholesterol 85 kDdAooB100 

m d d l  
1 10 23 43 
2 10 17 153 
3 10 20 127 
4 20 30 586 
5 0 38 330 
6 6 40 154 

7 83 218 0.086 
8 33 156 0.142 
9 54 131 0.127 

10 55 150 0.143 
11 24 181 0.090 
12 20 160 0.091 

Mean f SD 9 * 7  28 i 10 232 f 151 

Mean f SD 45 f 24 154 f 17 0.1 f 0.03 

There were significant differences among all parameters measured in the ABL plasma compared to those 
of normolipidemic plasma: P < 0.01. 

Statistical analysis 

All values are reported as the mean f standard devia- 
tion. Differences between groups are calculated using 
unpaired Student’s t test; double-tailed P values are 
reported. 

RESULTS 

ABL patients were diagnosed by the following crite- 
ria: consistent near absence of LDL in plasma of patients 
having normal lipidemic parents (recessive hypobe- 
talipoproteinemia) (20). All six ABL plasma samples 
showed reduced concentrations of cholesterol and 
triglyceride (Table 1). 

In order to identify any apoB present in the ABL 
plasma, we used two methods to concentrate apoB. One 
method involved immunoprecipitating plasma with a 
rabbit polyclonal apoB-specific antiserum, separating 
the immunoprecipitates on SDS-PAGE, and Western 
blotting with monoclonal antibody 1D1, which recog- 
nizes an epitope residing between amino acids 474-539 
(23) of human apoB. The other method involved passing 
the plasma through a rabbit polyclonal apoB-specific 
antibody affinity column. The eluted proteins were then 
Western blotted using monoclonal antibody 1D1. Both 
methods gave us the same results (the results of the first 
method are shown in Fig. 1). In the three plasma sam- 
ples obtained from ABL patients (ABL patients 1-3) 
there were very law levels of apoB-100. Small amounts 
of apoB-100 in ABL plasma have been described by 
others (24). In the remaining three ABL plasma apoB- 
100 was barely detectable (100 times more protein was 

used for the ABL plasma than was used for normal 
subject samples, Fig. 1). All ABL plasma samples dis- 
played three truncated forms of apoB having sizes simi- 
lar to the N-terminal apoB peptides secreted by cells 
lacking MTP (Fig. 1: 126 kDa, 104 kDa, and 85 kDa). All 
three peptides were derived from the N-terminus of 
apoB-100 as demonstrated by their recognition by 
monoclonal antibody 1D1 (Fig. 1). When the same blot 
was probed with C-terminal epitope specific antibodies 
MB3 (residues 1022-1031) and MB43 (residues 
4027-4081), there was no recognition (data not shown), 
indicating that these peptides do not contain these 
C-terminal epitopes. 

In marked contrast to their affected children, apoB- 
100 was the major apoB form in both non-affected 
parents of ABL patients 1-3 (plasma from the father is 
shown: lane 1, Fig. 1). N-terminal apoB peptides were 
detected in the plasma from the unaffected father and 
mother with longer development of the Western blot 
(data not shown). 

Based on previous studies showing that an 85 kDa 
N-terminal apoB peptide is produced from transloca- 
tion-arrested apoB and is secreted by both hepatic and 
non-hepatic cells, we determined its ratio to intact apoB- 
100 in plasma from ABL patients and normal subjects 
(Table 1). When monoclonal antibodies that recognized 
epitopes on the extreme N-terminus of human apoB 
were used, the 85kDa peptide appeared to be the major 
form of apoB peptide present in ABL plasma (Fig. 2). 
In contrast, monoclonal antibody 1D1 (epitope 
474-539) immunoprecipitated all three N-terminal p e p  
tides: 126, 104, and 85 kDa (lane 4, Fig. 2). Epitopes 
residing on the C-terminal side of 126 kDa of the N-ter- 
minal portion of apoB-100 were not present in any of 
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the apoB peptides smaller than apoB-100 and included 
residues 1022-1031 (Fig. 2, lane 5) and 4027-4081 (Fig. 
2, lane 6). However, apoB-100 present in normal plasma 
samples did react with these antibodies (Fig. 2, lane 7-8). 
Additional control experiments showed that when ABL 
plasma was subjected to the immunoprecipitation pro- 
cedure without antibody or with pre-immune rabbit 
serum, there was no detection of any immunoreactive 
apoB peptides (Fig. 2, lane 9-10). Identical results were 
obtained from all six ABL patients. 

The combined data indicate that the 85 kDa apoB 
peptide present in plasma from ABL patient 1 contained 
apoB epitopes residing throughout the boundaries ex- 
pected, if it was derived from the extreme N-terminal 
portion of apoB-100 (Fig. 2, lanes 2-4). These data 
indicate that: 1) the 85 kDa apoB peptide present in ABL 
plasma was the same as that secreted by translocation- 
arrested apoB in CHO cells and HepG2 cells and is 
present in normal plasma (13); and 2) there were no 
apoB peptides detected that were derived from the 
C-terminal portion of apoB-100 beyond 126 kDa of the 
N-terminus. In addition, the data suggest that the 104 
and 126 kDa apoB peptides are also derived from the 
N-terminus of apoB-100; they do not contain C-terminal 
epitopes. As these peptides are not recognized by anti- 
bodies having epitopes at the extreme N-terminus of 
apoB (1-71, lane 2; and 12-27, lane 3, Fig. 2), but do 
contain the N-terminal 1D1 antibody epitope (lane 4, 
Fig. 2) they probably lack the extreme N-terminus. N-ter- 
minal apoB peptides lacking the extreme N-terminus 
have been observed to be secreted by cells treated with 
a specific inhibitor of MTP (25). 

Based on the data that the 85 kDa apoB peptide was 
identical to the N-terminal apoB peptide produced from 
translocation-arrested apoB, we determined its pres- 
ence in plasma relative to that of intact apoB-100 (Table 
1). In six normal subjects, this ratio was relatively similar: 
0.1 +_ 0.03. Moreover, in plasma from all ABL patients 

Fig. 1. Small apoB peptides predominate in ABL 
plasma. Plasma from the non-affected father of ARL 
patients 1-3 (100 pg protein, lane 1) and six ARL 
patients (10 mg protein each, lanes 2-7) were immu- 
noprecipitated with a rabbit anti-human apoB antis- 
erum as described in Methods. The immunoprecipi- 
tate was separated by SDSPACE and Western 
blotted with monoclonal antibody lD1,which recog- 
nizes an epitope between residues 474 and 539 in 
human apoB-I00 (23). Lane 2. ABL patient 1; lane 
3, ABL patient 2; lane 4, ARL patient 3; lane 5, ABL 
patient 4; lane 6, ARL patient 5; lane 7, ABL patient 
6; lane 8, purified sample (2 pg) of the N-terminal85 
kDa apoB peptide secreted by CHO cells expressing 
apoB-53 (13). 

the ratio was 2000-fold greater (232 k 151; Table 1). 
These data strongly support the concept that transloca- 
tion of apoB is blocked in ABL patients. 

DISCUSSION 

Our results show the presence of N-terminal, but not 
C-terminal, apoB peptides in ABL plasma. One apoB 
peptide having a molecular weight of 85 kDa is identical 
in terms of size and complement of specific antibbdy 
epitopes to the 85 kDa apoB peptide derived exclusively 
from translocation-arrested apoB (13). Two apoB p e p  
tides (104 and 126 kDa) were also present in ABL 
plasma. Both peptides were similar to those secreted by 
cells that lack MTP expression (13) or function (using 
an MTP inhibitor) (25). As other than intact apoB-100, 
no apoB peptides present in ABL plasma contained 
epitopes residing on the C-terminal side of 126 kDa of 
apoB-100, the N-terminal apoB peptides were not de- 
rived from proteolysis of intact apoB. Control experi- 
ments in which plasma was incubated with thrombin, 
trypsin, and proteinase C showed the presence of trun- 
cated apoB peptides bearing C-terminal epitopes (data 
not shown). Thus, had these N-terminal apoB peptides 
been produced by proteolysis of intact apoB already 
present in plasma, our assays would have detected C-ter- 
minal epitopes. ApoB variants having a size smaller than 
apoB-37 have been shown not to be capable of assem- 
bling VLDL (26). Thus, the secretion of these truncated 
N-terminal apoB peptides as a result of proteolytic cleav- 
age of translocation-arrested apoB can explain the in- 
ability of ABL patients to secrete triglyceride-rich lipo- 
proteins by the liver and intestine. 

Based on previous findings showing that the 85 kDa 
N-terminal apoB peptide is produced by translocation- 
arrested apoB (13), its 2000-fold enrichment relative to 
apoB-100 (Table 1) in ABL plasma compared to plasma 
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Fig. 2. Epitope mapping of 85kDa apoB peptide in ABL plasma. Plasma from ABL patient 1 (lanes 2-F) was 
immunoprecipitated with the following apol3-specific antibodies: monoclonal antibody MBlY recognizing an 
epitope mapped to around residue 71 (36). a rabbit antiserum prepared against a synthetic peptide containing 
residues 12-27 (37). monoclonal antibody ID1 recognizing an epitope mapped to residues 474-539 (23). 
monoclonal antibody MB3 recognizing an epitope mapped to residues 1022-1031 (38). and monoclonal 
antibody MB43 recognizing an epitope mapped to residues 4027-4081 (39). The immunoprecipitates were 
separated by SDSPAGE and Western blotted with ID1 (lanes 2-4) or an apoB-100 specific affinity-purified 
rabbit antiserum (13) (lanes 5-6). As a control, plasma from non-affected father of ARL patients 1-3 was 
immunoprecipitated with monoclonal antibody M E 3  and MB43 to show they did recognize apoB-100 (lanes 
7-8). In addition, ABL plasma was immunoprecipitated without antibody (lane 9) or with rabbit pre-immune 
serum (lane 10). Lane 1. ourified N-terminal 85 kDa apoB peptide secreted by CHO cells expressing apoB-53 

from normal subjects suggests that ABL patients lack 
the ability to translocate apoB across the endoplasmic 
reticulum. Estimation of the mass of the 85 kDa apoB 
peptide compared to apoB-100 indicates that the molar 
amount of the 85 kDa N-terminal apoB peptide in ABL 
plasma is not equivalent to the amount of apoB-100 
present in plasma from control subjects. This finding is 
expected as previous studies showed that the majority 
of the 85 kDa N-terminal apoB peptide is degraded 
intracellularly and is not efficiently secreted. 

Our findings and interpretations are consistent with 
earlier studies describing the inability of the liver and 
intestine of ABL patients to secrete intact apoB. Liver 
and intestine biopsies obtained from ABL patients 
showed the production of intact and truncated forms of 
apoB; however, little intact apoB was secreted (27-31). 
Additionally, one study noted that apoB produced by an 
intestinal biopsy obtained from an ABL patient was 
degraded compared to that produced by biopsies from 
non-affected controls (50). Thus, in ABL apoB is synthe- 
sized by both the liver and intestine, but it is not secreted 
and is subsequently proteolytically degraded into trun- 
cated forms. 

How can a fully lumenal protein like MTP block the 
movement of a protein across the ER? There are exam- 
ples where the loss of intralumenal proteins blocks 

translocation (e.g., Bip (32) and Sec6lp (35)), suggesting 
that the translocation machinery senses both cytoplas- 
mic and intralumenal events. With Bip and Sec6lp 
deletions, there are general impairments of transloca- 
tion, whereas loss of MTP is selective for apoB. The 
unusual amphipathic qualities of apoB, thought to be 
necessary for lipoprotein assembly (2, 34) and/or the 
presence of pause/transfer sequences (35), may neces- 
sitate additional requirements for its translocation. Our 
finding that translocation of apoB is blocked in ABL 
patients suggests that MTP-facilitated lipidation of this 
amphipathic protein may be a unique requirement for 
translocation across the endoplasmic reticulum. Based 
on studies showing that MTP activity varies in parallel 
with apoB secretion (1 7- 19), it is reasonable to propose 
that varied functional expression of MTP may be respon- 
sible for the post-translational regulation of apoB secre- 
tion. 
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