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Abstract Decreased phosphatidylcholine biosynthesis inhib 
its the secretion of very low density lipoproteins from hepato- 
cytes (Yao, Z. and D. E. Vance. 1988.J. Biol. Chem. 263: 2998- 
3004). We have now investigated whether or not phosphatidyl- 
choline biosynthesis is required for secretion of carboxyl-trun- 
cated apoBs 15, 18, 23, 28, and 37 from transfected McArdle 
RH7777 cells. Transfected cells were cholinedeprived for 1 
day and then choline-supplemented or maintained choline- 
deficient. Pulsechase experiments showed that in the pres- 
ence of 100 ~ L M  choline, the secretion of apoBs 28 and 37 was 
increased by up to 50 and 45%, respectively, whereas the se- 
cretion of apoBs 15, 18, and 23 was not affected by the addi- 
tion of choline. Immunoblot analyses also showed that cho- 
line in the medium increased the secretion of apoBs 28 and 
37 by YO-50% whereas the secretion of apoBs 15, 18, and 23 
was unaffected over 24 h . u  As only carboxyl-terminal trun- 
cations with a size greater than 23% of apoB-100 are able 
to assemble a neutral lipid core (McLeod, R. S., Y. Zhao, 
S. L. Selby, J. Westerlund, and Z. Yao. 1994.J Biol. Chem. 269: 
2852-2862), we conclude that only apoRtruncations that as- 
semble a neutral lipid core require phosphatidylcholine syn- 
thesis. Other experiments established that the requirement 
of phosphatidylcholine for apoB secretion is related to the 
presence of neutral lipid associated with a truncation, rather 
than the length of apoB.-Vermuelen, P. S.,  S. Lmgrell, 
Z. Yao, and D. E. Vance. Phosphatidylcholine biosynthesis is 
required for secretion of truncated apolipoprotein Bs from 
McArdle RH7777 cells only when a neutral lipid core is 
formed. J. Lipid Res. 1997. 38: 447-458. 
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Atherosclerosis is closely correlated with high levels 
of low density lipoprotein in the blood stream. The 
plasma concentration of this lipoprotein is determined 
by its rate of removal via receptor-mediated endocytosis 

and by the rate of secretion of its precursor, very low 
density lipoprotein (VLDL). In mammalian liver, the 
assembly of VLDL particles requires the synthesis of lip- 
ids and apolipoproteins (1-5). Indispensable for the 
formation of VLDL and other triacylglycerol (TG)-rich 
lipoproteins are apolipoprotein Bs (apoBs) . These large 
proteins have numerous amphipathic domains and pro- 
vide a framework for assembly of TGrich lipoproteins. 
Although it has been shown that apoB-mRNA levels can 
regulate apoB secretion from McArdle cells (6), under 
most conditions studied the steady state levels of apoB 
are not altered (7). It, therefore, is generally believed 
that the secretion of apoB, unlike most other secretory 
proteins, is regulated at a post-transcriptional level (1, 
3, 8). ApoB is synthesized in excess of the amount se- 
creted and is either secreted or degraded depending 
on the lipid availability (9-1 1 ) .  Regulation of VLDL se- 
cretion might occur at translocation of apoB across the 
endoplasmic reticulum (ER) , assembly of the lipid core 
and/or intracellular transport from the ER to the 
plasma membrane. 

Phopholipids play important roles in the above- 
described processes. It has previously been reported 
that decreased PC biosynthesis specifically inhibits the 
secretion of VLDL, but not high density lipoprotein 
(HDL), from cultured rat hepatocytes (12, 13).  How- 

Abbreviations: apoB(s), apolipoprotein(s) B; CD, choline-deficient; 
CS, choline-supplemented; DMEM, Dulbecco's modified Eagle's me- 
dium; ER, endoplasmic reticulum: EST, (2S3S)-tmn+epoxysuccinyl- 
I,-leucylamido-3.methylbutane ethyl ester; HDL, high density lipopro- 
tein; MTP, microsomal triacylglycerol transport protein; PC, phospha- 
tidylcholine; RIPA, radio immunoprecipitation assay; TG(s), triacyl- 
glycerol(s); VLDL, very low density lipoprotein. 
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ever, these studies did not show at what stage impaired 
PC biosynthesis interfered with the process of assembly 
and secretion of VLDL. In vitro translation-transloca- 
tion studies with carboxyl-truncated forms of apoB with 
lengths of 15, 29, and 48% of the full-length apoB-100 
(designated as apoB-15, B-29, arid B-48, respectively) 
showed no defect in the ability of the three apoproteins 
to translocate into the lumen of liver microsomes from 
rats that were fed a cholinedeficient (CD) diet (A. E. 
Rusiiiol, P. S. Vermeulen and D. E. L7ance, unpublished 
results). Moreover, the numbers of nascent apoB-con- 
taining particles were almost equal in the luminal frac- 
tions of ER of liver from choline-supplemented (CS) 
and CD rats (14). However, the number of apoB-con- 
taining lipoprotein particles in a liver Golgi fraction 
from CD rats was significantly lower than that in rats fed 
a CS diet. This result implies that impaired PC synthesis 
leads to enhanced degradation of apoB in a post-EK 
compartment. As the lipid composition of the lipopro- 
tein might be a determining Factor in proteolytic degra- 
dation (15), we investigated the role of PC synthesis in 
lipid core formation in McArdle cell lines that secrete 
carboxyl-terminal truncations of human apoB-100 that 
differ in size and ability to assemble a stable lipid core. 
McArdle cells secreting apoB-15, -18, or -23 were se- 
lected for their presumed inability to assemble a neutral 
lipid core, whereas cells secreting apoB-28 and -37 were 
chosen for their ability to form a stable lipid core ( 1  6). 
The results show that only apoBs that assemble a lipid 
core require PC biosynthesis to achieve a rate of secre- 
tion equal to that in CS cells. 

EXPERIMENTAL PROCEDURES 

Materials 

McArdle RH7777 cells were stably transfected as pre- 
viously described (1 7). Anti-mouse and -rabbit I g G  
horseradish peroxidase, ECLTM Western blot detection 
reagents, ~.-[4,5-~H]leucine (2.26 TBq/mmol), Aque- 
ous Counting Scintillant and AmplifyTM were from Am- 
ersham Canada, Oakville, ON. Sheep anti-human apoB 
was obtained from Boehringer Mannheim, Germany. 
Culture medium, horse serum, fetal bovine serum, 
penicillin-streptomycin, and G418 sulfate were from 
GIBCO BRL, Life Technologies Inc., Grand Island, NY. 
1-Bromodecane was purchased from Aldrich Chemicals 
Incorporated, Milwaukee, WI. The 1D1 monoclonal an- 
tibody against human apoB was a generous gift from 
Drs. R. W. Milne and Y. L. Marcel. Rabbit antiserum 
against rat apoA-I was prepared and characterized in 
our laboratory as previously described (18). All other 
reagents were from Sigma Chemical Go., St. Louis, MO. 

Growth of hepatoma cells 
Transfected McArdle RH7777 cells were grown in 

Dulbecco's modified Eagle's medium (DMEM) con- 
taining 10% (v/v) fetal bovine serum, 10% (v/v) heat- 
inactivated horse serum, penicillin-streptomycin (40 
units/ml each) and 0.02% (w/v) G418. Cells were 
maintained in 75-cm' vented flasks (Corning) at 37°C 
in humidified air (89-91 % of saturation) containing 
5% C02.  Cells were subcultured at a 1 : 5 ratio after hav- 
ing reached a confluency of approximately 80%. 

Induction of choline deficiency in McArdle RH7777 
cells 

Transfected hepatoma cells were plated in 3 ml of the 
above described culture medium at 1.0-1.3 X 10' cells 
per 60-mm dish (Falcon 3002, Becton Dickinson, Lin- 
coln Park, NJ) and grown under the conditions de- 
scribed above. After 4 days, 40-50% confluent cells 
were washed with 2 ml of DMEM that lacked choline 
and incubated for 20 or  24 h in the same medium con- 
taining 1% (w/v) bovine serum albumin, 0.75 mM oleic 
acid, and 1 p~ dexamethasone. Oleic acid and dexa- 
methasone were added to boost the secretion of VLDL. 
Cells reached a CD state as judged by a 50% decrease 
in cellular PC content. 

Immunoblot analyses 

Choline deficient cells were washed with 2 ml DMEM 
that lacked choline, then incubated with 1.3 ml DMEM 
containing 1 PM dexamethasone in the presence or  ab- 
sence of 100 p~ choline. Media were harvested at the 
times indicated, layered on a 90 p.1 1 : 1 (v/v) mixture of 
1-bromodecane and 1-bromododecane and centrifuged 
for 2 min at 10,000 g to  remove cellular debris. Aliquots 
of the media were diluted 1 : 1 (v/v) with sample buffer 
[6 M urea, 100 mM dithiothretiol, 2% (v/v)  pmercapto- 
ethanol, 10% (v/v) glycerol, 2% (w/v) SDS, 0.002% 
(w/v) bromophenol blue, and 6.25 mM Tris-HC1, pH 
6.81 and heated at 80°C for 15 min. Aliquots of me- 
dium, corrected for amounts of cellular protein, were 
loaded onto a 3-15% polyacrylamide gradient gel that 
contained 0.1 5% (w/v) SDS. After electrophoresis, pro- 
teins were transferred (6-7 h at 600 d) to lmmobi- 
lonlM polyvinylidene difluoride membranes (Millipore, 
Bedford, MA) using 20% (v/v)  methanol, 2.5% (v/v) 2- 
propanol, 192 n i ~  glycine, and 25 mM Tris as a transfer 
medium and blocked for 2 h with blocking buffer [0.8 
M NaCl, 20 mM CaCI,, 10% (w/v) skimmed milk pow- 
der, 0.1 % (v/v) Tween-20, and 0.5 M Tris-HC1, pH 8.81. 
To detect truncated apoBs, membranes were incubated 
overnight at 4°C with the 1D1 antibody in blocking 
buffer. After three washes for 10 min with the same 
buffer, membranes were incubated for 3 h at room tan-  
perature with anti-mouse IgGhorseradish peroxidase, 
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diluted 1 : 10,000 in blocking buffer. Membranes were 
washed three times with blocking buffer and twice with 
Tris-buffered saline (0.5 M NaCl, 20 mM Tris-HCI, pH 
7.5). Finally, membranes were incubated with ECL re- 
agents and immediately exposed for 1 to 10 s to Kodak 
XAR-5 X-ray film. 

Immunoblot analysis of secreted endogenous apoA-I 
To determine whether the effect of choline supple- 

mentation on the secretion of truncated apoBs was spe- 
cific, we used endogenous apoA-I levels in the medium 
as a marker of protein secretion. To monitor apoA-I lev- 
els, membranes described in the preceding section were 
equilibrated in Tris-buffered saline and incubated for 
3 h with rabbit antiserum against apoA-I. After 3 washes 
for 10 min each with the same buffer, membranes were 
incubated for 3 h at room temperature with a 1 : 10,000 
dilution of anti-rabbit IgGhorseradish peroxidase in 
blocking buffer. Membranes were further treated as de- 
scribed in the above section except the exposure time 
was 5 min. 

Pulse-chase analysis 
CD cells were washed with 2 ml DMEM that lacked 

choline and leucine, and preincubated for 45 min with 
2 ml of the same medium that contained 1 p~ dexa- 
methasone. Medium was removed and cells were la- 
beled for 2 h with 250 pCi [3H]leucine per dish supplied 
in 2 ml of the latter medium that lacked or contained 
100 p~ choline. Radioactive medium was removed, cells 
were washed with 2 ml of DMEM either containing or 
lacking 100 p~ choline, and subsequently incubated 
with 1.3 ml DMEM that contained 50 mM leucine, 1 p~ 
dexamethasone and, where indicated, 100 p~ choline. 
At the times indicated, cells and media were harvested. 

Immunoprecipitation and quantitation 

Cells were washed with 1 ml of ice-cold phosphate- 
buffered saline (135 mM NaCl, 2.7 mM KCl, 11.5 mM 
Na2HP04-KH2P04, pH 7.2) and scraped into RIPA 
buffer (radio immunoprecipitation assay buffer) [ 1 % 
(v/v) Triton X-100, 1% (w/v) deoxycholic acid, 0.15 M 

NaCl, and 50 mM Tris-HC1, pH 8.01 that contained 1 % 
(w/v) SDS. Afterwards, 2 ml of RIPA buffer was added 
and samples were heated at 90°C for 30 min. Five hun- 
dred pl of this solution was diluted 1 : 1 with RIPA buffer 
containing 2 mM dithiothreitol and incubated over- 
night with 20 pl of sheep anti-human apo-B serum. The 
samples were mixed for 3 h with 50 ml of a 1 : 7 (w/v) 
protein A-Sepharose CL-4B slurry before centrifuga- 
tion. The pellet was washed 5 times with RIPA buffer 
that contained 1 mM dithiothreitol and 0.1% SDS. 
ApoB was eluted from the protein A-Sepharose by heat- 
ing the pellet in 200 pl of denaturing buffer (2% (w/v) 
SDS, 10% glycerol, 8 M urea, 5% (v/v) P-mercaptoetha- 

nol, 10 mM Tris-glycine, pH 8.3) and incubated for 20 
min at 90°C. After centrifugation, supernatants with 
equal amounts of protein were loaded on a 3-15% poly- 
acrylamide gradient gel that contained 0.1 (w/v) % 
SDS. After electrophoresis, gels were stained with Coo- 
massie Brilliant Blue R-250, destained, soaked in 10% 
(per volume) glycerol for 45 min, soaked in AmplifyTM 
for 30 min, dried under vacuum, and exposed to X-ray 
film for 2 or 3 days. The identified apoB bands were 
excised, gel slices were digested with 23% perchloric 
acid/20% hydrogen peroxide for 3 h at 70"C, and ra- 
dioactivity was determined by liquid scintillation spec- 
trome try. 

Media were layered on a 90-pl 1-bromodecane and 1- 
bromododecane (1 : 1 per volume) mixture and centri- 
fuged for 2 min at 10,000 g to remove cellular debris. 
Eight hundred p1 aliquots of medium were mixed with 
20 pl sheep anti-human apoB and 80 p1 of a 10 X con- 
centrated RIPA buffer containing 1% (w/v) SDS and 10 
mM dithiothreitol. After incubation overnight, samples 
were further identically treated as described above in 
this section. 

Trichloroacetic acid precipitation and quantification 
of total radiolabeled protein 

To determine the flow of all secreted labeled proteins 
during pulse-chase studies, parallel cultures of cells 
were treated as described in the pulsechase section, ex- 
cept that 25 pCi instead of 250 pCi of ['H]leucine was 
used for labeling. At indicated times, media were taken 
and cells were washed with phosphate-buffered saline. 
The cells were then scraped into 2 ml of distilled water 
and sonicated. Five hundred pl of either the sonicated 
cell suspension or medium was mixed with 300 p1 of 
10% (w/v) bovine serum albumin and diluted 1 : l  
(v/v) with 20% (w/v) ice-cold trichloroacetic acid. 
After centrifugation, the pellets were washed 4 times 
with 5% (w/v) ice-cold trichloroacetic acid and resus- 
pended in 0.8 ml of 0.1 M NaOH and 0.2 ml of 0.5 M 

HC1-0.12 M Tris. Radioactivity was determined by liquid 
scintillation spectrometry. 

Density fractionation studies 

Pulsechase experiments were performed in the pres- 
ence or absence of choline exactly as described above. 
After 90 min of chase, CD and CS media were each 
taken from 4 dishes and centrifuged to remove cellular 
debris. Subsequently, 0.5-ml portions of fresh rat 
plasma were added to 3.0-ml fractions that were taken 
from the combined media of three matching dishes. 
Samples were adjusted to a final density of 1.21 g/ml 
with solid KBr. Subsequently, samples were centrifuged 
at 4°C for 24 h in a SW 60 Ti-rotor at 485,000 g. After 
centrifugation, the upper 40% and the lower 60% of 
the gradient were dialyzed overnight at 4°C against 0.15 
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M NaCl and 0.1 mM EDTA. Subsequently, 500-pl ali- 
quots were taken from upper and lower fractions and 
mixed with 20 p1 sheep anti-human apoB and 50 pl of 
a 10 X concentrated RIPA buffer containing 1% (w/v) 
SDS and 10 mM dithiothreitol. After incubation over- 
night, samples were treated as described above in the 
pulsechase analysis section. 

Other methods 

Protein was determined by the bicinchoninic acid 
method (Pierce, Rockford, IN), using bovine serum al- 
bumin as a standard. Lipids were extracted from cells 
by the method of Sundler, Akesson, and Nilsson (19), 
and phospholipids were subsequently separated by thin- 
layer chromatography on silica gel G60 plates with 
chloroform-methanol-acetic acid-formic acid-water 
70:30: 12:4: 1 (v/v) as solvent. Phospholipid concen- 
trations were determined by phosphorous analysis ac- 
cording to h e s  (20) except for the ashing procedure 
that was replaced by acid hydrolysis. 

RESULTS 

Establishment of choline deficiency in rat hepatoma 
cells 

In primary rat hepatocytes, a CD state can be 
achieved by omitting choline from the diet of young 
rats for 3 days and subsequent isolation of the cells (12). 
This protocol could not be adapted to our cultured hep- 
atoma cells for three reasons. First, unlike hepatocytes 
in vivo, cultured cells in serum-free CD medium are not 
exposed to circulatory choline. Second, cultured hepa- 
toma cells divide more rapidly than hepatocytes in vivo. 
Third, unlike rat hepatocytes, McArdle RH7777 cells 
lack a phosphatidylethanolamine methylation pathway 
to synthesize PC (21). For these reasons a CD state is 
reached more rapidly in cultured hepatoma cells than 
in primary hepatocytes. Because long-term choline dep- 
rivation might induce cellular death (22), it was impor- 
tant not to deprive cultured cells of choline longer than 
necessary. We initially cultured the cells in CD and se- 
rum-free medium for 36 h. Although the concentration 
of cellular PC was decreased by 55%, there was no sig- 
nificant accumulation of TGs within the cells. This was 
unexpected because a marked cellular accumulation of 
TGs is commonly used as a marker for choline defi- 
ciency in rat hepatocytes (12). We considered that the 
supply of fatty acids might limit the synthesis of TG and 
included 1 % (w/v) bovine serum albumin and 0.75 mM 
oleic acid in our CD medium. Under these conditions, 

0 24 48 12 
S .- incubation time (hours) 

E 0 24 48 12  0 24 48 I 2  
incubation time (hours) c incubation time (hours) 

Fig. 1. The effect ofcholine deficiency on cell growth (A),  phospha- 
tidylcholine (R), and phosphatidylethanolamine ( C )  levels. McArdlc 
RH7777 cells, stably transfected with apoB-15 cDNA were initially 
grown to -50% confluency. Cells were cultured in DMEM that con- 
tained O.f5 n i ~  oleic acid, I % (w/v) bovine seI-uni albumin, and I 
p~ dexamethasone that lacked (0) o r  contained (0) 100 ~ L M  cholinc. 
At times indicated, cellular protein and phospholipid levels were mea- 
sured. Growth curves were also determined for McArdle cells that 
were transfected with cDNAs for apoB-18, -25, and -28. All cell lines 
studied gave essentially the same growth cuwes and phospholipid pro- 
files. 

we found a 2- to 3-fold accumulation of TGs in the CD 
cells. 

To determine a suitable length of deprivation neces- 
sary to achieve a CD state, we measured the cellular PC 
levels of cells, grown in the absence or presence of 100 
VM choline, as a function of time. After 1 day of choline 
deprivation, the cellular PC levels were decreased by 
52% in CD compared to CS cells (Fig. 1B). Prolonged 
choline deprivation did not decrease the cellular PC lev- 
els further. Cellular phosphatidylethanolamine levels 
were not decreased in CD compared to CS cells over 
the first 2 days (Fig. lC),  indicating that in the absence 
of choline PC synthesis was specifically inhibited. We 
also measured the amount of cellular protein in CD and 
CS cells as a function of time. As the absence of choline 
became unfavorable for cellular growth after 2 days 
(Fig. 1A) , we decided to deprive our cells of choline for 
only 24 h prior to pulse chase experiments or 20 h prior 
to longer time studies (immunoblot analyses). 

Impaired PC biosynthesis decreases the secretion of 
C-terminally truncated apoBs that form a lipid core 

After induction of choline deficiency for 24 h, cells 
were depleted of leucine for 45 min, in the absence of 
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choline. Subsequently, cells were pulse-labeled with 
[3H]leucine for 2 h in the absence or presence of 100 
p~ choline. The radioisotope was chased with 20 mM 
leucine, in the absence or presence of 100 PM choline. 
Cells and media were harvested at various times; trun- 
cated apoBs were immunoprecipitated, separated on 
SDS gels, and visualized by fluorography. The flow of 
labeled apoB-15, -18, -23, -28, and -37 from cells to me- 
dium is shown in Fig. 2. There was no significant effect 
of choline on the secretion of apoB-15, -18, and -23, 
whereas the secretion of apoR28 and -37 was stimulated 
by the presence of choline in the medium (Fig. 2A). 
Quantitation of the bands revealed that choline in the 
medium stimulated apoB-28 secretion by 54% after 2 
h of chase, whereas the maximum effect on apoB-37 
secretion was 46%, reached after 1 h of chase. 

Although choline stimulated the secretion of apoB- 
28 and -37 to a similar degree, different effects on the 
intracellular levels of both core-forming truncations 
were observed. For apoB-37, the intracellular apoB lev- 
els did not significantly differ in CD compared to CS 
cells (Fig. 2A). In CD cells, the fraction of apoB that 
cannot be secreted is quantitatively degraded. In con- 
trast, the intracellular levels of apoB-28 inversely corre- 
lated with the amounts secreted by CD and CS cells (Fig. 
2A). 

The total amount of labeled apoB recovered from the 
five cell lines is shown in Fig. 2B. The loss of radioactiv- 
ity after time 0 reflects apoB degradation. Thus, it is 
apparent in all cell lines except those that secrete apoB- 
18, that only a small percentage of apoB is degraded. 
Why so much of apoB-18 (>60%) is degraded is not 
known. Enhanced degradation of apoB occurs in CD 
compared to CS cell lines that secrete apoB-28 or apoB- 
37. At 6 h the total amount of labeled apoB recovered 
was similar +- choline supplementation. This appears to 
occur because at 6 h the total amount of apoB has 
started to exceed the maximal binding capacity of the 
antiserum added. Thus, in the CS secreting cells, there 
is less radioactivity immunoprecipitated due to competi- 
tion for the antibody by unlabeled apoB that has been 
secreted in the later time periods. This explanation was 
supported by studies with a cell line that secreted abun- 
dant amounts of apoB-37. A CD effect was evident dur- 
ing 2 h, but not 4 h, of chase when 20 p1 of antiserum 
was incubated with 500 p1 of medium. When the experi- 
ment was repeated with 250 pl of medium, the CD effect 
was still apparent at 4 h in the chase period. 

In addition to immunoprecipitation and quantitation 
of labeled apoproteins, we also measured the secretion 
of total labeled proteins after trichloroacetic acid pre- 
cipitation. The presence of choline had no effect on the 
secretion of total labeled proteins from cells secreting 
apoB-28 (Fig. 3A), whereas the secretion of apoB-28 was 

specifically stimulated when choline was present (Fig. 
3B). Similarly, the secretion of total labeled proteins 
was unaffected by the presence of choline in the other 
cell lines investigated (data not shown). 

Different effects of choline on the secretion of core- 
forming and non-core-forming truncations are not 
due to clonal differences 

The cell lines differed in efficiency of label incorpora- 
tion, rates of basal degradation (Le., degradation of 
apoB in the presence of choline) and efficiency of secre- 
tion (Fig. 2). The following experiments suggest that 
none of these differences was a determining factor in 
the differential effects of choline on secretion of trun- 
cated apoBs. 

To determine whether choline supplementation af- 
fected the rate of [‘H]leucine incorporation into apoB 
in our experiments, we compared the rate of apoB syn- 
thesis in cell lines that secreted truncated, core-forming 
particles with cell lines that secreted apoB truncations 
without a core. The incorporation of [3H]leucine into 
apoBs was similar in control and CD cells for all cell 
lines studied (Fig. 2A). This result is consistent with the 
report that the number of apoB-containing lipoproteins 
is similar in the ER of rats that were fed a CD or CS diet 
(14). 

To exclude the possibility that the rate of apoB syn- 
thesis might have been responsible for our results, we 
compared the secretory characteristics of a high apoB- 
18 expressor (4830 dpm per h per pg cell protein) with 
the secretory characteristics of two cell lines that incor- 
porated [‘H]leucine into apoB-18 at a much lower rate 
(402 and 503 dpm per h per pg cell protein). For the 
high expressor, 5.2 and 6.1% of the total label incorpo- 
rated into apoB-18 was secreted after 1 h from CD and 
CS cells, respectively. These numbers were 6.3 com- 
pared to 6.4 and 2.19 compared to 2.00 in CD and CS 
cells, respectively, for the cell lines that expressed apoB- 
18 at a slower rate. As the level of basal degradation only 
marginally differed for the various cell lines (varying 
from 47.4 to 57.8%), we conclude that the rate of apoB 
synthesis was not a determining factor in the require- 
ment for choline. 

Possibly, the reason why secretion of apoB-28 and 
-37 was decreased by choline deficiency was that these 
cell lines were more efficient in the secretion of trun- 
cated apoBs than lines that secreted the shorter trunca- 
tions. Thus, we compared secretion from a cell line that 
efficiently secreted apoB-28 (Fig. 4, 66.2% of total la- 
bel in apoB-28 after 4 h of chase), with that of a cell line 
that secreted apoB-28 less efficiently (Fig. 4B, 12.7% of 
total label in apoB-28 after 4 h of chase). The low se- 
cretor (Fig. 4B) had an apoB-28 secretory profile ? cho- 
line similar to that of the apoB-28 high secretor t cho- 
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Fig. 2. Secretory kinetics ofapoB-15, B-18, B-23, 8-28, and 837 .  A: McArdle cells were labeled with ['HH]leii- 
cine, in the presence (closed symbols) or absence (open symbols) of 100 @M choline. At the indicated times, 
cells (squares) and media (circles) were harvested, apoBs were immunoprecipitated, separated by gel electro- 
phoresis, and monitored by fluorography. Gel hands that contained labeled apoB were excised and digested 
and radioactivity was determined by liquid scintillation counting. For every cell line, the analyses were done 
in duplicate and the experiment was repeated at least 3 times with similar results. Data shown are the means 
of the individual measurements of one typical experiment. The apparent diminishing effect of  choline o n  
apoB secretion after a 3-h chase is explained by dilution of labeled apoB in the medium with non-radioactive 
apoB. When the amount of total apoB exceeds the maximal binding capacity of the anti-serum, a smaller 
fraction of the labeled apoB in the medium will be bound to the anti-serum. The amount of labeled apoB 
immunoprecipitated will he diluted by the increased amount of apoB secreted from the CS cells. B: The results 
in panel A for cells and medium were summed and are plotted for each cell line to display the total amount 
o f  apoB recovered at each time point. Open and closed symbols represent the results in the absence and 
presence of choline, respectively. 

452 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


chase time (hours) chase time (hours) 

Fig. 3. Secretion of  total labeled proteins (A) and apoR28 (R)  lrom 
a stably transfected McArdle cell line. Pulse-chase experiment5 were 
pcrformed in the presence (0) or ahsence (0) of 100 ~ L M  choline as 
hriefly descrihed in the legend to Fig. 2. Total secretion of proteins 
was asscsscd hv trichloroacetic acid-precipitation of proteins from 
cells and media. Secretion is expressctl as the amount of lahelctl pro- 
tein in medium as a percentage of total amount of laheled protein 
recovered from cells and media. The measurements were performed 
in duplicate and the experiment was repeated with similar results. 
Data shown arc thc means of the individual measurements of onc 
typical experiment. 

line (Fig. 4A). Thus, differences in secretory efficiency 
did not determine the effectiveness of the choline defi- 
ciency. 

The extent of intracellular basal degradation (the 
degradation of apoB truncations that occurs in CS he- 
patocytes) was not the reason for the CD effect as cell 
lines secreting noncore-forming truncations strongly 
differed in the extent of basal degradation. Although 
basal degradation was high for all E18 secretors (47.4 
to 57.8% after 1 h of chase), basal degradation in B 
23- and E15expressing cells was much lower (16.4% 
to virtually none after 2 h of chase, respectively). The 
addition of choline to CD cells did not affect the secre- 
tion of truncated apoBs in any of these cell lines. We 

0 2 4 6  
chase time (hours) 

0 2 4 
chase time (hours) 

Fig. 4. Secretion of apoR28 from cell lines that secrete truncated 
apoR with high (A) and low (R)  secretory efficiency. A pulse-chase 
experiment was performed in the presence (0) or ahsence (0) of 
100 p~ choline as hriefly described in the legcnd to Fig. 2. The two 
cell linesdiflered in the rate of lahel incorporation (745 and 212 dpm 
per mg cell protein per h, for the high and low secretor, respectively). 
The measurement5 were performed in duplicate and the experiment 
was repeated with similar results. Data shown are means of the individ- 
ual measurement5 of one typical experiment. 

conclude that basal degradation is not a determining 
factor in the differential CD effect on core- versus non- 
core-forming apoB truncations. As apoE-37 secreting 
cells degrade apoE37 extensively, whereas intracellular 
degradation of apoB-28 in the apoE-28 high secretor 
was virtually absent, we further deduce that the choline 
effect is not determined by differences in basal intracel- 
lular degradation. 

Effect of impaired PC biosynthesis on continuous 
secretion of carboxyl-terminally truncated apoBs 

Transfected cells were deprived of choline for 20 h. 
Cells were then incubated for up to 24 h in the absence 
or presence of 100 PM choline. The amounts of trun- 
cated apoBs in the cells and secreted were determined 
by immunoblot analysis. The secretion of non-core- 
forming truncations, E15, E18, and E23, was not af- 
fected by the addition of choline to the medium (Fig. 
5). On the other hand, the secretion of core-forming 
apoR truncations, E28 and E37 (Fig. 5), was markedly 
increased by the presence of choline in the medium. 
Density integration of scans of Western blots showed 
that the secretion of apoE28 and E37 was, on average, 
increased by 49 and 37%, respectively, when choline 
was present in the medium. 

The intracellular levels of apoE-28 and B-37 re- 
mained relatively constant over a long period of time 

Oh l h  2h 4h 8h 12h 24h 
1+11+-11+-II+-II+-II+Fl 

6151 

618[ 3 

628 [ 
r 

637 1 
Fig. 5. Immunohlot analysis of secreted apoB-15. B-18. B-23, B28, 
and B37. CD and CS McArdle cells were incuhated in medium that 
lacked (-) or contained (+) 100 p~ choline. At the indicated times, 
media were harvested and aliquots were subjected to SDSpolyacnl- 
amide gel electrophoresis. Proteins were transferred to polyvinylidene 
difluoride memhranes and apoRs were analped by immunoblot anal- 
ysis. The ID1 mouse monoclonal antibody was used as primary anti- 
body. Immunohlot analysis was repeated at least twice for all cell lines 
indicated, with essentially the same results. 
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Fig. 6. Immunohlot analysis of apoWL8 from cells (C) and medium 
(A); comparison with the secretion of apoA-I (8). The experiment 
was performed hasically as described in the legend to Fig. 3. At the 
indicated times, media and cells were hanrstetl in sample buffer and 
diluted 1 : 1 (v/v) with water. The proteins wcre separated by SDS 
polyacrylamide gel electrophoresis. For ininiunoblot analysis of apoA- 
I ,  rabhit anti-rat apoA-I antiseritm was riser1 as primary antibody. Fig. 
6A is the same as the B28 experiment presented in Fig. 5. 

(Fig. 6C and Fig. 7C, 1-8 h)  after choline supplementa- 
tion. However, choline supplementation for 24 h did 
cause a decrease in intracellular apoB-28. We also exam- 
ined the level of apoA-I in the medium of apoB-28- and 
B-37-secreting cells by immonoblot analysis. After 12 
and 24 h, the secretion of apoA-I was not significantly 
affected by the presence of choline in the medium 
(Figs. 6B and 7B), indicating that the effect of choline 
is specific for apoB. Taken together, our result.. from 
pulsechase and immunoblot analysis indicate that only 
apolipoproteins that assemble a neutral lipid core re- 
quire PC synthesis for normal secretion from McArdle 
cells. 

Oh l h  2h 4h 8h 12h 24h 
"""El 

c( 

3 
Fig. 7. Immunohlot analysis of apoB37 from cells (C) and medium 
(A);  comparison with the secretion of apoA-I (8) .  The experiment is 
essentially the same as described in Fig. 6 for apoB-28-secreting cells. 
In panel C hoth hands are thought to be apoI3-37 hut the reason for 
the difTerence in electrophoretic mobility is not presently under- 
stood. 

Other evidence for the choline effect being specific 
for core-forming apoBs comes from the secretion of en- 
dogenously synthesized apoB-48 and -100 from cells se- 
creting a noncore-forming truncation. When we over- 
exposed the apoB-23 autoradiograms we found that the 
secretion of endogenous apoB-48 and -100 was inhib 
ited by 37 and 52%, respectively, as determined by den- 
sitometric scanning. However, the secretion of apoB-23 
was not affected. Hence, the CD effect depends on fea- 
tures of individual apokontaining lipoproteins and 
not on the nature of the cell secreting them. 

Impaired PC biosynthesis and the density 
distributions of secreted ap0B-28 and -37 

To find a relationship between length, buoyancy, 
and/or lipid binding ability of apoB truncations, we 
fractionated media from cell lines secreting apoB-28 or 
-37 on the basis of density. ApoB-28 from the medium 
of CD cells was equally present in two forms, one of 
which floated at d < 1.21 g/ml and one that did not 
(Fig. 8). In contrast, apoB-37 secreted from CD cells 
appeared to be present only in the low density fraction 
(Fig. 8). When cells were supplied with choline, the 
level of apoB-28 in the fraction with density < 1.21 g /  
ml increased (Fig. 8 ) ,  whereas the amount of apoRL8 
in the fraction with a density > 1.21 g/ml was not af- 
fected by the presence of choline (Fig. 8). Supplemen- 
tation of choline only increased the levels of apoB-37 
in the fraction at the top of the gradient (Fig. 8). As 
buoyancy of a lipoprotein particle is related to the 
amount of lipid assembled with apoB (16), we conclude 
that the CD effect on apoB secretion is related to the 
amount of lipid bound to the apoprotein, rather than 
to the length of the truncation. Moreover, the lack of 

Top Bottom 

450 

Top Bottom 

Fig. 8. The effcct of choline supplementation on the density distri- 
bution of secreted apoR28 and B37. Pulsechase experiments were 
performed, basically as described in the legend to Fig. 2. After 90 min 
of chase, media from CD (open ham) and CS (filler1 bars) cells were 
harvested and carrier lipoproteins and solid KBr were added before 
samples were subjected t o  density fractionation by ultracentrifttga- 
tion. After centrifugation for 24 h at 485,000 g, the upper 40% (re- 
ferred to as the top fraction) and lower 60% (referred to as the hot- 
tom fraction) were collected separately. Aliquots were suhjected to 
immunohlotting and the amount of apoB28 was qitantitated by densi- 
tometric scanning of the atttoradioagram. Values are means 2 stan- 
dard error of at least three separate experiments. 
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an effect of choline on the apoB fraction that bound 
relatively low amounts of lipid underscores the result 
that PC synthesis is only required for secretion when a 
neutral lipid core is formed. 

DISCUSSION 

Association with lipid components, the requirement 
of the microsomal TG transfer protein (MTP) for VLDL 
secretion (2, 23, 24), and the existence of default path- 
ways for degradation of incorrectly assembled apoB, dis- 
tinguish the secretion of this unusually large amphi- 
pathic protein from other secretory proteins. In the 
present study we investigated the importance of PC bio- 
synthesis for the secretion of carboxyl-truncated apoBs 
from stably transfected McArdle RH7777 cells. The 
truncated forms differed in length and ability to assem- 
ble a neutral lipid core. Our approach was to inhibit 
selectively PC synthesis in transfected cell lines by de- 
priving them of choline for l day. Cells were then sup- 
plemented with choline or maintained CD. The results 
from both pulsechase experiments and immunoblot 
analyses indicate that the secretion of apoB is depen- 
dent on PC synthesis only when an apoB truncation is 
longer than 23% of the N-terminus of full-length apoB- 
100. Somewhere between apoB-23 and apoB-28 there 
appears to be a transition where the requirement for 
PC becomes manifest. The experiment with apoB-28 
(Fig. 8) showed that the presence of neutral lipid associ- 
ated with a truncated apoB, rather than the length of 
apoB, determined the requirement for PC. 

Is PC biosynthesis required for translocation of apoB 
or core lipid assembly? 

We have recently shown that translocation of trun- 
cated apoB-15, -29, and -48 into the lumen of hepatic 
microsomes from CD rats during in vitro translation, in 
the presence of lipid precursors, is not impaired (A. E. 
Rusinol, P. S. Vermeulen, and D. E. Vance, unpublished 
results). Therefore, the length of apoB does not appear 
to limit the translocation of apoB in microsomes from 
CD rat livers. Moreover, the number of particles recov- 
ered in the lumen of microsomes from CD rat livers was 
the same as from CS rat livers, but fewer particles are 
recovered from the Golgi of CD livers (14). However, 
the particles from both the Golgi and ER from CD livers 
were shown to be deficient in PC (15). Thus, VLDL par- 
ticles are formed in normal amounts in CD hepatic cells 
despite impaired PC biosynthesis; translocation is not 
impaired. However, phospholipids may modulate apoB 
translocation, as enrichment of microsomal mem- 
branes with phosphatidylmonomethylethanolamine in- 

hibits the translocation of apoB-100 and B-48 (18) as 
well as shorter apoB variants (B-15, B-18, B-23, and 

Our studies have shown that apoB-28 is secreted in 
two forms: a highly lipidated form (buoyant at a density 
of 1.21 g/ml) and an under-lipidated form (not buoy- 
ant at the same density). Enhanced PC biosynthesis 
stimulated the secretion of the buoyant, but not the 
non-buoyant, form. One possibility is that the non-buoy- 
ant, luminal form of apoB-28 is a precursor of the buoy- 
ant form of apoB-28 as has been suggested to occur for 
conversion of the apoB-48-HDL particle to the apoB-48- 
VLDL particle (25, 26). PC biosynthesis might be re- 
quired for assembly of the lipidated form but not the 
high density form. However, a precursor-product rela- 
tionship between the two apoB-28 forms, or between 
the two luminal forms of apoB-48, has not been estab- 
lished. 

What is the relationship between apoB secretion and 
intracellular degradation? A proposed role for choline 
deficiency-related intracellular degradation 

At least two types of intracellular degradation of apoB 
have been observed. Under normal conditions excess 
apoB that is not assembled with lipids into a lipoprotein 
particle is degraded. In HepG2 cells (9, 10) and McAr- 
dle cells (11) translocation of apoB, and not the ER- 
localized degradation, regulates the amount of apoB se- 
creted. Translationcoupled degradation in these cells 
might play a role in clearing unused apoB molecules 
from the secretory pathway. ApoB molecules that have 
failed to traverse correctly the ER membrane, or that 
are produced in excess, would be targets for proteolysis. 
When hepatocytes are deprived of choline, an addi- 
tional level of apoB degradation occurs. Possibly a qual- 
ity control protease in a post-ER compartment degrades 
apoB-containing lipoprotein particles that are defective 
so that secretion of apoB is inhibited during choline 
deficiency (14, 15). 

We observed that under CD conditions the secretion 
of apoB-28 and -37 was decreased by approximately 50% 
compared to that in CS cells (Fig. 2).  However, choline 
deficiency had different effects on the intracellular lev- 
els of the truncated apoB forms. The labeling of apoB- 
37 was practically equal in CD and CS cells (Fig. 2) ,  indi- 
cating that apoB-37 that was not secreted was rapidly 
degraded (Fig. 2B). ApoB-28 accumulated intracellu- 
larly followed by more rapid degradation in CD cells 
(Fig. 2B). Proteolysis of apoB in abnormal particles 
might prevent apoB accumulation which might block 
the normal transit of apoB through its secretory 
pathway. 

In cultured rat hepatocytes, in contrast to HepG2 
cells, the major part of apoB degradation has been re- 

B-28) (11). 
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ported to occur in a post-ER compartment (possibly 
Golgi) via the action of a cysteine protease (27). This 
conclusion was drawn from experiments with a calpain 
protease inhibitor (2S3S)-trunsepoxysuccinyl-1.-leucyl- 
amido-%methylbutane ethyl ester (EST) in cultured 
hepatocytes and isolated hepatic Golgi fractions. Our 
preliminary observation that EST suppressed enhanced 
degradation of apoB-37 in CD McArdle cells (P. S. Ver- 
meulen and D. E. Vance, unpublished results) is an indi 
cation that choline deficiency-related degradation also 
involves a cysteine protease. However, at this juncture, 
the subcellular localization of the choline deficiency- 
related degradation in McArdle cells has not been es- 
tablished. In rat hepatocytes, the CD-related degrada- 
tion of apoB is in a post-ER compartment (14, 15). 

How do our choline deficiency results compare with 
the effects of oleate on the secretion of apoB 
truncations from McArdle cells? 

In primary rat hepatocytes, oleate does not signifi- 
cantly stimulate the secretion of apoB whereas the 
amount of TG secreted is substantially increased (28). 
However, oleate supplementation of McArdle cells stim- 
ulates the secretion of apoBs with a minimum length 
of23% of apoB-100 (29). We found a stimulatory effect 
of choline on secretion of apoBs at a length of 28% and 
higher of apoB-100. Oleate is known to stimulate PC: 
synthesis through the activation of CTP : phosphocho- 
line cytidylyltransferase (30, 31). If oleate stimulation 
of PC biosynthesis were of primary importance, the 
stimulatory effect of choline should have occurred with 
the same length of apoB truncation as with oleate 
supplementation (i.e., apoB-23). Thus, PC availability 
would not seem to be predominantly responsible for 
the stimulatory effect of oleate on apoB secretion. The 
stimulatory effect of oleate on apoB secretion may be 
more related to the stimulation of TG synthesis (32). 
Supply of TG is recognized as an important component 
in regulating apoB secretion, as Triacsin D, an inhibitor 
of TG synthesis, can fully counteract the oleate-stirnu- 
lated apoB secretion in HepG2 cells (33). Possibly, the 
stimulation of TG and PC synthesis by oleate might alter 
apoB conformation and, thereby, promote the assembly 
of TG into the nascent particle (34-36). Taken t o -  
gether, the data suggest that the stimulatory effect of 
oleate on apoB secretion may be related to the synthesis 
and availability of both TG and PC. 

One reason why the oleate and choline stimulatory 
effects became apparent at different apoB sizes is that 
the amounts of PC and TG that are required are differ- 
ent. As PC forms a monolayer around the hydrophobic 
core, the PC requirement increases as a function of the 
surface area. TGs, however, are present in the lipopro- 
tein interior. Therefore, the TG requirement increases 
with apoB size as a function of volume of the lipopro- 

tein particle. Furthermore, differences in availability, 
rates of synthesis and delivery of TG and PC might play 
a role. 

Relationship among MTP, PC, and VLDL assembly 

The inability of non-hepatic cells to secrete truncated 
apoBs such as apoB-28 and longer is ascribed to these 
cells lacking MTP (23,24,37-39). There is striking simi- 
larity among the lengths of apoB where the smallest de- 
tectable buoyant particle is formed (16), where oleate 
(29) and choline stimulatory effects become apparent, 
where n-3 fatty acids limit the secretion of apoB (40), 
and where non-hepatic cells become unable to secrete 
apoB truncations (37). MTP is reported to be involved 
in the co-translational addition of lipid to apoB (2, 24). 
COS cells secrete apoB-I7 without expression of MTP 
but require MTP for the secretion of apoB-41 (23). 
Moreover, co-expression of apoB and MTP in COS cells 
demonstrated that MTP is only required for the secre- 
tion of core-forming species (equal to or longer than 
apoB-29) (39). As the effect of choline deficiency o n  
apoB secretion is dependent on formation of a neutral 
lipid core, the process in lipoprotein assembly that in- 
volves MTP might be the same process that is impaired 
as a result of choline deficiency. An important function 
of MTP might be to transfer PC from the luminal ER 
membrane to the surface of the particle as it matures 
with a lipid core. 

Conclusion 

Our results show that apoB secretion is dependent 
on PC synthesis only when a neutral core is formed. If 
PC were required in the translocation of apoB into the 
lumen of the ER, sufficient PC appears to be available 
even though the ER membranes are deficient in PC in 
CD cells (15). PC biosynthesis might also be required 
to expand the lipoprotein surface to accommodate the 
TG in the core. In CD hepatocytes, this process would 
result in the appearance of particles that are deficient 
in PC in the lumen of the ER (15). A quality control 
protease has been postulated to degrade the apoB asso- 
ciated with the PC-deficient particles (15), hence, fewer 
buoyant particles are secreted when PC biosynthesis is 
limiting. The identification and purification of this pu- 
tative quality control protease will be the next impor- 
tant step in understanding why lipoprotein particles are 
not secreted normally from CD cel1s.l 
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