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Abstract We have investigated the hypothesis that apolipo- 
protein B undergoes a regulated process of translocation into 
the endoplasmic reticulum (ER) which causes the protein to 
adopt a transmembrane configuration. Protein segments rep- 
resenting the complete coding sequence of apolipoprotein B 
were first expressed by in vitro translation of transcripts from 
seven overlapping transcripts. Two regions were identified 
(located at residue 2425 and between residues 4149 and 
4348) that can undergo incomplete translocation into pancre- 
atic microsomes. Ribosome pausing at these sites uncoupled 
translation from translocation, leading to the synthesis of 
large cytoplasmically orientated segments of protein. In con- 
trast, when these two regions were expressed by transfection 
in cultured cells, transmembrane structures were not de- 
tected. Endogenous apolipoprotein B-100 synthesis in 
HepG2 cells generates a spectrum of nascent chains, indicat- 
ing that ribosome pausing can also occur in intact cells. 
However, the cellular pause products were cotranslationally 
translocated. While endogenous apolipoprotein B-100 in 
HepG2 cells was fully translocated, discrete proteolytic frag- 
ments were generated from the amino terminus of the pro- 
tein when proteases gained access to the lumen of perme- 
abilized microsomes. These products were similar in size and 
sequence to apolipoprotein B proteolytic fragments pre- 
viously ascribed as the luminal domains of transmembrane 
apoB-100 molecules (Du, E. Z., Kurth, J., Wang, S. L., Humis- 
ton, P., and Davis, R. A. 1994. J.  BioZ. Chem. 269 
24169-24176).-Leiper, J. M., G. B. Harrison, J. D. Bayliss, 
J. Scott, and R. J. Pease. Systematic expression of the com- 
plete coding sequence of apoB-100 does not reveal trans- 
membrane determinants.]. Lipid Res. 1996. 37: 2215-2231. 
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The primary sequence of apolipoprotein (apo) B-100 
(-550 kDa) contains multiple predicted long amphipa- 
thic P-sheets and a-helices interspersed with hydropho- 
bic regions (1-3). These may enable apoB to form a'belt' 
(4) that stabilizes the surface of lipoprotein particles. 
Nascent apoB-100 in the ER undergoes two distinct 

intracellular fates. It is either cotranslationally assem- 
bled into very low density lipoprotein particles (5,6) or, 
if it fails to assemble, it is retained on the ER membrane 
until it is degraded (7-9). Studies on cultured hepatoma 
cells suggest that the commitment of apoB to secretion 
or degradation is determined to a great extent by the 
supply of exogenous fatty acids (10-12). Instead of 
assuming that all apoB molecules are fully translocated 
into the lumen of the ER, as occurs with other secretory 
proteins, it has been widely proposed that apoB under- 
goes incomplete and regulated translocation (7,12, 13). 
In this view, while luminal lipidation is occurring, apoB 
can undergo full translocation into the ER. However, if 
lipid supply is restricted, apoB translocation is inter- 
rupted and the protein becomes fixed in a transmem- 
brane configuration (13). ApoB translocation has also 
been reported to be interrupted in heterologous cells 
which do not express microsomal triglyceride transfer 
protein, an activity that is required to transfer a neutral 
lipid core to nascent apoB in the ER lumen (14, 15). 
Incomplete translocation has also been suggested in the 
case of apoA-I (16). 

A commonly accepted criterion that a protein is trans- 
membrane is that proteolysis of isolated microsomes 
causes selective cleavage of cytoplasmic domains but 
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TABLE 1. cDNA constructs for apoB expression 

Cloning Amino 

Fragment Sire Acids M Asn-X<Ser/Thr) 

kLla 

1196-2152 105 1341,1350, and 1496 

1847-2485 70 none 

2219-2710 54 none 

f GAC ATG ACT CCG CGG CAC GTG 
r AT ACT ACT GTA GAT GTA TCA TAT A SpeI 
f ATC GCT CCG CGG GCT TCA 
r GTA TCT TCT AGA GTC TCaCGG AA Xba I 
f AGT ACT CCG CGG TGG A?T CAA A 
r CTG GGA TCC TGG 3TB GTG AAG Bam HI 
f GAA CTT CCG CGG TAC CTG TCT 
r G AGA AAG C l T  GAG A l T  TcB AGG Hind 111 
f GAC GAG CTC CCG CGG ACC TIT CAA 
r TAC AGG GAT CTA GAA TcaATA GCC Xba I 
If GAA GGA CAC CCG CGG TTC CTC AA 
Ir TCT AGG TCG ACG GAT CCC CTG C Sal 
If GAA GGA CAC CCG CCG TTC CTC AA 
IIr AGT TCC CTG TCG ACT GGC I I A G C C  Sal I 
IIf CTG TTG CCG CGG GAA GGC CAA GCC Sac I1 4048-4536 53 
Ir TCT AGG TCG ACG GAT CCC CTG C Sal 
1If CTG TTG CCG CGG GAA GGC CAA GCC Sac I1 4048-4347 33 
r TTG GTC GAC CTB CTG TAA CTC TTG Sal I 

Ap0B.A 

Ap0B.B 

Ap0B.C 

Ap0B.D 

Ap0B.E 

Ap0B.F 

ApoB. F 1 

ApoB.ET 

ApoB.F3 

Sac 'I 2507-3286 85 2752,2955,3074, and 3197 

3216-3689 52 3309,3331, and 3384 

3642-4536 98 3868,4210, and 4404 

3642-4149 55 3608 

4210and4404 

4210 

ApoB cDNA clones (9) were PCR-amplified using mismatched oligos, forward oligos ( f )  introduced an SacII site and reverse oligos (r) 
introduced a termination codon (underlined) and a suitable cloning site. In the case of proteins F, two separate forward oligos are used in 
combination with two separate reverse oligos. Oligo Ir is located in the polylinker region of a cDNA source clone, downstream of the apoB 
termination codon, and products were subcloned with the polylinker Sal I site. The residues of apoB encoded by the cDNA products are shown 
(amino acids) with the predicted molecular masses (M) exclusive of glycosylation and the residue numbers of asparagine residues in potential 
N-linked glycosylation sites (Asn-X-Ser/Thr). 

allows recovery of protected luminal domains (17). In- 
itial studies using proteolysis of microsomes isolated 
from hepatocytes or hepatoma cells resulted in the 
complete degradation of the majority of apoB-100 mole- 
cules (7), although it was also shown that this pool of 
apoB is at least partially glycosylated (7). More recently, 
Du et al. (18) have detected 69, 55, and 30 kDa apoB 
fragments after proteolysis of HepC2 cell microsomes. 
They have suggested that the amino terminus of apoB 
becomes stranded across the translocation pore with its 
cytoplasmic protein tail anchored against the outer face 
of the ER. 

We have screened for the presence of topogenic 
sequences throughout the length of apoB by expressing 
of a series of overlapping cDNA fragments. If there are 
biologically functional sequences gating apoB transloca- 
tion it is a reasonable prediction that they would be 
functional both by in vitro translation and after expres- 
sion in heterologous cells (two conditions under which 
lumenal lipidation will be minimal or absent). Addition- 
ally, as generation of the proteolytic fragments was 
variable between previous studies, we investigated the 
conditions under which similar apoB fragments arise 
from proteolysis of microsomes. The results presented 
below are consistent with a standard cotranslational 
mechanism of apoB-100 translocation into the ER. How- 
ever, fully translocated apoB-100 adopts a conformation 

in the ER that can be partially proteolyzed to discrete 
fragments when microsomes are deliberately penne- 
abilized with saponin. 

MATERIALS AND METHODS 

Production of cDNA constructs 

Overlapping apoB cDNA fragments were generated 
by PCR amplification with the oligonucleotides listed in 
Table 1. In each case three independent clones were 
processed simultaneously. To enable transcription and 
translation, the products were subcloned into vector 
pUBSS (19) at an SacII site which enables expression of 
the proteins fused to an apoB signal sequence. For 
expression in cultured cells, the products were fused to 
apoB-15 by subcloning into vector pB15.HS (19). 

ApoA-I cDNA (20) (a gift from Dr. Carol Shoulders) 
was amplified with a mismatched 5' oligonucleotide 
AT.CGA.TAA.GCT.TCA.CC,G.C,GG.TCC.ATG.GAC. 
GAG.CCA to introduce a 5' SacII site (underlined) and 
either of two 3' oligonucleotides G.GGG.GCG.GTC, 
GALTCA.CTG.GGT.GGT.GAG or GG.GCG.GTC. 
GBC.TCA.CTG.GGT.GTA.GCT.GAG.CTI'.C?T.AGT. 
CTC.CTC.GAG. Both of the 3' oligonucleotides intro- 
duce a Sal 1 site (underlined) and the second also creates 

2216 Journal of Lipid Research Volume 37,1996 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


CR MA 

-B.A 

-B.C 

-& -B.E 

- __ -B.F 

Fig. 1. Membrane association of internal apoB polypeptides. Tran- 
scripts encoding ap0B.A to ap0B.F (see Table 1 for residues) were 
translated for 60 min in a rabbit reticulocyte lysate contzining canine 
pancreatic microsomal membranes and an inhibitor of glycosylation 
(N-acetyl-Asn-Tyr-Thr-carboximide (50)). After translation, mi- 
crosomes were collected by ultracentrifugation and the membrane 
pellet was extracted with alkaline carbonate. The distribution of 
[95S]methionine-labeled full-length proteins between carbonate-re- 
leased (CR) and membrane-associated (MA) fractions is shown. 

a carboxyl-terminal glycosylation site by introducing an 
exogenous Tyr codon (bold). The Sac11 and Sal I cleaved 
products were ligated into vector pUBSS (described in 
ref. 19) to allow expression by in vitro translation. For 
eukaryotic expression, the constructs in pUBSS were 
cleaved with EcoRI and Sal1 to release a fragment con- 
taining the 5’ untranslated region from mouse encepha- 
lomyocarditis virus fused to the apoB signal sequence 
followed by apoA-I cDNA and this was transferred to 
vector pSV7d (21). 

In vitro transcription and translation 

Transcripts encoding i )  a type I1 transmembrane pro- 
tein from mouse mammary tumor virus (22), i i )  the E1 
glycoprotein of coronavirus (23), iii) apoB-9 lacking a 
termination codon (19), and iv) yeast a mating factor 
(19) have been previously described. RNA transcripts of 
constructs ap0B.A-B.F were produced by transcription 
with T7 RNA polymerase (Promega) after linearization 
at the 3’ sites listed in Table 1. 

In vitro translation in reticulocyte lysates (Promega), 
translocation into canine pancreatic microsomes 
(Promega), and protease protection assays were as pre- 
viously described ( 19). Where indicated, microsomes 
from in vitro translation reactions were either i )  ex- 
tracted with carbonate or i i)  subjected to sucrose density 

gradient centrifugation. i )  To a 30-pl translation reac- 
tion, 1 pg rat liver carrier microsomes was added and 
the mixture was centrifuged at 30,000 rpm in the 
TLAlOO rotor of a Beckman benchtop ultracentrifuge. 
The pellet was then resuspended in 100 pl of 100 mM 
sodium carbonate, pH 11.5, incubated for 1 h at 4’C, 
and then recentrifuged. Aliquots of the supernatant and 
pellet were analyzed by SDS-PAGE. i i)  Translation reac- 
tions (30 pl) were layered onto discontinuous sucrose 
density gradients made up of eight equal steps ranging 
from 1.4 to 0.25 M sucrose and were centrifuged at 
30,000 rpm for 1 h at 4°C in a SW50Ti rotor (Beckman) 
with adaptors. Gradients were unloaded from the top 
into twelve 50-pl fractions. 

In vitro translated apoA-I comigrated with an abun- 
dant lysate protein. To resolve apoA-I it was necessary 
to either i )  collect microsomal membranes by ultracen- 
trifugation or ii) when apoA-I was translated in the 
absence of membranes, to immunoprecipitate the pro- 
tein. Translation reactions (30 p1) were dialyzed for 2 h 
against 2 liters of complete PBS. The dialysate was mixed 
with 1 ml immunoprecipitation buffer (19) and immu- 
noprecipitated with 20 pl of sheep anti-human apoA-I 
polyclonal antiserum (Boehringer) followed by protein 
A Sepharose (Sigma). 

Cell culture and immunoprecipitation 
HepG2 cells or Cos I cells were maintained in RPMI 

or DMEM (Life Technologies), respectively. Cells were 
used at 70% confluency. In some experiments, cells were 
transfected with expression plasmids encoding apoB-36 
or apoB-17 (1 l), apoB-15.cyclin (19) ap0B.A-B.F, or 
apoA-I. Transfection, metabolic labeling of cells, and 
preparation of membranes (0.5-1.8 M sucrose density 
gradient interface) were as previously described (19). 
For some experiments cells were preincubated for 1 h 
with 10 pg/ml of tunicamycin (Boehringer). Commer- 
cially produced rabbi! polyclonal antiserum raised 
against apoB (Boehringer), apoA-I (Boehringer), and 
alpha 1 antitrypsin (Dako) were used for immunopre- 
cipitation. In some cases membranes were extracted 
with alkaline carbonate. Membranes (0.3 ml) were di- 
luted with >20 vol. icecold 100 mM carbonate (pH 11.5) 
for 1 h with occasional mixing. The carbonate-treated 
membranes were ultracentrifuged and the pellets were 
redissolved in immunoprecipitation buffer. The super- 
natants were concentrated to 0.5 ml and dialyzed against 
2 x 2 ml of PBS in a Centricon 30 concentrator (Amicon) 
before reconcentration to 0.5 ml and addition of 1 ml 
immunoprecipitation buffer. 

Streptolysin 0 permeabilization of cells 
HepG2 cells were permeabilized essentially as d e  

scribed (24). Approximately 3 x 106 cells were resus- 
pended in SLO buffer (125 mM potassium acetate, 2.5 
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Fig. 2. Membrane topology of internal apoB polypeptides. A, B, C, and D: Transcripts encoding apoB.A, B.B. B.D. and B.E were translated for 
60 min in the presence (lanes 3,4) or absence (lanes 1,2) of microsomes (mic). Aliquots of translation reactions were digested for either 0 min 
(lanes 1, 3) or 60 min (lanes 2, 4)  with trypsin (trp) and products were resolved by SDSPAGE on 8% gels and visualized for [55S]methionine by 
fluorography. Unprocessed proteins with signal sequences (ssB.A, ssB.B, ssB.D, and ssB.E) were fully susceptible to proteolysis. In the presence 
of membranes, proteins B.D and B.E migrated more slowly owing to glycosylation (glc) and the respective full-length products were each protected 
from proteolysis. Two full-length partially glycosylated forms of ap0R.E are also apparent (open arrows) and these were also protected. Protein 
ap0B.B does not contain glycosylation sites but processed B.B is fully protected from proteolysis. While B.A does contain glycosylation sites, the 
expected change in mobility of B.A was not apparent although, more importantly, full-length B.A was protected from proteolysis. E and F 
Transcripts encoding plactamase (plac) and yeast a mating factor (yamf) were translated in the presence (lanes 3.4) or absence (lanes 1,2) of 
microsomes (mic) and processed as above. Products were resolved by SDS-PAGE on 12% gels. Both mature proteins showed loss with trypsin 
when translated in the presence of microsomes. In both cases there is evidence of unprocessed precursors even in the presence of microsomes 
which are fully trypsin sensitive. 

mM magnesium acetate, 1 mM dithiothreitol, 25 mM 
HEPES, pH 7) plus SLO (1.5 IU/ml Murex Ltd.) and 
incubated for 20 min at 0°C to allow prebinding. The 

cells were washed to remove excess SLO and then were 
collected by centrifugation at 13000 rpm. After resus- 
pension, cells were warmed to 30°C for 5 min to pro- 
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Fig. 3. Protein ap0B.C becomes transmembrane at ribosome pause 
sites. After translation for 60 min in the presence of microsomes, 
protein ap0B.C was trypsinized for 0 (lane 1) or 60 (lane 2) min and 
products were resolved on 10% SDSPAGE gels. Only a small propor- 
tion of full-length ap0B.C chains are fully protease-resistant. The 
majority of chains are cleaved to products that comigrate with two 
ribosome pause products (pause 1 and 11) that are present in the 
undigested sample. Pause product I, although faint, was observed 
consistently in translations of protein B.C. 

mote permeabilization. Trypsin was added to a final 
ratio of 1:50 per mass of cell protein and digestion was 
carried out at 0°C or 25°C. 

RESULTS 

Expression of overlapping apoB fragments by in 
vitro translation 

To identify possible sequences that regulate the 
translocation of apoB into the ER, a series of internal 
cDNA fragments (Table 1) was expressed by in vitro 
translation. 

We examined the ability of each of the proteins to 
cotranslationally bind to canine pancreatic microsomal 
membranes by coupled in vitro translation/transloca- 
tion. After alkaline carbonate extraction, the distribu- 
tion of the translation products between the membrane 
and soluble fractions was determined (Fig. 1). Interme- 
diate carbonate releasibility (similar to that previously 
observed with apoB-15 (25)) was observed for proteins 
B.A, B.B, B.D, B.E, and B.F, but not for protein B.C 
which was completely released. We interpret partial 
carbonate releasibility as indicating some affinity of the 
expressed proteins for the ER membrane consistent 
with the predicted distribution of lipid binding motifs 
throughout apoB-100 (1-3). A probable explanation for 
the complete carbonate releasibility of protein B.C be- 
comes apparent in later experiments (Fig. 3 below). 

Carbonate extraction conditions were verified with a 
control luminal protein (yeast a mating factor) and a 
transmembrane protein (El  glycoprotein of coro- 
navirus) (data not shown). 

To determine membrane topology, each of the pro- 
teins was translated in the presence of microsomes and 
digested with trypsin. In the case of proteins B.A, B.B, 
B.D, and B.E there was no evidence that they adopted a 
transmembrane configuration as the full-length prod- 
ucts were not cleaved to smaller fragments (Fig. 2). Small 
losses of full-length proteins were apparent in these 
experiments, but this is probably due to overdigestion 
as similar losses were also observed with the control 
secretory proteins (Fig. 2 E and F). In the case ofproteins 
B.D and B.E it appears that even in the presence of 
microsomes some material is completely untranslo- 
cated. Evidence that this is indeed untranslocated is that 
i) it comigrates with products synthesized in the absence 
of microsomes; ii) it is protease sensitive; and iii) it 
remained in the soluble fraction rather than cosedi- 
menting with the microsomal membranes when reac- 
tions were subjected to ultracentrifugation (not shown). 
Again, some untranslocated material was also apparent 
with the control proteins (Fig. 2 E and F). 

Proteins B.C and B.F each adopted incompletely 
translocated conformations by in vitro translation. Pro- 
tein B.C became transmembrane at one or two sites (I 
and 11) each within 30 kDa of the amino terminus of the 
protein (Fig. 3). The resulting proteolytic fragments 
comigrated with incomplete translation products pre- 
sent in the undigested sample, which result from ribo- 
some pausing and quitting. Using oligonucleotidedi- 
rected RNAse H cleavage of transcripts, these sites were 
mapped close to residue 2425 (not shown). Interruption 
of translocation at these sites, stranding protein B.C in 
the translocation pore, could explain why this protein is 
readily extracted by carbonate (Fig. 1). We assume that 
transmembrane topology at sites I and I1 in protein B.C 
results from artefactual uncoupling of translation and 
translocation as a result of ribosome pausing, and that 
this topology is stabilized by folding of a long cytoplas- 
mic domain (285 residues). This could explain why 
protein B.B is fully translocated despite containing the 
sequence at which B.C becomes transmembrane (Fig. 
2B). In protein B.B the cytoplasmic domain would only 
be 60 residues long and possibly insufficient to anchor 
a transmembrane structure. 

Protein B.F adopts a complex mixture of topologies 
(Fig. 4). A large proportion is glycosylated (B.Fglc in Fig. 
4A) at one, two, or all of the three consensus sites 
demonstrating that translocation had been initiated. 
However, as confirmed in nine independent experi- 
ments, each of the resultant peptides was sensitive to 
proteolysis, and yet discrete protected fragments were 
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Fig. 4. Proteins containing apoB residues 4048-4348 adopt an 
anomalous topology when expressed by in vitro translation. A Protein 
ap0B.F was translated in the presence (lanes 3.4) or absence (lanes 1. 
2) of microsomes (mic) and trypsinized (trp) for either 0 or 60 min. 
Products were resolved by SDSPAGE on 8% gels. When translated in 
the absence of microsomes, unprocessed ap0B.F (ssB.F) was wholly 
susceptible to proteolysis. In the presence of microsomes (lanes 3.4) 
glycosylated products (B.F.glc) were apparent but processed B.F.glc 
was susceptible to proteolysis suggesting that it had not completed 
translocation into the microsomal lumen. When translated in the 
absence of microsomes, a series of pause products (bracketed) of 
ap0B.F predominates over full-length ap0B.F. From their size it is 
calculated that these pause products span residues 4149-4318. B 
When translated in the absence of microsomes (lane l), apoB.Fl is 
unprocessed (ssB.Fl) and migrates more quickly than glycosylated 
apoB.F1 (B.Fl.glc) produced in the presence of microsomes (lanes 2. 
3). Processed, glycosylated apoB.Fl was completely protected from 
proteolysis consistent with complete translocation into the microso- 
mal lumen. C: When translated in the absence of microsomes (lanes 
1,2) unprocessed ap0B.R (ssB.M) was wholly susceptible to proteoly- 
sis. In the presence ofmicrosomes (lanes 3-6). aseries of signal cleaved 
(B.F2) and glycosylated (B.Rglc1 +z) products were produced but each 
was wholly sensitive to proteolysis indicating that translocation had 
not been completed. When translated in the presence of microsomes 
and an inhibitor of glycosylation (NYT), a single full-length, signal 
cleaved product was apparent (lane 3) and this was also fully sensitive 
to proteolysis (lane 4). Proteolysis 0fapoB.R produces traces of20-35 
kDa tryptic fragments; however, as these arise both in the presence 
and absence of microsomes (lane 2), they cannot be assigned as 
luminal protected domains of transmembrane protein. 

not detected. To map the determinant in protein B.F 
that generates these complex topologies, we made a 
series of shorter proteins apoB.Fl, F2, and F3 (Table 1). 

Protein B.Fl was shown not to contain the topogenic 
determinant as it was quantitatively glycosylated at Asn 
(3868) and was largely resistant to trypsin (Fig. 4B). 

2220 Journal of Lipid Research Volume 37,1996 
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Protein F2 did contain the topogenic determinant and 
yielded three species: i) signal cleaved and unglycosy- 
lated, ii) signal cleaved and singly glycosylated, and iii) 
signal cleaved and doubly glycosylated. All three species 
were sensitive to exogenous trypsin (Fig. 4C). In con- 
junction with the data from B.Fl this localizes the topo- 
genic determinant between residues 4149 and 4536. 
Additionally we found that protein B.F3 was also incom- 
pletely translocated further localizing the topogenic de- 
terminant between residues 4149 and 4348 (not shown). 

Owing to the atypical protease sensitivity of proteins 
containing residues 4149-4318, protein B.F2 was trans- 
lated in the presence of microsomes and then subjected 
to sucrose density gradient centrifugation (Fig. 5). To 
indicate the sedimentation positions of membrane-asso- 
ciated and soluble proteins, the B.F2 translation reac- 
tion was mixed with microsome processed and unproc- 
essed translations of yeast a mating factor. The 
glycosylated forms of protein B.F2 remained vesicle-as- 
sociated while the majority of signal cleaved unglycosy- 
lated protein was released and cosedimented with un- 
glycosylated yeast a mating factor. The ability of 
unglycosylated B.F2 to be released from microsomes 
indicates that although translocation has been inter- 
rupted the protein has not become integrated into the 
bilayer. 

How does the destabilizing region of protein B.F exert 
its effect? Protein B.F generates numerous closely 
packed ribosome pause products between residues - 55 

kDa and - 75 kDa (brackets in Fig. 4A) and this spans 
the destabilizing region (residues 4 149-4347) identified 
in proteins B.F2 and B.F3. In Fig. 6 a possible mecha- 
nism is suggested in which multiple pause ang restart 
events in this region produce glycosylated, transmem- 
brane polypeptides that are not cleaved to predominant 
discrete fragments upon proteolysis. However, no back- 
ground smear of fragments was apparent in Fig. 4A lane 
4 which might confirm such a mechanism. 

Expression of overlapping apoB fragments in 
cultured cells 

We determined whether the sequences present in 
proteins B.C and B.F also undergo interrupted translo- 
cation in intact cells. When internal apoB cDNA frag- 
ments were fused directly to the apoB signal sequence, 
little or no expressed protein could be detected in the 
transfected cells. However, we observed that when the 
internal apoB sequences were fused to the N-terminal 
15% of apoB stable protein was produced. Proteins 
B-15.C and B-15.F appeared fully translocated in trans- 
fected Cos cells as judged by proteolysis of isolated 
microsomes (Fig. 7A and D). Comparable protease pro- 
tection was also seen for proteins B-15.B, B-15.C, and 
B-15.E (Fig. 7) and for apoB-15.A (data not shown). 
Minor variability in the degree of protection is apparent 
among experiments probably reflecting small differ- 
ences in vesicle stability. To confirm this interpretation, 
in some experiments apoB fusion proteins were cotrans- 
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Fig. 5. Membrane association of ap0B.R. A Transcripts encoding apoB.F2 were translated in the presence of microsomes for 60 min. 
Subsequently this reaction was mixed with both a translation reaction of yeast a mating factor processed by microsomes (YaMF.glc) and a 
translation reaction of unprocessed yeast a mating factor (ssYaMF). The mixture was fractionated by sucrose density centrifugation, as described 
in Materials and Methods, and the fractions were analyzed by SDS-PAGE 10% gels. Singly and doubly glycosylated ap0B.R sedimented with the 
microsomal fraction (marked by processed YaMF.glc). Signalcleaved but unglycosylated ap0B.R was present both in the soluble and membrane 
fractions. B: To confirm that complete processing of ap0B.R had occurred, aliquots of the B . R  translation reactions were electrophoresed (lane 
3) alongside unprocessed (ssB.R, lane 1) and processed but unglycosylated (BE?, lane 2) products on 12% SDSPAGE gels. The three bands in 
the microsome processed sample (lane 3) are thus identified as singly and doubly glycosylated B.R and signalcleaved, unglycosylated B.F2. 
Unprocessed B.R is not apparent in lane 3 hence the interpretation in A (above) is confirmed. 
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A B C 

Fig. 6. A model to account for the anomalous topology of protein F. A At the onset of translation translocation is cotranslational. When the 
ribosome reaches a series of closely packed pause sites (filled arrow heads) the majority of nascent peptide chains stall at one or other of these 
sites. Some potential glycosylation sites have been translocated into the lumen and been glycosylated (1) while others remain cytoplasmic (0)). 
B: Protein synthesis resumes from these pause sites, but with translocation uncoupled from translation. Therefore, newly synthesized protein is 
located on the cytoplasmic side of the membranes. C: A limited amount of posttranslational translocation may occur but this process is inefficient, 
resulting in variability at the sites at which the chains become transmembrane (M). Therefore, a large number of proteolytic products result from 
digestion, preventing visualization of predominant discrete products. 

fected with apoB-15-cyclin. As shown in Fig. 7E, pro- 
teolytic losses of B-15.B and B-15.F were matched by 
parallel losses in B-15.cyclin and in apoB-17, Le., the loss 
of B-15.F could not be attributed to specific determi- 
nants in the primary sequence of domain B.F. Similar 
results were obtained for protein B-15.C (not shown). 

indicating that it derives from sequences in the amino 
terminal 75 kDa of apoB (Fig. 8B). In this and one other 
preparation of membranes containing apoB-15.cyclin 
(not shown), band A was not generated in the absence 
of saponin. This probably represents variability in the 
integrity of recovered membranes rather than an intrin- 

Identification of partial proteolytic products 
deriving from fully translocated apoB-36 

The transfection experiments above did not identify 
any topogenic sequences that could account for reports 
of transmembrane apoB48 or B-100 in intact cells. 
However, as shown below, fragments of apoB can arise 
from the digestion of fully translocated protein in par- 
tially disrupted microsomes. In Fig. 8 the topology of 
apoB-36 expressed in Cos cells was investigated by pro- 
teolytic digestion of microsomes. Approximately 60% of 
the full-length product was protected, consistent with 
ER translocation. The decrease in intensity of the apoB- 
36 band was associated with an increase in a 65 kDa band 
(labeled A in Fig. 8). When the membranes were dis- 
rupted with limiting amounts of saponin (0.02%) there 
was a further absolute increase in band A. Excision and 
scintillation counting of band A indicated that the pro- 
portion of counts that had been lost from apoB-36 but 
were recovered in band A was the same with or without 
saponin disruption (see calculation in legend to Fig. 8), 
Le., that the origin of band A in the undisrupted sample 
might be digestion of a proportion of leaky vesicles. 
Fragment A could also be generated from apoB-l5.cy- 
clin after saponin permeabilization of the membrane, 

sic diffe-rence between apoB-36 and apoB-15.cyclin as in 
other experiments proteolysis of undisrupted mem- 
branes containing apoB-36 did not invariably produce 
fragment A (19). 

As shown in Fig. 9A and B, our data do not suggest 
that band A represents the luminal domain of trans- 
membrane apoB molecules, but indicate that trypsin 
acting on leaky or deliberately permeabilized mem- 
branes cleaves this fragment from the N-terminus of 
fully translocated apoB-36 (Fig. 9C). 

Translocation of endogenous apoB-100 
When HepG2 cells were labeled with [35S]methionine 

and then chased with unlabeled methionine, the pre- 
dominant band was apoB-100, and proteolysis indicated 
that the majority of this protein was translocated (Fig. 
10). In the absence of a chase period, a series of discrete 
biosynthetic intermediates of apoB were immunopre- 
cipitated. These nascent chains were not cleaved to 
smaller products by proteolysis of microsomes (Fig. 
1 1A) indicating that they are cotranslationally translo- 
cated into the ER. Cotranslational translocation does 
not apparently support a current model of discontinu- 
ous apoB translocation (26,27) that arose from in vitro 
translation experiments where membrane spanning in- 
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Fig. 7. Internal apoB fragments are fully translocated in Cos cells. In parts A, B, C, and D, Cos cells were transfected with plasmids encoding 
apoB.C, B.D, B.E. and B.F, respectively, and then labeled for 60 min with [s5S]methionine, after which a microsomal fraction was isolated as 
described. Aliquots were trypsinized (trp) for either 0 (lane 1) or 45 min (lanes 2, 3) in the presence (lane 3) or absence (lanes 1.2) of 0.2% 
saponin (sap). After digestion, membranes were collected by centrifugation, immunoprecipitated for apoB, and analyzed by SDSPAGE on 8% 
gels. In each case fusion proteins are completely susceptible to trypsin in the presence of saponin but predominantly resistant to digestion in its 
absence. This is consistent with complete translocation into the ER lumen. In some experiments, e.g., panel B, additional trypsin-susceptible 
bands are apparent (marked with arrowheads) in undigested samples. However, these were also apparent in some preparations of membranes 
from untransfected cells and therefore are not related to the transfected apoB proteins. E Cos cells were co-transfected with a plasmid encoding 
apoB-l5.cyclin and either apoB15.B (lanes 1,2) or apoB-15.F (lanes 3,4). Transfected cells were labeled and fractionated as above. Microsomes 
were digested for either 0 (lanes 1 ,s)  or 60 min (lanes 2,4) with trypsin (trp). F Cos cells co-transfected with plasmids encoding apoB-15.cyclin 
and apoB-17 were labeled and fractionated as above. Microsomes were digested with trypsin (trp) for either 0 (lane 1) or 60 min (lane 2). While 
some losses of apoB15.B and Fare apparent upon proteolysis, these are accompanied by parallel losses of apoB-15.cyclin and apoB-17, indicating 
that vesicle instability rather than topogenic determinants in apoB segments is responsible for the losses. 
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Fig. 8. Partial proteolysis of luminal apoB-36 yields a 65 kDa fragment. A Cos cells were transfected with a plasmid encoding apoB-36, and 
then labeled with [q5S]methionine, homogenized, and fractionated. Aliquots of intact or saponin (sap) permeabilized membranes were trypsinized 
(trp) for either 0 (lane 2) or 45 min (lanes 3-6) and immunoprecipitated for apoB. Lane 1 shows an immunoprecipitation from microsomes of 
untransfected cells. Samples were resolved on 5-15% SDSPAGEgels. Trypsinization (trp) in the absence of saponin (lane 3) resulted in a decrease 
in full length apoB-36 (B36) and an increase in a -65 kDa band (labeled A). The activity in A was further increased when the vesicles were 
disrupted with 0.02% saponin. ApoB-36 is extensively proteolyzed in the presence of 0.2% saponin or 0.5% Triton X-100 (Tx). Band A was excised 
from the gel and the activity of 55S was determined by scintillation counting. Proteolysis with 0.02% saponin caused a decrease in activity in 
apoB-36 from 11 165 dpm (undigested) to 4247 dpm (digested) with 805 dpm being recovered in band A. In the absence of saponin [35S]apoB-36 
decreased to 6872 dpm with 530 dpm being recovered in band A. In each case 12% of the original activity in apoB-36 was recovered in band A 
which corresponds approximately to 0.35 mol of A per mol of cleaved apoB-36. B: Cos cells were transfected with a plasmid encoding an 
apoB-15.cyclin fusion protein and then were labeled for 45 min with [s5S]methionine, homogenized, and fractionated. Aliquots of membranes 
were digested with trypsin (trp) for 0 (lane 1) or 45 min (lanes 2, 3) in the presence (lane 3) or absence (lanes 1, 2) of 0.02% saponin and 
immunoprecipitated for apoB. Samples were resolved on 5-15% SDSPAGE gels. Proteolysis of apobl5.cyclin in the presence of saponin 
produces a proteolytic fragment of -65 kDa (A) similar in migration to that produced from apoB-36 (above). 

termediates with large cytoplasmic tails predominated 
over translocated products. However, the in vitro trans- 
lated transmembrane products in this system could 
complete translocation after alteration of the ionic en- 
vironment (19.27). It therefore seemed possible that the 
nascent chains had indeed been stalled across the 
translocation pore in intact cells but were induced to 
undergo posttranslational translocation during mem- 
brane isolation. This possibility was excluded in Fig. 
1 lB, where we show that apoB-9 translated in vitro from 
transcripts lacking termination codons, and therefore in 
a transmembrane configuration (19, 27), retains this 
conformation during the steps used to isolate mem- 
branes from cells. The conclusion that apoB nascent 
chains are cotranslationally translocated was also sup- 
ported by proteolysis of HepC2 cells in which the 
plasma membrane had been deliberately permeabilized 
with SLO (24) to expose internal membranes but avoid- 
ing membrane damage during membrane isolation (Fig. 
11C). In this experiment some loss of material is appar- 
ent, however, all bands appear to change equally in 
intensity. In contrast, if a discontinuous process of 

translocation was occurring, preferential cleavage of 
certain intermediates would be predicted. 

Detection of proteolytic fragments from fully 
translocated apoB-100 

The majority of endogenous apoB-100 appears to be 
fully translocated in the above experiments. Further, 
apoB-100 shows equivalent protection to the secretory 
protein, a-1 macroglobulin in the accompanying article 
(28). However, translocated apoB-100 can be cleaved to 
discrete fragments in permeabilized membranes. After 
digestion of endogenous apoB-100 in saponin-treated 
HepG2 cell microsomes, fragments of 60-70 kDa are 
apparent including a major fragment of 65 kDa (A' in 
Fig. 12A). This is similar in size to fragment A previously 
observed with transfected apoB-36 (Fig. SA) and apoB- 
15.cyclin (Fig. 8B) and also similar to an amino terminal 
fragment recently reported by Du et al. (18). Fragment 
A' (Fig. 12 lanes 2,3) migrates marginally faster than a 
band, B, present in the undigested sample (lane 1). To 
confirm that A' and B are indeed different (i.e., that A' 
is indeed a proteolytic product), we also examined par- 
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Fig. 9. Possible topologies of apoB-36 and apoB-15.cyclin in secretory membranes. Three possible arrangements of apoB-36 in the ER membrane 
are shown, with the predicted proteolytic fragments apparent by SDSPACE in undigested (UD), digested (D), and digested in the presence of 
saponin (DS) samples. A: ApoB-36 is present as a mixed population of fully translocated (conformation I) and transmembrane (11) molecules 
such that A is the protected luminal domain of transmembrane molecules. However, if A represented the luminal domain of transmembrane 
apoB-36, saponin disruption of the vesicles would cause a parallel loss in full length apoB-36 (conformation I) and fragment A and not the 
increase in A that is observed (Fig. 7A). B: ApoB-36 molecules are transmembrane at site A with the cytoplasmic protein tail closely anchored 
to the outer face of the ER (conformation 111) thus restricting trypsin cleavage. Saponin might alter the configuration of the cytoplasmic tail 
making cleavage more probable. However, in this case B-15.cyclin must also be transmembrane at site A with cyclin exposed to the cytoplasm. 
As cyclin is not membrane-binding, B-15.cyclin should not depend on the presence of saponin to reveal a transmembrane configuration. C: We 
conclude that apoB-36 is fully luminal (conformation IV) and that segment A is relatively protected against digestion in broken membranes. This 
conformation is consistent with the saponin-dependent generation of fragment A from apoB-15.cyclin. 

tially digested saponin-treated membranes where a dou- 
ble of A’ and B is apparent (Fig. 12B). To ensure that 
the apoB-100 in these experiments really was fully 
translocated, we used tunicamycin (29) to examine the 
glycosylation state of the membrane-associated and car- 
bonate-soluble (luminal) pools of apoB in HepG2 cells 
(Fig. 12C). In this experiment it is apparent that both 
membrane-associated and luminal pools of apoB-100 
are glycosylated to a similar extent, which is not consis- 
tent with a large proportion of membrane-associated 
apoB being in a conformation where only 65 kDa from 
the amino terminus is translocated. Therefore, frag- 
ments of apoB produced during proteolysis of mi- 

crosomes isolated from HepC2 cells must be assumed 
to have originated from fully translocated apoB mole- 
cules. 

Topology of apoA-I 
It was previously reported that apoA-I shows quanta- 

tively similar cytoplasmic exposure to apoB in chick 
hepatocytes (16). We examined the topology of endo- 
genous apoA-I in HepG2 cells. Although some losses in 
apoA-I are apparent after trypsin digestion (Fig. 13B), 
parallel losses were apparent with both the ER glycosy- 
lated and Golgi glycosylated forms of a1 antitrypsin 
(Fig. 13A), proteins which must be translocated. The 
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Fig. 10. Topology of apoBlOO in hepatoma cells. HepG2 cells were 
labeled with [%]methionine for 60 min and then chased with unla- 
beled methionine for 15 min (lanes 1, 2, 3) or 60 min (lanes 4, 5 ,6 ,  
7). Membranes were isolated and trypsinized for 0 min (lanes 1,4), 45 
min (lanes 2.5) or for 45 min in the presence of 0.2% saponin (sap) 
(lanes 3,6). In lane 7, membranes were treated with saponin but were 
undigested. Digests were immunoprecipitated for apoB and samples 
were resolved on 4-13% SDSPAGE gels. In the absence of saponin, 
the majority of apoB-100 is resistant to proteolysis; however, when 
membranes are permeabilized with saponin, apoB-100 is completely 
digested. 

native apoA-1 sequence does not contain glycosylation 
sites. To confirm that apoA-I undergoes a normal proc- 
ess of translocation, we engineered an exogenous tyro- 
sine residue to create a C-terminal glycosylation site 
(WNTQter-KKLNYTQter) (Fig. 13C). Proteolysis of 
in vitro translocated apoA-I either with or without a 
glycosylation site failed to detect transmembrane struc- 
tures (Fig. 13D). Finally, apoA-I with or without the 
glycosylation site was expressed by transfection in Cos 
cells. The engineered glycosylation site was efficiently 
used, indicative of complete translocation in these cells 
(Fig. 13E). 

DISCUSSION 

Various reports have suggested that apoB undergoes 
a novel process of translocation into the ER (30-36). In 
several cases, proteolysis of apoB in ER membranes has 
led to a complete loss of immunoreactive protein pre- 
cluding the mapping of its precise membrane topology. 
However, other studies have proposed that specific 
transmembrane structures can be identified in apoB. 
First, proteolysis of microsomes isolated from cell lines 
expressing apoB-100 has generated amino terminal frag- 
ments that were suggested to be the luminal domains of 
partially translocated apoB-100 molecules (7-9). Sec- 
ond, coupled in vitro translation/translocation experi- 
ments have indicated that apoB translocation can stall 

leaving the protein threaded through the translocation 
pore (26, 27). It has been proposed that this stalling is 
controlled by specific membrane receptors that recog- 
nize pause transfer determinants in apoB (27). Du et al. 
(18) have advanced a composite model where pause 
transfer sequences in apoB, similar to those detected in 
in vitro translation experiments, uncouple translation 
from translocation in hepatic cells. Subsequent protein 
synthesis would generate cytoplasmic apoB, and this 
could bind to the outer face of microsomes anchoring 
apoB across the translocation pore. 

To further evaluate this model, we have now ex- 
pressed segments of apoB that, together with apoB-15 
(expressed previously (19)), represent the entire apoB- 
100 coding region. Two regions in ap0B.C and ap0B.F 
(residues 2219-2710 and 3642-4536, respectively), un- 
dergo incomplete translocation in reticulocyte lysates, 
and hence they may contain pause-transfer sequences as 
previously defined in the studies of Chuck et al. (26) and 
Chuck and Lingappa (27). However, all regions of apoB, 
including C and F, appeared to be quantitatively translo- 
cated when expressed by transfection into Cos cells. We 
saw no evidence that C, F, or indeed any other determi- 
nants in apoB can act to generate stable transmembrane 
structures in intact cells similar to those proposed by Du 
et al. (18). This is in agreement with previous studies of 
apoB translocation by Shelness, Moms-Rogers, and In- 
gram (37). This does not, however, exclude the possibil- 
ity that regions C and F might cause apoB to undergo a 
process of discontinuous translocation similar to that 
proposed for prion protein (38). In this case it has been 
proposed that transient 'U'-shaped structures form in 
the translocation pore which are then rapidly resolved 
to fully luminal products at the termination of transla- 
tion (39). 

A caveat, however, is that artefactual uncoupling of 
translation from translocation has been reported by 
other workers to occur during in vitro translation: nota- 
bly prolactin in wheat germ lysates (40), and also 
chimeric proteins with segments of hemaglutinin in 
wheat germ and in reticulocyte lysates (41). Similarly, we 
have observed transmembrane structures generated 
during the translation of cyclin that may not have been 
directed by physiological signals, but may have resulted 
from ribosome pausing. 

In view of these uncertainties over defining pause 
sequences and predicting their ultimate effect on pro- 
tein topology, we have also examined the partial trans- 
lation products of apoB-100 in HepG2 cells as these may 
identify any translocation intermediates that occur natu- 
rally. We found that the apoB nascent chains are pro- 
tected from proteolysis. As the lifetime of each of these 
intermediates must be very short to enable apoB-100 
translation to be completed in 15 min (42), we believe 
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that apoB-100  translocation is  effectively continuous. 
Certainly there is no evidence for predominant trans- 
membrane intermediates with  half  lives approaching 1 
h and with up to 50 kDa exposed on the cytoplasmic  face 
as were apparent in the initial  wheat  germ  translations 
of  apoB-15 upon which the hypothesis  of  discontinuous 
translation was based (26). More  recently,  Hegde and 
Lingappa (43) suggested that the lifetime  of  paused 
transmembrane structures may be a function of transla- 
tion  conditions, and that they  may  resolve more quickly 

Fig. 11. ApoB nascent chains are cotranslationally translocated in 
HepC2 cells. A HepC2 cells  were labeled for 1 h (lanes 1-5) or 10 
min (lanes 6.7) with [J5S]methionine, homogenized, and fractionated. 
Aliquots  were undigested (-) or trypsinized for 0 (lanes 3, 6) or 45 
(lanes 4,7) min. Lanes 2 and 5 show undigested and digested products 
after the inclusion of 0.2% saponin. Samples  were immunoprecipi- 
tated for apoB and resolved by SDSPAGE on 4-1 1% gels.  Biosynthetic 
intermediates of  synthesis  (95-500  kDa) are protected from proteoly- 
sis in intact membranes (compare lanes 3 and 4) but not in perme- 
abilized membranes (5). Similar protection from proteolysis is o b  
served after 10 min  of labeling (lanes 6 versus 7) where a greater 
proportion of apoB chains are present as intermediates of  synthesis. 
B ApoB-9 transcripts lacking termination codons were translated in 
the presence of canine pancreatic microsomes to generate transmem- 
brane apoB-9. A type 11 transmembrane protein (MMTV) and a soluble 
control protein (YaMF) were also translated. In vitro translation 
reactions were  mixed  with unlabeled HepC2 cells then homogenized 
and fractionated. The membranes were  trypsinized (trp)  for 0 (lanes 
1,3) or 60 min (lanes 2.4) at 25'C and  the products were  resolved by 
SDSPACE on 8-15%  gels. MMTV protein was  cleaved to products 2 
kDa smaller (lanes 1, 2) and Y a M F  fully protected form proteolysis 
(lanes 3.4). ApoB-9  was  cleaved to products comipting with pause 
products A and B present in the undigested sample and had thus 
maintained its transmembrane configuration during membrane 
preparation. C HepC2 cells were labeled with [55S]methionine and 
then treated with streptolysin 0 to selectively permeabilize the plasma 
membrane. After  washing the cells  were  trypsinized (trp) for 0 (lane 
1) or 45  min (lane 2) or they  were treated with  0.2% saponin and 
trypsinized for 0 min (lane 3) or 45 min (lane 4). ApoB nascent chains 
are not cleaved  by trypsin but become trypsin-accessible in the pres- 
ence of saponin (lane 4).  In  this experiment some release of apoB 
peptides is seen with saponin alone (lane 5). 

in  reticulocyte  lysates  than  in  wheat  germ  lysates.  Based 
upon this  observation,  these authors have predicted that 
the halftime  of  paused transmembrane structures in 
vivo  may be  as short as a few seconds. In this  case 
transmembrane products would be at the limit  of  detec- 
tion by proteolysis  of the nascent  chains  whose  lifetimes 
must  also  be  seconds. 

However,  two  issues remain  to  be  addressed.  First, if 
the transmembrane structures are so transient they 
would not lead to the establishment of structures as 
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Fig. 14. Partial proteolysis of fully luminal apoB-100 can produce discrete proteolytic 
fragments. A HepG2 cells were labeled with ['SSImethionine for 60 min, homogenized, and 
membranes were prepared Aliquots were undigested (lane 1) or digested with trypsin (trp) 
for 45 min (lanes 2.3) in the presence of 0.1% saponin (sap). Proteolysis of saponin disrupted 
membranes produces a number of fragments of apoB (arrow heads) including a -65 kDa band 
(A'). A' has a slightly faster mobility than a biosynthetic intermediate (B) present in the 
undigested sample. B HepG2 cells were labeled, homogenized, and fractionated as above. 
Aliquots were either undigested (lane 1) or digested for 10 min with trypsin (trp) in the 
presence of saponin (sap). Under shorter digestion conditions, a doublet of band A' and B is 
apparent, confirming that they are indeed different. C HepG2 cells were labeled with 
[35S]methionine for 60 min. Membranes were prepared from control cells (Con) (lanes 1,3, 
4) and cells pretreated for 60 min with 1 pg/ml tunicamycin (Tun) (lane 2). In lanes 3 and 4, 
proteins were separated into carbonatereleasable (CR) and membrane-associated (MA) frac- 
tions. Samples were immunoprecipitated for apoB and resolved by SDSPAGE on 4-1 1% gels. 
In the presence of tunicamycin a significant proportion of apoBlOO migrates as an unglyce 
sylated precursor B-1OOF. When membranes were extracted with carbonate it is apparent that 
both CR and MA apoB comigrate with glycosylated apoB (B100). D In control (lanes 1,2) or 
tunicamycin-treated (lanes 3, 4) cells the mature (M), precursor (P). and unglycosylated 
precursor (P') forms of aI-antitrypsin are quantitatively extracted with alkaline carbonate. 

suggested by Du et al. (18). Second, Hedge and Lin- 
gappa (43) based their arguments on the lifetime of 
transmembrane intermediates on data from studies of 
the translocation of residues 234 to 263 of apoB which 
are inferred to pause for -80 seconds in vitro, but which 
appeared to be continuously translocated in our in vitro 
translation experiments (19). In contrast, where we have 
seen long-lived transmembrane structures in proteins C 
and F in vitro, we saw no evidence for a disturbance of 
translocation in intact cells, therefore simple extrapola- 
tion between systems may not hold true. 

In contrast to other reports (7-9), the results that we 
observed with apoB have not suggested that a large 
proportion of endogenous apoB-100 in our prepara- 

tions of HepG2 cells is untranslocated or transmem- 
brane even though greater than 90% of newly synthe- 
sized apoB underwent intracellular degradation (data 
not shown). This conclusion is also apparent from the 
data of Ingram and Shelness (28). However, we cannot 
exclude the possibility that a small proportion of apoB- 
100 may adopt a transmembrane conformation that 
might not be detected in our experiments, particularly 
if several distinct pools of apoB-100 undergo separate 
trafficking pathways in these cells (44). 

During our proteolysis experiments it became appar- 
ent to us that proteolytic fragments (-65 and -40 kDa) 
can be generated from fully translocated apoB-100, 
apoB-36, and apoB-15.cyclin if trypsin gains access to the 
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lumen of permeabilized microsomes. Presumably tryp- 
sin has preferential access to certain cleavage sites in 
apoB whilst the remainder may be relatively protected 
owing to the close apposition of its peptide backbone to 
the lipid bilayer. This situation is reminiscent of the 
apparent conformation of apoB in LDL particles. Epi- 
topes for the amino terminal monoclonal antibodies ID1 
and Bsoll4 are fully expressed on the surface of native 
LDL particles, showing that this region of the protein is 
not buried within the lipid of LDL (45). Despite this, 
proteolysis yields 2-3 discrete fragments of 40-45 kDa 
from the amino terminal region of apoB that contain 
ID1 and Bsoll4 epitopes and some fragments of 60-65 
kDa that extended to the extreme amino terminus de- 
fined by the epitope for Bsoll2 (45-47). 

18- 
2 3 4  c 1 2 3 4 5 6  

Fig. 13. Topology of apoA-I. A and B HepG2 cells were labeled with 
[%]methionine for 60 min, homogenized, and membranes (lanes 2. 3.4) 
and a soluble fraction (d > 1.05 g/ml) (lane 1) were prepared. Aliquots of 
the membranes were undigested (lane 2) or digested with trypsin (up) in 
the presence (lane 4) or absence (lane 3) of 0.2% saponin. Samples were 
then immunoprecipitated for apoA-I (AI) and a1 antitrypsin (laAT) and 
resolved by SDSPAGE on 11% (A) or 15% (B) gels. A similar proportion of 
apoA-I and the mature (M) and precursor (P) forms of a l - a n t i t p i n  are 
protease resistant. Approximately 30% of total cellular apoA-1 and a1 
antitrypsin is released from microsomes during membrane preparation 
indicating that a significant amount of membrane damage has occurred. C 
ApoA-I with (lanes 4, 5, 6) or without (lanes 1, 2, 3) an engineered 
carboxyl-terminal glycosylation site was translated in the presence (lanes 2, 
3, 5, 6) or absence (lanes 1, 4) of microsomes (mic). In some reactions a 
peptide inhibitor of glycosylation (NYT) was included. Products were 
resolved by SDSPAGE on 15% gels. Processed apoA-I (AI) migrates more 
quickly than unprocessed apoA-1 (ssAI) owing to signal sequence cleavage 
(lanes 1,2). Processed apoA-1 with an engineered glycosylation site migrates 
more slowly owing to glycosylation (lanes 4.5) and this is inhibited by NYT 
(lane 6). D: ApoA-1 with (lanes 3, 4) or without (lanes 1.2) an engineered 
carboxyl-terminal glycosylation site was translated in the presence of mi- 
crosomes for 60 min and then digested with trypsin (trp) for 0 (lanes l, 3) 
or 60 min (lanes 2.4). Products were resolved by SDSPAGE on 15% gels. 
No evidence was seen for transmembrane forms of apoA-I. E ApoA-I with 
(lane 2) or without (lane 1) an engineered carboxyl-terminal glycosylation 
site was expressed by transfection in Cos cells. Transfected cells were labeled 
with [S5S]methionine and immunoprecipitated for apoA-I. The carboxyl-ter- 
minal glycosylation site is efficiently used causing a reduction in the 
migration of the protein and indicating that apoA-1 is quantitatively translo- 
cated. 

Du et al. (18) reported similar sized (69, 55, and 3.0 
kDa) proteolytic fragments of apoB in microsomes iso- 
lated from HepG2 cells and interpreted these as being 
the luminal amino termini of transmembrane apoB-100 
molecules. To control for proteolysis arising from mem- 
brane instability, these authors also monitored the re- 
covery of albumin. However, as demonstrated by In- 
gram and Shelness (28), this may have been misleading 
as the intrinsic protease sensitivity of albumin can be 
relatively low. Similarly, the pool size of untranslocated 
apoB may have been overestimated in previous studies 
where albumin was used as a control for membrane 
integrity. In one such study it was also reported that 
apoA-I shows membrane exposure similar to apoB (16), 
although our results and the results of previous studies 
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of apoA-I translocation (48) suggest that the majority of 
apoA-I is fully translocated. 

One criterion that may unequivocally identify un- 
translocated apoB-100 is the glycosylation state of the 
protein. Previously, Wong and Torbati (49) performed 
double-labeling of rat hepatocytes with [S5S]methionine 
and [3H]mannose and concluded that intracellular 
(membrane-bound) and secreted apoB are both fully 
glycosylated, showing that the majority of the protein is 
fully translocated. This appears consistent with our ob- 
servations of the glycosylation state of membrane-bound 
apoB in HepC2 cells (Fig. 12C). If, on the other hand, 
in our HepC2 cell preparations greater than 80% of 
apoB was in the conformation described by Du et al. (18) 
with only -65 kDa translocated, then it could only be 
glycosylated at two out of a total of the sixteen available 
glycosylation sites (1). Such a major underglycosylated 
pool of apoB was not apparent in our experiments and 
has not been demonstrated to corroborate the findings 
of Du et al. (18). 

In conclusion, we do not believe that there is any 
unequivocal evidence at present that apoB undergoes a 
discontinuous process of translocation or that a signifi- 
cant pool of untranslocated apoB is established in he- 
patic cel1s.l 

Manuscript receiued 2 April 1996 and in reuised form 29 July 1996. 
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