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Isolated rabbit hepatocytes were incubated with [$&S]methionine

to label intracellular pools of apolipoprotein B (apo-B). The cells

were then reincubated with an excess of unlabelled methionine in

the presence of oleate or protease inhibitors and the intracellular

sites of accumulation of radiolabelled apo-B and the mass of

apo-B were determined by isolation and analysis of subcellular

fractions. Oleate or inhibitors of metalloproteases (o-

phenanthroline), serine proteases (aprotinin), serine}cysteine

proteases (leupeptin) or cysteine proteases (calpain inhibitor I ;

ALLN) but not aspartate proteases (pepstatin) resulted in

inhibition of the cellular degradation of apo-B. The effect of o-

phenanthroline was reversed by the addition of zinc ions. Oleate,

o-phenanthroline and leupeptin also stimulated secretion of

INTRODUCTION

Apolipoprotein B100 (apo-B) is the major and essential apo-

lipoprotein of very-low-density lipoproteins (VLDL), the vehicle

of transport of endogenous lipid from the liver. Increased rates

of secretion of VLDL from the liver are associated with hyper-

lipaemia. It is therefore important to elucidate the mechanisms

involved in regulation of the synthesis, intracellular transit and

assembly of apo-B and VLDL. Rapid changes in the secretion of

apo-B-VLDL are not accompanied by changes in the mRNA

for apo-B and it is generally considered that the acute regulation

of apo-B secretion is at the post-translational level [1–3]. A

number of studies of rat hepatocytes, rabbit hepatocytes and

hepatoma cell lines have indicated that apo-B is synthesized in

excess over that secreted and that the excess protein is degraded

intracellularly [4–15]. This has led to the idea that intracellular

proteolytic digestion of apo-B may be one mechanism by which

VLDL secretion is regulated. Thus, degradation of apo-B could

be an appropriate target for therapeutic regulation of VLDL

secretion. To exploit this, however, it is necessary to determine

the intracellular sites of degradation, the nature of the proteases

involved and the way in which degradation of apo-B is linked to

assembly and secretion of VLDL.

Most studies of intracellular degradation of apo-B have used

Hep-G2 cells as a model system [5,6,10–15]. A common protocol

has been one in which the cells are pulse-labelled with

[$&S]methionine, chased in the presence of excess unlabelled

methionine, the apo-B is immunoprecipitated, separated by

SDS}PAGE and the decrease in the radioactivity in apo-B

estimated by counting or fluorography. The loss of radioactivity

from apo-B is then used as an indicator of intracellular pro-

teolysis. Although such studies have provided valuable insights
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low-density lipoproteins.
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radiolabelled apo-B; the effects of the inhibitors and oleate were

additive, suggesting that they could act via different mechanisms.

o-Phenanthroline caused accumulation of apo-B in the rough

endoplasmic reticulum (RER) and smooth endoplasmic

reticulum (SER) membranes; leupeptin caused accumulation of

apo-B in the SER and cis-Golgi membranes, and ALLN and

aprotinin caused accumulation of apo-B in the trans-Golgi

membranes. These results suggest that intracellular degradation

of apo-B occurs in the endoplasmic reticulum and in the trans-

Golgi membranes and involves different proteases. Apo-B that

accumulates in the ER membrane can be diverted into the lumen

for secretion; however, apo-B that accumulates in the trans-

Golgi membrane is irretrievably diverted from secretion.

into the characteristics of the proteolytic process, the total

cellular apo-B is pooled in the procedures used and the mass of

apo-B has not been measured. Moreover, although these cells

synthesize and secrete apo-B, this is in particles with a low

triacylglycerol content that have the density of low-density

lipoproteins [15–17]. Recent studies by Gibbons et al. [18] suggest

that Hep-G2 cells lack the ability to mobilize and secrete cytosolic

triacylglycerol, which in rat hepatocytes is the direct source of

VLDL triacylglycerol. It has also been suggested that VLDL

assembly is a two-step process the second step of which, fusion

with triacylglycerol-rich particles, is absent from Hep-G2 [19].

As our investigations are intended to elucidate events in normal

liver with a view to extrapolation to human we have performed

our studies on adult rabbit hepatocytes. We have previously

shown that freshly isolated rabbit hepatocytes secrete apo-B100,

dependent on added oleate, at a rate of approx. 1 µg}h per mg of

cell protein [20]. This compares favourably with the secretion of

apo-B by Hep-G2 cells or rat hepatocytes in culture [1,9].

Our studies have shown that in rabbit liver apo-B exists in

both membrane-bound and luminal pools in the endoplasmic

reticulum (ER) and the Golgi [20–25]. The membrane-bound

form of apo-B in the rough ER (RER) and smooth ER (SERR) is

in at least two pools, which are differentially available to mono-

clonal antibody probes ; one at the luminal surface, which is

masked in closed vesicles and exposed in open vesicles, and a

second pool exposed at the cytosolic side of the membrane. In the

Golgi, all of the membrane-bound form of apo-B is exposed at

the cytosolic side of the membrane [22–24]. Investigations of the

kinetics of transit of apo-B have shown that in isolated rat or

rabbit hepatocytes incubated with [$&S]methionine the apo-B

pools in RER, SER, cis-Golgi and trans-Golgi membranes and

luminal contents are not uniformly labelled and turn over at
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different rates [20,21]. Newly synthesized apo-B is preferentially

retained in the RER membrane and is preferentially transferred

to the lumen. The main site of degradation of newly synthesized

apo-B is the RER. However, apo-B also moves to the trans-Golgi

membrane and is subsequently degraded: this pool turns over

more slowly than that in the ER.

In the present study we investigated the nature of the proteases

involved in degradation of apo-B and the intracellular sites of its

accumulation in hepatocytes, in which degradation is inhibited.

Freshly isolated rabbit hepatocytes were incubated with

[$&S]methionine to label the intracellular apo-B. The cells were

then isolated by centrifugation and reincubated in the presence

of excess unlabelled methionine in the presence and absence of

different protease inhibitors to block degradation of apo-B.

Subcellular fractions were prepared at intervals during the

reincubation step and their content of both newly synthesized

(radiolabelled) and total apo-B determined. Our observations

suggest that different proteases acting in the ER and the Golgi

may be involved in degradation and that apo-B protected from

degradation in the ER is apparently available for secretion,

whereas apo-B in the trans-Golgi is committed to the degradation

pathway.

METHODS

Materials

Proteolytic inhibitors, o-phenanthroline, leupeptin, aprotinin and

pepstatin were purchased from Sigma, and ALLN (calpain

inhibitor I) from Calbiochem. PHM Liposorb was from

Calbiochem. All other materials and radiolabelled chemicals

were as described previously [20–25].

Hepatocyte and subcellular organelle preparation

Rabbit hepatocytes were isolated and characterized by using

methods previously described [20] and subcellular fractions

(RER, SER, cis-Golgi and trans-Golgi) were prepared from

hepatocytes and characterized as described previously [20,21].

Membrane and content subfractions were prepared from the

intact subcellular fractions by suspension (less than 1 mg}ml

protein) in sodium carbonate (100 mM) followed by centri-

fugation as described previously [26].

Incubation of hepatocytes with [35S]methionine

Hepatocytes were incubated as described previously [20,21].

Briefly, freshly isolated rabbit hepatocytes were resuspended

(50%, w}v) in modified methionine-free Eagles’ minimum es-

sential medium, which had been gassed with O
#
}CO

#
(19:1).

Hepatocytes (1 or 2 g) were incubated in 50 ml siliconized flasks,

which were gassed at intervals before and during the incubation

period. [$&S]Methionine (approx. 70–150 µCi) was added and the

flasks were incubated for 30 min. The cells were isolated by

centrifugation at 1000 g for 2 min at ambient temperature,

suspended (50%, w}v) in minimum essential medium containing

45 mM unlabelled methionine and reincubated for up to 180 min.

Depending on the experiment, albumin (fatty acid-free), oleate

[bound to 1% (w}v) fatty acid-free albumin], or protease

inhibitors were added at the beginning of the reincubation period

to give final concentrations as follows: fatty acid-free albumin

(1 mg}ml), oleate (1 mM), aprotinin (2 µg}ml), ALLN

(42 µg}ml), pepstatin (0.68 µg}ml), leupeptin (24 µg}ml), o-

phenanthroline (0.2 mg}ml). After incubation for the selected

time, the hepatocytes were isolated by centrifugation at 1000 g

for 5 min at ambient temperature. In some experiments, cells and

supernatants (media) were immediately processed for analysis of

apo-B, otherwise subcellular fractions were prepared from the

cell pellets [20,21]. As we have found that preparation of all

subcellular fractions from a single homogenate does not yield

satisfactory results, RER and SER or cis-Golgi and trans-Golgi

were prepared from duplicate incubations of hepatocytes at each

time point investigated. The viability of the hepatocytes was

checked by Trypan Blue exclusion and also by the ability of the

cells to incorporate [$&S]methionine into total and secreted

proteins [21].

Time-course experiments involving subcellular fractionation

required centrifugation of a large number of samples, so it was

not possible to perform sufficient repeated individual time points

for statistical analysis. In repeated experiments the radiolabel

added, but not the amount of methionine, varied owing to decay.

Therefore results of single experiments are presented; however,

the patterns of incorporation of radiolabel were similar in

repeated experiments.

Determination of secretion of radiolabelled apo-B

The incubation media were centrifuged at 17500 g for 30 min at

4 °C to remove any cell debris and the secreted lipoproteins in the

total incubation media were adsorbed onto PHM-L Liposorb

(10 mg). Preliminary experiments established that this resulted in

complete removal of apo-B from the media as detected by

SDS}PAGE and immunoblotting. The Liposorb was isolated by

centrifugation, the proteins were solubilized in sample buffer,

separated by SDS}PAGE and the apo-B-containing band was

excised and the radioactivity determined as described previously

[20,21,25].

Determination of radiolabelled apo-B in hepatocytes and
subcellular fractions

In some experiments the rate of degradation of apo-B in

unfractionated hepatocytes was investigated. The hepatocyte

pellets were resuspended and protein was determined. Aliquots

equivalent to 1 mg of protein were isolated by centrifugation,

dissolved in sample buffer and separated by SDS}PAGE. The

apo-B-containing bands were excised, solubilized and counted as

described previously [20,21,25]. In other experiments subcellular

fractions were prepared from hepatocytes. The radioactivity in

apo-B in each fraction was determined after SDS}PAGE. In

most experiments the amount of apo-B was also determined in

parallel SDS}PAGE gels by quantitative immunoblotting as

described previously [25]. For this assay, a standard curve of

apo-B prepared from low-density lipoproteins was applied to

each gel with the unknown samples. After SDS}PAGE the

proteins were electrotransferred to nitrocellulose and stained

with Amido Black to locate the apo-B-containing bands by

comparison with the standards. The membrane was destained,

blocked and incubated sequentially with the primary antibody,

secondary antibody and "#&I-labelled Protein A with washes

between steps [25]. The apo-B-containing bands were cut from

the membrane, the radioactivity was determined and the apo-B

content of each band calculated from the standard curve as

described previously [25]. Thus only intact apo-B (molecular

mass approx. 500 kDa) was determined.

RESULTS

As previously described, incorporation of [$&S]methionine into

apo-B of rabbit hepatocytes was rapid [20], so that within

minutes of incubation radiolabelled apo-B was present in each

subcellular fraction. Therefore, as in previous studies, we selected

30 min for the first incubation step because this resulted in
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Figure 1 Effect of oleate on the degradation and secretion of newly
synthesized apo-B by isolated rabbit hepatocytes

Isolated hepatocytes were pulse-labelled with [35S]methionine for 30 min, isolated by

centrifugation and reincubated with and without addition of oleate ; at intervals the cells were

pelleted by centrifugation and the radiolabel in cells and secreted apo-B determined as

described in the Methods section. Symbols : _, with oleate ; ^, without oleate. Plotted results

are d.p.m. in apo-B per g of hepatocytes (a) and total d.p.m. secreted by 1 g of hepatocytes

(b) ; 1 g of hepatocytes contains 40 mg of protein.

sufficient incorporation of [$&S]methionine to allow measurement

of the radiolabelled apo-B in subcellular fractions prepared from

1 g of hepatocytes [20,21]. In the second incubation the fates of

the different pools of apo-B were followed.

Effect of oleate on the degradation and secretion of apo-B

Hepatocytes

Newly synthesized apo-B was lost from hepatocytes in the

second incubation step, so that after 120 min 44.25³7.5%

(S.D. ; n¯ 4) of the radioactivity in apo-B had been lost (Figure

1). Addition of oleate to the incubation medium prevented this

degradation and also stimulated secretion of apo-B more than 6-

fold compared with that in the absence of oleate (Figure 1).

Subcellular fractions

After 30 min of incubation the radiolabel in apo-B in the RER

fractions was considerably higher than that in the other fractions

(Figure 2) and the specific activity of apo-B in the RER luminal

contents (415 617 d.p.m.}µg) was approximately three times

that in the membrane (136629 d.p.m.}µg), indicating that newly

synthesized apo-B does not mix with the membrane-bound pool

and is preferentially transferred to the lumen of the RER. The

amount of apo-B (µg}mg of fraction protein) in the subcellular

fractions was similar to that reported previously with the highest

level in the trans-Golgi lumen and membranes (Table 1). The

radiolabelled (newly synthesized) apo-B therefore does not reflect

the mass of intracellular pools of apo-B, and the SER, cis-Golgi

and trans-Golgi pools apparently turn over more slowly than

those of the RER.

When hepatocytes were reincubated in the presence of excess

unlabelled methionine the radiolabel in apo-B in the RER, SER

and cis-Golgi membrane fell by between 70 and 90%, whereas

that in the trans-Golgi membrane remained level (Figure 2). The

radiolabel in apo-B in the luminal contents of the RER and SER

also fell, while that in the trans-Golgi and the cis-Golgi lumen

rose and fell. These observations are consistent with previous

findings and indicate that there is considerable degradation of

newly synthesized apo-B and that the RER membranes and

lumen are the major site of this degradation [20,21].

In intracellular fractions the major effect of addition of oleate

to the incubation medium oleate was apparently to protect the

mass of apo-B from degradation in the membranes and to

stimulate its transfer into and through the lumen of the secretory

pathway (Figure 2). The pattern of change in radiolabelled apo-

B differed from that of the mass of apo-B, suggesting that newly

synthesized apo-B does not mix with unlabelled apo-B that is

presumably present in the hepatocytes before incubation and

synthesized during incubation. This pool of unlabelled apo-B is

apparently protected from degradation by the addition of oleate.

Effect of protease inhibitors on the degradation and secretion of
apo-B

Hepatocytes

Addition of inhibitors of metalloproteases (o-phenanthroline),

serine proteases (aprotinin), serine}cysteine proteases (leupeptin)

or cysteine proteases (ALLN) to the second incubation step

inhibited cellular degradation of apo-B (Figure 3). Both ALLN

and EDTA exhibited a lag in their effect, suggesting that these

inhibitors did not gain access to the proteases immediately.

Addition of 1 mM zinc chloride with o-phenanthroline com-

pletely reversed the inhibition, confirming the involvement of a

zinc-dependent protease (Table 2). Protein synthesis from

[$&S]methionine was not reduced in the presence of any of the

inhibitors compared with controls, indicating that the hepato-

cytes remain viable and that the effects of the inhibitors are not

a result of inhibition of protein synthesis (Figure 4). We also

tested the effect of the aspartate protease inhibitor, pepstatin:

this had no effect on apo-B degradation or secretion.

Leupeptin and o-phenanthroline both increased apo-B se-

cretion about 4-fold compared with the control, to about 60% of

that stimulated by oleate. The other inhibitors investigated had

no significant effect on secretion. One explanation for this

observation is that o-phenanthroline and leupeptin might inhibit

degradation early in the secretory pathway so that the protected

apo-B is secreted, whereas the other inhibitors act later in the

pathway when apo-B is irretrievably diverted from secretion. To

test this possibility the intracellular sites of accumulation of apo-

B were investigated.

Subcellular fractions

When o-phenanthroline was added to the second incubation

step, its main effects were to cause accumulation of the radiolabel

in apo-B and to increase the mass of apo-B in the RER membrane

and the SER membrane, with little effect on the luminal content

fractions (Figure 5). There was no effect on the disappearance of

newly synthesized apo-B from the cis-Golgi or trans-Golgi

membranes, although the mass of apo-B decreased more slowly
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Figure 2 Effect of oleate on the intracellular degradation of apo-B in pulse-labelled hepatocytes

Isolated hepatocytes were pulse-labelled with [35S]methionine for 30 min, isolated by centrifugation and reincubated with and without addition of oleate as described in the Methods section. At

intervals the cells were pelleted by centrifugation, subcellular fractions prepared and radiolabel and mass of apo-B determined as described in the Methods section. Symbols : _, with oleate ;

^, without oleate. The results plotted are d.p.m. in apo-B or µg of apo-B per mg of subcellular fraction protein. Data are from a single experiment. In repeated experiments the amounts of apo-

B present in each subcellular fractions were within 10% (see Table 1). (a) RER (r.e.r.) fractions ; (b) SER (s.e.r.) fractions ; (c) cis-Golgi fractions ; (d) trans-Golgi fractions. In each group the upper

two panels are results from membranes and the lower two panels are from luminal contents.

than in the absence of the inhibitor. This may be apo-B that has

been protected from degradation in the RER moving to the

Golgi membranes. The newly synthesized apo-B in the cis-Golgi

and trans-Golgi luminal contents increased and subsequently fell

as the apo-B was secreted. o-Phenanthroline thus seems to block

degradation of apo-B in the ER membranes and to divert the

newly synthesized apo-B into the lumen and through the secretory

pathway.

Addition of leupeptin to the second incubation medium

inhibited loss of both radiolabel in apo-B and the mass of apo-

B in the SER membrane and the cis-Golgi membrane (Figure 5).

As with o-phenanthroline, the newly synthesized apo-B in the cis-

Golgi and trans-Golgi luminal contents increased and subse-

quently fell as the apo-B was secreted. However, in contrast with

o-phenanthroline, addition of leupeptin had no effect on the apo-

B in the RER membrane or luminal content. Leupeptin thus

seems to inhibit degradation of apo-B in the SER and cis-Golgi

membranes. The newly synthesized apo-B protected from degra-

dation is apparently still able to be secreted.

Both ALLN and aprotinin were similar in their effects and

differed from those of o-phenanthroline or leupeptin (Figure 5).

Both reagents inhibited loss of both radiolabel and mass of apo-

B in the trans-Golgi membrane and had no effect on degradation

of apo-B in the RER, the SER or the cis-Golgi membranes or

luminal content fractions.

Time-course experiments involving subcellular fractionation
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Table 1 Apo-B content of subcellular fractions isolated from rabbit
hepatocytes

Subcellular fractions were prepared from isolated rabbit hepatocytes as described in the

Methods section. The apo-B content was determined by quantitative immunoblotting and

expressed as µg/mg protein of each subcellular fraction before separation into membranes and

luminal content subfractions. The results are the means³S.D. of determinations of apo-B in

subcellular fractions prepared from six separate hepatocyte preparations.

Apo-B (µg/mg protein of original fraction)

Fraction Membrane Luminal content

RER 1.40³0.05 0.95³0.05

SER 1.22³0.05 1.39³0.07

cis-Golgi 1.70³0.02 1.65³0.07

trans-Golgi 3.07³0.16 7.40³0.61

–
5

–
3

Figure 3 Effect of inhibitors of proteolysis on the degradation and
secretion of newly synthesized apo-B by isolated rabbit hepatocytes

Isolated hepatocytes were pulse-labelled with [35S]methionine for 30 min, isolated by

centrifugation and reincubated with and without addition of protease inhibitors ; at intervals the

cells were pelleted by centrifugation and the radiolabel in cell and secreted apo-B determined

as described in the Methods section. Results plotted are d.p.m. in apo-B per g of hepatocytes

(a) and total d.p.m. secreted by 1 g of hepatocytes (b) ; 1 g of hepatocytes contains 40 mg

of protein. Symbols : ^, no addition ; _, ALLN ; U, leupeptin ; +, aprotinin ; *, o-
phenanthroline.

required centrifugation of a large number of samples, so it was

not possible to perform sufficient repeated individual time points

in a single experiment for statistical analysis. In repeated experi-

ments the radiolabel added, but not the amount of methionine,

varied owing to decay. Therefore the results illustrated in Figures

2 and 5 are from a single experiment. However, when the results

from repeated experiments were normalized by calculating the

percentage change in the radiolabel in apo-B in subcellular

Table 2 Effect of zinc on the inhibition of degradation of radiolabelled
apo-B by o-phenanthroline

Isolated hepatocytes were pulse-labelled with [35S]methionine for 30 min, isolated by

centrifugation and reincubated with o-phenanthroline with a range of concentrations of zinc

chloride for 120 min. The cells were pelleted by centrifugation and the radiolabel in cell and

secreted apo-B determined as described in the Methods section. Results are means³S.D. of

the change in d.p.m. in apo-B relative to the beginning of the chase-incubation per mg of

hepatocyte proteins, and total d.p.m. secreted by 1 g of hepatocytes, for three separate

preparations of hepatocytes. The radiolabel in the hepatocyte apo-B at the start of the chase

period was 13465³1152 d.p.m.

Change in radiolabel in apo-B (d.p.m.)

Treatment Cellular apo-B Secreted apo-B

No addition ®5925³390 1094³16

Plus o-phenanthroline 9999³2046 2716³103

Plus 10 µM zinc chloride 3393³352 1828³177

Plus 100 µM zinc chloride 413³287 1423³2.31

Plus 1 mM zinc chloride ®5923³444 1211³106

Figure 4 Effect of protease inhibitors on the incorporation of
[35S]methionine into total cellular and secreted proteins of isolated
hepatocytes

Isolated hepatocytes were incubated with [35S]methionine as described in the Methods section.

At intervals the cells were isolated by centrifugation and the radiolabel in cellular and secreted

proteins was determined [15]. Symbols : ^, no addition ; _, ALLN ; U, leupeptin ; +,

aprotinin ; *, o-phenanthroline ; solid lines, cellular protein ; broken lines, secreted protein.

fractions during the 120 min chase period, similar effects of

addition of protease inhibitors or oleate were observed (Table 3).

Effect of oleate on secretion of apo-B by hepatocytes treated with
protease inhibitors

The above results indicate that newly synthesized apo-B does not

mix with pre-existing apo-B in the membranes of the secretory

compartment. Oleate seems to protect the total membrane apo-

B from degradation and stimulates its transfer to the lumen for

secretion, whereas o-phenanthroline and leupeptin protect cellu-

lar apo-B from degradation at specific sites and stimulate the

secretion of newly synthesized apo-B. The effects of o-

phenanthroline or leupeptin and oleate on secreted apo-B and

cellular apo-B were additive (Table 4), suggesting that different

mechanisms are involved. Oleate seems to inhibit degradation by

diverting apo-B into a pool that is separated from the protease,

whereas the inhibitors act directly on the protease. Sakata et al.
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Figure 5 Effect of protease inhibitors on the intracellular degradation of apo-B in pulse-labelled hepatocytes

Isolated hepatocytes were pulse-labelled with [35S]methionine for 30 min, isolated by centrifugation and reincubated with no addition or with aprotinin, ALLN, o-phenanthroline or leupeptin. At intervals

the cells were pelleted by centrifugation, subcellular fractions prepared and radiolabel and mass of apo-B determined as described in the Methods section. The results plotted are d.p.m. in apo-

B or µg of apo-B per mg of subcellular fraction protein. Data from a single experiment are shown. In repeated experiments the amounts of apo-B present in each subcellular fraction were within

10% (see Table 1). Symbols : _, no addition ;U, ALLN ; ^, leupeptin ; +, aprotinin ; *, o-phenanthroline. (a) RER fractions ; (b) SER fractions ; (c) cis-Golgi fractions ; (d) trans-Golgi fractions.

In each group the upper two panels are results from membranes and the lower two panels are from luminal contents.

[13] have also shown that in ALLN-treated Hep-G2 cells,

secretion of apo-B in the ER membrane can be stimulated by the

addition of oleate.

DISCUSSION

Our aim in these studies was to radiolabel apo-B in rabbit

hepatocytes in a first incubation step and to follow its transit and

fate in the different intracellular pools in a subsequent incubation

in the presence of inhibitors of proteolysis. Ideally, in a pulse–

chase experiment the radiolabel should be initially in a single

pool. However, this is difficult to achieve in a complex cellular

system. Under our experimental conditions [$&S]methionine is

incorporated rapidly into all intracellular pools of apo-B. There-

fore we selected an initial incubation of 30 min because this

resulted in sufficient incorporation of radiolabel to allow de-

termination of the specific activities of apo-B in the small amounts

of subcellular fractions prepared. We then followed the fate of
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Table 3 Percentage change in radiolabel in apo-B of subcellular fractions during the chase period

Isolated hepatocytes were pulse-labelled with [35S]methionine for 30 min, isolated by centrifugation and reincubated for 120 min with no addition, or plus oleate, aprotinin, ALLN, o-phenanthroline
or leupeptin as described in the Methods section. The cells were pelleted by centrifugation, subcellular fractions prepared and the radiolabel in apo-B was determined as described in the Methods

section. Results are the percentage change in the radiolabel in apo-B in each subcellular fraction at the end of the reincubation relative to that at the begininning. Values given are the averages

of up to three determinations. The range of values for different experiments was less than ³15% of the average.

Subcellular fraction No addition Oleate Aprotinin ALLN o-Phenanthroline Leupeptin

RER

Membrane ®92.4 ®87.7 ®90.8 ®87.4 ­109.1 ®89.2

Content ®90.1 ®88.9 ®80.8 ®89.2 ®87.1 ®89.1

SER

Membrane ®78.7 ®61.8 ®70.4 ®86.2 ­13.3 ­36.3

Content ®76.9 ®73.0 ®79.4 ®83.4 ®87.9 ®88.7

cis-Golgi
Membrane ®62.1 ®38.5 ®80.3 ®83.3 ®66.0 ­54.2

Content ®10.1 ®47.9 ­33.8 ®22.0 ­8.7 ­41.4

trans-Golgi
Membrane ­11.3 ­299.8 ­134.3 ­648.8 ®28.9 ­937.0

Content ®10.1 ­106.3 ­177.6 ­231.3 ­563.2 ­508.1

Table 4 Effect of oleate on the degradation and secretion of apo-B in the
presence of o-phenanthroline or leupeptin

Isolated hepatocytes were labelled with [35S]methionine for 30 min, isolated by centrifugation

and reincubated with no addition, with leupeptin or with o-phenanthroline with and without

addition of oleate. After 120 min of incubation the cells were pelleted by centrifugation and the

radiolabel in cell (per mg of hepatocyte proteins) and secreted apo-B (total radiolabel secreted

by 1 g of hepatocytes) were determined as described in the Methods section. Results given are

the means³S.D. of change in radiolabel in apo-B relative to the beginning of the chase-

incubation for three separate preparations of hepatocytes. The radiolabel in the hepatocyte apo-

B at the beginning of the chase period was 4931.7³237.7 d.p.m.

Change in radiolabel in apo-B (d.p.m.)

Treatment Cellular apo-B Secreted apo-B

No addition ®2183.7³69.2 595.3³61.7

Plus oleate 2113.0³423.2 1621.7³108.5

Plus o-phenanthroline 2892.0³223.1 1634.6³128.6

Plus oleate and o-phenanthroline 4876.0³441.5 2345.0³25.5

Plus leupeptin 2708.7³340.0 1379.3³38.1

Plus leupeptin and o-phenanthroline 4122.7³227.9 4266.7³127.1

the radiolabelled apo-B in in the different subcellular pools. This

protocol was used in previous investigations [20,21].

We have characterized our subcellular fractions from rabbit

liver by using marker enzymes [20,22,24] and by using immuno-

logical markers for the cis-Golgi network (p58) and the trans-

Golgi network (TGN38) [20]. These results have been discussed

in detail elsewhere [20,22,24] ; however, they show that RER has

very low to undetectable contamination with Golgi elements, the

SER contains some Golgi elements, the cis-Golgi-enriched frac-

tion is significantly contaminated with ER and the trans-Golgi

fraction does not contain ER or cis-Golgi network markers.

However, it must be emphasized that the secretory compartment

represents a functional continuum in which the ER is linked to

the cis-Golgi through the cis-Golgi network and the trans-Golgi

is linked to the plasma membrane through the trans-Golgi

network [27–29] and that separation of this continuum is some-

what artificial. Our subcellular fractions thus sample each end of

this continuum and the overlapping central part.

Investigations in which brefeldin A, monesin or nocodazole

were used to perturb membrane traffic have suggested that the

main site of apo-B degradation in Hep-G2 cells is a pre-Golgi

compartment, probably the ER [10,12,14]. Consistent with this,

isolated ER vesicles were found to contain a protease that acts on

endogenous apo-B in the membranes; however, such activity

could not be detected in Golgi fractions [12]. The results reported

here also show that the major site of loss of radiolabelled apo-B

is the RER membrane and lumen. However, the mass of apo-B

does not behave in the same way as the radiolabel in apo-B, and

our results indicate that degradation of total apo-B occurs in

both the ER and the Golgi [20,21]. We have previously shown

that feeding orotic acid to rats causes accumulation of apo-B in

the trans-Golgi membranes, indicating that the membrane-bound

form of apo-B does move to this site [21]. We have also shown

that ER and Golgi membranes from rabbit liver, but not the

luminal content fractions, contain fragments of apo-B [22]. As

these are seen when a cocktail of protease inhibitors is included

in all fractionation steps it is likely that the fragments were

present in the membranes initially and are due to degradation in

�i�o. A similar observation was made by Davis et al. [8] in the

ER, although fragments of apo-B were barely detectable in the

Golgi fractions.

Degradation of apo-B in Hep-G2 cells has been shown to be

dependent on ATP and pH and inhibited by ALLN [14].

Treatment of Hep-G2 cells with brefeldin A, which inhibits

transfer of membrane and secretory proteins from the ER to the

Golgi, has shown that degradation is ALLN-sensitive, indicating

the involvement of a cysteine-ER protease [10,12,14]. In contrast,

it has been shown that insulin-stimulated degradation of apo-B

in rat hepatocytes is only partly inhibited by ALLN, is blocked

by brefeldin A, and therefore occurs in a post-ER compartment,

presumably the Golgi [9]. Our observations are consistent with

this and indicate that ALLN inhibits degradation of apo-B but

causes accumulation of apo-B in the trans-Golgi membranes.

These apparently conflicting results may reflect differences be-

tween Hep-G2 cells and adult hepatocytes. In other systems

either the Golgi or the ER, or both, have been implicated as sites

of degradation of secretory and membrane proteins. ALLN-

inhibited degradation of secretory IgM in B lymphocytes and

degradation of apo-E in Hep-G2 cells both occur in a post-ER

(Golgi) compartment [30–32]. Many proteins have also been

shown to be degraded in the ER [33,34], including the T-cell

antigen, 3-hydroxy-3-methylglutaryl-CoA reductase and the

asialoglycoprotein receptor [35–37].
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The observations reported here indicate that apo-B degra-

dation is blocked by inhibitors of metalloproteases, serine

proteases and cysteine proteases and that these cause accumu-

lation of apo-B at different sites. Thus a metalloprotease could be

involved in degradation of apo-B in the ER, serine protease in

the SER}cis-Golgi and cysteine protease in the trans-Golgi.

Interestingly, metalloproteases have also been implicated in the

degradation of secretory IgM [30]. None of the inhibitors

investigated affected degradation of apo-B in the lumen of the

RER. One problem with our experimental approach, and indeed

with all studies using inhibitors of proteases, metabolism or

membrane traffic, is the complexity of the system studied. Thus

the inhibition of transfer of apo-B from the RER to the trans-

Golgi by o-phenanthroline might not be the direct effect of this

inhibitor on a protease acting on apo-B, but could be due to

inhibition of membrane traffic, thus resulting in accumulation of

apo-B. However, in the presence of o-phenanthroline the syn-

thesis and secretion of total proteins continues, the secretion of

apo-B occurs and this is further stimulated by oleate. These

observations suggest that o-phenanthroline does not perturb

membrane traffic through the secretory compartment.

Our results indicate that apo-B in the membrane of the first

part of the secretory pathway is secretion-competent, whereas

once the protein has reached the trans-Golgi it is irretrievably

committed to degradation. This suggests that fully translated

apo-B in the ER membrane can be assembled with lipid post-

translationally. Studies in which topography has been probed

with monoclonal antibodies have shown that in the Golgi all of

the membrane-bound apo-B is exposed at the cytosolic side, but

that in RER and SER membranes apo-B exists in at least two

pools, one exposed at the cytosolic surface and a second at the

luminal surface [24]. The latter pool may be available for assembly

into apo-B. This may also be the pool protected by o-

phenanthroline, although this requires further investigation.

Studies of Hep-G2 cells suggest that oleate protects apo-B

from degradation by diverting it into a compartment that is

separated from the protease [11,13]. Our findings are consistent

with this idea and demonstrate that oleate preferentially protects

the mass of apo-B in membrane and luminal content fractions

over the newly synthesized apo-B. In addition, degradation of

endogenous apo-B in isolated ER vesicles from Hep-G2 only

occurs if the membranes are disrupted with Triton X-100 [12].

This also suggests that the apo-B is topographically separated

from the protease either in separate membrane vesicles or within

the same vesicles. The mechanism of oleate action is not clear.

However, as apo-B is hydrophobic with multiple lipid-binding

sites [37] it can be postulated that oleate, or triacylglycerol,

phospholipid or cholesterol ester derived from it, protects apo-B

by binding to proteolytic sites or assisting in the proper folding

of the protein. All of these lipids have been implicated in the

translocation of apo-B into the lumen of the RER and the

assembly of VLDL [39–48].

Degradation of apo-B, especially in the ER membranes, could

play an important role in the regulation of secretion of VLDL.

The finding that metalloproteases may be involved in degradation

at this site is novel and could provide a therapeutic target for new

methods of regulating VLDL secretion by the liver.

We thank the British Heart Foundation for research support.
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