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ABSTRACT. In the human hepatic cell line, HepG2, apolipoprotein B100 (apoB100) degradation is increased
by inhibiting lipid transfer mediated by the microsomal triglyceride transfer protein (MTP) and is
predominantly accomplished by the ubiquitiproteasome pathway. In the current study, we determined
whether this degradative pathway was restricted to HepG2 cells or was of more general importance in
hepatic apoB100 metabolism. Rat hepatoma McArdle RH7777 cells (McA), compared to HepG2 cells,
secrete a large fraction of apoB100 associated with VLDL patrticles, as does the normal mammalian liver.
In McA cells studied under basal conditions, the proteasome inhibitor lactacystin (LAC) increased apoB100
recovery, indicating that the role of the proteasome in apoB100 metabolism is not restricted to HepG2
cells. When apoB100 lipidation was blocked by an inhibitor of MTP (MTPI), recovery of cellular apoB100
was markedly reduced, but LAC was only partialy50%) effective in reversing the induced degradation.
This partial effectiveness of LAC may have represented either (1) incomplete inhibition by LAC of its
preferred target, the chymotrypsin-like activity of the proteasome, (2) the presence of an apoB100 proteolytic
activity of the proteasome resistant to LAC, or (3) a nonproteasomal proteolytic pathway of apoB100
degradation. By studying immunoisolated proteasomes and McA cells treated with LAC and/or MTPI
and a variety of protease inhibitors, we determined that the proteasomal component of apoB100 degradation
was entirely attributable to the chymotrypsin-like catalytic activity, but only accounted for part of apoB100
degradation induced by MTPI. The nonproteasomal apoB100 degradative pathway was nonlysosomal
and resistant to E64d, DTT, and peptide aldehydes such as MG132 or ALLN but was partially sensitive
to the serine protease inhibitor APMSF. Furthermore, when the protein trafficking inhibitor, brefeldin A,
was used to block endoplasmic reticulum (ER) to Golgi transport in MTPI-treated McA cells, degradative
activity resistant to LAC was increased, suggesting that the nonproteasomal pathway is associated with
the ER.

Apolipoprotein B100 (apoB100)is an extremely large  associated with an increased risk of atherosclerosis, focusing
protein (4536 amino acids) that is a required structural attention on the regulation of hepatic apoB100 metabolism.
component of liver-derived very low density lipoproteins From early studies by a number of laboratories (seelrefs
(VLDL) and low-density lipoproteins (LDL). Elevated for recent reviews), it was concluded that the primary
plasma levels of these lipoproteins, particularly LDL, are regylation of hepatic apoB100 production was by presecre-
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Medicine). evidence that there may be multiple and distinct pathways
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There are two basic ways in HepG2 cells to promote inhibitor 1) from Boehringer Mannheim (Indianapolis, IN).
apoB100-ERAD, namely, to limit the availability of the Brefeldin A (BFA) was from Sigma. Z-LLF-CHO, Z-GPFL-
lipid—ligands for apoB100 by either decreasing their syn- CHO, Z-GGF-pAB, and the anti-proteasome antiserum were
thesis or decreasing their transfer to apoB100 by the generous gifts from Dr. Marian Orlowski (Mount Sinai
microsomal triglyceride transfer protein (MTP). In HepG2 School of Medicine). PSI (Z-IE-(@Bu)-AL-CHO) was a
cells, decreased lipid synthesis can be conveniently ac-generous gift of Dr. Sherwin Wilk (Mount Sinai School of
complished by supplying a low concentrationQ.3 mM) Medicine). All other reagents were of the highest purity
of fatty acids in the medium. Notably, a number of other available and unless otherwise indicated were obtained from
hepatic cell types are less dependent on exogenous fatty acidSigma.
for lipid synthesis and can maintain an adequate level using Cell Culture McArdle RH-7777 (McA) cells were ob-
other carbon sources (particularly glucose) in the medium. tained from the American Type Culture Collection (Rock-
The development of highly specific and potent inhibitors of ville, MD) and expressed predominantly apoB100. Cells were
MTP (8), however, has made possible a way to decreaseseeded onto 35 or 100 mm dishes coated with 0.01% poly-
apoB100 production in hepatic cells independent of the type p-lysine (Sigma) and maintained in Dulbecco’s minimum
of cell and its lipid synthetic activity. essential medium (DMEM) containing 100 units/mL penicil-

Because one major objective was to determine whetherlin, 100ug/mL streptomycin, 10% fetal bovine serum (FBS),
the proteasoma| degradative pathway for apoBlOO seen inand 10% horse serum (HS) Before each eXperiment, the cells
HepG2 cells also functioned in other cells, we studied rat Were washed with phosphate-buffered saline (PBS) and
hepatoma cells (McArdle RH-7777; McA), which phenotypi- Preincubated fo4 h with DMEM containing 0.2% BSA to
cally resemble rat primary hepatocytes more closely than @void any possible carryover effects of the high-serum
HepG2 cells. For example, they have less dependence ormedium on apoB100 metabolism.
exogenous fatty acids to Support ||p|d Syntheg)sdnd can Metabolic Labeling Previous studies with hepatocytes
assemble a higher proportion of apoB100 into lipoproteins indicate that metabolic labeling for at leash will achieve
of VLDL density (10). To reduce the availability of lipid  Steady-state isotopic incorporation into apoB100)(Con-
ligands for apoB100 in McA cells and thereby recreate the sequently, for steady-state labeling, the cells were incubated
conditions that induce apoB100 ERAD in HepG2 cells, McA for 3 h with methionine/cysteine-free DMEM containing 100
cells were treated with an MTP inhibito8) and the  «Ci/mL [**S]methionine/cysteine, 0.5% FBS, 0.5% HS, and
synthesis and degradation of radiolabeled apoB100 wereVvarious additions as described in the figure legends. For pulse

studied in the absence or presence of a variety of inhibitors labeling and pulsechase experiments, the cells were first
of proteolysis. incubated with treatment medium (methionine- and cysteine-

Here we present evidence that, as in HepG2 cells, there iSfree DMEM containing various additives as indicated in the

. . 35a].
a proteasome-mediated ERAD pathway for apoB100 in the flgurhe_ Igge/nds) _for 1 h’d%n% ther? 2q&)(§_3|/mL r[]SS.] b
rat hepatoma cells. Furthermore, of the multiple proteolytic methionine cystelrtljefwas adae ftc|)|t € g‘i ium. -tl)— e IanLI a
activities of the proteasome, we have established that it is 10" Was continued for 15 min, followed by incu altlct))nl odr
the chymotrypsin-like activity that degrades apoB100. In various .tlmes in DMEM contalnlng 10 mM uniabete
contrast to the results for HepG2 cellS),( however, a me_thlon!ne, 3 _mM unlabeled cysteine, and additives de-
substantial £50%) fraction of the degradation induced by scribed in the f_|gure_ legends. e

inhibiting MTP cannot be accounted for by proteasomal _Mmmunoprecipitation (IP) and Quantification of Labeled
activity. The nonproteasomal activity was partially sensitive APOB100After metabolic labeling, the media were collected,

to APMSF and may be associated with the endoplasmic and the cells were washed with cold PBS. The denaturing
reticulum (ER). This finding shows that, in hepatic cell lines P Was performed as previously describd (13). Cells
other than HepG2 cells, there are proteasomal and nonpro\Vere lysed in detergent buffer (0.01 (!Vl sodium phosph(e)lte,
teasomal mechanism(s) for the early and rapid degradationP™ 7-4, 0-125 M sodium chioride, 1% Triton X-100, 1%

of apoB100 when the assembly of the primordial lipoprotein SCdium deoxycholate, and 1% lithium dodecyl sulfate)
particles is impeded. containing protease inhibitors added just before use (2.0 mM

benzamidine, 1.0 mM phenylmethanesulfonyl fluoride (PMSF),
EXPERIMENTAL PROCEDURES 20 ug/mL aprotinin, and 2@g/mL leupeptin). After 30 min

incubation at room temperature with shaking, the plates were

Materials [*S]Methionine/cysteine (specific activity1000 scraped, and lysates were transferred into tubes and heated

Ci/mmol) was purchased from NEN Life Science Products at 80°C for 1 h and then heated at 9& for 5 min.
(Boston, MA) as EXPRESS Protein Labeling Mix. Mono- Rabbit anti-rat apoB antiserum was used to immunopre-
specific anti-rat apoB and apoE antisera, raised in rabbits, cipitate apoB100 from the conditioned media or from the
were provided by Dr. Janet Sparks (University of Rochester). cell lysates, and protein -ASepharose CL-4B was used to
MTP inhibitor (BMS-197636) was kindly provided by Drs.  bind antibody-antigen complexes. After the complexes were
John Wetterau and David Gordon at Bristol-Myers/Squibb. precipitated by centrifugation and the supernatants were
Protein A-Sepharose CL-4B was from Pharmacia LKB removed, the pellets were washed (three to five times) with
Biotechnology Inc. (Uppsala, Sweden). Bovine serum albu- NET buffer (50 mM Tris, pH 7.4, 150 mM sodium chloride,
min (BSA) was from Sigma (St. Louis, MO). Lactacystin 5 mM EDTA, 0.5% Triton X-100, and 0.05% SDS). The
was purchased from the laboratory of Dr. E. J. Corey, proteins bound to the beads were extracted by heating the
Department of Chemistry, Harvard University (Boston, MA). samples at 98C for 5 min in sample buffer (62.5 mM Tris-
MG132 (Z-LLL-CHO) was purchased from Calbiochem HCI, pH 6.8 8 M urea, 20% glycerol, 5% SDS, and 25 mg/
(Cambridge, MA) and ALLN R-acetyl-LLnL-CHO, calpain mL DTT) and resolved by 3:515% gradient SDSPAGE.
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The 35S-labeled protein bands were quantified by either 250% 1
densitometry or phosphorimager scanning. We have previ- *
ously shown that quantitative apoB100 recovery is achieved
under these conditiond ).

Immunoprecipitation of Proteasomes and Measurement of
Chymotrypsin-like Actity. Cells were grown to 90% con-
fluence in 100 mm culture dishes, then incubatedd in
media prepared as above, but were supplemented with
lactacystin (in DMSO) at the indicated concentrations or with
DMSO alone. Cell monolayers were washed with PBS and
covered with 0.25 mL of 50 mM Tris-HCI, pH 8.0, -
supplemented with PMSF (1 mM) and E-64 (481). Cells E
were then detached with a rubber policeman and homo- 0% - '
genized by passage through 25 G and 30 G needles, 10 C MTPI LAC MTPI+LAC

passages for each. Lysates were Centrifuged for 5 min atFIGURE 1. Effects Of. proteasome and MTP inhibition on the
5000y to remove insoluble debris recovery of apoB100 in rat hepatoma McA cells. McA cells were

To isol f h of labeled with f>S]methionine and cysteinerf@ h with or without
0 Isolate prOteasomeS rom the Supernatants,pﬂD LAC (10 ,LLM), MTPI (0.1IMM), or DMSO (COﬂtI’O', C) ApOBlOO

5% protein A-Sepharose in PBS was added to /0 of was then immunoprecipitated from cell lysates (open portion of
rabbit anti-proteasome antiserum, and the solution was mixedbar) and medium (closed portion), separated by SBAGE, and

gently at room temperature for 60 min. The Sepharose beadgiuantified by a phosphorimager. Data are mearnSEM of eight
were washed five times with PBS and resuspended in 500|ndependent determinations. P, < 0.01 compared to control.
uL of PBS, and aliquots of supernatant containing equal
amounts of protein (as measured by Lowry assay) were
added. Typically, approximately 100 of supernatant was
used. After being mixed gently at room temperature for 60
min, beads were washed with PBS four times and then twice
with 50 mM Tris-HCI (pH 8.0) to remove sodium chloride,

200% o

150% -

100% - *

Percentage of Control

50% *

of LAC or the MTPI. Neither LAC nor MTPI affected total
protein synthesis or the synthesis or secretion of apolipo-
protein E (data not shown). Apolipoprotein E has been shown
to be secreted independently of intracellular lipid transport
and lipoprotein assembly in a variety of hepatic cell types,
s - . including McA (16, 17). Thus, these findings indicate that
\F’)Vgtcehaslgmken]?g : Af‘?erdaelllorlﬁqudpv?/ggdrzsrﬁox?ecg,wtt;]ees b(;;(;{ge the effects of LAC and MTPI were selective for apoB100.

were covered with 9&L of 50 mM Tris-HCI to which was To confirm that, in the absence of the MTPI, the effect of
added 2uL of DMSO. Tubes were warmed to 3T for 5 LAC on apoB100 was due to decreased apoB100 degradation
min, and 2uL of 50 mM Z-GGF-pAB (final concentration ~ and not to increased synthesis, we performed pttsase

1 mM)' a substrate for the Chymotrypsin-”ke activity of the studies (Figure 2A) Under the control conditions, inhibition
proteasome1(5), was added. Reactions were incubated at Of the proteasome indeed delayed the disappearance of
37 °C for 60 min and were stopped by the addition of 50% apoB100 (e.g., compare the 90 min lysate lanes in Figure
trichloroacetic acid. Activity was determined spectrophoto- 2A). To confirm that the decreased recovery of apoB100 in
metrically after diazotization. MTPI-treated cells was also due to increased degradation

Statistical AnalysisEquality of means was determined by and that the proteasome was involved, additional ptlse

ANOVA, with multiple comparisons analyzed by the Bon- chase experiments were performed. As shown in Figure 2B,

nferroni test (GraphPad Prism Software, San Diego). addition of the MTPI markedly accelerated the disappearance
of apoB100 (compare 0 and 30 min time points in Figure 2,
RESULTS panels A and B). In addition, LAC caused a significant

The Proteasome Participates in the Degradation of increa;e in recovery of cellular apoB100 from MTPI-trgated
ApoB100 in Rat Hepatoma McA CeldcA cells in serum-  Cells (Figure 2B). The MTPI almost completely abolished
free medium were metabolically labeled wifi§]methion-  the appearance of apoB100 in the medium, and there was
ine/cysteine fo3 h with or without the proteasome inhibitor N0 noticeable effect of LAC on apoB100 accumulation in
lactacystin (LAC, 1uM). ApoB100 was then immunopre-  the media (data not shown).
cipitated, resolved by SDSPAGE, and quantified by a Because we have previously reported that the inhibition
phosphorimager (Figure 1). Note that LAC significantly of MTP in HepG2 cells decreased net apoB100 synthesis,
increased apoB100 recovery from both the media and cells,either by promoting cotranslational degradatid®)(or by
consistent with the presence of proteasomal degradationdecreasing apoB100 mRNA translatidi8), pulse-labeling
under control (C) conditions. Additional wells were treated studies were also performed (Figure 2C). These showed that
with the MTP inhibitor (MTPI, 0.1«M) which, as expected, the MTPI reduced apoB100 net synthesis¥85%. Recov-
virtually abolished apoB100 secretion into the media and ery of apoB100 from cells was not significantly reduced by
significantly decreased apoB100 recovery from cells. LAC LAC, indicating that proteasomal inhibition had no effect
significantly increased apoB100 recovery in the MTPI-treated on net apoB synthesis. LAC had no effect on apoB100
cells, though the apoB100 recovery with LAC alone was synthesis in the presence of MTPI, implying that the MTPI
far higher than with LAC+ MTPI. Thus, the degradation effect was probably due to the decrease in apoB mRNA
induced by MTPI was only partly reversed (by50%) in translation we previously reported8). Thus, in contrast to
cells treated with LAC. HepG2 cells, in McA cells in the basal or MTP-inhibited

Several additional experiments were performed to ensurestates, cotranslational proteasomal degradation of apoB is
that the results were not attributable to nonspecific effects not a prominent feature of apoB100 metabolism [these results
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Ficure 2: Pulse-chase analysis of the effects of lactacystin and

MTP inhibition on apoB100 synthesis and degradation. Panel A:
Pulse-chase analysis of the effect of LAC on apoB100 degradation.
Cells were pretreated fdl h with LAC (10 uM, “+" lanes) or
DMSO (control, =" lanes), pulsed for 15 min wittf§S]methionine

and cysteine, and then chased in media containing unlabeled
methionine and cysteine for the times indicated. Cellular apoB100
was then isolated and quantifed as above. Panel B: Pualssse
analysis of the effect of LAC (18M) on cellular apoB100 recovery

in MTPI (0.1 uM) treated cells. Experiments were performed as
above. Essentially no apoB100 was present in media, and conse
quently only the lysate data are shown. Panel C: Effect of LAC or
MTPI on apoB100 synthesis. Cells were preincubated with LAC
(10 uM), MTPI (0.1 uM), or DMSO for 1 h, pulsed for 15 min
with [3°S]methionine and cysteine, and then chased for 10 min with

Cardozo et al.

as the trypsin-like, branched-chain amino acid (BrAAP) or
the peptidylglutamyl-peptide hydrolyzing (PGPH) activities,
and explored this possibility by using inhibitors selective for
specific proteasome activities.

We first tested the effects on MTPI-induced apoB100
degradation of Z-GPFL-CHO, a cell-permeable peptide
aldehyde inhibitor selective for the PGPH and BrAAP
activities with a K; value of ~1 uM (21). While this
mechanistic class of inhibitors also blocks other types of
proteases besides the proteasome, a negative result would
still indicate that these activities of the proteasome were
noncontributory. As shown in Figure 3A (Z-GPFL-CHO is
indicated by “Braapl”), this inhibitor had no effect on
apoB100 levels, when added either by itself or in combina-
tion with LAC (P > 0.05). Thus, the inability of this inhibitor
to affect apoB100 recovery argues against involvement of
the BrAAP or PGPH activities in MTPI-induced apoB100
degradation. This conclusion was further supported by
experiments with the peptide aldehyde inhibitor MG132,
which inhibits chymotrypsin-like and BrAAP activities with
equal effectivenesd0). MG132 was not significantly more
effective than LAC in increasing apoB100 recovery from
MTPI-treated cells (Figure 3A). This indicated once again
that extensive inhibition of both proteasomal activities was
no more effective than the inhibition of chymotrypsin-like
activity alone.

Direct evaluation of the participation of the trypsin-like
activity was difficult because leupeptin, one of the most
selective inhibitors of this activity, crosses cell membranes
poorly. Nevertheless, we still tried it in an experiment similar
to the one described above for the BrAAP inhibitor and did
not observe any changes in apoB100 recovery (data not
shown). To confirm this result, we exploited the fact that
either LAC or MG132 effectively inhibits all proteasome
activities at concentrations of 4éM (19, 22, C. Cardozo,
unpublished). Thus, incubation of McA cells with increasing
concentrations of either proteasome inhibitor would test the
contribution to apoB100 degradation of the trypsin-like and

other non-chymotrypsin-like activities. As shown in Figure
3B, protection against MTPI-induced apoB100 degradation
was achieved at-510 uM concentrations of either inhibitor
[LAC (lactacystin), MG (MG132)], i.e., concentrations at

media containing unlabeled methionine and cysteine. Cellular \which LAC inactivates primarily the chymotrypsin-like

apoB100 was then isolated and quantified as above. Values are,

meanst SEM for seven determinations.P, < 0.01 versus control.

are also similar to those obtained in rat primary hepatocytes
(J. D. Sparks, University of Rochester, personal communica-
tion) and in McA studies performed by the laboratory of Z.
Yao (8)]. Taken together, the findings summarized in Figures
1 and 2 indicate that there is a proteasomal pathway for apoB
degradation in McA cells but that the increased degradation
of apoB in MTPI-treated cells cannot be completely reversed
by a standard proteasomal inhibitor.

Proteasomal Degradation of ApoB100 Is Accomplished
by the Chymotrypsin-like Acity. The proteasome has four
well-documented catalytic activitie49). At the concentra-
tions typically used (1620 uM), LAC is most active as an
inhibitor of the chymotrypsin-like activity 19, 20), being
up to 50-fold less active toward the other activities. We
therefore considered whether its relative ineffectiveness in
reversing MTPI-induced degradation was due to the involve-
ment of another catalytic activity of the proteasome, such

activity and MG132 inhibits primarily the chymotrypsin-like
and BrAAP activities. Notably, no further protection against
MTPI-induced apoB100 degradation was observed at higher
concentrations of these inhibitors, including the AW
concentration known to inhibit all proteasome activities.

A further test of the specific proteasomal activity involved
in apoB100 degradation was afforded by the availability of
Z-LLF-CHO and of PSI, inhibitors selective for the chy-
motrypsin-like activity with little activity toward the others
(19, 23). If apoB100 degradation relied on components in
addition to the chymotrypsin-like activity, then such highly
selective inhibitors should be less effective when compared
to the more broadly acting inhibitors LAC and MG132.
However, as shown in Figure 3C, the two selective inhibitors
were as effective as LAC in blocking MTPI-induced
apoB100 degradation. Taken together, the findings sum-
marized in Figure 3 indicate that the chymotrypsin-like
activity is the primary proteasomal activity involved in
apoB100 degradation.
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Ficure 4: Chymotrypsin-like activity of proteasomes isolated from
cells exposed to LAC or DMSO. Proteasomes were isolated by
200% 1 immunoprecipitation from cells exposedrf@ h either to LAC
(dissolved in DMSO) at the indicated concentrations or to an equal
volume of DMSO. Chymotrypsin-like activity was measured using
the chromogenic substrate Z-GGF-pAB. Activities are expressed
in arbitrary units, where activity of the proteasome from DMSO-
100% | treated cells was set to 100. Results from a representative
experiment are shown. Data are the averages of two replicate
determinations.

B 250%-

150% A

Percentage of Control

50% A
and measured the residual chymotrypsin-like activity (Figure
4). As shown, treatment of the cells with concentrations of
0% c LACMTPI VM 50 10BM 0, 40BM 1M 5 g 10UM gy 40UM LAC .Of 5 IMM r(_es_ulted in r‘_nore tha_n 90% loss of chymo—
MTPI+LAC MTPI+MG132 trypsin-like activity. Consistent with Figure 3B, higher
concentrations of LAC had no appreciably greater inhibitory

] effect. Thus, the finding that LAC blocks only about one-

| half of the MTPI-induced apoB100 degradation cannot be
w0 explained by partial inhibition of the chymotrypsin-like
activity of proteasomes in McA cells. Therefore, the data in
C LAC

@)

150 ] Figures 3 and 4 are best explained by there being a

nonproteasomal pathway for apoB100 degradation induced
by MTPI in McA cells.
l The Nonproteasomal Pathway Is ER-Associatesumber

100% 4

Percentage of Control

of potential candidates for the nonproteasomal component
of apoB100 degradation have been suggested and include
the lysosomeZ4), the ER p60 and p72 protein25), and a

MTPL  MTPI+PSI MTPI+LLF MTPLLAC DTT-inhibited ER proteolytic activityZ6). Thus, we tested
Ficure 3: Role of different proteasome activities in apoB100 the effects of inhibitors of these proteolytic systems [am-
degradation. Experiments were carried out as described in the legendmonium chloride and chloroquine, inhibitors of lysosomal
to Figure 1. Panel A: Role of the BrAAP and PGPH components. function; E64d, a cell-permeable inhibitor of many cysteine
Cellular apoB100 was isolated and quantitated as described in theproteinases, including ER p60 and p2,(28); and DTT].

legend to Figure 1 after exposure of cells to LAC (@), Z-GPFL- . Y
CHO (40uM), or MTPI (0.1 uM), either alone or in combination None of these agents affects proteasomal actiagy 80,

as indicated in the figure. Control cells (C) were exposed to an C- C_a_rdozo, unpublished), _a_nd under our experimental
equal amount of the carrier, DMSO. Data are mean values for at conditions, the lysosomal inhibitors (ammonium chloride or

least five determinations. Panel B: Effects of various concentrations chloroquine) and E64d were functionally effective as as-
of LAC or MG132 on recovery of cellular apoB in the presence of goggaq by their blocking greater than 90% of the degradation

MTPI (0.1 uM). Data are the average of two determinations from .
a representative experiment, which was repeated once again withOf - 1-1abeled LDL and Z-LLR-2NA 81), respectively. The

the same pattern of results. Panel C: Effects on recovery of cellular €ffectiveness of DTT was indicated by its ability to reduce
apoB100 of the chymotrypsin-like activity inhibitors Z-LLF-CHO by more than 50% the cellular recovery of the folded form

(10 uM) or PSI (20uM) as compared to those of LAC (20M). of albumin @2, 33) under our experimental conditions. On
Data are means: SEM for five determinations. the basis of the results summarized in Figure 5 and results
ApoB100 Degradation lolves both Proteasomal and for DTT (M. Pan, H. Wang, and E. Fisher, unpublished),

Nonproteasomal Pathway$he involvement of the chymo-  none of these agents significantly? (= 0.05) increased
trypsin-like activity in apoB100 degradation did not explain apoB100 recovery in MTPI-treated cells, leaving open the
the inability of LAC or MG132 to completely reverse MTPI-  relationship among the nonproteasomal pathways described
induced degradation, unless neither inhibitor completely in this report and in the above cited references (see
blocked this particular activity of the proteasome under the Discussion).

conditions of our experiments. To test this possibility, we  Another approach to determining the nature of the non-
immunoisolated proteasomes from cells treated with LAC proteasomal pathway for the MTPI-induced catabolism is
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Ficure 5: Effects of various inhibitors on apoB100 recovery in ] Mm_ .
MTPI-treated cells. Experiments were carried out as described in FIGURE 7: Effects of APMSF on apoB100 degradation induced by

the legend to Figure 3, using inhibitors of nonproteasomal pathways MTP!. Cellular apoB100 was isolated and quantified after exposure
of protein degradation at the concentrations indicated (Clq, chlo- Of cells to LAC (10xM) or MTPI (0.1 uM) as described in the
roquine). Total apoB100 recovery (mediaellular) was quantified  'egend to Figure 1. Control cells (C) were exposed to an equal

by phosphorimaging or densitometry scanning. Data are mgans amount of the carrier, DMSO. In addition, some wells contained
SEM for four determinations. APMSF. The inhibitor was added to cell culture media three times

during the experiments because of the short half-life at neutral pH
300% - (less than 10 min). Thus, APMSF (100M) was added 15 min
before the start of pulse labeling witff§]methionine and cysteine

250% 4 and again at the start of pulse labeling and 30 min thereafter. Data

are meanst SEM for four determinations.
e gain further insights into the nature of the nonproteasomal
5051 pathway, we tested APMSF, an irreversible inhibitor of serine
proteases. As shown in Figure 7, exposure of MTPI-treated
cells to APMSF increased recovery of cellular apoB100, and
effects of APMSF were additive to those of LAC (multiple
comparison statistical analysis showed that the apoB100
- i recovery in the MTPI-treated groups was in the order of
. T . T MTPI < MTPI + LAC = MTPI + APMSF < MTPI +
¢ LAC APMSF + LAC). APMSF, however, had no appreciable
) . . effect on recovery of apoB100 from media (data not shown),
E?%T_Etr%atggegteﬁlg_f t-)l-rﬁfeelf)'gsfé (Eig‘e)r?rgeiﬁ’ngt?gtgig?vvevgsmas consistent with the results of other studies which have shown

described in the legend to Figure 1. Cellular apoB100 was isolated that, in the absence of sufficient lipidation, apoB100

100%

Percentage of Control

50% 4

0%

MTPI BFA LAC  BFA+LAC
MTPI

and quantifed after exposure of cells to BFAUg/mL), LAC (10 “rescued” from proteolysis still is not secreted appreciably
uM), or MTPI (0.1xM). Control cells (C) were exposed to an equal  (e.g., ref5).
amount of the carrier, DMSO. Data are meansSEM for three These findings indicate that the nonproteasomal pathway

determinations. in McA cells is sensitive to APMSF. Given the brefeldin A

to localize the relevant cellular compartment in which (BFA) results above, in which nonproteasomal degradation
apoB100 becomes targeted to it. We hypothesized that, inWas increased, the inhibitor would also be expected to protect
the presence of MTPI, apoB100 would be incompletely 2gainst apoB100 degradation when ER-Golgi transport is
lipidated and have an abnormal conformation, causing it to blocked. This was indeed the case; when cells were incubated
be recognized by the ER quality control system, which would With both MTPI and BFA, APMSF increased recovery of
result in retention 34) and targeting to nonproteasomal cellular apoB100 in a manner that was additive to the effect
proteolysis. To test this, McA cells were treated with Of LAC (recg)v.ery values: MTP”BFOAf 20%; MTPI/BFA/
brefeldin A (BFA), an inhibitor of ER to Golgi traffic. If ~ APMSF, 32%; MTPIBFA/LAC, 45%; MTPI/BFA/LAC/
the pathway were active after apoB100 left the ER, then it APMSF, 58%; mean values based on two separate determi-

should be protected from degradation by BFA. As shown in Nations).
Figure 6, however, BFA increased apoB100 degradation
induced by MTPI. Again, the degradation was only partially DISCUSSION
reversed by LAC. Thus, the data are most consistent with An important component of the regulation of apoB100
the pathway for nonproteasomal MTPI-induced degradation secretion from hepatic cells is the level of presecretory,
beginning in the ER. intracellular degradation (see refs-4 for recent reviews).
The Nonproteasomal Pathway Is Inhibited by APMSEt The characteristics of apoB100 degradation have been
studies thus far have shown that the nonproteasomal pathwayexplored most comprehensively in the human hepatocarci-
is not blocked by cellular poisons such as chloroquine or by noma cell line, HepG2. For example, in lipid-deprived or
an inhibitor of many common cysteine proteases (E64d). In MTP-inhibited HepG2 cells, it has been shown that the
addition, our findings show that none of the peptide aldehyde proteasome mediates essentially all apoB100 degradation
inhibitors tested is more effective than LAC in blocking during and after its translatiorb,(7, 12, 35). Additional
MTPI-induced apoB100 degradation, indicating that the studies have suggested that nascent apoB100 could assume
proteolytic system is resistant to these agents as well. Toa bitopic orientation with respect to the ER membrane, with
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sufficient cytosolic exposure of the protein to allow its communication) and in other studies of McA cel®.(
interaction with cytosolic factors, such as hsp70, ubiquitin ~ The Proteasomal Degradation of ApoB100 Is Accom-
conjugating enzymes, and proteasonies 86, 37). Because plished Primarily by Chymotrypsin-like Aetly. Proteasomes
HepG2 cells have features distinct from those of mammalian express at least four peptidase activities. These include a
liver, in particular, a severe dependence on exogenous fattychymotrypsin-like activity cleaving after hydrophobic resi-
acids to maintain lipid synthesis and a limited ability to fully dues, a trypsin-like activity cleaving after basic residues, a
lipidate apoB100 to form VLDL particles, our initial interest  peptidylglutamyl-peptide hydrolyzing (PGPH) activity cleav-
was in determining whether the contribution of the protea- ing after acidic residues, and a branched-chain amino acid
some to hepatic apoB100 degradation was general or waspreferring (BrAAP) activity cleaving bonds after branched-
restricted to this particular cell type. The rat hepatoma chain residues such as leucine or isoleucitg 40). It is
McArdle RH-7777 is well suited for this purpose. As we well established that, in both yeast and mammalian systems,
have previously shown, relative to HepG2, McA cells are the chymotrypsin-like, trypsin-like, and PGPH activities are
less dependent on exogenous fatty acids to support-apoB catalyzed by different active sites localized to different
lipoprotein assembly and secretid®) é&nd are better able to  subunits 41-43). The identity of the subunit(s) catalyzing
form VLDL particles (L0). In addition, by using an inhibitor ~ the BrAAP activity remains uncertairi9, 44, 45). Studies

of MTP, we could create a deficiency of “liptdigands” of yeast mutants with depression or loss of specific peptidase
for nascent apoB100, which would be expected to induce activities implicated the chymotrypsin-like activity as the
proteasomal degradation, based on studies of HepG2 cellamajor factor in the proteasome-dependent degradation of
(e.g., refs7 and38). cellular proteins 42—44).

There are three major findings from our studies. The first  Our study utilized several peptide aldehyde inhibitors to
is that degradation of apoB100 by the proteasome is notprobe the nature of the activity responsible for apoB100
confined to HepG2 cells. The second is that, of the multiple degradation. While these types of inhibitors are not specific
catalytic activities of the proteasome, it is only the chymo- for the proteasome, failure of their effectiveness would still
trypsin-like activity which mediates apoB100 degradation. indicate that the targeted catalytic activities of proteasome
The third is that the apoB100 degradation induced by were notinvolved in apoB100 degradation. In either control
inhibiting MTP activity in rat hepatoma cells has a large, or MTPI-treated cells, however, we failed to find that any
nonproteasomal, nonlysosomal component that may beofthese agents increased recovery beyond that observed with
associated with the ER. Each finding will be discussed in LAC alone.
turn, below. In contrast, we demonstrate multiple lines of evidence to

ApoB100 in Rat Hepatoma Cells Can Be Degraded by support a primary role of the chymotrypsin-like activity of
the ProteasomeRecent results in an intestinal cell model the proteasome: (1) highly selective inhibitors of the
(Caco? cells), in which no evidence for proteasomal degra- chymotrypsin-like activity (e.g., PSI) were as effective as
dation of apoB100 was obtained, have raised the issue ofless selective agents including LAC and MG132 (Figure 3C);
the general importance of proteasomal degradation in(2) an inhibitor of the BrAAP activity, which has been
apoB100 metabolism3Q). By contrast, in the studies suggested to be a major proteolytic activity in some settings
presented above (Figures 1 and 3B), the recovery of apoB100(40), had no effect on apoB100 recovery; and (3) LAC and
from McA cells under basal or MTP-inhibited conditions MG132, less specific at high concentrations, were no more
was substantially increased by two inhibitors of proteasomal effective than at low concentrations, when particularly LAC
activity, LAC and MG132. This increased recovery was primarily inactivates the chymotrypsin-like activity of the
attributable to decreased degradation, based on-palsse proteasome. It should be noted that our experiments tested
studies (Figure 2). While MG132 also inhibits some non- for the activity involved in initial cleavages of apoB100 and
proteasomal serine and cysteine proteinases, LAC is a highlythat other activities may well play important roles in
selective, irreversible inhibitor of the proteason2@)( The subsequent degradation of smaller fragments as has been
finding that LAC and MG132 had very similar effects on suggested in other contex#0( 42, 43).
apoB100 recovery (Figure 2B), therefore, suggested that only It is interesting to compare our results to those recently
the proteasome-specific actions of MG132 affected apoB100reported by Skach and colleaguets); Using a cell-free
degradation. system, they demonstrated that the proteasomal degradation

While our data demonstrate that the role of the proteasomeof CFTR utilized multiple catalytic activities (chymotrypsin-
in apoB100 degradation is not restricted to HepG2 cells, our like, trypsin-like, and PGPH), and they estimated that only
findings also revealed some significant differences between~50% of CFTR proteasomal degradation was attributable
these cells and McA cells. Relative to HepG2 cefis1(2), to the chymotrypsin-like activity. Thus, the catalytic activities
there was less evidence of cotranslational proteasomalmediating proteasomal degradation are likely to depend
degradation of apoB100 in McA cells (Figure 2C). Also in greatly on properties of the substrate protein.
contrast to HepG2 cells, in which the inhibition of MTP ApoB100 Degradation Induced by the Inhibition of MTP
decreases the apparent synthesis of apoB100 by delaying it#\ctivity in McA Cells Involves Nonproteasomal, Nonlyso-
translation {8) and promoting cotranslational proteasomal somal Proteolytic Actities. Our findings indicate the
degradationX?), in McA cells, MTP inhibition was associ-  existence of a nonproteasomal pathway for apoB degradation
ated with only a mild effect on apoB100 synthesis (Figure that is induced in MTPI-treated McA cells. The strongest
2C). The observation that for McA cells cotranslational evidence comes from our findings that even high concentra-
proteasomal degradation of apoB100 is not a prominenttions of LAC or MG132 could block only 50% of apoB100
feature of apoB100 metabolism is similar to those recently degradation (Figures 1 and 3B), even though proteasomal
obtained in rat primary hepatocytes (J. D. Sparks, personalactivity is essentially abolished under these conditions.
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Additional support was provided by the fact that the teolytic pathway (inhibited by DTT) for apoB100 has also
chymotrypsin-like activity, shown to be responsible for been identified in HepG2 cell26).

apoB100 cleavage, was almost completely inactivated by A feature of the nonproteasomal apoB100 degradation
LAC (Figure 3B) even at low concentrations, while apoB100 induced by the inhibition of MTP was that it was further
degradation was only partially inhibited under these condi- accelerated by BFA, which blocks ER to Golgi transport.
tions. The nonproteasomal pathway was not blocked by This suggests that the responsible protease(s) reside(s) in the
inhibitors of lysosomal function or by inhibitors of lysosomal ER, consistent with the above cited studies from the
proteases such E64d (Figure 5). In addition to inactivating laboratories of H. Ginsberd26) and K. Adeli 5). Thus,
lysosomal cysteine proteases such as cathepsins B and Lalthough we and others have evidence consistent with an
E64d also irreversibly inhibits calpains and a number of other ER-associated, nonproteasomal degradation of apoB100, the
cysteine proteases, excluding their involvement in this molecular characteristics of the proteolytic pathway(s)
pathway. involved remain poorly defined. In some important features,

The protease(s) in this pathway was (were) at least partlythey appear to t_)e distinct from each other. For example,
inhibited by APMSF. It should be noted that APMSF does 2gents effective in other contexts, such as DZ8)(E64d
not inhibit any activity of the proteasome (C. Cardozo, data (29) and o-phenanthroline 48), were all ineffective in
not shown). This inhibitor is a mechanism-based irreversible Plocking the MTPI-induced apoB100 degradation in McA
inhibitor of serine proteases, suggesting that the protease(sfellS (data not shown; the effectivenesogihenanthroline
mediating the nonproteasomal MTPI-induced degradation as indicated by its ability to inhibit-30% ofn — 3 fatty
observed in our study is (are) a member of this protease &id-induced apoB100 degradation in McArdle cells, con-
family. Moreover, none of the peptide aldehydes used were sistent with the resul'gs in ref9). Thus, |'§ is possible that
unable to block the pathway, though all are capable of there are several_ different ER-aSS(_)mated _pathways f_or
inhibiting selected serine proteases by acting as transition2P0B100 degradation and that there is selective expression
state analogues. One interpretation of these differences i €ach. reflecting differences in cell types or the specific
sensitivity to the various inhibitors used is that the specificity Metabolic conditions. , ,
of the enzyme(s) involved disfavors substrates with hydro- 1he results with BFA also imply that a fraction of apoB100
phobic groups in P1 but favors basic amino acid residues in €&/ be translocated into the ER, despite the inhibition of

this position. This proposal is supported by the fact that all MTPI, consistent with recent results in McA cells from.the
of the peptide aldehydes in our studies have a bulky laboratory of Z. Yao &) and data from apoB translocation

hydrophobic group in P1, while APMSF has an amidino studies in a cell-free syst.em employing _canine microsomes,
moiety that may occupy the S1 subsite of trypsin-like which lack MTP 64). This would explain why there was

enzymes modified by this inhibitorl@, 23, 47) only partial protection against degradation by LAC or
T MG132 in MTPI-treated cells, since the incompletely folded

apoB100 molecules would now be shielded from the cyto-
solic proteasomes.

Our finding of a nonproteasomal pathway for apoB100
degradation in MTPI-exposed McA cells is consistent with

other studies in the.lite_rature using McA cells (e.g.,48f To explore the translocation status of apoB100 in MTPI-
as well as those using isolated rablig( and hamstery0) treated McA cells, we have assessed its resistance to the

hepatocytes. In addition, we recently isolated rat primary iy digestion of isolated microsomes. Consistent with
hepatocytes (prepared as in 48) and treated them exactly Wang et al. (8), the preliminary experiments (X. Wu, C.
as in Figure 1. Inhibition of MTP reduced apoB100 recovery, Cardozo, and E. Fisher, unpublished) show that, in mi-
and, as with McA cells, lactacystin cotreatment was only ¢ o5omes isolated from MTPI-treated cells, approximately
partially (~50%) effective in blocking this induced degrada-  gnoy, of the apoB100 is resistant to trypsin degradation. This
tion (two separate experimenis= 6 for each treatment). 55 comparable to the result from control cells, although,
Taken _together, the available data all suggest the em_stencqjls expected, significantly more apoB100 was recovered from
of multiple, nonproteasomal pathways. For example, in the microsomes in the absence of MTPI. Thus, of the apoB100
rabbit studies, inhibitors of serine and cysteine proteinases;y 5t escapes the proteasomal pathway in MTPI cells, most

reduced apoB100 degradation in smooth ER and cis-Golgi gppears to be translocated. This pool of apoB100 would be
subcellular fractions, while ALLN (another peptide aldehyde expected to be poorly lipidated and, hence, improperly

active against the proteasome and many serine and cysteingged. Its degradation as well as its failure to be secreted
proteases) caused apoB100 accumulation in the trans-Golgi(eyen when degradation was partially blocked) is compatible,
Similarly, in studies of apoB100 and apoB48 catabolism in then with the current view that the exit from the ER of
lipid-deprived primary rat hepatocytes, a significant propor- proteins with non-native conformations is prevented by
tion of apoB degradation occurred in an acidified, post-ER multiple quality control mechanism&4).
compartment and involved an activity or activities inhibited |, summary, when MTP activity in rat hepatoma cells is
by the cysteine protease inhibitor E64slL). inhibited, apoB100 is degraded by both proteasomal and
Results from HepG2 cells have also provided evidence of nonproteasomal mechanisms. The proteasomal component
nonproteasomal pathways of apoB100 degradation. Wangis accomplished by the chymotrypsin-like activity, and the
et al. 62) found that apoB100 degradation induced by targeting of apoB100 to the nonproteasomal component,
tocotrienol was resistant to inhibition by LAC but was partially sensitive to the serine protease inhibitor APMSF,
inhibited by ALLN. Studies of permeabilized Hep G2 cells appears to occur in the ER. Although there were differences
also provided evidence of an ALLN-inhibited pathway in apoB100 metabolism between rat hepatoma and human
localized to the ER which acted primarily on intralumenal HepG2 cells, such as reduced cotranslational proteasomal
apoB100 25, 53). An ER-associated, ALLN-resistant pro- degradation in the former, the results also imply that the role
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of the proteasome in the regulated secretion of hepatic apoB

lipoproteins is not restricted to a single hepatic cell type.
Thus, the relative roles of proteasomal and nonproteasomal |4
mechanisms in cells of hepatic origin most likely depend
on the specific cell type and its metabolic state.
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